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Welcome Letter 

24-26 July 2018, Bonn, Germany 

Welcome Letter 

 

Distinguished Delegates, Ladies and Gentlemen, Dear Colleagues and Friends, 

It gives me immense pleasure to extend to you all a very warm welcome on behalf of the 

Organising Committee of the XVIII International Silage Conference (XVIII ISC 2018) and to 

say how grateful we are to the members of the International Silage Conference Continuation 

Group who have accepted our invitation to host this conference for the first time in Germany, 

here in Bonn. It is an opportune time to renew and intensify contacts and discuss problems of 

mutual interest with delegates from countries all over the world.  

 

It is gratifying to note that the agenda of the conference covers a wide range of very 

interesting items relating to the science of silage production and utilization. Silage production 

will remain a key part in animal production systems across tropical, subtropical and 

temperate regions. This demands continuing approaches for production of high quality 

silages involving improvements in management practise to minimise losses and maximise 

the preservation of the inherent feeding value of the parent crop. Fermented substrates other 

than silage for ruminants also play a more prominent role nowadays and we are pleased to 

see that this is also reflected in contributions to this conference. No matter how much we can 

do by ourselves on the national level, whether it be research, development or extension, it is 

never enough. In a spirit of true cooperation, we must join in action-oriented efforts to 

address the challenges and solve the problems that beset plant materials between harvest 

and utilisation by animals and people. 

 

Generous sponsorships from many industrial companies have recognized that the XVIII 

ISC 2018 is an important venue to present and discuss scientific and technological progress 

in silage research across the world. Our Organising Committee members are committed to 

provide maximum hospitality. Please feel free to ask questions to committee members. We 

are here to serve you. Enjoy your participation in the XVIII ISC 2018. 

In conclusion, I wish you every success in interchange of ideas and a very pleasant stay 

in Germany. 

 

On behalf of the Organising Committee 

 

 

Karl-Heinz Südekum 
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Summary  

This paper looks at the challenges and opportunities that lie ahead for ensiling, from crop to feed-out 

from the silo or pile. Challenges are coming from a wide spectrum. Faster harvest rates are making it 

more difficult to achieve target densities in bunker and pile silos. Larger harvest equipment is 

increasing soil compaction and rural road issues. As farm sizes grow, old silos are either overfilled, 

creating safety issues, or temporary piles are placed on bare ground permitting soil contamination. 

Mycotoxins and the development of various pathogens in silages are still a problem. Global warming 

may affect the forage crops grown and crop characteristics as well as rates of silage fermentation and 

aerobic deterioration. In Europe, the future is unclear as to the impact of using silage as an input to 

bio-refineries. Silage analysis is challenged by how to take good samples safely and knowing what 

components truly predict the nutritional value of silage to livestock. 

The future holds many opportunities for both ensiling and silage research. Robotic harvesting will 

release more labour for silo packing, and there are opportunities to develop tools to estimate silage 

density during filling. Total mixed ration (TMR) silages should allow more by-products in rations. The 

opportunity to develop silage additives that either improve silage hygiene or increase nutrient 

availability to livestock appears promising. Prediction of the onset of aerobic deterioration with quick 

tests for lactate-assimilating yeasts or silage temperatures seems possible. Metabolomics and 

metabonomics, in addition to all of the microbiome tools that are in development, put us at the cusp of 

being able to see which microorganisms are active in the silo and rumen and what compounds, 

particularly the minor ones, they are producing. This could lead to all kinds of advances including 

reduced microbial toxins in silage, better silage hygiene and improved utilisation of silages by 

livestock. 

 

Introduction  

Developments in silage conservation technologies in the past five decades, reviewed by Wilkinson 

and Rinne (2017), have led to increased speed of physical and microbiological processes that have 

accompanied the increased size of livestock production units. In the 1960s, forage harvesters 

equipped with flail or flywheel chopping mechanisms were capable of harvesting about 10 tonnes of 

fresh crop per hour (MAFF 1961). Today, self-propelled machines can harvest more than 350 tonnes 

of fresh crop per hour (Marsh 2013) and the limiting factor to the speed of ensiling has moved from 

field to silo or pile.  

A critical control point in the ensiling process occurs at the time of harvest when the subsequent 

fermentation can be influenced by extent of chopping and by addition of chemical and/or biological 

inoculant additives. For example, addition of formic acid reduces crop pH immediately, restricts extent 

of fermentation and reduces risk of undesirable metabolic end-products in silage (Wilson and Wilkins 

1973). Inoculation with lactic acid bacteria (LAB) at levels equal to, or exceeding the indigenous 

population (e.g. 10
6
 colony forming units (cfu)/g fresh crop) accelerates the speed of decrease in crop 

pH in the initial period of ensilage (Pitt and Leibensperger, 1987). Biological inoculation is now the 

predominant technology employed to influence the silage fermentation.  

Meta-analysis of 130 peer-reviewed papers published since 1996 on the effect of inoculation of crops 

with homolactic and facultative heterolactic LAB revealed improved fermentation quality (assessed as 
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increased lactate and reduced silage pH, acetate and ammonia nitrogen) in legumes, temperate 

perennial grasses and tropical grasses, but no effect of inoculation on the fermentation of whole-crop 

maize, sorghum or sugarcane. Inoculation increased dry matter (DM) recovery in those crops in which 

fermentation quality was improved. There was no effect of inoculation on aerobic stability or in vitro 

DM digestibility (Oliviera et al. 2017). In a separate meta-analysis of 31 peer-reviewed papers, 

inoculation increased the yield of dairy cows by 0.37 kg milk/cow/day, and the inoculant effect on milk 

yield was not affected by forage type, inoculant species or level of production (Oliviera et al. 2017). 

The demand for high-quality silage to provide conserved forage feeds for livestock is growing in 

importance globally as competition increases for limited arable (i.e. cultivatable) land on which to 

produce food for the human population together with animal feed, especially for monogastric livestock 

that currently receive a high proportion of their diet as human-edible cereal grain and pulse seeds 

(Wilkinson and Lee 2017). Biogas units are a recent growth sector for silage production, many linked 

to industrial units with little or no land of their own and reliant on local arable land as their main source 

of forage, grown on contract to a prescribed crop specification.  

In this review, we highlight some challenges and opportunities for the future of ensiling, from crop to 

feed-out from the silo or pile, in the hope that research will continue to be stimulated to develop novel 

approaches to improving silage quality and its contribution to meeting the total nutrient requirements of 

productive livestock.  

 

Challenges 

Mechanisation 

Have we reached the limit to forage harvester size and chopping capacity? Heavier machines 

increase the risk of compaction of clay-based soils and erosion of calcareous and sandy soils. Road 

transportation of harvesters, trucks and trailers from farm to farm is more problematic with larger 

equipment than with smaller machinery. Transport is an increasing cost element in ensiling as greater 

quantities of harvested crop are hauled longer distances from field to silo.  

Rapid crop harvesting can compromise silo packing efficiency. In a survey of 149 farm bunker silos 

filled with whole-crop maize, only 36% were considered to have been packed correctly to a crop 

density of more than 240 kg DM/m
3
 (Andrieu and Demey 2015).  

Short chopping and kernel processing are characteristics of best-practice in whole-crop maize 

harvesting, and for silage destined for biogas production there is a perceived requirement for very 

short chopping to between 4 and 12 mm theoretical length of cut (TLC, Claas 2018). However, the 

recent trend with crops ensiled for livestock is towards increased forage particle size at ensiling. For 

example, with whole-crop maize a chopping system has been introduced involving a longer TLC, 26 to 

30 mm, compared to conventional 19 mm, by removing half the knives in the chopping cylinder. At the 

same time, kernel processing rolls are set with a conventional 2 to 3 mm gap but with a greater roll-

speed differential - 32% compared to 21% - to produce ‗shredlage‘ (Claas, 2018). This new approach 

has been found to improve starch digestibility and milk production compared to conventional kernel 

processing (Vanderwerff et al. 2015).  

The amount of crop harvested per unit of fuel consumed is directly related to length of chopped forage 

particles. In a three-year comparison of six different self-propelled forage harvesters operated in 

forage maize crops, all set to chop at 16 mm TLC, Marsh (2013) found that the quantity of crop 

harvested per litre of fuel consumption increased by 0.12 tonnes per millimetre increase in measured 

particle cut length (Figure 1).  

Self-propelled forage harvesters are expensive items of specialised machinery that cannot be afforded 

by many livestock farmers. We estimate that about 40% of all silage harvested in developed countries 

is custom-harvested by specialist contractors who travel from farm to farm with their equipment during 

the crop harvesting season. Waiting for a contractor to arrive can be a stressful experience. 

Mechanical breakdowns and periods of wet weather can delay harvest, compromising crop and silage 

quality. To avoid delays, reduce risk of delayed harvest, and decrease cost per tonne of crop ensiled, 
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alternative harvesting approaches are available, at least for perennial grass and legume crops, 

including trailed self-loading/chopping forage wagons that can out-perform the standard forage 

harvester in terms of both fuel and labour per tonne of crop harvested (Frost and Binnie 2005, 

Brownell et al. 2012).  

 

Figure 1. Effect of particle cut length on weight of fresh whole-crop maize harvested per litre of fuel 

consumed by self-propelled harvesters (Marsh 2013). 

 

 

 

 

Wrapped bales have some advantages over forage harvesters.  Bales can be made on land with 

steeper slopes than are suitable for larger machinery and can be wrapped immediately or very soon 

after the bale has been formed. Baled silage can be transported from farm to farm. However, speed of 

harvesting is slower for balers than for forage harvesters and the quantity of plastic film used per 

hectare is five times higher for bales than for clamp silage (Forristal and O‘Kiely 2005).  

 

Silos 

Loss of DM as carbon dioxide produced from crop respiration and fermentation in crops stored in 

oxygen-limiting tower silos is 5 to 8% of crop DM ensiled (Rotz et al. 2003). Similar low levels of loss 

may be expected from crops stored in large bunker silos at densities in excess of 250 kg DM/m
3
 

(Figure 2) where the highest losses occurred in wetter crops (<30% DM), possibly due to more 

extensive fermentation and loss of liquid effluent or leachate. Density had the greatest influence on 

loss at high DM levels (>35% DM), most likely due to oxidative DM loss. 
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Figure 2 Effect of maize silage dry matter and density on dry matter loss during storage in bunker 

silos (Griswold et al., 2010). 

 

 

 

Many silos are too old and too small to meet the needs of the increasing size of livestock units, with 

the result that bunker silos are either over-filled or temporary drive-over piles are made in fields, with 

greater risk of soil contamination during filling and feed-out. Bunker wall strength is challenged when 

silos are packed with heavy equipment and operator safety is put at risk when silos are filled above 

wall height. Lateral hydraulic pressures on bunker silo walls are less with drier crops (>35% DM), than 

with wetter crops due to lower silage fresh weight density (Savoie and Jofriet 2003), but greater 

packing tractor weight is required with drier crops to achieve the target silage density (Holmes and 

Bolsen 2009), putting additional pressure on walls.   

 

Hazards to animal and human health 

Silage fermentation is only partially controlled. Undesirable microorganisms and their toxins can be 

present in silage when it is consumed by the animal due to contamination of the crop pre-harvest, 

during storage and during feed-out. Potential hazards to human, animal and food safety from silage 

have been reviewed by Driehuis (2013) and Driehuis et al. (2018).  The major microbiological hazards 

include Clostridium botulinum, Bacillus cereus, Listeria monocytogenes, Shiga-toxin producing 

Escherichia coli (STEC), Mycobacterium bovis, mycotoxins and pathogenic protozoa such as 

Cryptosporidium parvum.  The challenge for future research is to determine the specific crop and 

ensiling conditions in which pathogenic microorganisms can develop and to link those conditions to 

signs of clinical disease in livestock. In other words, we know these undesirable organisms can be 

identified in silages, we also know about their likely effects on the animal, but do we know when 

livestock are suffering from a specific disease?  For example, the incidence of mycotoxin 

contamination of maize silage can be very high (Cogan et al., 2017) and effects of mycotoxins on 

animal cells and body tissues have been documented (Fink-Gremmels, 2008), but on-farm diagnosis 

of clinical mycotoxicosis is difficult. There is a clear need for novel animal-based diagnostics that are 

non-invasive, rapid and sensitive. 

  



Advances in Silage Research 

6  XVIII International Silage Conference 

Global warming  

According to estimates (FAO 2013), the livestock supply chain accounts for 14.5% of anthropogenic 

greenhouse gas (GHG) emissions on a CO2-equivalent basis. Approximately two-thirds is attributable 

to beef and dairy cattle production. While there is considerable commitment across the world to 

reduce GHG emissions, the demand for livestock products is growing, particularly in developing 

countries. FAO projects that the worldwide per capita consumption of meat and milk/dairy products in 

2050 will be 26 and 19% higher, respectively, than 2005/2007 levels (FAO 2012). Together with 

population growth, the growth in demand for livestock products will place more pressure on the dairy 

and beef industries to reduce GHG emissions. A life-cycle assessment of dairy production worldwide 

found substantial differences in GHG emissions by region (1.3 to 7.5 kg CO2-equivalent/kg of fat- and 

protein-corrected milk) with the lowest values in industrialised regions such as Europe and North 

America (FAO 2010). This suggests that adoption of current practices in developed countries, e.g. 

ensiling high-quality crops to increase output per animal and dilute maintenance, may be useful in 

mitigating GHG emissions per unit of product worldwide. Even so, research to find novel ways of 

reducing GHG emissions in ruminant production is important.  

In FAO‘s life-cycle assessment of dairy production, methane accounted for 52% of GHG emissions in 

both developed and developing countries. In developed countries, nitrogen oxide (NOx) emissions 

from fertiliser and manure accounted for 27% and CO2 from all farm sources 21%. In developing 

countries, NOx emissions were 38% and CO2 10% (FAO, 2010). Differences in methods of crop 

storage did not appear to be specifically addressed in that analysis. The direct contribution of silage to 

global warming, although substantially less than its indirect contribution via livestock enteric 

fermentation, is through emissions to the atmosphere of CO2, volatile organic compounds (VOC) and 

NOx. VOC such as alkenes, ethyl esters (e.g. ethyl acetate and ethyl lactate) and carbonyl compounds 

(aldehydes) are potent environmental pollutants because they are ozone precursors (Mitloehner et al. 

2009). Weiss et al. (2016) and Brüning et al. (2017) found that elevated concentrations of VOC were 

associated with delayed silo sealing which was accompanied by increased ethanol and yeast counts. 

Research has shown little effect of inoculation of crops with homofermentative lactic acid bacteria on 

VOC formation. Addition of L. buchneri produced a limited effect on VOC levels, probably due to the 

slow growth of the organism and limited metabolism of lactate to acetate and 1,2-propanediol. In 

contrast, additions of sodium benzoate and potassium sorbate gave substantial reductions in VOC in a 

range of silages (Weiss 2016, Weiss et al. 2016). 

Global warming may influence the silage crops grown in many regions as environmental temperatures 

increase and water availability decreases. Maximum leaf photosynthetic capacity is reached in 

temperate (C3) grasses (e.g. Lolium spp.) at about 27 
o
C (Robson et al. 1988) whilst C4 grasses (e.g. 

Zea mays) show superiority over C3 grasses at higher temperatures (Orsenigo et al. 1997). 

Simulations of temperature and rainfall climate changes in semi-humid temperate grassland over a 

100-year period revealed advantages of mixed C3/C4 grasses over C3 species alone, mainly due to the 

superiority of C4 grasses in growth and water use efficiency in the summer months (Seastedt et al. 

1994). 

Global warming is expected to affect crop characteristics. Increased atmospheric CO2 levels, in 

combination with higher temperature and water stress may prove beneficial to levels of fermentable 

substrates in silage crops. In a study of the effect of increased CO2 level (620 ppm vs. 392 ppm), 

elevated temperature (+3 
o
C) and water deficit on the composition of temperate grasses and legumes, 

AbdElgaward et al. (2014) found that the imposed climate extreme was reflected in increased non-

structural carbohydrates and phenolics in all species, increased lignin in legumes and decreased 

tannins in grasses.  There were no effects of the extreme climate on structural carbohydrate, protein, 

lipid or mineral levels. 

A final concern regarding global warming are direct effects on ensiling. If crops are harvested at higher 

ambient temperatures, one would expect faster fermentations in the silo. However, there are limits. 

Most LAB species found in silages have optimum temperatures for growth around 30 ºC and do not 

grow at 45 ºC (McDonald et al. 1991). So, LAB at 40 ºC may ferment sugars slower than at 35 ºC. 

Another worry is that clostridia generally have a higher optimum growth temperature, typically 37 ºC, 
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and will grow at 45 ºC. Clostridial fermentations may therefore become more prevalent in silage crops 

limited by low water-soluble carbohydrates. Maillard reactions (the polymerisation of sugars and amino 

acids to form acid detergent insoluble nitrogen) occur at temperatures above 35 ºC. As oxygen is 

introduced to the silage, higher silage temperature will increase the movement of oxygen into the 

silage mass and increase the growth rates of spoilage microorganisms (Pitt and Muck 1993). 

However, yeasts that initiate spoilage typically have optimum growth temperatures in the 30s, and 

their growth rate drops precipitously above 40 ºC. So, silages above 40 ºC may spoil aerobically via a 

different pattern than what we have come to expect. Most laboratory silage research has been 

undertaken in temperate regions at temperatures between 20 and 25 
o
C. Therefore, current 

knowledge is dominated by conditions optimal for growth of lactic acid bacteria, rather than extreme 

bacterial growth environments. In future, especially in tropical areas, research should be directed at 

studying patterns of fermentation and aerobic spoilage at temperatures above 40 ºC in anticipation of 

these conditions becoming more common.    

 

Silage bio-refineries  

The introduction of the combine harvester revolutionised grain harvesting. Previously, cereal crops 

were harvested as whole-crop forages, and stored for several weeks prior to threshing – separation of 

grain from the remainder of the plant. The current practice of ensiling forages as whole plants 

introduces the opportunity for fractionation of grasses either prior to, or after storage to produce a 

range of products, some of which may be stored as liquid for further refining and use in human foods, 

pharmaceuticals, or as chemical feedstocks for industrial use (McEniry and O‘Kiely 2014; Schwarz et 

al. 2016). Similarly, there are efforts to harvest lucerne leaves separately from stems, processing the 

leaves for possible industrial uses while harvesting the stems for livestock feed (Digman et al. 2013). 

However, it is likely that the substantial investment in bio-refining infrastructure will only occur if 

significant value can be added to forage crops, for example by upgrading amino acids from bio-refined 

silage (Kromus et al. 2004).  

 

Silage analysis  

Are we sampling silage correctly? In a large study, St-Pierre and Weiss (2015) found that sampling 

error was the biggest source of variation in maize silage composition in a single silo. The authors 

advised that to avoid risk of human injury or death due to feed-face avalanche, multiple handfuls of 

silage should be sampled from different bucket-loads before they are put into the mixer wagon. The 

handfuls should be placed into a small bucket, mixed thoroughly and sub-sampled into a plastic bag to 

give two or three samples for shipment to the laboratory. Then the results should be averaged, and 

the mean data used for diet or biogas feedstock formulation only until the next set of results becomes 

available. Rolling averages based on historical analyses should not be created.   

More than twenty years ago, Weinberg and Muck (1996) commented that the causes of observed 

animal responses to silage inoculation were unclear. They noted that recorded changes in 

fermentation pattern and in DM recovery were inadequate to explain significant animal responses and 

speculated that inoculation might be influencing DM digestibility through a probiotic effect on the 

rumen microbial population. The recent meta-analysis of LAB inoculants (Oliviera et al. 2017) provides 

further indirect evidence for this in that increases in milk yield from inoculation were not affected by 

crop type and inoculation had little or no effect on silage fermentation in maize, sorghum and 

sugarcane silages. It appears that the effects of silage inoculation on the cow are related to 

fermentation in the rumen with ruminal in vitro studies suggesting increased rumen microbial biomass 

(Contreras-Govea et al. 2011) or reduced methane production (Jalc et al. 2009) as possible reasons 

for increases in milk yield. These studies raise several challenging questions – are we measuring the 

most appropriate parameters in conventional silage analysis? Are we assessing current parameters 

accurately, especially predictions of degradability, by scanning fresh material with near infra-red 

reflectance spectrometers? What components are we missing that might be especially useful to 

biogas plants and bio-refineries, e.g., predicted specific methane yield?   



Advances in Silage Research 

8  XVIII International Silage Conference 

Opportunities 

Advances in crop harvesting and ensiling  

Global positioning systems and field maps along with sensors, cameras and actuators on tractors, 

harvesters and implements are relieving the operator from routine driving and implement control in the 

field. Fendt (2017) recently announced field testing of MARS (Multiple Agricultural Robot Swarms), 

small battery-operated robotic units for planting maize and other crops that will allow planting 24 hours 

per day, minimise soil compaction and reduce CO2 emissions.  

Automated filling of a truck or trailer from the forage harvester has become available, reducing losses. 

All of these developments improve the precision and efficiency of field operations without affecting 

manpower for forage harvesting. However, we are at the brink of a revolution in agriculture much like 

that in cars and trucks – driverless vehicles. Imagine trucks without drivers carrying forage between 

the field and bunker, increasing the manpower available to pack the silo. 

There are opportunities at the bunker or pile to improve silage density. There is a need for means to 

estimate silage density during filling so that the packing crew is provided frequent feedback and can 

make adjustments while the silo is being filled. Probes to estimate density have not been promising 

because of the variability between crops and the variability in compression characteristics due to 

maturity, DM, particle size, etc. For farms that weigh all loads as they arrive at the silo or pile, density 

could be calculated during filling if the volume of the packed crop could be estimated. With today‘s 

laser measuring tools, perhaps estimates of volume will soon be practical. Further in the future, it may 

be possible to pack bunkers and piles robotically. This would allow more packing vehicles to operate 

simultaneously and safely to achieve a high density. Perhaps there will be improvements in how loads 

of forage are distributed across the surface to achieve thin layers.  

Re-usable bunker or pile covers that can be deployed and removed easily seem a feasible opportunity 

to reduce the environmental impact of ensiling. Currently there is a manufacturer of covers for bunkers 

in The Netherlands that fits this description (Agridek 2018), but can costs be reduced and the solution 

made more scalable? Less likely are edible films sprayed on exposed surfaces or sprayed on the 

open face to reduce oxygen penetration during silo emptying.  

 

TMR silages  

Cattle and other ruminants are often fed by-products such as brewers‘ grains, distillers‘ grains, beet 

and citrus pulp and waste vegetables. Many of these products are wet, which limits how far they can 

be transported unless dried. Nishino et al. (2003) investigated ensiling wet brewers‘ grains with 

lucerne hay, dried beet pulp, maize, wheat bran and molasses to create an ensiled total mixed ration 

(TMR). The TMR ensiled well and had greater aerobic stability than the brewers‘ grains ensiled alone. 

Nishino‘s group has studied other by-products as well as studying the LAB community in various 

mixtures with and without inoculation using various LAB species. This area warrants additional 

research. From the practical perspective, large agricultural cooperatives may be able to produce TMR 

silages for small farms using by-products to reduce feed costs. Large farms that purchase by-product 

feeds may be able to create their own TMR silages that are more aerobically stable than the separate 

commodities, minimizing their losses. On the scientific side, there is much to be done to find optimum 

mixtures and to understand how and why these mixtures are aerobically stable. The latter may lead to 

improved inoculants or chemicals for conventional silages. 

 

Additives to improve silage hygiene and increase nutrient availability  

In the 20
th
 century, silage additives were used largely to ensure a fermentation dominated by LAB 

and/or improve aerobic stability. The inoculants sometimes increased nutrient availability to the 

ruminant by mechanisms not yet understood, and silage hygiene was improved indirectly by the 

dominance of the LAB. Formic and other acids reduced pH to give the epiphytic LAB an advantage 

over clostridia and enterobacteria, indirectly improving silage nutrient availability. Certain chemical 
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additives provided direct means of improving silage hygiene: nitrites to inhibit clostridia and 

propionates, acetates, sorbates and benzoates to inhibit fungi.  

Direct inhibition of clostridia by bacteriocins produced by LAB has been a focus of a number of 

laboratories in the 21
st
 century (Muck et al. 2018). At present, the bacteriocins investigated have not 

been completely satisfactory, either failing to inhibit a wide range of clostridial species or inhibiting 

beneficial LAB. Nevertheless, this is an important area of research.  

Reduction of mycotoxins is another potential opportunity for additives. Good silage management can 

prevent mycotoxin production in the silo, but growing season conditions can result in a crop with high 

levels of mycotoxins at harvest. Are there microorganisms or enzymes that can detoxify mycotoxins 

during silo storage? Could binding agents or other chemicals be applied at ensiling to reduce the 

effects of mycotoxins at feeding? 

There are various opportunities to improve nutrient availability using additives. Enzymes to improve 

fibre digestibility have been the most investigated. However, the cellulase/hemicellulase combinations 

of the 20
th
 century typically broke down fibre that was digestible in the rumen, providing little benefit to 

the cow (Muck et al., 2018) and sometimes increasing effluent production. A new approach was the 

L. buchneri strain that produces ferulic acid esterase, an enzyme capable of breaking ester linkages 

between sugars and ferulic acid in cell walls (Nsereko et al. 2008). These ester linkages in grasses 

are some of the key ones limiting cell wall digestion. While this inoculant approach has had variable 

success (Muck et al. 2018), the concept is important: to hydrolyse ether and ester cell wall bonds in 

the silo that are difficult for rumen microorganisms to attack.  

In ryegrass (Lolium spp.) and lucerne (alfalfa, Medicago sativa), proteolysis, i.e., the breakdown of 

true protein to soluble non-protein N, may limit the efficient utilisation of the N from the silage if the 

total diet does not account for the soluble N in the silage. Tannins found in many legumes or the 

polyphenol oxidase system found in red clover have the potential to be additives for the future to 

reduce proteolysis in ryegrass or lucerne and increase the proportion of N in the diet that goes to milk 

or meat (Muck et al. 2018).  

Starch availability is an issue in maize silage as the starch granules are held in a protein matrix that 

inhibits ruminal starch digestion (Hoffman et al. 2011). This protein matrix slowly breaks down in the 

silo so that the starch becomes more available with increasing time in the silo. Recent studies with 

acidic proteases applied at ensiling look promising for breaking the protein matrix more rapidly and 

increasing starch digestion, but more research is needed (Muck et al. 2018).  

 

Early indicators of aerobic instability  

It would be useful if we could provide producers with a tool that provides a warning that a silage is 

aerobically unstable. Ideally one would like to know if lactate-assimilating yeast counts are above 10
5
 

cfu/g silage, which has traditionally been the sign that a silage is likely to spoil within 24 h. However, 

we know that sending samples to a forage testing laboratory for yeast counts is fraught with issues to 

obtain an accurate assessment. Quick tests for human pathogens have been developed. Is it possible 

to do something similar for yeasts, allowing for immediate on-farm analysis? 

We know that once yeast populations reach approximately 10
7
 cfu/g both silage pH and temperature 

begin to increase. Borreani and Tabacco (2010) in making measurements on the feed-out faces of 

commercial maize bunker silos in Italy found that the difference in temperature 200 mm behind the 

face minus the temperature at 400 mm behind the middle of the face was positively correlated with 

pH, yeast and mould counts. Are their findings valid in countries with cooler and warmer climates? 

Working at the face to probe for temperature is hazardous due to the risk of injury or suffocation if an 

avalanche occurs suddenly. However, would it be possible to develop a safe system to probe for 

temperature at 200 and 400 mm behind the face?  
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Metabolomics and metabonomics  

There is currently an opportunity to use new technology to accumulate much information about what 

happens during ensiling and how a silage is fermented and digested in the cow. Some of this research 

may be more descriptive in nature rather than driven by hypothesis. Metabolomic and metabonomic 

approaches are now being applied to silage research. Metabolomic research, based on mass 

spectrometry, involves systematic assessments of the metabolic products of silage fermentations. 

Initial work using single molecule analysis in conjunction with real time sequencing technology has 

revealed 280 substances and 102 different metabolites in ensiled Medicago sativa together with 

changes in microbial composition during the ensiling process (Guo et al. 2018). Relative 

concentrations of metabolites at 90 days, where there were significant differences among the 3 

treatments (untreated, inoculated with L. plantarum or L. buchneri), are shown in Table 1.  

Table 1. Relative concentration using GC-MS of major metabolites in Medicago sativa silages without 

or with inoculation with L. plantarum or L. buchneri after 90 d ensiling (Guo et al. 2018).  

 Relative Concentration Fold-Changes
1
 

Metabolite Control L. plantarum L. buchneri P/C B/C P/B 

2,3-Butanediol 87 171 340 * * * 
2-Aminobutyric acid 61.5 12.5 25.1 * * * 
4-Aminobutyric acid 112 169 272  *  
Benzoic acid 43.9 56.9 55.8 *   
Adenine 2.6 26.2 21.0 * *  
α-Hydroxyisobutyric acid 3.51 0.77 1.03 * *  
Aminomalonic acid 5.39 8.81 10.33  *  
Arabitol 4.36 6.21 21.43  * * 
Cadaverine 192 22 101 * * * 
Erythritol 10.4 10.5 39.1  * * 
Glycerol 190 184 301  * * 
Inositol 31.7 42.0 40.9 *   
Ketomalonic acid 0.46 4.05 1.77 * * * 
Malonic acid 2.15 10.89 7.68 * * * 
Mannitol 0.43 0.47 3.94  * * 
Phenethylamine 3.62 0.27 1.16 * * * 
Threitol 1.51 1.99 3.24 * * * 
Lactic acid 132 167 120 *  * 
Succinic acid 158 83 112 * * * 
Trans-Ferulic acid 3.91 1.69 5.34   * 
Threonine 41.3 64.6 74.0 * * * 
Tyrosine 3.23 16.76 98.42 * * * 
Valine 162 172 220  * * 
Ornithine 28.8 44.4 65.8  *  
Lysine 12.2 38.3 50.2 * * * 
β-Alanine 1.65 2.12 4.04  *  
Aspartic acid 140 290 311 * *  
Glutamic acid 76.9 39.4 28.6 * *  
1
Significance of log2(X/Y) where X and Y are the relative concentrations of the treatments: C, control; 

B, L. buchneri; P, L. plantarum. * P < 0.05. 

Many of the compounds in Table 1 are amino acids and amines in addition to acids and polyols. It is 

interesting that some of these compounds vary much more on a relative basis by treatment than 

standard fermentation products. Guo et al. (2018) also identified the microbial species at 14, 30, 60 

and 90 days of ensiling. Lactobacillus plantarum dominated at all times in the L. plantarum treatment 

whereas L. buchneri was dominant only at 14 and 30 days in the L. buchneri treatment. While these 

results are very interesting, the combination of metabolomic data with microbiome data is needed 

within the first few days of ensiling i.e. before day 14, when the majority of chemical changes are 

occurring in the silo, to help identify the roles of different microbial species. 

Metabonomic research comprises quantitative measurement of metabolic responses in the animal, in 

the rumen, or in the silage microflora, to changes associated with external environmental factors 

including disease stimuli such as mycotoxins in silage. In a current research project on mycotoxicosis 
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(Bovmycotox 2017), samples of animal cells, tissues and body fluids are analysed by hydrogen 

nuclear magnetic resonance (
1
H NMR), mass spectroscopy, and high-performance liquid 

chromatography to determine metabolite profiles, pattern recognition and metabolite identification.  

By focusing on the silage microflora or on the animal itself, these new techniques of metabolomics and 

metabonomics may provide a better understanding, for example, how homolactic LAB change silage 

fermentation and later improve digestion and utilisation of the diet in the rumen and may lead to 

inoculants that are more effective in improving animal productivity. Overall, the metabolomic and 

metabonomic tools that are becoming available put the research community at the cusp of being able 

to unlock interactions that are occurring in the silo and in the animal. We need to find out not only 

which microbial species are active and thriving at various times but also what they are producing and 

how those compounds are influencing the microbial community and the animal itself. Potentially these 

technologies will open up new opportunities to improve silages in the silo, inhibit detrimental 

microorganisms, enhance rumen microbial activity and improve animal health. 

 

Artificial intelligence and machine learning  

At present the silage fermentation is understood incompletely, and there is an opportunity to apply 

developments in artificial intelligence and machine learning to gain a deeper insight into the crop and 

silage microbiome. This work requires a multidisciplinary approach to mining relevant data from the 

world‘s scientific literature and creating algorithms to allow machine learning to identify the most 

important factors affecting the silage microbiome and natural environments or management 

interventions that encourage desirable and discourage undesirable microflora. This may be the key to 

gaining insights across studies from metabolomic, metabonomic and microbiome research. 

Although there are examples of big data applications in smart farming (e.g. biometric sensing and 

tracking livestock movements), artificial intelligence in agriculture appears to be dominated by 

conceptualisation. Big data applications, although predominantly at the level of business analytics, can 

play an influential role in benchmarking best practice silage production, sensor deployment, and 

predictive modelling to manage crop failure risk and improve efficiency of silage use by livestock. A 

recent review of the state of the art of big data applications in smart farming and key issues (Wolfert et 

al. 2017) did not mention silage, despite algorithms for optimising silage making being in existence for 

twenty years (Parsons 1998). There is clearly an opportunity for some innovative research on this 

topic. 

 

Ensiling in 2050  

What might the future of ensiling hold? The opportunities discussed above will drive changes in the 

crops and by-products we use for ensiling, the methods we employ in the ensiling process itself, and 

the ways in which we assess the composition and quality of the ensiled products. Here are some 

changes that we think have the possibility of becoming true in 30 years: 

1. Drone or satellite information on crop quality variation in the field at the time of harvest – 

mycotoxins, LAB populations, sugar, DM as well as nutritive characteristics such as neutral 

detergent fibre, crude protein and starch. 

2. Robotic harvesting of forages using drone information to potentially separate the crop (e.g., 

high/low mycotoxins, high/low DM, etc.) and possibly change the type or amount of additive 

used. Harvest the driest forage first allowing the wetter parts of the field to dry more or 

specifically directing wetter or poorer quality forage to a separate silo or pile. 

3. Robotic transport of forage from the field to the silo. This will free up labour to control the filling 

and packing of silos and piles. Because drivers would not be needed, smaller trucks could be 

used with less impact on soils and roads. 

4. Equipment to receive forage from the field and distribute it onto the surface of a bunker or pile 

in thin layers so that tractors on silos can be solely for packing, improving safety. May also 

make robotic packing possible if forage does not need to be distributed by a packing tractor. 
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5. Silage additives that consistently improve fibre and nutrient availability to livestock compared 

to that of the harvested crop. 

6. Silage additives that reduce or eliminate mycotoxins and other microbial toxins that enter the 

silo on the harvested crop. 

7. Silo and pile covers that can be re-used for many years. 

8. Robotic emptying of bunkers or piles, keeping a smooth face. Through sensors on the device 

it can recognize and divert spoiled silage so that it is not incorporated in the TMR. 

The extent to which these changes are realised will depend on the rate of progress in research and 

development, driven by new environmental legislation and supported by producers in their demands 

for increased efficiency and higher quality silages. There is no doubt, however, that some of the 

changes are occurring right now and that the silage we make in 2050 will be quite different to what we 

make today. 

 

Conclusions  

Increases in efficiency at one stage in the ensiling process can produce challenges at subsequent 

stages. For example, increased speed of harvest can lead to low silage density due to inadequate 

packing.  Improved fermentation quality can reduce aerobic stability. These challenges create 

research opportunities. Progress has been made but we still have some way to go to be confident we 

can provide producers with ensiling systems that meet all their needs fully.  

Automated approaches, especially the application of robotics and artificial intelligence to 

mechanisation offer new opportunities for improving efficiency in ensiling by enabling farm staff to 

concentrate on fine-tuning different stages of ensiling instead of being engaged in repetitive work.  

Plant, microbial and animal responses to external perturbations can be inexplicable by conventional 

methods of analytical investigation, and there is now a great opportunity to apply new molecular 

technologies to solving the challenge of why some silages under-perform.  

Ensiling is such an important global means of preserving crops that it deserves continued, sustained, 

multidisciplinary research to help users realise its full potential. The goal is to achieve greater 

knowledge of the relative importance of the many factors that contribute to low quality silage as well as 

those that contribute to high quality material, with the overall objective of being able to include greater 

levels of top quality silage in diet formulations for high-producing livestock and in feedstocks for biogas 

and bio-refineries. 
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Introduction The degree of oxygen availability determines the life conditions of microorganisms, the 

type of fermentation of conserved forage plants and the stability of a fermented silage. Conventional 

oxygen monitoring in silage typically entails invasive sampling (Green et al. 2012). Alternatively, O2-

levels may be estimated by statistical modelling based on the O2-consumption of the involved 

microorganisms (Williams et al. 1994). With the introduction of opto-chemical sensing technology, a 

non-invasive and non-destructive method for monitoring oxygen is available for a few years now 

(Resch et al. 2017, Tscherner et al. 2016). In the presented study, we adapted an opto-chemical 

sensing scheme to the specific demands of O2-monitoring in round baled grass silage under practical 

conditions. 

Materials and Methods A round bale (diameter 120 cm, compaction 288 kg DM m
-
³, baler type 

―Krone Comprima V150 XC‖) was prepared from forage of a highly wilted grass-clover mixture 

(DM 475 g FM kg
-1

; 52% grass, 46% legumes, 2% herbs, 4
th
 cut of the season on September 15

th
, 

2016). Screen-printed and calibrated sensor patches were affixed to the binding net at the 

circumference of the bale before wrapping for non-invasive monitoring of the oxygen levels right 

beneath the stretch film. After pre-stretching (70% rate) of a transparent 25 µm PE-film, the bale was 

wrapped with six layers of film (wrapper type ―Göweil G2020‖). Transparency or at least translucency 

of the stretch film which, in addition, needs to be devoid of auto-fluorescence is essential to enable a 

non-invasive optical readout of the sensor patches which was accomplished through six layers of film 

using an opto-electronic setup (modified OEM-components developed by JOANNEUM RESEARCH) 

tailored for the experiment. In an alternative implementation, opto-chemical oxygen sensors were 

positioned at the end of light-guiding fibers in the vicinity of an additional temperature sensor to form 

an ―in-depth probe head‖ (development by JOANNEUM RESEARCH tailored for the experiment). 

Fiber, wiring and probe head were protected by a 10 mm tube of stainless steel and an end-cap of 

sintered porous metal. The thus formed probes were inserted into the bale at different depths (10, 50, 

90 cm) and sealed against the stretch film using an adhesive mass. During fermentation (59 days) and 

experimentally induced aerobic stress upon partial removal of the stretch film (14 days), oxygen levels 

were continuously recorded (interval 30 s.) at three of the sensing positions. The majority of the 

installed sensors were monitored manually on a regular basis in intervals of 3 hrs - 10 days, 

depending on the dynamics of the fermentation using an additional opto-electronic hand-held module 

(commercialised by ―TecSense‖ on the basis of developments by JOANNEUM RESEARCH). 

Results This globally first reported study on the applicability of opto-chemical oxygen sensors in 

silage media provided plausible data for the oxygen levels during the experiment, including the initial 

phase right after bale wrapping as well as two weeks of aerobic stress conditions at the end. Upon 

wrapping, the oxygen inside the bale was consumed almost completely within 95 minutes and levels 

remained well below 1% as long as the stretch film was left intact. Partial removal of the film after 59 

days of fermentation (Nov. 14
th
, 2016) resulted in an ingress of oxygen into the bale. The increase rate 

of the oxygen was found to be strongly dependent on the respective sensor position relative to the 

opening in the stretch film: comparably fast ingress of oxygen near the opening opposed a delayed, 
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gradual increase of oxygen levels in the bale‘s core (Figure 1). During the experiment, temperature 

monitoring resulted in plausible and climatically induced decreasing values (25 to 0 °C). At the bale‘s 

surface, time-of-the-day-dependent fluctuations of ambient temperature had a much more pronounced 

effect than in the core. After the trial, the performance of the oxygen sensors was evaluated by re-

calibration.  
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Figure 1. The progress of the oxygen levels in a round baled silage, monitored by means of opto-

chemical sensing in different positions. Data were recorded from the time of wrapping until two weeks 

after partial film removal. 

Conclusions Opto-chemical sensing technology appears well suited for oxygen monitoring in silage 

systems for R&D purposes (preserving jars, laboratory barrels etc.) as well as in practice (bales, 

clamps, bunkers etc.) and may thus develop into a powerful tool in the field of fermentation research 

and forage quality monitoring. 
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Introduction Lucerne (Medicago sativa L.) is not a common species in northern climates because of 

its poor overwintering. Recently introduced new varieties offer a possibility to use lucerne as an 

alternative silage raw material to grasses. The reason for including lucerne in ration formulation is the 

expected increase both in intake and milk production. Lucerne can also supplement low N content 

forages such as maize or whole-crop silage. The first objective of the experiment was to determine the 

effects of replacing grass silage with lucerne silage on milk production and nutrient utilization of dairy 

cows. The second objective was to study if the inclusion of lucerne can replace protein 

supplementation. An additional objective of this study was to test the overwintering of lucerne in 

Finland. 

Material and Methods Second cut grass silage and second cut lucerne silage were prepared on 

9 and 16 August 2017, respectively. Lucerne was sown (21 kg/ha) in 2016 as a seed mixture 

containing varieties Live, Nexus and Plato. Grass silage was a mixture of timothy and meadow fescue 

(varieties Nuutti and Inkeri, 20 kg/ha). Both silages were preserved in round bales using a formic-acid-

based additive at 5 l/tn. The treatments were Control (grass silage + rapeseed meal supplement), 

LucerneNormal (grass silage + lucerne silage + rapeseed meal supplement) and LucerneLow (grass 

silage + lucerne silage + lowered rapeseed meal supplement). The lucerne and grass silages were 

mixed in the ration at 40:60 on a dry matter basis. The diets were fed as TMR ad libitum. The 

proportion of rapeseed meal in the concentrate was 20% in Control and LucerneNormal, and 15% in 

LucerneLow. The average concentrate proportion in the diets was 46% on DM basis. The experiment 

was conducted using 48 dairy cows in a change-over design with two periods. The average milk yield 

at the beginning of the experiment was 34.8 kg (SD 7.67 kg) per day and the cows were, on average, 

138 days in milk (SD 83.8).The cows were divided into four blocks according to parity and lactation 

stage. The statistical model included treatment, period and the block as fixed variables and animal as 

a random variable. The differences between LS means were tested using contrasts: Control vs 

lucerne diets and LucerneLow vs LucerneNormal. 

Results and Discussion The lucerne mixture overwintered relatively well. The total lucerne dry 

matter yield was 4200 kg DM/ha which was about half of an average grass silage yield at Luke 

Maaninka experimental farm. The reasons for low yield were the cool weather in summer and the use 

of herbicide (Harmony, tifensulfuron-metyl), which damaged the lucerne vegetation after the first cut. 

The DM yield of lucerne was 30% lower compared with the results reported by Bélanger et al. (2014) 

with two cuts. Taking an additional third cut would increase the yield, but it is not recommendable 

because of risk for overwintering (Bélanger et al. 1999). The energy content of lucerne was low 

(10.0 MJ ME/kg DM) compared with grass (10.6 MJ ME/kg DM), whereas the crude protein content of 

lucerne was high (221 g/kg DM) compared with grass (166 g/kg DM). The average DM intake of 

lucerne diets was on average 15% higher compared to grass silage diet (Table 1). This is in 

agreement with earlier results reported using leguminous plants (Huhtanen et al. 2007). Rapeseed 

meal supplementation has been reported to increase DM intake (Huhtanen et al. 2007) which can be 

seen in a higher DM intake of LucerneNormal compared with LucerneLow, but the effect was not 

statistically significant due to a small difference in rapeseed supplementation between lucerne diets. 

Increased intake with lucerne diets resulted in increased milk yield. Milk protein and fat concentrations 

did not differ between treatments, but milk urea concentration was higher with LucerneNormal 

compared with LucerneLow and Control. High milk urea is linked with increased N excretion in urine 

(Castillo et al. 2000). 
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The DM intake of Control was low taking account the production level of the cows leading to a clearly 

negative energy balance. The moderate fermentation quality of second cut grass silage is one reason 

for this. Maintaining milk yield with a negative energy balance is possible in short term experiments, 

but the expected milk yield in long term might be lower compared to the results in this experiment. The 

inclusion of lucerne silages improved the energy balance close to zero. Thus, the low energy content 

of lucerne was compensated by increased intake.   

Table 1.The effect of treatments on feed intake, milk production and nutrient utilization. 

 Control LucerneNormal LucerneLow sem
1
 C1

2
 C2

3
 

Intake, kg DM
4
/d       

Silage 10.9 12.5 12.3 0.20 <0.001 0.25 
Concentrate 9.0 10.6 10.3 0.16 <0.001 0.09 
Total 19.9 23.1 22.6 0.36 <0.001 0.16 
ME

5
, MJ 216 247 243 3.5 <0.001 0.18 

Milk, kg/d 29.3 31.3 30.5 0.57 <0.001 0.06 
ECM

6
, kg/d 32.5 34.9 33.8 0.63 <0.001 0.08 

Nutrient utilization       
ME, MJ/kg ECM 4.59 5.13 5.22 0.106 <0.001 0.46 
kg ECM/kg DM 1.64 1.51 1.49 0.027 <0.001 0.39 
ME balance, MJ/d -19 -2 -0.4 3.4 <0.001 0.65 
Milk N/N intake 0.322 0.285 0.279 0.0005 <0.001 0.27 
1
standard error of mean,

 2
Control vs lucerne diets, 

3
LucerneNormal vs LucerneLow 

4
dry matter, 

5
metabolizable energy, 

6
energy corrected milk 

The high N content of lucerne is not recommendable from the environmental point of view and protein 

supplementation increases the nitrogen content of the diet further. There was a tendency for milk yield 

to increase with LucerneNormal compared with LucerneLow. The additional amount of rapeseed meal 

between these diets was 0.5 kg/d so the supplementation was economically profitable On the other 

hand, the high nitrogen content of the diet increases both excreted urine N and ammonia emissions 

(EMEP/EEA 2016). A hypothesis of the experiment was that the inclusion of Lucerne in the grass 

silage diet would reduce the use of rapeseed meal in the diet. Numerically, LucerneLow produced 

more milk compared with Control. Thus, if the target is only to maintain the production level with a 

grass silage based diet, the use of Lucerne can decrease the use of rapeseed meal.     

Conclusion Lucerne was not a recommendable alternative for grass if high forage yields are targeted. 

However, partial replacement of grass with lucerne increased intake, milk yield and energy balance 

demonstrating the nutritional advantages of lucerne compared with sole grass silage. Lucerne can 

partially replace the protein supplementation with grass silage based diets if the target is to maintain 

milk production. A protein supplemented lucerne diet is economically reasonable if the target is to 

maximize economic output at the expense of environmental emissions.   
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Introduction In the last few years our team has made efforts for developing a method to evaluate the 

dynamics of gas production in silages, by collecting and measuring all gases produced during the 

fermentation (Schmidt et al. 2012). This system consists of a PVC silo attached to a graduated 

chamber immersed in water. From a completely closed system, we have surprisingly detected that a 

new phase of negative pressure inside the silos starts one to two weeks after sealing (Souza et al. 

2015). This effect has been detected throughout the trials we have performed with maize silage (n=7), 

even under a controlled-temperature room. From this unintentional discover, we have designed a 

simple trial to start studying this effect. This trial aimed to evaluate the pressure inside the silos as well 

as the carbon absorption when feeding the silos with carbon dioxide (CO2). The hypothesis is that a 

homoacetogenic acetyl-CoA pathway performed by bacteria occurs in maize silages which can lead to 

carbon absorption under an anaerobic metabolism. Findings in the literature support this idea. 

Material and Methods Eight PVC silos (8.8 L) were filled (196 kg DM m
-3

) with chopped maize forage 

(332 g kg
-1

 DM), closed with a proper cap and completely sealed with a liquid rubber glue, on April 08, 

2016. A previous test to block the escape of gases was performed. Silos were stored in a controlled-

temperature room (24±1 ºC) for 5 months. In the cap of each silo a silicon tube attached to a 3-way 

valve was inserted. A device composed of a low-density polyethylene chamber (1 L) was attached to 

the valve in each silo to collect and measure the volume of all gases produced during the 

fermentation. The internal pressure inside the silos was assessed using a mercury column manometer 

attached to the valve, with no escape of gases (Figure 1). 

   

Figure 1. Details of the silos, gas collector device, and manometer (photos: Patrick Schmidt). 

 

Once the silos stopped the gas production and started showing negative pressure, four of the eight 

silos were weekly fed with pure CO2. The polyethylene chamber was filled up with CO2 and then the 

valve was opened in order to balance the pressure inside the silo. The CO2 was not forced inside the 

silo. The volume of CO2 absorbed by the silo was recorded. The other four silos remained closed and 

their internal pressure continued being measured. After 147 days of storage, silos were opened and 

samples were taken for pH measuring. Descriptive statistics of the average data is presented. 

Results Silos showed gas production until 11 days after closing (3235±388 mL kg
-1

 DM). Twelve days 

after, a negative pressure (-0,5 mm Hg) inside the silos was detected. The silos that were kept closed 

showed increase of the negative pressure until 101 days after sealing (-43±2.6 mm Hg), and the value 

lasted until the opening (-44±2.8 mm Hg) (Figure 2a). The CO2 was made available for the silos 

28 days after sealing, and they absorbed 225±52 mL. Four days after, another 387±59 mL of CO2 
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were absorbed. A total of 19 supplies of CO2 were made during the trial, and silos have absorbed 

5590±2492 mL of CO2 during the whole trial (Figure 2b). One replicate stopped absorption in the first 

month, probably related to sealing failure. At the opening, the average pH of the silages was 

3.76±0.03 (kept closed) and 3.63±0.02 (CO2). 

  

Figure 2. Negative pressure inside the silos that did not receive CO2 (a); Accumulated CO2 

absorption by the silos where CO2 was made available (b). 

 

Discussion Although never described in silages, the homoacetogenic pathway of Acetyl-CoA, where 

an anaerobic bacteria is capable of reducing CO2 to acetate, has been a long time known (Wood and 

Ljungdahl 1991). Also referred as the Wood-Ljungdahl pathway, this energy-generating process is 

described for 19 bacterial genera and has been postulated as the first autotrophic process of the 

planet (Drake and Küsel 2003). Homoacetogenic bacteria have been intensively researched in recent 

years by pharmaceutical and petrochemical area. This biotechnology allows the use of gaseous 

residues for the production of fuels and organic acids, in bioreactors (Liew at al. 2016). The silage 

environment (anaerobiosis, pH and temperature) is prone for the development of these worldwide 

spread microorganisms. In the future, silos can be used as a bioreactor fixing pollutant gases from 

farm activities (CO, CO2, N2O) into high quality nutritive compounds of feed. A series of studies will be 

necessary for the practical application of this technology in silage science. 

Conclusion Maize silage is able for absorbing and fixing CO2 by the Wood-Ljungdahl pathway. 
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Introduction Cutting time influences the contents of water soluble carbohydrates (WSC), where 

herbage cut in the evening normally has higher WSC contents than herbage cut in the morning 

(Berthiaume et al. 2012; Pelletier et al. 2010). An experiment was conducted to investigate the effect 

of cutting time on the fermentation quality and aerobic stability of silage. 

Material and Methods Part of the first growth of a grass-dominated ley (A) and a grass–clover-

mixture ley (B) was cut in the evening (7 p.m.) and the rest on the following morning (9 a.m.) on 

16 and 17 May 2017, respectively. The forage was wilted to 40% dry matter (DM), chopped and 

ensiled during the afternoon of 17 May 2017 in laboratory silos with a capacity of 1.5 L. For each 

treatment, three samples were taken and analysed. After a storage time of 93 days, the silos were 

opened. The DM content was determined by oven drying (15 h at 60°C and 3 h at 105°C), and the 

nutrient contents were analysed by near-infrared spectroscopy. Additionally, in the silages, the 

fermentation parameters (pH, acids, ethanol and ammonia) were analysed, and the aerobic stability 

was investigated. Data were analysed using analysis of variance (Systat 13). 

Results and Discussion The DM contents of herbage cut in the evening from leys A and B were 

higher than that of the herbage cut on the following morning from the same ley (Table 1). For ley A, 

the WSC contents of the herbage decreased during the night, but this was not the case for the 

herbage of ley B. The herbage of ley A had less ash and crude protein and more fibres (neutral 

detergent fibre [NDF] and acid detergent fibre [ADF]) compared to that of ley B, which had a higher 

proportion of clover. 

Table 1. Dry matter (DM) content and nutrients in the herbage before cutting 

  Ley A Ley B SE Significance 
  PM AM PM AM  Ley Time L x T 

DM % 23.0 21.1 18.6 17.9 0.15 *** *** * 
Ash g/kg DM 77 77 91 95 1.7 *** ns ns 
CP g/kg DM 106 99 144 139 2.3 *** ns ns 
NDF g/kg DM 458 493 414 433 5.5 *** ** ns 
ADF g/kg DM 237 262 224 234 3.3 ** ** ns 
WSC g/kg DM 242 214 179 191 5.6 ** ns * 

SE: standard error; PM: evening; AM: morning; CP: crude protein; NDF: neutral detergent fibre; ADF: 

acid detergent fibre; WSC: water soluble carbohydrates 

Table 2. Dry matter (DM) content and nutrients in the herbage at ensiling 

  Ley A Ley B SE Significance 
  PM AM PM AM  Ley Time L x T 

DM % 45.2 40.4 40.8 37.2 0.98 * * ns 
Ash g/kg DM 74 75 88 86 1.4 *** ns ns 
CP g/kg DM 104 101 144 142 0.9 *** ns ns 
NDF g/kg DM 459 464 413 412 1.9 *** ** ns 
ADF g/kg DM 244 249 228 232 1.2 *** * ns 
WSC g/kg DM 277 254 213 203 2.9 *** ** ns 

SE: standard error; PM: evening; AM: morning; CP: crude protein; NDF: neutral detergent fibre; ADF: 

acid detergent fibre; WSC: water soluble carbohydrates 

At ensiling, the DM contents were higher in the herbage of ley A than that of ley B. In addition, the 

nutrient contents were influenced by the type of ley (Table 2). For the cutting time, WSC, NDF and 

ADF were influenced significantly. 
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The pH, lactic acid, acetic acid and ethanol in the silages were influenced by the type of ley and the 

cutting time (Table 3). Higher pH values and lower volatile fatty acid contents in the silages cut in the 

afternoon were also found by Berthiaume et al. (2012). All silages showed a good fermentation quality. 

The Deutsche Landwirtschafts-Gesellschaft (DLG) points varied between 90 and 93, and they were 

influenced by the cutting time.  

The silage of the morning cuts had a better aerobic stability than the silage of the evening cuts 

(Table 3). The reasons for these differences could be the lower DM content and higher acetic acid 

content. The extent to which the microbiological quality of the silage was responsible for the aerobic 

stability was not investigated. 

Table 3. Dry matter (DM), fermentation parameters and aerobic stability of the silages 

  Ley A Ley B SE Significance 
  PM AM PM AM  Ley Time L x T 

DM % 43.6 39.6 39.5 34.8 0.77 ** ** ns 
pH g/kg DM 5.5 4.8 5.2 4.7 0.04 * *** ns 
Lactic acid. g/kg DM 23 46 48 76 2.0 *** *** ns 
Acetic acid g/kg DM 7 14 13 22 0.8 *** *** ns 
Butyric acid g/kg DM 1 2 2 2 0.1 ** ns ns 
Ethanol g/kg DM 29 7 9 8 1.5 ** ** ** 
NH3-N/N % 5.8 6.9 11.2 11.1 0.27 *** ns ns 
DLG points 90 91 90 93 0.5 ns * ns 
Aerobic stability days 4.9 10.4 5.9 13.3 0.70 ns *** ns 

SE: standard error; PM: evening; AM: morning; NH3-N/N: ammonia-N content of total N; DLG: 

Deutsche Landwirtschafts-Gesellschaft 

 

Conclusion In the fresh herbage, the WSC contents of the herbage were higher in the evening than in 

the morning for the grass-dominated, but not for the grass–clover-mixture ley. At ensiling, both leys 

demonstrated higher WSC contents in the herbage cut in the evening. The pH, lactic acid and acetic 

acid were influenced by the cutting time and type of ley, but only the cutting time influenced aerobic 

stability. The lower DM-content and higher acetic acid content were partly responsible for this results. 
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Introduction It is becoming increasingly difficult to produce high-quality hay, because the hay rarely 

dries evenly on the field. Especially high mass coverage and unstable weather conditions make it 

almost impossible to uniformly dry to higher than 85% dry matter. Often it is the stem nodes that are 

not sufficiently dry. After harvesting, residual moisture returns to the stems and leaves. This benefits 

certain microorganisms, especially moulds. Their growth reduces quality and feed hygiene. External 

signs of microbial activity include the rise in the temperature in the stored hay. In order to counteract 

such spoilage processes, the use of preservatives is gaining increasing attention. As a rule, products 

based on propionic acid are used for this purpose. However, their use is not entirely unproblematic. In 

addition to relatively high application rates, the risk of corrosion in the recovery technology, the need 

for a special acid-resistant dosing technology and transport restrictions on possible application 

restrictions make its use difficult. The aim of the investigations was therefore to develop a user-friendly 

alternative product based on neutral salts to the classic acid-based products.    

Materials and Methods In the laboratory trial the relation between heating and microbial development 

and biochemical changes were studied. For this trial German Grazing Grass (Lolium perenne) was 

harvested in 2015, dried and pressed into 25 kg square bales as moist hay. The target value for the 

residual moisture was 22%. In addition to the untreated control (T1), the moist hay was treated with a 

special formulation of three anti-fungal chemicals (T3) (potassium sorbate, sodium benzoate and 

sodium propionate, produced by Danstar Ferment (Zug, Switzerland) with different individual modes of 

action. This salt mixture was applied at 250 g / t, solved in 1 litre water. Propionic acid (T2) (99.8%, 

4.5 l / t) was used for positive control. The moist hay was examined at the beginning of each test 

(Table 1, composite sample) and after 30 and 100 days of storage (sampling of 5 individual bales). 

During storage, the temperature development in the bales was recorded by means of a data logger. 

As the bales were stored, in such a way that the formed heat could escape easily, a temperature of 45 

° C was never exceeded. Furthermore, individual bales (n=5) of each treatment were examined after 

30 and 100 days of storage and the dry matter content, feed value and hygiene status were 

determined.  

Table 1. Nutritional and microbial parameters of grass prior to baling 

Parameter Unit Value 

Dry matter 

Crude ash 

Crude protein 

Crude fibre 

Neutral detergent fibre 

Acid detergent fibre 

Lactic acid bacteria 

Yeasts 

Moulds 

Enterobacteria 

% FM
1
 

% DM
2
 

% DM 

% DM 

% DM 

% DM 

Log CFU
3
/g FM 

Log CFU/g FM 

Log CFU/g FM 

Log CFU/g FM 

78.0 

9.7 

8.3 

28.2 

58.1 

29.8 

4.67
 

5.86 

6.18 

4.96 
1
Fresh material, 

2
Dry matter, 

3
Colony-forming unit 
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Results and discussion: Raw material (Table 1): The target residual moisture content of 22% was 

achieved. With regard to the hygiene status (mould count) the values, according to the VDLUFA-

orientation values of 1.500.000 CFU/g were achieved. Temperature development (Figure 1): During 

storage, there is a distinct warming in the untreated control, which was a clear indication of microbial 

spoilage processes. On the other hand, no increase in temperature was observed in all the replicates 

of moist hay treated with preservatives. Hygiene status (Table 2): Microbial spoilage quickly began in 

the untreated control. The mould count remained unchanged and high (after 30 days log 5,90 or after 

100 days log 5,60 CFU/g). In contrast, the number of moulds found in both preserved varieties 

decreased, with the largest decrease in the neutral salts mixture variant, with 100 days of storage; the 

number of moulds decreased here to 44,668 CFU/g. DM-content and further parameters (Table 2): 

Compared to untreated control, all preservative treated bales had a better feed value and higher 

energy densities. Thus, the digestibility of the organic matter in the bales, preserved with the new 

formulation, was 2.1% higher than the control, and the net energy was 0.12 MJ NEL/kg DM higher. 

Spoilage and loss of nutrients could be safely avoided. As expected, there was a further increase in 

dry matter content in the bales stored during the entire storage period. 

 

Figure 1. Bale temperature profile (5 replicates) 

 

Table 2. Cumulative temperature, hygiene status and nutritional value after 30 and 100 days of 

storage (5 replicates) (P<0,05) 

 Cumulative 
temperature 

°C 

Moulds 
Log CFU/g FM 

DM 
% 

dOS
1 

% 
NEL 

MJ/kg DM 

30 days storage 

T1 2422 + 62 5,90 83,1 60,3 4,57 
T2 2223 + 54 5,13 85,4 61,1 4,61 
T3 2242 + 66 5,62 85,0 63,7 4,75 

100 days storage 

T1 7458 + 198 5,60 84,0 60,1 4,54 
T2 6134 + 40 4,85 84,2 60,8 4,59 
T3 6168 + 22 4,65 84,1 62,2 4,66 
1
Digestibility of organic matter 

Conclusions With the help of preservatives, moist hay can be stored safely and loss-free. Heating 

and spoilage are prevented and quality is ensured. With the new product formulation based on neutral 

salts, a user-friendly alternative to the acid-based preservatives for moist hay is now available. 
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Introduction Arbitrating between the ideal nutritional content of grass hay and moisture content at 

baling for optimal preservation usually go opposite directions. Knowing that leaf separation from stems 

is a major cause of dry matter (DM) quality decrease in hay, many producers prefer to harvest at a 

higher moisture content to preserve nutrients concentrated in the leaves. Difficulty to anticipate 

weather conditions is also driving the decision to cut at a lower than optimal DM content too. Recent 

results about hay inoculants (Jin et al. 2017) demonstrated an effect on heating mitigation and 

digestibility enhancement of moist alfalfa hay inoculated with a combination of Pediococcus 

pentosaceus (PP) and chitinase (Ch). The objective of this study was to assess the effectiveness of 

this new technology on European grass and lucerne hays harvested at more than 20% moisture. 

Materials and Methods Grass (Lolium multiflorum) and lucerne (Medicago sativa) were harvested at 

66.6 and 68.1% DM respectively in 450 kg rectangular bales. The experimental treatment (PP+Ch), 

was compared to a negative control (C), propionic acid (PA) and low moisture hay (LMH, 79.9% DM). 

Five bales per treatment were harvested. Application rate was 2L/t for C (water), PP+Ch (10
12

 CFU/kg 

PP NCIMB 12674 + chitinase (LANiHay01) at a minimum of 6 unit of chitinase activity/g, i.e. 1.5L/t) 

and 5L/t for PA. Bales were moved to a common storage site and stacked in piles of 2 or 3 bales 

within treatment under the shed of a farm building. Piles were spaced by a minimum of 60cm to allow 

sampling and air circulation.., A temperature probe (Thermo-Tracer 21G, Oceasoft, France) was 

manually inserted in the core of the bale for 120d of recording. At days 0, 15, 30, 60, 120 and 240 of 

storage, each bale was mechanically drilled and samples dried in a forced air oven at 55°C for 48 

hours to determine the dry matter content. In addition, in vitro digestibility of aNDFom fraction 

(IVNDFD) was determined after 24h and 240h for each forage, as well as 48h for Lucerne, and 72h for 

Grass according to Palmonari et al. (2017). Each sample was analyzed in duplicate, in two different in 

vitro incubations. For each time point, two replicates of blank sample were run. Blanks were prepared 

as described above but without the addition of any sample, and then treated as the other samples. 

The two IVNDFD digestibility assays started within 10 days of each other. For all analysis, sample 

preparation was the same, as were the donor cows and their diet. Digestibility at any given time point 

was calculated as: 

IVNDFD, % aNDFom = [1 – (aNDFomr – aNDFomb) / aNDFomi] *100 

where aNDFomr is the residual aNDFom, aNDFomb is the blank correction, and aNDFomi represents 

the initial NDF. All the described terms are expressed in grams. Statistical analysis was conducted via 

ANOVA using the JMP-12 software (SAS Institute Inc., Cary NC). Least squared means were 

compared using the Tukey adjustment, setting significance level at P < 0.05. 

Results Average temperature (°C) was similar among treatments over 120d but some differences 

occurred within the first 30 d: Grass 50, 50, 42, 49 °C; Lucerne: 57, 49, 46, 50 °C for C, PP+Ch, PA 

and LMH respectively. Recorded temperatures were the highest for C in Lucerne only (P < 0.05). The 

24 h IVNDFD was not affected by treatments after 30 d in grass hay, but PP+Ch enhanced (P < 0.05) 

72 h IVNDFD compared to  C from 60 d of storage (Table 1) until 240 d(50.9 vs 59.5%, for C vs 

PP+Ch). For Lucerne, 24 h IVNDFD was improved (P < 0.05) for PP+Ch after 4 months of storage 

(Table 1), and more digestible fibre was also preserved after 48 h with highest IVNDFD for PP+Ch  

(P < 0.05), i.e. + 13-15% NDFD over C after 60-240 d days of storage. Interestingly, 240 h IVNDFD 

was still greater (P < 0.05) for PP+Ch than C in both forages, which was also better than PA and LMH 
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starting after 60 d of storage. Sugars were already consumed by the microflora after 15 d, and ash 

content was constant across treatments. 

Table 1. In vitro NDF digestibility (IVNDFD) at 24, 48, 72 or 240 h and 60, 120 or 240 d of storage of 

grass or lucerne hay. 

Grass hay C
1
 PP+Ch PA LMH SEM 

aNDFom, 60d 61.2 
a
 55.5 

b
 61.3 

a
 55.4 

b
 ? 

72h IVNDFD, 60d 46.7
a
 54.9 

b
 47.3 

a
  47.1 

a
 1.5 

aNDFom, 120d 62.2 60.2 61.9 57.0 ? 
240h IVNDFD, 30d 60.28 

a
 65.31 

b
 61.96 

a
 58.49 

a
 2.01 

      
      

Lucerne hay C PP+Ch PA LMH SEM 

aNDFom, 120d 46.7 41.7 41.6 41.0 ? 

24h IVNDFD, 120d 25.8 
a
 30.6 

b
 25.8 

a
 29.2 

ab
 1.6 

aNDFom, 240d 48.0 
a
 41.7 

b
 42.9 

b
 39.6 

b
  

240h IVNDFD, 240d 46.8 
a
 53.1 

b
 49.2 

c
 50.0 

c
 1.5 

 1
C = negative control; PP+Ch = P. pentosaceus NCIMB 12674 + chitinase; PA = propionic acid; LMH 

= low moisture hay. Different letters in superscripts within the same row represent statistical difference 

at P < 0.05. 

 

Discussion Preservation of moist hay with a specific hay inoculant looks encouraging since nutritional 

value can be optimized. Indeed, even if actual chemical composition was not affected by the type of 

inoculation or moisture content, fibre digestibility was improved with the new ―inoculant‖. This feature 

is highlighted by the higher values obtained even against traditional preservatives, such as propionic 

acid, or good dry hay. Moreover, considering that fibre in grasses is slower digested than in legumes, 

even if their overall digestibility is greater, the increase of slowly digestible NDF with PP+Ch after 72 h 

is emphasized by the differences observed in the indigestible fibre fraction after 240 h incubation  

(-26.6% vs C) at 60 d of storage. It suggests that undesirable fermentations inside the bale were 

prevented with PP+Ch since a greater fibre fraction was still available after 72 h. PP+Ch is likely to 

have modified hay microbiome toward a reduced activity of fibrolytic bacteria and fungi, but it still has 

to be documented. On the other hand, Lucerne digestibility was improved even at 24 h, which 

represents the rapidly digestible fibre fraction. Interestingly, PA behaved similarly to C, suggesting an 

impact of propionic acid on the hay microbial inoculum. However, temperature rise was constantly 

reduced by PA for both forages, whereas PP+Ch was more effective on Lucerne. 

Conclusions Results of this study suggest that moist hay can be well preserved with an inoculant 

made of Pediococcus pentosaceus NCIMB 12674 with a chitinase enzyme, already after 30 d of 

storage. Moreover, the treatment positively impacted in vitro fibre digestibility, leading to an improved 

nutritional value of the forage. Further, PP+Ch mitigates heating process for Lucerne. 
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Introduction The Rostock Fermentation Test (RFT) has been established as quick method to assess 

the ensilability of plant material (Pieper et al. 1989) and the fermentation performance of lactic acid 

bacteria (LAB) as silage additives (Zierenberg 2000). RFT pictures particularly the beginning of the 

fermentation process with a reliable accuracy (Pieper et al. 2017). In Germany, the RFT is also used 

for the re-evaluation of biological silage additives with quality labels of the German Agricultural Society 

(Richter et al. 2010). Criterion is the pH decline during simulated onset of lactic acid fermentation with 

cluster analysis for the comparison of treatments. Modelling of the process dynamics has not been 

applied so far and was the objective of this study. The hypothesis was that a mathematical model 

fitted to the pH decline during RFT reflects biological principles and that curve interpretation 

furthermore allows a more sophisticated investigation of the biological process and distinction between 

treatments.  

Material and Methods 2,420 RFT records from own studies and the literature (Briest 1994, Acosta 

Aragon 2004, Schmidt 2007, Hoedtke and Zeyner 2011, Gefrom 2012, Pieper et al. 2017, Hoedtke 

and Zeyner, unpublished) with different plant material (grasses, legumes, grass-clover-mixture, wild 

plants, maize silage, cereal and legume grains) and a multitude of experimental variations (osmolality, 

additives) were used for curve fitting and interpretation via NLMIXED for non-linear models (SAS).  

Results and Discussion The following two non-linear functions have been selected providing 

superior convergence with distinct curve variables allowing predictions and biological interpretations: 

Logistic function                         ( )    (  
 

     (
   

 
)
) 

Gompertz function     ( )    (        (     (
   

 
))) 

The biological interpretation of the logistic function is the following: 

a0  = pH value at the beginning of the RFT 

a = potential of pH decline, given as relative number between 0 and 1 

b = time point at which half of the potential pH decline is reached 

c  = ‗b + c‘ means the time point at which a quarter of the potential pH decline is reached 

 Similarly, the following applies to the Gompertz function: 

b = time point at which one third of the potential pH decline is reached 

c = ‚b + c‗ (where ‗c‘ is a negative number)  

= time point at which 70% of the potential pH decline is reached 
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Further items apart of the starting pH were the following: 

1) the pH at the end of the test  

2) the time point at which the pH first significantly fell below the starting level  

3) the time point at which the pH was for the last time significantly different from either the starting or 

the final level for the first or the last time, respectively 

4) the maximum expression (potency) of pH decline  

5) the time point at which the pH decline reached its maximum expression.  

Table 1 gives an example for curve variables following fitting of RFT readings to a logistic curve with 

ryegrass incubated alone (CON) or with sucrose (SUC) and a biological additive (LAC), respectively. 

Table 1. Curve variables
1
 for Rostock Fermentation Test readings in a trial with ryegrass incubated 

alone (CON) or with sucrose (SUC) and a biological additive (LAC), respectively 

Treatment Convergence
2
 a0 a b b + c 

CON yes 6.22 0.38 14.3 h 11.5 h 
SUC yes 6.27 0.44 14.8 h 10.9 h 
LAC yes 6.20 0.43 13.7 h 13.6 h 
SUC + LAC yes 6.22 0.49 11.6 h 9.17 h 

RFT, Rostock Fermentation Test; 
1
logistic equation; 

2
answer the question of the quality of curve fitting; a0, pH value at the 

beginning of the RFT; a, potential of pH decline, given as relative number between 0 and 1; b, time point at which half of the 
potential pH decline is reached; c = ‗b + c‘ (with ‗c‘ being a negative number), time point at which a quarter of the potential pH 
decline is reached 

Based on these variables, it was possible to distinguish between treatments. The quality of reading 

adaptation to the curve can be characterised (‗convergence‘) and thus irregular trends identified 

indicating failed fermentation. The overall application of the functions to the experimentally derived 

data showed that only treatments within a given trial should be used for direct comparison. Even 

apparently identical conditions during different trials lead to gradual deviations in the curve.  

Conclusion Mathematical modelling of the pH decline during the RFT is possible and allows a more 

sophisticated interpretation and prediction of the biological process of ensiling. Curve variables can be 

used for the distinction of treatments with respect to the process step in which the treatments differ.  
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Introduction Temperature increase during aerobic exposure of silage – typically during feed out – is a 

well-established method of describing increased activity of yeast and mould (McDonald et al. 1991). 

While real-time temperature tracking is relatively easy, the corresponding real-time dry matter (DM) 

loss during continued aerobic exposure is difficult to establish. Models to predict DM loss as a function 

of temperature do exist. These are, however, associated with shortcomings, eg. lack of threshold 

temperatures or using a stepwise logic, that is neither sensitive nor robust, with a corresponding risk of 

overestimating DM loss. The objective of this meta-analysis study was to establish the regression 

correlation between DM loss and increased temperature after 24 hours of aerobic exposure. 

Material and Methods A literature review (n=9) on the DM loss after 24 hours aerobic challenge was 

used as the basis for this meta-analysis study. Silages (corn, alfalfa, and grass at DM ranging from 15-

35%), were all sampled from field stacks; temperature and DM loss were subsequently measured on 

samples stored for 24 hours in plastic bags, left exposed to air. DM loss (%) and temperature (°C) end 

points after 24 hours were plotted and submitted to a regression analysis (SAS institute). As a 

reference method, using a stepwise assessment of dry matter loss as a function of the difference in 

the temperature vs ambient was compared with the new model. 

Results Based on the meta-analysis study DM loss significantly increases 0.49% per 1 °C increase in 

temperature. A linear regression was established with the following equation: DMloss = 0.49T-9.73,  

where DMloss (%), and T = temperature peak (°C). The equation establishes DM loss in % (+/- 0.16; 

P=0.02) with intercept -9.73 (+/- 4.12; P=0.05); R² = 0.56. The so far used method describes the 

following levels of DM loss as a function of temperature (ΔT of recorded temperature during aerobic 

exposure and ambient temperature): ΔT< 1 °C = no DM loss; ΔT > 1 °C < 2 °C = 3% DM loss; ΔT > 2 

°C < 5 °C = 10% DM loss; ΔT > 6 °C = 15% DM loss. Data is shown in Table 1. 

Table 1. Dry matter loss after 24 hours aerobic exposure (meta-analysis) vs. three different models for 

predicting DM loss as a function of temperature 

 

Ambient 

temperature 

during 

aerobic 

challenge 

Max 

temperature 

recorded 

after 24 h of 

aerobic 

exposure 

DM loss (%) 

recorded 

after 24 h of 

aerobic 

exposure 

DM loss 

(%) from 

McDonald 

et al. 1991  

(ΔT to 

ambient 

step logic) 

DM loss 

from 

Henderson 

et al. 1979 

DM loss 

from 

Woolford 

et al. 

1984 

DM loss 

(%) using 

new linear 

regression 

model 

Obs. 1 20 27 4.0 15 3.11 1.99 3.50 

Obs. 2 20 22 0.0 10 2.26 1.29 1.05 

Obs. 3 21 25 1.2 10 2.77 1.71 2.52 

Obs. 4 21 25 1.7 10 2.77 1.71 2.52 

Obs. 5 21 25 1.5 10 2.77 1.71 2.52 

Obs. 6 21 25 4.5 10 2.77 1.71 2.52 

Obs. 7 21 25 2.0 10 2.77 1.71 2.52 

Obs. 8 21 30 5.0 15 3.62 2.40 4.97 

Obs. 9 20 21 1.7 3 2.09 1.15 0.56 

Average deviation from recorded DM loss (%) 7.93 -0.37 0.69 -0.12 

Obs.= Observation, Obs. 1 from Wilkinson and Hall (1965); Obs. 2 from Henderson et al. (1979); Obs. 3 and 4 
from Schukkling and Overvest (1980); Obs. 5 and 6 from Honig and Woolford (1980); Obs. 7 and 8 from Honig 
(1980); Obs. 9 from Rees (1982) 
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Discussion Henderson et al. (1979) developed a model to predict DM loss as a function of 

temperature increase with the following equation: DMloss = 0.17T-1.480 (P=0.01); R² = 0.9646, based 

on temperature increase after 24 hours of aerobic challenge. Similarly, Woolford (1984) developed a 

model to predict DM loss as a function of temperature increase with the following equation: DMloss = 

0.1396T-1.7794 R² = 0.1949, based on temperature increase after 24 hours of aerobic challenge. Both 

existing models are superior to the step logic. When submitting the data from the present meta study, 

Henderson‘s model underestimates DM loss by 0.37% points on average, Woolford‘s model 

overestimates DM loss by 0.69% points on average, whereas the new model developed on the basis 

of the present meta study, underestimates DM loss by 0.12% points on average. 

Conclusion Based on this meta-analysis study we found a better fit in the prediction of DM loss as a 

function of temperature. According to the model, no significant DM loss occurs at temperatures below 

20 °C. This correlates well with the growth pattern of spoilage organisms - typically yeast - associated 

with temperature increases in silages upon aerobic exposure. The method needs to be validated on 

different crops, storage structures, and time points. 
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Introduction Silage fermentation is a dynamic microbial process involving the acidification of the 

forage by lactic acid bacteria activity in order to stabilize the biochemical and microbial constituents. 

Synthesis of organic acids, mainly lactic acid in the initial phase follows the reactivation and growth of 

members of the Lactobacillales. A succession of microbial genera occurs as the pH drops. To ensure 

optimal fermentation and to promote other characteristics, such as improvement of aerobic stability, 

silage can be inoculated with live microbial additives. The impact of bacterial inoculation on silage 

quality has been demonstrated in numerous research (Oliveira et al. 2017) but its influence on 

microbial diversity throughout the fermentation process deserves more attention (Muck 2013). The 

potential of microbial inoculants to modify the microbial community was observed using traditional 

microbiology techniques, and also recently using molecular techniques (Eikmeyer et al. 2013). A 

microbial diversity study using amplicon sequencing has been performed on corn and alfalfa silages to 

evaluate how a lactic acid bacteria inoculant influenced succession of the microbial communities. 

Material and Methods Two separated ensiling experiments were performed using similar analytical 

process, one with corn (352 g dry matter (DM) kg
-1

) and the second one with alfalfa/grass (86/14% 

botanical composition at 395 g DM kg
-1

). Inoculation was performed using a combination of 

Lactobacillus buchneri NCIMB 40788 and Lactobacillus hilgardii CNCM-I-4785 and was compared to 

the forage without inoculation. The forages were ensiled under vacuum bag mini-silos using 300 g of 

material. Five repetitions were made for each treatment. Vacuum was applied with a commercial 

vacuum sealer (Weston 2300). Silage was incubated for 0, 1, (2 for corn), 4, 8, 16, 32 and 64 days. 

DNA was extracted using MoBio's Power Lyser Power Soil DNA isolation kit prior to amplicon 

sequencing of the 16S rDNA V4 region (bacteria) and ITS1 region (fungi) on an Illumina MiSeq 

sequencer. Diversity data were analyzed using edgeR package. Analysis of fermentation parameters 

was performed at Cumberland Valley Analytical Service (Maryland, USA). One-way ANOVA was used 

for comparison between treatments. All statistical analyses were performed on R (version 3.3.3). 

Results and Discussion For corn and alfalfa silage, the fermentation profile followed the expected 

drop in the pH of the silage, starting within the first 24 hours of fermentation. In that initial 24 hours, the 

pH reached nearly 5.0 for corn and alfalfa samples. For all treatments, the lowest pH values were of 

3.68 (16 days - control) for corn and 4.57 for alfalfa/grass (32 days - control). The concentration of 

organic acids followed the trends observed by the pH, with higher concentration as the pH drops. As 

for the bacteria diversity, the fresh forage Enterobacteriales were identifed as the most abundant 

group in the case of corn and Pseudomonadales for alfalfa/grass (Figure 1). After 24 hours of ensiling, 

Lactobacillales superseded over the initial population. At that point in the incubation period, corn and 

alfalfa/grass followed different succession pathways. In corn, Lactobacillaceae family was the main 

population. For alfalfa/grass, Leuconostoccaceae dominated the silage for most of the incubation 

period, with Weissella representing the dominant genus. Adding lactic acid bacteria inoculants 

increased the speed of the microbial succession toward a heterofermentative community. At the Order 

taxonomy level, the observed changes induced by inoculation were more important for the corn than 

for alfalfa/grass silage. Inoculated corn silage had a significantly (P < 0.01) smaller population of 

Enterobacteriales compared to the control after 64 days of fermentation. For alfalfa/grass, no 

difference was visible between the two treatments at the Order community profile. Differences were 

observed at the Family and Genus level following inoculation with L. buchneri 40788 + L. hilgardii 
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4785. The genus Lactobacillus was basically absent from non-inoculated samples but represented 

more than 50% of the bacteria community for the inoculated samples (P < 0.01), a trend that started at 

day 4. Inoculation in alfalfa/grass did contribute to lowering the proportion of other Orders present in 

the community by more than 12% of the relative abundance for alfalfa/grass (P < 0.01). Fungal 

population also changed throughout the fermentation periods, with yeast (Ascomycota) succeeding 

over Basiodiomycota in corn silage. Interestingly the combined inoculant contributed to the change in 

the fungal population by selecting for specific genera of yeast, while overall fungal related reads 

numbers were reduced. As an example, the yeast Malassezia was typical of non-inoculated 

alfalfa/grass. The results observed here also confirmed the observation of a similar study performed 

by Gharechahi et al. (2017). 

Conclusion As previously observed by classic microbiology, microbial population changes are 

dynamic along the ensiling period. This amplicon based metagenomic diversity study with corn and 

alfalfa/grass allowed for detailed observation of the succession in bacterial and fungal population, and 

the impact of inoculation. Inoculation with a mix of two heterofermentative strains, L. buchneri 40788 

and L. hilgardii 4785, positively modified composition of the Eubacteria community for both types of 

silages. Evolution of the microbial community is a dynamic process that changes along the incubation 

period used in these two fermentation trials. 

 

Figure 1. Community composition at the Order level following 16S (V4-region) operon 

metasequencing of whole plant corn silage and alfalfa/grass (86/14% composition) silage fermented 

for 1, 2 (only for corn), 4, 8, 16, 32, and 64 days. Inoculation with L. buchneri 40788 + L. hilgardii 4785 

was compared to samples not inoculated. 
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Introduction Scald, net blotch and spot blotch are the most common foliar diseases of barley in 

western Canada (Turkington et al. 2011). These foliar diseases result in destruction of photosynthetic 

leaf area, thereby reducing barley yield and quality. Application of foliar fungicide has been reported to 

improve the yield and quality of barley. However, the effect of foliar fungicide on the quality and 

microbiome of barley silage has not been evaluated. It is hypothesized that foliar fungicide application 

would alter nutrient and microbial compositions during ensiling and aerobic exposure of silage. 

Materials and Methods The study was conducted at the Lacombe (Laco) and Lethbridge (Leth) 

Agriculture and Agri-Food Canada Research Centres in 2016. Six-row barley was seeded in replicate 

plots and sprayed with Twinline® fungicide (metconazole and pyraclostrobin) at the flag leaf 

emergence stage or not sprayed at both locations. Barley was harvested at mid-dough, chopped to a 

theoretical chop length of 9.5 mm and triplicate mini silos per treatment and day were prepared at 

each location and opened after 3, 7, 14, 21 and 60 d of ensiling for nutrient, microbial and molecular 

analyses. Triplicate silage samples from mini silos opened on d 60 of ensiling were used for evaluation 

of aerobic stability of the silage using Thermochron iButtons. Samples were collected on d 3, 7, 14 

and 21 of aerobic exposure for microbial and molecular analyses. Microbial populations were 

estimated as colony forming units (cfu) and were log transformed prior to statistical analysis. Extracted 

DNA samples were sequenced and operational taxonomic units (OTUs) were analysed for taxonomic 

characterization of bacterial and fungal microbiomes. Alpha diversity index (Chao1, Shannon-Weiner 

index and rarefaction curve) and taxonomic classification were then computed using QIIME software 

(Duniere et al. 2017). The nutrient composition, ensiling parameters, aerobic stability and microbial 

data of barley silage were analysed using the mixed model procedure of SAS (version 9.4) for 

repeated measures with the effect of location × day and treatment × day included in the model. 

Differences were declared at P < 0.05. 

Results and Discussion Silage pH averaged 4.2 ± 0.08 (Mean ± SD) after 60 d of ensiling across 

treatments and locations. The pH of fresh forage was greater (7.01 vs 6.53; P = 0.005) while that of 

silage on d 3 of ensiling was lower (4.58 vs 5.06; P = 0.005) at Laco relative to Leth. Moreover, pH of 

fungicide sprayed forage (6.56 vs 6.98; P = 0.024) and silage on d 3 (4.53 vs 5.10; P < 0.001) was 

lower relative to untreated barley. Silage pH decreased (P < 0.001) with the duration of ensiling while 

both pH (P ≤ 0.01) and temperature increased after d 7 of aerobic exposure. Lactic acid concentration 

of fungicide sprayed silage on d 7 (50.8 vs 34.2 mg/g DM; P = 0.017) and d 14 (55.9 vs 39.5 mg/g DM; 

P = 0.020) of ensiling was greater than that of untreated silage.  The decrease in silage pH during 

ensiling correlated to the concurrent increase (P < 0.001) in concentration of lactic acid. Moreover, 

concentration of lactate, acetate, total VFA, Lactate:Acetate and ammonia increased (P ≤ 0.022) with 

days of ensiling. The concentration of lactic acid decreased (P < 0.001) over the period of aerobic 

exposure.  

The DM content of silage at Laco was higher (39.0 vs 36.5%; P = 0.002) than that at Leth while silage 

produced from fungicide sprayed barley forage was lower (36.7 vs 38.7%; P = 0.010) than untreated 

forage. The CP content of silage averaged 14.0 ± 1.27% (Mean ± SD) during ensiling. Silage 

produced from fungicide sprayed barley forage had lower NDF content (36.8 vs 41.3%; % DM basis; P 

= 0.014), while both ADF (P = 0.046) and NDF (P < 0.01) decreased during ensiling. Conversely, the 
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starch content of barley silage increased (P < 0.001) with days of ensiling. Water soluble carbohydrate 

(WSC) content of treatments increased (P < 0.001) with days of ensiling while it decreased after d 7 of 

aerobic exposure. Moreover, WSC content was lower (4.0 vs 24.4 mg/g DM; P = 0.003) at Laco 

relative to Leth on d 3 of ensiling. The aerobic stability averaged 252 ± 92 h (Mean ± SD) across 

treatments. The number (log10 cfu/g DM) of lactic acid bacteria increased (P < 0.001) with duration of 

ensiling peaking 3 d post-ensiling and declining thereafter. Moreover LAB count was greater (6.05 vs 

4.92 log10 cfu/g DM; P < 0.001) in fresh barley forage at Laco relative to Leth. Number of yeasts and 

moulds decreased (P < 0.001) with days of ensiling. There was greater yeast concentration (6.59 vs 

3.49 log10 cfu/g DM; P < 0.001) on d 3 and lower yeast concentration (0.37 vs 2.43 cfu/g DM; P = 

0.019) on d 7 of ensiling in Leth relative to Laco. Number of moulds were lower (P = 0.01) for fungicide 

sprayed relative to untreated silage on d 7 of ensiling (Figure 1a). Total number of LAB, yeasts and 

moulds increased (P ≤ 0.03) upon aerobic exposure (Figure 1b). Bacterial diversity (Chao1, OTUs and 

Shannon‘s diversity index) increased (P ≤ 0.001), while fungal diversity decreased (P < 0.001) during 

ensiling. The bacterial and fungal communities differed between locations and during the ensiling and 

aerobic exposure periods as determined by Principal Coordinate Analysis. During ensiling, fungicide 

sprayed barley contained greater abundance of Xanthomonas, Bacillus and fungi of the genus 

Wickerhamomyces and lower numbers of unclassified Leuconostocaceae relative to untreated barley 

(Figure 2a, 2b).  

  

Figure 1. Effect of duration of ensiling (a) and aerobic exposure (b) on lactic acid bacteria (LAB), 
yeast and mould counts. * indicate mould count of fungicide treated silage lower than untreated (P = 
0.01) 

 

Figure 2. Effect of fungicide application on relative abundance of bacterial (a) and fungal core 

microbiome during ensiling. OTUs were assigned at genus level.  

Conclusion Results suggest that the location and fungicide application affected LAB, yeast and 

mould counts during ensiling. Fungicide application can effectively reduce the number of moulds 

during ensiling but did not influence aerobic stability of barley silage. 
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Introduction Ensiling at dry matter (DM) concentrations lower than recommended for corn 

(< 32% DM) can result in seepage of nutrients and undesirable clostridial fermentation. We evaluated 

the effects of adding a combination inoculant to four corn (Zea mays L.) hybrids harvested at high 

moisture on the nutritive value, fermentation profile, aerobic stability, bacterial and fungal populations, 

and community structure. 

Materials and Methods The treatment design was a factorial combination of four corn hybrids (HYB) 

ensiled with (INO) and without (CON) inoculant. HYB were TMF2R737 (MCN), F2F817 (MBR), 

P2089YHR (PCN), and PI144XR (PBR), ensiled at 30.5, 26.3, 31.1, and 31.5% DM, respectively. 

MBR and PBR were brown midrib mutants. The four corn hybrids were planted in a complete 

randomized design with plots replicated six times. Two replicated piles were obtained from each corn 

plot (total of 48 piles). The inoculant contained Lactobacillus buchneri and Pediococcus pentosaceus 

(4 × 10
5
 and 1 × 10

5
 cfu/g of fresh corn). Corn was chopped, treated or not with INO, packed into 7.6 L 

bucket silos, and stored at 23°C (± 1 °C) for 100 d. Sonication was used for microbial extraction 

(Gutierrez-Rodriguez et al. 2012) and the 16S rRNA V4 (bacteria) and ITS-1 (fungi) regions were 

amplified. The libraries were sequenced on a Illumina MiSeq platform and analysed with QIIME 1.9.1 

using the GreenGenes 13.8 and UNITE fungal ITS reference database. We used the GLM procedure 

of SAS v.9.4 (SAS Institute 2003) for data analysis. When a two-factor interaction effect was present, 

we used the SLICE option to analyse the simple effects. Mean separation was based on the PDIFF 

procedure of LSMEANS. 

Results and Discussion At d 0 there were differences due to hybrids solely (P ≤ 0.05). The lactic acid 

bacteria count (LAB; log cfu/g of fresh corn) was similar for PCN and PBR (8.4) and both were greater 

than MCN and MBR (7.7±0.23); yeast count was greatest in PCN (6.8 vs. 6.0±0.14), and mold count 

was lowest in PBR vs. the others (4.6 vs. 5.2±0.15). Bacterial relative abundance (RA, %) of 

Enterobacteriaceae was lower in PBR vs. the other hybrids (~51.3 vs 58.4, respectively; P < 0.04). For 

fungi, MCN and PCN had a higher RA vs. MBR and PBR for Tremellales (~25.8 vs. ~13.9 ± 3.91) and 

lower RA for Mucoraceae (~3.64 vs. ~7.51 ± 1.18; P < 0.04). PBR had a higher bacterial and fungal 

operational taxonomic unit (OTU) richness vs. other HYB (640 vs. ~554 ± 21.3 and 82 vs. ~73 ± 1.3, 

respectively; P < 0.05). At opening (d 100), INO had higher (P ≤ 0.05) LAB (9.3 vs. 7.1 ± 0.29 log cfu/g 

of fresh corn) and acetic acid (3.44 vs. 1.32 ± 0.35% of DM) and lower yeast (3.1 vs. 4.6 ± 0.45) and 

molds (1.5 vs. 3.0±0.61 log cfu/g of fresh corn), and also extended the aerobic stability (582 vs. 

111±128 h) vs. CON. However, INO had lower (P ≤ 0.05) DM recovery (95.6 vs. 97.4±1.05%) and 

lactic acid for all HYB (4.2 vs. 7.6) except MCN (4.9±0.59% of DM; INO × HYB, P < 0.01), vs. CON. 

The increased aerobic stability and decreased DM recovery in INO can be explained by the extensive 
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acetic acid production that decreased the counts of both yeast and molds (Kleinschmit and Kung, 

2006). The INO reduced bacterial (66 vs. 226 ± 10.7) and increased fungal (46 vs. 20 ± 2.95) 

observed OTUs vs. CON (P < 0.01). These results suggest that INO reduces the bacterial and 

increases fungal diversity consistently across all ensiled hybrids tested in this study. INO had higher 

RA vs. CON for Lactobacillaceae (99.2 vs. 75.7 ± 3.08%) and lower RA for Enterobacteriaceae 

(0.28 vs. 9.93 ± 1.32). INO had a lower RA of Leuconostocaceae vs. CON only for PBR (0.21 vs. 14.5) 

but not for other HYB (~0.21 vs. ~2.70±1.87; HYB × INO, P < 0.05). Collectively for the major bacterial 

families at d 100, RA were 86.6 and 0.4% of genus Lactobacillus and Pediococcus for 

Lactobacillaceae; 1.7 and 1.1% of genus unidentified and Leuconostoc for Leuconostocaceae; and 

3.7 and 0.4% of genus unidentified and Cronobacter for Enterobacteriaceae. The overwhelming 

dominance of Lactobacillaceae and the reduction of Enterobacteriaceae observed in this study shows 

that INO has the potential to keep silos hygienic besides the other effects reported on forage quality 

and conservation. For fungi, INO did not affect Saccharomycetaceae (~40.8%) but a lower RA vs. 

CON for Monascaceae (12.6 vs. 44.7 ± 7.30) and increased incertae sedis Tremellales (8.0 vs. 

1.2 ± 2.31) and incertae sedis Saccharomycetales (6.4 vs. 0.3 ± 1.7). Collectively for the major fungal 

families at d 100, RA were 42.4% of genus Kazachstania for Saccharomycetaceae; 30.8% of genus 

Monascus for Monascaceae; 6.6% of genus Hannaella for incertae sedis Tremellales; and 5.9% of 

genus Candida for incertae sedis Saccharomycetales. At d 0 vs. 100, we observed a clear separation 

and difference in the distribution and structure of the bacterial and fungal community using the 

weighted UniFrac and Bray-Curtis principal coordinates analysis plot, respectively. However, between 

CON and INO differences were only observed for bacteria at d 100. 

Conclusions INO used consistently improved aerobic stability across HYB by increasing acetic acid 

and reducing fungal counts but had lower DM recovery of the corn ensiled at high moisture. This can 

be partially explained by the Lactobacillaceae dominance in INO silages, compared to a more diverse 

CON, and reduced Monascaceae, which increased fungal diversity relative to CON. 
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Introduction Over the last decades, political and social pressure to reduce the pollution arising from 

agro-industrial activities has led to the food processing industry to modify their production processes, so 

that their residues can be reused. Several parts of plants that are not exploited during the process of 

industrial transformation, such as vegetable and fruit residues from commercial processing, have turned 

these wastes into by-products and become available for animal feeding in areas such as south-eastern 

Spain with low forage supply (Márquez et al. 2010). However, vegetables and fruits usually have a high 

amount of water, which causes them to have a rapid degradation and difficult conservation. The ensilage 

can be an adequate method but the environmental pollution capacity of the effluent and its environmental 

impact must be considered to prevent the release of effluents, with very high: chemical oxygen demand 

(COD), biochemical oxygen demand (BOD5), pH, conductivity (C) and total suspended solids (TSS). 

Several authors have used different models to find the best prediction equation, for crops with low or 

medium content of dry matter (DM) but no much information has been found about how is produced the 

flow of the effluents in high moisture content silages. The objective of this study is to know the amount of 

effluents released in the silage of different vegetable by-products with low dry matter content.   

Material and Methods Seven common vegetable by-products in the industries producing vegetables 

(aubergine, lettuce, tomato, zucchini, persimmon, broccoli, and artichoke) were used to find the best 

equation to predict the effluent production after the silage process. Three replicates of each one was 

chopped and packed into plastic bags, adjusting the weight to 150 or 250 g, using a vacuum heat-

sealer. The by-products were stored for 28 days at 9 °C temperature. The effluent production was 

measured and the DM content determined. To find the best prediction equation for effluent production 

based on the DM content of the by-products, the Curve Expert 1.4 program, with 90 fit models 

incorporated, was used (Hyams 2005).  

Results and discussion The DM content and the effluent produced of the by-products are shown in 

Table 1.  

Table 1. DM content and effluent production of different vegetable by-product silages 

By- product 
Dry matter 
(DM) g/kg 

Effluent production 
mL/kg DM 

Artichoke 297 0 

Persimmon 183.63 35.04 

Broccoli 103.8 44.8 

Aubergine 76.11 75.3 

Zucchini 69.50 95.2 

Lettuce 61.83 106.09 

Tomato 25.58 146.71 

The date ranged from 24.6 to 297 g/kg of tomato and artichoke by-products, respectively. The best 

equation found was the quadratic model Y= 2.05 -1.23x + 1.82 x
2
, with r

2
 = 0.973 and SE = 16.9 
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(Figure 1) where can be seen that small increases on moisture content can produce very important 

elevations on effluent production. The second-best fit found was for the reciprocal equation, Harris 

model: Y = 1 /3.082 + 1.314 X 
1,005

, with r
2
 = 0.953 and SE = 18.4. For Megías et al. (2014) this model 

was the best found with less types of by-products, but the r
2
 was higher. 

 

Figure 1. Prediction curve of production of silage effluent based on DM content of different vegetable by-

products. 

 

Conclusion This study showed that changed in the moisture content of seven by-products can 

produce very important variations of the effluent production. More studies are necessary to know what 

other parameters, in addition to DM, affect to the production of effluents during silage to decrease the 

release of them. 
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Introduction The traditional way to analyse silage composition includes the identification and classification 

of its components in categories such as protein, fat, fibre fractions, vitamins and minerals (VDLUFA 2012). 

However, first attempts have also been made to establish metabolomics in feed analysis (Johnson et al. 

2004). Metabolomics deals with the characterisation of all molecules and chemical components present in 

biological matrices based on a high methodological turnover (Wishart 2008). By means of implementing this 

approach into serial analyses allows deeper insights in the complex network and interactions of bioactive 

molecules in silage. Because the relationships between feed preferences of ruminants and compounds that 

may affect silage dry matter (DM) intake (DMI) are not yet fully revealed, metabolomics may provide new 

findings when combined with conventional chemical analyses and preference trials.  

Materials and Methods Six silage treatments each of first-cut lucerne (Medicago sativa L.) and red clover 

(Trifolium pratense) at different DM concentrations (230-384 g/kg), tailored silage additives and intended 

addition of soil were produced to obtain a range of fermentation qualities. After 120 days of ensiling, silages 

were sampled for chemical analyses (proximate constituents, fermentation products and other volatile 

compounds, crude protein fractions), vacuum-packed and refrigerated for a subsequent preference trial with 

goats. For each plant species a separate run was conducted. During the experimental phase, each possible 

2-way combination of the six silages and a standard lucerne hay (n = 21 combinations) was offered for 3-h 

ad libitum intake to Saanen-type wethers (n = 8; mean (SD) body weight 104 kg (± 3.2) and 105 kg (± 2.2), 

respectively). All data were analysed using SAS 9.4 (SAS
®
, 2010). Each trial was tested by analysis of 

variance after averaging DMI of each forage (averaged across each combination, n = 6). The analysis of 

variance included terms for animal and forage. Within the forage treatments means were separated using 

the minimum significant difference (MSD) from the Waller-Duncan k-ratio t-test (k = 100) (Burns et al. 2001). 

The most and least preferred silages from both plant materials were used for metabolome analyses. Non-

targeted metabolite profiling comprised analyses by GC-MS (gas chromatography-mass spectrometry) and 

LC-QTOF/MS (liquid chromatography-quadrupole-time of flight). Using these methodologies metabolites 

can be analysed in the range of 50-1,700 Da with an accuracy up to  

1-2 ppm and a resolution of mass/Δmass = 40,000. The identified metabolites were classified into the 

chemical taxonomy including super class, class, subclass and direct parent of each metabolite. The 

classification was conducted with the Human Metabolome Database (HMDB) (Version 3.6). 

Results Although treatments only produced few differences in fermentation acids and crude protein 

fractions, preference behaviour of goats was strongly divergent. The most preferred and avoided treatments 

of lucerne and red clover silages amounted to 860 and 858 g DMI/3 h versus 226 and 283 g DMI/3 h, 

respectively. Fermentation acid analysis showed the greatest differences in acetic acid (9-62 g/kg DM). 

Protein fractions showed only small differences within one plant species, but the degree of proteolysis was 

overall lower in the red clover silages. Metabolome analyses revealed more than 6,400 metabolites in those 

silages being most different in preference; 2,010 of those were annotated applying the HMDB. The 

comparison of the most and least preferred silages showed great differences in the silage metabolome. For 

an initial overview of the analysed samples a principal component (PC) analysis (PCA) was conducted: PC1 

separated the different plant species, explaining 40.7% of the overall variance in the data set; PC2 

separated the silage treatments explaining 22.9% of the overall variance. Silages with the greatest 

differences in DMI differed in 29% (lucerne) and 15% (red clover) of their metabolites. Between preferred 

and avoided silages 1,860 metabolites differed in the lucerne and 934 metabolites in the red clover silages; 

475 of those were altered in both plant species; 67 out of the 475 metabolites were more concentrated in 

the avoided compared with the preferred silages and 95 were more concentrated in the preferred silages. 

The 67 metabolites were composed of amino acids (10%), oligopeptides (50%), lipids (fatty acyls, 

glycerolipids and phosphoglycerolipids; 19%), indolacetaldehyde, glucosinolate, styrene, methylfurane, 
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xanthine, diadenosine tetraphosphate, dialkyldisulfides, phenylpropanoic acid, L-carnitine, hydrocinnamic 

acid, ethyl 1-(ethylthio)ethyl disulphide, sphingosine, D-threitol and erythritol. 

Discussion Despite using the same initial plant materials within the runs of the preference trial there were 

significant differences in preference, suggesting a major influence of the ensiling conditions on silage 

composition and preference by ruminants. However, no explanation for the differences in preference could 

be carved out based on proximate constituents and fermentation acid analysis. Since the DMI rankings of 

the lucerne and red clover silages and thus, the DMI of the most extreme silages (i.e., lowest and highest 

DMI) were very similar, this offered the possibility to directly compare the metabolites of those silages. The 

67 metabolites being more concentrated in the avoided compared to the preferred silages may have had a 

negative impact on feed intake behaviour. Carnitine as a quarternary ammonium salt for example acts as a 

taste modifying molecule accounting for a bitter taste (Behrens & Meyerhof 2015). Hydrocinnamic acid has 

a sweet, floral scent at room temperature (HMDB 2018) and might have contributed to the flavour of the 

avoided silages in an olfactory way. Precursors such as oligopeptides and amino acids contribute to the 

flavour of foods by chemical reactions that occur during food processing (Regulation (EC) No 1334/2008 of 

the European Parliament and the Council 2008). Similar processes may occur during ensiling. A difference 

of 29% and 15%, respectively, in the entirety of detected metabolites in the lucerne and red clover silages 

shows clearly that conventional analyses are not sufficient to characterise silages profoundly and to 

establish reasons for differences in preference behaviour. A certain share of the metabolites may have 

contributed to the postingestive feedback and to the sensory characteristics of the silages. Volatile 

compounds could have had the greatest impact on preference and avoidance of silage since they are the 

most flavour-relevant components in plants and thus in silage. Amongst others, they are composed of 

monoterpenes, sesquiterpenes, alcohols (mono- and sesquiterpene alcohols), ketones, phenols, aldehydes, 

coumarins, esters and oxides (Parker 2015), which were all verified in the samples. 

Conclusions It was shown that conventional analyses are not always sufficient to provide profound 

explanations for differences in preference between silage treatments, since preference was scarcely related 

to proximate constituents and fermentation characteristics. Metabolome analyses proofed to be a good 

foundation for the approach of examining which variables might play a role in preferring and avoiding 

ensiled forages. Using metabolomics data as a basis to deduce intake related compounds provides a 

promising track which may lead to progress in silage research. 

References 

Behrens, M., & Meyerhof, W. (2015) Flavour development, analysis and perception in food and beverages. 

1st ed. Cambridge: Woodhead Publishing. pp. 297-329. 

Burns, J.C., Fisher, D.S., & Mayland, H.F. (2001) Preference by sheep and goats among hay of eight tall 

fescue cultivars. Journal of Animal Science, 79, 213-224. 

HMDB (2018) The human metabolome database. http://www.hmdb.ca/metabolites/HMDB0000764 

(accessed 12 March 2018). 

Johnson, H.E., Broadhurst, D., Kell, D.B., Theodorou, M.K., Merry, R.J., & Griffith, G.W. (2004) High-

throughput metabolic fingerprinting of legume silage fermentations via Fourier transform infrared 

spectroscopy and chemometrics. Applied Environmental Microbiology, 70, 15831592. 

Parker, J.K. (2015) Flavour development, analysis and perception in food and beverages. 1st ed. 

Cambridge: Woodhead Publishing. pp. 3-30. 

Regulation (EC) No 1334/2008 of the European parliament and the Council (2008). http://eur-

lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2008:354:0034:0050:de:PDF (accessed 12 

March 2018). 

VDLUFA (2012) VDLUFA-Methodenbuch, Bd. III. Die Chemische Untersuchung von Futtermitteln. 8. Erg. 

2012. VDLUFA-Verlag, Darmstadt, Germany (in German). 

Wishart, D. (2008) Metabolomics: applications to food science and nutrition research. Trends in Food 

Science and Technology, 19, 482-493.  



Advances in Silage Research 

42  XVIII International Silage Conference 

The effect of bacterial inoculant and packing density on corn silage quality and 

safety 
 

G. Copani
1
, K.A. Bryan

1
, N.G. Nielsen

1
, K.L. Witt

1
, O. Queiroz

3
, F. Ghilardelli

2
, F. Masoero

2
, A. Gallo

2
  

1
Chr. Hansen - Boege Alle 10/12 - 2970 Hoersholm – Denmark, dkgico@chr-hansen.com 

2
Department of Animal Science, Food and Nutrition (DIANA), Faculty of Agricultural, Food and 

Environmental Sciences, Università Cattolica del Sacro Cuore, 29122 Piacenza, Italy.  

3
Chr. Hansen, Animal Health and Nutrition, Buenos Aires, Argentina.   

 

Keywords: Aerobic stability, Lactobacillus buchneri, mycotoxin, silage inoculant, spoilage 

 

Introduction The use of inoculants containing homo- or hetero-fermentative lactic acid bacteria (LAB) 

has been studied largely to improve fermentation and reduce nutrient losses in corn silage (Ranjit and 

Kung 2000). Yet, farmers very often question the cost effectiveness of using silage inoculants, since 

corn is considered to be an ‗easy-to-ensile‘ crop. Variation on the effectiveness of silage inoculants 

can be caused by poor silage management, especially when proper density is not achieved. Gas-filled 

porosity within the silage mass can facilitate the growth of spoilage microorganisms causing alteration 

of quality and hygiene due to undesirable fermentation or mycotoxin production. The objective of this 

research was to assess the effect of the combination of Lactobacillus buchneri LB1819 (DSM 

22501/1k20738) and Lactococcus lactis O-224 (DSM11037/1k2081) on aerobic stability, chemical 

composition and mycotoxin level of corn silage fermented for 32 days. 

Material and Methods Triplicate laboratory silos (5 litres) were filled with chopped corn forage (36.6 

% DM) simulating 2 densities: low (132 ± 6 kg DM m
3
) or high (186 ± 6 kg DM m

3
). Forage was treated 

with water (Control - CRT), or a combination of Lactobacillus buchneri LB 1819 and Lactococcus lactis 

LL O224 (SiloSolve® FC - SS-FC, Chr. Hansen, Denmark). The inoculant was applied at a rate of 

250,000 cfu/g of forage. After 32 days of fermentation mini-silos were opened and samples collected 

to evaluate fermentation parameters, DM losses due to ensiling, biogenic amine and aerobic stability. 

Mycotoxins produced by Fusarium spp., Penicillum roqueforti and Aspergillus fumigatus were 

extracted and determined as described previously by Gallo et al. (2016). Data were analysed as a 

completely randomized design with a 2x2 factorial arrangement of treatments using the GLM 

procedure of SAS. 

Results Density did not have an effect on nutritive value or presence of mycotoxins (P>0.05), except 

mycophenolic acid which tended to be slightly higher in low than high density mini-silos (13 vs. 

0.01 µg/kg DM, respectively; P<0.06. Both control and inoculated silages attained pH below 4.0, which 

is considered to be a threshold for good fermentation (3.44 vs. 3.47; P=0.04). Chemical composition 

did not differ among treatments, and average values were 32.3% DM for starch, 6.9% DM for CP, 

1.3% DM for EE, 42.6% DM for NDF, 20.2% DM for ADF and 4.1% ash. Aerobic stability was 

improved by the use of SS-FC and this effect was more evident in high than low density mini-silos 

(TRT x Den interaction, P=0.05). In freshly chopped whole-plants mycotoxins were detected: aflatoxin 

B1 (0.6 µg/kg DM), fumonisins B1 (4845 µg/kg DM), and B2 (2613 µg/kg DM). On average, the levels 

of these mycotoxins were numerically reduced during ensiling without differences among treatments. 

Other mycotoxins produced by Penicillium spp. were not detected in fresh material, whereas they 

were detected in the silage after fermentation with a higher level of roquefortine C in CTR than SS-FC 

silos (20 vs. 0.1 µg/kg DM; P<0.05).  
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Table 1. Effects of treatment (CTR vs. SS-FC) or density (Low vs. High) on fermentative 

characteristics of corn silages after 32 days of ensiling 

Items 
CTR  SS-FC 

s.e.m. 
P-values 

Low High  Low High TRT Den TRT x Den 

DM (% as fed) 34.6 34.9  34.5 34.7 0.22 0.537 0.386 0.958 

DM loss (% DM) 7.1 4.5  7.4 6.7 0.85 0.189 0.089 0.287 

Aerobic stability (AS, hours)  334 557  331 665 24.0 0.065 <0.01 0.050 

DM loss after AS (% DM) 17.8 22.3  23.4 21.2 1.13 0.078 0.340 0.018 

pH 3.46 3.43  3.50 3.45 0.012 0.041 0.012 0.442 

Lactate (% DM) 4.72 5.10  6.22 6.25 0.691 0.090 0.793 0.805 

Acetate (% DM) 1.34 1.01  1.46 1.19 0.043 <0.01 <0.01 0.486 

Ethanol (% DM) 0.80 0.58  0.47 0.44 0.086 0.028 0.194 0.295 

Ammonia nitrogen (% DM) 3.60 3.60  3.35 3.97 0.135 0.656 0.049 0.051 

Biogenic amine (mg/kg as fed) 216 194  241 216 4.4 <0.01 <0.01 0.773 

Yeast (log10 cfu/g) 5.3 4.7  5.7 4.2 0.38 0.981 0.019 0.301 

Mould (log10 cfu/g) 1.0 1.0  2.2 1.8 0.65 0.161 0.728 0.728 

Aflatoxin B1 (µg/kg DM) 0.5 0.6  0.3 0.2 0.25 0.346 0.970 0.635 

Fumonisin B1 (µg/kg DM) 4107 3882  3678 3249 442.3 0.264 0.480 0.824 

Fumonisin B2 (µg/kg DM) 466 285  311 216 65.1 0.123 0.067 0.529 

Mycophenolic acid (µg/kg DM) 22 0.1*  4 0.1* 5.8 0.167 0.057 0.167 

Roquefortine C (µg/kg DM) 20 20  0.1* 0.1* 5.3 <0.01 0.988 0.988 

*These values are considered equal to limit of detection of HPLC–MS/MS method.  

Discussion Despite some differences measured among treatments, the fermentation parameters 

reflected well fermented silage with or without the use of inoculants. However, higher levels of both 

lactate (6.22 vs. 4.90% DM, P=0.09) and acetate (1.33 vs. 1.17% DM, P<0.05) as well as lower level 

of ethanol (0.45 vs. 0.69% DM, P<0.05) were measured in SS-FC with respect to CTR. The presence 

of L. buchneri LB 1819 in the SS-FC resulted in an increased concentration of acetate which explains 

the tendency for higher aerobic stability in the inoculated silages (Kleinschmit and Kung 2006), at a 

higher density (TRT x Den interaction, P=0.050). Despite the similar number of yeast and mould 

between treatments, the concentrations of mycotoxins produced by Penicillium spp. were lower for 

SS-FC when compared to CTR. The concern about the presence of mould in silage is due to the 

potential risk of mycotoxin production by some of those fungi (e.g. Aspergillus, Fusarium, and 

Penicillium spp.; Gallo et al. 2015). Recently, Ma et al. (2017) showed how some of the most common 

silage inoculant bacteria are able to bind aflatoxin B1, with some degree of activity. Additionally, the 

inoculated silage showed lower incidences of other mycotoxins related to the presence of Penicillium 

spp. thus suggesting that the use of commercial inoculant may impact the growth of different strains of 

mould depending on the bacteria used as inoculant. 

Conclusion This study shows the potential of SiloSolve® FC to improve aerobic stability and to 

reduce the presence of different mycotoxins detected on fresh material (Aspergillus-related or 

Fusarium-related mycotoxins) or produced during ensiling (Penicillium-related mycotoxins). More 

studies are necessary to understand the mode of action on how the inoculants influence silage 

mycotoxin contamination during ensiling.   
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Introduction It is difficult to control variables in farm-sized silos. In order to study and understand 

silage fermentation, there is a need for research using laboratory mini-silos that allow for controlling 

variables and the assessment of different experimental treatments through replication. Alternatives 

that are cost effective, require a small sample size and reduce labor are desirable. Most laboratory 

silos require manual packing. However, it may be possible to use vacuum sealed glass jars as mini-

silos as experimental mini-silos. Vacuum packing may allow higher throughput during mini-silo packing 

and may improve the consistency of packing density.  The objective of the study was to evaluate the 

nutritive, fermentation and aerobic stability (AS) characteristics of Lucerne (Medicago sativa) silage 

inoculated or not when ensiled in three different types of laboratory mini-silos for 91 d.  

Materials and Methods In order to ensile Lucerne, three types of laboratory mini-silos were used: A) 

3L PVC, B) 1L PVC and C) 1 L glass jars (1L GJ). The PVC mini-silos had one-way mechanics to vent 

gas while the glass jars were vacuumed sealed. Eight mini-silos of each type (for a total of 24 mini-

silos) were filled with wilted Lucerne that was inoculated with a homolactic bacterial inoculant (L. 

plantarum, E. faecium, L. lactis, P. acidilactici, P.pentosaceus; HBI, 4 mini-silos) or not (4 mini-silos). 

The HBI (MikropHerm, Madison, WI) was applied at a rate of 1x10
5 

colony-forming units/g of forage. 

Pre-ensiled forage and silage samples were analyzed by wet chemistry at Dairyland Laboratories, Inc. 

(Arcadia, WI). Additionally, fermentation characteristics were analyzed by wet chemistry at the 

commercial laboratory cited. The silage DM recovered (DMR) at silo opening divided by the DM (dry 

matter) mass ensiled, multiplied by 100 was used to calculate % DMR. The AS was determined at 6 h 

intervals over a 174 h period. Nutrient content of pre-ensiled wilted forage and resulting 6 silages were 

analyzed using the GLM procedure of SAS (SAS Institute, 2004) in a completely randomized design 

(CRD) with four replicates per analyzed material. Fermentation data from the 6 silages were analyzed 

using the GLM procedure of SAS (SAS Institute, 2004) in a CRD with four replicates. Data for AS were 

analyzed using the GLM of SAS (SAS Institute, 2004) as a split plot design using mini-silo as the 

repetitive measure replicated four times with a factorial arrangement of treatments: 4 treatments x 30 

time points when temperature was recorded. Tukey‘s Test was used for mean separation.  

Results and discussion Ensiling did not change the DM content varying from 504 g/kg as is for the 

wilted forage to an average of 487 g/kg as is for the ensiled Lucerne (Table 1). Ensiling Lucerne 

increased acid detergent fibre (ADF) from 352 g/kg DM for the wilted forage to an average of 373 g/kg 

DM for the silages, with the exception for ADF content of the silage from the 3L PVC NI treatment, 

which did not differ (P>0.05) to that of the wilted forage. The highest ADF content was for the silage 

ensiled in the 1 L GJ NI (385 g/kg DM) which was significantly higher (P<0.05) compared with the 

wilted forage (351 g/kg DM) or the silage from the 3 L PVC regardless of inoculation or not (367 and 

363 g/kg/DM) or the 1 L PVC with HBI (368 g/kg DM). This suggests that fermentation could have 

been influenced by the size or the packing achieved in the 1 L vs the 3 L mini-silos, as there were no 

statistical differences between the non-inoculated 1 L mini-silos. Ensiling decreased (P<0.05) WSC 

from 131 to an average of 39.4 g/kg DM and tended to decrease (P<0.10) NFC from 333 to an 

average of 317 g/kg DM compared with the wilted forage. There were no other treatment differences 

in nutrient content due to inoculation. Inoculation decreased (P<0.05) silage pH in the 1 L mini-silos 

regardless of the vessel being PVC or glass, but only numerical differences in the 3L mini-silos were 

detected (Table 2). Lactic acid was numerically higher (53.3 vs. 46.6 g/kg DM) for the inoculated 
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silages but did not differ within the same type of mini-silo. Acetic acid (18.4 vs. 12.5 g/kg DM), 

pH (4.64 vs. 4.40) and ammonia (61.1 vs. 46.0 g/kg of CP) were lower (P<0.05) for the inoculated 

silages in the 1 L mini-silos. The ratio of Lactic:Acetic (2.59 vs. 4.37) and the proportion of lactic acid 

of the total acids (0.72 vs. 0.81) were increased (P<0.05) by inoculation in the 1L mini-silos. In the 3L 

mini-silo the contents of acetic acid and ammonia were numerically lower for the inoculated silage, 

while the contents of lactic acid, total acids, lactic as a proportion of total acids, the ratio of 

Lactic:Acetic and ethanol were numerically higher, but did not allow for the detection of treatment 

differences. Data suggest that 1L mini-silos replicated four-times are suitable for the detection of 

treatment differences while for 3L mini-silos greater replication may be needed in order to determine 

treatment differences. These could be explained by the packing densities achieved in the 1L (156 

kg/m
3
) vs 3L (194 kg/m

3
) mini-silos. The DMR was not affected by treatment and averaged 96.2% 

(data not shown). All silages were aerobically stable during 174 h (data not shown). 

Table 1. Nutritional characteristics of wilted Lucerne and resulting silage ensiled in different types of 

mini-silos for 91 d
1,2

 

  3L PVC
 

 1L PVC  1 L GJ SE P< 

 Wilted  NI HBI  NI HBI  NI HBI   

DM
3
,  504  487 490  488 484  487 488 6.1 0.35 

Crude 
protein 

179  191 185  180 187  179 183 3.1 0.10 

ADF
4 

352c  363bc 367b  374ab 368.7b  385a 371ab 3.3 0.001 
WSC

5
 132a  40b 41b  37b 39b  40b 38b 1.4 0.001 

NFC
6
 333  313 325.1  316 322.9  311 315 5.3 0.09 

1
abc within the same row differ P<0.05; 2 Treatments were 3L PVC mini-silo, 1 L PVC mini-silo, 1 L 

glass jar; NI = not inoculated, HBI= Homolactic bacterial inoculant; 
3
Dry matter g/kg as is; all others 

g/kg DM; 
4
Acid detergent fibre; 

5
Water soluble carbohydrates; 

6
Non-fiber carbohydrates 

 

Table 2. Fermentation characteristics of Lucerne silage ensiled in different types of mini-silos for 91 d
1,2,3

 

 3L PVC 1L PVC 1 L GJ SE P< 

 NI HBI NI HBI NI HBI   

pH 4.53ab 4.40b 4.7a 4.4b 4.68a 4.4b 0.04 0.001 
Lactic acid, g/kg DM 51.4ab 58.6a 43.6b 45.1ab 44.7b 56.3ab 3.0 0.01 
Acetic acid, g/kg DM 18.7ab 15.6bc 16.8a 9.6c 19.7ab 12.4c 0.9 0.001 
Total acids, g/kg DM 70.1ab 74.1a 60.4bc 54.7c 64.4abc 68.7ab 2.6 0.001 
Lactic:Total acids 0.73bc 0.79ab 0.72c 0.82a 0.69bc 0.82a 0.17 0.001 
Lactic:Acetic 2.88bc 3.88ab 2.61bc 4.70a 2.27c 4.54a 0.31 0.001 
Ammonia-N, g/kg N 5.74ab 5.05bc 6.40a 4.50bc 6.18a 4.25c 0.31 0.001 
Ethanol, g/kg DM 0.34ab 0.37a 0.28c 0.22c 0.34ab 0.29a 0.01 0.001 
1
Propionic acid, butyric acid, iso-butyric acid, ethanol, methanol, propanol, propanediol, butanol were 

analyzed, but not detected at levels above 0.1 g/kg DM; 
2
abc within the same row differ P<0.05; 

3 Treatments were 3L PVC mini-silo, 1 L PVC mini-silo, 1 L glass jar; NI = not inoculated, HBI= 
Homolactic bacterial inoculant 

Conclusions Inoculation exerted positive characteristics to the fermentation process and were 

detected in the 1 L, but not in the 3L mini-silos, possibly due to differences in packing density. All 

silages were aerobically stable. Mini-silos as small as 1 L replicated four-times are suitable for the 

study of the fermentation process of Lucerne silage, whether they are hand packed or vacuumed 

sealed as they allow the detection of treatment differences that are statistically significant. 
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Introduction Ensiled grass has potential to be biorefined into a variety of innovative products, which 

improves the opportunity of a more efficient and sustainable use of green biomass. Usually the first step of 

the biorefinery process is the separation of liquid and solid fractions. The yield and composition of the liquid 

and solid fractions varies significantly depending on raw material quality and processing technology. The 

objective of this work was through a meta-analytical approach to evaluate the effect of silage quality on 

liquid yield, liquid composition and retained compounds in liquid. 

Material and Methods A data set was collected from 17 studies that comprised 32 mean values of silage 

that was separated into liquid and solid fractions. The data include laboratory (150-300 g), pilot (20-80 kg) 

and farm scale (100-2000 kg) experiments. The data set was analysed using a meta-analysis technique to 

identify how silage characteristics affect liquid yield and chemical composition and compounds retained in 

the liquid fraction. Silage was classified according to species (grass or legume [pure or mixed with grass]), 

additive (control, biological or acid based additive), harvest (primary growth or regrowth) and liquid-solid 

separation method (farm scale twin screw press, FTS, Haarslev Industries A/S, Søndersø, Denmark; farm 

scale single screw press, FSS, Pellon Group Ltd., Ylihärmä, Finland; laboratory scale twin screw press, 

LTS, Angel Juicer Ltd., Busan, South Korea; or laboratory scale pneumatic press, LPP, Luke in-house built 

equipment, Jokioinen, Finland). Several silages were processed using multiple methods. Silage parameters 

investigated were chemical composition and in vitro organic matter digestibility (IVOMD), while the 

evaluated response variables were liquid yield, liquid composition and retained compounds in liquid. As a 

first step, the silage characteristics with highest correlation to liquid yield were evaluated. Based on that, 

equations were developed using a mixed model regression analysis with individual experiments as a 

random effect. The adjustment of equations was measured by the joint evaluation of the coefficient of 

determination (R
2
), Akaike‘s information criterion (AIC) and root mean square error (RMSE). The additive, 

species and harvest effects were analysed using the mixed procedure and considering the individual 

experiments and silage dry matter (DM) as random effects. 

Results and Discussion The chemical composition of the silages displayed large variation (Table 1), with 

DM ranging from 136 to 320 g kg
-1

 with an average of 224 g kg
-1

, which was lower than typical Finnish 

silages (321 g kg
-1

; Salo et al. 2014).  

Table 1. Descriptive statistics of the data set and Pearson correlation coefficients between liquid yield and 

silage quality for different liquid-solid separation methods. 

Variable n Mean SD1 Min Max  
Liquid yield correlation coefficients 

 
LPP2 FSS3 FTS4 LTS5 

Silage DM, g kg-1 32 232 44.6 138 320 
 

-0.58 -0.95 -0.27 -0.86 

Silage ash, g kg-1 DM 32 87 22.1 52 118 
 

-0.25 0.46 0.87 0.12 

Silage CP, g kg-1 DM 32 142 29.6 84 211 
 

0.38 -0.03 0.59 0.54 

Silage NDF, g kg-1 DM 25 471 61.5 342 586 
 

-0.49 0.61 -0.86 - 

Silage IVOMD, g kg-1 OM 25 740 38.9 646 804 
 

0.15 -0.18 0.95 - 

Liquid yield 46 0.425 0.1509 0.179 0.702 
     

Liquid DM, g kg-1 DM 46 98 31.0 33 149 
     

Liquid CP, g kg-1 DM 46 190 62.1 84 331 
     

DM retained in liquid 46 0.184 0.0886 0.011 0.379 
     

CP retained in liquid 43 0.248 0.1379 0.073 0.736 
     1Standard deviation; 2LPP: laboratory scale pneumatic press; 3FSS; farm scale single screw press; 4FTS: farm scale twin screw press; 

5LTS: laboratory scale twin screw press. Correlation coefficients bolded are significant at 5% probability. 

Overall, the separation efficiency showed large variation in the liquid yield as a proportion of fresh weight of 

the original silage, ranging from 0.179 to 0.702 (Table 1). In general, the silage characteristic most highly 

correlated with liquid yield was DM followed by neutral detergent fibre (NDF) content. This demonstrates 

that liquid yield prediction using silage composition is possible especially when silage DM is included in the 
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prediction equation. Regression equations (Table 2) to predict liquid yield showed a negative correlation 

with silage DM for LPP, FSS and LTS methods (Figure 1).  

Table 2. Effect of silage quality on prediction of liquid yield, composition and retained compounds in liquid 

for different separation methods. 

Press Y = dependent variable X = independent variables α β1 β2 AIC1 (R2)2 RMSE3 

LPP (n = 22) 

Liquid yield 
X1 = DM 0.834 -0.0022 

 
-43.1 0.31 0.08 

X1 = DM; X2 = NDF 1.21 -0.0028 -0.0005 -3.2 0.57 0.08 

Liquid DM 
X1 = DM 31.0 0.3346 

 
163 0.68 18.9 

X1 = DM; X2 = IVOMD 49.9 0.2946 -0.0045 88.2 0.42 9.43 

DM retained in liquid 
X1 = NDF 0.665 -0.0011 

 
-13.7 0.41 0.06 

X1 = NDF; X2 = IVOMD -0.0589 -0.001 0.0009 -3.6 0.53 0.05 

Liquid CP 
X1 = DM 148 0.268 

 
218 0.12 65.4 

X1 = DM; X2 = NDF 426 0.7933 -0.893 117.5 -0.06 60.6 

CP retained in liquid 
X1 = NDF 0.695 -0.0011 

 
-9.2 0.19 0.07 

X1 = NDF; X2 = CP 0.876 -0.0013 -0.0005 3.9 0.10 0.08 

FSS (n = 10) Liquid yield 
X1 = DM 0.581 -0.0013 

 
-10.9 0.89 0.02 

X1 = DM; X2 = NDF 0.478 -0.0011 0.0001 3.1 0.87 0.02 

FTS (n = 4) Liquid yield 
X1 = IVOMD -4.14 0.0059 

 
-4.2 0.84 0.02 

X1 = IVOMD; X2 = NDF -4.27 0.0061 -0.0002 4.5 0.92 0.01 

LTS (n = 11) Liquid yield 
X1 = DM 0.789 -0.0009 

 
-22.5 0.71 0.03 

X1 = DM; X2 = CP 0.865 -0.0012 -0.0002 -8.9 0.68 0.04 
1AIC: Akaike‘s information criterion; 2Coefficient of determination; 3RMSE: root mean square error. Coefficients bolded are significant at 

5% probability. 

For FTS, the equation differed from the other methods, but the data set comprised only 4 observations with 

small range in silage quality. Inserting a second independent variable in the model to predict liquid yield for 

the FSS and LTS did not increase R
2
. However for LPP method, when silage NDF was also included in the 

regression model, liquid yield was predicted with higher accuracy, based on a joint evaluation of AIC and 

R
2
. Parameters related to the liquid composition and retention were estimated only for LPP due to the 

greater amount of data available. Liquid DM concentration was highly correlated with silage DM (r = 0.83; P 

< 0.01), while crude protein (CP) concentration resulted in a tendency of correlation with silage DM (r = 

0.41; P = 0.07) developing prediction equations with R
2
 0.68 and 0.12, respectively. The retention of DM 

and CP in the liquid fraction could be estimated based on silage NDF content. The accuracy of the equation 

could be improved by silage IVOMD as a second independent variable only for DM retained in the liquid. 

Liquid CP content and CP retention in the liquid fraction were poorly estimated based on silage quality as 

indicated by low R
2
 and high RSME of the equations. The slope between liquid yield and silage DM 

concentration was steeper for LPP than the other methods (Figure 1) indicating that this method was more 

sensitive to changes in silage quality. 
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Figure 1. Prediction of liquid yield using regression equations based on silage dry matter for different 

separation methods. LPP: laboratory scale pneumatic press; FSS; farm scale single screw press; LTS: 

laboratory scale twin screw press. 

Since silage DM plays an important influence on liquid yield, this variable was taken as a random effect in 

the model to identify the differences between additives, species and harvest. There was no effect of these 

factors on liquid yield for LPP when silage DM content was included in the model. 

Conclusions The high correlation between silage quality and liquid yield and composition provides 

potential to predict the biorefinery potential of a particular silage batch based on these equations. This 

information can also be used to modify the silage production systems so that they best meet the 

requirements of a green biorefinery process.  
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Introduction The global demand for dairy products is expected to be 63% higher in 2050, and a large 

part of this increase will occur in the developing countries such as in Pakistan, because of the rising 

incomes and rapid population growth (FAO 2011). Much of the recent research shows that the bottle-

neck to the increase in milk production under the existing genetic resources and production systems in 

Pakistan is the low-quality and availability of good quality forages (Nazir et al. 2016).Therefore, a 

quest for good quality forage resource in terms of high yield, nutritional value and year-round 

availability is a must to ensure sustainable increase in milk yield, and as such the growth of dairy 

industry and economic profitability of the dairy farmers. The introduction of high yielding, nutritious 

fodder varieties can boost up the forage yield and nutrients supply to livestock. Maize is one of the 

most important forage crops being grown under both irrigated and barani conditions and production of 

silage from maize can ensure good quality forage availability throughout the year. However, in 

Pakistan the average forage yield and nutritional quality of maize silages is very low due to low 

yielding varieties and substandard agronomic practices. Recent research in our laboratory shows that 

the nutritional value of maize silage produced in Pakistan is highly variable, and most of this variation 

was caused by differences in genotypes and maize maturity. Genotype of maize has a marked 

influence on the biomass yield, grain to stover ratio as well as stover/fiber digestibility, and as such 

silage yield, quality and economic return to farmers (Boon et al. 2005; Khan et al. 2015b). This study is 

part of systematic research project and aimed to quantify the nutritive value of spring maize hybrids for 

silage production in terms of: (1) dry biomass and nutrients yield; (2) silage fermentation quality; (3) 

and fiber digestibility and metabolizable energy (ME) supply to dairy cow. 

Materials and Methods Site selection and maize sowing: The study was conducted in the research 

fields (34°0'N, 71°35'E, 359 m above sea level) of The University of Agriculture Peshawar, Pakistan. 

Peshawar has a subtropical steppe/low-latitude semi-arid hot climate. Six promising spring maize 

genotypes, including Pioneer (P1543 and P1429 hybrids), Monsanto (DK 9108 hybrid), new released 

quality protein maize (QPM-200 and QPM-300) hybrids by CIMMYT and NARC Pakistan, and one 

local cultivar (Azam) were evaluated. The seeds of each cultivar were sown on March 28, 2016 in 8 

replicate plots (5 m × 10 m) that were blocked in two replicate fields (locations). At each field the 

seeds were sown at a seed of ca. 33000 seeds/acre (plant to plant distance of 20 cm and row to row 

distance 70 cm) in 4 replicate plots (5 m × 10 m) according to randomized completed block design. 

The standard agronomic, weed control and irrigation practices were applied uniformly to all plots. 

Monitoring Harvest Maturity and Sampling: Maize maturity was strictly monitored by counting the 

number of leaves from 13 leaves stage onward, appearance of flower (50% flowering date) and silk 

(50% silking date) on 1 m long randomly selected strip of two randomly selected adjacent rows. 

Moreover, one week after the silking the DM content of the whole crop was strictly monitored by oven 

drying randomly collected samples of each plot. Samples from each plot were harvested at a targeted 

DM content of 25, 30, 35 and 40%. At each harvest time, sample of 1 m2 area of consecutive plants 

were hand-harvested by cutting 15 cm above the land surface from each harvest area. The harvested 

crop was weighed, chopped, mixed thoroughly and a sub sample was collected for chemical analysis. 

Laboratory scale Silage production: The chopped material of each plot was ensiled in four 

replicates, 1.5-liter laboratory silos. After three months of silage production duration, the silos were 

opened and the silages were analyzed for fermentation quality, nutrient composition and fiber 

digestibility as described earlier (Khan et al., 2014) nutrition. Sample processing and chemical 
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analysis: The contents of DM (method 930.15), ash (method 942.05), and ether extract (EE, method 

920.39), crude protein (CP, method 984.13), acid detergent fiber (ADF, method 973.18) and acid 

detergent lignin (ADL; ADF method 973.18,) were analyzed per the standard procedures of AOAC 

(2005). The NDF content was determined as per the procedure of Van Soest et al., (1991). Silage 

fermentation acids (Lactic acid, Acetic acid, Propionic and Butyric acid were determined at Romer lab 

Islamabad according to their slandered procedure. Statistics: The data were analyzed with the PROC 

MIXED procedure of SAS for the fixed effect of genotype, harvest maturity and their interaction. 

Replicate plots were considered as a random effect. The following model was used (Yijk = μ + MGi + 

HMj + MGi × HMj + Єijk) Post-hoc analyses were carried out using the Tukey-Kramer test to compute 

pair wise differences in the means. Means with different letters were obtained with ―pd mix 800SAS 

macro‖.  

Results Results of the current study are summarized in table 1. It shows that maize hybrid QPM-300 

has maximum yield in term of DMY (17.9 t/ha), protein (1.4) and starch yield (5.2 t/ha). Spring maize 

genotypes affected (P<0.001) the content DM, CP, Starch, ADF, NDF, Acids and Invitro dry matter 

digestibility (IVDMD). The maize genotypes did not differ significantly for DM, EE, and ADL 

concentration in chemical composition and maize quality of maize silage. 

Table 1. Chemical composition, ensiling quality of maize silages 

Discussion DM yields in current study from whole-crop maize genotypes were within the expected 

range for maize genotypes (16.6-23.0 t/hac) grown in the tropical area by (Tabacco et al. 2011).The 

content of CP, starch yield and IVDMD are in line with other studies of (Cone et al., 2008), (Tomoko et 

al. 2007), (Almeida et al. 2003).The content of high CP, starch and IVDMD and high lactic acid 

production of silage at genotype QPM-300 might be due to high number of leaves per plant, maximum 

number of kernels and it results it reduces the content of NDF and ADF. 

Conclusions Maize genotypes has markedly differed from each others in term of yield and nutrient 

composition, and maize genotype QPM-300 was screen out best spring season genotype in term of 

dry matter yield, starch and protein yield, silage characteristics and fiber digestibility (Invitro). 
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 G1 G2 G3 G4 G5 G6 SEM P-  G 

Yiled
  
(tons/hac) 

 

  
 

  
  

DM 17.9
A 

16.3
AB 

15.9
B 

16.0
B
 13.1

C 
14.9

B 
.340 <.000 

CP 1.41
A 

1.22
B 

1.06
C 

1.07
C 

0.83
D 

1.03
C 

.311 <.000 
EE 0.55

A 
0.48

AB 
 0.52

 AB
 0.52

AB 
0.40

C 
0.47

AB 
.205 <.000 

Starch 5.26
A
 4.28

B 
4.13

B 
4.26

B 
3.06

C 
4.03

B 
.110 <.000 

Composition  (%DM)  
CP  8.05

A 
7.51

B 
6.60

C 
6.66

C 
6.44

C 
6.90

C 
0.11 <.000 

NDF  41.5
D 

43.2
C 

44.9
B 

45.6
AB 

47.1
B 

44.3
BC 

0.37 <.000 
EE 3.16 2.97 3.27

 
3.22

 
3.08 3.13 0.12 0.485 

Starch 28.9
A 

25.3
 

25.0
BC 

25.9
B 

23.2
C 

26.1
B 

0.43 <.000 
Silage quality 

pH   3.7  3.7  3.8  3.8 3.9            3.8          0.11         NS 
NH3- N (%)   0.92  0.94  0.86  0.91 0.93  0.94 0.19  NS 

Note: Superscript with different alphabets shows significant value   
G1: QPM-300, G2: QPM-200, G3: P1543, G4: DK 9108, G5: Azam, G6: P1429 
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Introduction Oxidative loss during storage of silage can occur in the peripheral regions of the silo, 

associated with incomplete protection of silage from oxygen ingress. In addition to financial loss, 

removal of inedible waste silage is a time-consuming task during feed-out. Inclusion of deteriorated 

silage in the animals‘ diet can be associated with reduced feed intake and increased risk of disease. 

Little is known about the extent of loss due to aerobic deterioration of silage during storage on 

commercial livestock farms, so a survey was conducted to estimate the incidence and scale of loss. 

Materials and Methods Bunker silos, on twenty livestock farms in England, were visited in January 

2017.  The silos contained grass silage that had been stored for more than 200 days and were open 

for feed-out. Samples of silage were collected from the top surface immediately behind the feed-out 

face by removing the top covering sheet, and inserting a corer at ca. 1 m intervals across the width of 

the silo to a depth of 30 cm. The number of sampling points across the top varied depending on the 

width of the bunker. The samples were bulked, mixed and subsampled for analysis as a single sample 

from each farm. At the same time 9 samples were obtained from the central core of the silo, as 

described in Davies et al. (2018), these 9 samples were not bulked, and were analysed as separate 

samples. Density of silage fresh matter (FM) was assessed in the top 0.5 metre layer 

(Davies et al. 2018) at 3 points across the width of each silo. Analyses of volatile-corrected dry matter 

(DM) and ash were undertaken on each sample by wet chemistry. Particle size distribution was 

assessed with the Penn State Separator (Lammers et al. 1996). Total visible waste DM per metre of 

silo length (assuming a similar level of loss throughout the length of the silo) was estimated from the 

depth of visibly discoloured material from the top surface, the DM concentration of the top 30 cm 

sample, the density of the silage and the dimensions of the silo. Oxidative DM loss was estimated 

from the concentration of ash in silage in the top 30 cm relative to that in the core of the silo.   

Results Table 1 shows the mean, maximum and minimum results of various variables that may 

influence peripheral oxidative loss in bunker silos together with estimates of oxidative DM loss in the 

top 30 cm and total visible waste DM in the silos. There was a large range in all variables. Mean silage 

DM was 30.2%, close to averages of UK grass silage over the past 20 years. However, DM ranged 

from 20.5 to 44.9%. Mean FM density in the top 1 metre was 452 kg/m
3
 (range 124 to 632 kg /m

3
). 

There was also a large variation in particle size.  The mean percentage of total FW retained on the top 

sieve was 41% of total particles (range 23.2 to 78.3%).  The main factor affecting particle size 

distribution was type of forage harvester, with grass harvested by self-loading wagon having a longer 

particle size than precision chopped material.  Mean oxidative DM loss in the top 30 cm of the silo was 

16.3% but ranged from zero to 50.9%. Peripheral oxidative loss was zero on 9 of the 20 farms.  Visible 

waste per metre of silo length ranged from zero to 1.6 t DM. Total visible waste per silo ranged from 

zero to 68.2 t DM. Statistical analyses indicated that there was no relationship between oxidative DM 

loss in the top 30 cm layer and size of silo, silage DM content or silage FM density (Figure 1). 

Discussion The data collected during the assessment of 20 individual farms show a wide variation in 

the variables assessed as indicated in Table 1. The data also indicates that there are no relationships 

between estimated peripheral DM loss and commonly quoted variables that affect DM loss during 

storage such as silage DM content and fresh weight density (McDonald et al. 1991; 

Ruppel et al. 1995). The zero loss values indicated by the row of data points just above the horizontal 
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axis in Figure 1 show that it is possible to produce bunker silage with no peripheral loss of DM or 

visible waste material over a wide range of densities and DM contents.  Further study and analysis are 

therefore required to identify the key multivariate factors that affect peripheral losses in bunker silos. 

Table 1. Silo dimensions, density of silage in top metre, silage DM, particles in top sieve of Penn State 

Separator, estimated loss of DM in top 30 cm and estimated total visible waste DM in silo. 

 Width 

of silo 

(m) 

Height 

of silo 

(m) 

Total 

volume 

of 

silage 

in silo 

(m
3
) 

Density of top 

metre (kg fresh 

matter/m
3
) 

Mean 

silage 

DM (% 

of fresh 

weight) 

Particles 

on top 

sieve (% 

of total 

particles) 

DM loss 

in top 30 

cm (%) 

Total 

visible 

waste in 

silo (t 

DM) 

Mean 12.80 2.73 935 452 30.2 41.3 16.3 11.1 

Minimum   8.40 1.90 336 124 20.5 23.2     0 0 

Maximum 20.50 3.90 1872 632 44.9 78.3 50.9 68.2 

 

 

         DM Loss VS FMDens    DM Loss VS SDM 

Figure 1. Plots of fresh matter density (FMDens, kg/m
3
, horizontal axis) and silage DM (SDM, %, 

horizontal axis) against estimated DM loss in top 30 cm (%, vertical axes) 

 

Conclusions Oxidative loss was zero on 45% of the farms surveyed, indicating that this source of DM 

loss is avoidable by adopting silo management practices that prevent oxygen ingress into the silage 

during storage. 
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Abstract  

Microbial activity during ensiling leads to the production of numerous organic compounds. More than 

40 of these compounds are volatile organic compounds (VOC), which readily volatilize when silage is 

exposed to air. VOC contribute to poor air quality in some areas by participating in atmospheric 

reactions that produce harmful secondary pollutants, including ozone. Recent measurements and 

calculations suggest that the silage VOC make a significant contribution to total anthropogenic VOC 

emission and resulting poor air quality in some areas.  Although silage VOC production has been 

studied for well over a century, only recently have there be efforts to quantify emission.  Recent 

studies have focused on measurement of VOC emission and development of emission models to 

better understand emission pathways and estimate the magnitude of silage VOC emissions. Studies 

on silage additives have begun to address the question of mitigation. In this paper we summarize the 

current understanding of silage VOC production and emission, estimate the contribution of silage to 

VOC emissions in the US and EU, discuss mitigation methods, and identify research needed to 

address the problem of silage VOC emissions. Results show that silage VOC emission in Europe and 

the US is probably equivalent to more than 5% of all other anthropogenic sources, and likely much 

higher in some locations. However, uncertainty in emission estimates is high, and development and 

application of more accurate measurement techniques is an important research need. 

 

Introduction 

Silage contains organic acids, alcohols, esters, and other volatile organic compounds (VOC) that 

volatilize into the atmosphere during silage production, storage, and feeding. Research in the United 

States over the past decade has shown that these compounds may make a significant contribution to 

total anthropogenic VOC emission in some areas (Howard et al. 2010; Hu et al. 2012; Hafner et al. 

2013). Silage is also an important animal feed and bioenergy feedstock in Europe, but its contribution 

to VOC emissions has not been assessed. Emission of VOC from silage and other sources 

contributes to poor air quality by reacting to form tropospheric ozone and other oxidants, resulting in 

an increase in respiratory disease and premature death (National Research Council 2008; Jerrett et al. 



Emissions and Volatile Organic Compounds 

24-26 July 2018, Bonn, Germany  53 

2009). As VOC emission from other sources is reduced, agricultural emission has and will continue to 

become more important. For example, Anthropogenic VOC emissions in the US have dropped by 55% 

from 1980 to 2016 (EPA, 2017). The EU has achieved a similar reduction of 57% from 1990 to 2014 

(EEA, 2015).  

Much is unknown about the problem of silage VOC emission, including the true magnitude of emission 

and the best approaches for reducing emission. The objectives of this paper are to summarize the 

current state of knowledge about silage VOC production and emission and to identify research that is 

needed to better understand and ultimately address the problem of VOC emission from silage. 

 

Sources of silage VOC 

Compounds 

There are various definitions, both regulatory and scientific, for VOC, but in general they are organic 

compounds that readily volatilize (US EPA 2018a). The US Environmental Protection Agency (US 

EPA) excludes some compounds with low reactivity, including two that are present in silage (acetone 

and methyl acetate) (US EPA, 2003). And methane is always excluded, leading to the use of the name 

non-methane VOC (NMVOC) or non-methane hydrocarbons. The name reactive organic gases (ROG) 

is also used, but in this document we will use the term volatile organic compounds, or VOC. At least 

46 different VOC have been identified in silage (Table 1 provides information on some of the most 

important).  

Table 1. Major volatile organic compounds (VOC) present in silage, based on data compiled by 

Hafner et al. (2013) for maize silage. This list includes all compounds with at least one observation 

with a concentration of 100 mg kg
-1

 (dry matter basis) or an I4 value above 0.1. Compounds are 

sorted by group (those produced in highest amounts first) and then volatility (lower volatility first).  

Group Name 
CAS 
number

1 
Log10 
H

2 MIR
3 

EBIR
4 

Notes 

Acid Acetic acid 64-19-7 −5.12 0.66 0.203 
High production, low volatility, low reactivity. Important 
for silage preservation. 

Acid Propionic acid 79-09-4 −5.00 1.17 0.342  
Alcohol Methanol 67-56-1 −3.74 0.65 0.197 Abiotic reaction may be major source. 
Alcohol Ethanol 64-17-5 −3.67 1.45 0.571 Most important compound for air quality 
Alcohol 1-Propanol 71-23-8 −3.54 2.38 0.792  
Alcohol 1-Butanol 71-36-3 −3.47 2.76 0.882  

Aldehyde Acetaldehyde 75-07-0 −2.54 6.34 1.608 
Product of acetic acid and ethanol oxidation or may be 
formed directly 

Aldehyde Valeraldehyde 110-62-3 −2.20 4.89 1.26  
Aldehyde Hexanal 66-25-1 −2.07 4.18 1.073  
Aldehyde 3-Methylbutanal 590-86-3 −1.98 4.79 1.209  

Ester Methyl acetate 79-20-9 −2.33 0.067 0.043 
Very low reactivity, not considered VOC by US EPA 
but could affect feed intake 

Ester Ethyl acetate 141-78-6 −2.20 0.59 0.238  
Ester Propyl acetate 109-60-4 −2.06 0.73 0.311  

Notes:
1
Chemical Abstract Services registry number (http://support.cas.org/content/chemical-substances/faqs) 

2
log10 of unitless Henry‘s law constant (gas:aqueous) (an indication of volatility). 

3
Maximum incremental reactivity (g O3 per g VOC) (Carter 2009). Generally applicable in urban areas. 

4
Equal benefit incremental reactivity (g O3 per g VOC) (Carter 2009). Generally applicable in rural areas. 

Silage VOC are generally small molecules that contain oxygen atoms (they may be referred to as 

oxygenated VOC). These compounds are all biogenic, meaning they are produced by living 

organisms. Some of the known silage VOC have been studied for well over a century. For example, 

acetic acid is important for silage preservation, contributing to both a low pH and inhibition of yeasts 

(McDonald et al. 1991). Formation of alcohols in silage was studied more than a century ago (Hart and 

Willaman 1912). The presence of other VOC, including aldehydes and esters, was recognized more 

than 50 years ago (Morgan and Pereira 1962) but only recently have they been quantified (Nielsen et 

al. 2007; Chmelova et al. 2009). 
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VOC production in silage 

Silage VOC are thought to be produced primarily by microorganisms during silage fermentation and, 

although some may form during storage. A limited number of studies have shown that concentrations 

of ethanol and 1-propanol approach increase rapidly during fermentation, approaching final levels 

within one week of ensiling, while other concentrations of other compounds may continue to increase 

(Filya and Sucu 2010; Franco 2016). Sources of silage VOC are summarized in this section, and more 

details can be found elsewhere (McDonald et al. 1991; Hafner et al. 2013).  

Acetic acid is produced by numerous silage microorganisms through fermentation, but 

heterofermentative lactic acid bacteria (LAB), enterobacteria, and clostridia are thought to be the most 

important. Acetic acid is less effective than lactic acid for lowering pH, but inhibits yeast activity and so 

can improve aerobic stability (McDonald et al. 1991). Propionic acid is produced by clostridia, and 

sequentially by Lactobacillus buchneri and L. diolivorans. Typical concentrations in maize silage after 

fermentation and storage have been given as between 10 and 30 g kg
-1

 for acetic acid and < 1 g kg
-1

 

for propionic acid (Kung and Shaver 2001). A compilation based on literature data showed that acetic 

acid was generally between 10 and  

50 g kg
-1

 and propionic generally between 1 and 10 g kg
-1

 (Hafner et al. 2013). 

Ethanol, which is probably the single most important silage VOC from an air quality perspective 

(Hafner et al. 2013), is thought to be produced primarily by yeasts, and to a lesser degree, obligate 

heterofermentative LAB by fermentation of forage carbohydrates (McDonald et al. 1991, Driehuis and 

van Wikselaar 2000). Yeasts use the alcoholic fermentation pathway, resulting in production of 2 

moles of ethanol and 2 mole CO2 per mole of glucose substrate, while heterofermentative LAB instead 

produce one mole each of lactic acid, ethanol, and CO2 (McDonald et al., 1991). Recent results from 

anti-fungal additive experiments also suggest that yeast dominate ethanol production, at least in maize 

silage (see Mitigation section below). Ethanol concentrations in maize silage may exceed 10 g kg
-1

 

(Hafner et al. 2013). 

1-Propanol and propionic acid are produced by Lactobacillus diolivorans by degradation of 1,2-

propanediol (Krooneman et al., 2002), which is produced by Lactobacillus buchneri. Additionally,  

1-propanol is a minor product of fermentation by yeasts (McDonald et al. 1991). Production of this 

alcohol varies widely in silage, with concentrations after storage ranging from below 0.1 to above 10 g 

kg
-1

 (Hafner et al. 2013). 

Methanol has been reported to be the main product from the metabolism of pectin by Clostridium 

butyricum in culture (Schink and Zeikus 1980), and by certain bacteria of the genus Enterobacter and 

Clostridium (Lindinger et al. 2006). However, it is likely that methanol formation in silage occurs 

through the action of pectinesterase and polygalacturonase, which are responsible for de-esterification 

of pectin in higher plants (Birch et al. 1981; Hou et al. 2008). Also, it is possible that damage to plant 

cells during harvest and chopping of corn plants for silage triggered the action of pectinesterase and 

polygalacturonase, which facilitate the degradation of pectins and, thus, the formation of methanol 

(Pedrolli et al. 2009). Methanol concentrations in silage are generally less than 10% of ethanol (Hafner 

et al. 2013). 

Aldehydes may be produced by some LAB and yeast, using sugar and amino acids as substrates (Liu 

and Pilone 2001; Østlie et al., 2003), but also through two abiotic pathways, of which alcohol oxidation 

is probably the most important. Very few measurements of aldehydes in silage exist, but reported 

concentrations are all below 1 g kg
-1

 and typical concentrations appear to be an order of magnitude 

lower (Hafner et al. 2013). However, high reactivity increases their contribution to secondary air 

pollution. 

Esters may be formed by LAB and also abiotically through esterification reactions with alcohols (Weiß 

et al. 2016). More recently, the formation of esters was attributed to the reaction of ethanol and acetyl-

CoA, which was found to be mediated by yeast acyltransferases (Piskur and Compagno 2014). Thus, 

it is likely that production of ethyl acetate and other esters in silage occurs due to yeast activity, and it 

will probably depend on the concentration of ethanol (or other alcohols) and acetyl-CoA during silage 

fermentation, as well as pH, temperature, yeast abundance, and strain type (Suomalainen 1981; 

Peddie 1990). In the case of non-brewing yeasts, ethyl esters can be synthesized by the action of 
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esterase enzymes (Peddie 1990). Management strategies and practices that promote ethanol 

formation during ensiling will most likely also stimulate the production of ethyl acetate and other ethyl 

esters (Weiß et al. 2016). Correlation between ethanol and ethyl ester concentrations in silage provide 

some evidence of abiotic formation (Weiß and Auerbach 2013). However, limited measurements on 

the timing of ester production show a high initial rate, before alcohol and acid concentrations have 

peaked, suggesting the biological routes may dominate (Franco 2016). Most esters are present at 

concentrations below 1 g kg
-1

 in maize silage after storage (Hafner et al. 2013). 

Mitigation is complicated by the redundancy in silage microbial communities, and further 

characterization of microbial communities responsible for the formation of specific VOC during ensiling 

is needed. It will be important to investigate both the concentrations of VOC and the changes in 

microbial communities in the first few days of ensiling as well as after active fermentation in the silo 

has ceased. A combination of techniques such as selective microbial inhibition, DNA and RNA based 

methods (i.e., molecular techniques, gene sequencing) for identifying and enumerating both fungi and 

bacteria, and  determination of VOC throughout ensiling would provide valuable data for developing 

effective mitigation strategies in the control of VOC production and emission from silage (Pang et al. 

2011; Gharechahi et al. 2017; Xu et al. 2017; Tennant et al. 2017)  

 

VOC emission 

Emission pathways 

Emission of VOC occurs throughout the silage production process, starting during crop growth, 

generally increasing during harvesting, continuing during fermentation and storage in a silage pile, pit, 

bag, bunker, or tower silo, and ending only when silage is consumed by animals (the majority of 

ethanol consumed by cattle, for example, is probably metabolized in the rumen or liver (Kristensen et 

al. 2007)) or fed to an anaerobic digester for biogas production. The magnitude of VOC emission 

varies throughout the silage production cycle, and depends on the concentration of VOC present in 

the material at each stage, and conditions that determine the rate of mass transfer through silage 

pores and from the exposed surface (Hafner et al. 2012). Or, in the case of emission from growing 

crops, the production rate may control emission. The maximum concentration of VOC present in silage 

is a convenient reference point for emission. Assuming little emission occurs before and during 

storage and VOC production is minor under the aerobic conditions that silage is exposed to once it is 

removed from a storage structure, maximum VOC concentrations occur after silage fermentation is 

complete. Expressing the maximum VOC concentration as a fraction of the silage dry matter basis 

(mass of VOC per kg of silage dry matter) makes it convenient to estimate emission based on silage 

production or silage feeding estimates, and is the approach used in this section. Production of 

individual silage VOC and varies with location, crop, and other factors. Based on mean values from a 

literature review, the sum of all VOC in maize silage is between 30 and 40 g kg
-1

 (silage dry matter 

basis).  

Plants produce volatile compounds as result of abiotic or biotic stresses, and to communicate with 

insects and other plants (Holopainen, 2004; Holopainen and Gershenzon, 2010). Low molecular 

weight VOC are also produced as part of secondary metabolism, with methanol, isoprene, and 

monoterpenes being the most abundant in the atmosphere. Methanol is produced as a byproduct of 

pectin formation in developing plant cell walls (Galbally and Kirstine 2002; Brunner et al. 2007). 

Terpenoids, including isoprene and monoterpene, are the largest and most diverse plant secondary 

metabolites, participating in photosynthesis, respiration, stress adaptation, plant defense mechanisms 

and attraction of pollinators (Sharkey et al. 2008; Guenther et al. 2012). 

Estimates of VOC emission rates from growing crops are scarce. The average flux of volatiles emitted 

from growing maize crops measured with micrometeorological methods ranges from 230 to  

5000 µg m
-2

 h
-1 

and is dominated by methanol, acetic acid, and acetaldehyde (Das et al. 2003; Bachy 

et al. 2016; 2018). Wiß et al. (2017) and Graus et al. (2013) also measured volatile organic emissions 

from maize growing crops using controlled flow chamber concentration methods and found VOC flux 

that was one half the flux measured by the studies that use micrometeorological methods. The range 
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of volatiles flux measured varied from -300 µg m
-2

 h
-1 

(net uptake) to 3450 µg m
-2

 h
-1

 and was 

dominated by methanol (55% to 88% of the total VOC emissions), acetic acid (10% to 30%), and 

acetaldehyde (about 10%). The large variation in flux magnitude was attributed to the interaction 

between the emission of VOC by maize and the adsorption and desorption from soil, as affected by 

the physiological stage of the plant, temperature and moisture condition of the soil (Wiß et al., 2017; 

Bachy et al., 2018; Mozaffar et al., 2018). Graus et al. (2013) also measured VOC emission from 

switchgrass (Panicum virgatum L.) and found the flux to be dominated by methanol, but to be one-half 

the magnitude of the flux measured on corn fields. Fluxes for white clover and mixed grasses reported 

in the compilation by Bachy et al. (2016) vary  

from -200 to 1000 µg m
-2

 h
-1

, and Warenke et al. (2002) report 4000 µg m
-2

 h
-1 

from undisturbed 

mature alfalfa. 

Harvesting the crop triggers stress response mechanisms and enzymatic tissue decomposition that 

increase emission of VOC. Karl et al. (2001) measurements of VOC emissions from a mixture of 

grass-legume hay harvesting ranged from 1000 to 8400 µg m
-2

 h
-1

, and Davison et al. (2008) 

measured fluxes ranged from 500 to 2400 µg m
-2

 h
-1

 after cutting a different grass-legume mixture for 

hay. Warenke et al. (2002) measure a twofold increase of the VOC flux after alfalfa was cut during 

harvest. Methanol was the dominant volatile emitted before and during harvest, increasing in 

proportion immediately after cutting the crop, and diminishing as the crop dries and leaf senescence 

volatile compounds acetaldehyde, acetic acid and acetone increase in proportion over the following 

days (Warenke et al. 2002; Bachy el at. 2018; Mozaffar, et al. 2018). 

Emissions of volatile organic compounds during crop grow and harvest are unrelated to the post-

harvest process and storage, and occur whether the material is processed as silage or not. Cutting the 

plant material to size for ensiling, transporting it to the silo and packing it to the appropriate density are 

post-harvest activities directly related to silage production and are expected to enhance VOC 

emissions through the same mechanisms that occur during harvest. Nonetheless, recommended 

silage preparation practices limit the time from harvest to covering the silo to a day, and total VOC 

emissions occurring during silo preparation are expected to be less than those incurred during harvest 

and drying of the material for hay. 

Assuming a silage dry matter yield of 20 t ha
-1

, a growing season of 110 d, dry matter losses during 

ensiling of 15%, and emission at the maximum observed rate of 5000 µg m
-2

 h
-1

, crop growth could 

contribute as much as 8 g kg
-1

 (g of VOC per kg silage dry matter). With more typical rates of 200-400 

µg m
-2

 h
-1

 (Graus, 2013; Bachy et al., 2016) total emission would be about 0.3-0.6 g kg
-1

. These 

estimates are < 10% of losses during feeding (discussed below) and < 2% of VOC mass present after 

silage storage. 

During fermentation the most important silage VOC are produced and accumulate. Carbon dioxide 

(CO2), a byproduct of heterolactic fermentation, mixed acid fermentation, and alcoholic fermentation 

(McGechan, 1990) causes pressure- and buoyancy-driven advective flow of gas out of the silage 

storage structure (Williams et al., 1997). This gas flow will carry VOC out of the silage, but the amount 

transported is limited by the concentration of VOC present at this stage of the fermentation process 

and by the partitioning of between gas and aqueous phases, which depends on temperature, silage 

moisture and gas-phase porosity (Hafner et al., 2012). Hafner et al. (2012, supplementary material) 

presented an approach to predict these losses, assuming that VOC concentrations during the entire 

fermentation period are similar to the values measured when the silo is open at the end of the storage, 

which indicates that for the most volatile compounds (esters and aldehydes), predicted losses are < 

6% of the total compound mass under typical conditions, but nearly 30% under extreme conditions. 

For alcohols, which are the most important from an air quality perspective, losses from this route are 

probably negligible (< 2% even under extreme conditions). 

Even in the most carefully sealed silage bags some exchange of mass between the silage and the 

atmosphere occurs during storage. It is possible to estimate storage losses by using aerobic 

deterioration losses as an estimate of the air that enters stored silage and assuming that a similar 

quantity of silage gas has escaped (Hafner et al., 2012, supplementary material). Under typical 

conditions, predicted ester losses may be 40% to 100% of the total ester mass under extreme 
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conditions, while alcohol losses would be about 2% under typical conditions. These estimates are 

probably higher than true values, since the method assumes an even distribution of silage VOC at all 

times (i.e., insignificant transport resistance within silage). Losses of highly volatile compounds may 

be significant during storage, therefore concentrations of the most volatile VOC measured after silage 

storage may significantly underestimate total production.  

The term ―feedout‖ is used here to describe the time when silage storage structures are open and 

silage is removed every day for feeding. Measurements of VOC emission rates have been made on 

both intact silage at the exposed ―face‖ of a silage pile using low-air flow flux chambers (Alanis et al., 

2008; Chung et al., 2010) and on intact samples in the laboratory under a wide range of air velocities 

(Montes et al., 2010). Results are sensitive to the method used, and in particular, low-air flow flux 

chamber measurements almost certainly substantially underestimate emission rates (Hafner et al., 

2010). Furthermore, emission rates have been found to be sensitive to both temperature and air flow 

rate in wind tunnel studies (Montes et al., 2010). Despite the uncertainty in emission rates under farm 

conditions, wind tunnel results show that emission during feedout is almost certainly significant. At 

20℃ and under moderate air flow of 0.5 m s
-1 

close to the silage surface, ethanol loss from a 15 cm 

block of silage may exceed 10% of the initial mass over 12 h (Montes et al., 2010). More volatile 

compounds will be lost at a higher rate (although measurements have not been made under these 

conditions). With a daily removal of 15 cm during feedout, we might expect around 10% of ethanol to 

be lost. However, low density, high temperature, high wind speed, and a smaller daily removal 

thickness could all contribute to greater losses. 

During feeding, silage is removed from a storage structure, transported to a mixing wagon, mixed with 

other feed components, and finally placed in feed lanes, where most of it is consumed by cattle. Wind 

tunnel measurements show that loss of ethanol is much higher from loose silage than from packed 

samples (Montes et al. 2010; Hafner et al. 2010). Loose silage at 20°C exposed at wind speeds of  

5 m s
-1

 may emit as much as 80% of initial ethanol mass from a 15 cm deep sample over 12 h (Hafner 

et al. 2010). Limited mass balance measurements under barn conditions with 10 cm deep maize 

silage and exposed to 0.6 and 0.9 m s
-1

 average wind speed have shown losses of 34-56% of initial 

ethanol and as much as 92% of initial acetaldehyde present in silage over 6 h (Hafner et al. 2012). 

Measurement of VOC emission 

Quantifying VOC emissions from silage requires accurate measurement of emission rates under 

normal farm conditions. Although rates can be accurately measured using a variety of approaches, 

some approaches influence mass transfer and therefore result in inaccurate estimates of emission 

under farm conditions. The earliest work in California, USA was based on flux chambers that were 

originally designed for production- or diffusion-limited emission (Alanis et al. 2008; Chung et al. 2010). 

But silage VOC are relatively soluble in water (Table 1), and emission is therefore unlikely to be 

production-limited. Also when previously sealed silage is exposed directly to moving air (see Emission 

pathways section below) VOC loss is unlikely to be diffusion-limited. Both theory and measurements 

have since shown that emission rates depend on air flow speed at an exposed surface (Hafner et al. 

2009; Montes et al. 2010). Comparison of wind tunnel and flux chamber measurements of ethanol 

emission using two types of silage confirmed that flux chambers are not appropriate for measuring 

VOC emission rates from silage, and will generally underestimate total emission (Hafner et al. 2010). 

In selecting a measurement approach, researchers must recognize that air flow affects the rate of 

VOC mass transfer from silage.  

Most emission measurement techniques require determination of gas-phase VOC concentrations. 

Multiple options exist for making these measurements. A gas chromatograph (GC) with a flame 

ionization detector (FID) and appropriate column is sufficient for detection and quantification of most 

silage VOC (Montes et al. 2010; Hafner et al. 2012; Franco 2016). Identification is based on retention 

time, and for some compounds present at low concentrations, may be inaccurate. An alternative for 

detection is a mass spectrometer, which enables both quantification and improved identification based 

on both retention time and mass spectrum (Alanis 2008; Chung et al. 2010). Regardless of the 

detector, GC methods require that silage VOC are sampled with an acceptable recovery. If direct 

sampling is not possible, canisters are suitable for the main silage VOC, e.g. ethanol, but polar VOC 
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(e.g. carboxylic acids), semi-volatile VOC and reactive VOC need special attention in relation to 

recovery, since poor recovery has been reported (Koziel 2000). Canisters have been used for silage 

VOC with canisters included in the calibration procedure, which in principle may account for any 

reduced recoveries (Chung et al. 2010). Sorption-based methods such as adsorption tubes (e.g. 

Tenax) and solid-phase micro-extraction (SPME) can also be used for sampling VOC, but these 

methods are problematic for very volatile compounds such as small alcohols and ketones due to the 

low degree of sorption to the sampling material and challenges in calibration. Alternatively, direct 

(online) mass spectrometry (proton-transfer-reaction mass spectrometry; PTR-MS) without 

chromatographic separation has been used for measuring emissions from dairy barns (Shaw 2007; 

Ngwabie 2008) as well as different sources in cattle operations including feed (Yuan et al. 2017). This 

method for measuring concentration is applicable to silage emissions in combination with e.g., wind 

tunnels. Advantages of PTR-MS include high time resolution, high sensitivity, very low risk of sampling 

bias and relatively easy quantification even of unidentified compounds. Application of a high-resolution 

time-of-flight (TOF) mass filter enables determination of absolute compound mass. Disadvantages 

include low selectivity for compounds of identical atomic composition (e.g acetone and propanal) and 

loss of selectivity due to compound fragmentation (e.g., alcohols with 3 or more carbon atoms (Brown 

et al., 2010)). For important silage compounds such as ethanol, methanol, acetic acid and acetone, 

PTR-MS will be a suitable tool for measuring emissions. Photoacoustic gas monitors such as the 

INNOVA instruments produced by LumaSense (Santa Clara, CA, USA) can provide accurate 

determination of specific VOC (but not for broad groups, such as VOC or ―non-methane 

hydrocarbons‖). The use of photoacoustic monitors with relatively broad optical filters requires that 

interferences can be excluded. For complex mixtures containing numerous compounds, interferences 

are likely, and the accuracy of the instrument should be evaluated using a GC or MS (Hafner et al. 

2010; Chung et al. 2010). 

Emission rates of silage VOC are strongly time-dependent, due to depletion of VOC near an exposed 

surface and the resulting increase in transport resistance as VOC must travel through silage pores 

prior to emission. For example, emission rates of ethanol from corn silage measured using a wind 

tunnel declined by a factor of 70 over 12 h (Hafner et al. 2010). Emission measurements and 

estimates could be simplified if only a very small fraction of silage VOC mass were volatilized (close to 

constant emission rates) or if nearly all VOC mass was lost (production limited) (Hafner et al. 2013). 

Unfortunately, transport properties of silage and the volatility (or solubility) of the most important silage 

VOC result in a situation that is not close to either of these extremes. 

The best methods for measuring emission are those that have no effect on silage properties nor air 

movement near the silage surface. In some cases, it may be possible to collect silage samples over 

time while emission occurs. A decline in VOC concentrations within the silage can be used to calculate 

emission by mass balance (Hafner et al. 2012). It is necessary to confirm that oxidation or other 

pathways are not responsible for changes, but this can easily be done using closed containers (Hafner 

et al. 2012). However, it would be difficult to apply this method during consumption of silage. 

Dispersion-based methods have been used for many air pollutants from agricultural systems (Leytem 

et al. 2011; Ogink et al. 2013) and may be useful for silage VOC also. Gas-phase concentrations are 

generally measured upwind and downwind of a source, and there is no disturbance of the source 

itself. 

Resulting estimates of emission would include all sources within close proximity, so the method could 

not be used to quantify individual sources within a barn, for example. However, it may be possible to 

apply it to a silage pile. 

Tracer ratio methods have also been used for agricultural air pollutants. They rely on the controlled 

release (or a known emission rate) of a reference compound, and have the same advantages and 

disadvantages of dispersion-based methods. Tracer ratio methods have been used extensively for 

measuring emissions of ammonia from cattle barns (Ogink et al. 2013) either using naturally occurring 

CO2 produced by the animals as a tracer or using synthetic tracers (e.g. SF6). Using a single tracer, 

however, only allows for quantification of one source and if silage is stored in connection to a livestock 

building, this approach may not be possible. Alternatively, a dual tracer method similar to the approach 
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used by Zeyer et al. (2013) might be used but this requires substantial development and verification. 

Tracer ratio methods can include both time-averaged and online measurements with the latter (e.g., 

PTR-MS for VOC) adding the benefit of a high time resolution. 

At this time, with only limited measurements of emission rates available (see Emission pathways 

section, below), those developing inventory estimates should be skeptical of any measurements made 

under conditions that do not reflect those that silage is exposed to on farms, including silage condition, 

air speed, temperature, and the duration of exposure. If an appropriate approach from measurement 

of VOC emission is not available, measurements of VOC within silage are more useful than inaccurate 

emission measurements that depend on precise conditions that are difficult to replicate. 

Concentrations within silage can be used to estimate relative differences and total maximum emission 

(at least for all stages that occur after measurement). Silage VOC concentrations can be measured 

using water extraction or headspace analysis, combined with GC/FID or GC/MS measurements 

(Hafner et al. 2014; Weiss et al. 2016). 

Magnitude of silage VOC emission 

Given the paucity of reliable measurements of VOC emission from silage, emission estimates 

(including those published in national emission inventories) have the potential to be very inaccurate. 

However, even approximate estimates are useful for assessing the significance of the problem and 

identifying research needs. In this section we present new estimates of silage VOC emission for the 

US, EU, and some smaller areas, and compare them to inventory estimates of non-agricultural 

emissions as a means of evaluating the significance of silage VOC. 

We can estimate VOC emission by assuming fixed fractions of the three most important VOC groups 

are ultimately lost during the stages described above (see Emission pathways section). Mean 

concentrations from a large compilation of literature data for each of the four most important VOC 

groups in maize silage were 22.1, 9.7, 1.9, and 0.6 g kg
-1

 for acids, alcohols, esters, and aldehydes 

(dry matter basis) (Hafner et al., 2013). Our best estimate of typical emission losses from all stages 

after packing is 40% for alcohols and 70% for esters and aldehydes based on the wind tunnel results 

for packed silage presented by Montes et al. (2010) and the mass balance results for loose silage 

reported in Hafner et al. (2012). With a lower volatility, an estimate of 10% for acids may be 

reasonable. The sum of the product of silage concentrations and these volatilization estimates results 

in an emission factor of 8 g kg
-1

, which we can take as an estimate of typical VOC emission from 

maize silage. It is important to remember that this is an approximate estimate at best, and how well it 

reflects actual emission is unknown. Additionally, the value will vary among locations. Similar 

approaches for lower and upper limits (assuming only 1% acid emission, 10% for alcohols, and 20% 

for esters and aldehydes for the lower limit, along with a lower alcohol concentration of 5 g kg
-1

; and 

20% loss of acids, 70% for alcohols, and 100% for esters and aldehydes) yield values of 1 and 14 g 

kg
-1

.  

Reflecting on these estimates, and given some confusion in trade publications (e.g., Mitloehner and 

Cohen 2016), it should be recognized that VOC emission is not the major route of mass loss from 

silage. Even well-managed silage typically loses > 50 g kg
-1

 (5%) of dry matter between packing and 

feedout (not including surface waste), and losses may exceed 200 g kg
-1

 (McGechan 1990; Savoie 

and Jofriet 2003). But this lost mass is primarily as CO2 from both fermentation or aerobic respiration 

(McGechan 1990). Only under the most extreme conditions (ethanol > 50 g kg
-1

) could VOC emission 

approach 50 g kg
-1

, and in this case, total mass loss would almost certainly be much higher (assuming 

ethanol production was from alcoholic fermentation by yeast, fermentation loss by CO2 alone would 

exceed 50 g kg
-1

 loss as well).  

The emission factors calculated above are used here along with estimates of silage production to 

predict VOC emission. Resulting estimates have been made for the US, the EU, and some smaller 

areas where silage VOC emission may be more significant: the San Joaquin Valley in California, USA, 

which has a large fraction of the US dairy cow herd and significant air quality problems (Howard et al. 

2010); Germany, which produces more maize silage than any other country in the EU, and France, 

which is exceeded only by Germany in maize silage production within the EU. In Germany, almost half 

of the silage maize produced is used for biogas production (S. Kraume, Deutsches Maiskomitee e.V., 
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personal communication). Differences in management and handling (including the lack of feed lanes in 

biogas production) would result in different emission factors than for silage produced for animal feed, 

and so emission estimates are particularly uncertain for this country. 

Resulting estimates (Table 2) clearly show that silage has the potential to be a major source of VOC 

emissions. But they also show that more precise estimates are needed. For the US, for example, our 

estimates range from <1% to >9% of non-agricultural emissions. These average values do not show 

the variability in emission rates. In the San Joaquin Valley, for example, we estimate that silage 

emissions are at least 7% of non-agricultural sources, but may nearly match the sum from these other 

sources. Inventory estimates for the SJV range from approximately 13% to 30% of non-agricultural 

sources (CARB 2017; Howard et al. 2010), which falls in the range of the lower and upper limit of our 

predictions in Table 2 below.  

Table 2. Estimates of VOC emissions from national inventories and estimated here, based on silage 

production and VOC emission factors. 

 Inventory anthropogenic 
VOC emissions

1
 (Gg yr

-1
) 

 
Total silage 
production 
(Tg yr

-1
)
2 

Predicted silage VOC emissions 
(Gg yr

-1
)  

Region Non- 
agricultural

1 
Agricultural

 
Lower limit Best estimate Upper limit 

United States 15200 200 125 125 1000 1750 

European Union 
(EU 28) 

5840 1170 64 64 510 890 

San Joaquin 
Valley, 
California 

100 32
5
  6.5 6.5 50 90 

Germany
6 

812 208 26 26 210 360 

France 623 1.7 15 15 120 210 

Notes: 
1
Emission inventory data for 2014 or 2015. EU data are from EEA (2017), US data are from 

EPA (2018b), SJV data are from CARB (2017). Agricultural estimates are incomplete in some cases, 

and known to be underestimates. 

2
Dry matter produced basis. US data are from NASS (2018). The US total includes maize, grass 

(haylage), and sorghum silage production, and the San Joaquin Valley total is for maize silage only, 

since no other types are produced in significant amounts. Data for Europe are from EuroStat (2018). 

All values for Europe are for maize silage only. In all cases, a loss of 15% dry matter from harvest 

through storage was applied. 1 Tg = 1 million tonnes.  

5
Excludes silage emission, which is reported as 13 Gg yr

-1
. 

6
About 47% of silage maize produced in Germany is for biogas production (S. Kraume, Deutsches 

Maiskomitee e.V., personal communication), but the same emission factors were used for all locations 

presented in this table. 

 

Mitigation 

Silage additives may reduce VOC emission by reducing production of these compounds during 

ensiling. For given silage handling practices (e.g., sealing, exposure, feed depth) and fixed physical 

properties (density, particle size), mass transfer theory dictates that total volatilization of a particular 

compound from silage will be proportional to the mass of that compound produced (Hafner et al. 

2012). The use of some antifungal chemical additives have been found to be very effective in reducing 

production of ethanol and, in some cases, ethyl esters, in corn silage in laboratory trials (Table 3). 
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Other additives have shown no effect, or, in some cases, increased VOC concentrations (Hafner et al. 

2014; Weiß et al. 2016). 

Table 3. Summary of results from laboratory or full-scale trials on effects on chemical antifungal 

additives on alcohols and esters in maize silage. 

Study Additive (dose per forage 
fresh mass) 

Effects Other details 

Kleinschmidt et 
al. (2005) 

1:1 potassium 
sorbate:EDTA (1 g kg

-1
) 

80% reduction in ethanol  

Teller et al. 
(2012) 

Potassium sorbate (1 g 
kg

-1
) 

70% or greater reduction in 
ethanol 

 

Weiß and 
Auerbach 
(2013) 

21.9% sodium benzoate, 
13.2% potassium sorbate 
(2 g kg

-1
) 

72% reduction in ethanol, 
45% in ethyl acetate and 58% 
in ethyl lactate 

 

Auerbach and 
Nadeau (2013) 

250 g/L sodium 
benzoate, 150 g/L 
potassium sorbate; 1.0, 
1.5, 2.0 L t

-1 

73 to 84% reduction in 
ethanol 

Reduction did not depend on 
dose  

Hafner et al. 
(2014) 

Potassium sorbate (1 g 
kg

-1
) 

58% reduction in ethanol, 
46% reduction in ethyl 
acetate 

A lower dose of potassium 
sorbate appeared to increase 
VOC production 

Auerbach et al. 
(2015) 

Sodium benzoate, 
potassium sorbate; 1.0. 
2.0 L t

-1 

45 to 51% reduction in 
ethanol 

Reduction did not depend on 
dose 

Hafner et al. 
(2015) 

Potassium sorbate (1 g 
kg

-1
) 

>70% reduction in ethanol, 
>65% reduction in ethyl 
acetate 

Also >50% reduction in 1-
propanol when Lactobacillus 
plantarum was added along 
with K sorbate 

Franco (2016) Potassium sorbate (1 g 
kg

-1
) 

>80% reduction in ethanol, 
ethyl acetate, ethyl lactate, 
>60% reduction in 
acetaldehyde, >30% 
reduction in methanol 

 

Weiß et al. 
(2016) 

21.9% sodium benzoate, 
13.2% potassium sorbate 
(2 g kg

-1
) 

58% reduction in ethanol, 
86% in ethyl acetate, 80% in 
ethyl lactate 

Depending on air exposure: 
25-40% reduction in ethanol, 
63-77% in ethyl acetate and 
46-49% in ethyl lactate 

Brüning et al.,  
In Weiß 2017 

21.9% sodium benzoate, 
13.2% potassium sorbate 
(2 g kg

-1
) 

62% reduction in ethanol, 
88% in ethyl acetate, 50% in 
ethyl lactate 

 

 

Effects of other management practices are less clear. High compaction of silage (i.e., attaining a high 

density) has been suggested as an important means for reducing VOC emission (Mitloehner and 

Cohen 2016). In general sufficient silage density is important for producing high-quality feed. And 

while lower gas-filled pore space will reduce transport of VOC to the exposed silage face (Hafner et al. 

2012), the effect on total silage VOC emission is probably small, since feeding and not storage or 

feedout is thought to be the major route of VOC loss (see Emission pathways section above). 

Moreover, production of both ethanol and ethyl esters has been found to be higher in compacted 

areas within bunker silos in Germany (Weiß et al. 2015) and pilot-scale experiments have shown an 

increase in response to higher compaction (Brüning et al. 2018). The most recent pilot-scale study 

with maize found higher acetate, ethanol, ethyl lactate and ethyl acetate in the high density treatments 
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but similar levels of methanol and 2-butanol between high and low density (Brüning et al. 2018). 

Overall these results suggest that high density may minimize respiration of sugars, providing more 

substrate for yeasts to produce ethanol in maize silages, where fermentation by LAB is more likely to 

be limited by low pH. Whether this holds true in silages where LAB fermentation is more likely to be 

limited by sugar availability needs to be studied. 

Delayed sealing has long been associated with an increase in spoilage microorganisms including 

yeasts. For a delay in sealing of 16 to 24 h, Weiß et al. (2016) found no consistent effects across three 

trials in maize silage on ethanol, ethyl acetate and ethyl lactate. Recently, Brüning et al. (2018) studied 

delays in sealing of 2 and 4 d in maize silage. Both delayed sealing treatments increased ethyl lactate 

and ethyl acetate and decreased methanol and 2-butanol compared to immediate sealing. Ethanol 

was unaffected by the sealing treatment. More research in this area is needed and may be useful in 

uncovering the sources of some VOC. However, from a practical perspective, these results provide an 

additional reason for farmers to promptly seal silage piles and bunkers. 

 

Conclusions 

Numerous volatile organic compounds (VOC) are produced by yeasts and bacteria during ensiling, 

and together these compounds make a significant contribution to VOC emission in the US and EU. 

Silage VOC emission is probably equivalent to > 5% of all other anthropogenic sources in both the US 

and EU. In some areas with high silage production, its contribution to VOC emissions are undoubtedly 

larger than national or continental averages, perhaps by an order of magnitude. However, uncertainty 

in emission estimates is high. Conversely, these is less uncertainty about how VOC emission can be 

reduced. Chemical additives that inhibit yeasts have the potential to cut silage VOC emission in half. 

With some exceptions, this topic is not receiving much attention by researchers. Research needs 

include: 

 Development and testing of new, more accurate, methods for measuring VOC emission from 

silage or whole farms 

 Accurate measurements of VOC emission on farms under a range of conditions 

 Quantitative assessments of the contribution of silage VOC emission to air pollution for 

specific locations based on a combination of emission and atmospheric chemistry models 

 Identification and quantification of VOC production pathways through application of molecular 

biology tools 

 Evaluation of VOC-reducing silage additives from multiple perspectives (VOC, animal health 

and milk yield, economy) under diverse conditions  

 Assessment of management practices other than use of silage additives on VOC emission 
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Introduction Oat is a winter cereal widely used as whole crop silage for feeding animals. A limiting 

factor for making high quality silage in pre-flowering stages is the low dry matter (DM) content of oat 

crop. Thus, wilting is a plausible strategy to decrease moisture content, but the exposure in the field 

(delayed ensiling) can raise the proliferation of undesirable microorganisms and affect the final quality 

of the silage, for instance, by decreasing the aerobic stability. Inoculation with heterolactic bacteria 

(e.g. Lactobacillus buchneri) is an alternative to alleviate this problem. However, both DM and 

inoculation with heterolactic bacteria may alter the profile of fermentation end-products and, in turn, 

silage conservation and nutritive value. The objective of this study was to evaluate the effects of 

wilting and a heterofermentative inoculant (L. buchneri) on the formation of volatile organic 

compounds in oat silage. 

Material and Methods A plot of white oat (Avena sativa cv. URS Charrua) at head-emergence stage 

was split equally. During the morning, half-plot was cut and allowed to wilt for 5 h (Wilted), whereas 

the other half was directly harvested in the afternoon (Direct-cut, DC). Both forages were mechanically 

chopped (theoretical length of cut = 8 mm), divided in two piles, treated with L. buchneri 40788 [4 × 

10
5
 colony-forming units (cfu)/g; LB] or distilled water (5 mL/kg; Ctrl) and packed (0.4 porosity) into 

1.96 L jars (4 replicates per treatment). After 112 d of storage, silages were sampled for measuring 

the pH and contents of DM, NH3-N (colorimetric method), lactic acid (colorimetric method) and volatile 

organic compounds (GC-MS). Data were analyzed as a 2 × 2 factorial arrangement using the Mixed 

procedure of SAS. Means were compared by Tukey‘s test (α = 0.05). 

Results and Discussion Wilting for 5 h was effective to increase DM content from 21% to 30%. In 

silages without inoculant, higher moisture content extended the fermentation, resulting in higher 

concentration of lactic acid and lower pH. Butyric acid concentration was low in all silages. In silages 

inoculated with LB there was a decrease in lactic acid concentration and a greater production of acetic 

acid, especially in DC silage. The anaerobic conversion of lactic acid to acetic acid and 1,2-

propanediol by L. buchneri is well stablished in the literature (Oude Elferink et al. 2001). Interestingly, 

the content of 1,2-propanediol was high in Wilted-LB silage, but not in DC-LB silage, probably 

because an indigenous pathway of converting 1,2-propanediol to 1-propanol and propionic acid by L. 

diolivorans (Krooneman et al. 2002). The latter compounds were found in high concentrations in DC-

LB silage.  

The LB also increased the contents of 2,3-butanediol and NH3-N, perhaps by stimulating the 

metabolism of enterobacteria (McDonald et al. 1991). Unexpectedly, LB increased the concentrations 

of alcohols (ethanol, i-propyl alcohol, 2-butanol e methanol), especially in DC silages.  

Esters are mainly formed in silages by abiotic esterification (chemical reaction) stimulated by low pH 

(Weiss 2017). The LB decreased the content of ethyl lactate, due to a reduction in lactic acid 

concentration, whereas increased the formation of ethyl acetate and propyl acetate, certainly because 

LB increased acetic acid, ethanol and 1-propanol concentrations.  
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Table 1. Dry matter, pH and fermentation products in oat silages.  

 Direct-cut  Wilted  P
1
 

Item Ctrl LB
2
  Ctrl LB SEM

3
 W I W × I 

Dry matter (DM), % fresh 
matter 

21.6 20.5  30.8 30.1 0.31 <0.01 0.02 0.61 

pH 3.90
c
 4.61

a
  4.05

b
 4.59

a
 0.034 0.07 <0.01 0.03 

NH3-N, % N 6.56
b
 10.08

a
  5.33

b
 8.92

ab
 0.373 <0.01 <0.01 0.92 

Lactic acid, % DM 4.05
a
 1.85

c
  3.05

b
 1.74

c
 0.130 <0.01 <0.01 <0.01 

Acetic acid, % DM 1.51
c
 6.97

a
  1.43

c
 4.44

b
 0.321 <0.01 <0.01 <0.01 

Ethanol, % DM 0.15
c
 0.92

a
  0.14

c
 0.56

b
 0.073 0.03 <0.01 0.03 

1,2-Propanediol, % DM 0.14
b
 0.75

b
  0.25

b
 3.37

a
 0.227 <0.01 <0.01 <0.01 

2,3-Butanediol, mg/kg DM 228
b
 5671

a
  287

b
 709

b
 650.7 <0.01 <0.01 <0.01 

Methanol, mg/kg DM 152 232  196 208 14.3 0.58 0.03 0.09 
Propionic acid, mg/kg DM 96

b
 13318

a
  87

b
 724

b
 1518.5 <0.01 <0.01 <0.01 

Ethyl lactate, mg/kg DM 53
a
 42

b
  49

ab
 41

b
 4.6 0.62 0.01 0.21 

Butyric acid, mg/kg DM 15
b
 19

a
  17

a
 15

b
 0.9 0.20 0.32 <0.01 

i-Valeric acid, mg/kg DM 13
ab

 13
ab

  16
a
 10

b
 0.9 0.97 <0.01 0.02 

1-Propanol, mg/kg DM 11
b
 9068

a
  8.8

b
 185

b
 888.7 <0.01 <0.01 <0.01 

i-Butyric acid, mg/kg DM 3.9
b
 4.0

b
  3.9

b
 19

a
 0.9 <0.01 <0.01 <0.01 

Ethyl acetate, mg/kg DM 3.3
b
 29

a
  2.5

b
 25

a
 2.9 0.34 <.0.01 0.48 

Valeric acid, mg/kg DM 2.6
b
 4.3

a
  2.9

ab
 3.9

ab
 0.38 0.93 <0.01 0.31 

i-Propylic alcohol, mg/kg DM 1.4
b
 12

a
  0.9

b
 1.6

b
 1.09 <0.01 <0.01 <0.01 

2-Butanol,mg/kg DM 1.1
b 

115
a 

 0.7
b 

1.1
b 

24.3 0.04 0.04 0.04 
Propyl acetate, mg/kg DM 0.0

b
 56

a
  0.2

b
 3.1

b
 7.44 <0.01 <0.01 <0.01 

Lactic acid/Acetic acid 2.80
a
 0.27

b
  2.23

a
 0.41

b
 0.228 0.36 <0.01 0.14 

1,2-Propanediol + 1-Propanol 
      + Propionic acid, % DM 

0.15
b
 3.50

a
  0.26

b
 3.46

a
 0.308 0.90 <0.01 0.80 

1
W: wilting effect, I: inoculant effect.  

2
Ctrl: without inoculant, LB: L. buchneri applied at 5 × 10

5
 cfu/g. 

3
Standard error of the mean.  

a,b,c,d 
Tukey‘s test (α = 0.05). 

 

Conclusion Both L. buchneri and moisture content markedly affected the fermentation profile. Overall, 

wilting decreased whereas L. buchneri increased the formation of volatile organic compounds in oat 

silage. High moisture content boosted the effect of L. buchneri on the formation of volatile organic 

compounds. Hence, treating oat silage up to 30% of DM with L. buchneri might not be recommended. 
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Introduction Ethyl esters, correlated with ethanol, are considered as indicator substances for total 

volatile organic compounds (VOC) production in silage (Weiss et al. 2016). Delayed sealing and silage 

additive affect fermentation pattern and VOC production in maize silage (Weiss et al. 2016, Brüning et 

al. 2017). As no data is available on the accumulation pattern of VOC, our study investigated VOC 

formation during the course of fermentation.  

Material and Methods A lab-scale ensiling trial was carried out with forage maize (26.8% DM), 

ensiled without silage additive (Con) or treated with 2 L t
-1

 of a chemical additive (SA, composed of 

257 g L
-1 

sodium benzoate, 134 g L
-1 

potassium sorbate, 57 g L
-1 

ammonium propionate) and either 

immediately sealed (prompt) or sealed with a delay of 24 h (delay). The four treatments evaluated 

were Con, Con_Del, SA, SA_Del. Three replicate 1.5-L glass jars per treatment (packing density: 195 

kg DM m
-3

) were stored at 22 °C and opened after 3, 7, 16, 34, 62 and 142 days of storage. All 

samples (n=72) were submitted to analysis for DM losses, fermentation pattern, including ethyl lactate 

(EL) and ethyl acetate (EA), and yeasts (Weiss et al. 2016). Statistical analysis was performed by 

procedures MIXED and REG of SAS, 9.4 using fermentation length (F), sealing time (S) and additive 

(A) as experimental factors. Significance was declared at P<0.05.    

Results and Discussion. With the exception of SA silage, a dramatic yeast development during the 

early phases of fermentation was observed when compared with fresh maize at ensiling (log 4.3 

colony-forming units (cfu) g
-1

, P<0.001), but the magnitude was larger in delayed than in promptly 

sealed silage (day 3: log cfu
-1

 7.3 vs 5.3, P<0.001, day 7: log cfu
-1

 6.8 vs 5.2, P<0.001). Concurrently, 

very high concentrations of ethanol had already been produced during the first 16 days of storage in 

Con, Con_Del and SA_Del silages (20.0 vs 8.5 g kg
-1

 DM, SxA interaction, P<0.01). As from day 7, 

promptly sealed silage treated with the additive consistently contained the lowest ethanol 

concentration, which remained stable until the end of fermentation. The DM losses followed the same 

pattern (data not shown). Delayed sealing triggered higher losses than found in promptly sealed silage 

(10.0 vs 4.5%, FxSxA interaction, P<0.01) but additive use reduced losses (prompt: 3.9 vs 5.1%, 

delay: 8.8 vs 11.3%, FxSxA interaction, P<0.01). The production pattern over time of lactic acid was 

similar across treatments during the early stages of fermentation and the peak concentration was 

detected on day 34 (FxSxA interaction, P<0.001). However, with the exception of SA silage, which 

attained its maximum acetic acid content already after three days of storage, a continuous increase of 

this fermentation product (FxSxA interaction, P<0.01) was observed. The formation of EL persisted 

throughout the fermentation process, and on day 142 Con_Del silage contained the highest level (508 

vs 194 …334 mg kg
-1

 DM, P<0.001), which confirms data by Weiss et al. (2016). Largely restricted EL 

accumulation was observed by additive use (prompt: 194 vs 334 mg kg
-1

 DM, delay: 264 vs 508 mg 

kg
-1

 DM, P<0.001). On the contrary, EA was very rapidly and intensively produced reaching 

concentrations of about 3,000 mg kg
-1

 DM in Con_Del silage already after three days of storage. On 

day 34, the highest level was measured in untreated silage sealed with delay (4,556 mg kg
-1

 DM) 

compared with the other treatments (1,486 mg kg
-1

 DM, SxA interaction, P<0.001). Similar 

accumulation pattern was observed over time in all other treatments but the analysed concentrations 

differed depending on storage length (FxSxA interaction, P<0.05). On this account, the relationship between 

the concentrations of ethanol and EA (R
2
=0.35, Root MSE=985.1, P<0.001) was not as close as shown by 

Weiss et al. (2016), or that between ethanol and EL (R
2
=0.65, Root MSE=74.8, P<0.001) in this study. It 
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can only be speculated about the reasons for the decline in EA concentrations as opposed to the 

continuous increase in EL content. The pH of silage which could have affected the reaction equilibrium can 

be ruled out because it was always below 4, with only marginal differences between treatments (data not 

given). More so, the differences in accumulation pattern between EA and EL may be attributed to different 

vapour pressures of EA (98 mbar) and EL (2 mbar). Thus, more than the produced EA may have escaped 

the porous silage and collected in the headspace of the jars to be released along with other fermentation 

gas whenever a lid-lifting overpressure had built-up. The different concentration levels and the rates of 

formation of EL and EA, especially during the early fermentation phases, may lead to the assumption that 

also their synthesis, chemical or biochemical, is different. As certain yeast species can produce EA 

(Fredlund et al. 2004) and we observed a dramatic increase in yeast count and a significant EA 

accumulation within 3 days of storage, we believe that the major proportion of EA was produced directly by 

biochemical pathways, whereas EL was primarily formed by chemical reaction between ethanol and lactic 

acid as previously suggested by Weiss et al. (2016).  

 

Figure 1. Development of yeasts (A) and the concentrations of ethanol (B), lactate (C), acetate (D), 

ethyl lactate (E), ethyl acetate (F) during the course of fermentation of maize, ■Con, □SA, ●Con_Del, 

○SA_Del. 

Conclusions Delayed sealing stimulates yeast activity resulting in excessive ethanol production, 

formation of ethyl acetate and high DM losses. The correlation between the concentrations of ethanol 

and ethyl esters vary depending on the type of ester. Additive use can partially alleviate the 

detrimental effects of delayed sealing regarding yeast development, DM losses and VOC formation.  
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Introduction Climate related trace gases are a well discussed topic in agricultural animal husbandry 

and slurry application to the soil. Formation of emissions associated to the upstream and downstream 

sectors are mostly neglected. Measurements of climate relevant gas formation by animal or silage are 

rare. Therefore, this study dealt with the course of gas formation during the process of ensiling under 

anaerobic conditions with focus on formation of methane (CH4) and nitrous oxide (N2O) immediately 

after exclusion and depletion of oxygen. Furthermore, the influence of forage type and dry matter (DM) 

concentration were part of the investigation. 

Material and Methods Grass (GS) and lucerne (LS) were ensiled at two different levels of DM. Both 

were produced from a second cut and were cut on an evening in May 2017 and wilted overnight. 

Additionally, the forages were dried in the next morning on a prepared ground for different lengths in 

the sun. The more wilted material was four hours longer dried (LD) than the only wilted (W) material. 

Forages were stored anaerobically in 120-L plastic barrels (n = 3 per treatment). During filling the 

barrels, density was considered via pressing force of a hydraulic press. Furthermore, filling of fresh 

matter was regulated and controlled by the filled forage mass and the known volume of the barrels. 

Subsequently, the barrels were closed with a lid and a rubber septum for gas sampling with a double 

needle and evacuated glass vials. Ensiling time was seven weeks (49 d). There was a constant 

temperature of 23.7 ± 1.4°C during storage of the silage barrels in an experimental room. The 

measuring interval was 30 min in the first 12 h and decreased to 2 h afterwards in the first 2 days, up 

to each 2 days over the period of 49 days. The concentrations of carbon dioxide (CO2), CH4 and N2O 

in the glass vials were analysed by gas chromatography (GC-ECD/FID) (Schmithausen et al. 2018). 

Table 1 shows the DM concentration and the labelling of the used silages.  

Table 1. The dry matter (DM) content of the forages ensiled in 120 l barrels (n = 3 per treatment) 

Variant Material per barrel  DM content (%) Density per m³ (kg m
-3

) 

GS W Grass silage (wilted) 24.0 ± 2.2  170.0 

GS LD Grass silage (longer dried) 30.6 ± 1.5 185.8 

LS W Lucerne silage (wilted) 23.2 ± 0.3 156.7 

LS LD Lucerne silage (longer dried) 25.5 ± 0.5 134.2 

DM: dry matter 

 

Results and Discussion The concentration of CO2 increased within the first 12 h after silo closure up 

to 50%. After 24 h until 30 h the CO2 concentration increased to 80% to 90% and even up to 100% 

after 48 h. Therefore, after the first hours CO2 concentration was outside the measuring range of the 

GC and had to be deluted for analysis. Figure 1 shows the course of CO2 concentration during 

approximately one day. There are no differences between GS and LS. However, the substrate with 

higher DM (dashed line) appears with lower CO2 concentration. 



Emissions and Volatile Organic Compounds 

24-26 July 2018, Bonn, Germany  73 

 

Figure 1. Average CO2 concentration in 120 l barrels with lucerne (LS) and grass (GS) over the time. 

The CH4 concentration showed a small increase within the first 2 d up to 5-6 ppm following by a 

decrease to 1 ppm. Later on there was a strong increase in CH4 concentration up to 100 ppm for LS 

beginning on d 10 (Figure 2, left, dashed line). The GS showed no increase in CH4 concentration. 

Between day 30 and 40 a low CH4 concentration of 2 ppm was measurable for GS. 

A remarkable increase in N2O concentration within the first 5 d up to 1,200 ppm was measured 

(Figure 2, right). After that a decrease in the N2O concentration until d 30 with a constant value 

between 50 and 300 ppm appeared. Spoelstra (1985) also described formation of N2O during ensiling 

by anaerobic activity of Enterobacteriaceae species at the beginning of ensilage. A higher DM content 

results in increasing N2O concentrations. A reason could be less CO2 formation at the beginning and 

consequently less suppression of N2O by CO2. The GS shows higher N2O concentration than LS and 

the level remains higher for GS up to the end.  

Figure 2. Average CH4 (left) and N2O (right) concentration in 120 l barrels with lucerne (LS) and grass 

(GS) over the time. 

The gas measurements showed remarkable concentrations of N2O. Such a formation of N2O during 

the process of ensiling can lead to further outgassing after opening and feeding of the silage. 

Subsequent N2O emissions determined from a ruminant animal can originate from the forages eaten 

by the animal. Possibly the formation of CO2 provides a dilution of the N2O concentration during the 

first 10 days. Simultaneously N2O decreases and remains constant while CO2 production is decreased 

by the ongoing ensiling process.  

Conclusion Formation of N2O takes place at the beginning of the ensiling process and N2O remains a 

long time in the silage and is latest released during opening of the silage. The level of N2O 

concentration is comparable to other investigations. The courses of CO2, CH4 and N2O concentration 

show no similarities, such that the formation of these gases must be completely separate processes. 

Further research on the amount of gas formation would be instructive. 
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Introduction The formation of a whole spectrum of gases occurs during the ensiling process. The 

formation of gases is undesirable, because it is often a sign of undesirable processes in silages, and 

causes concern about the impact on the global environment. The objective of the study was to 

investigate nitrate degradation and gas formation from silages treated with a silage additive based on 

Na-benzoate, K-sorbate and Na-nitrite and compare with untreated and lactic acid bacteria inoculated 

silages with particular focus on NO formation.  

Materials and Methods A clover-grass ley (52% grasses) was harvested with lye and shortly wilted 

on Juli 10
th
 2016, nearby Uppsala. The forage was chopped, mixed with a suspension of Clostridium 

tyrobutyricum viable spores at the rate of 1 x 10
5
 per g fresh forage (FF) to create difficult ensilable 

crop and divided in three fractions. One was left untreated and served as control, while the rest was 

treated with either of two silage additives; one with a bacterial inoculant (Lactococcus lactis, 

Lactobacillus buchneri) at the rate of 250000 colony-forming units/g FF, and the second one with 

Safesil Challenge (Na-benzoate, K-sorbate, Na-nitrite) at the rate of 3 L/ton FF. Forages were ensiled 

in triplicates 1.7 L laboratory glass silos for 98 days and in steel laboratory silos (25 L) for 7 days. 

Glass silos were aerated weekly for 2 hours. Two forms of gas collection were applied. The Automatic 

Methane Potential Test System II (Bioprocess Control AB, Sweden) was used to measure total gas 

production from glass silos. Steel silos were used to collect escaping gases into Tedlers bags 

(Supelco) for gas determination. Measurements of gas composition was provided by mobile gas 

analyzer Optima 7 (MRU GmbH in Neckarsulm, Germany). The analyzer determined the 

concentrations of O2, CO, NO, NOx, and gas temperature. Gas measurement was performed during 

the first 7 days of storage. After the storage, the same analyses were performed to determine silage 

quality as described by Knicky and Spörndly (2009). 

Results The wilting resulted in forage dry matter (DM) content 34.2%, and crude protein and WSC 

concentrations of 13.3% and 9.9% of DM respectively. The content of nitrate in forage was 3 mg/kg 

DM. All additive treated silages were found to have a lower silage pH and ammonia-N but higher 

concentration of lactic acid (Table 1).  

Table1. Chemical composition of silages after 98 days of storage (n=3). 

Treatment 

DM 

 

pH 

  

NH4-N*  

 

NO3-N NO2-N Lactic 

acid Acetic acid 

Butyric 

acid 

 %  % of TN mg/kg DM % of DM  

Control 30.8 5.4 14.5 10.5 0.0 0.4 1.9 2.2 

S.Challenge 33.5 4.7 8.3 15.1 1.4 4.8 1.3 0.0 

Bacteria 32.4 4.7 9.1 2.0 0.1 2.3 4.2 1.7 

LSD0.05  0.04 0.49 3.07 0.58 0.32 0.35 0.28 

P-value  0.001 0.001 0.001 0.001 0.001 0.001 0.001 

 

Bacterially inoculated silages had lower formation of butyric acid than control but higher than chemical 

additive. Concentrations of nitrate and nitrite were remarkably lower in control silages than in Safesil 

Challenge treated silages during the whole period (Figure 1). The concentration of nitrite-N displayed 

reduction shortly after ensiling with considerable decrease after 72 hours of storage in Safesil 
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Challenge treated silages (Figure1). Results of gas measurements revealed the lowest formation of 

gases in Safesil Challenge treated silages from 4
th
 hour of ensiling to the end of measurement.  

  

Figure 1. Nitrate-N and nitrite-N formations in silages during 98 days of storage (n=3). 

The total gas formation in Safesil Challenge treated silages was 4 times and 5 times lower than in 

bacterially treated and control silages, respectively (Figure 2). Gas composition displayed a 

significantly higher formation of NO and NOx gases in Safesil Challenge treated silage (3051ml NO 

and 2907ml NOx per silo) while formation of these gases in control silage was negligible during the 

whole measuring time (11ml NO and 10ml NOx per silo). 

 

Figure 2. Development of total gas formation in silages over the period of 7 days of storage (n=3). 

Discussion The present study confirmed the importance of nitrate for a successful ensiling process. 

In agreement with Hein (1970) that ensiling of forages with low nitrate content often results in silages 

with high butyric acid contents, a low content of natural nitrate in the present crop was probably one of 

the factor causing butyric acid formation in control and bacterially treated silages. On the contrary, 

silages treated with Safesil Challenge containing Na-nitrite were free of butyric acid. The rate of nitrite 

disappearance in Safesil Challenge silages is in agreement with a previous study (Knicky and 

Spörndly 2009). It is also assumed that the higher nitrate content in Safesil Challenge silage at the 

end of storage than at the beginning of fermentation was caused by chemical conversion of added Na-

nitrite to nitrate (McDonald et al. 1991). Differences in gas formation could be explained by differences 

in fermentation intensity and variation in bacterial composition among the silage treatments. A high 

gas formation in bacterially treated silages is assumed to be a consequence of addition of bacterial 

microflora which intensified the fermentation process. On the other hand, Safesil Challenge possesses 

a rather selective inhibitory property which restricts particularly undesirable fermentation processes. 

As the fresh forage was practically free of natural nitrate, the formation of NO and NOx gases in Safesil 

Challenge treated silages was the consequence of Na-nitrite degradation present in Safesil Challenge.  

Conclusions Ensiling of low nitrate content forage resulted in butyric acid formation in silages while 

the addition of a chemical additive based on Na-benzoate, K-sorbate and Na-nitrite prevented that. 

Total gas formation was significantly reduced in Safesil Challenge silages and it was associated with 

increased NO and NOx presence in the gas composition. 
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Introduction The end of the sugar quota system in the EU by 2017 may go along with increasing 

availability and decreasing market prices of sugar beets. Thus, an alternative use as farm grown feed 

was tested. Sugar beets can be stored in clamps during the winter time. However, when it is getting 

warmer in spring, sugar beets tend to spoil. Thus it should be evaluated in terms of losses and silage 

quality which partners would be apt to ensile broken sugar beets with to absorb the effluent and to 

serve as appropriate ruminant feed. It was hypothesized that there exist mixing partners which are 

especially suitable to reduce the loss of mass during ensiling.  

Materials and Methods Two laboratory scale ensiling experiments were performed in March and in 

April 2017 with beets stored in a clamp. The mixing partners were selected based on their availability 

at that time of the year and their contribution to either fibre or protein complementation (Table 1). The 

ratio was calculated derived from the water holding capacity of the mixing partners determined before, 

adapted from Barsnick (2003) and the amount of effluent to be expected from the sugar beets. Two 

elevated percentages of grass silage (30 %) and grass hay (10%) were included as considered for on-

farm solutions. Pieces of unwashed pure sugar beets and eight mixtures (Table 1, treatment 

abbreviations used from here on) were ensiled in quadruplicates in modified Rostock Model Silos 

(Hoedtke and Zeyner, 2011), i.e. a double layer of vacuum bags, where effluent could drain off in a 

closed system. Silos were opened after 2 months of anaerobic storage and silages evaluated for 

sensory and chemical quality parameters, including volatile organic compounds (Weiß et al., 2016) for 

the ensiling in March. Aerobic stability was assessed according to Honig (1990). Descriptive statistics 

and univariate analysis with post hoc Tukey HSD test were performed using SPSS (Version 19). 

Table 1. Ratio of sugar beet (SB) to mixing partner (in % fresh matter, FM) and proximate constituents 

in silages (g/kg DM) 

Treatment SB Partner Description Crude ash Crude protein Crude fibre 

SB 100.0 0.0 Pure sugar beet 240.9 57.6 53.5 

Hay10 90.0 10.0 Grass hay (85 % DM) 160.0 63.6 135.3 

Hay4 95.6 4.4 Grass hay (85 % DM) 171.5 61.2 93.5 

Sil30 70.0 30.0 Grass silage (53 % DM) 208.4 87.5 143.5 

Sil7 93.0 7.0 Grass silage (53 % DM) 222.4 66.6 77.9 

BP 88.8 11.2 Pressed sugar beet pulp 222.5 60.1 70.8 

FP 91.4 8.6 Field pea. coarsely ground 163.9 95.3 61.9 

RM 93.8 6.2 Rapeseed meal 185.1 121.6 71.8 

STR 96.7 3.3 Straw. finely shredded 231.3 53.8 90.9 

SEM 9.61 0.98 1.57 

 

Results During the initial phase of the ensiling in March an extreme gas production was observed in 

general. Resuming both trials, the fresh matter (FM) losses ranged between 4.6-9.4%, dry matter 

(DM) losses averaged 15%, SB being at the upper end and combinations of Sil30 or of Hay10 or Hay4 

resp. at the lower end (Table 2). This corresponded also mostly to the effluent losses where 

additionally RM at 6% or STR at 3 % of FM proved as efficient absorbents. The fermentation quality of 
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all treatments was high: no butyric acid was detected despite a mean in crude ash of 201 g/kg DM 

(Table 1), acetic acid was below 30 g/kg DM, pH corresponded to DM content (Table 2). Only ethanol 

concentrations were high, at the lower end in Sil30 and Hay10 and in the upper end in BP (Table 2). 

This went along with very high concentrations of further volatile organic compounds in the March trial 

(Table 3) compared to the values reported for whole-crop maize silages by Weiß et al. (2016). The 

ethanol content was linearly correlated to the sum of ethyl lactate+acetate (R=0.62, P<0.001). The 

aerobic stability as defined by ≥3°C above ambient was very variable and not consistent across the 

two trials ranging from 2-7 d.  

Table 2. Fermentation quality of silages (acids, ethanol in g/kg DM) from both trials (n=8 /treatment) 

Treatment DMcor FM losses (%) Effluent*   pH   Lactic acid   Acetic acid   Ethanol   

SB 236 
d 

9.37 
a 3.23 

a
 3.63 

e 
66.6 23.5 206.3 

ab 

Hay10 297 
a 

4.83 
d 0.05 

d
 3.77 

bc 
54.3 21.5 142.8 

bcd 

Hay4 245 
d 

5.56 
cd 1.11 

cd
 3.69 

de 
56.7 20.5 171.1 

abcd 

Sil30 276 
abc 

4.59 
d 0.46 

d
 3.81 

a 
67.9 27.9 108.7 

d 

Sil7 239 
d 

8.87 
ab 3.13 

a
 3.68 

de 
63.7 17.3 164.0 

abcd 

BP 235 
d 

9.37 
a 

3.25 
a
 3.64 

e 
58.1 19.0 224.3 

a 

FP 284 
ab 

7.68 
abc 2.92 

ab
 3.71 

cd 
62.3 20.3 124.7 

cd 

RM 268 
bc 

6.45 
bcd 1.31 

abc
 3.80 

ab 
70.4 24.7 157.6 

abcd 

STR 256 
cd 

5.92 
cd 0.18 

d
 3.74 

bcd 
58.8   21.3   198.5 

abc 

SEM 1.7 
 

0.188 0.005 2.98 0.99 5.71 

DMcor: DM corrected for VFA, lactic acid  & alcohols (Weissbach and Strubelt, 2008); *% of original FM weight at ensiling 

Table 3. Volatile organic compounds in the March trial (in mg/kg DM) and water soluble carbohydrates 

(in g/kg DM) (n=4 per treatment) 

Treatment Ethyl lactate   Ethyl acetate   Methanol   Propanol*   WSC   

SB 3037 
ab 

579 1116 
bc 

115 
cd 

98.2 
ab 

Hay10 1812 
c 

1970 711 
c 

22 
cd 

62.2 
abcd 

Hay4 2286 
bc 

525 1013 
bc 

0 
d 

76.8 
abc 

Sil30 1698 
c 

540 760 
bc 

1531 
a 

14.6 
e 

Sil7 2292 
bc 

616 816 
bc 

205 
bcd 

60.5 
bcd 

BP 3461 
a 

1033 2241 
a 

396 
bcd 

38.4 
cde 

FP 1867 
c 

481 952 
bc 

139 
cd 

92.2 
ab 

RM 1824 
c 

647 1183 
bc 

634 
b 

99.7 
a 

STR 2135 
bc 

2137 1242 
b 

452 
bc 

29.6 
de 

SEM 73.8 144.5 35.3 30.5 2.74 

P <0.001   0.056   <0.001   <0.001   <0.001   

*propyl acetate was not detected 

Conclusions For unwashed broken sugar beets, in terms of losses hay, straw, rapeseed meal or a 

high proportion of high DM grass silage seem to be advantageous ensiling partners, the latter also 

limiting the amount of ethanol formed and increasing the crude protein content significantly. However, 

their use in ruminant feeding is limited by their crude ash and volatile compounds concentrations. 
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Introduction Silages contain numerous volatile organic compounds (VOC) which are often formed during 

fermentation or anaerobic storage (via biochemical or microbial processes) but can also be present in the 

plant already before ensiling or be built later on during aerobic exposure. In literature, the meaning of ‗VOC‘ 

is diverse and not clearly defined. The European Union defines a VOC as ‘any organic compound having an 

initial boiling point less than or equal to 250 °C (482 °F) measured at a standard atmospheric pressure of 

101.3 kPa‘. Due to their chemical structure and sensory characteristics several VOC may influence feed 

intake and metabolism of ruminants and may also be transferred into their products (e.g., meat or milk). The 

aim of this study is to summarize the literature on VOC in silages and to draw conclusions regarding their 

impact on ruminants. 

Material and Methods A literature review was conducted with focus on VOC in silages and possible effects 

on ruminants during and after ingestion. The VOC were grouped according to their chemical class and the 

following five classes were studied (number of different compounds used for this study in parentheses): 

Alcohols (34), aldehydes (14), carboxylic acids (16), esters (37) and ketones (17). For each chemical 

compound, its reported concentration in silages and, after ingestion by ruminants, in rumen fluid and in milk 

or cheese was considered. The effects of VOC from silages on rumen metabolism and productivity of 

ruminants were summarized. Furthermore, studies were evaluated with regard to a possible transfer of 

VOC from forages into milk or cheese produced by ruminants.  

Results and Discussion Metabolism: The impact of the VOC belonging to different chemical classes on 

the metabolism of ruminants turned out to be very diverse. Alcohols seem to impact the rumen metabolism. 

Here, most research has been conducted with ethanol and propanol. However, a general conclusion cannot 

be drawn as some alcohols inhibit certain rumen microbes while others seem to stimulate their growth 

(Kristensen et al. 2007). Alcohols which are not already metabolised in the rumen are absorbed through the 

rumen epithelium and transported to the liver (Randby et al. 1999). They are not found in faeces such that a 

complete metabolization seems plausible (Fischer et al. 2015). Their effect on feed intake is variable and 

due to their high energetic value sometimes increases in productivity are reported. Different alcohols have 

to be studied separately in terms of their effects on the metabolism of ruminants. In contrast to this, 

aldehydes are typically completely metabolized in the rumen without impacting the metabolism of 

ruminants. In different studies, aldehydes were neither detected in rumen fluid nor in faeces of ruminants. 

The exact way of their degradation or further metabolism is still unclear and studies are rare (Chmelová et 

al. 2009). Different carboxylic acids are formed during the ensiling process with lactic acid being the most 

dominant fermentation product. Lactic acid did not affect feed intake or digestion of ruminants (Daniel et al. 

2013). Acetic and propionic acids have shown to reduce feed intake several times but without affecting 

digestive processes (Brown and Radcliff 1972). High concentration of carboxylic acids in silages reduced 

feed intake and performance (Huhtanen et al. 2002) but low to moderate concentrations had no effects or 

even positive effects, e.g., on treatment of ketosis (Hueter et al. 1956) such that a kind of threshold level 

appears to exist for some of them with neutral/positive (below) or negative (above threshold) effects. For 

most of the other carboxylic acids there is a lack of studies such that general conclusions cannot be drawn. 

For silage esters and ketones, effects on the ruminal metabolism are not extensively described in literature 

up to now. Many esters are odorous and highly volatile such that they contribute to the sensory 

characteristics of forages which might affect feed intake (Gerlach et al. 2013). Besides formation of esters 

during ensiling esters can also be synthesized in the rumen where an inhibition of some microbes is 

discussed (Kristensen et al. 2007). However, there is a lack of literature on the effects of esters on rumen 

microbes or the metabolism of ruminants. Milk: Also the effects of VOC on the composition of milk are 

diverse and the five classes have to be considered separately. The aldehydes, carboxylic acids and esters 

found in milk seem to be independent of their occurrence in the ingested forage. For example, in several 

studies no relationship was observed between ester composition and concentration in feedstuffs and ester 
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concentration in milk. Esters occurring in products of dairy cows seem to originate from synthesis in the 

udder or synthesis during the ripening process of cheese. Alcohols, on the other hand, can have effects on 

milk composition (Raun and Kristensen 2012) and milk flavour (Randby et al. 1999) already in low 

concentrations, as shown for ethanol and propanol. For ketones, a direct transfer from silage to milk seems 

probable as increased ketone concentrations in silages resulted in higher concentrations in milk (Villeneuve 

et al. 2013). Some ketones have also shown to influence milk flavour. Cheese: The results of VOC effects 

on cheese composition are equivocal and difficult to interpret. Many VOC occurring in cheese are formed 

during ripening such that a transfer from forage to product is difficult to track, as described for aldehydes, 

esters and carboxylic acids. Volatile fatty acids in cheese, for example can be a product of lipolysis during 

ripening or of carbohydrate fermentation by lactic acid bacteria (Verdier-Metz et al. 1998). For alcohols and 

ketones there is a lack of literature with regard to cheese quality. Ketones are important with regard to the 

flavour of cheese and can be found in different kinds of cheese in a broad variety; however, in most cases 

their origin is still unclear (transfer from forage, synthesis by rumen microbes or ruminant, synthesis during 

milk production or cheese ripening). 

Conclusion The VOC occurring in silages are very diverse regarding their chemical structure and also 

regarding their impact on the metabolism of ruminants and ruminant product quality such they have to be 

considered separately. Major VOC in silages have been studied in literature but for most of the numerous 

other products the knowledge on their formation and mode of action in ruminants is limited. 
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Abstract 

Due to an increasing competition between humans and livestock animals for food sources, an 

inefficient utilization of grains as food or feed can be considered as a rising problem worldwide. By-

products of the food industry generally comprise a high amount of dietary fibre. This, however, 

reduces the nutrient digestibility and hence impairs nutrient efficiency in monogastric animals. 

Currently, different methods of feed pre-treatments are known to improve feed efficiency and warrant 

sustainability in pig and poultry production systems. To compensate for poor feed efficiency, 

pretreatment technologies such as fermentation can be applied. Fermentation with bacteria or fungi 

can degrade dietary fibre, improve the bioavailability of minerals and reduce the pH value in feed and 

the digesta in the gastro intestinal tract. Furthermore, fermented feedstuffs are known for their 

prebiotic, antimicrobial and antioxidant properties. As fermentation lowers the pH of the feedstuff the 

intestinal microbial and physiological balance can be improved, and the gut immune system can be 

stimulated by an improved barrier function of the gut. Additionally, the application of fermented feed is 

positively correlated with the main zootechnical performance parameters, resulting from improved 

nutrient digestibility and reduction of anti-nutritional factors. Thus, fermentation of feedstuffs and and 

in particular fibre rich industrial by-products for pigs and poultry is of rising interest, as it enables 

innovative end-use strategies as an animal feed compound.  

 

Introduction 

The use of side-streams accumulating in the food industry as feedstuffs comprises a future-oriented 

and sustainable approach for an economically and ecologically practicable handling of resources. 

Hence, owing to volatile prices for feedstuffs, the use of by-products as feedstuffs but also 

conservation and valorization strategies have become of major interest for animal production systems. 

The biodegradation of anti-nutritional factors in cereals or by-products via fermentation further enables 

innovative end-use strategies as an animal feed compound.  

Fermentation can be considered as a metabolization of organic material by bacteria, fungi or a 

combination of both (Madigan et al. 2003). Generally, fermentation is a dynamic process aiming to 

degrade starch and sugar to lactic acid, alcohol, methane, carbon dioxide and short chain fatty acids 

(SCFA). However, depending on the water content included in the fermentation process, a more or 

less pronounced energy loss of the substrate can be expected (Pieper et al. 2011, Humer et al. 2013, 

2014). From an agrarian point of view, fermentation can be commonly used to improve storage quality 

or nutrient utilization of feed (Humer and Schedle 2016). Through fermentation with bacteria and fungi 

dietary fibre can be disintegrated and bioavailability of minerals can be improved by degrading anti-

nutritional factors such as phytate or specific proteins (Feng et al. 2007, Canibe and Jensen 2012, 

Humer and Schedle 2016). Moreover, fermented feed can improve the intestinal microbial and 

physiological balance, stimulates the gut immune system and improves the barrier function of the gut 

by lowering the gut pH (Niba et al. 2009). In agriculture, a popular and widely used kind of feed 

conversation is ensiling. The advantages of this process are beside an improvement in nutrient 
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digestibility, a reduction of pathogen bacteria, and an extension of preservation time in animal feed 

(Canibe and Jensen 2012). However, also substrates fermented with mushrooms are known for 

prebiotic, antimicrobial and antioxidant properties (Fard et al. 2014). It has already been reported that 

fungi such as Phlebia floridensis are capable of producing lignocellulolytic enzymes to degrade lignin 

and can therefore be recommended for improving the digestibility of fibre rich agricultural residues 

(Sharma and Arora 2010).  

Generally, a selective fermentation under determined conditions (temperature, moisture and 

fermentation time) using lactic acid bacteria should be preferred over an uncontrolled fermentation 

process (Song et al. 2008). Beside the well-known silage process for ruminants, fermentation of total 

feed mixtures but also of selected feed compounds became evident in pig production in the past few 

years (Canibe and Jensen 2003, Jørgensen et al. 2010). However, there is some evidence that a 

fermentation of single feed compounds is more positively correlated with the main zootechnical 

performance parameters resulting from improved nutrient digestibility and reduction of anti-nutritional 

compounds. Therefore, compared to a fermentation of total feed mixtures a fermentation of single feed 

compounds should be preferred (Canibe et al. 2007). This is evident for the following reasons: 

Fermentation of whole feed mixtures results in amino acid degradation of the supplemented crystalline 

amino acids and subsequently in a suboptimal supply of lysine for the organism. Hence, an adequate 

supply with amino acids for the animal can be harmed by fermentation of selected feed compounds 

such as cereals or dietary fibre rich by-products like wheat bran or rape-seed meal. Moreover, the 

palatability of entire fermented feed mixtures may be decreased by the production of biogenic amines 

such as cadaverin and result in a decreased daily feed intake (Canibe and Jensen 2003, 2010). In the 

light of the considerations above, fermentation of animal feed can be a future oriented pre-treatment to 

enhance the digestibility of animal feed and can have positive effects on feed conservation and animal 

health. The present article will focus on feed/feed stuff fermentation for pig and poultry with lactic acid 

bacteria or fungi. 

 

Feed fermentation with lactic acid bacteria 

Lactic acid bacteria, such as Lactobacillus plantarum and Lactobacillus paracasei can be used as 

starter cultures for compound feed or single feed stuff fermentation (Kraler et al. 2014). In the course 

of the fermentation lactic acid bacteria convert water-soluble carbohydrates into organic acids, reduce 

low molecular weight sugars, decrease the pH value and the bacterial count of lactic acid bacteria 

accumulates (Humer et al. 2013, Chen et al. 2013, Jakobsen et al. 2015). Furthermore, the amount of 

sucrose, fructan, starch and soluble non-starch polysaccharides can be reduced through fermentation 

with lactic acid bacteria (Jørgensen et al. 2010). Even if no reduction of non-starch polysaccharides is 

observed, it is assumed that non-starch polysaccharides are degraded by breaking down parts of the 

cellulose/β-glucan and pectin, without complete degradation to mono- or disaccharides. This thesis is 

supported by an increased non-starch polysaccharides digestibility of fermented feed in pigs, resulting 

from degradation to smaller poly- and oligomers (Jakobsen et al. 2015). Moreover, fermentation can 

hydrolyze cell wall complexes and release encapsulated nutrients such as fat or improve the 

availability of macro and trace elements by its phytate degrading properties (Kraler et al. 2014, Humer 

and Schedle 2016). However, the degradation and quality of fermented feed depends on the material 

fermented, the starter cultures and fermentation conditions or their content of secondary plant 

metabolites such as condensed tannins (Humer et al. 2013, Iank Bueno et al. 2018). 

 

Feed fermentation with fungi 

Solid-state fermentation with fungi is mainly used for fibre rich animal feed compounds, due to the 

non-starch polysaccharide and lignin degrading properties of enzymes produced by these 

microorganisms (Lai et al. 2015, Elisashvili et al. 2008). Furthermore, fermentation with fungi 

increases the phenolic content of feed. Additionally, a viscosity and phytate decreasing effect has 

been observed (Wanzenböck et al. 2017). Many mushroom species such as Lentinula edodes, 

Agaricus bisporus, Agaricus blazei, Hericium caput-medusae, Pleurotus ostreatus, Pleurotus eryngii, 
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Fomitella fraxinea, Flammulina velutipes, Ganoderma lucidum, Cordyceps inensis and Cordyceps 

militaris can be source of bioactive substances, modulating animal health status (Bederska-Lojewska 

et al. 2017). Moreover, oyster mushroom waste or by products fermented with mushrooms possess 

antioxidant and prebiotic properties (Bederska-Lojewska et al. 2017, Xu et al. 2018). White-rot fungi, 

such as Pleurotus sp, are capable of degrading agro-industrial by-products comprising lignocellulose 

via their enzymes such as laccases, lignin- and manganese peroxidase, mannase and xylanase 

(Castoldi et al. 2014, Elisashvili et al. 2008). Previously, it has been reported that solid-state 

fermentation of wheat bran using Pleurotus eryngii or Pleurotus ostreatus can decrease NDF content, 

viscosity and phytate content and can therefore be recommended as an appropriate valorization 

strategy for fibre rich by-products (Wanzenböck et al. 2017). In a further study, a solid-state 

fermentation of wheat bran for 12 days using white rot fungi resulted in increased laccase and 

manganese peroxidase activity and higher concentrations of quercitin, phenolics and crude 

polysaccharides, which is associated with lignin degradation (Wang et al. 2017). In this respect, a 

fermentation of soybean meal with Aspergillus oryzae resulted in higher crude protein, ash and crude 

fat contents (Fard et al. 2007). However, to date, the number of studies examining the effect of solid-

state fermentation using fungi is still very limited and future studies will be necessary to evaluate the 

effect of feed fermentation with various fungi species.  

 

Fermented feed in diets for pigs 

In pig production, feeding fermented liquid feed is a technique mostly used in several northern parts of 

Europe (e.g. Denmark, north Germany). Thus, feed is produced by a fermentation of solid substrates 

mixed with water at certain temperatures for a certain time. The process is performed with or without 

adding starter cultures and mostly lactic acid bacteria (Lactobacillus paracasei, Lactobacillus 

plantarum and others), yeasts, such as Candida milleri, Kazachstania exigua, Candida pararugosa 

and Kazachstania buderi and Enterobacteriaceae are involved (Gori et al. 2011, Kraler et al. 2014). In 

other parts of Europe (south Germany, Austria), ensiling of whole maize or cereal grains is a common 

used technique for storage of wet maize or cereals. Studies hitherto undertaken showed that such 

fermented feed stuffs like maize or wheat bran in diets for pigs improved nutrient digestibility and 

hence performance (Humer et al. 2013, Humer et al. 2014, Humer and Schedle 2016, Gori et al. 2011, 

Kraler et al. 2014). Generally, fermentation of animal feed can improve the apparent ileal digestibility 

(AID) of dry matter, organic matter, crude fibre, ash, phosphorus, calcium and energy in pigs 

(Jørgensen et al. 2010, Kraler et al. 2014). As a result, a modification of the intestinal physiology 

(microbiome, microbial metabolites, intestinal morphology) was observed (Humer et al. 2014, Kraler et 

al. 2015). Jakobsen et al. (2015) reported that a fermentation of dried distiller grains with solubles 

(DDGS) comprising of 80% wheat and 20% barley can improve AID and apparent total tract 

digestibility (ATTD) of nutrients when administered to pigs. A diet containing 60% fermented DDGS 

can increase the AID of non-starch polysaccharides from 7.7% to 15.6% and the ATTD from 58.0% to 

60.2%. Furthermore, dry matter, crude protein and phosphorus digestibility was enhanced by the 

supplementation of fermented DDGS. In the aforementioned study using fermented DDGS in pigs´ 

diets, no effects on Enterobacteriaceae counts in ileum and distal colon/faeces were observed. 

However, higher lactic acid bacteria counts, presumably originating from the fermented feed in the 

small intestine and lower counts in the colon/faeces were observed (Jakobsen et al. 2015). In 

accordance with those findings Canibe et al. (2007) also observed reduced lactic acid bacteria counts 

in the colon and no effect on Enterobacteriaceae in the gut, resulting from fermented liquid feed or 

fermented grain. This effect may be due to an absence of low molecular weight carbohydrates in the 

gut and is further supported by lower concentrations of SCFA in the middle colon of piglets fed with 

fermented feed. The same study revealed that the Lactobacillus delbrueckii ssp bulgaricus count was 

reduced in the stomach due to fermented feed supplementation. Furthermore, Clostridium perfringens 

and Clostridium lituseburense counts increased in the middle colon due to supplementation with 

fermented feed. However, the pathogenicity of clostridia varies with the strain and its effect on animal 

health is not predictable (Canibe et al. 2007). Moreover, the supplementation of pigs´ diets with 15% 

fermented wheat bran seems to promote the growth of beneficial bacteria like lactobacilli in the gut 

and fermentation of wheat bran may possess the ability to modulate the gastrointestinal microbiota 
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(Kraler et al. 2016). To sum it up, the fermentation of single feedstuffs applying different fermentation 

techniques for pigs can enhance nutrient digestibility, as well as the digestibility of macro and trace 

elements and hence improve performance. Additionally, a modulation of the intestinal microbiota and 

as result the intestinal physiology has been observed (Canibe et al. 2007, Kraler et al. 2015). 

 

Fermented feed in diets for poultry 

To investigate the feasibility of feed fermentation with bacteria and yeast several in vitro as well as in 

vivo trials are available. Studies considered in the following section applied several lactic acid bacterial 

strains, as well as Bacillus sp., however, yeast and a combination of yeast and bacteria was also often 

used for feed fermentation. Most feed fermentations were performed with an inoculation of selected 

microbes, but also natural, spontaneous fermentation processes are evident. The positive effects of 

fermentation mentioned above (e.g. improved digestibility, performance, feed hygiene, reduced pH, 

fibre degradation) would render fiber rich feedstuff also more attractive for poultry. Feed fermentation 

may be a practical and cost-efficient approach to reduce pathogens present in feedstuffs, challenging 

the poultry industry (Niba et al. 2009). As already known, dietary fibre is poorly digested/fermented by 

poultry (Lai et al. 2015). Fermentation as a pretreatment may improve the digestibility of by-products 

by degrading dietary fibre. However, there are a few studies hitherto undertaken that report a 

successful improvement of by-products via solid-state fermentation using fungi. Similar to pigs, it is 

recommended to ferment only single feed ingredients such as wheat bran, containing high amounts of 

dietary fibre (Teng et al. 2017). Feeding broilers with diets supplemented with 1% of mushroom waste 

can enhance some immune parameters without impairing the performance. However, 2% of 

mushroom waste in the diet declined feed conversion ratio and weight gain. Mushroom waste in 

general, increased villus height und crypt depth of the jejunum but showed no influence on relative 

organ weights. Furthermore, a higher level of antibody titers against influenza virus and a protective 

effect on the heterophil:lymphocyte ratio were reported by Fard et al. (2014). In a further study, a solid 

state fermentation of wheat bran for 12 days using white-rot fungi modulated the expression of 

antioxidant molecular targets in broiler chicken (Wang et al. 2017). Although no effect on performance 

was found due to the fermentation of wheat bran, a high antioxidant status is aimed to provide cell 

function and preserve animal health. Thus, feeding fermented wheat bran offers an innovative 

approach towards decreasing the lipid peroxidation level without impairing the performance (Wang et 

al. 2017). Nevertheless, literature reports of improved performance parameters due to a feed 

supplementation with 5% pre-fermented (Cunninghemella elegans) cereal-based product enriched 

with γ-linolenic acid. In detail, final body weight of the broiler fed with fermented feed increased in 

parallel with decreased feed consumption and improved feed conversion ratio. Eviscerated carcass 

yield was improved from 72.4% to 74.2% due to feeding 5% fermented product (Kovalik et al. 2017). A 

study by Teng et al. (2017) reported decreased NDF and ADF levels resulting from a fermentation of 

wheat bran using Bacillus amyloliquefaciens. This result can be attributed to the fact that 

microorganisms like Bacillus amyloliquefaciens can produce great amounts of protease, xylanase and 

cellulase after only three days of fermentation. Feeding broilers with 10% of the aforementioned 

fermented wheat bran resulted in higher amounts of lactic acid bacteria in the ileum but did not alter 

the production of acetic acid, propionic acid or butyric acid in the gut. Lactic acid bacteria prefer low-

molecular weight carbohydrates to produce lactic acid. Thus, Bacillus amyloliquefaciens may have 

degraded complex carbohydrates and therefore promoted lactic acid bacterial growth in the gut (Teng 

et al. 2017). High proportions of lactic acid bacteria are desirable due to their potential of inhibiting 

pathogenic bacteria by producing lactic acid and SCFA. Also an increased ileal mucosa sIgA, known 

for protecting the intestinal epithelium from toxins and pathogens was reported. These effects 

increased the nutrient absorption and may result in an improved average daily gain and feed 

conversion ratio of broilers (Peng et al. 2016). Chen et al. (2009) found an increase in growth 

performance due to a fermentation of feed with Bacillus subtilis var. natto and Saccharomyces 

cerevisiae using a two-stage fermentation process. Results also showed an increased weight of the 

proventriculus and liver. These effects may be due to an increased feed uptake up to 8.3%. However, 

fermentation with Saccharomyces cerevisiae without Bacillus subtilis var. natto showed no effect on 

performance. It is assumed that Bacillus subtilis produces protease, amylase and lipase, and thus is 
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inevitable for a successful improvement of digestibility. Lai et al. (2015) fermented Pleurotus eryngii 

stalk residues and soybean hulls with Aureobasidium pullulans and found a partial elimination of anti-

nutritional factors in the substrate and an increase of antioxidant components. Authors observed an 

improved oxidative status, improved villus height/crypt depth ratio in jejunum and ileum and higher 

catalase activity of broiler chicken feed with 5% to 10% fermented stalk residues and soybean hulls. 

To enhance the quality of liquid feed for Landes geese Chen et al. (2013) used Bacillus subtilis var. 

natto and Saccharomyces cerevisiae for feed fermentation. In case of animal performance, the 

increased nutrient digestibility resulted in higher feed intake and body weight gain. Authors also 

observed a significant impact on the microbiota population in the gut. Vast amounts of lactic acid, low 

pH and large numbers of lactic acid bacteria in the feed resulted in increased Lactobacillus and 

decreased E. coli counts in the small and large intestine. Furthermore, a reduction of total counts of 

aerobic bacteria in the large intestine caused by a reduced nutrient availability due to the metabolized 

low-molecular weight carbohydrates during fermentation was observed. Another study using 

fermented feed for laying hens obtained similar results Engberg (2009). Although laying hens 

receiving the fermented diet showed a lower feed intake, animals had higher body weights and the 

egg shell quality was improved. These results suggest a higher nutrient digestibility and results are 

also supported by a higher pH value in the ileum and caecum caused by lower microbial activity. A 

lack of fermentable substrates and an improved digestibility may result in a reduction of bacteria in the 

gut (Engberg et al. 2009). It is essential to know that secondary metabolites from fungi are capable of 

raising the anti-oxidative status of laying hens and thus laying performance, egg quality and 

cholesterol level can be positively influenced (Bederska-Lojewska et al. 2017). Studies with laying 

hens hitherto undertaken revealed an improved egg quality and egg mass, as well as lower 

cholesterol levels in egg yolks from laying hens fed with fermented feed using fungi (Lee et al., 2014, 

Wang et al. 2015). Lee et al. (2014) fed laying hens with 1% to 5% of Flammulina velutipes mycelium 

fermented with Bacillus subtilis and Klebsiella sp. and observed improved albumen height, Haugh unit, 

egg shell weight and shell thickness. The diets supplemented with fermented mycel were also capable 

of suppressing pathogenic bacterial proliferation in the gut and decreased NH3 gas emission. 

Additionally, Wang et al. (2015) found an improved egg mass and lower cholesterol, when laying hens 

were fed with 2% rice fermented with Cordyceps militaris. Fermented wheat bran with Pleurotus 

eryngii improved digestibility of fat and retention of phosphor in laying hens compared to native wheat 

bran. Furthermore, the fermentation reduced villi length, villi:crypth ratio and the thickness of the 

mucus layer in jejunum (Steinbauer et al. unpublished data). Based on those studies, it can be 

concluded that fermentation of feedstuffs can improve the digestibility/retention of nutrients in diets for 

poultry by degrading dietary fibre. Additionally, there is some evidence for enhanced immune 

parameters, some health preserving effects, increased nutrient absorption and increased performance 

of broilers receiving fermented feed.  

 

Conclusion 

In conclusion, feed fermentation of single feedstuffs aims to enhance the digestibility, reduce anti 

nutritional factors and as a result improve performance. Fermentation with lactic acid bacteria lowers 

the pH by high lactic acid concentration and improves the hygienic status of animal feed. A promoted 

growth of beneficial bacteria and a modulation of the intestinal microbiota have been observed in pigs 

receiving fermented feed. Similar results are relevant for poultry. Fermented feed for broiler can 

improve immune parameters, but also improved egg quality has been observed for laying hens. As 

pigs and poultry are in direct competition with humans concerning foodstuffs, fermentation of dietary 

fibre rich by-products for pigs and poultry is of rising interest, as it enables innovative end-use 

strategies toward animal feeding. 
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Introduction Animal production is linked with an undesired entry of nitrogen (N) and phosphorus (P) 

into soil and groundwater in many areas around the world especially in Western Europe. In this regard 

farmers are strongly interested to reduce N and P output from animals and thus, they are looking for 

methods to increase digestibility of P and N from feed. Fermentation of liquid feeds, a young method 

with increasing significance in pig production, is being discussed to improve the digestibility of P and N 

(Heinze 2014). With this method cereals and/or by-products are fermented at a dry matter range 

between 20 to 30% for at least 12 to 24 hours under storage temperatures of >30 °C. The addition of 

adequate lactic acid bacteria (LAB) is favourable due to a faster reduction of pH and more secure 

control of undesired microorganism (Lau et al. 2016). Main storage form of P in cereals is inositol-

hexaphosphate (Phytate-P). Due to missing endogenous phytase activity pigs are not able to utilize P 

effectively. Thus, Phytate-P from grain-based diets is largely lost via faeces, if pig feed is not 

supplemented with phytase. Activity of native phytases on the plants is largely dependent on pH, with 

an optimal range between pH 4 and 5. Therefore it is not surprising that fermentation of liquid feed can 

lead to an improved availability of P (Humer et al. 2013) and reduce P losses via faeces. In order to 

clarify this, the aim of the present study is to assess the effect of a LAB mixture on availability of P in 

liquid feed.  

Material and Methods A constant quantity of substrate (25% wheat, 25% barley and 50% solvent 

extracted canola meal- chemical composition in Table 1) was mixed with water (adjusted to 25% dry 

matter) as a) untreated control and b) inoculated with a mixture of three homofermentative LAB 

(L.plantarum, P.pentosaceus, Lc.lactis). The fermentation was conducted under laboratory conditions 

for 24 hours at a temperature of 37 °C (n=8/treatment). PH, amount of lactic acid, acetic, ethanol and 

concentrations of P and Phytate-P (according to McKie and Mc Cleary, 2016) were recorded after a 

fermentation time of 0 and 24 hours. Sugar was analyzed according to VDLUFA method III.7.1.1 and 

starch according to VDLUFA method III.7.2.1. For statistical evaluation, means and standard 

deviations were calculated for each parameter. The data were examined by SAS evaluation (SAS 

9.4.) using the procedure MIXED including the fixed effect of treatment (P<0.05). 

Table 1 Chemical composition of the basic material before fermentation 

Item Basic material  

Dry matter, g/kg  896 

Crude Protein, g/kg DM  243 

NDF, g/kg DM  247 

ADF, g/kg DM 153 

Crude Fat, g/kg DM  28.0 

Starch, g/kg  DM  480 

Sugar, g/kg  DM  53.0 

Total phosphorus, mg/kg DM 4310 

Phytate-P, mg/kg DM 3977 

Results and discussion The addition of LAB mixture yielded a faster pH reduction, a higher amount 

of lactic acid and also lower amount of acetic acid and ethanol (Table 2). This was also observed by 
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Heinze (2014) and Lau et al. (2016). Acetic acid and ethanol are mainly products of undesired 

microorganisms (enterobacteria, yeasts) during fermentation. It is obvious that LAB mixture is able to 

inhibit these undesired germs and thus reduces their fermentation end products.  

The present study also demonstrates a positive effect of LAB addition on P availability. The Phytate-P 

content of the unfermented raw material was 3977 mg/kg DM (Table 1). After fermentation for 

24 hours, the concentration of Phytate-P in the control and treated variant decreased to 

3066 mg/kg DM and 2661 mg/kg DM, thus LAB mixture led to significantly lower values (p < 0.002). 

The greatest reduction in Phytate-P can be expected at ≤ pH 4 (Brejnholt et al. 2011), which 

corresponds to the pH-optimum for most native phytases. The prolonged time at lower pH-values in 

the LAB treatment might have led to more appropriate conditions for reduction of the inositol-

hexaphosphate- complex. 

Table 2 Fermentation end products, ph and Phytate-P (least square means) of liquid feed for control 

and treatment after 24h of incubation 

Item Control  Treatment SEM
2
 P-value 

Acetic acid, g/kg DM 13.0 3.48 0.172 < 0.001 

Ethanol, g/kg DM 5.78 0.58 0.167 < 0.001 

Lactic acid, g/kg DM 33.1 59.5 0.426 < 0.001 

pH 4.35 3.80 0.04 < 0.001 

Phytate-P, mg/kg DM 3066 2661 136.5 0.002 
2
Standard error of means 

Conclusion The results of this study indicate the potential of fermented liquid feed in pig production 

for the reduction of P losses via animal faeces. In addition, a corresponding minor risk for an 

undesired entry of P into soil and groundwater, especially by use of adequate LAB mixtures, is 

assumed. Thus fermentation of liquid feed seems to be able to contribute to a more ecological pig 

production.  
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Introduction In recent years, there has been an increasing demand throughout the world for 

alternative energy crops for biogas. Over the last few years, a growing interest in thistle (Cynara 

cardunculus L.) has been observed, since it produces a large amount of biomass, even when the 

plants are provided with minimal inputs, which allows the crop to be grown on lands not usually used 

for cropping (Pari et al. 2017; Pesce et al. 2017). One critical point of alternative sources of biomass 

for biogas production, such as thistle, concerns their ability to well ferment and to be conserved as 

silage. The aim of this work was to evaluate the microbial and fermentation quality and the aerobic 

stability of thistle silage harvested at two different stages of maturity, and treated or not with a lactic 

acid bacteria (LAB) inoculum. 

Material and Methods Two trials were conducted on thistle, harvested as a whole plant, at two 

different growing stages. The fresh forage was untreated (C) or treated with a mixture of L. buchneri, 

L. plantarum, and L. casei (L) [(theoretical application rate of 300,000 colony-forming units (cfu)/g 

fresh matter (FM)]. The forages were ensiled in 20-L plastic silos at a density of 716±24 and 378±20 

kg/m
3 
FM for stage I and II, respectively, and opened after 160 and 320 d of ensiling. At opening, the 

silages were analysed for dry matter (DM) content, pH, fermentative profile and microbial counts [lactic 

acid bacteria (LAB), yeast and mould]. The DM content was determined at 60°C for 72 h. The 

fermentative products were determined in the acid extract by HPLC. The microbial counts were 

determined using the pour plate technique on MRS and YGC agar, for LAB and for the yeast and 

mould, respectively. The weight losses due to fermentation were calculated as the difference between 

the weight of the forage placed in each plastic silo at ensiling and at the end of conservation, and were 

expressed on a DM basis. After each opening, silages were subjected to an aerobic stability test by 

continuously measuring the temperature during exposure to air. Aerobic stability was defined as the 

number of hours the silage temperature remained stable before increasing more than 2°C above room 

temperature. Data were analyzed for their statistical significance, via analysis of variance, using the 

GLM of SPSS (v. 24 for Windows, SPSS Inc., Chicago, IL). The data were analysed utilizing the 

treatments (T) and harvesting stage (S) as the fixed factor, with three replicates. 

Results and Discussion The chemical and microbial characteristics of the thistle herbages, prior to 

ensiling, are reported in Table 1. The DM content at harvest was 24% (wet) and 45% (dry) for 

harvesting stages I and II, respectively. The buffering capacity was higher for the wet forages than for 

the dry ones, and no differences were found for the microbial counts. Fermentative profile, microbial 

counts, aerobic stability and weight losses of silages, after 160 and 320 d, are summarized in Table 2. 

The use of LAB inoculum did not influence many of the parameters at 160 or at 320 d of ensiling. The 

harvesting stage affected the fermentative profile to a great extent. Lactic acid was 7 and 10 times 

higher in wet silages than in dry ones for 160 and 320 d, respectively. Acetic acid was around 20 g/kg 

DM and 32 g/kg DM for wet and dry silages, respectively. This resulted in a higher lactic-to-acetic ratio 

than 3 in wet silages and lower than 1 in dry ones. Pari et al. (2017) found that the lactic acid ranged 

from 9 to 14 g/kg DM and acetic acid ranged from 10 to 19 g/kg DM in 35% DM thistle silages. The 

different lactic-to-acetic ratio determined the different yeast counts, which reached lower values in dry 

silages. A larger amount of ethanol (>43 g/kg DM) was found in wet silages than in the dry ones (<2 

g/kg DM), with a significant interaction with the treatment, thus confirming a possible yeast activity 

during early phase of fermentation. The weight losses due to fermentation were influenced by the 

treatment and harvesting stage, and reached around 6% and 2% for wet and dry silages, respectively. 

During ensiling, the LAB count remained higher than 7 log10 cfu/g in all dry silage treatments, whereas 
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it decreased as the ensiling duration increased in the wet silages. Despite the lower amount of LAB in 

wet silages, the fermentative products indicated a dominant lactic fermentation, probably because of 

the LAB fermented sugars in early stages of fermentation. The yeast count decreased during 

conservation, and this reduction improved aerobic stability in both wet and dry silages. Aerobic 

stability was 4 times higher in the dry than in the wet silages after 320 d. The higher the aerobic 

stability, the lower the yeast count, as previously reported for other forage crops (Kleinschmit and 

Kung, 2006). 

Conclusion Thistle silage seems to represent a good opportunity for use as an energy crop for biogas 

production. The main factor that affects the fermentation quality appears to be the harvesting stage. 

Low DM content silages produced large amounts of fermentative products, but were characterized by 

high weight losses during fermentation and low aerobic stability. Dry thistle silages with low lactic-to-

acetic ratios showed reduced yeast counts and improved aerobic stability. Further investigations are 

needed to evaluate the biogas production of these silages. 

Table 1. The chemical and microbial characteristics of the thistle herbages prior to ensiling. 

Parameters* Stage I Stage II 

DM (%) 24.3 ± 0.15 45.2 ± 3.46 
pH 6.06 ± 0.16 6.83 ± .012 
Water activity (aw) 0.996 ± 0.002 0.981 ± 0.003 
Nitrate (mg/kg) 491 ± 177 578 ± 310 
Buffering capacity (mEq/kg DM) 129 ± 8 71 ± 9 
Yeast (log10 cfu/g) 6.43 ± 2.06 6.14 ± 0.13 
LAB (log10 cfu/g) 7.84 ± 0.70 7.98 ± 0.47 

* The values represent the mean of 6 replications ± SD. DM = dry matter, LAB = lactic acid bacteria. 

 

Table 2. Fermentative profile, microbial count and aerobic stability of thistle silages. 

Parameters* 
  Stage I  Stage II     

d  C L  C L Treat Stage T*S SEM 

DM (%) 160  20.6 22.1  44.7 43.1 NS *** NS 3.44 

 
320  22.1 22.4  44.1 42.2 NS *** NS 3.00 

pH 160  4.13 4.11  4.90 4.78 ** *** NS 0.110 

 
320  4.14 4.07  4.74 4.72 NS *** NS 0.091 

Lactic acid (g/kg DM) 160  77.3 68.5  8.6 11.1 NS *** NS 9.76 

 
320  55.4 61.3  6.6 6.2 NS *** NS 7.59 

Acetic acid (g/kg DM) 160  21.5 18.4  31.6 32.9 NS *** NS 2.076 

 
320  18.4 19.5  31.7 35.2 NS *** NS 2.26 

Lactic-to-acetic ratio 160  3.7 3.7  0.3 0.4 NS *** NS 0.521 
 320  3.0 3.1  0.2 0.2 NS *** NS 0.420 
Ethanol (g/kg DM) 160  49.5 43.7  0.7 1.4 NS *** NS 6.85 
 320  58.5 55.4  0.6 1.7 * *** * 7.94 
LAB (log10 cfu/g) 160  5.58 5.34  7.21 7.61 NS *** NS 0.305 

 
320  3.91 3.30  7.06 8.04 NS *** * 0.841 

Yeast (log10 cfu/g) 160  5.53 5.32  1.06 1.35 NS *** NS 0.679 

 
320  3.03 1.50  1.73 1.46 NS NS NS 0.301 

Aerobic stability (h) 160  64 69  54 125 NS NS NS 14 

 
320  113 134  391 >478 NS *** NS 48 

Weight losses (% DM) 160  6.05 5.87  1.97 1.95 NS *** NS 0.604 
 320  6.65 5.96  2.23 2.21 *** *** *** 0.593 

* d =day of ensiling; DM = dry matter; L = lactic acid bacteria inoculum; LAB = lactic acid bacteria. 
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Introduction Austrian pig fattening farmers are looking for alternative crops instead of maize, like 

sorghum (sorghum bicolor), because increasing problems arise with western corn root worm 

(Diabrotica virgifera Le Conte) and, subsequently, with governmental regulation of crop rotation. 

Sorghum is an appropriate crop for pig feeding (Puntigam und Wetscherek 2013), but there is little 

experience in conservation of wet sorghum seeds to silage via hermetic silo (Resch 2016). Analysis of 

relevant sorghum cultivars at different maturity stages was determined to collect data of nutrients and 

fermentation quality during the storage period of eleven months, because farmers and consultants of 

Austrian agricultural institutions need valid results for recommendations to optimal practice.  

Materials and Methods Wet sorghum seeds of two different sorghum cultivars (Targga, Baggio) and 

three maturity stages (early [24
th
 Sept. 2014], moderate [3

rd
 Okt. 2014] and late [10

th
 Okt. 2014] 

degree of seed ripeness) were harvested at the Styrian research station Hatzendorf (46°58'52.2''N and 

16°00'13.1''E) and filled in hermetic lockable 60 litre laboratory barrels. All variants were replicated 

three times. To ensure equal storage conditions the barrels were transported to AREC Raumberg-

Gumpenstein and kept there at an average room temperature of 24 °C. Sorghum silages were 

sampled (mixture of different depths) and analysed by wet chemistry standard methods (VDLUFA 

1976) at three different dates during length of storage (4
th
 Feb. 2015, 4

th
 May 2015, 7

th
 Sept. 2015). 

Dry matter (DM) of silages was corrected by method of Weißbach und Strubelt (2008). Data analysis 

was executed by software SPSS (version 22). Factor effects were tested via Anova and Tukey-HSD 

test. Interactions between factors were analysed by GLM (General Linear Model). 

Results We observed significant differences in DM-content and nutrients (protein, starch, sugar) 

between maturity stages as well as between cultivars. Silage of wet sorghum seeds did not obtain 

stable pH-level beneath 5.0. Regarding high ethanol contents, a dominant alcoholic fermentation (55 

to 85% of metabolised products) was detected (Table 1).  

Consequently, the fermentation process continued during storage period. The average losses of DM 

were 0.2 to 5.2% depending on DM-content and date of sampling; starch losses went up to maximal 

8.7%. Depending on increasing moisture of the wet sorghum seeds fermentation products and 

fermentation loss increased, as well. Reduction of protein, depending on the production of ammonia 

(NH3), reached a maximum of 4.9% of total N. However, after eleven months of storage under 

hermetic-sealed conditions, silage of wet sorghum seeds showed persistent changes of fermentation 

parameters, indicating suboptimal silage stability. Results of interactions showed a significant impact 

of DM-content to some fermentation parameters. We partly found strong correlations between 

fermentation parameters and DM-content resp. storage length (Resch et al. 2017).  
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Table 1. Dry matter content/losses, nutrients and relevant fermentation parameters of ensiled 

sorghum-seeds in dependence of different cultivars, harvest dates and storage periods 

 

Different letters indicate significant differences (P<0.05). 

Conclusions Optimal conservation of wet sorghum seeds depends on the DM-content (stage of 

maturity) resp. cultivar to provide acceptable nutrient-contents and fermentation quality determined by 

sufficient content of acids and CO2 and minimal fermentation losses during the storage period.  
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factor

parameter Targga Baggio 24th Sept. 3rd Okt. 10th Okt. 4th Feb. 4th Mai 7th Sept. h x c h x s c x s

dry matter (DM) g kg-1 FM 692.7b 682.3a 648.9a 676.2b 737.5c 700.1c 677.9a 684.5b 0.000 0.124 0.261

DM-loss % 2.8b 3.4a 4.0a 2.5b 2.8b 1.2c 4.4a 3.7b 0.000 0.031 0.400

crude protein (XP) g kg-1 DM 86.5a 90.6b 90.1b 89.2b 86.5a 89.0a 88.5a 88.2a 0.062 0.634 0.002

starch (XS) g kg-1 DM 735.2a 743.4b 723.7a 729.5a 764.8b 736.6a - 742.0a 0.202 0.016 0.010

sugar (XZ) g kg-1 DM 19.6a 27.3b 34.3c 26.9b 9.1a 19.9a - 27.0b 0.001 0.147 0.336

pH-value 5.4b 5.3a 5.2a 5.4b 5.6c 5.6b 5.3a 5.3a 0.000 0.062 0.788

lactic acid g kg-1 DM 1.2a 1.3a 1.7b 1.6b 0.5a 0.9a 1.1a 1.8b 0.029 0.075 0.488

acetic acid g kg-1 DM 1.8a 2.0a 2.6c 2.0b 1.2a 1.7a 1.8a 2.2b 0.594 0.561 0.357

butyric acid g kg-1 DM 0.3a 0.3a 0.5c 0.3b 0.0a 0.3b 0.2a 0.4c 0.000 0.000 0.038

ethanol g kg-1 DM 9.0a 9.8b 12.7c 9.1b 6.4a 8.7a 8.8a 10.7b 0.487 0.001 0.586

ammonia (NH3) % of Ntotal 2.4a 2.7b 3.5c 2.8b 1.3a 1.6a 2.6b 3.3c 0.008 0.000 0.046

carbon dioxide (CO2) vol% 49.7a 60.6b 55.3a 58.7a 51.4a 63.8b 59.6b 41.9a 0.597 0.000 0.818

cultivar (c) date of harvest (h) date of sampling (s) interactions (P-value)
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Introduction Restrictive feeding is common practice in large sized units of pregnant sows. Although 

optimally supplied in terms of nutritional value, the sows are often not sated. Consequently, ranking 

fights happen regularly. Furthermore, hunger and frustration increase the aggression level during 

feeding in group housing systems (Meunier-Salaün et al. 2001). As a result, stereotypies often 

emerge, which may be an indication of reduced animal welfare (Brouns et al. 1994). In order to 

improve animal welfare and minimise fights, sows can be fed roughage based diets which reduce 

these problems by decreasing hunger and prolong the time of feed intake (Brouns et al. 1994; 

Bergeron et al. 2000). Despite these advantages, modern feeding technology in sow husbandry is 

often not designed for high crude fibre contents in feed rations and even more in premixes without 

concentrates. Therefore, the objective of the present study was to investigate consistence and 

material characteristics of whole-plant silages after processing to make them pumpable in a 

technologically advanced liquid feeding system. 

Material and Methods In July 2016, wheat with a dry matter (DM) content of 48.3% was harvested as 

whole plant with a forage harvester. Maize was harvested in September 2016 (34.3% DM, oven-dried 

for 24 h at 105°C). Both substrates were further shredded using a Corn-Cob-Mix (CCM) mill. Dry sieve 

analyses of unmilled and milled samples were implemented. Whole-plant wheat silage (WPWS) was 

ensiled with a chemical silage additive (Kofasil ultra, to ensure the fermentation quality and aerobic 

stability, containing sodium nitrite, hexamethylene tetramine, sodium benzoate and sodium 

propionate, 4 litre t
-1

) via baler-wrapper combination in round bales. Whole-plant maize silage (WPMS) 

was ensiled via a silo press with rotor into a plastic tube without silage additive. Silages were opened 

after two months. In order to test the pumpability for use in a liquid feeding system, mixtures with 

WPMS and WPWS of different DM contents were prepared in a specially designed container (12.5m
3
) 

equipped with a stirrer. Subsequently, attempts were made to pump the mixtures either with an open 

hopper pump (OHP) or a double piston pump (DPP) with increasing DM content. 

Results and Discussion The pH values for WPWS and WPMS were 4.2 and 3.9, respectively. Due 

to the low pH values, it can be concluded that the forage were well fermented.  

 

Figure 1: Dry sieve analyses of samples from WPWS and WPMS before and after shredding  
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Dry sieve analyses revealed considerable differences in the shredding process of the CCM-mill 

(Figure 1). While WPMS was notable shredded with the principle of a hammer mill, considerable 

particle size fractions of more than 15 mm length occasionally appeared in the WPWS after milling. 

Table 1 summarises the experimental setup for testing the pumpability of used silages and the main 

results. Four stirrer types and two pumps were examined at different DM contents of feed mixtures. 

The last column shows the maximum pumpable DM-contents of used mixtures (silage + water as 

premix). 

Table 1. Type of used stirrer and pump in combination with forage type and DM content  

Trial 
number 

Type of stirrer Used 
pump 

Silage 
(+ water)  

Max. pumpable actual DM 
content in % 

1 Cross-arm stirrer OHP WPMS 14.2 ± 0.16 (n=4) 

2 Cross-arm stirrer, lengthened blades OHP WPMS 15.5 ± 0.61 (n=4) 

3 Anchor stirrer, 2 short + 2 long blades OHP 
DPP 

WPMS 
WPMS 

12.8 ± 1.06 (n=4) 
10.9 ± 0.92 (n=4) 

4 Anchor stirrer, 1 short + 1 long blade OHP 
DPP 

WPWS 
WPWS 

  6.4 ± 0.80 (n=3) 
Not possible 

OHP = open hopper pump, DPP = double piston pump 

WPMS = whole plant maize silage, WPWS = whole plant wheat silage 

 

The mixture of WPMS + water was comparatively easy to homogenise and the highest tested DM 

content of 15.5% could be mixed with the cross-arm stirrer with lengthened blades and pumped with 

the OHP. The lengthened blades mixed best but had the highest counter-pressure on the applied 

gearmotor. In order to reduce the counter-pressure, which was still higher in case of WPWS due to the 

poor homogenisation, an anchor stirrer was constructed. The anchor stirrer in trial 4 was preferred in 

case of minimised counter-pressure, but WPWS + water could only be pumped at a very low DM 

content < 6.5% with the OHP. In another trial in practice with a comparable pump type (OHP) the 

pumpability of WPWS + water + concentrates was able with 9 - 11% DM content. The present mixture 

of WPWS + water was not pumpable with the DPP. The bottlenecks inside the pump were blocked by 

the longer particle size fractions of fibre components. 

Conclusion The CCM hammer mill was satisfactory able to shred WPMS. However, the mill 

performance is not sufficient for WPWS. Probably a force-cutting mill would be better for this fibrous 

material. The pumping of WPMS with the OHP was possible up to a DM content of 15.5%, whereas 

the DPP showed deficiencies. The WPWS was not pumpable with the DPP, the OHP could pump the 

WPWS + water but only with a low DM content. This confirms the effect of longer particle fractions 

after milling, which was already observed in the results of the dry sieve analyses. The high DM content 

based on the time of harvest is a possible reason for this problem. Therefore, the pumpability of diets 

and premixes with WPWS or comparable crude fibre sources and higher DM-contents remains a 

challenge in liquid feeding systems. Finally, further research is needed to improve the animal welfare 

also in large sized units of pregnant sows by feeding high contents of roughage with concurrent lower 

energy densities. The pumping of roughage based diets has to run automatically and with a high 

process reliability of used technology. 
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Introduction Nowadays in modern large sized units of pregnant sows the relevance of ―combined 

feeding‖ with concentrates and minerals enriched roughages has lost their relevance common in 

earlier times in smaller farms. Recently, technologically advanced liquid feeding systems facilitate to 

feed finely cutted whole plant silage (WPS) as basis for pregnant sows - with the objective to feed a 

ration with high content of roughage with low energy density ad libitum. Thus, the question of this 

study was at first whether the digestibility rate of the silages can be predicted by using the old 

equation based on crude fibre content, to design rations for ad libitum liquid feeding systems. 

Material and Methods Four non-pregnant sows (body weight: 179-277 kg, lactation-No: 2-5) were 

kept in individual pens which allowed free movement and direct animal contact. All sows were fed 

diets on maintenance level, calculated on the metabolic body weight (GfE 2006). A ration of 

concentrates supplemented with minerals was fed as basis. In two consecutive digestive trials a share 

of concentrates and minerals was substituted by whole plant maize silage (WPMS) resp. whole plant 

wheat silage (WPWS) (Schiemann 1981; Table 1). Energy and nutrient content was assumed as 

follow: concentrates 888 g DM and 14.4 MJ ME/ kg DM; WPMS 396 g DM and 10.7 MJ ME/ kg DM 

(Hohmeier 2015); WPWS 501 g DM and 7.2 MJ ME/ kg DM (Sievers 2017).  

Table 1. Calculation of isocaloric diets on basis of metabolic body weight 

Sow 
No 

Body 
weight 
(kg) 

Energy 
requirement 
MJ ME 
(GfE, 2006) 

Basis trial WPMS trial WPWS trial 

as fed (g) 

concentrates concentrates WPMS concentrates WPWS 

1 275 29.7 2311 1191 3712 1719 2138 
2 184 22.0 1708 880 2743 1270 1580 
3 208 24.1 1875 966 3012 1395 1734 
4 200 23.4 1820 938 2925 1355 1684 
whole plant maize silage (WPMS), whole plant wheat silage (WPWS) 

After fourteen days of adaptation to the silage based rations seven days of collecting all faeces and 

refusals of the offered ration followed. In the collection phase, the sows were weighed at the beginning 

and at the end of the experiment in the morning before feeding. The daily ration was split and fed, 

twice a day with 7 hours in between. Scattered feed were offered again hourly and possible feed 

remains weighed the following morning. The faeces were also collected every hour, weighed and 

frozen. A pooled sample of the respective feed components and a homogenized pooled sample of 

faeces of each sow from the 7 day trial period were analysed. The apparent digestibility (aD) of WPS 

was calculated using the difference method (Schiemann 1981). The statistical analysis of the data was 

done using the software SAS Enterprise Guide 7.1 (SAS Institute Inc., Cary, NC, USA) as descriptive 

statistic as well as the ANOVA test for mixed models. Due to the small number of animals (n = 4) a 

normal distribution of the data was assumed. 

Results and Discussion The calculated values of aD of the organic matter confirmed the expected 

values predicted with the regression formula. This estimation formula for the aD of the organic matter 

was developed by Axelsson (1941), cited by Nehring (1972) and established a linear relationship 
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between the aD of the organic matter and the crude fibre content. The other determined nutrients were 

digestible as follows (Table2). The energy was calculated by the equation 1 of GfE (2008), the WPMS 

contained 11.0 MJ ME and the WPWS 8.28 MJ ME per kg DM.  

Table 2. Apparent digestibility of whole plant silages in non-pregnant sows (n=4)  

 WPMS WPWS 

aD OM expected, % 64.6 52.7 
aD OM, %*** 64.5 ± 1.26

a
 52.7 ± 2.93

b
 

aD XP, % 58.5 ± 3.66
a
 51.0 ± 5.38

a
 

aD XL, %** 81.0 ± 2,21
a
 64.8 ± 6.82 

b
 

aD XF, % 24.9 ± 3.37
a
 27.7 ± 2.57

a
 

aD NFE, %*** 73.9 ± 0.89
a
 62.4 ± 2.54

b
 

Energy, MJ ME/kg DM, (GfE, 2008) 11.0 8.28 
whole plant maize silage (WPMS), whole plant wheat silage (WPWS), apparent digestibility (aD), organic matter (OM), crude 

protein (XP), crude fat (XL), crude fibre (XF), nitrogen-free extract (NFE)  

Conclusion During the trial the offered diets were devoured as calculated. The rations of WPS 

contained 57 % WPMS resp. 40 % WPWS of total dry matter intake. Thus silages can reduce the 

need for concentrates in feeding of pregnant sows. Besides the desired expected effects of roughages 

in feeding pregnant sows there are "side effects" due to the lower digestibility (in comparison to 

concentrates) especially on the amounts of faeces (slurry, Massé et al. 2003). Considering that the 

feed intake of WPWS had to be higher for equal energy intake, diets with high crude fibre contents 

prolong the feed intake, gut fill and feeling of satiety (Jeroch et al. 2008; Ramonet et al. 1999) and 

therefore should improve the well-being and reduce behavioural disorders (Lawrence and Terlouw, 1993).  
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Abstract Dietary culture is a part of ethnicity, which symbolises the heritage, and socio-cultural 

aspects of a community. Ancient people have invented the concept of ethno-microbiology involving 

spontaneous or natural or by adding mixed starter culutre fermentation of edible bio-resources for 

preservation and production of fermented foods and alcoholic drinks. Fermented foods are the hubs of 

consortia of both culturable and unculturable microorganisms. There may be more than 5000 varieties 

of common and uncommon fermented foods and alcoholic beverages being consumed in the world 

today by billions of people, as staple and other food components.The cultivability of microbiota by 

culture-dependent techniques including phenotypic and 16S rRNA is still a limiting factor in 

understanding the natural food fermentation. Application of culture-independent method with next 

generation sequencing (NGS) technologies has enabled researchers to increase accuracy and 

relatively in short period of time to profile the entire microbial community both cultivable and non-

cultivable in naturally fermented foods. 

 

Introduction 

Millions of diverse ethnic groups of the people in all five continents of the world consume about >5000 

types of major/minor and common/uncommon fermented foods and alcoholic beverages representing 

about 5-40% of daily meals as staple as well as other dietary components (Tamang 2010a). 

Fermented foods are the eco-system of consortia of microorganisms present as natural microbiota in 

uncooked plant or animal substrates, containers, earthen pots, and the environment or in traditionally 

prepared starter culture(s) that modify the substrates biochemically, and organoleptically into edible 

products and which are culturally and socially acceptable by the ancient people of the world. (Tamang 

et al. 2016a). Ancient people has invented spontaneous or natural or by adding starter culture 

fermentation of edible bio-resources using ethno-microbiology method for preservation and production 

of fermented foods and alcoholic drinks. The concept of ethno-microbiology is very important 

component in the modern food microbiology since this traditional technology involves the process of 

conservation and crude sub-culturing of essential and functional microbiota or microbiome using back-

sloping method by the ethnic people for centuries. Practicing of ethno-microbiological methods by 

ancient people has evolved the distinct dietary couture of billions of people representing the diverse 

communities and ethnicity across the world. The majority of the ethnic fermented foods can be 

considered essential for food and nutritional security of the region (Tamang et al. 2010b). Ethno-

microbiological knowledge of the ancient people for production and management of the available food 

bio-resources is the prime step of modern food technology, thereby supplementing the food 

ecosystem and enhancing the regional economy. Based on sensory and physico-chemical properties, 

fermented foods are are of three types representing 3A connotation (Tamang 2010a): (1) Acidic 

fermented foods-  acidic in taste (<7 pH) mostly fermented by lactic acid bacteria  such as gundruk, 

kimchi, sunki, yoghurt, dahi); (2) Alkaline fermented foods with light ammonical flavour (>7 pH) such 

as kinema, dawadawa, pidan; and (3) Alcoholic beverages with low or high alcohol and esters content  

such as beer, wine, saké, pulque, jaanr. In lactic fermentation, the substrates are kept in air-tight 

container (less or no oxygen or anaerobic condition) to allow lactic acid bacteria to grow on starchy 

materials to get the acidic product. In alkaline fermentation, semi-anaerobic or aerobic condition 

should be maintained to facilitate the growth of aerobic bacilli (mostly Bacillus subtilis) as in kinema, 

natto. Sachharification (starch to glucose) and glycolysis (glucose to alcohol and CO2) production is 

obtained during production of alcoholic beverages. Traditionally the ethnic people know how to get the 

desirable products using their indigenous knowledge for production of foods for consumption. They did 



Microbiology 

24-26 July 2018, Bonn, Germany  99 

not know what was the scientific explanation of fermentation mechanisms and identity of functional 

microorganisms. 

 

Taxonomy of indigenous microbiome 

Understanding the ethno-microbiology in terms of culture-dependent and independent methods to 

document a complete profile of microorganisms, and also to study both inter- and intra-species 

diversity within a particular genus or among genera (Yan et al. 2013). Molecular identification is 

emerging as an accurate and reliable identification tool, for identification of both culture-dependent 

and culture-independent microorganisms from fermented foods (Dolci et al. 2015). Due to limitation of 

only isolation of culturable microorganisms, the culture-dependent methods may not detect the whole 

microbial community in foods. However, the culture-independent methods by extracting whole 

genomic DNA directly from small amount (<1 g) samples of fermented food may detect the whole 

microbial communities in food samples (Puerari et al. 2015). Culture-independent methods including 

pyrosequencing, PCR-denaturing gradient gel electrophoresis (DGGE) analysis, and recently next 

generation sequencing such as high throughput metagenomic amplicon sequencing may serve to give 

more insight into microbial ecology of natural food fermentation with increased accuracy, and relatively 

short period of time (Ercolini 2004, Alegría et al. 2011, Sha et al. 2017, Shangpliang et al. 2018).   

 

Microbiome in fermented foods 

Diversity of microbiome consisting of both culturable and unculturable community of microbiota ranges 

from Gram-positive and Gram-negative bacteria, archae filamentous fungi to enzyme- and alcohol-

producing yeasts, are reported from global fermented foods and alcoholic beverages, which has 

actuay being mooted by the basic principal of ethno-microbiology. Among bacteria, lactic acid bacteria 

(LAB) mostly species of genera Enterococcus, Lactobacillus, Lactococcus, Leuconostoc, 

Pediococcus, Weissella, etc. are widely present in many fermented foods and beverages (Axelsson et 

al. 2012, Holzapfel and Wood 2014). Species of Bacillus are also present in legume-based fermented 

foods (Urushibata et al. 2002, Kubo et al. 2011). Few species of Kocuria, Micrococcus (members of 

the Actinobacteria) and Staphylococcus (belonging to the Firmicutes) has been reported for fermented 

milk products, fermented sausages, meat and fish products (Coton et al., 2010, Shangpliang et al. 

2017, 2018). Species of Bifidobacterium, Brachybacterium, Brevibacterium, and Propionibacterium are 

isolated from cheese, and species of Arthrobacter and Hafnia from fermented meat products 

(Bourdichon et al., 2012). Several genera of yeasts have been isolated from fermented foods, 

alcoholic beverages and non-food mixed amylolytic starters which mostly include Candida, 

Debaryomyces, Geotrichum, Hansenula, Kluyveromyces, Pichia, Rhodotorula, Saccharomyces, 

Saccharomycopsis, Schizosaccharomyces, Torulopsis, Wickerhamomyces, and Zygosaccharomyces 

(Tamang and Fleet 2009, Lv et al. 2013, Sha et al. 2017). Species of Actinomucor, Amylomyces, 

Aspergillus, Monascus, Mucor, Neurospora, Penicillium, Rhizopus and Ustilago are reported for many 

fermented foods, Asian non-food amylolytic starters and alcoholic beverages (Chen et al. 2014).  

 

Functionality and Health benefits 

Functional microorganisms transform the chemical constituents of raw materials of plant/animal 

sources during food fermentation thereby enhancing the bio-availability of nutrients, enriching sensory 

quality of the food, imparting bio-preservative effects and improvement of food safety, degrading toxic 

components and anti-nutritive factors, producing antioxidant and antimicrobial compounds, stimulating 

the probiotic functions, and fortifying with some health-promoting bioactive compounds (Farad et al. 

2010, Tamang et al. 2016b). Microorganisms depend on relevant substrates for survival and produce 

bioactive compounds that enrich the human diet, thereby promoting health benefits to consumers 

(Bernardeau et al. 2006). Some health-promoting benefits of fermented foods and beverages are: 

prevention of cardiovascular disease, cancer, hepatic disease, gastrointestinal disorders and 

inflammatory bowel disease, as well as protection from hypertension, thrombosis, osteoporosis, 
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allergic reactions, diabetes, spoilage and toxic pathogens, reduction of obesity, increase immunity, 

alleviation of lactose intolerance, and anti-aging effects. Increased understanding of the viability of 

probiotic bacteria, interactions between gut microbiota, diet and the host has opened up new 

possibilities of producing new ingredients for nutritionally optimized foods, which can promote 

consumers‘ health through microbial activities in the gut (Tamang 2015).  

 

Classification of global fermented foods 

Global fermented foods are classified into 9 major groups on the basis of substrates (raw materials) 

used from plant/animal sources (Tamang 2016, Tamang et al. 2016a,c):  

(1) Fermented cereal products (LAB and yeasts): sourdough, idli, dosa, mawe, etc. 

(2) Fermented dairy products (LAB): yogurt, dahi, cheese, kefir, koumiss, chhurpi, etc  

(3) Fermented legumes (Molds, Bacillus spp.): shoyu, miso, tempe, natto, kinema, chungkokjang, 

thua nao, dawadawa, iru, etc.  

(4) Fermented roots/tubers (LAB + Yeasts): gari; fufu, agbelima, tapé, etc.  

(5) Fermented vegetable products (LAB): sauerkraut, kimchi, gundruk, sunki, saun-cai, etc.  

(6) Fermented and preserved meat products (Micrococcii + LAB): Sausages, salami, nham, nem 

chua, kargyong, etc.  

(7) Fermented, dried and smoked fish products (Micrococcii + LAB): plara, ngari, tungtap, etc.  

(8) Mixed mylolytic starters of Asia (Molds + Yeasts+ Bacteria): marcha, nuruk, ragi, bubod, koji, etc. 

(9) Alcoholic beverages (Molds, Yeasts):  

 Non-distilled and unfiltered alcoholic beverages produced by amylolytic starters eg. kodo ko jaanr, 

makgeolli. 

 Non-distilled and filtered alcoholic beverages produced by amylolytic starters eg, saké. 

 Distilled alcoholic beverages produced by amylolytic starter g., shochu, soju, raksi. 

 Alcoholic beverages produced by involvement of amylase in human saliva eg. chicha. 

 Alcoholic beverages produced by mono- (single-strain) fermentation eg. beer. 

 Alcoholic beverages produced from honey eg. tej. 

 Alcoholic beverages produced from plant parts eg. pulque toddy  

 Alcoholic beverages produced by malting (germination) eg. Bantu beer, tchoukoutou. 

 Alcoholic beverages prepared from fruits without distillation eg. wine cider. 

 Distilled alcoholic beverages prepared from fruits and cereals eg. whisky and brandy. 

(10) Miscellaneous fermented products (Bacteria, Yeast, Molds): vinegar, nata, kombucha, puer tea, 

pidan, etc. 

Besides, above mentioned categories of fermented foods and beverages, unique fermented fodder 

through silage fermentation are fed to animals. Silage fermentation are mostly fermented by LAB 

(Woolford 1985, Muck 2010). 
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Abstract 

Advancements in molecular biology are providing new insight into the complexity and diversity of 

microbial populations during ensiling. Understanding the epiphytic microbiome on harvested forage 

could lead to more predictable outcomes and identify those conditions in which additives are likely to 

be most efficacious for forage conservation. The ability to track specific microbial strains during 

ensiling could increase our understanding of their contribution to ensiling and the potential for them to 

elicit probiotic responses in ruminants upon feeding. Comparative genomics could aid in identifying 

those isolates with the greatest potential as forage inoculants. 

 

Introduction 

Until the development of DNA based community fingerprinting techniques and the metagenomic 

evaluation of the silage microbiome, characterization of the microbiology of ensiling was limited to 

isolation and identification of silage microbes grown on selective media. However, many silage 

microorganisms including lactic acid bacteria (LAB), enterobacteria, yeast and molds can enter a 

viable but unculturable state, precluding their characterization through conventional plating methods 

(McAllister et al. 2018). Culture independent techniques enable the identification of microbial 

communities and the description of complex silage microbial population dynamics during ensiling and 

aerobic exposure. These molecular techniques also allow for profiling the microbes in silage 

inoculants and help understand how these microbes survive and alter the ensiling process. Muck 

(2013) reported that many silage inoculants produce bacteriocins that inhibit the growth of both 

bacteria and fungi, greatly increasing the survivability of these inoculants in silage. Undesirable silage 

bacteria such as Clostridium spp. and Bacillus spp. are of significance especially with respect to dairy 

cattle as the bacterial spores can enter the food chain through milk, leading to food spoilage and 

possibly animal and/or human fatalities (Tennant et al. 2017). Listeria monocytogenes and VTEC 

Escherichia coli, which can be found in silage have zoonotic significance. Similarly, mycotoxin 

producing moulds in silage such as Aspergillus fumigatus and Penicillium roqueforti pose serious 

health concerns as these toxins can produce detrimental health effects in dairy cattle while causing 

food safety concerns as a result of secretion in milk (Driehuis et al. 2008). Metagenomic studies can 

effectively be used to detect these undesirable microorganisms in silage thereby preventing their 

entrance into the food chain and enhancing food safety.  
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Overview of culture independent techniques for silage microbiology  

Most of the culture independent DNA based community fingerprinting techniques rely on polymerase 

chain reaction (PCR) amplification of targeted sequences (Muck 2013; Nishino 2015). Some of the 

common techniques employed for the community analysis of the silage microbiome include denaturing 

gradient gel electrophoresis (DGGE), terminal restriction fragment length polymorphism (T-RFLP), 

automated ribosomal intergenic spacer analysis (ARISA) and length heterogeneity PCR (LH-PCR) 

(Muck 2013, McAllister et al. 2018). The PCR based methods have been widely used to amplify DNA 

sequences of interest using forward and reverse primers for species identification and to distinguish 

between multiple microbial species (McAllister et al. 2018). Quantitative or real time PCR (qPCR) has 

been used for quantifying a particular microbial species present in the sample and for profiling 

microbial communities (Muck 2013; Nishino 2015; McAllister et al. 2018). 

 

Sampling for molecular studies  

Proper forage sampling techniques, as for nutrient analysis, need to be followed for molecular 

evaluation to ensure that the sample is representative of the entire amount of conserved forage. In 

order to ensure proper sampling prior to ensiling, 3-5 samples of fresh forage need to be collected 

after each truck load (McAllister et al. 2018). Subsamples are mixed and stored for molecular analysis. 

While sampling silage, care should be taken to avoid spoiled silage from the silo face by collecting 

subsamples at least 7-15 cm below the surface of exposed silage. Subsamples are composited and 

stored in air tight bags for analysis and should be frozen at -20°C for immediate processing and 

preferably at -80°C if DNA extraction is delayed. 

 

Sample processing for DNA extraction  

Success of PCR based metagenomic studies depends greatly on the quality and yield of DNA 

extracted for sequencing. Efficient extraction of microbial DNA is critical for unbiased results from 

downstream applications like qPCR and metagenomic sequencing (Bahl et al. 2012). McAllister et al. 

(2018) reported that storing samples intended for DNA extraction at lower (-80°C) temperature ceased 

the microbial activity and maintained cellular integrity. Preserving samples at ultra-low temperatures 

also ensures that the microbial diversity profile is maintained. Duration of storage has been reported to 

affect the diversity of microbial community in biological samples (Lauber et al. 2010, Bahl et al. 2012). 

These authors reported that even though the DNA yield was not affected by the duration of storage 

(Bahl et al. 2012), dynamics of microbial community was affected by long (> 50 d), but not short term 

(< 14 d) storage of samples. Standards for storage and DNA extraction can be used to try and ensure 

the consistency of findings across studies. The quality of qPCR depends on the quality of DNA 

extracted, which in turn depends on the method employed for sample processing and DNA isolation.  

The yield and quality of nucleic acid extracted depends on the type of silage and the microbial profile 

during ensiling, and storage. Microbial populations in silage are more concentrated in areas of high 

soluble carbohydrate and protein content and exist primarily in the form of biofilms. Lysis of biofilms 

during nucleic acid extraction often results in rapid degradation of RNA (Wang et al. 2011). Samples 

for RNA extraction are preferably frozen immediately in liquid nitrogen or dry ice and stored at -80°C.  

Even at this temperature, the integrity of RNA can be lost with prolonged storage. Quaternary 

ammonium compounds have been reported to be effective in preserving RNA in some studies (van 

Eijsden et al. 2013). Frozen samples used for DNA extraction are ideally lyophilized as oven drying 

can affect microbial dynamics and negatively affect the stability of DNA. Moreover, fibre digesting 

bacteria preferentially colonize the interior of plant cells (Engels 1989) and thus simple washing of the 

silage with buffers will often fail to extract the DNA associated with these microorganisms.  

Samples for DNA extraction are typically ball ground. Frictional impact while ball mill grinding results in 

effective microbial cell disruption. However, it should be noted that this procedure also increases the 

amount of plant DNA that is co-extracted along with microbial DNA. This can reduce the concentration 
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of microbial DNA that is available for sequencing and possibly the sensitivity of downstream analysis. 

For RNA, grinding of the samples in liquid nitrogen is one way of increasing yield (Wang et al. 2011). 

 

DNA extraction  

Isolation of DNA from plant tissues can be challenging as plants contain a wide variety of metabolites 

and biomolecules like polysaccharides, proteins, tannins, alkaloids and polyphenols that can interfere 

with DNA extraction and purification (Abdel-Latif and Osman 2017). Polysaccharides that co-

precipitate with DNA can make DNA pellets slimy and difficult to handle (Healey et al. 2014, Abdel-

Latif and Osman 2017), while polyphenols bind to nucleic acids to form phenolic-nucleic acid 

complexes. Most forage DNA extraction procedures are modifications of the CTAB (cetyl trimethyl 

ammonium bromide) method with purification of DNA with phenol-chloroform-isoamyl alcohol (Minas 

et al. 2011). This method can be modified to include polyvinylpyrrolidone (PVP) and high salt solutions 

to effectively separate polysaccharides and bind polyphenols during DNA extraction. Moreover, the 

CTAB method is well suited for forage and silage samples processed with liquid nitrogen as it removes 

plant components. Kits are commercially available and widely used for extraction of DNA/RNA from 

silage samples. 

 

DNA extraction kits  

Various commercial DNA extraction kits (QiAamp DNA stool mini kit; Qiagen Sciences, Germantown, 

MD; FastDNA
TM

 spin kit for soil; MP Biomedicals, Santa Ana, CA; Ultraclean soil DNA isolation kit, 

MoBio Laboratories Inc., Carlsbad, CA; Quick-DNA
TM

 Plus kit; Zymo Reaserch Corporation, Irvine, 

CA) can be used for extraction and purification of DNA/RNA from silage (Duniere et al. 2017) and 

other biological samples (Lebuhn et al. 2016). As silage samples can contain the various PCR 

inhibitors, DNA extraction kits like the QiAamp DNA stool kit has steps to remove PCR inhibitors, 

making them more effective for extracting high quality unbiased DNA for downstream analysis. One of 

the major concerns in any DNA extraction procedure is the ability of the extraction procedure to lyse 

and recover the DNA from all members of the microbiome (Hazen et al. 2013). It has been reported 

that of the steps in microbial profiling i.e., DNA extraction, PCR amplification and sequencing, the 

greatest bias arises from DNA extraction (Vishnivetskaya et al. 2014). 

To the authors‘ knowledge, there has not been any comparison among extraction methods on the 

yield and purity of DNA/RNA obtained from silage samples. It is logical to assume that the nature of 

the extraction kit can affect the ability of PCR and downstream analysis to describe the structure of the 

silage microbial community. In an evaluation of the effect of DNA extraction methods on the quality of 

DNA extracted from corn, Abdel-Latif and Osman (2017) reported that a modified Mericon extraction 

method resulted in greater DNA yield and quality at a reduced cost and with less time than either a 

DNeasy Qiagen Plant mini Kit or CTAB methods.  

Most extraction methods result in poor recovery of DNA from Gram-positive bacteria as these 

microorganisms have thick and resistant cell walls (Fujimoto et al. 2004). In order to extract DNA from 

Gram-positive bacteria, the cell wall has to be breached to release DNA within the cytoplasm. In a 

recent evaluation of microbial community composition of permafrost samples, Vishnivetskaya et al. 

(2014) reported that the Meta-G-Nome
TM

 DNA isolation kit worked for the physical separation of 

microbes from soil followed by cell lysis and DNA recovery, but had the poorest yield of genomic DNA 

and did not adequately represent the community genome relative to kits that used bead-beating during 

DNA extraction (FastDNA® spin kit for soil, PowerSoil® Kit and PowerLyzer® Kit). Similar responses 

could be anticipated with regard to the isolation of DNA from Gram-positive bacteria in silage. 

Spores of anaerobic (Clostridium species) and aerobic (Bacillus species) frequently found in silages 

are generally resistant to lysis and DNA yield is limited due to presence of the resistant spore coat. 

However, in an evaluation of commercial DNA extraction kits for the isolation of bacterial spore DNA 

from soil samples, Dineen et al. (2010) isolated DNA from spores of Bacillus species for qPCR 

analysis. These authors reported that FastDNA
®
 spin kit that utilized bead-beating for DNA extraction 
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resulted in highest DNA yield while the E.Z.N.A
®
 Soil DNA kit and PowerSoil

®
 DNA isolation kits 

effectively removed PCR inhibitors during DNA extraction procedures.  

However, bead-beating has to be optimized as it may compromise DNA extraction from thin cell 

walled microbes due to shearing of the DNA (Miller et al. 1999). The greater abundance of easily lysed 

β- and α-Proteobacteria using the Meta-G-Nome
TM

 DNA isolation kit as compared to bead-beating 

extraction procedures is likely a reflection of shearing of DNA as a result of this more aggressive 

isolation technique (Vishnivetskaya et al. 2014). Similarly, Pakpour et al. (2013) reported a greater 

degree of DNA degradation for DNA extracted via bead-beating relative to kits that did not. These 

authors reported that kits that do not employ bead-beating can still achieve acceptable yields of DNA.   

Extraction procedures that employ bead-beating generally results in increased DNA yield at the 

expense of greater fragmentation of DNA. Considering that silage is typically rich in Gram-positive 

Lactobacilli, that may reside within plant cells, it is logical to assume that bead-beating procedures will 

result in higher DNA yields relative to kits that do not employ bead-beating. Addition of cell wall 

degrading enzymes, like lysozyme, during the initial sample preparation steps would reduce integrity 

of the Gram-positive bacterial cell wall and allow for a shorter time of bead-beating. 

 

PCR for silage microbiology  

Polymerase chain reaction enables the generation of multiple copies of specific regions of DNA. 

Similar to conventional PCR, qPCR also follows similar amplification cycles where template DNA is 

denatured, annealed with specific oligonucleotide primers and extended to generate complementary 

strands using thermostable DNA polymerases (Postollec et al. 2011). However, in qPCR, the 

exponential increase in amplicons can be monitored at every cycle in real time. Moreover, qPCR is 

faster than conventional PCR as it eliminates the post-amplification steps needed for conventional 

PCR to visualize amplified products and is more sensitive and reproducible (McAllister et al. 2018). 

Real time PCR has sensitivity and specificity that is equivalent to or even superior to conventional 

PCR (Espy et al. 2006). Moreover, chances of environmental contamination by amplified DNA are 

greatly eliminated in qPCR analysis as amplification and detection steps are performed in the same 

closed vessel.  

 

Molecular targets for PCR  

Selection of accurate DNA targets for downstream molecular techniques are of prime importance in 

obtaining non biased microbial community assessment. Target DNA selection depends on the 

technique used, specificity of primers for the target, the microbiome evaluated and the taxonomic 

depth required (Bokulich and Mills 2012). 

Ribosomal RNA (rRNA) genes are highly conserved regions among all living organisms due to 

interactions of the products to proteins in the ribosome. Prokaryotic rRNA consists of three transcripts, 

the 16S (small), the 23S (large) subunits, and the 5S rRNA sequence (McAllister et al. 2018). 

Sequencing of the 16S rRNA gene is routinely used for the identification of bacterial species and in 

taxonomic studies. The 16S RNA gene contains 9 hypervariable regions (V1 – V9) (McAlister et al. 

2018). The hypervariable regions are interspersed by conserved segments that enable PCR 

amplification of target sequences using universal primers (McCabe et al. 1999). The hypervariable 

regions exhibit a considerable degree of diversity among bacterial species, but no single hypervariable 

region is able to distinguish among all bacterial genera (Chakravorty et al. 2007). However, combining 

the hypervariable regions can generate adequate sequence diversity to enable the identification of 

many bacteria to the genus level. Accumulation of taxonomic identification for 16S rRNA gene 

sequences stored in public databases allows for a more detailed source of comparison for this gene 

versus the 23S rRNA gene. 

The 16S and 23S rRNA genes are separated by a spacer region, known as the internal transcribed 

spacer (ITS) region that is transcribed along with the ribosomal genes (Osorio et al. 2005). 

Considerable length and sequence variation exist in this ITS region even among strains of the same 
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species, making the ITS region useful for identifying closely related strains (Osorio et al. 2005; 

McAllister et al. 2018). For example, ITS has been used to differentiate between different strains of 

closely related lactic acid bacteria (Yavuz et al. 2004). Similarly, Rachman et al. (2003) used ITS to 

distinguish Lactobacillus farciminis from Lactobacillus alimentarius, even when these species shared 

96% similarity in their 16S rDNA. Other divergent loci such as genes encoding the 60 kDa chaperonin 

protein (CPN-60; Links et al. 2012) and recombinase enzyme (recA; Hofstatter et al. 2016) may also 

be used to describe bacterial diversity in silage.  

Eukaryotic rRNA operons include 18S, 5.8S and 25S/28S rRNA, separated by internal transcribed 

spacers 1 (ITS1) and 2 (ITS2) that flank the conserved 5.8S region (McAllister et al. 2018). Similar to 

bacteria, rRNA genes are widely used for the molecular characterization of fungi as multiple copies 

are present in each genome and ITS regions can be amplified using broad range primers (Khot et al. 

2009). Li and Nishino (2011a, b) amplified fungal 18S rRNA to characterize fungal and mold species in 

grass and whole-crop cereal silages. Even though 18S rRNA has been commonly used for the 

phylogenetic classification of fungi, compared to 16S rRNA for bacteria, it has fewer hypervariable 

domains (Schoch et al. 2011). The 28S rRNA, hypervariable regions in the 28S rRNA (D1/D2 region) 

and ITS are also used for the identification of fungi. The ITS primers target the conserved region of the 

18S, 5.8S and 28S RNA genes to amplify these noncoding regions (White et al. 1990). Kurtzman and 

Robnett (1998) reported that the variable D1/D2 domain of 28S rDNA sufficiently differentiated more 

than 500 species of Ascomycetous yeasts. Fell et al. (2000) and Scorzetti et al. (2002) reported that 

ITS region was more effective at differentiating among Basidiomycetous yeasts as compared to the 

D1/D2 domain. However, the choice of ITS primers has been shown to result in amplification biases 

with the preferential amplification of some fungal groups (Bellemain et al. 2010).  

 

PCR trouble shooting  

Real time PCR allows for generation of millions of amplicons of a specific DNA segment in a short 

period of time. However, factors such as sample dilution and waiting times in laboratory work flow 

have been reported to result in amplification of nonspecific DNA products during PCR (Villalba et al. 

2017). These nonspecific DNA products appear as a ladder or smear of bands on agarose gels 

(Lorenz 2012). These authors also reported that unintentional mutations introduced into the amplicons 

can generate a heterogeneous population of PCR products. If PCR conditions are not optimized, 

primers preferentially self-anneal or anneal to other primers in the reaction to form primer dimers. PCR 

bands with varying lengths are formed by nonspecific reaction if PCR stringency is too low. These 

pitfalls in the PCR procedure could adversely affect the PCR efficiency and downstream genomic 

analysis. Optimization of PCR with negative and positive control samples is performed to avoid 

nonspecific DNA products and artefacts (Villalba et al. 2017). 

 

PCR inhibitors  

PCR inhibitors are a heterogeneous group of chemicals or substances that originate from sample or 

are introduced during sample processing (Schrader et al. 2012). PCR inhibitors act either through 

direct interaction with DNA or interference with DNA polymerases (Bessetti 2007). Direct binding of 

inhibitors to DNA impede amplification while inhibitors of DNA polymerase block enzyme activity. PCR 

inhibitors relevant to forage and silages include polysaccharides, proteases, phenolics and tannins 

(McAllister et al. 2018). In general, PCR inhibitors can be removed by dilution, clean-up procedures as 

recommended within commercial DNA extraction kits, by the use of specific PCR additives, or by the 

use of column chromatography (Reuter et al. 2009; Schrader et al. 2012). 

 

Molecular techniques for defining silage microbiology  

Real time PCR has been shown to be a valuable tool in assessing microbial population dynamics 

during ensiling. This molecular technique raises the possibility of determining the effectiveness of 

specific bacterial species in silage inoculants as most species of Lactobacillus are not easily 




