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Simple Summary: Winter cereal silages are becoming a crucial component of dairy nutrition for
Mediterranean countries, partially replacing maize silage even in high-producing cows. Concerns
regarding the definition of their final quality and the potential for aerobic deterioration, leading to
loss of dry matter, feed intake, and milk yield, need to be investigated. We evaluate the effect of
different ensiling conditions, including the use of inoculants and freshly harvested plant composition,
on the final silage quality, and the most relevant risk factors associated with the silage’s aerobic
deterioration. The dry matter at harvest affected the entire final silage quality, and acetic acid varies
between the control (pure water) and the hetero-/homofermentative. The aerobic stability for all
samples was 59.2 ± 23.6 h without statistical differences within the thesis, ensuring a sufficient time
for a convenient silo unload rate.

Abstract: Winter cereal silages can suffer from an inadequate fermentative path which can lead to
aerobic instability. We evaluate the pre-ensiled conditions influencing the final fermentative quality
and its aerobic stability. We studied the use of hetero/homofermentative inoculants on two early-harvest
wheat samples (312 and 348 g/kg of dry matter—DM levels) undergoing three ensiling delays. The
fermentative profiles were evaluated during the first ten d of ensiling, at 60 d and after 7 and 14 d of
aerobic exposure. Aerobic stability was recorded during fourteen d after the silo opening. Significant
(p < 0.05) differences of the final fermentative profile were related mainly to DM levels at harvest,
while the use of the inoculant affected only the acetic acid significantly. Finally, the sealing delay did
not significantly affect the silage fermentative profile. The overall aerobic stability was 59.2 ± 23.6 h, and
cumulative temperatures were lower than 438 for seven d of aerobic exposure and higher than 1526 for
14 d. Although the homofermentative inoculants reduced the counts of yeasts in the final silage for
the earlier harvested wheat, the other samples showed yeasts counts of ~4.9 Log10 colony-forming
units/g, with the presence of spoilage fungi (Pichia and Geotricum).

Keywords: wheat silage; winter cereal crops; fermentative quality; inoculants; aerobic stability

1. Introduction

Winter cereal crops (WCC) are becoming more frequent in dairy feeding due to their
ability to replace maize silage and support milk yield above 41 kg/d when included in
10% of the diet dry matter (DM) [1], and the use of barley in replacing maize silage was
demonstrated to preserve milk and cheese quality and yield [2]. Moreover, cover crops are
used as self-produced forages and can prevent soil erosion [1], efficiently use fall-applied
manure and reduce nitrate leaching [3]. According to the Italian National Statistic Institute
(ISTAT), in 2020 the North Italy district produced more than 81% of the Italian milk yield
(1.33 × 109 kg) [4], which increased by 125% in the period 2006 to 2019. North Italy’s dairy
feeding system is primarily based on maize silage or maize grain [2], and in the period
2006 to 2019 the arable land sown for maize silage increased by 146% (299,663 ha in 2019)
compared to barley silage, which increased by over 186% (3933 ha in 2019) [4].
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Future projections for the Mediterranean climate show a decrease in rainfall precipita-
tion exceeding −25% in the warm season [5] and, consequently, lower water availability
for agriculture. In particular, the Veneto Region (north-east of Italy) in October 2021–June
2022 showed −41% of rainfall compared to the average of the preceding 20 years [6]. An
indicator that links the yields to water consumption is the Water Footprint, whose esti-
mation is raised to contrast the effects of climatic variables [7]. In this context, among the
WCC, wheat can reduce evaporation losses, preserve soil water during the irrigated period,
and increase the system’s sustainability [8], therefore, assuming greater importance in the
future dairy context. However, due to the increased temperature, a late harvest affects
wheat forage by reducing yield, DM digestibility, leaf/stem ratio and N concentration [9].
Conversely, an early harvest could protect the wheat forage from the high temperatures of
late spring and the lack of water availability.

Silage fermentation quality is evaluated through pH levels and various compounds,
such as lactic, acetic, propionic and butyric acids, alcohols and esters [10]. To simplify
the quality evaluation, various indexes have been considered to summarize the overall
fermentative quality of silage, such as the Flieg-Zimmer score (FZs) [11], the Vanbelle and
Bertin score [12,13], the German agricultural society (DLG) score [14,15], the homolactic
index [16,17], the standardised quality score (SQS) [18], and the fermentative quality index
(FQI) score [19]. The composition of the fresh ensiled plant, including the DM, crude
protein (CP), fibre, N-free extract and water-soluble carbohydrates (WSC) content, affects
the final quality of the silage [10,20,21]. Additionally, various factors can decrease the
aerobic stability of silages, providing a chance for opportunistic microorganisms such
as yeast (Saccharomyces, Candida, Cryptococcus, and Pichia), moulds, bacilli, and acetic
acid bacteria to become active and generate heat while consuming nutrients from the
silage, which can cause spoilage [11,22,23]. Under certain conditions, inoculation with
bacteria may be recommended to improve silage quality and aerobic stability [10,22,24–26],
affecting the increment in DM Intake (DMI), milk fat and CP concentrations [27], milk yield
and diet digestibility [28]. However, the stability of silages against aerobic deterioration
varies dramatically with the use of homofermentative (HOM) lactic acid bacteria (LAB) or
heterofermentative (HET) LAB [29].

The pre-ensiled composition can be assessed to compute a prognostic risk score
for the aerobic stability of maize silage [30,31]. Additionally, research has shown that
post-silage quality can be partially linked to fresh maize’s pre-silage characteristics, even
using machine learning techniques under different harvesting and ensiling conditions [20].
Furthermore, using portable Near-Infrared Spectroscopy (NIRS) instruments permits on-
farm rapid, ecologic and cheap analysis of forages [32–34]. Although NIRS may not be
more precise and accurate than chemical analysis, it is considered a reliable and repeatable
tool in agriculture research [35–40]. The NIRS’s success is related to its rapidity and cost-
effectiveness in sample analysis [41]. Furthermore, the elimination of the drying procedure
for sample preparation helps to prevent the loss of volatile compounds [42]. Additionally,
NIRS recently became commercially available for the harvesting machine, as reported by
the Deutsche Landwirtschafts-Gesellschaft—the German Agricultural Society [43].

This study aimed to examine the impact of pre-ensiling traits on the quality of silage,
DM loss, and aerobic stability of early-harvested wheat ensiled at two different levels of
DM at harvest, under varying conditions and with different bacterial inoculations. The
focus was placed on southern Europe’s weather due to limited knowledge of the impact of
varying ensiling conditions on WCC and wheat.

2. Materials and Methods
2.1. Experimental Design

The WCC (wheat) was sown on two commercial farms (Farm A and Farm B) located in
the Veneto Region (North-East of Italy) in the autumn of 2020, with light clay soil and water
rainfall of 647.0 mm and 9.2 ◦C on average. The sown density was 400 seeds/m2. Harvests
occurred on June 3 and 8, 2021, and wheat was ensiled at 312 (low dry matter = DML) and
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348 g/kg (high dry matter = DMH) of the DM for Farms A and B, respectively. Freshly har-
vested wheat forages (FWH) from DML and DMH were inoculated with a heterofermentative
Lentilactobacillus buchneri CCM 1819 (HET, KWS LACTOSTABILITY, AGRAVIS Raiffeisen AG,
Munster, Germany) at a concentration of 2 × 105 colony-forming units (CFU)/g of FHW or
with a mixture of homofermentative LAB (HOM) at a concentration of 3 × 105 CFU/g of
FHW. The HOM was composed of Lactiplantibacillus plantarum NCIMB 30083–1k207736
(1.61 × 105 CFU/g), L. plantarum NCIMB 30084–1k207737 (0.31 × 105 CFU/g), Peditococ-
cus pentosaceus DSM 23688–1k1010 (1.61 × 104 CFU/g), P. pentosaceus DSM 23689–1k1019
(1.61 × 104 CFU/g) and Enterococcus faecium 22502–1k20602 (0.96 × 105 CFU/g). The
control group C was inoculated with the same volume of pure water. The inoculation was
conducted in a large sterile container, allowing adequate mixing. The HET, HOM and
C were ensiled (at d zero, T0) after 0 (D0), 6 (D6), or 20 (D20) h of air exposure. In sum-
mary, the trial consisted of two DM at harvest (DML and DMH) × three tested inoculants
(C, HET, HOM) × three sealing delays (D0, D6, D20) = 18 combinations.

2.2. Silage Preparation and Conservation

FWH samples were prepared and inoculated for ensiling in duplicate (repetitions one
and two; n = 18 combinations × 2 repetitions = 36), and per each duplicate about 1 kg of the
sample was rapidly vacuum-packed and refrigerated (4 ◦C) until it was analysed (within
the same day) with a pre-calibrated NIRS instrument (FOSS DS 2500, Foss Analytical,
Hileroed, Denmark). Samples were ensiled in a 20-L truncated conic plastic bucket. The
buckets were shielded using a 150 µm SealPlus Film permeable to oxygen at the rate of
48 cm3/m2/24 h at 23 ◦C and 65% RH (SealPlus by Gamma Srl, Mondovi, CN, Italy),
sealed with robust tape and 10 kg of gravel used as a compressor. The sealed buckets
(n = 18 combinations × two repetitions = 36) were stored for 60 d (T60). Moreover, in order
to evaluate the ensiling pattern, FWH samples for HET, HOM, and C from repetition one were
ensiled in a 5-L cylindric metal bucket, sealed with their hardcover tap and stored for 2, 3, 6, and
10 d (T2, T3, T6, and T10, respectively; n = 18 combinations × 4 opening time = 72 buckets). All
buckets were kept in a dark room at a stable temperature of approximately 23 ± 2 ◦C before
opening and submitting the sample to reference methods for the analysis. All samples
from 5-L buckets on the opening days were evaluated to not to exceed 2 ◦C above room
temperature, and samples were analysed for pH and ammonia. On d T60, the 20-L silages
were opened and a 15 cm thick layer of silage was removed to discharge the eventually
spoiled silage and was not considered for further quality analysis, and 1 kg of silage
was promptly submitted to NIRS analysis. The remaining portion was loosed into a 20-L
opened and squared polystyrene pan (495 × 295 × 140 mm in dimension). After 7 (T67)
and 14 d (T74) from T60, sample weights were recorded and 1 kg of silage was promptly
submitted to NIRS analysis. To ensile the samples into 20-L and 5-L, a 1-ton hydraulic press
(141 kg/cm2) was used.

A data logger was positioned 7 cm under the silage surface of 20-L buckets of the
repetition one of all samples and, at T60, repositioned 5 cm under the silage surface of the
20-L polystyrene pan, recording the temperature every 30 min with a precision of 0.1 ◦C
(Elitech USB Temperature Datalogger RC-5, London, UK) throughout the period of the
trial. A single data logger was used to record the room temperature throughout the entire
period. The cumulative temperature (TCUM, ◦C) was calculated as the hourly accumulated
temperature rise 2 ◦C above the ambient temperature over 7–14 d of air exposure [44].

2.3. Proximate Composition, Fermentative Analysis and Physical Characteristics of Pre- and
Post-Ensiled Wheat

The estimated chemical traits were: DM (g/kg), ash, CP, ether extract (EE), alfa-
amylase neutral detergent fiber (aNDF), acid detergent fiber (ADF), lignin (sulfuric acid,
sa), WSC, starch, pH (pure value), ammonia/total N (ammonia, % of total N), lactic, acetic,
propionic and butyric acid, and ethanol. Where not otherwise defined, data were expressed
as g/kg of the DM. The calibrations performances were reported in Supplementary Ma-
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terials Table S1, and the NIRS analyses were performed in triplicate before the average,
using a FOSS NIRSystem 5000 scanning monochromator (FOSS NIRSystem, Silver Pring,
MD, USA) and following previous studies [36,45]. The reference methods used to cal-
ibrate the NIRS instrument for proximate composition were detailed and described in
previous studies [18,19] and further reported together with those for the fermentative
profile. The DM and ash were determined according to the #934.01 and #942.05 [46], and
the #2001.11 [47], #2003.05 [46], and #996.11 [48] AOAC methods were used for CP, EE, and
starch, respectively. The aNDF and ADF were determined using an AnkomFiber Analyser
(Ankom Technology Corporation, Fairport, NY, USA). The aNDF was performed with
sodium sulphite, heat-stable alpha-amylase, F57 bags with 25 µm pore size and included
residual ash [49,50]; non-sequential ADF was evaluated according to Vogel et al. 1999 [51]
and lignin (sa) in sulfuric acid [52]. Lactic, acetic, propionic, butyric acids and ethanol were
extracted in an acid solution (sulphuric acid 0.6 N) and analysed using high-performance
liquid chromatography [53]. The ammonia was analysed according to Megazyme’s assay
procedure [54] and pH as proposed by Martillotti et al. [55].

Density was calculated as the ratio of the amount of pre-ensiled FWH, corrected for the
DM content, to the volume of the 20-L bucket and was expressed as kg/m3. The porosity
(Φ) was calculated according to the formula proposed by Richard et al. (2004) [56], as
reported in Equation (1):

Φ = 1 − ρwb × {[(1 − DM)/ρw] + [(DM × OM)/ρom] + [(DM × (1 − OM))/ρash]} (1)

where ρwb, bulk density wet basis (g/cm3); DM, dry matter; ρw, water density (1 g/cm3);
OM, organic matter; ρom, organic matter density (1.6 g/cm3); ρash, ash density (2.5 g/cm3).
The DM density (DMd, kg/m3) was calculated as the amount of DM (kg) per 1 m3. The
DM loss (DMloss) was calculated as reported in Equation (2) [31]:

DMloss = (DM of pre-ensiled − (DM of post − ensiled))/(DM of pre − ensiled)) × 100 (2)

Two silage quality indexes, the FZs [11] and the FQI score [19], were calculated.

2.4. Microbiological Analysis

Samples for microbiological analysis were collected in triplicate at three different
times (T0, T6, and T60) for each of the combinations of the two DM levels at harvest (DML
and DMH) and for the three inoculants (C, HET, and HOM), but only for delay 0 h (D0)
(n = three replicates × three sampling times × two DM at harvest × three inoculants × one
sealing delay = 54).

For the microbiological analyses, a 20 g sample was homogenised in a sterile bag
with 180 mL of Maximum Recovery Diluent (MRD 8 g of NaCl/L, 1 g of bacteriological
peptone/L) and for 2 min. Each microbial target was analysed by spreading methods in a
Petri dish after the appropriate decimal dilutions on MRD. The total viable counts (TVC)
were enumerated on Plate Count Agar (Biokar Diagnostics, ZAC de Ther, Allonne, Beauvais
Cedex, France) after incubation at 30 ◦C for 72 h. LAB count was performed on MRSA
agar supplemented with 0.0125 g/L bromocresol green (De Man, Rogosa and Sharpe agar,
Biokar Diagnostics) incubated in anaerobic conditions for 48–72 h at 30 ◦C. Oxytetracycline
Glucose Yeast Extract Agar (OGYE Oxoid) was used for yeast and mould counts (25 ◦C,
3–5 d). Results were defined as Log10 CFU/g of silage with a Limit of Detection (LOD) of
the spread plate method of 100 CFU/g. A representative number of colonies per plate (3–5)
was collected according to their morphology and colour from MRSA and OGYE in order to
perform a biomolecular identification of LAB, mould and yeasts by the sequence of 16S
rRNA (bacteria), ITS1 and ITS2 (ITS, Internal Transcribed Spacers) of the ribosomal DNA
(Fasolato et al., 2016).
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2.5. Statistical Analysis

The normal distribution for continuous variables was assessed using the Shapiro–Wilk
test and visual inspection. Pre-ensiled traits for the harvested wheat were submitted to an
ANOVA considering the effects of DM at harvest, density and porosity. FZs, FQI, DMloss,
post-ensiled DM, and fermentative traits were submitted to an ANOVA considering the
effects of DM at harvest, the use of inoculants, the sealing delay, and their interactions. A
linear model (lm) with a multivariable Akaike’s information criterion in the backwards
(lm-AIC-backward) was estimated for the pre- ensiled WCC chemical traits to predict the
FQI and DMloss. As regards the hours before the occurrence of aerobic instability, they were
considered only for samples in which the event occurred. Post hoc pairwise comparisons
were run between factors’ levels using Bonferroni’s correction. The assumptions of the
linearity of the model were graphically tested on the residuals.

The event for the survival analysis was defined as the aerobic instability and the
outcome as the time, expressed in hours, to the first event of aerobic stability failure
(aerobic deterioration), defined as the silage exceeding the room temperature of 2 ◦C [31].
Observations were censored at 336 h (14 d). The silage outcome was evaluated using a
Kaplan–Meier curve and log-rank test, and Bonferroni’s adjustment was adopted for the
pairwise comparisons. A Cox proportional hazard regression tested the effect on the event
for each covariate separately (univariate approach) for pre- and post-ensiled composition.
Further, a Cox proportional hazard regression for a multivariable Akaike’s information
criterion in the backwards (Cox-AIC-backward) model was estimated for the pre- and
post-ensiled WCC chemical traits to estimate the aerobic stability. The proportional hazard
assumption was evaluated using a visual approach (Schoenfeld, Martingala, beta, and score
residuals) and Grambsh and Therneau test [57,58]. To perform these statistical analyses
R version 4.0.2 (22 June 2020, The R Foundation, Vienna, Austria) was used, besides the
Rcmdrpackage version 2.6–2 [59,60] and RStudio Version 1.2.1578 (Posit, PBC, Boston, MA,
USA). The statistical significance was set at a p-value lower than 0.05.

For data from the microbiological analysis, a multivariate statistical analysis was
adopted by the non-parametric combination (NPC) test conducted with the free software
NPC Test R10 [61]. The partial tests (partial p-values) were estimated per each single
microbial variable (TVC; LAB; Mould; Yeast), and the Global p-value was defined by the
non-parametric combination procedure and the Tippet combining function on the overall
microbial profile [62]. The DM levels and inoculant (C; HOM; HET) were tested as main
factors in a separate manner. Moreover, DM was defined as a stratification block according
to the NPC Test’s C-sample procedure for dependent variables to evaluate the differences
between inoculants in each stratum of DM.

3. Results

The normality of the data was warranted for all variables after a visual inspection of
the distribution. Descriptive statistics for the values of the chemical and physical properties
of pre-ensiled WCC for DML and DMH, and the ANOVA for the effects of the DM at
harvest, are reported in Table 1.

Table 1. The mean, the standard deviation (sd), the median, and the first to third interquartile range
(IQR) for pre-ensiled chemical and physical composition of the low dry matter (DML) and high dry
matter (DMH) of the winter cereal crop (WCC) harvests.

DML DMH
SEM p

Mean Sd Median IQR Mean Sd Median IQR

Dry matter (DM, g/kg) 312 6.93 311 7.35 348 9.75 345 14.6 1.75 <0.001
Ash (g/kg of the DM) 90.7 3.78 90.55 3.90 78.3 2.60 78.3 3.15 0.76 <0.001

Crude protein (g/kg of the DM) 100 3.42 100 4.35 73.2 3.47 73.9 3.33 0.72 <0.001
Ether extract (g/kg of the DM) 22.3 1.32 22.4 0.79 21.7 0.88 21.9 1.18 0.24 0.094

aNDF 1 (g/kg of the DM) 515 21.3 513 28.6 559 10.3 561 13.0 2.50 <0.001
ADF 2 (g/kg of the DM) 289 13.2 292 18.3 339 7.89 337 11.2 1.54 <0.001
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Table 1. Cont.

DML DMH
SEM p

Mean Sd Median IQR Mean Sd Median IQR

Lignin (sa) (g/kg of the DM) 42.9 6.78 43.4 8.73 41.8 5.59 41.3 7.25 1.36 0.566
Starch (g/kg of the DM) 158 11.47 158 11.95 143 13.6 147 19.0 2.40 <0.001
WSC 3 (g/kg of the DM) 55.4 13.17 54.6 23.7 39.8 11.2 37.6 16.9 2.17 <0.001

Density (kg/m3) 148 8.80 147 7.10 155 6.40 156 4.45 1.56 0.006
Porosity (decimals) 0.61 0.02 0.61 0.03 0.65 0.02 0.65 0.03 0.01 <0.001

1 aNDF = Alfa-amylase neutral detergent fiber; 2 ADF = acid detergent fiber; 3 WSC = Water-soluble carbohydrates.

3.1. Effects of the DM at Harvest, Inoculation and Sealing Delay on the Final Silage Quality (T60)

The main effects of the DM at harvest, inoculation and sealing delay and their in-
teractions on the final silage quality at 60 d of ensiling is reported in Tables 2–5. The
DML resulted in more intense fermentative profiles compared to DMH, but no significant
difference was highlighted for the DM loss at T60. The use of inoculants showed significant
differences only for acetic acid and propionic acid and, tendentially, a better FQI for the
homofermentative inoculant. Surprisingly, the acetic acid was reported as higher in the
homofermentative use than the heterofermentative inoculant. The DM loss at T60 was
significantly lower for the sealing delay at D6 compared to D0 (Table 4), and there was a
higher DM loss value (13.9%) at D0 of the DMH, compared to D20 of DML (7.82%, p = 0.033).

Table 2. The main effects of the DM at harvest on the post-ensiled quality at 60 d of ensiling (T60).

DM at Harvest (g/kg of the DM)

DML 1 DMH 2 SEM 3 p

Dry matter (DM, g/kg) 281 313 1.85 <0.0001
pH 3.94 3.89 0.02 0.062

Ammonia (% of total N) 7.18 8.00 0.13 <0.0001
Lactic acid (g/kg of the DM) 61.5 46.2 1.16 <0.0001
Acetic acid (g/kg of the DM) 23.5 18.1 0.48 <0.0001

Propionic acid (g/kg of the DM) 4.84 5.06 0.07 0.055
Butyric acid (g/kg of the DM) 2.75 2.44 0.03 <0.0001

Ethanol (g/kg of the DM) 5.62 1.46 0.27 <0.0001
FQI 4 55.4 51.2 1.59 0.076
FZs 5 65.8 61.7 1.68 0.098

DM loss (%) 10.7 11.7 0.77 0.378
1 DML: Low dry matter at harvest = 312 g/kg; 2 DMH: High dry matter at harvest = 348 g/kg; 3 SEM = standard
error of the means; 4 FQI = fermentative quality index; 5 FZs = Flieg-Zimmer score.

Table 3. The main effects of the use of inoculants on the final silage quality at 60 d of ensiling (T60).

Inoculant Type

Control Heterofermentative Homofermentative SEM 1 p

Dry matter (DM, g/kg) 298 297 295 2.27 0.734
pH 3.92 3.92 3.90 0.02 0.722

Ammonia (% of total N) 7.36 7.90 7.44 0.16 0.056
Lactic acid (g/kg of the DM) 52.6 52.8 56.2 1.43 0.159
Acetic acid (g/kg of the DM) 19.9 b 20.4 b 22.0 a 0.59 0.048

Propionic acid (g/kg of the DM) 4.93 a 4.76 b 5.15 a 0.09 0.017
Butyric acid (g/kg of the DM) 2.62 2.53 2.63 0.04 0.160

Ethanol (g/kg of the DM) 3.63 3.90 3.08 0.33 0.227
FQI 2 53.5 50.1 56.4 1.94 0.099
FZs 3 62.7 63.3 65.3 2.06 0.654

DM loss (%) 11.0 11.2 11.5 0.87 0.893
1 SEM = standard error of the means; 2 FQI = fermentative quality index; 3 FZs = Flieg-Zimmer score. Different
lowercase letters indicate significant differences.
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Table 4. The main effects of the sealing delays on the post-ensiled quality at 60 d of ensiling (T60).

Sealing Delay (h)

0 h 6 h 20 h SEM 1 p

Dry matter (DM, g/kg) 298 296 297 2.27 0.823
pH 3.91 3.91 3.92 0.02 0.955

Ammonia (% of total N) 7.46 7.50 7.75 0.16 0.410
Lactic acid (g/kg of the DM) 55.0 53.1 53.5 1.43 0.638
Acetic acid (g/kg of the DM) 20.0 21.3 20.9 0.59 0.299

Propionic acid (g/kg of the DM) 4.95 4.99 4.91 0.09 0.809
Butyric acid (g/kg of the DM) 2.63 2.56 2.59 0.04 0.390

Ethanol (g/kg of the DM) 3.61 3.23 3.78 0.33 0.486
FQI 2 54.8 53.1 52.1 1.94 0.598
FZs 3 65.3 61.8 64.1 2.06 0.471

DM loss (%) 12.7 a 9.46 b 11.6 ab 0.87 0.048
1 SEM = standard error of the means; 2 FQI = fermentative quality index; 3 FZs = Flieg-Zimmer score. Different
lowercase letters indicate significant differences.

Table 5. The main effects of the interactions of the DM at harvest, the use of inoculants, and the
sealing delays on the final silage quality at 60 d of ensiling (T60).

DM at Harvest ×
Inoculant

DM at Harvest ×
Sealing Delay

Inoculant ×Sealing
Delay

p p p
Dry matter (DM, g/kg) 0.340 0.449 0.673

pH 0.739 0.046 0.330
Ammonia (% of total N) 0.291 0.192 0.232

Lactic acid (g/kg of the DM) 0.722 0.084 0.397
Acetic acid (g/kg of the DM) 0.158 0.260 0.285

Propionic acid (g/kg of the DM) 0.531 0.656 1.000
Butyric acid (g/kg of the DM) 0.938 0.813 0.380

Ethanol (g/kg of the DM) 0.142 0.391 0.652
FQI 1 0.856 0.009 0.675
FZs 2 0.743 0.190 0.896

DM loss (%) 0.845 0.048 0.614
1 FQI = fermentative quality index; 2 FZs = Flieg-Zimmer score.

At the lm-AIC-backward, the FQI was predicted with an Adjusted R2 = 0.20 (p = 0.038,
AIC = 145, Vif < 5.21), as in Equation (3):

FQI = −242 + 0.62 × CP + 1.81 × EE −0.16 × starch + 0.49 × density + 241 × porosity (3)

At the lm-AIC-backward, the DMloss (%) was predicted with an Adjusted R2 = 0.16
(p = 0.022, AIC = 81.3, Vif = 2.95), as in Equation (4):

DMloss = −9.31 + 0.12 × DM − 0.06 × ADF (4)

3.2. Effects of the DM at Harvest, Inoculation and Sealing Delay on the First Ten d for pH
and Ammonia

The effects of DM at harvest and inoculation on the pH and ammonia pattern for T2,
T3, T6, and T10 are reported in Figure 1a–d. The patterns of pH and ammonia for T2, T3,
T6, and T10 on delaying the silo sealing show non-significant differences (p > 0.05).
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Figure 1. The effects of dry matter (DM) at harvest (DML = 31.2% DM, DMH = 34.8% DM) and days after
ensiling (2 -T2, 3 -T3, 6 -T6, and 10 d -T10) on the pH (p = 0.06) and ammonia patterns (p < 0.0001), panels
(a) and (b), respectively. The effects of inoculation (control = pure water, hetero = heterofermentative,
homo = homofermentative) at harvest and days after ensiling (2 -T2, 3 -T3-, 6 -T6-, and 10 d -T10) on
the pH (p = 0.99) and ammonia patterns (p = 0.82), panels (c) and (d), respectively. Bars represents the
95% confidence intervals.

The effects of DM at harvest, inoculation and sealing delay for pH and ammonia
patterns within T2, T3, T6, and T10 are reported in Tables S2–S4, respectively. The pH
differs significantly for the effects of DM at harvest at T2, T3, and T6, while only in T2 for
the sealing delay. The ammonia significantly or tendentially differs in T2, T3, T6 and T10
for the effect of the DM at harvest.

3.3. Silage Quality on T67 and T74

The main effects of the DM at harvest, inoculation and sealing delay and their in-
teractions on the final silage quality at seven d of aerobic exposure (T67) are reported in
Tables S5–S8. The main effects of the DM at harvest, inoculation and sealing delay and their
interactions on the final silage quality at fourteen d of aerobic exposure (T74) are reported
in Tables S9–S12.
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3.4. Risk Analysis for Aerobic Stability

The TCUM at T67 (7 d of aerobic exposition) was 294 and 401 ◦C for DML and DMH,
respectively (p = 0.369); 433, 238 and 370 ◦C for C, HET and HOM, respectively (p = 0.398);
and 438, 238 and 365 ◦C for D0, D6 and D20, respectively (p = 0.387). Moreover, the TCUM
at T74 was 2008 and 1777 ◦C for DML and DMH, respectively (p = 0.557); 1923, 1979 and
1775 ◦C for C, HET and HOM, respectively (p = 0.905); and 2152, 1526 and 2000 ◦C for D0,
D6 and D20, respectively (p = 0.410).

The Kaplan–Meier curve for the aerobic instability occurrence in the harvested wheat
ensiled at different conditions is reported in Figure 2. The median survival rate was 56 h.
The Kaplan–Meier curves for the main effects of DM at harvest, the use of inoculants,
and the sealing delays are reported in Figures S1–S3, and had no significant effects. The
Kaplan-Meir curves for the effect of the use of inoculants, stratified for the DML and DMH
and sealing delays 0 h, 6 h, and 20 h, were non-significant and are reported in Figure S4A,B,
and Figure S5A–C, respectively.
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Figure 2. The Kaplan–Meier survival curve for aerobic instability occurrence of the wheat samples
undergoing different ensiling conditions.

All silage showed aerobic deterioration before the censure (336 h), and the mean for
aerobic stability was 59.2 ± 23.6 h.

Table 6 reports the HRs values for the univariable Cox models for the pre- and post-
ensiled traits and the categorical variables (factors). The Somer’s Dxy concordance index
was greater than 0.6 for all variables except for CP (0.50), lignin (sa) (0.54), WSC (0.52),
starch (0.49) and density (0.55), for the pre-ensiled traits, and DM (0.54), ash (0.59), CP (0.57),
EE (0.52), pH (0.53), ammonia (0.56), propionic acid (0.45), butyric acid (0.59), FZs (0.51)
and FQI (0.53), for the post-ensiled traits, and the use of inoculants (0.56). The Schoenfeld
residuals and the test were not statistically significant for each; therefore, we can assume
the proportional hazards assumption for all variables.
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Table 6. Univariable Hazard Ratio (HR), distribution and average composition of wheat samples.

Variable All Samples Univariate HR (95% C.I.)

Pre-ensiled traits

Dry matter (DM, g/kg) 329 ± 21.7 1.02 (0.995–1.05)
Ash (g/kg of the DM) 83.8 ± 7.59 0.929 (0.865–0.998)

Crude protein (g/kg of the DM) 75.9 ± 21.6 0.979 (0.943–1.01)
Ether extract (g/kg of the DM) 20.3 ± 5.6 0.650 (0.357–1.18)

aNDF 1 (g/kg of the DM) 509 ± 139.8 1.01 (0.996–1.03)
ADF 2 (g/kg of the DM) 303 ± 82 1.01 (0.995–1.03)

Lignin (sa) (g/kg of the DM) 38.8 ± 10.7 1.03 (0.950–1.12)
Starch (g/kg of the DM) 138 ± 38 0.99 (0.960–1.03)
WSC 3 (g/kg of the DM) 41.3 ± 16.2 0.994 (0.963–1.03)

Density (kg/m3) 150 ± 8.40 0.980 (0.926–1.04)
Porosity (decimals) 0.63 ± 0.03 1.08 × 1013 (418–2.8 × 1023)
Post-ensiled traits

Dry matter (DM, g/kg) 28.4 ± 7.83 1.15 (0.887–1.49)
pH 3.61 ± 1.02 4.48 (0.0003–750)

Ammonia (% of total N) 7.19 ± 2.01 1.21 (0.504–2.89)
Lactic acid (g/kg of the DM) 4.94 ± 1.42 0.601 (0.313–1.15)
Acetic acid (g/kg of the DM) 1.87 ± 0.54 0.214 (0.046–1.00)

Propionic acid (g/kg of the DM) 0.46 ± 0.13 0.630 (1.4 × 10−8–3.8 × 107)
Butyric acid (g/kg of the DM) 0.23 ± 0.06 2.4 × 10−5 (3.1 × 10−13–1837)

Ethanol (g/kg of the DM) 0.24 ± 0.18 0.153 (0.016–1.45)
Factors

Dry matter at harvest (g/kg)
DML 9 (50%)
DMH 9 (50%) 2.08 (0.753–5.76)

Use of inoculants
Control 6 (33.3%)

Heterofermentative 6 (33.3%) 0.648 (0.200–2.10)
Homofermentative 6 (33.3%) 0.758 (0.220–2.61)

Delay in sealing (hour)
0 h 6 (33.3%)
6 h 6 (33.3%) 0.259 (0.067–1.004)
20 h 6 (33.3%) 0.535 (0.161–1.776)

Continuous variables (nutrients) are presented as mean, with standard deviation; categorical variables are
presented as a number of samples and their percentage (in brackets) within each factor considered (DM at harvest,
use of inoculants, sealing delays). The effect of the DM at harvest (DML = 32 g/kg, DMH = 348 g/kg), use of
inoculants (control = pure water; heterofermentative; homofermentative) and sealing delays (0 h = zero h of
sealing delaying; 6 h = 6 h of sealing delaying; 20 h = 20 h of sealing delaying) are presented. Univariate Hazard
Ratio (HR) and 95% confidence interval (C.I.) are reported for individual variables for the event of aerobic-unstable
silage. The HR values are referred to DML for the DM at harvest, control for the use of inoculants, and 0 h for the
sealing delay. Values for the fermentative quality index (FQI), the Flieg-Zimmer score (FZs), the density (kg/m3),
the porosity (decimals), and the pre- and post-ensiled composition were tested on events. 1 aNDF = Alfa-amylase
neutral detergent fiber; 2 ADF = acid detergent fiber; 3 WSC = Water-soluble carbohydrates.

Table 7 reports the coefficients and HRs for the selected pre-ensiled traits from the
Cox-AIC-backward model predicting the event (Somer’s Dxy concordance index = 0.89;
AIC = 65.7); however, the Schoenfeld residuals were evaluated, and the test is not statisti-
cally significant for each of the covariates, but not in the global test (p < 0.0001). Therefore,
we cannot assume the proportional hazards assumption.
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Table 7. The Hazard Ratio (HR) for the selected pre-ensiled traits from the Cox-AIC-backward model.

Coefficient HR

Crude protein (g/kg of the DM) −0.19 0.82—(0.69–0.98)
aNDF (g/kg of the DM) 0.72 2.06—(1.29–3.283)
ADF (g/kg of the DM) −0.95 0.39—(0.2–3.28)

Lignin (sa) (g/kg of the DM) 0.48 1.62—(1.14–2.31)
Starch (g/kg of the DM) −0.22 0.8—(0.67–0.96)
WSC 1 (g/kg of the DM) 0.28 1.33—(1.1–1.6)

Density (kg/m3) 0.39 1.47—(1.06–2.05)
Porosity (decimals) 179.80 1.27 × 1078—(8.15 × 1018–1.97 × 10137)

1 WSC = Water-soluble carbohydrates.

The survival curves for the AIC-Cox multivariable model are represented in Figure 3.
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Figure 3. Kaplan–Meier adjusted for AIC-Cox multivariable model with covariates crude protein
(CP), aNDF, ADF, lignin (sa), starch, water-soluble carbohydrates (WSC), density and porosity (a),
stratified for the effect of the use of inoculants (control = pure water; hetero = heterofermentative;
homo = homofermentative), and its calibration performances (b), with bootstrapping and resampling
500 times, 3 subjects per group. The grey line represents the ideal fit, the “o” represents the theoretical
and “×” represents the resampling optimisation.

3.5. Microbiological Quality of Silage at the Final Fermentation Time (T60)

The microbiological features analysed after 60 d of fermentation (T60) are reported
in Figure S6. The boxplots showed that TVC and LAB are over the 7.1 Log10 CFU/g
in most of the studied theses. In DML, the LAB counts of the HOM thesis presented a
significant variability (min 5–max 8.2 Log10 CFU/g). However, no statistical differences
were highlighted by the NPC test. The partial p-values generally suggested no significant
effects of DM or inoculants; significant global-p-values were observed for the inoculum
stratified per DM (Global p-value = 0.033). The global p-values considered all the microbial
features as a signature, suggesting a different ratio between targets (TVC; LAB; mould;
yeasts), primarily due to the different inocula. Moreover, for DML, the mould and the yeast
were not enumerated in the HOM thesis (<LOD) (Figure S6), while in HET and C the yeasts
overcome the 5 (min 5–max 7.6) Log CFU/g (partial p-values 0.035). The moulds count
median was usually lower than 4.7 Log CFU/g, with 60% of the samples lower than the
LOD. Figure S7 shows that the genus Pica was the most frequent in the identified yeasts,
while in the moulds the most frequent taxon was Geotrichum.
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4. Discussion
4.1. Effects of the DM at Harvest, Inoculation and Sealing Delay on the Final Silage Quality (T60)

In this study, the FHW was ensiled at two DM levels at harvest and inoculated with
hetero-/homofermentative inoculants compared to a control (pure water). Moreover,
these conditions were tested for a progressive delay in silo sealing. As expected, the earlier
harvest (DML = 312 g/kg of DM) compared to a later one (DMH = 348 g/kg of DM) showed
a higher CP and WSC value and lower aNDF content. These findings are compatible with
those reported by Ronga et al. [9], except for the aNDF, which is reported to decrease with
the later harvest. Additionally, the starch was lower in the DMH, and the differences are
probably due to the diverse harvested fields. The lignin (sa) content was similar for DML
and DMH, and its level is related to the undigested aNDF (uNDF) by the relation UNDF
2.4 × lignin (sa) [63]. Raffrenato [64,65] suggests that several factors, such as genetics,
the agronomic conditions, and the physiological stage of the plant at harvest, seem to
determine the link between the lignin (sa) content in the cell wall and its effects on the
extent of digestion at the same lignin (sa) content. Therefore, it appears that the ratio uNDF
240 h/lignin (sa) is proper among forage groups and within groups, and can be evaluated
through the use of a power function of the type y = axb, with y representing the ratio and
x being lignin (sa) (on aNDFom basis) [64]. Here, the lignin (sa) did not significantly differ
between the DML and DMH groups, but the lignin (sa) on the aNDF basis was 8.33 and
7.50 for DML and DMH, respectively (p = 0.027). These values are markedly higher than
those reported by Raffrenato [64] for very young, early vegetative grasses (from 2.0 to
3.0), or even more mature grasses (higher than 5.0). Applying the suggested formula [64]
for the mature grass (y = axb; a = 13.851, b = 0.621), the predicted ratio (%) lignin (sa) to
uNDF 240 h was 3.75 and 4.00 for DML and DMH, respectively (p = 0.021), while the uNDF
240 h (%) was 11.7 and 10.6 for DML and DMH, respectively (p = 0.237).

These findings do not agree with those from Ronga et al. [9], who found that uNDF
240 h increases in later harvest and suggested that lignin (sa) and the harvest time influence
the uNDF 240 h, even if the magnitude of values are comparable. Moreover, increasing
one unit of NDF digestibility is related to a 0.17 kg increase in DM intake and a 0.25 kg
increase in 4% fat-corrected milk [66]. This effect probably happens because the higher
levels of lignin (sa), correlated with uNDF 240 h content of the lignified crops, remain
in the rumen for more time due to their slower rate of digestion, decreasing the DMI
and, in turn, the animal performance [67]. However, the inclusion of 10% (DM-based)
wheat silage (replacing maize silage) in the diet of lactating dairy cows may support milk
yield (MY) above 41 kg/d without affecting the DMI, but decreasing the MY compared
to the use of maize silage alone [1]. That was probably due to the low starch content
of wheat (10.0 g/kg) harvested at the boot stage compared to maize silage (345 g/kg).
Conversely, in our study, the starch content of post-ensiled wheat (T60) was 61.0 and
76.2 for DML and DMH, respectively. The post-ensiled quality at T60 was, in general,
well preserved. The ammonia content and pH were lower than those reported in the
literature [68–70], but higher compared to a sorghum silo [44], while lactic and acetic
acids were higher [69,70]. Lb also produces 1,2-propanediol during the metabolism of
lactic acid to acetic acid [71]. Further, inoculation with Lb may affect propionic acid’s
concentration due to microorganisms capable of converting 1,2-propanediol to propionic
acid [72]. Our findings are inconsistent with the cited bibliography, but Kleinschmit and
Kung [72] supposed that there could be a crop-specific effect. Even though we find lower
WSC values in pre-ensiled wheat compared to the literature [68,69], the higher water
contents at harvest for fresh forage used in our study probably allow the microorganisms
a better fermentative substrate [73]. However, the fermentative traits are similar to those
reported by Tabacco et al. [44], evaluated in experimental conditions similar to ours, and
higher than those reported for sorghum ensiled for 93 d. In our study, differences are
reported for all fermentative parameters except pH with increasing stages of maturity, and
the quality (FQI and FZs) tends to decrease with later harvests. The DM loss did not differ
for harvesting maturity, and values are approximately four to five times higher than those
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reported for maize silage and sorghum silages harvested in north Italy at 352 and 404 g/kg
in DM, respectively [44], approximatively double with respect to the values reported by
Kleinschmit and Kung [72] or even more [74]. However, compared to the experiment from
Tabacco et al. [11], in our trials the mini-silos were probably more permeable to air, and
the packing density was approximately 34% lower, which may allow for more intense
respiratory activity.

The use of inoculants did not affect the fermentative and quality traits, including
the DM loss, except for the acetic and propionic acid, which did not show biologically
evaluable differences. This finding is probably due to the prevalence of the Lb in all
samples and the presence of Geotrichum, which may catalyse the lactic acid. However,
the silo sealing delays did not show significant differences for all fermentative and quality
traits. Nevertheless, the DM losses were slightly lower for six h of sealing delay. The
LAB converts WSC into organic acids, mainly lactic acid, resulting in forage acidification
by a rapid pH decline. During the anaerobic conservation of the silage, the lactic acid
is converted gradually to acetic acid by hetero-lactic bacteria, such as Lb [74]. Ensiling
wheat at 301 g/kg of DM using inoculants (Lactiplantibacillus plantarum) results in a lower
pH than untreated, and pH values decrease faster [75] even at DM contents higher than
654 g/kg for grains silage [76]. In these circumstances, the multiplication of the indigenous
LAB could be limited to higher DM content at harvest. Therefore, exogenous inoculants
could supplement to overcome this effect and result in significantly faster and improved
ensiling [77]; however, different maize and wheat silage behaviours are reported [73,77],
probably due to moisture and water activity differences. In our study, the DM of the
post-ensiled (T60) silage was relatively low (<300 g/kg) for the three tested inoculants
(control, hetero-/homofermentative); consequently, it is possible that the endogenous
bacteria multiply enough to warrantee a rapid and efficient fermentative pattern, causing
the inoculation to no longer be necessary even with delayed silos sealing. Moreover, in our
experiment, no statistical differences at T60 within the thesis were observed (Figure S6).
However, the LAB levels in all the theses were similar to those reported in maize silage
supplemented with Lb after 90 d of fermentation [78].

4.2. Effects of the DM at Harvest, Inoculation and Sealing Delay on the First Ten Days for pH
and Ammonia

Nevertheless, the ensiling first ten days were characterised by a rapid pH decrease
and ammonia increase, with differences in the patterns for DML and DMH, but an equal
final point at T10 and T60 for pH. In contrast, ammonia showed similar patterns for DML and
DMH but a different final point for ammonia, which showed a higher value for DMH in T10
and T60 (Table S1 and Figure S1). Regarding the use of inoculants or sealing delays, the patterns
of the first ten days did not show differences among treatments (Table S2 and S3). However,
our findings showed pH values markedly lower than those reported for FWH collected
at 456 g/kg of DM, or whole-crop barley harvested at 453 g/kg [77,79]; furthermore, they
found differences in patterns and the final value of pH for the untreated or Lp-inoculated
silages. These findings suggest that our study’s initial DM content of FWH was adequate
to warrant satisfactory ensiling patterns and final pH values.

4.3. Silage Quality on T67 and T74

The aerobic stability of silage after silo opening could lead to a significant problem for
farm profitability and feed quality. Exposition to air (i.e., due to the feed-out rate) involves
aerobic microbiological activity to a different extent, up to considerable (more than 20%)
DM loss [80]. In addition, well-fermented silage from homolactic inoculants may spoil
faster because it results in a greater level of WSC and lactic acid used as a growth substrate
for yeast and moulds [81,82]. Conversely, the heterofermentative silages fermented by
Lb could improve the stability of silages via the anaerobic degradation of lactic acid to
acetic acid [72]. Lb is commonly suggested to partially prevent aerobic deterioration at the
farm level [83]. However, it is also associated with increased DM losses during anaerobic
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conservation of the silage and lower losses during the first 14th d of air exposure in maize
and sorghum silages [44]. The role of the air exposure during the feed-out phase to the
spoiling process of the mass is outstanding due to the activity of the lactate assimilating
yeast, which metabolises the WSC and fermentative end-products into carbon dioxide and
water, increasing the temperature and the pH and decreasing the silage quality and even
digestibility [11]. In addition, when aerobic activity begins, the temperature rises rapidly
and may reach more than 20 ◦C above room temperature. This means that the accumulated
temperature can be more than 500 ◦C daily. This evidence occurs due to air infiltration
in the mass, which could reach up to 1–2 m from the silage surface [84]. In the present
study, the threshold of the 14th d was chosen concordantly with the average silage time
in the peripheral areas of farm bunker silos at risk of air exposure when a feed-out rate of
0.7 to 1.4 m/wk is adopted [85]. Tobacco [44] found that 1000 ◦C of accumulated hourly
differences between silage and air temperature are associated with a 10% loss in estimated
milk yield potential. In our study, the TCUM was lower than 438 ◦C for seven d of aerobic
exposure and higher than 1526 ◦C for 14 d, without any statistical differences among
DM at harvest, inoculants or sealing delays. However, in T74 all samples exceeded the
threshold of 1000 ◦C, suggesting a loss of estimated milk yield potential for peripheral areas
of the silo.

A previous study [44] demonstrated that the inoculation with Lb in sorghum silage
might maintain the potential of milk yield of harvest forage up to 7 d of air exposure.
In contrast, untreated or Lp-inoculated silages consistently decrease milk yield potential,
related to mould development exceeding the 4 log cfu/g of silage. Moreover, when
mould exceeds 8 log CFU/g of silage, the milk yield potential is halved and this threshold
corresponds to the average values of mould count for visible moulded maize silages [86].
Here, the mould counts were close to the 4.7 Log CFU/g, especially in hetero and control
samples. However, no significant differences were found because most samples showed
minimal contamination. Moreover, a higher level of fungi, primarily yeasts, is usually
associated with low aerobic stability [10]. In addition, the DML showed a lot of yeasts very
close to the worst thresholds proposed for the silage stability (≥6 Log threshold) [10], with the
dominance of the spoilage generable to metabolise lactate as Pica or Geotrichum [10,87,88].

After seven d of aerobic exposure, pH and ammonia increased but the increment of
pH was more evident for DML, while the ammonia did not show differences between DM
levels. The pH patterns are supported by a decrement of lactic and acetic acid, with greater
values falling for DML. These findings are similar to those found in the literature [79].
However, the use of inoculants did not show the difference in T67 silage fermentative
profiles, quality traits and DM loss. Finally, all differences between the DM at harvest,
the use of the inoculant and the sealing delay levels disappeared at T74, probably due to
an intense aerobic instability in the first 100 h (Figure 1) as a consequence of the intense
activity of mould and yeast.

4.4. Risk Analysis for Aerobic Stability

The aerobic stability of the silage is a complex pathway related to several factors. First,
the crop at harvest should have very low counts of yeast and moulds. This target can be
reached by rapid field wilting or immediate harvests of grass and legume forages [89].
Maize and whole crops cereals increase the risk of mould for warm and wet weather in
the pre-harvest or by increased maturity at the harvest due to changes in the epiphytic
microbial community [90–92]. To an extent the pre-ensiled composition, such as the high
buffering capacity, leads to aerobic stability and is most likely to impair efficient fermenta-
tion with minimal loss of DM and nutritional value during storage [90]. However, further
investigation may contribute to underlining the role of fresh crop composition in aerobic
stability; it was noted that late crop maturity and plant senescence are associated with
decreased aerobic stability of the silage [90].

To the authors’ best knowledge, limited data are available to evaluate the risks for
aerobic instability onset related to the factors of pre-ensiled composition. Previous studies
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were conducted for maize silage [30,31] but not wheat silage. In maize silage, among
pre-ensiled traits, CP, EE, aNDF, lignin (sa) and WSC [30] or ADF and lignin (sa) [31]
were associated with the risk of aerobic instability. However, the late maturity at harvest
(DM = 337 g/kg) was associated with a greater risk of aerobic instability (HR = 95,
95% CI = 2.43–20.7) compared to early harvest (DM = 283 g/kg) [31]. However, dif-
ferences in aerobic stability and plant maturity (i.e., sorghum compared to maize) were
noted for different crops [90], and such differences could partially explain the inconsistent
results of the present study compared with those with maize. Finally, in the present study,
we did not find any association among pre-ensiled, post-ensiled and factors with the risk of
aerobic instability, except for the ash (pre-ensiled) and the acetic acid (post-ensiled), which
both resulted in a preservative function for the onset (Table 7). The Kaplan–Meier curves
confirm these findings for the DM at harvest (Figure S1), the use of inoculants (Figure S2),
and the sealing delays (Figure S3). Stratifying for the DM at harvest or for the sealing
delay, the Kaplan–Meier curves for using the inoculants did not differ (Figures S4 and S5).
All these findings suggest that the pre-ensiling conditions ensured that a silage’s quality
is favourable to ensure the aerobic stability of the product, regardless of the use of the
inoculants. Nevertheless, previous studies resumed in a meta-analysis [72] report the times
of exposure to air before spoiling as 25 h for untreated silage (LB0), 35 h for silage treated
with Lb at ≤100,000 cfu/g of fresh forage (LB1), and 503 h for silage treated with Lb at
>100,000 cfu/g of fresh forage (LB2). However, cited authors reported a yeast count of
4.18 ± 0.48, 3.10 ± 0.60, and 1.88 ± 0.46 Log10 CFU/g for LB0 LB1 and LB2 in maize silage,
respectively. Noticeably, the previously cited review reports an ensiling period of 60–180 d.
The ensiling duration of more than 90 d is reported to have greater improvements (com-
pared to control) in aerobic stability and yeast reduction compared to <60 d of ensiling [93].
Kleinschmit and Kung [72] reported nearly undetectable yeasts in small grains (0.96, 0.56,
and 0.56 Log10 cfu/g for LB0, LB1, and LB2, respectively) and 206, 226, and 245 h of aerobic
stability for LB0, LB1, and LB2, respectively. The latter values are considerably higher
than those in our study for the time of aerobic stability. Our findings can be due to several
reasons. First, in our study, the ensiling period was 60 d, while a prolonged period could
lead to a more stable aerobic sample. In our study, for the early harvest silage (DML), the
HOM effectively reduced spoilage microorganisms such as mould and yeast at T60.

However, recently, authors [94] concluded that delaying (0 compared to 24 h) ensiling
maize silage at 268 ensiled at g/kg of DM negatively affects the efficiency of fermentation,
as reflected by increased DM losses, and the presence of air in the very early phases
of the ensiling process may reduce the aerobic stability. Moreover, de Melo et al. [95],
evaluated a blend of Lentilactobacillus buchneri and Lactiplantibacillus plantarum coupled
with a short (0, 90, 150, or 210 min between chopping and sealing) delay in five replicates
to evaluate the fermentation, aerobic stability, and chemical composition of maize silages
harvested at 293 g/kg of DM. They found that, in maize silage, air exposure before sealing
increases fermentation losses and reduces the quality of silages and, conversely, the use
of inoculants increases the silage quality and the aerobic stability (80.45 and 213 h for
control and inoculated, respectively) and reduces the DM loss (7.33 and 5.60% for control
and inoculated, respectively). Nevertheless, the same authors report that, more generally,
the influence of the sealing delay on aerobic stability is recognised to be conflicting in
the literature.

4.5. Microbiological Quality of Silage at the Final Fermentation Time (T60)

No differences were observed in yeasts counts according to DM levels (DML 5.1 vs.
4.8 DMH log10 CFU/g). However, the percentages of samples <LOD were 30% and 44%,
respectively. Moreover, yeast loads (except for the HOM × DML) were 2 Log10 CFU/g
higher than Kleinschmit and Kung’s values [72]. These contaminations may have affected
the time of aerobic stability. In corn silage, increasing the levels of LB-inoculant also showed
a reduction in yeast contamination (from 4.18 to 1.88 Log CFU/g) [72]. Moreover, also



Agronomy 2023, 13, 508 16 of 21

studying the conditions able to improve the dominance of LB in winter cereal crops could
be considered a challenge for further investigation.

Finally, at T60, the rates of lactic acid:acetic acid were 2.64, 2.59, and 2.55 for C,
HET, and HOM, which were lower than the desirable ratio of 3:1, indicating a dominant
homolactic fermentation, and farther from 5.3:1 reported for LB0 of small grain silage,
while being higher than 0.8:1 and 0.6:1 reported for LB1 and LB2, respectively [72]. Baah
et al. [79] reported a ratio lactic:acetic acids of 8:1 for HOM treated and 1:4 for the control,
in barley silage, with a lactic acid content of 48.26 and 81.17, and 13.85 and 9.81 g/kg in
control and HOM treated samples, respectively. These findings mean that, in our study,
there was no prevalent homolactic fermentation in C and HOM nor an intense heterolactic
fermentation in HET. Moreover, our study’s few hours of aerobic stability (hours of stability)
are consistent with the acetic acid content in HET, which resulted in half of those reported
in the meta-analysis [72].

The authors are aware that the present study’s limitations may affect the reported
results. Kroschewski et al. [96] gave indications on how to minimize the effect of sampling
location on silage variables due to different forage compositions and the choice of replica-
tions, which are necessary to warrant the significance and relevance of the results. They
suggested considering the individual treatment variance for the correct choice of sample
size. Therefore, in our study, a lack of significance of the results can be due to the sample
numerosity, primarily referring to the low number of repetitions for individual treatment.
Secondly, even if the use of a narrow DM range at early harvest was in the scope of the
study, this fact does not allow the comparison of a full range of DM at harvest. Moreover,
the results may appear limited to the geographical context of northern Italy. However, the
Veneto region is one of the leading regions in Italy for the dairy sector and has a prominent
position in the European dairy industry. Nevertheless, more in-depth studies will be carried
out in the future, considering a more comprehensive DM range at harvest. Finally, a further
evaluation of the microbiological aspects related to the harvested WCC, which were not
among the main objective of this study, is warranted.

5. Conclusions

Unlike maize, limited data are available in the literature for winter cereal crops, wheat
in particular. In our study, wheat harvested at 312 and 348 g/kg DM, even with different
pre-ensiled compositions, showed non-different results concerning silage quality, DM loss,
and aerobic stability. At the studied DM at harvest, the use of HET or HOM did not differ
compared to the control, and the sealing delays at 6 or 20 h did not show relevant differences
compared to the 0 h delay. Even though the aerobic stability was lower compared to values
reported in the literature, values are suitable for the aerobic exposure of ordinary feed-
out rate (24–48 h). These results suggest that the used DM ranges at harvest could be
good options for farmers to obtain good quality and stable wheat silage, regardless of
ensiling conditions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy13020508/s1, Figure S1: The Kaplan–Meier survival
curve for the wheat harvested at different dry matter (DM, g/kg), p = 0.132. DML: low dry matter
at harvest = 312 g/kg; DMH: high dry matter at harvest = 348 g/kg; Figure S2: The Kaplan–Meier
survival curve for the samples underwent different inoculations, p = 0.746. Control: pure water;
hetero: heterofermentative; homo: homofermentative; Figure S3: The Kaplan–Meier survival curve
for the samples underwent delays at sealing (h), p = 0.104; 0 h: zero h of dealing; 6 h: six h of
dealing; 20 h: 20 h of dealing; Figure S4: The Kaplan–Meier survival curve for the samples underwent
different inoculations stratified for the dry matter (DM, g/kg) at harvest. Control: pure water; hetero:
heterofermentative; homo: homofermentative. DML: low dry matter at harvest = 312 g/kg; DMH:
high dry matter at harvest = 348 g/kg. Panel A DML, p = 0.672; panel B DMH, p = 0.157; Figure S5:
The Kaplan–Meier survival curve for the samples underwent different inoculations stratified for the
delays at sealing (hours). Control: pure water; hetero: heterofermentative; homo: homofermentative;
0 h: zero h of dealing; 6 h: six h of dealing; 20 h: 20 h of dealing. Panel A: 0 h, p = 0.138; panel B: 6 h,
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p = 0.741; panel C: 20 h, p = 0.741; Figure S6: The microbiological features of samples were analysed
after 60 d of fermentation. The box plot represents the minimum, first quartile, median, third quartile,
and maximum. TVC = total viable count; LAB = lactic acid bacteria; Figure S7: Molecular identification
of the yeasts and mould strains collected after 60 d of fermentation; Table S1: Calibration performances
for winter cereal crop (WCC) fresh whole plant and silage for a FOSS NIRSystem 5000 scanning
monochromator; Table S2: The main effect of the DM at harvest on the pH and ammonia patterns at
d 2 (T2), 3 (T3), 6 (T6), and 10 (T10) from the day of sealing the mini-silos; Table S3: The main effect of
the use of inoculants (control, heterofermentative, and homofermentative) on the pH and ammonia
patterns at d 2 (T2), 3 (T3), 6 (T6), and 10 (T10) from the day of sealing the mini-silos; Table S4: The
main effect of 0 (0 h), 6 (6 h), and 20 h (20 h) of sealing delaying on the pH and ammonia patterns
at d 2 (T2), 3 (T3), 6 (T6), and 10 (T10) from the day of sealing the mini-silos; Table S5: The main
effect of the DM at harvest on the silage quality after seven d (T67) of aerobic exposure; Table S6:
The main effect of the use of inoculants on the silage quality after seven d (T67) of aerobic exposure;
Table S7: The main effect of sealing delays in the silage quality after seven d (T67) of aerobic exposure;
Table S8: The interactions of the DM at harvest, the use of inoculants, and the sealing delays on the
silage quality after seven d (T67) of aerobic exposure; Table S9: The main effect of the DM at harvest
on the silage quality after 14 d (T74) of aerobic exposure; Table S10: The main effect of the use of
inoculants on the silage quality after 14 d (T74) of aerobic exposure; Table S11: The main effect of the
sealing delays on the silage quality after s14 d (T74) of aerobic exposure; Table S12: The interactions
of the DM at harvest, the use of inoculants, and the sealing delays on the silage quality after 14 d of
aerobic exposure.
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