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Preface

Nowadays, we face a context of large environmental impacts from the livestock systems,
and it has changed the perception about just increase of the production. In this new context,
we should focus not only on production but also on efficiency of the whole system. The sus‐
tainable intensification of livestock systems is a new approach to achieve the efficient use of
the resources by reducing feed cost, decreasing competition for food with humans, contribu‐
ting to decrease nutrient input from nonlocal sources, and contributing to the feed supply.

Forage conservation techniques have been used to intensify the animal production and to
increase the efficiency of the whole livestock system as well. Ensiling is an old technique
used to store food, mainly vegetable crops, to feed the herd when the forage supply from
the pastures is not enough to maintain the productive performance of the ruminant animals.
The main principle of silage is anaerobic environment and fermentation of the water-soluble
carbohydrates in the fresh crop by the epiphytic lactic acid bacteria (LAB) with the produc‐
tion of lactic acid. However, different fermentation pathways may occur into the silo envi‐
ronment, depending on the availability of substrate, the predominant microbial populations,
the dry matter (DM) content, and the buffering capacity of the crop at the ensiling. The main
forage crops used for silage production are corn, sorghum, alfalfa, and grasses. Over the
years, there have been many efforts on improving silage production and its utilization
through studies about fermentation and the silage management to minimize the DM losses
and to increase the efficiency of the process.

This book covers the main advances in silage production and utilization, with nine chapters
written by internationally recognized experts from different regions of the world with dif‐
ferent environmental contexts but with one common objective: to report the most recent
findings in their topic. Among four sections, the first one includes three chapters that show
the advances in silage management with a deep survey of the use of bacterial inoculants in
silages, the influence of the environment on the corn plants for silage production, and the
new technologies on silage covering. The second section brings two chapters about the use
of nonconventional crops for silage production in tropical areas, which have a significant
impact in arid and semiarid regions and contribute to sustainably intensification of livestock
systems in those regions. In the third section, two chapters discuss the nutritional aspects:
the effects of fermentation products on intake and digestibility of silages and the strategies
to maximize fiber utilization of silages in ruminants. The fourth section includes two chap‐
ters about the use of silage as a substrate for biogas production in Europe.

The authors of this book have summarized a large amount of research papers and results
that provide a consistent explanation of the technical aspects of silage production and uti‐
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lization. The intended audience are undergraduate and graduate students, scientists, profes‐
sors, farmers, consultants, and industrial representatives.

We express our appreciation to the authors that made the publication of this book possible.
We also recognize that there is much more information that could be discussed, but it is just
an introduction of recent advances and new discussions about silage production and its uti‐
lization. As editors, we hope that this book can contribute with the knowledge construction
and dissemination, as well as the incentivization for the development of more new technolo‐
gies that could contribute to the efficiency of the livestock systems.

Thiago da Silva
Federal University of Vicosa,

Brasil

Edson Mauro Santos
Federal University of Paraiba,

Brasil
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Survey About the Use of Bacterial Inoculants in Brazil:

Effects on Silage Quality and Animal Performance

Carlos H.S. Rabelo, Lucas J. Mari and Ricardo A. Reis

Additional information is available at the end of the chapter

Abstract

Our objective was to report the effect of bacterial inoculants on silage quality and animal
responses in Brazil. A survey of bacterial inoculants utilization in Brazil was made based
on a total of 178 published articles assessing a widely varied crops (alfalfa, cabbage, cassava,
corn, grass, high-moisture corn (HMC), high-moisture sorghum, millet, oat, orange
bagasse, peanut forage, sorghum, soybean, stylosantes Campo Grande, sugarcane, and
sunflower). Sugarcane and grass silages comprised 58.1% of the total crops investigated.
Homolactic inoculation reduced dry matter (DM) losses in alfalfa silages, but not in corn,
grass, HMC, and sorghum silages. Heterolactic inoculation enhanced the aerobic stability
of corn and HMC silages. The use of heterofermentative lactic acid-bacteria (LAB) was
more effective to improve fermentation of sugarcane silages compared to homofermen-
tative LAB. Inoculation impaired the DM intake in cattle fed corn, grass, and sugarcane
silages, but DM intake increased in sheep due to inoculation. In some cases, silage
digestibility was affected by inoculation. Positive responses to inoculation occurred most
often when the  compatibility  between the  bacterial  inoculant  and crop was better
understood (e.g., homolactic inoculation for grass silage and heterolactic inoculation for
sugarcane silage). The performance of animals consuming inoculated silages has been
investigated in Brazil only a few times, but the data suggest a greater impact of bacterial
inoculants on DM intake and weight gain in cattle and sheep than that indicated in
temperate conditions.

Keywords: aerobic stability, digestibility, fermentation, growth performance, lactic
acid bacteria

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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1. Introduction

Silage  is  the  feedstuff  produced  by  the  fermentation  of  a  crop,  forage,  or  agricultural
byproduct, usually at greater than 50% moisture content [1]. In Brazil, silage is the principal
source of energy and fiber in the diets of dairy cattle [2] and is frequently used in feedlots for
the production of beef cattle [3]. However, descriptions of silage production practices and
utilization  in  Brazilian  literature  are  poor  [4].  Furthermore,  there  is  a  lack  of  extension
programs in Brazil that disseminate and enhance the knowledge of farmers regarding silage
management, which has contributed to the production of low-quality products in many cases.
As a strategy to alter this scenario, several farmers have chosen to use bacterial inoculants in
order to improve silage quality and reduce production costs by decreasing the loss of dry
matter (DM). Nevertheless, in Brazil, there are few reviews and surveys concerning the impact
of bacterial inoculants on ensiling practices. In addition, the most complete review of this
topic (see [5]) indicated that the low number of studies conducted in Brazil at that time did
not produce a definitive conclusion about the magnitude of the effect of additives on silage
quality and animal performance.

Therefore, our objective was to conduct a survey on the use of bacterial inoculants in Brazil
and understand how they affect ensiling processes and animal performance. Here, we
highlight that the present survey had an exploratory focus and, because of this, we conducted
only a descriptive analysis of the data found in the accessed studies throughout of this text.

2. Bacterial inoculants

Ensiling is the most common method used to preserve a great variety of forages for use during
those seasons when the crop is unavailable and/or is decreasing in nutritive value. Ensiling is
based on the conversion of simple plant sugars, such as glucose and fructose, to lactic acid by
lactic acid bacteria (LAB) under anaerobic conditions [6, 7]. Epiphytic LAB are essential
microflora for spontaneous silage fermentation; however, the number and genera of bacteria
varies widely in forages [8]. Thus, bacterial inoculants (specifically homofermentative LAB-
hoLAB) have been used in order (1) to inhibit the growth of aerobic and undesirable anaerobic
microorganisms, (2) promote a rapid decline in the pH of forage after ensiling in order to avoid
greater activity of proteases and deaminases derived from its own plant tissues and/or
microorganisms, and (3) increase DM recovery [9].

The international literature is rich with data describing the eventual benefits of inoculation.
However, no conclusion has been reached about the effect of bacterial inoculants on silage
quality and animal performance in Brazil (see [5]) considering previously summarized studies
carried out from 1999 to 2009. After 2009, 85 new Brazilian studies (scientific articles published
in national and international journals) evaluating the effect of bacterial inoculants for silage
production were published (Figure 1). Thus, analyzing real life scenarios are important to
understand how bacterial inoculants alter silage quality and how they affect the performance
of animals consuming inoculated silages.

Advances in Silage Production and Utilization4

Figure 1. Number of Brazilian articles published concerning bacterial inoculant utilization from the last 26 years (total
number of articles accessed = 178).

Initially, the small interest on the topic in the last century in Brazil likely reflected questions
about the cost of those inoculants and their effectiveness as in other countries [10], although
these are questions that are debated very often. The inconsistent results obtained from early
studies carried out in Europe and North America due to low rates of inoculation and ques-
tionable viabilities of the bacteria [9], also likely contributed to the initial small interest.
Conversely, advances in molecular biology associated with positive responses found across
the world may have moved the crescent interest from Brazilian researchers to study bacterial
inoculants for silage production. Moreover, the increasing number of techniques used to
produce more viable and stable bacteria, and the additional tools developed to access the
effects of silage inoculants, may also be part of the reason for the increased interest. Indeed,
poor silage management has led to the production of silages of low nutritional value and
undesirable sanitary aspects under tropical conditions. Surely, sugarcane and tropical grass
silages are still the crops most susceptible to problems that occur during fermentation due to
the action of undesirable microorganisms. Thus, these crops comprised 58.1% of all studies
evaluated regarding the use of bacterial inoculants (Figure 2).

Figure 2. Number of Brazilian studies published regarding the utilization of silage inoculants by crop. *HMC, high-
moisture corn; HMS, high-moisture sorghum.
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Item Alfalfa Corn Grass HMC1 Sorghum Sugarcane

One specie

Bacillus subtilis – 4 – – – –

Lactobacillus brevis – – – – – 27

Lactobacillus buchneri – 16 8 8 – 62

Lactobacillus hilgardii – – – – – 10

Lactobacillus kefiri – – – – – 1

Lactobacillus paracasei – – – – – 2

Lactobacillus plantarum – 8 18 9 – 59

Leuconostoc mesenteroides – 1 – – – –

Streptococcus bovis – – 14 – – –

Streptococcus faecium – – 3 – – –

Two species

L. buchneri + L. kefiri – – – – – 1

L. buchneri + Propionibacterium acidipropionici – – – 1 – –

Lactobacillus casei + Streptococcus faecalis – – – 2 – –

L. plantarum + B. subtilis – 1 – – – –

L. plantarum + L. buchneri – 4 – – – 1

L. plantarum + Pediococcus acidilactici – 6 17 – – 1

L. plantarum + Pediococcus pentosaceus 5 16 3 – – 7

L. plantarum + P. acidipropionici – 2 2 – – 4

L. plantarum + S. faecium 6 14 12 – 26 3

Combo2 4 46 42 16 16 3

1HMC, high-moisture corn.
2Combination of three or more bacteria.

Table 1. Bacterial species applied in the six main crops used to produce silage in Brazil (number of treatments).

As mentioned earlier, the crescent development in molecular biology techniques has led to a
wide range of microbial additives to aid in crop preservation. The LAB (genera Lactobacillus,
Pediococcus, Lactococcus, Enterococcus, Streptococcus, and Leuconostoc) are the main group of
bacteria used as silage inoculants, because they all produce lactic acid as a principal product
from sugar fermentation [6]. Commonly, the LAB are classified into two groups based on the
products of fermenting glucose, as follow: (1) homofermentative (first generation of silage
inoculants) → produce two moles of lactic acid from one mole of glucose; and (2) heterofer-
mentative (second generation of silage inoculants) → produce one mole of lactic acid, one mole
of carbon dioxide (CO2), and either one mole of ethanol or one mole of acetic acid from one
mole of glucose [11]. However, actually three groups of LAB have been considered [12], as
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follows: (1) obligate homofermentative → unable to ferment pentoses because the lack enzyme
phosphoketolase; (2) facultative heterofermentative → ferment hexoses similarly to the
obligate homofermentative but they are able to ferment pentoses; and (3) obligate heterofer-
mentative → ferment hexoses to a range of products. Overall, under most silage conditions
where substrate is not lacking, facultative heterofermentative LAB primarily make only lactic
acid [9]. Thus, for the sake of simplicity, facultative heterofermentative LAB will be considered
part of homofermentative LAB in this review for furthers comparison.

In Brazil, several homofermentative (Lactobacillus plantarum, L. curvatus, L. acidophilus, L.
paracasei, Lactococcus lactis, Leuconostoc mesenteroides, Pediococcus pentosaceus, P. acidilactici,
Streptococcus faecium, S. faecalis, and S. bovis) and heterofermentative LAB (L. buchneri, L.
hilgardii, L. kefiri, L. salivarius, and L. brevis) have been used as silage inoculants, leading to
different combinations for each crop (Table 1). Other microorganisms have also been tested,
such as Propionibacterium acidipropionici, Bacillus subtilis, and Saccharomyces spp., but less
frequently.

As described earlier, hoLAB and heterofermentative LAB (heLAB) comprised first and second
generation of silage inoculants, respectively. The hoLAB gained popularity in the late 1970s and
early 1980s because it must quickly grow to dominate silage fermentation reducing DM and
nutritive losses [9]. Conversely, homofermentative-inoculated silages often have lower
stability during the feed-out phase, because of the greater concentration of lactic acid and
residual water-soluble carbohydrates (WSC) [13]. Lactic acid and WSCs are utilized as
substrates for the growth of aerobic microorganisms, notably yeasts [13]. Thus, L. buchneri was
developed as a second generation inoculant to produce acetic acid and improve the aerobic
stability of silage by inhibiting the growth of spoilage microorganisms [14]. Nowadays, some
commercial silage inoculants contain multiple strains of hoLAB and often one strain of heLAB,
because of the potential synergistic actions among bacterial strains. For example, previous
studies showed that the association between L. plantarum and L. buchneri accelerated the initial
rate of lactic acid fermentation, reducing the pH and causing lower protein degradation, in
addition to enhancing the aerobic stability of corn and sorghum silages [13, 15].

In Brazil, hoLAB were primarily investigated and used as commercial silage inoculants to
ensure suitable fermentation (Figure 3). Around the year 2000, Brazilian researchers turned
their attention and curiosity to investigate the effects of heLAB on the ensiling of tropical crops,
but articles on this topic only started to be published in 2006. Moreover, studies combining
hoLAB and heLAB started at the same time that second generation silage inoculants were used,
but articles evaluating hoLAB and heLAB combined started to be published earlier.

Despite the type of silage inoculant used for the six main crops used for ensiling in Brazil,
hoLAB composed the only silage inoculant assessed for alfalfa and sorghum silages (Figure 4).
Moreover, hoLAB still composed the majority (>69%) of the treatments for corn, HMC, and grass
silages. Sugarcane was the only crop in which heLAB composed the majority (57%) of the
treatments assessed. This scenario is not a surprise, since hoLAB were primarily investigated
and used as commercial silage inoculants in the worldwide, and likely this reflected in a greater
number of studies assessing hoLAB in Brazil. Alfalfa and grass silages often have low WSC
content and high buffer capacity, and then pH declines more slowly after the crop is ensiled
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Item Alfalfa Corn Grass HMC1 Sorghum Sugarcane
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[6]. Therefore, is comprehensive why only hoLAB were assessed for alfalfa and why hoLAB
composed the majority of the treatments for grass. However, considering that corn and
sorghum silages that are most susceptible to aerobic deterioration under tropical conditions
[16] would be expected a greater number of studies concerning heLAB or combining hoLAB and
heLAB to reduce this trouble.

Figure 3. Evolution of the utilization of homofermentative and heterofermentative LAB, either alone or combined
(mixed) in Brazil (% related to the number of treatments).

Figure 4. Assessment of homofermentative and heterofermentative LAB, either alone or combined (mixed) by crop in
Brazil (% related to the number of treatments containing bacterial inoculants). *HMC, high-moisture corn.

The use of bacterial inoculants has also claimed to improve the nutritive value of silages by
reflecting alterations in fermentation patterns, which may be important for tropical silages in
particular. The use of tropical forages often results in silages with lower nutritive value than
those produced under temperate conditions [16]. Unfavorable aspects of some crops (espe-
cially grasses), such as low WSC and DM content (both needed for proper fermentation) at the
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time of cutting when the highest nutritive value of the grass is achieved and at high buffering
capacity, results in poor fermentation and low silage digestibility [17].

Epiphytic LAB utilize carbohydrates as energy and carbon sources for growth, and these
microorganisms are only able to convert nonstructural carbohydrates (notably WSCs—mono-
and disaccharides) into organic acids, because they lack the enzymatic complex required to
metabolize complex polysaccharides [7]. Thus, enzyme-bacterial inoculants may become
useful to improve the fermentation patterns and nutritive value mainly of ensiled crops having
low WSC content. Bacterial inoculants ensure that LAB will dominate in silage fermentation,
whereas the enzymes (i.e., fibrolytic enzymes) contained in those inoculants act on the cell
wall, releasing a greater amount of fermentable sugars and increasing substrate availability,
thereby improving silage digestibility [18]. Amylolytic and proteolytic enzymes are also
commonly used in silage inoculants, and they are particularly useful for cereal silages,
reducing the negative effect of the starch-protein matrix on starch digestion in ruminants [19,
20]. Therefore, it is easy to understand why enzyme-bacterial inoculants are used primarily in
high-moisture corn (HMC) silages (>55%), followed by grass, corn, sorghum, alfalfa, and
sugarcane silages (Figure 5). Obviously, the little interest in evaluating enzyme-bacterial
inoculants for sugarcane silage is related to the great amount of WSC in this crop, particularly
sucrose [21].

Figure 5. Enzyme utilization in silage inoculants by crop in Brazil (% related to the number of treatments containing
bacterial inoculants). *HMC, high-moisture corn.

2.1. Fermentation patterns, nutritive value, and aerobic stability of silages

The use of bacterial inoculants as additives to improve silage fermentation has a long and
diverse history. As described earlier, although silage inoculant utilization occurred later in
Brazil than Europe and North America, many types and formulations of bacteria are currently
sold commercially for this purpose. However, the compatibility between the plant and
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microorganisms used will determine the success of the application of bacterial inoculants in
silages [22]. When that compatibility is better understood, positive responses from inoculation
occur more often.

Fermentation and
microbiological profile

CCP Chemical
composition

CCP Animal performance CCP

pH Decreasing DM, % as fed Increasing DMI, kg/day Increasing

Ammonia-N, % TN Decreasing Ash Decreasing DMI, % BW Increasing

WSC Increasing EE Increasing OMI, kg/day Increasing

Lactic acid Increasing CP Increasing NDFI, kg/day Increasing

Acetic acid Increasing
(heLAB) 
and decreasing
(hoLAB)

NDIN, % N Decreasing CPI, kg/day Increasing

Propionic acid Increasing ADIN, % N Decreasing Digestible DMI, kg/
day 

Increasing

Butyric acid Decreasing NDF Decreasing Digestible OMI, kg/
day 

Increasing

Total acids2 Increasing ADF Decreasing Digestible NDFI, kg/
day 

Increasing

Lactic:acetic acid Increasing
(hoLAB) 
and decreasing
(heLAB)

Hemicellulose Decreasing Digestible CPI, kg/
day 

Increasing

Ethanol Decreasing Cellulose Decreasing DM digestibility Increasing

Total acids:ethanol Increasing Lignin Decreasing OM digestibility Increasing

Effluent, kg/t of fresh matter Decreasing IVDMD Increasing NDF digestibility Increasing

Gas losses Decreasing IVOMD Increasing CP digestibility Increasing

DM losses Decreasing Feed efficiency3 Decreasing

LAB, log cfu/g of fresh silage Increasing ADG, kg/day Increasing

Yeasts, log cfu/g of fresh silage Decreasing

Molds, log cfu/g of fresh silage Decreasing

Aerobic stability, h Increasing

Maximum temperature, °C Decreasing

TN, total nitrogen; WSC, water-soluble carbohydrates; DM, dry matter; LAB, lactic acid bacteria; heLAB,
heterofermentative LAB; hoLAB, homofermentative LAB; EE, ether extract; CP, crude protein; NDIN, neutral detergent
insoluble N; ADIN, acid detergent insoluble N; NDF, neutral detergent fiber; ADF, acid detergent fiber; IVDMD, in
vitro DM digestibility; IVOMD, in vitro organic matter digestibility; DMI, DM intake; BW, body weight; OMI, organic
matter intake; NDFI, NDF intake; CPI, CP intake; ADG, average daily gain.
1Adapted from [5].
2Total acid content was calculated as the sum of lactic, acetic, and propionic acids.
3Feed efficiency was determined by dividing DMI by ADG.

Table 2. Criteria considered as positive (CCP) effect of inoculation for each variable (data are % of DM, unless
otherwise stated)1.
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In order to understand the extent to which each type of bacterial inoculant affects silage quality,
we summarized data from corn, grass, sugarcane, alfalfa, sorghum, and HMC silages produced
in Brazil. All comparisons in this survey were made from studies (at least two studies for each
variable) that used a negative treatment (untreated forage—control) against one or more
treatments containing bacterial inoculants. Some calculations were made when data were
lacking from these publications as follows: hemicellulose content was calculated as neutral
detergent fiber (NDF) minus acid detergent fiber (ADF), whereas cellulose content was
calculated as ADF minus lignin; the proportion of hemicellulose, cellulose, and lignin were
also calculated on a NDF basis; total acid production was calculated as the sum of lactic, acetic,
and propionic acids; and the ratio of lactic:acetic acid and total acid:ethanol was also calculated.
Butyric acid was not considered in the calculation of total acids because this acid has no
beneficial effect on ensiling process [6]. Otherwise, lactic acid (acid more desired to reduce DM
loss) and acetic and propionic acids (antifungal properties) have beneficial role during ensiling
[6].

As described earlier, we performed only a descriptive analysis of data found in the studies
investigated. For that, we did not consider a minimum or maximum time of fermentation to
include the data from each study in the final dataset, because our objective was not to show
the fermentation pattern regarding the length of ensiling. From the summarized data, the
mean, median, standard deviation, and minimum and maximum values were calculated for
all variables. Moreover, the frequency of positive responses from inoculation was also
calculated, considering only the means declared statistically different in the studies that
comprised the database. The difference between the means of untreated and inoculated silages,
when there were positive responses, was also calculated. The criteria considered as positive
for each variable are given in Table 2.

Enterobacteria count was not considered in this survey by lack of data, but it is important to
state that enterobacteria are the principal competitors against LAB for sugars after the crop is
ensiled, and acetic acid is the principal product of enterobacterial fermentation [8]. Conversely,
enterobacteria population often declines after ensiling by influence of anaerobiosis and pH
reduction due to the acids produced during fermentation [8].

2.1.1. Corn silage

Data were summarized from a total of 29 studies, of which 19, 7, and 7 investigated the effect
of hoLAB, heLAB, and a combination between both (mixed), respectively. Bacillus subtilis was
also investigated in two studies. Considering all treatments, the application rate of bacterial
inoculants ranged from 5×104 to 1×109 colony forming units (cfu)/g of fresh forage.

The ranges of fermentation patterns, in vitro digestibility, and aerobic stability are given in
Table 3. Considering the overall mean, lactic acid and silage pH were unaffected by hoLAB.
The concentration of lactic acid was greater by 51.2% when both hoLAB and heLAB were applied
than observed in untreated silage. The hoLAB increased by 12.8% the concentration of acid
detergent insoluble N (ADIN), suggesting that the temperature of fermentation also increased
following inoculation. In addition, hoLAB slightly reduced (−2.8%) the in vitro DM digestibility
(IVDMD) of corn silages.
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include the data from each study in the final dataset, because our objective was not to show
the fermentation pattern regarding the length of ensiling. From the summarized data, the
mean, median, standard deviation, and minimum and maximum values were calculated for
all variables. Moreover, the frequency of positive responses from inoculation was also
calculated, considering only the means declared statistically different in the studies that
comprised the database. The difference between the means of untreated and inoculated silages,
when there were positive responses, was also calculated. The criteria considered as positive
for each variable are given in Table 2.

Enterobacteria count was not considered in this survey by lack of data, but it is important to
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2.1.1. Corn silage

Data were summarized from a total of 29 studies, of which 19, 7, and 7 investigated the effect
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The ranges of fermentation patterns, in vitro digestibility, and aerobic stability are given in
Table 3. Considering the overall mean, lactic acid and silage pH were unaffected by hoLAB.
The concentration of lactic acid was greater by 51.2% when both hoLAB and heLAB were applied
than observed in untreated silage. The hoLAB increased by 12.8% the concentration of acid
detergent insoluble N (ADIN), suggesting that the temperature of fermentation also increased
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1DM, dry matter; CP, crude protein; NDIN, neutral detergent insoluble N; ADIN, acid detergent insoluble N; NDF,
neutral detergent fiber; ADF, acid detergent fiber; IVDMD, in vitro DM digestibility; IVOMD, in vitro organic matter
digestibility; TN, total nitrogen; LAB, lactic acid bacteria.
2Number of means.
3Standard deviation.
4Silages inoculated with both heterofermentative and homofermentative bacteria.
5Total acid content was calculated as the sum of lactic, acetic, and propionic acids.

Table 3. Range of fermentation patterns, nutritive value, and aerobic stability of untreated and inoculated corn silages
(data are given in % of DM, unless otherwise stated).

All silages were close to or inside the ideal range of the DM content (30–35% of DM) recom-
mended for the production of corn silage [6]. Under these conditions, corn plants often exhibit
a great amount of WSC and have a low buffer capacity since well managed. Thus, the lack of
positive results from homolactic inoculation is likely related to the desired characteristics of
corn plants used at ensiling, once all silages (including the untreated) produced a suitable
quantity of lactic acid, with an ideal range between 4 and 7% of the DM [23].

Overall, although positive responses from hoLAB inoculation were not observed, hoLAB might
be useful to increase lactic acid production and improve fermentation when silage is produced
with corn plants harvested with moderately to high DM content (i.e., >37%), because a lack of
moisture in dry forages restricts the overall fermentation process [6]. Furthermore, the quality
of corn silage produced under tropical conditions is not properly a problem, even though its
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quality often is lower than that produced under temperate conditions [16]. The main problem
of corn silage produced under tropical conditions is related with aerobic deterioration [16]
when the silos are opened. The elevated temperature occurring in tropical weather is favorable
to yeasts’ overgrowth [24], which initiates the spoilage of silages by using residual WSC and
lactic acid as substrate to growth, with consequent reduction in the nutritive value of silages.
In this regard, heLAB should be useful to reduce aerobic deterioration of corn silages, but in
general, hoLAB composed 77.2% of all treatments concerning silage inoculants for corn silage.
The greater hoLAB utilization likely still reflects the fact that homolactic inoculants were
primarily developed as silage additives, and commercial products based on hoLAB are most
available to be assessed compared with heLAB.

Despite heterolactic inoculation, acetic acid was unaffected, but the aerobic stability of si-
lages was enhanced (+73.4 h), likely because of reductions in the number of yeasts. Never-
theless, heLAB increased ethanol production, gas, and DM losses during fermentation by
103.6, 59.7, and 31.2% compared with untreated silages, respectively. Extensive heterolactic
fermentation unavoidably increases DM loss during the time the silo is closed, because ad-
ditional products (i.e., acetic acid, ethanol, and CO2) are formed besides lactic acid [11].
Furthermore, the concentration of 1,2-propanediol increased 116.7% in silages inoculated
with heLAB. L. buchneri comprised the main heLAB evaluated in corn silage, and this bacteri-
um is able to produce 1,2-propanediol, coupled with acetic acid, during anaerobic degrada-
tion of lactic acid [25]. The ammonia-N concentration of silages inoculated with hoLAB and
heLAB, either alone or combined, is in agreement with well-fermented corn silages (range
from 5 to 7%) [23].

Considering the overall means, heLAB reduced the NDF content of silages by 6.4%. In many
cases, the reductions in NDF content have been attributed to the capacity of L. buchneri to
produce ferulate esterase, an enzyme that acts on cell wall-releasing ferulic acid [27]. However,
only some specific strains of L. buchneri have the capacity to produce ferulate esterase [26].
Moreover, a net hydrolysis of hemicellulose did not occur when the values were compared on
an NDF basis (C.H.S. Rabelo and R.A. Reis). Thus, the reasons for reduced NDF content of
corn silages inoculated with heLAB are still unclear; once DM loss increased, it did not provide
better preservation of WSC, which could decrease NDF content by the concentration effect.
Heterolactic inoculation also improved IVDMD by 14%, most probably due to a reduction in
NDF content.

Although few studies combining hoLAB and heLAB were carried out in Brazil, overall means
revealed increased lactic and acetic concentration when both inoculants were applied on corn
silage compared to untreated silage. Combining hoLAB and heLAB may ensure a better
fermentation process of corn silage with increased lactic and acetic acid concentration [13], as
reported earlier. Consequently, a reduction in DM losses with an increased aerobic stability
should be expected, but was not observed. Otherwise, silages treated with both hoLAB and
heLAB slightly lowered NDF content and increased IVDMD. Even though the data of this
survey about combining hoLAB and heLAB are not encouraged, most likely due to the low
number of studies, further researches should consider the investigation of both hoLAB and
heLAB for corn silage. The international literature has found a better fermentation process of
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1DM, dry matter; CP, crude protein; NDIN, neutral detergent insoluble N; ADIN, acid detergent insoluble N; NDF,
neutral detergent fiber; ADF, acid detergent fiber; IVDMD, in vitro DM digestibility; IVOMD, in vitro organic matter
digestibility; TN, total nitrogen; LAB, lactic acid bacteria.
2Number of means.
3Standard deviation.
4Silages inoculated with both heterofermentative and homofermentative bacteria.
5Total acid content was calculated as the sum of lactic, acetic, and propionic acids.
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(data are given in % of DM, unless otherwise stated).
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corn silages inoculated with heLAB are still unclear; once DM loss increased, it did not provide
better preservation of WSC, which could decrease NDF content by the concentration effect.
Heterolactic inoculation also improved IVDMD by 14%, most probably due to a reduction in
NDF content.

Although few studies combining hoLAB and heLAB were carried out in Brazil, overall means
revealed increased lactic and acetic concentration when both inoculants were applied on corn
silage compared to untreated silage. Combining hoLAB and heLAB may ensure a better
fermentation process of corn silage with increased lactic and acetic acid concentration [13], as
reported earlier. Consequently, a reduction in DM losses with an increased aerobic stability
should be expected, but was not observed. Otherwise, silages treated with both hoLAB and
heLAB slightly lowered NDF content and increased IVDMD. Even though the data of this
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corn silage accompanied of a greater aerobic stability when hoLAB and heLAB were simulta-
neously used [13, 14, 15]. These responses may ensure most suitable nutritive value of silage
and lead some beneficial on animal response.

The frequency and difference of positive responses found in corn silages from homolactic and
heterolactic inoculations are given in Table 4. Considering only homolactic inoculation, the
greatest frequency of positive responses occurred for aerobic stability, lactic acid, DM content,
IVDMD, number of yeasts, and IVOMD. Furthermore, the greatest differences in response
were observed for lactic acid, effluent production, and aerobic stability. The greater frequency
of positive responses observed for aerobic stability is likely to be related to the low number of
trials used to generate the data. According to Table 3, the average aerobic stability was
greatest for heLAB among all treatments. Conversely, increases in the concentration of lactic
acid, DM content, and IVDMD suggest better preservation of soluble sugars during ensiling.
The hoLAB have been used to reduce variation in the ensiling process, usually by accelerating
the post-ensiling decline in pH, while improving DM and nutrient retention [28].

1DM, dry matter; CP, crude protein; NDIN, neutral detergent insoluble N; ADIN, acid detergent insoluble N; NDF,
neutral detergent fiber; ADF, acid detergent fiber; IVDMD, in vitro DM digestibility; IVOMD, in vitro organic matter
digestibility; TN, total nitrogen; LAB, lactic-acid bacteria.

Table 4. Summary of positive responses of silage inoculants on the fermentation patterns, nutritive value, and aerobic
stability of corn silages (data are given in % of DM, unless otherwise stated).
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Despite heterolactic inoculation, greater frequencies of positive responses were observed for
IVOMD, aerobic stability, number of LAB and yeasts, IVDMD, and acetic acid. In addition, the
greatest magnitudes of response were observed for the concentration of 1,2-propanediol,
aerobic stability, and molds.

The low number of means for some variables contributed to large values for the frequency of
positive responses, as well as the difference between untreated and inoculated silages.
However, the data clearly showed that heLAB in corn silage, composed mainly of L. buchneri,
were biologically effective. L. buchneri has been shown to enhance the aerobic stability of silages
by increasing the production of acetic acid, which decreases the growth of spoilage microor-
ganisms [29]. Acetic acid has antifungal characteristics [30], and heterolactic inoculation may
be particularly important in silages produced under tropical conditions, as elevated temper-
atures are favorable for yeast growth [24].

2.1.2. Tropical grass silage

Data were summarized from a total of 45 studies, of which 40, 4, and 6 investigated the effect
of hoLAB, heLAB, and a combination of both (mixed), respectively. In these studies, several
tropical grasses were investigated: 18 studies with Pennisetum purpureum (Elephant grass cv.
Napier and Cameroon), 12 studies with Panicum maximum (Guinea grass cv. Mombasa and
Tanzania), 11 studies with Brachiaria brizantha (Palisadegrass cv. Marandu, Xaraes, and Piata),
3 studies with Cynodon dactylon (Bermudagrass), 2 studies with Cynodon nlemfuensis (Stargrass),
and 1 study with Brachiaria decumbens. Considering all treatments, the application rate of silage
inoculant ranged from 5×104 to 8×1010 cfu/g of fresh forage.

The range of fermentation patterns, in vitro digestibility, and aerobic stability are given in Table
5. Considering the overall mean, homolactic inoculation increased the concentration of lactic
acid by 29.4%, leading to a pH drop from 4.75 (untreated silage) to 4.47. The main purpose
to use hoLAB is ensuring a rapid pH decline in earlier times of fermentation (often the first 2
days of ensiling) because the greater production of lactic acid [6]. Indeed, pediococci, strepto-
cocci, and lactobacilli comprised the majority commercial homolactic inoculants investigated
in Brazilian studies, and they lead to the rapid production of lactic acid and great sugar-to-
lactic acid conversion efficiency [6]. Otherwise, after the stable phase of fermentation is
reached, similar pH can be reported between untreated and inoculated silage with hoLAB [6].
The DM losses and ammonia-N concentration decreased 11.4 and 11.7%, respectively, due to
the use of hoLAB. The reduction observed for ammonia-N is likely due to a rapid drop in pH,
avoiding proteolysis by the plant, and the action of undesirable microorganisms, such as
clostridia. Furthermore, the ADIN content decreased 15.1% due to homolactic inoculation.
Results from the present survey agree with the international literature, wherein inoculation
with hoLAB generally results in a faster rate of fermentation, less proteolysis, more lactic acid,
less acetic and butyric acids, less ethanol, and a greater recovery of energy and organic
matter(OM) [9]. Moreover, the data from this survey suggest that homolactic inoculation is
most effective in tropical grass silages, compared to other crops. Homolactic inoculation was
also most effective in improving the fermentation process of grass silages, compared with corn
and sorghum silages in temperate climates [31]. The reasons for that are because the reduced
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corn silage accompanied of a greater aerobic stability when hoLAB and heLAB were simulta-
neously used [13, 14, 15]. These responses may ensure most suitable nutritive value of silage
and lead some beneficial on animal response.

The frequency and difference of positive responses found in corn silages from homolactic and
heterolactic inoculations are given in Table 4. Considering only homolactic inoculation, the
greatest frequency of positive responses occurred for aerobic stability, lactic acid, DM content,
IVDMD, number of yeasts, and IVOMD. Furthermore, the greatest differences in response
were observed for lactic acid, effluent production, and aerobic stability. The greater frequency
of positive responses observed for aerobic stability is likely to be related to the low number of
trials used to generate the data. According to Table 3, the average aerobic stability was
greatest for heLAB among all treatments. Conversely, increases in the concentration of lactic
acid, DM content, and IVDMD suggest better preservation of soluble sugars during ensiling.
The hoLAB have been used to reduce variation in the ensiling process, usually by accelerating
the post-ensiling decline in pH, while improving DM and nutrient retention [28].

1DM, dry matter; CP, crude protein; NDIN, neutral detergent insoluble N; ADIN, acid detergent insoluble N; NDF,
neutral detergent fiber; ADF, acid detergent fiber; IVDMD, in vitro DM digestibility; IVOMD, in vitro organic matter
digestibility; TN, total nitrogen; LAB, lactic-acid bacteria.
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stability of corn silages (data are given in % of DM, unless otherwise stated).
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Despite heterolactic inoculation, greater frequencies of positive responses were observed for
IVOMD, aerobic stability, number of LAB and yeasts, IVDMD, and acetic acid. In addition, the
greatest magnitudes of response were observed for the concentration of 1,2-propanediol,
aerobic stability, and molds.

The low number of means for some variables contributed to large values for the frequency of
positive responses, as well as the difference between untreated and inoculated silages.
However, the data clearly showed that heLAB in corn silage, composed mainly of L. buchneri,
were biologically effective. L. buchneri has been shown to enhance the aerobic stability of silages
by increasing the production of acetic acid, which decreases the growth of spoilage microor-
ganisms [29]. Acetic acid has antifungal characteristics [30], and heterolactic inoculation may
be particularly important in silages produced under tropical conditions, as elevated temper-
atures are favorable for yeast growth [24].

2.1.2. Tropical grass silage

Data were summarized from a total of 45 studies, of which 40, 4, and 6 investigated the effect
of hoLAB, heLAB, and a combination of both (mixed), respectively. In these studies, several
tropical grasses were investigated: 18 studies with Pennisetum purpureum (Elephant grass cv.
Napier and Cameroon), 12 studies with Panicum maximum (Guinea grass cv. Mombasa and
Tanzania), 11 studies with Brachiaria brizantha (Palisadegrass cv. Marandu, Xaraes, and Piata),
3 studies with Cynodon dactylon (Bermudagrass), 2 studies with Cynodon nlemfuensis (Stargrass),
and 1 study with Brachiaria decumbens. Considering all treatments, the application rate of silage
inoculant ranged from 5×104 to 8×1010 cfu/g of fresh forage.

The range of fermentation patterns, in vitro digestibility, and aerobic stability are given in Table
5. Considering the overall mean, homolactic inoculation increased the concentration of lactic
acid by 29.4%, leading to a pH drop from 4.75 (untreated silage) to 4.47. The main purpose
to use hoLAB is ensuring a rapid pH decline in earlier times of fermentation (often the first 2
days of ensiling) because the greater production of lactic acid [6]. Indeed, pediococci, strepto-
cocci, and lactobacilli comprised the majority commercial homolactic inoculants investigated
in Brazilian studies, and they lead to the rapid production of lactic acid and great sugar-to-
lactic acid conversion efficiency [6]. Otherwise, after the stable phase of fermentation is
reached, similar pH can be reported between untreated and inoculated silage with hoLAB [6].
The DM losses and ammonia-N concentration decreased 11.4 and 11.7%, respectively, due to
the use of hoLAB. The reduction observed for ammonia-N is likely due to a rapid drop in pH,
avoiding proteolysis by the plant, and the action of undesirable microorganisms, such as
clostridia. Furthermore, the ADIN content decreased 15.1% due to homolactic inoculation.
Results from the present survey agree with the international literature, wherein inoculation
with hoLAB generally results in a faster rate of fermentation, less proteolysis, more lactic acid,
less acetic and butyric acids, less ethanol, and a greater recovery of energy and organic
matter(OM) [9]. Moreover, the data from this survey suggest that homolactic inoculation is
most effective in tropical grass silages, compared to other crops. Homolactic inoculation was
also most effective in improving the fermentation process of grass silages, compared with corn
and sorghum silages in temperate climates [31]. The reasons for that are because the reduced
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WSC concentration and epiphytic bacteria populations found prior to ensiling in those crop,
which commits the ensiling process [31]. In our survey, although homolactic inoculation
consistently improved the fermentation parameters of tropical grass silages, a small effect was
observed on the nutritive characteristics, and IVDMD was only slightly improved (+1.5%).

In some cases, adding homolactic inoculants reduced the aerobic stability of silages, because
the lactic acid they produce is used as a growth substrate by yeasts that initiate spoilage [32].
However, unexpectedly the aerobic stability of tropical grass silages increased from 59.5 to
114 h when hoLAB were applied at ensiling, which is likely to be due to the greater production
of acids and a lower pH, inhibiting the growth of aerobic microorganisms. But this is only a
hypothesis and perhaps factors other than fermentation end products likely contributed to
increase the aerobic stability of grass silages treated with hoLAB.

1DM, dry matter; CP, crude protein; NDIN, neutral detergent insoluble N; ADIN, acid detergent insoluble N; NDF,
neutral detergent fiber; ADF, acid detergent fiber; IVDMD, in vitro DM digestibility; IVOMD, in vitro organic matter
digestibility; WSC, water-soluble carbohydrates; TN, total nitrogen; LAB, lactic-acid bacteria.
2Number of means.
3Standard deviation.
4Silages inoculated with both heterofermentative and homofermentative bacteria.
5Total acid content was calculated as the sum of lactic, acetic, and propionic acids.

Table 5. Range of fermentation patterns, nutritive value, and aerobic stability of untreated and inoculated grass silages
(data are given in % of DM, unless otherwise stated).
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Despite heterolactic inoculation, L. buchneri was the only heLAB evaluated in the studies that
impaired silage quality by increasing pH, ammonia-N, and NDF and reducing crude protein
(CP). The responses to inoculation with L. buchneri may be crop specific, as evidenced by a
meta-analytical study that showed higher effectiveness when applied in corn silages, com-
pared with grass and small-grain silages [29].

Overall, there were not consistent results by combining hoLAB and heLAB for grass silage.
Utilization of both hoLAB and heLAB reduced the pH and ammonia-N concentration in silage;
however, DM losses increased by 13.2%. The CP content also increased (+20.8%) following
inoculation with both hoLAB and heLAB. Although NDF content increased 10.9% due to
inoculation, IVDMD also improved by 23.6%. The number of studies assessing both hoLAB and
heLAB as silage inoculants for grass is still very low, but the results reported in this survey
suggest a suitable strategy to improve fermentation process along with enhanced silage
digestibility.

The ash content of grass silages had an elevated value in all treatments (>9.5%) suggesting
contamination, probably by soil, during the ensiling process. Tractors are utilized to transport
the harvested forage, fill the silo, and compact the forage mass. Normally, soil in the tractor’s
tire might be deposited in the forage mass. Moreover, soil contamination is often responsible
for the increased number of Clostridia and Bacilli in the ensiling forage [33, 34].

There was no comparison regarding positive responses and differences for heLAB and control
silages (Table 6), because only a few studies used this group of bacteria (Table 5). Homolactic
inoculation had the greatest frequency of positive responses for IVOMD, gas losses, acetic acid,
lactic acid, and lactic:acetic acid. Furthermore, the greatest differences of response were
observed for lactic:acetic acid, yeasts, WSC, and lactic and propionic acids. The increased
production of lactic acid allowed by homolactic inoculation reduced gas and DM losses,
after CO2 production ceases and, consequently, preserved a greater amount of soluble sugars,
increasing silage digestibility [6].

Regarding association of both hoLAB and heLAB, the greatest frequency of positive responses
was observed for butyric acid and DM losses. In addition, the greatest differences in the
response observed for the concentration of butyric acid, effluent production, and DM losses is
likely to be related to the low number of studies evaluated.

The data from this survey suggest that hoLAB should be the only group used for the ensiling
of grass, because this group had the greatest frequency of positive responses compared to
heLAB and to utilization of hoLAB and heLAB combined.

2.1.3. Sugarcane silage

Data were summarized from a total of 50 studies, of which 21, 40, and 7 investigated the effect
of hoLAB, heLAB, and a combination of both (mixed), respectively. Considering all treatments,
the application rate of silage inoculants ranged from 2.5×104 to 2.5×1010 cfu/g of fresh forage.

The range of fermentation parameters, in vitro digestibility, and aerobic stability are given in
Table 7.
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increase the aerobic stability of grass silages treated with hoLAB.
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pared with grass and small-grain silages [29].

Overall, there were not consistent results by combining hoLAB and heLAB for grass silage.
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inoculation, IVDMD also improved by 23.6%. The number of studies assessing both hoLAB and
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digestibility.

The ash content of grass silages had an elevated value in all treatments (>9.5%) suggesting
contamination, probably by soil, during the ensiling process. Tractors are utilized to transport
the harvested forage, fill the silo, and compact the forage mass. Normally, soil in the tractor’s
tire might be deposited in the forage mass. Moreover, soil contamination is often responsible
for the increased number of Clostridia and Bacilli in the ensiling forage [33, 34].
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inoculation had the greatest frequency of positive responses for IVOMD, gas losses, acetic acid,
lactic acid, and lactic:acetic acid. Furthermore, the greatest differences of response were
observed for lactic:acetic acid, yeasts, WSC, and lactic and propionic acids. The increased
production of lactic acid allowed by homolactic inoculation reduced gas and DM losses,
after CO2 production ceases and, consequently, preserved a greater amount of soluble sugars,
increasing silage digestibility [6].

Regarding association of both hoLAB and heLAB, the greatest frequency of positive responses
was observed for butyric acid and DM losses. In addition, the greatest differences in the
response observed for the concentration of butyric acid, effluent production, and DM losses is
likely to be related to the low number of studies evaluated.

The data from this survey suggest that hoLAB should be the only group used for the ensiling
of grass, because this group had the greatest frequency of positive responses compared to
heLAB and to utilization of hoLAB and heLAB combined.

2.1.3. Sugarcane silage

Data were summarized from a total of 50 studies, of which 21, 40, and 7 investigated the effect
of hoLAB, heLAB, and a combination of both (mixed), respectively. Considering all treatments,
the application rate of silage inoculants ranged from 2.5×104 to 2.5×1010 cfu/g of fresh forage.
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Item1 Homofermentative LAB Mixed2

Number of
treatments

Mean Difference,
% 

Number of
treatments

Mean Difference, %

Total Positive
responses, %

Untreated Inoculated  Total Positive
responses, %

Untreated Inoculated

DMoven, % as fed 78 26.9 22.32 24.55 +10.0 10 20.0 20.90 21.94 +5.0

Ash 24 0.0 – – – 6 0.0 – – –

CP 85 27.1 7.82 9.36 +19.7 10 10.0 6.16 6.20 +0.7

NDIN, % N 3 0.0 – – – 1 0.0 – – –

ADIN, % N 15 0.0 – – – 1 0.0 – – –

NDF 72 9.7 69.99 66.15 −5.5 10 10.0 77.08 64.98 −15.7

ADF 65 9.2 46.23 41.46 −10.3 10 20.0 52.37 50.87 −2.9

Hemicellulose 62 4.8 37.34 35.18 −5.8 10 0.0 – – –

Cellulose 29 13.8 38.81 35.40 −8.8 8 0.0 – – –

Lignin 29 13.8 5.90 5.20 −11.9 8 0.0 – – –

IVDMD 27 18.5 58.17 64.08 +10.2 6 0.0 – – –

IVOMD 3 66.7 57.25 60.50 +5.7 0 0.0 – – –

Effluent, kg/t 20 0.0 – – – 6 16.7 68.50 48.20 −29.6

Gas losses 19 57.9 5.56 3.49 −37.3 6 0.0 – – –

DM losses 31 25.8 14.60 9.52 −34.8 2 50.0 10.90 8.00 −26.6

WSC 3 33.3 1.82 2.58 +41.8 0 0.0 – – –

Lactic acid 35 48.6 3.59 5.08 +41.7 1 0.0 – – –

Acetic acid 28 53.6 1.16 0.74 −36.5 1 0.0 – – –

Propionic acid 17 5.9 0.77 1.09 +41.6 0 0.0 – – –

Butyric acid 24 37.5 0.05 0.03 −31.2 1 100.0 0.082 0.004 −95.1

Ethanol 4 0.0 – – – 0 0.0 – – –

Lactic:acetic acid 28 46.4 5.30 10.97 +106.9 1 0.0 – – –

pH 80 36.3 4.56 4.20 −8.0 12 0.0 – – –

Ammonia-N, %
TN

73 30.1 9.97 7.65 −23.3 9 0.0 – – –

LAB, log cfu/g 9 44.4 8.36 9.32 +11.4 1 0.0 – – –

Yeasts, log cfu/g 9 11.1 5.83 2.06 −64.7 0 0.0 – – –

Molds, log cfu/g 4 0.0 – – – 0 0.0 – – –

Aerobic stability, h3 33.3 96.00 120.00 +25.0 1 0.0 – – –

1DM, dry matter; CP, crude protein; NDIN, neutral detergent insoluble N; ADIN, acid detergent insoluble N; NDF,
neutral detergent fiber; ADF, acid detergent fiber; IVDMD, in vitro DM digestibility; IVOMD, in vitro organic matter
digestibility; WSC, water-soluble carbohydrates; TN, total nitrogen; LAB, lactic-acid bacteria.
2Silages inoculated with both heterofermentative and homofermentative bacteria.

Table 6. Summary of positive responses of silage inoculants on the fermentation patterns, nutritive value, and aerobic
stability of grass silages (data are given in % of DM, unless otherwise stated).

Heterolactic inoculants have been used to increase the production of acetic acid in order to
reduce aerobic deterioration [28]. For sugarcane silages, the use of heLAB was proposed to avoid
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yeast overgrowth and associated ethanol production, with reduced DM losses [35]. Moreover,
the reduced DM losses involve a better preservation of WSC [35], which may lead an increased
IVDMD of sugarcane silages.

1DM, dry matter; CP, crude protein; NDIN, neutral detergent insoluble N; ADIN, acid detergent insoluble N; NDF,
neutral detergent fiber; ADF, acid detergent fiber; IVDMD, in vitro DM digestibility; WSC, water-soluble
carbohydrates; TN, total nitrogen; LAB, lactic-acid bacteria.
2Number of means.
3Standard deviation.
4Total acid content was calculated as the sum of lactic, acetic, and propionic acids.

Table 7. Range of fermentation patterns, nutritive value, and aerobic stability of untreated and inoculated sugarcane
silages (data are given in % of DM, unless otherwise stated).

In this regard, considering the overall mean, acetic acid was unaffected, but heLAB reduced the
ethanol concentration by 28.9%, because the number of yeasts was reduced. Reductions in yeast
growth were probably due to the slight drop in the lactic:acetic acid ratio, in addition to a 12.8%
increase in the production of propionic acid, which also has antifungal properties [30]. L.
brevis, L. buchneri, and L. hilgardii are the most common heLAB used in sugarcane silage by
Brazilian studies, and they are capable in producing 1,2-propanediol anaerobically [36]. Thus,
the greatest production of propionic acid is likely to be related to the conversion of 1,2-
propanediol to equimolar portions of 1-propanol and propionic acid, a process driven by
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Item1 Homofermentative LAB Mixed2

Number of
treatments

Mean Difference,
% 

Number of
treatments

Mean Difference, %

Total Positive
responses, %

Untreated Inoculated  Total Positive
responses, %

Untreated Inoculated

DMoven, % as fed 78 26.9 22.32 24.55 +10.0 10 20.0 20.90 21.94 +5.0

Ash 24 0.0 – – – 6 0.0 – – –

CP 85 27.1 7.82 9.36 +19.7 10 10.0 6.16 6.20 +0.7

NDIN, % N 3 0.0 – – – 1 0.0 – – –

ADIN, % N 15 0.0 – – – 1 0.0 – – –

NDF 72 9.7 69.99 66.15 −5.5 10 10.0 77.08 64.98 −15.7

ADF 65 9.2 46.23 41.46 −10.3 10 20.0 52.37 50.87 −2.9

Hemicellulose 62 4.8 37.34 35.18 −5.8 10 0.0 – – –

Cellulose 29 13.8 38.81 35.40 −8.8 8 0.0 – – –

Lignin 29 13.8 5.90 5.20 −11.9 8 0.0 – – –

IVDMD 27 18.5 58.17 64.08 +10.2 6 0.0 – – –

IVOMD 3 66.7 57.25 60.50 +5.7 0 0.0 – – –

Effluent, kg/t 20 0.0 – – – 6 16.7 68.50 48.20 −29.6

Gas losses 19 57.9 5.56 3.49 −37.3 6 0.0 – – –

DM losses 31 25.8 14.60 9.52 −34.8 2 50.0 10.90 8.00 −26.6

WSC 3 33.3 1.82 2.58 +41.8 0 0.0 – – –

Lactic acid 35 48.6 3.59 5.08 +41.7 1 0.0 – – –

Acetic acid 28 53.6 1.16 0.74 −36.5 1 0.0 – – –

Propionic acid 17 5.9 0.77 1.09 +41.6 0 0.0 – – –

Butyric acid 24 37.5 0.05 0.03 −31.2 1 100.0 0.082 0.004 −95.1

Ethanol 4 0.0 – – – 0 0.0 – – –

Lactic:acetic acid 28 46.4 5.30 10.97 +106.9 1 0.0 – – –

pH 80 36.3 4.56 4.20 −8.0 12 0.0 – – –

Ammonia-N, %
TN

73 30.1 9.97 7.65 −23.3 9 0.0 – – –

LAB, log cfu/g 9 44.4 8.36 9.32 +11.4 1 0.0 – – –

Yeasts, log cfu/g 9 11.1 5.83 2.06 −64.7 0 0.0 – – –

Molds, log cfu/g 4 0.0 – – – 0 0.0 – – –

Aerobic stability, h3 33.3 96.00 120.00 +25.0 1 0.0 – – –

1DM, dry matter; CP, crude protein; NDIN, neutral detergent insoluble N; ADIN, acid detergent insoluble N; NDF,
neutral detergent fiber; ADF, acid detergent fiber; IVDMD, in vitro DM digestibility; IVOMD, in vitro organic matter
digestibility; WSC, water-soluble carbohydrates; TN, total nitrogen; LAB, lactic-acid bacteria.
2Silages inoculated with both heterofermentative and homofermentative bacteria.

Table 6. Summary of positive responses of silage inoculants on the fermentation patterns, nutritive value, and aerobic
stability of grass silages (data are given in % of DM, unless otherwise stated).

Heterolactic inoculants have been used to increase the production of acetic acid in order to
reduce aerobic deterioration [28]. For sugarcane silages, the use of heLAB was proposed to avoid
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yeast overgrowth and associated ethanol production, with reduced DM losses [35]. Moreover,
the reduced DM losses involve a better preservation of WSC [35], which may lead an increased
IVDMD of sugarcane silages.

1DM, dry matter; CP, crude protein; NDIN, neutral detergent insoluble N; ADIN, acid detergent insoluble N; NDF,
neutral detergent fiber; ADF, acid detergent fiber; IVDMD, in vitro DM digestibility; WSC, water-soluble
carbohydrates; TN, total nitrogen; LAB, lactic-acid bacteria.
2Number of means.
3Standard deviation.
4Total acid content was calculated as the sum of lactic, acetic, and propionic acids.

Table 7. Range of fermentation patterns, nutritive value, and aerobic stability of untreated and inoculated sugarcane
silages (data are given in % of DM, unless otherwise stated).

In this regard, considering the overall mean, acetic acid was unaffected, but heLAB reduced the
ethanol concentration by 28.9%, because the number of yeasts was reduced. Reductions in yeast
growth were probably due to the slight drop in the lactic:acetic acid ratio, in addition to a 12.8%
increase in the production of propionic acid, which also has antifungal properties [30]. L.
brevis, L. buchneri, and L. hilgardii are the most common heLAB used in sugarcane silage by
Brazilian studies, and they are capable in producing 1,2-propanediol anaerobically [36]. Thus,
the greatest production of propionic acid is likely to be related to the conversion of 1,2-
propanediol to equimolar portions of 1-propanol and propionic acid, a process driven by
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Lactobacillus diolivorans, assuming that this bacterium was present in ensiled forage [37, 38].
Moreover, heterolactic inoculation reduced gas and DM losses by 13.2% and 17.7%, respec-
tively. Fermentative losses decreased because of the control of yeast growth. For each mole of
glucose consumed, yeasts produce two moles of ethanol and CO2, leading to 49% of DM losses
in the ethanolic pathway [6]. In addition, L. buchneri was the main bacterium used in sugarcane
silage, and this bacterium is known for its lack of acetaldehyde dehydrogenase [39], which
reduces ethanol production. Conversely, the enhanced aerobic stability caused by heterolactic
inoculation did not occur based on the overall mean.

The ADIN content decreased 14.6% due to heterolactic inoculation, suggesting that the control
of yeast activity reduced the temperature of the ensiled mass during fermentation. Despite the
effects on the fiber fraction, heLAB reduced the NDF content by 4.5%, likely due to increased
hydrolysis of hemicellulose during fermentation [6]. Indeed, a net disappearance of hemicel-
lulose was observed in heLAB-treated sugarcane silages (Figure 6), and as a consequence, the
IVDMD increased by 6% on average.

Figure 6. Proportion of hemicellulose, cellulose, and lignin in sugarcane silages untreated or inoculated with homofer-
mentative and heterofermentative LAB (as-is a NDF basis).

The main action of homolactic inoculation is related to the increased preservation of nutrients
during fermentation via the production of lactic acid [6]. In this regard, lactic acid increased
by 28.2% in sugarcane silages inoculated with hoLAB. In addition, there was greater preserva-
tion of residual WSC (+6.2%), a reduction in the concentration of acetic acid (−45.7%), and a
decrease in DM losses (−3.6%). As a consequence, IVDMD improved by 8.6%. However,
homolactic inoculation increased ethanol production by 55.5% once yeasts are able to use WSC
to grow in anaerobic conditions [8]. Furthermore, homolactic inoculation reduced the aerobic
stability of silages by 11.4 h.

The frequency and magnitude of positive responses found in sugarcane silages from homo-
lactic and heterolactic inoculations are given in Table 8.
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1DM, dry matter; CP, crude protein; NDIN, neutral detergent insoluble N; ADIN, acid detergent insoluble N; NDF,
neutral detergent fiber; ADF, acid detergent fiber; IVDMD, in vitro DM digestibility; WSC, water-soluble
carbohydrates; TN, total nitrogen; LAB, lactic-acid bacteria.

Table 8. Summary of positive responses of silage inoculants on the fermentation patterns, nutritive value, and aerobic
stability of sugarcane silages (data are given in % of DM, unless otherwise stated).

Homolactic inoculation had the greatest frequency of positive responses for effluent produc-
tion and propionic acid, but there is no clear explanation for these results. Furthermore, the
greatest difference of responses was observed for WSC, effluent production, and lactic acid.
Commercial homolactic inoculants investigated in Brazilian studies were often composed of
pediococci, streptococci, and lactobacilli. Thus, the inoculation of silages with pediococci and
streptococci leads to the rapid production of lactic acid and great sugar-to-lactic acid
conversion efficiency [6, 40]. Afterward, the more acid-tolerant lactobacilli continue produc-
ing lactic acid until stable fermentation is achieved [6]. Therefore, the greater production of
lactic acid and preservation of WSC from homolactic inoculation in sugarcane silages is
expected.

Regarding heterolactic inoculation, the greatest frequency of positive responses was observed
for ethanol, acetic acid, and DM losses. In addition, the greatest differences in responses were
observed for aerobic stability and propionic acid. Second generation bacterial inoculants are
expected to improve the aerobic stability of silages. As described earlier, the bacteria that
composed the heLAB group used for sugarcane ensiling are able to convert lactic acid into acetic
acid and 1,2-propanediol [25, 36, 41] when the primary fermentation is ended up. In turn, acetic
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Lactobacillus diolivorans, assuming that this bacterium was present in ensiled forage [37, 38].
Moreover, heterolactic inoculation reduced gas and DM losses by 13.2% and 17.7%, respec-
tively. Fermentative losses decreased because of the control of yeast growth. For each mole of
glucose consumed, yeasts produce two moles of ethanol and CO2, leading to 49% of DM losses
in the ethanolic pathway [6]. In addition, L. buchneri was the main bacterium used in sugarcane
silage, and this bacterium is known for its lack of acetaldehyde dehydrogenase [39], which
reduces ethanol production. Conversely, the enhanced aerobic stability caused by heterolactic
inoculation did not occur based on the overall mean.

The ADIN content decreased 14.6% due to heterolactic inoculation, suggesting that the control
of yeast activity reduced the temperature of the ensiled mass during fermentation. Despite the
effects on the fiber fraction, heLAB reduced the NDF content by 4.5%, likely due to increased
hydrolysis of hemicellulose during fermentation [6]. Indeed, a net disappearance of hemicel-
lulose was observed in heLAB-treated sugarcane silages (Figure 6), and as a consequence, the
IVDMD increased by 6% on average.

Figure 6. Proportion of hemicellulose, cellulose, and lignin in sugarcane silages untreated or inoculated with homofer-
mentative and heterofermentative LAB (as-is a NDF basis).

The main action of homolactic inoculation is related to the increased preservation of nutrients
during fermentation via the production of lactic acid [6]. In this regard, lactic acid increased
by 28.2% in sugarcane silages inoculated with hoLAB. In addition, there was greater preserva-
tion of residual WSC (+6.2%), a reduction in the concentration of acetic acid (−45.7%), and a
decrease in DM losses (−3.6%). As a consequence, IVDMD improved by 8.6%. However,
homolactic inoculation increased ethanol production by 55.5% once yeasts are able to use WSC
to grow in anaerobic conditions [8]. Furthermore, homolactic inoculation reduced the aerobic
stability of silages by 11.4 h.

The frequency and magnitude of positive responses found in sugarcane silages from homo-
lactic and heterolactic inoculations are given in Table 8.
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1DM, dry matter; CP, crude protein; NDIN, neutral detergent insoluble N; ADIN, acid detergent insoluble N; NDF,
neutral detergent fiber; ADF, acid detergent fiber; IVDMD, in vitro DM digestibility; WSC, water-soluble
carbohydrates; TN, total nitrogen; LAB, lactic-acid bacteria.

Table 8. Summary of positive responses of silage inoculants on the fermentation patterns, nutritive value, and aerobic
stability of sugarcane silages (data are given in % of DM, unless otherwise stated).

Homolactic inoculation had the greatest frequency of positive responses for effluent produc-
tion and propionic acid, but there is no clear explanation for these results. Furthermore, the
greatest difference of responses was observed for WSC, effluent production, and lactic acid.
Commercial homolactic inoculants investigated in Brazilian studies were often composed of
pediococci, streptococci, and lactobacilli. Thus, the inoculation of silages with pediococci and
streptococci leads to the rapid production of lactic acid and great sugar-to-lactic acid
conversion efficiency [6, 40]. Afterward, the more acid-tolerant lactobacilli continue produc-
ing lactic acid until stable fermentation is achieved [6]. Therefore, the greater production of
lactic acid and preservation of WSC from homolactic inoculation in sugarcane silages is
expected.

Regarding heterolactic inoculation, the greatest frequency of positive responses was observed
for ethanol, acetic acid, and DM losses. In addition, the greatest differences in responses were
observed for aerobic stability and propionic acid. Second generation bacterial inoculants are
expected to improve the aerobic stability of silages. As described earlier, the bacteria that
composed the heLAB group used for sugarcane ensiling are able to convert lactic acid into acetic
acid and 1,2-propanediol [25, 36, 41] when the primary fermentation is ended up. In turn, acetic
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acid has an antagonistic effect on the growth of yeasts [30], and reductions in ethanol produc-
tion are expected.

Item1 Untreated Homofermentative LAB

n2 Mean Median SD3 Min Max n Mean Median SD Min Max

DMoven, % as fed 7 41.26 51.29 14.46 14.64 56.20 11 33.39 23.49 15.60 14.81 62.64

Ash 4 11.51 12.47 1.99 7.60 13.49 4 10.54 11.64 1.76 7.02 11.85

CP 7 19.75 19.51 2.00 16.38 24.33 11 20.14 20.49 1.83 15.90 23.44

NDIN, % N 2 13.03 13.03 1.71 11.32 14.73 3 13.47 12.28 1.82 11.93 16.21

ADIN, % N 3 15.04 15.92 2.31 11.57 17.63 7 16.68 17.17 1.55 11.24 19.08

NDF 8 45.06 45.82 3.19 40.18 52.04 13 44.26 43.43 4.18 37.86 54.28

ADF 7 38.29 39.76 2.26 33.99 40.39 9 38.00 39.94 3.00 33.22 42.50

Hemicellulose 6 7.59 6.88 1.99 5.43 13.57 7 8.06 7.25 2.50 4.14 11.78

Cellulose 3 26.42 25.41 1.47 25.22 28.63 5 26.44 25.60 1.53 24.38 29.72

Lignin 4 12.20 11.51 2.16 9.25 16.52 9 13.29 12.71 3.12 8.84 18.87

IVDMD 3 68.92 66.50 5.92 62.46 77.81 7 67.98 65.13 6.22 60.21 75.57

DM losses 2 10.58 10.58 1.09 9.49 11.67 6 5.17 4.95 3.13 1.33 9.55

WSC 3 2.78 2.44 1.00 1.62 4.27 7 3.17 2.97 1.32 1.57 4.84

Lactic acid 3 4.92 4.45 2.82 1.16 9.15 7 7.17 5.62 4.00 0.95 13.83

Acetic acid 3 5.03 3.90 3.51 0.89 10.29 7 5.24 3.93 2.05 2.35 8.36

Propionic acid 3 0.14 0.14 0.10 0.00 0.29 7 0.20 0.10 0.15 0.00 0.41

Butyric acid 3 0.33 0.01 0.43 0.00 0.99 7 1.00 0.02 1.13 0.00 2.85

Total acids4 3 10.09 11.74 3.16 5.34 13.2 7 12.61 13.23 2.86 7.97 17.84

Ethanol 3 0.37 0.46 0.23 0.02 0.61 7 1.44 0.51 1.26 0.02 3.08

Lactic:acetic acid 3 2.46 2.40 1.61 0.11 4.87 7 2.26 3.02 1.59 0.12 4.57

Total acids:ethanol 3 89.78 25.29 88.5 21.5 223 7 79.97 32.91 103.67 3.20 442.83

pH 6 4.83 4.66 0.39 4.25 5.50 10 4.98 4.78 0.60 4.22 6.11

Ammonia-N, % TN 6 13.85 8.21 9.50 5.21 29.48 10 22.85 28.61 10.99 5.30 37.27

Maximum T, °C 3 26.85 27.00 1.70 24.30 29.25 7 27.21 27.33 1.18 23.78 28.63

1DM, dry matter; CP, crude protein; NDIN, neutral detergent insoluble N; ADIN, acid detergent insoluble N; NDF,
neutral detergent fiber; ADF, acid detergent fiber; IVDMD, in vitro DM digestibility; WSC, water-soluble
carbohydrates; TN, total nitrogen.
2Number of means.
3Standard deviation.
4Total acid content was calculated as the sum of lactic, acetic, and propionic acids.

Table 9. Range of fermentation patterns, nutritive value, and aerobic stability of untreated and inoculated alfalfa
silages (data are given in % of DM, unless otherwise stated).
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2.1.4. Alfalfa, sorghum, and high-moisture corn silages

Data on alfalfa, sorghum, and HMC silages were summarized from 7, 10, and 10 studies,
respectively. All studies comprising alfalfa and sorghum evaluated hoLAB only. For HMC
silages, hoLAB, heLAB, and a combination between both (mixed) were investigated in six, three,
and one study, respectively. Considering all treatments, the application rate of silage inoculant
for alfalfa, sorghum, and HMC ranged from 1×105 to 9.9×105 cfu/g, 9.99×104 to 8×105 cfu/g, and
5×104 to 1×106 cfu/g of fresh forage, respectively.

Item1 Untreated Homofermentative LAB

n2 Mean Median SD3 Min Max n Mean Median SD Min Max

DMoven, % as fed 25 30.58 30.89 4.48 19.80 42.33 35 28.44 26.31 4.17 21.70 42.29

Ash 5 5.25 4.20 1.55 3.79 8.77 5 4.88 3.76 1.60 3.27 8.53

CP 18 7.03 7.04 1.40 5.15 13.28 22 7.80 7.55 1.85 5.32 14.08

NDF 23 52.97 53.13 8.87 36.67 73.89 31 56.13 58.67 7.37 35.36 71.42

ADF 19 28.20 23.70 6.78 18.99 44.95 23 31.33 28.77 7.49 19.60 45.78

Hemicellulose 19 22.84 23.20 3.13 14.76 31.65 23 22.90 22.61 2.56 11.68 27.70

Cellulose 14 23.25 21.22 4.51 17.03 39.61 16 24.63 23.37 3.80 17.28 39.99

Lignin 14 3.93 3.42 1.47 1.96 8.34 16 4.58 3.84 2.03 1.99 9.32

IVDMD 16 58.39 59.02 2.54 46.38 62.88 22 59.46 59.77 1.51 55.00 61.75

DM losses 11 1.88 1.69 0.77 0.00 5.12 13 4.18 2.48 2.92 0.31 14.14

WSC 12 1.12 0.32 1.28 0.12 7.34 14 1.49 0.23 2.02 0.14 6.62

Lactic acid 8 5.69 5.20 1.12 3.95 8.54 10 5.80 6.06 1.32 3.90 7.65

Acetic acid 5 1.55 1.52 0.42 0.86 2.42 7 1.53 1.21 0.66 0.82 2.93

Lactic:acetic acid 5 4.38 3.82 1.17 2.89 7.14 7 5.35 3.79 2.50 2.50 8.33

pH 16 3.94 3.86 0.18 3.74 4.94 20 3.94 3.87 0.16 3.66 4.88

Ammonia-N, % TN 15 6.01 4.62 3.76 0.26 16.87 17 5.48 4.05 3.18 0.38 16.79

1DM, dry matter; CP, crude protein; NDF, neutral detergent fiber; ADF, acid detergent fiber; IVDMD, in vitro DM
digestibility; WSC, water-soluble carbohydrates; TN, total nitrogen.
2Number of means.
3Standard deviation.

Table 10. Range of fermentation patterns, nutritive value, and aerobic stability of untreated and inoculated sorghum
silages (data are given in % of DM, unless otherwise stated).

The range of fermentation parameters, in vitro digestibility, and aerobic stability in alfalfa,
sorghum, and HMC silages are given in Tables 9, 10, and 11, respectively. Considering the
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acid has an antagonistic effect on the growth of yeasts [30], and reductions in ethanol produc-
tion are expected.

Item1 Untreated Homofermentative LAB

n2 Mean Median SD3 Min Max n Mean Median SD Min Max

DMoven, % as fed 7 41.26 51.29 14.46 14.64 56.20 11 33.39 23.49 15.60 14.81 62.64

Ash 4 11.51 12.47 1.99 7.60 13.49 4 10.54 11.64 1.76 7.02 11.85

CP 7 19.75 19.51 2.00 16.38 24.33 11 20.14 20.49 1.83 15.90 23.44

NDIN, % N 2 13.03 13.03 1.71 11.32 14.73 3 13.47 12.28 1.82 11.93 16.21

ADIN, % N 3 15.04 15.92 2.31 11.57 17.63 7 16.68 17.17 1.55 11.24 19.08

NDF 8 45.06 45.82 3.19 40.18 52.04 13 44.26 43.43 4.18 37.86 54.28

ADF 7 38.29 39.76 2.26 33.99 40.39 9 38.00 39.94 3.00 33.22 42.50

Hemicellulose 6 7.59 6.88 1.99 5.43 13.57 7 8.06 7.25 2.50 4.14 11.78

Cellulose 3 26.42 25.41 1.47 25.22 28.63 5 26.44 25.60 1.53 24.38 29.72

Lignin 4 12.20 11.51 2.16 9.25 16.52 9 13.29 12.71 3.12 8.84 18.87

IVDMD 3 68.92 66.50 5.92 62.46 77.81 7 67.98 65.13 6.22 60.21 75.57

DM losses 2 10.58 10.58 1.09 9.49 11.67 6 5.17 4.95 3.13 1.33 9.55

WSC 3 2.78 2.44 1.00 1.62 4.27 7 3.17 2.97 1.32 1.57 4.84

Lactic acid 3 4.92 4.45 2.82 1.16 9.15 7 7.17 5.62 4.00 0.95 13.83

Acetic acid 3 5.03 3.90 3.51 0.89 10.29 7 5.24 3.93 2.05 2.35 8.36

Propionic acid 3 0.14 0.14 0.10 0.00 0.29 7 0.20 0.10 0.15 0.00 0.41

Butyric acid 3 0.33 0.01 0.43 0.00 0.99 7 1.00 0.02 1.13 0.00 2.85

Total acids4 3 10.09 11.74 3.16 5.34 13.2 7 12.61 13.23 2.86 7.97 17.84

Ethanol 3 0.37 0.46 0.23 0.02 0.61 7 1.44 0.51 1.26 0.02 3.08

Lactic:acetic acid 3 2.46 2.40 1.61 0.11 4.87 7 2.26 3.02 1.59 0.12 4.57

Total acids:ethanol 3 89.78 25.29 88.5 21.5 223 7 79.97 32.91 103.67 3.20 442.83

pH 6 4.83 4.66 0.39 4.25 5.50 10 4.98 4.78 0.60 4.22 6.11

Ammonia-N, % TN 6 13.85 8.21 9.50 5.21 29.48 10 22.85 28.61 10.99 5.30 37.27

Maximum T, °C 3 26.85 27.00 1.70 24.30 29.25 7 27.21 27.33 1.18 23.78 28.63

1DM, dry matter; CP, crude protein; NDIN, neutral detergent insoluble N; ADIN, acid detergent insoluble N; NDF,
neutral detergent fiber; ADF, acid detergent fiber; IVDMD, in vitro DM digestibility; WSC, water-soluble
carbohydrates; TN, total nitrogen.
2Number of means.
3Standard deviation.
4Total acid content was calculated as the sum of lactic, acetic, and propionic acids.

Table 9. Range of fermentation patterns, nutritive value, and aerobic stability of untreated and inoculated alfalfa
silages (data are given in % of DM, unless otherwise stated).
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Data on alfalfa, sorghum, and HMC silages were summarized from 7, 10, and 10 studies,
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silages, hoLAB, heLAB, and a combination between both (mixed) were investigated in six, three,
and one study, respectively. Considering all treatments, the application rate of silage inoculant
for alfalfa, sorghum, and HMC ranged from 1×105 to 9.9×105 cfu/g, 9.99×104 to 8×105 cfu/g, and
5×104 to 1×106 cfu/g of fresh forage, respectively.

Item1 Untreated Homofermentative LAB

n2 Mean Median SD3 Min Max n Mean Median SD Min Max

DMoven, % as fed 25 30.58 30.89 4.48 19.80 42.33 35 28.44 26.31 4.17 21.70 42.29

Ash 5 5.25 4.20 1.55 3.79 8.77 5 4.88 3.76 1.60 3.27 8.53

CP 18 7.03 7.04 1.40 5.15 13.28 22 7.80 7.55 1.85 5.32 14.08

NDF 23 52.97 53.13 8.87 36.67 73.89 31 56.13 58.67 7.37 35.36 71.42

ADF 19 28.20 23.70 6.78 18.99 44.95 23 31.33 28.77 7.49 19.60 45.78

Hemicellulose 19 22.84 23.20 3.13 14.76 31.65 23 22.90 22.61 2.56 11.68 27.70

Cellulose 14 23.25 21.22 4.51 17.03 39.61 16 24.63 23.37 3.80 17.28 39.99

Lignin 14 3.93 3.42 1.47 1.96 8.34 16 4.58 3.84 2.03 1.99 9.32

IVDMD 16 58.39 59.02 2.54 46.38 62.88 22 59.46 59.77 1.51 55.00 61.75

DM losses 11 1.88 1.69 0.77 0.00 5.12 13 4.18 2.48 2.92 0.31 14.14

WSC 12 1.12 0.32 1.28 0.12 7.34 14 1.49 0.23 2.02 0.14 6.62

Lactic acid 8 5.69 5.20 1.12 3.95 8.54 10 5.80 6.06 1.32 3.90 7.65

Acetic acid 5 1.55 1.52 0.42 0.86 2.42 7 1.53 1.21 0.66 0.82 2.93

Lactic:acetic acid 5 4.38 3.82 1.17 2.89 7.14 7 5.35 3.79 2.50 2.50 8.33

pH 16 3.94 3.86 0.18 3.74 4.94 20 3.94 3.87 0.16 3.66 4.88

Ammonia-N, % TN 15 6.01 4.62 3.76 0.26 16.87 17 5.48 4.05 3.18 0.38 16.79

1DM, dry matter; CP, crude protein; NDF, neutral detergent fiber; ADF, acid detergent fiber; IVDMD, in vitro DM
digestibility; WSC, water-soluble carbohydrates; TN, total nitrogen.
2Number of means.
3Standard deviation.

Table 10. Range of fermentation patterns, nutritive value, and aerobic stability of untreated and inoculated sorghum
silages (data are given in % of DM, unless otherwise stated).

The range of fermentation parameters, in vitro digestibility, and aerobic stability in alfalfa,
sorghum, and HMC silages are given in Tables 9, 10, and 11, respectively. Considering the
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overall mean, there was a large difference in the DM content of alfalfa silages, with 33.4% in
inoculated silage and 41.3% in untreated silage. Homolactic inoculation increased the concen-
tration of lactic acid by 45.8% in alfalfa silage; however, the pH of silage did not decline,
compared with untreated silage; this point may be a consequence of the greater moisture
content found in hoLAB-inoculated silages.

The hoLAB reduced DM losses by 51.1% in alfalfa silages. Conversely, homolactic inoculation
increased the concentration of ammonia-N by 65%, and an increase from 0.37 to 1.44% in the
ethanol concentration was also observed. The greater concentration of ammonia-N was
unexpected, since lactic acid produced by hoLAB should be able to decrease proteolytic bacterial
populations within the ensiled mass.

Considering the frequency of positive responses of inoculation, only the acetic acid concen-
tration was affected, which was reduced by hoLAB in 14.3% (−35.95%) of the treatments.
Usually, improvements on quality of alfalfa silages have been reported due to the homolactic
inoculation [42, 43] most likely due to increases on the numbers of LAB, which is quite low in
alfalfa [44]. Although the present survey does not contain data regarding number of LAB in
alfalfa silages, homolactic inoculation improved the preservation of this crop.

1DM, dry matter; CP, crude protein; EE, ether extract; ADIN, acid detergent insoluble N; NDF, neutral detergent fiber;
ADF, acid detergent fiber; TN, total nitrogen; LAB, lactic-acid bacteria.
2Number of means.
3Standard deviation.
4Total acid content was calculated as the sum of lactic, acetic, and propionic acids.

Table 11. Range of fermentation patterns, nutritive value, and aerobic stability of untreated and inoculated high-
moisture corn silages (data are given in % of DM, unless otherwise stated).
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Sorghum silages had few alterations on fermentation parameters due to homolactic inocula-
tion. However, DM losses increased from 1.88 to 4.18% when silages were inoculated, when
compared with losses in untreated silage.

The inoculation of sorghum silages also increased the NDF content by 6%, but the ammonia-
N concentration decreased by 8.8%. Positive responses from inoculation in sorghum silages
occurred only for DM (+14.5%), CP (+15.2%), NDF (−8.5%), and IVDMD (+20.8%) at frequencies
of 8.6, 4.6, 6.5, and 9.1%, respectively. Overall, the lack of positive results from inoculation is
likely related to the suitable characteristics of sorghum for the ensiling process [45]. Similar to
corn, sorghum plants also have good fermentation capability, considerable WSC and DM
contents, and low buffer capacity. However, sorghum silages often have low aerobic stability
because the suitable characteristics described earlier [13, 15]. Although aerobic deterioration
can become a great problem under tropical conditions, there is not any study that assessed
heLAB for sorghum silage in Brazil.

1DM, dry matter; CP, crude protein; EE, ether extract; ADIN, acid detergent insoluble N; NDF, neutral detergent fiber;
ADF, acid detergent fiber; TN, total nitrogen; LAB, lactic-acid bacteria.

Table 12. Summary of positive responses of silage inoculants on the fermentation patterns, nutritive value, and aerobic
stability of high-moisture corn silages (data are given in % of DM, unless otherwise stated).

It was not observed significant differences for lactic acid production and final pH by homolactic
inoculation in HMC silages. As described earlier, hoLAB are used with the goal to increase lactic
acid production and quickly reduce pH of the ensiled crop [6, 8]. In addition, there is an
expected inhibition on the growth of undesirable microorganisms such as enterobacteria and
clostridia [6, 8]. These effects likely help us to understand why DM losses decreased by 20.4%
due to homolactic inoculation. Considering the overall mean, homolactic inoculation reduced
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Sorghum silages had few alterations on fermentation parameters due to homolactic inocula-
tion. However, DM losses increased from 1.88 to 4.18% when silages were inoculated, when
compared with losses in untreated silage.

The inoculation of sorghum silages also increased the NDF content by 6%, but the ammonia-
N concentration decreased by 8.8%. Positive responses from inoculation in sorghum silages
occurred only for DM (+14.5%), CP (+15.2%), NDF (−8.5%), and IVDMD (+20.8%) at frequencies
of 8.6, 4.6, 6.5, and 9.1%, respectively. Overall, the lack of positive results from inoculation is
likely related to the suitable characteristics of sorghum for the ensiling process [45]. Similar to
corn, sorghum plants also have good fermentation capability, considerable WSC and DM
contents, and low buffer capacity. However, sorghum silages often have low aerobic stability
because the suitable characteristics described earlier [13, 15]. Although aerobic deterioration
can become a great problem under tropical conditions, there is not any study that assessed
heLAB for sorghum silage in Brazil.

1DM, dry matter; CP, crude protein; EE, ether extract; ADIN, acid detergent insoluble N; NDF, neutral detergent fiber;
ADF, acid detergent fiber; TN, total nitrogen; LAB, lactic-acid bacteria.

Table 12. Summary of positive responses of silage inoculants on the fermentation patterns, nutritive value, and aerobic
stability of high-moisture corn silages (data are given in % of DM, unless otherwise stated).

It was not observed significant differences for lactic acid production and final pH by homolactic
inoculation in HMC silages. As described earlier, hoLAB are used with the goal to increase lactic
acid production and quickly reduce pH of the ensiled crop [6, 8]. In addition, there is an
expected inhibition on the growth of undesirable microorganisms such as enterobacteria and
clostridia [6, 8]. These effects likely help us to understand why DM losses decreased by 20.4%
due to homolactic inoculation. Considering the overall mean, homolactic inoculation reduced
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the aerobic stability by 6.9 h, compared with untreated silage. Homolactic inoculation can
impair the aerobic stability of silages in some cases [32], because the lactic acid produced and
the increased preservation of the forage crop can lead to an increase in the number of spoilage
microorganisms, mainly yeasts.

Considering the overall mean, heterolactic inoculation of HMC silages increased the concen-
tration of lactic and acetic acids by 106.5 and 92.7%, respectively. Due to the antifungal
properties of acetic acid [30], the aerobic stability of HMC silages inoculated with heLAB
increased by 102.5 h compared to untreated silage. Furthermore, heterolactic inoculation
reduced the NDF content (−56%) and increased the CP content (+32%).

The frequency and difference of the positive responses found in HMC silages from homolactic
and heterolactic inoculations are given in Table 12. Homolactic inoculation had the greatest
frequency of positive responses for DM losses and LAB count. Furthermore, the greatest
difference of responses was observed for DM losses and ADF content. Despite heterolactic
inoculation, the greatest frequency of positive responses and the greatest magnitude of
responses were observed for aerobic stability.

The fermentation of HMC silages is often restricted due to low moisture and fermentable sugar
content, and the quantity of total acids produced is quite low [46]. Indeed, the data from this
survey showed an increase in fermentation products in HMC silages treated with bacterial
inoculants, and heLAB had the greatest impact on fermentation end products and aerobic
stability.

Even without statistical analysis, the mean and median values for most variables were very
similar, indicating that the data were normally distributed. Although the results of the current
survey for all crops investigated are encouraging, some caution should be used when inter-
preting the data, because the inoculants, application rate, strains, and crops were not the same
in each study and the conditions were highly variable. Moreover, the goal of this chapter was
to conduct a survey that provides an exploratory picture of the silage trials carried out in Brazil,
more than a proper comparison among treatments, which require analyses more specific.

2.2. Animal performance

Considerable efforts have been devoted to understand how silage inoculants affect animal
performance, since such improvements are, in many cases, the principal economic justification
for their use, in addition to improved nutrient recovery and enhanced aerobic stability already
presented above.

Significant improvements on the performance of animals fed inoculated silages have been
found in studies carried out in Europe and North America, although less frequently than
studies regarding changes in fermentation caused by inoculation [47]. In a previous review
concerning bacterial inoculants in Brazil (see [5]), there was not a definitive conclusion
regarding the effect of inoculation on animal performance due to the low number of studies,
but the authors suggested that the difference and frequency of responses should be similar to
those observed in other countries (see [48]).
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In our survey, we found 42 studies that included feeding inoculated silages to animals in Brazil.
In these studies, feed intake, digestibility, and/or growth performance were measured. Twenty
of the 42 studies were conducted in cattle, 19 in sheep, 2 in pigs, and 1 in poultry. In this survey,
we summarized data into two groups of silages: (1) untreated and (2) inoculated (regardless
of the type of bacterial inoculant used). Only the performance of cattle and sheep fed corn,
grass, and sugarcane silages were reported in this chapter, because there were a greater number
of trials in these crops than others. Nevertheless, the number of studies is much lower than
those reported in the international literature.

1DM, dry matter; BW, body weight; OM, organic matter; NDF, neutral detergent fiber; CP, crude protein; ADG, average
daily gain.
2Number of means.
3Standard deviation.

Table 13. Range of feed intake, digestibility, and growth performance of cattle and sheep fed untreated and inoculated
corn silages.

The inoculation of corn silage slightly depressed DM intake, feed efficiency, and average daily
gain (ADG) of cattle (Table 13). Conversely, cattle fed inoculated corn silages had small
increases in DM and OM digestibility, resulting in a higher intake of digestible DM (+0.16 kg/
day). Regarding the performance of sheep, the inoculation of corn silage increased DM intake
by 7.2%, but the digestibility and intake of digestible nutrients were unaffected, in general.
Data regarding ADG were not considered, because only one study measured this parameter
and, as a prerequisite of this survey, all comparisons between treatments were made consid-
ering a minimum of two studies.

The inoculation of tropical grass silages reduced the DM intake (−0.14 kg/day) in cattle (Table
14).
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the aerobic stability by 6.9 h, compared with untreated silage. Homolactic inoculation can
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Considering the overall mean, heterolactic inoculation of HMC silages increased the concen-
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properties of acetic acid [30], the aerobic stability of HMC silages inoculated with heLAB
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reduced the NDF content (−56%) and increased the CP content (+32%).

The frequency and difference of the positive responses found in HMC silages from homolactic
and heterolactic inoculations are given in Table 12. Homolactic inoculation had the greatest
frequency of positive responses for DM losses and LAB count. Furthermore, the greatest
difference of responses was observed for DM losses and ADF content. Despite heterolactic
inoculation, the greatest frequency of positive responses and the greatest magnitude of
responses were observed for aerobic stability.

The fermentation of HMC silages is often restricted due to low moisture and fermentable sugar
content, and the quantity of total acids produced is quite low [46]. Indeed, the data from this
survey showed an increase in fermentation products in HMC silages treated with bacterial
inoculants, and heLAB had the greatest impact on fermentation end products and aerobic
stability.

Even without statistical analysis, the mean and median values for most variables were very
similar, indicating that the data were normally distributed. Although the results of the current
survey for all crops investigated are encouraging, some caution should be used when inter-
preting the data, because the inoculants, application rate, strains, and crops were not the same
in each study and the conditions were highly variable. Moreover, the goal of this chapter was
to conduct a survey that provides an exploratory picture of the silage trials carried out in Brazil,
more than a proper comparison among treatments, which require analyses more specific.

2.2. Animal performance

Considerable efforts have been devoted to understand how silage inoculants affect animal
performance, since such improvements are, in many cases, the principal economic justification
for their use, in addition to improved nutrient recovery and enhanced aerobic stability already
presented above.

Significant improvements on the performance of animals fed inoculated silages have been
found in studies carried out in Europe and North America, although less frequently than
studies regarding changes in fermentation caused by inoculation [47]. In a previous review
concerning bacterial inoculants in Brazil (see [5]), there was not a definitive conclusion
regarding the effect of inoculation on animal performance due to the low number of studies,
but the authors suggested that the difference and frequency of responses should be similar to
those observed in other countries (see [48]).

Advances in Silage Production and Utilization26

In our survey, we found 42 studies that included feeding inoculated silages to animals in Brazil.
In these studies, feed intake, digestibility, and/or growth performance were measured. Twenty
of the 42 studies were conducted in cattle, 19 in sheep, 2 in pigs, and 1 in poultry. In this survey,
we summarized data into two groups of silages: (1) untreated and (2) inoculated (regardless
of the type of bacterial inoculant used). Only the performance of cattle and sheep fed corn,
grass, and sugarcane silages were reported in this chapter, because there were a greater number
of trials in these crops than others. Nevertheless, the number of studies is much lower than
those reported in the international literature.

1DM, dry matter; BW, body weight; OM, organic matter; NDF, neutral detergent fiber; CP, crude protein; ADG, average
daily gain.
2Number of means.
3Standard deviation.

Table 13. Range of feed intake, digestibility, and growth performance of cattle and sheep fed untreated and inoculated
corn silages.

The inoculation of corn silage slightly depressed DM intake, feed efficiency, and average daily
gain (ADG) of cattle (Table 13). Conversely, cattle fed inoculated corn silages had small
increases in DM and OM digestibility, resulting in a higher intake of digestible DM (+0.16 kg/
day). Regarding the performance of sheep, the inoculation of corn silage increased DM intake
by 7.2%, but the digestibility and intake of digestible nutrients were unaffected, in general.
Data regarding ADG were not considered, because only one study measured this parameter
and, as a prerequisite of this survey, all comparisons between treatments were made consid-
ering a minimum of two studies.

The inoculation of tropical grass silages reduced the DM intake (−0.14 kg/day) in cattle (Table
14).
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However, cattle fed inoculated grass silages exhibited better feed efficiency than cattle fed
untreated silage, whereas ADG was similar between treatments (Table 14). Digestibility of
DM, OM, NDF, and CP was slightly affected by inoculation. Furthermore, sheep fed inoculated
silages exhibited higher DM intake (+11.7%), whereas bacterial inoculants had little effect on
silage digestibility.

The inoculation of sugarcane silages negatively impacted DM intake in cattle (−0.56 kg/day),
as well as the intake of digestible nutrients (Table 15). As consequence, the ADG of cattle fed
inoculated silages was lower than cattle fed untreated silages (1.17 vs. 1.21 kg/day, respective-
ly). Few measurements were made in sheep fed sugarcane silages, but positive responses from
inoculation were observed on DM and NDF intake, which increased by 4.6 and 11.3%,
respectively; however, inoculation reduced DM digestibility by 16.6%.

1DM, dry matter; BW, body weight; OM, organic matter; NDF, neutral detergent fiber; CP, crude protein; ADG, average
daily gain.
2Number of means.
3Standard deviation.

Table 14. Range of feed intake, digestibility, and growth performance of cattle and sheep fed untreated and inoculated
grass silages.

Overall means of this survey consistently appointed for a reduction in DM intake when cattle
were fed inoculated corn, grass, and sugarcane silages. However, effects of silage inoculants
on feed intake and growth performance are widely varied and likely are microorganisms and
strains specific along with dose dependent.

We also calculated the frequency and difference of positive responses, in addition to the impact
of bacterial inoculation in experiments with cattle and sheep (Tables 16 and 17). There was
great frequency of positive responses of inoculation concerning DM and OM digestibility in
cattle fed corn silage. Similarly, inoculation had a great impact on the performance of cattle fed
sugarcane silage, with feed efficiency and ADG improving by 80%. The greater ADG observed
in cattle fed sugarcane silage likely arises from a better preservation of WSC during fermen-
tation leading to the improved nutritive value of inoculated silages. In this regard, improve-
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ments in nutritive value of silages from bacterial inoculation may be strongly correlated with
enhanced animal performance [47, 48]. However, the great frequency and difference of the
responses might be associated with the low number of studies carried out that evaluated
animal performance in Brazil.

The frequency of positive responses observed in sheep consuming inoculated silages was
greater than those found in cattle. Sheep fed corn silage had a great frequency of positive
responses for inoculation concerning DM, OM, NDF, and CP intake (≥50%). The ADG also
improved in 50% of treatments, an overall increase of 4%. For grass silage, the greater frequency
of positive responses from inoculation was observed for digestibility (DM, NDF, and CP).
Conversely, only the intake of digestible NDF and NDF digestibility had positive responses
by inoculation in sugarcane silages.

1DM, dry matter; BW, body weight; OM, organic matter; NDF, neutral detergent fiber; CP, crude protein; ADG, average
daily gain.
2Number of means.
3Standard deviation.

Table 15. Range of feed intake, digestibility, and growth performance of cattle and sheep fed untreated and inoculated
sugarcane silages.

The results found in Brazilian studies suggest a greater effect of inoculation when there is a
positive response, compared to those from other countries. In Europe, a review of 14 studies
reported increases in DM intake (+4.8%) and milk production (+4.6%) when animals were fed
silage inoculated with L. plantarum strain MTD1 [49]. Similarly, a review of studies carried out
between 1990 and 1995 reported that in 28, 53, and 47% of these studies, there were increases
in DM intake (+4.8%), ADG (+4.6%), and milk production (+4.6%), respectively [48].
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However, cattle fed inoculated grass silages exhibited better feed efficiency than cattle fed
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cattle fed corn silage. Similarly, inoculation had a great impact on the performance of cattle fed
sugarcane silage, with feed efficiency and ADG improving by 80%. The greater ADG observed
in cattle fed sugarcane silage likely arises from a better preservation of WSC during fermen-
tation leading to the improved nutritive value of inoculated silages. In this regard, improve-
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ments in nutritive value of silages from bacterial inoculation may be strongly correlated with
enhanced animal performance [47, 48]. However, the great frequency and difference of the
responses might be associated with the low number of studies carried out that evaluated
animal performance in Brazil.

The frequency of positive responses observed in sheep consuming inoculated silages was
greater than those found in cattle. Sheep fed corn silage had a great frequency of positive
responses for inoculation concerning DM, OM, NDF, and CP intake (≥50%). The ADG also
improved in 50% of treatments, an overall increase of 4%. For grass silage, the greater frequency
of positive responses from inoculation was observed for digestibility (DM, NDF, and CP).
Conversely, only the intake of digestible NDF and NDF digestibility had positive responses
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daily gain.
2Number of means.
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Table 15. Range of feed intake, digestibility, and growth performance of cattle and sheep fed untreated and inoculated
sugarcane silages.

The results found in Brazilian studies suggest a greater effect of inoculation when there is a
positive response, compared to those from other countries. In Europe, a review of 14 studies
reported increases in DM intake (+4.8%) and milk production (+4.6%) when animals were fed
silage inoculated with L. plantarum strain MTD1 [49]. Similarly, a review of studies carried out
between 1990 and 1995 reported that in 28, 53, and 47% of these studies, there were increases
in DM intake (+4.8%), ADG (+4.6%), and milk production (+4.6%), respectively [48].
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Item1 Number of treatments Mean Difference, %
Total Positive responses, % Untreated Inoculated

Corn

Intake of digestible nutrients, kg/day

DM 3 33.3 4.44 4.98 +12.3

OM 3 33.3 4.64 4.83 +4.0

Digestibility, %

DM 4 75.0 64.85 68.71 +6.0

OM 3 66.7 68.17 71.09 +4.3

Sugarcane

Intake, kg/day

DM 11 27.3 7.69 8.74 +13.7

Intake of digestible nutrients, kg/day

NDF 4 25.0 1.96 2.09 +6.4

Digestibility, %

NDF 4 25.0 52.70 55.20 +4.7

Performance

Feed efficiency 5 80.0 9.39 8.46 −9.9

ADG, kg/day 5 80.0 0.88 1.06 +21.1

1DM, dry matter; OM, organic matter; NDF, neutral detergent fiber; ADG, average daily gain.

Table 16. Summary of positive responses of silage inoculants on the performance of cattle fed corn and sugarcane
silages in experiments carried out in Brazil.

The results of the current survey are encouraging regarding the impact of bacterial inoculants
on animal performance in tropical conditions. However, although the mean and median values
for most variables measuring animal performance were very similar (which may indicate
normal distribution of the data), this occurred because of the lack and/or low number of studies
evaluated. Therefore, some caution should be taken when interpreting this data, as well as the
great frequency of positive responses found, which is likely attributed to the low number of
studies evaluated.

Regarding the factors responsible for enhancing animal performance, certainly improvements
in DM digestion are closely linked to greater growth performance. In a review of the literature
from 1985 to 1992, animal performance improved in 9 of 16 trials when inoculation improved
DM digestion, but only 2 of 15 trials when digestion was not significantly affected [50].

In our survey, we did not observe a relationship between DM digestibility and growth
performance, because the number of studies evaluated was quite low. However, there are other
hypotheses related to the improvement of animal performance. The first suggests that
improvements in silage quality could lead to increased animal performance. The second
suggests that silage inoculants may provide a probiotic effect by inhibiting detrimental
microorganisms in the silage and rumen, or by producing beneficial substances that may
enhance the functioning of specific microbial populations in the rumen, leading to an increase
in animal performance [47].
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1DM, dry matter; OM, organic matter; NDF, neutral detergent fiber; CP, crude protein; ADG, average daily gain; BW,
body weight.

Table 17. Summary of positive responses of silage inoculants on the performance of sheep fed corn, grass, and
sugarcane silages in experiments carried out in Brazil.

A probiotic can be defined as a culture of live microbes, that when fed to the animals, benefi‐
cially affects the host by improving the properties of the native gut microflora [48]. Indeed, a
recent study displayed greater microbial protein synthesis in lambs fed silage inoculated
with L. buchneri, applied either alone or associated with L. plantarum in corn silage [51],
which is likely related to changes in the microbial community in the rumen.

3. Implications

The data summarized from Brazilian studies displays a recent increase in interest from
researchers addressing bacterial inoculants as an alternative to improve silage quality. But
although the number of studies remains quite low compared with the international literature,
data of this survey revealed some trends for improved fermentation and nutritive value
regarding the group of bacterial inoculant used at ensiling and crop.
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Item1 Number of treatments Mean Difference, %
Total Positive responses, % Untreated Inoculated
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DM 11 27.3 7.69 8.74 +13.7

Intake of digestible nutrients, kg/day

NDF 4 25.0 1.96 2.09 +6.4

Digestibility, %

NDF 4 25.0 52.70 55.20 +4.7
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Feed efficiency 5 80.0 9.39 8.46 −9.9

ADG, kg/day 5 80.0 0.88 1.06 +21.1

1DM, dry matter; OM, organic matter; NDF, neutral detergent fiber; ADG, average daily gain.

Table 16. Summary of positive responses of silage inoculants on the performance of cattle fed corn and sugarcane
silages in experiments carried out in Brazil.

The results of the current survey are encouraging regarding the impact of bacterial inoculants
on animal performance in tropical conditions. However, although the mean and median values
for most variables measuring animal performance were very similar (which may indicate
normal distribution of the data), this occurred because of the lack and/or low number of studies
evaluated. Therefore, some caution should be taken when interpreting this data, as well as the
great frequency of positive responses found, which is likely attributed to the low number of
studies evaluated.

Regarding the factors responsible for enhancing animal performance, certainly improvements
in DM digestion are closely linked to greater growth performance. In a review of the literature
from 1985 to 1992, animal performance improved in 9 of 16 trials when inoculation improved
DM digestion, but only 2 of 15 trials when digestion was not significantly affected [50].

In our survey, we did not observe a relationship between DM digestibility and growth
performance, because the number of studies evaluated was quite low. However, there are other
hypotheses related to the improvement of animal performance. The first suggests that
improvements in silage quality could lead to increased animal performance. The second
suggests that silage inoculants may provide a probiotic effect by inhibiting detrimental
microorganisms in the silage and rumen, or by producing beneficial substances that may
enhance the functioning of specific microbial populations in the rumen, leading to an increase
in animal performance [47].
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1DM, dry matter; OM, organic matter; NDF, neutral detergent fiber; CP, crude protein; ADG, average daily gain; BW,
body weight.

Table 17. Summary of positive responses of silage inoculants on the performance of sheep fed corn, grass, and
sugarcane silages in experiments carried out in Brazil.

A probiotic can be defined as a culture of live microbes, that when fed to the animals, benefi‐
cially affects the host by improving the properties of the native gut microflora [48]. Indeed, a
recent study displayed greater microbial protein synthesis in lambs fed silage inoculated
with L. buchneri, applied either alone or associated with L. plantarum in corn silage [51],
which is likely related to changes in the microbial community in the rumen.

3. Implications

The data summarized from Brazilian studies displays a recent increase in interest from
researchers addressing bacterial inoculants as an alternative to improve silage quality. But
although the number of studies remains quite low compared with the international literature,
data of this survey revealed some trends for improved fermentation and nutritive value
regarding the group of bacterial inoculant used at ensiling and crop.
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Considering an overall mean, homolactic inoculation unaffected DM losses in corn, grass,
HMC, and sorghum silages, but reduced DM loss in alfalfa silages. However, an unexpected
increase in aerobic stability of grass silage was reported due to homolactic inoculation. The
greater frequency of positive response was also observed for grass silages when treated with
hoLAB. Conversely, heterolactic inoculation revealed to be more interesting than homolactic
inoculants to reduce fermentation losses in sugarcane silage, and positive responses were
found most often. In addition, enhanced aerobic stability was reported for corn and HMC
silages when they were treated with heLAB. Overall, the results of the current survey regarding
fermentation patterns of inoculated silages are encouraging, mainly for grass and sugarcane
silages. Otherwise, the impact of bacterial inoculant on silage quality (i.e., fermentation
patterns, chemical composition, and nutritive value) appeared to diminish as the quality of
ensiled crop increased.

Despite of animal performance and considering the overall means, inoculation consistently
depressed DM intake in cattle fed corn, grass, and sugarcane silages, but DM intake in-
creased in sheep due to inoculation. There were not a consistent effect of bacterial inocu-
lants on silage digestibility, which largely varied depending the animal and crop evaluated.
Conversely, cattle fed inoculated sugarcane silage had a greater frequency of positive re-
sponse on ADG. The performance of animals consuming inoculated silages has been inves-
tigated in Brazil only a few times, but the data suggest a greater impact of bacterial
inoculants on DM intake and weight gain in cattle and sheep than that indicated under
temperate conditions. However, the number of studies evaluating animal performance still
remains quite low, especially for dairy cows fed inoculated silage, and this survey did not
provide a definitive conclusion about the effect of bacterial inoculants on animal perform-
ance (cattle and sheep).

Finally, we need caution to interpret the data of the current survey because the potential of
bacterial inoculants measured by studies containing positive responses were highly variable
and deeply associated with number of studies. Hence, a greater frequency of positive responses
was often observed when there were a low number of studies evaluated. Additionally, positive
responses were clearly impacted by the group of microorganisms (homo and heterofermen-
tative LAB) and it determined the success of bacterial inoculant applications in silage. In this
way, the compatibility between the plants and microorganisms used at ensiling should be taken
into account in further studies, as well as its applicability on farm. In addition, further studies
may consider assessing animal performance and sanitary aspects related to the use of bacterial
inoculants since there is a lack of data about it.
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Abstract

Corn silage is a major ingredient of diets for dairy cattle. Environmental factors can
affect the yield and composition of corn silage. Drought and heat are two common
environmental  factors  that  affect  silage  yield  and  quality.  Corn  silages  with  low
concentrations of dry matter, high concentrations of protein, high concentrations of
fiber, and low concentrations of starch indicate that the crop was harvested too early,
that abiotic stresses affected the structure of the plant, or a combination of both. Drought
stress during vegetative stages does not affect yield and nutritional composition as much
as during reproductive stages. High environmental temperatures (>35 °C) can also
induce kernel abortion. The effects of abiotic stresses on cell wall composition are less
clear. Drought stress would likely increase fiber digestibility, whereas heat stress would
decrease fiber digestibility. These statements are somehow contradictory in the sense
that drought stress and heat stress likely occur simultaneously. Management practices,
such as hybrid selection and planting date, should be considered to avoid silking and
early kernel development during season of very high environmental temperatures.

Keywords: corn silage, drought stress, heat stress, abiotic stress, nutritional quality

1. Introduction

Whole-plant corn silage is a major ingredient of diets fed to dairy cattle; therefore, producing
high-yielding and good-quality corn silage is critical for minimizing production costs in dairy
farming systems. The US dairy industry is composed of 9.2 million cows and approximately 4.5
million replacement heifers [1], which consume approximately 60 million (metric) tons of corn
silage per year (Table 1). The high inclusion of corn silage in diets for dairy cows is attributed
to multiple factors. First, corn silage is an attractive feed source because of high yield potential.
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For example, dry matter (DM) yields per acre are substantially greater for corn silage than for
alfalfa hay (12,600 and 7200 kg/ha, respectively) [2]. Second, corn silage is also characterized by
having high concentrations of energy. Under normal climatic conditions, the corn plant contains
a great proportion of starch-containing grains. This starch is highly digestible and therefore is
an important source of energy for cattle. Finally, corn silage also provides fiber in ruminant diets.
Dairy cows require a minimum amount of dietary fiber to ensure ruminal and whole-animal
health [3].

Different crop management practices, such as planting density, nitrogen fertilization rates,
harvesting time, or harvesting height, can affect corn silage yield, corn silage quality, or both
[4]. One way or another, most of these factors, if not all, can be controlled based on managerial
decisions. In addition to controllable factors, there are several uncontrollable environmental
factors that can substantially affect the dry matter yield and the nutritional composition of corn
used for whole-plant corn silage.

Milk cows Replacement Total

Cow inventory, million heads 9.2 4.5 –

Corn silage consumption, kg/head/day 15.0 5.5 –

Corn silage consumption, million ton1/year 50.4 9.0 59.4

Corn silage price, $/ton1 45 45 45

Expenditure in corn silage, billion $/year 2.26 0.41 2.67

1Metric ton = 1,000 kg

Table 1. Consumption and expenditure for corn silage by the US dairy industry.

Figure 1. National US corn silage yields (kg/ha, as-fed basis). Spring and summer drought of 2012 will be remembered
as one of the “worst agricultural calamities in the United States” [21].
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Drought and heat stresses, also known as abiotic stresses, are two common and interrelated
environmental factors that frequently affect corn silage yield and quality [4]. The impact of
these factors can be substantial. For example, the drought of 2012 reduced US national silage
yields by 16.3 % when compared to 2011 (Figure 1). This reduction in yield caused the United
States an economic loss between $700 and $800 million for 2012. This loss does not take into
account the overall impact to the dairy industry, such as increases in feed prices for hay and
corn grain.

Even though drought stress and heat stress are uncontrollable factors that affect corn silage
yield and quality, certain management practices can be utilized to attenuate their potential
negative impact. The objective of this chapter is to describe such practices so that crop managers
can minimize the negative effects of abiotic stresses in yield and quality of corn silage.

2. The corn plant

The corn plant is characterized by having a single erect stem that is divided into basic units
known as phytomers. Each phytomer consists of a leaf blade, a leaf sheath, a node, an internode,
and the axillary bud. Different from most other grasses, the corn plant has two separate
inflorescences per plant, the tassel and the ear, which are the male and the female inflorescen‐
ces, respectively. The husks are leaves that cover the ear, where corn kernels develop after
pollination. Corn kernels are arranged and inserted in lines on an inner cylinder called the cob,
which is originated from the axillary bud from the phytomers.

Figure 2. The proportion of grain in the corn plant has a major impact on corn silage yield and nutritional quality. The
bigger ear in plant A will result in greater yields of dry matter and greater energy concentration than in plant B.
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The structure of the corn plant has a major impact on the chemical composition of corn silage.
Carbohydrates synthesized in leaves are mobilized to the grain and stored as starch. Corn
kernels comprise 30–52 % of the total plant biomass [5], whereas starch constitutes 70–75 % of
the kernel dry weight [6]. Because of the different composition of the grain and the vegetative
portion of the plant (high and low concentrations of nonstructural carbohydrates, respective-
ly), the proportion of grain in the corn plant has a substantial impact on the nutritional quality
of corn silage (Figure 2).

In corn, inflorescence development occurs during the vegetative growth stages of the crop,
typically when corn plants have six fully exposed leaves (stage known as V6) [7]. At this stage,
the axillary meristem of leaves differentiates into ears [8]. These ears typically produce rows
of paired spikelets (Figure 3) that produce one ovule-containing floret each. After pollination,
when the ovule is successfully fertilized, each floret results in a single corn kernel.

The number of kernels per plant is known as the sink capacity of the plant, which is determined
by three components: (1) the number of spikelet rows within the ear, (2) the number of spikelets
per row, and (3) the proportion of single and double spikelets within a row (Figure 3). Because
the sink capacity determines the potential number of kernels in the plant and because the
proportion of kernels is a major determinant of the nutritional quality of the whole plant, it is
likely that ear differentiation has a major impact on corn silage quality.

Unlike most other grasses, the male inflorescence is separated spatially from the female
inflorescence in corn. Every ovule within the ear has to be pollinated to become a developed
kernel. For this process, functional stigmas, known as silks, connect the ovules to the exterior
of the ear to ensure pollination. The appearance and exposure of the silk to the environment
is known as the silking stage and is considered the beginning of the reproductive stage of the
corn crop. The first step in the pollination process occurs when pollen grains released from the
tassel during anthesis attach to ear silks. The synchrony between anthesis and the emergence
of silks (commonly known as anthesis-silking interval, ASI) is critical for adequate kernel
pollination and development [9].

Figure 3. Scanning electron microscopy (SEM) images of corn ears during kernel differentiation. Ear differentiation in
the corn plant determines the number of kernels in the whole plant. Normal plants develop row of paired spikelets (A
and C), which result in corn kernels. When ear differentiation is affected, irregular rows of single spikelets (B) could be
observed. Images were obtained at the Nanoscale Characterization and Fabrication Laboratory (Virginia Tech).
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An understanding of corn plant composition is crucial to comprehend the effects of abiotic
stresses on the composition of corn silage. In the end, kernel differentiation and kernel
development and growth will determine the final number of kernels per plant and, therefore,
the starch and fiber concentrations in whole-plant corn silage.

3. Nutritional quality of stressed corn silage

As an ingredient in rations for dairy cows, the value of corn silage relies mainly on its energy
concentration and not so much on its crude protein concentration. For example, corn silage
typically contains low concentrations of crude protein compared to alfalfa haylage (less than
10 % and more than 15 %, respectively). The low crude protein concentration of the whole corn
plant is related to the structure of the corn plant. Corn grain is characterized as having low
concentrations of protein [3, 6] due to the high proportion (more than 82 %) of a starchy and
nonprotein endosperm. Corn kernels also contain less moisture than vegetative tissues, such
as stems and leaves. Therefore, corn silages with high proportions of grain (i.e., a high harvest
index) would likely have high concentrations of dry matter (>30 % dry matter), low concen-
trations of crude protein (<10 % crude protein), low concentrations of fiber (<45 % neutral
detergent fiber), and high concentrations of starch (>30 % starch). In contrast, corn silages with
relatively low concentrations of dry matter, high concentrations of crude protein, high
concentrations of fiber, and low concentrations of starch reflect an indication that either the
crop was harvested too early, abiotic stresses affected the structure of the corn plants, or a
combination of both.

In a retrospective study performed at Virginia Tech [4], corn hybrids harvested for silage in 2
years, which included 2012, at two sites were analyzed to understand how dry matter yields
and nutritional composition were affected by abiotic stresses (Table 2). Dry matter yields
varied significantly across site-years, but not between hybrids. Even though in 2012 rainfalls
were scarce and similar at both sites (262 and 227 mm for the Shenandoah Valley and Southern
Piedmont, respectively), dry matter yields and nutritional composition of corn plants differed
substantially among locations. Dry matter concentration was substantially low (25.3 % dry
matter) in the Southern Piedmont only, likely due to a reduced proportion of the grain
component in the whole plant. The low dry matter concentration was followed by a relatively
high concentration of crude protein (10.9 % crude protein) and a relatively high concentration
of fiber (56.6 % neutral detergent fiber). In contrast to this, dry matter (32.6–37.0 % dry matter)
and crude protein (7.1–8.7 % crude protein) concentrations were within typical values for other
site-years. Even though the concentrations of fiber were more variable (43.0–52.8 % neutral
detergent fiber) in other site-years, these values were lower than those observed in 2012 in the
Southern Piedmont. In summary, during the spring and summer drought of 2012, an evident
stress was noticed by visual appraisal of corn plots in the Southern Piedmont. This stress
manifested with low concentrations of dry matter and high concentrations of crude protein
and fiber.
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Southern Piedmont Shenandoah Valley

2011 2012 2011 2012

Planting date April 18 April 10 May 6 May 21

Harvesting date August 31 July 17 August 24 September 12

Rainfalls, mm 501 228 280 262

Rainfall Shannon diversity index 0.65 0.66 0.60 0.67

Dry matter yield, kg/ha 12,482 4,556 15,092 12,678

Dry matter concentration, % 37.0 25.3 32.6 35.4

Crude protein concentration, % 8.7 10.9 7.7 7.1

Neutral detergent fiber concentration, % 51.5 56.5 52.8 43.0

Data from Ferreira et al. [4]

Table 2. Dry matter yield and nutritional composition of corn hybrids tested at two locations in Virginia (United
States) during 2011 and 2012.

4. Drought stress and kernel development

Water status of the plant is determined by several factors, including the amount and distribu-
tion of rainfalls, evapotranspiration, and the water-holding capacity of the soil. The interaction
between these factors can substantially affect yields and nutritional composition of corn for
silage. Adequate soil moisture is critical to ensure germination and emergence of corn
seedlings soon after planting. After seedling emergence, the relatively low evapotranspiration
allows plants to grow with minimum stress as long as water content in the soil is adequate.
For example, limiting irrigation in corn plots during vegetative stages (i.e., six-leaf stage)
reduced neither the grain yield per hectare nor the number of kernels per ear when compared
to corn plots receiving complementary irrigation during the vegetative stage [10]. In contrast,
limiting irrigation around silking reduced the grain yield per hectare and the weight of the
kernels, although the number of kernels per ear was not affected when compared to corn plots
receiving complementary irrigation during vegetative stages [10]. These data suggest that
when drought stress occurs at vegetative stages, dry matter yields can be compromised but
kernel development and the potential nutritional composition of the silage are not necessarily
affected.

Unlike in vegetative stages, drought stress during reproductive stages can substantially affect
kernel development [9–11]. NeSmith and Ritchie [11] and Çakir [10] reported substantial
reductions in the number of kernels per ear when corn plants were subjected to water deficits
around silking stage. Although it is clear that drought stress around silking impacts kernel
development, multiple mechanisms affect this process.

The seed set is determined during vegetative stages, so the number of ovaries per ear (i.e., the
potential number of kernels per ear) is not greatly affected by drought stress around silking
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[9]. On the other hand, ovary atrophy or abortion occurs when water stress occurs around
silking, reducing kernel development and growth within the ear. Drought stress around silking
retards growth and emergence of silks, especially those from apical ovaries (Figure 4). The
delayed emergence of silks relative to anthesis increases the asynchrony between pollen shed
and silking, which can potentially decrease pollination and ovule fertilization. Depending on
genotypes and stress levels, drought stress can increase the anthesis-silking interval from 1.9
to 4.8 days [9]. The synchrony between anthesis and silking has become quite relevant in
breeding programs, as reducing the time elapsed between anthesis and silking is the main
strategy for increasing the tolerance of corn to drought stress [9, 12].

Figure 4. Drought-stressed corn crop showing poor kernel development in the apical region of the ear.

5. Heat stress and kernel development

Drought stress and heat stress tend to occur simultaneously. In general terms, high environ-
mental temperatures will increase evapotranspiration, exacerbating the effects of drought
stress, especially when it is accompanied by low relative humidity. Despite this, these two
abiotic stresses may affect kernel development by different mechanisms, affecting the compo-
sition of corn silage in different ways [4].

Schoper et al. [13] evaluated the effect of drought stress and heat stress on seed set or kernel
development while considering the impact of heat stress over the pollen source (i.e., the tassel).
As in other studies, the number of kernels per ear decreased approximately 17–19 % when the
silk source was subjected to water stress, and the magnitude of this decrease was similar when
the pollen source was also subjected to water stress. This last observation indicated that the
production of viable pollen was not affected by drought stress. However, when pollen source
was subjected to heat stress, the number kernels per ear decreased by approximately 72 %
when the silk source was well watered and by approximately 85 % when the silk source was
subjected to drought stress. These observations indicated that heat stress had an adverse effect
on the development of viable pollen [13], resulting in limited pollination and ovule fecunda-
tion.
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Southern Piedmont Shenandoah Valley

2011 2012 2011 2012

Planting date April 18 April 10 May 6 May 21

Harvesting date August 31 July 17 August 24 September 12

Rainfalls, mm 501 228 280 262

Rainfall Shannon diversity index 0.65 0.66 0.60 0.67

Dry matter yield, kg/ha 12,482 4,556 15,092 12,678

Dry matter concentration, % 37.0 25.3 32.6 35.4

Crude protein concentration, % 8.7 10.9 7.7 7.1

Neutral detergent fiber concentration, % 51.5 56.5 52.8 43.0

Data from Ferreira et al. [4]

Table 2. Dry matter yield and nutritional composition of corn hybrids tested at two locations in Virginia (United
States) during 2011 and 2012.

4. Drought stress and kernel development
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reduced neither the grain yield per hectare nor the number of kernels per ear when compared
to corn plots receiving complementary irrigation during the vegetative stage [10]. In contrast,
limiting irrigation around silking reduced the grain yield per hectare and the weight of the
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[9]. On the other hand, ovary atrophy or abortion occurs when water stress occurs around
silking, reducing kernel development and growth within the ear. Drought stress around silking
retards growth and emergence of silks, especially those from apical ovaries (Figure 4). The
delayed emergence of silks relative to anthesis increases the asynchrony between pollen shed
and silking, which can potentially decrease pollination and ovule fertilization. Depending on
genotypes and stress levels, drought stress can increase the anthesis-silking interval from 1.9
to 4.8 days [9]. The synchrony between anthesis and silking has become quite relevant in
breeding programs, as reducing the time elapsed between anthesis and silking is the main
strategy for increasing the tolerance of corn to drought stress [9, 12].

Figure 4. Drought-stressed corn crop showing poor kernel development in the apical region of the ear.
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Drought stress and heat stress tend to occur simultaneously. In general terms, high environ-
mental temperatures will increase evapotranspiration, exacerbating the effects of drought
stress, especially when it is accompanied by low relative humidity. Despite this, these two
abiotic stresses may affect kernel development by different mechanisms, affecting the compo-
sition of corn silage in different ways [4].

Schoper et al. [13] evaluated the effect of drought stress and heat stress on seed set or kernel
development while considering the impact of heat stress over the pollen source (i.e., the tassel).
As in other studies, the number of kernels per ear decreased approximately 17–19 % when the
silk source was subjected to water stress, and the magnitude of this decrease was similar when
the pollen source was also subjected to water stress. This last observation indicated that the
production of viable pollen was not affected by drought stress. However, when pollen source
was subjected to heat stress, the number kernels per ear decreased by approximately 72 %
when the silk source was well watered and by approximately 85 % when the silk source was
subjected to drought stress. These observations indicated that heat stress had an adverse effect
on the development of viable pollen [13], resulting in limited pollination and ovule fecunda-
tion.
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In addition to limiting pollination, heat stress can limit kernel development after ovule
fecundation [14, 15]. Kernel development is divided by a lag phase with little kernel growth
and a linear growing phase with major accumulation of dry matter. The lag phase, which starts
immediately after pollination and lasts 10 to 12 days after pollination, is critical for kernel
development [15]. The endosperm is the structure of the corn kernel that contains starch
granules. Cell division of the endosperm cells during the lag phase determines the capacity of
the endosperm to accumulate starch within the grain [15].

Figure 5. Daily maximum temperatures (line) and rainfalls (columns) during the crop cycle at two regions during 2011
and 2012 in the state of Virginia. The shaded region represents the critical stage for kernel development. The thick hori-
zontal line represents the threshold temperature for heat stress (>35 °C). Prolonged heat stress after silking occurred
only in the Southern Piedmont region during 2012 (C), but not in other site-years (A, B, and D). Data from Ferreira et
al. [4].

High temperatures immediately after silking limit starch accumulation within the kernels and
increase the rate of kernel abortion as well. Cheikh and Jones [15] cultured corn kernels in vitro
at different temperatures and observed that heat-stressed kernels (i.e., kernels cultured at
35 °C) accumulated 18–75 % less DM than non-stressed kernels (i.e., kernels cultured at 25 °C).
Reduced dry matter accumulation can be related to reductions in starch synthesis within the
endosperm when kernels are subjected to temperatures greater than 35 °C [14]. In addition to
reduced kernel growth, Cheikh and Jones [15] reported 23–97 % kernel abortion when
subjected to heat stress.

In their retrospective study, Ferreira et al. [4] observed that in 2011, maximum temperatures
were below 35 °C throughout the whole critical period of kernel development for the Southern
Piedmont region, whereas in the Shenandoah Valley region, maximum temperatures were
above 35 °C for only a few days during the critical period of kernel development (Figure 5B).
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Based on these observations, heat stress would not have affected kernel development. In 2012,
however, the Southern Piedmont region had maximum daily temperatures above 35 °C for an
extended period (11 days) right after silking (Figure 5C), whereas maximum daily tempera-
tures were 7.1 ± 2.3 °C lower in the Shenandoah Valley region around silking (Figure 5D). It
is therefore likely that heat stress had a major effect on kernel development in the Southern
Piedmont region but not in the Shenandoah Valley region during 2012. Therefore, in the
Southern Piedmont region, heat stress exacerbated the effects of drought, substantially
reducing dry matter yields and kernel development. Similar observations were reported for
the southern region of the United States for 2012 [4].

In conclusion, in regions with extended periods of temperatures greater than 35 °C, choosing
early maturity corn hybrids or delaying planting date should be considered to avoid drought
and heat stress during silking and kernel development.

6. Abiotic stresses and cell wall composition

The effects of abiotic stresses on cell wall composition are less clear than their effects on kernel
development. In general terms, and from a nutritional perspective, drought stress would likely
increase fiber digestibility (Table 3, data Argentina), whereas heat stress would decrease fiber
digestibility [16]. These statements are somehow conflicting in the sense that drought stress
and heat stress likely occur simultaneously.

2008 2009

Dry matter concentration, % 32.2 28.5

Crude protein concentration, % 8.1 7.3

Neutral detergent fiber concentration, % 45.0 49.2

Starch concentration, % 18.8 7.0

Fiber digestibility1, % 44.4 52.6

130 h neutral detergent fiber digestibility

Table 3. Nutritional composition and digestibility of corn silages in Buenos Aires (Argentina) during normal (2008)
and drought (2009) years.

Drought stress during early vegetative stages can result in shorter internode lengths as a
consequence of limited cell growth or elongation (Figure 6). As internodes contain highly
lignified tissues (e.g., lignified vascular bundles), the concentration of lignin within the cell
wall could be reduced when considering the whole corn plant. In addition to changes in whole
plant structure (i.e., internode elongation), lignification might decrease at the tissue level when
corn plants are subjected to drought stress [17, 18]. Vincent et al. [17] reported that lignin
accumulation in the apical zone of corn leaves was reduced in response to drought stress.
Alvarez et al. [18] reported higher concentrations of lignin precursors (i.e., p-coumaric and
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immediately after pollination and lasts 10 to 12 days after pollination, is critical for kernel
development [15]. The endosperm is the structure of the corn kernel that contains starch
granules. Cell division of the endosperm cells during the lag phase determines the capacity of
the endosperm to accumulate starch within the grain [15].

Figure 5. Daily maximum temperatures (line) and rainfalls (columns) during the crop cycle at two regions during 2011
and 2012 in the state of Virginia. The shaded region represents the critical stage for kernel development. The thick hori-
zontal line represents the threshold temperature for heat stress (>35 °C). Prolonged heat stress after silking occurred
only in the Southern Piedmont region during 2012 (C), but not in other site-years (A, B, and D). Data from Ferreira et
al. [4].

High temperatures immediately after silking limit starch accumulation within the kernels and
increase the rate of kernel abortion as well. Cheikh and Jones [15] cultured corn kernels in vitro
at different temperatures and observed that heat-stressed kernels (i.e., kernels cultured at
35 °C) accumulated 18–75 % less DM than non-stressed kernels (i.e., kernels cultured at 25 °C).
Reduced dry matter accumulation can be related to reductions in starch synthesis within the
endosperm when kernels are subjected to temperatures greater than 35 °C [14]. In addition to
reduced kernel growth, Cheikh and Jones [15] reported 23–97 % kernel abortion when
subjected to heat stress.

In their retrospective study, Ferreira et al. [4] observed that in 2011, maximum temperatures
were below 35 °C throughout the whole critical period of kernel development for the Southern
Piedmont region, whereas in the Shenandoah Valley region, maximum temperatures were
above 35 °C for only a few days during the critical period of kernel development (Figure 5B).
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Based on these observations, heat stress would not have affected kernel development. In 2012,
however, the Southern Piedmont region had maximum daily temperatures above 35 °C for an
extended period (11 days) right after silking (Figure 5C), whereas maximum daily tempera-
tures were 7.1 ± 2.3 °C lower in the Shenandoah Valley region around silking (Figure 5D). It
is therefore likely that heat stress had a major effect on kernel development in the Southern
Piedmont region but not in the Shenandoah Valley region during 2012. Therefore, in the
Southern Piedmont region, heat stress exacerbated the effects of drought, substantially
reducing dry matter yields and kernel development. Similar observations were reported for
the southern region of the United States for 2012 [4].

In conclusion, in regions with extended periods of temperatures greater than 35 °C, choosing
early maturity corn hybrids or delaying planting date should be considered to avoid drought
and heat stress during silking and kernel development.

6. Abiotic stresses and cell wall composition

The effects of abiotic stresses on cell wall composition are less clear than their effects on kernel
development. In general terms, and from a nutritional perspective, drought stress would likely
increase fiber digestibility (Table 3, data Argentina), whereas heat stress would decrease fiber
digestibility [16]. These statements are somehow conflicting in the sense that drought stress
and heat stress likely occur simultaneously.

2008 2009

Dry matter concentration, % 32.2 28.5

Crude protein concentration, % 8.1 7.3

Neutral detergent fiber concentration, % 45.0 49.2

Starch concentration, % 18.8 7.0

Fiber digestibility1, % 44.4 52.6

130 h neutral detergent fiber digestibility

Table 3. Nutritional composition and digestibility of corn silages in Buenos Aires (Argentina) during normal (2008)
and drought (2009) years.

Drought stress during early vegetative stages can result in shorter internode lengths as a
consequence of limited cell growth or elongation (Figure 6). As internodes contain highly
lignified tissues (e.g., lignified vascular bundles), the concentration of lignin within the cell
wall could be reduced when considering the whole corn plant. In addition to changes in whole
plant structure (i.e., internode elongation), lignification might decrease at the tissue level when
corn plants are subjected to drought stress [17, 18]. Vincent et al. [17] reported that lignin
accumulation in the apical zone of corn leaves was reduced in response to drought stress.
Alvarez et al. [18] reported higher concentrations of lignin precursors (i.e., p-coumaric and
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caffeic acids) in xylem sap of drought-stressed corn compared to well-watered corn, suggesting
reductions in lignin concentration under drought stress.

7. Abiotic stresses and silage fermentation

Because controlled experiments evaluating the effects of abiotic stresses on corn silage are
scarce, most of the knowledge on silage fermentation may be obtained from field experience.
One reason for the lack of controlled studies may be that accomplishing and reproducing stress
treatments are difficult [19].

One major concern when ensiling stressed corn can be the low DM concentration of the forage.
As described before, if poor kernel development occurs, then low DM concentrations will likely
occur [4], and therefore it might be very difficult to obtain a high enough DM concentration
(>30 % DM) for an adequate ensiling process. In these scenarios, the likelihood of seepage losses
or clostridial fermentations may increase [20]. On the other hand, drought stress conditions
might also increase solute concentrations, which could decrease water activity and growth of
lactic acid bacteria [20]. In regard to silage density, packing may be more challenging with
heat-stressed corn as the dried and brittle leaves, combined with the lower content of grain,

Figure 6. Drought-stressed corn crop passed tassel emergence, showing reduced elongation of internodes.
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might increase porosity of the silage. Under these scenarios, the use of inoculants to enhance
fermentation is highly advised.

8. Conclusions

Abiotic stresses such as drought and heat stress can substantially affect corn silage yield and
quality, although the mechanisms by which they act are different. Depending on the moment
at which occurs, drought stress can have varying impacts. If drought stress occurs only at
vegetative stages, dry matter yields can be compromised but not necessarily its nutritional
composition. Alternatively, if drought stress occurs during reproductive stages (i.e., silking),
both dry matter yield and nutritional composition can be affected. Heat stress, defined as
temperatures above 35 °C, during the initial stages of kernel development can have a major
negative impact in both corn silage yields and nutritional composition. Management practices,
such as hybrid selection and planting date, should be considered to avoid silking and early
kernel development during season of very high environmental temperatures.
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quality, although the mechanisms by which they act are different. Depending on the moment
at which occurs, drought stress can have varying impacts. If drought stress occurs only at
vegetative stages, dry matter yields can be compromised but not necessarily its nutritional
composition. Alternatively, if drought stress occurs during reproductive stages (i.e., silking),
both dry matter yield and nutritional composition can be affected. Heat stress, defined as
temperatures above 35 °C, during the initial stages of kernel development can have a major
negative impact in both corn silage yields and nutritional composition. Management practices,
such as hybrid selection and planting date, should be considered to avoid silking and early
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Abstract

Spoiled silage at the top and shoulders of a horizontal silo is common because of their
lower density and higher aeration. Thus, avoiding or reducing aerobic deterioration in
the peripheral areas of the silages becomes a key factor for commercial farms. There are
two factors that affect the top spoilage: the quality of the plastic film and how well it is
held to the forage. The quality of the plastic film is related to oxygen permeability,
thickness,  and ultraviolet  blocking.  To hold the sheet  to  the crop,  sidewall  plastic
associated to gravel bags and used tires have been good alternatives to be used as
weights to secure the sheet on the top surface, but many other means can be applied
like sidewall disks. Preventing silage losses due to an inappropriate sealing is important,
both  from  nutritional  and  economic  contexts.  Proper  air  sealing  produces  well-
fermented silage and mitigates losses in the upper layer of the silo.

Keywords: plastic cover, aerobic deterioration, dry matter losses, oxygen barrier film,
silage storage

1. Introduction

Limiting losses in the upper silage layer is crucial for ensiling process. When no seal is applied,
or when the seal is inadequate, air and moisture enter into the silo, affecting the quality of silage;
therefore, silage is covered for two primary reasons. The first is to exclude rainfall because
precipitation washes organic acids and other soluble feed components from the forage, and the
second is to reduce exposure to air.

Oxygen enables various aerobic spoilage microorganisms to become active and to multiply
themselves, resulting in aerobic deterioration [1] and substantial economic losses. The
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Livestock farms can store silage in various ways such as horizontal silos (bunker and stacks),
tower silos, bagged silos, or wrapped bales. Several farms prefer horizontal silos due to
relatively low construction costs, greater safety compared to tower silos and high work rates
for filling and unloading [2]. Nevertheless, their design allows large areas of the ensiled
material to be exposed to the environment and prone to spoilage, especially in the upper layer
and near the walls [3].

In horizontal silos, during the storage period, a spoiled layer is formed below the sealing sheet,
known as “surface waste.” Although there is also some evidence that invisible oxidation losses
occur throughout the whole mass of silage during the storage period. A large percentage of
the silage mass (about 25%) can be within the top 1 m depending on silo size and depth.

The most common material used to seal horizontal silos is the plastic film. The principal
function of the film is to seal the forage and allow anaerobic conditions to establish [4]. Plastic
films of 150–200 μm thickness have been used for this purpose. Although polyethylene (PE)
sheeting has been the most common method used to protect silage near the surface, the
protection provided is highly variable and often changes during storage [5]. Thus, the
effectiveness of covering methods is very important to limit aerobic deterioration and losses
in the large mass being protected.

This chapter presents the main factors related to sealing methods that affect the extent of
aerobic deterioration in horizontal silos. Furthermore, the chapter review aims to identify
proper management strategies to improve silage quality on commercial farms.

2. Unsealed silos

Along with proper harvesting and filling techniques, it is also equally important to properly
cover a bunker silo. Previous studies have demonstrated that the quality and recovery of silage
are compromised if horizontal silos are not covered with plastic film.

A study summarized the DM and nutrient losses when bunker and stack silos are not sealed
[6]. From 1990 to 1993, the top 0.90 m of silage from 127 horizontal silos was sampled at three
sites throughout the silo face. Sampling depths from the surface were 0–0.45 m (depth 1) and
0.45–0.90 m (depth 2). The silos were sealed with a single PE film of black or white-on-black
(from 100 to 150 μm thick) secured with tires, sidewall disks or soil.

Losses were higher in bunkers and stacks that were not sealed. Silage locates in the peripheral
area of the unsealed silos showed pH values ranging from 4.75 to 8.55, which were typical of
spoiled silage. When a plastic film was applied, the organic matter losses in the upper layer
(top 0.45 m) were reduced. Silage sealing also reduced spoilage losses in the second 0.45 m.

The aerobic deterioration is initially limited to the top 15–30 cm in an uncovered silo. The
reason for this is that aerobic microbial activity is great enough in the upper layer to remove
all of the oxygen entering into the crop either by diffusion or by convection. As the readily
degradable components of the crop in the top layer are exhausted, the rate of microbial activity
declines allowing oxygen to move deeper in the silo and cause deterioration at that level [7].
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Economic evaluations indicate that the reduced losses from using a cover return more than
$8.00 for each $1.00 invested in plastic and labor to cover a bunker silo [8]. In a 200-t bunker
silo (6 m wide by 20 m long by 2.5 m deep), an effective seal to protect the top 1 m of silage
can prevent the loss of 100–400 dollars worth silage, depending on the value of the crop. Proper
sealing with a plastic cover is therefore essential to reduce losses and prevent microbial
deterioration, which may result in the presence of toxins.

3. Lining bunker walls with plastic

A large part of the silage stored in horizontal silos is exposed to air and is prone to spoilage,
especially in the upper part near the walls (at the shoulders of the silo), which are difficult to
seal properly. A research reported silage DM losses near the surface of bunker silos to be the
highest (76%) near the silo wall and the lowest (16%) in the core [9]. Thus, a problem still not
fully solved is the connection of the cover to the bunker silos.

The best results are achieved by putting an additional film 1–2 m deep (depending of the silo
size) between wall and forage, and then over the forage, before the main sheet is attached
(Figure 1). The result of this additional effort is that silage quality along the wall is similar as
that throughout the silo [10, 16].

Figure 1. Bunker lining diagram. Step 1 = before silo filling, place a plastic sheet along the length of the sidewall with
approximately 2 m of excess draped over the wall; Step 2 = sidewall plastic should lap onto the forage top at the end of
filling; and Step 3 = cover the bunker with additional plastic film.

There are limited studies showing the effects of bunker silo sidewall plastic on silage charac-
teristics. A survey in 20 dairy farm bunker silos, 10 without and 10 with sidewall PE plastic,
demonstrated that lining bunker wall improves fermentation and produces silage with greater
digestibility [11]. Sidewall plastics have more effects on forage preservation; however, it will
be addressed in Section 4.2 of this chapter.
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4. Plastic film to cover silage

A plastic film to cover silage has to fulfill three essential functions. First, the film should prevent
precipitation and damage caused by meteorological effects and animal attack. Second, the film
should be UV resistant to resist prolonged exposure to sunlight. Finally, the third function of
the silo film is guarantee anaerobic conditions in the silage.

4.1. Color and thickness of plastic film

The color of sheet should affect the amount of air infiltration and subsequent aerobic losses
because oxygen permeability into the silage is highly dependent on the temperature of the
plastic. Only few data have been published about the thermal effects of covers on the upper
silage layers. It is important to emphasize that these surface layers are highly susceptible to
poor fermentation because of unsatisfactory packing density and the proximity to the plastic
film. Moreover, a microclimate in the upper layer created by the high temperature influences
strongly the growth of undesirable microorganisms (yeasts, molds, and aerobic bacteria).

This is consistent with the observations by Bernardes et al. [12], who found highest DM losses
and yeast counts when corn silages were sealing with black PE. Black sheet also shows higher
temperature in relation to white-on-black film during storage period (Figure 2).

Figure 2. Effects of the color of plastic film on temperature of corn silages during 150 d of storage.

A study reported the effects of the color on the temperature of the film surfaces [13]. The
authors found that in the morning hours, temperature peaks were up to 16°C higher for the
black film in comparison with the white film. As expected, the highest values were reached at
midday, with the black and green colored films showing a very similar thermal behavior. The
same applied for the evening hours.

A model to establish the costs of plastic and respiration losses because of air penetration
through the film was developed by Savoie [5]. To calculate the optimal thickness, the following
parameters were considered: storage period, silage density and DM content, film permeability,
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and the relative value of plastic and silage. Polyethylene silage bags of different thickness (100,
150, and 200 μm) did not produce significant differences in losses in 130 d, averaging 0.2%
loss/month when perfectly sealed [5]. However, modeling of different film thickness indicated
that 100 μm was economically optimum on a stack silo for 3 months storage, 150 μm for 7
months, and 200 μm for 12 months. It is important to emphasize that films with thicker
thickness have more puncture and tear resistance than the thin ones.

4.2. Oxygen permeability of plastic films

Air is the major cause of spoilage in silage. Polyethylene is not totally impermeable to oxygen
diffusion and thus will not completely prevent oxygen ingress. There is a general agreement,
therefore, that low oxygen permeability of the sheets has to be sought.

The first generation of barrier films emerged in the early 2000s when a co-extruded PE-
polyamide film was developed for covering horizontal silos [14]. It had 125 μm in thickness
and comprised two outer layers of PE with a central layer of polyamide. However, this film
showed some problems such as rigidity and fragility what led to less use in farm conditions.

More recently, oxygen barrier (OB) films made with PE and ethylene-vinyl alcohol (EVOH)
have been available. Ethylene-vinyl alcohol combines the highest barrier properties with good
mechanical characteristics such as puncture resistance, tear resistance, and stretch properties
[15].

There are two types of OB films, which are available on European and American market,
respectively. The first one is a white-on-black sheet, which is composed by a layer of EVOH
between layers of PE during the manufacturing process. The second is a thin film (45-μm-thick
PE + EVOH), which needs to be covered by tarp or a second layer of PE during its application
in practical conditions. This procedure is necessary because it is not UV stabilized. Originally,
the thin OB film was associated with a tarp to protect from UV light as well as from physical
damage. However, this type of UV cover is expensive for producers with modest resource
availability. Thus, to overcome this problem, a method that combines the thin film with a
conventional PE sheet has been created. An experiment was carried out to evaluate the
effectiveness of this method for covering corn silage in bunker silos [16]. Two systems were
assessed, as follows: the first method comprised a sheet of 45-μm-thick OB film placed along
the length of the sidewall before filling, with approximately 2 m of excess draped over the wall.
After filling, the excess film was pulled over the wall, and a sheet of PE was placed on top. The
second system involved using a standard sheet of 180-μm-thick PE film. Over 2 years, eight
commercial bunker silos were divided into two parts lengthwise so that half of the silo was
covered with OB and the other with standard system. Oxygen barrier method produced well-
fermented silages, which were similar to the central part of the silo (core), whereas PE system
showed less lactic acid and greater pH and mold counts compared with core. The estimated
milk yield for PE system was 116 kg/ton less than core, as OB system and core were similar
(1258 and 1294 kg/ton, respectively), as shown in Figure 3. These results and those obtained
by Borreani and Tabacco [17] showed a net economic gain when the OB films are used due to
both reduced nutrient losses and labor time required to clean the upper layer, even though
these films cost more than the PE layer.
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Figure 3. Effects of two covering system on estimated milk yield (kg/ton) of corn silages. Standard system = a single
sheet of polyethylene (PE) film; OB system = oxygen barrier film between the silo wall and forage and covered by a
second layer of PE film. Source: Lima et al. [16].

4.3. Biofilms

An environmental objective is to reduce the quantity of plastic used in agriculture, and there
may be opportunity for achieving this by reducing the use of the plastic film for sealing silos.
However, horizontal silos produce less plastic wastes than most other systems that use PE film
for air tightness. Round bale silage requires at least 5.5 kg of plastic/ton DM. Stack silos use
about 1.3 kg of plastic/ton DM, four times less than the round bale silage system [5].

A study was conducted to determine whether the PE film could be replaced with bio-based
biodegradable films [18]. A standard 120-μm-thick white-on-black PE film and two different
120-μm-thick biodegradable plastic films were used to produce the silage bags for that
experiment. The results of this research showed that the development of new degradable
materials to cover silage could be possible. In addition, the authors recommended that further
research should be undertaken to improve the blend for enhancing film stability over time and
its resistance under outdoor conditions.

5. Weighting the plastic cover

To prevent deterioration in horizontal silos, the common practice is to use plastic film held in
place with used car tires. Tires have been widely used because of their low cost and ready
availability. In a study reported by Ruppel [19], there was a reduction in the temperature and
improved protein availability of hay crop silage when the number of tires per square meter
increased. The effects of several covering methods on reduction in the silage losses in the top
layer concluded that higher tire density (30 tires per 10 m2) and sand bags along the shoulders
resulted in lower losses [19].

The results of a study on different silage sealing systems were presented by Borreani and
Tabacco [20]. A farm bunker silo was covered with a single white-on-black sheet. Half of the
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width of the sheet was covered with tires (25 kg/m2), and the other half was covered with
gravel (200 kg/m2). The silo was opened for summer consumption and had a low feed-out rate
(12 cm/d). The results showed that the difference in sealing system affected the temperature
in the peripheral areas of the corn silage. The silage covered with tires reached a maximum
temperature exceeding 40°C, whereas that covered with gravel did not.

The amount of soil placed on top of the PE plastic cover also has an effect on silage quality.
The effectiveness of several sealing strategies that are used in Brazil on reduction in losses in
the top layer was tested by Griswold et al. [11]. Covering a black plastic sheet with soil (100
kg/m2) reduced losses, and this was associated with decreased pH and ash content and lower
counts of yeasts. However, most farmers are very reluctant to cover horizontal silos with soil,
particularly if the silo is large because they do not believe that the labor and costs involved in
covering with soil are reasonable and economical. Moreover, the soil used as a cover can
contaminate the silage during unloading. Thus, alternative covering strategies to reduce
aerobic deterioration in the peripheral areas of the corn silage in a warm climate were inves-
tigated. Three treatments were evaluated: (1) black PE film (control); (2) black PE film plus
sugarcane bagasse (10 kg/m2) over the sheet; and (3) black PE film plus soil (30 kg/m2) over the
sheet [21]. Treatments did not affect the temperatures during the early part of the storage
period, but after about 80 d of fermentation, the temperature started to rise in the control silage
but not in the others. This can be attributed to the effect of oxygen permeability of the film
during a long storage period because the gas transmission rate is reduced by the presence of
soil or sugarcane bagasse over the sheet. These results also suggest that the material over the
film reduces billowing caused by the wind what affects the amount of air drawn into the silo.

It is important to emphasize that keeping the plastic cover weighed down is critical during the
storage and feed-out periods. During the unloading, air can penetrate the peripheral areas of
a silo up to 1 m or more beyond the feed-out face [10], especially when the sealing cover is not
weighed down or is weighed only with tires, suggesting that, in these situations, daily removal
rates should be higher than 30 cm/d to avoid extended aerobic spoilage.

6. Chemical additives on the top of the silos

Especially in warm climates, whole-crop cereal silages such as corn, sorghum, and wheat are
susceptible to aerobic deterioration. This is because aerobic yeasts are most active at 20–30°C
[22]. Therefore, efforts need to be made to protect the silage near the surface when PE films
are used. A research evaluated the application of additives (sodium benzoate and Lactoba‐
cillus buchneri) directly to the top of the silage and concluded that sodium benzoate applied
at a 2 g/kg rate was the most suitable additive to improve the fermentation, reduce the aerobic
deterioration, and preserve the nutrients of corn silage at the top of bunker silos [23]. Results
from this study showed that the in vitro digestibility of the silage at the core and those treated
with sodium benzoate were above 640 g/kg, whereas silages untreated and treated with two
strains of L. buchneri had values close to 600 g/kg (Figure 4). According to the authors, under
field conditions, the strains may have had their growth affected by high temperatures, and
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Figure 3. Effects of two covering system on estimated milk yield (kg/ton) of corn silages. Standard system = a single
sheet of polyethylene (PE) film; OB system = oxygen barrier film between the silo wall and forage and covered by a
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gravel (200 kg/m2). The silo was opened for summer consumption and had a low feed-out rate
(12 cm/d). The results showed that the difference in sealing system affected the temperature
in the peripheral areas of the corn silage. The silage covered with tires reached a maximum
temperature exceeding 40°C, whereas that covered with gravel did not.

The amount of soil placed on top of the PE plastic cover also has an effect on silage quality.
The effectiveness of several sealing strategies that are used in Brazil on reduction in losses in
the top layer was tested by Griswold et al. [11]. Covering a black plastic sheet with soil (100
kg/m2) reduced losses, and this was associated with decreased pH and ash content and lower
counts of yeasts. However, most farmers are very reluctant to cover horizontal silos with soil,
particularly if the silo is large because they do not believe that the labor and costs involved in
covering with soil are reasonable and economical. Moreover, the soil used as a cover can
contaminate the silage during unloading. Thus, alternative covering strategies to reduce
aerobic deterioration in the peripheral areas of the corn silage in a warm climate were inves-
tigated. Three treatments were evaluated: (1) black PE film (control); (2) black PE film plus
sugarcane bagasse (10 kg/m2) over the sheet; and (3) black PE film plus soil (30 kg/m2) over the
sheet [21]. Treatments did not affect the temperatures during the early part of the storage
period, but after about 80 d of fermentation, the temperature started to rise in the control silage
but not in the others. This can be attributed to the effect of oxygen permeability of the film
during a long storage period because the gas transmission rate is reduced by the presence of
soil or sugarcane bagasse over the sheet. These results also suggest that the material over the
film reduces billowing caused by the wind what affects the amount of air drawn into the silo.

It is important to emphasize that keeping the plastic cover weighed down is critical during the
storage and feed-out periods. During the unloading, air can penetrate the peripheral areas of
a silo up to 1 m or more beyond the feed-out face [10], especially when the sealing cover is not
weighed down or is weighed only with tires, suggesting that, in these situations, daily removal
rates should be higher than 30 cm/d to avoid extended aerobic spoilage.

6. Chemical additives on the top of the silos

Especially in warm climates, whole-crop cereal silages such as corn, sorghum, and wheat are
susceptible to aerobic deterioration. This is because aerobic yeasts are most active at 20–30°C
[22]. Therefore, efforts need to be made to protect the silage near the surface when PE films
are used. A research evaluated the application of additives (sodium benzoate and Lactoba‐
cillus buchneri) directly to the top of the silage and concluded that sodium benzoate applied
at a 2 g/kg rate was the most suitable additive to improve the fermentation, reduce the aerobic
deterioration, and preserve the nutrients of corn silage at the top of bunker silos [23]. Results
from this study showed that the in vitro digestibility of the silage at the core and those treated
with sodium benzoate were above 640 g/kg, whereas silages untreated and treated with two
strains of L. buchneri had values close to 600 g/kg (Figure 4). According to the authors, under
field conditions, the strains may have had their growth affected by high temperatures, and
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thus, chemical additives present more robust effects than biological ones when applied at
the top.

Figure 4. Effects of additives on in vitro DM digestibility in different zones of the bunker corn silage. Core = silage in
the core of the silo; CLB = silage treated with commercial Lactobacillus buchneri; ILB = silage treated with indigenous L.
buchneri; SB = silage treated with sodium benzoate. Source: Da Silva et al. [24].

7. Conclusions

The detrimental effect of air at silage near the surface is a key point to avoid losses of dry matter
and quality. To date, no alternative to the use of plastic in covering bunkers or stacks has proven
commercially viable for silage producers. Given the widespread use of horizontal silos
worldwide, it is vitally important that the film used possesses good oxygen barrier properties
as well as good mechanical properties.

In horizontal silos, the plastic needs to be held tightly to the crop. This is usually accomplished
with used tires, but many other means can be applied. Besides that, lining bunker walls with
plastic improve silage quality along the walls.

The silos’ sealing will continue evolving to meet future needs in a conservation of fresh forage,
minimize loss and cost, reduce environment contamination, and provide a safe and efficient
on-farm feeding system.
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Abstract

Edaphoclimatic condition of the semiarid region is unfavorable for the forage produc-
tion of livestock. Silage is considered a better alternative to conserve forage crops.
Ensiling is a technique for preserving forage, in which the ensiled mass is acidified
under anaerobic conditions. The lactic acid bacteria present in the environment produce
lactic acid, thereby making the environment acidic, and convert soluble substrates into
organic acids. Many microorganisms are involved in the fermentation process of silage
and their development depends on the characteristics of ensiled materials, such as dry
matter, water-soluble carbohydrate content, buffering capacity and presence of indige-
nous microbial. Ensiling is a favorable technque used in the semiarid region because it
preserves the nutritional values of the crops and the water. Some plant species are
produced in semiarid regions because they are resistant to water deficit and high solar
radiation. The main crops of semiarid regions are sorghum, pearl millet, grasses, cactus
pear, and leguminous. Due to agronomic conditions available for their production
during periods of rain, for ensiling these plants are important for the fermentation
profile of each species because the ratio of the dry matter to water-soluble carbohydrate
content and buffering capacity directly influence the end product of silage.

Keywords: cultivate crop, drought, forage preservation, forage silage, tropical crop

1. Introduction

The semiarid regions are characterized by an irregular distribution of rainfall with greater
variability between years and within the same year, and high solar radiation. This hydric
variability originates from complex systems of the formation of rain, with the occurrence of
concentrated rain in a few months of the year and alternate years, irregularity, existence of
geographic barrier concentrating higher humidity in the valleys and leaving dried slopes, and
variability of soil with greater or lesser ability to retain water [1].
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The variability of rainfall provides the diversity of fauna and flora species in the semiarid
region. The soil and climate conditions are associated with the characteristics of species, such
as solar radiation, sunshine, and air temperature. The climatic variations suggested that animal
production systems operate according to the availability of resources and controlled princi-
pally by the availability of water, adopting rational strategies for production.

In semiarid regions, annual rainfall is irregular, low, and highly variable in space and time,
with permanently high evapotranspiration rate. Therefore, the agricultural systems used in the
semiarid region should be based on plants that develop efficiently and quickly by using the
resource availability of pulses [2], because the water dynamics is the main variable for control-
ling the transformation process of individual nutrients available for plants.

Tropical regions, such as semiarid regions of Brazilian, may have a high capacity for forage
production, but climatic variables make it difficult for the development of the animal produc-
tion system. The quantity and quality of forage are key factors for animal production. The
management also influences the forage characteristics and animal production. During the dry
season, a significant reduction in native vegetation occurs, and this affects animal forage
production.

The shortage of forage during the dry season and low nutritive value of forage may compro-
mise the animal production, resulting in decreased productivity. In this situation, the pro-
ducers become dependent on the availability of the preserved forage, hay, and silage,
cultivated forage crops, and crop residues to feed cattle in the semiarid region [3].

For the efficient production of forage in the semiarid regio, it is essential to know conditioning
factors inherent to soil, climatic condition, and plant interaction mechanisms to drought and
production capability. Adapted crops, due to their efficiency in the accumulation of green
matter in these climatic conditions, are available as a more viable option to the semiarid
region. Among other considerations. the forage conservation practices, silage is a better
alternative to reduce the qualitative and quantitative fluctuations in the supply of forage to
the animals.

As a literature review, this chapter presents scientific reports on ensilage of forage with
productive potential for the semiarid regions. This study presents the main crops for ensilage
in the semiarid regions and their fermentation characteristics.

2. Influence of drought on the production of the crops in the semiarid
regions

Drought is the meteorological event when there is inadequate water availability in the soil or
rainfall, including quantitative and qualitative, during the life cycle of a plant, limiting full expres-
sion of the gene of the plant potential and preventing the maximum yield from a culture [4].

The planning activities of animal production in drought regions should take into consideration
some factors, such as production yield, drought resistance, and water-use efficiency by plants,
for crop production. Although a culture presents high production yield, this may not be
compatible with higher drought resistance or increased water-use efficiency [5].
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In rainfed situations where crops depend on unpredictable seasonal rains, the maximum use of
soil moisture is a crucial component for drought resistance, that is, water-use efficiency allows
the production yield even in the situations of water deficit [5].

Drought resistance is the ability of a plant to produce with minimal loss in a water-deficit
environment. Drought resistance mechanisms can be classifieds into the following three cate-
gories: drought escape, drought avoidance, and drought tolerance [6].

Drought escape is the ability of plants to complete the life cycle before there is a serious water
deficit for plant and soil. The phenological development of plants is fast with early flowering
and maturity and the duration of the growing season depends on water deficit [6]. The success
of these species depends on the efficient reproduction before a more intense water stress. With
short life cycle and high growth rates and storage, this process uses reserve for seed produc-
tion [7].

Drought avoidance is the ability of plants to maintain some potential of water in the tissue
even with low moisture in the soil. The better absorption of water, mobile water storage, and
reduction of water losses are some of the processes that are used for these plants. The balance
between turgor, increased depth of rooting, higher absorption efficiency, and lower losses of
water allows the survival of plants under dry conditions [6]. Furthermore, older leaf senes-
cence reduces the energy cost of the plant [7] directing all the energy to dry the adaptive
mechanism.

Drought tolerance is the ability of plants to resist water deficit with low potential of water in
the tissues [6]. In water-limited environments, the plants can produce forage mass using water
maintenance mechanisms in the plant. One of the processes is the osmotic adjustment. Osmotic
adjustment is an adaptive response to cellular stress that in some cultures increases the
avoidance dehydration and supports the production yield under stress [5]. Osmotic adjust-
ment maintains turgor and resists to dehydration through solute accumulation in the cell, an
increase in cell elasticity, and a decrease in the cell size [6].

In drought, these plants maintain the water content accumulating several nontoxic solutes that
do not interfere with metabolism; these are compatible solutes such as fructan, trehalose,
polyols, glycine, proline, betaine, and polyamines [4, 8].

Although the drought resistance is important for crop production in semiarid, the adjustments
resulting from this drought tolerance have disadvantages because of lower production output.
The stomata closure and reduction in leaf area result in lower carbon dioxide assimilation and
higher osmotic adjustments that can have a negative effect on the plant energy requirement [4].

Cultivate crops are grown using more than one mechanism to resist drought [9]. Thus, it is
interesting to note that the adaptive mechanisms of crops grown in the semiarid region have a
balance of escape, avoidance, and drought tolerance, maintaining the yield production as
much as possible. Through conventional breeding or biotechnological methodology, the devel-
opment of superior genotypes resistant to drought is possible [4].

Most of the crops produced in the world are sensitive to water deficit. Even cultivative crops,
such as pearl millet, sorghum, and pigeon pea, in semiarid regions are affected by drought
during the reproductive stage [4].

Ensiling of Forage Crops in Semiarid Regions
http://dx.doi.org/10.5772/101990

67



The variability of rainfall provides the diversity of fauna and flora species in the semiarid
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for crop production. Although a culture presents high production yield, this may not be
compatible with higher drought resistance or increased water-use efficiency [5].
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In rainfed situations where crops depend on unpredictable seasonal rains, the maximum use of
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In drought, these plants maintain the water content accumulating several nontoxic solutes that
do not interfere with metabolism; these are compatible solutes such as fructan, trehalose,
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Although the drought resistance is important for crop production in semiarid, the adjustments
resulting from this drought tolerance have disadvantages because of lower production output.
The stomata closure and reduction in leaf area result in lower carbon dioxide assimilation and
higher osmotic adjustments that can have a negative effect on the plant energy requirement [4].

Cultivate crops are grown using more than one mechanism to resist drought [9]. Thus, it is
interesting to note that the adaptive mechanisms of crops grown in the semiarid region have a
balance of escape, avoidance, and drought tolerance, maintaining the yield production as
much as possible. Through conventional breeding or biotechnological methodology, the devel-
opment of superior genotypes resistant to drought is possible [4].

Most of the crops produced in the world are sensitive to water deficit. Even cultivative crops,
such as pearl millet, sorghum, and pigeon pea, in semiarid regions are affected by drought
during the reproductive stage [4].
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The C4 plants are considered to be dominant in resistance and drought tolerance because they
are capable of maintaining photosynthesis with closed stomata. Even with the small reduction
of photosynthesis under water stress conditions, the C4 crops such as sorghum and panicum
have the ability to grow in dry region and are considered to have a great potential for
enhancing forage production and food security in the world [7]. The C4 plants provide
competitive conditions of low availability of water, high temperatures, and high light intensi-
ties [10]; they have high water-use efficiency and mechanisms for CO2 concentration [7].

Other factor that influences the nature of response of plants to drought is the thermal stress.
Thermal stress can reduce transpiration and can dehydrate the plant cells, reduce the availabil-
ity of nutrients, and cause osmotic stress together with the drought. In the plant growth stage,
water stress can interfere with the final yield production of the crop [7]. Corn yield, for example,
is a culture that is extremely sensitive to water stress during the period of the previous life cycle
of flowering. Crops such as sugarcane may have a greater impact of water stress when its leaves
are establish than in the initial period, which may affect the final yield [7, 11].

The adaptive responses are based on complex changes to cope with stress, primarily to
maintain water potential in main tissues. Crops such as sorghum and pearl millet are drought
tolerant and cultivated on a large scale in the semiarid region. These crops are able to maintain
photosynthetic activity under water stress conditions and thus increase the final yield [12].

The osmotic adjustment required for drought tolerance forage can increase the solute values as
fructan [4, 8] increases the values of soluble carbohydrate in these forage.

The concentration of water-soluble carbohydrates (WSC) in ensiled materials influences the
fermentation profile because the WSC concentrations are used for the production of lactic acid
[13]. The minimum content of WSC to appropriate fermentation of good silage varies between
6 and 12% [14]. In contrast, a large amount of WSC concentration may predispose to undesir-
able occurrence of fermentation realized from yeasts because of the excessive lactic acid
production, which leads to losses resulting from the alcoholic fermentation [15].

In the semiarid region, there is a tendency that the forage contains a higher WSC content. The
forage sorghum, pearl millet, and buffel grass show a WSC concentration (DM basis) of 13–20,
9, and 3.1%, respectively [16].

3. Ensiling process

Ensiling is a method of forage conservation. It is based on natural fermentation, in which lactic
bacteria convert the WSC into organic acids (principally lactic acid) under anaerobic condi-
tions. As a result pH decrease and the silage is preserve [17]. The primordial objective of forage
ensiling is to preserve the original composition of nutrients found in natural plant during
storage with minimum losses [18].

The forage conservation as silage depend on favorable conditions, such as the amount suffi-
cient WSC to lactic acid production and low buffering capacity, which promote rapid lowering
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of pH that inhibits the growth of some deleterious microorganisms, maintaining the nutri-
tional values of forage.

Before the ensiling process, aerobic and facultative anaerobic microorganisms are able to grow
in high pH and predominance. As long as pH decrease and oxygen is consumed, the anaerobic
and anaerobic facultative acid tolerant bacteria grow in the environment.

Ensiling is divided into four phases with different time and intensity [19, 20].

• Aerobic phase: It occurs during filling of silo and extends until a few hours after the packing
of silo. The aerobic phase is undesirable because all obligatory and facultative aerobic micro-
organisms (yeasts, molds, and bacteria) are active in this phase, but it is an inevitable phase. As
it is associated with the fermentable substrate and energy losses, it is important to reduce the
duration of this phase. It recommended that the forage be chopped, compacted, and rapid
packing of the silo [13]. The final stage of the phase includes exhaustion of oxygen in silo.

•Active fermentation phase: After exhaustion of oxygen in silo, there is a decrease in silage pH
because of organic acids production from WSC. In initial, enterobacteria and heterofer-
mentative lactic bacteria grow in ensiled mass. With the larger decline of pH,
homofermentative lactic bacteria dominate the anaerobic environment. In this phase, there is
the more production of organic acid, such as acetic and lactic acids, and also ethanol and CO2.
The major growth of lactic acid bacteria (LAB), and consequently, larger lactic acid formation
inhibit the development of other microorganisms, principally due to lowering of pH. This
phase extends to the stability and reduces excessive microbial activity.

• Stability phase: It a phase with low biologic activity, since it does not penetrate air in the
ensiled mass. The pH permanence is stable in 3.8–4.2, inhibiting microbial activity. Only some
acid tolerant enzymes maintain activity [20]. The acid pH and anaerobic conditions maintain
the ensiled mass stability to the silo opening.

• Discharge phase: It occurs at the opening of the silo and expose the ensiled mass to high
oxygen concentration, which favors the growth of enterobacteria, molds, yeasts, and other
microorganisms. Yeasts are the first microorganism to develop in silage after the opening,
causing deterioration of the conserved forage [13]. There are heat and CO2 production due
respiration, which results the decrease in lactic acid and residual WSC, and increase in silage
pH [13]. The appropriate management may minimize the losses after opening of silo.

3.1. Microorganism involved in the ensiling process

The ensiling process is complex and variable. It consists, basically, in conjunct action of the
large number of microorganisms and may be considered a metabiose because it occurs at
simultaneous and successive development of different microorganisms that depends on spe-
cific pH, substrates, and potential redox in environment of silo.

The microorganisms present in plant before ensiling may be aerobic and anaerobic, desirable
and undesirable to fermentation. Table 1 presents the most common types of microorganisms
and their presence in plants.
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The C4 plants are considered to be dominant in resistance and drought tolerance because they
are capable of maintaining photosynthesis with closed stomata. Even with the small reduction
of photosynthesis under water stress conditions, the C4 crops such as sorghum and panicum
have the ability to grow in dry region and are considered to have a great potential for
enhancing forage production and food security in the world [7]. The C4 plants provide
competitive conditions of low availability of water, high temperatures, and high light intensi-
ties [10]; they have high water-use efficiency and mechanisms for CO2 concentration [7].
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ity of nutrients, and cause osmotic stress together with the drought. In the plant growth stage,
water stress can interfere with the final yield production of the crop [7]. Corn yield, for example,
is a culture that is extremely sensitive to water stress during the period of the previous life cycle
of flowering. Crops such as sugarcane may have a greater impact of water stress when its leaves
are establish than in the initial period, which may affect the final yield [7, 11].
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photosynthetic activity under water stress conditions and thus increase the final yield [12].

The osmotic adjustment required for drought tolerance forage can increase the solute values as
fructan [4, 8] increases the values of soluble carbohydrate in these forage.

The concentration of water-soluble carbohydrates (WSC) in ensiled materials influences the
fermentation profile because the WSC concentrations are used for the production of lactic acid
[13]. The minimum content of WSC to appropriate fermentation of good silage varies between
6 and 12% [14]. In contrast, a large amount of WSC concentration may predispose to undesir-
able occurrence of fermentation realized from yeasts because of the excessive lactic acid
production, which leads to losses resulting from the alcoholic fermentation [15].

In the semiarid region, there is a tendency that the forage contains a higher WSC content. The
forage sorghum, pearl millet, and buffel grass show a WSC concentration (DM basis) of 13–20,
9, and 3.1%, respectively [16].

3. Ensiling process

Ensiling is a method of forage conservation. It is based on natural fermentation, in which lactic
bacteria convert the WSC into organic acids (principally lactic acid) under anaerobic condi-
tions. As a result pH decrease and the silage is preserve [17]. The primordial objective of forage
ensiling is to preserve the original composition of nutrients found in natural plant during
storage with minimum losses [18].

The forage conservation as silage depend on favorable conditions, such as the amount suffi-
cient WSC to lactic acid production and low buffering capacity, which promote rapid lowering
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of pH that inhibits the growth of some deleterious microorganisms, maintaining the nutri-
tional values of forage.

Before the ensiling process, aerobic and facultative anaerobic microorganisms are able to grow
in high pH and predominance. As long as pH decrease and oxygen is consumed, the anaerobic
and anaerobic facultative acid tolerant bacteria grow in the environment.

Ensiling is divided into four phases with different time and intensity [19, 20].

• Aerobic phase: It occurs during filling of silo and extends until a few hours after the packing
of silo. The aerobic phase is undesirable because all obligatory and facultative aerobic micro-
organisms (yeasts, molds, and bacteria) are active in this phase, but it is an inevitable phase. As
it is associated with the fermentable substrate and energy losses, it is important to reduce the
duration of this phase. It recommended that the forage be chopped, compacted, and rapid
packing of the silo [13]. The final stage of the phase includes exhaustion of oxygen in silo.

•Active fermentation phase: After exhaustion of oxygen in silo, there is a decrease in silage pH
because of organic acids production from WSC. In initial, enterobacteria and heterofer-
mentative lactic bacteria grow in ensiled mass. With the larger decline of pH,
homofermentative lactic bacteria dominate the anaerobic environment. In this phase, there is
the more production of organic acid, such as acetic and lactic acids, and also ethanol and CO2.
The major growth of lactic acid bacteria (LAB), and consequently, larger lactic acid formation
inhibit the development of other microorganisms, principally due to lowering of pH. This
phase extends to the stability and reduces excessive microbial activity.

• Stability phase: It a phase with low biologic activity, since it does not penetrate air in the
ensiled mass. The pH permanence is stable in 3.8–4.2, inhibiting microbial activity. Only some
acid tolerant enzymes maintain activity [20]. The acid pH and anaerobic conditions maintain
the ensiled mass stability to the silo opening.

• Discharge phase: It occurs at the opening of the silo and expose the ensiled mass to high
oxygen concentration, which favors the growth of enterobacteria, molds, yeasts, and other
microorganisms. Yeasts are the first microorganism to develop in silage after the opening,
causing deterioration of the conserved forage [13]. There are heat and CO2 production due
respiration, which results the decrease in lactic acid and residual WSC, and increase in silage
pH [13]. The appropriate management may minimize the losses after opening of silo.

3.1. Microorganism involved in the ensiling process

The ensiling process is complex and variable. It consists, basically, in conjunct action of the
large number of microorganisms and may be considered a metabiose because it occurs at
simultaneous and successive development of different microorganisms that depends on spe-
cific pH, substrates, and potential redox in environment of silo.

The microorganisms present in plant before ensiling may be aerobic and anaerobic, desirable
and undesirable to fermentation. Table 1 presents the most common types of microorganisms
and their presence in plants.
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The microorganisms present in plants are diverse in genera and species with different fermen-
tative routes. Each group has specific temperature and substrate to grow with higher or lower
energy demand. In the fermentation process, microorganisms convert soluble substrates into
organic compounds. Table 2 presents the main fermentative routes of microorganism in silage.

The growth of lactic acid bacteria in ensiled mass is important because its metabolism does not
result in considerable DM losses, following the principle of forage preservation. The LAB
converts one mole of glucose to two moles of lactic acid without DM losses [13].

In situations where the forage has a low amount of substrates may have predominant of other
microorganisms, such as enterobacteria, because the pH is not low sufficiently. In the opposite
situation, ensiling of forage with excess WSC may be in the presence of acid tolerant microor-
ganisms such as yeasts that are able to consume lactic acid and WSC. The excess WSC in the

Groups pH

Total aerobic bacteria >10,000,000

Lactic acid bacteria 10–1,000,000

Enterobacteria 1000–1,000,000

Yeasts 1000–100,000

Molds 1000–10,000

Clostridia 100–1000

Bacillus 100–1000

Acetic acid–producing bacteria 100–1000

Propionic acid–producing bacteria 10–1000

Source: Adapted from Pahlow et al. [20].

Table 1. Typical bacterial and fungal population of plants groups before ensiling.

Organism Rota Substrate Product

Recuperation (%)

Energy DM

LAB Homofermentative Glucose 2 Lactate 96.9 100

LAB Heterofermentative Glucose 1 Lactate + 1 Acetate + CO2 79.6 83

LAB Heterofermentative Glucose 1 Lactate + 1 Ethanol + CO2 97.2 83

Yeast Glucose 2 Ethanol + 2 CO2 97.4 51

Clostridia Glucose 1 Butyrate + 2 CO2 77.9 66

Enterobacteria 2 Glucose 1 Lactate + 1 Acetate(1 Ethanol) + CO2 88.9 83

Source: Adapted from de McDonald et al. [13].

Table 2. Acidify efficiency and fermentation and main fermentative routes of microorganisms in silage.
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plant leads to the formation of acid silage due to excessive lactic acid production. Acid silage,
such as sugarcane and saccharine sorghum silages, has high ethanol concentration because of
alcoholic fermentation.

3.2. Characteristics of forage to ensiling

The dry matter content is an important factor that affects the fermentation and preservation of
ensiled mass. The ideal DM content is between 30 and 35% [13]. However, research studies
indicated the values to corn silage being necessary attempt to characteristics of each culture,
because it might occur good fermentative profile in silage of forage with inferior DM values.

Generally, the high content of moisture favors undesirable microorganisms, such as Clostridium
and enterobacteria that are butyric and acetic acid and ammonia producers, implying in
nutrient losses. However, higher DM content impacts the compaction and reduction of air
present [21].

The WSC concentration in ensiled materials influences the fermentative profile, because the
WSC concentrations are used for the production of lactic acid [13]. The minimum content of
WSC required for appropriate fermentation of good silage varies between 6 and 12% [14].

Other important factors that influence the silage are the buffering capacity that is resistance to
lowering the pH of ensiled materials. The compounds able of buffering the environment in
forage are some organics acid, potassium, and calcium inorganic bases and nitrogen sub-
stances, such as protein and products of their degradation, free amino acids, amine, and
ammonia [22]. The action of buffering capacity in silage is associated with other factors such
as WSC and DM concentration. Thus, the pH of silage is determined by relationship of protein
and water-soluble carbohydrate [22].

3.3. Fermentation loss in the ensiling process

The ensiling process changes the natural structure of forage and may cause some losses.
Besides the natural physical losses, such as crop losses, chemical losses also occur and may
compromise the energy and nutritive value of silage. Although some losses may be

Process Losses (%) Causative agents Classification

Respiration 1–2 Plant enzymes Inevitable

Fermentation 2–4 Microorganisms Inevitable

Effluent 5–7 Moisture Inevitable

Secondary fermentation 0–5 Plant, moisture, silo environment Preventable

Aerobic deterioration in storage 0–10 Ensiling time, density, plant, packing Preventable

Aerobic deterioration in discharge 0–15 Moisture, season, density, technical Preventable

Total losses 8–43

Source: Adapted from McDonald et al. [13].

Table 3. Losses in the ensiling process.
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The microorganisms present in plants are diverse in genera and species with different fermen-
tative routes. Each group has specific temperature and substrate to grow with higher or lower
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plant leads to the formation of acid silage due to excessive lactic acid production. Acid silage,
such as sugarcane and saccharine sorghum silages, has high ethanol concentration because of
alcoholic fermentation.

3.2. Characteristics of forage to ensiling

The dry matter content is an important factor that affects the fermentation and preservation of
ensiled mass. The ideal DM content is between 30 and 35% [13]. However, research studies
indicated the values to corn silage being necessary attempt to characteristics of each culture,
because it might occur good fermentative profile in silage of forage with inferior DM values.

Generally, the high content of moisture favors undesirable microorganisms, such as Clostridium
and enterobacteria that are butyric and acetic acid and ammonia producers, implying in
nutrient losses. However, higher DM content impacts the compaction and reduction of air
present [21].

The WSC concentration in ensiled materials influences the fermentative profile, because the
WSC concentrations are used for the production of lactic acid [13]. The minimum content of
WSC required for appropriate fermentation of good silage varies between 6 and 12% [14].

Other important factors that influence the silage are the buffering capacity that is resistance to
lowering the pH of ensiled materials. The compounds able of buffering the environment in
forage are some organics acid, potassium, and calcium inorganic bases and nitrogen sub-
stances, such as protein and products of their degradation, free amino acids, amine, and
ammonia [22]. The action of buffering capacity in silage is associated with other factors such
as WSC and DM concentration. Thus, the pH of silage is determined by relationship of protein
and water-soluble carbohydrate [22].

3.3. Fermentation loss in the ensiling process

The ensiling process changes the natural structure of forage and may cause some losses.
Besides the natural physical losses, such as crop losses, chemical losses also occur and may
compromise the energy and nutritive value of silage. Although some losses may be

Process Losses (%) Causative agents Classification

Respiration 1–2 Plant enzymes Inevitable
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Secondary fermentation 0–5 Plant, moisture, silo environment Preventable

Aerobic deterioration in storage 0–10 Ensiling time, density, plant, packing Preventable
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unavoidable, such as biochemist changes, plant respiration, and fermentation (Table 3), other
types of losses can be avoided with appropriate practice of the ensiling procedures.

The energy and dry matter disappearance is an indicative of losses in the ensiling process. The
residual respiration during filling the silo and immediately after sealing, types of fermentation,
effluent production, undesirable fermentation during the storage, and aerobic deterioration
are the main causes of energy and dry matter losses [21].

The losses related to respiration usually occur early. The respiration in silo initially occurs due
to the presence of oxygen in the ensiled materials, thus the cellular respiration use the air
oxygen and substrates producing CO2, heat, and H2O. Some factors can affect the respiration
rate in the silo, such as temperature, which increase the initial rate of reaction and destruction
of enzymes, usually by denaturation; oxygen concentration, the high amount of oxygen in the
silo promotes an increase in the respiration rate and higher the temperature, and consume
more energy; WSC content: the amount of soluble substrates in ensiled materials can influence
the respiration, since they are consumed during respiration.

Silage fermentation usually causes DM losses due to the activity of microbial and enzymes.
The losses related to the fermentation represent the highest percentage of losses in the silage
process. These losses can be resulting from the production of water, gas, heat, and effluents
during the fermentation process [22].

The effluent losses are associated with the DM content of plant, the activity of the water
metabolism and the physical procedure of cutting and application of additives in ensiled
forage [23] and DM losses can be highly variable [16]. After evaluating the sorghum silages in
Brazilian semiarid we observed a variation of 10–24% DM losses.

In ensiling, besides DM losses, nutritional losses should also be taken into account. Sugarcane
and sorghum silages can show high nutritional losses because of a high content of WSC, which
may result in increase in alcoholic fermentation. Many studies indicate that the application of
additives in the ensiled material considerably reduced these losses of substrates [24–26].

Other fermentation can also occur and reduce the nutritive value of silage, as proteolysis. The
proteolysis is associated with DM, protein, WSC content, pH, and ensiling time [27]. It is an
undesired reaction because the resulting products of the process (ammonia and amines, prin-
cipally) indicate high nutritional losses.

In discharge of silo to offer silage to animals aerobic deterioration can also occur, which is one
of the main problems after exposure to air [28]. This process occurs due the penetration of air
in ensiled materials, which is favorable for the grown of aerobic microorganisms, acid tolerant,
and the oxide products resulting in silage fermentative process [29]. The air exposure of silage
can chance its chemical compositions and alter the nutritional value.

4. Crops for silage production in semiarid regions

The mains characteristics that determine the fermentation profile during ensiling involve the
interaction of factors such as: DM content, WSC concentration, and buffering capacity of plant.
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In the case of semiarid, plant species resistance to hydric deficit and climatic conditions are
indicated to ensiling. The main forages are sorghum, pearl millet, tropical grasses, leguminous,
and cactus pear.

4.1. Sorghum

Sorghum (Sorghum bicolor L. Moench) is an appropriate grass for silage with agronomic and
nutritional characteristics, because it is tolerant to drought and responds even in soils with
limited nutrients [30] and its phenotypic characteristics facilitate planting, management,
harvesting, and storage. The other significant characteristic of sorghum is that it will regrowth
after each harvesting [31].

The sorghum is a resistant to hydric deficit in semiarid. Their resistance is associated with the
physiology characteristics and efficiency of rain. Researchers evaluated the efficiency of rain in
sorghum genotypes in semiarid and found positive results, values between 944.37 and 126.25
kg DM/ha/mm that indicated high efficiency in covert water of rain in production [32].

In addition to their agronomic traits, sorghum has desirable characteristics for fermentation,
such as a suitable dry matter content, high carbohydrate concentration, and low of buffering
substance content [33, 34].

Sorghum is a crop that has desirable characteristics for the production of silage; however, as
the WSC concentration is higher in the stem, forage sorghum and saccharine sorghum usually
have high concentration of carbohydrates, which can facilitate the multiplication of yeasts,
molds, and enteric bacteria. The presence these microorganisms cause losses in silage process
of sorghum.

In general, the fermentation losses imply in the reduction of the availability of the ensiled
forage, since there is no way to recover the DM losses in the form of gases and effluent.

The exposure of silage to air, converting the anaerobic environment (responsible for the
conservation of forage) to aerobic, can cause changes in its chemical composition, altering its
nutritional value, because the population of microorganisms that were dormant (bacteria,
yeasts, and then mold action) and with oxygen began intense metabolic activity [35].

There is reduction in soluble components of silage, which are used as substrates for these
microorganisms [30] and may even be a degraded part of the fibrous portion of food by fungal
microbiota [28].

Evaluation of the aerobic stability of sorghum silages [26] found the aerobic deterioration
losses of 85.6 kg/t DM in silages upon exposure to air during 48 hours. As the air to silage
exposure is unavoidable during discharge, many research studies aim to reduce the aerobic
deterioration with the use of additives [36].

The adding urea to acidic silage can neutralize part of acidity in the chemical reaction by
partial neutralization, where, in an acid environment, an agent that has alkalizing action forms
salts of organic acids [37] and subsequently providing the nitrogen applied [24].

Chemical additives such as urea can also benefit from the silage sorghum (Table 4). Although
sorghum silage with urea present pH values and higher N ammonia, it does not mean that the

Ensiling of Forage Crops in Semiarid Regions
http://dx.doi.org/10.5772/101990

73



unavoidable, such as biochemist changes, plant respiration, and fermentation (Table 3), other
types of losses can be avoided with appropriate practice of the ensiling procedures.

The energy and dry matter disappearance is an indicative of losses in the ensiling process. The
residual respiration during filling the silo and immediately after sealing, types of fermentation,
effluent production, undesirable fermentation during the storage, and aerobic deterioration
are the main causes of energy and dry matter losses [21].

The losses related to respiration usually occur early. The respiration in silo initially occurs due
to the presence of oxygen in the ensiled materials, thus the cellular respiration use the air
oxygen and substrates producing CO2, heat, and H2O. Some factors can affect the respiration
rate in the silo, such as temperature, which increase the initial rate of reaction and destruction
of enzymes, usually by denaturation; oxygen concentration, the high amount of oxygen in the
silo promotes an increase in the respiration rate and higher the temperature, and consume
more energy; WSC content: the amount of soluble substrates in ensiled materials can influence
the respiration, since they are consumed during respiration.

Silage fermentation usually causes DM losses due to the activity of microbial and enzymes.
The losses related to the fermentation represent the highest percentage of losses in the silage
process. These losses can be resulting from the production of water, gas, heat, and effluents
during the fermentation process [22].

The effluent losses are associated with the DM content of plant, the activity of the water
metabolism and the physical procedure of cutting and application of additives in ensiled
forage [23] and DM losses can be highly variable [16]. After evaluating the sorghum silages in
Brazilian semiarid we observed a variation of 10–24% DM losses.

In ensiling, besides DM losses, nutritional losses should also be taken into account. Sugarcane
and sorghum silages can show high nutritional losses because of a high content of WSC, which
may result in increase in alcoholic fermentation. Many studies indicate that the application of
additives in the ensiled material considerably reduced these losses of substrates [24–26].

Other fermentation can also occur and reduce the nutritive value of silage, as proteolysis. The
proteolysis is associated with DM, protein, WSC content, pH, and ensiling time [27]. It is an
undesired reaction because the resulting products of the process (ammonia and amines, prin-
cipally) indicate high nutritional losses.

In discharge of silo to offer silage to animals aerobic deterioration can also occur, which is one
of the main problems after exposure to air [28]. This process occurs due the penetration of air
in ensiled materials, which is favorable for the grown of aerobic microorganisms, acid tolerant,
and the oxide products resulting in silage fermentative process [29]. The air exposure of silage
can chance its chemical compositions and alter the nutritional value.

4. Crops for silage production in semiarid regions

The mains characteristics that determine the fermentation profile during ensiling involve the
interaction of factors such as: DM content, WSC concentration, and buffering capacity of plant.
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nutritional characteristics, because it is tolerant to drought and responds even in soils with
limited nutrients [30] and its phenotypic characteristics facilitate planting, management,
harvesting, and storage. The other significant characteristic of sorghum is that it will regrowth
after each harvesting [31].

The sorghum is a resistant to hydric deficit in semiarid. Their resistance is associated with the
physiology characteristics and efficiency of rain. Researchers evaluated the efficiency of rain in
sorghum genotypes in semiarid and found positive results, values between 944.37 and 126.25
kg DM/ha/mm that indicated high efficiency in covert water of rain in production [32].

In addition to their agronomic traits, sorghum has desirable characteristics for fermentation,
such as a suitable dry matter content, high carbohydrate concentration, and low of buffering
substance content [33, 34].

Sorghum is a crop that has desirable characteristics for the production of silage; however, as
the WSC concentration is higher in the stem, forage sorghum and saccharine sorghum usually
have high concentration of carbohydrates, which can facilitate the multiplication of yeasts,
molds, and enteric bacteria. The presence these microorganisms cause losses in silage process
of sorghum.

In general, the fermentation losses imply in the reduction of the availability of the ensiled
forage, since there is no way to recover the DM losses in the form of gases and effluent.

The exposure of silage to air, converting the anaerobic environment (responsible for the
conservation of forage) to aerobic, can cause changes in its chemical composition, altering its
nutritional value, because the population of microorganisms that were dormant (bacteria,
yeasts, and then mold action) and with oxygen began intense metabolic activity [35].

There is reduction in soluble components of silage, which are used as substrates for these
microorganisms [30] and may even be a degraded part of the fibrous portion of food by fungal
microbiota [28].

Evaluation of the aerobic stability of sorghum silages [26] found the aerobic deterioration
losses of 85.6 kg/t DM in silages upon exposure to air during 48 hours. As the air to silage
exposure is unavoidable during discharge, many research studies aim to reduce the aerobic
deterioration with the use of additives [36].

The adding urea to acidic silage can neutralize part of acidity in the chemical reaction by
partial neutralization, where, in an acid environment, an agent that has alkalizing action forms
salts of organic acids [37] and subsequently providing the nitrogen applied [24].

Chemical additives such as urea can also benefit from the silage sorghum (Table 4). Although
sorghum silage with urea present pH values and higher N ammonia, it does not mean that the
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fermentation process is undesirable. Urea may act primarily in the metabolism of microorgan-
isms, such as yeasts, reducing the conversion of the soluble compounds to ethanol, reducing
DM losses. Furthermore, the addition of urea in sorghum silage had no negative effect on the
production of lactic acid [26].

The sorghum has high WSC that can excessively acidify the silage due to excessive lactic acid
production. The effect of different doses of urea on sorghum silage [26] found that the addition
of urea reduced DM and WSC losses, reducing the production of ethanol from treated silages.
Another benefit noted by the author was a high possibility of recovery of the nitrogen applied
in the silages by incorporating the biomass ensiled.

The use of microbiological and chemical additives in sorghum silage can benefit from the
fermentation process, and prolong the aerobic stability of silages [26].

After evaluating sorghum silage inoculated with lactic acid bacteria homofermentative and
heterofermentative (Table 4), the researchers observed that the pH and WSC concentration
decreased during fermentation, while increased lactic acid, acetic acid, ethanol, and ammonia
content [38].

The addition of inoculants from lactic acid bacteria, such as Lactobacillus buchneri and Lactoba-
cillus plantarum can benefit fermentation. Sorghum silages additive with L. plantarum showed
low pH, lower content of acetic acid, ammonia nitrogen, and increased the production of lactic
acid [38]. While silage inoculated with L. buchneri had a higher content of acetic acid and
ethanol and lower lactic acid concentration [38].

L. buchneri is heterofermentative bacteria capable of converting water-soluble carbohydrates
into lactic acid and other compounds with less acidifying power of the medium, such as acetic
acid [39]. Still, these bacteria are capable of producing ethanol, which justifies higher values in
the silage [39].

Another alternative is production of sorghum silage mixed with grasses. The sorghum silage
has a high carbohydrate concentration, which implies the production of acid silage with

TRAT pH NH3/TN LA AA ET

Sorghum 4.73 0.228 6.01 0.83 0.44

Sorghum + LB 4.78 0.257 3.09 3.93 0.46

Sorghum + LP 4.25 0.189 12.46 0.56 0.40

Sorghum + 0.5% urea 3.69 0.169 5.27 0.85 0.60

Sorghum + 1.0% urea 3.73 0.401 6.69 0.37 0.26

Sorghum + 2.0% urea 3.76 0.525 5.71 0.70 ND

Sorghum + 4.0% urea 3.98 0.767 6.72 0.83 ND

Note: LB = Lactobacillus buchneri; LP = Lactobacillus plantarum; ND = Not detected.
Sources: Adapted from Filya [38] and Santos [26].

Table 4. Values of pH, relation ammoniacal nitrogen/total nitrogen (NH3/TN), lactic acid (LA), acetic acid (AA), and
ethanol (ET) of sorghum silage.
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predisposition to the development of deleterious microorganisms such as yeasts, and when
under aerobic conditions in the silo-opening phase, aerobic stability is reduced.

In turn, grasses silages have lower amounts of WSC, buffering capacity, and relatively larger
pH, which would lead to an increase in the production of acetic acid, the resulting product is
essentially heterofermentative bacteria. Acetic acid has antifungal properties and may delay
the development of fungi and degradation of nutrients in silage with high nutritional value,
thus increasing the aerobic stability.

Considering these characteristics, the production of mixed silage sorghum with grass could
promote appropriate fermentation profile, resulting in silage quality, as well as increase the
aerobic stability of silage when exposed to air in the discharge phase, resulting in the reduction
of aerobic degradation losses.

Evaluating sorghum silage mixed with 0, 25, 50, 75, and 100% of elephant grass, researchers
found losses are reduced by gases (up to the level of 50%) and effluent (when added 75% grass
elephant) in sorghum silage mixed with elephant grass [40]. Still mixed with elephant grass
silages showed high resistance to heating after exposure to air of silage, there was an improve-
ment in the aerobic stability of silage.

4.2. Pearl millet

The pearl millet (Pennisetum glaucum) is a grass of tropical region that can be considered
alternative to forage production in Brazilian semiarid because it is a short cycled plant with
high nutritive value adapted to climatic and soil conditions and it has great potential of
production [41]. Because of its hardiness, rapid growth, adaptation to low soil fertility, and
excellent biomass production capacity, it is an alternative to semiarid climates, where there are
large climatic uncertainties.

This grass species has been widely used by producers as an alternative to attempt the require-
ments of animals in the critical part of the year. Pearl millet has been used as forage for the
production of silage in periods of drought because of its specific characteristic such as more
persistent drought, adapted to low fertility soils, fast growth, and good biomass production
[35, 42].

Researchers evaluated the recovery of dry matter and losses of dry matter in the form of gases
and effluent, and pH in silage of two pearl millet genotypes under nitrogen fertilization and
found that the silages with lower pH were decreased the DM recovery and increased the
soluble carbohydrates, which triggered the alcoholic fermentation [16].

The release of effluent can contribute to significant losses in the silage, considering that the DM
content of pearl millet plants is relatively low. In many cases, good results have been achieved
by using moisture-absorbing additives.

The incorporation of substances that absorb moisture inside the silo, such as citrus pulp, corn
disintegrated with straw, corn cornmeal, and sorghum, favors the fermentation process. The
incorporation of 3–7% of additives is sufficient to increase the DM content of the silage up to
25% DM, but this strategy should always be evaluated based on cost. Another alternative is to
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fermentation process is undesirable. Urea may act primarily in the metabolism of microorgan-
isms, such as yeasts, reducing the conversion of the soluble compounds to ethanol, reducing
DM losses. Furthermore, the addition of urea in sorghum silage had no negative effect on the
production of lactic acid [26].

The sorghum has high WSC that can excessively acidify the silage due to excessive lactic acid
production. The effect of different doses of urea on sorghum silage [26] found that the addition
of urea reduced DM and WSC losses, reducing the production of ethanol from treated silages.
Another benefit noted by the author was a high possibility of recovery of the nitrogen applied
in the silages by incorporating the biomass ensiled.

The use of microbiological and chemical additives in sorghum silage can benefit from the
fermentation process, and prolong the aerobic stability of silages [26].

After evaluating sorghum silage inoculated with lactic acid bacteria homofermentative and
heterofermentative (Table 4), the researchers observed that the pH and WSC concentration
decreased during fermentation, while increased lactic acid, acetic acid, ethanol, and ammonia
content [38].

The addition of inoculants from lactic acid bacteria, such as Lactobacillus buchneri and Lactoba-
cillus plantarum can benefit fermentation. Sorghum silages additive with L. plantarum showed
low pH, lower content of acetic acid, ammonia nitrogen, and increased the production of lactic
acid [38]. While silage inoculated with L. buchneri had a higher content of acetic acid and
ethanol and lower lactic acid concentration [38].

L. buchneri is heterofermentative bacteria capable of converting water-soluble carbohydrates
into lactic acid and other compounds with less acidifying power of the medium, such as acetic
acid [39]. Still, these bacteria are capable of producing ethanol, which justifies higher values in
the silage [39].

Another alternative is production of sorghum silage mixed with grasses. The sorghum silage
has a high carbohydrate concentration, which implies the production of acid silage with

TRAT pH NH3/TN LA AA ET

Sorghum 4.73 0.228 6.01 0.83 0.44

Sorghum + LB 4.78 0.257 3.09 3.93 0.46

Sorghum + LP 4.25 0.189 12.46 0.56 0.40

Sorghum + 0.5% urea 3.69 0.169 5.27 0.85 0.60

Sorghum + 1.0% urea 3.73 0.401 6.69 0.37 0.26

Sorghum + 2.0% urea 3.76 0.525 5.71 0.70 ND

Sorghum + 4.0% urea 3.98 0.767 6.72 0.83 ND

Note: LB = Lactobacillus buchneri; LP = Lactobacillus plantarum; ND = Not detected.
Sources: Adapted from Filya [38] and Santos [26].

Table 4. Values of pH, relation ammoniacal nitrogen/total nitrogen (NH3/TN), lactic acid (LA), acetic acid (AA), and
ethanol (ET) of sorghum silage.
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predisposition to the development of deleterious microorganisms such as yeasts, and when
under aerobic conditions in the silo-opening phase, aerobic stability is reduced.

In turn, grasses silages have lower amounts of WSC, buffering capacity, and relatively larger
pH, which would lead to an increase in the production of acetic acid, the resulting product is
essentially heterofermentative bacteria. Acetic acid has antifungal properties and may delay
the development of fungi and degradation of nutrients in silage with high nutritional value,
thus increasing the aerobic stability.

Considering these characteristics, the production of mixed silage sorghum with grass could
promote appropriate fermentation profile, resulting in silage quality, as well as increase the
aerobic stability of silage when exposed to air in the discharge phase, resulting in the reduction
of aerobic degradation losses.

Evaluating sorghum silage mixed with 0, 25, 50, 75, and 100% of elephant grass, researchers
found losses are reduced by gases (up to the level of 50%) and effluent (when added 75% grass
elephant) in sorghum silage mixed with elephant grass [40]. Still mixed with elephant grass
silages showed high resistance to heating after exposure to air of silage, there was an improve-
ment in the aerobic stability of silage.

4.2. Pearl millet

The pearl millet (Pennisetum glaucum) is a grass of tropical region that can be considered
alternative to forage production in Brazilian semiarid because it is a short cycled plant with
high nutritive value adapted to climatic and soil conditions and it has great potential of
production [41]. Because of its hardiness, rapid growth, adaptation to low soil fertility, and
excellent biomass production capacity, it is an alternative to semiarid climates, where there are
large climatic uncertainties.

This grass species has been widely used by producers as an alternative to attempt the require-
ments of animals in the critical part of the year. Pearl millet has been used as forage for the
production of silage in periods of drought because of its specific characteristic such as more
persistent drought, adapted to low fertility soils, fast growth, and good biomass production
[35, 42].

Researchers evaluated the recovery of dry matter and losses of dry matter in the form of gases
and effluent, and pH in silage of two pearl millet genotypes under nitrogen fertilization and
found that the silages with lower pH were decreased the DM recovery and increased the
soluble carbohydrates, which triggered the alcoholic fermentation [16].

The release of effluent can contribute to significant losses in the silage, considering that the DM
content of pearl millet plants is relatively low. In many cases, good results have been achieved
by using moisture-absorbing additives.

The incorporation of substances that absorb moisture inside the silo, such as citrus pulp, corn
disintegrated with straw, corn cornmeal, and sorghum, favors the fermentation process. The
incorporation of 3–7% of additives is sufficient to increase the DM content of the silage up to
25% DM, but this strategy should always be evaluated based on cost. Another alternative is to
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prewilting of the forage to be ensiled. This practice is effective. However, due to the significant
increase in hand-to-work has proved more viable for small-scale silage production.

4.3. Grasses

Grasses cultivated under tropical conditions have high production in favorable season and
reduction in unfavorable periods. Usually, there has been a fodder surplus in times of water,
which should be maintained for subsequent supply in the drought period of the year. In this
context, the grasses surplus ensiling can be a good practice to increase the supply of dry matter
to animals in unfavorable times. Nevertheless, grasses have low DM andWSC content, as well
as a limited number of indigenous bacteria, so that they require the techniques that increase
their DM content and favoring the production of lactic acid bacteria [43].

The tropical grasses have low dry matter content, high power buffer, and low in soluble
carbohydrates in the growth stages that have adequate nutritional value, which may harm
the conservation process through the silage due to the possibilities of arising secondary fer-
mentations, increasing the losses, and reducing the final quality of the ensiled material [44].

Researchers evaluated the effect of plant maturity on the DM content [45] and found the DM
contents of 19.42, 21.06, 20.25, and 22.41% for 30 crops with heights of 40, 50, and 60 cm, which
are unfavorable for appropriate fermentation of grass silage.

The WSC content in grasses is generally low depending on species and time of harvesting.
The minimum WSC concentration to ensure the appropriate fermentation process is in the
range 8–10% (DM basis) [13]. The WSC represents the main substrate for lactic acid bacteria,
and must be at high concentration in plants prior to ensiling, so that the fermentation process
is accelerate and the pH lowered rapidly, thereby inhibiting the growth of undesirable micro-
organisms.

The WSC and DM contents and buffering capacity influence directly the fermentation process
of silage. Researchers [46] found that the DM and WSC content increases with the increase of
regrowth age. Water-soluble carbohydrate levels in tropical grasses are low and thus it is
difficult to reduce pH because of the absence of substrate for lactic acid bacteria, which
suppresses the fermentation process.

Besides WSC and DM contents, buffering capacity also influences the ensiling process. The
buffering capacity of forage resists changes in pH, which reduced the rapid lowering of pH
necessary for forage preservation. The ratio of WSC and buffering capacity is important for the
silage process. When the ratio is decreased it needs to increase in the DM content to avoid
undesirable fermentation inside the silo.

The control of the ensiling process may be realized by the use of additives. Researchers [47]
evaluated the effect of citrus pulp on Tanzania grass silage and found increased ratio of WSC
and buffering capacity, which resulted in improved fermentation characteristics of silages with
reduction of pH and ammonia-N values.

Another way to increase the level of soluble carbohydrates of forages before ensiling is the
inclusion of sugarcane. The benefits of using sugarcane are similar to molasses to increase the
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WSC content, resulting in reduction of pH and ammonia-N concentration and increasing the
DM content [48].

Other sources that are used as additives, which are rich in soluble carbohydrates, are the
residuals of fruit processing, such as cherry, pineapple, guava, passion fruit, mango, and
papaya. These residues are usually dry, and used as both WSC sources and to increase the
DM content of grass silage.

4.4. Leguminous

The leguminous species found in semiarid regions are drought tolerance. In order to reduce
production costs, leguminous are often used as protein banks to feed ruminant animals, since
the protein is expensive nutrient for animal nutrition [49].

The main leguminous fed to cattle in the semiarid region are leucaena (Leucaena leucocephala),
pigeon pea (Cajanus cajan), Gliricidia (Gliricidia sepium), jitirana (Merremia aegyptia), sisal (Agave
sisalana), perennial peanut (Arachis pintoi), among others.

Although these species are widely used as protein bank, some species of leguminous produced
in the semiarid region have antinutritional compounds such as cyanide and tannin. These
compounds may have a negative effect on ruminal degradation and become toxic when
leguminous are present in excess. The ensiling process can soften or remove these undesirable
compounds, improving the quality of food that provides to animals. This process has often
been used for feeding animals in feedlot [50].

Leguminous species are not favorable for silage because of low concentrations of dry matter
and water-soluble carbohydrates, and high protein content and buffering substances [51].
Because the amount of soluble carbohydrates, DM content, and buffer capacity [39], the
fermentation process of leguminous silage may not be acceptable. However, the use of addi-
tives can improve the silage fermentation of these leguminous.

The fermentation of the silage leguminous is resistant to pH reduction due to the high buffering
capacity and low content of soluble carbohydrates, which makes the highest production of lactic
acid. There are a high number of pulses present in semiarid. Thus, it is important to use tech-
niques which aimed at improving the ensiling process of legumes, making it favorable for silage.

The dry matter content directly influences the fermentative activity [13]. High moisture con-
tent and buffering capacity associated with low soluble carbohydrate content can lead to
increased butyric fermentation, with losses of nutrients in the final food.

Leguminous have a high content of protein and minerals. Salts of organic acids, sulfate,
nitrates, chlorides, and orthophosphate form the anion fraction of forage, which correspond
approximately 68–80% of buffer capacity [52]. The disadvantages of leguminous silage are the
need for increased lactic acid production to compensate for the high buffering capacity and
reduce the pH to values below 4.0 [53].

Some strategies are used which can modify and improve the fermentation process of legumi-
nous ensiling. In Table 5, we found that the silage pH perennial peanut had reduced after the
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prewilting of the forage to be ensiled. This practice is effective. However, due to the significant
increase in hand-to-work has proved more viable for small-scale silage production.

4.3. Grasses

Grasses cultivated under tropical conditions have high production in favorable season and
reduction in unfavorable periods. Usually, there has been a fodder surplus in times of water,
which should be maintained for subsequent supply in the drought period of the year. In this
context, the grasses surplus ensiling can be a good practice to increase the supply of dry matter
to animals in unfavorable times. Nevertheless, grasses have low DM andWSC content, as well
as a limited number of indigenous bacteria, so that they require the techniques that increase
their DM content and favoring the production of lactic acid bacteria [43].

The tropical grasses have low dry matter content, high power buffer, and low in soluble
carbohydrates in the growth stages that have adequate nutritional value, which may harm
the conservation process through the silage due to the possibilities of arising secondary fer-
mentations, increasing the losses, and reducing the final quality of the ensiled material [44].

Researchers evaluated the effect of plant maturity on the DM content [45] and found the DM
contents of 19.42, 21.06, 20.25, and 22.41% for 30 crops with heights of 40, 50, and 60 cm, which
are unfavorable for appropriate fermentation of grass silage.

The WSC content in grasses is generally low depending on species and time of harvesting.
The minimum WSC concentration to ensure the appropriate fermentation process is in the
range 8–10% (DM basis) [13]. The WSC represents the main substrate for lactic acid bacteria,
and must be at high concentration in plants prior to ensiling, so that the fermentation process
is accelerate and the pH lowered rapidly, thereby inhibiting the growth of undesirable micro-
organisms.

The WSC and DM contents and buffering capacity influence directly the fermentation process
of silage. Researchers [46] found that the DM and WSC content increases with the increase of
regrowth age. Water-soluble carbohydrate levels in tropical grasses are low and thus it is
difficult to reduce pH because of the absence of substrate for lactic acid bacteria, which
suppresses the fermentation process.

Besides WSC and DM contents, buffering capacity also influences the ensiling process. The
buffering capacity of forage resists changes in pH, which reduced the rapid lowering of pH
necessary for forage preservation. The ratio of WSC and buffering capacity is important for the
silage process. When the ratio is decreased it needs to increase in the DM content to avoid
undesirable fermentation inside the silo.

The control of the ensiling process may be realized by the use of additives. Researchers [47]
evaluated the effect of citrus pulp on Tanzania grass silage and found increased ratio of WSC
and buffering capacity, which resulted in improved fermentation characteristics of silages with
reduction of pH and ammonia-N values.

Another way to increase the level of soluble carbohydrates of forages before ensiling is the
inclusion of sugarcane. The benefits of using sugarcane are similar to molasses to increase the
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WSC content, resulting in reduction of pH and ammonia-N concentration and increasing the
DM content [48].

Other sources that are used as additives, which are rich in soluble carbohydrates, are the
residuals of fruit processing, such as cherry, pineapple, guava, passion fruit, mango, and
papaya. These residues are usually dry, and used as both WSC sources and to increase the
DM content of grass silage.

4.4. Leguminous

The leguminous species found in semiarid regions are drought tolerance. In order to reduce
production costs, leguminous are often used as protein banks to feed ruminant animals, since
the protein is expensive nutrient for animal nutrition [49].

The main leguminous fed to cattle in the semiarid region are leucaena (Leucaena leucocephala),
pigeon pea (Cajanus cajan), Gliricidia (Gliricidia sepium), jitirana (Merremia aegyptia), sisal (Agave
sisalana), perennial peanut (Arachis pintoi), among others.

Although these species are widely used as protein bank, some species of leguminous produced
in the semiarid region have antinutritional compounds such as cyanide and tannin. These
compounds may have a negative effect on ruminal degradation and become toxic when
leguminous are present in excess. The ensiling process can soften or remove these undesirable
compounds, improving the quality of food that provides to animals. This process has often
been used for feeding animals in feedlot [50].

Leguminous species are not favorable for silage because of low concentrations of dry matter
and water-soluble carbohydrates, and high protein content and buffering substances [51].
Because the amount of soluble carbohydrates, DM content, and buffer capacity [39], the
fermentation process of leguminous silage may not be acceptable. However, the use of addi-
tives can improve the silage fermentation of these leguminous.

The fermentation of the silage leguminous is resistant to pH reduction due to the high buffering
capacity and low content of soluble carbohydrates, which makes the highest production of lactic
acid. There are a high number of pulses present in semiarid. Thus, it is important to use tech-
niques which aimed at improving the ensiling process of legumes, making it favorable for silage.

The dry matter content directly influences the fermentative activity [13]. High moisture con-
tent and buffering capacity associated with low soluble carbohydrate content can lead to
increased butyric fermentation, with losses of nutrients in the final food.

Leguminous have a high content of protein and minerals. Salts of organic acids, sulfate,
nitrates, chlorides, and orthophosphate form the anion fraction of forage, which correspond
approximately 68–80% of buffer capacity [52]. The disadvantages of leguminous silage are the
need for increased lactic acid production to compensate for the high buffering capacity and
reduce the pH to values below 4.0 [53].

Some strategies are used which can modify and improve the fermentation process of legumi-
nous ensiling. In Table 5, we found that the silage pH perennial peanut had reduced after the
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addition of corn meal. Furthermore, additive increased the amount of lactic acid and acetic
acid and reduced the content of ammonia nitrogen, butyric acid, and propionic acid. The
additive corn meal positively changed the fermentation process of silage perennial peanut.

Other techniques such as wilting reduce losses in silage legumes. The wilting reduces the
formation of organic ions that can result in the buffering effect on the silage fermentation
process [54]. In Table 5, we confirmed the effect of wilting on silage perennial peanuts. Wilting
reduced the pH, ammonia nitrogen content, butyric acid, and propionic acid, and increased
the amounts of lactic and acetic acid. These changes are desirable, since lactic acid has preser-
vative effect on the fermentation of silage to acidify [13].

The biological additives can be used in leguminous silage. Table 5 shows the results of the
addition of inoculant in perennial peanuts silage, when the wilting before ensiling occurred.
This can be explained by the fact that due to the lower moisture content in the forage activity of
lactic acid bacteria is increases and reduced the activity of other bacteria, such as clostridia,
which are sensitive to osmotic pressure.

4.5. Cactus pear

The cactus pear (Opuntia ficus-indica and Nopalea cochenillifera Salm Dyck) has been increasing
in the face of constant climate changes in the current production scenario [55] and its use in the
objective Brazilian semiarid minimize the action of seasonality in the production process,
providing energy and increasing the availability of water via food for animals.

In order to rationalize the use of this forage resource, the cactus pear as a silage is an
alternative to this region. From the productive point, and the conservation of the nutri-
tional value of the forage, the cactus pear silage maximizes the use of natural resources
found in the Brazilian semiarid, enabling ranchers a new alternative for conservation of
foods rich in water and energy, which adds more value to this Cactaceae in arid and
semiarid regions.

TRAT pH NH3/TN LA AA BA PA

Perennial peanut (PP) 5.48a 18.22a 0.67h 0.09c 1.21a 1.61a

PP + 5% corn meal 4.76c 11.70ab 0.64h 0.17c 0.65b 0.86b

PP + 10% corn meal 4.57c 8.06bcd 2.29e 1.74ab 0.20de 0.86b

PP Wilted (PPW) 4.70c 4.15cd 1.10f 0.60bc 0.04e 0.03b

PP + Inoculant 5.18b 14.04ab 0.21i 3.25a 0.34cd 0.39b

PPW + Inoculant 4.67c 3.93cd 0.86g 1.15bc 0.03e 0.02b

Note: Means followed by the same letter in the column do not differ by 5% Tukey test.
Source: Adapted from Paulino et al. (2009).

Table 5. Values of pH, relation ammoniacal nitrogen/total nitrogen (NH3/TN), lactic acid (LA), acetic acid (AA), butiric
acid (BA), and propionic acid (PA) of perennial peanut silage.
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Cactus pear has a low DM content and high WSC content, which could lead to alcoholic
fermentation. However, researchers [56] evaluated cactus pear silages added with urea and
found appropriate fermentation and low nutrient losses in silage. Despite some unfavorable
attributes for silage, other characteristic of the cactus pear as per their bioactive compounds
must be taken into consideration.

During rainy seasons, the cactus pear crop is not recommend for the ensiling process, because
of the high moisture content that may bring difficulties in handling this material.

Other aspects related to fermentation kinetics of cactus pear silage are the percentage of
organic acids found in the cactus pear cladodes, such as oxalic, citric, malonic succinic, and
tartaric acids [57], which buffers the environment that impedes the lowering of pH.

Cactus pear is forage with low DM content and high WSC concentration, which may favor the
development of undesirable fermentation. However, the bioactive compounds present in cac-
tus pear promote homeostatic conditions in ensiled mass.

The emulsifier gel is formed after cutting of cactus pear, resulting of breaking of chlorenchyma
and parenchyma cells, it is store mucilage, a hydrocolloid that promotes fluid retention. The
hydrocolloids are compounds formed by highly hydrophilic polysaccharides, which reduce
the movement of water providing increased viscosity of materials and thus the mucilage
formation [58]. These compounds may be responsible for reducing effluent losses due to
mucilage aggregates of fluid compounds.

The interaction of forage characteristics and its associative effects, as well as the handling,
during ensiling directly influence the efficiency of the preservation process. The additives, in
general, have been test more often in order to facilitate the practice of forage silage with high
moisture and WSC content. The reports evaluating the silage cactus pear are still incomplete,
as well as studies indicating additives for silage.

In recent studies with silage palm, researchers [56] conducted experiments to evaluate the
losses resulting from the fermentation of forage cactus pear using additives such as urea and
wheat bran. It observed that the urea reduced the effect of the increasing DM content and the
crude protein values of cactus pear silage.

The cactus pear has favorable characteristics for the ensiling process; it is possible to produce
good quality silage. Although many believe that the characteristics of the cactus pear, espe-
cially high WSC content, imply in inadequate fermentation characteristics. Cactus pear con-
sists of elements that make it potential to be used as silage. Still, cactus pear silage is composed
of a diet rich in energy for ruminants, as well as serve as an alternative source of metabolic
water readily available in animal feed, especially in times of drought.

5. Final considerations

The use of plant to appropriate silage in combination with cultivate, harvesting, and silo filling
results in a successful preservation of forage as silage.
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Tropical crops, due to the tolerance of low water availability, are ideal for preserving forage as
silage. In semiarid regions, the fermentative process of forages varies with conditions, and
sometimes it requires additives.
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Abstract

The conventional silage uses crops such as corn, sorghum or other forages for this
specific objective. The nonconventional silages use by-products, co-products and other
materials  obtained during the harvest  or  during the processing in the industry of
sugarcane, juice extraction of citrus, pineapple, cassava, pumpkin and others. These
products are available in high amounts during a short period of time. These by-products
can be ensiled to maintain their nutritive value during longer period in the year and
then used as feed for animals. These by-products have adequate characteristics for
ensiling, i.e., moisture content and fermentable carbohydrates. Forages reduce their
crude protein (CP) concentration in a period of the year (dry season or in winter), which
may limit animal production. Most by-products used for silage have low CP concen-
tration; some additives may help increase the nutritive value of these silages. These by-
products (sugarcane, juice extraction of citrus, pineapple, cassava, pumpkin and others)
can be mixed and ensiled with other by-products as poultry excreta or forage rich in
protein to obtain silage with greater CP concentration. The research shows the feasibility
of obtaining good quality silages from sugarcane tops, by-products of citrus, cassava
and pumpkin; the particularities of each are discussed in detail in this chapter.

Keywords: potential use, nonconventional, by-products, silage, tropics

1. Introduction

The preparation of conventional silage considers crops for this specific purpose; these crops
include corn, sorghum or other forages. Nonconventional silages use by-products, co-products
and other materials different from conventional crops; they include by-products of sugarcane,
juice extraction of citrus, pineapple, cassava, pumpkin and others. These products are available
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in high amounts during a short period of time, the harvest season. Their preservation is required
so they can be maintained for longer periods of time and used then as feed for animals. Silage
represents an appropriate technique for this purpose. Also these materials may have adequate
characteristics for ensiling, i.e., adequate moisture content and high fermentable carbohydrates.
These byproducts may have low crude protein (CP) and mineral concentration and some
additives may help increase the nutritive value of these silages.

The improvement in nutritional quality of silages with nonconventional products may
contribute to better animal feeding and production in tropical and subtropical areas. In
addition, the use of alternative silages for animal feeding also may contribute by reducing
environmental pollution. If by-products are not used in a short time (during the harvest season)
they will be wasted in fields and in other cases they are burned. The objective of this chapter
is to review the potential use of nonconventional silages (sugarcane tops [SCT], citrus byprod-
ucts, pumpkin and cassava) for ruminant feeding in tropical and subtropical areas.

2. Ensiling process

Silage is the preservation of feeds by anaerobic fermentation, usually by epiphytic bacteria that
convert soluble carbohydrates mainly to lactic acid, and minor amounts of other volatile fatty
acids. This reduces pH, which inactivates or inhibits microbial growth and results in the
preservation of ensiled material. The ensiling process has four stages. In phase 1, aerobic
microorganisms are active during the aerobic phase and occur under aerobic conditions during
the few hours after ensiling. The ensiled material and facultative microorganisms (yeasts and
enterobacteria) continue respiration, reducing the oxygen present. The enzymes of the ensiled
material are active and pH is close to 6. In phase 2, anaerobic fermentation starts and continues
for several days depending on substrate availability and ensiling conditions. Lactic bacteria
become the main strain, and lactic acid reduces pH to 3.8–5.0. In phase 3, the process is stable,
because changes can occur even in anaerobic conditions; most microorganisms reduce their
numbers. During this phase, while the silage maintains anaerobic conditions, the process is
practically unchanged. Phase 4 starts with the opening of the silage, or air exposure. The
spoilage of silage in this phase is due to two processes: one is the degradation of acids that
preserve the silage and the second is the spoilage by some microorganisms [1].

To produce good quality silage the following principles of fermentation during the phases of
ensiling should be considered. For phase 1, adequate particle size of ensiled material with
efficient filling (adequate packing density) will reduce aerobic respiration that allows faster
growth of anaerobic microorganisms that produce lactic acid. Phases 2 and 3 can be enhanced
and/or stabilized using some additives to silage during its preparation. For fast time of pH
reduction and decrease dry matter (DM) losses, additives containing water soluble carbohy-
drates are used. To improve the fermentation process, some microbial inoculants, organic acids
and enzymes can also be used. It is pointed out [2] that additives in silage stimulate lactic acid
bacteria growth, responsible of silage stability, decreasing nutrient loss during fermentation
and resulting in silage of higher nutrient concentration. Additives that contribute to silage
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stability are acetic, propionic and caproic acids; also ammonia and some inoculants may
contribute to silage stability [2]. To reduce the spoilage of ensiled material in phase 4, it is
recommended that the silage be used as fast as possible once the silo is opened [1].

3. Nutritive value of silages

3.1. Nutritive value of sugarcane tops silage

In tropical areas, high amounts of vegetal biomass are produced due to the dynamic ecosystem,
which is favored by the climatic conditions, i.e., humidity and temperature that propitiate
accelerated growth of plants. An example of these plants is sugarcane (Saccharum officinarum);
it can be fed to animals as an entire plant [3]. During the harvest of sugarcane for sugar
extraction in the field an abundant biomass of sugarcane tops is wasted or burned; they
constitute about 15% dry matter of total plant [4] and have greater protein content than the
stalks [5], representing an alternative forage for ruminants in subtropical areas, where the
climatic conditions complicate forage preservation; for this, sugarcane tops silage represents
an alternative. The replacement of stalks by fresh tops of sugarcane in feedlot cattle diets has
increased dry matter intake and body weight gain, Table 1 [6]. The supplementation with urea
of slow ruminal degradation to fresh sugarcane tops improved weight gain in lambs, Table 2
[7]. Ruminal fermentation of fresh sugarcane tops is improved when supplemented with
nitrogen and nonstructural carbohydrates [8], also similar results are observed in Table 3 [9].

Top:stalk fresh basis

0:100 20:80 40:60 60:40 80:20 100:00

ADG, kg/d 0.605 0.614 0.699 0.760 0.788 0.839

DMI, kg/d 4.52 4.66 6.49 6.40 6.76 7.50

Feed/gain 7.47 7.59 9.28 8.35 8.57 8.94

ADG = average daily gain; DMI = dry matter intake; feed conversion = feed intake/weight gain.
Adapted with permission from Ferreiro and Preston [6].

Table 1. Summary of growth performance of feedlot cattle fed with different proportions of tops:stalks of sugarcane.

SCT    SCT plus slow degrading urea SCT plus slow degrading urea plus corn plant

ADG, g/d 70 135 218

DMI, g/d   474 797 917

SCT = sugarcane tops; ADG = average daily gain; DMI = dry matter intake.
Adapted with permission from Galina et al. [7].

Table 2. Summary of growth performance of feedlot lambs fed with sugarcane tops supplemented with slow
degrading urea and corn plant.
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Ruminal parameters

Washing loss

(A)

Degradability of water

insoluble fractions (B)

Potential

degradability (A + B)

Fractional

degradation rate (C)

Trial 1

0 g/kg TG 0.17 0.36b 0.54b 0.0490

300 g/kg TG 0.17 0.39a 0.57a 0.0496

Trial 2

0 g/kg PM 0.17 0.38b 0.56b 0.0437

300 g/kg PM 0.17 0.40a 0.58a 0.0472

Trial 3

0 g/kg Urea 0.17 0.38b 0.56b 0.0448b

24 g/kg Urea 0.17 0.42a 0.60a 0.0568a

Trial 4

0 g/kg HNESO 0.17 0.37b 0.55b 0.0441b

1500 g/kg HNES15 0.17 0.45a 0.63a 0.0578a

TG = Taiwan grass (Pennisetum purpureum); PM = poultry manure; HNES = high nitrogen and energy supplement; the
latter had (g/kg) ammonium sulfate 18, animal lard 40, cement kiln dust 16, corn 112, cottonseed meal 164, fish meal 42,
limestone 32, mineral salts 10, molasses 182, orthophosphate 30, poultry manure 116, rice polishing 160, NaCl 40 and
urea 38; within columns, different literals (a or b), denote statistical difference (P<0.05).
Adapted with permission from Ortiz-Rubio et al. [9].

Table 3. Parameters of ruminal kinetics of sugarcane tops supplemented with different feeds, data obtained from in
situ incubations in steers.

Ensiling sugarcane tops is a logical alternative; however, this process may have complications.
It is reported that ensiling reduced dry matter digestibility and feed intake in lambs [10],
probably because of excessive production of ethanol during the process [11].

Values of 4.7% and 10.1% crude protein, 87% and 78% neutral detergent fiber (NDF), respec-
tively, were reported for fresh and ensiled sugarcane tops [12]; however, this increase in protein
could be a dilution effect and not by the fermentative process of ensiling. Acceptable color and
odor, indicating no putrefaction was also reported; pH was from 4.0 to 4.04. In vitro gas
production was higher for fresh than ensiled sugarcane tops at 24 h; however, the organic
matter digestibility estimated from in vitro gas production was higher for ensiled sugarcane
tops [12].

It was found that sugarcane tops (SCT) had lower CP and minerals than broiler litter (BL).
These two feed ingredients can improve silage nutritional composition, fermentation charac-
teristics, degradation of DM by microorganisms in the rumen and destruction of mycotoxin-
producing fungi (MPF). Excessively high amount of BL can cause deleterious effects on the
quality of the resulting silage product. It would therefore be recommended that a 30–45%
inclusion rate is the most appropriate level of incorporation of BL in silages. Adequate levels
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of moisture are needed in silage [13]. From 30 to 45% BL enhanced lactic acid production and
pH was acceptable; however, 60% of BL in silage resulted in high buffer capacity with high
levels of ammonia production that caused silage pH increased.

In a study, sorghum stover was substituted with sugarcane top silage supplemented with urea
[0 (T1), 5 (T2) and 10% (T3) DM] in high concentrate diets for feedlot hair lambs. It was observed
a reduction of effective ruminal degradability with increased SCT contents in silage. Feedlot
hair lambs observed reduced feed intake augmenting sugarcane tops silage in their ration.
Nevertheless daily weight gain was not affected by diet. Feed efficiency (gain/feed intake) was
not influenced by treatment. It was concluded that ensiled sugarcane tops constitute alternative
forage in diets for growing-finishing feedlot lambs [14].

3.2. Nutritional value of citrus silage

Most citrus species are well adapted in tropical and subtropical areas. Citrus fruits are used as
dessert, although considerable amounts are used for industrial juice extraction. Citrus
production in the producing countries is increasing [15]. The augmented disposal costs in
many parts of the world have stimulated attention in utilizing citrus by-product feedstuffs
(BPFs) as alternate feeds for ruminants [16]. In ruminant feeding, the principal citrus by-
products are fresh pulp, silage, dried, meal, molasses and citrus peel liquor. Other minor BPFs
from citrus include cull or excess fruit. Citrus BPFs can be used as a high-energy feed in
ruminant rations to support growth and lactation, with fewer negative effects on rumen
fermentation than starch-rich feeds.

The world citrus production of the genus Citrus are sweet orange (C. sinensis: 67.8%), tangerine
(C. reticulata: 17.9%), lemon (C. limon: 6.3%) and grapefruit (C. paradisi: 5.0%).

The remaining 3.0% of the Citrus genera are sour orange (C. quarantium), shaddock (C.
grandis), citron (C. medica) and lime (C. aurantifolia). The largest world orange juice producing
countries are Brazil, the United States, Mexico, Spain, China and Italy. Other significant orange
producing countries include South Africa, Israel, Egypt, Iran, Cuba, Costa Rica, Belize, Japan
and Australia [17]. It would be convenient to develop methods to preserve the fruit surplus
during the production season in tropical countries that would enable this plant material to be
utilized as animal feeds for longer periods of time [18].

It was showed that ensiling citrus by-products are possible; however, the high water content
might affect the quality of the product [16]. This sense, citrus pulp silage produces high quality
fermentation when straw and poultry litter are added [19]. In other research [20], fresh orange
peel was ensiled without additive (control), or with enzyme inoculate (EI), formic acid (FA),
propionic acid (PA) and acetic acid (AA). Samples of fresh and ensiled orange peel were
analyzed for dry matter (DM), crude protein (CP), neutral detergent fiber (NDF), acid detergent
fiber (ADF), in vitro dry matter and cell wall disappearance, pH, buffering capacity and
ammonia N. In this study, it was concluded that the additives used did not improve nutritional
value of orange peel silage. Similarly, it was observed that orange peel silage showed a high
apparent digestibility, although additives did not alter nutritive value of silages [21]. In
different results, three silages of orange fruit wastes (OFWs) combined with (1) urea (0.5%);
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Ruminal parameters

Washing loss

(A)

Degradability of water

insoluble fractions (B)

Potential

degradability (A + B)

Fractional

degradation rate (C)

Trial 1

0 g/kg TG 0.17 0.36b 0.54b 0.0490

300 g/kg TG 0.17 0.39a 0.57a 0.0496

Trial 2

0 g/kg PM 0.17 0.38b 0.56b 0.0437

300 g/kg PM 0.17 0.40a 0.58a 0.0472

Trial 3

0 g/kg Urea 0.17 0.38b 0.56b 0.0448b

24 g/kg Urea 0.17 0.42a 0.60a 0.0568a

Trial 4

0 g/kg HNESO 0.17 0.37b 0.55b 0.0441b

1500 g/kg HNES15 0.17 0.45a 0.63a 0.0578a

TG = Taiwan grass (Pennisetum purpureum); PM = poultry manure; HNES = high nitrogen and energy supplement; the
latter had (g/kg) ammonium sulfate 18, animal lard 40, cement kiln dust 16, corn 112, cottonseed meal 164, fish meal 42,
limestone 32, mineral salts 10, molasses 182, orthophosphate 30, poultry manure 116, rice polishing 160, NaCl 40 and
urea 38; within columns, different literals (a or b), denote statistical difference (P<0.05).
Adapted with permission from Ortiz-Rubio et al. [9].

Table 3. Parameters of ruminal kinetics of sugarcane tops supplemented with different feeds, data obtained from in
situ incubations in steers.

Ensiling sugarcane tops is a logical alternative; however, this process may have complications.
It is reported that ensiling reduced dry matter digestibility and feed intake in lambs [10],
probably because of excessive production of ethanol during the process [11].

Values of 4.7% and 10.1% crude protein, 87% and 78% neutral detergent fiber (NDF), respec-
tively, were reported for fresh and ensiled sugarcane tops [12]; however, this increase in protein
could be a dilution effect and not by the fermentative process of ensiling. Acceptable color and
odor, indicating no putrefaction was also reported; pH was from 4.0 to 4.04. In vitro gas
production was higher for fresh than ensiled sugarcane tops at 24 h; however, the organic
matter digestibility estimated from in vitro gas production was higher for ensiled sugarcane
tops [12].

It was found that sugarcane tops (SCT) had lower CP and minerals than broiler litter (BL).
These two feed ingredients can improve silage nutritional composition, fermentation charac-
teristics, degradation of DM by microorganisms in the rumen and destruction of mycotoxin-
producing fungi (MPF). Excessively high amount of BL can cause deleterious effects on the
quality of the resulting silage product. It would therefore be recommended that a 30–45%
inclusion rate is the most appropriate level of incorporation of BL in silages. Adequate levels
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of moisture are needed in silage [13]. From 30 to 45% BL enhanced lactic acid production and
pH was acceptable; however, 60% of BL in silage resulted in high buffer capacity with high
levels of ammonia production that caused silage pH increased.

In a study, sorghum stover was substituted with sugarcane top silage supplemented with urea
[0 (T1), 5 (T2) and 10% (T3) DM] in high concentrate diets for feedlot hair lambs. It was observed
a reduction of effective ruminal degradability with increased SCT contents in silage. Feedlot
hair lambs observed reduced feed intake augmenting sugarcane tops silage in their ration.
Nevertheless daily weight gain was not affected by diet. Feed efficiency (gain/feed intake) was
not influenced by treatment. It was concluded that ensiled sugarcane tops constitute alternative
forage in diets for growing-finishing feedlot lambs [14].

3.2. Nutritional value of citrus silage

Most citrus species are well adapted in tropical and subtropical areas. Citrus fruits are used as
dessert, although considerable amounts are used for industrial juice extraction. Citrus
production in the producing countries is increasing [15]. The augmented disposal costs in
many parts of the world have stimulated attention in utilizing citrus by-product feedstuffs
(BPFs) as alternate feeds for ruminants [16]. In ruminant feeding, the principal citrus by-
products are fresh pulp, silage, dried, meal, molasses and citrus peel liquor. Other minor BPFs
from citrus include cull or excess fruit. Citrus BPFs can be used as a high-energy feed in
ruminant rations to support growth and lactation, with fewer negative effects on rumen
fermentation than starch-rich feeds.

The world citrus production of the genus Citrus are sweet orange (C. sinensis: 67.8%), tangerine
(C. reticulata: 17.9%), lemon (C. limon: 6.3%) and grapefruit (C. paradisi: 5.0%).

The remaining 3.0% of the Citrus genera are sour orange (C. quarantium), shaddock (C.
grandis), citron (C. medica) and lime (C. aurantifolia). The largest world orange juice producing
countries are Brazil, the United States, Mexico, Spain, China and Italy. Other significant orange
producing countries include South Africa, Israel, Egypt, Iran, Cuba, Costa Rica, Belize, Japan
and Australia [17]. It would be convenient to develop methods to preserve the fruit surplus
during the production season in tropical countries that would enable this plant material to be
utilized as animal feeds for longer periods of time [18].

It was showed that ensiling citrus by-products are possible; however, the high water content
might affect the quality of the product [16]. This sense, citrus pulp silage produces high quality
fermentation when straw and poultry litter are added [19]. In other research [20], fresh orange
peel was ensiled without additive (control), or with enzyme inoculate (EI), formic acid (FA),
propionic acid (PA) and acetic acid (AA). Samples of fresh and ensiled orange peel were
analyzed for dry matter (DM), crude protein (CP), neutral detergent fiber (NDF), acid detergent
fiber (ADF), in vitro dry matter and cell wall disappearance, pH, buffering capacity and
ammonia N. In this study, it was concluded that the additives used did not improve nutritional
value of orange peel silage. Similarly, it was observed that orange peel silage showed a high
apparent digestibility, although additives did not alter nutritive value of silages [21]. In
different results, three silages of orange fruit wastes (OFWs) combined with (1) urea (0.5%);
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(2) leucaena (ratio 1:1 leucaena-OFW) and (3) orange fruit wastes plus a fish (Oreochromis
aureus) of noncommercial size disintegrated (ratio 2:1). In this report, it was observed that
orange fruit wastes plus leucaena silage showed high alcohol content. But the silage with fish
had adequate chemical properties and could be recommended to farmers [22]. In the silage of
kinnow mandarin (Citrus nobilislour × Citrus deliciosa tenora) fruit waste, it was observed that
this by-product can be used to prepare good quality silage for goats [23]. In a similar report
[24], the fermentative characteristics, intake, digestibility and aerobic stability of pineapple
silage (PS) or citrus silage (CS) were studied. Crossbred rams were used to determine the in
vivo digestibility. Final pH at 65 d was 3.21 and 3.32 for PS and CS; in both silages, population
of Enterobacteriaceae was not detected. The DM and CP intakes and digestibility were similar
among treatments. In this study, it was noted that both silages of by-products were unstable
upon aerobic exposure, PS after 1 d when fermented 29 d and CS after 3 d when fermented 65
d. Results indicate that pineapple and citrus by-products could be preserved as silage and
included in sheep diets at 20% substitution of grass without adverse results; however, they are
susceptible to aerobic deterioration. This may represent the use of silage in feeding the animals
as fast as possible when silage is open (Table 4).

Days of fermentation

0 7 29 65

pH 5.4 3.7 3.5 3.3

Dry matter, % 24.2 19.7 19.0 18.7

Crude protein, % 5.7 5.9 6.4 6.5

NDF, % 16.2 23.4 24.2 23.7

Water soluble carbohydrates, % 5.6 1.8 4.2 5.4

Lactic acid, g/kg 0.02 1.17 1.2 1.7

Acetic acid, g/kg 0 0.20 0.27 0.36

Propionic acid, g/kg 0 0 0.01 0.01

Butyric acid, g/kg ND ND ND ND

Ammonia-N, g/kg 1.4 1.3 1.3 1.2

Adapted with permission from Pagán et al. [24]. NDF = neutral detergent fiber.

Table 4. Fermentation characteristics of citrus by-products silage at different periods of process.

3.3. Nutritive value of pumpkin silage

Fresh pumpkin can be fed to animals; they have seasonal availability. To preserve pumpkins
and use them in different seasons of the year, silage may represent an alternative in ruminant
feeding. The complete fruits are carbohydrate and protein rich. The total sugar and crude
protein are 48.1% and 18.2%, respectively; however they have low dry matter concentration
(16.8%). For this reason, when ensiling pumpkin, an adsorbent material should be included to
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have adequate water level. The silage of pumpkin with dried beet pulp has about 11% CP [25].
The nutritional quality of pumpkin silage was assessed by Halik et al. [26] who produced
silages with chopped pumpkin (Cucurbita maxima) fruits mixed with dried beet pulp at an 80:20
ratio. Silages were prepared with or without inoculant; the inoculant contained Lactobacillus
plantarum bacteria, endo-1,4-beta-glucanase, xylanase and glucoamylase. The inoculant was
applied at 0.2% of the ensiled material. The material after ensiling (10 weeks) had lower crude
fiber and ADF compared to fresh material, whereas the inoculant had no effect on silage pH
(4.5 and 4.4 for no inoculant and with inoculant) but reduced ammonia, nitrogen and ethanol
and increased lactic and acetic acids, indicating higher aerobic stability with improved silage
quality.

Silages were made of pumpkin (C. maxima), sorghum straw, urea and cane molasses at levels
of 73.4%, 25.6%, 1% and 0% (treatment 1); 72.13%, 21.87%, 0% and 6% (treatment 2); treatment
3 had 72.2%, 20.8%, 1% and 6%, respectively. With these three silages, three diets were
formulated for lambs with similar concentrations of crude protein and metabolizable energy.
With these silages, two trials were conducted. In trial 1, of growth performance, results showed
similar weight gain, feed intake and feed efficiency of lambs fed the three diets. Based on these
results, they concluded that silages of pumpkin with sorghum straw and additives can be used
in ruminant feeding [27]. In trial 2, the apparent digestibility of complete diets for lambs
containing the same silages was studied. The in vivo digestibility was of 81.27%, 70.7% and
70.31% for crude protein; 75.21%, 62.04% and 80.95% for ether extract (EE). These values were
different (P < 0.05). The in vivo digestibility of dry matter and nitrogen-free extract was similar
between the rations (P > 0.05). In this study, it was concluded that the digestibility was
improved in ration with silage that contained only urea [28]. Although this study did not report
fermentative characteristics of silages, urea might contribute for growth of bacteria that
digested nitrogen.

Pumpkin can be cultivated for seed collection, with abundant residues that many times are
wasted in field and have potential for ensiling and use in ruminant feeding. For this application,
Hashemi and Razzaghzadeh [29] used pumpkin residue (PR; fleshy part of fruit that remains
after seeds are collected). Pumpkin residue (71.4%) was mixed with wheat straw (28.6%) and
ensiled with dry beet molasses (10% or 20%) and urea (0% or 5%). After 2 months, silages were
evaluated for pH and dry matter. They concluded that PR may be ensiled with wheat straw as
absorbent of moisture and beet molasses as fermentable additive.

In other research [30], the growth performance of male buffalo calves fed diets containing silage
of pumpkin (Cucurbita pepo) residues was studied. Silages were prepared using pumpkin
residues chopped at 2 cm; 700 kg of this was mixed with 300 kg of wheat straw and ensiled
adding 100 l of a solution (10 kg urea plus 50 kg beet molasses in water). Pumpkin residual
silage (PRS) replaced forage (alfalfa) at 0% (control), 20%, 40% and 60%. In this study, it is
concluded that part of the alfalfa may be substituted with PRS at 60% level with no negative
effects on male buffalo calves’ fattening performance.

Pumpkin was ensiled (C. maxima D.) with dried sugar beet pulp (80:20 ratio) and studied its
antioxidant potential. It was observed that ensiling increased the saturated fatty acid content
and decreased the polyunsaturated content. Ensilage increased the polyphenol compounds
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(2) leucaena (ratio 1:1 leucaena-OFW) and (3) orange fruit wastes plus a fish (Oreochromis
aureus) of noncommercial size disintegrated (ratio 2:1). In this report, it was observed that
orange fruit wastes plus leucaena silage showed high alcohol content. But the silage with fish
had adequate chemical properties and could be recommended to farmers [22]. In the silage of
kinnow mandarin (Citrus nobilislour × Citrus deliciosa tenora) fruit waste, it was observed that
this by-product can be used to prepare good quality silage for goats [23]. In a similar report
[24], the fermentative characteristics, intake, digestibility and aerobic stability of pineapple
silage (PS) or citrus silage (CS) were studied. Crossbred rams were used to determine the in
vivo digestibility. Final pH at 65 d was 3.21 and 3.32 for PS and CS; in both silages, population
of Enterobacteriaceae was not detected. The DM and CP intakes and digestibility were similar
among treatments. In this study, it was noted that both silages of by-products were unstable
upon aerobic exposure, PS after 1 d when fermented 29 d and CS after 3 d when fermented 65
d. Results indicate that pineapple and citrus by-products could be preserved as silage and
included in sheep diets at 20% substitution of grass without adverse results; however, they are
susceptible to aerobic deterioration. This may represent the use of silage in feeding the animals
as fast as possible when silage is open (Table 4).

Days of fermentation

0 7 29 65

pH 5.4 3.7 3.5 3.3

Dry matter, % 24.2 19.7 19.0 18.7

Crude protein, % 5.7 5.9 6.4 6.5

NDF, % 16.2 23.4 24.2 23.7

Water soluble carbohydrates, % 5.6 1.8 4.2 5.4

Lactic acid, g/kg 0.02 1.17 1.2 1.7

Acetic acid, g/kg 0 0.20 0.27 0.36

Propionic acid, g/kg 0 0 0.01 0.01

Butyric acid, g/kg ND ND ND ND

Ammonia-N, g/kg 1.4 1.3 1.3 1.2

Adapted with permission from Pagán et al. [24]. NDF = neutral detergent fiber.

Table 4. Fermentation characteristics of citrus by-products silage at different periods of process.

3.3. Nutritive value of pumpkin silage

Fresh pumpkin can be fed to animals; they have seasonal availability. To preserve pumpkins
and use them in different seasons of the year, silage may represent an alternative in ruminant
feeding. The complete fruits are carbohydrate and protein rich. The total sugar and crude
protein are 48.1% and 18.2%, respectively; however they have low dry matter concentration
(16.8%). For this reason, when ensiling pumpkin, an adsorbent material should be included to
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have adequate water level. The silage of pumpkin with dried beet pulp has about 11% CP [25].
The nutritional quality of pumpkin silage was assessed by Halik et al. [26] who produced
silages with chopped pumpkin (Cucurbita maxima) fruits mixed with dried beet pulp at an 80:20
ratio. Silages were prepared with or without inoculant; the inoculant contained Lactobacillus
plantarum bacteria, endo-1,4-beta-glucanase, xylanase and glucoamylase. The inoculant was
applied at 0.2% of the ensiled material. The material after ensiling (10 weeks) had lower crude
fiber and ADF compared to fresh material, whereas the inoculant had no effect on silage pH
(4.5 and 4.4 for no inoculant and with inoculant) but reduced ammonia, nitrogen and ethanol
and increased lactic and acetic acids, indicating higher aerobic stability with improved silage
quality.

Silages were made of pumpkin (C. maxima), sorghum straw, urea and cane molasses at levels
of 73.4%, 25.6%, 1% and 0% (treatment 1); 72.13%, 21.87%, 0% and 6% (treatment 2); treatment
3 had 72.2%, 20.8%, 1% and 6%, respectively. With these three silages, three diets were
formulated for lambs with similar concentrations of crude protein and metabolizable energy.
With these silages, two trials were conducted. In trial 1, of growth performance, results showed
similar weight gain, feed intake and feed efficiency of lambs fed the three diets. Based on these
results, they concluded that silages of pumpkin with sorghum straw and additives can be used
in ruminant feeding [27]. In trial 2, the apparent digestibility of complete diets for lambs
containing the same silages was studied. The in vivo digestibility was of 81.27%, 70.7% and
70.31% for crude protein; 75.21%, 62.04% and 80.95% for ether extract (EE). These values were
different (P < 0.05). The in vivo digestibility of dry matter and nitrogen-free extract was similar
between the rations (P > 0.05). In this study, it was concluded that the digestibility was
improved in ration with silage that contained only urea [28]. Although this study did not report
fermentative characteristics of silages, urea might contribute for growth of bacteria that
digested nitrogen.

Pumpkin can be cultivated for seed collection, with abundant residues that many times are
wasted in field and have potential for ensiling and use in ruminant feeding. For this application,
Hashemi and Razzaghzadeh [29] used pumpkin residue (PR; fleshy part of fruit that remains
after seeds are collected). Pumpkin residue (71.4%) was mixed with wheat straw (28.6%) and
ensiled with dry beet molasses (10% or 20%) and urea (0% or 5%). After 2 months, silages were
evaluated for pH and dry matter. They concluded that PR may be ensiled with wheat straw as
absorbent of moisture and beet molasses as fermentable additive.

In other research [30], the growth performance of male buffalo calves fed diets containing silage
of pumpkin (Cucurbita pepo) residues was studied. Silages were prepared using pumpkin
residues chopped at 2 cm; 700 kg of this was mixed with 300 kg of wheat straw and ensiled
adding 100 l of a solution (10 kg urea plus 50 kg beet molasses in water). Pumpkin residual
silage (PRS) replaced forage (alfalfa) at 0% (control), 20%, 40% and 60%. In this study, it is
concluded that part of the alfalfa may be substituted with PRS at 60% level with no negative
effects on male buffalo calves’ fattening performance.

Pumpkin was ensiled (C. maxima D.) with dried sugar beet pulp (80:20 ratio) and studied its
antioxidant potential. It was observed that ensiling increased the saturated fatty acid content
and decreased the polyunsaturated content. Ensilage increased the polyphenol compounds
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and decreased the carotenoid and alpha-tocopherol content of the silages. Although there was
a reduction of carotenoid and tocopherol compounds, the increase of polyphenol compounds
suggests that the ensiling did not lower the silage antioxidant potential of pumpkins compared
to fresh material [25].

3.4. Nutritive value of cassava silage

The importance of cassava (Manihot esculenta crantz) for livestock feeding was reported [31].
Cassava has high productivity per unit of land; it has low crude protein but a high amount of
starch (about 85% DM basis). Different methods for ensiling this material have been explored.
A study investigated the chemical composition and organoleptic traits of maralfalfa silage
(Pennisetum sp.), containing 0%, 5%, 10% and 15% fresh cassava (M. esculenta). This research
reported improved silage characteristics of maralfalfa grass with 15% of cassava, with
acceptable pH; reduction of cell wall (NDF) fraction and the crude protein is maintained in the
silage [32]. The fermentation characteristics of cassava silage at laboratory scale have been
improved with microorganism-inoculant of genus Lactobacillus. This study reports reduction
of ethanol and total VFA but maintained or increased lactic acid for adequate pH with inoculant
treatment of silos; also it is reported that acid treatment goes to alcoholic fermentation. In
addition, Lactobacilli inoculum generated homofermentative pattern [33]. In a similar study, L.
plantarum and Lactobacillus cellobiosus increased the acidification rates of M. esculenta silages
[34]. The results at laboratory silos are satisfactory; however, more conclusive results are
required.

The chemical composition of cassava starch by-products before and after ensiling was studied;
fermentation characteristics and growth of microorganisms were also determined. The results
showed that ensiling reduced NDF and hemicellulose concentrations, but increased concen-
trations of ADF, cellulose and lignin. pH and microbial populations were reduced as the
duration of silage fermentation increased. Predrying did not change the fermentative profile
and microbiological population of silages at 28 and 56 d and reduced neutral detergent fiber
and hemicellulose of silages. The wet waste residue silage showed a reduction in crude protein
content in the course of the fermentation period. This research showed that cassava by-
products have good fermentation characteristics [35]. Also, the fermentative characteristics
and chemical composition of Elephant-Grass silages with cassava by-product (SM in relation
to the grass fresh matter) was explored [36] . It was observed that in the level of 7.1% of SM
addition, the silages had adequate dry matter content (30–35%) for a good fermentative
process. In all levels of SM addition, the silages had appropriate pH values for silages (3.8–
4.2). The cassava by-product up to the 20% level (on a grass fresh matter basis) at the elephant
grass ensiling produced good fermentative characteristics and a better silage chemical
composition. Although a minimum level of CP (7%) was not reached in any level of SM.

In another study [37], Holstein cows in diets were fed with silage of the residue from the
extraction of cassava starch (SRECS), replacing 0%, 25%, 50%, 75% or 100% of the corn feed.
Before ensiling the material had 128.0 g kg−1 of dry matter (DM), 25.3 g kg−1 of crude protein
(CP), 25.0 g kg−1 of mineral matter (MM), 297.0 g kg−1 of neutral detergent fiber (NDF) and
6.1 g kg−1 of ether extract (EE) on a dry matter basis. After ensiling (40 d) the silage had
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189.8 g kg−1 of DM, 24.4 g kg−1 of CP, 23.8 g kg−1 of MM, 324.9 g kg−1of NDF, 271.9 g kg−1 of
ADF and 05.4 g kg−1 of EE (dry matter basis). In this study, it was concluded that the silage
of the residue from the extraction of cassava starch to replace the ground corn on feed nega-
tively affects nutrient intake without changing the efficiency of milk production, milk com-
position or blood parameters of lactating cows.

Cassava by-product is starch-rich and promotes good fermentation characteristics; however,
it is low in protein. The age was compared at harvesting time (7, 8 and 9 months) of cassava
plants on whole crop silage quality. Plants were ensiled in laboratory silos. The results showed
that ensiling reduced HCN content (more than 60%). Harvesting cassava plant at 8 months of
age gave the best whole cassava plant silage quality (best physical characteristics and in vitro
rumen digestibility). They also conclude that the low crude protein of cassava for ensiling
could be improved mixing with other protein rich by-products like poultry litter [38]. In other
research, silage of cassava (M. esculenta) by-product with poultry litter at 0%, 5%, 10%, 15%
and 20% was produced. They observed that increasing levels of poultry litter influenced DM,
CP, EE, ash, calcium, NDF, ADF, cellulose and hemicellulose content of the silage; however,
no clear tendencies were found for lignin content. On the other hand, poultry litter addition
decreased nonfibrous carbohydrate concentration and IVDMD of the silage. Although pH
increased, the level was acceptable in all silages. The authors recommend 10% poultry litter to
preserve nutritional and fermentative characteristics of the cassava silage [39].

Another alternative to improve crude protein in the cassava by-product is the inclusion of
forage rich in protein. Cassava peels (CaPe) was ensiled with mixtures of Gliricidia sepium and
Leucaena leucocephala; the nutritive value was assessed in goats. All diets were supplemented
with molasses (40 g/kg) before ensiling which lasted 3 months. The silage with only CaPe
(control) had the lowest hydrocyanic acid content. All silages had low pH (<4.5). Authors
reported that L. leucocephala and G. sepium ensiled with CaPe did not affect fermentation but
improved the CP content of the resulting silage. Increasing level of L. leucocephala reduced
weight gain of animals. Silage of CaPe (control) improved weight of animals. They conclude
that ensiling CaPe with foliages of G. sepium and L. leucocephala may be recommended,
especially for the season of year when forages reduce availability and nutritive value.

During the harvest of root cassava, also can be collected the aerial part, the vegetative fraction
containing mainly leaf may generate about 1.8 tons per ha of dry matter. Cassava leaf is protein
rich; it contains about 21% CP [40]. The silage of cassava foliage with different levels of molasses
was studied. Increasing molasses level did not influence DM, pH or lactic acid of silages;
however, reduced CP and increased water soluble carbohydrates. Cyanic acid (HCN) was not
influenced by molasses; however, all silages reduced HCN concentration after 2 months of
fermentation. These results show the possibility of ensiling leaf cassava with low levels of
molasses [41]. In other study, cassava leaves were used without additives, with molasses or
with caged layer waste. All silages had adequate fermentation parameters. In this study, HCN
was lower in silages with additives; the HCN (mg/kg) was of 112.3, 95.8, 84.7 and 89.3 for fresh
leaves, silage of leaves, silages of leaves with molasses and silage of leaves with poultry excreta,
respectively [42].
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and decreased the carotenoid and alpha-tocopherol content of the silages. Although there was
a reduction of carotenoid and tocopherol compounds, the increase of polyphenol compounds
suggests that the ensiling did not lower the silage antioxidant potential of pumpkins compared
to fresh material [25].

3.4. Nutritive value of cassava silage

The importance of cassava (Manihot esculenta crantz) for livestock feeding was reported [31].
Cassava has high productivity per unit of land; it has low crude protein but a high amount of
starch (about 85% DM basis). Different methods for ensiling this material have been explored.
A study investigated the chemical composition and organoleptic traits of maralfalfa silage
(Pennisetum sp.), containing 0%, 5%, 10% and 15% fresh cassava (M. esculenta). This research
reported improved silage characteristics of maralfalfa grass with 15% of cassava, with
acceptable pH; reduction of cell wall (NDF) fraction and the crude protein is maintained in the
silage [32]. The fermentation characteristics of cassava silage at laboratory scale have been
improved with microorganism-inoculant of genus Lactobacillus. This study reports reduction
of ethanol and total VFA but maintained or increased lactic acid for adequate pH with inoculant
treatment of silos; also it is reported that acid treatment goes to alcoholic fermentation. In
addition, Lactobacilli inoculum generated homofermentative pattern [33]. In a similar study, L.
plantarum and Lactobacillus cellobiosus increased the acidification rates of M. esculenta silages
[34]. The results at laboratory silos are satisfactory; however, more conclusive results are
required.

The chemical composition of cassava starch by-products before and after ensiling was studied;
fermentation characteristics and growth of microorganisms were also determined. The results
showed that ensiling reduced NDF and hemicellulose concentrations, but increased concen-
trations of ADF, cellulose and lignin. pH and microbial populations were reduced as the
duration of silage fermentation increased. Predrying did not change the fermentative profile
and microbiological population of silages at 28 and 56 d and reduced neutral detergent fiber
and hemicellulose of silages. The wet waste residue silage showed a reduction in crude protein
content in the course of the fermentation period. This research showed that cassava by-
products have good fermentation characteristics [35]. Also, the fermentative characteristics
and chemical composition of Elephant-Grass silages with cassava by-product (SM in relation
to the grass fresh matter) was explored [36] . It was observed that in the level of 7.1% of SM
addition, the silages had adequate dry matter content (30–35%) for a good fermentative
process. In all levels of SM addition, the silages had appropriate pH values for silages (3.8–
4.2). The cassava by-product up to the 20% level (on a grass fresh matter basis) at the elephant
grass ensiling produced good fermentative characteristics and a better silage chemical
composition. Although a minimum level of CP (7%) was not reached in any level of SM.

In another study [37], Holstein cows in diets were fed with silage of the residue from the
extraction of cassava starch (SRECS), replacing 0%, 25%, 50%, 75% or 100% of the corn feed.
Before ensiling the material had 128.0 g kg−1 of dry matter (DM), 25.3 g kg−1 of crude protein
(CP), 25.0 g kg−1 of mineral matter (MM), 297.0 g kg−1 of neutral detergent fiber (NDF) and
6.1 g kg−1 of ether extract (EE) on a dry matter basis. After ensiling (40 d) the silage had
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189.8 g kg−1 of DM, 24.4 g kg−1 of CP, 23.8 g kg−1 of MM, 324.9 g kg−1of NDF, 271.9 g kg−1 of
ADF and 05.4 g kg−1 of EE (dry matter basis). In this study, it was concluded that the silage
of the residue from the extraction of cassava starch to replace the ground corn on feed nega-
tively affects nutrient intake without changing the efficiency of milk production, milk com-
position or blood parameters of lactating cows.

Cassava by-product is starch-rich and promotes good fermentation characteristics; however,
it is low in protein. The age was compared at harvesting time (7, 8 and 9 months) of cassava
plants on whole crop silage quality. Plants were ensiled in laboratory silos. The results showed
that ensiling reduced HCN content (more than 60%). Harvesting cassava plant at 8 months of
age gave the best whole cassava plant silage quality (best physical characteristics and in vitro
rumen digestibility). They also conclude that the low crude protein of cassava for ensiling
could be improved mixing with other protein rich by-products like poultry litter [38]. In other
research, silage of cassava (M. esculenta) by-product with poultry litter at 0%, 5%, 10%, 15%
and 20% was produced. They observed that increasing levels of poultry litter influenced DM,
CP, EE, ash, calcium, NDF, ADF, cellulose and hemicellulose content of the silage; however,
no clear tendencies were found for lignin content. On the other hand, poultry litter addition
decreased nonfibrous carbohydrate concentration and IVDMD of the silage. Although pH
increased, the level was acceptable in all silages. The authors recommend 10% poultry litter to
preserve nutritional and fermentative characteristics of the cassava silage [39].

Another alternative to improve crude protein in the cassava by-product is the inclusion of
forage rich in protein. Cassava peels (CaPe) was ensiled with mixtures of Gliricidia sepium and
Leucaena leucocephala; the nutritive value was assessed in goats. All diets were supplemented
with molasses (40 g/kg) before ensiling which lasted 3 months. The silage with only CaPe
(control) had the lowest hydrocyanic acid content. All silages had low pH (<4.5). Authors
reported that L. leucocephala and G. sepium ensiled with CaPe did not affect fermentation but
improved the CP content of the resulting silage. Increasing level of L. leucocephala reduced
weight gain of animals. Silage of CaPe (control) improved weight of animals. They conclude
that ensiling CaPe with foliages of G. sepium and L. leucocephala may be recommended,
especially for the season of year when forages reduce availability and nutritive value.

During the harvest of root cassava, also can be collected the aerial part, the vegetative fraction
containing mainly leaf may generate about 1.8 tons per ha of dry matter. Cassava leaf is protein
rich; it contains about 21% CP [40]. The silage of cassava foliage with different levels of molasses
was studied. Increasing molasses level did not influence DM, pH or lactic acid of silages;
however, reduced CP and increased water soluble carbohydrates. Cyanic acid (HCN) was not
influenced by molasses; however, all silages reduced HCN concentration after 2 months of
fermentation. These results show the possibility of ensiling leaf cassava with low levels of
molasses [41]. In other study, cassava leaves were used without additives, with molasses or
with caged layer waste. All silages had adequate fermentation parameters. In this study, HCN
was lower in silages with additives; the HCN (mg/kg) was of 112.3, 95.8, 84.7 and 89.3 for fresh
leaves, silage of leaves, silages of leaves with molasses and silage of leaves with poultry excreta,
respectively [42].
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4. Conclusions

Silages of sugarcane tops, citrus, cassava and pumpkin represent an alternative in animal
feeding; the particular characteristics of each should be considered for better silage production.
The research shows the feasibility of producing good quality silages with these materials. This
technology represents an alternative to enhance animal production, converting these products
or by-products in good quality protein of animal origin. Research to improve the fermentation
process during ensiling of these materials and their incorporation with other available
resources must continue.

Author details

Jaime Salinas Chavira

Address all correspondence to: jsalinas@uat.edu.mx

College of Veterinary Medicine and Zootechnology, Autonomous University of Tamaulipas,
Cd. Victoria, Tamaulipas, México

References

[1] Stefanie JWH, Elferink O, Driehuis F, Gottschal JC, Spoelstra SF. 1999. Paper 2.0: Silage
fermentation processes and their manipulation. In: Silage Making in the Tropics with
Particular Emphasis on Smallholders. Edited by ‘tMannetje L. Available from: http://
www.fao.org/docrep/005/x8486e/x8486e00.htm#Contents [accessed: 2016-02-01].

[2] Yitbarek MB, Tamir B. Silage additives: review. Open Journal of Applied Sciences 2014;
4: 258–274. http://dx.doi.org/10.4236/ojapps.2014.45026.

[3] Landell MGA, Campana MP, Rodrigues AA. The IAC 862480 variety as a new choice
of sugar cane for forage purposes: production management and use in animal feeding.
Technical Bulletin IAC193, Series Technological APTA 2002; 36 p.

[4] López I, Aranda EM, Ramos JA, Mendoza GD. Nutritional evaluation of eight sugar-
cane varieties with forage potential. Cuban Journal of Agricultural Science 2003; 37:
375–380.

[5] Juárez LF, Vilaboa AJ, Díaz RP. 2009. Sugar cane (Saccharum officinarum): an alternative
for substitution of corn (Zea mays) in the feeding of feedlot cattle. Available from: http://
www.produccionbovina.com.ar/informaciontecnica/ invernada o engorde a corral o
feedlot/69-cana azucar.pdf [accessed: 2016-02-01].

Advances in Silage Production and Utilization94

[6] Ferreiro HM, Preston TR. Fattening cattle with sugar cane: the effect of different
proportions of stalk and tops. Tropical Animal Production 1976; 3: 131–138.

[7] Galina MA, Guerrero M, Puga CD. Fattening Pelibuey lambs with sugar cane tops and
corn complemented with or without slow intake urea supplement. Small Ruminant
Research 2007; 70: 101–109.

[8] Gendley MK, Singh P, Garg AK, Tiwari SP, Kumari K, Dutta GK. The studies on nutrient
balances in crossbred cattle bulls fed chopped green sugarcane tops supplemented with
some agro industrial by-products. Tropical Animal Health and Production 2009; 41:
943–949.

[9] Ortiz-Rubio MA, Ørskov ER, Milne J, Galina HMA. Effect of different sources of
nitrogen on in situ degradability and feed intake of Zebu cattle fed sugarcane tops
(Saccharum officinarum). Animal Feed Science and Technology 2007; 139: 143–158.

[10] Alcántara E, Aguilera A, Elliot R, Shimada A. Fermentation and utilization by lambs
of sugarcane fresh and ensiled with and without NaOH. Animal Feed Science and
Technology 1989; 23: 323–331.

[11] Bernardes TF, Silveira RN, Coan RM, Reis R, Moreira AL, Iturrino RPS. Fermentative
characteristics and presence of yeast on raw or burnt ensiled sugar cane with additive.
Reunião  daSociedade  Brasileira  de  Zootecnia,  39,  2002.  Anais,  Recife–Brazil  (CD
ROM).

[12] Nyakira BS, Tuitoek JK, Onjoro PA, Ambula MK. Determination of the nutritive value
of sugar cane tops, mulberry leaves (M. alba) and calliandra (C. calothyrsus) as feed
supplements for goats in Kenya. Journal of Animal Science Advances. 2015; 5: 1225–
1233.

[13] Mthiyane DMN, Nsahlai IV, Bonsi MLK. The nutritional composition, fermentation
characteristics, in sacco degradation and fungal pathogen dynamics of sugarcane tops
ensiled with broiler litter with or without water. Animal Feed Science and Technology
2001; 94: 171–185.

[14] Salinas-Chavira J, Almaguer LJ, Aguilera-Aceves CE, Zinn RA, Mellado M, Ruiz-
Barrera O. Effect of substitution of sorghum stover with sugarcane top silage on ruminal
dry matter degradability of diets and growth performance of feedlot hair lambs. Small
Ruminant Research 2013; 112: 73–77.

[15] Arribas L. Agriculture as a problem: worldwide citrus export. Agrícola Vergel,
Fruticultura, Horticultura, Floricultura, Year XX, Num., 230, 2001; 56 p.

[16] Bampidis VA, Robinson PH. Citrus by-products as ruminant feeds: a review. Animal
Feed Science and Technology 2006; 128: 175–217.

[17] Spreen TH. The citrus industries of the United States and Mexico after Nafta. Revista
Chapingo Serie Horticultura 2000; 6: 145–152.

Potential Use of Nonconventional Silages in Ruminant Feeding for Tropical and Subtropical Areas
http://dx.doi.org/10.5772/64382

95



4. Conclusions

Silages of sugarcane tops, citrus, cassava and pumpkin represent an alternative in animal
feeding; the particular characteristics of each should be considered for better silage production.
The research shows the feasibility of producing good quality silages with these materials. This
technology represents an alternative to enhance animal production, converting these products
or by-products in good quality protein of animal origin. Research to improve the fermentation
process during ensiling of these materials and their incorporation with other available
resources must continue.

Author details

Jaime Salinas Chavira

Address all correspondence to: jsalinas@uat.edu.mx

College of Veterinary Medicine and Zootechnology, Autonomous University of Tamaulipas,
Cd. Victoria, Tamaulipas, México

References

[1] Stefanie JWH, Elferink O, Driehuis F, Gottschal JC, Spoelstra SF. 1999. Paper 2.0: Silage
fermentation processes and their manipulation. In: Silage Making in the Tropics with
Particular Emphasis on Smallholders. Edited by ‘tMannetje L. Available from: http://
www.fao.org/docrep/005/x8486e/x8486e00.htm#Contents [accessed: 2016-02-01].

[2] Yitbarek MB, Tamir B. Silage additives: review. Open Journal of Applied Sciences 2014;
4: 258–274. http://dx.doi.org/10.4236/ojapps.2014.45026.

[3] Landell MGA, Campana MP, Rodrigues AA. The IAC 862480 variety as a new choice
of sugar cane for forage purposes: production management and use in animal feeding.
Technical Bulletin IAC193, Series Technological APTA 2002; 36 p.

[4] López I, Aranda EM, Ramos JA, Mendoza GD. Nutritional evaluation of eight sugar-
cane varieties with forage potential. Cuban Journal of Agricultural Science 2003; 37:
375–380.

[5] Juárez LF, Vilaboa AJ, Díaz RP. 2009. Sugar cane (Saccharum officinarum): an alternative
for substitution of corn (Zea mays) in the feeding of feedlot cattle. Available from: http://
www.produccionbovina.com.ar/informaciontecnica/ invernada o engorde a corral o
feedlot/69-cana azucar.pdf [accessed: 2016-02-01].

Advances in Silage Production and Utilization94

[6] Ferreiro HM, Preston TR. Fattening cattle with sugar cane: the effect of different
proportions of stalk and tops. Tropical Animal Production 1976; 3: 131–138.

[7] Galina MA, Guerrero M, Puga CD. Fattening Pelibuey lambs with sugar cane tops and
corn complemented with or without slow intake urea supplement. Small Ruminant
Research 2007; 70: 101–109.

[8] Gendley MK, Singh P, Garg AK, Tiwari SP, Kumari K, Dutta GK. The studies on nutrient
balances in crossbred cattle bulls fed chopped green sugarcane tops supplemented with
some agro industrial by-products. Tropical Animal Health and Production 2009; 41:
943–949.

[9] Ortiz-Rubio MA, Ørskov ER, Milne J, Galina HMA. Effect of different sources of
nitrogen on in situ degradability and feed intake of Zebu cattle fed sugarcane tops
(Saccharum officinarum). Animal Feed Science and Technology 2007; 139: 143–158.

[10] Alcántara E, Aguilera A, Elliot R, Shimada A. Fermentation and utilization by lambs
of sugarcane fresh and ensiled with and without NaOH. Animal Feed Science and
Technology 1989; 23: 323–331.

[11] Bernardes TF, Silveira RN, Coan RM, Reis R, Moreira AL, Iturrino RPS. Fermentative
characteristics and presence of yeast on raw or burnt ensiled sugar cane with additive.
Reunião  daSociedade  Brasileira  de  Zootecnia,  39,  2002.  Anais,  Recife–Brazil  (CD
ROM).

[12] Nyakira BS, Tuitoek JK, Onjoro PA, Ambula MK. Determination of the nutritive value
of sugar cane tops, mulberry leaves (M. alba) and calliandra (C. calothyrsus) as feed
supplements for goats in Kenya. Journal of Animal Science Advances. 2015; 5: 1225–
1233.

[13] Mthiyane DMN, Nsahlai IV, Bonsi MLK. The nutritional composition, fermentation
characteristics, in sacco degradation and fungal pathogen dynamics of sugarcane tops
ensiled with broiler litter with or without water. Animal Feed Science and Technology
2001; 94: 171–185.

[14] Salinas-Chavira J, Almaguer LJ, Aguilera-Aceves CE, Zinn RA, Mellado M, Ruiz-
Barrera O. Effect of substitution of sorghum stover with sugarcane top silage on ruminal
dry matter degradability of diets and growth performance of feedlot hair lambs. Small
Ruminant Research 2013; 112: 73–77.

[15] Arribas L. Agriculture as a problem: worldwide citrus export. Agrícola Vergel,
Fruticultura, Horticultura, Floricultura, Year XX, Num., 230, 2001; 56 p.

[16] Bampidis VA, Robinson PH. Citrus by-products as ruminant feeds: a review. Animal
Feed Science and Technology 2006; 128: 175–217.

[17] Spreen TH. The citrus industries of the United States and Mexico after Nafta. Revista
Chapingo Serie Horticultura 2000; 6: 145–152.

Potential Use of Nonconventional Silages in Ruminant Feeding for Tropical and Subtropical Areas
http://dx.doi.org/10.5772/64382

95



[18] Aguilera A, Perez-Gil F, Grande D, de la Cruz I, Juarez J. Digestibility and fermentative
characteristics of mango, lemon and corn stover silages with or without addition of
molasses and urea. Small Ruminant Research 1997; 26: 87–91.

[19] Migwi PK, Gallagher JR, Van Barneveld RJ. The nutritive value of citrus pulp ensiled
with wheat straw and poultry litter for sheep. Australian Journal of Experimental
Agriculture 2001; 41: 1143–1148.

[20] Itavo LCV, dos Santos GT, Jobim CC, Voltolini TV, Bortolassi JR, Ferreira CCB. Conser-
vation of fresh orange peel by ensilage process using additives. Revista Brasileira de
Zootecnia 2000; 29: 1474–1484.

[21] Itavo LCV, dos Santos GT, Jobim CC, Voltolini TV, Faria KP, Ferreira CCB. Composition
and apparent digestibility of orange peel silage additives. Revista Brasileira de
Zootecnia 2000; 29: 1485–1490.

[22] Revuelta-Llano D, Mosquera-López D, Cuba-Mora F. Ensiling potential of orange fruit
wastes (Citrus sinensis). Revista Ciencias Técnicas Agropecuarias 2008; 17: 41–44.

[23] Malla BA, Rastogi A, Sharma RK, Ishfaq A, Farooq J. Kinnow madarin (Citrus nobilis
lour × Citrus deliciosa tenora) fruit waste silage as potential feed for small ruminants.
Veterinary World 2015; 8: 19–23.

[24] Pagán S, Rodríguez AA, Valencia EM, Randel PF. Pineapple and citrus silage as
potential feed for small ruminant diets: fermentation characteristics, intake, nutrient
digestibility, and aerobic stability. Revista Colombiana De Ciencias Pecuarias 2013; 27:
37–46.

[25] Lozicki A, Koziorzebska A, Halik G, Dymnicka M, Arkuszewska E, Niemiec T, Bogdan
J. Effect of ensiling pumpkin (Cucurbita maxima D.) with dried sugar beet pulp on the
content of bioactive compounds in silage and its antioxidant potential. Animal Feed
Science and Technology. 2015; 206: 108–113.

[26] Halik GD, Lozicki A, Koziorzębska A, Dymnicka M, Arkuszewska E. Effect of ensiling
pumpkin Cucurbita maxima with the addition of inoculant or without it on chemical
composition and quality of silages. Annals of Warsaw University of Life Sciences –
SGGW, Animal Science. 2014; 53: 103–110.

[27] Medina LJB, Salinas-Chavira J, Martinez DR, Lerma-Doria CE. 1993. Silage of ripe
pumpkins (Cucurbita maxima) with sorghum ratoons, urea and molasses in complete
rations for sheep. Available from: http://agris.fao.org/agris-search/search.do?record-
ID=MX19950101212 [accessed: 2016-02-01].

[28] Medina LJB, Salinas-Chavira J, Lerma DEC, Martinez Delgadillo R, Yado-Puente R.
1995. In vivo digestibility of squash silage (Cucurbita maxima) with sorghum hay, urea
and sugar cane molasses in integral diets for ovine. VIII Congreso nacional de produc-
cion ovina. Memorias. Chapingo, Mexico, pp. 77–81.

Advances in Silage Production and Utilization96

[29] Hashemi A, Razzaghzadeh S. Investigation on the possibility of ensiling cucurbit
(Cucurbita pepo) residues and determination of best silage formula. Journal of Animal
and Veterinary Advances 2007; 6: 1450–1452.

[30] Razzaghzadeh S, Amini-jabalkandi J, Hashemi A. Effects of different levels of Pumpkin
(Cucurbita pepo) residue silage replacement with forage part of ration on male buffalo
calves fattening performance. Italian Journal of Animal Science 2007; 6 (Suppl. 2): 575–
577.

[31] Anjos FR, Tivana L, Da-Cruz-Francisco J, Kagande SM. Cassava (Manihot esculenta
crantz): an affordable energy source in dairy rations. Online Journal of Animal and Feed
Research 2014; 4: 10–14.

[32] Maza AL, Vergara GO, Paternina DE. Chemical and organoleptic evaluation of
maralfalfa silage (Pennisetum sp.) plus fresh cassava (Manihot esculenta) . Revista MVZ
Córdoba. 2011; 16: 2528–2537.

[33] Saucedo GC, Gonzalez PB, Revah SM, Viniegra GG, Raimbault M. Effect of lactobacilli
inoculation on cassava (manihot-esculenta) silage—fermentation pattern and kinetic-
analysis. Journal of the Science of Food and Agriculture 1990; 50: 467–477.

[34] Meraz M, Shirai K, Larralde P, Revah S. Studies on the bacterial acidification process of
cassava (Manihot-Esculenta). Journal of the Science of Food and Agriculture 1992; 60:
457–463.

[35] Goncalves JAG, Zambom MA, Fernandes T, Mesquita EE, Schimidt E, Javorski CR,
Castagnara DD. Chemical composition and profile of the fermentation of cassava starch
by-products silage. Bioscience Journal 2014; 30: 502–511.

[36] Maciel RP, Neiva JNM, Oliveira RC, de Araujo VL, Lobo RNB. Fermentative patterns
and chemical composition of Elephant-Grass silages with cassava by-product. Revista
Ciência Agronômica 2008; 39: 142–147.

[37] Zambom MA, Fernandes T, Schmidt EL, Goncalves JA, Pozza MS, Javorski CR, de Souza
LC, Tinini RC. Silage of residue from the extraction of cassava starch in diets from
lactating Holstein cows. Semina: Ciências Agrárias, Londrina 2015; 36: 1701–1712.

[38] Despal D, Lestad A, Permana IC, Hidayah P. 2012. Effect of age at harvest on whole
Cassava (Manihot esculenta) silage qualities. Proceedings of the 15AAAP Animal Science
Congress. Thailand, pp. 594–599.

[39] Arce J, Rojas A, Poore M. Effect of poultry litter addition on the nutritional and
fermentative characteristics of cassava (Manihot esculenta) by-product silage. Agrono-
mía Costarricense 2015; 39: 131–140.

[40] Gomez G, Valdivieso M. Cassava for animal feeding: effect of variety and plant age on
production of leaves and roots. Animal Feed Science and Technology 1984; 11: 49–55.

Potential Use of Nonconventional Silages in Ruminant Feeding for Tropical and Subtropical Areas
http://dx.doi.org/10.5772/64382

97



[18] Aguilera A, Perez-Gil F, Grande D, de la Cruz I, Juarez J. Digestibility and fermentative
characteristics of mango, lemon and corn stover silages with or without addition of
molasses and urea. Small Ruminant Research 1997; 26: 87–91.

[19] Migwi PK, Gallagher JR, Van Barneveld RJ. The nutritive value of citrus pulp ensiled
with wheat straw and poultry litter for sheep. Australian Journal of Experimental
Agriculture 2001; 41: 1143–1148.

[20] Itavo LCV, dos Santos GT, Jobim CC, Voltolini TV, Bortolassi JR, Ferreira CCB. Conser-
vation of fresh orange peel by ensilage process using additives. Revista Brasileira de
Zootecnia 2000; 29: 1474–1484.

[21] Itavo LCV, dos Santos GT, Jobim CC, Voltolini TV, Faria KP, Ferreira CCB. Composition
and apparent digestibility of orange peel silage additives. Revista Brasileira de
Zootecnia 2000; 29: 1485–1490.

[22] Revuelta-Llano D, Mosquera-López D, Cuba-Mora F. Ensiling potential of orange fruit
wastes (Citrus sinensis). Revista Ciencias Técnicas Agropecuarias 2008; 17: 41–44.

[23] Malla BA, Rastogi A, Sharma RK, Ishfaq A, Farooq J. Kinnow madarin (Citrus nobilis
lour × Citrus deliciosa tenora) fruit waste silage as potential feed for small ruminants.
Veterinary World 2015; 8: 19–23.

[24] Pagán S, Rodríguez AA, Valencia EM, Randel PF. Pineapple and citrus silage as
potential feed for small ruminant diets: fermentation characteristics, intake, nutrient
digestibility, and aerobic stability. Revista Colombiana De Ciencias Pecuarias 2013; 27:
37–46.

[25] Lozicki A, Koziorzebska A, Halik G, Dymnicka M, Arkuszewska E, Niemiec T, Bogdan
J. Effect of ensiling pumpkin (Cucurbita maxima D.) with dried sugar beet pulp on the
content of bioactive compounds in silage and its antioxidant potential. Animal Feed
Science and Technology. 2015; 206: 108–113.

[26] Halik GD, Lozicki A, Koziorzębska A, Dymnicka M, Arkuszewska E. Effect of ensiling
pumpkin Cucurbita maxima with the addition of inoculant or without it on chemical
composition and quality of silages. Annals of Warsaw University of Life Sciences –
SGGW, Animal Science. 2014; 53: 103–110.

[27] Medina LJB, Salinas-Chavira J, Martinez DR, Lerma-Doria CE. 1993. Silage of ripe
pumpkins (Cucurbita maxima) with sorghum ratoons, urea and molasses in complete
rations for sheep. Available from: http://agris.fao.org/agris-search/search.do?record-
ID=MX19950101212 [accessed: 2016-02-01].

[28] Medina LJB, Salinas-Chavira J, Lerma DEC, Martinez Delgadillo R, Yado-Puente R.
1995. In vivo digestibility of squash silage (Cucurbita maxima) with sorghum hay, urea
and sugar cane molasses in integral diets for ovine. VIII Congreso nacional de produc-
cion ovina. Memorias. Chapingo, Mexico, pp. 77–81.

Advances in Silage Production and Utilization96

[29] Hashemi A, Razzaghzadeh S. Investigation on the possibility of ensiling cucurbit
(Cucurbita pepo) residues and determination of best silage formula. Journal of Animal
and Veterinary Advances 2007; 6: 1450–1452.

[30] Razzaghzadeh S, Amini-jabalkandi J, Hashemi A. Effects of different levels of Pumpkin
(Cucurbita pepo) residue silage replacement with forage part of ration on male buffalo
calves fattening performance. Italian Journal of Animal Science 2007; 6 (Suppl. 2): 575–
577.

[31] Anjos FR, Tivana L, Da-Cruz-Francisco J, Kagande SM. Cassava (Manihot esculenta
crantz): an affordable energy source in dairy rations. Online Journal of Animal and Feed
Research 2014; 4: 10–14.

[32] Maza AL, Vergara GO, Paternina DE. Chemical and organoleptic evaluation of
maralfalfa silage (Pennisetum sp.) plus fresh cassava (Manihot esculenta) . Revista MVZ
Córdoba. 2011; 16: 2528–2537.

[33] Saucedo GC, Gonzalez PB, Revah SM, Viniegra GG, Raimbault M. Effect of lactobacilli
inoculation on cassava (manihot-esculenta) silage—fermentation pattern and kinetic-
analysis. Journal of the Science of Food and Agriculture 1990; 50: 467–477.

[34] Meraz M, Shirai K, Larralde P, Revah S. Studies on the bacterial acidification process of
cassava (Manihot-Esculenta). Journal of the Science of Food and Agriculture 1992; 60:
457–463.

[35] Goncalves JAG, Zambom MA, Fernandes T, Mesquita EE, Schimidt E, Javorski CR,
Castagnara DD. Chemical composition and profile of the fermentation of cassava starch
by-products silage. Bioscience Journal 2014; 30: 502–511.

[36] Maciel RP, Neiva JNM, Oliveira RC, de Araujo VL, Lobo RNB. Fermentative patterns
and chemical composition of Elephant-Grass silages with cassava by-product. Revista
Ciência Agronômica 2008; 39: 142–147.

[37] Zambom MA, Fernandes T, Schmidt EL, Goncalves JA, Pozza MS, Javorski CR, de Souza
LC, Tinini RC. Silage of residue from the extraction of cassava starch in diets from
lactating Holstein cows. Semina: Ciências Agrárias, Londrina 2015; 36: 1701–1712.

[38] Despal D, Lestad A, Permana IC, Hidayah P. 2012. Effect of age at harvest on whole
Cassava (Manihot esculenta) silage qualities. Proceedings of the 15AAAP Animal Science
Congress. Thailand, pp. 594–599.

[39] Arce J, Rojas A, Poore M. Effect of poultry litter addition on the nutritional and
fermentative characteristics of cassava (Manihot esculenta) by-product silage. Agrono-
mía Costarricense 2015; 39: 131–140.

[40] Gomez G, Valdivieso M. Cassava for animal feeding: effect of variety and plant age on
production of leaves and roots. Animal Feed Science and Technology 1984; 11: 49–55.

Potential Use of Nonconventional Silages in Ruminant Feeding for Tropical and Subtropical Areas
http://dx.doi.org/10.5772/64382

97



[41] Man NV, Wiktorsson H. Effect of molasses on nutritional quality of Cassava and
Gliricidia tops silage. Asian-Australian Journal of Animal Science 2002; 15: 1294–1299.

[42] Oni AO; Sowande OS, Oni OO, Aderinboye RY, Dele PA, Ojo VO A, Arigbede OM,
Onwuka CFI. Effect of additives on fermentation of cassava leaf silage and ruminal
fluid of West African Dwarf goats. Archivos de Zootecnia 2014; 63: 449–459.

Advances in Silage Production and Utilization98

Section 3

Nutritive Value of Silages



[41] Man NV, Wiktorsson H. Effect of molasses on nutritional quality of Cassava and
Gliricidia tops silage. Asian-Australian Journal of Animal Science 2002; 15: 1294–1299.

[42] Oni AO; Sowande OS, Oni OO, Aderinboye RY, Dele PA, Ojo VO A, Arigbede OM,
Onwuka CFI. Effect of additives on fermentation of cassava leaf silage and ruminal
fluid of West African Dwarf goats. Archivos de Zootecnia 2014; 63: 449–459.

Advances in Silage Production and Utilization98

Section 3

Nutritive Value of Silages



Chapter 6

Intake and Digestibility of Silages

Juliana Silva de Oliveira, Edson Mauro Santos and

Ana Paula Maia dos Santos

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/65280

Provisional chapter

INTAKE and Digestibility of Silages

Juliana Silva de Oliveira, Edson Mauro Santos and
Ana Paula Maia dos Santos

Additional information is available at the end of the chapter

Abstract

The intake of DM (DMI) is determinant for ingress of nutrients to cater to the require‐
ments for animal maintenance and production, principally the intake of protein and
energy. The end‐products of fermentation can affect the intake of silages and influence
animal performance, since some organic acids negatively influence the intake of silage
and digestibility of nutrients. For example, acetic and butyric acid have large effects on
the intake of silage.  Ammonia also can negatively affect the intake of silages.  The
digestibility  can  be  influenced  by  end‐products  of  fermentation  and  change  the
characteristics of ensiled plants. The objective of this chapter is to explain how silage
end‐products of fermentation and changes in the structure of forage resulting from the
ensiling  process  can  affect  the  intake  and  digestibility  of  silages.  Some  control
mechanisms of silage fermentation can be used to improve the intake and digestibility
of silage. Biological or chemical additives may contribute to the increased intake of silage
and improve digestibility. Appropriate management techniques can influence the result.

Keywords: acetic acid, ammonia, animal nutrition, butyric acid, forage ensiling

1. Introduction

Ensilage is the method of forage conservation based on conversion of water‐soluble carbohy‐
drates in organic acids by the activity of lactic acid bacteria, which reduces the pH and preserve
the fresh forage [1].

The ensiling process show advantages such as conservation of large quantities of forage in
short time and forage conservation is less weather dependent. However, a disadvantage of the
ensiling process is the relative reduction of feeding value of the silage when compared to the
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original crop [2]. Although, correct management of silages and use of additives may stimulate
the intake of silages and improve the digestibility of silages.

The forages may have changes in the nutritive value due to the procedures during production,
conservation and post‐opening management and biochemical and microbiology phenomena
[3]. Besides the conversion of carbohydrates in organic acids occurs by the partial breakdown
of proteins, which gives the non‐protein structures. These changes depend on the interaction
between microorganisms on the material to be ensiled and amount and type of the substrate [4].

The silage quality affects the intake and digestibility of ruminants. Basically, the main factors
that can interfere with the fermentation of the silage is the dry matter (DM) content, water‐
soluble carbohydrate (WSC) concentration and microorganism populations present in the
forage. Forage with low DM and WSC concentrations may show undesirable fermentation and
forage with excessive WSC content may generate acidic silages, which reduces silage intake.

Some end‐products of fermentation, such as acetic and butyric acids and ammonia, are
associated with the decrease in the intake of silages. Poorly fermented silages have large
concentrations of undesirable compounds that explain the low silage intake.

Some changes resulting from the ensiling process influence the digestibility of silages. High
concentration of ammonia, for example, can interfere in digestibility of the silage, and enter
the N recycling cycle and increase the animal energy costs.

The objective of this chapter is to explain how end‐products of fermentation of the silage and
changes in the structure of forage resulting from the ensiling process can affect the intake and
digestibility of silages.

2. Effect of silage quality on the intake and digestibility of ruminants

The feeding value of silage is mainly determined by intake and digestibility of silage [5]. The
silage quality and availability of nutrients influence animal performance [6].

The intake of silage is generally lower than the intake of fresh forage [1] because the presence
of toxic substances produced during the fermentation as amines; also due to the high concen‐
tration of organic acids and decrease in the water soluble carbohydrate content which lower
availability of energy for the growth of microorganisms in the rumen [7]. However, we should
question the validity of this conclusion [2].

Proper management in the ensilage can result in well‐preserved silage and result in a similar
intake of fresh forage. In addition, the use of additive may increase the silage intake values.
Balieiro Neto et al. [8] evaluated the intake of sugarcane in natura and silage and observed
higher values to sugarcane silage intake (0.720 kg/day) than to sugarcane in natura intake (0.657
kg/day). The silages were additive with 0.5% of calcium oxide (fresh matter basis).

The fermentative profile and the vegetable species available can influence the silage intake.
Due to the fermentative process, many changes occur in chemical characteristics of forage. The
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organic acid concentration is variable and it is influenced by management of the ensilage
process, use of additive and principally by forage characteristics. This variation is recognized
and search object of researchers worldwide (Table 1).

Crop Ensiling characteristics Author
pH LA

(g/kg
DM) 

AA
(g/kg
DM) 

PA
(g/kg
DM) 

BA
(g/kg
DM) 

Ethanol
(g/kg
DM) 

NH3‐N
(mM/g
DM)

WSC
(g/kg
DM)

Corn silage (Zea mays
L.)

3.7 38.6 14.3 1.4 2.0 3.5 10.1 17.5 Hassanat et al.
[12]

Sorghum silage
(Sorghum bicolor L.
Moench)

3.66 61.5 16.7 0.1 0.4 18 6.68 – Santos [13]

Pearl millet silage
(Pennisetum glaucum
LR)

3.9 63 14.4 2.8 0.71 – 48 – Dos Santos et al.
[14]

Calliandra silage
(Calliandra calothyrsus)

4.0 20.4 5.85 0.15 0.38 – 43.5 17.99 Ridwan et al.
[15]

Alfafa silage
(Medicago sativa)

4.2 74.2 26.1 2.4 0.9 2.2 27.7 18.3 Hassanat et al.
[12]

Napiergrass silage
(Pennisetum purpureum
Schum)

4.1 37.6 12.7 0.1 12.1 – 100.1* 21.2 Rong et al. [16]

Cactus palm silage
(Opuntia ficus indica)

3.81 80.2 22.5 8.1 05 – 9.0 20.4 Nogueira [17]

*NT.

Table 1. Fermentative characteristics of silages.

Restle et al. [9] evaluating the performance of feedlot calves receiving grass silage (Brachiaria
plantaginea) and corn and sorghum silages, found that corn and sorghum silage promoted
higher intake and better performance than the animals fed grass silage. Although the authors
justify the higher dry matter intake of animals fed with corn and sorghum silage was due to
an increasing difference in weight, which interfere directly in the intake values, the result may
have also occurred because the fermentative characteristics and different end‐products of
fermentation concentration.

3. Factors that interfere on the silage intake

The dry matter intake (DMI) is determinant to ingress of nutrients to cater to the requirements
for animal maintenance and production, principally the intake of protein and energy [10]. The
DMI is the factor that affects the animal productive performance, since 60–90% variation in
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animal performance is associated with the metabolizable energy intake and only 10–40% with
the diet digestibility [11].

The silage fermentative profile can influence the animal intake. In Table 1, the fermentative
profile of some silages used in animal feed is described. The corn silage (Zea mays L.) shows a
good fermentation process and result in adequate lactic acid production (38.6 g/kg DM), low
acetic, propionic and butyric acid concentrations [12], which implies adequate dry matter
intake.

The sorghum silage (Sorghum bicolor L. Moench) has similar fermentative characteristics of corn
silage, but in some cases, the higher WSC content of forage can cause acid silage and increase
the ethanol produce due to yeast activity [13]. The lactic acid production in sorghum ensilage
is quick and pH may decrease below than desirable pH. Sorghum silage can show average
values lactic acid of 61.5 g/kg DM and 18 g/kg ethanol concentration [13]. Ethanol may result
in decrease in DMI, so excess ethanol is a negative point in these silages.

Another important forage to semiarid regions is the pear millet (Pennisetum glaucum LR). The
fermentative profile of pear millet silage has high volatile fatty acids (VFA) products, with
lactic acid 63 g/kg DM and higher propionic acid content (2.8 g/kg DM) [14] than corn and
sorghum silages.

The forage species is an important factor for determining the fermentative profile and intake
silage. Silages legumes, such calliandra (Calliandra calothyrsus), for example, has higher
ammonia content (43.5 mM/g DM) [15] compared to corn silage. This large ammonia amount
can influence the intake and digestibility of silages.

Alfalfa silage (Medicago sativa) have large amount of organic acid. Research evaluation of
replacing effects of alfalfa silage for corn silage, Hassanat et al. [12] found different concen‐
trations of organic acids into silages. The lactic acid content of alfalfa silage (74.2 g/kg DM) is
higher than corn silage. However, other compounds such as acetic acid and ammonia can
decrease intake silage. The high values found (acetic acid 26.1 g/kg DM and ammonia 27.7
mM/g DM) may have negatively influenced the silage intake by cows. The silage intake
increased according to elevated levels of corn silage in the diet. Probably, the differences of the
fermentative profile of silages alter the intake by the animal.

Grasses ensiling result generally in higher pH and lower values of lactic acid. Resistance to
change in pH or buffer capacity is one of the main obstacles to the quality of silage. The rapid
lowering of the pH is effective in reducing the activity of deleterious microorganisms to
nutrient forage ensiled. Although the buffering substance content may hamper acidification
of the silo environment, Rong et al. [16] observed pH values of 4.1 in Napiergrass (Pennisetum
purpureum Schum) silage; still, high butyric (12.1 g/kg DM) and acetic acid concentrations (12.7
g/kg DM) and ammonia content (100 g/kg NT). Butyric acid can negatively influence the silage
intake in ruminant animals [2].

In semiarid regions, the use of cactaceous in animal feeding is unexceptional. Nogueira [17]
tested the cactus palm (Opuntia ficus indica) ensiling and found large amount of lactic acid
(80.2 g/kg DM) and a high propionic acid content (8.1 g/kg DM). These acids have no relation
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with the decrease in silage intake. Then it is possible that cactus palm silage may show a high
animal intake index.

Chemical composition of forage pass by changes that alter the forage structure ensiling
(Table 2). When ensiling, maize showed decrease in WSC (‐59.5 g/kg DM), Neutral detergent
fiber (NDF) (‐25 g/kg DM), hemicellulose (‐25 g/kg DM) and cellulose contents (‐11g/kg DM),
and increase on acid detergent lignin (+11 g/kg DM) [18].

Crop Chemical composition Author

DM CP

(g/kg

DM) 

WSC

(g/kg

DM)

NDF

(g/kg

DM)

ADF

(g/kg

DM)

ADL

(g/kg

DM)

HEM

(g/kg

DM)

CELL

(g/kg

DM)

ASH

(g/kg

DM)

Fresh maize 297.0 – 88.0 555.0 325.0 57.0 230.0 268.0 – Filya and Sucu [18]

Maize silage 297.0 – 28.5 530.0 325.0 68.0 205.0 257.0 – Filya and Sucu [18]

Fresh sorghum 361.0 108.0 67.0 608.0 359.0 65.0 – – 46.0 Amer et al. [57]

Sorghum silage 352.0 116.0 18.0 609.0 361.0 43.0 – – 50.0 Amer et al. [57]

Fresh pearl

millet 

230.8 116.8 – 595.0 321.4 – 273.6 279.8 – Guimarães Jr. [58]

Pearl millet

silage 

241.9 112.5 – 486.8 288.8 – 198.1 256.2 – Guimarães Jr. [58]

Fresh calliandra 450.5 212.1 – 551.8 488.8 215.7 63.0 299.8 – Ridwan et al. [15]

Calliandra silage 465.4 202.2 17.9 538.4 448.8 134.1 89.6 307.0 – Ridwan et al. [15]

Fresh Piatã grass 184.0 139.0 – 673.0 372.0 43.0 – – – Costa et al. [59]

Piatã grass silage 265.5 97.8 – 632.5 405.8 43.0 – – – Costa et al. [59]

Fresh P.

Purpureum

312.5 45.2 – 746.2 510.1 382.0 236.2 73.5 Ridwan et al. [15]

P. Purpureum

Silage

311.9 56.0 – 665.8 492.1 343.6 173.7 87.9 Ridwan et al. [15]

Table 2. Chemical composition of pre‐ensiling of forage and silage.

Some forage after ensiling, as Pearl Millet and Calliandra, show increase in the DM content
and decrease in CP concentration and fibrous fractions of forage (NDF, NDA, ADL, hemicel‐
lulose and cellulose). The reduction in fibrous fraction is positive to silage degradability,
because it expands the activity area of rumen microorganisms and resealing energy.

Others forages, such as sorghum, may show higher ash content after ensiling. This can occurs
due the biochemistry reactions of organic acids and salt formation. The exposure of the silage
to air, making the anaerobic environment to aerobic, is one of the factors that influence the
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animal performance is associated with the metabolizable energy intake and only 10–40% with
the diet digestibility [11].

The silage fermentative profile can influence the animal intake. In Table 1, the fermentative
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good fermentation process and result in adequate lactic acid production (38.6 g/kg DM), low
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intake.

The sorghum silage (Sorghum bicolor L. Moench) has similar fermentative characteristics of corn
silage, but in some cases, the higher WSC content of forage can cause acid silage and increase
the ethanol produce due to yeast activity [13]. The lactic acid production in sorghum ensilage
is quick and pH may decrease below than desirable pH. Sorghum silage can show average
values lactic acid of 61.5 g/kg DM and 18 g/kg ethanol concentration [13]. Ethanol may result
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silage. Silages legumes, such calliandra (Calliandra calothyrsus), for example, has higher
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Sorghum silage 352.0 116.0 18.0 609.0 361.0 43.0 – – 50.0 Amer et al. [57]

Fresh pearl

millet 

230.8 116.8 – 595.0 321.4 – 273.6 279.8 – Guimarães Jr. [58]

Pearl millet

silage 

241.9 112.5 – 486.8 288.8 – 198.1 256.2 – Guimarães Jr. [58]

Fresh calliandra 450.5 212.1 – 551.8 488.8 215.7 63.0 299.8 – Ridwan et al. [15]

Calliandra silage 465.4 202.2 17.9 538.4 448.8 134.1 89.6 307.0 – Ridwan et al. [15]

Fresh Piatã grass 184.0 139.0 – 673.0 372.0 43.0 – – – Costa et al. [59]

Piatã grass silage 265.5 97.8 – 632.5 405.8 43.0 – – – Costa et al. [59]

Fresh P.

Purpureum

312.5 45.2 – 746.2 510.1 382.0 236.2 73.5 Ridwan et al. [15]

P. Purpureum

Silage

311.9 56.0 – 665.8 492.1 343.6 173.7 87.9 Ridwan et al. [15]

Table 2. Chemical composition of pre‐ensiling of forage and silage.

Some forage after ensiling, as Pearl Millet and Calliandra, show increase in the DM content
and decrease in CP concentration and fibrous fractions of forage (NDF, NDA, ADL, hemicel‐
lulose and cellulose). The reduction in fibrous fraction is positive to silage degradability,
because it expands the activity area of rumen microorganisms and resealing energy.

Others forages, such as sorghum, may show higher ash content after ensiling. This can occurs
due the biochemistry reactions of organic acids and salt formation. The exposure of the silage
to air, making the anaerobic environment to aerobic, is one of the factors that influence the
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nutritional value of silages. In the presence of air, deleterious and opportunistic aerobic
microorganisms can develop rapidly and degrade nutrients from silages.

Sugarcane and corn are forage susceptible to aerobic stability problems because the high lactic
acid concentration and residual WSC promote an ideal environment for the development of
deleterious microorganisms, such yeasts. In Table 3, it is observed that after exposure to air
over time (8 and 9 days), there was a reduction in the WSC content of corn silage and an
increased DM content [8]. The sugarcane silages showed an increase in the NDF and CP
contents and reduced lignin (ADL) and non‐fibrous carbohydrate (NFC) contents [19]. These
changes in the chemical composition of silages can interfere on intake and digestibility of
silages.

Crop Chemical composition

DM

(g/kg

DM) 

CP

(g/kg

DM) 

NDF

(g/kg

DM) 

ADF

(g/kg

DM) 

ADL

(g/kg

DM) 

NFC

(g/kg

DM) 

WSC

(g/kg

DM) 

ASH

(g/kg

DM) 

Sugarcane 269.1 30.0 554.8 439.5 72.5 375.8 – –

Sugarcane silage 238.2 31.9 633.3 479.2 83.7 282.0 – –

Sugarcane silage

(d3) 

340.5 38.9 659.7 493.3 82.3 245.2 – –

Sugarcane silage

(d6) 

359.2 37.8 709.7 440.4 69.2 195.8 – –

Sugarcane silage

(d9) 

299.7 42.7 704.7 414.6 59.4 196.0 – –

Maize 339 71 409 198 – – – 35

Maize silage 317 78 384 206 – – 18 37

Maize silage (d0) 360 75 354 203 – – 17 35

Maize silage (d2) 366 73 370 209 – – 18 37

Maize silage (d4) 371 76 358 217 – – 15 35

Maize silage (d6) 389 75 356 208 – – 9 35

Maize silage (d8) 395 76 362 206 – – 11 35

Source: Adapted from Balieiro Neto et al. [8] and Gerlach et al. [19].

Table 3. Changes in the chemical composition of fresh forage, silage at silo opening and silage exposure to air.

In ruminant animals, the intake is regulated by psychogenic, physiological or physical
mechanisms [11]. The psychogenic mechanism is related to aspects of smell and palatability
of the food [20].

Palatability is the property of a food that affects its taste or smell as perceived by animals with
particular experiences under specified conditions. The palatability may be a basis to the silage
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intake problem [21]. The end‐products of fermentation in silage can affect the animal intake
through palatability [22]. In addition, the palatability depends on the animal species.

The regulation of intake in ruminants can occur through of humoral factors because the volatile
fatty acids (VFA) have the ability to limit the intake. The intake varies with the energy
requirements of the animal. The physiological mechanism can be observed when provided
with high concentrate diets, as animals in confinement. As silage has a considerable content
of organic acids due the fermentative process, the intake of silage tends to be lower than the
original forage. Some silage fermentation products can reduce the intake of silage, such as
acetic acid [23].

Animals with diet rich in forage prevails the intake limited by the physical capacity rumen.
The NDF is the main fraction of diet that provides this effect because it is slow and incomplete
digestion in gastrointestinal [11]. In this situation, repletion has a significant effect on animal
capacity in DM intake. The physical distension of the reticulum‐rumen is the main factor
limiting the intake of fodder and many diets rich in fiber [14].

Fiber fraction is an important parameter to be considered for the animal intake, because it is
negatively correlated with intake and digestibility [7]. Even with the lower fiber content when
compared to hay, silage tends to be less intake by the animals. In the experiment evaluating
the effects of fermentation on the intake and digestibility of silage [24], the authors found an
average of 16% lower intake of silage compared to the intake of hay. They noted that this
reduction in intake was due to the presence of fermentation end‐products.

The major source of ingredients in dairy cow diets is the forage. Despite their important
(economically and nutritionally), the forage has been a study object for a long time [12].

Crop Intake dry

matter (kg/d)

Digestibility Animal

species

Author

IVD (%DM) TIVD (%DM) AD (%DM)

Corn silage 22.80 – – 71.30 Cow Hassanat et al. [12]

Alfalfa silage 21.70 – – 69.70 Cow Hassanat et al. [12]

Sugarcane in natura – 63.93 66.50 – – Balieiro Neto et al. [8]

Sugarcane silage – 59.72 62.11 – – Balieiro Neto et al. [8]

Sorghum silage (SS) 5.91 – – 48.32 Sheep Simon et al. [35]

SS + 15% concentrate 7.09 – – 61.96 Sheep Simon et al. [35]

SS + 15% concentrate 7.81 – – 68.12 Sheep Simon et al. [35]

SS + 15% concentrate 7.98 – – 69.77 Sheep Simon et al. [35]

IVD = in vitro digestibility; TIVD = true in vitro digestibility; AD = apparent digestibility.

Table 4. Intake and digestibility of silage index.
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nutritional value of silages. In the presence of air, deleterious and opportunistic aerobic
microorganisms can develop rapidly and degrade nutrients from silages.

Sugarcane and corn are forage susceptible to aerobic stability problems because the high lactic
acid concentration and residual WSC promote an ideal environment for the development of
deleterious microorganisms, such yeasts. In Table 3, it is observed that after exposure to air
over time (8 and 9 days), there was a reduction in the WSC content of corn silage and an
increased DM content [8]. The sugarcane silages showed an increase in the NDF and CP
contents and reduced lignin (ADL) and non‐fibrous carbohydrate (NFC) contents [19]. These
changes in the chemical composition of silages can interfere on intake and digestibility of
silages.
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DM) 
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(g/kg

DM) 

ADF

(g/kg

DM) 

ADL

(g/kg

DM) 

NFC

(g/kg

DM) 

WSC

(g/kg

DM) 

ASH

(g/kg

DM) 

Sugarcane 269.1 30.0 554.8 439.5 72.5 375.8 – –

Sugarcane silage 238.2 31.9 633.3 479.2 83.7 282.0 – –

Sugarcane silage

(d3) 

340.5 38.9 659.7 493.3 82.3 245.2 – –

Sugarcane silage

(d6) 

359.2 37.8 709.7 440.4 69.2 195.8 – –

Sugarcane silage

(d9) 

299.7 42.7 704.7 414.6 59.4 196.0 – –

Maize 339 71 409 198 – – – 35

Maize silage 317 78 384 206 – – 18 37

Maize silage (d0) 360 75 354 203 – – 17 35

Maize silage (d2) 366 73 370 209 – – 18 37

Maize silage (d4) 371 76 358 217 – – 15 35

Maize silage (d6) 389 75 356 208 – – 9 35

Maize silage (d8) 395 76 362 206 – – 11 35

Source: Adapted from Balieiro Neto et al. [8] and Gerlach et al. [19].

Table 3. Changes in the chemical composition of fresh forage, silage at silo opening and silage exposure to air.

In ruminant animals, the intake is regulated by psychogenic, physiological or physical
mechanisms [11]. The psychogenic mechanism is related to aspects of smell and palatability
of the food [20].

Palatability is the property of a food that affects its taste or smell as perceived by animals with
particular experiences under specified conditions. The palatability may be a basis to the silage
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intake problem [21]. The end‐products of fermentation in silage can affect the animal intake
through palatability [22]. In addition, the palatability depends on the animal species.

The regulation of intake in ruminants can occur through of humoral factors because the volatile
fatty acids (VFA) have the ability to limit the intake. The intake varies with the energy
requirements of the animal. The physiological mechanism can be observed when provided
with high concentrate diets, as animals in confinement. As silage has a considerable content
of organic acids due the fermentative process, the intake of silage tends to be lower than the
original forage. Some silage fermentation products can reduce the intake of silage, such as
acetic acid [23].

Animals with diet rich in forage prevails the intake limited by the physical capacity rumen.
The NDF is the main fraction of diet that provides this effect because it is slow and incomplete
digestion in gastrointestinal [11]. In this situation, repletion has a significant effect on animal
capacity in DM intake. The physical distension of the reticulum‐rumen is the main factor
limiting the intake of fodder and many diets rich in fiber [14].

Fiber fraction is an important parameter to be considered for the animal intake, because it is
negatively correlated with intake and digestibility [7]. Even with the lower fiber content when
compared to hay, silage tends to be less intake by the animals. In the experiment evaluating
the effects of fermentation on the intake and digestibility of silage [24], the authors found an
average of 16% lower intake of silage compared to the intake of hay. They noted that this
reduction in intake was due to the presence of fermentation end‐products.

The major source of ingredients in dairy cow diets is the forage. Despite their important
(economically and nutritionally), the forage has been a study object for a long time [12].

Crop Intake dry

matter (kg/d)

Digestibility Animal

species

Author

IVD (%DM) TIVD (%DM) AD (%DM)

Corn silage 22.80 – – 71.30 Cow Hassanat et al. [12]

Alfalfa silage 21.70 – – 69.70 Cow Hassanat et al. [12]

Sugarcane in natura – 63.93 66.50 – – Balieiro Neto et al. [8]

Sugarcane silage – 59.72 62.11 – – Balieiro Neto et al. [8]

Sorghum silage (SS) 5.91 – – 48.32 Sheep Simon et al. [35]

SS + 15% concentrate 7.09 – – 61.96 Sheep Simon et al. [35]

SS + 15% concentrate 7.81 – – 68.12 Sheep Simon et al. [35]

SS + 15% concentrate 7.98 – – 69.77 Sheep Simon et al. [35]

IVD = in vitro digestibility; TIVD = true in vitro digestibility; AD = apparent digestibility.

Table 4. Intake and digestibility of silage index.
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Evaluating the effect of replacing alfalfa silage to corn silage on diet intake of dairy cows,
among other parameters, Hassanat et al. [12] found values of 21.7 kg/day DMI alfalfa silage
and 22.8 kg/day DMI corn silage (Table 4). The difference on intake silage in these silages may
occur due chemical composition and fermentative profile. As mentioned before, butyric and
acetic acid are associated with decreased intake silages. These acids were found in greater
quantity in alfalfa silage than in corn silage.

3.1. End‐products of fermentation

The ensilage is a complex process and it yields a variety of compounds and forage quality is
a term used to refer to the nutritional value of plant in interaction with the animal intake and
performance potential. About silage, the animal response is dependent on its fermentative
profile that affects the food structure, nutrient concentration and intake [3].

The quality of the silage is influenced by factors such as plant species, indigenous microbiota,
crop management, cutting and ensilage procedure, as well as environmental factors and
storage. The variation of silage quality can influence the intake by animals. The composition
and concentration of fermentation end‐products of the silage are variable, most commonly
found fermentation produces lactic acid, however, other types of fermentations occur and may
decline the nutritional quality of the silage [4]. The fermentation quality should be included
in assessment of the DMI potential of grass silages [24].

Although intensively discussed, there is no agreement on the indices of fermentation quality
when evaluating the dry matter intake of the silage [5, 24], however, some factors may be
identified for reducing the intake of silage.

Researchers evaluated the production of fermentative compounds in silages and they found
13 esters, 5 aldehydes, 3 alcohols and 1 sulfide. They observed that the increase in ammonia,
acetate and propionate levels, as well as decrease in the WSC content, decrease the intake [22].

Esters are volatile compounds that may take effect on silage flavor reducing the DMI, princi‐
pally acetate [19]. Other compounds also may influence the DMI, as propionic acid and
biogenic amine. According to some studies it is improbable that low propionic acid concen‐
tration directly influence the DMI, while the biogenic amine is naturally present in silages and
reduce the intake from palatability or by influencing the nitrogen metabolism [5].

An indicator that can be related to the DMI is pH. Researchers evaluating changes in the
fermentation of corn silage exposed to air [16] found a positive correlation between pH and
DMI, if pH is relatively high, and a greater intake of silage. This is justified because of the
absence of excessive organic acids or ammonia‐N fermentation [5, 19].

The fermentation process of the silage not just can generate products that inhibit the animal
intake; the reactions resulting from the silo opening procedure can also promote reduction of
silage intake. The aerobic deterioration is a significant problem that affects the yield and quality
of silage [25]. It is caused by the activity of bacteria, yeasts and molds that can compromise the
final nutritional value of the silage, changing the volatile and depressed intake [19].
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In a study on the effect of aerobic deterioration of silage on goat intake, the authors found
intense degradation of lactic (by yeasts) and acetic acids, decrease in WSC after air exposure.
After eight days, it was more than half with reductions ranging between 29 and 79% in
comparison to fresh silages. Some end‐products of fermentation (ethyl lactate, ethanol) were
negatively related to silage intake. However, correlation coefficients were weak. Concentra‐
tions of acetic acid and ethanol were negatively correlated with DMI, but the authors justified
that lower DMI is due to the greater concentration of acetic acid in fresh silages which
compensate for improved aerobic stability and smaller decline in DMI is a consequence of
aerobic deterioration [19].

3.1.1. Lactic acid

The lactic acid is an organic acid produced by conversion of soluble carbohydrates by lactic
acid bacteria. The lactic acid content should be at least 65–70% of the total silage acids in good
silage [26].

The lactic acid concentration in silages may to decrease the efficiency of microbial protein
synthesis in the rumen whenever the values are high [27].

3.1.2. Acetic acid

Extremely wet silages or slow silo filling can result in silages with high concentrations of acetic
acid (>3–4% of DM). Acetic acid concentrations are also related principally to long‐acting of
enterobacteria and heterofermentative bacteria [26].

The acetic acid content negatively relates to the intake of silage [28], therefore low levels of
acetic acid are desirable in silages [29]. Though it may present a negative aspect to intake, silage
inoculants specific with the largest production of acetic acid did not show a reduction in animal
intake [26].

In assay sheep fed with silage, the authors [21] found decrease in the intake of silage when
adding acetic acid. The reduction in intake is justified due to the taste and odor of silage. In
other studies, DMI was negatively correlated with acetic acid [19].

3.1.3. Butyric acid

Concentrations of butyric acid are negatively correlated with digestibility [24]. A high
concentration of butyric acid (>0.5% of DM) indicates that the silage has a poor fermentation,
clostridia fermentation. Silages high in butyric acid have a low nutritive value and many of
the soluble nutrients have been degraded. They may contain compounds such as amines that
have sometimes shown adversely affect animal performance, also the intake [26].

The butyric acid content reflects clostridia activity on ensiled mass with a deleterious effect on
quality and reduction of silage palatability [29].
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Evaluating the effect of replacing alfalfa silage to corn silage on diet intake of dairy cows,
among other parameters, Hassanat et al. [12] found values of 21.7 kg/day DMI alfalfa silage
and 22.8 kg/day DMI corn silage (Table 4). The difference on intake silage in these silages may
occur due chemical composition and fermentative profile. As mentioned before, butyric and
acetic acid are associated with decreased intake silages. These acids were found in greater
quantity in alfalfa silage than in corn silage.

3.1. End‐products of fermentation

The ensilage is a complex process and it yields a variety of compounds and forage quality is
a term used to refer to the nutritional value of plant in interaction with the animal intake and
performance potential. About silage, the animal response is dependent on its fermentative
profile that affects the food structure, nutrient concentration and intake [3].

The quality of the silage is influenced by factors such as plant species, indigenous microbiota,
crop management, cutting and ensilage procedure, as well as environmental factors and
storage. The variation of silage quality can influence the intake by animals. The composition
and concentration of fermentation end‐products of the silage are variable, most commonly
found fermentation produces lactic acid, however, other types of fermentations occur and may
decline the nutritional quality of the silage [4]. The fermentation quality should be included
in assessment of the DMI potential of grass silages [24].

Although intensively discussed, there is no agreement on the indices of fermentation quality
when evaluating the dry matter intake of the silage [5, 24], however, some factors may be
identified for reducing the intake of silage.

Researchers evaluated the production of fermentative compounds in silages and they found
13 esters, 5 aldehydes, 3 alcohols and 1 sulfide. They observed that the increase in ammonia,
acetate and propionate levels, as well as decrease in the WSC content, decrease the intake [22].

Esters are volatile compounds that may take effect on silage flavor reducing the DMI, princi‐
pally acetate [19]. Other compounds also may influence the DMI, as propionic acid and
biogenic amine. According to some studies it is improbable that low propionic acid concen‐
tration directly influence the DMI, while the biogenic amine is naturally present in silages and
reduce the intake from palatability or by influencing the nitrogen metabolism [5].

An indicator that can be related to the DMI is pH. Researchers evaluating changes in the
fermentation of corn silage exposed to air [16] found a positive correlation between pH and
DMI, if pH is relatively high, and a greater intake of silage. This is justified because of the
absence of excessive organic acids or ammonia‐N fermentation [5, 19].

The fermentation process of the silage not just can generate products that inhibit the animal
intake; the reactions resulting from the silo opening procedure can also promote reduction of
silage intake. The aerobic deterioration is a significant problem that affects the yield and quality
of silage [25]. It is caused by the activity of bacteria, yeasts and molds that can compromise the
final nutritional value of the silage, changing the volatile and depressed intake [19].

Advances in Silage Production and Utilization108

In a study on the effect of aerobic deterioration of silage on goat intake, the authors found
intense degradation of lactic (by yeasts) and acetic acids, decrease in WSC after air exposure.
After eight days, it was more than half with reductions ranging between 29 and 79% in
comparison to fresh silages. Some end‐products of fermentation (ethyl lactate, ethanol) were
negatively related to silage intake. However, correlation coefficients were weak. Concentra‐
tions of acetic acid and ethanol were negatively correlated with DMI, but the authors justified
that lower DMI is due to the greater concentration of acetic acid in fresh silages which
compensate for improved aerobic stability and smaller decline in DMI is a consequence of
aerobic deterioration [19].

3.1.1. Lactic acid

The lactic acid is an organic acid produced by conversion of soluble carbohydrates by lactic
acid bacteria. The lactic acid content should be at least 65–70% of the total silage acids in good
silage [26].

The lactic acid concentration in silages may to decrease the efficiency of microbial protein
synthesis in the rumen whenever the values are high [27].

3.1.2. Acetic acid

Extremely wet silages or slow silo filling can result in silages with high concentrations of acetic
acid (>3–4% of DM). Acetic acid concentrations are also related principally to long‐acting of
enterobacteria and heterofermentative bacteria [26].

The acetic acid content negatively relates to the intake of silage [28], therefore low levels of
acetic acid are desirable in silages [29]. Though it may present a negative aspect to intake, silage
inoculants specific with the largest production of acetic acid did not show a reduction in animal
intake [26].

In assay sheep fed with silage, the authors [21] found decrease in the intake of silage when
adding acetic acid. The reduction in intake is justified due to the taste and odor of silage. In
other studies, DMI was negatively correlated with acetic acid [19].

3.1.3. Butyric acid

Concentrations of butyric acid are negatively correlated with digestibility [24]. A high
concentration of butyric acid (>0.5% of DM) indicates that the silage has a poor fermentation,
clostridia fermentation. Silages high in butyric acid have a low nutritive value and many of
the soluble nutrients have been degraded. They may contain compounds such as amines that
have sometimes shown adversely affect animal performance, also the intake [26].

The butyric acid content reflects clostridia activity on ensiled mass with a deleterious effect on
quality and reduction of silage palatability [29].
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3.1.4. Ammonia

The ammonia‐N is often associated with the decrease in the intake of silage because of their
presence in poorly fermented silage or clostridia. Some other products resulting of degradation
of amino acids also can decrease the intake of silage [21].

The proteolysis by plant and microbial enzymes may lower the nutritive value of ensiling
forage by degrading the forage protein fraction into peptides, amines, free amino acids and
ammonia. This permit proteolytic bacteria ferment peptides and amino acids converting them
into a diversity of organic acids, CO2, ammonia and amines, products that decrease the
voluntary intake of silage [30]. Generally, the ammonia concentration is used as an indicator
of protein degradation in silage [5].

Although microorganisms as enterobacteria have low proteolytic activity, it can deaminate and
decarboxylate some amino acids contributing to the formation of ammonia and biogenic
amines in silage, which have a negative effect on silage palatability and intake in ruminants
[31].

Ammonia concentrations are negatively related to the intake of silage. In grass silage, high
moisture favors the butyric fermentation and release of ammonia, which negatively affect the
intake of silage by animals [1]. According to Huhtanen et al. [5] index, ammonia concentrations
greater than 50 g/kg N predict decrease in silage DMI.

4. Factors that affect silage digestibility

Digestion is a process of conversion of food macromolecules into simple compounds that can
be absorb into the gastrointestinal tract [10].

Concentration of ammonia‐N in rumen is indispensable for microbial growth since it is
associated with the energy source, and it is related to soluble protein of diet and to N retention
of the animal. High ammonia concentrations may occur when excess protein in the diet is
degraded in the rumen or a low concentration of carbohydrates is degraded in the rumen,
which can cause changes in rumen pH changing the microbial activity and its functions in the
digestive process [10].

The digestibility of ruminants is associated with the characteristics of food and the animal. The
relationship between intake and digestibility, in which the increase in digestibility leads to
increased intake, is influenced by forage residence time in the rumen [32].

Some factors, such as the proper processing of forage for silage, contribute to improve the
digestibility of the final product. Researchers evaluated the effect of the length of the whole
plant corn on intake, digestibility and production of milk [33], they found positive results
regarding the effect of whole plant processing for corn silage with increased body weight,
increased DM intake, greater starch and fiber digestibility. Still, the estimated average increase
in starch digestibility in the ensiled plants was 4.2% above the initial herbage unprocessed
digestibility.
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The yield of fermentation end‐products in silage is variable, depending primarily on the
amount of substrates and microbial flora. Some silage may contain up to 200 g/kg DM of
fermentation end‐products, especially lactic acid and VFA, which provide low energy for the
rumen microorganisms [34].

Other factors such as exposure to air and use of additives can influence silage digestibility. The
fermentation type interferes in the result of silage intake and digestibility. Corn and alfalfa
silages have different digestibilities (Table 4). Compared to fresh forage, digestibility of silages
is lower [8], but this can be modified.

The use of additives as concentrate ration can increase intake and digestibility of silages. The
total mixture ration is an efficient technique and may increase intake and digestibility of silages,
obtaining considerable increases in apparent digestibility [35].

4.1. Changes in the fermentation process that affects silage digestibility

Degradability of silage is positively correlated with WSC and LA [24].

The fresh forage has approximately 75–90% of the total nitrogen present in the protein form
[29], the rest called non‐protein nitrogen comprises free amino acids and amides, and ammonia
with concentration less than 1% of total nitrogen. During the fermentative process of silage,
part of nitrogen fraction is degraded to soluble fractions as peptides, amino acids and ammo‐
nia, which are rapidly degraded in the rumen with low microbial synthesis efficiency and
results in inappropriate protein post‐rumen flow [36].

According to the research of Mckersie, in 1985 [29], compounds resulting from proteolysis and
degradation of amino acids formed during fermentation of silage can inhibit the intake and
have low utilization efficiency of the microorganisms present in the rumen [29]. The concen‐
tration of ammonia in good silages should be low, not to influence the silage intake negatively
[7].

During the ensiling process the breakdown of hemicelluloses occurs to provide additional
substrate for the fermentation, because concentrations of NDF in the silages are lower than the
original herbage. The degradation of hemicellulose also can occur through hydrolysis by
organic acids or action additives [4].

Compared with the herbage, concentrations of NDF can be altered by breaking the nitrogen
bound to NDF, but an increase in the concentrations of NDF and ADL in silage may occur due
to DM losses or effluent losses of soluble nutrients [24]. Concentration of ADL increases also
due to synthesis of Maillard polymers [7], which may present positive correlation with ADIN.
The changes in the fiber fractions attributable to the fermentative process of silage could
influence digestibility [24].

Researchers evaluating different proportions of sorghum silage in diet of beef cattle compared
to Tifton grass pre‐dry, found an increase in dry matter, organic matter and total carbohydrate
digestibility on adding a higher proportion of sorghum silage to diet. The authors justified that
the increase of digestibility occurs due the lower NDF proportion and greater TDN (total
digestible nutrients) which has rapid and complete availability in the gastrointestinal tract [10].
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3.1.4. Ammonia

The ammonia‐N is often associated with the decrease in the intake of silage because of their
presence in poorly fermented silage or clostridia. Some other products resulting of degradation
of amino acids also can decrease the intake of silage [21].

The proteolysis by plant and microbial enzymes may lower the nutritive value of ensiling
forage by degrading the forage protein fraction into peptides, amines, free amino acids and
ammonia. This permit proteolytic bacteria ferment peptides and amino acids converting them
into a diversity of organic acids, CO2, ammonia and amines, products that decrease the
voluntary intake of silage [30]. Generally, the ammonia concentration is used as an indicator
of protein degradation in silage [5].

Although microorganisms as enterobacteria have low proteolytic activity, it can deaminate and
decarboxylate some amino acids contributing to the formation of ammonia and biogenic
amines in silage, which have a negative effect on silage palatability and intake in ruminants
[31].
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The yield of fermentation end‐products in silage is variable, depending primarily on the
amount of substrates and microbial flora. Some silage may contain up to 200 g/kg DM of
fermentation end‐products, especially lactic acid and VFA, which provide low energy for the
rumen microorganisms [34].

Other factors such as exposure to air and use of additives can influence silage digestibility. The
fermentation type interferes in the result of silage intake and digestibility. Corn and alfalfa
silages have different digestibilities (Table 4). Compared to fresh forage, digestibility of silages
is lower [8], but this can be modified.

The use of additives as concentrate ration can increase intake and digestibility of silages. The
total mixture ration is an efficient technique and may increase intake and digestibility of silages,
obtaining considerable increases in apparent digestibility [35].
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Degradability of silage is positively correlated with WSC and LA [24].

The fresh forage has approximately 75–90% of the total nitrogen present in the protein form
[29], the rest called non‐protein nitrogen comprises free amino acids and amides, and ammonia
with concentration less than 1% of total nitrogen. During the fermentative process of silage,
part of nitrogen fraction is degraded to soluble fractions as peptides, amino acids and ammo‐
nia, which are rapidly degraded in the rumen with low microbial synthesis efficiency and
results in inappropriate protein post‐rumen flow [36].

According to the research of Mckersie, in 1985 [29], compounds resulting from proteolysis and
degradation of amino acids formed during fermentation of silage can inhibit the intake and
have low utilization efficiency of the microorganisms present in the rumen [29]. The concen‐
tration of ammonia in good silages should be low, not to influence the silage intake negatively
[7].

During the ensiling process the breakdown of hemicelluloses occurs to provide additional
substrate for the fermentation, because concentrations of NDF in the silages are lower than the
original herbage. The degradation of hemicellulose also can occur through hydrolysis by
organic acids or action additives [4].

Compared with the herbage, concentrations of NDF can be altered by breaking the nitrogen
bound to NDF, but an increase in the concentrations of NDF and ADL in silage may occur due
to DM losses or effluent losses of soluble nutrients [24]. Concentration of ADL increases also
due to synthesis of Maillard polymers [7], which may present positive correlation with ADIN.
The changes in the fiber fractions attributable to the fermentative process of silage could
influence digestibility [24].

Researchers evaluating different proportions of sorghum silage in diet of beef cattle compared
to Tifton grass pre‐dry, found an increase in dry matter, organic matter and total carbohydrate
digestibility on adding a higher proportion of sorghum silage to diet. The authors justified that
the increase of digestibility occurs due the lower NDF proportion and greater TDN (total
digestible nutrients) which has rapid and complete availability in the gastrointestinal tract [10].
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The exposure to air of silages affects the silage digestibility. The effects of air on silage can
reduce the digestibility (Table 5). Sugarcane silage show lower digestibility than fresh
sugarcane, and after 3, 6 and 9 days of exposure to air, sugarcane silage has reduced 7.20% of
in vitro digestibility (IVD) and 2.7% true in vitro digestibility (TIVD). This reduction can be
avoided or minimized by adequate ensiling management procedures and storage of silage, in
addition, to the use of additives.

Crop Digestibility

IVD (%DM) TIVD (%DM)

Sugarcane 63.9 66.5

Sugarcane silage 59.7 62.1

Sugarcane silage (d3) 57.5 58.7

Sugarcane silage (d6) 54.5 58.3

Sugarcane silage (d9) 55.4 59.4

Source: Adapted from Balieiro Neto et al. [8].

Table 5. Effect of exposure to air on silage digestibility.

5. Alternatives to improve intake and digestibility of silages

5.1. Use of biological additives

The use of inoculants, especially lactic acid bacteria (LAB), is in an attempt to improve the
efficiency of preserving the nutritional quality of the forage. In a review of experiments with
inoculants, researchers found positive results for improving the feed intake, fed efficiency and
milk production by about a third of the studies review; it is justifying the use of inoculants on
silage also the effect on animal performance [34].

Some studies suggest a possible effect of LAB probiotics, although the mechanisms are unclear.
Probiotics is a live microorganism in the food supplement that beneficially affects the host
animal by improving intestinal balance [37]. One hypothesis is that specific strains of LAB
interact with microorganisms of the rumen improving their function and animal performance
[38–40]. Researchers found that LAB from silage inoculants could survive in rumen fluid for
at least 96 hours, which would allow the probiotic activity [41].

Although the effects of LAB inoculant are not well studied, there may be still, the action of a
type of bacteriocin that limits the bacterial activity, which can inhibit or harm the microorgan‐
ism in the rumen [39, 40]. Bacteriocins are biologically active proteins produced by LAB that
are active against other bacteria, mainly grampositive bacteria as Listeria monocytogenes [42].
In an experiment, Amado et al. [42] observed that bacteriocin producing strain inhibits the
activity of other undesirable microorganisms in silage.
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Recent studies demonstrate that some heterofermentative bacteria [Lactobacillus buchneri, for
example] produce ferulate‐esterase, enzyme that increases the degradation of the cell wall.
This enzyme release considerable soluble carbohydrates for fermentation or for use by rumen
bacteria [43].

An enzyme‐bacterial inoculant acts in two forms in silage: whereas bacterial inoculants
improve fermentation profile and increase lactic acid bacteria population, enzyme inoculants
act on the cell wall and the available higher quantity of soluble compounds, with improvement
in silage digestibility [44].

Researchers study the effect of inoculants on silage, rumen function and digestibility. They
found improvements in DM and NDF digestibility after 24 hours of incubation [38]. Others
studies also found higher DM and NDF digestibility in inoculated corn silage than untreated
silage [39].

Although there are some positive results, in the experiment realized by Fugita et al. [42], the
addition of enzyme‐bacteria inoculants do not significantly influence nutrient intake, per‐
formance and carcass characteristics of feedlot finished crossbred bulls.

The use of microbial additives in sorghum silage resulted in positive responses to the hemi‐
cellulose content and value on in vitro DM digestibility. The lower hemicellulose content of the
silage treated compared to control may result from the action of enzymes associated with
bacteria, and the greater IVDMD found may reflect the enzymatic hydrolysis effect [45].
However, it has been reported that the effects of LAB inoculants on fiber degradation are not
consistent [18] as LAB cannot use fiber as an energy source [46]. The hemicellulose degradation
by LAB inoculation is inhibited in lower environmental temperature, requiring optimum
temperature for its activity [47].

5.2. Use of chemical additive

Additives in silage can affect the DM intake and intervene in the nutritive value of silage, as
digestibility of nutrients. Chemical additives are substances that act in the control of biochem‐
ical reactions of silage. The inhibitor additives function without distinction in all processes in
the silage acting on undesirable microorganisms and fermentations, as the secondary proteol‐
ysis or aerobic growth. Among the main additives chemical inhibitors there are urea [48],
propionic and formic acid.

Urea is an additive that contains between 42 and 45% of nitrogen [48], commonly used in fodder
ammonization due to ease of application, not a pollutant, but as a source of non‐protein
nitrogen, reduce the fibrous portion of forage (NDF), favor the partial solubilization of
hemicelluloses, influence the increase in intake and digestibility of silage [49]. According to
the classification McDonald et al. [4], urea is also a nutrient additive because it improves the
nutritive value of silage.

Researchers showed the increase in the protein content of silage as result of high recovery of
nitrogen applied and may reach up 77% recovery [50]. Nitrogen recovery is a positive feature
of urea from both the nutritional and economical aspect. Urea also acts beneficially in the
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fibrous portion of the ensiled forage. Two main processes occurring in ammoniated forage
mass with urea: ureolysis and ammoniolysis.

The ureolysis process is an enzymatic reaction that release ammonia through hydrolysis of
urea. The ureolytic bacteria produces urease [an enzyme catalyst present in plants], that acts
in the presence of moisture hydrolyzing the urea and producing two ammonia molecules
[which acts directly on the cell wall of forage] and one carbon dioxide [48, 51].

From the urea hydrolysis occur chemical reaction ammoniolysis between the ammonia and
the ester bonds existing between chains of hemicelluloses and between groups of carbohy‐
drates or carbohydrate molecules and lignin, resulting in formation of an amide [52]. The
ammoniolysis cause lysis on bonds between the structural carbohydrates releasing and
increasing the contact surface to the rumen microorganisms [53].

In addition, there is another important factor to consider, ammonia has a high affinity for water
resulting in the formation of weak base, ammonium hydroxide [NH4OH]. The high affinity of
ammonia to water promotes expansion and rupture of the cell wall components of tissues of
forage treated with urea. Through specific studies using electron microscopy, change of cell
wall can be seen [49].

Another chemical additive, propionic acid is used as antifungal agent able of preserve forage
for much time. It inhibits undesirable microorganisms and improves the aerobic stability of
silages [54].

In an experiment test, Chen et al. [54] evaluated the effects and propionic acid applied on the
fermentation quality and aerobic stability of total mixed ration silage (TMR) prepared with
whole‐plant corn in Tibet. They applied 0.4% propionic acid on a fresh matter basis of TMR,
and found higher WSC concentration (88.92 g/kg DM) and decrease in butyric acid content
(0.04 g/kg DM) in TMR after 45 days of ensiling, comparative to no additive TMR (WSC = 39.99
g/kg DM; butyric acid content = 0.19 g/kg DM). In aerobic stability assay, TMR silage with
propionic acid showed low pH, higher WSC concentration and lower ammonia content than
no additive TMR silage after 12 days of air exposure (Table 6).

Control TMR silage TMR silage with 0.4% propionic acid

0 6 9 12 0 6 9 12

pH 3.90 4.28 5.1 7.07 3.89 3.88 3.87 3.75

LA 86.53 66.95 38.63 15.49 65.44 83.34 83.42 67.09

WSC 39.99 29.16 34.64 29.56 88.92 78.23 72.23 54.23

NH3‐N 52.83 51.87 55.38 65.59 42.48 41.94 51.72 57.36

Source: Adapted from Chen et al. [54].

Table 6. Chemical characteristics of total mixture ration silages (TMR) at opening silo and after exposure to air.
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The inhibition of undesirable microorganisms in silage (able to realize proteolysis) reduced
the adverse compound formation. The decrease in ammonia and butyric acid in TMR silage is
desirable because these compounds may affect food intake in the ruminants.

Besides propionic acid, formic acid is an inhibitor of undesirable fermentation. Selwet [55]
evaluated the effects of different levels of mixtures of formic and propionic acid on changes in
the chemical composition and on aerobic stability of maize silages exposed to air during the
process of feeding to animals.

The results showed that the inclusion in maize silages of the propionic and formic acid
mixture reduced undesirable microorganisms and positively influenced the changes in
silage chemical composition. Silages treated with acids were characterized by higher dry
matter, WSC and crude protein concentration, which could have been associated with the
smaller losses of nutrients due the limitation of development of some groups of microor‐
ganisms [55].

Concentrations of acetic acid in additive silages were also decrease. The author concluded that
this result is a favorable phenomenon because high concentration may limit feed intake by
animals.

In an experiment, Kung et al. [56] tested different mixtures of preserving agents such as acetic
and propionic acid and ammonia on the intake and digestibility of lactating cows fed TMR
silages. The TMR were composed of alfalfa silage (27%), corn silage (43%) and pelleted
concentrate (30%), and additives.

There was no significant difference between the dry matter intake, daily milk yield, fat and
milk protein in dairy cows fed on untreated TMR and TMR treated with chemical additive
after exposure to air. Although this study found no difference between the performances of
dairy cows, other tests reported that feed intake by sheep was negatively affected after silage
exposure to air for 5 days, when compared with fresh corn silage [56].

The use or not of a chemical or biological additive does not dispense the necessary care
during the fermentative process of ensiling, because the quality of silage is directly related
to species of plant, sol fertility, cultural tracts, ensiling point, compaction and sealing of silo,
since only the additive does not match a considerable increase in silage quality produced
[48].

6. Final considerations

The ensiling process is complex and yields a variety of end‐products of fermentation. These
products can influence directly and indirectly the intake and digestibility of silage. Some
control mechanisms of this fermentation can be of use for improvement on intake and
digestibility.
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Biological or chemical nature, additives may contribute to the increased intake of silage, as
well as improve digestibility. To choose the ideal additive, it is necessary to understand the
factors that limit the intake and digestibility of food.

The exposure of silage to air is an inevitable phase and which may compromise the nutritional
value of the silage when realized incorrectly. Appropriate management techniques can
influence the result.
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Biological or chemical nature, additives may contribute to the increased intake of silage, as
well as improve digestibility. To choose the ideal additive, it is necessary to understand the
factors that limit the intake and digestibility of food.

The exposure of silage to air is an inevitable phase and which may compromise the nutritional
value of the silage when realized incorrectly. Appropriate management techniques can
influence the result.
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Abstract

This  chapter  highlights  the  importance  of  fiber  digestibility  and  utilization  in
ruminants  and  to  summarize  the  main  factors  that  influence  fiber  digestibility  in
silages. Forage provides at least half of the diet of lactating cattle and greatly affects
energy and carbohydrate intake. It is important to maximize the intake of digestible
carbohydrate from forages, because energy requirements for maintenance and milk
production often exceed the amount of energy high-producing cows can consume,
particularly in early lactation. There are many approaches used for enhancing fiber
utilization in silage and subsequent maximizing energy intake and productivity of
dairy cattle. Out of these approaches are: selecting appropriate forages with high fiber
digestibility, applying the appropriate agronomic practices such as harvesting at the
proper stage of maturity, fertilization, and cutting height at harvest, along with using
of  esterase-producing  inoculants  or  fibrolytic  enzymes  have  been  proposed  as
approaches to improving the productivity of dairy cattle.

Keywords: feed additive, fiber utilization, nutrient availability, ruminants

1. Introduction

The global livestock industry faces an extensive challenge since a presumed dichotomy exists
between the increasing requirements for animal feeding conferred by population growth and
consumer concerns regarding the sustainability of livestock production [1]. Meanwhile, the
cost of feed grains for livestock has increased substantially in recent years [2]. Thus, there is
an increasing interest in using silages as a main source of forages in ruminant’s diets, with
high nutritive value as an alternative feed source. In high-producing dairy cattle, it is important
to maximize digestible carbohydrate intake or increase neutral detergent fiber digestibility
(NDFD) from silage because the energy needed for maintenance and milk production often
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exceeds  the  amount  of  energy  high-producing  cows  can  consume,  particularly  in  early
lactation [3].  One of the main factors that affect silage utilization is the proportion of its
potentially digestible fiber fraction, where silage having less than 60% of total fiber content is
available for digestion by the ruminant animal [4]. The first section of this chapter will discuss
the most important aspects of silage fiber digestibility. The chapter starts by the importance
of fiber digestibility, before considering the method used for evaluating fiber digestibility. This
is followed by fiber digestion and utilization in ruminants. The chapter ends with sections on
the factors that effect on fiber digestibility in silages.

2. Importance of fiber digestibility

Silages are considered the most cost-effective feed resource in ruminant nutrition. Grass and
small-grain cereal silages are the main sources of dietary energy, while leguminous silages are
considered important sources of protein for ruminant livestock [5]. The quality of silage is an
important determining factor in dairy cow performance as the forage accounts for a large
proportion of the diet about reaching from 35% up to 100% of dry matter (DM) [6]. For high-
producing dairy cows, high-quality silages with lower fiber and higher fermentable concen-
trates are usually used to meet energy requirements. Nevertheless, inadequate dietary fiber
reduces chewing activity, insalivation and rumen pH, and can cause rumen acidosis and
laminitis [7]. These can depress fibrolytic microbes and milk production by increasing
maintenance demands [8, 9]. National Research Council (NRC) stated that dairy rations should
have a minimum of 25% neutral detergent Fiber (NDF), 18.7% of which must come from forage
for adequate rumen health. Although rumen fermentation and function can cause negative
impacts on dairy cattle fed rations deficient in fiber, excessive level fiber of over 44% may also
have negative effects on intake and digestibility [9].

The National Research Council (NRC) recommendations regarding the total NDF and forage
NDF contents of dairy rations are presented in Table 1 [9]. In general, the minimum NDF
contents that are recommended for dairy ration will depend on the dietary contents of NFC,
a physical effectiveness of fiber, and the source of the fiber. It is well established that the fiber
from forage sources could induce the salivation and cud-chewing activity than nonforage fiber
sources. Consequently, the major factor for evaluating the efficiency of dietary NDF capability
is NDF content in forages. It has become very important to prevent acute and subacute rumen
acidosis and maintain milk fat level, evaluating the physical effective NDF (peNDF) in diets
due to the importance of peNDF in maintaining the rumen pH and fiber digestion. It is well
established that the amount of peNDF in the diet is dependent on the chop length of forages,
dietary NDF, and forage to concentrate ration content [10]. It has been reported that peNDF
intake can stimulate the chewing activity and can minimize the incidence of ruminal acidosis
[11]. Many studies have examined the effects of peNDF on lactation performance [12–19]. The
peNDF of feed could be calculated from the NDF content multiplied by a physical effectiveness
factor (pef). The pef ranges between 0 (not effective at stimulating chewing) and 1 (100%
effective at stimulating chewing). Numerous feed models such as Cornell Net Carbohydrate
and Protein System (CNCPS) presently use peNDF as an important input for the model to

Advances in Silage Production and Utilization124

predict lactational performance. The forage and total mixed ration (TMR) particle size
distribution recommendation using Penn state particle separator as reported by Heinrichs and
Kononoff is presented in Table 2 [13].

Minimum NDF from forage NDF from forage (% of total NDF) Minimum NDF in diet

19 75 25

18 66 27

17 58 29

16 51 31

15a 45 33

a Not recommended because of depression of milk fat test.

Table 1. Recommended minimum NDF concentration based on the proportion of NDF coming from forage sources [9].

Sieve size Type

Corn silage Haylage TMR

>19.0 mm 5 ± 3 15 ± 5 5 ± 3

19.0–8.0 mm 55 ± 10 60 ± 15 40 ± 10

8.0–1.18 mm 40 ± 10 30 ± 10 40 ± 10

<1.18 mm <5 <5 <20

Table 2. Forage and TMR particle size distribution using Penn state particle separator as reported by Heinrichs and
Kononoff [13].

3. Evaluating of fiber digestibility in ruminants

Understanding the mechanism of fiber digestion is very important to accurately estimate the
digestible energy of fiber and to improve animal performance. Fiber is digested primarily in
the rumen as the result of the dynamic operation that is affected by the chemical nature of the
fiber and by the passage and digestion rate of fiber within the digestive tract of the animal. The
potentially digestible NDF (pdNDF) and the digestion rate (kd) vary greatly between and
within different silage types [14, 17]. The passage rate of fiber (kp) is in the first place influenced
by the animal, where the digestion of fiber increases along with increased retention time of
feed in the rumen [15, 18]. Several models have been developed to describe the process of
digestion in the rumen; some models are simple or complex. Most of these models have been
developed by fractional schemes to correlate the disappearance or gas production curves with
rumen digestibility of feed components, which assume that the feed component includes at
least two portions: a potentially degradable fraction and an undegradable fraction. The
potentially degradable portion will be degraded at a fractional rate (per hour), after a discrete
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lag time (h). The undegradable fraction is calculated from the longer time of incubation as
proposed by Waldo et al. [19] (Figure 1). By using this model, Allen and Mertens [21] educed
mathematical equations to define fiber digestibility and rumen fill. For fiber digestibility, the
following equations were educed:

( )( )D= pdNDF dFINTAKE/dt /(kd+kp) (1)

( )( ) ( )I fi dFINTAKE / dt / kp= (2)

Finally, the rumen fill would be estimated as the sum of the digestible (D) and indigestible (I)
fiber pools in the rumen

Fill D I= + (3)

Eq. (1) shows that digestibility is directly related to (pdNDF) and (kd), and inversely propor-
tional (kd + kp; the rate of total fiber digestibility). Thus, as the ruminal retention time increases
(1/kp), the extent of ruminal digestibility increases [22]. The fiber weight in the rumen is
dependent on fiber intake per unit of time (dFINTAKE/dt), and parts that are digestible (fd),

Figure 1. Schematic model of total-tract fiber digestibility. Redrawn from Waldo et al. and Jung and Allen [19, 20].
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and indigestible (fi), as well as digestion rates (kd) and passage (kp). Jung and Allen ranked
the factors that influence ruminal fill, and the most important element was the fiber content,
followed by kp, the fraction that is indigestible, and the lowest factor was the kd [20]. The
digestion kinetics of fiber can be measured in vivo using rumen evacuation technique, where
cannulated animals are used for measuring the digestible and indigestible fiber pools that flow
from the rumen [23]. In spite of the high precision for rumen evacuation technique to estimate
rumen digestion kinetics, this technique is unwieldy for routine forage analysis. It has been
proved that the use of other biological methods, that is, in vitro or in situ techniques, could
give better characterization to degradation kinetics of fibrous fraction of forages. Over the last
50 years, the in vitro system has not been widely used in farm to implement analysis on forages
because of its difficulty to perform in farm. This situation has changed in recent years with the
use of a shorter digestion time (30 or 48 h) along with the enhancements that occurred in
spectral analysis using near-infrared spectroscopies, where the laboratories were facilitated to
assess the digestion of forages without the need to obtain rumen fluid. Some mathematical
equations have been developed, which can use single time points like 24 or 30 h in vitro NDFD
along with fixed lag time and lignin in the forages to calculate the kd rates [24].

In recent times, the feeding studies have found the indigestible neutral detergent fiber (iNDF)
after longer incubation time (240 h in vitro or 288 h in situ) was highly correlated with dry
matter intake (DMI) and would be used to predict pdNDF [25]. Furthermore, there were
sufficient data being created by commercial laboratories. Thus, the iNDF was applied as a new
approach rather than using lignin × 2.4 to calculate pdNDF (CB3) and indigestible NDF (CC)
using the updated CNCPS 6.5 [25]. It has been found that the model, which could accurately
predict NDF digestibility, should partition NDF into iNDF and pdNDF, fractionate feed
particles by their retention and passage in the rumen, using a predicted kd by an in vitro
system [26]. Based on this approach, Combs developed a new method for predicting fiber
digestibility; he used shorter incubation time (24, 30, and 48 h) along with iNDF (240 h) to
predict kd (kdCB3) of pdNDF [27]. The CB3 kd rates derived from in vitro analysis were
entered in the updated CNCPS model to calculate the ruminal fiber digestibility according to
this equation; rumen degradability for pdNDF = CB3 × (kdCB3/(kdCB3 + kp). Finally, they
calculated the in vitro total-tract NDFD (ivttNDFD) assuming that the intestinal digestibility
of available NDF (CB3) amount escaping rumen digestion was 5%. Lopes et al. have found that
in vivo total-tract NDF digestibility was highly correlated with the ivttNDFD. The regression
equation to describe the relationship was described as follows: in vivo total-tract NFDF
(%) = −3.62 + 1.11 × ivttNDFD (%) with R2 = 0.70, RMS = 4.27, P-value < 0.01; n = 21 diets. The
differences between two methods (ivttNDFD and in vivo total-tract NDFD) were not signifi-
cant, and mean values varied by only 1% unit, showing promise for this approach [28].

The use of high-resolution spectroscopic techniques (e.g., high-field nuclear magnetic reso-
nance, mid-infrared, Raman spectroscopy, and pyrolysis mass spectrometry) is finding
increased usage in forage assessment. These advanced technologies would provide more broad
information about a primary nature [29]. A spectroscopic method such as Fourier transform
infrared (FT/IR) spectroscopy has been developed as rapid, direct, nondestructive and
noninvasive bioanalytical technique [29–37]. Thereby, this technique paves the way to better
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in vivo total-tract NDF digestibility was highly correlated with the ivttNDFD. The regression
equation to describe the relationship was described as follows: in vivo total-tract NFDF
(%) = −3.62 + 1.11 × ivttNDFD (%) with R2 = 0.70, RMS = 4.27, P-value < 0.01; n = 21 diets. The
differences between two methods (ivttNDFD and in vivo total-tract NDFD) were not signifi-
cant, and mean values varied by only 1% unit, showing promise for this approach [28].

The use of high-resolution spectroscopic techniques (e.g., high-field nuclear magnetic reso-
nance, mid-infrared, Raman spectroscopy, and pyrolysis mass spectrometry) is finding
increased usage in forage assessment. These advanced technologies would provide more broad
information about a primary nature [29]. A spectroscopic method such as Fourier transform
infrared (FT/IR) spectroscopy has been developed as rapid, direct, nondestructive and
noninvasive bioanalytical technique [29–37]. Thereby, this technique paves the way to better
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understand the quantity, composition, structure, and distribution of chemical constituents and
functional groups in a tissue (feed and ingredients) [38–42]. Intrinsic chemical structures were
found to effect on nutritive value, degradation characteristics, utilization, and availability of
feed [43, 44]. Many studies have reported that AT/IR would accurately predict rumen degrad-
ability of DM, NDF, concentrations of lignin, ferulic, and coumaric acids in forage samples [45–
47].

4. Fiber digestion and utilization in ruminants

4.1. Plant cell-wall carbohydrates

The forages are diverse in its characteristics, and this uniformity results in variations in quality
as an animal feed. Plant cell-wall carbohydrates are the most important components in forages
that influence silage quality. There is higher complexity in the utilization of silages due to
diversity among forage plants, diversity in the ruminal microorganisms, and interaction
between the forage plant cell-wall carbohydrates and microorganisms [48]. Ruminants can
digest and degrade plant cell-wall polysaccharides. The plant cell-wall chemistry and ana-
tomical structure will determine the digestion characteristics of cell types [49]. The fiber
fraction for the main silages is presented in Table 3.

Forage % DM ADF NDF Hemicellulose Lignin
Legume silage 37 39 47 8.9 7.7

30–43 33–44 40–55 4.1–13.6 5.3–10.0

MM legume silagea 35 39 52 13.4 6.8

27–42 35–42 45–59 7.8–18.9 5.4–8.3

MM grass silage 36 39 56 17 6.9

28–45 35–44 50–63 22 4.7–9.0

Grass silage 31 41 62 21 6.4

21–41 37–44 55–68 15–27 4.9–7.8

Corn silage 33 26 45 19 2.8

25–40 22–30 38–51 15–23 2.2–3.5

Winter cereals 29 31 52 21 4.3

35 39 59 20 6.3

aMM legume refers to mixed mainly legume forage; MM grass refers to mixed mainly grass forage.

Table 3. Fiber fraction for NDF concentrations based on the proportion of NDF derived from forage sources

The main groups of plant cell-wall carbohydrates are hemicelluloses and cellulose. Cellulose
is a water-insoluble β-glucan composed of a linear molecule of d-anhydroglucopyranose
residues linked by a β-(1→4) bond. In contrary to cellulose, hemicellulose has various groups
of polymers that are characterized with the heterogeneous composition. Xylan is the main
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component of hemicellulose and compromises about 30–35% of the cell-wall material of annual
plants. The main chain of xylan is composed of 1,4-β-linked d-xylopyranose units [50, 51].

The collaborative activity of the cellulolytic and noncellulolytic microorganisms in the rumen
is critical in fiber digestion [52]. Rumen cell-wall degradation initiated by the attachment of
rumen microbes to fiber and the bacterial species specialized to start this attachment/coloni-
zation process are the cellulolytic species Ruminococcus albus, R. flavefaciens, and Fibrobacter
succinogenes. Rumen fungi and protozoa also colonize and degrade plant fragments to differing
degrees [48]. The fermentation of structural carbohydrates by cellulolytic consortium results
in the progressive process where volatile fatty acids (VFAs) are liberated at a lower rate than
starch fermentation. The fermentation of structural carbohydrates is associated with an
increase in the proportion of acetic and butyric acid [53]. Following absorption, the large
proportion of acetate is not changed by hepatic metabolism and may be augmented by
endogenous acetate production in the liver. The posthepatic supply of acetate to peripheral
tissues constitutes a major part of the total energy available to the animal and may be either
oxidized to produce adenosine triphosphate (ATP) or used as a substrate in the production of
long-chain fatty acids [54]. While ruminally derived butyrate is quantitatively metabolized to
b-OH-butyrate during absorption through the rumen epithelium, in posthepatic tissues it has
a similar metabolic fate to that of acetate [54].

4.2. Lignin and phenolic acids

Lignin is an indigestible polymer in plants that plays an important role in the structural
integrity of plant tissue. Although lignin comprises little of the total structural carbohydrate
system in plants, it has been recognized to exert the negative effect on cell-wall polysaccharide
digestibility by coating the plant cell-wall polysaccharides from enzymatic hydrolysis [55].
Lignin arises from an enzyme-initiated dehydrogenative polymerization of three originators:
p-coumaryl alcohols, coniferyl, and sinapyl. The phenylpropanoid metabolism and shikimic
acid pathway lead to the synthesis of lignin intermediates like p-coumaric acid, ferulic acid,
and diferulic acid [56], which are converted into coniferyl, sinapyl, and p-coumaryl alcohols
and ultimately to guaiacyl, syringyl, or p-hydroxyphenyl lignin, respectively [55].

With the maturation of forage cell walls, the guaiacyl-type lignin changes to lignin-rich
syringyl units, and the digestibility of mature cell walls decreased. Taboada et al. found that
guaiacyl and syringyl have negative correlation with organic matter or dry matter digestibility
in ruminants fed on silages. They concluded that guaiacyl and syringyl could be used as
predictors of digestibility than total lignin content in silage [57].

The brown midrib (BMR) mutation in annual C4 grasses such as corn and sorghum results in
both a reduction in lignin concentration and a shift in lignin composition to a more guaiacyl-
rich polymer [20]. Jung and Deetz have suggested that the improved digestibility of cell walls
in BMR mutants is a result of both the reduced lignin concentration and the reduction in
syringyl lignin content [58].

Cross-linking of lignin to cell-wall polysaccharides has been reported as additional mecha-
nisms limiting fiber digestibility [20]. In grasses, ferulate and p-coumarate molecules are
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understand the quantity, composition, structure, and distribution of chemical constituents and
functional groups in a tissue (feed and ingredients) [38–42]. Intrinsic chemical structures were
found to effect on nutritive value, degradation characteristics, utilization, and availability of
feed [43, 44]. Many studies have reported that AT/IR would accurately predict rumen degrad-
ability of DM, NDF, concentrations of lignin, ferulic, and coumaric acids in forage samples [45–
47].

4. Fiber digestion and utilization in ruminants

4.1. Plant cell-wall carbohydrates

The forages are diverse in its characteristics, and this uniformity results in variations in quality
as an animal feed. Plant cell-wall carbohydrates are the most important components in forages
that influence silage quality. There is higher complexity in the utilization of silages due to
diversity among forage plants, diversity in the ruminal microorganisms, and interaction
between the forage plant cell-wall carbohydrates and microorganisms [48]. Ruminants can
digest and degrade plant cell-wall polysaccharides. The plant cell-wall chemistry and ana-
tomical structure will determine the digestion characteristics of cell types [49]. The fiber
fraction for the main silages is presented in Table 3.

Forage % DM ADF NDF Hemicellulose Lignin
Legume silage 37 39 47 8.9 7.7

30–43 33–44 40–55 4.1–13.6 5.3–10.0

MM legume silagea 35 39 52 13.4 6.8

27–42 35–42 45–59 7.8–18.9 5.4–8.3

MM grass silage 36 39 56 17 6.9

28–45 35–44 50–63 22 4.7–9.0

Grass silage 31 41 62 21 6.4

21–41 37–44 55–68 15–27 4.9–7.8

Corn silage 33 26 45 19 2.8

25–40 22–30 38–51 15–23 2.2–3.5

Winter cereals 29 31 52 21 4.3

35 39 59 20 6.3

aMM legume refers to mixed mainly legume forage; MM grass refers to mixed mainly grass forage.

Table 3. Fiber fraction for NDF concentrations based on the proportion of NDF derived from forage sources

The main groups of plant cell-wall carbohydrates are hemicelluloses and cellulose. Cellulose
is a water-insoluble β-glucan composed of a linear molecule of d-anhydroglucopyranose
residues linked by a β-(1→4) bond. In contrary to cellulose, hemicellulose has various groups
of polymers that are characterized with the heterogeneous composition. Xylan is the main
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component of hemicellulose and compromises about 30–35% of the cell-wall material of annual
plants. The main chain of xylan is composed of 1,4-β-linked d-xylopyranose units [50, 51].

The collaborative activity of the cellulolytic and noncellulolytic microorganisms in the rumen
is critical in fiber digestion [52]. Rumen cell-wall degradation initiated by the attachment of
rumen microbes to fiber and the bacterial species specialized to start this attachment/coloni-
zation process are the cellulolytic species Ruminococcus albus, R. flavefaciens, and Fibrobacter
succinogenes. Rumen fungi and protozoa also colonize and degrade plant fragments to differing
degrees [48]. The fermentation of structural carbohydrates by cellulolytic consortium results
in the progressive process where volatile fatty acids (VFAs) are liberated at a lower rate than
starch fermentation. The fermentation of structural carbohydrates is associated with an
increase in the proportion of acetic and butyric acid [53]. Following absorption, the large
proportion of acetate is not changed by hepatic metabolism and may be augmented by
endogenous acetate production in the liver. The posthepatic supply of acetate to peripheral
tissues constitutes a major part of the total energy available to the animal and may be either
oxidized to produce adenosine triphosphate (ATP) or used as a substrate in the production of
long-chain fatty acids [54]. While ruminally derived butyrate is quantitatively metabolized to
b-OH-butyrate during absorption through the rumen epithelium, in posthepatic tissues it has
a similar metabolic fate to that of acetate [54].

4.2. Lignin and phenolic acids

Lignin is an indigestible polymer in plants that plays an important role in the structural
integrity of plant tissue. Although lignin comprises little of the total structural carbohydrate
system in plants, it has been recognized to exert the negative effect on cell-wall polysaccharide
digestibility by coating the plant cell-wall polysaccharides from enzymatic hydrolysis [55].
Lignin arises from an enzyme-initiated dehydrogenative polymerization of three originators:
p-coumaryl alcohols, coniferyl, and sinapyl. The phenylpropanoid metabolism and shikimic
acid pathway lead to the synthesis of lignin intermediates like p-coumaric acid, ferulic acid,
and diferulic acid [56], which are converted into coniferyl, sinapyl, and p-coumaryl alcohols
and ultimately to guaiacyl, syringyl, or p-hydroxyphenyl lignin, respectively [55].

With the maturation of forage cell walls, the guaiacyl-type lignin changes to lignin-rich
syringyl units, and the digestibility of mature cell walls decreased. Taboada et al. found that
guaiacyl and syringyl have negative correlation with organic matter or dry matter digestibility
in ruminants fed on silages. They concluded that guaiacyl and syringyl could be used as
predictors of digestibility than total lignin content in silage [57].

The brown midrib (BMR) mutation in annual C4 grasses such as corn and sorghum results in
both a reduction in lignin concentration and a shift in lignin composition to a more guaiacyl-
rich polymer [20]. Jung and Deetz have suggested that the improved digestibility of cell walls
in BMR mutants is a result of both the reduced lignin concentration and the reduction in
syringyl lignin content [58].

Cross-linking of lignin to cell-wall polysaccharides has been reported as additional mecha-
nisms limiting fiber digestibility [20]. In grasses, ferulate and p-coumarate molecules are
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esterified to arabinoxylans, and some of p-coumarates are the ester or covalent linked to lignin
[59]. As forages mature and lignin concentrations increase, ferulates that were esterified to
arabinoxylan become etherified to lignin via cross-links between lignin and the cell-wall
polysaccharides [60]. The degree of lignin/arabinoxylan cross-linking by ferulates negatively
influences cell-wall digestibility to the polysaccharides, which prevents physical access by
hydrolytic microbial enzymes to polysaccharides [49]. Model studies utilizing isolated
cellulose and xylans, and forage NDF to which phenolic acids have been synthetically
esterified, obviously demonstrated that the presence of these phenolic esters negatively effects
on cell-wall degradability [61]. However, the reduction in digestibility caused by esterified
ferulic acid only limits the degradation rate of polysaccharide, rather than extent, because fungi
and ruminal bacteria possess phenolic acid esterases to ultimately remove these impediments
to cell-wall digestion [62].

5. Enhancing fiber digestibility and utilization of silage

Ruminal digestibility of forage neutral detergent fiber can range from less than 25% to over
75% for different forage types [9]. Most research with brown midrib mutant corn silage found
that lactating dairy cows will consume more DM and produce more milk when fed corn silages
that have greater NDFD [63–65]. Oba and Allen found a relationship between NDFD and
animal performance and they reported that a 1-unit increase in forage NDFD after 30 h of in
vitro incubation was associated with increases of 0.17 kg d−1 of dry matter intake, 0.23 kg d−1

of milk yield, and 0.25 kg d−1 of 4.0% fat-corrected milk [66]. Using high-quality silage in dairy
cattle rations could reduce physical rumen fill, allow cattle to consume more feed, and produce
more milk [63]. There are many factors that would influence the quality of silage. Such factors
include silage species, silage varieties, stage of harvest, cutting height, growing conditions,
silage additives, and enzymes.

5.1. Silages species

The most practical approach for increasing NDFD is based on increasing the amount of pdNDF
in forages. Grass silages often have a greater proportion of pdNDF to indigestible NDF (iNDF)
and higher in NDFD than legume silages, but the rate of digestion of legume pdNDF is
frequently faster and could increase the total amount of NDF digested in vivo [63, 64]. The
chemical and structural features have been identified, which may reduce the fiber digestion.
Of these, lignin is the most notably reported [67]. Lignin is supposed to constrain ruminal fiber
digestion, which acts as a physical barrier. The involvement of cross-linking of lignin to
polysaccharides by ferulate linkages as an additional factor that inhibits the digestion of grass
fibers has been identified [20]. However, a similar lignin cross-linking to fiber polysaccharides
in legumes has not yet determined. There is an important role for plant anatomy on fiber
digestibility [68]. The vascular tissue, sclerenchyma, and stem epidermis are degraded at a
slower rate in rumen where they contain a higher amount of indigestible or highly lignified
components. Leaf blades C4 grasses are typically less digestible than those in C3 grasses due
to the existence of mesophyll cells. In C3 species, stem tissue cell such as parenchyma bundle
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sheath, mesophyll, phloem, and epidermal cells are totally degraded, but these tissues are
partially or slowly degraded in C4 species. In an earlier study by Akin and Burdick, they found
that C4 grasses are less digestible than C3 species due to the existence of vascular tissue and
parenchyma bundle sheath cells in larger amounts than in C3 grasses [69].

The total-tract digestibility of whole-crop cereals silage, legumes, and maize silage is often
lower than for grass silage. However, the lower digestibility is mostly alleviated by higher feed
intake such that energy intake is maintained [70]. Many studies have shown that the partial
replacement of grass silage with whole-crop cereals may not have a negative impact on milk
production in cows [71]. However, the effects of barley silage on DMI have been inconsistent,
which are probably attributable to differences in the quality of the forages between studies.
For example, Ahvenjärvi et al. noted a reduction in fiber digestibility when grass silage was
replaced with whole-crop barley silage. This reduction in NDFD was related to a lesser pdNDF
concentration in the rumen and higher iNDF pool size of barley silage compared with that of
grass silage [70].

Whole-crop cereals species also varies in their quality and digestibility, for example, barley
and oat silages when harvested at the same maturity stage (milk to soft dough stage) have
found to enhance the feed intake and average daily gain in heifers when compared with
triticale silage [72]. Furthermore, dairy cows that fed on barley silage have had higher intake
than cows fed on oat silage when harvested at the maturity stage (early to a mid-dough stage
of maturity). Such difference in feed intake is a consequence of variation in chemical compo-
sition and ear:stalk ratio of whole-crop cereals. Barley has more starch than oats and triticale
because of the higher ear:stalk ratio in barley. Since most fibers exist in plant stalk, barley
contains a lower fiber than oats and triticale when they are harvested at the stage of maturity.
The higher starch resulted in a lower fiber content in barley silage, and hence barley can
enhance the OM digestion when compared with oats and triticale silages when fed to dairy
cows [72].

5.2. Selecting varieties with enhanced NDFD

Another potential method to increase pdNDF is by the use of genetic mutations in forage crops
that reduce iNDF and increase the pdNDF fraction of the plant. The brown midrib mutation
mutants were discovered for the first time at the University of Minnesota in 1924; the BMR
genes have been found in sorghum, Sudan grass, millet, and corn. The BMR corn forage has
about 25% less lignin and lower cross-linkages with lignin. Corn silage with the brown midrib
mutation has a higher NDFD (34% less lignin and had 19% higher IVNDFD than conventional
corn silage) [73–75]. Several studies confirmed the positive effect of feeding BMR corn on DMI
and productivity of dairy cattle [76, 77], but responses have not been consistent in all experi-
ments [78]. Ivan et al. compared corn silage with low and high cell-wall content on milk
production, and reported that the hybrid with high cell-wall content had greater IVNDFD,
increasing DMI and milk yield [79]. Data collected from a Journal of Dairy Science (number of
treatments n = 22; Table 4) between the year 1999 and 2010 showed a non-significant correlation
between IVNDFD in BMR corn silage and milk yield or DMI (P > 0.05, Figures 2 and 3).
Inconsistent results between experiments may be attributed to various factors such as includ-
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esterified to arabinoxylans, and some of p-coumarates are the ester or covalent linked to lignin
[59]. As forages mature and lignin concentrations increase, ferulates that were esterified to
arabinoxylan become etherified to lignin via cross-links between lignin and the cell-wall
polysaccharides [60]. The degree of lignin/arabinoxylan cross-linking by ferulates negatively
influences cell-wall digestibility to the polysaccharides, which prevents physical access by
hydrolytic microbial enzymes to polysaccharides [49]. Model studies utilizing isolated
cellulose and xylans, and forage NDF to which phenolic acids have been synthetically
esterified, obviously demonstrated that the presence of these phenolic esters negatively effects
on cell-wall degradability [61]. However, the reduction in digestibility caused by esterified
ferulic acid only limits the degradation rate of polysaccharide, rather than extent, because fungi
and ruminal bacteria possess phenolic acid esterases to ultimately remove these impediments
to cell-wall digestion [62].

5. Enhancing fiber digestibility and utilization of silage

Ruminal digestibility of forage neutral detergent fiber can range from less than 25% to over
75% for different forage types [9]. Most research with brown midrib mutant corn silage found
that lactating dairy cows will consume more DM and produce more milk when fed corn silages
that have greater NDFD [63–65]. Oba and Allen found a relationship between NDFD and
animal performance and they reported that a 1-unit increase in forage NDFD after 30 h of in
vitro incubation was associated with increases of 0.17 kg d−1 of dry matter intake, 0.23 kg d−1

of milk yield, and 0.25 kg d−1 of 4.0% fat-corrected milk [66]. Using high-quality silage in dairy
cattle rations could reduce physical rumen fill, allow cattle to consume more feed, and produce
more milk [63]. There are many factors that would influence the quality of silage. Such factors
include silage species, silage varieties, stage of harvest, cutting height, growing conditions,
silage additives, and enzymes.

5.1. Silages species

The most practical approach for increasing NDFD is based on increasing the amount of pdNDF
in forages. Grass silages often have a greater proportion of pdNDF to indigestible NDF (iNDF)
and higher in NDFD than legume silages, but the rate of digestion of legume pdNDF is
frequently faster and could increase the total amount of NDF digested in vivo [63, 64]. The
chemical and structural features have been identified, which may reduce the fiber digestion.
Of these, lignin is the most notably reported [67]. Lignin is supposed to constrain ruminal fiber
digestion, which acts as a physical barrier. The involvement of cross-linking of lignin to
polysaccharides by ferulate linkages as an additional factor that inhibits the digestion of grass
fibers has been identified [20]. However, a similar lignin cross-linking to fiber polysaccharides
in legumes has not yet determined. There is an important role for plant anatomy on fiber
digestibility [68]. The vascular tissue, sclerenchyma, and stem epidermis are degraded at a
slower rate in rumen where they contain a higher amount of indigestible or highly lignified
components. Leaf blades C4 grasses are typically less digestible than those in C3 grasses due
to the existence of mesophyll cells. In C3 species, stem tissue cell such as parenchyma bundle
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sheath, mesophyll, phloem, and epidermal cells are totally degraded, but these tissues are
partially or slowly degraded in C4 species. In an earlier study by Akin and Burdick, they found
that C4 grasses are less digestible than C3 species due to the existence of vascular tissue and
parenchyma bundle sheath cells in larger amounts than in C3 grasses [69].

The total-tract digestibility of whole-crop cereals silage, legumes, and maize silage is often
lower than for grass silage. However, the lower digestibility is mostly alleviated by higher feed
intake such that energy intake is maintained [70]. Many studies have shown that the partial
replacement of grass silage with whole-crop cereals may not have a negative impact on milk
production in cows [71]. However, the effects of barley silage on DMI have been inconsistent,
which are probably attributable to differences in the quality of the forages between studies.
For example, Ahvenjärvi et al. noted a reduction in fiber digestibility when grass silage was
replaced with whole-crop barley silage. This reduction in NDFD was related to a lesser pdNDF
concentration in the rumen and higher iNDF pool size of barley silage compared with that of
grass silage [70].

Whole-crop cereals species also varies in their quality and digestibility, for example, barley
and oat silages when harvested at the same maturity stage (milk to soft dough stage) have
found to enhance the feed intake and average daily gain in heifers when compared with
triticale silage [72]. Furthermore, dairy cows that fed on barley silage have had higher intake
than cows fed on oat silage when harvested at the maturity stage (early to a mid-dough stage
of maturity). Such difference in feed intake is a consequence of variation in chemical compo-
sition and ear:stalk ratio of whole-crop cereals. Barley has more starch than oats and triticale
because of the higher ear:stalk ratio in barley. Since most fibers exist in plant stalk, barley
contains a lower fiber than oats and triticale when they are harvested at the stage of maturity.
The higher starch resulted in a lower fiber content in barley silage, and hence barley can
enhance the OM digestion when compared with oats and triticale silages when fed to dairy
cows [72].

5.2. Selecting varieties with enhanced NDFD

Another potential method to increase pdNDF is by the use of genetic mutations in forage crops
that reduce iNDF and increase the pdNDF fraction of the plant. The brown midrib mutation
mutants were discovered for the first time at the University of Minnesota in 1924; the BMR
genes have been found in sorghum, Sudan grass, millet, and corn. The BMR corn forage has
about 25% less lignin and lower cross-linkages with lignin. Corn silage with the brown midrib
mutation has a higher NDFD (34% less lignin and had 19% higher IVNDFD than conventional
corn silage) [73–75]. Several studies confirmed the positive effect of feeding BMR corn on DMI
and productivity of dairy cattle [76, 77], but responses have not been consistent in all experi-
ments [78]. Ivan et al. compared corn silage with low and high cell-wall content on milk
production, and reported that the hybrid with high cell-wall content had greater IVNDFD,
increasing DMI and milk yield [79]. Data collected from a Journal of Dairy Science (number of
treatments n = 22; Table 4) between the year 1999 and 2010 showed a non-significant correlation
between IVNDFD in BMR corn silage and milk yield or DMI (P > 0.05, Figures 2 and 3).
Inconsistent results between experiments may be attributed to various factors such as includ-
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ing cows at a different stage of lactation and duration of experimentation or the lack of effect
of forages with enhanced NDFD on DMI [82]. Recently, Ferraretto and Shaver performed a
meta-analysis to study the effect of corn silage hybrids with different stalk characteristics
(conventional, dual-purpose, isogenic, or low-normal fiber digestibility, brown midrib,
hybrids with greater NDF but lower lignin contents or high in vitro NDF digestibility, and
leafy corn silages) on lactation performance [85]. They found that for every 1-unit increase in
ivNDFD the DMI can increase by 0.09 kg/d, although this correlation was not significant
(DMI = 0.09ivNDFD + 19.531; R2 = 0.72, p = 0.40); additionally, they found that for every 1-unit
increase in ivNDFD the milk yield would increase by 0.14 kg/d (milk yield = 0.14 ivNDFD + 31;
R2 = 0.87, P = 0.06). It has been reported that the total-tract NDFD response to feeding bm3 corn
silage is influenced by the DMI response due to enhanced ivNDFD as reported by Oba and
Allen [64]. On the other hand, corn silage type, that is, bm3 versus near-isogenic or conven-
tional corn silage hybrids by dietary forage NDF [82], starch [65], and CP [76] concentration,
or supplemental corn grain endosperm type [80] interactions were undetected.

Publication Treatments (n = 22)a

Ballard et al. [81] Mycogen corn silage

Cargill (brown midrib corn silage)

Castro et al. [82] Normal corn silage

Brown midrib corn silage

Ebling and Kung, Jr. [83] Conventional corn silage

Brown midrib corn silage

Gehman et al. [78] Dual-purpose corn silage

Brown midrib corn silage

Ivan et al. [79] Corn silage with lower cell-wall content

Corn silage with higher cell-wall content

Oba and Allen [65] Control corn silage

Brown midrib corn silage

Oba and Allen [66] Control corn silage

Brown midrib corn silage

Taylor and Allen [80] Control corn silage

Brown midrib corn silage

Thomas et al. [84] Dual-purpose corn hybrid

Leafy corn silage hybrid

Weiss and Wyatt [76] Dual-purpose corn silage

High fiber corn silage

Weiss and Wyatt [76] Dual-purpose corn silage

Brown midrib corn silage

aCorrelation analysis between the two variables was performed using the CORR procedure of SAS with the Pearson
correlation method, because the variable data are normally distributed. Average of milk yield (38.2 ± 4.360), average of
IVNDFD (50.39 ± 9.162).

Table 4. Effects of silage varieties with enhanced 30-h IVNDFD on milk yield. Data have been taken from a number of
publications in Journal of Dairy Science (JDS from 1999 to 2010).
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Figure 2. Relationship between in vitro NDFD (30 h) and milk yield with the prediction equation.

Figure 3. Relationship between in vitro NDFD (30 h) and DMI with the prediction equation.

5.3. Agronomic practices to enhance fiber digestibility

Fiber digestibility is largely dependent on plant maturity. The effect of harvest maturity of
whole-crop annual forages is more variable concerning fiber content. Rosser et al. reported a
reduction in NDF content by advancing the maturity of barley and oat forage from head
elongation to fully ripe, with a reduction in NDF content from 13.8 to 9.6% [86, 87]. By contrast,
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ing cows at a different stage of lactation and duration of experimentation or the lack of effect
of forages with enhanced NDFD on DMI [82]. Recently, Ferraretto and Shaver performed a
meta-analysis to study the effect of corn silage hybrids with different stalk characteristics
(conventional, dual-purpose, isogenic, or low-normal fiber digestibility, brown midrib,
hybrids with greater NDF but lower lignin contents or high in vitro NDF digestibility, and
leafy corn silages) on lactation performance [85]. They found that for every 1-unit increase in
ivNDFD the DMI can increase by 0.09 kg/d, although this correlation was not significant
(DMI = 0.09ivNDFD + 19.531; R2 = 0.72, p = 0.40); additionally, they found that for every 1-unit
increase in ivNDFD the milk yield would increase by 0.14 kg/d (milk yield = 0.14 ivNDFD + 31;
R2 = 0.87, P = 0.06). It has been reported that the total-tract NDFD response to feeding bm3 corn
silage is influenced by the DMI response due to enhanced ivNDFD as reported by Oba and
Allen [64]. On the other hand, corn silage type, that is, bm3 versus near-isogenic or conven-
tional corn silage hybrids by dietary forage NDF [82], starch [65], and CP [76] concentration,
or supplemental corn grain endosperm type [80] interactions were undetected.

Publication Treatments (n = 22)a

Ballard et al. [81] Mycogen corn silage

Cargill (brown midrib corn silage)

Castro et al. [82] Normal corn silage

Brown midrib corn silage

Ebling and Kung, Jr. [83] Conventional corn silage

Brown midrib corn silage

Gehman et al. [78] Dual-purpose corn silage

Brown midrib corn silage

Ivan et al. [79] Corn silage with lower cell-wall content

Corn silage with higher cell-wall content

Oba and Allen [65] Control corn silage

Brown midrib corn silage

Oba and Allen [66] Control corn silage

Brown midrib corn silage

Taylor and Allen [80] Control corn silage

Brown midrib corn silage

Thomas et al. [84] Dual-purpose corn hybrid

Leafy corn silage hybrid

Weiss and Wyatt [76] Dual-purpose corn silage

High fiber corn silage

Weiss and Wyatt [76] Dual-purpose corn silage

Brown midrib corn silage

aCorrelation analysis between the two variables was performed using the CORR procedure of SAS with the Pearson
correlation method, because the variable data are normally distributed. Average of milk yield (38.2 ± 4.360), average of
IVNDFD (50.39 ± 9.162).

Table 4. Effects of silage varieties with enhanced 30-h IVNDFD on milk yield. Data have been taken from a number of
publications in Journal of Dairy Science (JDS from 1999 to 2010).
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Figure 2. Relationship between in vitro NDFD (30 h) and milk yield with the prediction equation.

Figure 3. Relationship between in vitro NDFD (30 h) and DMI with the prediction equation.

5.3. Agronomic practices to enhance fiber digestibility

Fiber digestibility is largely dependent on plant maturity. The effect of harvest maturity of
whole-crop annual forages is more variable concerning fiber content. Rosser et al. reported a
reduction in NDF content by advancing the maturity of barley and oat forage from head
elongation to fully ripe, with a reduction in NDF content from 13.8 to 9.6% [86, 87]. By contrast,
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the NDF concentration of whole-crop barley was not changed during the milk and soft dough
stages, but it increased somewhat between the soft and hard dough stages while this change
was not observed in whole-crop oat forage [88]. Bolsen and Berger reported a reduction in
total-tract DM digestibility of barley silage at milk stage, compared to advanced, mature stage
due to the increasing grain content [89]. By contrast, Rustas et al. found no changes in DM or
NDF digestibilities for wheat forage ensiled at milk and dough stages. However, the response
regarding NDF digestibility varied for barley forage that was ensiled at milk and dough stages
depending on location [89].

With advancing the maturity of grasses silage, their digestibility dramatically drops because
the tensile strength of stems increases to support the weight of the plant, besides the leaf-to-
stem ratio declines [15, 18]. In grass silage, organic matter digestibility dropped from 79% in
early growth to 73% in late growth, and NDFD decreased from 73% in early growth to 66%
when the plant maturity reached late growth stage. In legumes, NDFD is less than the grasses
or small grains during the early vegetative stage of growth but drops slower with advancing
maturity.

In corn silage, the stage of maturity has an impact on fiber fraction. The fibrous content has
been observed to decline with increasing maturity in whole-corn plants, but no significant
change in lignin concentration from early dent to black layer [90]. Coors et al. suggested the
observed drop in fiber concentration with increasing maturity to the dilution effect with
increasing percentage of grain as the corn plant matures [91]. Fiber concentration of corn stover
increases as maturity increases [92, 93].

Increasing the height of cutting, which results in leaving a larger proportion of less digestible
stalk in the field, may increase the feeding value of silage for lactating dairy cows. It has been
reported that corn silage digestibility was enhanced at cutting heights of 45–50 cm. but this at
the expense of DM yield [94, 95]. Kruczyńska et al. reported a reduction in hemicellulose,
cellulose, and lignin and greater effective degradability of silage that was cut at 50 versus
10 cm [96]. Neylon and Kung examined the effects of corn plant-cutting height and maturity
on silage nutrient value. Plants were cut at 12.7 and 45.7 cm as well as harvested between one-
third and two-third milk line and then again at black layer [97, 98]. As anticipated, NDF tended
to be less in silages that were cut higher, and ADF content decreased significantly. At later
maturity, the lignin contents were not influenced by increasing cutting height. The cutting
height only influenced in vitro NDF digestibility, with the higher cut being more digestible.
By increasing the cutting height of corn silage, the nutritive value was increased by decreasing
NDF, ADF, and acid detergent lignin concentration and increasing the starch concentration.
They also found that as corn plants were cut higher, there was a tendency for increased milk
production and increased feed efficiency in dairy cows. Kung et al. also observed a decrease
in fiber fraction concentrations, as well as an increase in starch, and crude protein concentra-
tions as cutting height, was increased [97, 98]. These observations are all logical, because when
cutting height is increased, more lignified and less digestible stems are left in the field while
increasing the concentration of more digestible leaves and kernels.

It is well established that the nitrogen fertilization can increase the protein content and forage
yield and decrease the fiber content. Campos et al. reported a reduction in hemicellulose
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content and arabinose proportion of the fiber fraction in Milenio grass by N fertilization. They
also found that the fertilization increased fiber digestibility due to increase in (arabinose + glu-
cose):xylose ratio [99].

Environmental temperature has a significant impact on forage digestibility. The forages grown
under higher environmental temperature had the higher amount of lignin [100]. Altering the
time of seeding can shift the stage of maturity when plants are exposed to greater ambient
temperature, moisture availability, and photoperiod intensity. Chow et al. found that the
exposure of forages to a lower environmental temperature during heading stage increased
IVNDFD [101].

5.4. Silage inoculants

Silage inoculants can be added to the freshly harvested forages to obtain good-quality silage.
The first studies on adding inoculants for improving the quality of silage used the inoculants
that contain homolactic bacteria (LAB) such as Lactobacillus plantarum, which quicken the drop
in silage pH. Nevertheless, this rapid drop in pH inhibits the growth of yeasts, spoilage
bacteria, and fungi, as well as plant cell breathing, maintaining the sugars in the silage without
decomposition [102]. If this happens, the yeast consumes the lactic acid for its growth causing
an augment in silage pH. At this stage, each of yeast and mold can quickly take advantage of
sugars for their growth, and reduce the density of nutrients in silage. Due to the occurrence of
losses in silage-nutrient density, the studies on developing the inoculant production came up
with the second-generation silage inoculants that were generated from Propionibacteria spp.
and L. buchneri [102, 103]. Overall, studies have shown that buchneri L. inoculants are more
effective in improving aerobic stability of silage than Propionibacteria inoculant. Lactobacillus
buchneri is one of heterolactic bacteria, which is able to ferment lactic acid to acetic acid; the
acetic acid in turn has an inhibitory effect on the growth of yeast and subsequently prolong
the silage shelf life and reduce deterioration of silage nutrients [104]. It was proposed that L.
buchneri inoculation would reduce feed intake in ruminant livestock as a result of acetic acid
production. However, no effect of inoculant on feed intake has been reported when L. buch‐
neri-treated silage has been fed [105–109].

The first and second generation of inoculants focused only on improving the silage stability
without addressing improving the nutrient availability by animals. The main reason for the
limited effect in the first and second generation was the inoculants did not produce enzymes
that digest the plant cell walls. Thus, the third-generation silage was introduced more recently,
through feeding silage inoculated with lactic acid bacteria with ferulic acid esterases activity.
Previous studies by Yu et al. have shown that Aspergillus ferulic acid esterase and Trichoderma
xylanase act synergistically to release ferulic acid from feruloyl-polysaccharides in complex
plant cell walls [110, 111]. This activity opens the rest of the polysaccharides for more hydrolytic
attack and facilitates the accessibility of the main polysaccharide chain to cellulase, thereby
increasing the release of reducing sugars [110, 111]. Nsereko et al. performed a screening study
on 1000 esterase-producing Lactobacillus bacteria and found that half of this number could be
able to produce ferulic acid esterase, and run more detailed studies on eight of the bacteria.
When compared to untreated perennial ryegrass, all inoculated samples had 9–11% greater
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the NDF concentration of whole-crop barley was not changed during the milk and soft dough
stages, but it increased somewhat between the soft and hard dough stages while this change
was not observed in whole-crop oat forage [88]. Bolsen and Berger reported a reduction in
total-tract DM digestibility of barley silage at milk stage, compared to advanced, mature stage
due to the increasing grain content [89]. By contrast, Rustas et al. found no changes in DM or
NDF digestibilities for wheat forage ensiled at milk and dough stages. However, the response
regarding NDF digestibility varied for barley forage that was ensiled at milk and dough stages
depending on location [89].

With advancing the maturity of grasses silage, their digestibility dramatically drops because
the tensile strength of stems increases to support the weight of the plant, besides the leaf-to-
stem ratio declines [15, 18]. In grass silage, organic matter digestibility dropped from 79% in
early growth to 73% in late growth, and NDFD decreased from 73% in early growth to 66%
when the plant maturity reached late growth stage. In legumes, NDFD is less than the grasses
or small grains during the early vegetative stage of growth but drops slower with advancing
maturity.

In corn silage, the stage of maturity has an impact on fiber fraction. The fibrous content has
been observed to decline with increasing maturity in whole-corn plants, but no significant
change in lignin concentration from early dent to black layer [90]. Coors et al. suggested the
observed drop in fiber concentration with increasing maturity to the dilution effect with
increasing percentage of grain as the corn plant matures [91]. Fiber concentration of corn stover
increases as maturity increases [92, 93].

Increasing the height of cutting, which results in leaving a larger proportion of less digestible
stalk in the field, may increase the feeding value of silage for lactating dairy cows. It has been
reported that corn silage digestibility was enhanced at cutting heights of 45–50 cm. but this at
the expense of DM yield [94, 95]. Kruczyńska et al. reported a reduction in hemicellulose,
cellulose, and lignin and greater effective degradability of silage that was cut at 50 versus
10 cm [96]. Neylon and Kung examined the effects of corn plant-cutting height and maturity
on silage nutrient value. Plants were cut at 12.7 and 45.7 cm as well as harvested between one-
third and two-third milk line and then again at black layer [97, 98]. As anticipated, NDF tended
to be less in silages that were cut higher, and ADF content decreased significantly. At later
maturity, the lignin contents were not influenced by increasing cutting height. The cutting
height only influenced in vitro NDF digestibility, with the higher cut being more digestible.
By increasing the cutting height of corn silage, the nutritive value was increased by decreasing
NDF, ADF, and acid detergent lignin concentration and increasing the starch concentration.
They also found that as corn plants were cut higher, there was a tendency for increased milk
production and increased feed efficiency in dairy cows. Kung et al. also observed a decrease
in fiber fraction concentrations, as well as an increase in starch, and crude protein concentra-
tions as cutting height, was increased [97, 98]. These observations are all logical, because when
cutting height is increased, more lignified and less digestible stems are left in the field while
increasing the concentration of more digestible leaves and kernels.

It is well established that the nitrogen fertilization can increase the protein content and forage
yield and decrease the fiber content. Campos et al. reported a reduction in hemicellulose
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content and arabinose proportion of the fiber fraction in Milenio grass by N fertilization. They
also found that the fertilization increased fiber digestibility due to increase in (arabinose + glu-
cose):xylose ratio [99].

Environmental temperature has a significant impact on forage digestibility. The forages grown
under higher environmental temperature had the higher amount of lignin [100]. Altering the
time of seeding can shift the stage of maturity when plants are exposed to greater ambient
temperature, moisture availability, and photoperiod intensity. Chow et al. found that the
exposure of forages to a lower environmental temperature during heading stage increased
IVNDFD [101].

5.4. Silage inoculants

Silage inoculants can be added to the freshly harvested forages to obtain good-quality silage.
The first studies on adding inoculants for improving the quality of silage used the inoculants
that contain homolactic bacteria (LAB) such as Lactobacillus plantarum, which quicken the drop
in silage pH. Nevertheless, this rapid drop in pH inhibits the growth of yeasts, spoilage
bacteria, and fungi, as well as plant cell breathing, maintaining the sugars in the silage without
decomposition [102]. If this happens, the yeast consumes the lactic acid for its growth causing
an augment in silage pH. At this stage, each of yeast and mold can quickly take advantage of
sugars for their growth, and reduce the density of nutrients in silage. Due to the occurrence of
losses in silage-nutrient density, the studies on developing the inoculant production came up
with the second-generation silage inoculants that were generated from Propionibacteria spp.
and L. buchneri [102, 103]. Overall, studies have shown that buchneri L. inoculants are more
effective in improving aerobic stability of silage than Propionibacteria inoculant. Lactobacillus
buchneri is one of heterolactic bacteria, which is able to ferment lactic acid to acetic acid; the
acetic acid in turn has an inhibitory effect on the growth of yeast and subsequently prolong
the silage shelf life and reduce deterioration of silage nutrients [104]. It was proposed that L.
buchneri inoculation would reduce feed intake in ruminant livestock as a result of acetic acid
production. However, no effect of inoculant on feed intake has been reported when L. buch‐
neri-treated silage has been fed [105–109].

The first and second generation of inoculants focused only on improving the silage stability
without addressing improving the nutrient availability by animals. The main reason for the
limited effect in the first and second generation was the inoculants did not produce enzymes
that digest the plant cell walls. Thus, the third-generation silage was introduced more recently,
through feeding silage inoculated with lactic acid bacteria with ferulic acid esterases activity.
Previous studies by Yu et al. have shown that Aspergillus ferulic acid esterase and Trichoderma
xylanase act synergistically to release ferulic acid from feruloyl-polysaccharides in complex
plant cell walls [110, 111]. This activity opens the rest of the polysaccharides for more hydrolytic
attack and facilitates the accessibility of the main polysaccharide chain to cellulase, thereby
increasing the release of reducing sugars [110, 111]. Nsereko et al. performed a screening study
on 1000 esterase-producing Lactobacillus bacteria and found that half of this number could be
able to produce ferulic acid esterase, and run more detailed studies on eight of the bacteria.
When compared to untreated perennial ryegrass, all inoculated samples had 9–11% greater
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NDFD. Moreover, they found that the inoculation of four corn silage hybrids with a combi-
nation of L. buchneri and L. paracasei tolerans enhanced NDFD by 7% [112, 113]. Several studies
have confirmed that esterase enzymes can complement the effects of cellulose and hemicellu-
lase enzymes on plant cell walls, thereby increasing DM or fiber digestibility [114]. Conversely,
some studies have reported no effect from adding ferulic acid esterase-producing inoculant
on fiber digestibility of silage [115]. Kang et al. reported an enhancement in fiber digestibility
when corn hybrids were treated by a third-generation inoculant [116]. The author suggested
these effects to the properties of the forage to which they are applied. Other studies have
reported improvements in digestibility and steers performance fed barley silage treated with
a third-generation inoculant (Table 2) [117, 118].

5.5. Using enzymes to enhance fiber utilization

There is increasing interest in using exogenous enzymes as a cost-effective method for
improving animal productivity. The main enzyme products marketed for livestock are derived
mainly from only four bacterial (Bacillus subtilis, L. acidophilus, L. plantarum, and Streptococcus
faecium) and three fungal (A. oryzae, T. reesei, and Saccharomyces cerevisiae) species. Other fungal
species, including Humicola insolens and Thermomyces lanuginosus, are being marketed to a
lesser extent [119]. Several studies have confirmed that the addition of enzymes to feeds can
increase DMI and fiber digestibility [120].

Uninoculated Inoculated P-value

First generation

DMI (kg/day) 7.13 7.05 0.40

Average daily gain (kg) 1.43 1.41 0.70

Gain: feed DM ratio 0.20 0.20 0.65

Third generation

DMI (kg/day) 7.6 7.1 0.02

Average daily gain (kg) 1.29 1.31 065

Gain: feed DM ratio 0.17 0.19 0.02

Table 5. Effects of silage inoculants on feedlot steers performance fed whole-crop barley silage diets inoculated or
uninoculated using first and third generation.

Exogenous feed enzymes with fibrolytic activities have been reported to enhance fiber
digestion in the rumen [121, 122]. Most of the commercial products that have been investigated
in dairy cows have had cellulases and xylanases activates, with proteases and amylases being
tested in a minor number of studies. Table 5 showed some studies that have been performed
in dairy cows fed TMR supplemented with enzymes that were characterized by cellulase and/
or xylanase activities. It appeared that the preparations of the current enzyme do not introduce
novel enzyme activity into the rumen as they finally increase only the rate and not the extent
of digestion of the cell wall [123, 124]. Beauchemin et al. reported that DMI would increase by
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1.0 ± 1.3 kg/d and milk yield by 1.1 ± 1.5 kg/d with the addition of fibrolytic exogenous enzymes
to dairy cow diets [125]. It is evident from the dispersion of data from the mean of the responses
to the addition of enzymes fibrolytic to ruminant diets were fluctuating. Therefore, it not
surprising that the use of enzyme fibrolytic products in the dairy commercial operations is not
built broadly.

It is well established that the application of the exogenous enzymes before feeding is more
effective when it is applied as a liquid form than as a powder. Meanwhile, spraying enzymes
on the wet feed such as silage seems to be more effective than on dry feed such as hay and
grain, where the wet feed is easier for enzymes to decompose the complex carbohydrates from
polymers. This hydrolysis may enhance and simplify the microbial attachment, and hence
reduce the lag time required for microbial colonization [126].

In high-producing dairy cattle, the stage of lactation has an important effect on the efficiency
of enzyme additives. For instance, Schingoethe et al. found that the cows in early lactation
responded to enzyme supplementation, but they did not detect any effect for enzymes on the
cows in mid-lactation [127]. Differences in the response of early- and mid-lactation cows to
enzyme supplementation were also reported in other studies [128, 129].

Enzymes that bind to feed seem to be more active, perhaps due to better resistance to proteo-
lytic inhibition in the rumen. In general, the rumen ecosystem was found to have a minor effect
on exogenous enzymes as a result of glycosylation [130]. It has also been found that nongly-
cosylated enzymes could sustain in the rumen and resist the proteolytic activity by ruminal
microbiota, but this will be dependent on microbial sources of enzymes [131].

Due to the occurrence of internal fibrolytic enzymes yielded from the rumen bacteria, it is not
easy in many cases to define the potential of exogenous enzymes to directly digest carbohy-
drates alone [132]. There is a synergy between the internal ruminal fibrolytic enzymes and the
exogenous enzymes, where exogenous enzymes can enhance the microbial attachment to the
forage fiber, here then improving fiber digestibility [133], but the mechanism by which this
occurs is not known. It has been found that increasing amount of exogenous enzymes may
suppress the ruminal bacteria that digest the fiber, fiber, for example, White et al. [134]. found
the lower amount of exogenous enzymes enhanced the rumen bacteria attachment to fiber, in
contrast, increase a number of enzymes decrease the microbial activity where exogenous
enzymes have competed with ruminal bacteria enzymes for cellulose hydrogen binding sites
on forage fiber. Thus, it is recommended to complement the rumen bacterial enzymes with the
exogenous enzymes.

6. Conclusion

Silage contains a high content of neutral detergent fiber. Even under optimum conditions, NDF
digestibility in the rumen is frequently less than 50%. Improving ruminal fiber degradability
could allow cattle to consume more feed and hence increase milk yield. Selecting forage with
higher NDFD could be a practical approach to increasing digestible carbohydrate and feed
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NDFD. Moreover, they found that the inoculation of four corn silage hybrids with a combi-
nation of L. buchneri and L. paracasei tolerans enhanced NDFD by 7% [112, 113]. Several studies
have confirmed that esterase enzymes can complement the effects of cellulose and hemicellu-
lase enzymes on plant cell walls, thereby increasing DM or fiber digestibility [114]. Conversely,
some studies have reported no effect from adding ferulic acid esterase-producing inoculant
on fiber digestibility of silage [115]. Kang et al. reported an enhancement in fiber digestibility
when corn hybrids were treated by a third-generation inoculant [116]. The author suggested
these effects to the properties of the forage to which they are applied. Other studies have
reported improvements in digestibility and steers performance fed barley silage treated with
a third-generation inoculant (Table 2) [117, 118].

5.5. Using enzymes to enhance fiber utilization

There is increasing interest in using exogenous enzymes as a cost-effective method for
improving animal productivity. The main enzyme products marketed for livestock are derived
mainly from only four bacterial (Bacillus subtilis, L. acidophilus, L. plantarum, and Streptococcus
faecium) and three fungal (A. oryzae, T. reesei, and Saccharomyces cerevisiae) species. Other fungal
species, including Humicola insolens and Thermomyces lanuginosus, are being marketed to a
lesser extent [119]. Several studies have confirmed that the addition of enzymes to feeds can
increase DMI and fiber digestibility [120].

Uninoculated Inoculated P-value

First generation

DMI (kg/day) 7.13 7.05 0.40

Average daily gain (kg) 1.43 1.41 0.70

Gain: feed DM ratio 0.20 0.20 0.65

Third generation

DMI (kg/day) 7.6 7.1 0.02

Average daily gain (kg) 1.29 1.31 065

Gain: feed DM ratio 0.17 0.19 0.02

Table 5. Effects of silage inoculants on feedlot steers performance fed whole-crop barley silage diets inoculated or
uninoculated using first and third generation.

Exogenous feed enzymes with fibrolytic activities have been reported to enhance fiber
digestion in the rumen [121, 122]. Most of the commercial products that have been investigated
in dairy cows have had cellulases and xylanases activates, with proteases and amylases being
tested in a minor number of studies. Table 5 showed some studies that have been performed
in dairy cows fed TMR supplemented with enzymes that were characterized by cellulase and/
or xylanase activities. It appeared that the preparations of the current enzyme do not introduce
novel enzyme activity into the rumen as they finally increase only the rate and not the extent
of digestion of the cell wall [123, 124]. Beauchemin et al. reported that DMI would increase by
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1.0 ± 1.3 kg/d and milk yield by 1.1 ± 1.5 kg/d with the addition of fibrolytic exogenous enzymes
to dairy cow diets [125]. It is evident from the dispersion of data from the mean of the responses
to the addition of enzymes fibrolytic to ruminant diets were fluctuating. Therefore, it not
surprising that the use of enzyme fibrolytic products in the dairy commercial operations is not
built broadly.

It is well established that the application of the exogenous enzymes before feeding is more
effective when it is applied as a liquid form than as a powder. Meanwhile, spraying enzymes
on the wet feed such as silage seems to be more effective than on dry feed such as hay and
grain, where the wet feed is easier for enzymes to decompose the complex carbohydrates from
polymers. This hydrolysis may enhance and simplify the microbial attachment, and hence
reduce the lag time required for microbial colonization [126].

In high-producing dairy cattle, the stage of lactation has an important effect on the efficiency
of enzyme additives. For instance, Schingoethe et al. found that the cows in early lactation
responded to enzyme supplementation, but they did not detect any effect for enzymes on the
cows in mid-lactation [127]. Differences in the response of early- and mid-lactation cows to
enzyme supplementation were also reported in other studies [128, 129].

Enzymes that bind to feed seem to be more active, perhaps due to better resistance to proteo-
lytic inhibition in the rumen. In general, the rumen ecosystem was found to have a minor effect
on exogenous enzymes as a result of glycosylation [130]. It has also been found that nongly-
cosylated enzymes could sustain in the rumen and resist the proteolytic activity by ruminal
microbiota, but this will be dependent on microbial sources of enzymes [131].

Due to the occurrence of internal fibrolytic enzymes yielded from the rumen bacteria, it is not
easy in many cases to define the potential of exogenous enzymes to directly digest carbohy-
drates alone [132]. There is a synergy between the internal ruminal fibrolytic enzymes and the
exogenous enzymes, where exogenous enzymes can enhance the microbial attachment to the
forage fiber, here then improving fiber digestibility [133], but the mechanism by which this
occurs is not known. It has been found that increasing amount of exogenous enzymes may
suppress the ruminal bacteria that digest the fiber, fiber, for example, White et al. [134]. found
the lower amount of exogenous enzymes enhanced the rumen bacteria attachment to fiber, in
contrast, increase a number of enzymes decrease the microbial activity where exogenous
enzymes have competed with ruminal bacteria enzymes for cellulose hydrogen binding sites
on forage fiber. Thus, it is recommended to complement the rumen bacterial enzymes with the
exogenous enzymes.

6. Conclusion

Silage contains a high content of neutral detergent fiber. Even under optimum conditions, NDF
digestibility in the rumen is frequently less than 50%. Improving ruminal fiber degradability
could allow cattle to consume more feed and hence increase milk yield. Selecting forage with
higher NDFD could be a practical approach to increasing digestible carbohydrate and feed
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intake in dairy cattle. Ferulic acid-producing bacteria that are targeted at breaking the bonds
between ferulic acid and hemicellulose could be the key to increasing fiber digestibility in
ruminants. Addition of enzymes to feeds would increase NDFD. However, responses to feed
enzymes are expected to be greatest in situations where digestible energy is the first limiting
nutrient in the diet.
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intake in dairy cattle. Ferulic acid-producing bacteria that are targeted at breaking the bonds
between ferulic acid and hemicellulose could be the key to increasing fiber digestibility in
ruminants. Addition of enzymes to feeds would increase NDFD. However, responses to feed
enzymes are expected to be greatest in situations where digestible energy is the first limiting
nutrient in the diet.
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Abstract

Renewable energy resources of part of the Asian region are not only able to fight against
climate change issues but also could contribute to economic growth, employment, and
energy  safety.  Biogas  production  and use  are  generally  regarded as  a  sustainable
practice that can guarantee high greenhouse gas savings. Thailand is an agricultural
area suitable for growing of many plants, especially annual crops that can be used as
an energy crop or raw material for biogas plant. In addition, grassland biomass is
suitable in numerous ways for producing energy and is the most common material for
producing biogas in the present scenario. There are several types of grasses popularly
growing in Thailand. Grasses are converted to silage which will be used as feedstock
for anaerobic digestion. Consequently, this chapter addresses the advances in silage
preparations  and utilization  for  efficient  biogas  production  with  several  digestion
methods  including  dry  and  wet  fermentation  processes,  monodigestions,  and  co-
digestions.

Keywords: silage preparation, thai grasses, fermenters, biogas, renewable energy

1. Introduction

Agriculture is the predominant occupation of Thai people despite the constant industrial
growth occurring in many parts of Thailand. In terms of agricultural lands, Thailand is also
one of the largest countries in the world, especially in Asia [1]. Thailand is one of the fastest
growing and energy-intensive economies in South-East Asia. Fifty percent of the total energy
demand required to meet the present growth is met only through import [2]. Being a country
with plenty of agricultural and energy crops, Thailand has the potential to fulfill the energy
needs through biogas production [3]. Anaerobic digestion technology has emerged as one of
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the best technologies for the production of biogas [4]. Because of the concerns regarding energy
security and environmental impact of fossil fuels, utilization of renewable energy is signifi‐
cantly increasing which will leads to the upgradation of living standards of people [5].

Energy crops are the type of plants cultivated as raw materials for biogas production. Agri‐
cultural lands in Thailand are well suitable for growing annual crops. Usually, temperature is
warm to hot weather year‐round in Thailand. The highest temperature recorded is generally
during summer in the months of March till May. Most of the region receives an average rainfall
of around 1100 mm. The annual crops can be used as an energy crop or raw material for biogas
plant [1]. Among energy crops, grasses which belong to perennial crops are suitable due to
their fastest growing rates even in infertile land, low cultivation costs, higher accessibility,
consumption of whole plants, and lower environmental impacts when compared to other
plants [6]. Some grass species are reported to have large amount of fibers and carbohydrates
from which biogas can be produced. Many such types of grasses are popularly growing in
Thailand [3, 7]. Grass substrates are converted to silage to be used as feedstock for anaerobic
digestion. Energy production from silage has also attracted much interest in recent years. In
the United States, perennial grasses have been stored as biomass to produce biofuels. This
chapter illustrates the basic concepts of anaerobic digestion and addresses the overview of
potential of grass as raw material for biogas production advance silage preparations and
utilization for efficient biogas production with several digestion methods including dry and
wet fermentation processes, monodigestions, and co‐digestions, along with environmental
impact assessment. Consequently, the aim of this chapter was to provide an overview of how
to efficiently utilize the grass silage for biogas production and helpful to reduce greenhouse
gas effect with environmental benefits.

2. Anaerobic digestion (AD) process

Biogas is generated from a digestion process under anaerobic conditions whose application is
rapidly emerging as a viable means for providing continuous gaseous fuel and power
generation. Recently, there are many countries having move towards to utilize the renewable
energy especially biogas production through AD. Basically in AD, the organic materials are
biologically treated in the absence of oxygen. These processes were naturally occurring
through bacteria to produce “biogas.” Generally biogas component is a mixture of CH4 (40–
70%), CO2 (30–60%), and other trace gases, for example, hydrogen, hydrogen sulfide, and
ammonia. The co‐product from the biogas fermenter is potentially useful fertilizer in the form
of a liquid or solid “digestate” [8]. For biogas production, a variety of methods are applied
which can be classified in wet and dry fermentation systems.

The AD cycle represents an integrated system of a physiological process of microbial and energy
metabolism, as well as the processing of raw materials under specific conditions (Figure 1) [4].
However, the microbial community is sensitive to variations in the operating conditions
applied. AD process can be possibly integrated with other conversion processes. It could be
applicable to improve their sustainability and energy balance. On the other hand, biogas system
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is different from other biofuels like biohydrogen, bioethanol, and biodiesel which uses only
carbohydrates and lipids. Biogas is produced from all the convertible biomass macromolecules
under anaerobic conditions [8, 9].

Figure 1. Flow diagram of the anaerobic digestion process.

AD is a collection of process achieved through bacteria that convert organic materials into
biogas through four different stages (Figure 1) including hydrolysis, acidogenesis, acetogen-
esis, and methanogenesis [8, 9]. Organic matters are broken down step by step through these
four stages towards methane production path. The complex macromolecules and components
(carbohydrates, lipids, and proteins) available in organic matter are converted into simple
sugars, long-chain fatty acids, and amino acids through first stage so-called hydrolysis. And
second stage (acidogenesis) in turn converts these soluble micromolecules into volatile fatty
acids, acetic acid, CO2, and H2. Third stage of acetogenesis converts the volatile fatty acids into
more acetic acid, CO2, and H2S gas. The final stage of methanogenesis has the capability to
generate methane by using the CO2 and H2S gas otherwise the acetic acid produced from either
second or third stages [8, 9]. Thus, the AD process, if improperly managed, would become
unstable and result in reduced biogas production. An overall review and assessment of AD
techniques for biogas production and relevant research progress are necessary and imperative
for further biogas development.

3. Grass: energy crop

Compared with other feedstocks, grass has suitable and promising characteristics as energy
crop for biogas production. Because of its assurance on availability of throughout year and
conservation, ensilage or haylage are indisputable. Typically, compacting to extrude sheltered
air and a plastic coverage is enough for conservation of fresh grass [10]. In general, the usage
of grassland as a renewable source of energy during biogas production will provide consid-
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erable quantity of environment protection, owing to the capability of grass to sequester carbon
into the soil matrix. Furthermore, various socioeconomic profits are possible to achieve without
harming the food industry [11].

Perennial grasses, especially C4 grasses, are excellent candidate feedstocks for renewable
energy production in support of several rationales such as high potential of dry matter yields,
fast growth, and additional potential use of inputs compared to annual crops [12]. Further-
more, perennial grasses offer highest biomass yield which can be available for many harvests
per year and give vital role in ecosystem services, for example, carbon sequestration in roots
and soil, and to contribute the reduction of soil erosion due to massive perennial root systems
that stabilize the soil. Lignin content which is negatively correlated with sugar release is lower
in perennial grasses (161–192 mg g−1) when compared to woody plants (157–279 mg g−1) [13].

In Thailand, most of dairy cattle are grown by small-scale farmers and the grasses are used for
cattle feeding. In common practice, para (Brachiaria mutica), ruzi (Brachiaria ruziziensis), guinea
(Panicum maximum), and Napier grass (Pennisetum purpureum) are used in cattle feeding. Much
of the prior research on candidate perennial grass biomass crops in Thailand has focused on
Brachiaria ruziziensis, Cynodon sp., Digitaria decumbens, Miscanthus sinensis, Panicum maximum,
Paspalum atratum, Pennisetum polystachyon, Pennisetum purpureum, Pennisetum purpureum ×
Pennisetum americanum, and Vetiveria zizanioides.

4. Thai grasses

There are many grasses already grown in Thailand that have the potential to be used as
lignocellulosic feedstock for biofuel production. Several studies were suggested that wild
grasses have lignocellulosic matter as new sustainable substitute raw materials for the
establishment of biofuels. Many types and varieties of wild grasses are available in Thailand
(Table 1). These grasses were potentially possible to use as a raw materials for biogas produc-
tion.

Common name Scientific name Cultivation province Dry matter
yield
(ton/ha/
year)a

Atratum grass Paspalum atratum Chiang Mai, Lampang,
Ratchaburi, or Phetchaburi

18.8

Bana grass Pennisetum purpureum (Napier grass) ×
Pennisetum americanum (pearl millet)

Chiang Mai, Lampang,
Ratchaburi, or Phetchaburi

7.7

Pennisetum purpureum (Napier grass) ×
Pennisetum americanum (pearl millet)

Nakhon Ratchasima 49.1

Miscanthus grass Miscanthus sinensis Chachoengsao N/Ab

Mission grass Pennisetum polystachyon Nakhon Ratchasima N/Ab

Pennisetum polystachyon Phitsanulok, Phichit,
Nakornsawan, Tak, Uttaradit, or
Sukhothai

N/Ab
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Common name Scientific name Cultivation province Dry matter
yield
(ton/ha/
year)a

Napier grass (elephant
grass)

Pennisetum purpureum Schum. (common) Chiang Mai, Lampang,
Ratchaburi, or Phetchaburi

7.7

Pennisetum purpureum Schum. (common) Nakhon Ratchasima 51.4

Pennisetum purpureum Schum cv. Mott
(Dwarf)

Chiang Mai, Lampang,
Ratchaburi, or Phetchaburi

17.5

Pennisetum purpureum Schum cv. Mott
(Dwarf)

Nakhon Ratchasima 27.1

Pennisetum purpureum Schum. cv.
Kamphaeng Saen

Nakhon Ratchasima 46.3

Pennisetum purpureum Schum. cv. King Chiang Mai, Lampang,
Ratchaburi

7.7

Pennisetum purpureum Schum. cv.
Muaklek 

Nakhon Ratchasima 35.1

Pennisetum purpureum Schum. cv. Taiwan
A148

Nakhon Ratchasima 51.5

Pennisetum purpureum Schum. cv.
WrukWona

52.1

Pangola grass Digitaria decumbens Chiang Mai, Lampang,
Ratchaburi

37.5

Purple guinea grass Panicum maximum cv. TD 58 Chiang Mai, Lampang,
Ratchaburi

18.8

Panicum maximum cv. TD53 Nakhon Ratchasima N/Ab

Ruzi grass Brachiaria ruziziensis Chiang Mai, Lampang,
Ratchaburi

14.1

Tifton Bermuda grass Cynodon nlemfuensis cv. Tifton Nakhon Ratchasima 58.4

Vetiver grass Vetiveria zizanioides cv. Kamphaeng Phet 1 Chiang Mai, Lampang,
Ratchaburi

6.5

Vetiveria zizanioides cv. Kamphaeng Phet 2 6.0

Vetiveria zizanioides cv. Loei 4.9

Vetiveria zizanioides cv. Nakhon Sawan 4.2

Vetiveria zizanioides cv. Prachuap Khiri
Khan

8.5

Vetiveria zizanioides cv. Ratchaburi 7.6

Vetiveria zizanioides cv. Roi Et 3.5

Vetiveria zizanioides cv. Songkhla 5.8

Vetiveria zizanioides cv. Sri Lanka 6.4

Vetiveria zizanioides cv. Surat Thani 5.5

aBanka et al. [14].
bInformation is not available in the literature.

Table 1. Types of grasses grown in Thailand.

Brachiaria ruziziensis: Ruzi grass (B. ruziziensis) used mainly for domestic animals grazing.
Initially, ruzi grass was native to southern African continent. It came to Thailand in 1968
from Australia. Subsequently, the grass has become popular as cattle silage because of the
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Ratchaburi
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Vetiveria zizanioides cv. Roi Et 3.5
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aBanka et al. [14].
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Table 1. Types of grasses grown in Thailand.

Brachiaria ruziziensis: Ruzi grass (B. ruziziensis) used mainly for domestic animals grazing.
Initially, ruzi grass was native to southern African continent. It came to Thailand in 1968
from Australia. Subsequently, the grass has become popular as cattle silage because of the
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large production of seeds, easy to grow nature, and status as a feedstock. There are few
draw backs like sensitivity to the dry climate and requirement of fertilizers [15].

Cynodon sp.: Cynodon sp. includes perennial grasses referred to as Bermuda grass or star grass,
which are commonly grown in the topics and subtropics of the Americas, Africa, and South-
East Asia [16]. Generally, they have been used for forage or as fodder for bioenergy [17]. Though
Rengsirikul et al. [18] refer to Tifton grass as a type of Napier grass [18], Tifton grass is a specific
breed of Bermuda grass (Cynodon dactylon L.) from Tifton, Georgia, USA, that was bred for its
improved digestibility as a potential biofuel feedstock [17].

Digitaria decumbens: Pangola grass, scientific name Digitaria decumbens or Digitaria eriantha, is
a forage grass originating from South Africa that is currently grown worldwide in the
Americas, Africa, Oceania, Australia, and Asia [19]. It has been grown in Thailand since 1983
due to its success as fodder for grazing animals and its ability to grow on lands that previously
cultivated rice [19].

Miscanthus sinensis: Miscanthus grass was generally called as Chinese silvergrass. Its scientific
name is Miscanthus sinensis. Chinese silvergrass is native to eastern Asia, including Thailand.
It is a perennial and clumping grass and also grown in some parts of the Americas and Europe.
The grass can grow up to 2–3 meters tall [20]. Nowadays, this grass is used as cattle fodder
and has been considered as a possible feedstock for biofuels.

Panicum maximum: Purple guinea grass, or Panicum maximum cv. Tanzania, is originally from
the Ivory Coast of Africa. It is another perennial grass with a high protein content that is
currently used as a feedstock for grazing animals in Thailand, having been introduced to the
country in the 1980s [21].

Paspalum atratum: Atratum grass, known by its scientific name Paspalum atratum, is a perennial
grass that can grow 1–2 meters tall. It originated in South America and is now cultivated in
the Americas, South-East Asia, and Australia, generally near the equator. Though atratum
grass has low drought tolerance, it is popularly grown in Thailand due to its ability to flourish
during the rainy seasons and in wet soils [15].

Pennisetum polystachyon: Mission grass (P. polystachyon) is originally grown in tropical Africa.
But for the past few decades, the grass has been spread throughout Africa, Asia, Australia, and
Oceania. It can grow roughly 3 meters tall and is commonly known as a weed. The grass is a
perennial and clumping grass. Mission grass is considered as an established weed that is
currently not used for any specific purpose in Thailand [22].

Pennisetum purpureum: Pennisetum purpureum Schumacher, more often referred to as Napier
grass or elephant grass, is a perennial grass native to Africa that has since been cultivated in
tropical areas in Asia, Oceania, and the Americas. Napier grass is a hardy grass that can grow
up in clumps up to seven meters in height and is particularly important as a forage and pasture
grass, erosion inhibitor, mulch, and as a windbreak for other crops. Due to Napier grass’s
attractive qualities, such as good productivity, high yields, and drought tolerance, several types
of Napier grass have already been investigated in Thailand for their potential in bioethanol
conversion to bioethanol. The types of Napier grass which were already investigated include
common, dwarf, Kamphaeng Saen, king, Muaklek, Taiwan, and WrukWona [6, 18].
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Pennisetum purpureum × Pennisetum americanum: Due to the success of both Napier grass (P.
purpureum) and pearl millet (Pennisetum americanum) as potential lignocellulosic feedstocks,
they have been bred to create hybrids, such as bana grass [23]. Bana grass was first produced
in South Africa in the 1950s and is now widely grown throughout the tropical and subtropical
areas of the world [24]. Bana grass’s high yield, hardiness (even when grown in harsh
conditions), and its ease of harvesting have made it one of the most popular hybrids [23].

Vetiveria zizanioides: Generally, V. zizanioides called as vetiver grass. It is also perennial grass
native to South Indian peninsula. It is used as a source of food and aromatic oils in worldwide.
Furthermore, the grass has potential to apply in remediating contaminated soils, treating waste
water, and reducing soil erosion [25]. Like Napier grass, vetiver grass has been examined
already in Thailand as a potential source of lignocellulosic biomass for bioethanol conversion,
partly due to its robustness and potential height of two meters [6, 25].

5. Napier grass

Soil fertility is generally rich in Thailand. Genus Pennisetum (including Napier grass) has been
reported as the most productive tropical grasses in Thailand. Eight cultivars of Napier grass,
namely Dwarf, Muaklek, Bana, Taiwan A148, Common, WrukWona, Tifton and Kamphaeng
Saen, are grown in Thailand. There are several cultivars regularly grown from this genus for
domestic animal feed. King Napier, Bana, WrukWona, Merkerson, and the short type (Mott
dwarf) are called as common Napier. It can produce highest biomass yields more than 25 t/ha/
yr dry matter when cut at 30-day intervals. In central Thailand (at Pak Chong), biomass yield
was achieved at 75 t/ha/yr when cut at 60-day intervals. The scales of biomass yields demon-
strated that Napier grass as a hopeful species for methane generation [18].

There is a huge awareness in the prospective utilization of Napier grass to produce ethanol in
Thailand. Recently, these cultivars were selected for utilization as animal feeds, because of high
leaf percentage, high nitrogen concentration, and low fiber levels. Because of its high dry matter
yield, it was considered mainly as animal feed. On the contrary, for biofuels production, there
is a need to get highest yield of biomass with suitability to be used either for direct combustion
or for ethanol conversion. Therefore, the objectives of this paper were to quantify the yield and
quality of biomass produced in different seasons by a range of Napier grass cultivars when
cut at three monthly intervals throughout the year and to assess their potential as a source of
energy for biofuel production in central Thailand.

In general, Rengsirikul et al. [18] confirmed that tall cultivars reach a greater length (2–4 m)
than Dwarf (<1 m) with Muaklek intermediate. Furthermore, annual biomass yield was
differed significantly among cultivars (Table 2). The tall cultivars yielded 46.3–58.4 t/ha/yr
compared with 27.1 and 35.1 t/ha/yr for Dwarf and Muaklek, respectively. Table 2 indicates
that the potential of tall Napier grass cultivars to produce high biomass in Thailand to satisfy
the increasing need for energy. Napier grass is tropical forage; thus, these findings can be
applicable to other countries in the tropical region as well.
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Cultivar Dry matter yield (t/ha)

Dwarf 27.1

Muaklek 35.1

Bana 49.1

Taiwan A148 51.5

Common 51.4

WrukWona 52.1

Tifton 58.4

Kamphaeng Saen 46.3

Table 2. Annual dry matter (DM) yields of eight Napier grass cultivars.

6. Potential of grass silage

Several studies had been examined via grass/grass silage as feedstocks to produce biogas as a
renewable energy; however, if grass is to be used as raw materials for AD for energy produc-
tion, it should be converted to silage due to the presence of lignocellulosic materials [26].
Lehtomaki et al. [27] showed that AD of grass silage in batch leach bed processes has the highest
methane potential when compared with other potential crops. Smyth et al. [26] compared the
net energy of the grass in biomethane systems with other energy crops, and they found that
grass has higher gross energy than rapeseed biodiesel and wheat ethanol systems [28]. The
yields of dry matter in vetiver grass provided the yield of ethanol at 1091.84 L/ha/year, whereas
the leaves of dwarf Napier grass given the maximum yield of 2720.55 L/ha/year (0.98 g/L or
0.12 g/g substrate equivalent to 30.60%) [26].

In numerous studies, grass silage has been recommended as an excellent substrate for
biomethane production resulting from high-energy yields, low-energy input demand, long
time storage, and usage of silage even for a whole year [29]. The higher potential of methane
production from grass silage was confirmed both in batch and in semi-continuous experiments
and batch leach bed processes [27]. In practice, grass silage is the most important substrate for
agricultural biogas production following maize silage in Germany [30]. Though grass silage
may be less energetically productive when compared to maize silage, it still offers a good
energy balance and environmental advantages [31]. The key purpose of silage preparation is
achieved by efficient preservation. It could keep high-energy content of a crop. And this is
achieved by the combination of an anaerobic environment as well as the bacterial fermentation
of sugar. The lactic acids formed in the latter progression lower the pH and avoid the prolif-
eration of spoilage microorganisms.

Generally, the fermentation under farm conditions was not involved in a controlled process.
The silage fermentation characteristics were depending on the nutrients that allow the growth
of microorganisms. The fermentation is usually characterized by a low pH, high lactic acid
content, and low concentrations of butyric acid and ammonia-N. Additionally, the ensiled
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energy is an entirely recoverable in a closed lactic acid-dominant fermentation. On the contrary,
there is negligible loss of energy; the production of ethanol by yeast during fermentation is
undesirable because no acidification occurs. Correspondingly, under suboptimal ensiling
conditions, secondary clostridial fermentation may lead to considerable total solids and energy
losses due to extensive production of CO2 and H2 from the fermentation of lactate and hexose
sugars. If grass is to be used for energy, it must be harvested and stored, usually as silage.
Silage is currently made for feeding livestock, and grass silage is mostly used as co-substrate
in biogas plants based on cattle, pig, or chicken manure because of its inappropriate high
nitrogen content [32, 33] of about 14% of total solids. The influence of ammonia on anaerobic
digestion in terms of process inhibition was found in several literatures [34–36]. However,
several authors proved that monodigestion of grass silage is possible, although both applied
systems and experimental conditions differ occasionally significant.

7. Biogas from Napier grass silage

Common cultivar of Napier grass was obtained from the agriculture farm which was cultivated
at Mae Taeng district, Chiang Mai, Thailand. The grass was a first cut (cut at 45-day-old mature
stage). Napier grass was crushed by machine into small particles. Stored grass was pulverized
into small particles (1.0 mm) before use. Proximate, ultimate, chemical composition of Napier
grass is shown in Table 3. The grass collecting and silage preparations are shown in Figures
2 and 3. The experiment was carried out in the Energy Research Center, School of Renewable
Energy, Maejo University, Thailand. For all experiments, Napier grass (Pennisetum purpur‐
eum) was used as a monosubstrate.

Property Biomass

pHa 4.85

Proximate analysis (wt.%)

Moisturea 77.74

Ash 3.18

Ultimate analysis (wt.%)b

Carbon (C) 44.19

Hydrogen (H) 6.00

Nitrogen (N) 2.00

Oxygen (O) 43.80

Sulfur (S) 0.06

aAs received at harvest.
bDry basis; unit % by weight.

Table 3. Proximate, ultimate, chemical composition of Napier grass.
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Figure 2. Grass collection and silage preparation (A) cultivation, (B) transportation of grass, (C) grass crushing ma-
chine, and (D) small particle of grass.

Figure 3. Napier grass silage.

Leachate Recirculation Digester (LBR): A prototype of 100-L dry anaerobic batch digester was
employed so-called LBR system, sometimes called percolating anaerobic or dry anaerobic
digester [37], and experimental setup is shown in Figure 4. Specification of experimental
parameters and biogas measurements are listed in Table 1. In this design, LBR was sequentially
loaded with grass biomass and mixed with residual digested solids and leachate. For all
experiments, prepared grass was used as a monosubstrate. Biogas production was received
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through improvements in the fermentation process using with Napier grass and water. Thirty
kilograms of grass substrates was used in a leachate recirculation digester. The reactor working
volume was 60 L.

Figure 4. Dry fermentation anaerobic digestion process.

Figure 5. (A) Biogas yield (L/day VS) and cumulative biogas yield (L/kg VS) and (B) biogas compositions produced
from Napier grass.

Daily total biogas production of Napier grass as monosubstrate in the reactor is given in Figure
3. Energy crops and crop residues can be digested either alone or in co-digestion with other
materials, employing either wet or dry processes. And after 85 days, the rate of biogas
production was gradually declined. The biogas was accumulated throughout study period
20.62 L/kg fresh grass or 190.25 L/kg VS is the average total amount of gas 6.87 L/day (=6870
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ml/day), as shown in Figure 5. Bussabong et al. [38] stated the performance of the biogas
production of ruzi grass (Brachiaria ruziziensis) as the monosubstrate had value of 244 ml/day
with CSTR. This study results were demonstrated that biogas yield was 28 times higher than
ruzi grass which was performed in CSTR. Batch reactors are often leach bed processes where
solids are hydrolyzed by circulating leachate over a bed of organic matter. Recirculation of
leachate stimulates the overall degradation owing to more efficient dispersion of inoculums,
nutrients, and degradation products [27]. Accordingly, that is, main reason this study result
confirmed was much higher than CSTR.

Parameter Equipment or method

Napier grass particle size 1.00 mm

Grass substrate 30 kg

Reactor type Leachate recirculation digester

Digesting system Dry anaerobic digester

Volume of reactor 100 L

Used volume of reactor 60 L

Methane ASTM D 1945

Carbon dioxide ASTM D 1945-03

Hydrogen ASTM D 1945-03

Hydrogen sulfide ASTM D 5504-01

Oxygen ASTM D1945

Sulfur ASTM D 6667-04

Table 4. Specification of experimental parameters and biogas measurements.

Biogas composition results are presented in Figure 5. Biogas composition from experimental
measurements starting from 39 days of the experiment showed that the initial composition of
the gas as possible. This term microbial methane was generated. (Methanogenic bacteria are
not in the right conditions for growth.) The pH less than 6.5 was inhibit the growth of metha-
nogenic bacteria are composed of methane, 7.9 after 54 days, the methane production increased
due to the microbial production of methane. Theoretical and measured composition of
methane and biogas production is presented in Table 4. The biogas composition of carbon
dioxide (30.10%), methane (63.50%), and 5 ppm of hydrogen sulfide was estimated from the
biogas.

H2S is commonly found in natural gas, biogas, and LPG. It is corrosive, toxic, and odorous; it
can significantly damage mechanical and electrical equipment used for process control, energy
generation, and heat recovery. Moreover, the combustion of H2S results in the release of sulfur
dioxide, which is a problematic environmental gas emission [39]. The usages of biogas with
H2S standard are as follows: steam and fired boilers (<1000 ppmv), steam and fired boilers
(<1000 ppmv), fuel engines (<500 ppmv), motor fuels (i.e., CNG and CBG <23 ppmv), and pipe
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line gas (i.e., gas grid <1 ppmv) [39]. This study which verified H2S was extremely lower (i.e.,
5 ppm). Therefore, the study approach is certainly applicable for CBG (compressed biomethane
gas) engine. Consequently, this study investigated the potential of Napier grass biomass as a
feedstock for biogas production. This suggested that it is possible to achieve stable operation
using Napier grass, as a substrate for biogas production in pilot or large-scale biogas plant in
the future. It was concluded that Napier grass as energy crop can be an alternative energy
resource.

7.1. Co-digestion

Recently, most of the agricultural biogas plants digest manure with the addition co-substrates
to increase the content of organic material for achieving a higher gas yield [40]. For these
reasons, co-digestion is commonly practiced and most recommended co-substrate was
manure.

Figure 6. Wet fermentation (continuums type).

Co-digestion has been defined as the anaerobic treatment of a mixture of at least two different
substrates with the aim of improving the efficiency of the anaerobic digestion process. At
present, there are an increasing number of full-scale co-digestion plants treating manure and
industrial organic wastes. Co-digestion of mixed substrates offers many advantages, including
ecological, technological, and economic benefits, compared to digesting a single substrate.
However, combining two or more different types of feed stocks requires careful selection to
improve the efficiency of anaerobic digestion [40]. The main resource is represented by animal
manure and slurries from cattle and pig production units as well as from poultry, fish, etc. And
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ml/day), as shown in Figure 5. Bussabong et al. [38] stated the performance of the biogas
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Parameter Equipment or method
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Methane ASTM D 1945

Carbon dioxide ASTM D 1945-03

Hydrogen ASTM D 1945-03

Hydrogen sulfide ASTM D 5504-01

Oxygen ASTM D1945

Sulfur ASTM D 6667-04

Table 4. Specification of experimental parameters and biogas measurements.
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agricultural substrate suitable for anaerobic digestion is represented by energy crops, of which
most common are grain crops, grass crops, and maize. Grass crops are among the most
promising energy crops for biogas production [41].

Day Cumulative biogas (cb-m) Biogas component Temp (°C) pH
CH4 CO2 O2 H2S (ppm)

14 0.2618 4.9 29.6 0.9 823 31.8 5.43

15 0.6952 6.0 33.0 0.5 3877 30.5 5.65

16 1.0864 5.8 32.6 0.6 3562 29.5 5.61

17 1.4983 6.3 33.2 0.0 2325 29.2 5.45

18 2.0725 6.3 32.0 0.5 5 29.6 5.56

19 2.6462 6.9 32.0 0.1 38 30.4 5.64

20 3.2223 7.8 32.0 0.0 310 31.1 5.39

21 3.8514 8.6 32.1 0.0 423 31.7 5.48

22 4.4955 8.6 32.0 0.0 1073 31.5 5.54

23 5.1493 10.5 32.0 0.0 1458 31.9 5.42

24 5.8107 11.3 32.3 0.0 1693 30.7 5.66

25 6.8659 13.1 31.9 0.0 3715 28.5 5.68

26 7.8239 14.1 33.8 0.0 4143 29.6 5.71

27 8.4877 16.6 33.6 0.0 3972 29.9 5.74

28 9.1979 20.2 33.5 0.0 4067 28.9 5.64

29 9.7640 22.8 34.3 0.2 5345 29.7 6.08

30 10.2390 29.4 33.2 0.0 4117 28.4 6.25

31 10.8979 35.6 34.4 0.0 3623 30.1 6.08

32 11.3843 42.4 33.3 0.0 3713 30.6 6.76

33 11.8339 53.4 29.4 0.0 2522 30.6 6.78

34 12.1919 58.8 27.1 0.0 1996 27.5 6.51

35 12.7557 64.9 23.8 0.0 1592 25.1 6.85

36 13.2300 68.9 22.3 0.0 1700 24.6 6.89

37 13.5053 70.2 21.9 0.0 1205 25.4 6.51

38 14.1023 66.9 23.0 0.0 775 26.5 6.92

39 14.7192 62.9 26.9 0.0 1200 27.8 6.84

40 15.2051 56.9 30.4 0.0 1223 29.0 6.72

Table 5. Biogas composition and fermenter characteristic of co-digestion of Napier grass and microalgae.

In this study, we used 40-L inoculums, 1000 L of microalgae and 200 Kg of Napier silage.
Microalgae was cultivated in the open pond culture, and the mesophilic anaerobic inoculum
was obtained from a working mesophilic anaerobic digester at Energy Research Center, Maejo
University. The inocula had a TS concentration around 296.1 ± 0.4 mg/L, with 158.5 ± 1.02 mg/
L of VS. Total COD was 1241.6 mg/L, and 291.2 mg/L as CaCO3 of alkalinity, 136.4
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mgCH3COOH/L of VFA along with 6.66 of pH value. Wet fermentation (continuums type) is
shown in Figure 6.

Gas samples were collected and analyzed, and gas components is presented in Table 5 and
Figure 7. The results obtained in this study suggest that co-digestion of microalgae and grass
silage is a promising approach for improving biogas production. On 37 days, methane (CH4)
content was reached over 70% and CO2 (10.05%), O2 (21%), and H2S 1205 ppm), which were
met the standard of the Department of Energy. Efficiency criteria explained good performance
throughout the study.

Figure 7. Biogas compositions produced from Napier grass and microalgae.

8. Conclusions

This study investigated the potential of Napier grass biomass as a feedstock for biogas
production. Napier grass is fast-growing, high-yielding crops, and highly nutritious especially,
so it is suitable for use as energy crops for biogas production. These results indicated that,
Napier grass contains rich organic substances and these substances are suitable to use in the
anaerobic fermentation process to be used to sustain microbial life and transform nutrients
into biogas. Dry anaerobic digestion is a biological method used to convert organic substances
into a stable product for land application without adverse environmental effects. The high
content of methane (i.e., 63.50%) amount was found in total biogas from dry anaerobic
fermentation in 90 days hydraulic detention time. But using with co-digestion of microalgae
and Napier grass silage shows good results. In 37 days, methane content was 70%. This
suggested that it is possible to achieve stable operation using Napier grass, as a substrate for
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8. Conclusions

This study investigated the potential of Napier grass biomass as a feedstock for biogas
production. Napier grass is fast-growing, high-yielding crops, and highly nutritious especially,
so it is suitable for use as energy crops for biogas production. These results indicated that,
Napier grass contains rich organic substances and these substances are suitable to use in the
anaerobic fermentation process to be used to sustain microbial life and transform nutrients
into biogas. Dry anaerobic digestion is a biological method used to convert organic substances
into a stable product for land application without adverse environmental effects. The high
content of methane (i.e., 63.50%) amount was found in total biogas from dry anaerobic
fermentation in 90 days hydraulic detention time. But using with co-digestion of microalgae
and Napier grass silage shows good results. In 37 days, methane content was 70%. This
suggested that it is possible to achieve stable operation using Napier grass, as a substrate for
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biogas production with co-digestion method in pilot or large-scale biogas plant in the future.
The biogas digested material is excellent source for fertilizer and it is beneficial for
environmental safety and management aspects as well. It was concluded that Napier grass as
energy crop can be an alternative energy resource.
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Abstract

The presented work studies the possibilities of using maize silage for biogas production
in laboratory as well as in full-scale conditions. From the results of long-term operation
of a mixed laboratory anaerobic reactor, it follows that processing of maize silage as a
single substrate is an unstable process due to the low alkalinity of silage that has to be
compensated by pH adjustment.  Specific production of  biogas was 0.655 m3/kg of
volatile solids. Start-up of a full-scale anaerobic reactor of a biogas plant with the volume
of 2450 m3 takes approximately 100 days. At the end of the start-up, the biogas plant
reached the designed parameters—maize silage dose 6–7 t/d of total solids, the reactor
load about 2.5 kg/(m3/d) of volatile solids, the biogas production of 4200 m3/d, electricity
production of ca. 6600 kWh/d, and heat production of ca. 11,500 kWh/d. Processing of
co-substrates in a biogas plant revealed both positive and negative effect on the biogas
plant operation, for example, the meat and bone meal addition had a negative effect on
the operation due to its high nitrogen content. Loading of crude glycerol (12.1% of the
total volatile solids added) showed a positive and stabilizing effect.

Keywords: anaerobic digestion, biogas, biogas plant, maize silage, substrates for bio-
gas production

1. Introduction

In  order  to  replace  fossil  fuels  by  renewable  energy sources,  utilization of  biofuels  and
renewable  energy  sources  has  been  incorporated  in  the  national  and international  legal
standards and the government programs of developed countries. The EU in the Directive
2009/28/EC  has  defined  a  program  of  replacing  20%  of  total  energy  consumption  with
renewable energy sources and 10% of the consumption of liquid fuels with biofuels by 2020.
One possibility of increasing the share of energy from renewable sources is biogas production

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.
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from energy crops. This option has gained wide application in particular in connection with
government support of the electricity price produced from biogas in many countries of the
EU. In addition, growing and utilization of energetic crops for biogas production is one of the
alternatives of agriculture production diversification which can significantly improve farm
economics. Energy from biogas produced by anaerobic digestion of energetic crops can be
utilized to improve the energetic balance of a farm as excess energy can be sold (e.g. to the
electric grid). Maize in the form of silage provides high yields (10–30 t of total solids—TS per
hectare [1–3]) and is thus a suitable energetic crop for biogas production. More than 17,000
biogas plants, mostly using maize silage as the main substrate, are in operation in Europe; for
example, in Germany, more than 8000 biogas plants have been in operation by the end of 2015
with the plant biomass utilization of more than 52 mass% and of livestock excrements of 43
mass% [4]. The rest are industrial and agro- and food processing waste as well as municipal
biowaste. Advantages of plant biomass utilization are even pronounced by the fact that 52
mass% of the total substrates processed in biogas plants result in a 79% energy production.
Maize silage represents 73 mass% of the plant biomass processed in the biogas plants, while
the energy represents 72% of the total energy production. Thus, in 2014, 56.88% of energy
produced by biogas plants in Germany originated from maize silage [4]. Even though no
precise information on the species composition of the biogas plant substrates in other countries
of the European Union is available, it is clear that the main substrate is maize silage. However,
only little information on its anaerobic digestion is provided in literature. Generally, it can be
stated that studies on the anaerobic digestion of fresh and ensiled materials did not show any
significant differences between the biogas production from these materials [5, 6]. Concerning
the anaerobic digestion, the main advantage of ensiling is the conservation of plant substrates
to enable biogas production for the whole year. Zauner and Kuntzel [7] present anaerobic
processing of maize silage in their work achieving methane production of 0.270–0.289 m3/kg
of TS in a laboratory batch reactor. The production was somehow lower, 0.181–0.184 m3/kg of
TS, in continuous laboratory reactors. Amon et al. [2] studied the biogas production from
maize and clover grass in more detail. They focused on the biogas production of various
species in different stages (milk, wax, and full ripeness). Also the influence of ensiling and
drying  on  the  methane  production  was  studied.  Various  species  had  different  optimal
harvesting time in different ripeness stages. Specific methane production was in the range of
0.206–0.283 Nm3/kg of the volatile solids—VS and the methane yield was in the range of 5300
to 8530 Nm3/ha of the VS. These results were obtained by the batch tests of the anaerobic
digestion in mesophilic conditions (40°C) for 60 days. Some maize varieties showed minimum
difference in the methane production considering the ripeness stage and some showed a
difference of more than 25% (variety Saxxo, wax ripeness) [2]. Specific methane production of
0.282–0.419 Nm3/kg of the VS was achieved in the work of Schittenhelm [8], who studied the
effect  of  maize  composition  and ripeness  stage  on  the  methane  yield.  Specific  methane
production from hybrids with late ripeness increased with the higher date of sampling more
significantly than from climatically adapted “medium-early” hybrids,  which reached the
maximum  methane  production  more  quickly.  These  results  are  comparable  with  those
provided by other authors [3, 9–14]. In [13], maximum yield of 9440.6 Nm3/ha (hybrid maize,
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ripeness stage FAO 400—FAO 500) and in [14], 10,401 m3/ha (20°C and normal pressure) were
obtained.

To increase the specific methane production from silage, various methods of physical, chem-
ical, or biological pre-treatment or their combination can be used [15, 16]. However, each pre-
treatment method complicates the biogas production technology and increases the operation
cost. Therefore, it is necessary to always consider if a higher amount of biogas produced has
a relevant effect. Considering its properties and composition, maize silage is often used in co-
fermentation with other substrates, for example, with manure, sludge from wastewater plants,
various plant substrates, or industrial wastes [17–21].

Here, results obtained by anaerobic digestion of maize silage as the single substrate for biogas
production in laboratory as well as in full-scale conditions are presented. Start-up of a biogas
plant anaerobic reactor for maize silage processing as a single substrate and operation
experiences using other co-substrates is presented.

2. Anaerobic digestion of maize silage in laboratory conditions

Within the laboratory experiments on anaerobic processing of maize silage, tests of the maize
silage biogas potential were carried out, and a long-term operation of a biogas production
model was monitored. The aim of these tests was to determine the specific biogas production.

2.1. Test of maize silage biomethane potential

It is necessary to emphasize that the tests of biomethane potential have only an informational
character and the specific methane production reached by long-term operation of anaerobic
digestion of biologically degradable substrates can differ considerably. Single biomethane
potential test results are significantly affected by the anaerobic sludge used as inoculum. Used
anaerobic sludge is not usually adapted to the substrate degradation and during batch test the
adaptation is not carried out. Therefore, the biomethane potential test provides a value lower
than that obtained by long-term anaerobic digestion, when the adaptation of the anaerobic
sludge to the used substrate and thus deeper anaerobic digestion of the substrate can take
place. If the substrate contains a toxic or inhibitory substance, its influence might not be
demonstrated during the biomethane potential test, due to the sufficient dilution of the
substrate by the anaerobic sludge used for inoculation, for example, in substrates with high
nitrogen or sulfur content. In long-term anaerobic digestion process, when the substrate is
repeatedly supplied to the reactor, nitrogen or sulfur can accumulate in the reactor, and
ammonia or sulfide inhibition of anaerobic processes can occur gradually. However, the
biomethane potential test is a suitable tool for the primary evaluation of anaerobic digestion
of a substrate and the possible biogas production.

Maize silage produced at the STIFI farm in Hurbanovo was used in the biomethane potential
test without particle size adjustment. The particle size was given by the harvesting machine
as up to 5 cm in length. Silage was made in the traditional way. Harvesting took place at the
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TS of the green maize about 30%. After the cropping, green maize was compacted by bulldozer
in the silage pit with dimensions of 22 m × 75 m × 5 m. For tests, the silage after two month of
ensiling was used. Content of TS of the used silage represented 35% with the VS content of
95.8%. Value of pH of maize silage water leachate (100 g of silage in 400 ml of tap water) was
3.7. Anaerobically stabilized sludge from the municipal wastewater treatment plant in
Devínska Nová Ves (total suspended solids— TS of 37.23 g/L and volatile suspended solids—
VS of 20.74 g/L) in the volume of 0.5 l and 7 g of fresh silage was used for the tests. The sludge
mixture was completed to the total volume of 1 l with tap water. To determine the biogas
production from the anaerobically stabilized sludge, a blank test was done. The tests were
carried out in the mesophilic temperature regime (35°C) in three repetitions. The biomethane
potential results are presented in Figure 1.

Figure 1. Test of biomethane potential of maize silage.

From the test results follows that 233 ml of methane per gram of TS (243 ml per gram of VS)
respectively 0.206 Nm3/kg of TS (0.215 Nm3/kg of VS) were produced. It is in agreement with
results provided by Amon et al. [2].

2.2. Long-term anaerobic digestion of maize silage in the laboratory conditions

Long-term maize silage processing was carried out in a mixed laboratory anaerobic reactor
with the volume of 4 l. The reactor was filled to the half of its volume with the anaerobically
stabilized sludge used for biomethane potential tests (TS of 37.2 g/L with VS of 55.7%) and was
filled to the total volume of 4 l with tap water. Silage was processed in its raw form without
any pre-treatment, that is, as taken from the silage pits in STIFI Hurbanovo, and stored at 4°C.
The silage was loaded once a day into the laboratory model operated at 35°C. In the filtered
samples of sludge water, parameters as chemical oxygen demand (COD), volatile fatty acids
(VFA), ammonia nitrogen (NH4-N), and pH were determined. Also the concentration of
suspended solids and biogas production were monitored in the reactor. All analyses were
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carried out applying standard methods [22]. The analysis of VFA was done employing the
method introduced by Kapp [23]. To determine the biogas composition (methane, CO2, H2,
and H2S), the apparatus GA 2000 Plus (Geotechnical Instruments, UK) was used.

Operation of the laboratory reactor for anaerobic digestion of maize silage started at the organic
loading rate (OLR) of 1.68 kg/(m3/d). The course of loading doses and the achieved parameters
of the anaerobic reactor are provided in Table 1. Figure 2 shows the course of the specific biogas
production per kg of added VS and the cumulative biogas production in the anaerobic reactor
with gradual increase of OLR in the reactor. OLR increased from 1.68 to 6.71 kg/(m3/d)—
Table 1. Average specific biogas production at individual OLR values was in the range of 0.195–
0.655 m3 per kg of VS. Maximum specific biogas production was achieved at the OLR of 5.03 kg/
(m3/d). The course of COD and VFA is shown in Figure 3 and that of pH and NH4-N in
Figure 4. Instability of the processes was demonstrated by the decrease of pH and the increase
of COD and VFA concentration, especially after the increase of OLR in the reactor (Figures 2
and 3).

Organic loading rate

(VS) [kg/(m3 d)]

Day of operation Dose of silage (raw

material) [g/d]

Dose of silage (VS)

[g/d]

Specific biogas production

(VS) [m3/kg]

1.68 0–20 20 6.71 0.195

2.52 21–40 30 10.06 0.230

3.36 41–80 40 13.42 0.430

4.19 81–120 50 16.77 0.530

5.03 121–220 60 20.12 0.655

6.71 220–300 80 26.83 0.420

Table 1. Anaerobic processing of maize silage—operation parameters of the anaerobic reactor.

Figure 2. Specific and cumulative biogas production in the anaerobic reactor.
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TS of the green maize about 30%. After the cropping, green maize was compacted by bulldozer
in the silage pit with dimensions of 22 m × 75 m × 5 m. For tests, the silage after two month of
ensiling was used. Content of TS of the used silage represented 35% with the VS content of
95.8%. Value of pH of maize silage water leachate (100 g of silage in 400 ml of tap water) was
3.7. Anaerobically stabilized sludge from the municipal wastewater treatment plant in
Devínska Nová Ves (total suspended solids— TS of 37.23 g/L and volatile suspended solids—
VS of 20.74 g/L) in the volume of 0.5 l and 7 g of fresh silage was used for the tests. The sludge
mixture was completed to the total volume of 1 l with tap water. To determine the biogas
production from the anaerobically stabilized sludge, a blank test was done. The tests were
carried out in the mesophilic temperature regime (35°C) in three repetitions. The biomethane
potential results are presented in Figure 1.

Figure 1. Test of biomethane potential of maize silage.

From the test results follows that 233 ml of methane per gram of TS (243 ml per gram of VS)
respectively 0.206 Nm3/kg of TS (0.215 Nm3/kg of VS) were produced. It is in agreement with
results provided by Amon et al. [2].
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stabilized sludge used for biomethane potential tests (TS of 37.2 g/L with VS of 55.7%) and was
filled to the total volume of 4 l with tap water. Silage was processed in its raw form without
any pre-treatment, that is, as taken from the silage pits in STIFI Hurbanovo, and stored at 4°C.
The silage was loaded once a day into the laboratory model operated at 35°C. In the filtered
samples of sludge water, parameters as chemical oxygen demand (COD), volatile fatty acids
(VFA), ammonia nitrogen (NH4-N), and pH were determined. Also the concentration of
suspended solids and biogas production were monitored in the reactor. All analyses were
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carried out applying standard methods [22]. The analysis of VFA was done employing the
method introduced by Kapp [23]. To determine the biogas composition (methane, CO2, H2,
and H2S), the apparatus GA 2000 Plus (Geotechnical Instruments, UK) was used.

Operation of the laboratory reactor for anaerobic digestion of maize silage started at the organic
loading rate (OLR) of 1.68 kg/(m3/d). The course of loading doses and the achieved parameters
of the anaerobic reactor are provided in Table 1. Figure 2 shows the course of the specific biogas
production per kg of added VS and the cumulative biogas production in the anaerobic reactor
with gradual increase of OLR in the reactor. OLR increased from 1.68 to 6.71 kg/(m3/d)—
Table 1. Average specific biogas production at individual OLR values was in the range of 0.195–
0.655 m3 per kg of VS. Maximum specific biogas production was achieved at the OLR of 5.03 kg/
(m3/d). The course of COD and VFA is shown in Figure 3 and that of pH and NH4-N in
Figure 4. Instability of the processes was demonstrated by the decrease of pH and the increase
of COD and VFA concentration, especially after the increase of OLR in the reactor (Figures 2
and 3).
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material) [g/d]
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5.03 121–220 60 20.12 0.655

6.71 220–300 80 26.83 0.420

Table 1. Anaerobic processing of maize silage—operation parameters of the anaerobic reactor.
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Figure 3. COD and VFA in the laboratory anaerobic reactor.

Figure 4. NH4-N and pH in the laboratory anaerobic reactor.

Stabilization of COD and VFA took several days or even weeks depending on the destabiliza-
tion degree after the silage load increase. At higher loads, the response to increased OLR was
stronger and the stabilization period was longer. With the OLR increase, pH decreased below
6.5 (Figure 3) and sodium bicarbonate was used to adjust the pH. The pH value had to be
adjusted not only after an OLR increase but throughout the anaerobic reactor operation
because pH in neutral range is needed for methanogenic microorganisms. In total, ca. 6000 g
of VS silage and 100 g of sodium bicarbonate were loaded into the reactor during its 300 day
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operation. The average sodium bicarbonate consumption was 0.05 g/g of VS silage. Instability
of the anaerobic processing of maize silage is related to it insufficient acid neutralizing capacity
(alkalinity) due to the high C/N ratio in this substrate (30–46) [3]. Together with the carbonate
buffer system (CO2/CO3

2−/HCO3
−), ammonia buffer system (NH3/NH4

+) also has an important
role in the anaerobic processes. Results of long-term anaerobic reactor operation indicate that
anaerobic digestion of maize silage as the only substrate requires the presence of alkaline
reagents. From a practical point of view and that of nutrients demand, loading of a co-substrate
with higher content of nitrogen, for example, sewage sludge, or manure, is required. At OLR
of 6.71 kg/(m3/d), the COD and VFA values exceeded 18,000 mg/L and 11,000 mg/L, respec-
tively. It is thus clear that at this OLR value, the system was permanently overloaded and the
COD and VFA values were stabilized at 6000 mg/L and 2800 mg/L, respectively. Also the
specific biogas production was considerably lower (0.420 kg/kg of VS) as that at the load of
5.03 kg/(m3/d) (0.655 kg/kg of VS)(0.655 m3 /kg of VS). Therefore, the optimal value of OLR has
been established as 5.03 kg/(m3/d), with the highest specific production of biogas.

During the stable operation of the reactor (days 121–220), the average concentration of
suspended solids in the anaerobic reactor was 79 g/L. Daily amount of the suspended solids
of excess sludge was 3.57 g. At the load of 21 g of TS silage (60 g of fresh silage with the TS
content of 35%), the production of excess sludge was 0.17 g pre 1 g of TS, which corresponds
to the anaerobic silage digestion degree of 83%. The content of individual biogas components
is provided in Table 2 and the parameters of anaerobic digestion of maize silage obtained from
the laboratory model are summarized in Table 3.

Component Value

CH4 [%] 54.5

CO2 [%] 45.4

H2 [ppm] 5

H2S [ppm] 215

Table 2. Composition of biogas produced from maize grains and maize silage.

Parameter Value

OLR (VS) [kg/(m3/d)] 5.03

Suspended solids in reactor [g/L] 79

Specific biogas production (35°C) [m3/kg VS] 0.655

Specific methane production [Nm3/kg VS] 0.316

Specific excess sludge production 0.17

Degradation of TS [%] 83.0

Table 3. Parameters of maize silage anaerobic digestion.
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Figure 4. NH4-N and pH in the laboratory anaerobic reactor.

Stabilization of COD and VFA took several days or even weeks depending on the destabiliza-
tion degree after the silage load increase. At higher loads, the response to increased OLR was
stronger and the stabilization period was longer. With the OLR increase, pH decreased below
6.5 (Figure 3) and sodium bicarbonate was used to adjust the pH. The pH value had to be
adjusted not only after an OLR increase but throughout the anaerobic reactor operation
because pH in neutral range is needed for methanogenic microorganisms. In total, ca. 6000 g
of VS silage and 100 g of sodium bicarbonate were loaded into the reactor during its 300 day
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operation. The average sodium bicarbonate consumption was 0.05 g/g of VS silage. Instability
of the anaerobic processing of maize silage is related to it insufficient acid neutralizing capacity
(alkalinity) due to the high C/N ratio in this substrate (30–46) [3]. Together with the carbonate
buffer system (CO2/CO3

2−/HCO3
−), ammonia buffer system (NH3/NH4

+) also has an important
role in the anaerobic processes. Results of long-term anaerobic reactor operation indicate that
anaerobic digestion of maize silage as the only substrate requires the presence of alkaline
reagents. From a practical point of view and that of nutrients demand, loading of a co-substrate
with higher content of nitrogen, for example, sewage sludge, or manure, is required. At OLR
of 6.71 kg/(m3/d), the COD and VFA values exceeded 18,000 mg/L and 11,000 mg/L, respec-
tively. It is thus clear that at this OLR value, the system was permanently overloaded and the
COD and VFA values were stabilized at 6000 mg/L and 2800 mg/L, respectively. Also the
specific biogas production was considerably lower (0.420 kg/kg of VS) as that at the load of
5.03 kg/(m3/d) (0.655 kg/kg of VS)(0.655 m3 /kg of VS). Therefore, the optimal value of OLR has
been established as 5.03 kg/(m3/d), with the highest specific production of biogas.

During the stable operation of the reactor (days 121–220), the average concentration of
suspended solids in the anaerobic reactor was 79 g/L. Daily amount of the suspended solids
of excess sludge was 3.57 g. At the load of 21 g of TS silage (60 g of fresh silage with the TS
content of 35%), the production of excess sludge was 0.17 g pre 1 g of TS, which corresponds
to the anaerobic silage digestion degree of 83%. The content of individual biogas components
is provided in Table 2 and the parameters of anaerobic digestion of maize silage obtained from
the laboratory model are summarized in Table 3.

Component Value

CH4 [%] 54.5

CO2 [%] 45.4

H2 [ppm] 5

H2S [ppm] 215

Table 2. Composition of biogas produced from maize grains and maize silage.

Parameter Value

OLR (VS) [kg/(m3/d)] 5.03

Suspended solids in reactor [g/L] 79

Specific biogas production (35°C) [m3/kg VS] 0.655

Specific methane production [Nm3/kg VS] 0.316

Specific excess sludge production 0.17

Degradation of TS [%] 83.0

Table 3. Parameters of maize silage anaerobic digestion.
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Considering that from 1 ha of arable land, 30 t of TS silage (VS of 95%) per annum are obtained,
methane production is 9006 Nm3/ha. For a biogas plant with produced biogas incineration in
a cogeneration unit with the electric power of 1 MW (electric energy production efficiency of
35%), the daily maize silage demand represents the area of 0.77 ha. This means that the annual
operation of biogas plants needs 8431.5 t of TS silage, grown on 281 ha of arable land.

Conclusions of the anaerobic digestion of maize silage in laboratory conditions:

Biomethane potential tests provided the measured specific methane production of 0.215
Nm3/kg of VS. For long-term maize silage processing in a mixed laboratory anaerobic reac-
tor, the measured specific methane production was 0.316 Nm3/kg of VSS. The higher value
obtained for long-term reactor operation is due to the adaptation of the anaerobic microor-
ganisms to the maize silage substrate.

Long-term operation of the anaerobic reactor for maize silage processing as the only substrate
showed significant instability caused by the low alkalinity of maize silage (high C:N ratio). To
stabilize the anaerobic processes, other alkaline reagents or a co-substrate with higher content
of nitrogen (sewage sludge or manure) can be used.

Daily operation of a biogas plant with biogas incinerated in a cogeneration unit with the electric
power of 1 MW requires the amount of silage from an area of 0.77 ha of arable land.

3. Start-up and trial operation of biogas plant for maize silage processing

Despite the 17,000 biogas plants in EU [24], many of which use maize silage as the main
substrate, only a little information on their start-up and trial operation can be found in
literature. Start-up and trial operation of a biogas plant for processing of maize silage as the
main substrate are described.

Technology of a biogas plant is depicted in Figure 5. Effective volume of the used anaerobic
reactor was 2450 m3. Two high-speed blade mixers with horizontal rotational axis and with the
immersion depth and mixing direction regulation were used. Fresh silage was loaded into the
reactor by means of a conveyor belt. Silage pits were located next to the anaerobic reactor; an
average TS of the silage was used during the start-up, and pilot plant operation was 35%; and
the expected biogas production was 4200 m3/d. Biogas was incinerated in a cogeneration unit
(ELTECO, Slovakia) with the electric power of 276 kW (electric efficiency of 32%) and the heat
power of 479 kW. The reactor was operated at the temperature of 37°C and the volume of the
gasholder was 80 m3, which was assumed as sufficient at stabilized production and consump-
tion of biogas. Also a gas boiler enabling biogas as well as a natural gas incineration with the
heat power of 470 kW was included in the technology. This boiler plays an important role
during the start-up of the anaerobic reactor when biogas is not available and the reactor has
to be heated to the operation temperature by natural gas.

The anaerobic reactor was inoculated with aerobically stabilized sewage sludge from a brewery,
which is not often used as an inoculation medium for anaerobic reactors. Normally, for the
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inoculation of the anaerobic reactor the anaerobically stabilized sludge is used, but the distance
to the nearest wastewater plant with anaerobically stabilized sludge was 15 km, and the required
amount of sludge could not be provided. Aerobically stabilized sludge from brewery waste-
water plant was available for only as far as 2 km from the biogas plant. The amount of aerobically
stabilized sludge added to the anaerobic reactor for inoculation before its start-up was 1700 m3

with an average concentration of suspended solids (SS) of 30 g/L. After the inoculation, the
reactor was heated to 37°C and gradually loaded with maize silage. During the start-up of the
anaerobic reactor, biogas production, pH, VFA, NH4-N, PO4-P, and suspended solids concen-
tration were monitored. The course of these parameters was also monitored during the first
200 days of the pilot plant operation (Figures 6–10).

Figure 5. Diagram of biogas plant for anaerobic digestion of the maize silage.

Figure 6. Course of silage dose and biogas production during the start-up of the anaerobic reactor.
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Considering that from 1 ha of arable land, 30 t of TS silage (VS of 95%) per annum are obtained,
methane production is 9006 Nm3/ha. For a biogas plant with produced biogas incineration in
a cogeneration unit with the electric power of 1 MW (electric energy production efficiency of
35%), the daily maize silage demand represents the area of 0.77 ha. This means that the annual
operation of biogas plants needs 8431.5 t of TS silage, grown on 281 ha of arable land.

Conclusions of the anaerobic digestion of maize silage in laboratory conditions:

Biomethane potential tests provided the measured specific methane production of 0.215
Nm3/kg of VS. For long-term maize silage processing in a mixed laboratory anaerobic reac-
tor, the measured specific methane production was 0.316 Nm3/kg of VSS. The higher value
obtained for long-term reactor operation is due to the adaptation of the anaerobic microor-
ganisms to the maize silage substrate.

Long-term operation of the anaerobic reactor for maize silage processing as the only substrate
showed significant instability caused by the low alkalinity of maize silage (high C:N ratio). To
stabilize the anaerobic processes, other alkaline reagents or a co-substrate with higher content
of nitrogen (sewage sludge or manure) can be used.

Daily operation of a biogas plant with biogas incinerated in a cogeneration unit with the electric
power of 1 MW requires the amount of silage from an area of 0.77 ha of arable land.

3. Start-up and trial operation of biogas plant for maize silage processing

Despite the 17,000 biogas plants in EU [24], many of which use maize silage as the main
substrate, only a little information on their start-up and trial operation can be found in
literature. Start-up and trial operation of a biogas plant for processing of maize silage as the
main substrate are described.

Technology of a biogas plant is depicted in Figure 5. Effective volume of the used anaerobic
reactor was 2450 m3. Two high-speed blade mixers with horizontal rotational axis and with the
immersion depth and mixing direction regulation were used. Fresh silage was loaded into the
reactor by means of a conveyor belt. Silage pits were located next to the anaerobic reactor; an
average TS of the silage was used during the start-up, and pilot plant operation was 35%; and
the expected biogas production was 4200 m3/d. Biogas was incinerated in a cogeneration unit
(ELTECO, Slovakia) with the electric power of 276 kW (electric efficiency of 32%) and the heat
power of 479 kW. The reactor was operated at the temperature of 37°C and the volume of the
gasholder was 80 m3, which was assumed as sufficient at stabilized production and consump-
tion of biogas. Also a gas boiler enabling biogas as well as a natural gas incineration with the
heat power of 470 kW was included in the technology. This boiler plays an important role
during the start-up of the anaerobic reactor when biogas is not available and the reactor has
to be heated to the operation temperature by natural gas.

The anaerobic reactor was inoculated with aerobically stabilized sewage sludge from a brewery,
which is not often used as an inoculation medium for anaerobic reactors. Normally, for the
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inoculation of the anaerobic reactor the anaerobically stabilized sludge is used, but the distance
to the nearest wastewater plant with anaerobically stabilized sludge was 15 km, and the required
amount of sludge could not be provided. Aerobically stabilized sludge from brewery waste-
water plant was available for only as far as 2 km from the biogas plant. The amount of aerobically
stabilized sludge added to the anaerobic reactor for inoculation before its start-up was 1700 m3

with an average concentration of suspended solids (SS) of 30 g/L. After the inoculation, the
reactor was heated to 37°C and gradually loaded with maize silage. During the start-up of the
anaerobic reactor, biogas production, pH, VFA, NH4-N, PO4-P, and suspended solids concen-
tration were monitored. The course of these parameters was also monitored during the first
200 days of the pilot plant operation (Figures 6–10).

Figure 5. Diagram of biogas plant for anaerobic digestion of the maize silage.

Figure 6. Course of silage dose and biogas production during the start-up of the anaerobic reactor.
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Figure 7. Concentration of VFA in filtered sludge water from the anaerobic reactor during the start-up.

Figure 8. Concentration of NH4-N and PO4-P in filtered sludge water from the anaerobic during the start-up.

The silage load was gradually increased (Figure 6), with the starting load of 2 t/d. As it
follows from Figures 6 and 7 (biogas production and VFA concentration), anaerobic reactor
operation was stable, and the biogas production was proportional to the increasing load
approximately until the end of day 100. Maximum load of silage in this period was 20 t/d. This
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amount was divided into six parts and every 6 hours 3.33 t was dosed. Average specific biogas
production between days 50 and 100 of the reactor operation was 0.726 m3/kg of silage TS.
Figure 8 presents the course of the NH4-N and PO4-P concentrations.

Increase of these concentrations within the first 20 days of operation is related to the degradation
of sludge used as the inoculum (similarly as for the VFA concentration—Figure 7). NH4-N
concentration gradually decreased to approximately 200 mg/L and that of PO4-P to below 20 mg/
L. Low concentrations of ammonia nitrogen were followed by a pH decrease (Figure 9) due to
the low alkalinity of the silage. Values of pH below 6.5 led to methanogenesis inhibition which
increased the VFA concentration above 7500 mg/L (Figure 7) and decreased the biogas
production significantly. From day 120, it was started with dosing of aerobically stabilized
sludge (the same one that was used for inoculation) to increase the NH4-N concentration and
stabilize pH. The sludge dose was 7–10 m3/d (SS concentration of 30 g/L). As it is evident from
Figures 7–9, the NH4-N concentration increased to above 600 mg/L, VFA concentration
decreased and pH was stabilized at around 7.2. The silage dose after stabilization of the reactor
operation was increased to 24 t/d, specific biogas production reached 0.7 m3/kg of silage TS, and
the cogeneration unit worked with its 100% capacity. OLR of the anaerobic reactor was in the
range of 2.3–2.7 kg/(m3/d) and the SS concentration in sludge water of the anaerobic reactor after
200 days of operation was 60 g/L (Figure 10).

During the anaerobic reactor start-up, some interesting phenomena have been observed: after
each silage dosing, a temporary increase in biogas production and the resulting increase in the
cogeneration unit electrical power output, Figure 11 shows the response of the electrical power
output for a silage dose every 3 h (16 t per day, each dose of 2 t), with the total biogas production
of 2800 m3 and the cogeneration unit efficiency of 67% (day 140). The period of increased biogas

Figure 9. Course of pH in the anaerobic reactor during the start-up.
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Figure 7. Concentration of VFA in filtered sludge water from the anaerobic reactor during the start-up.

Figure 8. Concentration of NH4-N and PO4-P in filtered sludge water from the anaerobic during the start-up.

The silage load was gradually increased (Figure 6), with the starting load of 2 t/d. As it
follows from Figures 6 and 7 (biogas production and VFA concentration), anaerobic reactor
operation was stable, and the biogas production was proportional to the increasing load
approximately until the end of day 100. Maximum load of silage in this period was 20 t/d. This

Advances in Silage Production and Utilization182

amount was divided into six parts and every 6 hours 3.33 t was dosed. Average specific biogas
production between days 50 and 100 of the reactor operation was 0.726 m3/kg of silage TS.
Figure 8 presents the course of the NH4-N and PO4-P concentrations.

Increase of these concentrations within the first 20 days of operation is related to the degradation
of sludge used as the inoculum (similarly as for the VFA concentration—Figure 7). NH4-N
concentration gradually decreased to approximately 200 mg/L and that of PO4-P to below 20 mg/
L. Low concentrations of ammonia nitrogen were followed by a pH decrease (Figure 9) due to
the low alkalinity of the silage. Values of pH below 6.5 led to methanogenesis inhibition which
increased the VFA concentration above 7500 mg/L (Figure 7) and decreased the biogas
production significantly. From day 120, it was started with dosing of aerobically stabilized
sludge (the same one that was used for inoculation) to increase the NH4-N concentration and
stabilize pH. The sludge dose was 7–10 m3/d (SS concentration of 30 g/L). As it is evident from
Figures 7–9, the NH4-N concentration increased to above 600 mg/L, VFA concentration
decreased and pH was stabilized at around 7.2. The silage dose after stabilization of the reactor
operation was increased to 24 t/d, specific biogas production reached 0.7 m3/kg of silage TS, and
the cogeneration unit worked with its 100% capacity. OLR of the anaerobic reactor was in the
range of 2.3–2.7 kg/(m3/d) and the SS concentration in sludge water of the anaerobic reactor after
200 days of operation was 60 g/L (Figure 10).

During the anaerobic reactor start-up, some interesting phenomena have been observed: after
each silage dosing, a temporary increase in biogas production and the resulting increase in the
cogeneration unit electrical power output, Figure 11 shows the response of the electrical power
output for a silage dose every 3 h (16 t per day, each dose of 2 t), with the total biogas production
of 2800 m3 and the cogeneration unit efficiency of 67% (day 140). The period of increased biogas
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production was ca. 1 h; the increase in biogas production showed in Figure 11 represents 5.13%
of the total biogas production per silage dose. Such an increase is related to the content of
readily biodegradable organic matter in maize silage (VFA, alcohols, lower saccharides, etc.),
which can vary in the range of 2.1–11.1% (Table 4).

Figure 10. Concentration of suspended solids in the anaerobic reactor during the start-up.

Figure 11. Increase of power output of the cogeneration unit (biogas production) after silage dosing.
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TS [%] Acid Ethanol Glucose Fructose Reference

Lactic Acetic Propionic Butyric

39.2 6.2 2.6 0.2 <1 1.1 – – [25]

36.0 4.2 1.5 0.32 1.04 1.5 – – [26]

31.0 5.21 1.28 – – – 0.29 0.47 [27]

41.0 2.12 0.86 0.05 0.24 0.17 – – [28]

28.5 0.56 0.47 0.01 0.01 0.27 – – [29]

Table 4. Concentration of volatile and readily biodegradable matter in maize silage (% of TS).

Between two doses, also the quality of the biogas produced changed; average methane
concentration in biogas was 54.5% and that of hydrogen sulfide was 160 ppm. In the first two
hours after the loading, the methane concentration decreased by ca. 2% (from 55 to 53%), which
can be explained by higher CO2 production due to the degradation of readily biodegradable
matter. More significant changes in the biogas composition were observed for a five day silage
loading interruption, when the methane concentration in biogas increased from 52.8 to 65%.

In the steady state, when the full capacity of the cogeneration unit was achieved, the biogas
production of 4200 m3/d, electric energy production of ca. 6600 kWh/d and the heat production
of ca. 11,500 kWh/d were provided at the daily maize silage dose of 6–7 t of TS. Electric energy
was sold to the electric grid, produced heat was employed for the anaerobic reactor heating
(12–13% of the produced heat), for greenhouses heating and also for drying maize grains
between September and December produced on the premises as well as that produced by
neighboring farmers. The digestate was stored and used if necessary as a fertilizer on the arable
lands of the farm.

Conclusions from the start-up and trial operation of a biogas plant for anaerobic digestion of
maize silage:

Results of the start-up of the anaerobic reactor have proved the suitability of aerobically
stabilized sludge for the anaerobic reactor inoculation despite the substrate not being used for
this purpose usually.

Start-up of the anaerobic reactor took approximately 100 days.

Results of the laboratory experiments were confirmed – the low alkalinity of maize silage and
the need for additional substrates with higher nitrogen content to stabilize the reactor opera-
tion. In the present case, aerobically stabilized sludge from a brewery wastewater plant was
used.

After ca. 150 days of the biogas plant operation, the designed parameters were stabilized. At
the full capacity of the cogeneration unit, the biogas production of 4200 m3/d, electric energy
production of ca. 6600 kWh/d and heat production of ca. 11,500 kWh/d were achieved. Daily
dose of silage was 24 t/d, divided into six portions every 4 hours.
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production was ca. 1 h; the increase in biogas production showed in Figure 11 represents 5.13%
of the total biogas production per silage dose. Such an increase is related to the content of
readily biodegradable organic matter in maize silage (VFA, alcohols, lower saccharides, etc.),
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Figure 10. Concentration of suspended solids in the anaerobic reactor during the start-up.

Figure 11. Increase of power output of the cogeneration unit (biogas production) after silage dosing.
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TS [%] Acid Ethanol Glucose Fructose Reference
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Table 4. Concentration of volatile and readily biodegradable matter in maize silage (% of TS).
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4. Influence of different substrates on operation of biogas plant for
anaerobic digestion of maize silage as main substrate

Raw materials used for the biogas plant differ not only in their physical properties but also in
their composition. From the anaerobic digestion point of view, organic carbon and its propor-
tion to nitrogen are more appreciated. If the organic carbon is in the form of hardly degradable
matter and hydrolysis or acidification is required, the effect of substrate dosing will differ from
that observed for readily biodegradable matter. If the dosing effect of readily biodegradable
substrate on the anaerobic processes is strong and the biogas production increases sharply
immediately after the loading, together with other changes in the reaction mixture (pH change,
VFA increase, etc.), it is recommended to divide the loadings to as many as possible during
the day. Dosing optimization has a positive influence on the processes not only considering
the degradation but also concerning the presence of toxic or inhibitory substances.

For efficient anaerobic processes, the balanced substrates composition, especially when
considering the macronutrients (nitrogen and phosphorus) content, is also an important factor.
Inhibition of ongoing processes can be caused by low nitrogen or phosphorus content, or by
high nitrogen content. Optimum COD/N/P ratio for the anaerobic microorganisms growth is
in the range of 1000:5:1 for acidified substrate (with low biomass production), and up to 350:5:1
for unacidified substrates (with high biomass production) [29]. For materials processed in
biogas plants, COD determination is quite a complex problem; therefore, the ratio of organic
carbon to nitrogen (C:N ratio) is usually applied. Generally, it can be stated that for materials
with high nitrogen content (blood, meat and bone meal, rapeseed meal, chicken droppings),
this ratio is up to 10–15, for materials with medium nitrogen content (maize silage, cereal straw)
it is up to approx. 50, and for materials with low nitrogen content (e.g. wood biomass), the C:N
ratio is above 50 [30].

At very high C:N ratios, methanogenic microorganisms are not sufficiently supplied with
nitrogen to assimilate (growth and propagation) and conditions for organic carbon degrada-
tion are not achieved. Or, as in case of maize silage, at low alkalinity of the substrate, pH in
the reactor decreases and the process becomes instable. At low values of pH (below 6.5) growth
of methanogenic microorganisms is strongly inhibited, because optimal pH for their growth
is in the neutral range. However, at very low C/N ratios, nitrogen accumulates in the sludge
water in its ammonia form, which can result in a pH increase and anaerobic processes
inhibition by undissociated ammonia.

Considering the biomass composition, the presence of sulfur is also important; sulfur in its
organic as well as inorganic form is transformed to its reduced forms, mainly to sulfides and
hydrogen sulfide, by anaerobic processes. Sulfides present in the anaerobic sludge water are
toxic to the methanogenic microorganisms, and hydrogen sulfide causes problems with the
biogas incineration in heaters of cogeneration units.

As an example of influent of different substrates dosing on a biogas plant operation, long-term
monitoring of the biogas plant in Hurbanovo using maize silage as the main substrate can be
provided. Its start-up and trial operation were described above.
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From the beginning of the biogas plant operation, maize silage was used as the main and often
the only substrate. Maize silage composition has changed depending on different factors, for
example, the maize variety used. One of the most important factors is the ripeness season when
maize is harvested for ensiling [3, 8]. In Table 5, selected parameters of substrates significantly
influencing the biogas plant operation are provided. Except for the maize silage, also meat and
bone meal, molasses stillage from bioethanol production—vinasse and a by-product of
biodiesel production—crude glycerol characteristics are presented.

Parameter Maize silage Meat and bone meal Vinasse Crude glycerol

pH – – 6.15 9.03

Chemical oxygen demand [g/g of TS] 1.22 1.32 – –

Chemical oxygen demand [mg/L] – – 332,930 1,870,000

Total Kjeldahl nitrogen [% of TS] 0.88 7.90 – –

Total Kjeldahl nitrogen [mg/L] – – 19,254 –

NH4-N [mg/L] – – 3390 –

Total nitrogen [% of TS] 2.69 8.85 – –

Total nitrogen [mg/L] – – – 1690

Total phosphorus [mg/L] – – – 192

PO4-P [mg/L] – – 835 –

C:N 17.6 4.42 – –

Dissolved anorganic salts [mg/L] – – – 5150

Density [g/L] – – – 1080

Lactic acid [%] 1.85 – – –

Acetic acid [%] 1.77 – – –

TS [%] 30.8 72.5 45.9 –

VS of TS [%] 94.1 79.9 71.8 –

Table 5. Characteristics of the used substrates.

During the biogas plant operation, other substrates were also processed, for example, rye silage
and a mixture of oat and peas, which however did not significantly affect the reactor operation.

Co-substrate loading in the biogas plant had two main reasons: insufficient amount of the main
substrate—maize silage, especially in spring; and stabilization of the anaerobic reactor
operation, for example, in case of the brewery wastewater plant sludge. The course of various
substrates loading is presented in Figure 12.

Loading of various substrates is discussed in relationship with the biogas production and pH
changes. The course of biogas production in a biogas plant from the start of its operation is
presented in Figure 13 and the pH values are shown in Figure 14.

Maize Silage as Substrate for Biogas Production
http://dx.doi.org/10.5772/64378

187



4. Influence of different substrates on operation of biogas plant for
anaerobic digestion of maize silage as main substrate

Raw materials used for the biogas plant differ not only in their physical properties but also in
their composition. From the anaerobic digestion point of view, organic carbon and its propor-
tion to nitrogen are more appreciated. If the organic carbon is in the form of hardly degradable
matter and hydrolysis or acidification is required, the effect of substrate dosing will differ from
that observed for readily biodegradable matter. If the dosing effect of readily biodegradable
substrate on the anaerobic processes is strong and the biogas production increases sharply
immediately after the loading, together with other changes in the reaction mixture (pH change,
VFA increase, etc.), it is recommended to divide the loadings to as many as possible during
the day. Dosing optimization has a positive influence on the processes not only considering
the degradation but also concerning the presence of toxic or inhibitory substances.

For efficient anaerobic processes, the balanced substrates composition, especially when
considering the macronutrients (nitrogen and phosphorus) content, is also an important factor.
Inhibition of ongoing processes can be caused by low nitrogen or phosphorus content, or by
high nitrogen content. Optimum COD/N/P ratio for the anaerobic microorganisms growth is
in the range of 1000:5:1 for acidified substrate (with low biomass production), and up to 350:5:1
for unacidified substrates (with high biomass production) [29]. For materials processed in
biogas plants, COD determination is quite a complex problem; therefore, the ratio of organic
carbon to nitrogen (C:N ratio) is usually applied. Generally, it can be stated that for materials
with high nitrogen content (blood, meat and bone meal, rapeseed meal, chicken droppings),
this ratio is up to 10–15, for materials with medium nitrogen content (maize silage, cereal straw)
it is up to approx. 50, and for materials with low nitrogen content (e.g. wood biomass), the C:N
ratio is above 50 [30].

At very high C:N ratios, methanogenic microorganisms are not sufficiently supplied with
nitrogen to assimilate (growth and propagation) and conditions for organic carbon degrada-
tion are not achieved. Or, as in case of maize silage, at low alkalinity of the substrate, pH in
the reactor decreases and the process becomes instable. At low values of pH (below 6.5) growth
of methanogenic microorganisms is strongly inhibited, because optimal pH for their growth
is in the neutral range. However, at very low C/N ratios, nitrogen accumulates in the sludge
water in its ammonia form, which can result in a pH increase and anaerobic processes
inhibition by undissociated ammonia.

Considering the biomass composition, the presence of sulfur is also important; sulfur in its
organic as well as inorganic form is transformed to its reduced forms, mainly to sulfides and
hydrogen sulfide, by anaerobic processes. Sulfides present in the anaerobic sludge water are
toxic to the methanogenic microorganisms, and hydrogen sulfide causes problems with the
biogas incineration in heaters of cogeneration units.

As an example of influent of different substrates dosing on a biogas plant operation, long-term
monitoring of the biogas plant in Hurbanovo using maize silage as the main substrate can be
provided. Its start-up and trial operation were described above.

Advances in Silage Production and Utilization186

From the beginning of the biogas plant operation, maize silage was used as the main and often
the only substrate. Maize silage composition has changed depending on different factors, for
example, the maize variety used. One of the most important factors is the ripeness season when
maize is harvested for ensiling [3, 8]. In Table 5, selected parameters of substrates significantly
influencing the biogas plant operation are provided. Except for the maize silage, also meat and
bone meal, molasses stillage from bioethanol production—vinasse and a by-product of
biodiesel production—crude glycerol characteristics are presented.

Parameter Maize silage Meat and bone meal Vinasse Crude glycerol

pH – – 6.15 9.03

Chemical oxygen demand [g/g of TS] 1.22 1.32 – –

Chemical oxygen demand [mg/L] – – 332,930 1,870,000

Total Kjeldahl nitrogen [% of TS] 0.88 7.90 – –

Total Kjeldahl nitrogen [mg/L] – – 19,254 –

NH4-N [mg/L] – – 3390 –

Total nitrogen [% of TS] 2.69 8.85 – –

Total nitrogen [mg/L] – – – 1690

Total phosphorus [mg/L] – – – 192

PO4-P [mg/L] – – 835 –

C:N 17.6 4.42 – –

Dissolved anorganic salts [mg/L] – – – 5150

Density [g/L] – – – 1080

Lactic acid [%] 1.85 – – –

Acetic acid [%] 1.77 – – –

TS [%] 30.8 72.5 45.9 –

VS of TS [%] 94.1 79.9 71.8 –

Table 5. Characteristics of the used substrates.

During the biogas plant operation, other substrates were also processed, for example, rye silage
and a mixture of oat and peas, which however did not significantly affect the reactor operation.
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Figure 12. Course of dosing of various substrates in the biogas plant.

Figure 13. Biogas production in the biogas plant.

Start-up and trial operation were discussed earlier. At this period of the anaerobic reactor
operation, the disadvantage of the low alkalinity of maize silage processed as the only substrate
was demonstrated. This disadvantage was suppressed by brewery sludge loading to the
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reactor. The main effect of sludge dosing was the increase of N in the system. It is possible, that
the other effects of sludge dosing was introducing micronutrients and minerals, but from
Figures 8 and 9 it is obvious that main effect to pH stabilization is the increase of NH4-N
concentration.

From day 203 of the operation, meat and bone meal was dosed to the reactor, first to increase
nitrogen concentration, then also to compensate the lack of maize silage. When the maize silage
was not available and only low quality rye silage could be used, the average dose of this silage
was 2 t and up to 3.2 t of meat and bone meal. Between days 180 and 250 of the operation, the
biogas production achieved its maximum (designed) values. Long-term high loads of meat
and bone meal (between days 203–255) had, however, a negative impact on the anaerobic
reactor operation; therefore, dosing of this substrate was in day 255 stopped. Meat and bone
meal is a substrate with low C:N ratio, of 4.42 (Table 5), and thus with high nitrogen content,
which resulted in the increase in ammonia nitrogen concentration in the sludge water to above
2800 mg/L and that of pH to above 7.5; the process was probably inhibited by undissociated
ammonia in the sludge water. Volatile fatty acids concentration was higher than 7500 mg/L
(Figure 15) and the biogas production decreased (Figure 13). Also the biogas quality was
lower, H2S concentration increased from values below 200 ppm to values above 1800 ppm.
Loading to the anaerobic reactor was interrupted for two weeks and after the volatile fatty
acids concentration decreased below 6000 mg/L, rye silage and maize splits loadings were
slowly resumed. Following the initiation of maize silage dosing from the new harvest in about
day 300, the reactor operation gradually stabilized and the biogas production almost reached
its maximum values. Although the following reactor operation was not quite stable, such
severe conditions as after meat and bone meal dosing did not occur.

Figure 14. Course of pH values in the anaerobic reactor of the biogas plant.
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Figure 15. Concentration of VFA in filtrated sludge water from the anaerobic reactor in the biogas plant.

Another interesting substrate used in the biogas plant was molasses stillage from ethanol
production, also called vinasse. At COD of 333,000 mg/L, the TKN concentration was
19,250 mg/L (Table 5), which is quite high. After the meat and bone meal dosing was stopped,
the NH4-N concentration in sludge water decreased below 1600 mg/L; however, it increased
to almost 4500 mg/L after ca. 200 days of molasses residue loading (between days 500 and 700).
Also the volatile fatty acids concentration increased significantly (Figure 15) and pH reached
values of above eight (Figure 14). These changes were not abrupt but gradual and the anaerobic
biomass adapted to these new conditions; therefore, the changes had no significant effect on
the biogas production. Lower biogas production in this time period was caused by the lack of
maize silage, as only one third or one half of the designed amount was loaded. After the
molasses stillage loadings were stopped, the volatile fatty acids concentration decreased again
(Figure 15). In the following season when maize silage was lacking, rye silage or a mixture of
oat and peas was used.

Considering the anaerobic reactor operation stability, crude glycerol seems to be a promising
co-substrate; it was used for more than two years in the biogas plant. It is a by-product of
biofuel production; some of its characteristics are listed in Table 5. As it can be seen from the
biogas production (Figure 13), pH (Figure 14), and volatile fatty acids concentration (Fig-
ure 15), the use of crude glycerol as a co-substrate with maize silage resulted in the anaerobic
reactor stabilization.

To evaluate the specific biogas production from crude glycerol and its contribution to the total
biogas production, a stable biogas plant operation period of 141 days was chosen, when only
maize silage and crude glycerol were loaded to the anaerobic reactor. The average daily biogas
production achieved was 4091.4 m3, at the daily silage loading of 5280.4 kg TS (TS in the silage
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used was 42.47%) and the daily crude glycerol loading of 683.7 kg. To determine the specific
biogas production from crude glycerol, the value of the specific biogas production from maize
silage (0.66 m3 per 1 kg of the maize silage TS, obtained when maize silage was the only
substrate) was employed. The average daily amount of biogas produced from maize silage
was calculated as 3485 m3 and the average daily amount of biogas produced from crude
glycerol was 606.4 m3. The specific biogas production per 1 kg of crude glycerol was 0.887 m3,
which corresponds to the specific biogas production of 0.512 m3/kg of COD and is in agreement
with the results presented in [31].

Biogas produced from crude glycerol represented 14.82% of the total biogas production, while
11.46% of the total TS, 12.1% of VS and only 5.21% of the total mass of the raw materials loaded.
At the electrical power output of the cogeneration unit of 300 kW (electrical power output of
the cogeneration unit was increased from 276 kW to 300 kW after an agreement with the
producer considering the operation experiences), the daily electric energy production from
crude glycerol was 1067 kWh and almost 15% of silage were saved.

Amon et al. [32] studied the influence of various loading doses of crude glycerol on the
anaerobic digestion of pig manure, maize silage and maize corns. Co-fermentation effect was
observed. It means that methane yield of the basic mixture supplemented with glycerol was
higher than the combined methane yields of both substrates if digested separately. The co-
fermentation effect was especially high with glycerin additions of 3–6%. They recommend the
glycerol content of maximum 6% for a stable reactor operation.

To complete the biogas plant monitoring results obtained for various co-substrates, the course
of suspended solids concentration in the anaerobic reactor is provided in Figure 16, which
shows a gradual increase of this concentration in the period of more than two years. After
crude glycerol started to be added to the reactor, the concentration of suspended solids slightly
decreased, which had a positive effect on the reactor mixing.

In our case of long-term crude glycerol loading in the biogas plant, the average glycerol VS
addition was 12.1% and the anaerobic digestion process was stable. However, no co-fermen-
tation effect was observed.

Conclusions of the study of various substrates loading on the biogas plant operation:

Co-substrates used in anaerobic digestion of maize silage as the main substrate can have a
positive as well as a negative effect on the biogas plant operation.

Uncontrolled meat and bone meal loading resulted in a failure of the anaerobic reactor due to
the high nitrogen content in this substrate. Its processing together with the maize silage is
possible; however, the loading dose has to be regulated considering the ammonia nitrogen
concentration and the pH in the anaerobic reactor.

It has been proved that the inhibitory effect of ammonia nitrogen depends on also the course
of its increase. While an abrupt increase of the NH4-N concentration to approximately 2800 mg/
L (loading of meat and bone meal) resulted in an inhibition of the anaerobic processes, gradual
increase to almost 4500 mg/L (in case of vinasse loading) showed no negative effect on the
process.
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Figure 16. Concentration of undissolved substances in the anaerobic reactor in the biogas plant.

Crude glycerol loading of 12.1% of the total loaded VS had a positive and stabilizing effect on
the biogas plant operation.

5. Conclusions

The obtained laboratory and full scale results showed that maize silage is a suitable substrate
for anaerobic digestion and biogas production. This is confirmed also by thousands of biogas
plants in Europe, which use maize silage as the main substrate. Thus, it can be concluded that
maize silage as the most widely used substrate for biogas production is a fact of presence.
However, biogas production from this substrate is not sustainable nor is the production of the
first generation biofuels produced from food commodities (e.g. biodiesel from edible oils, or
bioethanol from cereals).

The advantage of using maize silage for biogas production is because of its high yield per
hectare and high specific biogas production. The main disadvantage is that maize used for
biogas production cannot be used as designed in human or animal nutrition. Such competition
deforms also its price and maize silage becomes a scarce commodity. Moreover, mass growing
of maize as a monoculture occupies arable land for growing other crops and increases the need
for fertilization and plant protection. These negative effects were also presented by the authors
from the Karlsruhe Institute of Technology, Germany [33]. The main aims of their project were
“Landscaping instead of monoculture” and “Grass is an alternative to silage maize in biogas
production.” It is evident that grass hectare yields or specific biogas production cannot
compete with maize silage; however, it is a sustainable alternative to maize silage and makes
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Another alternative is growing energetic crops which are not part of the food chain of humans
or animals, for example, sorghum provides interesting hectare yields as well as specific biogas
production values [34]. Other such crops include hemp (Cannabis sativa L.) [35] or Chinese
silver grass (Miscanthus sinensis Anderss) [36].

Also biologically degradable waste from agriculture and industry as well as municipal waste
are suitable substrates for biogas production and are an alternative to maize silage, which has
been confirmed by the estimated biogas potential of these substrates in Germany [37]. While
the energetic crops biogas potential was estimated to be 46.2% of the total biogas potential, the
rest is obtained from various waste materials such as livestock excrements, harvesting residues
and by-products of crops processing, municipal waste, sewage sludge, landscaping and
industrial wastes.

Although a structure of the substrate mixture used in biogas plants is not sustainable even
though its change is inevitable a long-time will pass before maize silage loses its position as
the main substrate for biogas production.
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Figure 16. Concentration of undissolved substances in the anaerobic reactor in the biogas plant.
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