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Maize cultivars for anaerobic digestion
and animal nutrition in Europe

MIKE WILKINSON1

ABSTRACT
Increased use of whole-plant maize for anaerobic digestion (AD) in Europe raises the question: Are maize
cultivars developed for use in animal nutrition equally appropriate as feedstock for AD or should different
phenotypes be selected? The main objective in growing whole-plant maize as feedstock for AD is
maximum output of methane per hectare. There is less need for rapidly digested plant components such as
starch in AD feedstock than in a ruminant diet because the typical digestion period is several weeks for AD
compared with less than two days for the rumen. The ideal phenotype of maize for AD is a very high
yielding plant with a low lodging score. Metabolisable energy (ME) intake from forage is a limiting factor
to output of animal product per head, thus, in addition to high dry matter yield per hectare, a high
concentration of ME in the maize plant is desirable. Major factors contributing to high ME in whole-crop
maize are starch and digestible plant cell wall. The ideal phenotype of maize for animal nutrition is
therefore a plant with a high proportion of ear, a low concentration of lignin, high cell wall digestibility
and low lodging score.
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1. Introduction

Ensiled whole-plant maize (Zea mays) is widely used
throughout the world as animal feed. However,
increasing quantities of the crop have been grown in
Europe in recent years specifically as feedstock for
anaerobic digestion (AD) for the production of methane
biogas. In Germany, for example, of the total area of 3.6
million hectares of maize planted in 2014, 0.50 was for
silage for animal feed, 0.33 was destined for biogas 0.17
was grown for grain (H. Messner, personal commu-
nication). In UK some 15,500 hectares of forage maize
was grown in 2013 as feedstock for biogas, 0.10 of the
total maize area (National Institute of Agricultural
Botany, 2013). The UK Descriptive List of forage maize
cultivars nominated as having potential suitability for
AD use includes separate lists for favourable and less
favourable sites, with details for each cultivar of
concentrations of dry matter (DM) and metabolisable
energy (ME) together with yield of DM and ME, early
vigour and standing power at harvest or root lodging
(NIAB 2015). These characteristics are similar to those
assessed for maize cultivars in the UK Descriptive List
of forage maize cultivars for animal feed (NIAB, 2015).

Feedstock and feed inputs comprise the major
variable costs of biogas and livestock production. For
example, cost of feedstock was estimated to comprise
0.49 to 0.83 of total variable costs of farm-scale AD
(Redman, 2010) and the cost of animal feed comprised
0.76 of the total variable costs of milk production

(DairyCo, 2014). Since forage has a lower unit cost than
concentrate feed (DairyCo, 2012), optimum output of
livestock product from forage is a key performance
objective. For example, a target for milk production is
for forage energy intake to comprise 0.50 of total annual
energy intake (Wilkinson, 2013).

Two major operational objectives in AD are max-
imisation of specific methane (CH4) yield (litres of CH4

per kg volatile solids, VS) and maximum methane yield
per hectare of land (Amon et al., 2007b). In contrast,
a major objective of most livestock production is the
optimisation of daily output of milk or live weight gain
per animal within the constraints of input costs,
especially when factors other than land such as labour
or animal accommodation are the primary limiting
resources.

The development of methane biogas production on a
farm-scale using ensiled whole-plant maize as the sole or
primary feedstock raises the question: Are maize
cultivars developed for ensiling as animal feed equally
well-suited for use as feedstock for AD and if not what
phenotype of maize should be selected specifically for
AD? It could be argued that maximising energy yield
per hectare is an important objective in the production
of both biogas and animal feed. This may be correct,
provided specific methane yield per kg volatile solids
and the concentration of ME per kg DM are not
compromised by choosing a variety of maize of high
DM yield but low methane yield or ME per kg VS or
DM, or harvesting at a late stage of crop maturity so

Original submitted February 2015; revision received May 2015; accepted May 2015.
1 J M Wilkinson, School of Biosciences, University of Nottingham, Sutton Bonington Campus, Loughborough, Leicestershire, LE12 5RD, UK. j.mike.wilkinson@gmail.com.

ISSN 2047-3710 International Journal of Agricultural Management, Volume 4 Issue 4
144 ’ 2015 International Farm Management Association and Institute of Agricultural Management



that daily output of methane or voluntary intake of ME
and animal output are reduced by more than the
increase in yield of DM.

In this review factors affecting methane production
are discussed, the main features of fermentation in the
anaerobic digester and rumen are compared, and
phenotypic traits of whole-plant maize for AD are
compared with those for animal nutrition.

2. Methane production

Maximum methane production is the main objective in
operating a digester. However, methane is a greenhouse
gas (GHG) and emissions of methane from enteric
fermentations comprise 0.39 of global livestock GHG
emissions (Opio, 2013). Minimising methane production
is therefore an important environmental objective in
ruminant animal nutrition.

Methane is the final product of a multi-stage process.
The methanogenic organisms responsible for the pro-
duction of methane, the Archaea, do not ferment
carbohydrates, proteins or lipids, but gain energy by
reducing the end products of the fermentation process
such as carbon dioxide, acetic acid, formic acid and
methanol with methane being produced as a by-product
of the reduction process (Moss, 1993). The Archaea are
strict anaerobes and both digester and rumen are ideal
environments for their development with excess hydro-
gen from microbial digestion of feed producing highly
reduced conditions (Eh -350 mV). Hydrogen is poten-
tially poisonous to the microbial population and must
therefore be removed. Several hydrogen sinks exist, of
which methane is by far the most important. Other
hydrogen sinks include the production of ammonia
from the degradation of amino acids and the saturation
of unsaturated fatty acids (Moss, 1993).

Typically 0.60 of total DM in ruminant diets is
carbohydrate, 0.15 to 0.20 crude protein, 0.10 ash and
0.10 lipid (McDonald et al., 1995). The digestion of
carbohydrate (mainly cellulose, hemicellulose, starch
and fructans) by the microbial population results in the
production of simple sugars, mainly hexoses, which are
rapidly fermented to steam-volatile fatty acids (VFA)
such as acetic, propionic, butyric and valeric. At pH 6
and above VFA are present as their dissociated salts -
acetate, propionate and butyrate (Penner, 2014). Protein
and other nitrogenous compounds such as amides and
amines are reduced to ammonia, some of which is
incorporated into microbial protein (McDonald et al.,
1995). A key intermediate in the digestion of carbohydrate
is pyruvate, which is fermented to VFA and formate. The
formate is converted to carbon dioxide and hydrogen,
probably by enzymes produced by methanogens.

Importantly, excess hydrogen is produced with the
production of acetate and butyrate but not with the
production of propionate and valerate (Moss, 1993).
Feeds containing lower levels of fibre and higher
proportions of starch tend to result in higher propor-
tions of propionic and lower proportions of acetic acid
than higher fibre feeds and feeds (Table 1). The
proportions of different VFA vary with the relative
proportions of different bacterial species - those produ-
cing acetate predominating with feeds higher in fibre
and at higher fermentation pH (above pH 6.0). Thus the

pattern of VFA production affects the amount of excess
hydrogen and hence the amount of methane produced
per mole of hexose sugar fermented (Table 1).

Methane has a gross energy value of 55 MJ/kg DM,
compared to 17.5 MJ/kg DM for cellulose and 17.7 MJ/kg
DM for starch - the two major fermentable substrates in
maize (McDonald et al., 1995). Methane energy loss in
ruminants generally accounts for about 0.05 of gross
energy intake but can vary widely from 0.02 to 0.12 of
gross energy intake (Holter and Young, 1992; Johnson
and Johnson, 1995) - more for fibrous feeds and less for
concentrate and previously fermented feeds such as
brewers’ grains (McDonald et al., 1995). Research is
currently underway to produce a wider range of
methane emission factors for livestock because it is
recognised that current values do not represent the full
range of diets, classes of animal and systems of
production currently in use on farms.

Two major factors affect the total amount of methane
produced per digester or animal – the amount of
feedstock or feed DM consumed daily and its digest-
ibility (Tamminga et al., 2007) with the most important
factor for the animal being daily DM intake (Mills et al.,
2008). Early research demonstrated that the digestible
energy concentration of the diet (reflecting fibre con-
centration and fibre digestibility) had a major influence
on methane energy produced per unit of gross energy
eaten (Blaxter and Clapperton, 1965). Energy balance
studies with dairy cows given a wide range of diets
showed that daily methane production per animal was
positively related to DM intake and diet NDF
concentration, and negatively related to diet concentrate
proportion (Yates et al., 2000). Studies with dairy cows
have also shown that substitution of grass silage by
maize silage reduces methane emissions (Tamminga
et al., 2007: Garnsworthy et al., 2012), although this
mitigation of methane emissions may be offset by soil
carbon loss following the ploughing of grassland for
maize cultivation (Vellinga and Hoving, 2011).

In AD, type of feedstock can have a major impact on
specific methane yield. Typical specific methane yields
for a range of feedstock are shown in Table 2. Maize
silage is intermediate between manure and food waste.
Crude fat (total oil) concentration in maize is related
positively to specific methane yield (Rath et al., 2013)
and, in contrast to the rumen, feedstocks with higher
concentrations of oil such as rapeseed meal and waste
cooking oil yield more methane per kg volatile solids
than feedstock with lower oil concentration such as
maize silage (Table 2). Addition of long-chain fatty
acids to the diet depresses methane production in the
ruminant (Blaxter and Czerkawski, 1966), often with
associated decreases in DM intake, NDF digestibility
and milk production (Tamminga et al., 2007).

Table 1: Production of methane from hexose sugar fermenta-
tion in the rumen

Molar ratio of acetate:
propionate: butyrate in
rumen fluid

Moles of methane
produced per mole of
hexose fermented in

rumen

70:20:10 (forage diet) 0.64

55:30:15 (concentrate diet) 0.48

Source: Moss, 1993.
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The extent to which methane production is decreased in
the animal depends on fatty acid chain length and
degree of unsaturation (Giger-Reverdin et al., 2003),
with longer chain and unsaturated fatty acids possibly
having a toxic effect on gram-positive bacteria in a
similar way to the action of the gram-positive antibiotic
monensin, which also reduces methane and acetate but
not propionate production in the rumen (Russell and
Strobel, 1987). A possible explanation for the positive
relationship between feedstock oil concentration and
specific methane yield in AD is that the microbial
population adapts to higher fatty acid feedstock during
the relatively long residence time in the digester.

3. Anaerobic digester compared to rumen

To answer the question of phenotypic suitability of whole
plant maize for AD or rumen digestion, it is essential to
know to what extent the anaerobic digester and rumen
are similar in terms of optimal operational parameters
and in what respects they differ. Of fundamental
importance in both AD fermentation vessel and rumen
is optimisation of both physiological and biochemical
conditions for microbial digestion of crop components.
Typical optimal operating parameters for AD and rumen
are shown in Table 3. Common features include con-
centration of total volatile solids in feedstock or dry
matter (DM) in animal diet, optimal fermentation
temperature, pH and concentration of ammonia-N.

The most important difference between digester and
rumen is in residence time – on average several weeks for
AD but less than 2 days for rumen, with potential

consequences for optimal speed of digestion, which may
be different for AD compared to animal diet. Speed of
degradation of plant substrates by microbial enzymes,
with production of volatile fatty acids (VFA), carbon
dioxide and methane as principal fermentation end-
products, determines rate of fermentation in both AD
digester and rumen. Maintenance of pH above 6 is
essential for maintaining fibre digestion in the rumen
(Ørskov, 1998; Offer et al., 2004) and also for growth of
methanogenic microorganisms in the digester (Weiland,
2010). Rapidly digested substrates such as starch and
water-soluble carbohydrates (sugars) can result in the
production of VFA at a rate that exceeds the buffering
effects of salts or saliva with the result that the pH of the
digester or rumen can fall. Lower rumen pH due to
rapid production of VFA can predispose the animal to
sub-acute acidosis (Kleen et al., 2003). In this situation
the microbial population changes and the mix of VFA
shifts from acetate towards propionate. In situations of
excess ruminal acidity (below pH 5.5) the microbial
population can change further with the production of
lactic acid (Chamberlain and Wilkinson, 1996) with
continued reduction in pH because lactate-producing
bacteria are more tolerant of low pH conditions than
acetogenic bacteria (McDonald et al., 1991).

Adequate buffering of fermentation acids is therefore
vital in both digester and rumen. Offer et al. (2004)
ascribed rumen stability values to different feeds
according to concentration of neutral detergent fibre
(NDF) and potential acid load (PAL), determined in
vitro by incubating a feed for 24 hours with rumen
liquor and measuring the amount of alkali required to
raise the pH of the incubation mixture back to pH 7.25
(i.e. the total free acid produced by the fermentation).
PAL is now estimated in grass silages routinely by near
infra-red reflectance spectroscopy (NIRS) to identify
silages that may increase the risk of sub-acute ruminal
acidosis in the animal (Walker, 2014). It is assumed that
feeds like hay with a relatively low PAL (800 meq/kg
DM) effectively have a neutral effect on rumen pH in
terms of their buffering capacity and fermentation acid
production because the rate of acid production from
their fermentation can be balanced by plant buffering
constituents, salivary bicarbonate and rumen ammonia.
Feeds with higher PAL such as maize silage (1000 meq/kg
DM) or wheat grain (1250 meq/kg DM) tend to lower
rumen pH and need more salivary bicarbonate, produced

Table 3: Typical optimal operating parameters for anaerobic digestion and rumen digestion

Digester Rumen

Feedstock or feed
Total volatile solids or DM (g/kg fresh weight) 100 to 300 400 to 500
Carbon: Nitrogen 25:1 15:1

Fermentation
Temperature (oC) 25 to 40 38 to 40
pH* 7 to 8 6 to 7
Ammonia-N (mg/litre) 50 to 70 50 to 80
Average residence time (days) 21 to 65 1 to 2

Biogas
Methane (% of total gas) 50 to 60 30 to 40
Methane energy (% of total energy intake) 55 to 80 3 to 15

*Optimal conditions
Source: Satter and Slyter, 1974; McDonald et al., 1995; Chamberlain and Wilkinson, 1996; Holter and Young, 1992; Ørskov, 1998;
Amon et al., 2007b; Al Seadi et al., 2008 and Weiland, 2010.

Table 2: Specific methane yields from a range of feedstock

Feedstock
Specific methane yield (litres

CH4/kg volatile solids)

Cow manure 190
Rye 300
Maize silage 320
Wheat grain 370
Waste vegetables 380
Food waste 400
Rapeseed meal 410
Waste cooking oil 540

Source: Al Seadi et al, 2008.
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during rumination and stimulated by fibrous feeds of
relatively high NDF concentration (Schultze et al., 2014),
to balance this effect (Offer et al., 2004). In the absence of
such information for different feedstocks destined for use
in AD, evaluation of their potential effects on the pH of
digestate in terms of PAL would be a valuable aid to
feedstock formulation. However, the variation in PAL and
NDF between different varieties of forage maize is likely
to be relatively small compared to that between different
crop species and by-products used as feedstock sources
for AD.

Ammonia nitrogen (N) can accumulate in digestate
and rumen when the supply of feed protein or non-
protein nitrogen (e.g. urea) exceeds its assimilation into
protein by the microbial population. Elevated concen-
trations of ammonia N (.80 mg NH3-N/litre) can be
toxic to methanogens (Al Seadi et al., 2008) and give rise
to raised concentrations of NH3 in biogas (Strick et al.,
2006). Higher concentrations of ammonia in the rumen
can lead to elevated concentrations of ammonia in
blood, with increased risk of reduced livestock fertility
(McEvoy et al., 1997). The optimal concentration of
NH3-N in rumen fluid is 50 to 80 mg/litre (Satter and
Slyter, 1974), similar to that for AD (Table 1). Forage
maize has a relatively low concentration of crude
protein (N x 6.25) compared to other forage crops and
by-products (Thomas, 2004) and would normally be
balanced by additional supplementary protein or NPN
to meet requirements for degradable N (Chamberlain
and Wilkinson, 1996). The risk of excess ammonia in
digestate and rumen fluid is low provided supplemen-
tary N is included at the correct level, mixed uniformly
with other ingredients and there are no other factors
(e.g. toxins or deficiencies in essential minerals) that
might reduce microbial growth and reduce the rate of
synthesis of ammonia into microbial protein.

Diet formulation for the dairy cow involves balancing
the composition of one ingredient with that of others so
that the total diet meets the requirement of the animal for
nutrients within constraints, of which the most significant
is daily DM intake. Thus the relatively low protein
concentration of maize silage is balanced with feeds of
relatively high protein concentration such as lucerne,
soyabean meal or urea. Similarly, adding complementary
components to the digester can mitigate variation in
individual feedstock composition. Phenotypic variance in
whole-plant maize feedstock may therefore be of lesser
importance than crop yield per se in determining choice
of cultivar provided alternative sources of feedstock are
available at competitive cost.

4. Desirable traits of whole-plant maize

Compared to other crops, forage maize has three
important characteristics that contribute to making
well-preserved silage - relatively high concentrations of
DM and water-soluble carbohydrates and a relatively
low buffering capacity or resistance to acidification. Thus
the risk of secondary (clostridial) fermentation in maize
silage is low, even at relatively low DM concentration
(Weissbach et al., 1974; Wilkinson, 2005). However,
excessive loss of water-soluble carbohydrates, high silage
acidity and elevated concentrations of soluble nitrogen are
features of whole-plant maize ensiled at low concentrations

of DM (Wilkinson and Phipps, 1979; Wilkinson et al.,
1998). It is therefore advisable to harvest the crop at DM
concentrations above 275g/kg fresh weight to minimise
fermentation losses.

Barrière et al. (1997) reviewed the phenotypic attributes
of forage maize for silage and stressed the importance of a
well-developed rooting system to aid resistance to lodging
and drought, and also to increase efficiency of nitrogen
utilisation by the crop. They suggested a target grain
concentration at harvest of 0.46, corresponding to 0.30
starch, as optimal in maize silage for dairy and beef cattle.
The target stage of maturity at harvest for optimal
utilisation by the dairy cow is 300 to 350g DM/kg fresh
weight (Browne et al., 1995; Wilkinson et al., 1998). At this
stage of plant maturity starch comprises about 0.67 of the
grain endosperm (Bal et al., 1997).

Optimal maize plant maturity for AD is probably
similar to that for the animal, though the decrease in
plant cell wall (NDF) digestibility with advancing plant
maturity may be relatively less important for AD than
for the animal in view of the longer residence time in the
digester than in the cow (Table 1). Nevertheless, rate of
fibre digestion and residence time in the digester
determine rate of methane production. Enhanced
digestibility of maize silage allows average residence
time in the digester to be reduced or, for new digesters,
the same amount of methane may be produced from a
digester with a smaller volume. Weissbach (2009) found
that gas yield from a range of silages was related to
digestible (i.e. fermentable) organic matter (FOM),
which in turn could be predicted from concentrations
of ash and acid detergent fibre. Average potential biogas
yield from silages was 800 litres/kg FOM and methane
yield was 420 litres/kg FOM. Frei (2013) reviewed the
different roles of lignin, a complex carbohydrate
polymer cross-linked to cell wall hemicelluloses that
confers structural strength to the plant, in plant stress,
animal nutrition and bio-energy production. He con-
cluded that low concentrations of lignin are desirable for
both animal feeding and biogas production. In the
ruminant, lignin concentration and NDF digestibility
are inversely related (Van Soest, 1994). Oba and Allen
(1999a) found that a one unit increase in forage NDF
digestibility in vitro was reflected in 0.17 kg increase in
DM intake and 0.25 kg increase in fat-corrected milk
yield in dairy cows. The lower lignin brown midrib
(bm3) mutant (Cherney et al., 1991) has higher NDF
digestibility and supports greater milk production and
feed conversion efficiency than conventional hybrids
(Oba and Allen, 1999b; Kung et al., 2008). The sfe maize
mutants with reduced ferulate lignin–arabinoxylan cross
linkage also have higher cell wall digestibility and intake
than conventional hybrids, resulting in higher milk
production (Jung et al., 2011). Barrier and Argiller
(1993) highlighted the lower yield and susceptibility to
lodging of brown midrib hybrids and suggested that
genetic variation could lead to the selection of brown
midrib hybrids of high agronomic value. Lauer and
Coors (1997) reviewed 18 agronomic and dairy cattle
feeding trials comparing brown midrib and conven-
tional maize hybrids. They concluded that although
NDF was lower for bm3 than for conventional maize
(by an average of 2%) and milk output per tonne of crop
was higher (by 4%), yield per acre was lower for the bm3
hybrids by 6% and milk per acre was reduced by 2%.
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A very important attribute of maize for biogas is
output per hectare of land, so yield of biomass (as DM
or volatile solids) may be an overriding criterion in
selection of species, cultivar and stage of plant maturity
at harvest. Amon et al. (2007a) studied biomass and
methane yields of a range of ensiled crops - maize,
wheat, triticale, rye, sunflower and grass. They found
that the highest methane yield per hectare was from
maize harvested at the ‘‘wax ripeness’’ stage of maturity
(300 to 350 g DM/kg fresh weight).

The effect of stage of maize plant maturity at harvest
on specific methane yield and on methane yield per
hectare is shown in Table 4. Specific methane yield
decreased with advancing plant maturity. The decrease
in specific methane yield with increased plant maturity
reflected reduced concentration of fibre and increased
concentration of starch in the whole plant DM,
consistent with the reduction in methane production
in the rumen with reduced proportion of acetate in
the rumen VFA associated with increased concentrate in
the diet (Yates, et al., 2000 and Table 1). However,
despite reduced specific methane yield, the large increase
in crop yield with advancing grain ripeness was reflected
in an increase in methane output per hectare.
Schittenhelm (2008) concluded that the ideal maize
hybrid for biogas was a later-maturing hybrid that
can be harvested at a DM concentration consistent
with the production of good quality silage i.e. around
300 g DM/kg fresh weight.

Amon et al. (2004, 2007b) found that ensiling
increased the specific methane yield of whole-crop
maize by 0.25 compared to the fresh crop, presumably
because the products of the silage fermentation were
reduced compounds and more suitable substrates for
utilisation by Archaea than the original water-soluble
carbohydrate substrates. The possibility of directing
fermentation in the silo by inoculating the crop at
harvest was explored by Vervaeren et al. (2010) who
added a range of inoculants to whole-plant maize
ensiled at 26% DM. They found that specific methane
yields after a 21-day incubation were higher from
additive-treated than from untreated silage, and tended
to be higher from silages treated with additives contain-
ing heterofermentative lactic acid bacteria (that pro-
duced lactic and acetic acids) together with cell wall
degrading enzymes, than from silage treated with
predominantly homofermentative lactic acid bacteria
that produced lactic acid as the sole end product of
fermentation (McDonald et al., 1991). The storage

period may influence the efficacy of additive since
Herrmann et al, (2011) found little effect of additive
treatment on methane yield after an ensiling period of
one year. They also noted a decrease in lactic acid and
increases in acetic acid and in methane yield with
increased length of storage period.

Several phenotypic characters of the maize plant have
been found to exert a significant influence on methane
production; namely crude protein, crude fat, cellulose
and hemicellulose (Amon et al., 2004, 2007b). Calculation
of theoretical biogas potential (gas yield and methane
concentration) is possible from pre-determined concen-
trations of crude fibre, crude protein, crude fat, ash and
moisture (Allison, 2011). Rath et al. (2013) found that
concentrations of crude fat and hemicellulose in maize
were positively related to biogas yield whilst acid
detergent lignin and water-soluble carbohydrates were
negatively related to biogas yield. In view of the positive
relationship between crude fat concentration of maize
and specific methane yield, cultivars with elevated
concentrations of oil may be worth exploiting for AD,
provided their biomass yield is competitive with
conventional hybrids.

Grieder et al. (2012a, b, c) made a comprehensive
study of genetic parameters of maize hybrids for biogas
involving 570 testcross progenies of 285 inbred dent
lines. Heritability estimates were high but genotypic
variance and hence heritability in specific methane yield
decreased towards the end of the 35-day fermentation,
reflecting almost complete degradation of potentially
digestible components during the relatively long resi-
dence period. Variation in total methane yield per
hectare was mainly attributable to variation in DM
yield. They concluded that introgression of later
maturing or exotic material may be productive, with
selection for higher DM yield and less focus on ear
proportion for biogas maize compared to forage maize
for animal feed.

In situations where large distances have to be
travelled between field and farm, the cost of transporta-
tion of the crop is likely to be affected significantly by
crop DM concentration. This cost should be taken into
account in determining the optimal stage of plant
maturity for harvesting for biogas production and
supports full ripeness as the optimal stage of harvest
for maximum methane yield per hectare (Table 4).

A challenge for the future is to optimise AD methane
yield, ideally via in-line real-time analysis of feedstock
composition using near infrared reflectance spectroscopy

Table 4: Effect of stage of forage maize harvest on AD specific methane yield and on methane yield per hectare

Harvest

1 2 3

Harvest (days after sowing) 97 122 151
Stage of grain maturity Milk ripeness Wax ripeness Full ripeness
Dry matter (g/kg fresh weight)1 187 293 468
Volatile solids (g/kg fresh weight)1 178 278 452
Specific methane yield (litres CH4/kg volatile solids)1 338 308 278

Methane yield per hectare (m3 CH4)2,3 6350 7270 7930

1Means of three years and four late-maturing cultivars (FAO 290 to FAO 600).
2Means of three years and three late-maturing cultivars.
3m3 = cubic metres at normal temperature and pressure.
Source: Amon et al., 2007b.
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(Jacobi et al., 2011), and also by determining factors
in the ensiling process that impact significantly on
methanogenesis.

In an attempt to integrate the effects of maize crop
maturity on both biogas and animal nutrition, the data
of Amon et al. (2007b, Table 4) and Oba and Allen
(1999) were used to compare three dates of harvest in
terms of biomass yield, methane energy yield, ME yield
and animal intake per hectare of land. The results
(Figure 1) are to be treated with caution since ME
concentration and NDF digestibility were estimated for
the purposes of the comparison. Nevertheless, the trends
were similar for biomass, methane energy yield and ME
yield, with yields increasing progressively with advanc-
ing crop maturity. Relative animal intake was highest at
the medium crop maturity.

5. Conclusions

Yield of whole-plant maize biomass per hectare should
be the main criterion of maize cultivar performance
assessment for AD. Selection of cultivars for use in AD
with elevated concentrations of oil or reduced concen-
trations of lignin may be desirable. Maize cultivars for
use as animal feed should contain i) a relatively high
proportion of ear in the total plant DM to give a high
concentration of starch and ii) high NDF digestibility,
to meet animal requirement for readily available rumen-
fermentable forage energy. Selection of forage maize
and other forage crop cultivars for both AD and animal
feed should include evaluation of NDF concentration
and NDF digestibility.
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