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ABSTRACT
Two groups of cereal forage crops, including various cultivars of barley, oats, triticale
and wheat, were planted at different sites and harvested at boot, anthesis and milk
stages respectively. The effects of maturity stage and variety on nutritive values and
predicted digestibility were measured by near-infrared reflectance spectrophotometry
(NIR). The effects of stage, variety and their interaction were significant (P<0.001)
for samples collected at one site (78 samples), but only the effect of stage was
significant (P<0.001) for samples from the other site (125 samples). For samples
from the first site, the mean concentration of neutral detergent fibre (NDF) and acid
detergent fibre (ADF) increased from boot to anthesis stage and then decreased from
anthesis to milk stage; the crude protein (CP) content decreased significantly from
boot to milk stage; and the mean predicted digestibilities declined significantly from
boot to anthesis and then to milk. For samples from the second site, the mean
concentration of NDF and ADF did not differ between boot and anthesis stage but
increased significantly from anthesis to milk stage; the CP content decreased
significantly from anthesis to milk stage; and the mean predicted digestibilities did
not change from boot to anthesis and then decreased to milk.

The predicted digestibilities in NIR were calibrated by R-P (Rumen fluid Pepsin
method) and P-C (Pepsin Cellulase method) respectively, but differences were
noticed between them. Therefore, the experiment was carried out to measure the
effect of method on the predicted digestibility by R-P and P-C method for each group
respectively. The correlations and regressions between NIR and R-P and P-C were
analysed to determine the relationships between the methods. This experiment
confirmed the differences between R-P and P-C and found the R-P method had
11

higher prediction values than the P-C method for samples at both sites. The
correlations between predicted digestibility using these three methods were all
significant (0.738 <r2<0.985), with the lowest correlation between NIR and R-P and
the highest between NIR and P-C.

It is concluded the nutritive values of cereal forages are affected by variety and stage,
and that predicted digestibility is also affected by the prediction method used. It is
also concluded that NIR, R-P and P-C are all relatively precise in estimating the
digestibility of cereal forages harvested at different maturity stages; moreover, the PC method is more accurate for calibrating NIR than the R-P method.
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1.1 Introduction
1.1.1The definition of digestibility
Fries (1923) provided one of the earliest definitions of digestibility, stating it as the
portion that total feed eaten minus that portion of it which did not contribute to the
cell activity of the animal body.

Although in the following decades, the main composition of the undigested matter
had been examined, the definition was only altered slightly. In Streeter’s (1969) view,
digestibility was calculated by subtracting the total amount of faeces excreted from
the total amount of forage fed and dividing the remainder by either the amount of
forage fed or the amount consumed depending on the purpose of the experiment.
Minson (1981b) defined apparent digestibility as “the proportion of the forage that
does not appear as waste in the faeces”. A similar definition of apparent digestibility
was used by Rymer (2000), who explained it as the proportion of a feed that was not
excreted in the faeces, and which was assumed to have been absorbed by the animal.
Later, McDonald et al., (2002) used the same definition of digestibility..

1.1.2 The important role of digestibility for feed evaluation
Digestibility is an important characteristic of the nutritive value of feed, which
determines the relation between nutrient content in feeds and the available percentage
to ruminants (De Boever et al., 1994b; Kitessa et al., 1999; Van Soest, 1965). In
addition, energy value is the main determinant of the cost of feed, and is often
determined by the chemical composition and the digestibility of the feed (De Boever
et al., 1994b). The chemical composition of feed not only provides information about
14

physical properties and quality of feed, but also can be used to derive digestibility and
expected performance of the ruminant receiving the feeds (Forejtova et al., 2005).
However, chemical analysis only gives the potential value of a food for supplying a
particular nutrient, but the digestibility can give the actual value of the food to the
animal, after making allowances for the losses that occur during digestion, absorption
and metabolism (McDonald et al., 2002).

1.1.3 The important role of forage crops for ruminants
Ruminants account for almost all of the milk and about one-third of the meat
production worldwide (Food and Agriculture Organisation, 2004). As at 30th June,
2006, there were 2.8 million milk cattle, 26.1 million meat cattle and 92.7 million
sheep and lambs in Australia (Australian Bureau of Statistics, 2008). Although
modern feeding systems have introduced substantial quantities of concentrate feed for
ruminants, forage remains the primary source of nutrients for ruminant animal
production (Jung and Allen, 1995). The ration of ruminants still mainly consists of
forages, mostly fed ad libitum. That means a significant amount of forage is required
to meet the demand of ruminant animals. However, winter is the most critical period
for many livestock in southern Australia because of the low winter growth rates of
pasture. Fortunately, forage cereals can help to overcome winter feed shortages, and
the use of temperate cereals as grazing pasture during critical feed period is common
to Australian agriculture (Lovett and Matheson, 1974).

Cereals have higher winter growth rates than most pastures, and with their higher
carrying capability are able to ease the grazing pressure on pasture paddocks
(Hennessy and Clements, 2009). Cereals could be used as a potential consistent feed
15

source at a time when soil moisture is usually low and animal feed supplies are often
limited (Edmisten et al., 1998b). For instance, cereals are highly suited to dry-land
farming (rainfall <300mm per year) and generally can tolerate a wide range of soil
types (4.5 < pH <7.5) and conditions (Ward, 2007). In addition forage cereals play an
important role to provide a pasture or as a cover crop followed by other crops (Belyea
et al., 1978). Although their nutritive values depend mainly on the maturity stage,
they have similar palatability and nutritive value to ryegrass for livestock in the
vegetative phase (McDonald et al., 2002; Ward, 2007).

1.1.4 The digestibility of crop forages
The nutritive value of forages varies considerably, especially when harvested at
different stages of maturity. Therefore, the prediction of the quality of forage is
especially important for the prediction of animal performance (Iantcheva et al., 1999).
Significant progress had been made in both understanding the components of forage
quality and in the development of animal and laboratory techniques for quality
measurement (Reid and Klopfenstein, 1983). At present, the main in vitro
digestibility methods used are rumen fluid pepsin method and the pepsin cellulase
method.

1.2 Digestibility at different harvest stages
In general, wheat, oat and barley forages at similar maturities had similar DM
digestibilities that tended to decrease with maturity (Helsel and Thomas, 1987). The
timing of harvest directly influences nutritive value characteristics of forage. Jacobs
et al., (2009b) found that delaying harvesting until later stages of growth would result
in higher DM yields, but negatively impact on both nutritive and fermentation
16

characteristics of subsequent silages, both crude protein (CP) and metablisable energy
(ME) decreased as maturity increased. Beck et al., (2009) also reached a similar
conclusion that increased maturity at harvest had a large impact on quality, decreasing
protein concentrations and increasing fibre. As a result, when these forages were
consumed, they remained in the rumen longer, as the high lignin content decreased
the rate of digestion, as well as dry matter intake and animal performance (Beck et al.,
2009). This observation is consistent with Helsel and Thomas (1987) study, where
they found CP and in vitro DM disappearance decreased as plant matured because of
an increase in cell wall components.

1.2.1 The physiology of forage crops
Cereals such as wheat, oats and triticale all have potential as a forage crop because of
the high forage dry matter yields, but it is necessary to be familiar with the
information on the physiological characteristics of them (Jacobs et al., 2009a).

There are at least 5 scales commonly used worldwide to describe stages of growth of
small grains. The Feekes, Zadoks and Haun scales are probably used the most widely.
Whatever scale is applied, seeding emergence, tillering, stem elongation, booting,
inflorescence emergence, anthesis, milk development, dough development and
ripening stages are included (Mickan et al., 2006; Miller, 1999; Zadoks et al., 1974).

17

Figure 1.1: The growth stages of boot, heading, anthesis (left to right) for cereals

Although delaying harvest can obtain a maximum yield of cereal crops for forage, the
digestibility will reduce due to the extensive lignification of the stem, leaf sheath and
lemma/palea (Hargreaves et al., 2009). Therefore, crop harvest date should be
decided by both DM yield and growth stage, to maximize whole plant digestible yield
and to maintain the concentration of digestible dry matter at a high level (Baron and
Kibite, 1987; Jacobs et al., 2009a).

In order to understand more details about each stage, definitions of growth stages are
introduced. Boot stage is when the last leaf appears before the ear or head starts to
emerge (Figure 1.2). In this stage, the flag leaf sheath contains the boot, a swelling in
the sheath, from which the ear will emerge. Once the ear has emerged, flowering or
anthesis commences, beginning from the middle of the head and spreading upwards
and downwards. The plant has vegetative leaves up to this stage. The fibre
concentration of whole cereal crop begins to increase during this stage of maturity
(Mickan et al., 2006). After flowering the grain begins to form. As the grain develops
it goes through a clear liquid phase prior to the commencement of starch deposition.

18

The grain then enters the milky stages, described as early, medium and late milk. As
the grains form and mature, they pass through the milky stage, followed by soft and
hard dough stages and finally as a dry grain suitable for grain harvesting. Normally,
water soluble carbohydrate in the stems and leaves are translocated to grain and
converted to starch, therefore, the fibre concentration in the stems and leaves
decreases during seed filling (Mickan et al., 2006; Nadeau, 2007).

Figure 1.2: The growth stages of the Zadoks decimal code for cereals
*Source: Zadoks et al., (1974).

1.2.2 Digestibility at different maturity stages
A significant interaction was found between plant species and stages of maturity for
in vitro organic matter digestibility (OMD) measured using the rumen fluid pepsin
method (Nadeau, 2007). The same author observed that only triticale changed in
digestibility from early milk to early dough stage for in vitro OMD, whereas barley,
oats and wheat did not differ across the stages of maturity of the plant (Nadeau, 2007).
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Belyea et al., (1978) observed that in vitro dry matter digestibility (DMD) values for
winter wheat declined from the vegetative stage to the milk stage and then increased
to the dough stage then slightly decreased to ripe seed. The in vitro DMD was found
to decline with maturity through the milk stage which was a result of increased
detergent fibre fractions and the increase from milk to dough due to the production of
digestible carbohydrates (Belyea et al., 1978).

1.2.3 Chemical component changes
Jacobs et al., (2009a) investigated triticale, winter wheat and winter oats to study the
effect of growing stage on silage nutritive characters. The results indicated that the
estimated metabolisable energy of forages was highest at boot stage, declined during
anthesis and then increased again during milk and soft dough stage, except for winter
oats. Winter oats showed a stable decline from boot to soft dough. Furthermore, the
crude protein content of forages declined with maturity, with a final value at soft
dough stage of 90g/kg dry matter (DM). Neutral detergent fibre (NDF) content
increased from boot to anthesis and declined from anthesis to soft dough, with lowest
values observed at soft dough (497 – 555 g/kg DM) (Jacobs et al., 2009a). Similar
results from another study also showed that NDF concentration, acid detergent fibre
(ADF) concentration and acid detergent lignin (ADL) concentration were
significantly increased, but CP and in vitro DMD significantly decreased with the
later stage from heading to soft dough stage for four cereals (rye, wheat, oats and
barley) studied by Helsel and Thomas (1987).

Cell wall as a control mechanism for intake by ruminants is often used to discuss
forage quality, as well as fibre (Jung and Allen, 1995). The soluble cell component in
20

ruminants is nearly digested completely, which means the efforts in describing diet
digestibility for ruminants should concentrate on cell wall digestion (Rinne et al.,
2006). Cell wall contents vary from species of crop at different growth stages and
different parts of the plant. For example, the leaves of grasses have much more cell
wall than legume leaves, and the cell wall concentration in grass leaves increase with
maturation of the plant (Iantcheva et al., 1999; Jung and Allen, 1995).

Plant cell wall generally has two development phases, primary wall and secondary
wall. Primary wall is the phase where the plant cell increases in size through wall
elongation. When the cell elongation terminates, the plant cell switches to secondary
wall thickness. Lignin deposition happens in secondary wall thickness rather than
primary wall. The proportion of cell wall varies among different tissues. For instance,
leaf has little secondary wall and deposits virtually no lignin, whereas vascular tissues
hold much secondary wall and contain high concentrations of lignin (Jung and Allen,
1995).

Stem material of all forages has higher cell wall concentration than their leaves, and
always increases with maturity (Jung and Allen, 1995). Therefore, the ratio of stem to
leaf could affect the intake of forages (Helsel and Thomas, 1987). Stem declines in
digestibility more rapidly than leaf with increasing plant maturation, although fibre
concentration increases with stems and most leaves with plant maturity (Buxton and
Redfearn, 1997). Lignin concentration increases in the stem was the major factor that
resulted in the reduced digestibility with increased maturity (Cherney and Marten,
1982a).
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Crude protein changes its concentration with advancing maturity. For instance, Polan
et al., (1968) found the concentration of CP in winter barley declined rapidly with
maturity, from 10.4% DM at bloom to about 9.7% DM at milk stage, then increased
to 10.7% DM at dough stage. Similar trends with crude protein were found with
spring oats (Smith, 1960). Belyea et al., (1978) found CP content in winter wheat
decreased consistently from 30.90% DM to 6.78% DM from early vegetative to ripe
seed stage. Filya (2003) also observed that the CP content decreased from flowering
to dough ripening stage in two cultivars of wheat silages.

1.2.4 Digestibility changes with maturity in different crop species
The effect of maturity on digestibility may depend on the type and variety of cereal
grain (Bolsen and Berger, 1976). Barley forage was found to be more digestible than
oats because barley had a greater proportion of highly digestible inflorescence in the
total dry matter at all stages and a lower percentage lignified area in the leaf blade
and sheath than oats (Cherney and Marten, 1982a). In addition, barley contains higher
starch and lower fibre content than oats and triticale due to the higher ear: stalk ratio
in the whole crop (Nadeau, 2007). Moreover, barley reached milk, soft dough, and
hard dough earlier than oats, wheat and rye, but had an equal or higher portion of DM
in leaf yield and total DM yield than the other species (Edmisten et al., 1998b). As a
result, barley generally had higher in vitro DMD than the other species at the soft and
hard dough stages and higher in vitro OMD across the maturities (Edmisten et al.,
1998a; Nadeau, 2007). However, winter barley forage had a lower DM yield
production when cut at similar maturity stages compared with those observed for
winter wheat silage (Hargreaves et al., 2009).
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Oats had lower crude protein than other species at the vegetative stage, but had 9%
greater DM yield than barley and triticale at the early milk stage (Nadeau, 2007).
Spring wheat had a higher total DM yield than barley, oats and triticale, which was
probably related to a greater biomass accumulation of wheat compared to others
(Nadeau, 2007).

1.3 In vitro methods used in practice
Digestibility experiments with herbages have considerable value in the estimation of
their nutritive value to ruminants. However, in vivo digestibility experiments can only
obtain relatively accurate estimates of overall feed nutritive value not the individual
digestibility of the components (Tilley and Terry, 1963). Furthermore, these
experiments are time consuming and require animals and large quantities of feed
therefore being expensive (Minson, 1998).

During the last two centuries, many attempts have been made to find alternative
methods of estimating food quality by analysing typical samples of food. Endeavours
have been made to build up chemical methods for the assessment of herbage
digestibility. In 1938 the first regression was published relating in vivo digestibility to
chemical composition (Axelsson 1938, cited in Minson, 1998). However, only a
limited correlation was found between in vivo herbage digestibility and the contents
of individual chemical components (Tilley and Terry, 1963). Rinne et al., (2006)
reached a similar conclusion from other literature, that “although measurements of
chemical composition may predict changes in digestibility of grass harvested from
the same field in the same year, they are not accurate enough to be used generally in
feed evaluation” .
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Therefore, attention turned to laboratory in vitro methods, which attempt to simulate
the actual procedure and function of the rumen with micro-organisms or enzymes
(Tilley and Terry, 1963). The motivating force for these changes was a desire for
greater precision in predicting feeding value (Minson, 1998).

However, the variation in activity of rumen fluid is an obstacle in the development of
in vitro techniques. To overcome this problem, the emphasis moved to cellulase, it
might be used as an alternative to rumen micro-organisms (Minson, 1981b). In 1975,
Jones and Hayward published a two stage technique, in which 0.2g samples of dried
ground forage was incubated first with acid pepsin to remove cell content and then
with cellulase produced from Trichoderma reesei. However, the application of
cellulase to prediction of forage digestibility only became a successful routine
technique after inexpensive cellulase became commercially available (Jones and
Hayward, 1975; Minson, 1981b).

In the following years after 1975, the pepsin cellulase method was rapidly replacing
the rumen pepsin in vitro technique. This rapid acceptance was related with the
following factors: availability of cellulase; rumen fistulated animal were not required;
no intolerable odours; smaller analytical errors; repeatability between runs; and more
appropriate for small number of samples (Minson, 1981b).

Numerous in vitro trials have been investigated and several techniques have been
formed. Among of these techniques, the rumen fluid pepsin method and the pepsin
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cellulase methods are the most popular and used as routine methods in many
laboratories.

1.3.1 The Rumen fluid-pepsin (R-P) method
1.3.1.1 Principle and procedure
Tilley and Terry (1963) described an in vitro method which could be used to
determine the digestibility of a wide range of herbages. This method has two stages,
the first 48 hour stage aims to hydrate the digestible fibre and protein into soluble
products by rumen liquor and the second stage aims to hydrate the indigestible
protein by pepsin in order to obtain a similar value to in vivo digestion. They tested
148 samples, including 18 lucernes and clover samples and 130 grasses which
digestibility had been estimated using the in vivo method in sheep. In their paper, they
discussed factors affecting this method and recommended the mass of sample (0.5g),
the drying temperature (100oC), the inoculum temperature (38oC) and the sample
grinding size (1mm). During the incubation period, the pH was maintained within the
limits of 6.7-6.9 (Tilley and Terry, 1963).

The usual procedure has been for in vitro rumen fermentation techniques developed
to study and evaluate forages for ruminant animals, which take a selected group of
forages and feed them to animals in such a way as to obtain digestibility and intake
figures. The same forages are used for in vitro rumen fermentation studies, and the
results from the in vitro studies are correlated by regression techniques with in vivo
data. Regression lines are established, which provide a method for predicting the
nutritive value of other forages studied using in vitro techniques. This is possible
because the characteristics of forages differ greatly not only among the species but
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also within species due to factors such as stage of maturity and harvesting techniques
(Rinne et al., 2006).

1.3.1.2 Advantages and disadvantages
Advantage
The Tilley and Terry technique was more accurate than the in vivo digestibility
method since the residual standard deviation (r.s.d.) of the two-stage in vitro method
was lower than that of in vivo digestibility measurements (Minson, 1998; Tilley and
Terry, 1963). The rumen fluid pepsin method showed better quality, higher
correlation coefficients and lower errors in estimating the digestibility than one stage
method and chemical composition method (Reid and Klopfenstein, 1983).

Disadvantage
The Tilley and Terry method is relatively time consuming, costly, and depends on the
availability of a fresh supply of rumen liquor of constant enzymatic activity (Terry et
al, 1978). Moreover, fistulated animals need special care and in some countries are
subject to special legislation which limits the use of the technique (Minson, 1981a).
Another problem is the variation in activity of rumen fluid (McLeod and Minson,
1978) even when animals are fed on the same forage, which can lead to both between
and within run variation (Minson, 1981b).

26

1.3.1.3 Factors influencing the rumen fluid pepsin method
The rumen fluid pepsin method is affected by many factors such as the donor animal,
the diet for donor animal and the inoculum.

1.3.1.3.1 Animal
Animal factors such as species, the numbers involved in trial and the age of donor
animal affect the relative amount of ruminal digestion.

Species
Animal performance will vary with the species even when fed on the same diet.
Generally, cattle have a higher digestibility on low quality forage while sheep have a
better performance on high quality forages (Cipolloni, 1951). De Boever, et al., (1984)
proved this relationship with their comparison between non-lactating cows and adult
wethers fed on maize silage, grass silage, grass hay, ensiled whole crop cereals,
concentrate and maize grain. Horton et al., (1980) compared the digestibility of
rumen inoculum from sheep and cattle fed various diets, and concluded that the in
vitro digestibility was higher (P<0.001) for sheep than for cattle inoculum when fed
straw and barley-dehydrated lucerne diets; whereas the digestibility was highest
(P<0.001) for cattle inoculum when fed a lucerne hay diet. Another paper estimated
the forage in vitro digestibility with sheep and cattle, and they found sheep fluid had
similar result with cattle fluid, but perhaps with lower standard errors (Wilman and
Adesogan, 2000). In addition, De Boever et al., (1988) observed that there was no
distinction between digestion coefficients for two species of forage when moderate
and good quality forage was used in an experiment. Consequently, sheep rumen fluid
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is often used as the inoculum because housing of sheep is easier and cheaper than
cows (Cone et al., 2002).

The rate of fermentation also varies with species of ruminant. Grant et al., (1974)
summarised the literature about rate of fermentation effected by species of ruminant
and found that European cattle had the slowest and water buffaloes had the fastest
rate of fermentation. The authors then compared Philippine cattle, Philippine buffalo
and cattle at Cornell University, with the result indicating that Philippine buffalo had
faster rate of fermentation than Philippine cattle, and cattle at Cornell University had
the lowest rate fermentation (Grant et al., 1974).

Numbers
Moore et al., (1962) found it convenient and advisable to use four inoculum-source
animals on the same ration and combine the inoculum drawn from all four animals on
any given day of study. By so doing the chance of one animal’s being slightly “off
feed” and thus grossly affecting the in vitro results would be minimized. Deaville et
al., (2009) also found the use of more than four animals per forage sample will
reduce the standard error of the mean for in vivo digestible organic matter in dry
matter (DOMD). Similarly, Mehrez and Orskov (1977) suggested to measure DM
disappearance twice (not on the same day) using three sheep as a combination that
will provide adequate repeatability (i.e. six replicates per sample).
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Age
Bezeau (1965) suggested the age of cannulated animal may be another influencing
factor. The author observed that the old donor animal showed worse performance
than young one both in the adaption to the diet changes and in appetite.

1.3.1.3.2 Feed
The type of diet consumed by donor animal has been shown to affect the in vitro
digestibility, as it impacts on the microbiological population and chemical
environment within the rumen (Weiss, 1994).

Composition of diet
Holden (1999) studied the influence of two sources of inoculum on in vitro
digestibility, from two different donor cow diets. It was found that six of the ten feeds
examined affected the inoculum significantly and a total mixed ration diet had a
higher value than a hay diet when the in vitro method was applied on them to analyse
the in vitro DMD (Holden, 1999). However, if two mixed rations were tested, the
result varied with the change of proportion. Tejido et al., (2002) compared
digestibility using rumen liquor collected from sheep fed two complete diets
composed of chopped alfalfa hay and concentrate in the proportions of 80:20 (C20)
and 20:80 (C80). The result showed that the in vitro dry matter digestibility was
lower for C80 diet than C20 diet for six forages (Tejido et al., 2002). The possible
reason was that low level of concentrates in the diet of donor animals can increase
microbial numbers in rumen liquor, simultaneously, negative effects on rumen
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cellulolysis occur when donors are fed diets containing high levels of grain based
concentrates that result in low rumen pH (Tejido et al., 2002).

Feeding frequency
There are two opposing opinions in relation to the effect of feeding frequency.
Raymond et al., (1953,cited in Rymer, 2000) observed that there was a weak
relationship between the feeding frequency and the feed digestibility. However,
another opinion advocated that the more frequent the feeding the smaller difference in
the faecal output, so animals should be fed hourly (Blaxter et al., 1956). Bunting et
al., (1987) researched the effect of feeding frequency on forage fibre and nitrogen
utilization in sheep. The results showed that apparent total tract digestibility of DM,
organic matter (OM), and cell wall constituent fibre (ADF, NDF) were not affected
by the feeding frequency, but apparent total tract digestibility of CP decreased with
increasing feeding frequency. However, the response of the forage-fed animal to
frequent feeding was dependent on forage quality (Bunting et al., 1987). Moreover,
feeding cost will rise with the increase of feeding frequency since labour expenditure
becomes larger. Consequently, animals are usually fed twice daily, once in the
morning and again in the afternoon.

Diurnal fluctuations in bacterial and protozoal populations have been noted in
animals that only are fed once daily. But such fluctuations decrease with increasing
feeding frequency since high frequency feeding minimized the changes of ruminal
environment such as pH, temperature, osmotic pressure, partial pressure of O2, and
attachment of microbes to consumed feed partials (Orpin and Joblin, 1988).
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According to this assumption, Vanzant et al., (1998) recommended a minimum twice
daily feeding for animals.

1.3.1.3.3 Rumen fluid
Inoculum is the single most important source of variation in in vitro rumen
fermentation systems used to predict forage quality (Horton et al., 1980). The
incubation medium in the in vitro procedure is used to create and maintain an
environment which is suitable for the fermentative process. The in vitro incubation
medium has three major components: a mixed inorganic solution which combines
buffer salts together with macro- and micro-nutrients; the reducing solution, and the
microbial inoculum and the test substrate (Mould et al., 2005b).

The composition of inoculum
Many researchers have used a standard buffered medium for their in vitro
fermentation techniques through experimental studies, but most of the media are
based on the “McDougall solution” (Table 1.1), which is an artificial saliva or buffer
medium based on the analysis of sheep saliva by McDougall (1949, cited in Johnson
1966). Many of the procedures define that this solution alone is the buffer medium
used in their in vitro fermentation studies, while others have added modifications for
particular reasons (Johnson, 1966).
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Table 1.1: The compositions of artificial saliva
Ingredient

g./litre of distilled H2O

NaHCO3

9.8

KCl

0.57

CaCl2

0.04

Na2HPO4 .12H2O

9.3

NaCl

0.47

MgSO4 .7H2O

0.12

* Source: McDougall (1949), cited in Johnson, 1966.

Buffer solutions are modified by the addition of various trace minerals as
supplements of rumen fluid or by changing the proportion of nitrogen and phosphates
in adjusting the pH in fermentation. Variations of the media mainly depend on the
type of activity being studied (Johnson, 1966). Mould et al., (2005b) analysed the
ingredient of media in some papers (Table 1.2) and recommended that it was not
necessary to change the carbonate and phosphate salts, which were the main
components of the buffer. However, sufficient buffering capacity must maintain the
pH of the incubation media in a range that degradation is not compromised. Based on
this theory they suggested a simplified medium (Table 1.3) could be used in resource
poor developing countries (Mould et al., 2005b).
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Table 1.2: In vitro incubation media (quantities/L final solution)
Theodorou et al.
(1994)

Goering and Van Soest
(1970)

Medium
Menke et al.
(1979)

Beuvink and Spoelstra
(1992)

Tilley and Terry
(1963)

PO43-(g)

1.307

1.549

1.291

1.360

1.973

HCO32--(g)

5.451

5.422

4.492

4.753

5.693

N-(g)

0.542

0.539

-

0.473

-

S-(mg)

89

90

38

154

-

Mg-(mg)

12

11

9

9

-

Ca-(mg)

3.2

2.9

2.4

3.1

3.2

Mn-(mg)

2.5

2.2

1.9

2.8

-

Co-(mg)

0.2

0.2

0.2

0.3

-

Fe-(mg)

1.5

1.3

1.1

1.7

-

0.240

0.286

0.287

0.286

0.347

6.1

6.0

-

3.1

-

Component

PO4:HCO3
N:S
*Source: Mould, et al (2005b)

33

Table 1.3: A simplified in vitro incubation medium
Component

Chemical

Buffer 1

Na2HPO4.12H2O

1.985

KH2PO4

1.302

MgCl2.6H2O

0.105

NH4HCO3

1.407

NaHCO3

5.418

Cysteine HCl

0.390

NaOH

0.100

PO43-

1.435

HCO32-

5.020

N

0.280

S

0.071

Mg

0.013

PO43-:HCO32-

0.286

N:S

3.95

Buffer 2

Reducing solution

Composition

Composition of final solution (g/l)

*Source: Mould, et al (2005b)

The collection time
The time of rumen fluid collection could greatly affect the microbial activity and the
fermentation capacity of inoculums (Payne et al., 2002; Rymer et al., 2005). Payne et
al., (2002) found significant changes among three collection times, pre-feeding, 4h
post-feeding and 8h post-feeding. They suggested that this may have been related to
rumen pH at sampling (6.25, 5.96 and 6.13, for pre-feeding, 4 and 8 h post-feeding,
respectively).

Mould, et al., (2005a) reviewed the literature (Bryant and Robinson, 1968; Leedle
and Hespell, 1984; Payne et al., 2002) about rumen fluid sampling time. They
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concluded that samples obtained up to 4 h post-feeding had low concentrations of
micro-organisms due to dilution with water, feed and saliva; samples collected 4–8 h
post-feeding consecutively were dominated by microbial groups with differing
fermentative activities; samples collected immediately pre-feeding offered feed once
daily tend to have poor reproducibility (Mould et al., 2005a). The authors
recommended that donor animals should be offered feed frequently on an ad libitum
basis to reduce diurnal variation, and the rumen fluid samples should be collected
immediately prior to feeding (Mould et al., 2005a).

1.3.1.4 The application on cereal forage
The rumen fluid pepsin method has been used widely for different feeds including
cereal forages. Realistic estimates and comparisons of digestibility can be obtained
from the rumen fluid pepsin predicted dry matter digestibility (DMD) procedure
when comparing forage in the same trial (Barnes, 1965). Brundage et al., (1979)
estimated the nutritive value of barley and oats when planted alone or together with
peas with this method. Edmisten et al., (1998a) tested and confirmed the effect of
harvest stage on digestibility of winter cereal forages (wheat, barley, rye and oats) by
the rumen fluid pepsin method. Crovetto et al., (1998) also investigated the effect of
maturity stage on the nutritive value of whole crop wheat silage with this method.

However, the performance of this method was imprecise with high prediction errors
when it was used on cereal forage to predict the in vivo digestibility (Adesogan et al.,
1998a; Adesogan et al., 1998b). For instance, Adesogan et al., (1998a) predicted the
in vivo digestibility of whole crop wheat from this method and found that this method
was imprecise and inconsistent because the correlation between the in vivo and the
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rumen fluid pepsin DOMD was low (r2=0.06 and r2=0.44 for two years, respectively).
Deaville et al., (2009) reported a similar result to Adesogan et al., (1998a) for whole
crop wheat and whole crop barley. The possible reason summarised by Adesogan et
al., (1999) was that the digestible products by in vitro but not by in vivo method may
contribute, and the use of dried and milled samples for in vitro against fresh sample
offered for in vivo may also contributed.

1.3.2 The pepsin cellulase method
In order to overcome drawbacks associated with the rumen fluid pepsin method,
attempts were made to replace rumen fluid with other ingredients such as enzymes.
Cellulase was considered as one option to replace rumen fluid because it can be
produced commercially and its performance was more stable than rumen fluid.

1.3.2.1 Principle and procedure
Donefer et al., (1963) suggested enzymes or an aqueous solution could be used to
replace rumen inoculum. They tested seven solutions to predict the in vivo DMD of
forages and found the best correlation occurred when an acid pepsin solution was
applied. They introduced cellulase into their attempts and placed it together with
pepsin, but this solution did not perform as expected. The possible reason could the
activity and concentration of cellulase used in this research was lower than used by
later workers (Jones and Theodorou, 2000). Subsequently, Jones and Hayward (1975)
successfully developed a two stage pepsin cellulase method and it had similar
regression lines when used in predicting the in vitro digestibility of grasses and
legumes. More recently, De Boever et al., (1986) improved this method to three
stages for concentrate feedstuffs, which comprised: pepsin in 0.1 M HCl at 40°C for
36

24h; starch hydrolysis in the same solution at 80°C for 45min; and cellulase at 40°C
for 24h. Consequently, the De Boever et al., (1986) method was highly suitable for
routine use and was applied in most laboratories.

1.3.2.2 Advantages and disadvantages
Advantages
The pepsin cellulase technique is a faster, more convenient, precise and repeatable
method in predicting digestibility compared to the rumen fluid pepsin in vitro
procedure (Jones and Hayward, 1975), and is more suitable to apply on a large
number of samples. The main advantages of the pepsin cellulase method are the
independence from a donor animal, simple procedure and high precision for
digestibility (Kitessa et al., 1999; Nousiainen et al., 2003a). For instance, the pepsincellulase method predicted organic matter digestibility (OMD) of feeds with greater
precision when cell wall constituents were considered separately or for the
combination ADF and ADL (Aufrere and Michalet-Doreau, 1988). Furthermore,
Mohan et al., (1998) claimed that this method had a very important role in the
primary screening of large numbers of cultivated crops and their by-products perhaps
across countries with a high precision and reproducibility. Moreover, it had high
repeatability between or within runs. De Boever et al., (1986) compared the standard
deviation within or between runs for rumen fluid pepsin, and pepsin cellulase
respectively. They found that the pepsin cellulase method had a significantly lower
standard deviation than rumen fluid pepsin method within or between runs (De
Boever et al., 1986).

37

Disadvantages
The pepsin cellulase technique can obtain a higher OMD for good quality forages and
concentrates than the in vivo method, but the difference increases as the quality
reduces (Iantcheva et al., 1999). This result may be explained by the relationship
between microbial species in the rumen and the modification of them by the diet
(Kitessa et al., 1999). The pepsin cellulase technique was reliable in predicting the
OMD of primary growth silages, but had a lower accuracy when applied to regrowth
silages (Nousiainen et al., 2003b). Furthermore, the regression of OMD indicated
that this method would underestimate the digestibility of concentrates which are high
in easily digestible cellulose (Aufrere and Michalet-Doreau, 1988).

1.3.2.3 Influencing factors
Although the Pepsin cellulase technique has overcome many of the drawbacks of the
rumen fluid pepsin method, especially independence from donor animals, many other
factors still influence and limit the application and accuracy of this method.

1.3.2.3.1 Chemical enzymes
Cellulase extracts from different fungi differed in their ability to solubilise herbage
and cellulose (Jones and Hayward, 1975). The application of cellulase from several
fungal sources had been investigated in several studies.

Jones and Hayward (1975) tested the cellulolytic activity of four fungal cellulases:
Trichoderma viride (T. viride), Basidiomycetes, Rhizopus and Aspergillus niger with
19 herbage and 25 legume samples. The results suggested that T. viride had the
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highest activity and correlation between in vivo and in vitro digestibility. Thus they
concluded T. viride was the most suitable option for use in forage evaluation
techniques (Jones and Hayward, 1975). McQueen and Van Soest (1975) compared
the T. viride and Aspergillus niger, and found that the T. viride preparation solubilised
plant cell wall to a greater extent than Aspergillus niger cellulose. Pace et al., (1984)
compared two enzymatic methods with two sources of cellulase, T. viride and
Aspergillus niger, on legumes and grasses. The results showed that Aspergillus niger
had higher repeatability than T. viride alone or combination. It should be noted that
the Aspergillus niger method used 2N HCl pepsin whereas the T. viride method used
0.1N HCl pepsin (Pace et al., 1984).

The activity of enzymes from different suppliers should always be checked before use
(Tinnimit and Thomas, 1976). De Boever et al., (1986) compared the standard
deviation within and between runs of two commercial sources of cellulase used in
pepsin cellulase method. They found the results differed although the difference was
not significant (0.46 vs 0.53 within runs, 0.69 vs 0.84 between runs for cellulase
produced by Onozuka and British Drug House, respectively (De Boever et al., 1986).

1.3.2.3.2 Laboratory
The difference among laboratories cannot be ignored. Although the same technique
and the same standard sample were used, variation still exists among different
laboratories. Thus, the regressions tested by one laboratory only can be applied within
that laboratory. Therefore, quality control is important for all laboratories. As a result,
the use of control samples in each series is necessary to permit comparison between
laboratories (Aufrere and Michalet-Doreau, 1988).
39

Because of the variability among laboratories, direct comparison of the in vitro results
from one laboratory with another does not appear valid. These variations come from
several factors. The interaction between substrates should be the primary concern
within a given laboratory. The variation associated within and among runs also
differed greatly among laboratories. The fineness of grinding in different laboratories
also affects the in vitro digestibility results (Barnes, 1967). For instance, the
comparison of three methods in 34 laboratories of European countries showed that
the variation within a laboratory was small (r.s.d. =1.8) but the variation between
laboratories was large (r.s.d. =5.3) (Aufrere and Michalet-Doreau, 1988).

In order to minimise the effect of the above factors, a standard procedure was
suggested. The source and activity of inoculum should be considered in the standard
procedure firstly, and then the in vitro run by substrate interaction should be
considered. Barnes (1967) suggested introducing standard forages with known in vivo
data into the procedure, and when investigators report the variance, it should be
associated with runs, determinations within runs and the interaction of run by
substrate. McLeod and Minson (1978) also recommended that the samples with
known in vivo digestibility as similar as possible to those for analysis were required
to be included in each of set. In addition, the relationships between the in vitro
methods and in vivo digestibility are not universal, and should be determined
separately for each laboratory and each type of forage (Rinne et al., 2006). Moreover,
the differences in activity between batches of the cellulase preparation and small
differences in the procedure could become the problems when the regression equation
obtained from one laboratory is used in another laboratory. But if four or more
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standard samples with known in vivo digestibility were included in each set and
results were adjusted accordingly, those problems can be reduced or prevented (De
Boever et al., 1986).

1.3.2.4 The application on cereal forage
As an alternative existing method for digestibility determination using rumen fluid,
the pepsin cellulase method is developed for routine use, which is easy, cheap and
sufficiently precise (Kirchgessner and Kellner, 1978). It has been used widely in
evaluating feed quality such as hay, silage and concentrates. However, few papers
have reported the use of this method for cereal forages. Brignall et al., (1988)
investigated the effects of variety and maturity stage on the quality of triticale with
this method. Nadeau (2007) reported the effect of species and maturity stage of whole
crop cereals (barley, oats, triticale and wheat) when tested by the pepsin cellulase
method and rumen fluid pepsin method.

1.3.3 The comparison of rumen fluid pepsin method and pepsin cellulase method
The pepsin cellulase method was highly repeatable, but slightly less accurate than the
rumen fluid pepsin method for combinations of both primary growth and regrowth of
grasses (Terry et al., 1978). Especially when it was used on legume herbages or on
grass and legume herbages combined, the pepsin cellulase method was obviously less
precise than the rumen fluid pepsin method (Terry et al., 1978). De Boever et al.,
(1988) observed similar results in that the pepsin cellulase method showed significant
difference between grass and legume equations, and produced higher values for
legumes than those for grasses. They concluded that pepsin cellulase was weaker in
dissolving the cell wall than the enzymes present in the rumen and legumes were
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easier digested than grasses (De Boever et al., 1988). However, this result was
contrary with McLeod and Minson (1978). In their report, they claimed that grasses
and legumes had similar regressions but legumes had a slightly higher error than
grasses when this method was used to predict in vivo DMD. They concluded the
possible reasons could be the higher concentration and board spectrum of cellulase
that was used in their study (McLeod and Minson, 1978). Moreover, Rinne et al.,
(2006) compared four in vitro techniques to predict the OMD of legume silage, and
the result indicated that pepsin cellulase had the highest accuracy followed by gas
production, and then the Tilly and Terry method.

The pepsin cellulase method had a highly correlated solubility with in vivo
digestibility, but different regression equations were required for grasses and legumes.
The rumen fluid pepsin method predicted in vivo digestibility more precisely and was
influenced less by pasture species differences (Givens et al., 1993; Jones and
Theodorou, 2000). For instance, thirty-six samples with known in vivo digestibility of
organic matter were tested in one study (Forejtova et al., 2005), which compared the
digestibility of organic matter of hay and silage with a slightly modified rumen fluid
pepsin method and pepsin cellulase method. The results indicated that the rumen fluid
pepsin method supported consistent results for both hay and silage, while the pepsin
cellulase method was more accurate for silage than for hay.

De Boever et al., (1988) concluded the main difference between the rumen fluid
pepsin and pepsin cellulase methods was that the former method could degrade cell
wall components during fermentation due to the presence of a wide bacterial
population producing a wider array of enzymes, compared to the pepsin celullase
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method. This conclusion was consistent with McQueen and Van Soest (1975). De
Boever et al., (1988) also found that none of enzymatic methods which were tested in
their study was best suited for all forage types, including silage, hay and straw. Thus,
when pepsin cellulase was applied to predict in vivo digestibility, separate regression
equations were required for each forage group (De Boever et al., 1988).

1.4 The near infrared reflectance spectrophotometry (NIR) method
The digestibility of feeds for ruminants is conventionally determined by wet
chemistry methods and animal feeding trials. However, these methods are time
consuming, relatively high cost, and require animals and large quantities of feed for
in vivo trials (Bruno-Soares et al., 1998; Minson, 1998). The development of NIR
technology gives a potential to evaluate forage quality faster and with high accuracy
(De Boever et al., 1994a). The NIR method has shown to be a very fast, precise and
non-destructive technique for routine analysis of various agricultural materials
including forages (Norris et al., 1976).

1.4.1 History
Norris, et al., (1976) suggested that the NIR method had the potential for use in rapid
evaluation of forage quality and proved this assumption. This study tested 71 forages
(35 legumes and 41 grasses) with sheep. They calculated nutritive values using
multiple–linear regression and suggested that “performance could be improved by
using the second derivative of the log (1/R) reflectance curve rather than log (1/R)”
(Norris et al., 1976).
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Givens and Deaville (1999) reviewed the history, principles and applications of NIR.
The NIR technique has been used for many years to predict digestibility of forages,
grains and mixed feeds for ruminants based on an enzymatic technique which in turn
is correlated to in vivo digestibility (Flinn et al., 2000). In the case of forage, the NIR
has been used to predict in vivo digestibility directly avoiding any intermediate
laboratory method as a standard protocol has been established for it (Flinn et al.,
2000).

1.4.2 Principle and procedure
Spectroscopy literally means looking at light and is based on the interaction of
electromagnetic radiation with the matter to be analysed. The NIR region of
electromagnetic spectrum lies between the visible and infrared region, and is usually
defined by the wavelength range 700-3000 nanometres (nm). However, most
analytical use of NIR is between 1100 and 2500nm (Deaville and Flinn, 2000).

1.4.3 Advantages and disadvantages
Advantages
It is a physical, non-destructive and rapid method, requiring minimal or no sample
preparation and its precision is high, no reagents are required and no waste produced,
multi-analytical (allowing several factors to be predicted simultaneously) (Givens and
Deaville, 1999). The NIR technique was as good as the references method to predict
the biological parameters of maize silage when compared to in vitro gas production
and in situ methods (Lovett et al., 2004).
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Disadvantages
The instrument of NIR is very expensive and must be calibrated. Its data treatment is
complex and difficult to transfer the calibration between instruments. All of the above
points were reviewed as the main disadvantages of NIR by Givens and Deaville
(1999). Moreover, the error associated with the reference method should be known
before assessing the accuracy of an NIR calibration.

1.4.4 The influencing factors
Sample particle size
The larger the particle size, the higher the value of log (1/R) when through the same
size screen, but if they are through a different size screen, the smaller the size, the
lower the error (Norris et al., 1976).

Residual moisture content
Baker et al., (1994) discussed the influence of residual moisture in NIR and
concluded that NIR method had a more accurate prediction with high DM content
(920-950g/kg) forages than those lower (870-910g/kg).

Calibration method
The calibration methods used in NIR include: modified stepwise regression (MSR),
modified partial lease squares (MPLS) and principal component analysis (PCA)
(Deaville and Flinn, 2000). Baker, et al., (1994) compared these three methods with
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grass silage and concluded that MPLS had the highest predictive ability in predicting
the OMD in vivo of grass silage.

1.5 The overall objective for the current study
Previous studies have observed that maturity, species and variety impact on the
quality of cereal forage. Previous studies have not reached a consistent conclusion,
however, on how nutritive values change between different growth stages for
different cultivars of cereal crop, and whether differences exist between cereal
species.

Therefore, one of objectives of the current research was to investigate the effects of
maturity stage and variety of cereal forage on nutritive values, in order and to make
recommendations on the timing of grazing or harvesting for silage.

The rumen fluid pepsin method and the pepsin cellulase method have been widely
used to predict digestibility of silage, hay, straw and concentrates, but information
about their suitability to evaluate whole cereal forage quality is very limited. Nearinfrared reflectance spectroscopy has been well established in the analysis of forages,
silage and concentrates; however, less information is available on it in relation to
analysis of whole crop cereal forages harvested at different maturity stages. Moreover,
the NIR method is based on the calibration of wet chemistry methods, but the
relationships between them when used for cereal forages has not been widely
reported in the literature. Therefore, another major objective for the current research
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was to determine the effect of methods on the quality evaluation of cereal forages and
to investigate the correlation between these three methods.
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Chapter 2
Herbage quality of various cereal forages harvested at
different maturity stages at Craboon, NSW
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2.1 Introduction
Winter cereal crops offer the opportunity for direct consumption as standing feed
through grazing in early to mid-winter or for regrowth for grain production (Jacobs et
al., 2009b). The use of winter cereals for grazing during critical feed periods is
common for many parts of southern Australian agriculture (Fisher and Fowler, 1975).
Cereals have a higher growth rate in winter than many pastures and a higher carrying
capacity for grazing (Hennessy and Clements, 2009). In addition, cereals are suitable
for most types of soil and environment. Cereal crops are increasingly being seen as a
viable option for hay and silage production.

Barley (Hordeum vulgare), oats (Avena sativa), and wheat (Triticum aestivum) are
the main cereals that have been investigated for forage. Much of the research has
been done in other countries; however, there is limited information that applies
specifically to Australian conditions. Polan et al., (1968) reported that barley matured
earlier than wheat or oats. In several studies, barley had better performance than
wheat and oats in that it had higher total dry matter (DM) yield, lower acid detergent
fibre (ADF) and neutral detergent fibre (NDF) than oats and wheat (Carr et al., 2004;
Juskiw et al., 2000b; Lovett and Matheson, 1974; Todd and Spaner, 2003). In
contrast, oats had higher crude protein (CP) compared to barley and wheat, while,
wheat had higher in vitro dry matter digestibility than barley and oats (Helsel and
Thomas, 1987).

Juskiw et al., (2000a) investigated the post-heading biomass distribution of several
cereals (barley, oats, triticale and rye) and found the variety also had an effect on
biomass. The study of Feyissa et al., (2007) confirmed this finding. The authors
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investigated the nutritive values and in vitro digestibility of 20 varieties of oats
harvested at the soft dough stage. Their results showed a wide range of nutritive
values and in vitro digestibility between varieties. For instance, the CP concentration
varied from 48 to 76 g/kg DM, the NDF from 586 to 683 g/kg DM, the ADF from
370 to 482 g/kg DM and the in vitro OMD of the whole forage ranged from 43 to 62
% (Feyissa et al., 2007).

The timing of harvest directly influences nutritive value characteristics of forage. In
general, all species (wheat, oats and barley) tend to show a decrease in digestibility
with increasing maturity (Helsel and Thomas, 1987). Although, numerous
investigations on cereal forage nutritive values and digestibility have been reported,
only limited information is available on the nutritive value of winter cereals harvested
at different maturity stages. Jacobs et al., (2009a) found that delaying harvesting until
later stages of growth resulted in higher DM yields, but negatively impacted on both
nutritive and fermentation characteristics of subsequent silages with both CP and
metabolisable energy (ME) decreasing as maturity increased. Beck et al., (2009) also
reached a similar conclusion that increased maturity at harvest had a large impact on
quality, decreasing protein concentrations and increasing fibre.

The objective of the current experiment was to investigate the effect of variety of
cereal species (various barley, oats and wheat cultivars) and maturity stage (boot,
anthesis and milk) on cereal forage quality using the near infrared reflectance (NIR)
spectroscopy method. The current study hypothesised that maturity stage and the
variety of cereal will have a significant effect on the nutritive values of cereal
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forages, such that the fibre content will increase, while the crude protein content and
digestibility will decrease with the maturity stage.

2.2 Materials and methods
2.2.1 Forage samples and sample preparation
The forage samples from Craboon used in this experiment consisted of three species
of winter cereal forage: barley (Hordeum vulgare), oats (Avena sativa) and wheat
(Triticum aestivum). A total of nine varieties: Amarok, Wedgetail and Whistler
wheat; Dictator, Urambie and Yambla barley, Bimbil, Eurabbie and Genie oats were
used. A total of 78 samples were used in the present study.

2.2.1.1 Establishment of cereal forages
This experiment was conducted on a farm in Craboon (32.04ºS, 149.48ºE), New
South Wales, 2008. The climate information is shown in Table 2.1. The soil is
described as a red chromosol.

Urea was applied at the rate of 160kg/ha prior to sowing and Granulock® 15 (N:
14.3%, P: 12%, S: 10.5%) was applied at the rate of 65kg/ha at sowing. Crops were
sown using a direct drill on 20th May, 2008. Forages were sown in plots of 12×1.83m.
Prior to sowing, Glyphosate® was sprayed in January/February, and then Glean®
(Chlorsulfuron: 75%, Inert Ingredients: 25%) and Glyphosate® were used on late
April 2008. During the growing period, Glean® was used on 4th August, 2008 at the
rate of 30g/ha, and Achieve® (Tralkoxydim, 400 g/l) was used on 29th August, 2008
at the rate of 500g/ha.
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2.2.1.2 Sample collection and management
Crops were harvested at boot (25 September, 2008), anthesis (17 October, 2008) and
milk (24 November, 2008 for Amarok wheat; 5 November, 2008 for the other
varieties except for Dictator barley which was not harvested at this stage) stages with
three replicates for each variety. For each variety, a sample was collected at random
from a replicated plot experiment at a height of approximately 5cm above ground
level. The whole sample was then processed and analysed Thus, the total sample
number should be 81 (9 varieties × 3 replicates × 3 harvests), however, there were
only 78 samples because Dictator barley was harvested at two stages rather than three
stages.

These collected plant samples were weighed individually and then bulked on a plot
basis. The samples were dried at 80 ºC for 24 h and then ground through a mill
(Retsch® SM100, Germany) fitted with a 5mm screen first and then through another
mill (Perten® Laboratory mill 3100, Sweden) fitted with a 1mm screen. Samples
were stored in sealed plastic bags, at room temperature, in the laboratory of Wagga
Wagga Agriculture Institute.
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Table 2.1: Monthly average temperature and monthly rainfall at Craboon (32.04ºS,
149.48ºE) 1, NSW in 2008 and the period 1946-20102
2008
Month

Max.
(°C)

Min.
(°C)

Long term period(1946-Mar.2010)
Rain fall(mm)

Max.
(°C)

Min. (°C)

Rain fall(mm)

Jan.

30.5

17.7

71.8

31.9

16.8

70.1

Feb.

27.6

16.3

114.8

30.8

17.2

64.6

Mar.

28.7

13.9

17.6

28.3

14.3

52.9

Apr.

22.6

8.4

6.9

24.2

9.7

41.7

May

20.7

5.4

18.5

19.5

6.2

44.3

June

17.4

6.4

51.5

16.0

3.6

44.9

July

16.0

2.0

29.0

15.3

1.9

46.5

Aug.

15.2

1.0

67.5

17.2

3.0

40.6

Sep.

21.1

6.5

77.4

20.6

5.7

42.4

Oct.

26.4

10.0

38.8

24.2

9.1

52.0

Nov.

27.0

12.9

83.8

27.6

12.2

53.8

Dec.

30.9

14.6

97.5

30.9

15.0

60.5

Annual

23.7

9.6

675.1

23.9

9.6

611.1

1

. Monthly temperature and rainfall data were obtained from Dunedoo, NSW, which is 7.1km
(Northwest) from Craboon.
2

. Source: http://www.bom.gov.au .

2.2.2 Laboratory analysis -NIR method
A sub-sample of approximately 150 g of each ground forage sample was dried in an
oven at 80˚C for 24 hrs to determine DM. Proximate analyses (all expressed on a DM
basis) were determined using NIR with a Bruker multi-purpose analyser (MPA,
Bruker Optik GmbH, Ettlingen, Germany) and OPUS software (version 5.1) with
calibrations developed by the Industry & Investment NSW Feed Quality Service (I&I
NSW FQS). Calibrations for forages were based on the following methods: NDF and
ADF analysed sequentially (Van Soest et al., 1991) using the filter bag method
(Ankom® 200/220 fibre analyser, ANKOM technology, Macedon, NY, USA),
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nitrogen (N) using the Dumas combustion method with a Leco CNS 2000® analyser
(Leco, St. Joseph, MI, USA) (AOAC, 1990a), ash by heating a sample in a muffle
furnace at 550oC for 6 hr (AFIA, 2006b; AOAC, 1990b) and digestible organic
matter in the dry matter (DOMD) using the pepsin cellulase digestibility assay
(AFIA, 2006a; Clarke et al., 1982). All of above methods were done by FQS.

The pepsin cellulase dry matter digestibility (P-C DMD), P-C DOMD, rumen fluid
(R-P) DMD and R-P DOMD were predicted by the NIR method.

2.2.3 Statistical analysis
The results were analysed with Genstat® (Edition 7.2, VSNI, UK) using the liner
mixed models, in which Variety*Stage was included as the fixed model and Replicate
as the random model. Neutral detergent fibre, ADF, CP, pepsin cellulase dry matter
digestibility (P-C DMD), P-C DOMD, rumen fluid (R-P) DMD and R-P DOMD
were statistically analysed by the liner mixed model respectively to determine the
effect of variety and maturity stage on the quality of forages.

2.3 Results
2.3.1 Neutral Detergent Fibre content
There were significant differences (P<0.001) between variety, maturity stage and
their interaction. A summary of concentration of NDF content of varieties for each
harvest stage is shown in Table 2.2.
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Table 2.2: Predicted concentration of NDF (g/kg DM) of various cereal varieties
harvested at three stages of maturity2
Species

Variety

Harvest stages
Boot

Barley

Oats

Wheat

Mean

Anthesis

Milk

Mean

Dictator1

536.2

549.6

-

542.9

Urambie

530.4

468.2

496.7

498.4

Yambla

458.3

612.3

518.7

529.8

Bimbil

516.7

516.5

530.8

521.3

Eurabbie

467.7

526.7

486.7

493.7

Genie

494.8

609.6

580.1

561.5

Amarok

469.0

538.4

583.0

530.1

Wedgetail

501.4

624.3

591.9

572.5

Whistler

481.6

593.7

590.6

555.3

495.1

559.9

547.3

1

. Dictator barley only harvested at boot and anthesis stage.

2

. Least significant difference (LSD) for same level (P=0.05) of factors: Variety: 47.90; Stage: 47.98;
Interaction: 47.98.

The mean concentration of NDF increased from boot to anthesis stages for most
varieties (495.1±28.31 and 559.9±53.00 g/kg DM, respectively). However, Dictator
barley and Bimbil oats did not increase in NDF during this harvest interval. Urambie
barley actually decreased during the first harvest interval. The concentration of NDF
did not change from anthesis to milk stages for most varieties except Yambla barley,
which significantly declined during this interval (Table 2.2).

Among varieties, Wedgetail wheat showed the highest mean NDF content averaged
across three harvest stages and had the greatest mean concentration at the anthesis
stage, whereas Eurabbie oats had the lowest NDF content (Table 2.2). Genie oats and
Wedgetail wheat were significantly (P<0.05) higher in the mean NDF concentration
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than Urambie barley and Eurabbie oats while no significant differences existed
between other varieties.

2.3.2 Acid Detergent Fibre content
For ADF, significant effects (P<0.001) of variety, maturity stage and the interaction
between them were observed. A summary of ADF content across the varieties for
each harvest stage is given in Table 2.3.
Table 2.3: Predicted concentration of ADF (g/kg DM) of various cereal varieties
harvested at three stages of maturity2
Species Variety

Barley

Oats

Wheat

Mean

Harvest stages
Boot

Anthesis

Milk

Mean

Dictator1

313.0

315.7

-

314.4

Urambie

297.1

261.1

265.6

274.6

Yambla

255.1

355.5

298.7

303.1

Bimbil

291.4

284.8

290.3

288.8

Eurabbie

255.5

300.0

259.9

271.8

Genie

289.8

352.0

332.4

324.7

Amarok

251.0

298.7

323.0

290.9

Wedgetail

278.4

354.0

333.1

321.8

Whistler

267.6

333.7

326.7

309.3

277.7

317.3

303.7

1

. Dictator barley only harvested at boot and anthesis stage.

2

. Least significant difference (LSD) for same level (P=0.05) of factors: Variety: 33.56; Stage: 33.60;
Interaction: 33.60.

The concentration of ADF significantly increased from boot (277.7±21.72 g/kg DM)
to anthesis (317.3±33.80g/kg DM) for most varieties except Bimbil oats and Dictator
barley, which did not change, and Urambie barley which declined significantly
(P<0.05). Then the ADF content did not change from anthesis to milk
56

(303.7±29.67g/kg DM) for most of varieties, except for Eurabbie oats and Yambla
barley, which declined significantly (P<0.05). The pattern of Urambie barley was in
contrast with others, because it declined significantly (P<0.05) between boot and
anthesis and then remained at the same level from anthesis to milk (Table 2.3).

Within varieties, the largest range in predicted ADF values was observed at the
anthesis stage (261.1 - 355.5g/kg DM), although the ranges at boot (251.0 - 313.0g/kg
DM) and milk (259.9 - 333.1g/kg DM) stages were also large.

Among varieties, Genie oats had the highest ADF content which was significantly
(P<0.05) higher than Eurabbie oats, Urambie barley, Bimbil oats and Amarok wheat.
The concentrations of ADF in Wedgetail and Whistler wheat were significantly
(P<0.05) greater than in Eurabbie oats and Urambie barley.

2.3.3 Crude protein content
Variety, maturity stage and their interaction were all significant (P<0.001) with
respect to CP concentration. A summary of concentration of CP for each of the
varieties at three maturity stages is illustrated in Table 2.4.
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Table 2.4: Predicted concentration of CP (g/kg DM) of various cereal varieties
harvested at three stages of maturity2
Species Variety

Barley

Oats

Wheat

Mean

Harvest stages
Boot

Anthesis

Milk

Mean

Dictator1

119.0

91.2

Urambie

146.7

93.2

76.0

105.3

Yambla

162.0

97.8

68.3

109.4

Bimbil

118.9

84.7

60.7

88.1

Eurabbie

133.4

104.2

81.0

106.2

Genie

123.3

82.6

71.8

92.6

Amarok

238.4

146.0

73.7

152.7

Wedgetail

167.3

119.1

87.4

124.6

Whistler

174.6

108.1

80.0

120.9

153.7

103.0

74.9

105.1

1

. Dictator barley only harvested at boot and anthesis stage.

2

. Least significant difference (LSD) for same level (P=0.05) of factors: Variety: 19.16; Stage: 19.198;
Interaction: 19.186.

The mean concentration of CP declined significantly (P<0.05) from boot to anthesis
for all of varieties. It continued to decrease significantly (P<0.05) from anthesis to
milk for most varieties except Urambie barley and Genie oats, which did not change.
The greatest decrease occurring between boot and anthesis stages (Table 2.4).

Among varieties, Amarok wheat showed highest mean CP content averaged over all
maturity stages and was significantly (P<0.05) higher than other varieties. Bimbil
oats had the lowest mean concentration of CP and was significantly (P<0.05) lower
than Yambla barley and all the wheat varieties. There were no significant differences
between Yambla barley, Eurabbie oats, Wedgetail and Whistler wheat (Table 2.4).
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2.3.4 Predicted Pepsin-Cellulase DMD
The values of predicted P-C DMD were influenced significantly (P<0.001) by
variety, maturity stage and their interaction. The P-C DMD values for each cereal
variety at each stage of maturity are given in Table 2.5.
Table 2.5: Predicted pepsin cellulase dry matter digestibility (P-C DMD, g/kg DM)
for various cereal varieties harvested at three stages of maturity2
Species Variety

Barley

Oats

Wheat

Mean

Harvest stages
Boot

Anthesis

Milk

Mean

Dictator1

630.1

576.2

Urambie

675.4

658.0

613.6

649.0

Yambla

720.6

565.0

592.6

626.1

Bimbil

640.3

624.2

583.2

615.9

Eurabbie

683.8

634.6

630.1

649.5

Genie

670.2

582.1

552.4

601.6

Amarok

747.2

660.5

529.2

645.6

Wedgetail

680.3

571.6

539.3

597.1

Whistler

689.2

576.6

531.5

599.1

681.9

605.4

571.5

603.2

1

. Dictator barley only harvested at boot and anthesis stage.

2

. Least significant difference (LSD) for same level (P=0.05) of factors: Variety: 29.74; Stage: 29.78;
Interaction: 29.78.

From boot to anthesis, the predicted P-C DMD decreased (P<0.05) for most varieties
except for Urambie barley and Bimbil oats, which did not change (Table 2.5). From
anthesis to milk stage most varieties continued to decrease significantly (P<0.05),
except for Yambla barley and Eurabbie oats, which did not change (Table 2.5).

Among varieties, there were no differences between Urambie barley, Eurabbie oats,
Amarok wheat and Yambla barley. In addition, all of above varieties except for
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Yambla barley had significantly (P<0.05) higher predicted P-C DMD than other
varieties. There were also no significant differences between Wedgetail and Whistler
wheat, Genie and Bimbil oats and Yambla barley (Table 2.5).

2.3.5 Predicted Pepsin-Cellulase DOMD
Significant (P<0.001) effects of variety, maturity stage and the interaction between
them on the predicted P-C DOMD were observed in the present study. The values of
predicted P-C DOMD for each variety at each stage of harvest are given in Table 2.6.
Table 2.6: Predicted pepsin cellulase digestible organic matter in the dry matter (P-C
DOMD, g/kg DM) for various cereal varieties harvested at three stages of maturity2
Species Variety

Barley

Oats

Wheat

Mean

Harvest stages
Boot

Anthesis

Milk

Mean

Dictator1

601.5

541.5

Urambie

621.8

622.4

571.2

605.1

Yambla

674.6

534.0

556.8

588.5

Bimbil

611.4

605.9

566.7

594.7

Eurabbie

649.3

605.6

605.0

620.0

Genie

628.4

547.6

534.1

570.0

Amarok

668.8

596.1

499.4

588.1

Wedgetail

626.6

533.1

519.3

559.7

Whistler

644.8

541.7

507.9

564.8

636.4

569.8

545.1

571.5

1

. Dictator barley only harvested at boot and anthesis stage.

2

. Least significant difference (LSD) for same level (P=0.05) of factors: Variety: 26.38; Stage: 26.42;
Interaction: 26.40.

The predicted P-C DOMD decreased significantly (P<0.05) from boot to anthesis
stage for all varieties except for Urambie barley and Bimbil oats, which did not
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change. From anthesis to milk stage some varieties continued to decrease (P<0.05),
while Yambla barley, Eurabbie oats, Genie oats and Wedgetail wheat did not change
(Table 2.6).

Among varieties, Eurabbie oats had the highest predicted P-C DOMD which was
significantly (P<0.05) higher than other varieties, except for Bimbil oats and Urambie
barley. There were no significant differences between Bimbil oats and Urambie
barley. There were no significant differences in P-C DOMD between Yambla barley,
Genie and Bimbil oats and all of wheat varieties.

2.3.6 Predicted Rumen fluid pepsin DMD
The values of predicted R-P DMD were influenced significantly (P<0.001) by
variety, maturity stage and their interaction. The R-P DMD values for each cereal
variety at each stage of maturity are given in Table 2.7.

61

Table 2.7: Predicted rumen fluid pepsin dry matter digestibility (R-P DMD, g/kg DM)
for various cereal varieties harvested at three stages of maturity2
Species Variety

Barley

Oats

Wheat

Harvest stages
Boot

Anthesis

Dictator1

662.5

600.0

Urambie

730.5

692.1

617.5

680.0

Yambla

766.7

610.0

589.3

655.3

Bimbil

677.0

669.1

603.3

649.8

Eurabbie

719.4

694.6

662.1

692.0

Genie

705.4

615.0

569.1

629.8

Amarok

735.4

695.9

533.7

655.0

Wedgetail

694.4

616.4

551.0

620.6

Whistler

720.4

611.0

538.0

623.1

712.4

644.9

583.0

Mean

Milk

Mean
631.3

1

. Dictator barley only harvested at boot and anthesis stage.

2

. Least significant difference (LSD) for same level (P=0.05) of factors: Variety: 38.12; Stage: 38.12;
Interaction: 38.12.

For the predicted R-P DMD, most varieties declined significantly (P<0.05) from boot
to anthesis except for Bimbil and Eurabbie oats, which did not change. From anthesis
to milk stage, most varieties decreased significantly (P<0.05), only Yambla barley
and Eurabbie oats did not change.

Among varieties, there were no significant differences in the mean values for most
varieties except for Urambie barley and Eurabbie oats. Eurabbie oats had the greatest
predicted R-P DMD, and significantly (P<0.05) higher than other varieties except for
Urambie and Yambla barley and Amarok wheat. There were no significant
differences between Urambie and Yambla barley and Amarok wheat and Eurabbie
oats.
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2.3.7 Predicted Rumen fluid pepsin DOMD
The values of predicted R-P DOMD were influenced significantly (P<0.001) by
variety, maturity stage and their interaction. The R-P DOMD values for each cereal
variety at each stage of maturity are given in Table 2.8.
Table 2.8: Predicted rumen fluid pepsin digestible organic matter in the dry matter
(R-P DOMD, g/kg DM) for various cereal varieties harvested at three stages of
maturity2

Species Variety

Barley

Oats

Wheat

Mean

Harvest stages
Boot

Anthesis

Milk

Mean

Dictator1

624.8

578.3

Urambie

664.0

657.2

601.9

641.0

Yambla

690.3

578.5

577.6

634.0

Bimbil

624.3

626.3

580.9

610.5

Eurabbie

657.2

641.5

631.9

643.5

Genie

635.3

569.1

540.1

581.5

Amarok

646.8

639.6

528.3

604.9

Wedgetail

634.2

581.7

533.8

583.2

Whistler

654.9

577.4

520.2

584.2

648.0

608.9

564.3

601.5

1

. Dictator barley only harvested at boot and anthesis stage.

2

. Least significant difference (LSD) for same level (P=0.05) of factors: Variety: 32.00; Stage: 32.00;
Interaction: 32.00.

From the boot to anthesis stage, Amarok wheat, Bimbil and Eurabbie oats, and
Urambie barley showed no change, while the other varieties declined significantly
(P<0.05). From the anthesis to milk stage, Eurabbie and Genie oats, and Yambla

63

barley did not change whereas the other varieties decreased significantly (P<0.05)
(Table 2.8).

Among varieties, there were no significant differences in means for most varieties
except for Eurabbie oats and Urambie and Yambla barley. Eurabbie oats had the
highest predicted R-P DOMD and was significantly greater than other varieties
except for Urambie and Yambla barley, where there were no significant differences
between them (Table 2.8).

2.4 Discussion
For the present experiment, the results supported the hypothesis that maturity stage
and the variety of cereal had a significant effect on the nutritive values of cereal
forages, and the nutritive values changing as follows: the fibre content will increase,
while the crude protein content and digestibility will decrease with the maturity stage.
The current study found there were significant effects of maturity stage, variety and
their interaction on the CP and fibre content and in vitro digestibility of cereal forages
harvested at three maturity stages.

2.4.1 Neutral detergent fibre and acid detergent fibre
The concentrations of NDF and ADF showed similar changes in the present study,
increasing from boot to anthesis and then decreasing from anthesis to milk for most
varieties. This result is consistent with many investigations on cereal forage. Smith
(1960) reported that the percent of fibre in oats forage increased until the heads
emerged from the boot and then decreased. Polan et al., (1968) found the crude fibre
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content declined in barley forage when head development occurred. Delogu et al.,
(2002) also observed that the concentrations of NDF and ADF of autumn sown
triticale forage decreased from heading to milk-dough stage.

The increased content of NDF and ADF with maturity from boot to anthesis is likely
due the rise of the ratio of stem to leaf. As cereal species mature, the ratio of stem to
leaf increases (Walker et al., 1990). The content of fibre in the stem is much higher
than the leaves because the type of cell wall contained in them is different. For the
stem, most cell walls are secondary which means that they accumulate more fibre. In
contrast, leaves consist mainly of primary type cell wall, which contains less fibre
(Jung and Allen, 1995).

The decrease in NDF and ADF between anthesis and milk can be attributed to head
development and grain starch deposition during this period. Although the content of
fibre increases in leaves and stem during this interval, the percentage of fibre in fact
declines because of head development (Polan et al., 1968). The concentration of
starch in wheat was observed to increase from 2.3 % to 18.8 % DM from boot to
dough stage (Crovetto et al., 1998).

However, not all varieties followed the same pattern for NDF and ADF. Urambie
barley declined in NDF and ADF from boot to anthesis and did not change from
anthesis to milk. A possible reason for this is that some varieties of barley are more
advanced in physiological development than oats and wheat (Brundage et al., 1979;
Juskiw et al., 2000b; López-Castañeda and Richards, 1994; Polan et al., 1968; Todd
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and Spaner, 2003). The authors observed that barley reached milk stage earlier than
wheat and oats. For the present study, Urambie barley may have moved into early
milk stage while others were at anthesis stage (Edmisten et al., 1998b). This means
the starch accumulation was earlier and higher than for the other cereal varieties.
Therefore, the crops should be harvested by observed maturity, rather than strictly by
date. Generally, grain starch accumulation plays an important role in diluting the
fraction of fibre components in total DM at milk stage (Delogu et al., 2002).
Moreover, spring barley forage was found to contain a larger proportion of highly
digestible inflorescence in the total DM at all stages than oats, triticale and wheat, and
the inflorescence increase could partly offset the fibre increase in stem and leaves
during grain filling (Cherney and Marten, 1982b). Consequently, the percentage of
fibre in total DM decreased.

2.4.2 Crude protein
Most authors agree that CP reduces with maturity until milk stage thereafter results
are conflicting (Brundage et al., 1979; Helsel and Thomas, 1987; Polan et al., 1968;
Smith, 1960). For instance, Polan et al., (1968) investigated the composition of barley
at three stages (bloom, milk and dough) and found that the CP content of the whole
plant was lowest at milk stage with 6% DM. Helsel and Thomas (1987) found the
average CP concentration decreased from 13.6% to 8.1 % DM for three species
(wheat, barley and oats) from head to dough stages. The concentration of CP declined
from 153.7 to 74.9 g/kg DM from boot stage to milk stage in the present study, when
averaged over all varieties. Further investigation on the concentration of CP at latter
stages is required to determine subsequent changes in CP.
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2.4.3 In vitro digestibility
In the present study, the values of predicted P-C DMD and P-C DOMD by NIR
declined with maturity. This observation was consistent with previous studies (Helsel
and Thomas, 1987; Walker et al., 1990). In general, wheat, oats and barley forages at
similar maturity have similar DMD that tends to decrease with maturity (Helsel and
Thomas, 1987). Walker et al., (1990) attributed whole wheat forage in vitro DMD
decline with maturity due to a combination of structural cell wall accumulation and
leaf proportion decreases. They also found that the digestibility of stem declined
faster than leaf during stem elongation and flowering stages (Walker et al., 1990).

An increase in lignin concentration in the stem was the major factor that contributed
to digestibility reducing with maturity (Cherney and Marten, 1982a). Cell wall
concentrations were highest at the head stage and lignin progressively increased with
maturity. However, the digestibility and proportion of inflorescence increases during
grain filling can partly offset the decline in digestibility of the stem, leaf blade, and
leaf sheath in all crops (Brundage et al., 1979). Baron, et al., (1992) also found that
the stem content of cereals reached the highest level after flowering, therefore had the
lowest in vitro DMD at that stage.

The changes in R-P DMD and R-P DOMD were similar to those for P-C DMD and
P-C DOMD, but the predicted values for the rumen fluid pepsin method were higher
than the pepsin cellulase method for all varieties at each harvest stage. This result was
consistent with the research of Forejtova et al., (2005), who found that the P-C
method provided lower OMD than in vivo and the R-P methods for hay and silage.
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2.4.4 The timing to graze and make silage
In the present study, there were no significant differences among cereal species.
Therefore, the timing to graze and make silage was decided mainly by growth stages.

In general, wheat, oat and barley forages at similar maturities have similar DM
digestibilities that tended to decrease with maturity (Helsel and Thomas, 1987). These
results were supported by the current study. Both the CP content and digestibility
declined with maturity of cereal, whereas the ADF and NDF increased from boot to
anthesis and then decreased to milk. As a result, grazing cereal forages at boot stage
is optimal because the cereal provides high energy and digestibility at that stage.

The timing of harvest directly influences nutritive value characteristics of forage
when silaged. Jacobs et al., (2009b) found that delaying harvesting until later stages
of growth would result in higher DM yields, but negatively impact on both nutritive
and fermentation characteristics of subsequent silages, both crude protein (CP) and
metablisable energy (ME) decreased as maturity increased. Beck et al., (2009) also
reached a similar conclusion that increased maturity at harvest had a large impact on
quality, decreasing protein concentrations and increasing fibre. Nutritive value of
cereal grain silage is also influenced by NDF concentration of whole crop at harvest
(Khorasani et al, 1997). Based on the present results, silage should be made at the
milk stage when considering both DM yield and the NDF concentration of cereal.
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2.5 Conclusions
In the present study, the mean concentration of NDF and ADF increased between
boot and anthesis but did not change from anthesis to milk, whereas the CP content
decreased significantly from boot to milk stage for most of varieties. For the
predicted digestibility, P-C DOMD, P-C DMD, R-P DMD, and R-P DOMD declined
significantly from boot to anthesis and then to milk for most varieties.

As a conclusion, the current study found there were significant effects of maturity
stage, variety and their interaction on the CP and fibre content and in vitro
digestibility of cereal forages harvested at three maturity stages. In addition, the
present study also noted that the predicted in vitro digestibility by NIR was always
higher when the R-P method was used to calibrate compared to the P-C method.

As there was no significant difference between species in the measured traits, it is
not necessary to consider different harvest or grazing times in relation to maturity
stage for the different species when grazing or making hay or silage. For all species
tested, the results indicate grazing winter cereals at the boot stage and making hay or
silage at the milk stage, in order to maximise nutritive value and animal response.
Moreover, Yambla barley, Eurabbie oats and Amarok wheat had highest quality
within each species, thus these varieties would be better used as forage crops.
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Chapter 3
Herbage quality of various cereal forages harvested at
different maturity stages at Wagga Wagga, NSW
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3.1 Introduction
The preceding chapter (Chapter 2) explored the nutritive value （CP, Fibre and
digestibility）predicted by near infrared reflectance spectroscopy (NIR) for samples
harvested at three growth stages (boot, anthesis and milk) of three winter cereal
species (barley, Hordeum vulgare; oats, Avena sativa; and wheat, Triticum aestivum),
grown at Craboon, New South Wales.

In this chapter, an experiment similar to chapter 2 but carried out at a different site is
reported. The same cereal species (barley, oats and wheat), but different varieties
(two of seven varieties were the same), and triticale (Triticum×Triticosecale) were
used in the current experiment. Triticale has been studied widely for its qualityquantity potential as a winter cereal since it was introduced into many parts of the
world. Comparative trials involving various varieties have shown that the biomass
yield potential of triticale to be similar or greater than other small grain cereals
(Delogu et al., 2002). For example, triticale produced as much forage as wheat and
oats, and the crude protein (CP) content of the triticale forage at comparable growth
stages was similar to wheat and oats (Brown and Almodares, 1976). However, the
quality of triticale varied with the maturity stage (Cherney and Marten, 1982a). On
the other hand, there is lack of available comparable information about triticale as
whole plant forage harvested at different maturity stages when grown and compared
with other cereal species.

Therefore, the current experiment was designed to determine the impacts of maturity
harvest stages (boot, anthesis and milk) and the varieties of cereal species (barley,
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oats, wheat and triticale) on forage nutritive values and in vivo digestibility predicted
by NIR. The current study hypothesised that maturity stage and the variety of cereal
will have a significant effect on the nutritive values of cereal forages, such that the
fibre content will increase, while the crude protein content and digestibility will
decrease with the maturity stage. Moreover, this study also hypothesised that the
effect of maturity stage will be greater than the effect of variety for nutritive value of
cereal forage.

3.2 Materials and methods
3.2.1 Forage samples and sample preparation
The samples used in this experiment consisted of four species of winter cereal forage:
barley, oats, triticale and wheat. A total of seven varieties: Strzelecki and Wedgetail
wheat; Urambie and Gairdner barley; Echidna and Mannus oats; and Tobruk triticale
were compared.

3.2.1.1 Establishment of cereal forages
This experiment was conducted on a farm at Wagga Wagga (35.11°S 147.37°E), New
South Wales, 2008. The climate information is shown in Table 3.1.
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Table 3.1: Monthly average temperature and monthly rainfall at Wagga Wagga
(35.11°S 147.37°E) 1, NSW in 2008 and the long term period of 1941-20102
2008
Month

Max.(°C) Min.(°C)

Long term period(1941 - 2010)
Rain fall(mm)

Max.(°C)

Min.(°C)

Rain fall(mm)

Jan.

32.9

18.6

53.8

31.6

16.2

40.1

Feb.

27.9

15.0

47.2

30.9

16.4

39.7

Mar.

29.7

13.8

24.8

27.7

13.4

43.0

Apr.

22.1

6.8

20.1

22.5

9.1

41.4

May

18.2

5.3

12.0

17.3

5.9

50.9

June

16.3

5.5

32.0

13.8

3.7

49.7

July

13.3

3.3

51.6

12.7

2.7

55.0

Aug.

13.4

2.3

24.0

14.5

3.6

50.8

Sep.

20.1

4.1

28.2

17.6

5.1

49.6

Oct.

25.9

8.1

16.6

21.4

7.7

57.7

Nov.

26.3

12.4

48.9

25.7

10.7

43.7

Dec.

28.5

13.5

54.6

29.4

13.7

44.8

Annual

22.9

9.1

413.8

22.1

9.0

566.2

1

. Monthly temperature and rainfall data were obtained from the Wagga Wagga Agricultural Institute
weather station.
2

. Source: http://www.bom.gov.au .

Prior to sowing, Glyphosate® (540 g/L) was applied in the rate of 1.8 L/ha with 75
L/ha water. Then on 23 June 2008, crops were sown at 70 kg/ha of seed using a direct
drill. During sowing, 105 kg/ ha Granulated mono-ammonium phosphate (N: 10.0%,
P: 21.9%, S: 1.5%) was used. Each variety was sown in three repeated plots which
were 1.8 m wide by 9.5 m long.
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3.2.1.2 Sample collection and management
Crops were harvested between 6 October 2008 and 22 October 2008 depending on
the physiological development of each variety at boot, anthesis and milk stage,
respectively. For each variety, the sample was collected in a selected area (2×1 m2)
by cutting the plants about 5 cm above ground level, and two samples were collected
in one plot. Thus the total sample number should be 126 (7 varieties × 3 replicates ×
3 harvest times × 2 samples), however, only 125 samples were available because one
sample was lost during transfer.

The collected samples were weighed individually and then bulked on a plot basis.
The collected subsamples were dried at 80 ºC for 24 h and then ground through a
mill (Retsch® SM100, Germany) fitted with a 5mm screen first and then through a
mill (Perten® Laboratory mill 3100, Sweden) fitted with a 1mm screen. After that,
they were stored in sealed plastic tubes at room temperature, in the laboratory of the
NSW I&I Wagga Wagga Agricultural Institute.

3.2.2 Laboratory analysis -NIR method
The NIR method used was described in Chapter 2, section 2.2.2. This method gives a
predicted value for each of the following components: neutral detergent fibre, NDF
(g/kg DM); acid detergent fibre, ADF (g/kg DM); CP (g/kg DM); pepsin cellulase dry
matter digestibility, P-C DMD (g/kg DM); pepsin cellulase digestible organic matter
in the dry matter, P-C DOMD (g/kg DM); rumen fluid pepsin dry matter digestibility,
R-P DMD (g/kg DM); and rumen fluid pepsin R-P organic matter in the dry matter,
DOMD (g/kg DM).
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3.2.3 Statistical analysis
All data were analysed with Genstat® (Edition 7.2, VSNI, UK) using the liner mixed
models, in which Variety*Stage was include as the fixed model and Replicate as the
random model. Neutral detergent fibre, ADF, CP, P-C DMD, P-C DOMD and R-P
DMD, R-P DOMD were statistically analysed by the liner mixed model respectively
to determine the effect of variety and maturity stage on the quality of forages.

3.3 Results
3.3.1 Neutral Detergent Fibre content
There were significant differences (P=0.018) between maturity stages but the
differences between varieties and the interaction with maturity stage were not
significant. A summary of NDF content among varieties for each harvest stage is
given in Table 3.2.
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Table 3.2: Predicted concentration of NDF (g/kg DM) of various cereal varieties
harvested at three stages of maturity
Species

Variety

Harvest stage
Boot

Anthesis

Milk

Mean

Urambie

434.1

422.2

450.8

435.7

Gairdner

414.5

410.0

430.4

418.3

Echidna

411.7

397.4

423.6

410.9

Mannus

415.1

410.3

435.4

420.3

Triticale

Tobruk

414.9

402.6

431.1

416.2

Wheat

Strzelecki

415.7

442.3

437.3

431.8

Wedgetail

424.0

424.9

433.3

427.4

418.6

415.7

434.6

Barley

Oats

Mean
1

. Least significant difference (LSD) for same level (P=0.05) of factors: Variety: 38.22; Stage: 38.22;
Interaction: 38.22.

The mean concentration of NDF across all varieties was not significantly different
between boot and anthesis harvest stages (418.6 ± 7.8 g/kg DM, 415.7 ± 15.3 g/kg
DM, respectively). However, the increase in NDF content from anthesis to milk
(415.7 ± 15.3 g/kg DM, 434.6 ± 8.4 g/kg DM, respectively) was significant
(LSD=14.45, P=0.05).

3.3.2 Acid Detergent Fibre content
There were significant differences (P=0.014) between maturity stages but the
differences between varieties and the interaction with maturity stage were not
significant. A summary of concentration of ADF content among varieties for each
harvest stage is presented in Table 3.3.
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Table 3.3: Predicted concentration of ADF (g/kg DM) of various cereal varieties
harvested at three stages of maturity
Species

Variety

Harvest stage
Boot

Anthesis

Milk

Mean

Urambie

238.9

226.8

253.1

239.6

Gairdner

229.2

222.2

238.9

230.1

Echidna

225.7

218.9

230.4

225.0

Mannus

223.5

226.7

239.5

229.9

Triticale

Tobruk

228.4

224.9

238.3

230.5

Wheat

Strzelecki

230.2

242.2

245.7

239.4

Wedgetail

228.7

232.7

243.2

234.9

229.2

227.8

241.3

Barley

Oats

Mean
1

. Least significant difference (LSD) for same level (P=0.05) of factors: Variety: 26.82; Stage: 26.82;
Interaction: 26.82.

The mean concentration of ADF across all varieties was not significantly different
between boot and anthesis harvest stages (229.2 ± 4.8 g/kg DM, 227.8 ± 7.7 g/kg
DM, respectively). However, the increase in ADF content between anthesis and milk
(227.8 ± 7.7 g/kg DM, 241.3 ± 7.1 g/kg DM, respectively) was significant
(LSD=10.14, P=0.05).

3.3.3 Crude protein content
There were significant differences (P=0.009) between maturity stages but the
differences between varieties and the interaction with maturity stage were not
significant. A summary of concentration of CP content among varieties for each
harvest stage is shown in Table 3.4.
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Table 3.4: Predicted concentration of CP (g/kg DM) of various cereal varieties
harvested at three stages of maturity
Species

Variety

Harvest stage
Boot

Anthesis

Milk

Mean

Urambie

163.7

163.6

140.8

156.0

Gairdner

174.0

166.1

152.6

164.2

Echidna

172.0

179.2

152.0

167.7

Mannus

172.1

172.3

147.4

163.9

Triticale

Tobruk

167.8

160.6

136.4

154.9

Wheat

Strzelecki

149.5

156.9

139.9

148.8

Wedgetail

152.7

149.1

148.1

150.0

164.5

164.0

145.3

Barley

Oats

Mean
1

. Least significant difference (LSD) for same level (P=0.05) of factors: Variety: 37.62; Stage: 37.62;
Interaction: 37.62.

The mean concentration of CP across all varieties was not significantly different
between boot and anthesis harvest stages (164.5 ± 9.8 g/kg DM, 164.0 ± 9.9 g/kg
DM, respectively). However, the decrease in CP content from anthesis to milk (164.0
± 9.9 g/kg DM, 145.3 ± 6.3 g/kg DM, respectively) was significant (LSD=14.22,
P=0.05).

3.3.4 Predicted Pepsin-Cellulase (P-C) DMD
There were significant differences (p<0.001) between maturity stages but the
differences between varieties and the interaction with maturity stage were not
significant. A summary of predicted P-C DMD among varieties for each harvest stage
is shown in Table 3.5.
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Table 3.5: Predicted pepsin cellulase dry matter digestibility (P-C DMD, g/kg DM)
for various cereal varieties harvested at three stages of maturity
Species

Variety

Harvest stage
Boot

Anthesis

Milk

Mean

Urambie

711.9

710.8

680.7

701.1

Gairdner

717.6

715.9

688.3

707.3

Echidna

719.7

712.9

694.2

708.9

Mannus

726.3

710.5

685.6

707.5

Triticale

Tobruk

718.0

709.0

682.9

703.3

Wheat

Strzelecki

712.6

702.1

677.4

697.4

Wedgetail

711.8

697.3

682.9

697.3

716.8

708.4

684.6

Barley

Oats

Mean
1

. Least significant difference (LSD) for same level (P=0.05) of factors: Variety: 29.34; Stage: 29.34;
Interaction: 29.34.

The mean predicted P-C DMD across all varieties was not significantly different
between boot and anthesis harvest stages (716.8 ± 5.3 g/kg DM, 708.4 ± 6.5 g/kg
DM, respectively). However, the decrease in P-C DMD from anthesis to milk (708.4
± 6.5 g/kg DM, 684.6 ± 5.5 g/kg DM, respectively) was significant (LSD=14.87,
P=0.05).

3.3.5 Predicted Pepsin-Cellulase (P-C) DOMD
There were significant differences (P<0.001) between maturity stages but the
differences between varieties and the interaction with maturity stage were not
significant. A summary of predicted P-C DOMD among varieties for each harvest
stage is given in Table 3.6.
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Table 3.6: Predicted pepsin cellulase digestible organic matter in the dry matter (P-C
DOMD, g/kg DM) for various cereal varieties harvested at three stages of maturity
Species

Variety

Harvest stage
Boot

Anthesis

Milk

Mean

Urambie

676.8

672.2

643.7

664.2

Gairdner

681.7

673.5

651.8

669.0

Echidna

686.4

672.4

661.1

673.3

Mannus

690.3

670.0

647.3

669.2

Triticale

Tobruk

684.2

672.1

649.1

668.5

Wheat

Strzelecki

683.1

660.8

640.5

661.5

Wedgetail

681.6

662.4

644.9

663.0

683.4

669.1

648.3

Barley

Oats

Mean
1

. Least significant difference (LSD) for same level (P=0.05) of factors: Variety: 27.36; Stage: 27.36;
Interaction: 27.36.

The mean predicted P-C DOMD across all varieties significantly declined from boot
to anthesis and then to milk harvest stages (683.4 ± 4.2 g/kg DM, 669.0 ± 5.2 g/kg
DM, 648.3 ± 6.7 g/kg DM, respectively, with LSD=14.12, P=0.05).

3.3.6 Predicted Rumen fluid Pepsin (R-P) DMD
There were significant differences (P<0.001) between maturity stages but the
differences between varieties and the interaction with maturity stage were not
significant. A summary of predicted R-P DMD among varieties for each harvest stage
is shown in Table 3.7.

80

Table 3.7: Predicted rumen fluid pepsin dry matter digestibility (R-P DMD, g/kg DM)
for various cereal varieties harvested at three stages of maturity
Species

Variety

Harvest stage
Boot

Anthesis

Milk

Mean

Urambie

792.1

784.4

755.4

777.3

Gairdner

791.2

769.0

768.3

776.2

Echidna

784.6

783.3

750.4

772.8

Mannus

802.5

781.2

760.9

781.5

Triticale

Tobruk

798.3

736.1

746.3

760.2

Wheat

Strzelecki

790.7

781.3

739.0

770.3

Wedgetail

783.3

775.2

735.2

764.6

791.8

772.9

750.8

Barley

Oats

Mean
1

. Least significant difference (LSD) for same level (P=0.05) of factors: Variety: 45.90; Stage: 45.90;
Interaction: 45.90.

The mean predicted R-P DMD across all varieties was not significantly different
between boot and anthesis harvest stages (791.8 ± 6.9 g/kg DM, 772.9 ± 17.1 g/kg
DM, respectively). However, the decrease in R-P DMD value from anthesis to milk
stage (772.9 ± 17.1 g/kg DM, 750.8 ± 11.8 g/kg DM, respectively) was significant
(LSD=21.14, P=0.05).

3.3.7 Predicted Rumen fluid Pepsin (R-P) DOMD
There were significant differences (P=0.003) between maturity stages but the
differences between varieties and the interaction with maturity stage were not
significant. A summary of predicted R-P DOMD among varieties for each harvest
stage is shown in Table 3.8.
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Table 3.8: Predicted rumen fluid pepsin digestible organic matter in the dry matter
(R-P DOMD, g/kg DM) for various cereal varieties harvested at three stages of
maturity
Species

Variety

Harvest stage
Boot

Anthesis

Milk

Mean

Urambie

735.2

727.8

708.1

723.7

Gairdner

734.3

714.7

719.6

722.9

Echidna

724.6

724.7

698.4

715.9

Mannus

741.3

720.0

717.7

726.3

Triticale

Tobruk

737.9

689.0

695.6

707.5

Wheat

Strzelecki

737.6

724.3

696.4

719.4

Wedgetail

731.7

718.5

691.3

713.8

734.7

717.0

703.9

Barley

Oats

Mean
1

. Least significant difference (LSD) for same level (P=0.05) of factors: Variety: 47.80; Stage: 47.80;
Interaction: 47.80.

The mean predicted R-P DOMD across all varieties was not significantly different
between boot and anthesis harvest stages (734.7 ± 5.4 g/kg DM, 717.0 ± 13.1 g/kg
DM, respectively), and between anthesis and milk (717.0 ± 13.1g/kg DM, 703.9 ±
11.3 g/kg DM, respectively) with LSD=18.10 (P=0.05).

3.4 Discussion
For the present experiment, the results supported the hypothesis that maturity stage
and the variety of cereal had a significant effect on the nutritive values of cereal
forages, with the nutritive values changing as follows: the fibre content increased,
while the crude protein content and digestibility decreased with maturity stage. The
effect of maturity stage was greater than the effect of variety for nutritive values of
cereal forage. The current study found there was significant effect of maturity stage
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on the nutritive values and in vitro digestibility of cereal forages harvested at three
maturity stages. The present study confirmed that the effect of maturity stage was
more important than variety in the evaluation of cereal forages.

The results from the current experiment are consistent with previously published
results (Carr et al., 2004; Fisher and Fowler, 1975; Juskiw et al., 2000b) that indicate
significant differences in quality only occurred between harvest stages rather than
varieties. Fisher and Fowler (1975) observed the variability of ADF in forage due to
maturity stage was greater than that due to cultivar for barley, wheat, oats, triticale
and rye. Juskiw et al., (2000) concluded that the harvest stage of cereals (barley, oats,
triticale and rye) had a greater effect on forage composition than any other
management consideration such as sowing arrangement of species (mono or mixture)
and seeding rates. Carr et al., (2004) found the selection of cultivars within cereal
species (barley and oats) generally did not affect the yield and quality of forage.

3.4.1 Neutral detergent fibre and acid detergent fibre
In the present study, the mean concentration of NDF and ADF did not differ between
boot and anthesis but increased significantly from anthesis to milk across all varieties.
This is in contrast with most literature (Khorasani et al., 1997; Polan et al., 1968;
Smith, 1960). Smith (1960) found the percentage of fibre in oats increased until
heading from the boot and then decreased. Polan et al., (1968) also reported that the
content of fibre declined after head emergence in winter barley. Khorasini et al.,
(1997) observed that the concentration of NDF and ADF of all whole crops (barley,
oats and triticale) initially increased and then decreased during the growth stage from
boot to soft dough. In contrast, similar to the present study, Helsel and Thomas
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(1987) reported that the concentration of NDF and ADF increased with maturity from
heading to milk when four cereal species (barley, oats, wheat and rye) were harvested
at three stages (head, milk and dough) in two consecutive growth seasons.

Fibre concentration and changes with maturity are greatly influenced by
environmental factors such as temperature, day length and soil moisture (Helsel and
Thomas, 1987; Warringtern et al., 1977). In southern Australia, crop growth could be
restricted at the start of the season by lack of rainfall and at the end of the season by
water deficits and high temperatures during grain filling (Regan et al., 1992). For the
present study, dry matter accumulation was hindered by the availability of soil water
as the rainfall between March and October in 2008 was much lower than average
(Table 3.1). Therefore, drought stress may explain why fibre concentration did not
change from boot to anthesis. Fischer and Maurer (1978) examined irrigation patterns
and levels of drought stress on cereal crops (wheat, triticale and barley) production.
They observed that the mean grain yield of all cultivars under drought ranged from
37% to 86 % of the irrigation group, when water was not applied from 69d to 10d
prior to anthesis (Fischer and Maurer, 1978). Although there is no published data on
the effect of drought stress on nutritive value of cereals at different growth stages, the
grain yield could impact the nutritive components.

3.4.2 Crude protein
In the present study, the concentration of CP did not differ between boot and anthesis
but decreased significantly from anthesis to milk stage across all varieties. These
results are consistent with previous investigations (Beck et al., 2009; Belyea et al.,
1978; Delogu et al., 2002; Filya, 2003; Helsel and Thomas, 1987; Jacobs et al.,
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2009a; Polan et al., 1968). Polan et al., (1968) found the CP content of the whole
plant was lowest at milk stage as most of the dry matter was conserved in the stem,
although it increased in the heads. Helsel and Thomas (1987) observed that the CP
concentration of all cereal species (barley, wheat, oats and rye) declined with
maturity, and the greatest decline with most cultivars occurred between early heading
and milk stage. A similar conclusion was found by Delogu et al., (2002) in triticale,
by Filya (2003) in wheat, by Jacob et al., (2009a) in wheat, oats and triticale, and by
Beck et al., (2009) in wheat.

3.4.3 In vitro digestibility
The predicted P-C DOMD significantly declined from boot to anthesis and then from
anthesis to milk, while for predicted P-C DMD only the decrease from anthesis to
milk was significant. The decline in the digestibility of forage in the present study is
consistent with other published studies (Belyea et al., 1978; Helsel and Thomas,
1987; Walker et al., 1990). Belyea et al., (1978) found in vitro DMD decreased with
maturity stage for winter wheat forage. Helsel and Thomas (1987) reported the in
vitro DMD declined from 66% to 56% from head to dough stage for four cereal crops
in two connective years. Walker et al., (1990) observed that the in vitro DMD of
whole forage wheat decreased with advancing growth stage from stem elongation to
soft dough.

Cell wall content is an important factor affecting the quality of cereal forage (Juskiw
et al., 2000a). The decline in forage quality with advancing maturity is due to the
combination of structural cell wall increases, where leaf proportion decreases
(Walker et al., 1990) but stem fraction increases in the whole plant (Baron et al.,
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1992). Generally, leaves have a lower cell wall concentration and higher digestibility
than stem (Jung and Allen, 1995), but if the proportion of leaf is much lower, the
contribution to the digestibility of the whole plant by leaves would be offset by the
increased amount of stem. Consequently, Hargreaves et al., (2009) concluded that the
decline in digestibility with maturity was due to the lignification of stem, leaf sheath
and lemma, as the main component of cell wall is lignin.

The predicted R-P DOMD did not show any significant change from boot to anthesis
and from anthesis to milk stage but the decline from boot to milk was significant.
Juskiw et al., (2000) suggested that the in vitro OMD may not change as
accumulation of starch in the spike may compensate for the decrease in the
degradability of NDF polysaccharides. Ben-Ghedalia et al., (1995) reported that the
starch accumulation in the spike provided an abundant source of fermentable
carbohydrate for successfully ensiling soft dough wheat plants. Although the
difference for R-P DOMD was insignificant compared to P-C DOMD, the trends
were similar, which decreased with advancing maturity stage. In addition, the
predicted values in the present study for the rumen fluid pepsin method were greater
than for the pepsin cellulase method. The possible reason had been discussed in
Chapter 2.

3.4.4 The timing to graze and make silage
In the present study, there were no significant differences among cereal species.
Therefore, the timing to graze and make silage was decided mainly by growth stages.
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In general, wheat, oat and barley forages at similar maturities have similar DM
digestibilities that tend to decrease with maturity (Helsel and Thomas, 1987). These
results were supported by the current study. Both the CP content and digestibility
declined with maturity of cereal, whereas the ADF and NDF did not change from
boot to anthesis and then increased to milk. This differed from the results observed in
Chapter 2, presumably because the samples in the present experiment were grown
under drought conditions. Therefore, the optimal timing for grazing and silage
making differs from that in Chapter 2. These results suggest that under drought
conditions cereals should be grazed or cut for silage is no later than the anthesis stage.

Days to harvest maturity can be different from one season to the next for the same
cultivar and is greatly influenced by environmental conditions, especially
temperatures and relative humidity (Bruns, 2009). Soil and plant water stress was
often considerable at anthesis (Fisher and Maurer， 1978). Water deficits have been
shown to delay development of floral primordial in barley (Dennis, 1984). For the
current study, all species of forages experienced drought stress during growing,
especially before anthesis. This may explain why the content of ADF and NDF did
not change from boot to anthesis. Bruns (2009) observed that the maturity rate in
small grain was heavily dependant on environmental conditions between anthesis and
physiological maturity. Moreover, Simmons (1987) concluded that the maturity in
wheat was the result of plant senescence, which was caused by adverse
environmental conditions such as drought, before anthesis with the loss of leaf area.
This concurs with the results of present research which found that the contents of
ADF and NDF increased from anthesis to milk. Therefore, the optimal timing to
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make silage under drought conditions appears to be at the anthesis stage when
considering both the DM yield and the fibre content of the cereal.

3.5 Conclusion
The mean concentration of NDF and ADF showed no significant difference between
boot and anthesis but increased significantly from anthesis to milk, whereas the CP
content did not change from boot to anthesis and then decreased significantly from
anthesis to milk stage, for most varieties. The predicted P-C DOMD declined
significantly from boot to anthesis and then to milk, while P-C DMD and R-P DMD
did not change from boot to anthesis and then decreased from anthesis to milk, and RP DOMD showed no significant difference with maturity.

As a conclusion, the current study found there was significant effect of maturity stage
on the nutritive values and in vitro digestibility of cereal forages harvested at three
maturity stages. The present study confirmed that the effect of maturity stage was
more important than variety in the evaluation of cereal forages. In addition, the
present study also noted that the predicted in vitro digestibility by NIR always
showed higher values for the R-P method than for the P-C method, but this needs to
be confirmed by these two methods with the same samples.

As there was no significant difference between species and varieties, it is not
necessary to consider different harvest timing for separate species when grazing or
making hay or silage. The results suggest to graze winter cereals and to make hay or
silage at no later than the anthesis stage. The results differ to those in Chapter 2, as
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the varieties used for each species were different and the environments for both
experiments also differed. These differences indicate that the optimal timing for
grazing could be later and for making silage could be earlier under drought compared
to average conditions.
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Chapter 4
Cereal forage digestibility differences when predicted by rumen fluid
pepsin, pepsin cellulase and near infrared reflectance methods
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4.1 Introduction
Digestibility is an important component of feed quality as it is directly related to
metabolisable energy (ME), which has a major influence on animal performance. In
vivo experiments with ruminants provide a direct measure of digestibility and animal
performance. However, in vivo digestibility experiments can be used to obtain
relatively accurate estimates of overall feed nutritive value but not individual
digestibility of components (Tilley and Terry, 1963). Furthermore, in vivo
experiments are time consuming and require animals and large quantities of feed
therefore being expensive (Minson, 1998).

As a result, in vitro digestibility methods were developed. Tilley and Terry (1963)
reported a two stage rumen fluid pepsin method, which is more convenient than the in
vivo digestibility method and could be applied on a wide range of herbages. However,
dependence on the donor animal and variability of rumen fluid activity are the main
disadvantages of the Tilley and Terry method. In the following years, the pepsin
cellulase technique was developed and used widely as it is faster, convenient and less
variable in predicting digestibility than the rumen fluid pepsin method making it more
suitable to apply on large numbers of routine samples (Mould, 2003).

Norris et al., (1976) suggested that near- infrared reflectance spectrophotometry
(NIR) has the potential for use in rapid evaluation of forage quality. It is a nondestructive and rapid method, requiring minimal or no sample preparation. Its
precision is high, no reagents are required and no waste is produced. It also allows
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multi-analyses in which several factors can be predicted simultaneously (De Boever
et al., 1994a). However, the instrument is very expensive and must be calibrated, its
data treatment is complex, and it is difficult to transfer the calibration between
instruments (Givens and Deaville, 1999). Therefore, the NIR method is mainly used
in commercial feed quality testing.

In previous chapters (Chapters 2 and 3), the effects of variety and stage of maturity of
various cereals on feed quality were examined using the NIR method, with factors
investigated including neutral detergent fibre (NDF), acid detergent fibre (ADF) and
crude protein (CP), as well as the predicted digestibility (dry matter digestibility,
DMD and digestible organic matter in dry matter, DOMD) calibrated based on the
rumen fluid pepsin method (R-P) and by the pepsin cellulase method (P-C). This
work demonstrated that the predicted digestibility when calibrated based on the R-P
method was higher than those obtained using the P-C calibration.

Therefore, the present experiment was designed to determine whether the differences
exist when these two wet chemistry methods were used on the same samples used in
Chapters 2 and 3, and to identify the relations between them and NIR predictions.
The current study hypothesised that the method used in digestibility estimation will
have a significant effect on the predicted in vivo digestibility of cereal forages
harvested at different stages and that the NIR, R-P and P-C methods would all be
suitable for predicting in vivo digestibility of cereal forages harvested at different
stages.
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4.2 Materials and methods
Two groups of samples were used in this experiment. Group 1 samples were grown at
Craboon (32.04ºS, 149.48ºE), NSW, which consisted of three species of cereal forage
with nine varieties: barley (Hordeum vulgare), oats (Avena sativa) and wheat
(Triticum aestivum), the details are described in Chapter 2 (section 2.2). Group 2
samples were grown at Wagga Wagga (35.11°S 147.37°E), NSW, which included
four species of cereal forage with seven varieties: barley (Hordeum vulgare), oats
(Avena sativa), triticale (Triticum×Triticosecale) and wheat (Triticum aestivum), the
details are described in Chapter 3 (section 3.2).

Two in vitro methods were used to evaluate the digestibility of samples: the rumen
fluid pepsin method (Tilley and Terry, 1963) and the pepsin-cellulase method (AFIA,
2006c). Prior to analysis, the dried forage samples were ground through a 5mm mill
(Retsch® SM100, Germany) first and then through a 1mm screen mill (Perten®
Laboratory mill 3100, Sweden).

The standards were selected from 104 standards of known in vivo digestibility. A
series of P-C and R-P analyses containing just these standards was conducted; all 104
standards were included in a single R-P run but only 70 in a P-C run. The in vitro
values were regressed against the known in vivo values to obtain predicted in vivo
values. Standards which ranged in digestibility were then selected on their closeness
of fit to the regression line i.e. they were good predictors. The primary issue was to
choose samples that were good predictors for each method. Therefore, different
standards were selected for R-P and P-C because standards varied in their predictive
ability with analysis method. The standards 11SFS, 13SC, 19SG, 22SL, 66SM and
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79SM were used in the rumen pepsin assay and 1133, 1611, 7215, 7216 and 7218 in
the pepsin cellulase assay. A detailed description of each standard is presented in
Table 4.1.
Table 4.1: Composition (g/kg DM) of the standards of known in vivo digestibility
used in the rumen pepsin and pepsin cellulase assays.

Sample
number Sample type

OM

CP

In
vivo
DMD

In
vivo
OMD

In vivo
DOMD

Rumen pepsin assay standards
11SFS

Forage sorghum silage

923.6

9.0

654.3

688.8

631.0

13SC

Wheat/ryegrass silage

937.1

11.1

564.7

584.2

539.2

19SG

Italian ryegrass silage

917.3

10.2

595.7

635.3

573.9

22SL

Subterranean
clover/grass/
lucerne pasture silage
889.1

33.8

719.8

746.6

656.7

66SM

Maize silage

934.1

6.8

647.5

696.8

638.4

79SM

Maize silage

946.4

10.4

694.6

724.1

674.8

Pepsin cellulase assay standards
1133

Tropical grass/white clover

905.8

16.6

554.0

577.4

525.1

1611

Oats/Lucerne

810.1

27.2

643.7

711.1

593.7

7215

Native Pasture

880.6

6.9

390.9

440.5

389.8

7216

Improved Pasture

883.4

15.7

599.3

623.6

551.9

7218

Ryegrass

866.0

24.9

775.6

819.8

713.7

4.2.1 Rumen fluid pepsin method
For Group 1, the rumen fluid pepsin method was carried out in two runs between 14
May, 2009 and 6 June, 2009. For Group 2, the rumen fluid pepsin method was carried
out in two runs between 7 September, 2009 and 20 September, 2009.Two castrated,
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mature male, Red Poll rumen fistulated steers were used as rumen liquor donors for
the in vitro incubation. A mixed diet containing lucerne and oaten hay, barley and
oats with an estimated metabolisable energy (ME) content of 8.4 MJ/kg DM and CP
content of 123g/kg DM was fed in sufficient quantity to meet the maintenance
requirements of the two steers. The steers were fed once daily every morning at 0800.
A ten day adaptation period prior the experiment was used. Animals had free access
to a clean supply of drinking water and to an open paddock which contained no
pasture, for free movement.

Samples were arranged as follows: each run contained four blanks to adjust for any
rumen residues, and six standards (11SFS, 13SC, 19SG, 22SL, 66SM and 79SM)
each in triplicate, for which in vivo digestibility in sheep was known. A blank and one
of each standard sample were placed at the beginning, middle and end (2 blanks) of
each run to compare values across time. Changes in values would indicate potency
changes in the rumen fluid. The test samples were randomly and singly arranged in
one run and repeated in another run.

Digestibility (DMD and DOMD) was determined using the pepsin cellulase
digestibility assay (AFIA, 2006a; Clarke et al., 1982) and a modification of the Tilley
and Terry two-stage digestibility assay (Tilley and Terry, 1963). The Tilley and Terry
method was modified by adding urea (0.156 g/L) and ammonium sulphate (0.156
g/L) to the buffer solution to provide an additional source of nitrogen to compensate
for the low nitrogen status of some feed samples.
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A small sample (0.5 g) of the previously dried and ground forage was redried at 80°C
and then weighed into a large test tube (30 mm in diameter and 200 mm in length).
Tubes were stored in an incubator at 39°C until used. For the incubation, the test
tubes were fitted with a rubber tube attached which was designed to allow gas to
escape from the tube but prevented air from entering.

All apparatus and distilled water used in this procedure were pre-warmed to 39°C.
The rumen liquor was collected in the morning prior to feeding from the donor
animals into a 2L plastic measuring cup for each steer and was immediately
transferred to the laboratory to ensure temperature was constant. The collection time
prior to feeding was chose in order to reduce the effect of feed residue. The inoculum
was strained through a double layer of muslin into a pre-warmed vacuum flask. The
strained rumen fluid was mixed (1:4 v/v) with an artificial saliva solution under CO2
in a water bath at 39°C. The artificial saliva solution contained 29.5g NaH2PO4, 78.4g
NaHCO3, 3.76g NaCl, 4.56g KCl, 0.48g MgCl2, 1.0g Urea, 1.0g (NH4)2SO4, and
0.32g CaCl2 dissolved in 8 litres of pre-warmed distilled water. Once prepared, 50ml
inoculum was dispensed immediately for each tube; the tubes were then sealed with
rubber stoppers under CO2 and incubated in an incubator at 39°C for 48h. All the
tubes were swirled gently in the afternoon, the following morning and afternoon.

After 48h incubation, the fermentation was stopped by the addition of HCl (32% HCl:
H2O = 1:5 v/v). Three tubes, which were neither blanks nor standards, were chosen to
estimate the volume of acid required to reduce the pH to 1.1 - 1.3. On average, 6ml
HCl was needed and this was added to the remaining tubes in the same order as the
initial addition of inoculum. After the addition of HCl, 5 ml of prepared pepsin
96

solution (3% w/v) (P700-100G, SIGMA-ALDRICH, Inc. USA) was added into all
tubes. Distilled water was then added to each tube to make up the total volume to
80ml. All the tubes were placed back in the incubator at 39°C. Tubes were gently
swirled in the afternoon and again the following morning and afternoon.

After a further 48h, the contents of tubes were filtered through pre-weighed Gooch
Crucibles (porosity 2) under vacuum and dried for a minimum 48h in a fan-forced
oven at 80°C and weighed again before being placed into a muffle furnace for 10h at
480°C. Crucibles were then weighed again to determine ash content and to residual
organic matter content calculated.

4.2.2 Pepsin cellulase method
For Group 1 forages, the pepsin cellulase method was completed in two runs during
24 April, 2009 to 8 May, 2009. For Group 2 forages, the pepsin cellulase method was
completed in four runs during 11 May, 2009 to 5 June, 2009.

Samples were arranged as follows: five standard samples (1133 standard, 1611
standard, 7215 standard, 7216 standard, and 7218 standard) with known in vivo
digestibility were arranged at the beginning of each run in duplicate, then test samples
were randomly and singly arranged in one run and the same treatment was repeated in
another run. Another standard sample (standard 607) and blank together were placed
once for every 30 samples interval of test samples. When values from different runs
for the same sample differed by more than three percent, samples were tested again in
an additional run between 23 November, 2009 and 27 November, 2009.
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Previously dried and ground samples of 0.25 g was weighed into tubes
(Polycarbonate test tubes with 35 mm in diameter and 110 mm in length) and covered
with aluminium foil. Caps fitted with a valve were matched to each test tube which
were then stored at room temperature until the experiment commenced. In addition, 1
g of the sample was weighed and dried in a porcelain crucible at 80°C for 24h to
determine dry matter content. Porcelain crucibles were removed from the oven
allowed to cool to room temperature in desiccators and weighed. The porcelain
crucibles were placed into a muffle furnace at 480°C for 10h to determine the ash
content of samples. After the porcelain crucibles were removed from the muffle
furnace, they were weighed again.

The tubes were placed into a water bath at 40°C to pre-warm, and then 15 ml of prewarmed acid pepsin buffer solution (0.3% w/v in 0.125M HCl) (P700-100G,
SIGMA-ALDRICH, Inc. USA) was added to each tube, followed by 24h incubation.

After 24h, 4 ml of α-amylase solution (2% v/v) (Type XII-A, SIGMA-ALDRICH,
Inc. USA) was added to each tube and tubes placed into a second water bath at 80°C
for 45 min, followed by the addition of 0.8 ml of sodium carbonate solution (1M) and
10 ml warm cellulase solution (1.25%w/v) (“Onozuka”FA, Yakult Pharmaceutical
Ind.Co.LTD., JAPAN). Tubes were returned to the water bath at 40°C to incubate
again.

98

After further 24h incubation, all the contents of tubes were filtered by vacuum pump
into pre-weighed Gooch Crucibles; and the residues were placed into the oven to dry
at 80°C for 24h.

The gooch crucibles were removed from the oven allowed to cool down to room
temperature in desiccators and weighed. The Gooch crucibles were placed into a
muffle furnace at 480°C for 10h to determine the organic matter content of residues.
After the Gooch crucibles were removed from the muffle furnace, they were weighed
again.

4.2.3 Calculations and Statistical analysis
For both methods, the digestibilities (dry matter digestibility, DMD; organic matter
digestibility, OMD and digestible organic matter in the dry matter, DOMD) were
calculated as follows:
1) DMD (g/kg) = (sample DM –residual DM)*1000/sample DM;
2) OMD (g/kg) = (sample OM – residual OM)*1000/sample OM;
3) DOMD (g/kg) = (sample OM – residual OM)*1000/sample DM.
Predicted in vivo digestibilities for each sample were calculated by regression
equations. The equations were calculated in Microsoft® Excel by regressing the raw
values of OMD, DMD and DOMD from the analysis against the known in vivo
values. The predicted values came from two steps: firstly the in vitro digestibility
values were regressed against the known in vivo digestibility for all of standard
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samples to obtain a mean regression line, this was then used to adjust the in vitro
digestibility values of the tested samples.

The predicted in vivo digestibilities (DMD, OMD, DOMD) were analysed with
Genstat® (Edition 7.2, VSNI, UK) using linear mixed models, in which replicate +
sample/ run.method was included as random model (corresponding to the field and
laboratory aspects of the experimental structure) and method*stage*variety was
included as fixed model. The two groups of sample were analysed in separate runs.
The correlations between digestibilities estimated by NIR, R-P and P-C were
analysed by the correlations function of Genstat®. Prior to analyse the regression, the
predicted mean DMD and DOMD of each sample tested by R-P and P-C were
calculated by the linear mixed models of Genstat®. The regressions between NIR and
R-P, NIR and P-C, R-P and P-C were analysed by the liner models of regression
analysis, in which the simple linear regression model was used. The details are given
in Table 4.2.
Table 4.2: The liner regression model used in regression analysis between
digestibility estimated by NIR, R-P and P-C for two groups of sample, respectively.
Response variates

Explanatory variates

NIR R-P DMD

R-P Predicted DMD

NIR R-P DOMD

R-P Predicted DOMD

NIR P-C DMD

P-C Predicted DMD

NIR P-C DOMD

P-C Predicted DOMD

R-P Predicted DMD

P-C Predicted DMD

R-P Predicted DOMD

P-C Predicted DOMD
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4.3 Results
4.3.1 The correlation between in vitro and in vivo methods for the predicted
digestibility of standard samples
The correlations for standard samples between in vitro and in vivo were higher for the
pepsin cellulase method than for the rumen fluid pepsin method (Table 4.3).
Table 4.3: The correlations (r2) between two in vitro methods and in vivo digestibility
using standard samples

Method

Run

DMD

OMD

DOMD

Rumen fluid pepsin

1

0.79

0.80

0.78

2

0.88

0.91

0.89

3

0.78

0.77

0.77

4

0.78

0.80

0.81

1

0.97

0.98

0.96

2

0.97

0.98

0.96

3

0.98

0.98

0.97

4

0.98

0.98

0.97

5

0.98

0.98

0.97

6

0.97

0.98

0.96

7

0.98

0.97

0.98

Pepsin cellulase

For the R-P method, the mean in vitro digestibility was less than the mean in vivo
digestibility for most standards except for 11SFC and 19SG, which had higher in
vitro values than in vivo. For the P-C method, the mean in vitro digestibility was less
than the mean in vivo digestibility for most standards except for 1611 and 7218,
which had higher in vitro values than in vivo. However, the differences between in
vitro and in vivo were greater for the P-C method than for the R-P method (Table
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4.4).
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Table 4.4: The in vivo and in vitro digestibility (g/kg DM) of standard samples for
the rumen fluid pepsin method (R-P) and the pepsin cellulase method (P-C)
Method Standard sample In vivo digestibility

In vitro digestibility

DMD OMD DOMD DMD OMD DOMD
R-P

P-C

11SFS

654.3 688.8

631.0 674.8 694.0

642.2

13SC

564.7 584.2

539.2 526.8 526.6

492.7

19SG

595.7 635.3

573.9 624.7 629.0

575.9

22SL

719.8 746.6

656.7 718.6 710.3

630.9

66SM

647.5 696.8

638.4 609.9 636.1

591.6

79SM

694.6 724.1

674.8 694.4 713.6

675.4

1133

554.0 577.4

525.1

512.7 509.1

462.9

1611

643.7 711.0

593.7

710.0 776.8

648.6

7215

390.9 440.5

389.8

320.2 338.9

299.9

7216

599.3 623.6

551.9

581.7 584.8

517.5

7218

775.6 819.8

713.7

857.9 880.7

766.7
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4.3.2 Digestibility of Group 1 samples
For Group 1samples, method, variety, stage and the interaction between them were
statistically significant (P<0.001) for all predicted values (Appendix 1). The results
showed the effects of variety and stage (Table 4.5) were similar to that observed in
Chapter 2, but the effect of method had highest order of magnitude.
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Table 4.5: The effects of method, stage, variety and their interactions on the predicted digestibility (DMD, OMD and DOMD; g/kg DM) for
Group 1 samples.
Variety

Method

Predicted DMD
Boot
Anthesis
Milk
Amarok
P-C
761.1
640.1
618.6
Bimbil
657.0
577.6
580.8
Wedgetail
697.7
549.1
565.4
Eurabbie
710.8
614.8
600.0
Genie
684.1
560.9
546.8
Urambie
694.6
639.1
610.8
Whisler
705.0
537.4
568.7
Yambla
755.1
591.5
578.7
Amarok
R-P
773.0
746.3
723.3
Bimbil
736.9
637.6
612.8
Wedgetail
750.5
660.2
649.0
Eurabbie
756.0
686.8
666.4
Genie
725.5
628.3
569.5
Urambie
758.9
731.5
699.4
Whisler
775.5
655.0
681.1
Yambla
790.9
672.8
682.1
LSD for same level of method=33.34;variety=32.40;
factor:
stage=33.02; interaction=33.24

Predicted OMD
Boot
Anthesis
Milk
779.2
657.4
645.3
673.5
595.5
605.8
713.4
572.9
593.0
725.5
631.0
622.7
693.6
576.1
564.2
711.7
662.4
638.2
723.2
560.3
599.8
769.3
609.0
607.7
799.0
774.8
755.2
751.2
658.7
637.3
779.8
691.2
681.2
780.2
710.3
693.2
740.6
644.4
584.4
785.2
764.0
762.4
804.0
657.8
715.1
814.7
699.1
710.8
method=34.56;variety=34.16;
stage=34.44; interaction=34.54

Predicted DOMD
Boot
Anthesis
Milk
690.3
597.7
600.1
614.6
548.0
559.6
642.4
523.4
546.0
659.5
578.3
576.2
627.1
524.8
514.7
646.2
609.0
586.5
649.2
514.7
552.5
694.6
555.2
559.3
704.5
707.3
712.2
685.8
609.9
594.6
702.1
634.6
634.7
710.6
655.9
647.0
661.7
588.9
537.9
713.2
707.7
707.9
720.8
604.3
666.6
735.1
641.7
662.1
method=32.32;variety=31.88;
stage=32.18; interaction=32.28

LSD: least significant difference.
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The predicted values tested by the rumen fluid pepsin method were significantly
higher than the pepsin cellulase method (P<0.001; Table 4.5). Mean differences of
71.8, 77.7 and 74.1 g/kg DM between the methods were found for predicted DMD,
OMD and DOMD, respectively (LSD=5.85, 6.64, 6.156; P=0.05). Differences in
DMD, OMD and DOMD between methods were significant at all of stages with the
largest difference occurring at anthesis (Appendix 3).

For predicted DMD, the values predicted by both the pepsin cellulase and fluid
pepsin methods decreased from boot to anthesis (P<0.05) and then did not change
from anthesis to milk stage (Figure 4.1). The mean differences between the two
methods were 50.2, 88.5 and 76.8 g/kg DM corresponding to boot, anthesis and milk
stages respectively (LSD=11.79, P=0.05).

Figure 4.1: Predicted DMD (g/kg DM) using two in vitro methods (rumen fluid
pepsin, R-P; and pepsin cellulase, P-C) for cereal forages varieties harvested at three
stages (boot, anthesis and milk).

For predicted OMD, the values predicted for both of the pepsin cellulase and the
rumen fluid pepsin methods decreased significantly from boot to anthesis (P<0.05)
and then did not change significantly from anthesis to milk (Figure 4.2). The mean
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differences between two methods were 58.1, 91.9 and 82.9 g/kg DM for boot,
anthesis and milk stages respectively (LSD=12.23, P=0.05).

Figure 4.2: Predicted OMD (g/kg DM) using two in vitro methods (rumen fluid
pepsin, R-P; and pepsin cellulase, P-C) for cereal forages varieties harvested at three
stages (boot, anthesis and milk).

For predicted DOMD, the two methods showed the same pattern, a significant
(P<0.001) decrease from boot to anthesis and then no significant change from
anthesis to milk (Figure 4.3). The differences between two methods were 51.2, 87.4
and 83.5 g/kg DM corresponding to boot, anthesis and milk stages respectively
(LSD=11.428, P=0.05).
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Figure 4.3: Predicted DOMD (g/kg DM) using two in vitro methods (rumen fluid
pepsin, R-P; and pepsin cellulase, P-C) for cereal forages varieties harvested at three
stages (boot, anthesis and milk).

4.3.3 Digestibility of Group 2 samples
For Group 2 samples, method and stage were statistically significant (P<0.001) for all
predicted values. There were no differences between variety and its interaction with
method (Appendix 2). The impact of method on predicted in vivo values in this
experiment was much greater than stage. In addition, the effects of stage and variety
(Table 4.6) were similar to that observed in Chapter 3.
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Table 4.6: The effects of method, stage, variety and their interactions on the predicted digestibility (DMD, OMD and DOMD; g/kg DM) for Group
2 samples
Variety

Method

Predicted DMD
Boot
Anthesis
Milk
Echidna
P-C
729.7
725.0
697.7
Urambie
729.6
734.1
694.2
Gairdner
733.1
734.6
699.1
Mannus
744.5
728.0
694.7
Strzelecki
732.5
718.6
683.9
Tobruk
743.1
728.9
690.0
Wedgetail
732.9
717.2
697.8
Echidna
R-P
788.2
769.9
752.8
Urambie
783.8
777.7
746.6
Gairdner
787.1
777.9
749.4
Mannus
790.2
770.7
748.5
Strzelecki
793.6
762.7
744.4
Tobruk
795.1
774.0
749.0
Wedgetail
791.1
772.9
746.4
LSD for same level of method=45.10;variety=38.18;
factor:
stage=42.44; interaction=44.26

Predicted OMD
Boot
Anthesis
Milk
749.2
743.3
716.6
749.4
752.1
714.9
752.0
754.9
718.3
764.2
747.2
714.9
752.7
737.5
705.1
762.4
747.5
711.3
754.8
737.3
717.0
814.4
793.0
757.9
810.3
803.7
772.6
813.4
803.7
775.1
816.7
795.4
773.6
819.7
788.9
770.0
822.3
800.1
775.6
818.7
818.1
773.1
method=46.16;variety=40.18;
stage=43.86; interaction=45.44

Predicted DOMD
Boot
Anthesis
Milk
680.8
671.4
653.9
681.2
682.2
653.3
683.9
683.4
656.4
692.0
676.9
650.2
686.3
669.8
644.8
693.8
678.8
649.9
689.5
670.2
655.6
740.2
717.4
693.4
737.0
729.7
708.0
739.8
727.2
710.3
739.3
719.8
706.8
747.3
718.5
708.1
747.8
728.7
712.4
748.6
745.5
709.2
method=40.10;variety=35.02;
stage=38.14; interaction=39.48
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The rumen fluid pepsin method showed higher predicted values than the pepsin
cellulase method for all digestibility parameters (DMD, OMD and DOMD) and for
both methods the digestibility estimates declined significantly with maturity
(P<0.001). The mean differences across stages in predicted values between methods
were 51.6, 57.8 and 53.9 g/kg DM for predicted DMD, OMD and DOMD,
respectively (Appendix 4). Predicted in vivo digestibilities for the two methods are
presented in Figure 4.4 (DMD), Figure 4.5 (OMD) and Figure 4.6 (DOMD).

Figure 4.4: Predicted DMD (g/kg DM) using two in vitro methods (rumen fluid
pepsin, R-P; and pepsin cellulase, P-C) for cereal forages varieties harvested at three
stages (boot, anthesis and milk).
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Figure 4.5: Predicted OMD (g/kg DM) using two in vitro methods (rumen fluid
pepsin, R-P; and pepsin cellulase, P-C) for cereal forages varieties harvested at three
stages (boot, anthesis and milk).

Figure 4.6: Predicted DOMD (g/kg DM) using two in vitro methods (rumen fluid
pepsin, R-P; and pepsin cellulase, P-C) for cereal forages varieties harvested at three
stages (boot, anthesis and milk).

4.3.4 The correlation between in vitro and NIR estimates of digestibility
The correlations between NIR, and the P-C, and R-P methods for DMD and DOMD
of cereals harvested at boot, anthesis and milk stage for groups 1 and 2 samples are
given in Tables 4.7 and Table 4.8, respectively. All of the correlations were
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statistically significant (P<0.001). The correlations between R-P and NIR and
between R-P and P-C were considerably lower for both DMD and DOMD than the
comparable correlations between P-C and NIR. The linear relationships between NIR
and P-C, NIR and R-P, and R-P and P-C are shown in Table 4.9 and Table 4.10 for
group 1 and group 2 samples, respectively. The group 1 samples showed lower
coefficient of determination (r2), and higher regression coefficient (b) and slope (a)
with greater standard error (s.e.) than group 2 samples. The regressions between the
NIR and R-P methods showed lowest r2, although the correlations between them were
significant (P<0.001). For both groups, the NIR method was more closely correlated
with P-C than R-P.
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Table 4.7: The correlations between NIR, P-C and R-P method on DMD and DOMD of cereal forages harvested at boot, anthesis and milk stages
for Group 1 samples
NIR R-P NIR R-P NIR P-C NIR P-C P-C Predicted P-C Predicted R-P Predicted R-P Predicted
DMD
DOMD
DMD
DOMD DMD
DOMD
DMD
DOMD
NIR R-P DMD

1.000

NIR R-P DOMD

0.975

1.000

NIR P-C DMD

0.955

0.924

1.000

NIR P-C DOMD

0.953

0.942

0.976

1.000

P-C Predicted DMD

0.808

0.755

0.876

0.844

1.000

P-C Predicted DOMD

0.773

0.743

0.844

0.817

0.985

1.000

R-P Predicted DMD

0.699

0.684

0.738

0.688

0.853

0.873

1.000

R-P Predicted DOMD

0.546

0.578

0.587

0.544

0.730

0.784

0.932

1.000
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Table 4.8: The correlations between NIR, P-C and R-P method on DMD and DOMD of cereal forages harvested at boot, anthesis and milk stages
for Group 2 samples
NIR R-P NIR R-P NIR P-C NIR P-C P-C Predicted P-C Predicted R-P Predicted R-P Predicted
DMD
DOMD
DMD
DOMD DMD
DOMD
DMD
DOMD
NIR R-P DMD

1.000

NIR R-P DOMD

0.968

1.000

NIR P-C DMD

0.941

0.916

1.000

NIR P-C DOMD

0.902

0.888

0.963

1.000

P-C Predicted DMD

0.934

0.926

0.949

0.930

1.000

P-C Predicted DOMD

0.944

0.900

0.952

0.927

0.985

1.000

R-P Predicted DMD

0.911

0.918

0.892

0.889

0.926

0.904

1.000

R-P Predicted DOMD

0.772

0.815

0.738

0.750

0.812

0.764

0.905

1.000
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Table 4.9: Linear relationships (y=a + b x) between NIR, P-C and R-P methods for DMD and DOMD of cereal forages harvested at boot, anthesis
and milk stages for Group 1 samples
a

s.e

b

s.e.

adjusted r2

78

9.16

6.57

0.7976

0.0936

0.482

R-P Predicted DOMD

78

25.40

5.75

0.5313

0.0861

0.325

NIR P-C DMD

P-C Predicted DMD

78

12.17

3.17

0.8008

0.0506

0.764

NIR P-C DOMD

P-C Predicted DOMD

78

12.60

3.73

0.7797

0.0630

0.664

R-P Predicted DMD

P-C Predicted DMD

78

22.79

3.32

0.7556

0.0530

0.725

R-P Predicted DOMD

P-C Predicted DOMD

78

21.52

4.11

0.7649

0.0696

0.609

Response variates (y)

Explanatory variates (x)

NIR R-P DMD

R-P Predicted DMD

NIR R-P DOMD

No. of values
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Table 4.10: Linear relationships (y=a + b x) between NIR, P-C and R-P method for DMD and DOMD of cereal forages harvested at boot, anthesis
and milk stages for Group 2 samples.
a

s.e

b

s.e.

adjusted r2

125

3.77

3.01

0.9558

0.0391

0.828

R-P Predicted DOMD

125

16.16

3.58

0.7698

0.0493

0.662

NIR P-C DMD

P-C Predicted DMD

125

13.97

1.63

0.7844

0.0226

0.906

NIR P-C DOMD

P-C Predicted DOMD

125

9.11

2.05

0.8572

0.0305

0.864

R-P Predicted DMD

P-C Predicted DMD

125

16.07

2.61

0.8481

0.0362

0.815

R-P Predicted DOMD

P-C Predicted DOMD

125

18.50

3.50

0.8047

0.0521

0.657

Response variates (y)

Explanatory variates (x)

NIR R-P DMD

R-P Predicted DMD

NIR R-P DOMD

No. of values
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4.4 Discussion
For the present experiment, the results supported the hypothesis that NIR, R-P and PC methods were suitable for quality evaluation of cereals harvested at different
maturity stages. All methods were able to distinguish differences in digestibility
between maturity stages, however the results highlight that the different methods
yielded different digestibility estimates, which should be accounted for when
analysing cereals using any of the methods.

Previous work has shown that the pepsin cellulase method had higher repeatbility
than the rumen fluid pepsin method within or between runs due to the variation in
activity of rumen fluid, even when animals are fed the same forage (De Boever et al.,
1986; Minson, 1981a). In the present study, the differences observed for the same
sample between and within runs were greater for the rumen fluid pepsin method than
for pepsin cellulase method in Group 1 but not in Group 2 samples. The reasons for
this may be complex as the methods are affected by factors such as the type of
substrate, the diet of donor animals and the laboratory. In the present study, the
environment at the experiment sites was very different and may have influenced the
samples. The Wagga samples (group 2) were grown under severe moisture stress
which reduced the range in digestibility estimates (relative to group 1 samples),
which is a likely explanation for the similarity of estimates obtained for group 2
samples.

The predicted values of digestibility were higher for the R-P method than for the P-C
method for both groups of samples. Nadeau, (2007) found a similar result in whole
crop cereals (wheat, oats, barley and triticale) for predicted OMD. Pace et al., (1984)
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reported that the P-C method underestimated the OMD of a range of legumes and
grasses and that the difference was greater with low digestibility samples. .
Andrighetto et al., (1992) and Forejtova et al., (2005) also reported that the P-C
method had lower predicted OMD for hay and silage. Moreover, Forejtova et al.,
(2005) found the differences in means between these two methods were influenced by
the type of forage.

In the present experiment, the standard samples used in the P-C method showed
higher coefficients between in vitro and in vivo than the R-P method for both groups.
A similar result was reported by Forejtova et al., (2005) for hay and silage. A
possible reason for this is the P-C method was more repeatable between runs than the
R-P method, due to its independence from the donor animals (Kitessa et al., 1999;
Nousiainen et al., 2003b; Pace et al., 1984). Moreover, the donor animals are affected
by diet (Baker et al., 1994; Holden, 1999; Tejido et al., 2002), age (Bezeau, 1965)
and species (De Boever et al., 1988; Horton et al., 1980; Wilman and Adesogan,
2000). All of the above factors influence the amount and species of microbes in the
rumen fluid, consequently, the activity of rumen inoculum was more variable for R-P
method (Minson, 1981b).

The present study found in group 1 samples the r2 between NIR and R-P was lower
compared to other methods or to those observed for group 2 samples. However, if the
outliers are removed from group 1 samples, the results change significantly. The r2
increased from 0.482 to 0.708 for DMD and from 0.325 to 0.605 for DOMD between
NIR and R-P. The outliers were Amarok and Whistler wheat harvested at milk stage,
because their digestibility was lower than other varieties at milk stage, and Amarok
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wheat was harvested at milk stage three weeks later than other varieties, which may
explain why it was an outlier. Another possible reason may be that the R-P method
was not very accurate when calibrating the predicted digestibility of wheat forages for
NIR. A similar result was reported by Adesogan et al,, who claimed that the
traditional laboratory-based feed evaluation techniques are unsuitable for predicting
the DOMD of whole crop wheat, but that NIR holds promise, when 26 forages were
used to derive the calibration equation in their study (Adesogan et al., 1998b).
However, they suggested that further research should be undertaken using large (150)
data sets to validate the promise shown by NIR and enable its adoption by the
advisory services (Adesogan et al., 1998a).

The correlations between all of methods were statistically significant. Therefore, the
NIR method could be a good alternative to wet chemistry methods to predict the
digestibility of cereal forages. A similar result had been reported for maize forage by
(De Boever et al., 1994a).

In conclusion, the present study confirmed that the R-P method had greater predicted
in vivo digestibility than the P-C method for both groups of samples, and the latter
method had lower variance within or between runs than the former method for group
1 samples. Furthermore, Group1 and 2 samples were slightly different when tested by
R-P and P-C method may because the environment at the experiment sites was very
different. In addition, the NIR method had significant correlation with both the R-P
method and the P-C method, although the correlation with the P-C method was higher
than with R-P method, especially when wheat varieties were tested. However, the
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present study could not determine which method is more accurate in evaluating cereal
forage quality, as the in vivo digestibility of these forages was not known.
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Chapter 5
GENERAL DISCUSSION
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Previous studies have shown that the quality of cereal forages varied with species,
variety and maturity stage (Crovetto et al., 1998; Fearon et al., 1990; Givens et al.,
1993; Walker et al., 1990). Carr et al., (2004) studied nine varieties of barley and five
varieties of oats and claimed that it would be difficult to demonstrate an effect of
species unless a larger number of varieties within species were used. The current
study also had the same limitation. In the current study, only 3 varieties of each
species were used in Experiment 1 and in Experiment 2 only 2 varieties of each
species (1 variety for triticale) were used. Therefore, the present study justified to
investigate the effect of variety rather than species.

The results showed that the effect of maturity stage on nutritive values was
significant in both groups of samples, whereas the effect of variety was only
significant for group 1 samples. These results were in line with previous studies that
showed the maturity stage during harvest was more important than variety (Fisher
and Fowler, 1975; Juskiw et al., 2000a). Fisher and Fowler (1975) reported that if
changes in the nutritive values of the varieties followed similar patterns with
maturity, the maturity stage would not be of great importance in selection programs.
However, the present study showed the patterns of quality changes with maturity
differed between varieties. That means the maturity stage had more important effect
on the nutritive values than variety. Consequently, the concentrating should be on the
effect of maturity stage if only limited varieties were used in a selection programme.

As well as the effects of variety and maturity stage, the effect of environment was
proposed as a likely reason for some of the difference in quality of forage. Helsel and
Thomas (1987) observed that fibre concentrations and changes with maturity were
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greatly influenced by environment. In the present study, although the two groups had
some common characteristics in the nutritive values changing with maturity,
differences were observed between samples harvested at different locations. For
group 1, the mean concentration of neutral detergent fibre (NDF) and acid detergent
fibre (ADF) increased from boot to anthesis but did not change from anthesis to milk,
whereas the crude protein (CP) content decreased significantly from boot to milk
stage, averaged over all varieties. In Group 2 samples, the mean concentration of
NDF and ADF did not change from boot to anthesis but increased significantly from
anthesis to milk, while the CP content did not change from boot to anthesis but
decreased significantly from anthesis to milk stage. It s likely that group 2 samples
(Wagga) experienced stronger environment effects than group 1 samples because
they were grown under the stress of drought during their growth stage from June to
October. Although there is no published data on the effect of drought stress on
nutritive value of cereals at different growth stages, the grain and dry matter yield
could impact the nutritive components. Fischer (1978) had observed that all drought
treatments reduced the grain content because grain number was reduced as drought
severity increased. Regan et al., (1992) also found that the drought stress resulted in
reduced dry matter yield. If grain yield was lower in group 2 samples than group 1,
this may explain why DNF and ADF increased between anthesis to milk in group 2
samples, yet decreased in group 1 samples.

The present study shown that the predicted digestibility for the same sample
measured by near infrared reflectance spectroscopy (NIR) differed when calibrated
by rumen fluid pepsin (R-P) and pepsin cellulose (P-C) methods respectively.
Therefore, both groups of samples were tested by both R-P and P-C methods in order
to determine whether differences existed. The in vitro experiments confirmed the
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different digestibilities when estimated by the two methods and confirmed the R-P
method resulted in greater predicted digestibility than the P-C method for both groups
of samples. These results were consistent with most previous studies. The
correlations between in vitro digestibility estimates and also with digestibility
predicted by NIR were all significant, with the strongest correlation between P-C and
NIR. This indicated that both methods can be used to calibrate the NIR for cereal
forage, but the P-C method was more reliable than the R-P method for this purpose.
The correlation between NIR and R-P was lower than others correlations when based
on group 1 samples. The reason could be the sample number in group 1 was smaller
(78) than for group 2 (125). Adesogan et al., (1998a) suggested a large (150) set of
samples should be involved in NIR calibration in order to obtain an acceptable result.

The present study clearly showed that variety and maturity stage had a significant
effect on the quality of cereal forages. In addition, method also had a significant
effect on the digestibility prediction. The results indicated that all three methods can
be used in the digestibility estimation of cereal forages harvested at different maturity
stages. Moreover, the present study found that the P-C method was more suitable for
use as the reference method for NIR calibration for the evaluation of cereal forages
digestibility.

Further research is required to compare the accuracy of these three methods for cereal
forages, with the aim of determining the best method for cereal forage quality
evaluation rather than simply demonstrate differences between the methods as this
work had done, which need to test samples (for which in vivo digestibility is known)
using all three methods. Further research is also required to investigate more varieties
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within the same species so that to determine whether species have a significant effect
on nutritive values of cereal forage. Further research is also necessary to examine the
relationship between drought severity and nutritive values of cereal crops at different
maturity stages.
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Appendix 1: The effect of method, stage, variety and their interactions on the predicted digestibility (DMD, OMD and DOMD; g/kg DM) for
Group 1 samples (in chapter 2).
Fixed term

Predicted DMD

Predicted OMD

Predicted DOMD

Wald
statistic

d.f.

Wald/d.f. Chi-sq
prob

Wald
statistic

d.f.

Wald/d.f. Chi-sq
prob

Method

667.82

1

667.82

<0.001

609.49

1

609.49

<0.001 630.69

1

630.69

<0.001

Variety

207.60

7

29.66

<0.001

265.97

7

38.00

<0.001 256.76

7

36.68

<0.001

Stage

699.60

2

349.80

<0.001

652.77

2

326.39

<0.001 437.59

2

218.80

<0.001

Method.Variety

35.41

7

5.06

<0.001

33.64

7

4.81

<0.001 36.44

7

5.21

<0.001

Method.Stage

28.72

2

14.36

<0.001

17.70

2

8.85

<0.001 26.89

2

13.45

<0.001

Variety.Stage

61.20

14

4.37

<0.001

79.66

14

5.69

<0.001 78.95

14

5.64

<0.001

Method.Variety.Stage

39.44

14

2.82

<0.001

32.51

14

2.32

0.003

14

2.41

0.002

d.f.

Wald/d.f. Chi-sq
prob

Wald
statistic

33.80
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Appendix 2: The analysed result of Genstat that the effects of method, variety, stage and their interactions on predicted DMD, OMD and
DOMD for Group 2 samples (in chapter 3).
Fixed term

Predicted DMD

Predicted OMD

Predicted DOMD

Wald
statistic

d.f.

Wald/d.f. Chi-sq
prob

Wald
statistic

Method

2046.93

1

2046.93

<0.001

1061.15 1

1061.15

<0.001 1128.29 1

1128.29

<0.001

Variety

0.49

6

0.08

0.998

0.80

6

0.13

0.992

6

0.21

0.975

Stage

25.32

2

12.66

<0.001

27.44

2

13.72

<0.001 23.70

2

11.85

<0.001

Method.Variety

5.05

6

0.84

0.537

7.03

6

1.17

0.318

8.75

6

1.46

0.188

Method.Stage

13.78

2
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0.001

2.61

2

1.30

0.271

2.25

2

1.12

0.325

Variety.Stage
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0.09

1.000

0.84

12

0.07

1.000

0.84

12

0.07

1.000

Method.Variety.Stage

9.11
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0.693

12.84

12

1.07

0.381

14.41

12

1.20

0.275

d.f.

Wald/d.f. Chi-sq
prob

Wald
statistic

1.25

d.f.
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prob
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Appendix 3: The impact of methods on predicted digestibility (mean of eight varieties) for different cereal forages harvested at the boot, anthesis and
milk stages –Group 1 samples (in chapter 2)
Method

Predicted DMD(g/kg DM)

Predicted OMD(g/kg DM)

Predicted DOMD(g/kg DM)

Boot

Anthesis

Milk

Boot

Anthesis

Milk

Boot

Anthesis

Milk

Rumen fluid Pepsin

758.4

677.3

660.5

781.8

700.0

692.5

704.2

643.8

645.4

Pepsin Cellulase

708.2

588.8

583.7

723.7

608.1

609.6

653.0

556.4

561.9

Difference

50.2

88.5

76.8

58.1

91.9

82.9

51.2

87.4

83.5

LSD for same level (P=0.05) of method=11.79;
factors
interaction=11.46

stage=10.13, method=12.23;
interaction=12.08

stage=11.50, method=11.43;
interaction=11.28

stage=10.66,

LSD: Least significant difference
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Appendix 4: The impact of methods on predicted digestibility (mean of seven varieties) for different cereal forages harvested at the boot, anthesis
and milk stages –Group2 samples (in chapter 3)
Method

Predicted DMD(g/kg DM)

Predicted OMD(g/kg DM)

Predicted DOMD(g/kg DM)

Boot

Anthesis

Milk

Boot

Anthesis

Milk

Boot

Anthesis

Milk

Rumen fluid Pepsin

789.9

772.2

748.1

816.5

800.4

771.1

742.9

726.7

706.9

Pepsin Cellulase

735.0

726.6

693.9

755.0

745.7

714.0

686.8

676.1

652.0

Difference

54.9

45.6

54.2

61.5

54.7

57.1

56.1

79.6

54.9

LSD for same level (P=0.05) of method=17.05;stage=39.5,
factors
interaction=14.43

method=17.45;
interaction=15.19

stage=61.48, method=15.16;
interaction=13.24

stage=55.54,

LSD: Least significant difference

143

