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Abstract: Climate change exerts a fundamental influence on the quality of the forage base and the 

safety of feed in Hungary, with the negative effects of interrelated climatic factors, in part due to their 

unpredictability, proving challenging to mitigate in practice. In order to maintain the health status of 

dairy herds and sustain the expected production level, it is essential to provide silage with a nutrient 

content adapted to the given lactation stage, high digestibility, proper fermentation quality, and 

stability after opening. Ensiling is a multi-step process requiring strict technological discipline, and 

the quality of the ensiled feed is influenced by the species and variety of forage crops, their cultivation 

techniques, and the ensiling technology itself. After the ensiling process, upon silo opening, aerobic 

deterioration processes may occur, which can negatively affect even well-fermented forage quality. 

In light of these factors, there is an increasing need to understand the factors influencing the aerobic 

deterioration of silage. Monitoring the aerobic stability characteristics of feed is crucial for assessing 

the quality, shelf life, and feed ability of fermented forages. This summary study reviews the 

microbiological and closely related biochemical factors influencing aerobic stability, as well as the 

effects of ensiling technology and environmental parameters on the aerobic deterioration of fermented 

feed. 
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1. Introduction 

Silage making is a forage preservation method based on a fermentation process, 

and it is currently one of the most widely used technologies. The process consists of 

several interdependent stages, each requiring strict technological discipline. Its 

primary goal is to preserve the original nutrient content of the forage during long-

term storage. In livestock farming - especially in dairy farms - silages and haylages 

produced from various types of forage crops constitute the majority of the feed 

ration. Consequently, the profitability of milk production is largely determined by 

the quality and quantity of the fermented forages. 

2. Making silage - Ensiling 

The preservation of nutrients commences with harvesting and ends when the 

feed is consumed by the animal (Wilkinson & Davies, 2012). The silage-making 

process - from harvesting, through compaction, covering, and storage, to feed-out 

and feeding - involves a tightly interconnected chain of biochemical and 

microbiological processes. These technological operations and the associated 
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biological and chemical changes are in close interaction, fundamentally determining 

the quality of the silage or haylage ultimately offered to livestock. Each step in the 

process is critically important, as even deviations errors can shift fermentation in an 

undesirable direction. Therefore, silage making is not merely a harvesting operation 

but a sensitive, precision-dependent system in which technological discipline, 

careful selection of raw material, and a deep understanding of the fermentation 

processes are essential. 

 

Throughout ensiling, the following microbiological phases can be distinguished, 

each influencing the subsequent stage (Buxton et al. 2003): 

1. Aerobic phase: cellular respiration and activity of aerobic microorganisms, 

2. Anaerobic fermentation phase: predominance of acetic acid fermentation, 

3. Lactic acid fermentation phase: dominance of lactic acid production, 

4. Storage phase: stable preservation under anaerobic conditions, 

5. Feed-out phase: renewed aerobic exposure. 

This review focuses on losses occurring during the feed-out phase, with 

particular emphasis on spoilage processes resulting from insufficient aerobic 

stability. It is now recognized that changes occurring during feed-out, phase are 

equally as important as those during the initial phases in terms of preserving nutrients 

and maintaining hygienic quality until silage is consumed by the animal (Wilkinson 

& Davies 2012).  

3. Aerobic stability - Feed-out Phase and Its Role in Aerobic Spoilage 

The feed-out phase begins with the opening of the silo and the subsequent ingress 

of air (oxygen), continuing until the entire silage or haylage is consumed. Air can 

penetrate up to 1.5–2 meters into the silage face, depending on factors such as plant 

species and variety, dry matter content, and the compaction density of the ensiled 

material. The water-soluble carbohydrate content and buffering capacity differ 

among forage species, which strongly affects silage fermentation and aerobic 

stability; for instance, barley silage is often more stable upon air exposure than corn 

silage (Addah et al. 2011, Borreani et al. 2018). Within a given species, hybrids and 

cultivars – such as brown-midrib (BMR) corn with reduced lignin, or sorghum 

varieties with distinct maturity types – can markedly influence fermentation patterns 

and the aerobic stability of silages (Drouin et al. 2020, Thomas et al. 2013). 

According to Okatsu et al. (2019), silages with higher density tend to have reduced 

air penetration depth, as air is excluded from the silage particles during packing. Liu 

et al. (2024) state that higher ensiling density improves aerobic stability and interacts 

with dry matter content to affect silage quality. The introduction of oxygen into the 

previously sealed anaerobic environment promotes the proliferation of aerobic 

spoilage microorganisms, primarily yeasts and molds. The metabolic activity of 

these microorganisms generates heat, which reduces the nutritional value and overall 

feeding quality of the conserved forage (Buxton et al. 2003). The extent of 
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deterioration during the feed-out phase is closely linked to the level of aerobic 

stability, which determines how rapidly and to what extent oxidative and 

microbiological degradation processes occur in the exposed silage mass (Buxton et 

al. 2003, McDonalds et al. 1991). Thus, the ensiling process does not conclude with 

the completion of fermentation phases; upon opening the silo, oxidative spoilage 

processes may be initiated that can significantly compromise forage quality. 

Preventing or mitigating these losses requires a thorough understanding and effective 

management of aerobic stability (McDonalds et al. 1991). Aerobic stability is 

commonly expressed as the number of hours during which the temperature of the 

exposed silage mass remains within a threshold relative to ambient temperature - 

typically remaining within 1°C (Driehuis et al. 2001), 2°C (Szűcs 2007, Honig 1990, 

Ranjit & Kung 2000, Kung et al. 2004), 3°C (Jatkauskas et al. 2013), or 4-5°C 

(Knicky & Spröndly 2009) of the ambient temperature (commonly considered to be 

around 20°C). The aerobic stability of ensiled forage is closely associated with the 

concentration of fermentation products, the microbial composition of the silage, and 

the prevailing storage conditions (McDonalds et al. 1991). 

Several scientific sources provide comprehensive evaluations of the factors 

influencing aerobic stability, employing different methodological approaches and 

analytical frameworks. The species and variety of the forage crop, along with the 

timing of harvest, determine its physiological characteristics—particularly dry 

matter content, concentration of fermentable carbohydrates, buffering capacity, and 

crude protein content—which are critical from a fermentation perspective. The 

species and variety of the forage crop fundamentally determine the ensiling process, 

as they influence dry matter content, water-soluble carbohydrate concentration, 

buffering capacity, and crude protein levels, all of which collectively shape the 

direction and dynamics of fermentation (Borreani et al. 2018; Addah et al. 2011; 

Drouin et al. 2020, Thomas et al. 2013). The timing of harvest further affects the 

chemical composition and physiological state of the forage crop, thereby directly 

influencing ensilability and the course of fermentation (Alstrup et al. 2016, Dong et 

al. 2022). As maturity advances, dry matter content and fiber fractions typically 

increase, while water-soluble carbohydrates and crude protein levels shift, ultimately 

determining the rate of acidification, the trajectory of pH decline, and the final 

nutritive value of the silage (Alstrup et al. 2016, Dong et al. 2022). These factors 

directly influence the fermentation process, the choice of ensiling technology, and 

ultimately the aerobic stability of the preserved forage. The dry matter content of the 

forage - closely linked to plant species, variety, and harvest timing - fundamentally 

influences the practical implementation of key technological operations (e.g., 

compaction) and, consequently, the direction of the fermentation process (Wilkinson 

& Davies 2012, Orosz & Nagy 2011). Orosz & Nagy (2011) identified the 

concentration of water-soluble carbohydrates (WSC) - which is closely associated 

with plant species and the dry matter (DM) content that can be influenced by the 

ensiling technology - as one of the risk factors for aerobic spoilage. An increase in 
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the DM content of the ensiled forage can lead to restricted fermentation, resulting in 

a higher residual WSC concentration in the final silage (McDonald 1991, Wilkinson 

& Davies 2012). In such silages, the remaining WSC may serve as an easily 

accessible substrate for aerobic microflora, particularly during the feed out phase 

when the silage is exposed to air. According to Adesogan & Salawu (2004), 

compared to legumes, cereals typically contain higher concentrations of water-

soluble carbohydrates (WSC) and lower levels of crude protein. As a result, cereals 

provide more readily available substrates for lactic acid production during 

fermentation. Consequently, legume silages tend to exhibit greater resistance to 

aerobic deterioration due to their lower residual concentrations of WSC and lactic 

acid, which limits the substrates available for yeast metabolism when the silage is 

exposed to air. However, several studies have failed to establish a clear correlation 

between residual WSC concentration and aerobic stability when the forage material 

was grass (Ohyama et al. 1980, Pahlow et al. 2005, Wrobel et al. 2008). The stability 

of silage following exposure to air results from the interaction of multiple factors 

(Figure 1), among which the rate of oxygen ingress into the silo has been identified 

as the most critical (Woolford 1990; Pahlow & Muck 2009, Wilkinson & Davies 

2012).  

 

 

Figure 1.: Effect of air on silage (Pahlow & Muck 2009) 

 

Honig (1990) similarly identified the rate at which air (oxygen) enters the silage 

mass during the feed-out phase as a determinant of the extent of heating. From a 

technological perspective, slow feed-out allows deeper oxygen penetration into the 

silage mass, which promotes rapid heating and initiates aerobic spoilage processes. 

In practice, many silage storage structures are primarily designed for ease of filling 
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and, as a result, are often too wide to achieve the feed-out rate recommended by 

Wilkinson (2005), which is 1-2 meters of exposed face per week (equivalent to 0.15–

0.3 meters per day) during winter, and twice this rate in summer. From the 

perspective of aerobic stability, however, silage bunkers should ideally be designed 

to be long and relatively narrow in order to maintain a high daily removal rate from 

the exposed face - this is particularly important when feed-out occurs under high 

ambient temperatures. As an additional technological factor, Holmes & Bolsen 

(2009) emphasized the importance of maintaining a tight and smooth silo face to 

minimize the surface area of the silage exposed to oxygen. From a different 

perspective, Orosz & Nagy (2011) emphasized the importance of compaction 

technology, identifying it as a primary factor influencing oxygen ingress into the 

silage mass. 

4. Effects of Additives on the Aerobic Stability of Silages 

Among the predominant microorganisms responsible for the aerobic 

deterioration of silage, yeasts, molds, and certain bacterial groups - such as bacilli 

and enterobacteria- are particularly noteworthy (Woolford 1984, Inglis et al. 1999, 

Muck & Pitt 1994, Wilkinson & Davies, 2012, Orosz & Nagy 2011). Numerous 

studies recommend the use of silage additives to enhance the efficiency and outcome 

of the fermentation process. Inoculants containing lactic acid bacteria (LAB) are 

commonly applied to guide the fermentation pathway and improve the quality of the 

preserved forage. The evaluation of silage additives can be categorized based on their 

functional objectives. According to Wilkinson & Davies (2012), the primary goal is 

to enhance the quality and direction of fermentation, whereas Orosz & Nagy (2011) 

emphasize the application of organic acids - particularly formic and propionic acids 

- as direct inhibitors of aerobic spoilage. According to Danner et al. (2003) during 

silage fermentation, a variety of compounds are produced, making it difficult to 

isolate and evaluate the individual effect of a single substance on spoilage 

microorganisms. To overcome this challenge, an experimental approach was 

employed in which selected compounds were individually added to silage at 

concentrations commonly observed in naturally fermented silages. The results of the 

study clearly demonstrated that acetic acid plays a key role in enhancing aerobic 

stability. A strong exponential relationship was observed between the concentration 

of acetic acid and the aerobic stability of silages, independent of pH or the presence 

of other fermentation products. Gerlach et al. (2021), however, highlighted the 

pronounced impact of acetic acid concentration on dry matter intake (DMI) in dairy 

cows, particularly in cases where silages were inoculated with Lactobacillus 

buchneri or when pure acetic acid was directly added to the diet. Based on their 

findings, the acetic acid content of feed significantly influences voluntary feed 

intake, and it is therefore advisable to keep the acetic acid concentration in silages 

below 17 g/kg DM to prevent DMI depression and the associated decline in milk 

production. According to Wilkinson & Davies (2012), the use of silage additives 
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aimed at enhancing aerobic stability is recommended even when the rate of silage 

removal from the exposed face does not exceed the depth of oxygen penetration into 

the silo mass.  

The most commonly used biological additives for controlling the fermentation 

process in silages are inoculants containing lactic acid bacteria (LAB). Among these, 

species of the Lactobacillus genus are particularly significant. Homofermentative 

Lactobacillus strains (e.g., Lactobacillus plantarum) primarily produce lactic acid, 

promoting rapid pH reduction that effectively inhibits the growth of undesirable 

microorganisms. However, due to their low acetic acid production, these inoculants 

contribute less to improving the aerobic stability of silages. In contrast, 

heterofermentative species such as Lactobacillus buchneri convert lactic acid into 

acetic acid, thereby significantly enhancing aerobic stability by inhibiting yeast and 

mold growth. Thus, the selection of the appropriate bacterial strain depends on the 

specific technological objective - whether rapid fermentation or extended aerobic 

stability is prioritized (Zhang et al. 2022). Kim et al. (2021) emphasize that the 

application of lactic acid bacteria (LAB) inoculants becomes particularly important 

when the natural LAB population in the forage biomass is insufficient to ensure an 

adequate fermentation process. Lau et al. (2018) investigated the role of additives by 

examining the effect of grass silage treated with Lactobacillus buchneri—resulting 

in high propylene glycol (PG) concentrations—on the prevention of subclinical 

ketosis during the transition period and early lactation in dairy cows. The microbially 

derived propylene glycol effectively reduced the risk of ketosis in freshly calved 

cows without altering the dietary energy concentration. These findings suggest that 

silages treated with L. buchneri-based inoculants may represent a promising strategy 

for the prevention of ketosis in dairy herds. The increasing prominence of early 

spring cereals and cereal-legume mixtures—particularly in drought-prone regions—

has necessitated new strategies in both the technical aspects of harvesting and the 

methods of preservation. These high-yielding, protein-rich forages are typically 

harvested under cool and rainy spring weather conditions, which has shifted the 

focus toward silage additives that act as classical preservatives, i.e., selective 

antimicrobial agents, primarily intended to inhibit spoilage processes. Knicky & 

Spörndly (2009) demonstrated that blends of sodium benzoate, potassium sorbate, 

and sodium nitrite act synergistically to suppress Clostridium activity, thereby 

reducing butyric acid and ammonia-N formation, while simultaneously limiting 

yeast proliferation. Benzoate and sorbate exerted their effects mainly through 

antifungal activity and improvement of aerobic stability, whereas nitrite directly 

inhibited clostridial fermentation, making the additive blends particularly effective 

at higher dry matter contents (400–450 g/kg DM). 

The aerobic stability of silage is the result of the interaction between the 

botanical characteristics of the forage crop, environmental factors, and management 

practices during harvesting and ensiling, storage, and feed-out. Effective control of 

silage losses due to aerobic spoilage is not the outcome of a single intervention but 
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rather of the recognition that such losses must be minimized at every stage of forage 

conservation and feed-out (Wilkinson & Davies 2012, Pahlow & Muck 2009). 

According to Wilkinson & Rinne (2017), progress in the currently ongoing but 

diverse research fields is most likely to be achieved through multidisciplinary 

collaborations involving plant breeders, mechanical engineers, chemists, 

biochemists, microbiologists, and animal nutritionists. 
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