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Abstract

:

This experiment was aimed at comparing how a chemical additive or an inoculant would affect the dry matter (DM) losses, fermentation pattern, yeast and mold counts, and aerobic stability (AS) of the ensiled high-moisture barley grain (675 g kg−1 DM). Crimped barley grain was ensiled with or without chemical additive AIV Ässä Na and an inoculant SiloSolve FC, totaling three treatments (1 × 3 factorial scheme) for the fermentation periods lasting 7, 14, 28, 60, and 90 days. The application of a chemical additive showed higher pH levels, retained water-soluble carbohydrates (WSCs) better, lowered DM loss, and reduced concentrations of fermentation products. Barley grain treated with chemicals initially showed a marked reduction in yeast and fungal growth and a higher AS up to day 60 of storage but became less effective in later stages of storage, leading to decreased AS. Barley grain inoculated with homo- and heterofermentative strains had decreased silage pH; its WSC content was similar to control and had higher content of weak acids and 1,2 propanediol, reducing mold and yeast counts. With fermentation duration from 28 days and beyond (i.e., 90 days), the inoculant treatment achieved the longest AS and the lowest increase in pH and weight loss during the period of air exposure.
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1. Introduction


Spring barley (Hordeum vulgare L.) is a major crop for the feed. Traditionally, grain should be stored dry at 14% moisture to prevent deterioration [1], and this may require drying after harvest. However, this can significantly increase costs for energy and additional investments into drying capacities. A strategically desirable approach involves the ensiling of early-harvested moist grains to produce a highly digestible moist feed that brings benefits for both farmers and their livestock. Ensiling early-harvested high-moisture grain does not affect nutrient content, but reduces in-field grain losses, does not require expensive storage facilities, saves energy for preservation, has a high palatability and high nutritive value, and leads to similar or superior animal performance [2]. Good fermentation quality of ensiled crimped grain is obtained when the crop is harvested with 30–40% moisture content [3]. The ensiling of low-moisture crimped grain is common; however, there is a high risk of poor fermentation and nutrient losses when additives are not used [4]. High-moisture grain preservation could be based on a procedure similar to that used when ensiling grass or other green plants like whole-crop maize. Therefore, important factors for optimizing the fermentation and reducing dry-matter losses include the use of various additives such as chemicals (organic acids and their salts) and lactic-acid-bacteria-based inoculants. Organic acids and their salts fall into the category of silage fermentation inhibitors whereas inoculants are classified as fermentation activators [5]. The addition of formic-acid-based additives to ensiled forages causes a quick drop in the pH, restricts the fermentation of water-soluble carbohydrates (WSCs), and reduces acetic acid concentration and proteolysis [6]. On the other hand, sorbic, benzoic, propionic, and acetic acids improve silage aerobic stability at the feed-out stage through the direct inhibition of yeasts and mold [7]. The most common fermentation stimulators for making silage are bacterial inoculants—the homofermentative lactic acid bacteria strains include Lactiplantibacillus plantarum, Lacticaseibacillus casei, Enterococcus faecium, and various Pediococcus species, and heterofermentative lactic acid bacteria strains include Lentilactobacillus buchneri, Levilactobacillus brevis, Lentilactobacillus diolivorans, and Lentilactobacillus kefiri. Silages treated with one or more homofermentative strains are often lower in pH, acetic acid, butyric acid, and ammonia N but higher in lactic acid content and exhibit lower dry-matter losses compared with untreated silages [5]. Heterofermentative strains have shown some promise to shift the fermentation toward acetic acid and 1,2 propanediol and improve the aerobic stability of the silages [8]. The development of the inoculants that combine homo- and heterofermentative lactic acid bacteria has the goal of achieving the benefits of both types of inoculants in one product. The initial timeframe for fermentation provided by some authors last from 7 days to 45 days [9]. However, newer studies [10,11], have observed that fermentation can extend for much longer. Windle [10] specifically noted a pH decline in the silage over a period of up to 150 days of fermentation and even up to 180 days of storage. This extended duration of the fermentation led to increased concentrations of ammonia N and soluble crude protein. These findings suggest that the fermentation process in some forage can continue well beyond the previously established timeframe, affecting the nutrient composition and fermentation quality of the silage. This prolonged duration of the fermentation might have implications for the storage and utilization, potentially impacting the nutritional profile and overall quality of the silage. The objective of the current study was to evaluate the nutrient content, fermentation parameters, microbial populations, and aerobic stability of high-moisture barley grain when ensiled with the silage inoculant containing Lactococcus lactis (DSM 11037) and Lentilactobacillus buchneri (DSM 22501) or the chemical additive AIV Ässä Na containing formic acid, sodium formate, propionic acid, and potassium sorbate at fermentation periods lasting 7, 14, 28, 60, and 90 days.




2. Materials and Methods


2.1. Experimental Design


Spring barley (Hordeum vulgare L., variety Katniss) was sown on 26 April 2022 at the experimental farm of the Institute of Animal Science at Lithuanian University of Health Sciences. Barley grain at the dough line stage was harvested on 22 July 2022 with a John Deere W 540 (John Deere Walldorf GmbH & Co. KG, Walldorf, Baden-Württemberg, Germany) grain harvester. After harvesting, the grain was crimped immediately using a crimper 700 HD, Murska Ltd. (Aimo Kortteen Konepaja Oy Pohjolantie, Ylivieska, Finland) without any additives. Ensiling was conducted immediately after crimping of grain. Three additive treatments were performed:




	(1)

	
C—Control, with no inoculant or other additive added;




	(2)

	
FC—Inoculant SiloSolve® FC-treated (150,000 cfu/g);




	(3)

	
AIV—Chemical-additive-treated (AIV Ässä Na, 4 mL/kg).









Descriptions of the additives are presented in Table 1.



Glass jars of 3.0 L volume were used to ensile the crimped barley grain. Ten replicates were made for each additive treatment and 7-, 14-, 28-, 60-, and 90-day fermentation periods. Five mini-silos were used per treatment and fermentation period for testing fermentation quality, and another five were used for testing aerobic stability (Table 2).



The amount of crimped grain for a given treatment was weighed in order to ensure the expected application rate of the additive (see Table 1). Samples of water and inoculant suspension were collected and analyzed immediately for LAB counting according ISO method 15214 [13] to ensure the correct concentration of bacteria in the inoculant suspension. Grain was sprayed with water or an appropriate additive using a hand sprayer (one sprayer per treatment) and mixed manually during and after applying the additive. Thereafter, the treated and mixed forage were weighed for each mini-silo (to achieve target density of 450 kg dry matter (DM)/m3) and then placed into 3 L volume glass jars by hand with periodic tamping as carefully as possible to minimize the volume of air headspace. The equipment coming in contact with the inoculated forage was washed and disinfected with ethanol between treatments to prevent cross-contamination. The jars were closed and made airtight with caps within 30 min after being filled and stored at room temperature (20 °C) in the dark. Each mini-silo was weighed while empty and again after filling to determine the actual amount of forage ensiled. To determine fermentation loss, the mini-silages were weighed before closing and at the end of each fermentation period after opening to determine fresh weight loss during fermentation. The DM losses were calculated, with DM content and the decrease in weight of the mini-silo expressed in grams per kg DM. The silage DM concentration was corrected for the loss of volatiles during drying according to Weissbach and Strubelt (2008) [14] using the DM correction formula (DMc = DMn + 0.95 FA + 0.08 LA + 0.77 PD + 1.00 OA (g kg−1 FM), where FA = fatty acids (C2 … C6); LA = lactic acid; PD 1,2 propanediol; and OA = other alcohols C2 … C4, including 2,3-butanediol. All values are entered into equation in the dimension g per kg fresh weight).




2.2. Sampling and Chemical Analyses


Crimped barley grain was sampled before the additive treatments were applied, then analyzed for DM, ash, crude protein (CP), neutral detergent fiber (NDF), starch, WSCs, pH, and microbial parameters (LAB, yeast, mold). Ensiled barley grain at the end of each fermentation period (7, 14, 28, 60, and 90 days) was sampled (five replicates for each treatment and fermentation period) and analyzed for DM, nutrient content, fermentation parameters (pH, ammonia N, alcohols, 1,2 propanediol, lactic acid, VFAs), and microbial characteristics (LAB, yeasts, and mold).



Chemical analyses were carried out at the analytical laboratory of the Institute of Animal Science of the LHUS in Baisogala. Dry matter was determined through oven drying at 60 °C for 24 h, equilibrated to room humidity overnight, milled through a 1 mm sieve and further dried at 105 °C to constant weight and corrected for volatile loss. Nitrogen (N) content, measured using Kjeldahl-AOAC 984.13 [15], and 10.5 g of catalyst and Block Digestion and TecatorKjeltec system 1002 Distilling Unit were used. Crude fat was measured through extraction using Soxtec System using petrol ether at 40–600 °C Crude fat residue was determined gravimetrically after drying. Crude fiber was determined with Fibercap (Foss Tecator) using sulfuric acid and Na hydroxide treatment. Acid detergent fiber (ADF) was determined using ANKOM A200 Filter Bag Technique (FBT), neutral detergent fiber (NDF was determined using A200 Filter Bag Technique (FBT) and amylase was added to help break down the starch; starch was measured using AOAC Method 996.11 [15]. WSC content was determined using the anthrone reaction assay (MAFF, 1986), from the herbage or silage extracts obtained from steeping fresh herbage or silage in water. Crude ash was determined using AOAC Method 942.05 [15]. Lactic acid, volatile fatty acids (VFAs), 1,2-propandiol, and alcohols were determined using gas–liquid chromatograph “GC-2010 Shimadzu” with capillary column (Stabilwax®-DA 30 m, 0.53 mm, ID, 0.5 µm), which was used according to Gas Chromatography and Biochemistry Analyzer official methods. pH value was determined using silage extracts obtained from steeping fresh herbage in water and analyzed using Thermo OrionPosi-pHloSympHony Electrode and Thermo Orion 410 meter. Ammonia N concentration was determined through direct distillation using the “Kjeltec Auto System 1030” (AOAC 1990 941.04) [15].




2.3. Microbiological Analyses


Microbiological analyses were performed at the National Food and Veterinary risk assessment institute (Vilnius, Lithuania), accredited by ILAC MRA (International Laboratory Accreditation Cooperation). The number of viable LAB was counted on De Man–Rogosa–Sharpe (MRS) agar after incubation anaerobically at 37 °C for 48 h (ISO 15214:2009) [13]. The yeast and mold were counted using horizontal method for the enumeration of viable yeasts and molds (ISO—21527-1:2008) [16].




2.4. Aerobic Stability Measurements


To assess the aerobic stability of the silages, the temperature monitoring method according to that used by Honig (1986) [17] was used. Temperature dynamics were monitored by placing thermocouple wires within the silage samples (1000 g each and with five replicate samples per treatment and fermentation period) loosely filled and placed in plastic open-aerated polystyrene boxes (180 mm diameter and 150 mm height). The top and bottom of each box contained a 2 cm diameter hole to allow air to enter and CO2 to escape. Thermocouple wires were inserted into the geometric center of the silage mass through a hole in the cover of the box, which exposed the silage to air. The boxes were kept at constant room temperature 20 ± 0.5 °C. The data loggers connected to thermocouple wires recorded silage and ambient temperature at 6 h intervals. Aerobic stability was defined as the number of hours for which the silage remained stable before rising more than 3 °C above the ambient temperature [18]. Moreover, at the end of the aerobic stability test, weight losses during exposure to air were calculated based on the silage weight before and after the aerobic stability test. The increase in temperature, the change in the pH value, the fresh weight loss, and the quantities of yeast and mold at the end of aerobic exposure period were used as indicators of aerobic spoilage.




2.5. Statistical Analysis


Statistical analysis was performed as part of a completely randomized design using the GLM (general linear model) procedure of SAS, version 9.4 (SAS Institute Inc., Cary, NC, USA). The model statement included the fixed effect of treatment. Significance was declared at p < 0.05, and tendencies were considered at 0.10 ≥ p ≥ 0.05. To separate treatment means protected by the overall F-test, the PDIFF option of the LSMEANS procedure was used.





3. Results and Discussions


3.1. Fresh Materials Characteristics


The chemical and microbiological composition of the crimped high-moisture barley grain before additive application and ensiling are presented in Table 3. The crimped high-moisture barley grain had a DM concentration of 675.0 g kg−1 and contained 33.5 g kg−1 DM WSCs, 605.6 g kg−1 starch, 19.9 g kg−1 ash, and 117.4 g kg−1 crude protein. The total lactic acid bacteria, yeast, and mold counts of the barley grain fresh material were 5.78, 6.43, and 5.30 log cfu g−1 FM, respectively.




3.2. Fermentation and Microbial Characteristics


Table 4 presents the fermentative parameters and microbial characteristics of high-moisture crimped barley grain according to the additive treatment and fermentation period. The pH value and fermentation product contents, such as those of lactic acid and acetic acid at all fermentation periods, showed evident activated fermentation when high-moisture barley was treated with LAB inoculant FC and considerably restricted fermentation when chemical additive AIV was added. When compared with untreated (C) ensiled high-moisture crimped barley grain, using FC additive was effective in reducing (p < 0.001) both pH as well as concentrations of ammonia N and alcohols. The study found that the FC inoculant led to a statistically significant impact on increasing the concentrations of lactic acid and acetic acid in ensiled high-moisture barley grain. Chemical additive AIV, when compared with other treatments, had the highest DM content and produced the lowest (p < 0.001) amounts of ammonia N and alcohols during the ensiling process. High-moisture barley grain ensiled with AIV had the lowest concentrations of lactic acid and acetic acid at all fermentation periods. The pH value was the highest in high-moisture barley grain ensiled with AIV. This means that the ensiled barley grain treated with AIV had higher (p < 0.001) pH value compared to other treatments, indicating a less acidic environment. A lower pH in silage is generally desired because it helps inhibit the growth of undesirable microorganisms and promote the preservation of nutrients [5]. The increase in lactic acid production indicates that desirable LAB were active in the silage, which helped to reduce the pH value and support retaining the nutritional value of the forage. A recent study [18] report on forage fermentation found that homolactic bacteria can rapidly convert fermentable sugars to lactic acid and exhibit lower pH values for the silages. Silages with higher acetic acid concentration tend to be more stable when exposed to air whereas low acetic acid concentration tends to lead to aerobic instability wherein the silages can heat up and spoil when exposed to air [19]. The comparison showed that the concentration of propanediol 1,2 was significantly higher (p < 0.001) in high-moisture barley grain ensiled with the inoculant (FC) when compared to the untreated control (C) and the chemical additive AIV Ässä Na (AIV). The concentration of ammonia N (ammonia nitrogen) in the ensiled high-moisture barley grain had also decreased (p < 0.001) when the additive FC was used. Ammonia N is generated during the breakdown of proteins in plant and microbial matter and inevitably associated with silage fermentation [20,21]. In the context of silage fermentation, it is very important to control ammonia N levels because high levels of ammonia N can indicate excessive proteolysis, which may lead to the loss of protein content and reduced the hygienic quality of feed [22]. Similarly, the concentrations of alcohols in the ensiled high-moisture barley grain were reduced (p < 0.001) in FC treatment. Significantly higher concentration of alcohols in untreated (C) high-moisture barley grain silages at day 60 and day 90 of the fermentation can be indicative of an undesirable fermentation process, while low alcohol concentrations are a normal part of the silage fermentation process. During all fermentation periods, butyric acid concentration was lower (p < 0.001) in both inoculant-treated (p < 0.001) and ensiled-with-a-chemical-additive (AIV) high-moisture barley grain. Reducing butyric acid formation in a silage is essentially crucial for maintaining the quality of the silage. Butyric acid is a fermentation byproduct with an unpleasant odor and taste, which can negatively affect the quality of the silage, which can lead to the loss of energy and protein content in the silage and result in yeast and mold growth. In both cases, the conversion of organic matter into different metabolic products (butyric acid, alcohol) leads to a loss of dry matter [5]. Propanediol 1,2 and propylene glycol are known to have properties that can help reduce the aerobic deterioration of ensiled forage or grains by creating a barrier that limits the entry of oxygen into the ensiled material and helps inhibit the growth of aerobic spoilage microorganisms that require oxygen like yeast and fungi [23,24,25]. The comparison of WSC concentrations determined in fresh high-moisture barley grain at ensiling and in the silage revealed that from 42% to 78% (from day 7 to day 90 of fermentation), the WSC content was utilized during the fermentation of C and FC silages, while, in AIV-treated silages, the WSC content was utilized from 5% to 25% (from day 7 to day 90 of fermentation). The trial data indicate that the utilization of WSCs during the fermentation of high-moisture barley grain into silage varies depending on the type of silage. C and FC silages experienced a more significant reduction in WSC content during fermentation compared to the AIV-treated silage. This suggests that a smaller amount of WSC content in the AIV-treated silage was consumed during restricted fermentation compared to the C and FC silages. The comparison of WSC concentration in fresh barley grain and ensiled barley grain agrees with the data from Auerbach [26], who reported a decline in WSC content after 91 days of green rye fermentation.




3.3. Dry Matter Corrected for the Losses of Volatiles (DMc) and Dry Matter (DM)


The efficiency of the FC and AIV additives was reflected by DMc and DM losses compared to high-moisture barley grain ensiled without any additives (Table 4). When barley grain with high moisture content was ensiled with the chemical additive AIV, it resulted in the highest (p < 0.001) DMc content among all the treatments and fermentation periods. When barley grain was ensiled with the inoculant FC, it had a higher dry matter content compared to the silage without any additives (C). The addition of FC inoculant improved the efficiency of the fermentation process, resulting in lower (p < 0.001) dry-matter loss when compared to high-moisture barley grain ensiled without any additives. The use of the chemical additive AIV restricted the fermentation process, which also led to lower DM losses compared to the control group C. Among the tested additives, the chemical additive AIV was found to have the most significant impact on DM loss reduction. The observed significant differences in DM loss were not due to the fortuity but were results of the additives’ impact on the fermentation process. Our results support the recent data by other authors [2,27], wherein the largest restriction was found for the chemical additives and inoculant regardless of their composition and where the reduction in DM loss was observed by the use of LAB inoculant.




3.4. Microbiological Characteristics


Definitely, the additives used in our study affected microbial populations. The quantities of yeast and mold were lower in all treated barley grain silages compared to the raw material (Table 3 and Table 4). Initially, the yeast counts in the ensiled high-moisture barley grain without additives (C) were higher (p < 0.001) compared to barley grain ensiled with the additives FC and AIV for up to 60 days of storage. This suggests that the absence of additives led to a higher yeast population during this period. However, by day 60 of fermentation, the quantity of yeasts in the AIV-treated barley grain silage did not differ significantly from that in the control (C) silage. This could mean that the AIV additive had an effect on yeast population, bringing it to a level similar to that of the control. By day 90 of fermentation, barley grain ensiled with the inoculant FC had the lowest (p < 0.001) quantity of yeast among all the groups. This suggests that the FC additive had a sustained inhibitory effect on the yeast growth, resulting in significantly lower yeast counts compared to both the control (C) and AIV-treated silages throughout the entire 90 days of storage. The differences in the quantities of yeast and mold between the treatments can be ascribed to different acetic acid concentrations because acetic acid had been shown to suppress microbial growth [28]. Similar results were observed when analyzing the changes in the quantity of mold. However, in the silage treated with the chemical additive AIV, mold counts were the highest on the 60th and 90th days of fermentation compared to all other treatments. This suggests that the chemical additive AIV may have promoted mold growth or failed to inhibit it effectively during the latter stages of the 90-day storage period. At that time, the FC additive had a sustained inhibitory effect on the mold growth throughout the entire 90 days of storage. In the previous study [29], it was found that the inoculant that contained Lentilactobacillus buchneri and Pediococcus pentosaceus treatment reduced the bacterial and fungal community composition of corn hybrids ensiled at low dry-matter concentrations.




3.5. Aerobic Stability Characteristics Based on Temperature Changes


Aerobic stability (AS) is a critical parameter in many biological processes, including fermentation. It indicates how well the system can maintain its stability and functionality in the presence of oxygen [30]. Aerobic deterioration and silage heating are typically initiated by yeasts and continued by molds. As the oxygen levels in silage mass increase, yeast that are less pH-sensitive utilize lactic acid as a growth substrate, thereby increasing the pH, which allows the growth of a more pH-sensitive mold. Mold can produce mycotoxins, which can be harmful to animals [19]. In our study, the AS varied, which suggests that certain additives may have enhanced stability while others compromised it. The additives used in our study affected aerobic deterioration and displayed a large variation in AS based on the temperature rise, pH value, and microbial population at the end of the aerobic exposure period for different fermentation times (Table 5 and Figure 1).



The control (C) ensiled barley grain had the lowest (p < 0.001) aerobic stability (AS) based on the temperature rise during the first 28 days of storage. In the early stages of fermentation (up to day 28), the treatment with AIV had the highest (p < 0.001) AS based on the temperature rise. After 28, 60, and 90 days of fermentation, the FC treatment achieved the longest (p < 0.001) AS. The temperature for this treatment remained stable, and did not increase more than 3 oC above the ambient temperature throughout the aerobic exposure period. The reviewed studies [31] showed that LAB can improve the silage aerobic stability by producing different metabolites such as acetic acid and 1,2-propanediol. However, according to Franco [2], formic-acid-based additives, except for pure formic acid (80%), and the propionic acid and ammonium propionate-based additive proved to be efficient at prolonging the AS of crimped wheat grain. The highest temperature (p < 0.001) was achieved in both the ensiled control (C) and inoculant-treated (FC) barley grain when compared with the AIV-treated barley grain up to day 14 of fermentation. However, the barley grain silage treated with a chemical additive (AIV) showed the highest temperature (p < 0.001) compared to other treatments at day 90 of fermentation. A previous study [32] reported that increases in temperature in the silage are clearly linked to aerobic activity of yeast and mold growth. Due to restricted fermentation, the WSC content remained high and was a potential source of readily available substrate for the growth of yeast when the silos were opened and exposed to air [29]. Studies [33,34] have reported that combining specific strains of Lactococcus lactis and Lentilactobacillus buchneri in a silage inoculant can efficiently control the yeast and mold growth in grass and maize silages.




3.6. pH Value and Weight Loss at the End of the Aerobic Exposure Period


The control (C) ensiled barley grain had the highest (p < 0.001) pH value at the end of aerobic exposure, when fermented from 7 to 60 days, during the first 60 days of storage (Table 4). AIV-treated barley grain initially had the lowest (p < 0.001) pH value among the treatments when fermented from 7 to 28 days. This suggests that the AIV treatment may have a greater impact on pH reduction during aerobic exposure at the early phase of fermentation. Yeast and mold are known for their ability, in aerobic conditions, to ferment sugars and break down organic matter, which can contribute to an increase in pH. Our study confirmed increases in yeast and mold counts and the pH value if fermented for more than 28 days. Franco [2] stated that the grain is more prone to aerobic spoilage due low organic acid production as undissociated organic acids are strong inhibitors for aerobic microbes. Some authors [35] found comparable results when studying the effects of propionic- and formic-acid-based additives on crimped barley grain. Low concentrations of lactic acid can lead to an insufficient reduction in the pH of ensiled grain, allowing yeast and molds to grow and further spoil the silage [36].



From day 28 of fermentation and beyond (60 and 90 days), the lowest (p < 0.001) increase in pH was observed in the barley grain treated with FC. This indicates that FC treatment may have a more prolonged and pronounced effect on reducing yeast and mold numbers and the pH value over time compared to the other treatments. The data suggest that there is a delay in the anaerobic conversion of lactic acid to acetic acid by Lentilactobacillus buchneri. This conversion process becomes apparent after about 30 to 60 days of storage. This is an important insight into the microbial dynamics during the ensiling process for high-moisture barley grains as it indicates a time lag in the production of acetic acid [37] and contrasts earlier observations made [38]. AIV-treated ensiled barley grain had the lowest (p < 0.001) weight loss during aerobic exposure compared to other treatments when fermented for up to 28 days. From 28, 60, and 90 days of fermentation, the lowest (p < 0.001) weight loss was observed in barley grain treated with FC. The highest (p < 0.001) weight loss was found in barley grain ensiled with AIV additive at 60 and 90 days of fermentation. The lowest weight loss in FC silage could be ascribed to the strong antibacterial properties of acetic acid and propanediol 1,2 that inhibit the nutrient loss in silage. Acetic acid and propanediol 1,2 were lower in concentration in the AIV and C silages, possibly explaining the greater weight loss in these treatments as acetic acid acts as an effective suppressor of yeast and mold, the primary consumers of silage nutrients during aerobic deterioration [5,36,39]. Weight loss during the period when the grain is exposed to air is closely related to the pH value and yeast and mold counts. This implies that the pH value and the presence of yeast and mold play significant roles in the weight loss of barley grain during this period. It also underscores the importance of monitoring pH and microbial counts as factors influencing weight loss during the aerobic exposure period.





4. Conclusions


In our study, chemical additives and those based on homo- and heterofermentative LAB differently affected the efficiency of fermentation during the storage period, as reflected by fermentation products and DM losses, and displayed a large variation in AS between treatments. The addition of the LAB inoculant positively affected the fermentation parameters and microbial composition and improved the aerobic stability of the ensiled high-moisture barley grain. The study showed that the fermentation restricted by a chemical additive had the lowest DM loss throughout the entire 90 days of storage and the highest aerobic stability in the silages fermented for 28 days. However, as the storage period progressed, the inoculant treatment proved to be the most effective in maintaining stable temperatures during the aerobic exposure, with a very small temperature increase above the ambient conditions. This was confirmed by the lowest DM loss and yeast and mold counts in the inoculant treated silages after aerobic exposure. Overall, the choice of the chemical additives or inoculants can have a significant impact on the fermentation quality and aerobic stability of the ensiled high-moisture barley grain.
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Figure 1. Temperature dynamics during aerobic exposure in high-moisture barley grain ensiled for five fermentation periods and with different additives. T1—control (tap water, T2—SiloSolve® FC (Lactococcus lactis (DSM 11037) and Lentilactobacillus buchneri (DSM 22501)—50:50), T3—AIV Ässä Na (Formic acid—58.3; Propionic acid—20.1; Sodium formate—5.2; Potassium sorbate—2.5; Colorant—0.1; Water—13.8). (a) Day 7 of fermentation; (b) day 14 of fermentation; (c) day 28 of fermentation; (d) day 60 of fermentation; (e) day 90 of fermentation. 
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Table 1. Details of additives used in experiment.
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	Commercial Name
	Manufacturer
	Composition (%)
	Dosages





	C
	Control
	
	Tap water
	4 mL/kg forage



	FC
	SiloSolve® FC
	Chr. Hansen A/S (Hørsholm, Denmark)
	Lentilactobacillus buchneri (DSM 22501)

Lactococcus lactis (DSM 11037)—50:50
	4 mL/kg forage suspension

(150,000 cfu/g forage)



	AIV
	AIV Ässä Na
	Eastman Chemical Company (Ylivieska, Finland)
	Formic acid—58.3

Propionic acid—20.1

Sodium formiate—5.2

Potassium sorbate—2.5

Colorant—0.1

Water—13.8
	4 mL/kg forage










 





Table 2. Experimental design.






Table 2. Experimental design.





	Factors
	Number
	Description





	Treatments
	3
	Control (C), SiloSolve® FC (FC), AIV Ässä Na (AIV)



	Fermentation periods
	5
	7, 14, 28, 60, and 90 *



	Replications
	10
	5 for fermentation, 5 for aerobic stability test



	Additives
	3
	Water, SiloSolve® FC and AIV Ässä Na



	Total mini-silos
	150
	3 Treatment × 5 periods × 10 replicates







* DLG Guidelines for the testing of silage additives (Objective 1: Improving fermentation) indicate at least a 90-day fermentation period [12].













 





Table 3. The chemical and microbiological characteristics of high-moisture barley grain before additive application (n = 5).
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	n
	Mean
	SEM





	Dry matter, g kg−1
	5
	675.0
	3.894



	Crude protein, g kg−1 DM
	5
	117.4
	0.644



	Crude fat, g kg−1 DM
	5
	18.4
	0.645



	Crude fiber, g kg−1 DM
	5
	74.1
	0.890



	Crude ash, g kg−1 DM
	5
	19.9
	0.602



	WSC, g kg−1 DM
	5
	33.5
	0.815



	ADF, g kg−1 DM
	5
	76.2
	3.481



	NDF, g kg−1 DM
	5
	195.7
	4.947



	Starch, g kg−1 DM
	5
	605.6
	8.252



	pH
	5
	5.97
	0.021



	Yeast, log cfu g−1 FF
	5
	6.43
	0.155



	Mold, log cfu g−1 FF
	5
	5.30
	0.291



	LAB, log cfu g−1 FF
	5
	5.78
	0.058







SEM—standard error of the means; WSCs—water-soluble carbohydrates; ADF—acid detergent fiber; NDF—neutral detergent fiber; LAB—lactic acid bacteria; FF—fresh forage.













 





Table 4. Fermentation, microbial characteristics, and dry-matter losses of ensiled high-moisture crimped barley grain at different periods of fermentation.
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TR

	
DMc, g kg−1

	
pH

	
NH3N, g kg−1 Total N

	
g kg−1 DMc

	
log10 cfu g−1 FF




	
WSC

	
LA

	
AA

	
BA

	
Alcohols

	
Pp

	
DM Loss

	
Yeast

	
Mold

	
LAB






	

	
At day 7 of storage




	
C

	
670.8

	
4.57

	
11.7 3

	
19.2 3

	
10.9 2,3

	
3.7 3

	
0.5 2,3

	
3.4 3

	
0.1 2

	
10.2 3

	
4.42 2,3

	
3.24

	
8.09 2,3




	
FC

	
671.8

	
4.46

	
11.8 3

	
19.4 3

	
17.7 1,3

	
4.3 3

	
0.2 1

	
3.3 3

	
0.3 1,3

	
8.6 3

	
3.92 1,3

	
2.94

	
9.07 1,3




	
AIV

	
673.3

	
5.30

	
3.9 1,2

	
31.8 1,2

	
0.9 1,2

	
0.6 1,2

	
0.2 1

	
0.2 1,2

	
0.0 2

	
2.9 1,2

	
3.25 1,2

	
2.90

	
5.18 1,2




	
SEM

	
1.52

	
0.25

	
9.10

	
23.50

	
4.90

	
2.10

	
0.40

	
4.80

	
0.60

	
11.50

	
15.80

	
12.90

	
17.00




	

	
At day 14 of storage




	
C

	
667.4 3

	
4.42 2,3

	
22.0 3

	
11.3 3

	
15.8 2,3

	
4.3 3

	
0.4 2,3

	
4.1 3

	
0.0 2

	
16.5 2,3

	
4.26 2,3

	
2.92 3

	
8.62 2,3




	
FC

	
670.1

	
4.30 1,3

	
19.9 3

	
10.8 3

	
18.2 1,3

	
4.5 3

	
0.2 1

	
4.0 3

	
0.4 1,3

	
12.4 1,3

	
2.98 1

	
2.74

	
9.28 1,3




	
AIV

	
673.0 1

	
5.15 1,2

	
5.4 1,2

	
30.9 1,2

	
1.0 1,2

	
0.7 1,2

	
0.2 1

	
0.2 1, 2

	
0.0 2

	
4.1 1, 2

	
2.74 1

	
2.71 1

	
5.82 1,2




	
SEM

	
1.42

	
0.16

	
0.79

	
0.93

	
11.70

	
0.16

	
0.03

	
0.09

	
0.05

	
0.69

	
0.81

	
0.63

	
1.51




	

	
At day 28 of storage




	
C

	
656.0 2,3

	
4.36 2,3

	
25.4 2,3

	
9.1 3

	
18.2 2,3

	
4.7 2,3

	
0.5 2,3

	
5.8 2,3

	
0.1 2

	
34.9 2,3

	
2.93 2,3

	
2.91 2

	
7.93 3




	
FC

	
665.0 1,3

	
4.29 1,3

	
23.2 1,3

	
9.3 3

	
21.9 1,3

	
5.3 1,3

	
0.2 1

	
5.4 1,3

	
0.51 1,3

	
21.8 1,3

	
2.39 1

	
2.53 1,3

	
8.18 3




	
AIV

	
672.4 1,2

	
5.00 1,2

	
11.4 1,2

	
29.7 1,2

	
13.8 1,2

	
0.8 1,2

	
0.3 1

	
1.6 1,2

	
0.0 2

	
5.9 1,2

	
2.35 1

	
2.86 2

	
5.21 1,2




	
SEM

	
1.29

	
0.07

	
0.70

	
0.38

	
0.94

	
0.07

	
0.04

	
0.09

	
0.03

	
1.50

	
0.70

	
0.52

	
0.87




	

	
At day 60 of storage




	
C

	
651.4 2,3

	
4.31 3

	
31.1 2,3

	
8.2 3

	
16.9 2,3

	
5.4 2,3

	
0.6 2,3

	
7.7 2,3

	
0.0 2

	
43.6 2,3

	
2.68 2

	
2.79 2.

	
6.86 2,3




	
FC

	
659.7 1,3

	
4.29 3

	
24.5 1,3

	
8.0 3

	
19.4 1,3

	
6.5 1,3

	
0.3 1

	
5.1 1,3

	
2.8 1,3

	
30.9 1,3

	
2.20 1,3

	
2.22 1,3

	
7.80 1,3




	
AIV

	
671.8 1,2

	
4.89 1,2

	
16.7 1,2

	
25.9 1,2

	
0.9 1,2

	
1.2 1,2

	
0.3 1

	
2.4 1,2

	
0.0 2

	
7.6 1,2

	
2.57 2

	
2.94 2

	
5.23 1,2




	
SEM

	
0.80

	
0.17

	
0.99

	
0.96

	
0.54

	
0.10

	
0.04

	
0.14

	
0.14

	
3.60

	
0.53

	
0.69

	
1.10




	

	
At day 90 of storage




	
C

	
646.4 2,3

	
4.29 2,3

	
4.37 2,3

	
7.2 3

	
17.6 2,3

	
5.8 2,3

	
0.4 2,3

	
10.4 2,3

	
0.1 2

	
52.9 2,3

	
2.54 2

	
2.75 2,3

	
5.24 2




	
FC

	
654.2 1,3

	
4.21 1,3

	
3.44 1,3

	
7.1 3

	
22.6 1,3

	
10.0 1,3

	
0.2 1,3

	
5.6 1,3

	
3.9 1,3

	
39.6 1,3

	
2.09 1,3

	
2.14 1,3

	
7.71 1,3




	
AIV

	
670.4 1,2

	
4.74 1,2

	
2.07 1,2

	
25.1 1,2

	
2.4 1,2

	
1.9 1,2

	
0.3 1,2

	
2.5 1,2

	
0.1 2

	
10.8 1,2

	
2.56 2

	
2.97 1,2

	
5.1 2




	
SEM

	
1.32

	
0.14

	
1.02

	
0.84

	
0.54

	
0.09

	
0.01

	
0.09

	
0.10

	
2.44

	
0.33

	
0.48

	
1.39








TR—treatment, DMc—dry matter corrected for the loss of volatiles, NH3N—ammonia N, WSCs—water-soluble carbohydrates, LA—lactic acid, AA—acetic acid, BB—butyric acid, Pp—propandiol 1,2, FF—fresh forage, LAB—lactic acid bacteria, C—control (tap water), FC—SiloSolve® FC (Lentilactobacillus buchneri (DSM 22501) and Lactococcus lactis (DSM 11037)—50:50), AIV—AIV Ässä Na (Formic acid—58.3; Propionic acid—20.1; Sodium formiate—5.2; Potassium sorbate—2.5; Colorant—0.1; Water—13.8), SEM—standard error of the means, C 2,3—different (p < 0.001) from FC 1,3, and AIV 1,2 FC 1,3—different (p < 0.001) from C 2,3 and AIV 1,3, etc.













 





Table 5. Results of aerobic stability of ensiled crimped barley grain at different storage periods.
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Treatment

	
pH

	
Weight Loss%

	
LAB

	
Yeast

	
Mold

	
AS Hours

	
Highest Temperature °C




	
log10 CFU/g−1 of FF






	

	
At day 7 of storage (12 days of aerobic exposure)




	
C

	
6.84 2,3

	
6.96 2,3

	
8.00 2,3

	
6.37 3

	
8.34 2,3

	
36.0 3

	
37.68 2,3




	
FC

	
6.23 1,3

	
5.33 1,3

	
8.81 1,3

	
6.22 3

	
6.94 1,3

	
48.0 3

	
35.64 1,3




	
AIV

	
5.42 1,2

	
1.17 1,2

	
5.32 1,2

	
4.91 1,2

	
4.41 1,2

	
260.4 1,2

	
26.30 1,2




	
SEM

	
1.18

	
4.48

	
1.96

	
2.62

	
1.11

	
90.73

	
0.86




	

	
At day 14 of storage (14 days of aerobic exposure)




	
C

	
7.90 2,3

	
5.44 3

	
7.70 2,3

	
8.61 3

	
7.31 3

	
61.2 2,3

	
34.38 2,3




	
FC

	
7.51 1,3

	
5.29 3

	
9.10 1,3

	
8.12 3

	
7.12 3

	
79.2 1,3

	
32.18 1,3




	
AIV

	
5.34 1,3

	
0.71 1,2

	
5.98 1,2

	
5.30 1,2

	
4.28 1,2

	
336.0 1,2

	
23.04 1,2




	
SEM

	
1.03

	
3.81

	
1.15

	
2.28

	
2.28

	
9.80

	
10.93




	

	
At day 28 of storage (17 days of aerobic exposure)




	
C

	
8.52 2,3

	
3.48 2,3

	
7.68 3

	
8.94 2,3

	
8.79 2,3

	
200.4 2,3

	
28.92 2,3




	
FC

	
4.78 1,3

	
1.14 1,3

	
8.00 3

	
5.45 1,3

	
4.59 1,3

	
400.8 1,3

	
23.74 1,3




	
AIV

	
6.54 1,2

	
2.43 1,2

	
6.27 1,2

	
6.89 1,2

	
7.46 1,2

	
301.2 1,2

	
28.96 1,2




	
SEM

	
1.48

	
2.35

	
1.59

	
1.72

	
1.37

	
77.8

	
12.77




	

	
At day 60 of storage (23 days of aerobic exposure)




	
C

	
6.47 2,3

	
2.98 2,3

	
5.85 2,3

	
7.41

	
7.59 2,3

	
441.6 2

	
27.06 2,3




	
FC

	
4.35 1,3

	
1.53 1,3

	
7.39 1,3

	
5.79

	
5.40 1,3

	
548.4 1,3

	
23.00 1,3




	
AIV

	
6.81 1,2

	
3.72 1,2

	
6.29 1,2

	
7.88

	
8.80 1,2

	
411.6 2

	
31.70 1,2




	
SEM

	
0.96

	
2.74

	
1.42

	
1.46

	
1.99

	
178.93

	
14.57




	

	
At day 90 of storage (28 days of aerobic exposure)




	
C

	
7.54 2,3

	
3.97 2,3

	
5.17 2,3

	
7.45 2,3

	
7.94 2,3

	
364.8 2

	
27.98 2,3




	
FC

	
4.32 3

	
1.60 1,3

	
6.40 1,3

	
5.03 1,3

	
4.22 1,3

	
664.8 1,3

	
23.00 1,3




	
AIV

	
7.85 1,2

	
6.71 1,2

	
6.03 1,2

	
8.09 1,2

	
9.02 1,2

	
301.2 2

	
30.28 1,2




	
SEM

	
1.49

	
4.09

	
1.01

	
1.89

	
1.68

	
287.37

	
16.71








LAB—lactic acid bacteria, AS—aerobic stability (number of hours until the silage reached a sustained temperature greater than 3 °C), CFU—colony-forming units, FF—fresh forage, C—control (tap water, FC—SiloSolve® FC (Lentilactobacillus buchneri (DSM 22501) and Lactococcus lactis (DSM 11037)—50:50), AIV—AIV Ässä Na (Formic acid—58.3; Propionic acid—20.1; Sodium formiate—5.2; Potassium sorbate—2.5; Colorant—0.1; Water—13.8), SEM—standard error of the means, C 2,3—different (p < 0.001) from FC 1,3 and AIV 1,2; FC 1,3—different (p < 0.001) from C 2,3 and AIV 1,2, etc.
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