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CHAPTER 1

GENERAL INTRODUCTION

This thesis is presented in the form of separate chapters, including a general introduction and
conclusions in an effort to create a single unit. Although care has been taken to avoid

unnecessary repetition some repetition has been inevitable.

Luceme (Medicago sativa L.) is the most important hay crop in South Africa. According to
Grénum et al. (2000) the current area planted with lucerne for hay production in South Africa
is estimated as being between 208 000 ha and 240 000 ha. The average annual lucerne hay
production in South Africa is approximately 3.8 million tons. Approximately 90% of the
lucerne hay produced in South Africa is under irrigation. Gronum et al. (2000) mention that
the estimated area planted with lucerne has remained more or less constant over the last few

years.

One of the most important characteristics of lucerne hay is its high nutritional quality as
animal feed. Jagusch er al. (1970) are of the opinion that lucerne hay is equal to, or even
better than, most concentrates. Lucerne hay is an important roughage source for dairy cattle,
and according to Gronum et al. (2000), the viability of the luceme industry in certain regions
depends to a large extent on the dairy- and ostrich industry. The animal feed manufacturing
industry also recognises lucerne as one of the most important protein sources for animal
feeds in South Africa. Hanson et al. (1988) report that lucerne contains between 15 and 22%
crude protein on a dry matter basis, as well as all of the macro- and trace minerals and all the

fat- and water soluble vitamins.

Van der Merwe & Smith (1991) mention that dry matter losses of sun-dried lucerne hay
under good weather conditions could amount to 25%. When dry matter is lost, quality
(nutritive value) is also generally reduced because of leaf losses. It is well known that
lucerne leaves contain more nutrients than stems. Factors influencing the quality of lucerne
hay have been studied intensively since as early as 1903 (Snyder et al, 1903 as cited by
Hanson, 1972). Several factors may influence the quality of lucerne hay, namely locality,
climate, soil, fertilisation, water, harvest schedule, moisture content, loss of leaves, storage,

disease, insects, weeds and cultivar (Wedin et al., 1956; Gordon et al., 1962; Anderson &




Thacker, 1970; Hanson, 1972; Temme ef al., 1979; Hanson ef al., 1988; Smith et al., 1996,
Cherney & Hall, 1997; Gronum et al., 2000).

Most of the factors influencing lucerne hay quality can be controlled to some extent through
proper management. For example, adjusting harvest dates can control maturity. Soil testing
can identify optimum lime and fertiliser requirements. The highest quality species that suit
the available soil resources may be chosen. Drying agents and preservatives may help to
avoid rain-damaged forage. Although variety selection is very important for yield and

persistence, it has relatively little effect on forage quality (Hanson ef al., 1988).

A very limited database currently exists on nutritive values for lucerne hay in South Africa
(Scholtz, 2001). In addition, nutritional information on SA lucerne hay is also scarce with
regards to nutrient fractions required for modern diet formulation and evaluation
programmes, including the National Research Council (NRC, 2001) and the Cornell Net
Carbohydrate and Protein System (CNCPS) (Tylutki et al., 2007). This required information
includes protein and carbohydrate fractions, detailed nutrient composition, predicted energy
values and rumen degradability. There is a real need for more reliable data on the nutritive
value of South African lucerne hay. Apart from the extension of the SA lucerne hay
database, there is an urgent need to develop new accurate near infrared reflectance
spectroscopy (NIRS) calibration equations for the different relative nutrients. Accordingly, it
is important to establish whether NIRS may be relied upon as a viable replacement for
chemical analysis in determining South African lucerne hay feeding parameters used in

modern diet formulation models.

Forage quality has been defined in various ways but often poorly understood (Ball et al,
2001). According to Erasmus (2000) the roughage quality of a feed refers to the voluntary
intake and the efficiency of utilisation of the relevant nutrients in the specific feed. Linn
(1992) contends that high quality feeds should have a consistent nutrient content, high
nutrient availability, an absence of mould or other toxic substances, adequate physical
characteristics as in the case of roughage to stimulate rumination, able to be readily
consumed by animals, and result in animal production that meets or exceeds expectations.
Ultimately, Ball et al. (2001) define forage quality as the extent to which forage has the
potential to produce a desired animal response; thus, production potential. The quality of

lucerne hay can vary considerably in accordance with the many factors influencing it. This




variation in quality hampers the efficient utilisation of lucerne hay in animal diets. One of

the major problems in the lucerne industry is the implementation of an accurate standardised
national grading system. Frequently, high-quality and low-quality are offered at the same
price. In many sales, buyers evaluate lucerne hay only on a visual basis which does not
always indicate feed quality accurately. This, and many other factors, has led to the
stagnation of prices paid for lucerne hay and may mean that the value of lucerne has been
underestimated. In a survey by Gronum er al. (2000) producers indicated that a grading
system which could be implemented effectively, in terms of application and cost, needs to be
in place. This could lead to the price of luceme reflecting its true value. Various methods

are available for the evaluation of lucerne hay quality.

A quality evaluation (grading) system for lucerne hay includes different aspects namely:

sampling, sample handling and preparation, analytical analysis (chemical and/or near infrared

spectroscopy) and a quality model to evaluate its production potential. According to Scholtz

(2001) the successful implementation of a quality evaluation system (model) for lucerne hay

in practice should, inter alia satisfy the following requirements:

a) It should be simple to carry out.

b) It should be able to be implemented in a relatively short time.

¢) It must be accurate.

d) Visual (subjective) judging must be part of the system. Chemical analysis does not
identify mould and foreign materials that may be present in lucerne hay.

e) Objective measurement should be mainly put into practice.

f) It should be acceptable for all participants.

The legitimacy of any analysis report rests on obtaining a representative sample that
accurately reflects the quality of a particular batch (lot) of hay; in other words, what the
animal will consume. Thus, it should be truly representative of the lot in every sense,
including chemical composition, physical constitution, and presence of foreign material.
Taylor (1997) has assumed that even a good representative sample provides only an estimate
of the average quality of a hay lot. Forage analysis results are the most prone to sampling
and sample preparation error due to their physical nature. Because of the physical nature of
forage, especially lucerne hay, analytical results are the most subject to sampling and sample
preparation error. Accordingly, Williams & Norris (2001) demonstrate that sampling-related

error can account for 60 to 70% of the overall error of testing.




Sampling equipment and procedure for lucerne hay are well documented in the literature
(Bath & Marble, 1989; Martin ef al., 1992; Putnam, 1998; Sheaffer et al., 2000). Recently,
Putnam (1998) introduced a standardised protocol to assure a representative sample of hay.
This procedure is currently being implemented by the national forage testing association
(NFTA) in the US. On the other hand, there is a shortcoming regarding sample preparation,
and especially moisture and dry matter (DM) losses during the grinding of lucerne hay. Most
of the research in this regard has been done with grains (Williams & Norris, 2001). It is of
the utmost importance that the final milled sample accurately represents the nutritive value of
the luceme hay as fed. The effectiveness of using electronic probe-type testers as an
alternative in assessing moisture content of lucerne hay in the baled form also needs urgent

investigation.

The accurate prediction of nutrient composition is essential for optimal animal production
and limited nutrient losses to the environment (Tylutki, 2002). As emphasised by Snyman &
Joubert (1992) the estimation of forage quality from published tables, although of great
value, is inaccurate and may lead to over- or underfeeding with respect to production needs.
Thus, the use of recognised published tables such as the NRC (2001), is not an accurate
enough alternative to forage testing. On the other hand, laboratory analysis is laborious,
expensive, environmentally unfriendly and time-consuming so that results often become
known only after consumption by the animal. NIRS facilitates timely nutrient analysis.
However, this technique requires a sufficient number of samples and reliable wet chemistry
results of a specific population to develop robust calibration equations. Therefore, precise
and accurate NIRS calibration equations are of utmost importance to assess lucerne hay
quality by means of an appropriate quality model. Many of these models require parameters

that have not been calibrated locally for South African lucerne hay.

Various mathematical models for assessing the comparative feeding value of forages have
been developed over the history of forage quality evaluation research. These models include:
Relative Feed Value (RFV; Rohweder et al., 1976), Total Forage Index (TFI; Hutjens, 1995),
Adjusted Total Forage Index (ATFI, Erasmus, 2000), Forage Quality Index (FQI; Moore et
al., 1984), Relative Forage Quality (RFQ; Moore & Undersander, 2002) and Lucemne Quality
Index (LQI; Scholtz & Van der Merwe, 2006 —unpublised data). All the approaches assess




differences among forages from the standpoint of maximal dry matter intake (DMI) and

digestibility. Energy is often the nutrient most limiting for a dairy herd and has received the

most attention in forage evaluation systems (Weiss, 1993; Robinson et al., 2004). Thus, the
majority of the models available in the literature are based on digestible energy intake
potential. Lucerne hay has always been perceived as an important source of protein in the
South African animal feed industry. Accordingly, LQI based on RFV, includes CP as a
model component. This model is currently used to evaluate South African lucerne hay. The
LQI model has a further advantage of simplicity and the empirical equation was developed
specifically for the local SA lucerne hay population. The other models were derived by
regression equations (empirical) of numerous forage species and foreign populations.
However, the merit of luceme hay CP incorporated into a LQI, as with other CP containing
grading systems (RFQ, TFI and ATFI) are questionable due to its poor utilisation by
ruminants (Martin & Mertens, 2005). Mechanistic models, such as the summative total
digestible nutrients (TDN) equation of Weiss et al. (1992) are based on nutritional uniform
feed fractions and non- specific to a specific population. This model accounts for
substantially more sources of variation than the above-mentioned models. The evaluation of

these models to assess lucerne hay quality needs urgent investigation.

Lucerne hay is mostly used in dairy cattle diets (Gronum et al., 2000). Therefore, a model to
predict lucerne quality specifically for dairy cattle should be developed. This model may be
used to rank luceme according to its quality and/or feeding value for milk production. The
inclusion of lucerne hay in formulations for dairy cattle is dictated primarily on the basis of
thetr function as roughage (Zinn et al,, 2004). Furthermore, all mentioned models address
only the chemical composition of the forage without considering the physical characteristics
of the feed, animal factors and the inevitable associative effects. This stresses the necessity
of considering the animal when evaluating and/or developing a model for lucerne quality
grading. Ration formulation software models, such as the Cornell Nett Carbohydrate and
Protein System (CNCPS), are available and integrate in a non-linear approach, nutrient
intake, ruminal fermentation, intestinal digestion, absorption, metabolism of chemical
analysis and mathematical models with cattle requirements for each production situation
(Knowlton et al., 1992; Fox et al., 2000; Fox ef al., 2004). The CNCPS was evaluated with
data from individually fed dairy cows from several independent studies (Fox et al., 2004,
Tylutki et al., 2007). During these evaluations, CNCPS accounted for 86% of the vanation
in first limiting (ME or MP) milk production with a 1% bias (Tylutki er al., 2007). The




feasibility of CNCPS as a tool to evaluate different chemical parameters and/or models to
determine the quality of lucerne hay for milk production needs to be investigated.
Accordingly, the CNCPS could be a valuable support in determining lucerne hay quality

relative to animal performance.

The purpose of this study was to develop a national grading system for lucerne hay in South
Africa by identifying the most appropriate sampling, as well as sample handling and
preparation procedures, the most accurate NIRS - nutrient calibrations and an accurate, cost

effective quality model.
In Chapter 3 the variation in nutritive value of South African lucerne hay was investigated.
The effect of the grinding procedure on the moisture and protein content of the final ground

product was investigated in Chapter 4. Furthermore, the accuracy of electronic moisture

testers was verified in this chapter.

The identification of useful NIRS predictive relationships from a pre-selected spectrally

structured lucerne hay sample population in South Africa was investigated in Chapter 5.

In Chapter 6 milk predicted by the empirical and mechanistic CNCPS model for dairy cows
was investigated as a criterion to identify different parameters (chemical and in vitro) and/or

develop a model for lucerne hay quality grading.

Chapter 7 focused on the identification of models for assessing lucerne hay quality, using

NIRS analysis and CNCPS milk production prediction as a criterion of accuracy.




CHAPTER 2

LITERATURE REVIEW

The literature review was intended as an extensive study on all aspects of lucerne hay,
namely: origin, history, nutritive value, quality, etc., to support the writing of the different
individual chapters. Although this is initially a more laborious way of finally producing a
dissertation, it has the advantage of incorporating all aspects of ruminant nutrition, applicable
to lucerne hay. Even though care has been taken to avoid unnecessary repetition in following

this approach, some repetition is inevitable.

1. LUCERNE

Throughout its long history as a forage crop, lucerne has had many common names. A
complete account of the derivation of the scientific and common names of lucerne has been
given by Scofield (1908) as cited by Michaud er al. (1988). The ancient Greeks called it
medicai and the Romans medica. According to Piper (1935) and Klinkowski (1933), it 1s still
known as erba medica in Italy and the names mielga or meliga, that still persist in parts of
Spain, are probably also derived from the ancient classical names. In the principal areas
where it is now cultivated however, the plant is known either as "lucerne" or as "alfalfa".

The name "alfalfa" is of Arabic origin and means "the best fodder" (Westgate, 1908).

The name /lucerne, variously spelled as luzern, hiserne, and lucern may have a much more
modern derivation than the word alfalfa. Piper (1935) suggested that the word was first used
in 1587 in Southern Europe. This name was also formerly applied to the plant in the eastern
parts of the United States and in Utah, but this name has practically given way to the name
"alfalfa" which it was introduced by the Spaniards. The name lucern(e) is now in common
usage in all European countries east of Spain, and also in South Africa. Common and local
names given to lucerne indicate its widespread use and complement the chronicles of ancient

people and their activities.

1.1 Origin
Common lucerne (Medicago Sativa L.) appears to be the only forage crop which was
cultivated before recorded history. Accordingly, the accuracy with which its centre of origin

can be deduced is limited by this distinction (Bolton, 1962). It is generally agreed however,




that the most likely centre of origin is in southwestern Asia, Iran, Transcaucasia, and the
highlands of Turkmenistan (Westgate, 1908; Bolton, 1962). De Candolle (1919) as cited by

Bolton (1962) states that "It (lucerne) has been found wild, with every appearance of an

indigenous plant, in several provinces of Anatolia, to the south of the Caucasus, in several
parts of Persia, in Beluchistan, and Kashmir". This general area would include the modern
political divisions of Turkey, Syria, Iraq, Iran, Afghanistan, West Pakistan, and Kashmir.
The oldest recorded reference to date indicates that lucerne was used as forage more than
3300 years ago (Michaud et al., 1988). The Persians were apparently the first people who
grew this plant around 490 B.C for horse, and cattle feed. Lucerne had been introduced into
Spain by the Moorish invasions of the 8th Century, and was closely tied with the horse
culture of the Iberian peninsula, and thereby with military power. Due to this linkage, lucerne
most likely accompanied the Spanish colonial expeditions to South America and Mexico in
the 16th Century, and is thought to have been introduced into present-day south-western US
by early Spanish expeditions (Bolton, 1962).

1.2 Lucerne hay in South Africa

According to Bolton (1962) lucerne was brought from France to the Cape Colony in South
Africa around 1850, where it soon became important on the large ostrich farms. When the
area of ostrich farming declined, lucerne remained and has become widely grown on irrigated
land throughout South Africa.

Lucerne hay (Medicago Sativa L.), often called the "Queen of forages," is the most important
hay crop species for dairy cows in South Africa. According to Gronum er al. (2000) the
current area planted with lucerne for hay production in South Africa is estimated as being
between 208 000 ha and 240 000 ha. The average annual lucerne hay production in South
Africa is approximately 3.8 million tons. Approximately 90% of the lucerne hay produced in
South Africa is under irrigation. Grénum et al. (2000) mention that the estimated area

planted with lucerne has remained more or less constant over the last few years.

One of the most important characteristics of luceme is its high nutritional quality as animal
feed. Jagusch er al. (1970) are of the opinion that lucerne is equal to, or better than, most
concentrates. Lucemne hay is an important roughage source for dairy cattle and according to
Gronum et al. (2000), the viability of the luceme industry in certain regions depends to a

large extent on the dairy and ostrich industry. The animal feed manufacturing industry also




recognises lucerne as one of the important protein sources of animal feeds in South Africa.
Hanson et al. (1988) reported that lucerne contains between 15 and 22% crude protein on a
dry matter basis, as well as all of the macro- and trace minerals and all of the fat- and water

soluble vitamins.

The dairy feed industry utilises a large proportion of the lucerne hay crop produced in South
Africa. Consequently, its nutritive value especially for dairy cattle is important. The quality
of lucerne hay can vary considerably in accordance with the many factors influencing it.
This variation in quality hampers the efficient utilisation of lucerne hay in animal diets. One
of the major problems in the lucemne industry is the lack of a uniform national grading
system. This and many other factors, have led to the stagnation of prices paid for lucerne and
could mean that the value of luceme is underestimated. In a survey by Gronum et al. (2000),
producers indicated that a grading system, which could be implemented effectively in terms
of application and cost, needs to be in place. This could lead to the price of luceme reflecting

its true value. Various methods are available for the evaluation of lucerne hay quality.

2. NUTRITIVE VALUE

The lactating cow is far more efficient in converting feed nutrients into human feed nutrients
(milk) than any other ruminant grown for meat (Miller, 1979). The dairy feed industry is the
largest consumer of lucerne hay in South Africa (Grénum et al., 2000); thus its nutritive
value for dairy cattle is of great importance. Ruminant feeds are not equal in their capacity to
support the dairy cow functions of maintenance, growth, reproduction, and lactation.
According to Van Soest (1994) feeds supply energy and other essential nutrients in the form
of protein, vitamins, and minerals to the animal. Energy is often the most limiting factor for
a dairy herd and has received the most attention in forage evaluation systems (Weiss, 1993;
Robinson et al., 2004). Some feeds’ characteristics are related to physical form and have
minor relation to indigenous chemical composition. Thus Van Soest (1994) concluded that
animal response to a feed depends on complex interactions among the diet's composition

(associative effects), its preparation, and the consequent nutritive value.

According to Raymond (1969) nutritive value as such, is conventionally classified by
ruminant nutritionists and agronomists into three basic components: digestibility, feed

consumption and energetic efficiency. Blaxter (1964) defined nutritive value as the result of

chemical composition, digestibility and intake per unit time by an animal. Although nutritive
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value of ruminant feeds can be defined in many ways, ultimately it is the energy value that is
the most important to ruminant nutritionists, as it is the energy level of any diet that
determines the maximal productivity of the ruminant animal to which it is fed (Robinson er
al., 2004). Kirilov (2002) pointed out that the feeding value depends not only on nutritive
value, but also on the quantity of ingested forage, respectively energy and protein when the
forage is fed on an ad libitum basis to animals. Thus Van Soest (1994) notes that intake 1s

more relevant to animal production than digestibility.

3. FORAGES

3.1 Utilisation of forages

Forages have been described as bulky feeds which have relatively low digestibility.
Although fermentative digestion of fibre is slow and incomplete, ruminants have developed
many attributes that result in efficient digestion. The intake and digestibility of forage by
dairy cattle directly affects their meat and milk production, as well as rumen function and
animal health. The associative effects of forages on the utilisation of other dietary
ingredients are of the greatest importance. For this reason Zinn et al. (2004) suggested that
forages are often referred to as functional diets. Thus, their inclusion in formulations for
dairy is dictated primarily on the basis of their function as roughage. However, forages are
the foundation upon which good dairy nutritional programmes are built. Refining dietary
balances of forages has provided an important way of optimising animal production (Van
Soest et al., 1991). Lucerne has one of the highest feeding values of forages. It has always
been perceived as an excellent source of protein, but is sometimes under-estimated as an

energy source.

Domesticated ruminants are able to convert forage nutrients into human food nutrients
(Beerman & Fox, 1998 as cited by Fox et al., 2000). This remarkable capability is possible
because of the unique anatomy and adapted function of the ruminant stomach. The ability of
ruminants to digest and utilise forages to meet their nutritional needs is well documented
(Miller, 1979, Van Soest, 1994). Forages provide fibre in the diet which enhances proper
digestion in forage consuming animals. Arana (1997) descnbed fibre as the portion of the
feedstuff that can limit digestion, requires cud chewing or rumination for particle reduction
and occupies space in the rumen because of bulkiness, thus limiting intake. Ruminants have

a highly developed and specialised mode of digestion that allows them to better access

energy in the form of forages than other herbivores. Forage energy is generally cheaper than




11

concentrates; thus,, there is economic incentive to maximise the proportion of forage in ad
libitum DMI of ruminants. Since dairy cattle often develop problems when fed mainly
concentrates with zero to little fibre, fibre can be considered as an essential nutrient (Miller,
1979). In addition, Fox & Tedeschi (2002) suggested that the inclusion of high levels of fibre
in backgrounding diets, prevents excessive fat deposition during early post weaning growth,

manipulates the marketing date, and controls acidosis in high energy finishing diets.

Digestion of non-cell wall organic matter fractions (nonstructural carbohydrates plus protein
and lipid) is comparatively high (>80%) in forages (Zinn et al., 2004). However, digestion of
the cell wall fraction (neutral detergent fibre; NDF), ranges between 40 and 70% (Zinn et al.,
2004). Plant cell walls which are measured as fibre cannot be effectively digested by
animals. The small intestine lacks the enzymes to digest these fibre fractions (MacRae &
Armstrong, 1969), but it can be fermented by microorganisms in the rumen (Mertens, 2002).
Plant cell walls comprise a complex array of carbohydrate fraction including hemicellulose,
cellulose, and lignin, as well as pectin that impart rigidity and structural stability needed for
growth (Mertens, 1992). Although cellulose is the predominant component of plant fibre, it
is important to recognise that the cellulose microfibrills are tightly bound to covalent bonding
in a matrix of other fibre components, particularly hemicellulose and lignin (Jeffries, 1990).
Analogous to reinforced concrete, digestion of cellulose is limited by this hemicellulose-

lignin encasement.

3.2  Forage quality

The basic requirement for forage in the diet is to maintain healthy rumen function; however,
forages can also deliver other nutrients as well (Stokes, 2002). Ball et al. (2001) notes
"Forage quality is defined in various ways but often poorly understood. It represents a simple
concept, yet encompasses much complexity". Some researchers define it as relative,
depending on one's perspective regarding market conditions and intended use (Orloff &
Marble, 1997). It has been defined in many ways, including protein, fibre, minerals, fats,
sugar, starch, anti-nutritional compounds, olfactory factors, total digestible nutrients, and
other physical and/or chemical components (Robinson et al, 1998; Lacefield, 2004). Kirilov
(2002) defined lucermne quality as a generalising concept covering chemical, morphological
and physical composition, digestibility, intake energy and protein value. However, each of

these has merit but all fall short of clearly defining forage quality. Robinson & McQueen

(1992) suggested that quality 1s ambiguous as a descriptive term when applied to forages in
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ruminants. It is generally considered to be positively correlated with both voluntary feed
intake and digestibility. According to Erasmus (2000) roughage quality of a feed refers to the
voluntary intake and the efficiency of utilisation of the relevant nutrients in the specific feed.
Lacefield (2004), supported by Felton & Kerley (2002), defined forage quality as the extent
to which forage has the potential to deliver a desired animal response, thus production
potential. Linn (1992) is of the opinion that high quality feeds should have a consistent
nutrient content, high nutrient availability, absence of mould or other toxic substances,
adequate physical characteristics as in the case of roughage to stimulate rumination, readily
consumed by animals, and result in animal production that meets or exceeds expectations.
Zinn et al, (2004) described forage quality as a complex function of its nutrient composition
(energy, protein, minerals and vitamins), chemical-physical characteristics of its fibre
(fragility of the cell walls), acceptability (palatability), and associative interactions with other
dietary ingredients. They also stress that acceptability (palatability) and associative
interactions should be recognised as a major factor influencing forage quality. These
definitions acknowledge the necessity of considering the animal. Thus, since forages are
predominantly used by livestock as a source of nutrition, forage quality is an expression of
the characteristics that affect consumption, nutritional value and the resulting animal
performance. It is obvious that the quality and nutritive value of feeds can be regarded as

Synonymous.

The quality of the forage has a great deal to do with the dietary fibre content. Mertens (2003)
notes "dietary fibre is unique among feed constituents because it 1s defined only on a
nutritional basis (that is, in terms of the digestive and physiological effects that it elicits) but
must be measured chemically”. Thus, the nutritional definition for dietary fibre is key to
method relevance". Zinn et al. (2004) defined forage as feedstuff containing 35% or more
fibre (NDF). However, this minimum fibre has been poorly defined. According to Grant
(1997) fibre should be of proper quality and particle size to ensure maximum dry matter
intake (DMI), normal rumen fermentation and milk fat synthesis, proper muscle tone in the
digestive tract, and ruminal pH greater than 6.0. The fibre (NDF) component of forages
represents a major source of energy; however, less than 50% of this fraction is readily utilised
by the animal (Hatfield et al., 1999). Ruiz et al. (1995) supported by Hartnell et al. (2005)
concluded that a measure of digestibility of fibre would help explain differences in fibre
quality among dietary sources. It is also well known that feeding higher levels of concentrate

cannot substitute for lower forage quality (Staples, 1992). Ward (2005, Ward, R.T., Pers.
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Comm., Cumberland Valley Analytical Services, Inc., 14515 Industry Drive, Hagerstown,
MD 21742, USA) contends that if lignin is used to evaluate forage quality, it should be
viewed in the context of neutral detergent fibre (NDF), since digestibility is a function of the
lignin-fibre interaction. Lignin as a tool in evaluating forage quality was however criticised
by him due to its unreliable relationship with digestibility. Forage fibre has often been
considered to be a negative component of forages and feeds in general, being associated with
the reduced energy content of the forage, reduced intake potential and reduced milk
production (Robinson, 2005). However, it is now widely recognised that the nutritional
quality of forage fibre varies both within and among forages and that it is possible to select
fibres that both maintain rumen function, by stimulating chewing, while having faster rates of
digestion in the rumen, thus giving them a higher energy value and intake potential to dairy
cows. According to Van Soest (1994) forage quality is indicative of several contrasting

factors; namely the supply of plant cell wall, its optimum digestibility and rate of digestion.

Factors influencing the quality of lucerne hay have been studied intensively since as early as
1903 (Snyder er al., 1903 as cited by Hanson, 1972). Several factors can influence the
quality of lucerne hay namely, locality, climate, soil, fertilisation, water, harvest schedule,
maturity, curing, moisture content, loss of leaves, handling, storage, disease, insects, weeds
variety, method of sample collection and differences between laboratories (Wedin et al.,
1956; Gordon et al., 1962; Anderson & Thacker, 1970; Hanson, 1972; Temme et al., 1979,
Hanson et al., 1988; Smith et al., 1996, Chemey & Hall, 1997, Grénum et al., 2000). Of
these, the maturity stage at harvest influences lucerne quality the most (Llamas-Lamas and
Combs, 1990; Ball er al, 2001; Martin & Mertens, 2005). Research conducted by
Antoniewicz et al. (1995) has shown that the biggest changes in crude protein (CP), crude
fibre (CF) and NDF content in lucerne hay took place between the budding and blooming
stages. Decreased digestibility in forages is associated with an increase in cell wall content
(Brink and Fairbrother, 1994) that continuously decreases in digestibility with maturation
(Sanderson et al., 1989). However, Llamas-Lamas and Combs (1990) reported that beyond
some stage of lucerne maturity, rate of digestion is no longer affected. Hoffman ef al. (1993)
found that rumen protein degradability decreased as NDF and acid detergent fibre (ADF)
increase and CP decreased. In contrast, Broderick er al. (1992) reported that maturity had no
effect on lucerne hay protein degradability when an in virro measurement was used.
Broderick et al (1992) suggested that drying or storage conditions may influence

degradability of protein in baled lucerne hay.



Various mathematical models for the prediction of lucerne hay composition and nutritive
value depending on plant age exist (INRA, 1981, 1988). The estimation of lucerne hay
morphological development by index called Mean Stage by Weight (MSW), introduced by

Kalu & Fick (1981), provides the possibility of obtaining an exact, numerical expression of
content of CP, NDF, ADF and digestibility of lucerne hay (Kalu & Fick, 1983).

the stage of lucerne. On this basis, mathematical models were developed to predict the
Most of the factors influencing lucerne hay quality can be controlled to some extent through
proper management. For example, adjusting harvest dates can control maturity. Soil testing
can identify optimum lime and fertiliser requirements. The highest quality species that suits
the available soil resources should be chosen. Drying agents and preservatives may help to
avoid rain-damaged forage. Although variety selection is very important for yield and
persistence, it has relatively little effect on forage quality (Hanson ez al., 1988).

|
Lucerne hay is low in fibre and high in protein compared to other forages, which makes it an
excellent complement for grains and other forages in dairy diets (Martin & Mertens, 2005).
According to Hoffman et al (1998) dry matter intake (DMI) by dairy cows of diets
containing grass was lower than those of diets containing lucerne hay. Luceme varieties
possess a unique proportion of structural to non-structural components, which may explain in

part why it is consumed at such high levels (Yu et al., 2003).

According to Elizalde et al. (1999) the difference in NDF content between lucerne hay and
grasses (i.e., Timothy) can be accounted for by the difference between NDF and ADF, which
is primarily hemicellulose. Hoffman er al. (1993) reported that there is a trend of higher |
NDF accumulation in grasses (i.e., Timothy, orchard grass, perennial ryegrass and brome

grass) compared with legumes (i.e., luceme, red clover and birdsfoot trefoil).

|
The intrinsically brittle nature of legumes allows higher NDF intake for a given forage or diet ‘
NDF (Raybum & Fox, 1993). Thus, although NDF digestibility of grasses was often greater
than that of legumes, due to its higher proportion of lignin (Hoffman et al., 1998; Zinn et al.,
2004), the physical characteristics of the fibre (legume hay) cause it to be very brittle and
breakable (Waghormn er al., 1989). Because of this characteristic and due to lucerne's lower

fibre content (Hartnell et al., 2005), a rapid rate of passage from the rumen (Stokes, 2002;
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Zinn et al., 2004; Martin & Mertens, 2005) occurs, and thus less distension. Distension is a
great limitation on DMI for high producing dairy cows (Allen, 2000). Dulphy and
Demarquilly (1983) suggested that the extent and mode of lignification of cell walls
determines the resistance to mechanical degradation during mastication and microbial
degradation in the rumen and thus the rate of degradation. The passage rate of lucerne hay in
a beef cow is approximately 36 hours compared with up to 70 hours for lower quality forages
(Balliette & Torell, 1998). Oba & Allan (1999) also reported a significant interaction
between neutral detergent fibre digestibility (NDFD) of the forage family (grasses vs.
legumes) on DMI and fat corrected milk (FCM). In addition, lucerne particles have a shorter
buoyancy period than grass particles, further increasing their rate of clearance from the
reticulo rumen (RR) (Allen, 1996). According to Siciliano-Jones & Murphy (1991) most
particles in the RR are buoyant because of retained grasses. Slower digestion and passage
rate limit intake, and thus lower total nutrient intake and digestibility. However, Plascencia
et al. (2003) as cited by Zinn et al. (2004) reported that when either elephant- or sudan-grass
were to replace 45% of the NDF provided by lucerne hay in a lactation diet for lactating
Holstein cows, there were no forage source effects on DMI, milk yield and milk efficiency,

although the percentage of milk fat was greater when grass hay was included in the diet.

Van Soest (1987) described five features of lucerne hay which makes it superior to grasses,
namely, it incurs only a small depression in digestibility with higher intake; it has a moderate
neutral detergent fibre content; higher cell wall density leads to higher intakes; it has a high
buffering capacity and a moderately fast rate of fermentation. Wilson and Hatfield (1997)
observed that lucerne stems have significant anatomical features that influence their wall
structure and digestion characteristics. According to the hypothesis of Wilson & Mertens
(1995) the anatomical structure of cells and tissues in grasses may be of greater importance
than cell wall chemistry in determining the rate and extent of fibre digestion, because
anatomical structure significantly influences cell wall accessibility to rumen microbes,
However, anatomical restrictions to cell wall digestion in legumes are limited (Wilson &
Hatfield, 1997).

Another reason luceme hay may be superior to grasses is that it contains a higher
concentration of pectin. Pectin is unimportant in grasses, but legume forages contain
significant amounts of pectin (Van Soest, 1982). According to Martin & Mertens (2005)

lucerne hay stems contain 10 - 12% pectin as a component of the cell wall. Jung & Engels
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(2002) indicated that pectin content of lucerne cell walls declines as the stems mature and cell
wall concentration increases. Although a component of cell walls, pectin has some very
desirable nutritional characteristics. Hall (1994) noted that it is a highly digestible,
fermentable carbohydrate energy source. According to Fox et al. (2000) pectin is more
rapidly degraded than starches. During its fermentations it appears not to produce lactic acid,
tends not to depress ruminal pH, and it barely ferments when ensiled. Thus, it does not result
in acidosis like rapid fermentable starch (Hatfield & Weimer, 1995); this is partly due to
depressed fermentation at low pH. Pectin is predominantly fermented by fibre digesting
rumen bacteria (Succinivibrio dextrinosolvens, Lachnospira multiparus), whereas starch 1s
primarily fermented, especially at low pH, by Streptococcus bovis (Van Soest, 1994). Thus,
not only are the species, but also the end products of fermentation dissimilar. There is
however, considerable overlap of function such that disappearance of one species or group is

not likely to have much effect on overall rumen function (Van Soest, 1994).

Ward et al. (1957) confirmed earlier studies that showed that lucerne ash stimulated the
digestibility of low quality roughage in sheep. Compared to grasses, lucerne has a rich

mineral profile.

4, SAMPLING AND SAMPLE PREPARATION OF LUCERNE HAY

4.1 Sample preparation

According to Williams & Norris (2001), sample preparation is defined as the transformation
of the sample into the form in which it will be analysed, without causing any changes in
functionality or composition (other than in moisture content). This procedure includes

sampling, grinding or some other form of size reduction, blending, sub-sampling and storage.

4.2  Sampling procedure

Williams & Norris (2001) supported by Bath & Marble (1989) noted that sampling is the
most important single source of error in any chemical or physicochemical analysis of
agricultural commodities and of most food products and ingredients. A major problem with
forage analysis at all stages of growth lies in sampling and sample preparation. The validity
of any type of analysis rests on obtaining a representative sample that accurately reflects the
quality of a distinct lot of hay. According to Williams & Norris (2001) sampling and sample
preparation can account for 60 - 70% of the overall error of testing results. Thus, an analysis

is only as good as the sample submitted. Harlan ef al. (1991) noted that the combinations of
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normal variation in lucerne hay with inadequate sampling techniques are against the
widespread adoption of scientific ration formulation. Ideally, the sample should be truly
representative of the total population in every sense, including chemical composition,
physical constitution and the presence of foreign matter. Representative sampling of forages
is even more complicated in which care has to be taken to protect the natural ratio of leaves
and stems. Groenewald & Koster (2005) suggested that the stemy/leaf ratio in dried lucerne

hay could easily be altered by careless sampling and sample preparation.

Lucerne hay is often sold by lot, which is defined as lucerne coming from a single cutting, a
single field and variety, harvested within a 48-hour period and is generally less than 200 tons
(Bath & Marble, 1989; Putnam, D.H., 2005, Pers. Comm., Dept. of Agronomy and Range
Science, University of California, Davis, CA 95616, USA). Allen & Caddel (1990) proposed
several factors to be considered when determining a lot size namely, forage species, stage of
maturity, cutting schedules, soil type, soil fertility, presence of weeds, harvest conditions and
storage effects. According to Sheaffer er al. (2000) variability within a lot may lead to
inaccurate quality assessment if sampling is not done properly. Several studies have been
conducted on sampling procedures for small (20 to 40 kg) rectangular bales (Martin er al.,
1992), large (400 kg) rectangular bales and large round bales (Lauriault ef al., 1998). There
is however, little information available on sampling milled lucerne hay, which is commonly
sold in South Africa. Currier et al. (1984) reported a distinct pattern of high leaf
concentration on one side and high stem concentration on the other side of small rectangular
bales. This within-bale variation was confirmed by Martin ef al. (1992) who reported large
differences among sampling sites on small bales. Accordingly, Martin er al (1992),
supported by Putnam (1998), recommended random sampling at least 20 bales per small bale
lot to compose a representative sample for quality assessment of a particular lot. Each of the
randomly selected 20 bales should be sampled once per bale, with the probe entering at right
angles near the centre of one end. In the case of large rectangular bales, Sheaffer et al.
(2000) found 12 randomly chosen bales, sampled once per bale and on any location on the
bale, to be adequate for quality characterisation of a lucerne hay lot. Allen & Caddel (1990)
proposed that a minimum of 10 representative large, round and rectangular, bales should be

randomly selected. From each bale two cores should be collected.

Putnam (1998) proposed a standardised sampling protocol (now adopted in most parts of the

USA) to assure a representative sample of hay. This standardised protocol includes factors
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such as the identification of a single lot of hay, when to sample, the type of coring device
used, random sampling, number of cores taken, technique used, sample amount, handling of
samples, sub-sampling and choice of laboratory. Research has shown that if these guidelines
are followed, sampling variation can be reduced to an acceptable level and reliable results can

be obtained (Putnam, 1998; Scholtz & Van der Merwe, 2005 -unpublished data).

43  Grinding

Transformation of the sample into a laboratory-acceptable state for reference analysis often
calls for some type of size reduction (Williams & Norris, 2001). Grinding is another major
cause of variation in analytical (chemical and NIR) results (Groenewald & Koster, 2005).
According to Williams & Norris (2001) this is one of the most important phases of analytical

work and should be assigned to competent and conscientious workers.

4.3.1 Grinder type and screen size

According to Michalet-Doreau & Cerneau (1991) grinding increases the degradation of
protein in feeds. This varies however with the type of feedstuff. In addition, Richards ez al.
(1995) found that the type of mill used to grind the sample also affects in vitro digestibility.
In vitro digestibility is known to be a function of the surface area available to microbial
activity. Several feeds were tested for starch digestion and reported different rankings when
samples were ground through a 1-mm screen with Udy mill (Udy Corp., Fort Collins, CO)
compared to a Wiley mill (Fisher Scientific, Inc., Chicago, IL). Accordingly, Ward (2005)
found that NDF digestibility values of samples ground by a knife mill (Wiley) (1mm screen),
were about 92% of that from a cyclone mill (Udy). Ward (2005, Pers. Comm) stated that
knife type mills tend to cut larger average particle sizes than the cyclone mill that shred
particles which produce a finer end product; thus, a larger surface area available to microbial
activity. For forages, Williams (2007) recommended the Christy/Norris 8-in. (Christy, Ltd.,
Scunthorpe, England) and the Wiley No.4 (Fisher Scientific, Inc., Chicago, IL) to be the most
suitable. These grinders are preferred due to their convenient larger sample access for
grinding large samples, or large numbers of samples of forages (Williams, P., 2008, Pers.
Comm., PDK Grain, 5072 Vista View Crescent, Nanaimo B.C V9V 1L6, Canada). However,
the specific grinder used in sample preparation is not important, provided that the same
grinder 1s used for future NIRS analysis (Williams, 2001).
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Several researchers confirmed that screen size, ranging from 2.0 to 0.1mm, might influence
in vitro digestibility (Cone et al., 1989; Richards et al., 1995; Stem et al., 1997; Ward, 2005).
Samples are usually ground finely to ensure a homogeneous sample for chemical (reference)
and/or near infrared reflectance (NIRS) analysis. However, Mould (2003) 1s of the opinion
that this will influence the impact of particle size on degradation kinetics and loss of fine
particles in the filtration process. Therefore, he recommended the evaluation of substrates in
the form in which they are found in the rumen or offered to the animal, or a slightly reduced
particle size in the case of forages. However, grinding could be a problem when examining
lucerne hay due to its high leaf and stem segregatory nature, making the sample non-

homogeneous.

The mean particle size, particle size distribution and therefore the diffuse reflectance signal
of the NIR instrument can be markedly affected by the condition of the grinder used in
sample preparation (Williams & Norris, 2001). Cyclone sample mills need periodic
replacements of the Carborundum ring around the grinding chamber and of the 1.0-mm
screen. According to Williams & Norris (2001) the surface of the Carborundum ring
becomes progressively polished, where at the same time, the holes of the 1.0-mm screen tend
to increase in size by the passing of samples. Thus, the net result is an increase in particle
size. Williams & Norris (2001) also noted that small impeller mills need fairly frequent

replacement of the impellers, especially if they are used to grind fairly hard commodities.

4.3.2 Moisture loss during the grinding process

According to Williams & Norris (2001) the moisture content of whole grain is usually
significantly higher than that of the ground grain upon which the reference analysis is based.
This phenomenon is found in almost all materials, especially luceme hay. For some
purposes, it is important to report the moisture content of lucerne hay as received rather than
on a constant- moisture basis. This calls for accurate determination of luceme hay moisture
in the bale form and/or in the ground form. According to Williams & Norris (2001) the
moisture status of the sample affects the accuracy of analysis before and after grinding.
Variability in moisture among samples of the same commodity causes significant differences
in mean particle size, particle shape, and particle size distribution. Furthermore, Williams &
Norris (2001) are of opinion that the composition on the moisture content of the ground grain
used in reference analysis must be recomputed on the basis of the original moisture content of

the whole grains (or other materials). This will also apply for lucerne hay.




4.3.3 Cleaning of grinders

Cleaning of grinders between samples avoids sample-to-sample contamination. Some
grinders, such as the cyclone and hammer mill type are self-cleaning when grinding low fat
content samples. Williams (2006) reported that up to 2% or more of a sample of grain may
remain in a Falling Number KT-3100 or similar grinder after grinding. These fine particles
are usually of different composition to the blended ground material, and should be
completely removed by brushing and added to the milled sample before blending (Williams,
2006).

44  Blending and sub-sampling

One of the major breakthroughs in modem NIR technology is that instruments are now
available that can accurately and effectively analyse samples without prior grinding
(Groenewald & Koster, 2005). Blending and sub-sampling before grinding entail a careful
study of the original sample to ensure that it is thoroughly blended and that the sub-sample
abstracted for analysis is truly representative of the population from which the original
sample was drawn (Williams & Norris, 2001). Blending is important ip all substances which
tend to stratify due to changes in temperature (Wilhams & Norris, 2001), or due to
segregation between stem and leaf material in especially lucerne hay. Bath & Marble (1989)
are however of opinion that most problems involving chemical analysis of duplicate samples
sent to different laboratories, have been traced to hand mixing and sub-sampling of the cored
sample prior to grinding. Accordingly, they stated that the sifting of fine leaves and stem
parts cannot be avoided, and samples can not really be considered to be duplicates when
divided in this way. This is most likely especially valid for day-to-day routine applications.
This finding is however in contrast to the results of Groenewald (2005 -unpublished data)
who reported successful splitting of unground samples. In his experiment five separate well-
mixed unground samples were each carefully split into two separate portions. Each of the ten
portions was then analysed on a NIR instrument (PERTEN DA7200, Perten Instruments AB,
Sweden) to determine the repeatability of the two duplicate portions of each of the five
samples. An average variation of 0.5% was achieved between the two portions of each of the
five samples. It must be stated however that this was a special case where extreme care was
taken by a very experienced person. The same repeatability may not easily be achieved for

routine applications.
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Blending of the ground sample is an equally important part of sample preparation to improve

accuracy. The ground sample stratifies in the grinder receptacle and must be thoroughly
blended before testing by reference or NIR (Williams & Norris, 2001). Williams & Norris
(2001) recommend the stirring of the ground contents in a sample jar, 15-20 times before
loading the sample cell (NIR) or weighing (reference method). This procedure becomes

increasingly important as the sample size increases.

4.5  Sample presentation for reflectance

According to Williams & Norris (2001) everything that has happened to the sample up to the
time that it is scanned in the NIR instrument will be embodied in the sample and recorded in
the spectrum. During the preparation of samples subjected to NIR or analytical analysis it is
important to select a method that minimises loss of moisture and maintains the integrity of

the constituents of analytical interest.

An advantage of NIR testing is that the sample size that can be scanned by the instrument 1s
usually much larger than the sample that can be subjected to reference analysis (Williams,
2006). Therefore, the larger the sample used for analysis, the more representative it should

be of the population.

Drying and grinding procedures are especially important due to the fact that water is a strong
absorber of NIR light, and particle size affects the shape of the spectrum (Stuth ez al., 2003).
Variance in ambient (Stuth et al., 2003) and sample temperature (Groenewald, C.A., 2007,
Pers. Comm., Divisional Director, Scinetic, Centre of Scientific Technology, a Devition of
Afgri Operations. 252 Jean ave., Centurion, South Africa) also influences the scanning of
samples. As with particle size, temperature affects the shape of the spectra causing the

spectrum to be misinterpreted (Williams et al., 1982).

Internal fans achieve cooling in most NIR instruments (Williams & Norris, 2001). If these
stop working for any reason or the ambient temperature rises above 35 °C (Groenewald,
2007, Pers. Comm.), results can become erratic due to temperature fluctuation and the
overheating of some of the components. On the other hand, results may also be affected if
the ambient temperature falls too low. Sensitivity to the temperature of the detectors is an

important reason why temperature affects NIR instrument performance (Williams & Norris,
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2001). Most, but not all, NIR instruments are sensitive to vibrations and variation in sample

and ambient temperatures (Groenewald, 2007, Pers. Comm.).

Furthermore, when samples at various temperatures are analysed in sufficient quantity, they
will change the internal temperature of the instrument. The influence of sample temperature
on the accuracy of NIR analysis of ground wheat has been well documented (Williams ef al.,
1982). Limited information was however, available in the literature on the influence of
sample temperature on NIR prediction of ground and unground lucerne hay. In some cases,
temperature sensitivity may be compensated for by incorporating samples at different
temperatures into the calibration and validation sample set (Williams & Norris, 2001). In the
case of instruments that do not require the samples to be ground, cold samples enter the
instruments. These samples may be below freezing, and the analysis of a series of them cools
the instrument, leading to further significant errors (Williams & Norris, 2001). The same
applies in reverse to the analysis of samples at very high temperatures, such as freshly ground
lucerne hay. The warming of samples due to the action of grinding is inevitable, especially in
lucerne hay. According to Groenewald (2007, Pers. Comm.) not only the temperature, but
also the charging of the sample molecules due to the grinding process, has an effect on the
NIR scan. Since prediction errors have been reported from the testing of immediately freshly
ground samples as distinct from samples analysed several hours after grinding, it is possible

that the temperature and oxidation status may also be factors (Williams & Norris, 2001).

Sampling errors occur at several places in the calibration-validation process as outlined by

Williams & Norris (2001) in Table 1.

Ideally, samples should be scanned to record spectra and chemically analysed at the time of
receipt (since that is the time at which they will be scanned when the calibration has been
developed), and stored for subsequent checking of the NIR instrument. Spectra retain their

properties forever, whereas samples may not (Williams & Norris, 2001).
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Table 1 Sources of sampling error in straw and forage (Williams & Norris, 2001)

Commodity Sources of sampling error
Straw and forage Physical composition
Dimensions (length, etc.)
Leaf/stem ratio
Stage of maturity
Moisture content
Sub-sampling for sample preparation
Blending of withdrawn sample
Sample identification
Blending of prepared (usually ground) sample
Sub-sampling for actual laboratory analysis

The relative humidity (RH) of the atmosphere may have a strong influence on NIR
instrument performance (Williams, 2006). This phenomenon was first noted by Davies &
Grant (1987), who noted that changes in RH of the atmosphere change the noise level of a
near infrared spectroscopy (NIRS) instrument, particularly in the areas of maximum
absorption by water bands. As with temperature sensitivity, RH sensitivity may be
compensated for by developing calibrations under conditions in which the RH can be varied
during the period of calibration development (Williams & Norris, 2001). Thus, to minimise
the impact of ambient temperature and relative humidity, some NIRS instruments need to be
housed and maintained in an environmentally controlled room on a solid surface with
controlled lighting, whereas others can operate under factory conditions where there are

vibrations and temperature variations (Groenewald & Koster, 2005).

4.6  Sample storage

Storage of samples is an important aspect of sampling. Samples should be protected from

change, especially moisture, between the sampling/sample preparation stages and analysis by
NIRS or reference methods (Williams, 2006). Samples stored at 4-5°C in heavy duty plastic
bags, further protected by tightly lidded plastic pails, can be preserved without significant
change for several years (Williams & Norris, 2001). According to Williams (2006) a
sufficient sample should be brought out each time to last for a few days, and should be

allowed to equilibrate to room conditions before scanning by NIRS.
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5. NEAR INFRARED REFLECTANCE SPECTROSCOPY (NIRS)

Near-infrared spectroscopy (NIRS) is a long-established, and now mature, technology.
Norris and his colleagues developed the first application of NIR to measure water, oil and
protein in grains and seeds (Norris & Hart, 1965 as cited in Givens et al., 1997). Once its
potential was established, the application quickly spread, at first to forage and animal feeds,

then to the lucrative fields of pharmaceuticals and petrochemicals.

The NIRS method of analysis has several advantages over conventional analytical methods
namely, simplicity of sample preparation, speed, multiplicity of analysis with one operation,
its non-destructive nature, its requiring no reagents, and its non-consumption of the sample
(Hannaway et al., 1992; Stuth et al.,2003). The disadvantages of the NIRS method are
instrumentation requirements, dependence on calibration procedures, complexity in choice of

data treatment, and lack of sensitivity for minor constituents.

5.1  Theory of near infrared spectroscopy

5.1.1 The electromagnetic spectrum (EMS)

NIR technology involves the interaction of electromagnetic radiation (in the form of waves)
with matter in very different ways (Groenewald & Koster, 2005; Stuth er al., 2003). The
wavelength of a wave is the distance between the two peaks or high points and is indicated by
the symbol A (Groenewald & Koster, 2005) in Figure 1.

Figure 1 Typical wave propagating through space (Groenewald & Koster, 2005)

A wavelength (1) in the NIR spectrum is normally measured in nanometer (nm) where
1000nm = 0.00lmm (Shadow, 2000 as cited by Groenewald & Koster, 2005). The
electromagnetic spectrum (EMS) consists of photons of different energies (Stuth ez al., 2003).
The EMS ranges from the short (<1.0 mm), high frequency (10 10 to 10 24 Hz) gamma-rays
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to long (>10 mm), low frequency (<3 x 10 11 Hz), radio waves. The part of the spectrum

lying between the visible region and the infrared region is known as the NIR region ranging

from 750nm to 2600 nm (Figure 2) (Groenewald & Kdster, 2005).
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Figure 2 The electromagnetic spectrum (Shadow, 2000 as cited by Groenewald &

Koster, 2005)

Higher energy photons cause electron shifts, and lower energy photons result in molecular
vibrations (Murray & Williams, 1987). The sample to be analysed is bombarded with NIR
rays of different wavelengths (Groenewald & Kdster, 2005). Carbon (C) and hydrogen (H)
chemical bonds in organic molecules when struck by NIR light (Figure 3) vibrate, stretch,

and bend at frequencies similar to the vibrations of the EMS found in the NIR region (Figure

2).

Absorbed wavelength

Figure 3 Vibrating bond between carbon (C) and hydrogen (H) atoms

(Groenewald & Kaister, 2006)
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Wavelengths which correspond to the frequencies at which the particular bond is vibrating,

are absorbed, whereas others are scattered and reflected (Figure 4).

incident radiation

Figure 4 Diagrammatic representation of specular (a) and defuse (b) reflectances,
and abserption (c) of near infrared radiation from a sample (Givens ef al.,

1997)

5.1.2 Measurement of the absorbance of radiation by a sample

The NIR spectrometer projects a known quantity of NIR light onto matter and then records
the reflectance from that matter, storing the information on a computer. The depth of
penetration into the matter is about 2mm (Hruschka, 1987). According to Groenewald &
Kdster (2005) the depth of penetration of the light beam into the substance is not determined
by the position of the detector, but rather by the strength of the light source. Apart from the
chemical features of the sample to be analysed, physical attributes, especially particle size,
also affect NIR spectra in the form of "scatter of radiation". Scatter is the dispersion of
reflected light from the surface of a sample particle without penetrating the sample (Figure
4), and it can be a significant portion of the observed variation in NIR spectra (Givens et al.,
1997). While the Beer-Lambert law generally describes the relationship between radiation
diffusely reflected (Figure 10) from a solid sample and characteristics of that sample, the path
length of diffusely reflected radiation cannot be predicted because it is scattered by random
reflections, refractions and diffractions within the sample (Dryden, 2003). Therefore, the
variation within NIR diffuse reflectance spectra are mainly a result of (1) non-specific scatter
of radiation, (2) variable path length and (3) the chemical composition of the sample (Barnes
et al., 1989). Thus, while the characteristics of NIR reflected from a sample can be used to
predict certain sample characteristics, each application of this type must be obtained by

calibration.
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5.2 Creation of calibration equations

Calibration is the process of creating a spectro-chemical prediction model (Shenk &
Westerhaus, 1996). Calibration consists of both physical and electronic steps. The process
begins with obtaining a sample set of the desired material, i.e. hay, silage or faeces. The
calibration set should be well distributed, representing the range of expected variation in the
constituent of interest. This variation could be (1) temporal, e.g. date or time of collection,
(2) spatial, e.g. range site or geographic location; or (3) biological, e.g. cultivars or stage of
growth (Stuth et al., 2003). According to Williams & Norris (2001) the spectrum contains all
of the information that makes up the sample, including chemical composition and the
interactions among constituents that cause the sample to possess its unique physical
properties and functionality. Williams & Norris (2001) suggested that the spectrum would be

the same, irrespective of the instrument used to record it.

Williams & Norris (2001) recommended the selection of a calibration population by using
both spectral and reference data, rather than selection using spectral data alone. They
described three steps to follow: first, list samples from lowest to highest reference data;
second, remove access samples with similar composition; and third, prepare a calibration set
and preferably two validation sets. Once the selected laboratory reference data and spectra
are obtained and coordinated, mathematical and statistical procedures are performed.
According to Groenewald & Koster (2005) the instrument has to be trained to recognise
different products and constituents. In essence, the process relates chemical information
contained in the spectral properties of a substance to chemical (or physical) information
revealed by reference laboratory methods. Thus, calibration equations can be used to
estimate the chemical composition of corresponding samples of unfamiliar composition
(Stoltz, 1990).

Cozzolino & Moron (2004) described the technique as the correlation between chemical
properties, as determined by defined reference methods, and absorption of light at different
wavelengths in the near infrared region. The near infrared region contains information
concerning relative proportions of C-H, N-H and O-H bonds, which are the primary
constituents of the organic molecules in forages (Osbome ef al., 1993; Coleman & Murray,
1993). However, although the reflectance of NIR radiation is related to the sample's organic

chemistry, there is no chemical or physical relationship between the analyte under
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consideration and the wavelength(s) which may be selected to predict it (Villalobos et al.,
1991).

Prediction of some minerals in forages by NIRS may be possible through their association
with organic complexes, chelates, and pigments such as chlorophyll (Givens & Deaville,
1999; Ruano-Ramos et al, 1999). The NIRS relies on calibration, which utilises
absorbencies at many wavelengths, to predict composition of a feed sample (Batten, 1998).
According to the Beer-Lambert law, absorption of a constituent, and therefore diffuse
reflectance (R), is linearly related to concentration. According to Stolz (1990) the calibration
process establishes this relationship in the form of a multiple linear regression equation for
each parameter. The goal is to derive a predictive equation that can quantify the constituent
of interest by using a NIRS alone, and bypassing the laboratory methods. The standard error
of calibration (SEC) is obtained by predicting the samples that have been used in the

calibration.

53  Validation

Calibration equations are routinely validated against another set in which reference
(laboratory) analytical values have been determined. Thus, equation validation is conducted
to assess the predictive ability of the selected calibration equation (Stuth er al., 2003).
According to Williams (2006) there are three main methods for evaluation (validation) of
calibration models. These are cross-validation, test-set validation and prediction of
completely unknown samples. Cross validation is favoured by many NIR experts, due
mainly to the computation time saved (Shenk & Westerhaus, 1996, Williams, 2006). It
involves elimination of samples from the calibration set, either in groups or individually. The
sample or group of samples is then predicted, using the equation that has been developed
using the remaining samples, and replaced in the original sample set. This exercise is then
repeated with all samples or sample groups. The standard error of cross-validation (SECV) is
used to judge the predictive ability of a calibration equation. According to Williams (1987)
slope and bias are also important when evaluating equation performance. However, because
cross validation is carried out on the same overall sample set, it suffers from the fact that it

does not provide information on any biases, or slope changes.

The test-set validation involves setting up a validation set of the same general type or

population, but selected and removed from the same population used for the calibration
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sample set.  The test-set evaluation provides all of the statistics necessary for a true
evaluation, in that it gives the slope, intercept and bias data, as well as the r? and standard

error of prediction (SEP) statistics. The SEP is used to obtain an independent measure of the

calibration equation accuracy. This kind of validation is best suited for large populations,

whereas cross-validation is best suitable for small populations.

The ultimate evaluation of a calibration is to validate the equation with unknown samples. A
set of these samples should then be submitted for reference analysis to verify the true

efficiency of the calibration as an analytical tool.

The ratio of prediction to deviation (RPD) statistics has been introduced fairly recently as a
means of relating SEP to the SD of the reference data of the samples used in validation
(Williams, 2006). According to Williams & Norris (2001) RPD simplifies the interpretation
of SEP.

RPD = SD (validation samples)/SEP (eq. 1)

High values for the RDP indicate efficient NIR reflectance predictions, as shown in Table 2.
It is evident that the SEP should be much lower than the SD, hence a RPD of preferably 5 or
higher. According to Williams and Norris (2001) (Table 3) r?, the bias and the RDP are the

most meaningful statistics used to evaluate the performance of calibrations.

Table 2 The ratio of prediction to deviation (RPD) statistics (Williams & Norris,
2001)

Ratio of Prediction to Deviation (RPD) value Classification Application

4 00-23 Very poor Not recommended
24-3.0 Poor Very rough screening
31-49 Fair Screening
50-64 Good Quality control
6.5-8.0 Very good Process control

8.1+ Excellent Any application




Table 3 Guidelines for interpreting r> (Williams & Norris, 2001)

Value of r? Interpretation

Upto+£0.5 Upto0.25 Notusable in near-infrared reflectance calibration
+0.51-0.70 0.26-0.49 Poor correlation: reasons should be researched

+£0.71-0.80  0.50-0.64 OK for rough screening; more than 50% of variance in y accounted for by x

+0.81-0.90  0.66-0.81 OK for screening and some other ‘approximate’ calibrations
+£0.91-0.95  0.83-0.90 Usable with caution for most applications, including research
£0.96-0.98  0.92-0.96 Usable in most applications, including quality assurance
£0.99 + 0.98+ Usable in any application

The SD should be compared with the mean reference results to evaluate the significance of

the values (Williams & Norris, 2001). This is achieved by the coefficient of vanation (CV).

CV = (SD(population) x 100)/Mean (population) (eq. 2)

Guidelines for interpretation of the coefficient of variability (CV) statistic are shown in Table
4. The size and interpretation of the CV depends partly on source of the data (Williams &
Norris, 2001). They recommended that the CV of reference testing for constituents such as
protein or moisture contents, to be close to 1.0%. For quality assurance applications, the CV
should be about 1.0-1.5%. Values of 2-3% are acceptable for general use and those higher
than 3% should be investigated to determine the reason. Values of up to 5% may accrue

from the determination of the reproducibility of functionality parameters.

Table 4 Guidelines for interpretation of the coefficient of variability (CV) statistic
(Williams & Norris, 2001)

CcvV Reference Tests, NIR? Reference NIR" Reference
Value (%) Protein, etc. Constituents Functionality, etc.
Upto0.5  Exceptional . .

0.6-1.0 Excellent Exceptional .

1.1-2.0 Very good Excellent Exceptional

2.1-3.0 Good Very good Excellent

3.1-4.0 Fair Good Very good

41-5.0 Poor Fair Good

5.1+ Needs investigation Poor Fair

*NIR = near-infrared reflectance

"unlikely to be attained
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Over-fitting of data involves using a large number of wavelengths giving a highly accurate
equation according to statistics such as the r2, the standard error of cross validation (SECV),
or the regression F value (terms or factors). These over-fitted equations however, may not
accurately predict analyte concentrations when applied to data other than those used to derive
the equation. Bertrand e al. (1987) pointed out that the problem of over-fitting is directly
related to a high correlation between absorbencies at different wavelengths, as well as to the
equation, recognising features of the calibration data set which are not representative of the
data which will be used in predictions (Hruschka, 1987). According to Hruschka (1987)
over-fitting is identified by standard errors of calibration (SEC) that are much less than the
standard error of reference (SEL), significant differences between reference and NIR values,
and a standard error of prediction (SEP) greater than twice the SEC (Williams, 2006).
Because the spectral data have to be calibrated with the reference method, the calibration
error cannot be smaller than the error on reference data. Biston ef al. (1989) proposed a

selection of equations by lowest SEP, rather than lowest SEC, to avoid over-fitting of data.

Failure to include all sources of variation may lead to outliers in subsequent analysis. An
outlier is identified as a sample that does not conform to the majority of the population in
terms of spectral data and differs from such population by more than three times the SEP
(Williams & Norris, 2001). According to Williams & Norris (2001) there are two main types
of outliers. These are spectral outliers and analytical outliers. When an outlier appears
during the development or validation of a calibration, it is important to verify that it is really
an outlier. This can be done by reanalysing and rescanning of the particular sample. 1f the
sample remains an outlier after retesting by NIRS and reference methods, it is a spectral

outlier.

Software systems for outlier detection are all based on spectral characteristics and, in most
cases, rely on differences in Mahalanobis distances. According to Williams & Norris (2001)
Mabhalanobis distances is defined by a distance measured based on a set of multivariate (the
training data) that are used to describe it and whose Euclidean length varies according to the
direction in space in which it is being measured. The equivalent Euclidean length is large in
direction (i.e. dimensions) where the data are spread out and small in directions where the

data are compact. Since the Mahalanobis distance depends on the data, it changes as the

defining data change.
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Several software packages include methods for the detection and elimination of outliers. The
"global H" statistics introduced by InfraSoft International (Port Matilda, PA) identify samples
with H values of above 3.0 (three times the SEP) as potential outliers. However, it should be
noted that the inclusion of some outliers in calibration sets can improve the integrity of the
calibration with regard to future samples that resemble the outlier, but affect the magnitude of
the constants (Williams & Norris, 2001). Thus, outliers are important in the development of
calibration equations by showing areas of deficiency in the sample sets. Different factors
causing outliers are presented in Table 5. Moisture is of great concern with regard to
contributing to outliers in lucerne hay, due the nature of hay sampling (Par. 4.3). Moisture
status includes moisture content and degree of hydration. The degree of hydration of
complex molecules such as proteins may cause changes in the special orientation of the
molecules (Williams & Norris, 2001). They emphasise that this could cause samples
containing these molecules to interact differently with the irradiating light from other

samples.

Table 5 Factors causing outliers (Williams & Norris, 2001)

Chemical composition

Interaction among constituents
Wavelength selection

Moisture status

Physical texture

Particle size and shape

Bulk density

Sample preparation technique

Sample orientation in cell

Sample temperature

Number of wavelengths used in calibration
Mathematical treatment of log(1/R) data

5.4  Factors that may affect accuracy of NIRS results.

Most instrumental, sample and operational sources of error in NIR testing are summarised in
Table 6. Drying and grinding procedure are important because water absorbs NIR radiation
strongly (Baker e al., 1994) and sample particle size affects the shape of the spectrum.
Scanning conditions should be as uniform as possible with respect to ambient temperature.
As with particle size, temperature affects the shape of the spectra influencing the scattering of

radiation as it passes through the sample (Givens et al., 1997). Small particles scatter

infrared radiation more that large particles (Hruschka, 1987).




Table 6 Sources of error in Near-infrared (NIR) technology

1
2
3
4
5
6
7
B
1
A
B
C
2
3
4
5
6
7
8
A
B
C
D
E
F
G
C
1
A
B
C
2
A
B
C
D
3
A
B
4
A
B
C
3

Instrument Sources
Wavelength scale

Photometric scale

Instrument temperature control
Cell covers

Relative humidity of the atmosphere
Instrument to instrument differences
Sample presentation system
Sample sources

Chemical composition
Interactions among constituents
Influence of chemical constituents on physical condition of material
Moisture status of material
Bulk density

Physical texture of sample
External factors (weather elc.)
Sample temperature

Ambient temperature
Conversion factors

Whole grain application
Kernel (seed) size

Pathlength

Sample access

Colour

Moisture content

Foreign material

Temperature

Operational sources
Calibration practice

Number of samples

Sample selection

Accuracy of reference analysis
Sample preparation

Sampling and sub-sampling
Grinder type

Grinder condition

Blending after grinding
Sample storage

Before preparation

After preparation

Sample cell loading

Mixing

Packing

Cleanup between samples
General carelessness
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However, Robert e al.(1986) suggested that correction for variation in particle size can be
done by a regression approach. More radiation is absorbed by large particles, giving higher
log (1/R) values and this effect is greater at those wavelengths that are absorbed more

strongly.

5.5  Size of calibration set

The optimum size for calibration data sets has not been resolved. Williams (1987) suggests
35 to 40 for simple calibrations. Research conducted by Hsu et al, (1998) has shown that the
number of calibration samples for NIR could be reduced from 302 to 65 without substantial
reduction in prediction ability. According to results from Abrams et al. (1987), supported by
Hoffman ef al. (1999) and Williams & Norris (2001) a calibration set numbering greater than

100 was necessary for accurate calibration equations.

5.6 Common calibrations for different species

5.6.1 Forages

Garcai & Cozzolino (2006) reported the potential of NIR to predict the chemical composition
of different forage plant species. However, Groenewald & Koster (2005) emphasised that
universal calibrations would rarely represent a true reflection of samples from local areas and
usually need adjustment. Marten et al. (1984) proposed that the greater diversity of chemical
structure in a multi-species sample population requires more complex statistics in
development of a calibration equation. However, they concluded that several species can be

evaluated simultaneously by universal calibrations, almost as well as single specie equation.

Mathison et al. (1999a) suggested that the prediction accuracy of NIR in prediction might be
improved by using discrete populations rather than combined calibrations (different forage

populations).

Universal equations have been tested under several circumstances. With the exception of
NDF, Mathison et al. (1999b) found no improvement in the accuracy of prediction by
including barley silage and barley hay in a calibration set along with barley straw samples.
Similarly, Antoniewicz et al. (1995) found higher r? values for calibrations within grass or
lucerne, than for a combined set of forages. This indicated a greater diversity of chemical

structure in these multi-families sample population. However, they support the possibility of
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a useable common calibration for different species. Marten ef al. (1984) also reported that
different species can be evaluated concurrently by an appropriate calibration nearly as well as
single species. Several authors have indicated that broad-based calibration models for forage
chemical components have the potential to offer accuracy comparable to single specie
(specific) calibrations (Abrams er al., 1987, Garcia & Cozzolino, 2006). It seems that
different opinions exist regarding the accuracy of prediction when a single calibration for

different species is used.

5.6.2 Compound feeds

In contrast to a simple nutrient, digestibility of a feed is a complex parameter which is more
prone to animal variation. Compound feeds are further spectrally complicated due to the
wide choice of ingredients and number of possible combinations (De Boever ef al., 1995).
However, universal equations on compound feeds can be a valuable tool if used with caution

for screening purposes (Groenewald, 2007, Pers. Comm.).

5.7 Direct and indirect methods of measuring forage quality

5.7.1 Direct

NIRS has been successfully used to predict the nutritive value of forages and hays through
direct scanning of the forage samples (Holechek er al., 1982). The ash content represents
both available and unavailable minerals to the animal. Crude protein is one of the most
commonly measured components of forages. The primary cause of these good predictions is
the strong -N-H absorptions in the NIR region. ADF and NDF can be estimated due to
variations in -C-H and -O-H bonds (Stuth er al., 2003). Although several lignin calibrations
have been reported for luceme hay (Reeves, 1988a), Reeves (1988b) suggested a generally
lower precision in estimations of lignin than protein or ADF. Mixed results have been
reported on forage fats, primarily because forages contain relatively small concentrations
with low variance leading to poorer correlations (Berardo e al., 1997; Park et al., 1998).
Minerals do not absorb in the NIR region due to their inorganic status. However, Clark et al.
(1987) pointed out that mineral detection by NIR 1is possible due to complexes formed with
organic compounds. Narrow ranges and low concentrations in forages also obstruct the
prediction of minerals by NIR (Stuth et al., 2003). Digestibility calibrations are based on a
diverse set of reference procedures, including both in vivo and in vitro techniques (De Boever
et al., 1986, Reeves, 1988a). According to Baker et al. (1994) digestibility calibrations can

be sensitive to residual moisture in samples. They suggested that calibrations developed with
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samples containing moisture of less than 80g per kg DM have been more accurate than those
with higher moisture. As with NDF, digestibility is a property of forage and not a chemical
parameter, thus prediction with NIRS can be more complex. Accordingly Stuth ef al. (2003)
defined NIRS prediction of digestibility as a prediction of a predicted component of feed.
However, research has demonstrated that NIRS has been applied successfully to the
prediction of digestibility (Russel er al., 1989; Givens et al., 1992a). However, it should be
noted that digestibility is influenced by the amount of feed constituents (such as ADF and
NDF), the patterns of chemical bonding between cellulose and lignin (O'Keeffe e al., 1987),
and also by non-feed factors such as the level of feed intake and the rate of passage of feed
through the digestive tract (Dryden, 2003). Thus, digestibility predictions are usually for a
given time point and only represent potential digestibility. However, these may not be
predicted well by NIRS techniques or any other conventional chemical method (Dryden,
2003).

5.7.2 Indirect

The application of NIRS technology to indirectly predict the quality parameters of a feed via
faecal scans is well documented by Lyons & Stuth (1992). As diet chemistry changes, the
by-products of digestion (plant residue, microbial bodies, secondary metabolites, slough
tissue, etc.) also change (Stuth er al., 2003). Thus, a strong relationship between the
secondary products in the faeces and characteristics of the primary product (i.e. diet) may

exist.

5.8 Moenitoring quality control on the instrument

Monitoring and quality control are needed to confirm the accuracy of both the instrument and
the calibration. According to Stuth e al. (2003) monitoring is carried out in two steps. First,
diagnostics are run weekly and it is verified that the instrument meets manufacturer
specification. Second, and most importantly, a check cell test is run daily. These tests are
not only important to detect instrument drifting, but also ensure reliable and consistent
evaluation of the predicting performances of different instruments within a network

(Groenewald, 2007; Pers. Comm.).
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5.9 Transferability of calibrations among instruments (Portability of calibration
equations)

Transferability of calibrations means using a single calibration on a network of instruments.
Thus, all of the instruments on a specific network should produce identical spectra from a
given sample, as well as the same result from that given sample. According to Williams &
Norris (2001), this can be achieved by networking the instruments, using the same calibration
in all of them. All the instruments are then "standardised" to a "Master" instrument, from
which the output of all of the instruments involved in the network can be monitored and
adjusted. Calibration transfer in practice is an important aspect of the suitability of an NIR
instrument for a particular organisation (Williams & Norris, 2001). A calibration performed
on a particular instrument cannot be expected to apply to any other instrument. Two
instruments are unlikely to be exactly alike, no matter what make or model of instrument.
Differences in internal geometry (temperature, electrical voltage, vibration, sample
preparation) lead to differences in performance of different instruments (Dryden, 2003).
Inherent differences among discrete filters have been recognised from the outset of NIR
technology, and small, but significant, differences occur among diode array instruments and
even among monochromators (Williams & Norris, 2001). In addition, the software systems
used for calibration development vary widely among instruments, but the principles are
universal. Calibrations can be transferred manually, by floppy disk, modem transfer, or by e-
mail over long distances. After transfer, the accuracy of the calibration in the new instrument

can be verified by analysing check samples.

The portability of prediction equations between instruments has been investigated by several
authors (Dryden, 2003). Shenk ef al. (1985) demonstrated that the prediction equations for
protein, ADF, NDF, lignin and in vitro dry matter digestibility (IVDMD) of legumes and
grasses could be used by other instruments of the same model with acceptable accuracy and
precision. On the other hand, Williams & Krischenco (1986) could not duplicate protein
determinations while using two similar instruments, and Shenk & Westerhaus (1985) found
that quite different instruments produced equations with different numbers of wavelengths
and predictive performances. Similar data are presented by Valdes er al. (1987). They
reported similar r2 and SEP for [IVDMD in whole-plant maize from different instruments, but
noted that protein estimations differed. Givens et al. (1997) warned however, that even
mstruments which have been matched by the manufacturer, may still behave differently,

especially with more complex equations.




5.10 Operating environment
Groenewald & Koster (2005) emphasised the influence of environmental conditions on
various instruments. Some NIR instruments can operate under factory conditions where there

are vibrations and temperature variations. Other instruments are more suited only to

laboratory conditions and may require specific air-conditioned and temperature controlled

environments and vibration free operational areas.

5.11 Calibration maintenance

Any calibration must continually be checked and updated. According to Groenewald &
Koster (2005) the main reason for calibration verification and updating is not instrument
related but rather related to sample composition. A robust calibration is usually built over
several seasons to incorporate changes in environmental conditions, cultivars or a host of
other external factors such as pesticides used, weed control, degree of maturity, moisture
variation and many others (Dersjant-Li & Peisker, 2005 as cited by Groenewald & Koster,
2005). These factors may affect the reliability of NIRS results if they are not included in the
calibration data set. Accordingly, it is imperative to establish proper calibration verification
and updating procedures by sending samples on a regular basis for chemical analysis to
confirm that the calibration is still applicable for that particular product (Groenewald &
Koster, 2005). The NIRS predictive equations are an ongoing process; thus, at any time,
validation of any equation, even a robust one, could in many cases be improved upon at a

later date.

6. MODELS FOR ASSESSING FORAGE QUALITY

Forages are the primary resource of nutrition of ruminant livestock throughout the world.
Therefore, the estimation of their nutritional value has been of primary importance for the
prediction of animal performance and the subsequent development of the livestock industry
in the past few decades. Two important nutritive standards used in feed formulation are
energy (digestible energy, metabolisable energy) and protein (rumen degradability).
However, several researchers reported that the fundamental characteristic of rations for dairy
cattle, on which all other nutrients are structured, is energy content (Harlan er al., 1991;
Robinson, 2005). The importance of energy to animal production and its impact on limiting
the level of luceme that can be fed to dairy cattle would suggest that energy might be the

most important criterion to use in evaluating the quality of lucerne hay. Nevertheless, it is
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not possible to chemically analyse a sample of lucerne hay to determine its energy value for
dairy cows, as energy is an integration of multiple components (Weiss et al., 1992, Daccord
et al,, 1996 Robinson, 1999). Several systems for evaluation of forage energy value have
been developed during the last 20 years (INRA, 1978). Because variability in chemical
composition and available energy content usually is much greater for forages than for
concentrates, the majority of equations have been derived from data of forages (Minson,
1982). The classical in vivo technique is difficult, slow and expensive and for that reason,
different laboratory methods simulating the processes of digestion in the rumen are used.
The in vitro laboratory methods used on the basis of rumen fluid (Tilley & Terry, 1963), the
method on the basis of forage enzymatic degradability (De Boever et al., 1986) or in vitro gas
production of forage incubated in rumen fluid (Menke & Steingass, 1988) are well
documented. Kirilov (2002 -unpublished data) reported a good relationship between the in
sacco technique and lucerne in vivo digestibility and intake. Estimated available energy
utilising regression equations (Minson, 1982) is probably the most common and practical
method used today by many nutritionists. These equations are based on the negative

relationship between fibre concentration and available energy (Weiss et al., 1992).

A method which allows rapid and accurate estimates of lucerne energy value and nitrogen
degradability is needed. The bottom line criteria for quality modelling are to make an
objective assessment of chemical analyses that gives nutritionally useful information related
to animal performance. Accurate prediction of nutritive value requires a representative
sample, accurate laboratory analysis and improved feed evaluation methods (Undersander et

al., 2005).

The question of defining forage quality with a single value or number has been raised by
several researchers (Coppock, 1997; Putnam, 2004; Hall, 2005). Van Soest (1967) reviewed
the ideal nutritive predictor concept and stated that such a predictor should be easily,
inexpensively, and precisely measurable; uniform (among forages) in digestibility; and
consistent in nutritive value of absorbed end products. According to Harlan et al. (1991)
lignin and neutral detergent soluble ought to be ideal predictors because of their essentially 0
and 100% digestibilities, respectively. However, it is questionable whether one single
criterion would be acceptable for judging all hays. The eventual purpose for which hay is

destined is a critical factor in determining the appropriate evaluation method. As the

production function for which the hay will be used changes, the relative importance of the
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various criteria could also vary accordingly. The best single measure of forage quality is

animal productivity.

Ration formulation software models are available that predict microbial yield, undegraded
feed protein and metabolisable energy and protein derived from a particular diet to further
improve the accuracy of ration formulation (Sniffen et al., 1992; Fox ef al., 2000; Tylutki ef
al., 2007). Models for lucerne hay grading do not need to be sophisticated mathematically,
but must be realistic in terms of their dependence on, and correspondence to, biological
principles and theories. Therefore, the main focus on developing a grading model for lucerne
hay, using different analytical parameters, should be on relevance and reproducibility of the

parameters.

6.1 Single component models

Historically, equations based on a single nutrient have been the most popular means to
estimate the energy contents of forages (Weiss, 1998). According to Minson (1982) these
equations are dependant on a statistical relationship between digestibility and the chemical

characteristics of feed.

6.1.1 Total digestible nutrients (TDN)

Digestibility is a functional component of plant tissue that reflects the nutritive value to the
animal and significantly influences the intake levels of ruminants (Stuth er al., 2003). Total
digestible nutrients (TDN) describe the ability of the animal to digest the nutrients in lucermne
hay and to convert these nutrients into energy (Robinson, 1999; NRC, 2001; Putnam, 2004).
Weiss et al. (1992) described TDN as the term for available energy. The TDN prediction
currently used in California and several western states in the US (Robinson & De Peters,
2002; Putnam, 2004) are based on research done by Bath & Marble (1989). Bath & Marble
(1989) noted, as others before them during the 1970s, that ADF contains a high proportion of
the indigestible fibre components, namely lignin and cutin. Therefore, there was a strong
inverse linear relationship observed between ADF level of lucerne hay and its TDN value.
Based on University of California Davis (UC Davis) research with cattle and sheep
(completed by Garett) during the 60s and 70s (Robinson, P.H., 2005, Pers. Comm.,
Department of animal Science, on Shield Avenue, University of California, Davis, CA
95616-8521, USA), Bath & Marble (1989) proposed that the best ADF based equation to
predict the TDN value of California luceme hay was:




TDN (% of hay DM) = 82.38 - (0.7515 x ADF%) (eq. 3)

This equation, referred to as the "Western States Equation”, has been adopted in California

and most of the Western States as the official equation for TDN calculation (Robinson, 1999;
Robinson, 2005). Several researchers and nutritionists used TDN for the calculation of net

energy for lactation (NEI) and other energy estimates.

6.1.2  Merit of total digestible nutrients (ADF-TDN equation)

TDN, as with other historically ADF-TDN equations, is a linear measurement (function)
derived from ADF (USDA, 2004). Putnam (2004) suggested that the use of ADF directly
would be a more rational approach to hay marketing than the use of the calculated TDN.

Energy estimates such as TDN, although important, are essentially interpretations of data,
rather than data themselves. Using TDN to evaluate forages can over-estimate its energy
value compared to grains and other concentrate feeds (Bath & Marble, 1989). Forages
generate more heat in their digestion process, leaving less of the digestible energy available

for productive purposes.

The tendency is to rely on the basic similarity of fibre, within a forage type, to develop
energy prediction equations for each forage type. According to Robinson (2005, Pers.
Comm.) it is not possible to validate the "Western States Equation" biologically as it was
based on hays grown in the central valley of California in the 1970s. Therefore, the
application of this equation to current grown hays, as well as hays grown in other areas, is
questionable. Luceme cultivars, fertilisation, and other management and processing
practices have changed dramatically during this period and it seems likely that the ADF:
NDF ratios in current cultivars differ from those of cultivars grown in the 1960s and 1970s.
In addition, Putnam (2004) in a literature survey revealed that the average USA dairy cow
now produces >60% more milk than a dairy cow in 1974. Thus, given the developments and
improvements in dairy cattle genetics and feeding, results obtained by earlier researchers with
regard to development of energy prediction equations for luceme hay, are likely to be

considered obsolete in the near future.
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Robinson (1999) is of opinion that within a few years in most of the developing world, ADF
as with crude fibre (CF), will be considered outdated for purposes other than as its originally

defined role as a preparatory step for the determination of lignin. However, the analysis also

allows the content of acid detergent insoluble nitrogen (ADIN) to be identified; thus offering

an estimate of undegraded protein small intestine availability, an input in many current
protein systems (Mould, 2003). Others have found the modified ADF analysis that uses a
slightly stronger acid and longer treatment period, to show a much greater ability to predict

forage digestibility (Moss & Givens, 1990; Givens ef al., 1992b).

Robinson (1999) recommend the substitution of ADF with NDF as NDF is considered a more
clearly defined cell-wall fraction, and captures all the structural fibre. This is unlike ADF
that only captures 70 to 85% of the structural fibre. Since NDF is the slowest digestible
portion of the plant, its increase will reduce the energy level of the hay. The ADF-TDN
approach 1s not mentioned in the NRC (2001).

Other recommended equations used to predict the TDN value of California lucerne hays are,

according to Robinson (2005), the following:

TDN = 97.36 - (0.68627 x NDF) - (0.27333x CP  r2=0.75 (eq. 4)
TDN = 90.21 - (0.69137 x ADF) - (0.16483) x CP  12=0.73 (eq. 5)
TDN = 85.37 - (0.52179 x NDF) =071 (eq. 6)
TDN = 83.49 - (0.58531 x ADF) 2= 0.70 (eq. 7)
TDN (90% DM) = ((82.38 - (0.7515 x ADF%))*0.9 (Putnam, 2004) (eq. 8)

Robinson (2005) concluded that there is very little difference in the predictive accuracy of
NDF and ADF in lucerne hay due to the close relationship between them. The addition of CP
to the equations to predict TDN provides only a slight increase in predictive accuracy. In
California, dairy hay has generally been marketed on the basis of TDN expressed on a 90%
dry matter basis (Mathews & Putnam, 1998). Putnum (2004) however, stressed the
standardisation of the TDN calculation, since widely varying TDN calculations create
conceptual problems in the marketplace. In a study compiled by Undersander ef al. (1993),
ADF equations were found to slightly overestimate TDN in luceme hay with a low
concentration of ADF (29%). TDN was however, accurately estimated in samples with a

higher ADF content.
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The estimation of TDN in mixed forages (lucemne and grass) is prone to error due to its
population specificity when using ADF-TDN equations. The statistical relationship between
ADF and digestibility is different for different forages (Weiss, 1998). Harlan et al. (1991)
reported a higher intercept and greater negative slope when ADF equations are used for
grasses than for legumes. This accordingly, complicates the estimation of TDN of mixed
grass and legume forages. Van Soest er al. (1991) stressed that while statistical associations

with digestibility have been obtained, there is no chemical basis for this finding.

Moe et al. (1965) mentioned that single-component models do not consider the variable
effect of DMI on digestibility. Another major limitation of the use of a single measurement
to estimate energy is its insensitivity to changes in the concentration of othef nutrients
(Weiss, 1998). A single component equation also assumes either that the nutrient in the
model is the only factor affecting digestibility, or that the measured nutrient is perfectly
correlated with all other factors affecting digestibility; however, such an assumption is
questionable (Weiss, 1998; Weiss, 2002). The use of single-component equations is limited
to a specific feedstuff (e.g., luceme), geographic areas and climate conditions (Weiss, 1993),
and therefore population dependent. Furthermore, few equations based on ADF are available
for concentrate feeds due to low variability in ADF concentration. Thus, according to Weiss
(1998) these conditions reduce the statistical precision of models based on ADF and increase

the sensitivity to analytical error.

Putnam (2005, Pers. Comm.) noted that it is unlikely that ADF or NDF alone is adequate to
predict the full dimensions of feeding quality.

6.2 Multiple component models

Multiple component models based on feed consumption can be empirical or mechanistic
(Weiss, 1998). Empirical equations are population specific multiple regression equations
utilising numerous feed parameters regressed against digestibility. Mechanistic models are
based on population independent nutritional uniform fractions, such as constant digestibility.
According to Weiss (1993) the statistical precision of most empirical multi-component

models is significantly better than for single component models. They are also less sensitive

to analytical error than are single component models; however, because of co-linearity among
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independent variables, empirical multiple component models are more prone to population

specificity.

6.2.1 Relative feed value (RFV)

Relative forage quality was developed by the Hay Marketing Task Force of the American
Forage and Grassland Council (Rohweder er al, 1978). Relative feed value (RFV) as
indicated in Table 7 combines the important nutritional factors of intake and digestibility and
expresses them as an index (Rohweder er al., 1976). The RFV system was developed for
comparing forages on the basis of energy. Unlike the Bath and Marble (1989) TDN equation,
which is valid only for lucerne hays grown in the central valley of California, RFV is
purported to be valid for any forage (legume, grass, and legume-grass) any'where, since it
incorporates the variable ratios of ADF/NDF that exist among forages (Robinson, 1999). It
has no units, thus allows comparisons between forages (Hannaway & Ballerstedt, 1988).
RFV, which is an estimate of overall forage quality (Table 7), is calculated from estimates of
dry matter intake (DMI) from NDF and digestibility or energy level (digestible dry matter
(DDM) from ADF) of forages on a dry-matter basis. RFV increases as percentage ADF and
NDF decrease.

Dairy farmers can use RFV to decide which hay should be fed to various groups of cattle. It
is thus an index used to allocate forages to the proper livestock class with a given level of

production performance. Coppock (1997) proposed the following guidelines in this regard:

Relative feed value Use
Over 170 Excellent forage but should be limited to half of the
forage dry matter. Maize silage is excellent diluting forage.
140 to 170 Forage for high producing cows as sole forage.
120 to 140 Forage for lower-producing cows, young heifers, or diluted

with high-quality roughage for high producers.

100 to 120 Dry cows (check calcium levels) and other heifer feed (add
energy such as maize silage or grain).

Under 100 Older heifer forage if supplemented properly. One alternative

1s to sell to a beef cow operation.
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Table 7 Proposed quality standards for legume, grass, and legume-grass mixed

hays (Coppock, 1997)

Quality standard ® CcP® ADF%" NDF® DDM° DMI% of BW!  RFV*
Prime >19 <31 <40 >65 >3.0 >151

1 17-19 31-35 40-46 62-65 3.0-2.6 151-125
2 14-16 36-40 47-53 58-61 2,523 124-103
3 11-13 41-42 54-60 56-57 2.2-2.0 102-87
4 8-10 43-45 61-65 53-55 1.9-1.8 86-75
<8 >45 >65 <53 <1.8 <75

? Standard assigned by Hay Market Task Force of the American Forage and
Grassland Council (Rohweder et al.,1976)

® Analyses associated with each standard: CP = Crude protein; ADF = Acid detergent
fibre;, NDF = Neutral detergent fibre

° Digestible dry matter (DDM%) = 88.9 - 0.779 ADF (% of DM)

4 Dry matter intake (DMI, % of body weight) = 120 / forage NDF (% of DM)

¢ Relative feed value (RFV) = {(DDM X DMI)/1.29] , the divisor, 1.29, was chosen
so that the standard reference hay for RFV index, full bioom lucerne, has a value of 100
(Rohweder et al., 1976). The constant, 1.29, was the expected DDM intake, as % body
weight (BW), for full bloom lucerne based on animal data (Rohweder et al., 1978)

Relative feed value is most valuable for amimals using high roughage diets such as dairy cows
and growing animals, because the RFV provides an index to rank roughage according to its
digestible energy intake potential (Coppock, 1997). The demand for low-fibre, high quality
hay has intensified, given that dairy cows are much more productive, and rations significantly
different from those in the 1970s (Putnam & Undersander, 2006). Thus, in 2002 the USDA
Market news developed a set of guidelines for hay quality designation into 5 categories in an
attempt to synchronise the hay grading across the US (Table 7) (Getz, J., 2005, Pers. Comm.,
USDA Market News, 1428 S Pioneer Way, Moses Lake, WA 98837, USA). According to
Putnam and Undersander (2006) supplementary subjective hay quality attributes are often
included in the hay quality guidelines, since laboratory measurements do not predict all of the

attributes of quality (Table 8).
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Table 8 USDA Quality Guidelines of hay quality for reporting economic data of
lucerne hay (not more than 10% grass) adapted in 2002 (Putnam &
Undersander, 2006 )*

Category” ADF° NDF® RFVY TDN® TDN (90% DM)’ CP°
%

Supreme’ <27 <34 >180 >62 >55.9 >22

Premium ' 27-29 34-36  150-180  60.5-62 54.5-55.9 20-22

Good' 29-32  36-40 125-150  58-60 52.5-54.5 18-20

Fair' 32-35 40-44 100-125 56-58 50.5-52.5 16-18

Utility ' >35 >44 <100 <56 <50.5 <16

? Guidelines are used along with visual appearance to determine quality
b Categories assigned by USDA-Market News (Putnam & Undersander, 2006)
¢ Analyses associated with each standard:; ADF = Acid detergent fibre; NDF = Neutral detergent fibre, CP =
Crude protein
4 Relative feed value (RFV) = [(DDM X DMI)/1.29] , the divisor, 1.29, was chosen
so that the standard reference hay for RFV index, full bloom lucerne, has a value of 100

(Rohweder et al., 1976). The constant, 1.29, was the expected DDM intake, as % body
weight (BW), for full bloom lucerne based on animal data (Rohweder ez al., 1978)

¢ Total digestible nutrients (TDN) = ((82.38 — (0.7515 X ADF)) (Bath & Marble, 1989)
frotal digestible nutrients (TDN) = ((82.38 — (0.7515 X ADF)) X 0.9

! Physical descriptions of hay quality to be used in combination with laboratory test results for lucerne hay
quality categories (USDA-Market News):

Supreme: Very early maturity, pre-bloom, soft fine stemmed, extra leafy. Factors are indicative of a very high
nutritive content. Hay has excellent colour and is free of damage.

Premium: Early maturity, i.e., pre-bloom in legumes and pre-head in grass hays, extra leafy and fine stemmed-
factors indicative of high nutritive content. Hay is green and free of damage.

Good: Early to average maturity, i.e., early to mid-bloom in legumes and early heads in grass hays, leafy fine to
medium stemmed, free of damage other than slight discolouration.

Fair: Late maturity, i.e., mid- to late-bloom in legumes, head in grass hays, moderate or below leaf content, and
generally coarse stemmed. Hay may show light damage.

Utility: Hay in very late maturity, such as mature seed pods in legumes or mature heads in grass hays, coarse
stemmed. This category may include hay discounted due to excessive damage and heavy weed content or

mould. Defects will be identified in market reports when using this category.

6.2.1.1 Dry matter intake (DMI)

Research shows that DMI is regulated by various mechanisms and that these mechanisms are

not mutually exclusive but interact together, influencing satiety and hunger (Iilius & Jessop,
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1996). Kirilov (2002) defined forage DMI as a resultant value from palatability, physical,
and chemical characteristics. Allen (2000) proposed several diet physical and chemical
characteristics that can affect DMI including fibre content, ease of starch and fibre
hydrolysis, particle size, particle fragility, fat concentration and characteristics, protein
amount and ruminal degradability. Ellis e al. (1988) reported these numerous dynamic
interactions which are involved, such as attributes of the animal, the forage and the
gastrointestinal microorganisms. Van Soest (1965) suggests that forage NDF concentration
was the highest related to DMI of forage by sheep compared to other chemical
measurements. NDF intake is a good predictor of DMI in Holstein cattle, as proposed by
Mertens (1987). Mertens (1994) proposed that NDF be used to define the upper and lower
limits of DMI. A high inclusion of NDF in diets would cause rumen fill to limit DMI,
whereas energy intake feedback inhibitors limit DMI at a low NDF concentration. Mould
(2003) suggested that NDF relates best to feed intake as it represents the total insoluble fibre
matrix, with lignin and associated phenolics most often indicated as the components limiting
digestibility. The NDF method was designed initially to isolate the insoluble dietary fibre
components in plant cell walls: cellulose, hemicellulose and lignin (Van Soest & Wine,
1967). Rohweder et al. (1978) demonstrated that NDF content is the best single chemical
predictor of DML According to Robinson & De Peters (2002) NDF limits intake by
increasing the bulk of the diet, thereby requiring the cow to spend more time eating and
ruminating per unit of diet consumed. Raybum & Fox (1993) reported DMI prediction to be
the most accurate and least biased when forage NDF was included with body weight (BW),
fat corrected milk (FCM) and days in milk. The National Forage Testing Association
(NFTA) proposed an equation for estimating voluntary intake of forages (Moore & Kungle,
1999). Most current prediction equations for determining forage quality base their DMI
prediction on the NFTA equation. This NFTA prediction equation is based on the
assumption that NDF intake is a constant 1.2% of body weight (Moore & Undersander,
2002). The concept of constant NDF intake is based on studies conducted by Mertens (1987)
who found a positive relationship between NDF intake and the bulk density of feeds.
Merten’s results suggested that daily NDF intake was 1.2 £ 0.1% of body weight per day in
diets with the ability to yield a daily maximum of 4% fat corrected milk (FCM). However,
Ruiz et al. (1995) reported that intake of NDF as a percentage of BW was not constant but
increased linearly from 1.15 to 1.32 as dietary NDF concentration increased. In addition,

Moore and Undersander (2002) criticised the concept of constant NDF intake and stated

"Extrapolation of data on high-concentrate mixed diets (where associative effects decrease
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forage intake) to forages fed alone does not seem to be rational or justified”. This was
confirmed by Roseler et al. (1997) who found less than 1% of the variation in DMI explained
by dietary NDF in models predicting DMI of lactating cows fed high energy diets ranging
from 25 to 42% NDF (DM). Other researchers also found NDF intake to be variable when
grasses and legumes were fed alone to lactating cows (Beauchemin, 1996) compared to
mixed diets (Rayburn & Fox, 1993). Sanson & Kercher (1996) found a very small
correlation between observed DMI of lucerne hay and DMI predicted from NDF using the
NFTA equation. In addition Reid e! al. (1988) and Mathison (1990) have demonstrated poor
relationships between intake and NDF when a range of forages was evaluated over several
years (r> = 0.05 to 0.33 and 0.06 to 0.24, respectively). Similarly, in a review by Minson
(1990) r? values relating NDF and intake ranged from 0.14 to 0.81. Harlan er al. (1991)
reported r2 values of 0.09 to 0.46 between NDF and DMI per 100 kg body weight in non-
lactating dairy cattle. Moore et al. (1996) evaluated the intake prediction equations of NFTA
and NRC (NRC 1984; NRC 1996) and concluded that 15 to 71% of the published DMI
prediction equations were not acceptable. Some of this discrepancy is due to the use of an
equation derived from sheep intake data to predict cattle intake data (Moore & Undersander
(2002). Moore et al. (1996) demonstrated that multiple regression equations using two or
more laboratory analyses (ADF, CP and NDFD) provide a higher percentage of acceptable
estimates of intake than did equations using a single analysis. Lippke & Herd (1990)
developed a model (FORAGVAL) that predicted intake and gain from CP and ADF. Moore
& Kunkle (1999) developed a multiple regression equation including TDN, ADF and CP. In
contrast with other research, they concluded that equations including ADF provide more
acceptable predictions of intake (hi gher r2) than NDF. This is in agreement with Harlan es al.
(1991) who reported a linear relationship between ad libitum DMI and ADF (r2 = 0.38) of
hay, somewhat higher than for DMI vs. NDF (12 = 0.27); however, both were higher than for
DMI vs. lignin (r2=0.19). Thus it was speculated that the cellulose content of hay crops may

be more closely related to ad libitum DMI than other fibre components.

6.2.12 Digestible dry matter (DDM)

Acid detergent fibre (ADF) has long been used to estimate energy content of forages
(Undersander & Moore, 2004). Many studies have shown that the concentration of ADF in
forages correlates negatively with digestibility (Minson, 1982; Harlan et al., 1991). Molst

energy prediction models used by commercial testing laboratories have been based on this

relationship (Weiss, 1998). Using ADF to estimate energy presumes that all ADF has the
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same digestibility, although they may differ in ash, lignin, or cellulose. Van Soest (1964)
described a highly significant (P<0.0001) negative relationship between ADF content and the
extent to which legumes are digested. This is in agreement with the findings of Cilliers and
Van der Merwe (1993) (P<0.0001; r2 = 0.74) using veld herbage to investigate the
relationship between ADF and in vifro organic matter digestibility IVOMD). Rohweder et
al. (1976) also stated that ADF is the chemical assay of choice to estimate the in vitro dry
matter digestibility (IVDMD) of a wide range of forages, including lucerne hay. 1In contrast
with these results, Scholtz (2001) reported that ADF predicted in vitro organic matter
digestibility (IVOMD) less accurately (r? = 0.47) than NDF (12 = 0.57).

Moore & Undersander (2002) reported significant differences between observed and
predicted DDM values. This is in agreement with Reid et al. (1988) who reported that ADF,
when used for comparisons across forages and years, is not an accurate predictor of dry
matter digestibility (DMD), organic matter digestibility (OMD) (Aufrere & Michalet-Doreau,
1988) or digestible energy (DE) content of forages (Mathison, 1990). Van Soest et al. (1978)
demonstrated that ADF accounted for only 56% of the variability in digestible dry matter
(DDM). Furthermore, they noted that neither ADF nor NDF were related to DDM in
aftermath cuttings (r = -0.20). In contrast to these results Mertens (1980) proposed the use of
NDF to estimate the energy value of feeds. Mertens (1994) reported a generally negative
relationship between NDF content and both the degradation and intake of forage. This was
confirmed by Van der Merwe & Fair (1999 -unpublished data) where 50 lucemne hay
samples, in a preliminary study, indicated that the NDF content can be used to predict
IVOMD with a significantly (P<0.0001) high degree of accuracy (12 = 0.80). Therefore, it
would seem that, compared to NDF, ADF is a less accurate estimator of energy value or
IVOMD (Scholtz, 2001). Weiss (1993) however, considered the use of empirical equations
based on ADF and NDF to estimate available energy, to be theoretically incorrect and lacking
adequate precision. Abrams (1988) is of opinion that more than half the error in predicting

forage digestibility from ADF was associated with the selection of an unacceptable equation.

6.2.13 Merit of the relative feed value model

According to Grant (1994) it is important to note that RFV is only an energy intake index and
does not take into account either protein (which is more expensive), fibre digestion (Moore &
Undersander, 2002), or minerals in roughage. Protein level has to be evaluated separately

from RFV and is not part of the RFV equation, as indicated in Table 7.
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Since energy is often the most limiting nutrient for high producing dairy cows, much
emphasis is placed on the accurate prediction of forage digestibility. Various researchers
have questioned the reliability of ADF or NDF as predictors of digestibility. Sanson &
Kercher (1996) supported by Moore & Coleman (2001) noted that the predictors of DMI (eq.
9) and DDM (eq. 10) explained very little (1 and 20%, respectively) of the variation observed
in DMI and digestibility in lucerne hay. Moore & Undersander (2002) stressed that DDM is

not a conventional measure of available animal energy requirements and feed energy

concentration.
DMI = 120/NDF (eq. 9)
DDM = (88.9 - 0.779 x ADF) (eq. 10)

The Californian TDN equations, as described by Robinson (2005), and RFV are primarily
fibre based systems, since they depend upon ADF and NDF measurements. These systems
based upon ADF and NDF have the advantage of simplicity, and can successfully identify
major differences between hay lots. However, they may fail to differentiate important
differences in forage quality within a critical range of interest where prices are dramatic
(Putnam, 2004). Animals do not have nutritional requirements for RFV units. This means
that nutritionists must convert the RFV value to an energy value by re-calculating through the
fibre fractions (Robinson, 1999).

RFV and the traditional TDN are both based upon either ADF (TDN as calculation from
ADF), or a combination of ADF and NDF (RFV). This calculated value places an added
dimension of complexity into the market system (Putnam, 2005, Pers. Comm.). Putnam
(2004) demonstrated that the relationship between the NDF level of lucemne hay and the
calculated RFV value (Figure 5) was virtually perfect (r? = 0.99). This is supported by study
of the USDA (2004) where a data set of 15 states showed that 97% of the variation in RFV
was explained by NDF.
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Figure 5§ Relationship between NDF and RFV (Putnam, 2004)

Recently Putnam (2004) evaluated lucerne data from multiple states in the US and found
ADF and NDF to be closely correlated (Figure 6) in lucerne hay (1> = 0.92). This
corresponds to work done by Robinson and De Peters (2002) where a correlation of r = 0.83
was noted. Thus, regardless of the value of the concept of TDN and RFV, these market

methods are equivalent to the use of either ADF or NDF measurements alone.

Hoffman (2004) examined a large database of forage energy contents. The empirical
equation (RFV) accurately predicts the average of the database but cannot precisely predict
the energy content of any single forage in the database. This is in agreement with earlier
findings of Comb ef al. (1998) that regression equations used to predict forage digestibility
(from ADF or NDF) could under- or over-estimate the digestibility of any single forage by as
much as 25 to 30%.
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Figure 6. Relationship between ADF and NDF in samples from the western states of
US, representing a wide range of samples (Putnam, 2004)
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RFV was based on the concept of digestible dry matter intake relative to "standard forage"

(Undersander & Moore, 2004). Data sets used to develop empirical equations should be
carefully defined and continuously updated. "Luceme" samples sent for analyses are
frequently mixes of lucerne and grass that are not well defined. Energy value estimates from
applying single variable regression equations like RFV in this case, become questionable
(Combs er al. 1998; Weiss, 1994). According to Weiss (1993), supported by Combs et al.
(1998), empirical equations are population specific. Beauchemin (1996) found NDF intake
to be variable for grasses compared to legumes fed alone. In addition, Robinson (2005)
suggested that correlations between ADF and digestibility in a feed (that impacts their energy
levels) do not hold among feeds, because of chemical differences of feed fibres.
Furthermore, lack of fit of equations to data sets different from the one on which they were
developed, suggests that equations should be specific for different types of forages or forage
mixtures (Moore & Undersander, 2002). Weiss (1993) reported a lower prediction error
when one equation was used for grasses and another for legumes. However, this was in
contrast to the results of Placencia et al. (2003) as cited by Zinn ef al. (2004) who reported
that when different forages are substituted into the diet on an equal NDF basis, differences
among forages in feeding value become non-appreciable. These researchers concluded that

net energy values of individual forages are largely additive.

Putnam (2004) concluded that predictions of energy or a single "feeding value" are highly
dependent upon animal and feed type. These calculations are more risky as a marketing tool
than the use of measured values directly for pricing forages. Zinn et al. (2004) suggested that
RFV does not appraise or define forages as their primary role as roughages, while Robinson
(1999) argued that RFYV is neither relative nor a feed value within lucerne hay. Furthermore,
the guidelines as described in Table 7 and Table 8 have disadvantages. According to Putnam
and Undersander (2006) the primary one is that individual hay lots may be categorised in one
category by one measurement, but not by another. Additionally, the categories themselves
create a problem with hay lots that are in between two categories. It should also be
remembered, that the forage quality descriptions in Table 7 are relative and may not reflect
the economic or nutritional value of lucerne in a given production situation (Martin &

Mertens, 2005).



6.2.2 Forage Quality Index (FQI)

The Florida Extension Forage Testing Program recommended forage quality index (FQI)
from 1982 to 2002 (Moore et al., 1984). FQI combine voluntary forage intake and TDN
content into one value (Moore & Sollenberger, 2002) where voluntary TDN intake is used as
a multiple of the TDN requirement for maintenance as illustrated in equation 11. According
to Moore and Undersander (2002) it is assumed that TDN is equivalent to in vitro organic
matter digestility IVOMD) (Tilley & Terry, 1963), when digestible ether extract in forages is
negligible.

FQI = TDN intake, g/MW/29 (Moore et al., 1984) (eq. 11)
where: TDN intake, (gZMW) = DM intake, (2/MW) x TDN, % of DM/100
DM intake = 120.7 - 0.83 x NDF (% of DM)
MW = Metabolic weight = W™
TDN = Total digestible nutrients
OM = Organic matter
TDN (% of DM) = OM (% of DM) x OM digestibility (%)/100
IVOMD = In vitro OM digestion (Tilley & Terry, 1963)
NDF = Neutral detergent fibre
DM = Dry matter
29 = Maintenance TDN requirement for sheep (29g/MW)

Forages with FQI values above 1.0 are expected to support animal performance in proportion
to the FQI value (Moore et al., 1991). When FQI is less than 1.0, weight loss would be
expected whereas, FQI of 1.0 would result in neither gain nor loss of weight (Moore &
Undersander, 2002). The FQI required to meet an animal's requirement for TDN is
determined by the size and production level of the animal (Moore et al., 1991). Selection of
TDN as the available energy expression made it possible to use FQI (as with RFV) both for

relative comparisons among forages and for predicting animal performance.

6.2.2.1 Merit of the forage quality model
Moore & Undersander (2002) evaluated the FQI prediction equation using the animal and

laboratory data of cool and warm season grasses (Moore ef al. (1996). They observed that
the mean predicted DMI (60.4 + 4.8 g/MW) was much lower and less variable than the
observed DMI (87.1 + 13.3 g/MW). Observed DM intake (g/MW) could be predicted from
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the DM intake prediction regression equation with a small accuracy (12 = 0.39). This low
prediction accuracy was explained due to the use of an equation derived from sheep data to
predict cattle feed intake. However, Moore & Undersander (2002) proposed a comparable
divisor (value) for cattle of 36 g/MW, derived from data on growing cattle (NRC, 1984).
Moore & Undersander (2002) concluded that the small r? values illustrated that NDF is not an

acceptable predictor of the intake of forages when fed alone.

Moore & Undersander (2002) reported a 22% bias in predicted TDN (12 = 0.71). The
predicted TDN (55.0 + 3.7%) was similar to the mean observed TDN (55.0 = 5.4%.). Moore
& Undersander (2002) concluded that although the relationship between observed TDN and
TDN predicted from IVOMD was stronger than that between observed digestible dry matter
(DDM) and ADF, differences between observed and predicted TDN values were not

repeatable in several other experiments.

6.2.3 Total Forage Index (TFI)

The RFV system does not use protein in calculating its value, and forages higher in protein
may be undervalued by this system. One alternative is to incorporate a protein index into the
RFV system to reflect more accurately the nutritive value of the forage. Hutjens (1995) uses
the term Total Forage Index (TFI) to describe an index which builds on RFV by adding a

protein value and a physical value as follows:

TF1 = RFV + (%crude protein x x) (eq. 12)
Where x = protein multiplier from 1 to 6 based on the importance of

protein in the diet of the animal.

Hutjens (1998) stated that a protein index value can be calculated in two ways. The first
method is based on the value of the protein in soy bean meal or another protein feed source.
The second method described by Hutjens (1998) is more subjective because the user assigns
a protein multiplier (from 1-6) based on the importance of protein in the diet of the animal. A
lower multiplier (1-2) would apply to heifers’ rations when protein needs are lower or when
rations are based on high quality hay (some protein may not be used effectively). A high
multiplier (5-6) would reflect rations where supplemental protein is needed or protein is

relatively expensive.
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Method two has the advantage of the user determining the importance of protein needed in
the ration, independent of protein prices. Once a multiplier has been selected, it is multiplied
with the percentage of crude protein in the forage to calculate a protein index. After
developing a protein index, it is added to the RFV, which represents the TFI value of the
forage. The formula can be modified depending on the protein value, the importance of
energy value versus protein, and other ration factors. The comparable values of hay
according to the RFV and TFI evaluation systems, compared by Scholtz (2001), are shown in
Table 9. From the results in Table 9 it is evident that CP incorporated in the TF1 equation

had a minor effect on the price of hay.

Table 9 Price of hay based on different evaluation systems (models)
Quality standard of forage Relative feed value TFI value
Prime (24% CP, RFV 170)  [R 600,00 R 613.30
Prime (24% CP,RFV 190) R 670,60 R 657,10
Prime (20% CP, RFV 160)  |R 564,70 R 551,18
Prime (22% CP, RFV 160) |R 564,70 R 571,30

One (18% CP, RFV 140) |R 494,10 R 487,30
One (16% CP, RFV 140) |[R 494,10 R 467,20
6.2.3.1 Merit of the total forage index model

The addition of a protein index to the RFV brings a more complete expression of nutrient
value to the forage (Hutjens, 1995). TFI does not include measures of protein quality for
ruminant animals. In this regard, McDonald et al. (1995) emphasised that the crude protein
fraction contains variable amounts of non-protein mtrogen. This led to the use of true protein
instead of crude protein but this was unsatisfactory, since no allowance was made for the

nutritive value of the non-protein nitrogen fraction.

Allen (2000) also noted by others, criticised the inclusion of CP in the RFV model due to its
low correlation with digestibility and intake, and its considerable variation. Most data
indicate that lucerne hay contains much less undegraded intake protein (UIP) than
concentrate feed protein sources (NRC, 1985; Broderick et al., 1992; Hoffman et al., 1993;
Griffen er al., 1994). Evidence from several experiments indicates that lactating dairy cows

use protein in lucerne inefficiently. Broderick & Satter (1998) supported by Martin &

Mertens (2005) reported that immature lucerne is high in protein, but the protein is rapidly
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fermented in the rumen to ammonia, leading to excessive non-protein nitrogen. Wastage of
forage protein caused by ammonia overflow occurs when fermentable energy is insufficient
to support the microbial growth required to utilise the excess nitrogen (Beever & Siddons,
1986). Excessive nitrogen is not only wasteful but also costs the cow energy to excrete, may
reduce productive performance, and contaminates the environment. This is in agreement
with earlier feeding studies by Broderick (1995). Because of this, Martin & Mertens (2005)
proposed dairy diets containing predominantly lucerne formulated to contain 1 to 3 percent

units more protein.

6.2.4 Relative Forage Quality (RFQ)

According to Moore & Undersander (2002) evaluations of intake and available energy
prediction equations (TDN, RFV and FQI) may be unreliable for ranking forages and provide
inaccurate intake and available energy values for diet formulation. Differences in animal
performance when forages with a similar RFV index were fed are well documented
(Undersander & Moore, 2004). Moore & Undersander (2002) have developed the RFQ index
in an effort to address these shortcomings. The objective of RFQ was to successfully
differentiate between the market value of hays that are different in feeding value but have the
same fibre concentration. According to Zinn et al. (2004) this index also takes into
consideration the differences in digestibility of the fibre fraction and can be used to predict
animal performance and match animal needs more accurately. Moore & Undersander (2002)
kept the same concept and format as for RFQ, except that TDN replaced DDM. Furthermore,
NDF digestibility (NDFD) is part of the TDN and DMI calculation. RFQ also showed a
similar mean and range as RFV and were closely correlated with each other (n = 29, r =
0.99). The correlation between RFQ and FQI was 0.97 (n = 71) and the regression equation,
as follows: FQI = 0.0125 x RFQ + 0.097; n = 118, r2 = 0.95 (Moore & Undersander, 2002).
According to Peterson (2002), RFQ index relates to forage quality when forages are fed alone

to non-lactating animals.

RFQ = (DMI icgume, %o 0f BW) X (TDN iequme, %o 0of DM) / 1.23 (eq. 13)
where: DMI = Dry matter intake (eq.14)
TDN = Total digestible nutrients (eq. 16)

1.23 = devisor used to adjust the equation to have a mean and range
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similar to RFV (Moore & Undersander, 2002)

Moore & Undersander (2002) developed the divisor, 1.23, from data on 29 forages (Moore et
al., 1996; Moore et al., 1999), having animal observations on intake and both DDM and
TDN by cattle. They reported a correlation of r> = 0.99 (n = 29) between DDM and TDN
intake. The no-intercept regression TDN on DDM intake gave a slope of 0.95. Thus,
multiplying the RFV divisor, 1.29, by 0.95 gave the RFQ divisor, 1.23.

6.2.4.1 Dry matter intake (DMI) Neutral detergent fibre digestibility (NDFD)

There are two equations for predicting dry matter intake (DMI) depending on forage type:

DMI calculations for lucerne, clover and legume/grass mixtures are calculated from the

equation proposed by Mertens (1987).

DM cqume = 120/NDF + (NDFDag— 45) x .374 / 1350 x 100 (eq. 14)
where: NDFDu4s = In vitro NDF digestibility at 48 hours (% of NDF)
45 = an average value for fibre digestibility of lucerne and

lucerne/grass mixtures as proposed by Oba & Allen (1999).

DMI is expressed as % of body weight (BW), NDF as % of DM and
NDFD as % of NDF

6.2.4.2 Neutral detergent fibre digestibility (NDFD)

The new DMILegume equation, proposed by Moore & Undersander (2002), adjusts intake for
digestible fibre (NDFD). Several researchers have demonstrated the effect of digestibility of
the fibre on DMI (Mertens, 1987; Undersander & Moore, 2004; Zinn ef al., 2004). Oba &
Allen (1999) reported that forages with high NDF digestibility might increase DMI when
physical fill limitations to feed intake exist. Increased NDFD may result in reduced physical
fill in the rumen over time and allow greater voluntary DMI (Dado & Allen, 1995). Rumen
fill is affected by both NDF content of the diet and by forage NDF digestibility (Oba &
Allen, 1999). Mertens (1987) reported that the energy content and fill effect are inversely
related; thus they will always intersect at a point that predicts maximal DMI for a given level
of production. However, Allen (2000) suggested that NDFD measured in vifro using a

constant incubation time was a significant indicator of filling effects of NDF, but not
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necessarily an index of energy content. Allen & Mertens (1988) suggested that NDF
digestibility is a function of the potential digestible fraction and its rate of digestion and rate
of passage. Oba and Allen (1999) reported that enhanced ease of NDF hydrolysis might
stimulate rapid disappearance of NDF from the rumen, reduce physical fill, and allow greater

voluntary feed intake.

According to Ruiz et al. (1995) digestibility of fibre has a significant influence on DMI and
milk production. In a study conducted by Oba & Allen (1999) they reported that a one unit
rise in NDFD (in vitro) was associated with a 0.17kg/day rise in DMI (digestibility and intake
are related), 0.23 kg/day increase in milk yield, 0.25 kg rise in 4% FCM yield and a 0.03
kg/day increase in body weight. These concepts were confirmed in a trial conducted by
Hoffman & Bauman (2003) (Table 10). In addition, Ivan et al. (2005) reported increased
DMI and 4% FCM production when silage with higher NDF content and digestibility was
substituted for silage with lower NDF content and digestibility. Hovell er al. (1986)
however, contends that different degradation characteristics of different forages may
complicate the choice of which parameter of degradability is best used as the predictor of

voluntary intake.

Table 10 Dry matter intake, NDF intake and milk yield of early-mid lactating dairy

cows fed diets containing different levels of NDFD. (Hoffman & Bauman,

2003)
Dietary NDFD, % of NDF
Item 45% 50% 55%
Dry matter intake, kg/day 20.5 22.1 23.3
NDF intake, kg/day 8.5 8.6 9.8
Milk yield, kg/day 335 34.7 351

Oba and Allen (1999) concluded that because of the use of NDF digestibility in diet

formulation, it should be measured routinely to assess forage quality. The relationship

between NDF and DMI (NDFD adjusted) in Figure 7 is expected because intake estimates,
NFTA and RFQ, are based on NDF.
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Figure 7 NDF vs Intake (1.2% BW plus NDFD adjustment) for lucerne and grass-
legume mixtures (Undersander & Moore, 2004)
6.2.4.3 Total digestible nutrients (TDN)

According to Combs er al. (1998) digestibility of forages, thus energy value can be
determined in four different ways. In vivo studies, however not practical as a routine
analysis, are the reference standards by which all alternative methods are compared.
Alternative methods are based on empirical relationships between forage fibre and
digestibility and/or RFV (Rohweder et al., 1978) and ADF-TDN (Bath & Marble, 1989), in
vitro assays to directly measure forage digestibility (Weiss, 1998) or summative equations
such as TDN (Weiss et al., 1992).

components in the forage that contribute to energy. Each component is multiplied by its

The summative approach measures the principal

respective digestion coefficient and added together. Thus, total digestible nutrients (TDN)

are a cumulative value of digestible protein, crude fibre, non-fibre carbohydrate, and fat.

The traditional TDN as described by the NRC (1966) as a vague term that does not accurately
descnbe the plants available energy. The National Research Council in the last revision of
Nutrient Requirements for Dairy Cattle (2001) revised the historical TDN equation based on
the summative equation of Weiss ef al. (1992), assuming intake at one times maintenance or
1X:

TDNix = tdCP + (tdFA x 2.25) + tdNDF + tdNFC - 7 (eq. 15)
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Where: TDN1x = summative equation of total digestible nutrients assuming intake at
one imes maintenance
tdCP = truly digestible CP for forages (tdCPf)
= CP x exp[-1.2 x (ADICP/CP)]
tdFA = truly digestible fatty acids
Note: If EE<1,then FA=0
tdNDF = truly digestible neutral detergent fibre
=0.75 x (NDF - L) x [1 - (L/NDFn) >
or = in vitro neutral detergent fibre digestibility at 48hr (NDFNus)
Where: NDFN = NDF - NDICP
tdNFC = truly digestible non-fibre carbohydrates
=0.98 (100 - [(NDF - NDICP) + CP + EE + ash])
where: ADICP = acid detergent insoluble N x 6.25 = acid
detergent insoluble crude protein
L = acid detergent lignin
Total digestible nutrients (TDN) for lucerne, clovers and legume/grass mixtures are
calculated based on the newest NRC recommendations (NRC, 2001) using in vitro estimates

of digestible NDF (not those calculated from lignin) as follows:

TDNiegume = (NFC*.98) + (CP* 93) + (FA* 97%2.25) + (NDFn * (NDFD4#/100) - 7 (eq. 16)

where: NFC = non-fibrous carbohydrate (% of DM) = 100 — (NDFn +
CP + EE + ash)

CP = crude protein (% of DM)
FA = fatty acids (% of DM) =EE - 1
EE = ether extract (% of DM)

NDF = neutral detergent fibre (% of DM)

NDFn = nitrogen free NDF = NDF — NDICP, also estimated as NDFn
= NDF*.93
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NDF-CP = neutral detergent insoluble N x 625 = neutral detergent

insoluble crude protein
NDFDus = 48-hour in vitro NDF digestibility (% of NDF)

7 = metabolic faecal TDN determined by Weiss et al. (1992)

Figure 8 suggests a poor relationship (12 = 0.11) between ADF (used by RFV to estimate
energy) and TDN (including NDFD measured in vitro) as recommended by NRC (2001).
This correlation explains the reason why RFV is not a good predictor of the energy in forage.
According to Undersander & Moore (2004) switching from ADF to TDN and using ash

estimates have improved accuracy of diet balancing from 60 to 90%.

3

&

E>3
o

=
=

&
&

i
4

v =000 s DS
®» - 30 % e 45 © -
Rgid Qotorgent Fiber, T of DR

Tots! Digribste Huvienks (101, %

P
] £53

Figure 8 Comparison of ADF to TDN (NRC 2001) (Undersander & Moore, 2004)
6.2.4.4 Non-fibre carbohydrates (NFC)

The term non-structural carbohydrate (NSC) is often used interchangeably with non-fibre
carbohydrate (NFC) but is analytically determined and might be slightly different from NFC.
According to Hall (2005) the balance between fibre and NFC, especially the profile of NFC
(sugars, starch, pectins, etc.), has drawn more interest due to their influence on animal
performance and digestion (fermentability) of other feeds. Starch fermentation, rather than
sugar, in the rumen seems to support more production of microbial protein, a major source of
protein to the cow (Hall & Herejk, 2001). Broderick et al. (2000) found that increasing the

sugar content of diets increased both DMI and butterfat production. In addition, sugar may
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also be responsible for an increase or reduction in fibre digestibility, depending on the

degradable protein concentration in the diet (Heldt er al., 1999).

The effect of diurnal variation on the concentration of NFC in lucerne hay is well
documented (Fisher et al., 2002; Burns e al., 2005, Mayland et al., 2005). Harvesting
lucerne hay at sundown rather than at dawn, takes advantage of the plants’ potential to
accumulate carbohydrates, as a result of photosynthesis during the daytime (Bowden e/ al,,
1968). This increase in NFC is associated with better in vitro digestibility (Bumns et al.,
2005) and increased preference by sheep, goats and cattle (Fisher et al., 2002; Mayland et al.,
2005). Thus, potentially improved daily DMI of more digestible forage might result in

improved daily animal responses.
6.2.4.5 Crude protein (CP)

The benefit of lucerne crude protein (CP) is over-estimated by conventional grading systems
(RFQ, FQI) due to its poor utilisation (Martin & Mertens, 2005) by ruminants. The mean
undegraded intake protein (UIP) value reported by the NRC (1989) for lucerne hay is 28%
(SD = 7). The rapid degradation in the rumen by microbes results in excessive excretion of
nitrogenous waste by the animal (Martin & Mertens, 2005). Evidence from several
experiments indicates that the protein in lucerne is utilised inefficiently by lactating dairy
cows (Broderick er al., 1992). However, in contrast with these findings, Robinson (1998)
suggested that lucerne hay has a relatively high proportion of rumen undegradable protein
(RUP), which makes it a high quality protein for dairy cows. Robinson (2008, Pers. Comm.)
suggested a potential degradable fraction (PDF) of about 57% for lucerne hay. When
accepting a rate of passage of 5%/h, the RUP would be between 33 and 35% of PDF, or a
total RUP of 25 and 32% of CP.

6.2.4.6 Fatty acids (FA)

It has long been recognised that the two key factors that determine the energy value of
forages for cattle are its content of fat, due to its high energy value, and the digestibility of its
total structural fibre (i.e., NDF), due to its high level in forages (Robinson, 2005). According
to Andrews ef al. (1991) fat is used more efficiently for production under specific

circumstances than carbohydrate. Van der Merwe and Smith (1991) concluded from the

composition of ether extraction fraction, that it could be misleading and does not represent
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the true fat or oil content of a feed. This was in agreement with the findings of Weiss et al.
(1992) who reported that the ether extract (EE) fraction of forages has a high concentration of
non-nutritive substances. Weiss et al. (1992) suggested that the ether extract (EE) may also
contain a significant concentration of indigestible waxes, resins and essential oils. Weiss
(1993) is of opinion that the inclusion of fat and ash, due to a high energy density and zero
energy status respectively, in a model could make the estimation of available energy more
appropriate for most feeds. The true digestibility of fatty acids (FA) is dependant on their
concentration in the diet (Palmquist, 1991). However, forages, and especially lucerne hay,
have a narrow range and low concentrations of EE which will not greatly compromise the
accuracy and precision of forage energy estimation when using average values (Scholtz,

2001; Weiss et al. (1992),
6.2.4.7 Ash

According to Putnam (2004) ash has been shown to range up to 10 percentage points or more
and may be of real value in predicting animal performance. With the ash value of hays, is
important to identify hay lots with considerable soil contamination and/or hays with above-
normal mineral concentration (Putnam, 2004). Hoffman (2003) stresses the importance of
ash measurement in predicting the energy value of forages. Because ash has no energy value
(Weiss, 1998), the measurement error of ash will result in exactly the same prediction error

in the forage energy content.
6.2.4.8 Neutral detergent fibre crude protein (NDF-CP)

Crude protein that is insoluble in neutral detergent represents the slowly degraded protein in
feeds (Fox et al., 2003). Higher NDF-CP values are usually associated with grasses, due to
the higher NDF concentration (Van Soest, 1994) compared to lucerne. In addition, the
nitrogen content of NDF in feeds is greatly increased by heating, which promotes
denaturation of albumins (Van Soest, 1994). According to Weiss et al. (1992) NDF-CP
comprises less than 10% NDF for forages not exposed to heating. Van Soest (1965) and
Mertens (1973) stressed that only a fraction of NDF-CP is associated with lignin; thus not to
be considered as a contaminant of NDF. However, Hoffman (2003) pointed out that the

overall influence of NDF-CP on summative energy equations is small.




6.2.4.9  Neutral detergent fibre digestibility (NDFD)

Acid detergent fibre (ADF) has been used to estimate digestible dry matter (DDM) (par.
6.2.1.2) for the last 25 years (Peterson, 2002). It was, however, intended as a preparatory
step for lignin analysis (Van Soest e al., 1991). When using any fibre determination (ADF)
to estimate digestibility, the assumption is made that there is a constant linear relationship
between fibre concentration and digestibility (Undersander & Moore, 2002). This was
criticised by Moore ef al. (1998). There is considerable variation in the in vitro digestibility
of the dry matter (IVDDM) relative to the ADF content (12 = 0.037) for lucerne and grass-
lucerne mixes (Undersander & Moore, 2002). The in vitro and in situ estimates of
digestibility have long been recognised as being more closely related to animal performance
than chemical extractions (Weiss, 1994). The NRC (2001) for dairy animals recognises this
and recommends the use of digestible fibre. Lundberg et al. (2004) cited by Hoffman (2004)
demonstrated that using ADF as predictor of [VOMD accounted for 0.61 of the variance in
IVOMD in maize silage, compared to a 0.98 coefficient of determination between summative
predicted TDN and IVOMD when NDFD was used as the digestion coefficient for NDF.
This demonstrates the improved capability of summative equations (Weiss et al., 1992) using

NDFD as an energy predictor.

The dramatic impact of NDFD content of forage on the energy value of the diet is well
documented (Ruiz ef al., 1995; Oba & Allen, 1999; Hoffman & Bauman, 2003). Increased
NDFD may result in increased energy density of diets and microbial N production (Oba &
Allen, 2000). However, Oba & Allen (1999) mentioned the difficulty of quantifying the
effect of NDFD of forages on animal performance due to confounding factors found in
individual experiments. Some of the confounding factors included greater particle fragility
(Waghom ef al., 1989) and shorter rumen retention time (Allen, 1996) of legumes compared

to grass.

The NRC (2001) provides two options to estimate the NDF digestibility. The first approach
utilises the feed lignin (acid detergent lignin (ADL)) content as an indication of lignification
within a plant species and it is negatively associated with NDF digestibility. This is
supported by a study in which Herrero et al. (1996) notes that lignin is the best single
chemical compound most commonly associated with the impairment of digestion. However,

Mould (2003) demonstrated that because of the complex nature, its association with NDF
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and the lack of a standardised procedure, lignin content shows a large variability relative to
degradation. Conrad et al. (1984) derived a mathematical model based on the surface law of
a geometric object to predict the proportion of NDF available for digestion from the NDF
and lignin values of the feed (eq.17). According to the surface law of Conrad ef al. (1984)
the influence of lignin on the digestibility of NDF is more significant at lower than at higher
lignin concentrations. However, Jung ef al. (1997) found a weak relationship between acid
detergent lignin and in vivo digestibility in sheep for maize silage. Weiss er al. (1992)
modified the equation for truly digestible NDF (tdNDF) given by Conrad er al. (1984) to
account for neutral detergent insoluble crude protein (NDICP). They also derived a
considerably lower coefficient of 0.75 than the 0.96 derived by Girard and Dupuis (1988),
who also failed to include neutral detergent insoluble nitrogen (NDIN).

Available NDF = 1-[lignin®®/(NDF) %] (eq. 17)

The second method includes a 48 h in vitro estimate. This is a direct determination of NDF
digestibility and can substitute the lignin-based estimate. Linn (2003) pointed out that that
the NRC (2001) NDFD equation (using lignin) does not consider feed type. Lignin does
affect the digestibility of NDF; however, the effect is variable with feed type and/or the
environment in which it is grown. Moore & Undersander (2002) proposed the 48h in vitro
system to directly determine NDF digestibility and to estimate TDN concentrations of
forages fed alone, rather than the lignin approach. Wisconsin research has shown for forages
that the 48 hour in vitro NDF digestibility does not substitute directly for the calculated
NDFD value. Mould (2003) suggested that because of the complex nature of lignin, its
relationship with NDF and lack of a standardised procedure, lignin content when expressed
on a DM basis, shows a large variability relative to degradation. Similarly, Robinson er al.
(2004) found a superior relationship between in vitro NDFD (12 = 0.76) compared to lignin

(r>=0.40) concentration and in vivo digestibility in sheep.

Zinn et al. (2004) stated that ruminal NDF digestion is not an intrinsic function of the forage
per se, but rather a complex function of the complete diet. Ruminal fibrolitic capacity
(growth of cellulitic bacteria) diminishes with decreasing ruminal pH (Russell & Wilson,
1996), and ruminal pH is dependent on the effective NDF (eNDF, %) content (Pitt ef al,,
1996). Thus, according to Zinn et al. (2004) ruminal fibre digestion might be more limited

by ruminal fibrolitic capacity than by the native degradability of the fibre. This is in




66

agreement with Alvarez er al. (2004) who observed that most (12 = 0.96) of the variation in

ruminal ADF digestion was explained by changes in ruminal pH.

High yielding (55kg/d) cows are challenged to meet their energy requirements, and DMI of
these cows is probably limited by distension of the reticulo-rumen (RR) to a greater extent
than for lower yielding cows consuming the same diet (Oba & Allen 1999; Allen 2000)
Distension in the RR can be reduced by decreasing the forage NDF content and including
forages with highly digestible NDF (Allen, 2000), thereby increasing the energy
concentration of the diet. Accordingly, Allen (2000) recommended that forages with the
highest NDFD should be allocated to the highest producing dairy cows on the farm.

6.2.4.10 Merit of Relative Forage Quality (RFQ)
According to Moore & Undersander (2002) RFQ has the following advantages:
1. RFQ may be translated into energy requirements for maintenance and production.
a. Multiplying RFQ by .0123 gives an estimate of TDN intake (% of BW).
b. TDN concentration may be converted to NE concentration.
c. DM intake can be calculated by dividing TDN intake by TDN concentration.
d. Both DM intake and TDN can be used as inputs for several nutritional models.
e. The TDN component has a value by itself when forages are fed in restricted

amounts or in mixed diets.

2. Development of a new index provides the opportunity for flexibility in choice of
equations for predicting DMI and TDN. These equations should however, be specific for
different types of forage.

3. Associative effects between forages and concentrates that influence forage intake and
digestibility can be predicted from estimates of forage TDN intake when fed alone
(Moore et al., 1999).

4. RFQ can be converted to FQI:

FQI = .0125 * RFQ + .097 (eq. 18)

A significant advantage of the summative equation (TDN) over the empirical equation (RFV)
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is that the summative approach is population independent (Combs ef al., 1998). Results of a
feeding trial conducted by Combs et al. (1998) suggested that digestibilities predicted by the
in vitro digestion approach and the TDN summative approach (Weiss et al., 1992) were
similar to the digestibility observed in vivo. The RFV empirical approach (Rohweder et al.,

1978) was less accurate than the summative and in vitro approaches.

A great advantage of the RFQ equation is not just an improvement in the ability to rank
forages based on more specific quality components, but the fact that it can be applied to
various forage types. The higher NDF content of grasses is always biased against forage
material that had contained grass. The old RFV system simply looked at levels of ADF and
NDF. By including NDF digestibility, various hay crop mixtures, including grass, may be
adequately compared by this single index (Ward, 2005).

When Moore & Undersander (2002) designed RFQ, they wanted approximately the same
mean and range as RFV so that RFQ could substitute RFV without making economic and
other management changes. The relationship between RFV and RFQ is set out in Figure 10.

¥= 1.1446x- 32 224
_R=08623

2500 4

Figure 10. Comparison of RFQ and RFV for about 200 lucerne hay, haylage, and
baleage entries from 20 states and two Canadian provinces (Undersander,
2002).

The overall coefficient of determination (Figure 10) was high (1> = 0.86) due to the large

range of data values. However, the RFQ of individual samples varied by as much as 40
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points higher or lower than RFV, and 22% of the samples varied by 20 points or more

(Undersander, 2002).

Current lucerne quality description models (TDN, RFV, TF], FQI and RFQ) presume quality
increases to infinity. This is not true because exceptionally high quality can provide too
much protein and not enough NDF in a particular dairy ration. Although the energy content
will be relatively high, it still is much lower than the energy content of maize. Diets
containing very high quality lucerne hay with low NDF content should contain very high
forage levels to meet the cow's fibre requirements. This reduces the energy density of the
diet because there is little room left for grain, which makes it difficult to formulate rations
that meet the protein, energy, and fibre requirements of dairy cows (Martin & Mertens,

2005). Thus, lucemne hay loses its primary role as a functional component of the diet.

Zinn et al. (2004) noted that current adopted laboratory approaches (RFV, LQI and RFQ) for
assessing forage quality, especially lucerne hay, are not favourably accepted by nutritionists.
They suggested that the models are not sufficiently accurate in the assessment of practical
differences between forages of similar classification, and they do not appraise forages with
respect to their primary role as the functional component of the diet, namely roughages. In
addition, Moore & Undersander (2002) recognise the limitation of RFQ and recommend
further research to identify forage specific equations that will provide more acceptable
predictions of DMI and TDN. However, Hoffman er al (2001) stressed that NDF

concentration of forages is still a dominant factor in determining overall forage quality.

The accuracy of predicting DMI, however, is one of the most concerning limitations in most
models. Because of the complexity of factors controlling feed consumption, accurate
prediction of daily DMI is difficult. According to Crampton et al. (1960) variations in
livestock production are more highly correlated with DMI than to ration digestibility. It is
also well accepted that forages (including lucerne) with a high energy concentration are
consumed in larger amounts than poor quality forage, and high quality forage is essential for
high milk yields (Holter et al., 1997). The close relationship between DMI and the mulk yield
of dairy cows is well defined by research (Roseler et al., 1997; Voelker et al., 2002; Hristov
et al., 2005). According to the Hristov ef al. (2004) DMI is driven by milk production when
lactation diets are fed. This concept is supported by the lag between peak milk yield (MY)

and peak DMI during the early stages of lactation (NRC, 2001). Recently Hristov et al.
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(2005) evaluated the intake of individual nutrients as predictors of MY and milk protein yield
(MPY) in Holstein dairy cows. They concluded that models based on the intake of nutrients
significantly improved prediction of MY and MPY in Holstein dairy cows, compared with
DMI alone. It should also be noted that intake and digestibility are non-independent
variables. Although intake is directly related to digestibility, the digestive capacity of
animals is inversely related to feeding level, with the magnitude of this effect greater with
concentrate feeds than poor quality, long or coarsely chopped forages (Mould, 2003). Thus,
the definition of the NRC (2001), which stated that intake of nutrients are a function of DMI
and nutrient density of the diet.

For a number of individual feeds, the TDN value cannot be determined directly as it cannot
be the exclusive ingredient in a diet (Linn, 2003). Thus, accuracy in calculating the TDN of
lucerne hay in a diet of mixed feeds is questionable because of associative effects. In
addition, forages are known to produce more heat of fermentation and methane production
than grains (Eastridge, 2002). Thus, the TDN system underestimates the energy of grain

relative to the energy of forages.

RFQ does not account for differences in starch availability. The NFC differs in how it affects
animal performance and digestion of other feeds (Hall, 2005). The NFC fraction in lucerne is
roughly half pectin (Hall, 1998); whereas sugars, starches, organic acids, and other reserved
carbohydrates such as fructans make up the other half. The unique property of pectin was
discussed in par. 3.2. Starch fermentation in the rumen may support more production of
microbial protein, than does sugar (Hall & Herejk, 2001). Broderick e al. (2000) reported
that increasing sugar content of diets increased DMI and butterfat production. Sugar can also
influence fibre digestibility depending on how much degradable protein is in the diet (Heldt
etal., 1999).

Ward (2005, Pers. Comm.) stressed that in vitro evaluation may vary significantly between
laboratories. Variation may be due to equipment used, sample grind size, fermentation lag,
rumen fluid source and incubation time Accordingly, Allen (1996) proposed that differences
in NDF digestibility of forages vary with in vitro incubation time. Moreover, Zinn et al.
(2004) stated that length of time needed for the degradative process of NDF, rather than the

digestibility thereof is the more limiting aspect, especially in dairy formulations where forage

inclusion rates are necessarily high (40 - 60%). Mould (2003) showed that the use of animals
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to provide microbial inoculums for the in vitro procedure introduces additional sources of
error due to variations within animals (time effect), time of sampling relative to feeding,
basal diet, etc; Cone et al. (1989) made similar observations. According to Stern et al. (1997)
in vitro starch disappearance was greater when ruminal fluid was obtained from a concentrate
fed cow than from one that has been hay fed However, they also reported that ranking
among feeds to be independent of the donor cow diet. Richard ef al. (1995) demonstrated
that the type of mill and screen size used to grind the sample had a significant influence on in
vitro digestibility. Different in vitro laboratory methods on the basis of ruminal fluid (Tilley
& Terry, 1963), the method on the basis of forage enzymatic degradability (De Boever er al.,
1986) or in vitro gas production of forage incubated in ruminal fluid (Menke & Steingass,
1988), are also potential sources of error within and between laboratories. Moreover, the
static nature of the in vitro procedure does not ideally simulate the in vivo situation with
regard to substrate /rumen fluid ratio and the retention or incubation time (De Boever et al_,

1996).

There 1s however, debate in the industry about the appropriateness of 48hr vs. the 30hr and
24hr in vitro measurements. Several researchers recommend that the incubation time of in
vitro NDFD should be reduced from 48hrs (NRC, 2001) to 30hrs (Robinson, 2005, Pers.
Comm.) or 24hrs (Tylutki, T.P., 2007, Pers. Comm., Agricultural Modeling and Training
Systems, LLC, 416 Davis Road, Cortland, NY 13045, USA). The rationale is that a shorter
incubation time is more appropriate to describe the digestion potential of NDF for lactating
dairy cows, as feed is not retained in the rumen of a high producing dairy cow for a 48-hour
period (Hoffman & Combs, 2004). The 48hr NDFD recommendation of the NRC (2001) is
to calculate TDN content of forages at a maintenance intake level. Hoffman et al. (2003)
proposed that the 30hr incubation period might be a better indication of the amount of NDF
digested by a cow at maintenance level. According to this researcher a 48-hour incubation
period will result in a slight over-prediction of NDFD. Hoffman and Combs (2004) are of
opinion that the 48hr NDFD (NDFDas) assay has the advantage of repeatability between, and
within laboratories, and the availability of a large database (NRC, 2001) for most feeds.
However, Hoffman et al. (2003) reported a strong positive relationship between 30hr and
48hr NDFD values across all forages (r> = 0.84). Within forages they found NDFDus to be
higher than 30hr NDFD (9-12 and 2-5 percentage units as a % of NDF for grasses and

legumes respectively).
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Earlier studies by Miller and Oddoye (1989) reported that voluntary DMI of conserved

forages was best described by the disappearance of NDF after 12 hours of incubation,
reflecting lag phase, potential degradability and rate of degradation. This was supported by
Alexandrov et al. (1995) who reported that most of DM and CP in lucerne hay disappear
during the first 6-12 hours of incubation in the rumen. Balliette and Torell (1998) reported
that the passage rate of lucerne hay is approximately 36 hours versus the 70 hours required

for grass hay.

An alternative approach from the adaptations of the classical Tilley and Terry (1963) in vitro
rumen digestibility system, is the in vitro gas method (Menke er al., 1979, Menke &
Steingass, 1988; Pell & Schofield, 1993) commonly used by California researchers
(Robinson et al., 1999; Robinson, 2005, Pers. Comm.). An important difference is that the
rate of forage digestion can be measured. The production of gaseous products is monitored
continuously by the use of computerised pressure sensors (Pell & Schofield, 1993).
According to Herrero et al. (1996) the technique is gaining popularity due to its simplicity,
low cost and high reproducibility of obtaining a dynamic description of the nutritive value

feeds, while at the same time allowing more samples to be analysed.

In a wider sense, however, the issue of different incubation times is somewhat irrelevant
because changing the incubation time of the assay reduces the amount of NDF digested;
therefore, NDF digestibility values obtained from 30- and 48-hour digestions cannot easily be
compared to NDFD values listed in the NRC 2001 (Hoffman 2003).

Hall (2005) suggested that the balance of rumen degradable protein (RDP) and rumen
undegradable protein (UDP) is important to meet protein requirements of the dairy cow.
RFQ does not distinguish between protein fractions (RDP, UDP), which are important when
balancing a diet. Therefore, it assumes that all legumes have equal degradability in the
rumen. In addition Harlan et al. (1991) are of opinion that in the proximate analysis system,
digestible CP (N x 6.25) is assumed to have equal energy weight with carbohydrates;
however, according to Van Soest (1982), 30 % of the N in some forages, and much of the
faecal N, is in the form of non-protein nitrogen (NPN), which has variable amounts of

associated energy. Linn (2003), stressed that the over-estimation of the energy concentration

in diets can be increased by feeding higher protein diets to dairy cows.




6.3  The Cornell Net Carbohydrate and Protein System (CNCPS)

All the models previously discussed addressed only the chemical composition of the forage
without consideration of the physical characteristics of the feed, animal factors and
associative effects. These effects have been acknowledged by Sniffen er al. (1992) when
they developed the Comell Net Carbohydrate and Protein System (CNCPS) model using a
combination of mechanistic and empirical sub-model approaches, assuming steady state
conditions. It also uses statistical representation of data that describes the aggregated

response of whole model compartments (Fox ez al., 1995).

The CNCPS model has been designed to evaluate diets and cattle performance based on
animal, environmental and feed composition information in diverse production situations
(Fox er al., 2004; Tylutki et al., 2007). According to Fox et al. (2004) predicted animal
requirements account for different animal physiological states (lactation, pregnancy and
growth), body reserves and environmental effects. The CNCPS also uses feed carbohydrate
and protein degradation (kd) and passage (kp) rates to predict extent of ruminal fermentation,
microbial protein production, post ruminal absorption and total supply of metabolisable
energy (ME) and metabolisable protein (MP) to the animal (eq. 19) (Fox et al., 2004). The
inclusion of this equation (eq. 19) in the CNCPS model makes the model non-linear and thus
dynamic.

D = kd/(kd + kp) (eq.19)

According to Tylutki ef al. (2007) the latest version (6) of the CNCPS (CNCPSv6),
represents an evolution of the model that was first published in 1992 by Russell er a/. (1992),
Sniffen er al. (1992) and Fox et al. (1992).

The CNCPS further assumes that all feeds are composed of carbohydrate, protein, fat, ash
and water (Sniffen et al., 1992). Protein and carbohydrate DM fractions are further
subdivided into chemical composition, physical characteristics, ruminal degradation and post
ruminal digestibility characteristics. CNCPS uses these fractions and their digestion rates to

compute the amount of structural and non-structural carbohydrates available for each of the

carbohydrate microbial pools (Sniffen et al., 1992).




73

6.3.1 Chemical composition

The carbohydrate (CHO) and crude protein (CP) sub-fractions are fractionated by physical or
chemical methods according to the latest version (6) of CNCPS (CNCPSv6) principles
(Tylutki et al., 2007). Table 11 summarises the analytical methods and calculations used to

determine the carbohydrate and protein nutrient pools.

Table 11 CNCPSv6 carbohydrate and protein nutrient pools’

Item Pool Units Calculation or analysis method
Acetic, propionic, butyric CAl %DM HPLC

Lactic CA2 %DM HPLC

Other organic acids (OAA) CA3 %DM Book values

Sugar CA4 %DM Dubois et al. (1956 Ralph)
Starch CB1 %DM Holm et al. (1986 Ralph)
Soluble fibre CB2 %DM NFC-CA1-CA2-CA3-CA4-CBI
Neutral detergent fibre (NDF) CB3 %DM NDF-NDFCP-CC

Lignin CC %DM (NDF x Lignin x 2.4)/100
Non-protein nitrogen (NPN) PA %DM NPN x (SolCP/100) x (CP/100)
Soluble protein PB1 %DM SolCP x CP/100 - PA

PB2 %DM CP -(PA-PBI-PB3-PC)
Neutral detergent fibre crude protein NDFCP)PB3 %DM NDFCP- ADFCP
Acid detergent fibre crude protein (ADFCP) PC %DM ADFCP

* Description of pools adopted from Tylutki et al. (2007)

6.3.1.1 Protein fractions

Feed protein is partitioned into three fractions, namely non-protein nitrogen (NPN), true
protein, and unavailable nitrogen (Van Soest er al., 1981). Pichard & Van Soest (1977)
described these fractions as fraction A (NPN), B (true protein), and C (bound true protein),
respectively. Fraction B is further partitioned into three sub fractions (B1, B2, B3) according
to their intrinsic rates of degradation in the rumen (Van Soest ef al., 1981; Khrishnamoorthy
et al., 1983). The protein (P) fraction Bl (PB1) is free amino acids and small peptides which
are rapidly degradable with a degradation rate (kd) of 100-200%/h. Fraction PB2 is the
difference between buffer insoluble protein and fraction PB3 which is fermented in the rumen
at a lower rate than PB1, thus intermediately degradable with a kda of 5-12%/h, and some
could escape to the lower gut. Fraction PB3 is believed to be the slowest degradable of the

three PB fractions with a ka of 1-15%/h. Because of its association with plant cell walls, PB3
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to a large extent escapes to the lower intestines. Fraction PC is the acid detergent fibre-crude
protein (ADF-CP) which is considered to be resistant to microbial and animal enzymatic
breakdown and thus undegradable and unavailable to the animal. All passage rate equations

were adopted from Seo ef al. (2006).

6.3.1.2 Carbohydrate fractions

Feed carbohydrates, based originally on Sniffen er al.(1992), were further subdivided in
CNCPSvs.6 to: CAl (acetic, propionic and butyric acids), CA2 (lactic acid), CA3 (other
organic acids), and CA4 (sugars) with degradation rates (kd) of 0%, 5%, 3% and 40-60%/h
respectively. Both fractions CB1 (starch) and CB2 (soluble fibre) have an intermediate ka of
20-60%/h. Fraction CB3 (available NDF) has a slow ka of 3-6%/h and fraction CC (lignin x
2.4) is totally undegradable. The passage rate (kp) equations were adopted from Seo ef al.
(2006). Carbohydrate and protein fractions in feeds are then summed to determine the intake

of each fraction (Sniffen et al., 1992).

6.3.2 Physical characteristics

According to Weiss (1998) physical characteristics of feeds have a significant affect on
digestibility and passage rate. According to Van Soest (1994) the quality of a feed is
considerably changed by its physical characteristics, although it may be relatively
independent of its chemical composition. In the CNCPS, the growth rate of bacteria that
digest available fibre carbohydrate (FC) and NFC depends on rumen pH, which is predicted
from diet NDF and physical characteristics of feed, stimulating chewing and rumination (Fox
& Tedeschi, 2002). The physical characteristics of feed are described as effective neutral
detergent fibre (eNDF) as published by Sniffen e al. (1992). The effectiveness of NDF is
described by Smith and Waldo (1969) and Mertens (1986) as the percentage NDF remaining
on a 1.18 mm screen after dry sieving. Several adjustments were made for density, hydration

and degree of lignification of NDF within classes of feed.

The purpose of the effective fibre concept was to meet the minimum fibre requirements that
would maintain minimum milk fat percentage (Mertens, 1997). Fox et al. (2000) describes
this term as the properties of forage that will stimulate chewing and salivation, rumination
and rumen motility. According to Zinn et al. (2004) the eNDF of forage did not only

represent its particular functionality in promoting digestive function, but also represents the

character of the forage that can limit energy intake, thus negatively influencing performance.
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It is important however, to note that dietary NDF concentration is poorly related to "fibre

effectiveness" (Garcia & Kalscheur, 2005).

Mertens (1997) further proposed that there should be differentiation between eNDF and
physical effective NDF (peNDF). He described peNDF as the physical characteristic of fibre
(primarily particle size) that influences chewing and the biphasic stratification of ruminal
contents (floating mat of large particles on mat of liquid and small particles);, whereas, eNDF
was defined as the sum of the total ability of the NDF in a feed to replace the NDF in forage
in a diet so that the percentage of milk fat produced and rumen pH is effectively maintained.
However, it has been proposed that low pH is related more closely to high concentrations of
NFC than to low effective fibre (Fox & Tedeschi, 2002).

Conceptually, peNDF is related to roughage value (Sudweeks et al, 1981), fibrousness
characteristic (Balch, 1971) fibrosity index (Sauvant er al., 1990), and physical structure
(Norgaard, 1986), because all are related to chewing activity. The eNDF values in the
CNCPS version 6. have been revised to correlate with the proposed peNDF values of Mertens
(1997). The NRC (2001), however, is of opinion that the application of this concept 1s
limited due to the lack of established requirements and standard, validated methods to
measure effective fibre of feeds. This precluded NRC (2001) from establishing specific
recommendations.  Although the NRC (2001) does not use peNDF per se, it does
acknowledge the importance of particle size through the use of forage NDF. A number of
studies on the effects of peNDF on feed intake, digestibility, and milk production and
composition have also been conducted (Yansari et al., 2004; Yang & Beauchemin, 2005) that
produced inconclusive results due to differences in measuring peNDF. However, recently
several authors (Yang & Beauchemin, 2006; Yang & Beauchemin 2007b) validated the use
of the onginal Penn State Particle Separator (PSPS) with 3 sieves (19-, 8- and 1.18mm) to
provide a better description of the variation in dietary physical effectiveness and the potential

of the diet to promote chewing and prevent ruminal acidosis.

The CNCPS uses the NDF content of the diet and physical properties of the NDF to predict
pH. The eNDF was found to be an adequate predictor of rumen pH (Pitt ef al., 1996), namely
rumen pH = 5.425 + 0.04229 x %eNDF for eNDF < 35% DM; (r2=0.52).




6.3.3 Dry matter intake (DMI)

The CNCPS calculates nutrient supply from actual DMI, or empirical equations are provided
to predict DMI when intake is unknown. Equations specifically developed for each
production class are used (Fox et al, 2004). DMI is adjusted for the effect of the
environment in which the cattle are housed (Tylutki er al., 2004). Other factors affecting
predicted DMI include body weight, breed, age, diet energy density, milk production,
pregnancy, body fat, humidity and other lot conditions (Tylutki ef al., 2004).

Research has demonstrated that the CNCPS intake model predicted DMI to within 2% of
actual values (Kolver et al., 1998; ADAS, 1998). Much emphasis is placed on adequate
information on feed composition and DMI, for the accurate prediction of nutrient

requirements and performance under specific conditions (Fox et al., 2000; Fox et al., 2004).

6.3.4 Predicting supply of energy and protein

The advantage of mechanistic models such as the CNCPS is that they are mbre applicable to
a variation of feeds and account for more sources of variation, than do single-component
equations (Weiss, 1998). The CNCPS has been used successfully on beef and dairy cattle
farms to evaluate and formulate rations (Fox et al., 2004; Tylutki et al., 2007). Several
researchers assessed the ability of the CNCPS to predict lactation performance in dairy cows
(Stone, 1996; Ruiz et al., 2001; Ruize et al., 2002; Fox et al., 2004; Recktenwald & Van
Amburgh, 2006; Tylutki ef a/., 2007). In an evaluation with individually fed dairy cows, the
CNCPS accounted for 90% of the variation in actual milk production with a 1.3% bias (Fox
etal., 2004).
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CHAPTER 3
THE NUTRITIVE VALUE OF SOUTH AFRICAN MEDICAGO SATIVA L. HAY
1. INTRODUCTION

Lucerne (Medicago sativa L.) hay is a very important roughage source for livestock in South
Africa (Van der Merwe & Smith, 1991). Gronum et al. (2000) estimated that approximately
3.8 million ton of lucerne hay is produced annually in South Africa. A large proportion of this
lucerne hay crop is utilised by the dairy industry. Consequently, its nutritive value for

especially dairy cattle is important.

According to Blaxter (1964) nutritive value is the result of chemical composition, digestibility
and intake per unit time by an animal. Linn (1992) mentioned that high quality feeds should
have in addition to a high nutrient content, a consistent nutrient content, high nutrient
availability, absence of mould and other substances, adequate physical characteristics as in the
case with roughages to stimulate rumination, readily consumed by animals that results in
production meeting or exceeding expectations. Currently most end users of lucerne hay are
still purchasing their lucerne hay by means of a subjective evaluation criteria (free from
objectionable odours,-dust and mould; absence of foreign material; leafiness; green colour),
whereas actual nutritive value should be the main criteria. Several objective measurements
(single or combined chemical analysis) could however be a more accurate indication of

nutritive value.

Lucerne hay quality (nutritive value) varies considerably and is influenced by factors such as,
harvesting at specific physiological stages, climatic factors, edaphic factors such as soil
conditions, leaf losses during haymaking, storage and feeding practice, diseases and insects,
weeds, lucerne cultivar, moisture content during storage, water supply and fertilisation (Bezeau
& Sonmor, 1964; Hanson et al., 1988; Putnam et al., 1997). Furthermore lucerne hay grown
on many farms in South Africa are not from pure stands but are mixtures of lucerne and grasses
of botanical composition (Cynodon Dacylon L.; Ornithogalum spp.;, Moraea spp.) that is
unknown or difficult to estimate. Given that South African dairy rations could contain up to

40% lucerne hay, milk production variability can be partially related to lucerne hay. Therefore,
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variation in quality of South African lucerne hay hampers the accurate formulation of ruminant

diets especially for dairy cattle.

Van Wyk et al. (1955) published the first nutritive values for lucerne hay in South Africa,
based on only 38 samples. This was followed by Van der Merwe (1970) who classified the
quality of lucerne according to stage of harvesting (bloom stage). Van der Merwe (1970)
emphasised that the nutritive value of roughages can vary considerably. Therefore their values
(crude protein, crude fibre, fat) can serve at best as a general guideline in diet formulations and
should be verified by actual analysis. These values also do not include later developments in
nutrition like analysis for acid detergent fibre (ADF), neutral detergent fibre (NDF) and the
extent of protein and fibre degradation. Mertens (1992), McDonald ef al. (1995) and NRC
(2001) reported values in this regard. The only South African particulars in this regard in the
available literature is that of Erasmus et al. (1990), one average based upon three samples from
various locations. In addition, information is also lacking on nutritional value of South African
lucerne hay with regards to nutrient fractions required for modern diet formulation programs
including National Research Council (NRC) (2001) and the Cornell Net Carbohydrate and
Protein System (CNCPS) (Tylutki et al., 2007). Information is required on protein and
carbohydrate fractions, detailed nutrient composition, predicted energy values and rumen
degradability. This clearly illustrates the urgent need for more reliable data on the nutritive

value of South African lucerne hay.

The objective of this study was to evaluate the variation- and expand the existing and limiting

nutritive value database of lucerne hay in South Africa.

2. MATERIALS AND METHODS

2.1  Sampling

During 2004 and 2005, samples of lucerne hay (n = 600) (Medicago sativa L.) were collected
from 600 cuttings at different times in the season (September 2004 to April 2005) from several
commercial irrigation farms in the main lucerne producing areas (sites) in South Africa
(Cradock, Douglas, Groblershoop, Hartswater and Vaalharts irrigation scheme, Hopetown and
Upington). These sites represent a wide range soil characteristics (texture, organic matter, N
and P content, pH) and farm management practices. The objective was to obtain as wide as

possible range of samples that would vary more in chemical and digestible properties than
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would lucerne sampled from a distinct area, thus representing the South African lucerne

population.

digestibility are shown in Figure 1.

The origin of lucerne hay samples for chemical analysis and estimates of
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Figurel.

Origin of lucerne hay samples (Mapsofworld, 2006) (www.mapsofworld.com)

Each lucerne hay sample was a composite of 20 core samples randomly collected, from a lot,

with a LTC (Lucerne Tech Consult CC., Hopetown, South Africa) forage core sampler to
ensure a statistically valid sample (Martin et al., 1992). A lot included the same species,
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variety, cutting, land and time (Putnam, D.H., 2005, Pers. Comm., Dept. of Agronomy and
Range Science, University of California, Davis, CA 95616, USA).

The 20 cores of each lot were thoroughly mixed and milled under controlled conditions
through a 1-mm screen using a LM 3100 mill (Perten Instruments AB, Huddinge, Sweden).
Representative duplicate samples were obtained using a sample splitter (Perten Instruments
AB, Huddinge, Sweden) with 12 flutes of 15 mm slot sizes (Perten Instruments AB, Huddinge,
Sweden). The samples were sealed in airtight containers and stored in a refrigerator at 3°C for

subsequent near infrared reflectance spectroscopy (NIRS) scanning and chemical analysis.

2.2 Chemical analysis

The required number of samples to represent the South African population was selected by
scanning the 600 milled lucerne hay samples with a NIR-System 5000 monochromater (NIR
Systems, Silver Spring, MD, USA) resulting in 168 samples representing a wide spectral range.
These 168 samples were analysed by Cumberland Valley Analytical Services, Inc.,
(Maugansville, Maryland, USA) by means of wet chemistry. Crude protein (CP), ash and acid
detergent fibre (ADF) contents were determined by means of the procedures described by
AOAC (2000). Dry matter (DM) were determined by a two-step process: First step: Partial dry
matter adapted from Goering & Van Soest, 1970, second step: Modified to 105°C for 3 hours
as described by the National Forage Testing Association recommendations, 2002 (Ward, R.T,,
2005, Pers. Comm., Cumberland Valley Analytical Services, Inc., 14515 Industry Drive,
Hagerstown, MD 21742, USA). Neutral detergent fibre (NDF) and acid detergent lignin
(ADL) were determined according to the procedures of Goering & Van Soest (1970) with a
modification to the NDF procedure, which exclude sodium sulphite (neutral detergent solution)
and includes oco-amylase to hydrolyse the starch component {Dowman & Collins, 1982).
Soluble protein (SP) was determined by the borate-phosphate procedure as detailed by
Krishnamoorthy et al. (1982). Acid detergent insoluble crude protein (ADICP) and neutral
detergent insoluble crude protein (NDICP) were determined by measuring the CP content of
the ADF and NDF residue respectively using a Leco FP-528 Nitrogen Combustion Analyzer
(Leco. 3000 Lakeview Avenue, St. Joseph, MI 49085). Fat (EE) was analysed according to the
method described by the AOAC (1990). Starch was determined by a modification of the
method of Holm et al. (1986) as cited by Hall {2000) and sugar by Dubois et al. (1957), as
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cited by Hall (2000). Metals (Fe, Mn, Zn, Cu) and minerals (Ca, P, Mg, K, Na, S, Cl) were
analysed by means of the procedures described by AOAC (2000).

Cellulose and hemi-cellulose concentrations were estimated as the difference between ADF
and ADL concentrations and NDF and ADF concentrations respectively. Dietary cation-anion

difference (DCAD) was calculated using the equation as described by Beede et al. (1992).

DCAD = (%Na/0.023 + %XK/0.039) - (%C/0.0355 - %S/0.016) (eq. 20)
2.3 Nutrient fractions

The carbohydrate (CHO) and crude protein (CP) sub-fractions were fractionated by physical or
chemical methods according to the Comnell Net Carbohydrate and Protein System version 6
(CNCPSv6) principles (Tylutki et al., 2007). Table 1 summarised the analytical methods and

calculations used to determine the carbohydrate and protein nutrient pools.

All chemical analysis was performed in duplicate and the results expressed on a dry matter

basis.
2.4 Invitro digestibility

In vitro organic matter digestibility at 48 hours (TVOMDus) was estimated using the two-stage
rumen fluid-pepsin technique described by Tilley & Terry (1963). For the estimation of in
vitro organic matter digestibility at 24 hours (IVOMD24) the technique was however modified
to 24 hours without sulphite (neutral detergent solution) or pepsin/hydrochloric acid (HCL)
treatment, but with the inclusion of amylase (Ward, 2005, Pers. Comm.). Rumen fluid was
collected from several early to mid lactation cows consuming a high production total mix
ration (TMR) of lucerne haylage, maize silage and high moisture shelled corn (HMSC) (Ward,
2005, Pers. Comm.). The 24 hours and 48 hours in vitre digestibilities of NDF (NDFD24 and
NDFDus, respectively) were determined using the modified Tilley and Terry procedures as

described above.
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Table 1 CNCPSv6 carbohydrate and protein nutrient pools®

Item Pool’” Units Calculation or analysis method
Acetic, propionic, butyric CAl1 %DM HPLC

Lactic CA2 %DM HPLC

Other organic acids (OAA) CA3 %DM Book values

Sugar CA4 %DM Par. 22

Starch CB1 %DM Par.23

Soluble fibre CB2 %DM NFC-CA1-CA2-CA3-CA4-CB1
Neutral detergent fibre (NDF) CB3 %DM NDF-NDFCP-CC

Lignin CC %DM (NDF x Lignin x 2.4)/100
Non-protein nitrogen (NPN) PA %DM NPN x (SolCP/100) x (CP/100)
Soluble protein PB1 %DM SolCP x CP/100 - PA

Complex protein PB2 %DM CP - (PA-PB1-PB3-PC)

Neutral detergent fibre-crude protein (NDF-CP) PB3 %DM NDFCP- ADFCP
Acid detergent fibre-crude protein (ADF-CP) PC %DM ADFCP

* Description of Cornell Net Carbohydrate and Protein System (CNCPS) pools adopted from Tylutki et al. (2007)

® Characterisation of carbohydrate fractions are as follows: CAI (acetic, propionic and butyric acids), CA2 (lactic
acid), CA3 (other organic acids), CA4 (sugars) (degradation rates of 0%, 5%, 3% and 40-60% per hour for CAl,
CA2, CA3, and CA4, respectively. Fraction CBI (starch (degredation rate of 20-60%/h)), CB2 (soluble fibre)
(degradation rate of 20-60%/h). Fraction CB3 (available NDF) that has a slow degradation rate of 3-6%/h and
Sfraction CC (indigestible NDF) (degradation rate of 0%/h). The passage rate equations were adopted from Seo et
al. (2006).

Protein was sub-divided into: fraction PA, PB1, PB2, PB3 and PC. Fraction PA is non-protein nitrogen (NPN),

which is rapidly degradable with an assumed degradation rate fo be affinity. Fraction PB is true protein (TP),

which is further sub-divided into three fractions PB1, PB2 and PB3, which have different rates of degradation in

the rumen (Sniffen et al., 1992.). Fraction PB1 is peptides which is rapidly degradable with a degradation rate of
120-400%/h.  Fraction PB2 is the difference between buffer insoluble protein and fraction PB3 which is
Jermented in the rumen at a lower rate than PB1, thus intermediately degradable with a degradation rate of 3-
16%/h, and some could escapes to the lower gut. Fraction PB3 is believed fo be the slowest degradable of the
three PB fractions with a degradation rate, for forages, equal to fraction CB3 (3-6%/h). Because of its
association with plant cell walls, PB3 to a large extend escapes to the lower intestines. Fraction PC is the
ADFCP which is considered to be resistant to microbial and the animal enzymatic breakdown, thus un-

degradable and unavailable to the animal All passage rate equations were adopted from Seo et al. (2006)

According to Mould (2003) the use of the neutral detergent solution in the in vitro procedure is

meant to remove any contamination, however, the sulphite has the potential to remove
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undegraded substrate that leads to overestimation of degradation, especially when using short
incubation periods. For this reason Ward (2005, Pers. Comm.) excluded the use of the neutral
detergent solution in the modified in vitro technique. The exclusion of the pepsin/HCL

treatment was due to hypothesising that bacterial contamination was non-significant.

All in vitro procedures were performed in triplicate and the IVOMD results were expressed on

a dry matter (DM) basis, whereas NDFD was expressed as a percentage of NDF.

2.5 Energy units

Metabolisable energy (ME), ME from fat (ME) and fermentable metabolisable energy (FME)
were estimated using equations from McDonald ef al. (1995), while estimated energy content
for total digestible nutrients at 1X maintenance (TDNix), digestible energy at 1X maintenance
(DEix), digestible energy at production level of intake (DEp), metabolisable energy at
production level of intake (MEp) and net energy for lactation at production intake (NElp) were
estimated from the NRC (2001) model. In this approach the prediction of TDNass, NDFD
determined at 48 hours by the in vitro procedure was used to calculate truly digestible NDF
(tdNDF), whereas TDNiig was predicted using lignin to calculate tdNDF (NRC, 2001). The
total track digestible organic matter (TTDOM) was calculated according to the NRC (2001)
equation (Appendix A).

2.6  Statistical analysis
Statistical analyses were performed using SAS 9.1.3 Service Pack 4 (2002-2003). Descriptive
statistics namely the mean, standard deviation (SD), coefficient of variation (CV), minimum

and maximum values were calculated for the quantitative variables.
3. RESULTS AND DISCUSSION

3.1 Dry matter and energy
The chemical composition and digestibility of the selected lucerne hay samples are presented
in Table 2



84

Table 2 Chemical composition and digestibility of 168 SA lucerne hay samples*®

Chemical Analysis Minimum Mean Maximum SD" Cv°
Dry matter (%) 86.46 92.69 94 .42 1.1 1.19

Organic matter (%) 70.48 87.03 92.76 3.55 4.08

Acid detergent fibre (%) 21.26 33.22 47.28 4.53 13.62
Neutral detergent fibre (%) 28.89 44.06 65.93 6.79 15.41
Lignin (%) 432 7.35 16.25 1.69 23.03
Cellulose (%) 16.29 2587  36.44 3.47 13.4

Hemicelluloses (%) 5.26 10.84 19.86 33 30.43
Pectin (%) 2.41 11.11 16.16 2.65 23.85
Sugar (%) 15 5.71 10.3 1.55 27.14
Starch (%) 1.09 2.03 3.94 0.57 28.13
Non-fibre carbohydrate ®

NFCnre (%) 6.22 25.13 36.11 5.76 22.92
NFC1 (%) 0.0 20.37 34.23 733 35.98
NFC2 ¢ (%) 5.35 24.65 35.84 5.88 23.85
NFC3 d(%) 6.28 25.55 36.7 5.86 22.94
CA4 °(sugar) (%) 1.5 5.71 10.3 1.55 27.14
CB1 °(starch) (%) 1.09 2.03 3.94 057  28.13
CB2 ° (soluble fibre) (%) 0.0 1263 2326 6.3 49.9

CB3 °(available NDF) (%) 7.26 22.14  38.55 4.51 20.39
CC ° (indigestible NDF) (%) 10.36 17.64 39 4.06 23.03
Fat (%) 1.18 1.83 3.14 0.32 24.44
NDFD24{ (% NDF) 26 3587  54.06 4.7 13.13
NDFDas 8 (% NDF) 3093 41.57 62.21 5.13 12.34
NDFDiig h (% NDF) 11.2 16.5 26.84 2.84 17.22
IVDMD ' (%) 58.03 74.22 84.85 476 6.41

IVOMD24! (%) 435 59.88 69.26 4.45 7.44

IVON[D48k(%) 45.2 61.36 73.19 5.38 8.76
TTDOM1' (%) 49.8 52.8 102.6 9.4 17.80
TTDOM2 ™ (%) 314 5432 64.1 5.1 9.39

* All values are based on a DM basis; ® Standard deviation; © Coefficient of variation; ? Different non-fibre
carbohydrate (NFC): NFCNrC (NRC, 2001), NFC1 (Mertens, 1992), NFC2 (Van Soest et al., 1991) and NFC3
(Wang et al., 2001); ° Carbohydrate fractions;  Neutral detergent. fibre digestibility measuring in vitro rumen
digestibility of NDF after 24 hours; ®Neutral detergent fibre digestibility measuring in vitro ramen digestibility of
NDF after 48 hours; " Neutral detergent fibre digestibility calculated by using lignin and NDF content of lucerne
hay as primarily independent variables (NRC, 2001); *In vitro dry matter digestibility; iIn vitro organic matter
digestibility measuring in vitro rumen degradability of OM after 24 hours; " In vitro organic matter digestibility
measuring in vitro rumen degradability of OM after 48 hours; "Total track digestible organic matter calculated by
using Neutral detergent fibre digestibility after 48 hours; ™ Total track digestible organic matter calculated by
using lignin




3.1.1 Dry matter

The moisture content of lucerne hay must be within a specific range for effective storage. Hay
stored too wet (above 16%) will undergo pronounced fermentation with the production of heat
(Bath & Mable, 1989). The feeding value may be greatly decreased because of mould or the

loss of nutrients that occurs during extensive fermentation .

According to Table 2 the average dry matter (DM) content of lucerne hay in the present study
was slightly higher than the approximately 90% reported by Morrison (1961), Van der Merwe
& Smith (1991) and NRC (1996). Scholtz (2001) reported a corresponding average of 93%
DM. According to Morrison (1961) the primary objective in haymaking is to dry the green
plants to such an extent that the hay can be safely stored without heating unduly or becoming
mouldy. Lucerne DM disappears in the heating process, reducing yield as well as digestibility.
Heating above 52 °C will reduce the digestibility of protein, fibre and carbohydrate compounds
(Bath & Marble, 1989). They also suggested that mouldiness and odours that decreases
palatability are usually associated with lucerne that has been baled too wet and that
subsequently heated to 47 °C to 52 °C, whereas hay that has been heated to 55°C to 60°C
usually turn brown, and black when heating exceeds 66 °C. Hanson ef al. (1988) mentioned
that high-moisture lucerne hay (above 20% moisture) causes damage like heating, moulding
and respiration losses of soluble carbohydrates and recommended a safe upper limit moisture
content of 15%. However Smith ef al. (1996) are of the opinion that the upper moisture level
depends on the type of hay, density and size of bale, drying conditions after baling and other
factors and recommended 18% for lucerne hay. In the present study the highest moisture
content recorded (Table 2) was safely below the critical moisture level. Therefore heat and
mould damage were unlikely to occur. However, in a preliminary study conducted by Scholtz
& Van der Merwe (2007; -unpublished data) significant moisture losses of up to 46% (original
moisture content) were detected during the milling process. Therefore the moisture values in

Table 2 are probably not representative of the actual values before grinding.

3.1.2 Ash
Ash is an approximate measure of the mineral content and other inorganic matter that remains

as post-combustion residue. The ash content may, however, contain material of organic origin

such as sulphur and phosphorus from protein. McDonald et al. (2002) reported some loss of
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volatile material in the form of sodium (Na), chloride (Cl), potassium (K), phosphorus (P), and

sulphur (S) during the ignition process.

The mean ash content of lucerne hay in Table 3 was similar to the value reported by NRC
(1989). Various researchers (Van der Merwe & Smith, 1991; Mertens, 1992; NRC, 2001)
reported slightly lower values ranging from 7.5-11% ash. In the current study the ash content
of lucerne hay averaged 12.97% and ranged from 7.25% to 29.52% (CV = 27%). The wide
range observed in this study may be explained by soil contamination (exogenous ash) due to
harvest practices (Abreu & Bruno-Soares, 1996). This is confirmed by Bath & Marble (1989),
which noted that values above 14% for lucerne hay are usually an indication of soil
contamination. Thus, it is evident from the data set that 24% of the samples in the present
study were prone to soil contamination. Morrison (1961) suggested that lucerne hay has a
higher mineral content than grains like maize and wheat. This is because of the accumulation
of minerals in the leaves during growth, soil washed onto the growing plants by rain, and dust
settling on the roughage before it is stored. Since ash has zero energy content, it is normally
subtracted from an energy calculation, such as total digestible nutrients (TDN) (Weiss, 1993;
Mooney, 2002). Thus using the average ash concentration instead of actual ash may increase
error by up to 16 TDN units in the present study. Hoffman (2003) stressed the importance of
ash measurement in predicting the energy value of forages. Accordingly the elevated
maximum ash value of 29.52% in this study could have a detrimental effect on the energy
value of such a hay lot. Ward et al. (1957) confirmed earlier studies, which showed that
lucerne ash could stimulate the digestion of low quality roughage. This will however not apply

for soil ash presenting lucerne hay

According to Putnam (2005, Personal Comm.), ash has been shown to range up to 10 % or
more at any given fibre and may be of real value in predicting animal performance. The ash
value is an indication of hay lots with a significant soil contamination and/or hays with above-

normal mineral concentration (Putnam, 2004). Compared to grasses, lucerne hay has a rich

mineral profile.
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Table 3 Mineral content and dietary cation-anion difference of 168 lucerne

Medicago sativa L. samples®

CHEMICAL ANALYSIS Minimum  Mean _Maximum SD® Ccv°
Ash (%) 7.25 12.97 29.52 3.55 27.39
Dietary Catio-Anion Difference (meq/kg) -1.30 26.70 59.91 13.41 50.23
Ca (%) 0.64 1.35 2.12 0.26 18.97
P (%) 0.15 0.30 0.42 0.05 17.18
Mg (%) 0.23 0.41 0.98 0.10 25.24
K (%) 1.06 2.53 427 0.64 25.11
Na (%) 0.05 0.25 0.71 0.12 49.16
S (%) 0.18 0.30 0.43 0.05 15.20
Cl (%) 0.32 1.07 1.95 0.36 33.90
Fe (ppm) 149 874 3138 584 67

Mn (ppm) 30 57 153 21 37

Zn (ppm) 23 36 75 8 23

Cu (ppm) 2 7 39 3 45

® All values are based on a DM basis
® Standard deviation

¢ Coefficient of variation

With respect to macro minerals in lucerne hay (Table 3), the sodium (Na) value varied the
most, followed by chloride (Cl), manganese (Mg) potassium (K) calcium (Ca), phosphate (P)
and sulphur (S). According to Hanson et al. (1988) Ca and Mg concentrations in lucerne hay
are greater than for grasses at equivalent stages of maturity. The effect of low Ca diets on
calcium homeostasis is well established and has been reviewed in depth (Goings et al., 1974,
Green et al., 1981). According to Lean et al. (2006) the optimal dietary concentration in pre-
partum diets to lower risk of milk fever is contentious. Oetzel (2000) and Thilsing-Hansen et
al. (2002) noted that the practice of feeding very low levels of calcium pre-partum, <20 g/d, is
effective in controlling hypocalcemia, whereas Lean ef al. (2003) as cited by Lean ez al. (2006)
suggested a pre-partum intake of 60 g/d. This contrasts somewhat with the results of Goff &
Horst (1997) who proposed that observed benefits of lowering dietary Ca pre-partum to
approximately 50 g/d in preventing milk fever were, in part, the result of a reduction of dietary
K rather than a stimulatory effect of low dietary Ca on calcium homeostasis. Thus, Goff
(2000) concluded that calcium concentration in pre-partum diets had little influence on the
incidence of milk fever when fed at levels above the daily requirements, approximately 30g of
Ca/d.
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Recently Lean ef al. (2006) evaluated this phenomenon and concluded that an increase in Ca
concentration from 0.5 to 1.0% in the pre-partum diet would increase the risk by 327%. The
mean Ca value in Table 3 was slightly lower than the 1.47% reported by NRC (2001).
Accordingly, it is evident that dry cows fed diets containing 100% lucerne hay, consuming at

least 200 g of Ca/d, would be destined for incidences if milk fever.

The interrelationships among K, Na, Cl and S and its contribution to the dietary cation-anion
difference (DCAD) (Eq. 20) of dairy diets are well documented (Beede et al., 1992; NRC,
2001; McDonald et al., 2002;). DCAD is an important barometer for the risk of milk fever and
of the cow at parturition (Beede, 2003; Lean et al., 2006). Oetzel (2000) recommended a
dietary DCAD of approximately -15 meq/kg of DM. The DCAD (eq.20) for lucerne hay in the
data set ranged from -1.3 to 59.91 meq/kg of dietary DM, averaging 26.7 meq/kg. The
variation (CV = 50.23 %) of DCAD illuminates the importance of routine analysis of lucerne
hay with regards to the acid-base balance of pre-partum dairy diets. In this regard the high K
content of lucerne hay, which plays a mayor role in the dietary anion-cation balance of dairy
diets is of great importance. Nearly all of the dietary K is absorbed by the cow, making it a
very intoxicating alkalinising cation (NRC, 2001). Cows fed diets high in K and Na are in a
relative state of metabolic alkalosis, which increases the probability of hypocalcemia. Recent
advances in dry cow nutrition have clearly demonstrated the value of lowering the K intake in
cows pre-partum (Goff, 1999). As a result, most nutritionists attempt to limit dietary K
concentrations or acidify the cow via negative DCAD balances, however, these targets are not
well defined (NRC, 2001). Lucerne and other legumes are known to accumulate K within their
tissues to concentrations that are well above the requirements for optimal plant growth
(between 1.7 and 2.0 % DM) (Stokes, 2002).

The average K content in the current study (Table 3) was lower than the mean values of 3.1%
and 3.05% reported by Lanyon (1980) and Kelling et al. (2002) respectively, and resembled
that of the NRC (2001) (2.37%). However, the maximum value corresponded with the highest
value reported by Lanyon (1980). Factors that might have contributed to the K status in
lucerne hay are: cutting height, as K tends to accumulate in the stems rather than leaves
(Rominger et al., 1975); maturity, K content decreases with advanced maturity; rain, K is
easily leached from the plant when rained on between mowing and baling/chopping (Kelling ez
al., 2002): Over-fertilising with potassium results in luxury consumption by the crop and can

be undesirable to the health of the pre-parturient dairy cow (NRC, 2001).
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The mean Na and Cl content in lucerne hay in the current study (Table 3) was higher than the
0.1% and 0.65% respectively reported by NRC (2001). Whereas the mean S values
corresponded to the tabular values of NRC (2001) and Berger (1990).

According to Van Saun (1991) the macro-mineral profile for a close-up dry cow diet should be
as follow (DM basis): Ca (0.36-0.41%), P (0.22-0.25%), Mg (0.22-0.25%), K (0.7-0.8%), Na
(0.12-0.15%), S (0.19-0.21%) and CI (0.24-0.26%). Whereas, the NRC (2001) recommends
the following macro-mineral status for a standard close-up diet (DM basis) (cows entering
second lactation or): Ca (0.43%), P (0.3%), Mg (0.39%), K (1.35%), Na (0.16%), S (0.18%)
and CI (0.42%). Thus, in a diet containing 40% lucerne hay (DM), the mean Ca (135 g/d), K
(253 g/d), and Na (25 g/d) contribution from lucerne hay in the present study (Table 3) would
contribute an abundance of these macro-minerals to these specific diets. The knowledge of
daily intake (g/d) of these minerals is of more importance than the mineral status of the diet
itself, due to variability in DMI of different diets. Lean et al. (2006) however concluded that
critical assessment and control of all dietary macro minerals, and not only DCAD of the pre-

partum diet, is essential in the prevention of milk fever.

Regarding trace minerals iron (Fe), manganese (Mn), sink (Zn) and copper (Cu), the values in
the current study were generally higher than the tabular values in NRC (2001) and McDonald
et al. (2002), except for Cu which had a lower value in this study. A large variation and
standard error (SE) occurred for Fe (Table 3). This could probably be attributed to soil
contamination as some areas in South Africa are known for high soil (exogenous) Fe content
(Groenewald, C.A., 2007, Pers. Comm., Divisional Director, Scinetic, Centre of scientific
technology, a devition of Afgri operations. 252 Jean ave., Centurion, South Africa). The
trace-mineral profile for a close-up dry cow diet should be as follow (Van Saun, 1991): Fe (60
ppm), Mn (50 ppm), Zn (50 ppm) and Cu (12-18 ppm). The average Fe content in Table 3
would contribute 5 times more Fe than required for a close-up dry cow diet. Of great concern
is the interfering of excessive dietary Fe with the absorption of other minerals, primarily Cu

and Zn, which could lead to depletion of these minerals in cattle.

3.1.3 Organic matter (OM)
Organic matter is the material that is available for the digestion process (Van de Merwe &

Smith, 1991). Compared to grasses, lucerne has a higher % ash (Ward et al., 1957) and thus
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lower % organic matter content. Many organic compounds contain mineral elements as
structural components. Protein, for example, contains sulphur; and many lipids and
carbohydrates contain phosphorus (Van Soest, 1994). The OM content of lucerne hay in this
study (mean = 87.03%) had a low CV (Table 2) and could the average value be regarded as a
reliable OM guideline.

3.1.4 Carbohydrates
Figure 2 illustrates the terminology of plant carbohydrates based on different solubility for

each fraction. All these carbohydrate fractions are also present in lucerne hay as indicated in

Table 2.

Mono + Oligo Starch | Fructans Pectic
saccharides Substances

Galactans

- — 2 i g - i S 4 . .

Figure 2 Plant carbohydrate fractions (Hall 2000)
Where:
NSC = Non Structural Carbohydrates
NDSC = Neutral Detergent Soluble Carbohydrates (also called Non-Fibre
Carbohydrates (NFC))
NSP = Non-Starch Polysaccharides
NDSF = Neutral Detergent Soluble Fibre
NDF = Neutral Detergent Fibre
ADF = Acid Detergent Fibre
Mono and Oligosaccharides are also called “Sugars”
NOTE: Lignin is present in ADF and NDF (not included here because it is not a
carbohydrate)
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3141 Structural carbohydrates

Structural carbohydrates are the physical stimulus that initiates rumination, thus playing an
important role in maintaining the health and function of the rumen. According to Mertens
(1992) structural carbohydrates are located in cell walls and provide the structural support
needed for plants to grow upright. Plant cell walls (listed in the descending order of their
degradability) consist of pectin, hemicellulose, cellulose and a non-carbohydrate polymer,

lignin.

Pectin is unique in that it is rapidly fermentable (high kd) resulting in 90-100% ruminal
disappearance. Pectin, in contrast with hemicellulose, is not part of the cross-linked lignified
matrix (Van Soest, 1982). Accordingly, it is the opinion of several researchers that pectin is
best considered as a non-fibre carbohydrate similar to sugar or even qualify as its own entity

(Van Soest et al., 1991).

Several analytical techniques are available for the characterization of the structural
carbohydrates (fibre fraction). The traditional measure for fibre according to the Weende
analysis is crude fibre (CF) as described by Van der Merwe & Smith (1991). Crude fibre has
been in use by nutritionist since the middle of the 19th century (Henneberg & Stohman, 1859
as cited by Hindrichsen et al., 2006). Crude fibre is the residue remaining after successive
boiling in dilute acid and alkali (NRC, 1989) and measures the cellulose and part of the lignin.
A modified crude fibre (MCF), which includes the ash or mineral fraction, was used in some
stages, notably in California during the 1950s, to evaluate lucerne (Baker & Ball, 2001). This
test was developed in California as a more rapid test than the CF test. Hannaway & Ballerstedt
(1988) proposed that MCF has a negative correlation with animal digestibility (more accurate
than the standard CF analysis). However, according to several researchers (Van Soest, 1968,
Lofgren & Warner, 1970, Mertens, 1982 and Robinson (1999) CF and its derivatives are an
incomplete measure of the less digestible part of feeds as it fails to measure hemicellulose and
most of the lignin. They suggest that acid detergent fibre and neutral detergent fibre are much
more useful and accurate measures of the fibre component of feeds than are values for crude
fibre. However, most countries still continues to require that CF levels be included in the

guaranteed analysis of manufactured feeds (Tylutki, T.P., 2007, Pers. Comm., Agricultural



92

Modeling and Training Systems, LLC, 416 Davis Road, Cortland, NY 13045, USA). For these

reasons, the lucerne hay was not analysed for CF.

a) Acid detergent fibre
The ADF method (AOAC, 2000) has been used to evaluate the lucerne hay available energy.

ADF is the plant fibre that remains after acid detergent removes part of the digestible cell wall
material and the cell contents, and consists of cellulose, lignin, heat damaged proteins (ADF-
N), and acid insoluble ash (Morse & Sedivec, 1990; Ball & Lauriault, 1999). In the United
Kingdom the ADF method has been modified slightly (MADF) by increasing the duration of
boiling and acid strength (McDonald et al., 2002) to show a much greater ability to predict
forage digestibility (Moss & Givens, 1990; Givens et al., 1992b). According to McDonald ez
al. (1995) available data suggests that ADF is the measure of fibre that is the most highly
correlated with the milk fat content. Thus for the purpose of the present study the lucerne hay

was analysed for ADF.

Mean, minimum, maximum, standard deviation and coefficient of variation values for energy
related analyses are shown in Table 2. These energy related analyses represents all chemical,
digestibility or formula-based parameters associated with the energy value of lucerne. In the
current study the mean ADF value for South African lucerne hay (Table 2) was almost
identical to the values published by NRC (1996), NRC (2001) and Mertens (1992) and lower
than the 39.98% and 37.5% reported by Erasmus et al. (1990) and McDonald ef al. (2002)
respectively. The variations in lucerne hay ADF values presented in Table 2 were larger than
those found in the available literature. Maturity of the lucerne plant seems to have the biggest
influence on the variation of chemical parameters and is presented as such in several textbooks
(Van Soest, 1994; NRC, 1996). The larger variation found in the current study could be
attributed to other management factors that influence the leave and/or inter-alia fibre content of
the lucerne hay, and/or due to the robustness of the dataset. According to NRC (1996), ADF
values ranged from 31.9% for lucerne hay at an early bloom stage to 38.7% at full bloom. Van
Soest (1994) reported corresponding ADF values of 31% and 37% for lucerne hay cut at an
early bloom- and full bloom stage respectively. Mertens (1992) published ADF values that
ranged from 28.0% for early vegetative stage to 40.0% for full bloom.
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b) Neutral detergent fibre

Robinson (1999) recommended the substitution of ADF with NDF as NDF is considered to be
the more clearly defined cell-wall fraction that captures all the structural fibre. This is unlike
ADF that only captures 70 to 85% of the structural fibre. McDonald et al. (1995) noted that
NDF is the chemical component of foods that determines their rate of digestion the best. NDF
is the plant fibre that remains after the removal of cell contents by neutral detergent solution.
The NDF method was designed initially to isolate the insoluble dietary fibre components in
plant cell walls (cellulose, hemicellulose and lignin) (Van Soest & Wine, 1967). While the
NDF residue is often considered to represent these cell wall fractions, NDF is actually defined
as a nutritional entity describing the variable and incompletely digestible portion of forages
(Van Soest, 1994). Lucerne contains substantial amounts of pectin in their cell walls and is
known to be solubilised and lost during neutral detergent extractions which result in NDF
underestimating cell wall concentration of lucerne hay (Jung & Lamb, 2004). According to
Mertens (1992) NDF is not a chemically pure entity, but represents substances (ADF fraction
plus hemicellulose) in plants that are difficult to digest and break down into small particle
sizes. Thus, incomplete pectin recovery in the NDF residue does not conflict with the

nutritional definition of NDF.

Erasmus et al. (1990) found a mean NDF content of 42.8% for lucerne hay produced in South
Africa. According to the results in Table 2 the mean NDF content of lucerne hay in SA is
slightly higher. This also applies for a mean tabular value given by NRC (2001), namely
41.6%. The mean NDF value in the current study (Table 2) was close to the 45.3% and 43.9%
value observed by Mertens (1992) and NRC (1996) respectively. In comparison with findings
by Mertens (1992), this studies lucerne hay NDF exhibited higher variance. Results obtained
by NRC (1996) indicated that NDF values ranged from 31.9% for hay cut at an early
vegetative stage to 48.8% at full bloom. Mertens (1992) reported an even lower variation of
38.4% at early bloom and 52.1% at full bloom. The definition of a roughage source as
proposed by Zinn et al. (2004) is a forage containing 35% or more NDF. Accordingly, several
of the samples lower than the mean NDF in the SA population, technically won't fit this
description (Table 2). As in the case of ADF, the larger variation of NDF values found in the
current study could possibly be attributed to the influence of other factors than the cutting stage
per se. The NDF content of stems could be as high as 70%, whereas leaf NDF content varies
between 18 - 28% (Putnam, 2000). Therefore, excessive leaf loss during the harvesting

process could have contributed to the variation. Another possible reason for the large variation
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is the above normal temperatures recorded for the 2005 season, when the samples were
collected. According to Putnam (2005, Pers. Comm.) forage of any species tends to be lower
in quality if produced in warm region rather than cool region. This could also be partly
explained by the change in leaf to stem ratio. In addition the high NDF values of lucerne hay
found in the present study could restrict the inclusion level thereof in high yielding dairy cow
diets. Allen (1991) recommended NDF levels between 25% and 30% in diet DM for high
producing dairy cows, whereas Zinn ef al. (2004) proposed a total of 29 to 32% NDF with the
condition that 19% of dietary DM must be NDF from forage (NRC, 2001). Thus, inclusion of
lucerne hay in these high producing dairy diets must contain a NDF content of 40% or less.
Thus, only 33% of the South African population represented by Table 2 would fit this criterion,
of which 8% of these samples contain less than 35% NDF, thus technically disqualified as a
roughage, as previously noted by Zinn ez al. (2004).

NDF content of the lucerne hay tended to vary more than ADF (Table 2), and probably can be
accounted for by hemicellulose (CV = 30.4%) (the primary difference between ADF and
NDF). From Table 2 it is evident that hemicellulose contributed approximately 25% to the

average NDF content of lucerne.

c) Lignin

Lignin may also be defined as non-carbohydrate substances that resist digestion (Van Soest,
1982). According to Van Soest (1994) lignin impacts the digestibility of the forage directly as
indigestible material and indirectly as it inhibits digestion of chemically associated fibre.
According to Hindrichsen et al. (2006) lignin has two main functions: it cements and anchors
the cellulosic microfibrils and other matrix polysaccharides and stiffens the cell walls, thereby
protecting them from rumen degradation and physical damage (Selvendran, 1984).
Furthermore, the undigested lignin-polysaccharide residue acts as a ballast in the rumen and
reduces forage intake (Waldo & Jorgensen, 1981). Thus, lignin tends to be the chemical
component most commonly associated with the impairment of forage digestion (Van Soest,
1994). However, Van Soest.(1994) pointed out that lignin has no effect on the digestibility of
cell solubles (sugar and starch). Similar to ash, lignin also has theoretically no digestible
energy (Weiss, 1998). Because lignin content of plant cell walls limits the availability of the
I polysaccharides (cellulose and hemicellulose) for enzymatic breakdown (Mansfield et al.,

1999), quantification of lignin is also of importance to lucerne quality models. Fox et al.
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(2003) recommend the use of sulphuric acid determined lignin in the Cornell Net Carbohydrate
and Protein System (CNCPS).

The mean lignin value (Table 2) of lucerne hay in the current study was almost identical to the
tabular value of NRC (2001) and lower than the 9.9% DM reported by Yu ez al. (2003). The
minimum lignin value in the present study (Table 2) is slightly lower than the 5.3% of early
vegetative cut hay, while the maximum value corresponds to the 17.0% of seeded cut hay
given by the table values of Van Soest (1994). The minimum value in Table 2 could possibly
be attributed to the presence of grass in the sample, because grass is known for its low lignin

content. Variability in lignin was found to be the second highest (23%) of the fibre fractions.

Because of the complex nature of lignin, its relationship with NDF and the lack of a
standardised procedure, lignin content when expressed on DM basis shows large variability
relative to digestion (Mould, 2003). However, Van Soest (1993) reported that lignin when
expressed on a fibre basis provided an improved association to digestibility across both
legumes and grasses. Ward (2005) is of opinion that it is more descriptive to evaluate forage
lignin in the context of NDF value, as lignin/NDF ratio (lignin as percentage of DM divided by
NDF times 100), since digestibility is a function of the lignin-fibre interaction. Lignin content
alone could be misleading, especially when comparing grass with legumes. For example 8.5%
lignin is a much bigger concern in lucerne hay that test 35% NDF than grass hay that test 58%

NDF due to the higher lignin content found in lucerne.

The average lignin/NDF (% of NDF) ratio in the current study (Table 4) was lower than the
18.26% ratio calculated from NRC (2001) values. Bethard (2002) is of opinion that forages
with a lignin/NDF ratio larger than 18% often result in poor performance. Accordingly 20% of
the samples evaluated in the current study were prone to poor rumen digestibility performance.
However, the higher the association between lignin and fibre contents, the better its prediction
of digestibility (Van Soest, 1994). This is in agreement with the findings of Traxler et al.
(1998). In the present study lignin/NDF ratio (lignin as percentage of DM divided by NDF
times 100) ranging more (Table 4) than the values calculated from the tabular values of Van
Soest (1994), namely 14.7% for early vegetative stage to 24.8% for post bloom cut. The
presence of grass in the samples of the current study could again have contributed to these

differences.
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Table 4 Proportions of lignin, cellulose and hemicellulose of 168 South African

Medicago sativa L. hay samples and their inter relationship to each other

CHEMICAL COMPONENT Minimum Mean Maximum SD* CV°
Lignin/NDF' (% of NDF') 8.8 16.7 27.5 24 144
Lignin/ADF* (% of ADF?) 12.9 22.0 36.4 33 1438
Cellulose/NDF' (% of NDF') 42.4 59.1 71.2 48 82
Cellulose/ ADF? (% of ADF?) 63.6 78.0 87.1 33 42
Hemicellulose/NDF' (% of NDF') 13.5 24.3 37.8 47 19.2

Lignin x 2.4/NDF' (% of NDF") 21.0 40.0 66.0 57 143
Lignin/Cellulose (Ratio) 0.2 0.3 0.6 0.1 214
Lignin/Hemicellulose (Ratio) 0.3 0.7 1.3 02 250
Hemicellulose/Cellulose (Ratio) 0.2 0.4 0.8 0.1 286

® Standard deviation

® Coefficient of variation
! Neutral detergent fibre
2 Acid detergent fibre

A curvilinear relationship between lignin content of the NDF (Lig/NDF) and NDF digestibility
has been reported previously (Van Soest, 1967; Jung & Vogel, 1986). This is in agreement
with the results of Traxler er al. (1998). Lucerne fibre contains a high proportion of lignin
relative to grasses resulting in low digestibility of NDF relative to grasses. However, due to
lucerne's low fibre content (compared to grasses) and the rapid rates of digestion and passage,
higher intake and digestibility could be expected (Van Soest, 1994; Martin & Mertens, 2005).
Accordingly, the more grass present in the lucerne hay, the lower the lignin/NDF ratio would
be. Lucerne hay grown on many farms in South Africa are not from pure stands but are
mixtures of lucerne and grasses. The larger variation and lower mean of lignin/NDF (%NDF)
found in the current study could probably be attributed to the influence of grass contamination

other than the cutting stage per se.

The Cornell Net Carbohydrate and protein system (CNCPS) uses lignin to calculate
unavailable NDF by using the equation, 2.4 times lignin concentration (Sniffen et al., 1992).
The value 2.4 was suggested by Chandler et al. (1980) as cited by Van Soest et al. (2005),
based on long-term methane fermentations of 60-90 days on various waste materials (Van

Soest et al., 2005). The amount of NDF estimated by the 2.4 times lignin is assumed to be
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obligately undegradable and thus have a rate of digestion of zero (Van Soest ez al., 2005). This

means that a higher level of lignin decreases NDF availability, however it may also over

predict the carbohydrate C fraction (CC) of feeds that are of low lignification (Fox et al,

2003). The relative high variation (CV = 14.4) in NDF availability of lucerne hay in the

present study can be observed in Table 4.

d) Cellulose and hemicellulose

Cellulose and lignin are the primary components retained in the ADF residue, while

hemicellulose is mostly estimated as the difference between the NDF and ADF concentrations

of forages. Likewise, cellulose concentration is calculated as the difference between the ADF
and acid ADL concentrations for a forage sample. Morrison (1980) demonstrated that ADF
residue is contaminated with hemicellulosic sugar residues, while Theander & Aman (1980)
reported a possible starch and protein contamination on the NDF residue which results in
inaccurate estimates of both hemicellulose and cellulose concentration when calculated from
detergent fibre residues. It is also well documented that ADL severely under estimates lignin
content in forages (Hatfield et al., 1994; Jung et al., 1999; Hindrichsen et al., 2006). Thus an
expected over-estimated polysaccharide fractions (cellulose and hemicellulose) could be

explained due to the fact that ADL values are used to calculate these fractions.

The mean cellulose and hemicellulose values for lucerne hay in Table 2 were generally in
agreement with the values calculated from NRC (2001), and reported by Van Soest (1975). In
the available literature the calculated cellulose and -hemicellulose fractions for lucerne hay
ranged from 20.7% and 10% respectively for early vegetative to 29.6% and 14.0% cut past
bloom (Van Soest, 1994), implying a much greater range for South African lucerne hay (Table
2).

The nutritional availability of cellulose and hemicellulose varies from total indigestible to
complete digestible depending on the degree to which it is associated with lignin (Van Soest,
1994). Thus, a high lignin to cellulose (L/C) and lignin to hemicellulose (L/H) ratio is
associated with low digestibility. The mean L/C ratio in the present study (Table 4) was
slightly higher than the 0.24 reported by Van Soest (1976) as cited by Van Soest (1994) and
similar to that of NRC (2001) (0.30). Van Soest (1976) as cited by Van Soest (1994) reported
a L/C ratio that ranged from 0.18 to 0.3, which were much smaller than the observed range in

the current study (Table 1). The mean L/H ratio in the present study was lower than the value
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calculated from NRC (2001) values (0.86). The higher L/H ratio compared to the L/C ratio
was expected because hemicellulose is more closely associated with lignin than any other

polysaccharide (Sullivan, 1966) and is found mostly in lignified walls (Van Soest, 1994).

According to Van Soest (1994) availability of cellulose and hemicellulose could vary from
total indigestibility to complete digestibility in some forage species. The maximum value of
L/H in the present study confirms the possibility of total hemicellulose indigestibility in some
lucerne hay samples. Overall these values suggested that cellulose and hemicellulose content
in lucerne hay are to a large extent unavailable for digestion due to lignification. According to
Van Soest (1994) digestibility of hemicellulose is directly related to that of cellulose and
counter related to lignification. However, Van Soest (1994) is of opinion that cellulose
possesses variability in nutritive quality (rate and extend of digestion) somewhat independent
of lignification due to some intrinsic properties. Thus, it could be argued that the use of the
lignin to ADF (%ADF) ratio (Table 4) for quality evaluation would be non significant due to
the variability of cellulose quality and accordingly its large contribution to ADF in the present

study (Table 4)

As expected, the hemicellulose to cellulose (H/C) ratio of the present study was lower than the
ratio for grass species (0.67 to 1.24) and similar to the 0.39 ratio for lucerne hay reported by
Van Soest (1973). NRC (2001) also reported a comparable H/C ratio for lucerne hay 0.37 thus,

implying a relative constant H/C relationship between averages of lucerne populations.

From the results in Table 2 it is evident that the characteristic differences between and among
the samples in the current study and values available in literature, with regard to lignin,
cellulose and hemicellulose fractions, result in different relationships between lignin and

digestibility.

3.1.4.2 Non-fibre carbehydrates

According to Mertens (1992) non-structural and structural carbohydrates refer to their function
in plants. Sugars, starches, organic acids, and other reserve carbohydrates such as fructans,
make up the non-structural carbohydrates (NSC) fraction and are major sources of energy for
ruminants such as high producing dairy cattle (NRC, 2001). NSC and pectin are highly
digestible and are generally increased in the diet at the expense of NDF to meet the energy

demands of lactating dairy cows. Although the structural/non-structural classification of
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carbohydrates is appropriate for describing plants, a slightly different classification of
carbohydrates is needed to describe their nutritional characteristics (Mertens, 1992). They
recommended that classification of carbohydrates into fibre or non-fibre fractions should be
based on nutritional characteristics rather than on chemical composition or plant function.
Non-fibre carbohydrates (NFC) represent the more rapidly digested fraction that includes
pectins, starch and sugars. According to Hall (2005) the balance between fibre and NFC
especially the profile of NFC (sugars, starch, pectins, etc.) has drawn more interest due to their

influence on animal performance and digestion (fermentability) of other feeds.

Mertens (1992) suggested a convenient method of calculating NSC, which he termed non-fibre
carbohydrates (NFC). NFC is calculated by difference as follows:

L NFC1% = 100 - (CP + Fat + NDF + Ash) (eq. 21)

A variation in the classical calculation of NFC (eq.15) was proposed by Van Soest & Sniffen
(1984) and Van Soest et al. (1991) and recently adapted by the NRC (2001) namely:

NFCz = 100 - (CP + Fat + (NDF — NDF-CP) + Ash). (eq. 22)

Although the original NFCi equation is most commonly used, the alternative equation is
preferred, because it corrects for CP in NDF and avoids subtracting NDF-CP twice (as part of
CP and as NDF-CP). Van Soest & Sniffen (1984) stated that the insoluble protein in NDF is
the slowest to be degraded and should therefore be excluded. However, this difference may be
an analytical artefact given the absence of sodium sulphate and amylase in their NDF
measurements. AOAC (2006) approved Mertens NDF method that includes sodium sulphate
and amylase. This method removes most of the nitrogen from NDF. NSC is measured by
enzymatic methods (Smith, 1969; Smith, 1981; Sarvar ef al., 1992) and is a distinct fraction.
In some earlier studies by Van Soest et al. (1991) and Sniffen et al. (1992) no distinction
between NSC and NFC was recognized. Smith (1992) proposed that NSC and NFC are
interchangeable terms. This finding was in agreement with that of Sniffen ez al. (1992) which
found that the calculated NFC is usually in close agreement with direct measured NSC.
However several researchers (Mertens, 1988; Hoover, 1996 as cited by Bethard, 1997; Varga
& Kononoff, 1999) reported that the concentrations of NFC and NSC are not equal for many
feeds and the terms should not be used interchangeably. According to Bethard (1997) NFC
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and NSC for lucerne hay were not significantly (P>0.05) correlated. Varga & Kononoff (1999)
found a significant (P<0.001) difference between NFC (22% DM) and NSC (12.5% DM) for
lucerne hay. Similar results for lucerne hay have been previously reported by Casper ez al.
(1990). Much of the difference is caused by the contribution of pectin and organic acids
(Sniffen et al., 1992; NRC, 2001). Hall (1998) found pectin in lucerne hay to represent
roughly half of the NFC fraction. According to Martin & Mertens (2005) lucerne hay stems
contain 10 - 12% pectin as a component of the cell wall. Jung & Engels (2002) indicated that
pectin content of lucerne cell walls declined as the stems mature and cell wall concentration
increases. Although a component of cell walls, pectin has some very desirable nutritional
characteristics. According to Van Soest (1982) and Hall (1994) pectins are rapidly fermented
in the rumen. According to Fox ef al. (2000) pectin are more rapidly degraded than starches
(Fox et al., 2000) and support a microbial yield similar to starch (Schroeder, 2006), but their
fermentation is depressed at low pH. During fermentation it appears to yield more acetate than
other NFC (Strobel & Russell, 1986), tends not to depress ruminal pH, and barely ferments
when ensiled. Although pectin is poorly recovered in the NDF residue (Van Soest, 1994), Jung
& Lamb (2004) attempted to develop a prediction equation from NDF concentration in lucerne
hay stems. Although the derived equation was significant, only 29% of the variation in pectin
content of lucerne stems was accounted for by the NDF concentration. The quantification of

pectin in the current study was estimated from NFCi as described by Mertens (2002).

Another variation of NFC was proposed by Wang et al. (2001) where NFC was calculated as

follows:

NFCs = 100 - ((NDF-NDF protein) + CP + Ash + (fatty acids/0.9)) (eq. 23)

Total fatty acid concentration of feed samples was calculated as described by NRC (2001). For
the purpose of the current study all versions of NFC were calculated and discussed (Table 2).

Currently, there is a very limited database of sugar and starch (NSC) analysis for lucerne hay.
However, the mean sugar and starch presented in Table 2 was similar to the average sugar
(6.8%) and starch (2.2%) analysis performed at the University of Florida (Hall, 2002).
Alternatively, there is a comparative large database of NFC values because of the ease of
calculation. The mean NFC2 content of lucerne hay (Table 2) in the present study was lower

than the 24.4% reported by Mertens (1992) whereas the NFC1 value corresponded with the
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latter. The NFC values from NFC: were generally 4% higher than from NFCz2, which is in line
with the findings of Linn (2003). The NFC data of the current study varied widely while
Mertens (1992) reported values that ranged only from 25.4% for lucerne hay cut at an early
vegetative stage to 23.2% for hay in full bloom. According to Bethard (1997) widely divergent
protein levels in lucerne hay may substantially increase the variation in NFC, as it is used in
the calculation. The low minimum NFC value of lucerne hay found in the current study could
possibly be explained by unavoidable plant respiration during the wilting process (Coblentz et
al., 2004). The latest NRC (2001) summarizes the relationships among minimum forage NDF,
minimum dietary NDF, and maximum dietary NFC. The NDF fraction drives rumination
whereas the NFC fraction determines fermentability (Grant, 2001). The interaction between
these two fractions must be understood when formulating diets for high producing dairy cows.
Bethard (1997) concluded that using NFC values in diet formulation should enable more
precision in balancing carbohydrates in the diet. According to the results of the present study a
high variation occurred in the NFC content of lucerne hay (Table 2). It is evident that an
average value would be an unreliable measure to use in ration formulation. However Van
Soest et al. (1991) suggested that this problem is greater with grass- or maize silage-based diets

than with lucerne hay.

Broderick ez al. (2000) reported that increasing sugar content of diets increased both DMI and
butterfat production. Strobel & Russell (1986) suggested that fermentation of sugars usually
generates more butyrate than any other NFC, and concentrations of propionate similar to
starch. In addition, sugar can also be responsible for an increase or reduction in fibre
digestibility, depending on the degradable protein concentration in the diet (Heldt ez al., 1999).
Therefore given the different fermentation end products and large variation in lucerne hay
sugar content (1.5 to 10.3% DM) (Table 1) sugar analysis should routinely be done. It has
been proposed that low ruminal pH is related more to high concentrations of NFC or NSC
rather than effective fibre. According to Cruywagen (2001) the inverse relationship between
NDF and NFC is nearly perfect, complicating the decision in the ultimate cause of low ruminal
pH. However, several researchers are of opinion that the lack of effective fibre and not the
excessive concentration of NFC is primarily responsible for borderline acidosis and milk fat
depression (Sudweeks et al., 1981; Grant et al, 1990). However, neither effective fibre
(eNDF) nor physical effective fibre (peNDF) were determined and will be conducted in a
further study.
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The effect of diurnal variation on the concentration of NFC in lucerne hay is well documented
(Fisher et al., 2002; Burns et al., 2005; Mayland et al., 2005). Holt & Hilts (1969) reported
that NSC concentration followed a non-linear daily trend, with the most rapid increase
followed in the afternoon. Harvesting lucerne hay at sundown rather than dawn, takes
advantage of the plants potential to accumulate carbohydrates, as a result of photosynthesis,
during the daytime (Bowden ef al., 1968). This increase in NFC is associated with better in
vitro digestibility (Burns ef al., 2005), increase preference by sheep, goats and cattle (Fisher ef
al., 2002; Mayland et al., 2005), thus potentially improved daily DMI of more digestible forage
that might result in improved daily animal responses (Burns et al., 2005). However, Coblentz
et al. (2004) is of opinion that even though lucerne is cut under these conditions and wilted
properly, the concentrations of NFC can fall to <8% of DM by the time the forage is baled due
to unavoidable respiration during the wilting process. Accordingly it can be hypothesised that

diurnal variation contributed to the observed variation in NFC.

3.1.4.3 Carbohydrate pools

The carbohydrate (CHO) fraction of feeds is composed of structural and non-structural
carbohydrates, which could be part of the soluble or insoluble fractions. The proportions of
this diversity of chemical fractions are largely a description of their degradation and factors
influencing their availability to animal and microbial digestion, therefore important in
determining the animal response to the forage (Van Soest, 1994). In the latest version (6) of
CNCPS (CNCPSv6) the carbohydrate (CHO) pools have been expanded to eight fractions as
indicated in Table 1. The carbohydrate fractions in the previous versions of the CNCPS were
subdivided into four fractions: CA (sugars, organic acids, and oligosaccharides), CB1 (starch,
soluble fibre), CB2 (available NDF) and CC (unavailable NDF) (Fox et al., 2004). However,
for the purpose of the current study fractions CA1, CA2 and CA3 were not included in Table 1

due to its absence in forage hay.

Currently, there is a very limited database on the CHO fractions (CA4 and CB2) for lucerne
hay to base recommendations upon. In Table 2 the CHO fraction showed relatively similar
variation, except for CB2 (CV = 49.9%), which could be explained by the contribution of
pectin to this fraction (Sniffen er al., 1992) thus, its high concentration and variability in
lucerne hay (par. 3.1.4). The highest average and widest range were reported for CB3 and CC,
which had a similar CV. The CHO pool, expressed as a % of CHO (%CHO) of lucerne hay in
the current study differed from the values reported by Yu et al. (2003) for different cutting
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stages and varieties (Figure 2). Although a younger version of CNCPS (CNCPSv6) was used
in the present study, all the fractions were calculated similar to that reported by Yu ef al.
(2003) except for the new fractions CA (CA1 - CA4), CB2, and CB3 (Table 1). Fraction CB2
of the older CNCPSVS5 is calculated similar to the new CNCPSv6 fraction CB3. Mean CHO
fraction values, expressed as %CHO, in the present study compared to Yu ef al. (2003) were
higher in CB1 (3.2 vs. 1.5% CHO) and CB3 (34.5 vs. 27.4% CHO), but lower in CC (27.4 vs.
35.1% CHO). The lower CC value obtained in the present study could be explained by the
suspected grass contamination, which has lower lignin content compared to lucerne hay (Van
Soest, 1994). No CA4 and CB2 values, for lucerne hay or grass, could be found in the
available literature. The CA4 fraction (sugar) in Table 2 was already discussed in paragraph
3.1.4.
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Figure 3 Comparison of selected comparable carbohydrate (CHO) fractions (CB1 =
starch, CB3 = available neutral detergent fibre and CC = indigestible
neutral detergent fibre) between Yu ef al. (2003) and the current study

When comparing lucerne hay in the present study with timothy (Phleum pratense L), as
reported by Yu et al. (2003), lucerne hay was higher in CB1 (3.2 vs. 1.34%) and CC (27.4 vs.
16.4%) but notably lower in CB3 (34.5 vs. 67.6%). These results indicate that lucerne
contained higher starch (CB1) and less slowly degradable fibre (CB3). These results were
however not supported by the literature (par. 3.1.4). Similar findings have also been reported
by Yu et al. (2003). The higher undegradable cell wall fraction (CC) found in lucerne hay was
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however expected due to the higher concentration lignin found in lucerne compared to grass
(par. 3.1.4.1). The CBI fraction of lucerne hay in the current study was three times greater
than that in grasses (timothy) (Yu et al., 2003). Elizalde er al. (1999) found similar results
between lucerne and grasses (bromegrass and tall fescues). According to Yu et al. (2003) plant
maturity, but not forage variety, had an influence on the CHO fractions. Accordingly, some of
the variation of the CHO fractions reported in the present study could possibly be explained by

stage of cutting.

It is evident from the result of the present study (Figure 3) that a minimum of 61.9% of CHO
(CC + CB3) is totally unavailable for microbial usage. Although some of the CB2 is degraded
in the rumen, the rest will make a further contribution to the CHO used in the small intestines.
Hence, when including a significant amount of lucerne hay to a dairy diet, adding of adequate
soluble CHO to supply in microbial demand would be inevitable.
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Figure 4 Mean carbohydrate (CHO) fractions (CA4 = sugar; CB1 = starch; CB2; =
soluble fibre; CB3 = available neutral detergent fibre; CC = indigestible

neutral detergent fibre) of South African lucerne hay on a dry matter basis

3.1.5 Crude fat
Crude fat is the amount of fat or oil extracted by ether extract or hexane in animal feed

(AOAC, 1990). The extract or hexane soluble compound may include true fats and oils, fatty
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acid esters, compound lipids and fat soluble vitamins or pro-vitamins such as the carotenoids,
all of which may have nutritional value (Mason, 2000-unpublished data; Van der Merwe &
Smith, 1991). However, (Mason 2000-unpublished data) suggested that hexane extract may
also contain a significant concentration of indigestible waxes, resins and essential oils. Van
der Merwe & Smith (1991) concluded from the composition of ether extraction fraction, that it
could be misleading and does not represent the true fat or oil content of a feed. According to
McDonald et al. (1995) crude fat contains 2.25 times the energy (caloric) value of
carbohydrates and proteins. The estimated crude fat content of a feed is also used to formulate
total dietary fat level (Smith, 1992) and calculate non-fibre carbohydrates (NFC) by difference
(par. 2.2). It has long been recognised that fat is due to its high energy density, one of the key
components determining the energy value of a forage for cattle (Robinson, 2005). According
to Andrews et al. (1991) fat is used more efficiently for production than carbohydrate. Weiss
(1993) is of opinion that the inclusion of fat and ash, due to a high energy density and zero
energy status respectively, in a model could make the estimation of available energy more

appropriate for most feeds.

The mean crude fat content (Table 2) of lucerne hay in the current study corresponds with the
1,8% reported by Van der Merwe & Smith (1991) for lucerne hay in South Africa. These
values were however lower than the 2.3% and 2.5%, values published by Mertens (1992) and
the NRC (2001) respectively. The NRC (1996) reported values that ranged from 2.9% at early
bloom, to 2.6% at mid bloom and 3.4% at full bloom. However, Mertens (1992) observed that
early vegetative hay contains 3.1%, early bloom 2.4% mid bloom 2.1% and full bloom 1.5 %
crude fat. These values suggested that crude fat content decreased with maturity. From some
of the literature cited it seems as if maturity has no definite influence on the crude fat content
of lucerne hay. Van der Merwe & Smith (1991) also reported no particular pattern: pre-bloom
2.9%, early bloom 1.8%, full bloom 2.1% and past bloom 2.3%. According to Van der Merwe
& Smith (1991) the fat content of feeds is the unstable part. The crude fat content of lucerne
hay is however probably too low to cause any problems regarding oxidation and rancidity of
fat during storage. Accordingly it is too low to significantly influence the content of available
energy. Furthermore, the low fat content could result in dustiness and a lower feed intake
when fed to animals. Weiss et al. (1992) also suggested that the crude fat in forages (including
lucerne hay) may contain a significant concentration of indigestible waxes and resins, further

lowering its available energy.
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3.1.6 Invitro digestibility

The digestibility and intake are criteria, which give information about the forage nutritive value
and its degree of utilisation by the animals (Kirilov, 2002). Since digestibility trials (in vivo)
are laborious to perform, there have been numerous attempts made to determine the
digestibility of foods by simulating in the laboratory the reactions, which take place in the
alimentary track of the animal (McDonald ef al., 1995). The in vitro technique of Tilley &
Terry (1963) is currently probably the most widely used method. According to McDonald et
al. (1995) in vitro fermentation techniques make it possible to determine the digestibility of
large amounts of small samples, as is the case in the present study. The in vitro and in situ (in
sacco) estimates of digestibility have long been recognised as being more closely related to
animal performance than chemical extractions (Weiss, 1994). Van Soest & Robertson (1985),
however, stressed that the application of in vitro procedures to poor quality forage could lead

to unsatisfactory results.

Several end point procedures have been reported to determine the extend of digestion or
substrate utilization (Van Soest, 1994). These end point measurements include residual
organic matter, neutral detergent residue, dry matter residue, cellulose disappearance, residue
after pepsin digestion, gas production or volatile fatty acids. Several alterations and
modifications, especially in the areas of fermentation end-product analysis and degradation
dynamics, have been made to the original Tilley & Terry (1963) methodology (Mould, 2003).
The time of batch fermentation is commonly 48 hours for digestibility evaluation, although
other time periods that ranged from 3 hours to several hundred hours have been practices to
calculate rate of fermentation (Van Soest, 1994). In the present study NDFD3o0 has not been
determined and will be investigated in a further study, whereas NDFD24 and NDFD4g were
analysed due to its application in the recognised modern nutritional models CNCPS and NRC

(2001) respectively.

Currently, there is a very limited database of NDFD2s4 analysis for lucerne hay to base
recommendations upon. Alternatively, there is a comparative large database of NDFDas
because of its widespread usage by several researchers (NRC, 2001). The mean NDFD24 and
NDFDas showed a comparable variability (Table 2). The NDFDas seems to be higher than the
NDFD24 by 5 - 8 percentage units (% NDF) for lucerne hay in the current study whereas,
Hoffman et al. (2003) reported less difference (2 -5%) between NDFD30 and NDFD4s. These

results, however, is in contrast with the findings of Yu er al. (2003) who reported similar
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values for NDFD24 and NDFDas, thus claiming NDF in lucerne hay to be almost fully
digestible within a 24 hour incubation period. This was however not the case in the present
study (Table 2).

The mean NDFDag value (Table 2) of lucene hay in the current study corresponds with the
40.3% for lucerne cubes reported by Robinson ef al. (2004). These values were however lower
than the 49.8% published by the Marshfield Soil and Forage Analysis Laboratory (Hoffman,
2003). The NDFDa4g data of the current study varies widely while the Marshfield Soil and
Forage Analysis Laboratory (Hoffman, 2003) reported values that ranged from 44.2% for
lucerne hay with a low NDF digestibility at 48 hours to 55.4% for hay with high digestibility.
The NDFDasg values as measured by the Marshfield Soil and Forage Analysis Laboratory are in
close agreement with NDFD values listed in 2001 NRC (Hoffman, 2003). Thus, they noted
that "if wet chemistry in vifro NDFDas values are to be used in summative energy equations, it
i1s imperative that the normal range of NDFD values produced by the laboratory are
appropriately related to NDFD values listed in the NRC (2001). These conclusions were
however not supported by the results of the present study. This could probably be attributed to
differences in geography, environmental conditions and harvesting practices found in SA
compared to the USA. Consequently, the accuracy of the proposed summative energy
equations (NRC, 2001) could be hampered by using the NDFD values of the present study.
Accordingly the NRC (2001) stresses the use of correct procedures and conforming NDFD
values for the credibility of the summative energy equation system. Hoffman & Combs (2004)
reported a NDFDa4sg variation from 36% to 75% for legume-grass mixtures from upper Midwest
laboratories in the USA. Thus, the extreme high NDFD48 variation in the present study could
be explained by possible grass contamination, as illustrated by Figure 5. According to
Hoftman (2003) legumes have generally less total NDF and lower NDFD values due to greater
lignification as compared to grasses. The overall wider range in the present study, compared to
the literature, could be due to the wider range of harvesting maturity levels (Martin & Mertens,
2005) and types of grasses included in the samples.
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Figure § Range in NDF digestibility of different forages (Reuss, 2001)

Although many research on NDFD data have been reported, Oba & Allen (1999) mentioned
the difficulty to quantify the effect of NDFD of forages on animal performance due to a variety
of confounding factors found in individual experiments. Forages are usually supplemented

differently in diets, which may lead to further confounding.

The NRC (2001) provides two options to estimate the digestibility of NDF for use in the TDN
summative equation. The first method is NDFD (%NDF) as measured in a 48 hour in vitro
incubation, as discussed earlier. The second approach utilises the lignin (sulphuric acid
procedure) content of feed because lignification within a plant species can be negatively
associated with NDF digestibility (par. 3.1.4.1). The majority researchers have concentrated
on a single forage class when investigating the relationship between lignification and NDF
digestibility (Jung & Vogel, 1986; Buxton & Russell, 1988). Several authors, however, have
indicated that forage class is unimportant when estimating indigestible NDF from lignin
content of the NDF (Conrad et al., 1984; Weiss ef al., 1992; Traxler et al., 1998). The mean
NDFD value, estimated from lignin (NDFDiig), in Table 2 was, however, remarkably lower
than the laboratory analysed NDFD4g in the present study and several other NDFD4g values
reported in the literature (NRC, 2001; Hoffman, 2003; Yu et al., 2003). The range of NDFDas
was double that of NDFDuig, although the variation (CV) was relative similar. These results
were however not supported by NRC (2001). The significant (P<0.0001) difference between
NDFD48 and NDFDig in the present study could greatly compromise the accuracy and
precision of estimating TDN and metabolisable energy (ME) as proposed by NRC (2001).
Thus, in contrast to the recommendation of NRC (2001), the present study has shown that
NDFD4s in lucerne hay did not corresponded with NDFDig value calculated from the

summative equation of Weiss ef al. (1992). This was in agreement with the findings of several
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researchers (Jung et al., 1997; Linn, 2003; Robinson ez al., 2004) who also found a superior

relationship using in vitro NDFD measurements as compared to using lignin to estimate
NDFD. Mould (2003) concluded that because of the complex nature of lignin, its relationship

with NDF and lack of a standardised procedure, it shows large variability when expressed on a

DM basis. This calls for further investigation.

Hoffman et al. (2001) suggested that NDFDa4g could be converted to 48 hour in vifro dry matter

digestibility (IVDMDag) by the following equations:

IVDMDas = 100- ((100 - NDFDas) x (NDF/100)) (eq. 24)

Therefore a strong relationship between NDF, NDFD4g and IVDMDas is assumed. The

calculated mean IVDMDasg value in the present study was, as expected, higher than the NDFDasg
and IVOMD24 values (Table 2). TVDMDas, however, showed relative low variation (CV =
6.41) similar to IVOMD24 (CV = 7.44). The IVDMDas (48.93%) reported by Yu et al. (2003)
was significantly lower than the mean value calculated in Table 2. Hence, the use of the
Hoffman et al. (2001) equation for estimating IVDMDag from NDFDag and NDF, in the
present population (Table 2), is questionable.

Hvelplund et al. (1997) are of the opinion that organic matter digestibility (OMD) is the
determinant factor of the energy value of a feed. According to McDonald et al. (1995) ME
could be calculated from IVOMD as already stated. In this regard McDonald et al. (2002)
proposed a commonly used formula to calculate ME for roughages fed to ruminants (Appendix
A). The NRC (2001) dairy committee reported that total track digestible organic matter
(TTDOM) could also be calculated by adjusting the contribution of fat to total digestible
nutrients (TDN) by a factor of 1.25 (Appendix A).

Figure 6 illustrates the contribution of the different parameters to organic matter digestibility
(OMD) compared to the structural carbohydrate contribution to NDFD. Due to the variability
and influence of ash content in lucerne, as discussed in par. 3.1.2, estimation of organic matter
digestibility seems theoretically sound in representing available energy. The reduced (24 hour)
incubation time of the IVOMD assay was investigated for the reasons discussed earlier. It is
also the opinion of Ward (2007, Pers. Comm.) that 24-hour IVOMD (IVOMD24) opens greater

opportunity to differentiate materials at this point as the differences/slopes comes together as it



110

moves towards the 48 hours incubation period. Thus, IVOMD24 would be more sensitive

towards differentiating between samples than the classical 48hour [IVOMD.
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For the reasons mentioned above and the intrinsic characteristics of lucerne hay, the 24-hour
IVOMD procedure was also investigated for the purpose of the present study. It is also
however widely accepted that IVOMD is a reasonable assessment of in vivo digestibility
(Lundberg et al., 2004 as cited by Hoffman, 2004). This is however in contrast to the findings
of Roberts et al. (2004) who reported IVOMD not to be a particularly good predictor of in vivo
organic matter digestibility. Currently there is no database of IVOMD24 analysis for lucerne
hay to base recommendations upon. The IVOMDag database is, however, well documented in
literature (Scholtz, 2001). Although the maximum values of lucerne IVOMD24 and IVOMD4s
were fairly similarly higher (+26 and +28, respectively) than the minimum values, their CV’s
(7.44 and 8.76, respectively) were surprisingly low compared to the other parameters. This
was in contrast with the opinion of Ward (2007, Pers. Comm.), discussed earlier, regarding
incubation time (24 vs. 48hr). Hence, from the results of the present study it is evident that in

vitro incubation time (>24hr) had a minor effect on lucerne hay OMD.

3.1.7 Energy units

The mean total digestible nutrients, calculated from NDFD48, (TDNas) value indicated in
Table 5 for lucerne hay in the present study was unrealistic higher than the values reported by
NRC (2001) and Yu ef al. (2003). On the other hand the total digestible nutrients, calculated
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from NDFDiig, (TDNiig?) value was similar (56.4%) and slightly lower (60.18%) compared to
the tabular values of NRC (2001) (56.4%) and Yu et al. (2003), respectively. The large
difference between TDNas' and TDNiig? obtained for lucerne hay in the current study is in
disagreement with the recommendations of NRC (2001) that either NDFDag or NDFDiig could
be used interchangeably in calculating TDN, irrespectively of the forage species. Several
researchers (Jung ef al., 1997; Linn, 2003; Robinson et al., 2004), however, found a superior
relationship using in vitro NDFD measurements as compared to using lignin to estimate
NDFDiig and ultimately TDN. This was, however, not supported by the results of the present
study. The more realistic results obtained by using lignin, compared to NDFDas, to calculate
TDN (TDNiig> and TDN4g'), query the credibility of a universal NDFD4s value across forage
species (Table 5). The results of the present study however corresponds to the findings of
Conrad et al. (1984), Weiss et al. (1992) and Traxler et al. (1998) who indicated that forage
class is unimportant when estimating indigestible NDF from lignin content of the NDF.

NRC (2001) discussed the practical problems in predicting available energy for microbial
growth, using rumen fermented OM of individual feedstuffs as a direct index. Accordingly
they proposed an equation for calculating total track digestible organic matter (TTDOM) from
TDN (Appendix A).

The mean TTDOM:2 value (Table 2) calculated from TDNiig? was similar to the IVOMD24
value of the present study, whereas TTDOM: calculated from TDNag' related to neither
TTDOM:2 nor IVOMD2a4.

The energy content of lucerne hay as estimated from the NRC (2001) model are presented in
Table 5. It was apparent that the use of TDNiig? was more realistic relative to the tabular values
of NRC (2001). Accordingly for the purpose of the present study the use of TDNig? was

preferred for future associated energy equations.

The mean estimated energy values for lucerne hay in the current study was similar to all the
tabular energy values presented by NRC (2001) (TDNiig?: 55.39 vs. 56.40%, DEix: 2.58 vs.
2.60), DEp: 2.37 vs. 2.38, MEp; 1.94 vs 1.96, NElp: 1.18 vs. 1.19Mcal’/kg DM). Yu et al.
(2003) however, reported higher lucerne energy values (%eDM) for TDN&g? (60.17 %), DEix
(2.76 Mcal/kg), DEp (2.54 Mcal/kg), MEp (2.11 Mcal’kg) and NElp (1.29 Mcal/kg) than
reported in Table 5. They also illustrated that the stage of cutting in lucerne had a significant
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influence on energy values. These results again, illuminate fibre digestibility in determining

the correct energy values for dairy cattle.

Table 5 Energy content of lucerne hay as estimated from the NRC (2001) model®.
Energy unit n Min Mean Max SD® Cve
Total digestible nutrientsiig' (%) 168 5335 8046 10406 971 12.07
Total digestible nutrients4s? (%) 168 31.63 5539 6572 540 9.75
Digestible energy 1x* (Mcal/kg) 168 1.51 2.58 3.07 0.24 9.30
Digestible energy p* (Mcal/kg) 168 1.39 237 2.81 0.22 9.28

Metabolizable energy p* (Mcal/kg) 168 0.95 1.94 2.39 0.23 11.86

Net energy for lactation p*(Mcal/kg) 168 0.48 1.18 1.49 0.16 13.56
* All values are based on a DM basis

® Standard deviation

¢ Coefficient of variation

! Total digestible nutrients calculated by using 48 hour in vitro NDF digestibility procedure (NDFD4s) to calculate
TDN

2 Total digestible nutrients calculated by using NDFDlig, calculated from lignin, to calculate TDN

* Estimated energy content at 1 x maintenance level of intake

“ Estimated energy at production level of intake

The average predicted ME values for lucerne hay in the present study (Table 6), as estimated
from IVOMD (McDonald et al., 2002), presented a lower energy value for lucerne hay than the
10.64 MJ/kg (DM) reported by Scholtz (2001), but still higher than the 8.2 and 9.1 MJ/kg
(DM) given by McDonald ef al. (1995) and MAFA (1990) as cited by the AFRC (1992)
respectively. Van der Merwe & Smith (1991) also reported a lower value of 8.25 MJ/kg DM

for South African lucerne hay.

From Table 6 it is evident that ME from fat (MEfxt) had a small (£ 7%) contribution to the total
average ME content of lucerne. This is to be expected as the fat content of lucerne hay is low.
This contribution tends to increase as the ME content of lucerne increases (+ 6% for minimum
to 18% for maximum). This is in agreement with the increasing difference between ME and

FME as the ME and/or fat content of the lucerne hay increases.
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Table 6 Energy content of lucerne hay as estimated from the ARC model®
Enery unit n Min Mean Max SD* CV¢

Metabolizable energy (MJ/kg) 168 696 958 11.08 071 7.46

Metabolizable energy fat' (MJ/kg) 168 041 065 203 016 2392

Fermentable Metabolizable energy (MJ/kg) 168 655 893 1032 065 731

 All values are based on a DM basis

® Standard deviation
¢ Coefficient of variation

' Metabolizable energy from fat

According to McDonald et al. (1995) the yield of microbial crude protein is related to the
energy available to the rumen micro-organisms in terms of fermentable metabolisable energy
(FME). FME is expressed as MJ/kg DM, and calculated from the ME of feed or diet, minus
the ME contributed from dairy fat. Allowances were made for fat content in both the ARC and
INRA system (Parker, 2001). The mean FME value (Table 6) of lucerne hay in the current
study was higher than the 7.4 MJ/kg DM and 8.2 MJ/kg DM values published by McDonald et
al. (1995) and McDonald et al. (2002) respectively, and slightly lower than the value reported
by Scholtz (2001) for South African lucene hay. The minimum FME value corresponds to
that of ME. Differences between ME and FME tend to increase as ME value rises. However,
the difference between FME and ME values were small. This could again be attributed to the

low fat content of lucerne hay.

The UK energy values presented in Table 6 were however non comparable to the values in
Table S, due to the different approach followed by NRC (2001) in that feed energy values is

directly calculated from their nutrient composition.

3.2 Protein

3.2.1 Crude Protein

Proteins are complex organic compounds of high molecular weight (McDonald et al., 1995).
Traditionally, proteins in food for ruminant animals have been evaluated in terms of crude
protein (CP) or digestible crude protein (McDonald ef al., 1995). According to Ball &
Lauriault (1999) crude protein represents the nitrogen (nitrogen content x 6.25) fraction of the
forage and measures true protein (amino acids), non-protein nitrogen (NPN) and also insoluble

CP or acid detergent insoluble protein (ADIP). Foodstuffs contain numerous different proteins
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and several types of NPN compounds. According to the NRC (2001) proteins are large
molecules that differ in size, shape, function, solubility and amino acid (AA) composition.
Proteins have been classified on the basis of their 3-dimensional structure and solubility
characteristics (NRC, 2001). Amino acids (AA) are the building blocks of proteins (NRC,
1989). According to Polan (1992) it should be noted that AA values of feeds are expressed
relative to crude protein. The absorption of essential amino acids from digested protein is vital
to the maintenance, reproduction, growth and lactation of dairy cattle (NRC, 1989). The NRC
(1996) indicates four different protein constituents, namely degradable and undegradable
protein as well as soluble protein and non-protein nitrogen (NPN) constituents. Polan (1992)
stressed that CP is of utmost importance in dairy rations and is often the first limiting and

usually the highest priced nutrient.

Hanson et al. (1988) proposed that the quality of lucerne hay is closely related to its CP
content, since it is related to stage of maturity and leafiness. Roughage is bulky and, because
of presumed limitations of ruminal fermentation capacity and microbial growth, Polan (1992)
suggested that the quality of especially the CP should be high. Although the term CP does not
differentiate between NPN and true protein, this of little direct nutritional importance for
ruminants which readily utilize both forms to generate microbial protein, especially in the case

of lucerne CP (Mould, 2003; Martin & Mertens, 2005).

In the present study the average CP content was higher (Table 7) than the 16.7% and 18.83%
on a moisture free basis, indicated by Van der Merwe & Smith (1991) and Scholtz (2001)
respectively for South-African lucerne hay. Most of the mean overseas CP values found in the
literature (Morrison, 1961; McCullough, 1994) were significantly lower. NRC (2001) reported
a slightly lower (19.2%), and Elizalde et al. (1999) a similar average value as displayed in
Table 7.

The higher CP value in the present study is probably from immature lucerne hay which is
rapidly fermented in the rumen to ammonia and not used efficiently (Broderick & Satter,
1998). This usually leads to excessive excretion of nitrogenous waste by the animal. Because
of this inefficient use of CP, Marten & Mertens (2005) proposed the inclusion of 1 to 3% units
more CP in dairy rations, formulated mainly with lucerne hay as a forage source. In contrast
Robinson (1998) suggested that lucerne hay has a relatively high proportion undegradable
intake protein (UIP) (25 to 35% of CP), which makes it a high quality protein for dairy cows.



Table 7 Protein composition and utilisation of 168 lucerne hay samples®

Chemical analysis Minimum Mean Maximum SD® CV°
Crude protein (% DM) 13.9 20.7 27.8 26 123
Soluble protein (% DM) 3.5 6.2 10.8 14 228
Acid Detergent Fibre-Crude Protein (%oDM) 0.7 1.7 11.8 1.1 66.2
Acid Detergent Fibre-Crude Protein' (%CP) 3.8 8.1 48 4 46 562
Neutral Detergent Fibre-Crude Protein (%DM) 0.9 43 153 2.7 63.9

Neutral Detergent Fibre-Crude Protein' (%CP) 3.8 20.4 59.2 11.9 58.0
* All values are based on a dry matter basis

b Standard deviation

¢ Coefficient of variation

! Variable expressed as a percentage of total crude protein

Soluble protein' (%CP) 16.5 30.0 473 56 18.6
The variation of CP in Table 7 was higher than the values given by Van der Merwe & Smith
(1991) and similar to the results reported by Scholtz (2001) for South African lucerne hay.
According to Van der Merwe & Smith (1991) crude protein values for SA lucerne hay ranged
from 14.4% for lucerne hay cut before bloom to 20.0% cut past bloom. This is almost identical
to the before bloom (20.6%) and past bloom (14.6%) values of Morrison (1961). This change |
in CP concentration with advanced maturity could be explained by reduced leaf-to-stem ratio.
Leaves are higher in CP than stems (Table 8), and the proportion of leaves in lucerne declines
as the plant matures. Van Soest (1994) however, suggested that lucerne leaves maintain their
quality as they aged, while grass leaves decline in quality. In addition, under adverse hay
harvesting conditions leaf loss could have a detrimental influence on the leaf-to-stem ratio
(Ball et al., 2001), resulting inter alia the observed minimum values in Table 7. As mentioned

before, not only the physiological stage, but also various other factors could influence the

quality and consequently the protein content of lucerne hay.

Table 8 Leaf and stem crude protein content of lucerne (Collins, 1988)
Plant component % of the whole plant Crude protein (%)

upper leaf’ 30.7 23.9

lower leave 12.8 218

upper stem' 6.5 13.4

lower stem 50.0 9.6

""Upper leaf and stem were taken from the last five internodes on each stem.
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3.2.2 Protein fractions

According to Sniffen et al. (1992) the majority of models assumes that the soluble protein (PA
and PB1) to be completely degraded in the rumen whereas some of the insoluble fractions
(PB2, PB3 and PC) escape ruminal degradation depending on the influencing effect of
digestion and passage. However, the different protein fractions differ in rate and extend of
ruminal degradation, influencing the quantity of ruminally degraded and escape protein
ingested by ruminants (Elizalde et al., 1999). As with the CHO fractions, protein fractions are

also important in determining the animal response to a forage (Van Soest, 1994).

The protein fractions of lucerne hay, expressed on a CP basis (%CP), presented in Table 9
differed from the tabular values in NRC (2001). Fraction PA was lower (15.0 vs. 27.8% CP)
and fraction PB (PB1, +PB2 +PB3) was higher (76.9 vs. 66% CP) and fraction PC was higher
than the tabular value in NRC (2001). These results indicate that South African lucerne hay
(Table 9) consisted of a higher concentration true protein as a percentage of CP than that in the
U.S. reported by NRC (2001) (76.9 vs. 66% CP). Nitrate accumulation in forage is maximum
in under cool, cloudy conditions, which reduce photosynthesis and the reduction of nitrate to
amino acids (Van Soest, 1994). Accordingly, the sunny and longer day length found in South
Africa could explain the higher percentage true protein reported in the current study.

Similarly, the higher temperatures reported in the lucerne producing areas of South Africa
could probably attributed to the higher PC value reported in the present study compared to
NRC (2001) tabular values. The nitrogen content of acid detergent fibre of forages has been
correlated positively with lignin content (Van Soest, 1994). Higher environmental
temperatures result in the increased lignification of plant cell walls and in specificaily the

stems (Van Soest, 1994).

The mean value for SP (% CP) in the current study were significantly lower than the 46.0%,
40.6% and 53.6% reported by Sniffen ez al. (1992), Elizalde et al. (1999) and Yu et al. (2003)
respectively. The maximum SP value in Table 9 related to the values for grass as noted by
Sniffen et al. (1992). Elizalde ef al. (1999) demonstrated that SP was a constant fraction (%
CP) for lucerne as well as grasses as maturity advar‘lcedA This was in agreement with the
findings of Hoffman et al. (1993) and Cherney et al. (1997) who reported that small changes in
SP concentration occurred as maturity advanced. According to the findings of these

researchers maturity did not contributed to the SP variation displayed in Table 9.
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Table 9 Protein fractions expressed as percentages of DM' and total CP? in 168

lucerne hay samples

Fraction® Minimum Mean Maximum SD°® Cve
PA' (% DM) 18 31 54 0.7 228
PB1' (% DM) 1.8 3.1 54 0.7 22.8
PB2 ' (% DM) 17 10.2 16.3 23 226
PB3 ' (% DM) 0.1 2.6 11.8 2.1 84 .4
PC' (% DM) 0.7 1.7 11.8 1.1 66.2
PA2 (% CP) 83 15 23.7 2.8 18.7
PB12 (% CP) 8.3 15 237 28 18.7
PB2 2 (% CP) 10.5 49.6 68.6 99 20.1
PB3 2 (% CP) 03 12.3 52.7 9.9 80.4
PC?2 (% CP) 38 8.12 48 4 4.6 56.2

® Fraction PA is non-protein nitrogen (NPN), which is rapidly degradable with an assumed degradation rate to be
affinity. Fraction PB is true protein (TP), which is further sub-divided into three fractions PB1, PB2 and PB3,
which have different rates of degradation in the rumen (Sniffen ef a/., 1992.). Fraction PB1 is peptides which is
rapidly degradable with a degradation rate of 120-400%/h. Fraction PB2 is the difference between buffer
insoluble protein and fraction PB3 which is fermented in the rumen at a lower rate than PB1, thus intermediately
degradable with a degradation rate of 3-16%/h, and some could escapes to the lower gut. Fraction PB3 is believed
to be the slowest degradable of the three PB fractions with a degradation rate, for forages, equal to fraction CB3
(3-6%/h). Because of its association with plant cell walls, PB3 to a large extend escapes to the lower intestines.
Fraction PC is the ADFCP which is considered to be resistant to microbial and the animal enzymatic breakdown,
thus un-degradable and unavailable to the animal. All passage rate equations were adopted from Seo et al. (2006)
® Standard deviation

¢ Coefisient of variation

! Protein fractions (A, B1, B2, B3, C) expressed as percentages of DM

2 Protein fractions (A, B1, B2, B3, C) expressed as percentages of total CP

For the purpose of the present study SP (%CP) was assumed to contain 50% NPN (PA). The
other 50% was represented by fraction PB1 (soluble true protein) (Tylutki, 2007, Pers.
Comm.). However, fractions PA enter the rumen ammonia pool directly while PB1 has a rapid
rate of digestion (ks and is nearly completely degraded in the rumen. Thus, with their
aggregated low concentration (30% CP), individual identification of these two protein fractions
would be irrelevant in this case. In accordance with the PA variation found in Table 9, NRC
(2001) suggested that grasses and legume forages (eg. lucerne) contain the highest and most
variable concentration of non-protein nitrogen (NPN). NPN is rapidly soluble in the rumen

and is exclusively used by the micro-organisms. NRC (2001) further postulated that hays
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contain higher amounts of NPN than the same feeds when fresh, because of the proteolysis that
occurs during wilting. The proteolysis that occurs in forages during wilting is a result of plant
and microbial proteases and peptidases. Plant proteases and peptidases are active in cut
forages and are considered to be the principal enzyme responsible for the conversion of true
protein to NPN in hays (Van Soest, 1994). Rapid wilting of cut forages slows down
proteolysis and reduces the conversion of true protein to NPN (Garcia ef al., 1989; Van Soest,
1994). This phenomenon possibly contributed to the variation of the fraction PA in lucerne

hay as found in the current study.

The assumption that PA directly enters the rumen ammonia pool was however criticised by
several researchers when evaluating high quality lucerne silage (Makoni et al., 1997, Ross &
Van Amburgh, 2003). Fox ef al. (2004) concluded that two thirds of the NPN in high quality
silage should be included in the PB1 fraction. Elizalde ef al. (1999) conducted a study, which
demonstrated that fraction PA was not influenced by forage species or maturity. They reported
an average of 22.6% across forages and maturity dates for lucerne, bromegrass and tall fescue.
Accordingly it could be assumed that lucerne has a higher proportion of PB1 than did grasses
due to its higher total SP compared to grasses. Licitra ef al. (1996) is of opinion that most
variation in PA content could be explained by experimental procedure. Several researchers
reported a small contribution of fraction PB1 (5%) to total SP (Pichard, 1977; Krishnamoorthy
et al., 1982) in forages; whereas most soluble protein in fresh pastures is rendered by fraction
PB1 (Van Soest, 1982).

Fraction PC (Table 9) contains proteins closely bound to lignin, Mailiard products and tannin-
protein complexes (Sniffen ef al., 1992; Van Soest, 1994). This fraction is measured as acid
detergent fibre-crude protein (ADF-CP) and appears to be highly resistant to rumen and lower
intestinal track digestion (Krishnamoorthy et al., 1983). PC!, ADF-CP, acid detergent fibre
nitrogen (ADF-N), insoluble crude protein (ICP), unavailable protein and bound protein, all
refer to the same fraction (Erasmus ef al., 1990; Undersander et al., 1993; Linn & Martin,
1999; Tylutki er al., 2007). According to Van Soest (1994) ADF-N is the nitrogen remaining
in the acid detergent fibre residue. While some occur naturally in all plant material (Mertens,
1979), ADF-N is generally considered to be an estimate of heat damage occurring during
storage (high moisture or processing milling or pelieting). Nitrogen in excessive heated
samples is highly resistant to microbial and mammalian enzymes (Krishnamoorthy ez al., 1982;

Van Soest, 1994). Several researchers (Goering et al., 1972; Mertens, 1979) suggested that the
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non-heat-damaged ADF-N is related to the lignin (protein irreversibly bound to lignin) and to a

fraction of protein in forages.

According to the results in Table 7 the average CP concentration of ADF (ADF-CP) (%DM) in
lucerne hay was higher than the 1.38% and 1.31% (DM) mean reported by Scholtz (2001) and
McDonald et al. (2002) respectively; and lower than the 2.5% and 2.3% (DM) found by
Erasmus ef al. (1990) and NRC (2001), respectively.

Mertens (1979) has shown that ADF-CP also exists in forages that have not been heated and
observed that this non-heat-damage ADF-CP is related to the lignin and to a fraction of protein
in forages. His work suggested that 5-12% of the N in non-heat-damaged forages is isolated as
ADF-N (lower values for grasses than lucerne). This researcher also mentioned that the
heterogeneity of ADF-N might explain the difficulty in measuring it (especially with near
infrared reflectance spectroscopy). The lack of a constant biological availability value for
ADF-CP is also a problem. Undersander et al. (1993) stressed the fact that heating can have
both positive and negative effects on protein utilisation by the animal. Heating generally
results in lowered digestibility of protein. Digestibility of ADF-CP varies from 0 to 60% (in
distillers grain) depending on the feed ingredient and the time and intensity of heating (Van
Soest, 1994). Mason (2000-unpublished data) suggested that a fixed proportion (e.g. 70%) of
ADF-CP is unavailable whereas Yu (1974) reported an average digestibility of 34% ADF-CP
for forages. Weiss et al. (1992) reported a corresponding ADF-CP digestibility for forages
(30%). Undersander et al. (1993) further proposed that reducing the solubility of proteins at
low heat inputs could compensate for the negative effect of heating by making them less
degradable in the rumen. Therefore, if feeds are slightly heated it reduces the potential loss of
protein in the rumen (as ammonia) and actually increases protein utilisation efficiency in the
small intestines. Van Soest (1994) is however of opinion that although some products of NDF-
CP might be absorbed from the small intestine, it might not be metabolised in tissues hence lost

in urine.

With the concentration of ADIN expressed as a proportion of CP, it is possible to predict the
true digestibility of the forage CP (Weiss ef al., 1983). Unavailable CP (ADF-CP) and N
(ADF-N), when expressed as a percentage of total CP (ADIP>and ADIN respectively) shows a
high correlation with digestibility of forage CP (Thomas et aé., 1982). The mean ADIP value
(Table 7) was higher than the 7.6% and 7.0% value measured by Erasmus ef al. (1990) and
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Coblentz et al. (1998) respectively. The mean PC? (%CP) values, which represents ADIP,

reported for lucerne hay in the current study were generally higher than the 5.2% value
obtained by Yu er al. (2003) for grasses, a result expected due to the higher lignin content of
lucerne compared to grasses (Van Soest, 1994). A high CV was calculated for ADIP. ADIP
values ranging from 3.5 to 13.6 and 8.3 to 14% in some roughages have been reported by
Krishnamoorthy ef al. (1982) and Janicki & Stallings (1988) respectively. This is much lower
than the ADIP range found in the current study (Table 7) and those reported in the literature for
lucerne hay (Yu ef al. 2003). Therefore the influence of ADF-CP on protein availability of
lucerne hay for ruminants seems to be significant. According to Mason (2001-unpublished
data) most feed labs report an adjusted crude protein (ACP) value if heat damaged protein
(ADIP) is higher than about 9% of total crude protein. However, Undersander et al. (1993)
suggested no adjustment of CP when ADIP is less than 14%, partial adjustment when ADIP is
between 14 and 20%, and complete adjustment for ADIP values above 20% of total CP. Linn
& Martin (1999) recommended an adjustment for CP availability when the CP% in the ADF

fraction increases above 12% of total CP.

In the present study 94.0% of the lucerne samples showed an ADIP content of less than 14%;
4.8% were between 14% and 20%, and 1.2% higher than 20%. It is obvious from these results
that heat damage possibly occurred in only a small percentage (6%) of the samples. Scholtz
(2001) reported similar results for South African lucerne hay. A high moisture condition
during the baling process activates the process of spontaneous heating (par. 3.1.1) followed by
the Maillard or non-enzymatic browning reaction (Coblentz et al., 2004). This reaction
involves the condensation of sugar residues with amino acids to form a brown indigestible
polymer substance. This substance consists of approximately 11% nitrogen (N) and possesses
many of the physical and chemical properties of lignin (Van Soest, 1994). The limited samples
effected by the Maillard reaction in the present study is in agreement with the low moisture

content found in the lucerne hay (Table 2).

The UK metabolisable (MP) system calculates the true digestibility of digestible undegradable
protein (DUP) on the assumption that the ADF-N content is indigestible and that the remainder
had a true digestibility of 0.9 (AFRC, 1992; McDonald et al., 2002). Erasmus ef al. (1990)
reported that the available DUP is over-estimated if there is no correction made for ADF-N.
However although ADF-N is assumed to be an indigestible fraction (AFRC, 1992; AOAC,
1979) it could be degraded slightly in the ruminal compartment (Weiss et al., 1986; Van Soest,
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1994), however poorly used by the ruminant animal (Sniffen et al., 1992; Rebole et al., 2001).
It was also evident from the ADIP results in this study that there is no need to correct for ADF-
N. The researchers of CNCPS (Fox et al., 2003) acknowledge a possible PC digestibility as
reported by some studies previously mentioned, however they assumed PC to have zero

ruminal and intestinal digestibility for model purposes.

Fraction PB3 represents the cell wall associated proteins. This fraction is insoluble in neutral
detergent but soluble in acid detergent (Neutral detergent fibre-crude protein (NDF-CP) minus
ADF-CP). The terms NDF-CP and neutral detergent fibre-nitrogen (NDF-N) are expressed on
a DM basis and refers to the same fraction. The mean NDF-CP value in Table 7 was
surprisingly higher than the 3.1% and similar to the 4.2% (DM) of lucerne hay and grass-
legume mixtures respectively, reported by NRC (2001). Yu et al. (2003) however, reported a
lower NDF-CP (6.8%) value compared to the current study (Table 7). Higher NDF-CP values
are usually associated with grasses, due to the higher NDF concentration (Van Soest, 1994)
compare to lucerne. Thus, the higher values obtained for NDF-CP in the present study

confirms the possibility of grass contamination, previously suspected with other parameters.

NDF-CP value, when expressed on a CP basis (NDIP) is presented in Table 7. It showed
slightly less variation then NDF-CP (DM) (64% vs. 58%). The mean NDIP (%CP) values for
lucerne hay in the current study and others (Sniffen et al,, 1992; Yu et al., 2003) were
generally lower than the mean NDIP values for grasses (26 to 34% CP) found in the literature
(Sniffen et al., 1992; Yu et al., 2003). This was expected because lucerne and other legumes
are characterised by low cell wall (NDF) relative to grass (Van Soest, 1994).

The nitrogen content of NDF in feeds is greatly increased by heating, which promotes
denaturation of albumins (Van Soest, 1994).  According to Weiss et al. (1992) NDF-CP
comprise less than 10% NDF for forages not exposed to heating. Accordingly it is evident
from the results of the present study that 30% of the samples have undergone heating to some
extent under these criteria. This is somewhat contrasting to the theory of the results obtained
for ADIP, previously discussed, where accordingly only 6% of the samples of the current study
were pregnable to heat damage. Van Soest (1994), however, is of opinion that the nitrogen
content of ADF is not necessarily increased by heating only, but also requires the Maillard

reaction to render protein recoverable in ADF. Furthermore, McBeth et al. (2001) found with
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lambs a linear decrease and increase in digestibility coefficients for NDIP and ADIP

respectively fed bermudagrass hay exposed to spontaneous heating.

The mean PB32 fraction for lucerne hay in the present study (Table 9) was slightly higher than
the 10% reported by Sniffen et al. (1992) for lucerne pastures. Elizalde et al. (1999) reported
an even lower PB32 value (3% CP) for fresh cut lucerne. These findings are however in
contrast to the results obtained by Yu et al. (2003), who reported a higher proportion of rumen
undegradable protein (RUP) in lucerne hay (PB32 = 27.16% CP) than expected. Sniffen et al.
(1992) suggested that PB3 values are usually higher for hays than for grazed forages due to the
typical higher NDF concentrations observed for forages harvested compared to when grazed in
earlier stages of maturity. This was supported by the resuits in the present study and most
literature. Both ADF-CP and NDF-CP (%DM) showed extreme variation (Table 7). This
might be explained by the high variation found for PB3 (CV = 84.38%) in the current study.
Elizalde et al. (1999) also reported lower PB3 (%CP) values for lucerne than in grasses

(Bromegrass, Tall fescue), which was not the case for the current study.

A high percentage of fraction PB3 escapes rumen degradation because of its association with
the cell wall (Van Soest, 1981; Krishnamoorthy, 1982; Sniffen et al., 1992). This fraction
contains prolamin and extensin type proteins that are assumed to be 80% digestible in the
intestines (O'Connor et al., 1993). The wide range obtained in Table 9 suggested that lucerne
hay could make a major contribution to the RUP content of a diet. Therefore lucerne hay could

be regarded as a high quality protein source for dairy cows.

According to Table 9 Fraction PB22 was the largest CP fraction (CV = 20.11%) in lucerne hay.
Similar findings have also been reported by Sniffen ez al. (1992) and Elizalde et al. (1999) for
lucerne pastures and fresh lucerne, respectively. The mean PB2? (% CP) in the present study
was higher than the 41.0% and 10.7% (%CP) reported by Sniffen et al. (1992) and Yu ez al.
" (2003) respectively. Elizalde ef al. (1999) reported a slightly higher PB22 value (51.6% CP)
for fresh lucerne than the value in Table 9 for lucerne hay. It is evident from Figure 7 that the
large difference in PB2? values between the present study and Yu et al. (2003) is due to the
higher SolP and PB32 values reported by the latter. Elizalde et al. (1999) illustrated that
fraction PB32 was greater in lucerne than in grasses (46% CP) (bromegrass and tall fescue).
This finding was however not supported by Yu et al. (2003), who reported lower PB22 values
for lucerne compare to grasses (10.7 vs. 33.5% CP). According to Sniffen et al. (1992) PB22is
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partly fermented in the rumen, while some escapes to the small intestines hence, contributing

to passage of metabolisable protein (MP).
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Figure 7. Proportions of the soluble crude protein (SP) and insoluble CP (PB2, PB3

and PC) fractions expressed as percentages of total CP in different reports

3.2.3 Metabolisable protein (MP)

Formulation of rations to meet the protein and amino acid (AA) requirements of ruminant
livestock has developed from systems, which were based on digestible crude protein (ARC,
1980; NRC, 1984) to those which set out to express protein requirements in terms of
metabolisable protein (AFRC, 1992; NRC, 1996; NRC, 2001). The NRC (2001) defined
metabolisable protein (MP) as the true protein that is digested post-ruminally and the
component AA absorbed by the intestine. MP is arguably the most important nutrient used in
dairy diet formulation (St. Pierre & Weiss, 2007).

The proposed MP system of the AFRC (1992) adopts the principles of ARC (1980) and (1984),
but with some amendments to the magnitude of factors in the system, in the light of subsequent
published research and the results of specially designed experiments to test the original ARC
recommendations. The main factors modified were rumen microbial needs for N and the

digestibility of the efficiency of utilisation of absorbed AA to meet tissue amino acid needs.

The NRC (2001) proposed a somewhat different approach as the UK Metabolisable Protein
System (AFRC, 1992) to calculate MP. Apart from the contribution of microbial crude protein
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(MCP) and RUP as mentioned earlier, the NRC (2001) also emphasised the contribution
(although to a much lesser extent) of endogenous crude protein (ECP) to MP in the small
intestine. The CNCPS model as described by Sniffen ez al. (1992) generates a changeable MP
estimate for individual diet components based on protein composition, ruminal protein
digestion rates, passage rates, bactenal yield, bacterial composition, and post-ruminal

digestibilities of feed and bacterial fractions.

4 CONCLUSIONS

From the results of the present study it seems that the moisture content of lucerne hay was
within the desired range for effective storage. Therefore heat and mould damage were unlikely
to occur. This was confirmed by the low ADF-N content of the lucerne hay. However, the
relative high dry matter content of lucerne hay in the present study could possibly be attributed
to moisture losses during sample preparation and storage. Moisture losses during sampling

preparation is of great importance when buying and selling hay and needs further investigation

Energy is important in the diets of high yielding lactating dairy cattle and is lucerne hay most
apt to need supplementation in diets containing high levels of lucerne hay. Accordingly the
importance of energy and/or energy related parameters to animal production stresses the

importance of acknowledging its variation in the SA lucerne hay population.

The high ash content of lucerne hay emphasis its potential mineral contribution (especially Ca
and K) to the diet. On the other hand the high ash content could be an indication of soil and
dust settling on the lucerne before storage. Several lucerne hay samples measured an ash
content above 14% which is usually an indication of soil contamination. Thus, it is evident
from the data set that 24% of the samples in the present study were prone to soil
contamination. Accordingly, the prominent high ash value of lucerne hay in this study could
have a detrimental effect on the energy value of the composite diet due to the zero energy
contribution of ash. The mean Ca value of the SA population proposed that cows fed diets
containing 100% lucerne hay would be subjected to incidences of milk fever. In addition, the
contribution of the high K content of lucerne hay in the present study to the DCAD of dairy
diets further increased the probability of milk fever in close up dry cows. The mean Fe content

of the South African lucerne hay population would contribute 5 times more FE than required
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for close up dry cows. This high level of Fe in a diet might interfere with the absorption of

primary Cu and Zn, which could lead to depletion of these minerals in cattle.

The high NDF values of some lucerne hay samples in the present study could restrict the
inclusion level thereof in high yielding dairy diets. On the other hand, several of the samples
lower than the mean NDF in the SA population had a NDF value lower than 35%, therefore
these samples could nutritionally be disqualified as a roughage. In this regard, guessing NDF
values too high or too low can have tremendous implication on intake, animal performance and

health.

Although pectin was estimated from NFC, its intrinsic fermentation characteristic and high

concentration in lucerne hay should be acknowledged when formulating dairy diets.

The probable overall effect of grass contamination on lucerne hay manifested in the majority of
the energy related parameters. These parameters produced results with generally more
variation than found in the available literature. This was expected due to the lower and higher
lignin and NDF content, respectively, found in grasses compared to lucerne. The variations
that exist in NDF, lignin, NFC and NDFD content of lucerne hay emphasise the importance of
analysis to ensure accurate dairy diet formulation. This also applies for the rest of the
nutritional energy parameters analytically analysed. Although the maximum IVOMD24 and
IVOMDas values of luceme hay was respectively 25.76% and 27.99% units higher than the
minimum, it showed surprisingly low CV’s. Therefore the mean IVOMD24 and IVOMDus
values in the current study seem to be representative of the lucerne hay population. From these
results it can be hypothesised that the application of the IVOMD procedure to lucerne hay
forage could produce unsatisfactory results with regards to its relation to available energy

and/or production potential.

From the results of the present study it is evident that the significant difference between
NDFD4s and NDFDig could greatly compromise the viability of estimating TDN and
metabolisable energy (ME) as proposed by NRC (2001). Thus, in contrast to the NRC (2001)
recommendations, NDFD4s seems to be unsuited to be used in the summative equation of

Weiss et al. (1992).
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The extremely high levels of CP found in the SA lucerne hay population are not always
nutritionally desirable due to its high solubility. This could result in excessive levels of
nitrogen in the rumen. Results from the present study revealed that the mean CP (% DM) and
SP (% CP) content of lucerne hay was higher than those found in the literature. The variation
in CP and other CP-fractions content of lucerne hay stress the importance of analysis to ensure

accurate ration formulation.

The mean value for soluble protein (% CP) in the current study was significantly lower than
the values reported in the literature. According to the findings of the present study the South
African lucerne hay population contains a lower concentration of rapid degradable protein as
reported by the NRC (2001).

It is obvious from the results of the present study that the influence of ADF-CP on the RUP of
lucerne hay was negligible. Accordingly, due to the low mean ADF-CP content the influence
of ADF-CP on CP availability is negligible. It seems from the results of the present study that
heat damage possibly occurred only to a small percentage (6%) of the samples. This is in
agreement with the low moisture content found in the tested samples. The higher NDF-CP
values reported in the present study, again, confirms the possibility of grass contamination,
previously observed with other chemical related parameters. In addition, 30% of the samples
NDF-CP comprised more than 10% NDF. This implies that these samples might have
undergone heating to some extend. The higher NDF content found in grass, together with its
higher susceptibility to heat damage, explained the discrepancy found with ADF-CP with
regards to heat damage. Both ADF-CP and NDF-CP (%DM) showed extreme variation in the
current study. This emphasised the importance of identifying these fractions to quantify CP

availability to ruminants.

From the results of the present study the variation in energy and protein composition as well as
utilisation of nutrients in lucerne hay is evident. Accordingly, using average values obtained
from standard books, in diet formulation are inaccurate. This emphasises the need for a rapid

and accurate quality evaluation- and grading system for South African lucerne hay in practice.
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CHAPTER 4

SAMPLE PREPARATION OF MEDICAGO SATIVA L. HAY FOR CHEMICAL
ANALYSIS

1. INTRODUCTION

It is important that lucerne (Medicago sativa L.) hay trade is based on its forage quality. The
validity of any analysis report rests on obtaining a sample that accurately reflects the quality
of a particular batch (lot) of hay. Sampling and sampling preparation are key factors in
successful analysis by any method. According to Williams (2006), a representative sample
should provide the material for the accurate determination of the composition and
functionality of the entire population. Thus, it must be truly representative of the total
population in every sense, including chemical composition, physical constitution, and the
presence of foreign material. Of all the available commodities, forage analysis results are the
most prone to sampling- and sample- preparation-error due to their physical nature. Williams
& Norris (2001) illustrated that sampling and sample preparation can account for 60 — 70%

of the overall error of testing.

Sampling procedure for lucerne hay is well defined in the literature (Bath & Marble, 1989;
Martin et al., 1992; Putnam, 1998; Sheaffer et al., 2000); however, very little research has
been done on sample preparation for lucerne hay. According to Williams & Norris (2001),
sample preparation is defined as the transformation of the sample into the form in which it
will be analysed, without causing any changes in functionality or composition other than in

moisture content. This process often calls for some type of size reduction.

Knowledge of lucerne hay moisture is, however, critical for proper harvesting and storage.
Furthermore, water is weight and must be paid for when lucerne hay is bought and sold
(Hunt & Pixton, 1974). Accurate moisture determinations are also important to convert
nutrient content to a dry matter basis. Accordingly, errors in moisture determination are
incorporated into other nutrient calculations, thereby affecting diet formulations (Thiex &
Richardson, 2003). If the moisture content of lucerne hay is too high it could also hamper
effective feed processing. Lastly, proper moisture concentrations in diets are necessary for

optimum intake and performance of animals (Thiex & Richardson, 2003). Thus, an accurate
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determination of moisture in lucerne hay is of the utmost importance. Several subjective,
physical, analytical (chemical and near infrared reflectance spectroscopy) and industrial
methods for determining the moisture content of lucerne hay exist. These methods also
depend on proper procedures. Thiex & Richardson (2003) reported several sources of error
that apply to all moisture methods namely: representativeness of laboratory and analytical
samples; storage conditions of both laboratory and analytical samples; weighing errors; test
portion size; room humidity, non-aqueous losses or interferences; grinding techniques
(exposure to air, generation of heat, contamination, fineness of grind). According to
Williams (2006), grinding of the sample during sample preparation results in moisture
content that varies depending on the original moisture content, the type of grinder, and the

number of samples ground at the same time.

Electronic probe type moisture testers operate on the principle of electrical resistance,
utilising the relationship between the moisture content of the material and its conductivity
(Shewmaker & Thaemert, 2004). These probe-type meters are, however, subject to error due
to various external factors. These factors include variation in bale density, the type of forage,
whether it is plant moisture or dew moisture and ambient temperature (Shewmaker &
Thaemert, 2004).

Alternatively, chemical or near infrared reflectance spectroscopy (NIRS) analysis of moisture
includes the transformation and reduction of the sample size by means of a laboratory
grinder. Grinding is, however, a major cause of variation in moisture and other analytical
results (Groenewald & Koster, 2005). According to Williams & Norris (2001) the moisture
content of whole grain is usually significantly higher than that of ground grain upon which
the chemical analysis (reference analysis) is based. This phenomenon is found in almost all
materials, and more especially in hay such as lucerne hay. For some purposes it is important
to report the actual moisture content of lucerne hay at trading. Furthermore, moisture loss
during the grinding process is especially important for NIR scanning due to the fact that
water is a strong absorber of NIR light. The degree of hydration may influence the optimum
area of the NIR spectrum where the absorbers of specific constituents occur, thus affecting
the whole NIR wavelength region (De Boever et al, 1996; Williams & Norris, 2001).
Therefore, it could affect the predicted results of all the other parameters (CP, ADF, NDF,
etc.).
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The grinding procedure will not only alter the moisture status of the sample, but also effect
changes in composition such as, inter alia, crude protein (CP) due to losses in the form of
dust. According to Williams & Norris (2006) dust generated in the grinding process and the
incomplete-ground residue in the grinder chamber is probably the largest cause of
contamination between samples, especially in routine operations when a large number of
samples is processed. Groenewald & Koster (2005) are of opinion that the product lost is not
of the same composition as the product before grinding. Therefore, the final sample to be
analysed might not be really representative of the product sampled for analysis (Groenewald
& Koster, 2005). The question could thus be raised whether the final milled sample

accurately represents baled lucerne hay of such sample, with regard to nutritive value as fed.

In the available literature no guidelines could be found for moisture and dry matter (DM)
losses of lucerne hay during sample preparation. Most grinding statistics are based on grains

(Williams & Norris, 2001) which lead to several assumptions regarding forages in general.

The objective of this study was to quantify the effect of the grinding procedure on the
moisture and crude protein content of the final product. An additional aim was to investigate

the accuracy of electronic moisture testers.

2. MATERIALS AND METHODS

2.1 Lucerne hay samples

Forty-six samples of lucerne hay (Medicago Sativa L.) (n = 46) were obtained from several
commercial irrigation farms at different locations in the Douglas and Hartswater area of
South Africa (September 2006 to May 2007). The samples represented lots that were
selected at different stages of maturity. As broad as possible a moisture range was obtained
by means of a FARMEX electronic bale moisture probe (FARMEX, 1205 Danner Drive,
Aurora, Ohio 44202). These samples were also obtained from different bale types namely
small and large rectangular bales, as well as round bales. Each lucerne hay sample was a
composite of 20 core samples (x12g dry weight) from the same cutting (lot), with a LTC
(Lucernetech Consult CC., Hopetown, South Africa) forage sampler. Accordingly, the
moisture reading of each sample was the average value of these 20 bales used to collect the

core samples. In an effort to minimise moisture loss the unground samples were immediately




130

sealed in airtight containers and stored in a refrigerator below 5°C for subsequent grinding

and chemical analysis.

2.2  Sample preparation and grinding losses

The 46 samples stored in the refrigerator below 5°C were exposed to room temperature
(25°C) and a relative humidity (RH) of 56% for one hour to reach temperature equilibrium
prior to grinding. Due to the nature of lucerne hay, care has to be taken to protect the natural
ratio of leaves and stems. Every attempt was made in this study to obtain a representative
sub-sample from each hay sample collected to obtain a representative moisture value for
lucerne hay in the unground form. Each sample was thoroughly mixed and a representative
sub-sample obtained (n = 46) for subsequent moisture analysis. The remainder of each
sample was ground through a 1-mm screen using a LM 3100 laboratory grinder (Perten

Instruments AB, Huddinge, Sweden) most widely used in South Africa. .

Separate samples (n = 5) were used to pre-warm the grinder to a constant temperature of
46°C before grinding the experimental samples (n = 46). The samples were milled for a total
of £100 seconds with a waiting period in between samples, lasting +120 seconds each, to
minimise temperature fluctuations within the sample and grinder. Temperature readings in
the sample and grinding chamber were taken directly after grinding each sample, by means
of a mercury thermometer. The material left in the grinding chamber after grinding each
sample was quantitatively collected and stored in a refrigerator below 5°C for subsequent CP
analysis. Additionally, the dust left in the dust bag originating from each sample was
collected by thorough cleaning of the dust bag. The weight of the dust was determined by
weighing the bag before. and after grinding.

2.3 Chemical analysis

Moisture in the ground and unground samples (n = 46) was determined by forced-air oven
drying at 98°C for 24 hours (AOAC, 2000). Crude protein content (CP: N x 6.25) of the
residue in the dust bag and material remaining in the grinder were determined by means of
the procedures described by AOAC (2000) using a Leco FP-528 Nitrogen Combustion
Analyser (Leco. 3000 Lakeview Avenue, St. Joseph, MI 49085).
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All chemical analysis was performed in duplicate and the results expressed on a dry matter

basis.

2.4  Data analysis

Statistical analyses were performed using SAS 9.1.3 Service Pack 4 (2002-2003). Descriptive
statistics namely the mean, standard deviation, coefficient of variation, -minimum and
maximum values were calculated for the quantitative variables. A complete randomised
design was used. An analysis of the variance (ANOVA) was used to test for significant
differences between groups. Dependent variables that were found to be significantly different
(P < 0.05) were further subjected to Tukey's studentised range test (HSD). The Shapiro Wilk
test was used to test for normality of the variables. Given that not all of the variables were
normally distributed, the Pearson correlation coefficient was used to perform correlation
analyses on the entire dataset. Furthermore, regression analyses were done separately for

individual sources of variation (moisture and crude protein content of the unground samples).
3. RESULTS AND DISCUSSION

3.1  Electronic moisture testers

The results when using an electronic moisture tester (EMT; probe) for luceme hay are set out
in Table 1. It was clear that the EMT was subject to error especially at high moisture levels
in lucerne hay. An over-estimation of the moisture content of lucerne hay occurred at
especially the maximum moisture level (Figure 1). These results were also reflected by the
coefficient of variation values. Electronic moisture testers measure the resistance or

conductivity in the hay.

Table 1 The effect of an electronic moisture tester and grinding on the moisture

content of Medicago sativa L. hay

Unground sample* Ground sample* Farmex®

Minimum (%) 6.8 58 8
Maximum (%) 18 10.6 37
Mean (%) 11.5 8.5 17
Standard Deviation 3.1 1.3 73
Coefficient of variation 274 16.1 41.8

* Normal distributed (p>0.05)
? Electronic moisture tester (FARMEX, 1205 Danner Drive, Aurora, Ohio 44202)
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A small increase in bale density and/or moisture on the surface of the hay may increase
conductivity dramatically (Shewmaker & Thaemert, 2004). This increase, due to surface
moisture and bale density, results in an over-estimation of the moisture in lucerne hay. The
average over-prediction of the moisture content in baled lucerne hay by the electronic
moisture probe compared to unground samples, in Table 1 was in agreement with the 5% (%
moisture units) reported by Shewmaker & Thaemert (2004). However, the average moisture
content of the same samples after grinding was under-predicted by 8.5% (Table 1), when
estimated by the electronic moisture probe.

3
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Figure 1 The effect of an electronic moisture tester (probe) and grinding on the

moisture content of lucerne hay

The correlation between the moisture results determined on the unground samples and those
with the EMT is shown in Table 2. Even though coefficient of determination between
analytical measured moisture results on unground samples and values predicted by electronic
moisture tester was significantly high (r> = 0.79, P<0.0001) (Table 2), the predicted values
for higher moisture samples (>10 %) were found to be over-estimated in the current study
(Figure 1). A slight improvement in the prediction of sample moisture prior to grinding from
the electronic moisture tester was found by using a logarithmic equation (r* = 0.8067)
compared to using a linear equation (r* = 0.7877) (Figure 2). It is clear that moisture values
predicted by electronic moisture testers were more satisfactory at low moisture levels in

lucerne hay bales. However, the EMT failed to accurately predict moisture content around
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the critical moisture levels of 16% and higher. A significant positive correlation (r = 0.84;
P<0.001) was also found between predicted moisture tester values and moisture loss due to

the grinding process (Table 2).

Table 2 Correlation between different grinding products and chemical results

X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11  X12

X1 1

X2 0.91** 1

X3 0.89** 0.88** 1

X4 -0.08 -0.15 0.03 1

X5 -0.08 0.14 -0.01 1.00** 1

X6 -0.00 -0.09 0.02 0.592* 0.612* 1

X7 -0.12 -0.01 -0.04 0.50* 0.53* 0.96*« 1

X8 0.57** 0.44 0.49* 0.18 0.21 0.37 0.43* 1

X9 0.72** 0.63** 0.64** -0.01 0.04 0.13 0.24 0.91** i

X10 -0.39* -0.26 -0.29 0.50* 0.48* 0.25 0.20 -0.37 -0.47* 1

X1 0.70** 0.65** 0.62** 0.01 0.01 0.11 0.23 0.85%* 0.97** -0.23 1

X12 0.97** 0.84** 0.84*+ 0.00 0.01 0.08 0.19 0.60** 0.72%* 0.34 0.70** 1
X13 0.92** 0.75** 0.78 0.11 0.14 0.20 0.32 0.64** 0.72%* -0.31 0.70**  0.98**

*P<0.001 and **P<0.0001

X1 Sample moisture unground

X2 Sample moisture ground

X3 Electronic moisture tester (Probe)

X4 Crude protein content of unground sampie

X5 Crude protein content of ground sample

X6 Dust generated during the grinding process (g) and

X7 Dust generated during the grinding process (%); expressed as a percentage of the dry matter of the original unground sample

X8 Incomplete-ground residue collected from grinder chamber (g)

X9 Incomplete-ground residue collected from grinder chamber (%); expressed as a percentage of the dry matter of the original unground
sample

X10 Crude protein content of dust generated during the grinding process (%)

X11 Crude protein content of dust generated during the grinding process (%); expressed as a percentage of the crude protein content of
original unground sample

X12 Moisture loss due to the grinding process (g)

X13 Moisture loss due to the grinding process (%); expressed as a percentage of the moisture content of the original unground sample

An extensive study was performed by Scholtz & Van der Merwe (2007; -unpublished data)
to evaluate two different types of electronic moisture testers used to predict the moisture
content of lucerne hay. The preliminary data (data not shown) supported the variable results
of Groenewald (2005; -unpublished data). As this is a further complicating factor, the use of
an EMT needs further investigation.
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Unground sample moisture content

Probe moisture (%)

Figure 2 Relationship between moisture content measured analytically and

by means of an electronic moisture tester (probe)

These results indicate that although electronic moisture testers provide an instantaneous
moisture reading, they are subject to unacceptable error. Thus, they are not suitable when

marketing hay, to identify high moisture in loads of baled lucerne hay.

3.2  Moisture loss

The moisture content of lucerne hay must be within a specific range for effective storage.
Hay stored too wet (above 16%) will undergo pronounced fermentation with the spontaneous
production of heat (Bath & Mable (1989). Therefore, accurate moisture determination in

lucerne hay especially for trading purposes is of utmost importanée.

From the results in Table 1 and Figure 3 is it evident that the grinding of lucerne hay resulted
in moisture losses. Analysis of variance revealed significant (P < 0.0001) differences in the
moisture concentration among the two treatments, which was also confirmed by Tukey’s
multiple tests. The mean sample moisture loss for the current study (27.5% of original
moisture content) was high and somewhat unexpected. These losses were more pronounced
for lucerne hay with high moisture content. In accordance with these results, Williams
(2007) stated that moisture loss during the grinding process often causes under prediction of
moisture content of the product sampled for analysis. According to Williams & Norris
(2001) additional factors could influence the losses in moisture content namely the type of
grinder, screen size, changes of revolutions per minute (RPM) of grinders, grinder

maintenance and number of samples ground at the same time. According to the Shapiro-
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Wilk test for normality, moisture content of lucerne hay samples was normally distributed (p
> 0.05) across the range for both treatments (ground and unground). The results in Table 1
also show that grinding lucerne hay samples results in a lower CV of moisture content. Such
lower variation was expected because heating generated by the grinding process of samples

generally stabilises the moisture content of fibrous material.
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Figure 3 The effect of moisture content of lucerne hay on losses during

grinding

The linear coefficient of determination (Table 2) between the moisture content of the ground
and unground samples was significantly high (r* = 0.83, P < 0.0001). Figure 4 shows the
exponential relationship between moisture content of lucerne hay samples in the ground and
unground status. The graph suggest that 88% of the variation in moisture content of the
original unground sample can be explained and calculated by moisture content of the ground
sample using an exponential equation. This equation explained more of the variation in
moisture content than the linear equation (r> = 0.8372). The highly significant (P<0.0001)
positive exponential correlation again supported the finding that the higher the moisture
present in the sample before grinding, the higher the moisture loss. However, the r? statistic
is population dependent (Weiss, 1993) and would not necessarily be applicable to
populations beyond this present study.
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Ground sample moisture content
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Figure 4 Relationship between moisture content of lucerne hay samples in

the ground and unground status.

No research data could be found in the available literature on the extent of moisture loss
during the grinding of lucerne hay. Moisture loss for some grains and lucerne hay during
grinding, with the U-D Cyclone and LM 3100 grinders respectively, is summarised in Table
3.

Table 3 Moisture loss during grinding process of grain (Williams, 2006) and
lucerne hay
Original moisture % Moisture loss %
Commodity
Wheat®*  Dorum®  Barley*® Lucerne hay®

17 3.2 3.0 4.0 7.5

15 3.2 26 3.5 49

13 1.5 1.4 25 3.4

11 0.9 1.1 19 1.9

9 0.3 0.5 0.8 14

? Values adapted from Williams (2006)
® Values from the present study

The extent of moisture loss of all commodities was greater with the higher than the lower
moisture levels. This could possibly be attributed to the difficulty with which higher
moisture samples are forced through the 1mm sieve, resulting in higher heat generation, thus

increasing moisture evaporation from the sample. There was however, an obviously higher
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moisture-loss recorded for lucerne hay compared to grain. These losses become more

prominent with increasing levels of original sample moisture (Figure 5).
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Figure 5 Observed trends of losses in moisture content of grain and lucerne hay

The higher moisture losses during grinding in lucerne hay compared to grains may probably
be attributed to the differences in structural and non-structural carbohydrate contents. It
could be expected that structural carbohydrates generate more heat and thus more moisture
loss. Table 4 sets out the mean NDF and starch concentrations for lucerne hay and grain.
From the results in Table 4 it may be hypothesised that the higher the NDF and the lower the

starch concentration in a sample, the higher the moisture loss during the grinding process.

Table 4 Mean NDF and starch values of different commodities*
Commodity Neutral detergent fibre Starch and sugar
Lucerne 49 1.7
Barley' 20.1 59.9
Wheat ' 12.4 70.1

* All values are based on a DM basis
Values adapted from McDonald ef al. (2002)

3.3  Sample loss

According to Williams (2007) the incomplete ground samples of grain residues from the
grinder chamber are usually of different composition from the blended ground material, and
should be completely removed by brushing and added to the ground sample before blending.
However, for this study, and as part of an attempt to calculate the crude protein (CP) content
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of the unground sample, this residue was quantitatively collected from the grinding chamber

after the grinding of each sample, weighing and analysing for CP content.

The percentage of incomplete ground-residue collected from the grinder chamber and sample
loss in the form of dust (dust bag) is presented in Table 5. The incomplete ground lucerne
hay residues remaining in the grinder varied from 0.36 to 3.16% DM. The average loss was

slightly lower than the 2% DM loss reported by Williams (2006) for grain, using a similar

grinder.

Table S The proportion of incomplete ground residue and dust after sample
grinding*®

Component Minimum Mean Maximum SD® Cve

Ground residue’ (%) 0.36 1.39 3.16 0.69 49.64

Dust ' (%) 0.25 1.07 3.40 0.75 70.09

* All values are based on a dry matter basis
> Standard deviation
¢ Coefficient of variation

! Variable expressed as a percentage of the original unground sample dry matter

In accordance with the ground residue the dust losses were low and highly variable (CV =
70.09%). The low value for ground residue and dust losses probably contributed to the high
observed CVs. In the available literature no values for loss of sample due to dust that is

generated in the grinding process could be found for any commodity.

Sample lost due to dust generated during the grinding process was non-significant (P>0.05)
negatively correlated (r = -0.1) with moisture content of the unground sample (Figure 6).
This non-significant (P>0.05) decrease in dust generated during the grinding of higher
moisture samples was, however, expected due to a customary decrease in dust generation
with a higher moisture content. The high observed CV observed for dust could have

contributed to these results.

A significant (P<0.0001) positive correlation (r = 0.72) was observed between moisture
content of the unground samples and the proportion incomplete ground residue collected

from the grinder chamber (Table 2 and Figure 6). Such a correlation, although not high, was
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expected because samples higher in moisture content are generally forced through the 1mm

sieve with greater difficulty, leaving behind more of the sample in the grinding chamber.
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Figure 6 Observed trends of losses in DM content of lucerne hay during the

grinding procedure

The CP content of different lucerne hay sample fractions is presented in Table 6. The
variance of analysis revealed non-significant (P=0.6452, CV = 8.0094) differences in the CP
content among the ground and unground samples, and is supported by Tukey’s studendised
range test. Surprisingly, CP content (% DM) of dust generated in the grinding process was
significantly (P<0.0001) lower than that of the original unground sample (Table 6). This
could probably be explained by the gusting of the lower specific gravity and CP-containing
fibre particles into the dust bag during the grinding process. The CP content (%DM) of the
incomplete grinding residue was also significantly (P<0.0001) lower than those of the ground
and unground sample (Table 6). This is in agreement with the findings of Williams (2007)
who also reported a different composition for incomplete grain residues compared to the
grounded residue. On the other hand, as previously discussed, the incomplete ground residue
should, in practice, be completely removed from the grinding chamber and added to the
ground residue before blending. Thus, this fraction is of academic interest only.
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Table 6 Crude protein (CP) content of different lucerne hay fractions®

Components Minimum Mean Maximum SD® CVe
CP (UG) '(%) 15.72 19.78 24.83 1.57 7.94
CP (G)* (%) 15.74 19.95 25.11 1.61 8.07
CP content of dust * (%) 11.33 14.78 20.42 223  15.08
CP content of incomplete ground

residue * (%) 12.14 15.13 19.14 2.13 14.08

* All values are based on a dry matter basis (n = 46 lucerne hay samples)

® Standard deviation

¢ Coefficient of variation

' Crude protein content of unground sample prior to grinding (Calculated as; CP content of ground sample
(g/100g) + CP content in dust (g/100g) + CP content in incomplete ground residue (g/100g))

? Crude protein content of ground sample (residue)

3 Variable expressed as a percentage of the dust dry matter content

* Variable expressed as a percentage of the incomplete ground residue dry matter content

A significant (P<0.001) but low negative correlation (r = -0.39) was observed between the
moisture content of the unground sample and the CP content of the dust (Figure 7). It seems
that the moisture content of the original unground sample could only explain 16% of the
variation in the CP content of the dust. Accordingly, as previously discussed, no difference

(P>0.05) was detected in dust losses during the grinding process due to the original moisture

content.
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Figure 7 Effect of original moisture content on loss of dust (expressed as a DM

percentage of the unground sample) and CP content of dust.
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It is clear that because of the relatively small loss in dust (Table 5) and its lower CP
concentration (Table 6), very little difference was observed in the CP content of lucerne hay
samples with or without undergoing the grinding process. A virtually perfect positive
relationship (r> = 0.99; P<0.0001) was observed between the CP content of unground and
ground samples (Figure 8). Thus, based on these results, it is evident that dust generated in
the grinding process had a non-significant (P>0.05) influence on the CP content of the end
product.

Crude protein in ground sample (%)

14.0 16.0 18.0 20.0 220 240 26.0

Crude protein in unground sample (%}

Figure 8 Relationship between the CP content of lucerne hay samples in the

unground and ground status

The CP content of dust (%DM) and CP of unground sample (%DM) showed a weak positive
relationship (r = 0.50; P<0.001). The actual CP content of dust (%DM) and ground residue
showed a weak negative relationship (r = -0.47; P<0.001) (Table 2). The data of the
incomplete ground residue collected from the grinder chamber are of academic interest only,

as this residue is usually added to the ground sample as previously described.

However, the effect of grinding on other chemical parameters that occur at higher
concentrations in lucerne hay, such as NDF, might result in a different influence on the NDF
content of the end product. The NDF content of dust collected from the grinding bag in the
current study could not be determined due to the low quantity of dust produced. In an effort
to get an idea of the influence of dust loss during the grinding on the NDF content of the end
product, it was assumed that maximum 66% NDF could occur in the dust. ThlS value equals

the maximum %NDF found in the population of South African lucerne hay (Chapter 3, Table
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2). From this value and the weight of dust observed in the grinder bag, the potential % unit

loss of NDF in the form of dust was calculated.

The calculated % units of NDF lost in the 46 lucerne hay samples are presented in Table 7. It
seems that a substantial loss of NDF could occur in the form of dust. Therefore, the NDF
content of the end product could be changed. According to the mean NDF (0.71%)
contribution of dust to the NDF (%) content of the end product, it could be hypothesised that
dust generated in the grinding process could have a significant (P<0.05) influence on the
NDF content of the end product. These findings are however, based on assumptions and

need to be verified by further research.

Table 7 Neutral detergent fibre content (NDF) of lucerne hay dust in grinder

expressed as a percentage of the original unground sample *

Minimum Mean Maximum  SD° CV°

NDF (%) 0.17 0.71 2.08 0.49 69.01
? All values are based on a dry matter basis (n = 46 lucerne hay samples)

® Standard deviation

¢ Coefficient of variation
4. CONCLUSIONS

From the results of the present study and those in the literature with lucerne hay and grain
respectively, it seems that moisture losses during grinding are more prominent for lucerne
hay (27.5% of original moisture content). Furthermore, these losses are more pronounced for
lucerne hay with a high moisture content. Based on these results it is evident that analytical
moisture standards for lucerne hay should be based on the original moisture content of
‘samples in the unground state so as to be relevant in practice. The results of the present
siu&fy suégest that the moisture content of the original unground sample may be caléulated
with high accuracy from the moisture content of the ground sample using an exponential
equation. However, it should be noted that this relationship could be highly population

specific due to the limited number of samples used in the current study.
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Average sample losses due to incomplete ground residue in the grinder chamber and dust

gathering in the dust bag were low. It was also found that the CP content (%DM) of dust

generated in the grinding process was significantly lower than that of the original unground

sample. Accordingly, the grinding process had no influence on the CP content of the end

product. However, the effect of grinding on other chemical parameters warrants further

investigation. The same applies to the contamination phenomenon between different

commodities, especially animal by-products and forages, ground with the same grinder.

Results from the present study also point out that moisture values predicted by electronic
moisture testers fail to accurately predict moisture content around the critical moisture level

of 16% and higher.
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CHAPTER S

PREDICTION OF CHEMICAL COMPOSITION OF SOUTH AFRICAN MEDICAGO
SATIVA L. HAY FROM A SPECTRALLY-STRUCTURED SAMPLE POPULATION

1. INTRODUCTION

The dairy feed industry is the largest consumer of lucerne (Medicago sativa L.) hay in South
Africa (Gronum et al., 2000). As shown in Chapter 3 its energy and protein value could vary
considerably and should be determined beforehand in order to compose a balanced diet.
Fine-tuning of the nutrient supply to the individual requirements of the animals is essential to
achieve their production potential and to avoid unnecessary mineral losses to the
environment. Thus, an accurate prediction of the nutrient composition is essential to meet

the animals’ requirements and to avoid nutrient losses to the environment.

Although of great value in the past, the use of tables in the literature (NRC, 2001, McDonald
et al., 2002) as a guideline of the nutritive value of a feed is inaccurate and lead to over- or
underfeeding of high producing animals like dairy cattle. Van Soest (1994) stated that values
in published tables are often unreliable because of differences in geography and environment.
Thus the use of recognised published tables like NRC (2001) is not a desirable alternative to
forage testing. On the other hand, laboratory analysis is laborious, expensive and time
consuming so that results often transpire late after consumption. With the recent introduction
of near infrared reflectance spectroscopy (NIRS), fast evaluation of feeding quality is now a

possibility.

The technique is based on the correlation between chemical properties, as determined by
defined reference methods (chemical analysis), and absorption of light at different
wavelengths in the near infrared region, measured by reflectance. The near infrared region
contains information concerning relative proportions of C---H, N---H, and O---H bonds,
which are the primary constituents of the organic molecules in forages (Osborne et al., 1993
and Coleman & Murray, 1993). NIRS relies on calibrations, which wutilise absorbencies at
many wavelengths, to predict composition of a feed sample (Murray, 1986; Batten, 1998).
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The precision and accuracy of the predictions are critical to the acceptance of NIRS as an
analytical tool. In practice, the reproducibility of the NIRS method is usually equal, and
often superior, to that of the reference method. Furthermore, NIRS has less variance in
analyses of the same sample than laboratory analyses (Marum & Aastveit, 1990; Shenk ez al.,
1979). However, it requires a large number of samples for calibration, thus significant initial
start-up costs. Timely decision making on strategic use of nutritional supplements or
adjustments in ration formulation to efficient sustain milk, meat, or fibre production is also
facilitated by this method. A major advantage of NIRS is its ability to analyse samples
rapidly, non-destructive, and its non-polluting technology. Thus as noted by Mark et al.
(2002) it avoids the problem of organic and other chemical waste disposal, and there are few

if any hazards associated with the technique because it uses no toxic or corrosive reagents.

Near infrared reflectance spectroscopy (NIRS) is a long-established, and now highly
developed technology. Norris & Hart (1965) as cited by Givens et al. (1997) developed the
first application of NIRS to measure water in grains and seeds. Norris et al. (1976) are also
credited with the first application of NIRS to the analysis of forages. Their precisions were
sufficiently high for them to claim "infrared reflectance has the potential for use in rapid
evaluation of forage quality". Since then numerous workers have explored the use of NIRS
for the prediction of both chemical composition and digestibility on lucerne hay (Atanassova
et al., 1994; Krachunov, 1998; Van Waes et al., 1998). However, limited calibrations have
been developed and published for South African grown lucerne hay (Stoltz, 1990; Snyman &
Joubert, 1992; Scholtz, 2001). There is an urgent need to ascertain whether NIRS could be
relied upon to analyse all the lucerne hay feeding parameters used in modern nutritional
models. This is especially important in developing a model for lucerne hay grading in South
Africa

The objective of his study was to identify useful predictive relationships from a pre-selected

spectrally structured lucerne hay sample population in South Africa.

2. MATERIALS AND METHODS

2.1  Lucerne hay samples

Six hundred lucerne (Medicago sativa L.) hay samples were collected from several

commercial irrigation farms in the main lucerne producing areas in South Africa, which
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varied in location, soil characteristics (texture, organic matter, N content, pH) and farm

management. The samples were collected and prepared as described in Chapter 3.

2.2  Scanning of lucerne hay samples

The software for scanning, mathematical processing, calibration and statistical analysis with
the NIR spectrophotometer was supplied by Infrasoft International® software 3.01 version
(ISI, Port Matilda, PA, USA). The 600 milled lucerne hay samples (approx. 10g) were
scanned using 50 mm quarts cuvettes in an NIR-Systems Model 5000 scanning
monochromator (Foss NIR Systems, Silver Spring, MD, USA) without replicates over a
wavelength range of 1100-2498 nm at every 2 nm providing a total of 700 data points for
each sample spectrum. The NIRS spectra for the selected South African lucerne hay
population (n = 168) is shown in Figure 1. Two pairs of lead sulphide detectors collected the
reflectance spectra and the reflectance energy readings were referenced to corresponding
readings from a ceramic disk at 25°C. The spectrum of each sample was the average of 32
successive scans (16-32-16). Spectral data were stored as the reciprocal logarithm of
reflectance (1/R). Spectra were also corrected for light scattering and sample particle size by

using ISI Detrend and standard normal variate (SN'V) (Barnes ef al., 1989).

2.3  Selection of representative samples

Samples for inclusion in the calibration sets were selected on the basis of spectral
characteristics. These samples were checked for erroneous measurements and outliers, as
extreme samples influence wavelength selection and coefficient size in the development of
calibration equations. The Centre algorithm (Infrasoft International, Port Matilda, PA, USA)
described by, Shenk & Westerhaus (1991) was used for this procedure. The required
number of samples for calibration was chosen using the SELECT algorithm available in the
WinlSI software (Infrasoft International, Port Matilda, PA, USA) and developed by Shenk &
Westerhaus (1991). The SELECT algorithm works by choosing a subset of samples with
representative spectral characteristics of the whole population on the basis of their
standardised H (Mahalanobis distances). A minimum standardised H distance of 1.0 between

neighboring samples (spectra) was chosen, resulting in the algorithm selecting 168

representative samples (Calibration set: spectrally structured) from the population (#=600).
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Figure 1 NIRS absorption spectra of South African lucerne hay samples.

24  Reference (chemical) analysis

The selected 168 samples were analysed in duplicate by Cumberland Valley Analytical
Services, Inc., Maugansville, Maryland, USA, as described in Chapter 3 and Chapter 4, for
the following parameters: dry matter (DM), crude protein (CP), soluble protein(SP), acid
detergent fibre-crude protein (ADFCP), neutral detergent fibre-crude protein (NDFCP),
lignin, fat, starch, sugar, in vitro neutral detergent fibre digestibility at 24 hours (NDFD24),
and 48 hours (NDFD48), in vitro organic matter digestibility at 24 hours (IVOMD24), in
vitro organic matter digestibility at 48 hours (IVOMDA48), ash, calcium (Ca), phosphorus (P),
magnesium (Mg), potassium (P), sodium (Na), sulphur (S) and chloride (Cl).

25 Calibration and validation

Calibration equations were developed from the 168 samples selected from the population set
(n=600), using modified partial least square regression (MPLS) (Shenk & Westerhaus, 1993)
with internal cross-validation (NIRS 2, 1995) to encompasses all of the chemical and spectral
variation (Wiliams, 1987) and the physico-chemical characteristics that are likely to be found

in the population (Williams & Cordiero, 1985).

Parameters in the mathematical processing were sought through trial and error in order to
minimize the standard error of cross-validation, giving best results with the mathematical
treatment 1, 4, 4, 1, which means 1: number of derivative of spectra, 4: extent of gap over
which the derivative was to be calculated, 4: the smoothing of points, 1: second smoothing

(almost never used and normally set as 1). In comparison with other regression methods, the
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Westerhaus, 1994). Only terms were included in the equation that had an F statistic of more

than 8 to minimize over-fitting of data.

The standard error of cross validation (SECV) was calculated by an internal validation of
33% of all samples randomly taken by the software routine, which was predicted by an
equation based on a calibration with the remaining 67% of all samples. Since the cross-
validation results are reliable indicators of equation performance (Shenk & Westerhaus,
1994), the lower SECV and standard error of calibration (SEC), together with their
coefficient of determination (r?) values, was the criteria used for the final selection of the

equations to be tested further.

Another measure for equation selection was the number of H outliers when the constituents
were predicted in the South African luceme hay population. According to Shenk &
Westerhause (1994) a low number of H outliers would indicate the span of the equation for
predictive purposes. Murray (1993) as cited by Herrero ef al. (1996) suggested that the
number of H outliers when predictions are carried out, in a routine forage evaluation by

NIRS, should not exceed 4%. Accordingly this was the limit used in the present study.

Williams (2007) stated that the r? and the ratio of prediction to deviation (RDP) are the most
meaningful statistics for appraisal of analytical efficiency by NIRS. Other calibration
evaluation statistics used in the present study included the SEC and SECV.

3. RESULTS AND DISCUSSION

3.1 Reference values

The chemical range, mean values, standard deviation (SD), coefficient of variation (CV) and
normality (p) of the South African luceme hay population are shown in Table 1. Selecting
calibration samples by the automatic selection procedure (SELECT algorithm; Infrasoft
International, Port Matilda, PA, USA), resulted in a more or less normal distribution across
the range for some of the quality components. However, this procedure based on the H
distance of samples may not guarantee the maximum range in every case (Volkers ef al.,
2003). A wide variation in the chemical composition of South African lucerne hay (Table 1)

was expected due to a wide range of varieties, seasons and growth stages, etc. (as discussed
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Table 1 Statistics of the reference tested parameters of the lucerne hay samples,

used for NIRS calibration.

b

Parameter” n® Mean Minimum Maximum Range SD° CV‘
Dry Matter (%) 160 92.72 89.82 95.62 580 097 1.04
Crude Protein (%)* 160 20.78 13.20 28.37 15.17 253 12.17
Soluble Protein (%)* 163 6.25 2.00 10.50 8.50 1.42 2266
ADF-CP® (%) 159  1.52 0.07 2.98 291 049 3188
NDE-CP' (%) 160 4.06 0.09 1155 1146 250 61.45
Acid Detergent Fibre (%)* 160 33.03 19.72 46.34 2662 444 1343
Neutral Detergent Fibre (%)* 161 43.77 2437 63.17 3880 647 14.78
Lignin (%) 160 7.13 3.25 11.01 7.77 1.29 18.16
Fat (%) 161 1.84 092 2.75 183 031 16.64
Starch (%) 164 2.00 0.36 3.65 330 055 2743
Sugar (%)* 163 5.69 1.16 10.21 906 1.51 26.54
NDFD24® (%NDF) 163 35.80 22.27 49 33 2705 451 12.59
NDFD4s" (%NDF) 162 41.33 26.53 56.12 2959 493 1193
IVOMD24' (%) 161  60.07 47.54 72.60 2506 4.18 695
IVOMDs¢ (%) 161 61.51 46.04 76.98 3094 516 838
Ash (%) 157 1275 321 22.30 1908 3.18 2494
Calcium (%)* 162 131 0.37 2.26 1.89 032 2400
Phosphorus (%)* 163 0.30 0.14 0.46 033 0.05 18.20
Magnesium (%) 157 042 0.00 0.96 096 018 4255
Potassium (%)* 159 250 0.46 4.54 408 068 2722
Sodium (%) 162 025 0.00 0.61 061 012 4724
Sulphur (%)* 157 031 0.12 0.49 038 0.06 2033
Chloride (%)* 162 1.06 0.02 2.10 207 035 3264

¢ All values are based on a DM basis

® Number of samples from calibration population used to create equation

¢ Standard deviation

4 Coefficient of variation

® Acid detergent fibre-crude protein (ADF-CP) and neutral detergent fibre-crude (NDF-CP)
fNeutral detergent fibre-crude (NDF-CP)

& In vitro Neutral detergent fibre digestibility at 24 hours
P In vitro Neutral detergent fibre digestibility at 48 hours

i In vitro organic matter digestibility at 24 hours

I In vitro organic matter digestibility measuring at 48 hours

* p>0.05 (normal distributed)
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in Chapter 3) used to develop the NIRS calibration model. The CV values obtained in the
current study are of the same order and magnitude as those of Scholtz (2001) for a
population of 210 samples of South African lucerne hay. Thus, the spectrally selected
population in the current study covered a good portion of the variability reported in the

available literature (Chapter 3) for this species.

In the present study an attempt was made to classify the suitability of the reference methods
for NIRS calibration, according to the relationship between the error in analysis and the
spread in composition (Cozzolino & Moron, 2004). If a product shows a narrow range in
composition, or if the error in estimation is large compared with the spread (as SD) in
composition, then the regression finds increasing difficulty in finding stable NIRS
calibrations (Garcia & Cozzolino, 2006). Where the error exceeds one third of the SD of the
population, regression can be misleading (Williams & Norris, 2001). Where SECV is equal
or higher to the SD, the instrument is not predicting the reference values at all (Williams &
Norris, 2001). Williams (2007) suggested that very low SD values for a population of
reasonable size (60 or more) may indicate that the variance is so low that analysis is not
necessary, except for quality control. Hence, fat content and several minerals in the present

study might fit this criterion (SD <0.32).

From Table 1 it seems that the NDF-CP value varied the most followed by ADF-CP, starch
and sugar concentration, respectively. According to Williams (2007) the CV of parameters
should be at least between 10 - 12 % to represent a population. All of the parameters
calibrated in the present study, except DM, IVOMD:24 and IVOMDas fulfil in this criterion.
Although the maximum value of lucerne IVOMD24 and IVOMDaz were 25%DM and
30%DM higher, respectively, than the minimum these fairly low variations were somewhat
surprising. Scholtz (2001) also reported an even lower CV value of 5.39% for IVOMDus for
South African lucerne hay. The overall low CV for IVOMD could probably be explained by
the relative constant susceptibility to degradation of organic matter (OM) in the rumen. The
low CV and range of DM in the current study was due to the excessive moisture loss during
the grinding process as discussed in Chapter 4 (par. 3.2). This led to the under prediction of

the moisture content of especially high moisture lucerne hay.

3.2  Criteria for the prediction ability of calibration models

The most commonly used measures of the strength of the relationship between a dependent

variable and independent variable are the coefficient of determination (r?). However, the r?
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statistic is population dependent (Weiss, 1993). This means that, when used for comparison

of different models that were derived from different populations, r? should not be the sole

statistic used to evaluate the models (Weiss, 1993). Thus, Williams (2001) proposed the use

of r? (Table 2) together with RPD (Table 3) as the most meaningful statistics for appraisal of

analytical efficiency by NIRS. However, interpretation of RPD in the literature revealed

mixed results. Williams (2001) suggested minimum requirements for RPD values of 3.1 —

4.9 for screening and 5.0 — 6.4 for quality assurance (Table 3). On the other hand Edney et

al. (1994) considers RPD values of 2.5 — 3.0 adequate for screening, but values of 3.0 — 5.0

are require for quality assurance. Several authors are however of opinion that RPD values

higher than 2.5 in any equation are required for an acceptable predictability (Williams &
Sobering, 1993; Edney et al., 1994; Mathison et al., 1999).

Table 2 Guidelines for interpreting r’ (Williams, 2001)

Value of r r2 Interpretation

Upto+0.5 Upto 0.25 Not usable in near-infrared reflectance calibration

+0.51-0.70 0.26 -0.49  Poor correlation: reasons should be research

+0.71 - 0.80 0.50-0.64 OK for rough screening; more than 50% of variance in y accounted for by x
+0.81 -0.90 0.66 -0.81  OK for screening and some other "approximate”" calibrations
+0.91-0.95 0.83-0.90 Usable with caution for most applications, including research

+0.96 - 0.98 0.92-0.96 Usable in most applications, including quality assurance

+0.99 + 098+  Usableinany application

Table 3 The ratio of prediction to deviation (RPD) statistics (Wiliams, 2001)
RPD value Classification Application
00-23 Very poor Not recommended
24-30 Poor Very rough screening
31-49 Fair Screening
50-6.4 Good Quality controle
6.5-8.0 Very good Process controle
8.1+ Exelent Any application

The statistical results obtained from the calibration procedure are presented in Table 4.

Performance on cross-validation, expressed as coefficient of determination (1-VR) and

standard error of cross validation (SECV) are also shown in Table 4.




Table 4 Calibration and prediction (cross-validation) statistics of quality

parameters of South African lucerne hay.

Parameter SEC* r® SECV® 1-VR® SD° RPD'
Dry Matter (%) 0.17 097 0.20 0.96 097 4384
Crude Protein (%) 047 097 0.55 0.95 253 457
Soluble Protein (%) 052 087 0.68 0.77 1.42 208
ADF-CP & (%) 020 083 0.24 0.77 049 206
NDF-CP " (%) 073 091 0.84 0.89 250 296
Acid Detergent Fibre (%) 098 095 1.12 0.94 444 397
Neutral Detergent Fibre (%) 1.38 095 1.62 0.94 6.47 3.99
Lignin (%) 032 094 0.36 0.92 129 3.6l
Fat (%) 0.13 0381 0.17 0.71 0.31 1.82
Starch (%) 039 051 0.44 0.36 0.55 1.25
Sugar (%) 045 0091 0.54 0.87 1.51 2.82
NDFD24 ' (%NDF) 1.75 0385 1.96 0.82 4.51 231
NDFD48? (%NDF) 229 078 2.64 0.72 493 1.87
IVOMD24 * (%) 1.31 090 1.47 0.88 418 284
IVOMDA438 ' (%) 1.68 0.89 1.91 0.86 5.16 2.70
Ash (%) 083 093 1.02 0.90 3.18°  3.12
Calcium (%) 0.16 074 0.21 0.58 0.32 1.54
Phosphorus (%) 003 078 0.03 0.66 0.05 1.71
Magnesium (%) 0.14 041 0.16 0.23 0.18 1.14
Potassium (%) 0.25 0.87 0.30 0.80 0.68 2.23
Sodium (%) 0.06 0.76 0.07 0.67 0.12 1.73
Sulphur (%) 005 024 0.06 0.16 0.06 1.08
Chloride (%) 007 095 0.09 0.93 035 374

® Standard error of calibration

® Coefficient of determination

© Standard error of cross-validation

4 Cross validation coefficient of determination

¢ Standard deviation

f Standard deviation to standard error of cross validation
8 Acid detergent fibre-crude protein

P Neutral detergent fibre-crude protein

' In vitro Neutral detergent fibre digestibility at 24 hours
J In vitro Neutral detergent fibre digestibility at 48 hours

¥ In vitro organic matter digestibility at 24 hours

'n vitro organic matter digestibility at 48 hours
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Prediction of chemical composition depends on the choice and number of the chemical
assays carried out on the feeds (Van Soest, 1994). The residual SEC’s are partly related to
the reproducibility of the analytical methods. According to Coates (2002) accuracy in the
determination of reference values for use in NIRS prediction equations is critical, as the
accuracy of the NIRS prediction is only as good as the reference values used for the

calibration.

The coefficient of determination was influenced by the range in chemical data, as
demonstrated by the differences in r? values for each component of the lucerne hay
calibration. The r2 usually is higher when the range of independent variables is wide instead
of narrow (Neter & Wasserman, 1974). This is in accordance with studies carried out by
Clark et al. (1987), Stoltz (1990) and Volkers et al. (2003).

For most parameters the cross-validation statistics were marginally inferior to those for the
calibration, as demonstrated by the lower coefficient of determination (r*> and 1-VR) value
and higher standard errors. The SECV should theoretically always be higher than the SEC
(Williams, 2007). In practice, however, the SECV may not always be higher than the SEC.
For some applications, the precision of the NIRS instrument may be superior to that of the
reference method. In the current study the SECV value for phosphorus was equal to the SEC
value, whereas higher SECV value was reported for all the other parameters. According to
Williams (1987) the SECV should not be more than 3 % of the mean reference value for that
analyte. The highest value reported was 2.64% for neutral detergent fibre digestibility at 48
hours (NDFDas), whereas phosphorus (P) had the lowest (0.03) SECV.

The parameters in the present study with a RPD value lower than 2.5 included SP, ADF-CP,
fat, starch, NDFD24, NDFD48 and all the minerals except Cl. These low unacceptable RPD
values should be considered when identifying and/or developing a model for lucerne hay

quality determination and grading.

3.2.1 Prediction of chemical composition (dry matter, fat, protein- and carbohydrate
fractions) of lucerne hay

The accuracy (r?) with which the NIRS were able to predict DM, CP, ADF and NDF of

lucerne hay in this study compared favourably with results of other similar studies on South
African lucerne hay (Stoltz, 1990; Snyman & Joubert, 1993; Scholtz, 2001). The r2 values of




> 0.95 calculated in equation development and 1 — VR of > 0.94 for cross-validation indicate

that an excellent portion of the variance in DM, CP, ADF and NDF of lucerne hay were
explained by the calibration models. This also applied to some extend for lignin and sugar
(Table 4). From Table 2 it seems that these calibrations are useable for most applications
including quality assurance. According to Table 3 the RPD values of all the mentioned
parameters, with the exception of sugar could be classified as fair and applicable for
screening. Relationships between chemically determined and NIR predicted values for DM,
CP, ADF and NDF are graphically illustrated in Figure 2. The relationships for the other

chemical parameters are included Appendix B1.

The highest calibration r> were obtained for CP and DM (r? = 0.97; Table 4). Moisture has a
strong absorbance at about 1940 nm, affecting the whole NIR region (Williams, P. 2007,
Personal communication, PDK Grain, 5072 Vista View Crescent, Nanaimo B.C VOV 1L6,
Canada). Moisture status includes moisture content and degree of hydration (Williams,
2001). The degree of hydration of complex molecules such as proteins may cause changes in
the particular orientation of the molecules. This could cause samples containing these
molecules to interact with the irradiating light differently from other samples (Williams,
2001). Therefore, to ensure accuracy, the moisture content of the samples must be kept

within the moisture range of the calibration (Winch & Major, 1980; Williams, 2007).

Total nitrogen (N) or CP (N x 6.25) is one of the most commonly measured components of
forages and feedstuffs (Stuth ef al,, 2003). Strong —N-H absorptions in the NIR region are
the primary cause for the good calibration statistics (Table 4). The relatively high
concentrations of CP, which in forage and feed can range from 3 to 50% DM, is also another

contributing factor (Roberts et al., 2003).

The measurements of detergent fibre fractions, namely ADF and NDF of lucerne hay, are
also successful and stable NIRS calibrations occurred with SEC values of <1.4. This finding
was confirmed by several authors (Clark et al., 1987; Stoltz, 1990; Williams & Norns, 2001).
Although these fibre fractions (ADF and NDF) are a “property” of forage and not

constituents, it can still be estimated due to variations in -C-H and -O-H bonds in the range

from 30 to 80%.
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fibre, D = neutral detergent fibre).

Near infrared reflectance spectroscopy (NIRS) predicted values versus

reference values for lucerne hay (A = dry matter, B = crude protein, C = acid detergent




The high coefficient of correlation obtained for lignin (Table 4), which generally gives

poorer results compared to the other chemical parameters analyzed (Berardo et al. (1997),
was somewhat surprising. According to Hoffman (2004) lignin is an arduous laboratory
assay and is usually not well predicted by NIRS. Murray et al. (1987) mentioned the NIRS
signals at 1660 nm and 2266 nm directly arising from lignin. According to Givens (1993) it
is mainly by this means that NIRS has the potential to predict digestibility.

According to the r? values in Table 2 and Table 4 the soluble protein (SP), ADF-CP, NDF-
CP, fat and sugar calibrations were useable with caution for most applications, including
research. The 1-VR values of these parameters were generally moderate (> 0.71). The
exception, however, were the poor cross-validation statistics for the starch content (1-VR =
0.36). The RPD values, however, range according to Williams & Norris (2001) from very
poor to poor for these parameters. The RPD values calculated for NDF-CP and sugar
calibrations met the requirements (>2.5) for an acceptable predictability as set by several

authors already mentioned.

According to Hoffman et al. (2003) measuring NDF-CP is usually more problematic for
NIRS. The overall influence of NDF-CP on the NRC (2001) summative energy equation is
however small, therefore a qualitative assessment of NDF-CP using NIRS is acceptable and
will not greatly compromise the accuracy and precision for the summative energy prediction
for forages. ADF-CP showed a somewhat inferior prediction potential compared to NDF-
CP. Mertens (1979) mentioned that the heterogeneity of ADF-CP might explain the
difficulty in measuring it (especially with NIRS).

It was not possible to accurately calibrate equations for fat (r> = 0.81; RPD = 1.82). Forage
measures of fat in the literature have had mixed results (Bernardo ef al., 1997; Park et al,,
1998). The overall poor predictive power of fat can be ascribe to the low concentration,
narrow range and heterogeneous nature of crude fat found in lucerne hay (Stuth ez al., 2003).
The relevancy of an accurate calibration equation for lucerne hay fat content is however

questionable due to its low concentration in lucerne hay.

According to several authors (Williams & Sobering, 1993; Edney et al., 1994; Mathison et.
al., 1999) the RPD obtained in the present study for DM content (4.84), CP (4.57), ADF
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(3.97), NDF (3.99) and lignin (3.61) could be considered as good and suggested that NIRS

calibration models might be used for routine analysis of these parameters. Moderate NIRS
calibration models, adequate for screening, were found for NDF-CP (2.96) and sugar (2.82)
whereas poor models, as already stated, were reported for SP (2.08), ADF-CP (2.06), fat
(1.82) and starch (1.51). The poor calibration performance of ADF-CP (SD = 0.49), fat (SD
= 0.31) and starch (SD = 0.55) could possibly be explained by lack of variation in these
parameters for lucerne hay. However, according to Williams & Norris (2001) (Table 3) RPD
values vary from very poor for starch, fat, ADFCP, SP; to poor for sugar and NDFCP; to fair
for lignin, ADF, NDF, CP and DM.

3.2.2 Prediction of in vitro digestibility

It could be expected that statistics assessing the performance of the calibration equations
were not as good when spectra were used to predict some nutritional attributes, such as
digestibility kinetics. Digestibility is a characteristic, while protein is a chemical entity.
Therefore, according to Stuth ez al. (1999) NIRS prediction of digestibility represents a
prediction of a predicted component of feed. According to Andrés ef al. (2005) parameters
measured by biological methods are subjected to higher uncontrolled variability due to
multiplicity of sources of experimental and sampling error sources (e.g. basal diet, days,
incubation runs, replicates). This can affect the predictive capability of NIR equations that
are highly dependent upon the error of the reference method. Thus, the prediction ability of

NIRS is expected to decrease with the complexity of parameter such as NDFD.

In addition, digestibility calibrations can also be sensitive to residual moisture in samples
(Griggs et al., 1999). Stuth et al. (2003) suggested more accurate equation development with

samples containing moisture of less than 8% than those with higher moisture.

IVOMD2s and IVOMDas results (Table 4) indicated an acceptable coefficient of
determination (r2 = 0.90) and showed a relative low SEC (1.31 and 1.68, respectively). This
is not typical of such biological measures (Bruno-Soares et al., 1998). Accordingly the 1-VR
values (average = 0.87) were high. The RPD values of 2.70 to 2.84 are regarded by Williams
& Norris (2001) (Table 3) as poor and only good for rough screening. It was however higher
than the 2.5 set by several other researchers for an acceptable predictability (Williams &
Sobering, 1993; Edney et al., 1994; Mathison ef al., 1999).
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The SEC for IVOMDss in the present study was slightly higher than the 1.56 reported by
Marten et al. (1984) and lower than the 2.4 reported by Stoltz (1990) for South African
lucerne hay. This could be explained by a wider range of calibration data used in the current

study compared to the data of Stoltz (1990) (30.94 and 23.65, respectively).

The IVOMD24 statistics, assessing the performance of the calibration equations compared
well with that of IVOMDa4s. This was somewhat surprising as the influence of the lag time
(L) on the 24 hour period was expected to have a more confounding effect on digestibility
than the 48 hour period. Herrero ef al. (1996) observed that the calibration and cross-
validation of equations using NIR spectra were poorer for shorter incubation times. However
the lag time (which by definition is mainly mathematical) could not be successfully predicted
by either chemical composition or the NIRS (Andrés ef al., 2005). According to Herrero et
al. (1996) it could be argued that changes in the proportions of the substrates may result in
differences between the predictive ability of the different fermentation times. In such case,
the lignin component, which is indigestible and well predicted by NIRS in the current study,
would normally increase relative to the other cell wall fractions as fermentation time
increases. However, the observed calibration performance between IVOMD24 and IVOMDag

in the present study did not support these assumptions and/or expectations.

The overall acceptable predictability of IVOMD could be due to NIR spectra containing
information about not only the chemical components (i.e., chemical bonds and functional
groups of the compounds), but also about other chemical and physical properties of the
samples (Andrés et al., 2005). Furthermore, 85% of the samples in the current study used for
calibration contained less than 8% moisture and could therefore; according to Griggs ef al.
(1999), not hamper IVOMD calibration accuracy. As pointed out before, the degree of
hydration of samples may cause changes in particular orientation of molecules thus,

interacting differently with irradiating light.

It is however widely accepted that IVOMD is not a particularly good predictor of in vivo
organic matter digestibility (Roberts ef al., 2004). According to Beever & Mould (2000) the
use if NIRS to predict in vivo effects from limited chemical and in vifro data is likely to bring
disrepute to a highly useful technique. In vivo digestibility differs from in vitro digestibility

because it accounts for individual variability (Landau et al., 2006). Several authors however

suggested that in vivo organic matter digestibility (OMD) is the best reference method for




159

developing NIRS equations for OMD (Murray, 1993; Deville & Flinn, 2000; Garcia &
Cozzolino, 2006).

The r? values in Table 2 and Table 4 indicated that NDFD24, IVOMD24 and IVOMDas were

useable with caution for most applications, including research whereas NDFDa4g was only
applicable to screening and other approximate calibrations. The 1-VR values of these in
vitro parameters were generally moderate to high (0.72 to 0.88). According to several
authors previously mentioned, RPD values calculated for IVOMD24 and IVOMDasg
calibrations met the requirements (>2.5) for screening purposes whereas calibration models
for NDFD24 and NDFDas failed. According to Williams (2001) the RPD values for NDFD24,
IVOMD24, and IVOMDa4s could be considered as poor and that these NIRS calibration
models might only be used for very rough screening. According to Table 3 the NDFDas

NIRS calibration model could not be recommended for any application.

From Table 4 it seems that the calibration of the 24 hour NDFD marginally out-performed
the 48 hour period. Development of an accurate and precise NIRS equations for the NDFD
in lucerne hay has proven more problematic because of high levels of soil contamination and
the heterogeneous nature (due to grass contamination) of the lucerne hay samples analysed in
the present study (Ward, R.T., 2005, Personal Communication, Cumberland Valley
Analytical Services, Inc., 14515 Industry Drive, Hagerstown, MD 21742, USA). A variable
degree of soil contamination, which dilutes energy content, might influence the accuracy of
NDEFD calibrations (De Boever et al., 1996). This greater chemical structure diversity in
some of these multi-species samples undoubtedly accounted for a lower NIRS prediction
ability of NDFD compared to pure lucerne hay samples (Marten ef al,, 1984). Another
probable reasoh is that in vitro fermentation characteristics of feeds are usually described by
non-linear kinetics (France ef al., 1993 as cited by Herrero ef al., 1996). Accordingly, as
mentioned by Herrero et al. (1996), the exponential nature of the in vitro kinetics equation
altered the distribution and range of NDFD, therefore hampers a good fit by the multivariate

and linear calibration methods used.

The relationships between in vitro determined and NIRS predicted values for IVOMD24 are
graphically illustrated in Figure 3. Similar trends were observed for the other in vitro

parameters (figures included in Appendix B2).
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Figure 3 Near infrared reflectance spectroscopy (NIRS) predicted values versus
reference values for in vitro organic matter digestibility at 24 hours

(IVOMD24) (%) for lucerne hay.

With the exception of NDFD4s and NDFDz24, in vitro digestibility parameters could be
satisfactorily predicted from NIR spectra, with robust calibration equations (r? >0.80) and
acceptable cross-validation (RPD>2.7 for IVOMD24 and IVOMDA48) as set by several
authors mentioned. However, according to Table 3 IVOMD24 and IVOMDus calibrations
could only be used for very rough screening. The RPD values for NDFD24+ and NDFDas

calibrations are regarded as by Williams (2001) as very poor and not recommendable.

3.2.3 Prediction of minerals

The SEC, SECV and r? values indicate how well the equations will perform within the same
population (Cozzolino & Moron, 2004). However, with minerals, the SEC and especially r?
are not good indicators of calibration performance, because the NIRS not directly measuring
the element (Malley et al., 1999; Stuth et al., 2003; Cozolino & Moron, 2004). According to
Clark er al. (1989) the r? values for mineral determinations are governed more by the amount
or variability (range in concentration) present than by direct relationship between
concentrations change and absorption in the NIR region (Cozzolino & Moron, 2004). Stuth
et al. (2003) stated that the low levels and narrow ranges in forage plants also hampers the
estimation of most minerals by NIRS. Because of this narrow range, also observed in the

current study (Table 1), some authors argue that mineral equations should be evaluated by
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coefficient of variation (CV) rather than 12 as the narrow range in concentration could render

r? values misleading (Roberts ef al., 2003; Stuth et al., 2003)

NIRS measures bonds within organic compounds, which are negatively related to organic
materials. If the mineral matter is bound within organic compounds the distortion of the
spectrum may be detectable at certain wavelengths, suggesting that NIRS could predict
inorganic materials using their relationship between organic matter through their linkage with
organic complexes, chelates, and pigments such as chlorophyll in forages (Osborne et al.,
1993; Ruano-Ramos et al., 1999; Cozzolino & Moron, 2004).

Chloride (Cl), followed by the ash content, showed the highest RPD ratio (3.74) and r?
(0.94). This is somewhat surprising and difficult to explain as Cl is mostly found in linkage
with inorganic complexes. The SECV (1.02) and r? (0.93) values for ash were similar to
those reported by Garcia & Cozzolino (2006) in legume forages. The RPD value (3.12) was
also fair and applicable for screening (Table 3). It was however higher than the 2.5 value
mentioned before and could be regarded as adequate for quality assurance. The successful
calibration of lucerne hay ash content is well documented in the literature (Redshaw et al.,
1986; Windham et al., 1991; Scholtz, 2001). The relationship is probably mainly indirect as
previously mentioned. De Boever et al. {1996) described the effect of ash on the NIR
spectrum. Mineral soil induces a baseline shift, particularly in the lower part of the NIR
spectrum, reducing the specific NIR absorption signals of the organic constituents (Paul,
1987). The good ratios (RPD = 3.12) and high r? (0.93) but relatively high prediction error
(SECV = 1.02) for ash has to be associated with the broad range of the sampies.

The SEC and SECV obtained in the present study (Table 4) for the different macro minerals
compared well with those reported in the literature (Clark ef al., 1987; Stoltz, 1990). Stoltz
(1990) reported in comparison with the present study (Table 4) similar results for lucerne hay
Ca (r2=0.77 and SEC = 0.24) and K (r> = 0.80 and SEC = 0.25). On the other hand inferior
results for P (r> = 0.41 and SEC = 0.05) and superior results for Mg (r2 = 0.90 and SEC =
0.03) were found by Stoltz (1990) compared to the current study. In all the minerals
analysed, the SEC values are lower than the SD, indicating that NIRS could be used to
determine concentration changes (Cozzolino & Moron, 2004) for Ca, P, Mg, K, Na and Cl in

lucerne hay.
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The relatively high r? values of Ca (0.74) and P (0.78) can be attributed to their defined
linkage with chelates and chlorophyll (Ruano-Ramos ef al., 1999). For Na (12 = 0.76), the

correlation is predominantly related with O-H overtones (Cozzolino & Moron, 2004).

The wavelength correlations for S showed specific spectral patterns related with plant
pigments, related with O-H overtones and S-H overtones (Clark et al., 1989; Cozzolino &
Moron, 2004). Hence, the poor correlation for S (r2 = 0.24) in the present study can possibly
be attributed to the denaturation of the lucerne plant pigments during sample preparation and
storage. Similar calibration results on S were also reported by Clark er al. (1989) for lucerne

hay.

Relationships between chemically determined and NIRS predicted values for S and the rest

of the minerals are graphically illustrated in Figure 4 and Appendix B3, respectively.
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Figure 4 Near infrared reflectance spectroscopy (NIRS) predicted values

versus reference values sulphur (S) for lucerne hay.

According to the r? values in Table 2 and Table 4 the ash and Cl calibration models were
useable with caution for most applications including research. The r? of the rest of the
mineral calibrations were only adequate for screening purposes. According to Edney e al.
(1994) the RPD values calculated for ash and Cl calibrations met the requirements (>3.0) for
quality assurance, whereas calibration models for the rest of the minerals were not
recommended by all the authors for NIRS use. The SECV value of S was almost equal to the
SD (0.06) (RPD = 1.08), which indicated that the instrument was not predicting the reference
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values at all (Williams, 2007). Thus, prediction of the ash and Cl content of lucerne hay by
NIRS were the only mineral parameters that gave acceptable accuracy to be used for routine

analysis.

4 CONCLUSIONS o

The r2, SECV and RDP results recorded in the present study indicated that the NIRS
procedure can be used with acceptable accuracy to predict DM, CP, ADF, NDF, lignin, ash
and Cl for quality assurance. A possible explanation for the high calibration performance of
these parameters in the current study might be due to the pre selection of samples based on
their A distances with the SELECT algorithm even when the cut off point was set as 1.0, and

by the wide range observed in the concentration of these constituents.

Intermediate NIRS calibration models were found for NDF-CP, sugar, [IVOMD24 and
IVOMDus that could be considered adequate for screening purposes. Poor calibration results
for the remaining parameters, namely SP, ADF-CP, fat, starch, NDFD and the macro
minerals (Ca, P, Mg, P, Na and S), with the exception of Cl, indicated that the NIRS

technique is less accurate than chemical methods.

Ultimately, precision of NDFD and IVOMD in lucerne hay by NIRS would be preferred,
because unlike laboratories, NIRS prediction systems can be easily standardized. Additional
research would be of value to pursue improving NIRS prediction of NDFD values of lucerne
hay. The NIRS procedure entails ease, rapidity and economy of lucerne hay analysis
however, there is a very real need to find ways of obtaining improved calibration data for
digestibility procedure. Improve understanding of the causes of variation in the digestibility

of lucerne hay is essential in realizing this goal.

However, RPD values for calibration models investigated in the present study are regarded
by Williams & Norris (2001) as fair to very poor and thus not recommended for quality
control. Hence, according to these criteria further work needs to be done to build robust
NIRS calibration models for South African lucerne hay, to be able to detect minor changes in
parameters such as SP, ADF-CP, fat, starch, NDFD and the minerals with the objective to

use in modern nutritional models. However, the usefulness of applying NIRS in these cases

will largely depend on the accuracy that is required. On the other hand, the variance for
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ADF-CP, fat, starch and minerals in the current study are so low (SD<0.68) that accurate

analyses, for use in current models or screening purposes, might not be necessary.




CHAPTER 6

1. INTRODUCTION

A MODEL FOR ASSEING MEDICAGO SATIVA L. HAY QUALITY
Lucerne (Medicago sativa L.) hay is a very important roughage source for livestock in South
Africa. Since forages are predominantly used by ruminants as source of nutrition, forage
quality is an expression of the characteristics that affect consumption, nutrient utilisation and
resulting animal performance, therefore, production potential. Currently adopted models for
assessing forage quality addresses only the chemical composition of the feed without
considering interaction among other feeds (associated effects), rate of passage and physical
characteristics. For this reason, forages are often referred to as functional feeds (Zinn &
Ware, 2007). This stresses the necessity of considering the animal. One method available to l
evaluate the nutrition of dairy cows, and not so far exploited to assess the quality of forages, |

is the Comell Net Carbohydrate and Protein System (CNCPS) (Tylutki et al., 2007).

The dairy feed industry is the largest consumers of luceme hay. Consequently, its nutritive
value and/or nutrient contribution for especially dairy cattle are important and needs to be
incorporated into luceme hay quality assessment. The CNCPS is widely acknowledged as |
one of the most advanced ruminant feed evaluation models presently developed. The non-

4 linear nature of the CNCPS model integrates nutrient intake, ruminal fermentation, intestinal

digestion, absorption, and metabolism of chemical analyses and mathematical models with

cattle requirements for each production situation (Knowlton et al., 1992; Fox et al., 2000,

Fox et al., 2004). Fox et al. (2004) stated that the utility of the CNCPS is supported by the

observation that various components have been adapted by the NRC (2000, 2001).

Several researchers assessed the ability of the CNCPS to predict lactation performance in
dairy cows (Stone, 1996; Ruiz et al., 2001; Ruiz et al., 2002; Fox et al., 2004; Recktenwald
' & Van Amburg, 2006; Tylutki et al., 2007). In an evaluation with individual fed dairy cows,

the CNCPS accounted for 90% of the variation in actual milk production with a 1.3% bias
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(Fox et al., 2004). The CNCPS is therefore a valuable aid to assess the quality of lucerne hay

accurately according to animal performance. As previously mentioned, lucerne hay is mostly

used for dairy nutrition and should luceme hay quality accordingly be related to its milk

production potential.

Two important feeding values used in feed formulation are energy (digestible energy;
metabolisable energy) and protein (rumen degradability). A method which allows rapid and
accurate estimates of energy value and degradability of the nitrogen fraction of luceme is
needed. Any determination method involving surgically treated animals is not acceptable
owing to problems of labour, housing, technical resources, expense and speed. The
assessment of energy value can be made more precisely if the feed is subjected to a chemical
analysis (McDonald et al., 1995). The analytical data can either be used to “type” the feed
more accurately, or it could be fitted into equations that have been devised to predict energy
value from chemical composition. McDonald ez al. (2002) mentioned that the determination
of ADF is particularly useful for forages as there is a good statistical correlation between it
and the extent to which the food is digested (digestibility). In addition neutral detergent fibre
(NDF) has been related to intake regulation, digestibility, and chewing activity in vanous
dairy cow experiments (Mertens, 1982). Recently much emphasis has been placed on lignin
and digestibility of NDF (NDFD) by dairy nutritionist. Evaluation of forages for NDFD is
being conducted to aid prediction of total forage digestibility (Hoffman et al., 2003), whereas
lignin impacts the digestibility of the forage directly as indigestible material and indirectly as

it inhibits digestion of chemically associated fibre (Van Soest, 1994).

Scholtz (2001) is of opinion that more complete models are needed to integrate chemical
information collected in the laboratory with animal and feeding situation characteristics to
predict, digestibility and animal performance more accurately. Such models do not need to
be sophisticated mathematically, but must be realistic in terms of their dependence on, and
correspondence to, biological principles and theories. These models derived from chemical
analysis should provide the basis for more efficient forage utilisation by ruminants through

more accurate determination of forage nutritive value and optimising diet charactenstics.



167

The usage of near infrared reflectance spectroscopy (NIRS) for the rapid and economical
nutritional evaluation of luceme hay is a very real need for a practical lucerne hay evaluation
model. Thus, the usefulness of applying NIRS in lucerne quality assessment will largely
depend on the accurate prediction of the selected parameter’s calibration equations, used in
the quality model. The most robust NIRS calibration equations were identified and discussed
in Chapter 5 and these should, however, be carefully consider when developing (modelling)
and/or identifying an appropriate model for South African luceme hay quality grading.

The objective of this study was to identify chemical parameters and/or models for assessing
luceme hay quality, using NIRS analysis and CNCPS milk prediction as cnterion of

accuracy.

MATERIALS AND METHODS

21 Chemical analysis and in vifro digestibility

As described in Chapter 3, six hundred luceme (Medicago sativa L.) hay samples were
collected from several commercial irrigation farms in the main lucemne producing areas in
South Africa, which varied in location, soil charactenstics (texture, organic matter, N
content, pH) and farm management. Hundred and sixty eight samples that represented the
South African luceme hay population were selected, analysed (chemical and in vitro) and

calibration equations were developed as described in Chapter 5.

2.2  Parameter calculation
The calculated energy and protein parameters used in the current study were described in

Chapter 3.

23  Assumptions

The current study was based on the milk production level, feed ingredients and dry matter

intake (DMI) of a typical high producing South African commercial Holstein herd. The age

of cows was assumed to be 42 months, body weight 700 kg, days pregnant 0, days since
calving 60, body condition scoring (BCS) 3.00, average daily gain (ADG) 0.079 kg/d, milk
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production 45 1/d, milk fat 3.55%, and milk protein 2.88%. Ambient temperature was 20°C

and relative humidity (RH) was 50%, with no wind or other sources of environmental stress.

The basal diet consisted of: hominy chop, ground maize, wheat bran, molasses, whole cotton
seed, cotton oil-cake (OC), soy OC, sunflower OC, lucerne hay and a mineral-vitamin pre-
mix. A physical and chemical composition of the basal diet used in the current study is
presented in Table 1. Chemical composition of the concentrates, minerals and vitamins used
in the basal diet were selected from the AMTS.Cattle (AMTS.Cattle version 1.1.0.1, AMTS,
LLC, 418 Davis RD, Cortland, NY, 13045, USA) feed library. The lucerne hay used in the
basal diet was selected from the average chemical values of 168 selected lucerne hay
samples, previously discussed in Chapter 3. These samples represented the chemical
variation for the South African luceme hay population. The chemical, physical and

biological characteristics of feeds in the basal diet are set out in Table 2.

24  Diet formulation

As presently implemented, the CNCPS does not automatically balance or optimise diets
(Knowlton et al., 1993; Tylutki, 2007b). The basal diet formulation was based on the
following criterion namely: metabolisable protein (MP) from bacteria >50% of total MP
supply; non fibre carbohydrate (NFC) <40%; physical effective NDF (peNDF) and predicted
ruminal pH above the minimum requirement of 22% and 6.4, respectively; rumen ammonia-
and peptide-balance >100%, respectively; milk urea nitrogen (MUN) between the allowable
12 - 18mg/dL; methionine (Met) and lysine (Lys) retained >2.2% and >6.8% of MP supply,
respectively whereas the Lys:Met ratio was maintained around 3:1; metabolisable energy
(ME) and MP allowable milk within 2 1 of each other.

The luceme in the basal diet was replaced with the rest of the South African luceme hay
population described in Chapter 3. A diet with luceme hay as sole roughage source was
formulated to evaluate the effect of luceme hay quality on ME and MP aillowable milk.
Hence, a total of 168 simulations were run to obtain milk yield (MY) values. A DMI of

25kg/d were maintained during the simulation to cancel the effect of DMI. The effect of
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replacing luceme hay in the basal diet on the protein fractions and MUN were addressed by

using the lowest ME or MP allowable milk yield (kg/d) for each lucemne hay sample.

Table 1 Physical and chemical composition of the basal diet on a dry matter basis
Diet constituents Content (YoDM) DMI (kg/d)
Hominy chop 13.96 349
Ground maize 21.95 549
Wheat Bran 2.00 0.50
Molasses 2.00 0.50
Whole cottonseed 6.26 1.57
Cotton oil-cake 1.19 030
Soya oil-cake 7.99 200
Sunflower oil-cake 1.19 030
Min/Vit. 3.46 0.87
Lucerne hay® 40.00 10.00
Chemical composition
Dry matter 91.10
Forage 40.00
Crude protein 18.80
Rumen degradable protein 1132
RDP (%CP) © 60.21
Soluble protein 24.45
Acid detergent fibre 19.3%

Neutral detergent fibre 30.19
Forage neutral detergent fibre 17.60
Forage NDF (%NDF) 58.30
peNDF © 19.25
Lignin 8.70
Non fibre carbohydrates 36.08
Sugar 6.56
Starch 23.26
Soluble fibre 6.26
Ether extract 4.70
Ash 10.40

# Mineral-vitamin (Min/Vit) pre-mix
® Average of the South Africa population
°Rumen degradable protein (RDP); expressed as a percentage of the basal diet crude protein (CP) content

4Forage neutral detergent fibre (NDF); expressed as a percentage of the basal diet NDF content

°Physical effective neutral detergent fibre (peNDF)
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Table 2 Chemical, physical and bielogical characteristics of feeds in the basal diet.
Hominy Ground Wheat Whole Cotton Soya Sunflower Lucerne

Chemical analysis® chop! maize! Bran®' Molasses' cottonseed' oil-cake! oil-cake! oil-cake! Min/Vit! hay?
DM 89.96 89.40 88.60 78.00 93.35 90.73 90.11 92.41 98.00 92.69
Crude protein (%DM) 11.03 8.40 19.00 4.50 2245 42.63 53.32 40.37 20.74
Soluble protein (%CP) 30.44 11.00 32.61 100.00 29.66 2224 12.91 29.71 0.00 30.00
NPN (%SP) 35.00 70.00 45.00 92.00 2.50 40.00 55.00 37.00 0.00 50.00
ADIP (%CP) 5.40 5.00 4.46 0.00 8.87 341 1.56 2.30 0.00 8.20
NDIP (%CP) 13.84 15.00 18.43 2.50 2434 8.14 4.90 7.65 0.00 20.64
NFC (%DM) 41.76 76.30 28.66 82.78 5.45 14.80 28.12 15.58 0.00 20.37
Sugar (%DM) 4.60 1.55 5.80 78.85 5.10 930 13.50 7.80 0.00 5.71

Starch (%DM) 37.00 75.23 23.25 0.37 1.33 232 1.99 1.37 0.00 2.03

Soluble fibre (%DM) 0.16 0.00 0.00 3.56 0.00 3.18 12.63 6.41 0.00 12.63
ADF (%DM) 11.29 4.00 224 0.00 37.23 23.87 5.62 29.25 0.00 33.22
NDF (%DM) 35.70 9.40 43.30 0.50 49.38 34.49 91 37.24 0.00 44.06
pef (%) 25.00 25.00 33.30 0.00 85.00 36.00 23.00 40.00 0.00 80.00
Lignin (%NDF) 3.34 2.90 3.93 0.00 9.65 6.55 0.88 8.17 0.00 16.68
Ash (%DM) 1.36 1.60 5.26 12.12 3.00 5.73 6.77 5.15 100.00 12.97
Ether extract (Y%DM) 10.15 4.30 4.72 0.10 19.72 235 2.68 1.66 0.00 1.86

NDIP (%DM) 1.53 1.26 3.51 0.11 5.46 347 2.61 3.09 0.00 428
ADIP (%DM) 0.60 0.42 0.85 0.00 1.99 145 083 0.93 0.00 1.70
Lignin (%DM) 1.19 0.27 1.66 0.00 4.77 226 0.08 3.04 0.00 7.35

! Feed chemical composition values adapted from the AMTS.Cattle feed library (AMTS .Cattle version 1.1.0.1, AMTS, LLC, 418 Davis RD, Cortland, NY,

13045, USA)
2 Average of the South African population

* Abbreviations for chemical analysis: Dry matter (DM); non-protein nitrogen (NPN); acid detergent insoluble protein (ADIP); neutral detergent insoluble protein
(NDIP); non-fibre carbohydrate (NFC); acid detergent fibre (ADF), neutral detergent fibre INDF), physical effective factor (pef)
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Replacing luceme hay in the basal diet with the rest of the South African population also
resulted in a variation in nutritional factors like peNDF, NFC and pH that could influence
milk composition (milk fat) and the occurrence of sub-acute ruminal acidosis (SARA).
Rectifying changes in these nutritional factors when replacing lucerne hay in the basal diet
seemed to be unnecessary, as the maximum NFC values and minimum pH values were
acceptable and most of the lucerne hay used resulted in diets that generally satisfied the
peNDF needs of dairy cows (Mertens, 1997; Fox et al., 2004; Tylutki er al., 2007).
Furthermore, the buffering capacity of luceme hay and its high pectin content (McBumey et
al., 1983; Fox et al., 2000; Calberry et al., 2003) would induce a smaller effect of peNDF on
ruminal pH. Considering changes in milk fat when evaluating the quality of luceme hay is
also not so important as many milk buyers in South Africa have no prerequisite regarding
milk fat content. Therefore rectifying changes in these nutritional factors by adding feeds in

the diet were unnecessary and would result in confounded effects.

The same procedures were followed to formulate diets for low milk producing Holsteins

(25kg/d) and Jerseys (1 5kg/d) as well as high producing Jerseys (32kg/d).

2.5 Statistical analysis
Statistical analyses were performed using SAS 9.1.3 Service Pack 4 (2002-2003).

Descriptive statistics namely the mean, standard dewviation, coefficient of variation, median,
range, minimum and maximum values were calculated for the quantitative vanables. The
Pearson correlation coefficient was used to perform correlation analyses on the entire dataset.
Simple and multiple regression analyses were done separately for individual sources of
variation. In the multiple regression analyses, forward selection was used in the stepwise
regression calculations. This method starts with no variables in the model and adds variables.
Variables were only retained in the model when they significantly (P < 0.05) contributed to

the accountable variances. Expressions of the proportion of the sum of squares for the

dependent variable explained by these regressions were calculated as r’.




RESULTS AND DISCUSSION

3.1 Animals

In an attempt to eliminate the possible confounding effects of different dairy cow breeds and

production groups, similar simulation models as described for high producing Holsteins
(45kg/d) were performed on low producing Holsteins (25kg/d) and Jerseys (15kg/d) as well
as high producing Jerseys (32kg/d). The results revealed a non-significant (P>0.05)
difference between the ranking of luceme hay samples with regards to potential allowable
milk production. Hence, for practical reasons results and discussions were focused on high

producing Holsteins.

3.2 Diets

According to Tylutki (2007b) CNCPS models to predict cattle perfformance are based upon
inputted animal and feed descriptions and that variables which represents CNCPS theory
should be used as constraints. These vanables are set out in par. 2.4. The theory behind the
selected variables is that ME and MP allowable milk are highly aggregated vanables
(Tylutki, 2007a). Thus, maintenance, growth and pregnancy requirements need to be
satisfied first for ME and MP allowable milk to resort within acceptable levels.

The ability to predict forage quality, particularly with regards to its energy content and the
amount of feed that the animal will consume voluntarily, is fundamental to any forage
evaluation programme or model. Because of the complexity of factors controlling feed
consumption (Roseler et al, 1997), accurate prediction of diet DMI is problematic.
However, the close relationship between DMI and milk yield (MY) of dairy cows is well
defined by research (Roseler ez al., 1997; Voelker et al., 2002; Hristov et al., 2004). Hnstov
et al. (2004) postulated that DMI is driven by milk production when lactation diets are fed.
This concept was supported by the lag between peak milk yield (MY) and peak DMI during
the early stages of lactation (NRC, 2001). As previously mentioned the DMI of all
simulations in the present study, were kept a constant, notwithstanding the changes in milk

production when replacing the luceme hay in the basal diet. A constant DMI means that
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differences in hay quality was manifested in a higher or lower ME/MP allowable milk

production.

The nutritional indicators and milk production (ME and MP allowable milk) response of
replacing luceme hay in the basal diet with the rest (n = 168) in the South African population

are presented in Table 3.

Table 3 Nutritional indicators and milk response of 168 SA lucerne hay based
diets

Minimum Mean Median Maximum Range SD' CV?
Milk yield * (kg/d) 35.72 43.01 43.58 48.69 1297 278 646
Metabolisable energy milk (kg/d) 35.72 43.01 43.58 48.69 1297 278 646
Metabolisable protein milk (kg/d) 38.42 45.74 46.02 52.76 1434 288 630
peNDF ® (%DM) 14.40 19.26 19.20 26.20 1180 2.17 1127
pH 6.04 6.25 6.24 6.55 0.51 009 148
Non fibre carbohydrates (%oDM) 29.20 36.12 36.55 41.60 1240 285 788
Rumen NH3 (%Rqd) 14400 22179 219.00 335.00 19100 3282 14.80
Metabilisable protein from bacteria (%) 37.50 4560 4570 51.20 1370 252 5353
Milk urea nitrogen (mg/d) 920 17.09 16.90 24.40 1520 294 1717
Diet ME (MJ/kg) 863 10.71 10.78 11.73 310 049 455
Lysine (%MP) 622 6.40 6.40 6.51 029 006 091
Methionine (% MP) 1.58 1.72 1.72 1.83 025 005 268

T Standard deviation
% Coefficient of variation
?First limiting (metabolisable energy or metabolisable protein) allowable milk production

®Physically effective neutral detergent fibre (peNDF)

Variation in luceme hay quality according to ME and/or MP milk yield (MY) range from
35.72 to 48.69kg/d. Thus, normal variance of MP and ME in South Afrnican lucerne hay
alone can vary milk production of high producing Holstein cows by 12.97kg per cow per day
(Table 3).

33 Parameters

The correlation of milk yield (MY) with chemical, digestibility and calculated parameters are
given in Table 4. Selected linear regression equations to predict milk yield (MY) are
presented in Table 5.
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Table 4 Correlation (r) between milk yield (MY) and nutritional parameters of
lucerne hay
Parameter r
Chemical
Acid detergent fibre -0.82
Neutral detergent fibre -0.78
Sugar 0.69
Lignin 0.62
Ash -0.55
Acid detergent fibre-crude protein (ADF-CP) -0.51
Fat ) 0.50
Neutral detergent fibre-crude protein (NDF-CP) -0.45
Soluble protein 0.34
Crude protein 0.19
Starch* 0.11
Digestibility
In vitro organic matter digestibility at 24 hours 0.72
In vitro organic matter digestibility at 48 hours 0.60
In vitro Neutral detergent fibre digestibility at 24 hours 0.46
In vitro Neutral detergent fibre digestibility at 48 hours 0.32
Calculated °
Non fibre carbohydrate 0.91
CB2 (soluble fibre) 0.86
In vitro dry matter digestibility at 48 hours (IVDMD438) 0.81
In vitro dry matter digestibility using lignin in the equation (IVDMDiig) 0.77
Cellulose -0.76
Neutral detergent fibre minus ncutral detergent fibre-crude protein (NDFn) -0.74
CAA4 (sugars) 0.69
CC (indigestible NDF) -0.62
Adjusted crude protein 0.62
Organic matter 0.55
* PB2 (soluble protein) 0.53
PC (acid detergent fibre-crude protein) -0.51
Neutral detergent fibre digestibility, estimated from lignin (NDFDiig) -0.49
Hemicelluloses -0.48
Truly digestible crude protein 0.42
PA (non-protein nitrogen) 0.34
PB1 (soluble protein) 0.34
CB3 (available neutral detergent fibre) -0.34
PB3(ncutral detergent fibre-crude protein) -0.31
CHO (carbohydrate) 0.30
Soluble protein/Crude protein 0.28
Lignin/(neutral detergent fibre minus neutral detergent fibre-crude protein) -0.21
Lignin/cellulose -0.20
CBI(starch) * 0.11
Lignin/neutral detergent fibre * -0.08

* p>0.05 non significant values

® Calculated parameters and CNCPS carbohydrate and protein nutrient pools (Tylutki ef al., 2007) as described in Chapter 3 (Table 1).
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Table S Simple linear regression equations for predicting milk yield (MY) and the

coefficient of determination (1r?) between dependent and independent

variables in lucerne hay

Independent Dependent Regression equation

variate (X) variate (Y) r Y= bo + bex + bzXz + b3X3 + b4X4+ bsXs + b6X6
Chemical and digestibility

Acid detergent fibre (X;) Milk Yield 067 Y=6072-054X,

Ash (X2) 0.87 Y =6440-048X,-0.38X,

Lignin (Xs) 096 Y=64.18-023X,-0.53X,-090X;

NDFD24 * (X, 097 Y=64.16-021X,-0.53X;-085X;-0.09X,

Acid detergent-crude protein (Xs) 098 Y=6072-021X,-0.12X,-051X;5-0.73X,+0.07X;
Chemical, digestibility and

Calculated

Non fibre carbohydrate (X) Milk Yield 082 Y=3120+047X,

Lignin (X3) 092 Y=3722+040X,-0.60X,

Ash (X3) 096 Y =48389+022X,-099X;-0.33X3

NDFD24 * (X,) 097 Y=5376+0.08X,-1.67X,-0.46Xs+2920X,

Acid detergent-crude protein (X;s) 098 Y=4840+0.13X,-1.42X;-039X3+2451X4+0.07X5s
Fat (Xe) 0.99 Y =4585+0.09X, - 1.38X;-0.38X5 +38.13X, +0.09X;s - 0.50X

? In vitro neutral detergent fibre digestibility at 24 hours

All the vanables included in the regression equations have a significant (P<0.05) contribution

to the coefficients of determination (r’). The best equations based on chemical, digestibility

and calculated parameters are presented.

3.3.1 Chemical and digestibility parameters

The highest correlation of a chemical or digestibility parameter with MY was obtained with

ADF. The ADF concentration in luceme hay explained 67% of the MY variance (Figure 1)

followed by NDF with 61% (Table 4). According to the regression equations, MY decreases
by 5.4% (Table 5) and 3.4% units for each % DM increase in ADF and NDF content of

luceme hay, respectively. The other chemical and digestibility parameters had moderate to

low impact on MY.
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Figure 1 Relationship between predicted milk yield and acid detergent fibre

It is well documented that potential MY is highly dependable of the energy content of a feed
(Van Soest, 2004; Tylutki et al., 2007). Thus, lucerne hay ADF showed the best relationship
with ME in the diet. The contribution of ADF in predicting MY was somewhat surprising
because of all the discrepancies in the literature around ADF, as a commendable indicator of
digestibility and/or energy value of a feed. On the other hand Undersander & Moore (2004)
stated that ADF has long been used to estimate the energy content of forages. Many studies
had shown that the concentration of ADF in forages was correlated negatively with
digestibility (Harlan et al., 1991; Minson, 1982). Most energy prediction models used in the
past by commercial testing laboratories have been based on this relationship (Weiss, 1998).
Van Soest (1964) described a highly significant (P<0.0001) negative relationship between
ADF content and extend to which legumes are digested. This is in agreement with the
findings of Cilliers & Van der Merwe (1993) (P<0.0001; r* = 0.74) using veld herbage.
Rohweder et al. (1976) also stated that ADF is the chemical assay of choice to estimate the
IVOMD of a wide range of forages including lucerne hay. The historical ADF-TDN
prediction, as described in Chapter 3 (par. 3.1.7), currently used in California and several

western states in the US (Robinson & De Péters, 2002; Putnam, 2004) are based on the linear
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relationship observed between ADF level of luceme hay and its TDN value (Bath & Marble,
1989)

In contrast with these results, Scholtz (2001) reported that ADF compared to NDF predicted
IVOMD of luceme hay less accurately (r? = 0.47 vs. 2 = 0.57). According to Van Soest et al.
(1991) ADF is not a valid fibre fraction for nutritional use or for the prediction of
digestibility. Because ADF does not contain hemicelluloses it is not an accurate estimate of
fibre in feeds (Mertens, 2002). It was developed as a preparatory step for the determination
of lignin (Van Soest, 1963) and was never intended to be a measure of fibre in feeds. The
NRC (2001) recommendation for dairy cows did not mentioned ADF at all as a tool for diet
balancing, but focuses on the use of NDF in the summative TDN equation. Van Soest et al.
(1978) demonstrated that ADF accounted for only 56% of the vanability in digestible dry
matter (DDM). Accordingly, Moore et al. (2002) reported significant differences between
observed and predicted digestible dry matter (DDM). It was furthermore noted that neither
ADF nor NDF were related to DDM in aftermath cuttings of luceme hay (1> = 0.04). The
reason for the discrepancy in the literature could be attnibuted to the use of different
populations and species in development of these empirical equations. According to Combs et
al. (1998) and Weiss (1998) empirical equations are specific to a given population and

species.

The correlation matrix of the chemically and digestibility measured parameters are presented
in Table 6. The correlation coefficients in Table 6 revealed a moderate coefficient of
determination (r? = 0.56) between ADF and IVOMDu4s. In fact a better prediction was
observed between ADF and IVOMD2s (r? = 0.62). The possible reasons for the better
prediction ability of IVOMD24 versus IVOMDa4s were previously discussed in Chapter 3 (par.
3.1.6). Despite its low level, lignin explained about 71% of the IVOMDa4s variance (Table 3).
The stronger correlation observed with lignin and IVOMDas (r = -0.84) versus IVOMD24 (r =
-0.72) was expected because the lignin component, which is indigestible, would always
increase relative to the other cell wall fractions as fermentation time increases. Morrison

(1972) also reported lignin to be the best single chemical predictor of in vivo digestibility for

grass silage. Although a strong relationship exist between lignin content and digestibility
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(IVOMDas), similar but poor relationships were found between lignin or IVOMDa4s and MY
(Table 4). Thus, while in vitro and in situ estimates of digestibility have long been
recognised as being more closely related to animal performance than chemical values
(Undersander, 2002), the opposite was found for luceme hay in the present study. The
approach followed in the current study could have contributed to these discrepancies. It is
the first time that chemical parameters in lucemne hay were related to vaniation in MY caused

by including the luceme hay in a complete diet.

The NDF method was designed initially to isolate the insoluble dietary fibre components in
plant cell walls namely; cellulose, hemicellulose and lignin (Van Soest & Wine, 1967).
While NDF residue is often considered to represent these cell wall fractions, NDF 1s actually
defined as a nutritional entity describing the variable and incompletely digestible portion of
forages (Van Soest, 1994). In contrast with the above results Mertens (1980) proposed the
use of NDF to estimate fibre content and energy value of feeds. Robinson & De Peters
(1999) and Putnam (2004) recommended the substitution of ADF with NDF as NDF are
considered to be the more clearly defined cell-wall fraction which captures all the structural
fibre. This was confirmed by Scholtz (2001) who reported ADF to predict IVOMD of
luceme hay less accurate (r> = 0.47) than NDF (1> = 0.57). Even though ADF only captures
70 to 85% of the structural fibre, ADF (12 = 0.56) marginally outperformed NDF (12 = 0.52)
in the current study. The high coefficient of correlation (r = 0.91) observed in Table 6
between ADF and NDF was expected. The hemicellulose fraction in NDF is the primary
difference between these two fibres analyses (Elizalde et al. (1999). A similar correlation (r
= 0.91) was reported by Robinson & De Peters (2002) for Californian luceme hay. Recently
Putnam (2004) evaluated lucerne hay data from multiple states in the US and found ADF and
NDF to be highly correlated (r = 0.96) in pure (grass free) luceme hay. Therefore, the
slightly lower correlation observed in the current study could be explained by the possible
grass contamination in the South African lucerne hay population, as discussed in Chapter 3

(par. 3.1). Accordingly, the differences in hemicellulose concentration of grass and luceme

hay are primary responsible for the discrepancy, as mentioned above.
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Table 6 Correlation matrix for chemical and digestibility parameters*

CP SP ADF-CP NDF-CP ADF NDF lignin fat starch sugar ash NDFDz2 NDFDs4s IVOMD24 IVOMDuss
CP 1

SP 0.55 1

ADF-CP 0.30 H

NDF-CP 035 -0.23 0.65 1

ADF 042 -054 0.43 0.42 1

NDF -0.33  -0.59 0.44 064 091 1

lignin -0.39 0.71 0.63 0.74 0.73 1

fat 0.23 -0.24 023 -0.50 044 -0.42 1

starch -0.20 1

sugar 0.26 -0.47 -0.57 -064 065 -066 035 028 1

ash -0.25 -0.16 1

NDFD24 0.26 -0.17 -0.39 -0.27 -0.49 037 042 1

NDFDas 0.29 0.21 022 -031 -0.32 0.30 0.19 0.80 1

IVOMD24 0.31 0.55 -0.35 -0.35  -0.79 -0.73 -0.72 048 0.63 0.69 0.60 1
IVOMDas 0.16 0.49 -0.48 -0.48 -0.75 072 -0.84 041 069 0.18 0.59 0.47 0.86 1

? Only significant (P<0.05) correlations are given
Abbreviations: Crude protein (CP); soluble protein (SP); acid detergent fibre-crude protein (ADF-CP); neutral detergent fibre-crude protein (NDF-CP); acid

detergent fibre (ADF); neutral detergent fibre (NDF); neutral detergent fibre digestibility at 24 (NDFID24) and 48 hours (NDFD48); in vitro organic matter
digestibility at 24 (IVOMD24) and 48 hours TVOMD48)
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When using any fibre determination to estimate digestibility, alias energy content, the
assumption is made that there is a constant linear relationship between fibre concentration
and digestibility (Undersander & Moore, 2002). From the available literature it is evident
that considerable variation exists in the digestibility of dry matter relative to the ADF
content. Nevertheless, in the current study it would seem that, compared to the other single
chemical and digestibility parameters, ADF in luceme hay was the most accurate estimator of

energy value or milk yield in dairy diets (Table 4).

The determination coefficient of the regression equation to predict MY was appreciably
improved to a level of 87% by including ash (Table 5). The occurrence of ash as the second
significant and negative contributor to MY is probably associated with the lower energy
concentration of soil contaminated and/or above-normal mineral concentration of South
African luceme hay, as discussed in Chapter 3 (par. 3.1.2). Hoffman (2003) stressed the
importance of ash measurement in predicting energy value of forages. This hypothesis stems
from the negative effect of ash on total digestible nutrients alias energy content of a feed.
Ash has no energy value (Weiss, 1998), thus, the high ash concentration of luceme hay found
in the present study (Chapter 3, par. 3.1.2) could have a profound effect on the potential

available energy of the diet intended for milk production.

It is evident from Table 5 that the combination of the three pure chemical parameters (ADF,
ash and lignin) formed the best three term equation. It explained almost all (96%) of the
variance in MY. Despite the low level, ash and lignin accounted for 30% and 38%,
respectively, of the variance in MY (Table 4 and Figure 2). Furthermore, MY was decreased
by 5.3%- and 9.0%-units for an 10 g/kg DM increase in ash and lignin content of lucerne
hay, respectively, when using the proposed three-term regression equation (Table 5). The
relationship of lignin with digestibility and other chemical parameters were previously
discussed in this chapter and Chapter 3 (par. 3.1.4.1¢). From the correlation coefficients in
Table 6 it seems that ADF, ash and lignin showed moderate (r = 0.74; P<0.0001) to very

weak (r = 0.13) inter-correlations among each other. Therefore, even though lignin is a

component of ADF, the alleged auto-correlation (r = 0.74) was relatively low enough not to
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hamper their independence. These results confirmed the added dimension of ADF, ash and
lignin to the regression equation in terms of differentiating between different qualities of
lucerne hay. This means that the three-term regression equation accurately predict lucerne

hay quality in a dairy diet, alias potential milk yield.
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Figure 2 Relationship between predicted milk yield and: (A) ash and (B) neutral
detergent fibre digestibility at 48 hours (NDFD48)
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The accountable variance of 96%, based on pure chemical parameters (ADF, ash and lignin),
could only be marginally improved to 97% by the inclusion of a digestibility parameter
(NDFD24). The dramatic impact of NDFD content of forage on the energy value of a diet 1s
well documented by research (Ruiz et al.,, 1995; Oba & Allen, 1999; Hoffman & Bauman,
2003). According to Ruiz et al. (1995) digestibility of fibre has a significant influence on
DMI and milk production of dairy cows. In a study conducted by Oba & Allen (1999) they
reported that a one unit rise in NDFD (in vitro) was associated with a 0.17kg/day rise in DMI
(digestibility and intake are related) and a 0.25 kg rise in 4% fat corrected milk (FCM) yield.
In addition, Ivan et al. (2005) reported increased DMI and 4% FCM production when silage
with higher NDF content and -NDF digestibility was substituted for silage with a lower NDF
content and —NDF digestibility. According to Oba & Allen (2000) increased NDFD may
result in increased energy density of and microbial N production. These results indicated that
forages with high NDFD improved MY by increasing energy intake. Tylutki (2008, Pers.
Comm.) suggested that high producing dairy cows are more sensitive to changes in NDFD
than lower producers. This could be explained by its effect on rumen fill and energy
concentration of the diet. According to Allen & Mertens (1988) NDFD is a function of the

potentially digestible fraction, its rate of digestion and rate of passage.

As NDFD content evaluates the available energy in a feed, as stated above, it was expected to
correlate highly with MY. In contrast with these expectations, NDFD2 and NDFDasg
explained only 21 and 10%, respectively, of the variance observed in MY (Table 4 and
Figure 3). Again, as with IVOMD, the better values observed in shorter incubation period
(24 vs. 48hr) could be explained by the rational that shorter incubation times better describe
the digestion potential of NDF, because feed is not retained in the rumen of high producing
dairy cows for 48hr (Hoffman & Combs, 2004). Zinn & Ware (2007) also suggested that
retention time of fibre in the rumen or length of time that fibre is exposed to the fibrolytic
process is influenced by initial fibre particle size, rate of particle size reduction (chewing,
rumination), particle density and rate of digestion. Zinn & Ware (2007) supported by
Alvarez et al. (2000) and Ware et al. (2004) noted that when forages are substituted into a

diet on a equal NDF basis, differences among forages in feeding value becomes small, or

non-substantial. In this regard Placencia et al. (2003) as cited by Zinn & Ware (2007)
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demonstrated that when either sudangrass or elephant grass replaced 45% of the NDF
provided by lucerne hay in a lactation diet for Holstein cows, there were no forage source
effects on DMI, milk yield and milk efficiency, although percentage milk fat was greater
when grass hays contributed a portion of the forage NDF (Zinn & Ware, 2007). In contrary
with other research already mentioned, the results of the present study imply that NDFD
might have a marginal effect on animal performance.
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Figure 3 Relationship between predicted milk yield and: (A) neutral detergent
fibre digestibility at 24 hours (NDFD24) and (B) 48 hours (NDFD48)
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The reason for the discrepancy recorded in the current study and available literature could
possibly be explained by the theory of Oba & Allen (1999). They suggested that although
many experiments have reported NDFD data, interpretation of results is difficult due to a
diversity of confounding factors. Experiments comparing forages that differ only in NDFD
are exceptional. In addition, Oba & Allen (1999) stated that it is difficult to confirm that
other factors that could potentially affect animal performance did not vary. Therefore, in
contrast to the chemical analysis (ADF, ash and lignin), ruminal NDFD is not an intrinsic
function of the forage, per se, but rather a complex function of the complete diet (Zinn &
Ware, 2007). They also noted that ruminal fibre digestion may be more limited by ruminal
fibrolytic capacity (condition of ruminal pH) than by the digestive quality of the fibre.

The positive contribution of ADF-CP in the five-term regression equation (Table 5) is
difficult to explain due to its negative effect (Table 4) on MY (r =-0.51). Knishnamoorthy et
al. (1983) stated that ADF-CP is highly resistance to rumen and lower intestinal track
digestion. ADF-CP contains proteins closely bound to lignin, Maillard products and tannin-
protein complexes (Sniffen ez al, 1992; Van Soest, 1994). ADF-CP shows a moderate
positive relationship with lignin (r = 0.71) and very poor correlations with the rest of the

chemical and digestibility parameters (Table 6).

According to the four- and five-term regression equations, MY decreases only by 0.9 and
0.7%-units for each 10 g/kg DM increase in of NDFD24 and ADF-CP of luceme hay,
respectively (Table 5). NDFD has low reproducibility between laboratories and development
of an accurate NIRS equation has proven to be problematic due to its non-linear kinetics
(Chapter 5; par. 3.2.2). Accordingly, its calibration performance was regarded as
intermediate and not recommended for accurate routine analysis. The poor NIRS prediction
results of ADF-CP also hampered the rapidity and economy of its analysis for routine use in
regression equations. Therefore, the marginal contribution of NDFD and ADF-CP on
predicting MY would not justify its inclusion due to economy and the lack of robust NIRS
calibration equations, as described in Chapter S (par. 3.2.1). On the other hand, the
acceptable accuracy to predict ADF, ash and lignin content (Chapter S; par. 3.2.1) of luceme
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hay, for quality assurance, ensures a rapid, economical and accurate estimate of MY

potential for lucerne hay.

3.3.2 Calculated parameters

Table 7 contains the results obtained from correlation analysis between selected parameters
and -models. The highest correlation (r = 0.91) of a calculated parameter with MY was
obtained with non fibre carbohydrates (NFC) (Table 4). The slightly weaker relationships of
CB2 (r = 0.86), IVDMDss (r = 0.81) and IVDMD:ig (r = 0.77) with MY (Table 4) and high
inter-correlation among these parameters (CB2, IVDMDag and IVDMDiig; 1 > 0.80; Table 7)
was expected as these parameters all included NFC to a large extend in its calculation
(Chapter 3; par. 3.1.4.2). According to Hall (2005) the balance between fibre and NFC
especially the profile of NFC (sugar, starch and pectin) has drawn more concem due to their
influence on animal performance and digestion of other feeds. These influences are
discussed in Chapter 3 (par. 3.1.4.2). An even poorer relationship was found between the in
vitro digestibility parameters and NFC (12 < 0.28; Table 7) than was previously reported
between in vitro digestibility and ADF (12 < 0.62; Table 6). Again, this confirms the possible
incapability of the in vitro digestibility parameters of luceme hay to quantify available

energy and/or production potential.

Table 7 Results of correlation analysis (coefficient of correlation) of selected

parameters

IVDMD4s IVDMDiig NFC

CB2 08 085

IVDMD4s 0.87

IVOMD24 0.53
IVOMDa4s 04

NDFD24 02

NDFD4s 0.07
ADF 0.71

Abbreviations: Soluble fibre fraction (CB2) as described by Tylutki ef al. (2007); in vitro dry
matter digestibility at 48 hg\urs (IVDMDag); in vitro dry matter digestibility using lignin in the
equation (IVDMDYig); non, fibre carbohydrate (NFC); in vitro organic matter digestibility at
24 (IVOMD?24) and 48 hours (IVOMDA48); neutral detergent fibre digestibility at 24 (NDFD24)
and 48 hours (NDFD48); acid detergent fibre (ADF)
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The combination of NFC, lignin and ash formed the best three-term equation when
investigating available parameters (chemical, digestibility and calculated). Using NFC
means analysing additional chemical parameters. These additional parameters includes:
NDF-CP, fat, CP and NDF of which only the latter two produced accurate NIRS calibration
equations, as discussed in Chapter S (par. 3.2.1). The absence of CP in any of the regression
equations revealed that CP content in lucerne hay was irrelevant in assessing lucerne hay
quality or production potential. This was confirmed by its very poor correlation with MY (r
=0.19; Table 4). The fat content in lucerne hay was expected to have a minor, if any, effect
on milk yield due to its low concentration reported in lucerne hay (Chapter 3; par 3.1.5). The
appearance of NFC as the first preference contributor, when using all parameters (chemical,
digestibility and calculated), means that NFC and ADF are interchangeable parameters in
predicting MY with similar accuracy (r = 0.96) using multiple regression equations (Table 5).
However, only a moderate relationship was found between NFC and ADF (12 = 0.50; Table
7). This is in agreement with the findings of Scholtz (2001) for South African luceme hay (r*
= 0.56). From the results in Table 5 it is evident that a similar accuracy (r* = 0.96) was
obtained with only pure chemical analysis (ADF, ash and lignin), previously discussed in par.
3.3.1. This proposed regression equation (model), named luceme milk value (LMV), can be
used with great accuracy to determine the quality of luceme hay in practice. Furthermore, as
already mentioned, the rapid and accurate analysis of ADF, ash and lignin with a NIRS are
according to Chapter 5 possible. This simple but accurate luceme hay quality evaluation
model requires minimum costs to maintain robust NIRS calibrations. As previously stated, it
is the opinion of the author that the accountable vanance of 96% could not be appreciably

improved in practice by adding more parameters to the regression equation.

4. CONCLUSIONS

The evaluation of different parameters for assessing lucerme hay quality revealed large
differences in the accuracy of prediction as measured by MY. From the results of the present
study it seems that the ADF of luceme hay in a dairy diet is the single pure chemical
parameter most closely related to milk yield production potential of dairy cattle. The

regression equation based on ADF explained more of the variance in MY than in vitro
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digestibility parameters. A marked improvement in the accuracy of milk yield prediction and
therefore luceme hay quality occur by including ADF, ash and lignin in a multiple linear
equation. Furthermore, accurate NIRS calibration equations for these parameters (ADF, ash
and lignin) has proven to successfully assist in producing a accurate, rapid and economical
estimate of MY potential for luceme hay. Further approaches to enhance the accuracy of the
regression equation by adding additional parameters (NDFD2s and ADF-CP) to the
regression equation would not be viable in practice due to economy and poor calibration

equations for these parameters.

The relative poor performance of the protein parameters (ACP, ADF-CP,NDF-CP and CP) in
predicting MY suggests that protein content of luceme hay, in general, is a unreliable

indicator of production potential (MY) and/or luceme hay quality.

It is clear that milk yield derived from the CNCPS model by replacing luceme hay in a basal
diet with others in the South African luceme hay population can be significantly predicted
with high accuracy by the developed empirical model (LMV) consisting of only ADF, ash
and lignin.
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CHAPTER 7

EVALUATION OF MODELS FOR ASSESSING MEDICAGO SATIVA L. HAY
QUALITY

1. INTRODUCTION

The results in Chapter 6 indicated that the lucerne milk value (LMV) and therefore the
quality of lucerne hay can accurately be predicted from a model including acid detergent
fibre (ADF), ash and lignin. Several quality evaluation models have been developed over the
history of forage quality evaluation research (Moore & Undersander, 2002) namely; Relative
Feed Value (RFV; Rohweder et al., 1976), Total Forage Index (TFI; Hutjens, 1995),
Adjusted Total Forage Index (ATFI; Erasmus, 2000), Forage Quality Index (FQI; Moore et
al., 1984), Relative Forage Quality (RFQ; Moore & Undersander, 2002). The fundamental
characteristic of diets for ruminants, around which all other nutrients are structured, is energy
content (Robinson, 2005). Therefore, the majority of existing models for lucerne hay quality
assessment are based on its digestible energy intake potential. Some models also include
protein parameters. The results in Chapter 6 revealed, however, that protein parameters are
an unreliable indicator of lucerne hay quality. Furthermore, although several international

hay grading systems exist, much uniformity exists between the systems.

As indicated in Chapter 6, it is important to consider the animal to evaluate the different
available models for assessing lucerne hay quality. In this regard the Cornell Net
Carbohydrate and Protein System (CNCPS), as proposed by Tylutki et al. (2007), could be
an important and valuable tool to evaluate the accuracy of different models to determine the
quality of lucerne hay for milk production. Accordingly, the usage of near infrared
reflectance spectroscopy (NIRS) is essential for the rapid analysis of lucerne hay and should
the accuracy of calibration equations be considered when selecting the appropriate model for

lucerne hay quality grading.
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The objective of this study was to evaluate current proposed models for assessing lucerne hay
quality, using NIRS analyses and CNCPS milk production prediction as a criterion of

accuracy.

2. MATERIALS AND METHODS

21 Chemical analysis
Chemical and in vitro analyses were carried on the 168 samples selected from the 600

lucerne hay (Medicago Sativa L.) samples as described in Chapter 3.

2.2  Quality models

Several models to determine the quality of lucerne were evaluated.

2.2.1 Relative feed value (RFV)
Relative feed value (RFV) was estimated from digestible dry matter (DDM) (eq. 10) and dry
matter intake (DMI) (eq. 9) as follows:

RFV = (%DDM) x (DMI as % of body weight) x (0.775)
(Rohweder et al., 1976). (eq. 25)

2.2.2 Forage Quality Index (FQI)

The Florida Extension Forage Testing Program recommended forage Quality Index (FQI)
from 1982 to 2002 (Moore et al., 1984). FQI (eq. 11) combine voluntary forage intake and
TDN content into one value (Moore & Sollenberger, 2002) where voluntary total digestible
nutrients (TDN) intake is used as a multiple of the TDN requirement for maintenance as
illustrated below. According to Moore & Undersander (2002) it is assumed that TDN is
equivalent to in vitro organic matter digestibility (IVOMD) (Tilley & Terry, 1963), when

digestible ether extract in forages is negligible.
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2.2.3 Total Forage Index (TFI)
Hutjens (1995) uses the term Total Forage Index (TFT) (eq. 12) to describe an index which
builds on RFV, but adds a protein value and a physical value to the RFV model.

2.2.4 Adjusted Total Forage Index (ATFI)

The effect of heat damage on protein availability was calculated from the crude protein (CP)
and acid detergent fibre-nitrogen (ADF-N) content (Erasmus, 2000). This adjusted crude
protein (ACP) was used in the TFI formula:

ATFI = RFV+(ACP% x x) (eq. 26)

where: x = a multiplier of 6

2.2.5 Relative Forage Quality (RFQ)

Moore & Undersander (2002) kept the same concept and format as for RFV except that TDN
replaced DDM. Furthermore, NDF digestibility is part of the TDN and DMI calculation in
the RFQ model (eq. 13).

DMI calculations for lucerne, clover and legume/grass mixtures (DMliegume) (eq. 14) are

calculated from the equation proposed by Mertens (1987).

Total digestible nutrients for lucerne, clovers and legume/grass mixtures (TDNiegume) (€q. 16)
are calculated based on the latest NRC recommendations (NRC, 2001) using in vitro

estimates of digestible NDF (not those calculated from lignin) as follows:

2.2.6 Lucerne Quality Index (LQI)

LQI was based on the same concept and format than RFV except that IVOMD, rather than
ADF, was used to estimate digestible organic matter (DOM) of lucerne hay, and CP was also
incorporated into the equation (Scholtz & Van der Merwe, 2006 —unpublished data). LQI

was calculated from the following formula and expressed as an index:

LQI = DMI x IVOMD x (CP x 3.8))/3.95) (eq.27)
where: DMI = dry matter intake (eq. 9)
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IVOMD = In vitro OM digestion (Tilley & Terry, 1963)

3.8 = multiplier, developed from data on CP economical values of 4
different oil cakes compared to the energy value of maize grain
over a period of 6 years. This gave more weight to CP in the
model.

3.95 =devisor used to adjust the equation to have a index mean of
100

2.2.7 Total Digestible Nutrients (TDN)
The National Research Council in the last revision of Nutrient Requirements for Dairy Cattle
(2001) revised the historical TDN equation based on the summative equation of Weiss ef al.

(1992), assuming intake at one times maintenance or ix (eq. 15).

2.4  Milkyield calculation

A modified version of CNCPS (CNCPSv6) (AMTS.Cattle version 1.1.0.1, AMTS, LLC, 418
Davis RD, Cortland, NY, 13045, USA) was used to calculate the effect of lucerne hay quality
on metabilisable energy (ME) and metabolisable protein (MP) allowable milk, as described
in Chapter 6 (par. 2.3 and 2.4). The lowest ME or MP allowable milk, known as milk yield
(MY), for each lucerne hay was used as an evaluation criterion for the different quality

models.

2.5  Statistical analysis
Statistical analyses were performed using SAS 9.1.3 Service Pack 4 (2002-2003). The

Pearson correlation coefficient was used to perform correlation analyses on the entire dataset.
3. RESULTS AND DISCUSSION
3.1 Models

Table 1 include the results obtained from the correlation matrix for quality models and milk

yield.
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Table 1 Correlation matrix quality models and milk yield (MY)*
MY TDNiig TDNas RFV TFi ATFI FQI RFQ LQt
MY 1
TDNiig 0.99 1
TDNas 0.86 0.84 1
RFV 0.78 0.78 0.71 1
TFI 0.67 068 074 093 1
ATFI 077 077 0.70 091 088 1
FQI 0.91 0.90 0.87 090 083 082 1
RFQ 0.87 0.86 0.92 091 08 08 095 |
LQ! 0.70 0.70 0.73 096 098 090 087 091 1

 All correlations were significant (P<0.05)

Abbreviations: Milk yield (MY); total digestible nutrients calculated by using NDFDtig, calculated from lignin,
to calculate TDN (TDNiig); total digestible nutrients calculated by using 48 hour in vitro NDF digestibility
procedure (NDFD48) to calculate TDN (TDNas); relative feed value (RFV); total forage index (TFI); forage
quality index (FQI); relative forage quality (RFQ); lucerne quality index (LQI).

The highest correlation of a quality model with MY was obtained with the summative TDN
equation of Weiss et al. (1992), using lignin to determine truly digestible NDF (NDFDuig)
(Cilapter 3; par. 3.1.7). The NRC (2001), however, recommends the use of either neutral
detergent fibre digestibility at 48 hours (NDFDas) or NDFDuig to determine truly digestible
NDF. The large difference obtained in the accuracy of predicting MY from TDN using
NDFDiig (TDNiig; r> = 0.98) and TDN using NDFD48 (TDNug; r> = 0.74), respectively in the
current study (Figure 1), are in disagreement with the above recommendations of the NRC
(2001). Although highly significant (P<0.0001), the relationship (r* = 0.2; Table 2) between
NDFDiig and NDFD4s was not good enough to be used interchangeably for the estimation of
the summative TDN equation. Similar results were obtained by Robinson et al. (2004) who
also evaluated the NRC (2001) lignin model (NDFDiig) to estimate NDFD. They found little
relationship between NDFD as estimated by lignin (NDFDiig) and in vitro NDFD at 48 hours
(NDFDas) in barley and distillers grain. They reported a superior relationship using the in
vitro digestibility (NDFDa4s) measurements as comparing to using lignin (NDFDig) to
estimate NDFD. Robinson et al. (2004) stated that “the primary reason for this occurrence
was the absolute failure of the lignin-based procedure to predict in vitro digestion of NDF at
48 hr”. In addition, Linn (2003) suggested that the NDFDiig equation does not consider feed
type. Lignin does affect digestibility of NDF, however, the effect is variable with different

forages, cuttings and/or environments. Consequently, a universal NDFD equation for all
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types of forages is highly unlikely. Hoffman et al. (2003) suggested that the influence of
NDFD on total TDN prediction of forages is reasonably small in relationship to all the
factors that influence energy status in ruminant animals. However, in the current study the
replacement of NDFD4g with NDFDiig in the TDN equation, resulted TDNiig to explain 24%

more of the variance in MY than TDNas.
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Table 2 Results of correlation analysis (coefficient of correlation) of selected

parameters

NDFD48  TDNiig RFV

NDFDiig 0.45
ADF -0.81
NDF -0.76
cp 0.19 0.63
NFC 0.91
ACP 0.82

Abbreviations: In vitro neutral detergent fibre digestibility at 48 hours (NDFD48); total digestible nutrients
calculated by using NDFDlig, calculated from lignin, to calculate TDN (TDNiig); relative feed value (RFV);
acid detergent fibre (ADF); neutral detergent fibre (NDF); crude protein (CP); non fibre carbohydrates (NFC);
adjusted crude protein (ACP)

In addition the MY prediction ability of NDFDas and NDFDiig were weak, but noticeably
different namely r2 = 0.10 and > = 0.25, respectively (Chapter 6; Table 4). Accordingly
NDFDiig seems to be the better estimate in the current study. Even though a strong
relationship (12 = 0.64; Chapter 6; Table 6) existed between NDFDss and NDFD24, NDFD24
showed a better relationship to MY (r? = 0.20 and r? = 0.10, respectively), as previously
discussed in Chapter 6 (par. 3.3.1; Figure 3). However, the in vitro NDF digestibility assay

becomes less repeatable when shorter incubation times are used.

Even though NDFDiig had a dramatic impact on the ability of TDNiig to predict MY, a
relative poor negative but significant (P<0.0001) correlation was found between lignin and
MY (r = -0.62; Chapter 6; Table 4 and Figure 2-B). Similar low correlations were also found
between these two (TDNiig and MY) and IVOMDas (r = 0.58 and r = 0.60, respectively;
P<0.0001). Analysis of correlation between TDNiig and NFC (r = 0.91), ADF (r =-0.81) and
NDF (r = -0.76) showed strong to moderate significant (P<0.0001) relationships (Table 2).
NFC showed the highest (r = 0.91), whereas CP the lowest (r = 0.19) correlation with TDNiig
(Table 2). This was expected due to the high and low contribution of NFC and CP,
respectively to the TDNiig equation (eq. 15).

The almost perfect relationship (r2 = 0.98; Table 1) between TDNiig of lucerne hay and MY,

predicted from the complete diet seems to be the ultimate theoretically lucerne hay quality
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model. However, the use of this model from a practical and economical view could be
problematic. The following chemical parameters are needed to estimate TDN, namely, NDF,
NDF-CP, ADF-CP, lignin, fat, ash and CP (eq. 15). As observed in Chapter 5 only CP,
NDF, ash and lignin produced accurate NIRS calibration equations for quality assurance.
The remaining NIRS calibrations (NDF-CP, ADF-CP and fat) were less accurate than
chemical analyses. On the other hand, the variance for ADF-CP and fat reported in Chapter

5 were low (SD<0.68) and might accurate analysis, for use in TDNiig, not be essential.

According to Zinn & Ware (2007) the most popular models for assessing the comparative
feeding value of forages include: Forage Quality Index (FQI), Relative Feed Value (RFV)
and Relative Forage Quality (RFQ). The development and shortcomings of these models are
well documented and defined in literature (Moore & Undersander, 2002; Zinn et al., 2004;
Zinn & Ware, 2007). According to Zinn & Ware (2007) all three approaches assess quality
differences among forages according to DMI and digestibility and tend to rank forages
similarly (Moore & Undersander, 2002). A positive strong significant (P<0.0001)
correlation existed between these models (r>0.90; Table 1). The highest correlation was
observed between FQI and RFQ (r = 0.95). Thus, the relative performance of these quality
models was expected to be similar. In terms of correlations with MY, FQI marginally

outperformed RFQ (r = 0.91 and r = 0.87, respectively).

Figure 2 and 3 graphically illustrates the relationships between predicted MY and the most

popular models used for assessing lucerne hay quality.
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Relationship between predicted milk yield and: (A) lucerne quality index,
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Relationship between predicted milk yield and: (A) relative feed value
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However, according to the relationship with MY (12 = 0.61), RFV as a practical model to
determine lucerne hay quality was still inferior to the use of an individual chemical parameter
like ADF (12 = 0.67), and similar to NDF (r> = 0.61) as observed in Chapter 6 (Table 4). The
r? and significance of estimating RFV from either NDF (r> = 0.94; P<0.0001) or ADF (r* =
0.87; P<0.0001), suggest that the advantage to be gained from the use of RFV as an
indication of lucerne hay quality are small (Figure 4). Figure 4 also shows the exponential
relationship between RFV and the fibre fractions ADF and NDF. The graphs suggest that
these exponential equations explained even more of the variation in RFV than the linear
equations mentioned above. Similarly, Putnam (2004) demonstrated that the relationship

between the NDF level of lucerne hay and RFV was virtually perfect (> = 0.99).

FQI and RFV does not account for the CP content in the forage. It is based only on fibre
levels and is therefore an index of forage digestibility and an estimate of energy value or
energy intake potential (Taylor, 1997). The models TFI and LQI were developed and based
on the same concept and format as RFV, but with the incorporation of CP as suggested by
Hutjens (1995), to reflect more completely the nutritive value of the forage. The ATFI was
developed from TFI by Erasmus (2000) by replacing CP with adjusted crude protein (ACP)
to compensate for unavailable CP (ADF-CP). Failure to obtain improved MY predictions
using LQI (2 = 0.45; Figure 2A), TFI (r* = 0.49; Figure 2B) and ATFI (r*> = 0.59, Figure 2C)
rather than RFV (2 = 0.61, Figure 3A), however, suggested that there were no benefit to be
gained by using quality models that include CP or ACP. Therefore, the benefit of lucerne
hay protein could possibly be overvalued by several conventional grading models (RFQ,
LQI, TFI and ATFI) due to its (CP) low relationship with MY (12 = 0.04; Chapter 6; Table 4)
and poor utilisation by ruminants (Martin & Mertens, 2005). Even though a strong
significant (P<0.0001) relationship existed between these quality models, the inclusion of
chemical components (CP and ACP) in TFI and ATFI showed a significant (P<0.0001) but
relative poor and moderate relationship with RFV (12 = 0.40 and r? = 67; respectively) (Table
2). The significant (P<0.0001) stronger correlation observe between ACP and MY (r = 0.62;
Chapter 6, Table 4), compared to CP and MY (r = 0.19; Chapter 6; Table 4), was manifested
in a stronger correlation of ATFI (r = 0.77) with MY, compared to LQI (r = 0.70) and TFI (r
= 0.67) (Table 1).
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The negative effect of CP on MY was further confirmed by the stronger significant
relationship of FQI to MY (r® = 0.82; P<0.0001) compared to LQI (r> = 0.49; P<0.0001).
The FQI models consist of the same chemical components (IVOMD and NDF) as LQI,
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except for the exclusion of CP.  Accordingly it might be speculated that the inferior
relationship of RFQ (r? = 0.76) with MY, compared to FQI (r> = 0.82), could also be assign to
the presence of CP, although low, in its calculation. A possible explanation for the negative
effect of lucerne hay-CP on CP-containing quality models (LQI, TFI, ATFI) in predicting
MY, could be due to its highly fermentable characteristic in the rumen. The rapid
degradation in the rumen by microbes results in excessive excretion of nitrogenous waste by
the animal (Martin & Mertens, 2005). These excessive levels of nitrogen in the rumen that
are absorbed into the cow circulatory system, increases milk urea nitrogen (MUN) levels in
the milk and filtering load placed on the kidneys (Van Soest, 1994). This process calls for
additional energy usage that could have otherwise been used for milk production. Evidence
from several experiments indicates that the protein in lucerne hay is utilised inefficiently by
lactating dairy cows (Broderick et al., 1992). The CNCPS takes this into account, hence the
possible decrease in available energy for milk production. Energy is the nutrient most
limiting in diets of high producing dairy cows, as previously discussed in Chapter 6, and
probably also the nutrient most apt to need supplementation in diets containing high levels of
lucerne hay. Therefore, the importance of energy to animal production and its impact on
limiting the level of lucerne hay that can be fed to high producers, would suggest that energy

may be the most important criteria to use in evaluating the quality of lucerne hay.

Comparisons between the most popular and/or accurate models for ranking 18 randomly
selected lucerne hay samples are illustrated in Table 3 and Appendix C. The superior
accuracy of TDNiig and the proposed LMV model in Chapter 6, over currently adopted
laboratory approaches (FQI, RFQ, RFV, LQI and TFI) are clearly verified in Table 3.
These results contrasts somewhat with the findings of Moore & Undersander (2002) who
reported similar ranking of forages with FQI, RFQ and RFV. Thus, for the purpose of
accurate and practical implementation of a uniform grading system in SA, the LMV model

seems to be the most appropriate.
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Table 3 Ranking of 18 randomly selected lucerne hay samples according to

different models, in order of decreasing accuracy

MY TDNIlig LMV FQI RFQ RFV LOI TFI
1 1 1 1 1 1 1 1
2 2 2 2 2 2 2 2
3 4 3 3 3 3 4 4
4 3 4 7 4 8 9 8
S 5 7 5 5 5 5 5
6 8 5 6 6 12 15 17
7 6 6 4 7 6 7 7
8 9 9 8 8 9 6 6
9 7 10 12 14 15 16 18
10 10 8 10 11 11 10 10
11 11 11 11 12 7 8 9
12 12 12 14 13 14 14 14
13 13 13 13 10 10 11 1
14 15 15 9 9 4 3 3
15 14 14 16 15 17 17 16
16 16 16 15 17 16 13 15
17 17 17 17 16 13 12 12
18 18 18 18 18 18 18 13

Abbreviations: Milk yield (MY); total digestible nutrients calculated by using NDFDlig, calculated from lignin, to calculate TDN (TDNiig);
lucerne milk value (LMV), forage quality index (FQI); relative forage quality (RFQ); relative feed value (RFVY); lucerne quality index
(LQU); total forage index (TFI)

4. CONCLUSIONS

From the evaluation results of the present study it seems that models for assessing lucerne
hay quality revealed large differences in the accuracy of prediction as measured by MY. The
best results were obtained with the summative TDN equation used by NRC (2001). However
this model involves high analysis costs to develop and maintain NIRS calibrations.
Accordingly, the NIRS calibration equations for several chemical parameters necessary to
calculate TDN were unacceptable to maintain the high accuracy of predicting MY and

therefore lucerne hay quality

The relative poor performance of ACP and CP containing quality models suggest that there is

no benefit to be gained by including ACP or CP in quality models for assessing lucerne hay

quality.
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CHAPTER 8

GENERAL CONCLUSIONS

The purpose of this study was to develop a national uniform grading system for lucerne hay
in South Africa. Development of a grading system entitles different facets that are, as one
might anticipate, inherently dependant on producing a desirable evaluation system that
reflects the animal performance potential of the lucerne hay fed. These facets include the
identification of the most appropriate sampling, as well as sample handling and preparation
procedures, accurate NIRS-nutrient calibration equations and an accurate, simplistic cost
effective quality model predicting animal performance. Lucerne hay is mostly used in dairy
cow diets and an evaluation system should, in the first place, as in the present study, be
directed at dairy cows (milk production). Such an evaluation system would probably also be
applicable for other ruminants such as beef cattle and sheep. It should be verified in further

studies for all types of animals including horses and especially ostriches.

The chemical and digestibility characteristics of lucerne hay have been comprehensively
determined by analytical procedures in the present study. In order to validate the potential
parameters for quality assessment, the nutritional characteristics and variation in nutritive
value of South African lucerne hay is of utmost importance and was accordingly
investigated. The overall variation that occurred in energy and protein composition, as well
as in the utilisation of nutrients in lucerne hay emphasises the need for a rapid and accurate
quality evaluation system (model) for South African lucerne hay. This was supported by the
observed variation in milk yield (MY) as predicted by the Cornell Net Carbohydrate and
Protein System (CNCPS) for the South African lucerne hay population (range = 12.97 1).

The highest coefficient of variation (CV = 66.2%) was observed for proteins closely bound to
lignin (acid detergent fibre-crude protein; ADF-CP (%DM)), which is usually associated with
heat damage caused by a high moisture content (Van Soest, 1994). It seems from the ADIP
(%CP) results of the present study that heat damage possibly occurred only in a small
percentage (6%) of the samples. Accordingly, the low ADF-CP content confirmed that
lucerne hay moisture content was within the desired range of effective storage. On the other
hand, the relatively high dry matter content observed for the lucerne hay in the current study

could be explained by moisture losses during sample preparation (grinding) and storage.
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From the results of the present study it seems that moisture losses during the grinding of
lucerne hay ranged from 14.7% up to 41.1% (of the original moisture content) for the lowest
and highest containing moisture sample, respectively. It is clear that moisture losses were
more profound in the higher than in the lower moisture samples. These results suggested that
analytical moisture standards for lucerne hay should be based on the original moisture
content of samples before grinding. Furthermore, the degree of hydration may influence the
optimum area of near infrared (NIR) spectrum where the absorbers of specific constituents
occur, thus affecting the whole NIR wavelength region (De Boever et al., 1996; Williams &
Norris, 2001). Thus, it seems that moisture content of a sample could affect the prediction
results of all the other parameters (CP, ADF, NDF, etc.). Therefore, further investigation and
improvement on developing useful NIRS calibrations for lucefne hay quality parameters
should be directed at scanning of unground samples to eliminate the effect of grinding
(moisture loss) on the NIR spectrum. This will facilitate the more accurate prediction of
baled lucerne hay, with regard to nutritive value as fed to the animal. According to Williams
(2007, Pers. Comm.) this would be viable for the majority of NIRS instruments. Even
though the moisture content of the original unground sample was calculated with high
accuracy (r> = 0.88) from the moisture content of the ground sample using an exponential

02019%y it should be used with caution due to population specificity.

equation (y = 1.9795e
Electronic moisture testers (probes) provide an instantaneous moisture concentration reading;
however, the results from the present study have shown that these predicted moisture values
failed to accurately predict moisture content around the critical moisture level (16% and
higher).

The best single predictor of MY was the acid detergent fibre (ADF) content, which explained
67% of the measured MY variation. An improvement (r = 0.96) has, however, been
accomplished by combining ADF, ash and lignin in a multiple regression and/or model
named lucerne milk value (LMV) (Y = 64.18 — 0.23ADF — 0.53ash — 0.90lignin). This
model has been proven to be the most accurate and acceptable NIRS calibration equations

(r>>0.92; ratio of prediction to deviation>3.0; standard error of cross validation<1.10).

Even though ADF captures less of the structural fibre, it (ADF) out-performed neutral
detergent fibre (NDF) (r* = 0.61) in estimating available energy for milk production (MY).

Accordingly, the regression equation based on ADF explained more of the variance in MY
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than in vitro digestibility parameters (r>< 0.52). Therefore, it seems from the results of the
present study that chemical extractions could be more closely related to animal performance
than in vitro estimates of digestion. However, the shorter incubation period (24 hr) used for
in vitro organic matter digestibility (IVOMD) (> = 0.52) and neutral detergent fibre
digestibility (NDFD) (r*> = 0.21) both out-performed the 48 hr incubation time (r* = 0.36 and
2 = 0.10, respectively) in predicting MY. According to these findings a shorter incubation
period is more representative of the digestibility of high producing dairy cows.

The incidence of ash as the second most significant and most negative contributor to MY was
most likely associated with the lower energy concentration of ash and the high occurrence of
soil contamination indicated by the high and variable ash content (CV = 27.39%), of South
African lucerne hay. From the results of the present study it was evident that 24% of the
samples had an ash content above 14 %. This is probably an indication of soil and dust that
settled on the lucerne hay before storing. Accordingly, the high mean ash value (12.97%) of
lucerne hay in the current study could have had a detrimental effect on the energy value of
the composite diet due to the zero energy contribution of ash. Furthermore, the contribution
of the prominent high calcium (Ca) and potassium (K) content of lucerne hay in this study to
the dietary cation-anion difference (DCAD) of dairy diets could increase the probability of
milk fever in close-up dry cows. It is also important to note the high level of iron (Fe) in
South African lucerne hay. This might interfere with the absorption of copper (Cu) and zinc
(Zn) in the diet which could lead to depletion of these minerals in high producing dairy

cattle.

The influence of lignin on the quality of lucerne hay was to be expected. Lignin has long
been recognised as the chemical component most commonly associated with the impairment
of forage digestion. Similar to ash, lignin has also theoretically, no digestible energy.
Therefore, the variation in lignin, and its role as a nutritional entity especially in forages,
should be acknowledged in the quest for developing an accurate quality model for assessing
animal performance. Variability in lignin was found to be the second highest (CV = 23%) of
the fibre fractions. This was expected due to the lower and higher lignin and NDF content,
respectively, found in grasses compared to lucerne hay. The probable overall effect of grass
contamination in lucerne hay in the current study was manifested in the majority of the
energy related parameters (ADF, NDF, lignin, NDFD, etc.). Furthermore, the relatively low

lignin/NDF relation of the samples in the present study was enough evidence to claim that
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the majority of lucerne hay grown in South Africa is not from pure strands but is a mixture of
lucerne and grass. This phenomenon produced a dataset for South African lucerne hay with
generally more variation than found in the available literature for this species. It also stresses
the importance of further development of the NIRS calibrations by means of validation, ring

tests and identification of outliers.

The high NDF content of several lucerne hay samples in the current study proposed possible
intake restriction thereof in high yielding dairy diets. Allen (1991) and Zinn et al. (2004)
suggested that the lucerne hay in high producing dairy diets should contain a NDF content of
40% or less. Accordingly, only 33% of the South African population would have fitted this
criterion. On the other hand, 8% of these samples contain less than 35% NDF; therefore,
nutritionally disqualifying it as a roughage.

Interestingly, although the digestibility of NDF (NDFD) is commonly used to estimate
energy value of diets it did not feature in the regression equation developed for MY. The
reason for this discrepancy could possibly be explained by the theory of Oba & Allen (1999).
They suggested that although many experiments have reported NDFD data, interpretation of
results is difficult due to a diversity of confounding factors (particle fragility, rumen retention
time, etc.) found in individual experiments. According to Zinn & Ware (2004) ruminal fibre
digestion might be more limited by ruminal fibrolitic capacity than by the native
degradability of the fibre. Furthermore, the results of the present study did not support the
proposal of NRC (2001) that NDFD using the 48 hr in vitro procedure (NDFDa4s) and NDFD
calculated from lignin (NDFDiig) can be used interchangeably in estimating the summative
TDN equation, as proposed by Weiss et al. (1992). The significant difference between these
two parameters could severely hamper the utility of the summative energy equation in

predicting accurate TDN values for lucerne hay.

The in vitro digestibility parameters on organic matter (IVOMD) showed surprisingly low
CVs. Thus, the mean IVOMD at 24hr (IVOMD24) (69%) and 48hr (IVOMDas) (73%) values
in the current study seem to be relatively similar, irrespective of incubation time, and are
accordingly representative of the South African lucerne hay population. From these results it
is evident that in vitro incubation time had a minor effect on digestibility of lucerne hay

organic matter (OM). Moreover, it can be hypothesised that the application of the IVOMD
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procedure to evaluate lucerne hay forage could produce unsatisfactory results because of its

poor relation to available energy and/or production potential.

According to the results of the present study the mean crude protein (CP) (20.07% DM) and
soluble protein (SP) (6.2% CP) content of lucerne hay was higher and lower, respectively,
than those found in the literature. Therefore, it seems that the South African lucerne hay
population contains a lower concentration of rapidly degradable protein as reported by the
NRC (2001). Furthermore, the observed variation in CP and other CP-fractions content
stress the importance of analysis to ensure accurate diet formulation. Sample loss due to dust
generated during the grinding process was non-significant related (r = 0.01; P>0.05) to
moisture content of the unground sample. Therefore, even though the CP content of dust
generated in the grinding process was significantly (P<0.0001) lower than that of the original
sample, a non-significant (P>0.05) difference was recorded between CP content of the
original and end product due to the grinding process. However, further studies are warranted

to assess the effects of grinding on other chemical parameters.

Much emphasis has been placed on CP content of lucerne hay in the past as the ultimate
predictor of quality. The relatively poor performance of CP (12 = 0.04) and other protein
related parameters (r>< 0.25; ACP, ADF-CP, NDF-CP and SP) in predicting MY suggested
that the protein content of lucerne hay, as such, is an unreliable indicator of production
potential, therefore of lucerne hay quality. In fact, the accuracy of models for assessing
lucerne hay quality was reduced by the incorporation of CP. Thus, from the results of the

present study it seems that only energy related parameters were relevant in modelling MY.

Accurate NIRS calibration equations of a nutritional parameter are inevitable for accurate
diet formulation. From the results of the current study the potential of NIRS to predict the
chemical composition of South African lucerne hay is accordingly, to the guidelines of
several authors (Williams & Sobering, 1993; Edney et al., 1994; Mahison et al., 1999) as
follows: good (RPD>3.0; SECV<3%) for DM, CP, ADF, NDF, lignin, ash and chloride (Cl),
moderate (RPD=2.5-3.0) for NDF-CP, sugar, IVOMD24 and IVOMDss, and poor (RPD<2.5)
for SP, ADF-CP, fat, starch, NDFD and the macro minerals (Ca, P, Mg, P, Na and S).
However, according to the criteria of Williams & Norris (2001) further work needs to be
done to build robust NIRS calibration models for the majority of the parameters to be used
effectively in modern nutritional models. Even though the NIRS procedure entails the ease,
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rapidity and economy of lucerne hay analysis, the calibration process is an ongoing process
to familiarise calibration equations with the continual changing lucerne hay matrix. From
these results it is evident that several quality parameters (IVOMD, SP, ADF-CP, starch and
NDFD), although important nutritional entities, would fail when applied to mathematical
models for accurate and economical lucerne hay quality prediction or diet formulation. This
failure may also be ascribed to the variable degree of soil contamination which dilutes energy
content. Mineral soil induces baseline shift in the lower part of the NIR spectrum, reducing
the specific NIR signals of organic constituents (Paul, 1987). Ultimately, accurate NDFD
and IVOMD analysis of lucerne hay by NIRS would be preferred as NIRS prediction systems

are less vulnerable to experimental error.

From the evaluation results of the present study it seems that currently adopted approaches
(models) (FOI, RFQ, RFV, LQI and TFI) for assessing lucerne hay quality revealed large
differences in predicting production potential (MY). The theoretically-based summative
TDN equation of Weis et al. (1992), using lignin to determine truly digestible NDF, almost
fully described MY variation (> = 0.98). The data suggested that the currently adopted
quality models evaluated did not seem to improve the prediction of ME or MP allowable
milk production compared to TDN (NRC, 2001), and the simple chemical parameter model
(LMV; ADF, ash and lignin) proposed in the present study. Nevertheless, with regard to
costs of laboratory analysis and maintaining robust NIRS calibration equations, the use of the
TDNiig model in predicting MY, although less population-specific (robust), would not be
practical and economically viable compared to the accurate more simplistic LMV empirical
equation. Thus, for commercial application, this model (LMV) will provide a means to make
rapid, simplistic and accurate assessment of milk production potential, alias quality, of South

African lucerne hay in practice.

The question of defining forage quality with a single value or number has been raised by
several researchers (Coppock, 1979; Putnam, 2004; Hall, 2005). However, the best single
measure of forage quality is animal productivity. Thus, for the purpose of accurate and
practical implementation of a uniform grading system in South Africa, the LMV model

seems to be the most appropriate single value to assess lucerne hay quality.

The results of this study regarding sample preparation, NIRS calibrations developed and

evaluated, and model development provides a valuable guideline for the implementation of a
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national lucerne hay grading system in South Africa. A proposed application procedure of

such a grading system is briefly outlined in Appendix D.
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ABSTRACT

The purpose of this study was to develop a national grading system for luceme hay in South
Africa by identifying the most appropriate sampling, as well as sample handling and
preparation procedures, the most accurate NIRS — nutrient calibrations and an accurate, cost
effective quality model. Six hundred luceme hay samples were obtained from different
cuttings at different times in the seasons and from different commercial irrigation areas (sites)
in South Africa. The 600 samples were scanned and screened through a NIR Systems Model
5000 monochromator (Foss). One hundred and sixty- eight samples representing the spectral
characteristics of the South African luceme hay population were selected and chemical

analysed.

The variation in nutritive value of South African lucerne hay was evaluated as an initial study.
The highest moisture content recorded (13.54%) was safely below the critical moisture level of
16% for effective storage. The coefficient of variation (CV) ranged from 1.2% for dry matter
(DM) up to 66.2% for acid detergent fibre-crude protein (ADF-CP). The average ash content
was 12.97% (7.3 to 29.5%), indicating soil contamination. Relatively high average values
were recorded for calcium (Ca) (1.35%), potassium (K) (2.53%) and iron (Fe) (874 ppm). The
fibre fractions varied as follows: acid detergent fibre (ADF) (21.26 to 47.28%), neutral
detergent fibre (NDF) (28.89 to 65.93%), lignin (4.32 to 16.25%), cellulose (16.29 to 36.44%)
and hemicellulose (5.26 to 19.86%). The mean IVOMD for both 24 and 48hr (69.26 and
73.19% DM, respectively), was representative (CV = + 8%) of the luceme hay population.
Crude protein (CP) (average = 20.7%DM)}) consists of 76.9% true protein. According to ADF-
CP, 6% of the samples were heat damaged.

A second study was conducted to determine the effect of the grinding procedure on the
moisture and CP content of the ground sample. Variance of analyses revealed significant
(P<0.0001) differences in moisture concentration between ground (CV = 16.1%) and unground
(CV = 27.4%) samples ranging from 14.7 up to 41.1% (of the unground sample). However,
the grinding process had a non-significant (P>0.05) influence on the CP content of the final

ground product. Even though r2 between measured moisture results on unground samples and
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values predicted by electronic moisture tester (EMT) seems to be significantly high (r = 0.79;
P<0.0001), individual predicted values for higher moisture samples (>10%) failed to accurately

predict moisture content around the moisturc arca of critical concem (16%) and higher.

In a third study, the accuracy of near infrared reflectance spectroscopy (NIRS) to predict
chemical and digestibility parameters was investigated. Values for 12 and ratio of prediction to
deviation (RPD) used as estimates of calibration accuracy for chemical and digestibility
parameters were considered as follows: good for DM (r2 = 0.97; RPD = 4.84), CP (r* = 0.97,
RPD = 4.57), ADF (12 = 0.95; RPD = 3.97), NDF (> = 0.0.95; RPD = 3.99), lignin (r* = 0.94;
RPD = 3.61), ash (2 = 0.93; RPD = 3.12) and chlonde (Cl) (r> = 0.95; RPD = 3.74);
intermediate for neutral detergent fibre-crude protein (NDF-CP) (1> = 0.91; RPD = 2.96), sugar
(2 = 0.91; RPD = 2.82), in vitro organic matter digestibility at 24 hr (IVOMDz24) (1> = 0.90;
RPD = 2.84) and IVOMD at 48hr IVOMDas) (1* = 0.89; RPD = 2.70); and low (RPD<2.31 )
for soluble protein (SP), acid detergent fibre-crude protein (ADF-CP), fat, starch, neutral
detergent fibre digestibility (NDFD) and the macro minerals (Ca, P, Mg, P, Na and S). The
results recorded in the present study indicated that the NIRS technique is acceptable for DM,
CP, ADF, NDF, lignin, ash and Cl analysis and for inclusion in quality models.

Milk yield (MY) derived from the CNCPS model, by replacing the average luceme hay in a
complete diet with the rest of the 168 samples, was used as a crtenon to evaluate and/or
develop models for lucerne hay quality grading. The best single predictor of MY was the ADF
content of luceme hay, which explained 67% of the measured variation. The relatively poor
performance of CP (r? = 0.04) and other protein related parameters (r’< 0.25; ACP, ADF-CP,
NDF-CP and SP) in predicting MY suggest that protein content of luceme hay 1s an unreliable

indicator of luceme hay quality.

The developed empirical equation named lucerne milk value (LMV), including ADF, ash and
lignin (Y = 64.18 — 0.23 ADF - 0.53ash — 0.90hgnin), accurately predict MY. Application of
the theoretically-based summative TDNig model of Weiss es al. (1992), using lignin to
determine truly digestible NDF, explained almost all of the vanation in MY (r? = 0.98).

However, several of its components were poorly predicted by NIRS and therefore, not suited

210
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for quality assessment. Current available models for assessing luceme hay quality revealed

lower accuracies, especially when protein was included in the model.

The results of the present study clearly indicated that large variations occur in the energy and
protein composition as well as the utilisation of nutrients in South African lucerne hay. This
emphasises the need for a rapid and accurate quality evaluation system for lucerne hay in practice.

The developed LMV proved to be a practical, simplistic, economical and accurate quality

evaluation model for commercial application.




OPSOMMING

Die studie het ten doel gehad om ‘n nasionale graderingstelsel vir lusernhooi in Suid-Afrika te
ontwikkel deur die mees toepaslike monsterneming-, sowel as monsterhanterings en -
voorbereidingsprosedures, die mees akkurate NIRS-kalibrasies en ‘n akkurate, koste-effektiewe
kwaliteitsmodel te identifiseer. Seshonderd lusernhooi monsters is vanaf verskillende snysels
gedurende verskillende tye van die seisoen vanaf verskillende kommersiéle besproeiingsgebiede
in Suid-Afrika ingesamel.  Hierdie 600 monsters is met die hulp van 'n Naby-
infrarooispektrofotometer (NIRS), Model S000 monochromator (Foss) geskandeer. Eenhonderd
agt-en-sestig monsters verteenwoordigend van die spektrale karakter van die Suid-Afrikaanse

lusemhooi populasie is geselekteer en chemies ontleed.

Die variasie in die voedingswaarde van Suid-Afrikaanse lusernhhooi is in ‘n eerste studie
geevalueer. Die hoogste verkreé voginhoud, (13.54%), was veilig onder die kritiese vogvlak van
16% wat nodig is vir effektiewe opberging. Die koéffisiént van vanasie (KV) het vanaf 1.2% vir
droémateriaal (DM) tot 66.2% vir suurbestandevesel-protein (SBV-RP) gewissel.  Die
gemiddelde asinhoud was 12.97% (7.3 tot 29.5%) wat grondbesoedeling aangedui het.
Relatiewe hoé gemiddelde waardes 1s vir kalsium (Ca) (1.35%), kalium (K) (2.53%) en yster
(Fe) (874 ppm) verkry. Die veselfraksies het as volg gevarieer: suurbestandevesel (SBV) (21.26
tot 47.28%), neutraalbestande vesel (NBV) (28.89 tot 65.93%), lignien (4.32 tot 16.25%),
sellulose (16.29 tot 36.44%) en hemisellulose (5.26 tot 19.86%). Die gemiddelde in vitro
organiesemateriaalverteerbaarheid (IVOMYV) vir beide 24 en 48 uur (69.26 en 73,19% DM,
respektiewelik) was verteenwoordigend (KV = 8%) van die fusernhooi populasie. Ru-protein
(RP) (gemiddeld = 20.7% DM) het uit 76.9% ware protein bestaan. Volgens suurbestande-

onoplosbare-protein, was 6% van die monsters aan hitte beskadiging blootgestel.

'n Tweede studie is uitgevoer om die effek van maalprosedure op die vog en die RP inhoud van
die gemaalde monster te bepaal. ‘n Variansie-analise het betekenisvolle (P<0.0001) verskille in
vogkonsentrasie tussen gemaalde (KV = 16.1%) en ongemaalde (KV = 27.4%) monsters

aangetoon wat van 14.7 tot so hoog as 41.1% (van die ongemaalde monster) gewissel het.

Daarenteen het die maalproses 'n nie-betekenisvolle (P>0.05) invioed op die RP inhoud van die
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finale gemaalde produk gehad. Alhoewel r? tussen die voginhoud van die ongemaalde monsters,
en die waardes deur die elektroniese vogmeter (EVM) voorspel beduidend hoog was (r = 0.79;
P<0.0001), was die voorspelling vir hoér vogmonsters {(>10%) rondom die van kritiese

voginhoud (16%) onakkuraat.

In 'n derde studie is die akkuraatheidondersoek van ‘n NIRS om die chemiese en
verteerbaarheids parameters te voorspel. Waardes vir r? en die verhouding van voorspelling
teenoor afwyking (RPD), as beramers van die akkuraatheid van kalibrasies vir chemiese en
verteerbaarheidsparameters gebruik en was as volg goed vir DM (12 = 0.97; RPD = 4.84), RP (r?
=0.97, RPD = 4.57), SBV (12= 0.95; RPD =3.97), NBV (1= 0.0.95; RPD = 3.99), lignien (r* =
0.94; RPD = 3.61), as (12 = 0.93; RPD = 3.12) en chlonied (Cl) (r* = 0.95; RPD = 3.74);
gemiddelde vir neutraalbestandevesel-ruprotein (NBV-RP) (r? = 0.91; RPD = 2.96), suiker (1? =
0.91; RPD = 2.82), in vitro organiesemateriaalverteerbaarheid op 24 uur (IVOMV24) (r* = 0.90;
RPD = 2.84) en IVOMYV op 48uur (IVOMVas) (12 = 0.89; RPD = 2.70); en laag (RPD<2.31) vir
oplosbare protein (OP), SBV-RP, vet, stysel, neutraalbestandevesel verteerbaarheid (NBVYV) en
die makro minerale (Ca, P, Mg, P, Na and S). Die resultate van die huidige studie dui daarop dat
die NIRS tegniek aanvaarbaar is vir DM, RP, ADF, NVB, lignien, as en Cl -analise sowel as vir

insluiting in kwaliteitsmodelle.

Melkproduksie (MP) voorspel deur die “Comell Net Carbohydrate and Protein System”
(CNCPS) model, deur lusem met gemiddelde waardes in ‘n volledige dieét met die res van die
168 monsters te vervang, is as kritenia gebruik vir die evaluasie en/of ontwikkeling van modelle
vir lusernhooi kwaliteitsbepaling. Die enkele beste voorspeller van MP was SBV-inhoud van
lusemnhooi, wat 67% van die gemete variasie verklaar het. Die relatiewe swak vertoning van RP
(r? = 0.04) en ander protein verwante parameters (1?<0.25; ACP, SBV-RP, NBV-RP EN OP) in
die voorspelling van MP dui daarop dat proteininhoud van lusemhooi ‘n onbetroubare aanduider

van lusemhooikwaliteit is.

Die empiriese ontwikkelde vergelyking genaamd lusernmelkwaarde (LMW), wat insluit SBV, as
en lignien (Y=64.18 - 0.23SBV - 0.53as - 0.90lignien), het MP akkuraat voorspel. Die

toepassing van die teoreties-gebaseerde “summative” TDNlig model van Weiss et al. (1992),
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deur van lignien gebruik te maak om ware verteerbare NBV te bepaal, het byna al die vanaste in
MP (r? = 0.98) verklaar. Verskeie van die komponente word egter swak deur NIRS voorspel en
is nie geskik vir kwaliteitbepaling nie. Huidige beskikbare modelle vir die bepaling van

lusemhootkwaliteit toon swak akkuraatheid veral wanneer protein by die model ingesluit word.

Die resultaat van die huidige studie het duidelik aangetoon dat daar groot variasie in die energie-
en proteinsamestelling, asook benutting van voedingstowwe in Suid-Afrikaanse lusemhooi
voorkom. Dit beklemtoon die noodsaaklikheid van ‘n  vinnige en akkurate
kwaliteitsevalueringstelsel vir lusemhooi in die praktyk. Die ontwikkelde LMW blyk 'n
praktiese, eenvoudige, ekonomiese en akkurate kwaliteitevalueringsmodel te wees, vir

kommersiéle gebruik.
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NRC (2001)
TDNix (%)

APPENDIX A

Formulas from NRC (2001) and McDonald et al. (2002)

= tdCP + (tdFA x 2.25) + tdNDF + tdNFC - 7

where: tdCP (%) = truly digestible CP for forages

DEix (Mcal/kg)

DE, (Mcal/kg)

ME;, (Mcal/kg)
NEIl, (Mcal/kg)

TTDOM

= CP x exp[-1.2 x (ADICP/CP)]

tdFA (%) = truly digestible fatty acids
=10xEE-1%
Note: If EE<1,then FA=0

tdNDF (%) = truly digestible neutral detergent fibre
=0.75 x (NDFn - ADL) x ((1 - (ADL/NDFn)*%®"))
or = NDFDas
where: NDFn = NDF - NDFCP

tdNFC(%) = truly digestible non-fibre carbohydrates
= NFCnrc= 0.98 (100 - [(NDF - NDICP) +

CP + EE + ash])
7 = Metabolic fecal TDN
= (tdNFC/100) x 4.2 + (tdNDF/100) x 4.2 +
(tdCP/100)x 5.6 + FA/100)x 9.4 - 0.3
= DEix x discount factor
where: Discount factor
=TDNIX- (((0.18 x TDM1X)-10.3 x
Intake)/ TDN1X)
Note: No discount was applied to luceme hay
samples below 60 % TDNix
=1.01 x DEp - 0.45) + (0.0046 x (EE - 3))
=(0.703 x MEp - 0.19) + (((0.097 x MEp +
0.10)/0.97) x (EE - 3))
=TDN - ((EE - 1) x 1.25)
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McDonald et al. (2002)

ME (MJ/kg DM) =0.016 IVOMDss
ME: MJ/kg DM) = (35 MJ/kg x EE)/100
FME (MJ/kg DM) = ME - MEfa
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APPENDIX B1

Near infrared reflectance spectroscopy (NIRS) predicted chemical values versus
reference values for lucerne hay quality: A = Soluble protein, B = Acid detergent fibre -
crude protein, C = Neutral detergent fibre - crude protein, D = Lignin, E = Fat, F =
Starch, G = Sugar, H = Ash.
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Near infrared reflectance spectroscopy (NIRS) predicted in vitro values versus

reference values for lucerne hay quality: A = In vitro organic matter digestibility at 48

hours, B = Neutral detergent fibre digestibility at 24 hours, C = Neutral detergent fibre

digestibility at 48 hours.
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Appendix B3

Near infrared reflectance spectroscopy (NIRS) predicted mineral values versus

reference values for lucerne hay: A = Calcium, B = Phosphorus, C = Magnesium, D =

Potassium, E = Sodium, F = Chleride.
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Relationship between milk yield ranking and model ranking for 18 randomly selected

samples from the South African lucerne hay population: A = Total digestible nutrients
(TDNiig), B = Lucerne milk value (LMV), C = Forage quality index (FQI), D = Relative
forage quality(RFQ), E = Relative feed value (RFV), F = Lucerne quality index (LQI),

G = Total forage index (TFT)
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APPENDIX D

APPLICATION

The purpose of this section is to supply according to the literature results of this study and
consultation with the South Afncan luceme hay industry a set of guidelines to ensure a
uniform and accurate national grading system. The proposed procedures for a practical
grading system for luceme (Medicago sativa L) hay in South Africa is summarised in four
parts namely: sampling and sample preparation, analytical analysis, a quality model and
quality standards.

SAMPLING AND SAMPLR PREPARATION - Adopted from Bath & Marble (1989),
Putnam (1998) and Scholtz and Van der Merwe (2006-unpulished data)

The following procedure must be followed in taking a representative sample:
1. Identify a single batch of luceme hay that is homogenous in terms of:

the same cut

©

the same variety

the same field

the same physiological stage

cut within a 48 hour period

2. Sampling must be done randomly

« That means that there must be no prior reason why a specific bale will be selected / not on

the basis of colour, amount of leaves, etc.
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3. Sampling apparatus specifications

o A specific standardised hollow bit sampler (probe) with a plastic collection bottle is
prescribed to ensure easy and quick sampling (Lucerne Tech Consult CC., Hopetown, South
Africa)

4. Dnll technique

¢ dnll in the middle of the top of the bale at a 90° angle or in the muddle of the side of the
bale at a 45° angle.

the drill must penetrate the bale at least 325mm (as indicated on the dnll)

¢ the drill bit must continuously be kept sharp

5. Take enough sub-samples randomly spread throughout the batch.

« aminimum of 20 are needed to limit variation

« number of sub-samples per bale: small bale = one

big and round bales = two

6. Sample size

o 180 to 250g is desirable

» if less than 180g, the sample is not representative

7. Sample handling

Seal unground sample in an air-tight plastic bag or bottle and to the nearest NIR

instrument registered at the National Luceme Organisation (NLO).

o Samples must be protected against direct heat and direct sunlight.



= un-milled samples may under no circumstances be sub-divided.

ANLYSIS

¢ The unground sample of 180g -250g 1s analysed for moisture, acid detergent fibre (ADF),
ash and lignin. Details regarding registered NIR instruments available at the NLO.

e Prior to the grinding of samples, the moisture content of the composite sample will be
analysed by NIRS, equipped with a separate moisture calibration, developed on samples in

the unground status.

* All samples must be ground through a 1 mm sieve with a hammer mill type grinder

(16 000 rpm SHp-motor).

Both apparatus mentioned above (probe and grinder) will be issued with serial numbers to

ensure the use of approved equipment and therefore uniformity.

* Ring tests

The NLO will appoint an independent body to certify NIR instruments acceptably for

Lucerne hay grading. To achieve this, one milled sample from each grade (four samples)

will be sent to each instrument operator at the start of the season in September and again
during December of each year. The instrument operator will scan these samples and submit

the results to the appointed body for verification and certification.

o Calibration improvement

Each year the appointed body will collect S0 unground samples spread during the season
from each of the four main producing areas. These samples will be grind under controlled
conditions and sent to the network controllers for scanning and identification of spectral

outliers. These outliers will be chemically analysed and add to the calibration. |
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o Validations

Network controllers will receive 10 unknown samples from the independent appointed body.

The results will be sent to the appointed body for validation.
s Further improvement

In an attempt to accommodate the possible effects of moisture on the NIR spectra and
therefore calibration equations, a similar study needs to be conducted as described in the
present study. This will include the collection of 600 unground samples representative of the
South African luceme hay population. The representative samples will be scanned with the

NIRS in the unground status and then chemical analysed.

MODEL
Luceme hay quality is expressed as luceme milk value (LMV) and calculated as follows:

LMYV =64.18 — 0.23 ADF - 0.53ash -.0.90lignin

QUALITY STANDARDS

Currently the following quality standards are used in the South African luceme hay industry

Grade/Class Lucerne quality index (LQI) Foreign material (%)
Prima >116 Absent
1 116-93 Absent
2 92-65 Present
3 <65 Present

+ The maximum moisture allowed as determined by the NIR instrument, = 16%.
o Harmful plants and proclaimed weeds will be sent back.

° Loads with funny smells, mould and signs of excessive heat, can also be sent back.




282

» If a load is obviously identified as of mixed quality, it will be classified as the lowest

grading.

It should, however, be considered to do away with the classification of lucerne hay in grades
and simply rank it according to LMV. Grades fail to differentiate between different qualities
within a specific grade. In addition, extreme high and low quality hays are not rewarded
and/or discriminated against. Furthermore, the price of luceme hay could be related to the

specific LMV.




