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Introduction

Herbage, the primary food for sheep, belongs to the group of feeds
described as roughages. Roughages, in contrast to concentrates, are
derived from the leaves and stems of pasture and crop plants and their dry
matter (DM) contains a significant amount of cellulose (> 180 g kg−1). As
herbage is grazed or cut from maturing and regrowing plants, the compo-
sition of the feed and, with it, the ability of the feed to supply nutrients to
the animal are in a continual state of change. For example, a young grow-
ing pasture may support weight gains in excess of 300 g day−1 in young
lambs, whereas a mature pasture may fail to maintain the weight of an
adult sheep. This highlights the importance of establishing a robust system
for defining the value of herbage for animal production, understanding
how this value changes with the growth of the herbage and the needs of
the animal and developing rapid methods for predicting changes that are
occurring in the field.

What is Nutritive Value?

Nutritive value (NV) is a term used to quantify the presence and availabil-
ity in a feed of nutrients that are required by the animal and to predict
the productive output from the animal to which it is fed. It depends on
the following:

1. The concentration of nutrients in the feed.
2. The availability of these nutrients to the animal.
3. The efficiency with which the absorbed nutrients are used by the animal.
4. The effect of feed composition on the voluntary intake of the feed.
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Nutritive value must be expressed in standard units that can be
applied also to the nutrient requirements of the animal. The most common
feeding standard systems in use today specify the major nutrients in the
feed DM in terms of protein (g kg−1) and either metabolizable energy
(ME/DM or M/D) (MJ kg−1), as in the Australian and British systems (SCA,
1990; AFRC, 1993), or net energy (NE/DM) (Mcal kg−1), as used in the
USA (NRC, 1985).

Nutrient content of herbage

The lipid and protein concentrations in herbage DM are usually less than
30 and 250 g kg−1, respectively, so the gross energy (GE) (heat of combus-
tion) content of herbage DM mainly reflects the energy content of the car-
bohydrates: it varies little from 18.4 MJ kg−1. The distribution of
carbohydrates between the relatively soluble cell-content material (sugars,
fructans and starch) and the cell-wall constituents (cellulose and hemicellu-
lose), which are more slowly available through the action of cellulolytic
organisms in the rumen, is information that can be gained only from
chemical analysis. The same is also true of the protein.

The analysis of these chemical entities can be difficult and time-con-
suming, and various schemes have been developed which rapidly extract
fractions that represent them. The 19th-century Weende system for the
routine analysis of feeds measured crude protein (CP), crude fibre (CF),
ether extract (fat), ash and, by difference, nitrogen-free extract.
Determinations of CF have now been almost entirely replaced by extrac-
tions with neutral and acid detergents (Van Soest, 1967). These procedures
separate the cell contents (neutral-detergent solubles (NDS)) from the total
cell-wall material, comprising hemicellulose, cellulose and lignin, together
defined as neutral-detergent fibre (NDF), or from the cellulose and lignin
fraction, acid-detergent fibre (ADF). Assays for lignin, a polyphenol compo-
nent of cell walls and an important indicator of their resistance to diges-
tion, are not usually part of a routine analysis, mainly because of lack of
agreement on a standard technique.

In routine analyses, the protein content of herbage is estimated as CP,
which is the nitrogen (N) concentration multiplied by 6.25, because pro-
tein, on average, contains 16% N. Crude protein thus includes not only
true protein but also simpler N compounds, such as urea and amides,
which cannot be used directly by the animal but will augment the supply of
N to the rumen microflora.

Availability of nutrients

In specifying the NV of a feed it is necessary to quantify the losses of
energy and nutrients in excreta and to determine the amounts that
remain available for productive purposes. The major and most variable
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losses are in the faeces (F), with the proportion of, for example, DM not
excreted being termed digestibility (D). The losses can vary from less
than 200 g kg−1 of the DM in young leafy herbage (D > 0.8) to more
than 600 g kg−1 in dead stemmy pasture (D < 0.4). Since D, even within
one forage, is so variable, tables of reference data, such as those com-
piled by the National Research Council (NRC, 1985), are of limited
value and measurements or estimates are required for each forage.
Depending on the measurements made, the digestible fraction may be
calculated as digestible DM (DDM), digestible organic matter in the DM
(DOMD) or digestible energy (DE) (see Fig. 1.1). It may also be useful to
have information on the rate at which the DM, fibre or protein is
digested in the rumen and procedures to obtain this information are
discussed below.
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Fig. 1.1. Partition of feed energy.
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Energy losses in urine (U) and methane (CH4) produced during fer-
mentation in the rumen are smaller and less variable than F, and together
are generally about 19% of the DE. The remainder of the feed energy, GE
minus (F + U + CH4), is the metabolizable energy (ME). Based on the
results of many animal-feeding trials, equations for predicting ME from
DE, DDM or DOMD are given in NRC (1985) and by the Standing
Committee on Agriculture (SCA, 1990). Values of M/D in herbage com-
monly range from > 12 MJ kg−1 in very young material to c. 5 MJ kg−1 in
dead stemmy pasture residues.

The efficiency with which the sheep uses absorbed ME for its mainte-
nance or for productive purposes is directly related to the M/D value of the
herbage (see Annison et al., Chapter 5, this volume). Metabolizable energy
is used with different efficiencies for maintenance, milk production and
weight gain and so the net energy (NE) value of herbage DM (Fig. 1.1) will
be different for each purpose. These efficiency values, km, kl and kg, respec-
tively, are predicted in the various feeding systems from M/D (e.g. SCA,
1990) and typical values are shown in Table 1.1.

Availability of CP in herbage is determined not only by its apparent
digestibility in the whole alimentary tract but, more importantly, by the
proportion that is degraded to simpler N compounds in the rumen. This
proportion is high in young herbage, as most of the protein-rich cell con-
tents are soluble and are released during initial chewing by the sheep. This
fraction, rumen-degradable protein (RDP), is available to the rumen
microbes for the synthesis of microbial CP (MCP) (see Annison et al.,
Chapter 5, this volume); RDP not captured by the microbes is almost
entirely lost to the animal as urea in the urine. True protein comprises part
of the MCP and part of the relatively smaller amount of undegraded
dietary protein (UDP) flowing from the abomasum. It is digested in and
the amino acids are absorbed from the small intestine. The digestible por-
tion of true protein (60–80% of the MCP and up to 85% of the UDP)
makes up the protein available to the animal, usually referred to as metab-
olizable protein (MP). The primary protein limitation in mature herbage is
usually an inadequate supply of RDP for efficient rumen function, whereas
with young herbage it is occasionally the supply of UDP that may restrict
animal performance.

The quality and efficiency with which the absorbed protein is used
depends on the extent to which the proportions of individual amino acids
in the MP meet the requirements of the sheep. As most of the MP derived
from herbage is in the form of MCP, which has suboptimal proportions of
methionine and lysine for wool growth and weight gain, respectively,
changes to the plant’s protein composition can have little effect on produc-
tivity unless the changes affect the UDP fraction. There is current interest
in modifying herbage legumes, either through the inclusion of moderate
levels of condensed tannins to reduce protein degradation (Waghorn et al.,
1999) or through genetic manipulation to increase the content of slowly
degraded proteins rich in specific amino acids (Tabe et al., 1993).
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The voluntary intake of herbage

It is a common feature of most grazing systems that the intake of herbage by
the sheep is restricted for much of the year, either by the supply of feed or by
a grazing management policy aimed at the optimum use of the feed resource,
e.g. in some wool production systems. However, when herbage is freely avail-
able, there are practical situations, e.g. weight gain in lambs, where the effi-
ciency of animal production may be directly related to the amount of herbage
consumed. The attributes that affect voluntary intake, such as the resistance
of cell-wall material to breakdown during digestion, then become important
components of NV (see Weston, Chapter 2, this volume). These attributes are
closely related to those that determine the D and the efficiency of use of the
nutrients in herbage. In other words, as the D of herbage increases, there is
usually an increase in its voluntary intake by sheep, when offered ad libitum, so
that, as well as a higher NV per mouthful, there are more mouthfuls.
Conversely, the decrease in available energy and nutrients per unit of intake
as D falls is compounded by decreasing intake. Although the relationship
between intake and D shows a similar slope for many different herbage
species, intercept values can vary widely (Freer and Jones, 1984).

What Influences Nutritive Value?

Different plant species differ inherently in their rate of reproductive devel-
opment. This results not only in changes in chemical and anatomical char-
acteristics, but also in the proportion of plant parts, e.g. leaf, stem,
pseudostem, petiole, inflorescence, which in turn differ significantly in their
quality attributes. Management and environment can then play a significant
role in affecting NV, either by directly altering chemical and anatomical
traits or by influencing the timing of changes in plant phenology.

Plant maturity

Advancing plant maturity is associated with a lowering of NV by virtue of a
decrease in leafiness and an increase in the stem : leaf ratio, changes in the
composition of the cell wall (Akin et al., 1977) and a loss of cell contents
with maturity (Ballard et al., 1990). Typical values in maturing herbage are
shown in Table 1.1.

The loss of cell contents during maturation is a major factor contribut-
ing to the decline in NV. This material, comprising water-soluble carbohy-
drates (WSC), proteins and lipids, is often assumed to be completely
digestible by ruminants. However, the D of NDS, a measure of cell con-
tents, can also decline. Ballard et al. (1990) reported a decline from
0.80–0.95 D of NDS in young Lolium rigidum (annual ryegrass) leaves to
about 0.45 in senescent leaves. In contrast, the digestibility of NDS in the
stem segment did not change from about 0.90–0.95.
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Water-soluble carbohydrates can make up to 25% of some forages;
high concentrations are positively related to efficient ruminant digestion
(see Annison et al., Chapter 5, this volume). They can also play a significant
role in the preference and selection shown by ruminants (e.g. Ciavarella et
al., 2000). Although WSC concentrations vary markedly both within and
between days, diurnal variation is not as large as between-species variation
and plant breeders have found it a reliable trait for improvement through
breeding (Humphreys, 1989).

Protein content of vegetative forage declines as the plant approaches
maturity in a similar way to other cellular constituents. The CP content of
L. rigidum leaves can decline from approximately 220 g kg−1 prior to anthe-
sis to 130 g kg−1 1 month after anthesis (Ballard et al., 1990). The decline in
protein in warm-season grasses, such as Bothriochloa spp. (old world
bluestem), can be from 160 to 60 g kg−1 in leaves and from 11 to 3 g kg−1

in stems (Dabo et al., 1988). The lower levels at plant maturity would be
insufficient to supply the daily requirements for most classes of sheep.

Depending upon the stage of maturity, cell walls represent somewhere
between 300 and 800 g kg−1 of plant DM, as reflected in measures of NDF.
The structural links between cellulose, hemicellulose and lignin, which
develop as the plant matures, reduce the D of cell walls. Levels of ADF,
NDF and lignin all increase with maturity – examples in Bothriochloa spp.

Table 1.1. Typical values for the components of NV in the DM of mixed pasture herbage as it matures
from young leafy material, stage 1, to mature stemmy flowering herbage, stage 4 (data from MAFF,
1990; equations from SCA, 1990).

Stage

1 2 3 4

Crude protein (g kg−1) 190 150 120 84
Protein degradationa (h−1) 0.86 0.81 0.73 0.68
Neutral-detergent solubles (g kg−1) 465 418 373 291
Neutral-detergent fibre (g kg−1) 535 582 627 709
Acid-detergent fibre (g kg−1) 264 301 329 400
Ether extract (g kg−1) 25 21 19 14
DM digestibilitya 0.79 0.72 0.65 0.52
ME/DM (MJ kg−1) 12.6 11.1 9.5 7.4
Efficiency of use of ME for:

Maintenance, km 0.75 0.72 0.69 0.65
Milk production, kl 0.65 0.62 0.59 0.55
Weight gain, kg 0.51 0.43 0.35 0.23

aMeasured at a feeding level adequate for maintenance only.

km = 0.02M + 0.5
kl = 0.02M + 0.4
kg = (0.3L + 0.9) [0.043M + 0.01(15.4 − M)((�/40)sin(2�D/365) − 1.00)]

where M is ME/DM; L is the proportion of legume in the herbage; D is the day of the year; � is the latitude
(+ in north; − in south). The estimates of kg have been made for midsummer at 40°S, with a value of 0.3
for L.
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include increases in ADF of stems from 400 to 500 g kg−1 and in NDF from
700 to 840 g kg−1 (Dabo et al., 1988). Both cellulose and hemicellulose
decrease in digestibility with plant maturation, and this decrease is closely
linked to the degree of lignification. Cellulose, the predominant wall poly-
saccharide, has been shown to decrease from 0.83 digestibility at the
youngest stage in sorghum to 0.37 at the milk-ripe stage of grain maturity
(Goto et al., 1991). Lignin is deposited in cell walls with the formation of
the secondary wall and confers high resistance to digestion. Stems have a
higher percentage of lignin than leaves and, as plants mature, the
leaf : stem ratio decreases and hence the proportion of lignified tissue in
the total biomass increases. For example, this is reflected in a decline in the
D of whole Bothriochloa plants, with advancing maturity, from 0.65 to 0.45
(Dabo et al., 1987).

The overall effect of these changes is a characteristic pattern of decline
in D (Fig. 1.2) and CP content during the growing season.

Genetic variation

Plants have adapted to specific environments through evolution and those
that have evolved under grazing have developed protective mechanisms
against predatory attack (whether it be animal or insect). Some of these
mechanisms include lignification, cutinization, silicification, secondary com-
pounds, such as phenols and alkaloids, and prostrate growth architecture.

Fortunately, there is naturally occurring genetic variation that enables
plant breeders to select and breed superior lines, whether they be supe-
rior in disease or pest resistance, agronomic traits or NV. However, care
must be taken that selection for high yield, quality or disease or pest resis-
tance does not inadvertently select against NV. This has led some plant
breeders to include more intensive nutritive evaluation as part of their
genetic engineering (Tabe et al., 1993) and conventional breeding pro-
grammes (Ehlke et al., 1986).

The photosynthetic mechanism typical of a plant species can also influ-
ence NV. C3 and C4 plant species are so called because their products of
photosynthesis are, respectively, either three-carbon compounds (temper-
ate grasses and dicotyledons) or four-carbon compounds (mostly tropical
grasses). C4 plants are photosynthetically more efficient, and they tend to
exhibit high DM accumulations that are often of lower NV (Minson, 1990)
than C3 plants. C4 grasses have lower levels of non-structural carbohy-
drate, leading to decreased efficiency of microbial protein production in
ruminants (Poppi et al., 1999). In addition, the range of cell-wall content,
measured as NDF, in C4 leaves is higher – 240 to 520 g kg−1 – than that
found in C3 leaves – 230 to 400 g kg−1 (Ford et al., 1979).

In general, legumes are higher in protein and lower in cell-wall content
than grasses. However, the most significant difference is that, for a given D,
the voluntary intake of legumes by ruminants can be 30% higher than that
for grasses (Freer and Jones, 1984) and the digested material is used more
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Temperate species. Spring growths; dates of first measurements varied between species and
between localities.
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F.A. Festuca arundinacea var. S170 (tall fescue)
D.G. Dactylis glomerata var. S37 (cocksfoot or orchard grass)
T.R. Trifolium repens var. S100 (white clover)
T.P. Trifolium pratense var. Ultuna (red clover)
M.S. Medicago sativa var. Dupuits (lucerne or alfalfa)

Tropical species.
S.A. Sorghum almum
C.C. Cenchrus ciliaris var. Molopo (Buffel grass)
C.G. Chloris gayana var. Callide (Rhodes grass)
P.C. Pennisetum clandestinum (Kikuyu grass)
D.D. Digitaria decumbens  (Pangola grass)
P.A. Phaseolus atropurpureus var. Siratro
G.J. Glycine javanica var. Cooper
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Fig. 1.2. Changes in digestibility of herbage from temperate and tropical species with
increasing maturity (from Corbett, 1969).
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efficiently by the sheep for weight gain. Table 1.2 shows typical differences
in animal performance on grasses and legumes when compared relative to
a base value of 100 for perennial ryegrass.

The difference in intake can be attributed in part to the shorter reten-
tion time in the rumen of the legume compared with the grass diet. The
shorter retention time is due to more rapid breakdown of legume forage to
particles of a size and effective density that allow them to be passed out of
the rumen. This leads to a proportionately greater supply of undigested
organic matter and protein for postruminal digestion from legume diets
when compared with grass diets (Moseley, 1981). The ease of reduction of
particle size is reflected in their biomechanical properties. Henry et al.
(1997) reported that the intrinsic shear strength of grass leaves was 38–68
times that of legume leaves.

Environment

Temperature and light are probably the most important environmental
factors that affect NV, both directly and indirectly. The temperature under
which plants are grown has a direct effect on the concentration of chemical
constituents, with genotype then determining exactly how different species
change with increasing temperatures. Higher temperatures usually pro-
mote the accumulation of structural material (i.e. cell-wall material) and
also more rapid metabolic activity, which decreases the pool size of cell con-
tents. For example, Ford et al. (1979) reported that the cell-wall content of
C3 grasses increased and that of C4 grasses decreased when the day/night
temperature regime increased from 21/13°C to 32/24°C. More recently,
Henry et al. (2000) showed that, when vegetative pasture species were
grown in temperatures between 14 and 34°C, the lignin, cellulose and
hemicellulose content of Lolium multiflorum (Italian ryegrass) increased

Nutritive Value of Herbage 9

Table 1.2. Response of young sheep to pure 
pasture species grown in New Zealand (taken from
Ulyatt, 1981).

Species Relative liveweight gain

Perennial ryegrass 100
Short-rotation ryegrass 148
Italian ryegrass 160
Timothy 129
Browntop (Agrostis tenuis)

Spring 100
Early summer 83

White clover 186
Lucerne 170
Lotus pedunculatus 143
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markedly with increasing temperature and this was associated with a lower
in vitro dry matter digestibility (DMD) (Fig. 1.3). However, in a C4 grass,
Thinopyrum ponticum (tall couch grass), these constituents did not change
with temperature. This genotype–environment interaction has been noted
in numerous studies.

As a result of photosynthesis, there is diurnal variation in WSC levels,
which rise to a peak during daylight hours (see Ciavarella et al., 2000). This
implies that makers of conserved fodder could capture the accumulation of
WSC during the day by harvesting forage in the afternoon rather than in
the morning. A further advantage is that ruminants prefer afternoon-cut
hay compared with morning-cut hay (Fisher et al., 1999), presumably
because of the higher content of WSC (Ciavarella et al., 2000).

Possibly the greatest effect of temperature and light on NV is their role
in vernalization and photoperiodism, which changes the plant from vege-
tative to reproductive stages of development. The effect of changing matu-
rity on NV is stronger than the effects of environment per se.

Once a plant has senesced and it is either standing dry feed or a con-
served fodder, environment can still have a significant impact on NV. Rain
can leach soluble matter from dry feed, while prolonged exposure to sun-
light can bleach the material, causing a loss of carotenoids and vitamin A
activity (see Lee et al., Chapter 13, this volume). In hay, these risks are
greatly increased before baling, due to the volume of material in a
windrow exposed to weather; mechanical losses, which are mainly of leaf
rather than stem, can also seriously reduce the NV of the final product.

When considering the environment in which forages are grown, it is
also pertinent to consider the effects of soil type and moisture availability.
Plants grown on different soils have different mineral nutrients available to
them, which will influence both their growth and their composition.
Different species vary in their genetic capacity to take up minerals and in
their own requirements for growth, and the availability of soil minerals will
be affected by fertilizer and other management decisions. It is important to
note that mineral status adequate for plant growth is not necessarily ade-
quate for animal growth or, alternatively, the uptake of minerals by the
plant can be potentially toxic (see Lee et al., Chapter 13, this volume).

Management

In grazed systems, the timing, frequency and intensity of grazing can all
influence the botanical composition of the sward, the morphology and
phenology of the plants present, the NV of the regrowth and the spatial
heterogeneity of quality. Low stocking rates allow the grazing animal to be
selective about what it consumes. This increases the variability across the
paddock (‘patchiness’), such that some patches tend to be grazed regularly;
these maintain higher NV than ungrazed patches. High stocking rates
force the animal to be less selective and to graze the sward to a lower resid-
ual height but result in the regrowth of material of more uniformly high
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NV. However, a caveat is that intake may be reduced at severe grazing
pressure and plant regrowth rate is lower because of reduced leaf-area
index.

Selective herbicides may be used to manipulate botanical composition
and thus improve the NV of feed on offer; herbicides may also be used for
‘spray topping’ to conserve high-quality spring pasture as summer/autumn
feed for livestock (Gatford et al., 1999).

As has been appreciated for many years (see McIlroy, 1967), of the
many factors in plant nutrition, the application of N has a major effect on
NV, as distinct from forage yield. It influences botanical composition, par-
ticularly the legume : grass ratio, and increases the CP level in the forage,
sometimes at the expense of WSC.

The Measurement of Nutritive Value

The direct estimation of NV involves at least the measurement of D. More
detailed attributes of NV – the availability of digested nutrients and their
efficiency of use by the animal – may either be measured directly or, more
usually, predicted from D using standard equations derived from a large
number of feeding trials, e.g. NRC (1985), SCA (1990) (Plate 1.1).

12 S.W. Coleman and D.A. Henry

Plate 1.1. Sheep grazing cereal stubble in late summer near Canberra, Australia. Several of
the animals are wearing equipment to permit total collection of faeces, as part of a study to
assess the nutritive value of the cereal residues and summer-growing species. (Photo
courtesy of J.B. Coombe, CSIRO Plant Industry, Canberra.)
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Total collection

The usual method for direct measurement of D is a total-collection trial, in
which animals are constrained and the entire amounts of feed eaten and
faeces voided are weighed and analysed. The difference is assumed to be
digested. Strictly speaking, the measurements are of apparent D since
allowance is not made for faecal material not derived from the feed.
Because of the variability that exists in D between animals given the same
feed, three to six animals per feed are required to obtain a reliable esti-
mate. As measurements must be made over 7–10 days, after a 10–14-day
period of adaptation to the feed, tests with sheep are laborious and costly
and require a large amount of herbage for the evaluation.

The D of a forage falls as the level of intake increases, because of the
reduced time of retention of the feed in the gut. Therefore, when collect-
ing data for calibrating in vitro or other indirect estimates of D, intake is
usually standardized at a maintenance level of feeding. Minson (1990)
showed that variability in the D of a forage was greater as its D decreased;
a standard deviation of ±0.02 at a D above 0.650 increased to ±0.05 at a D
of 0.50. This variability is important when trying to set acceptance criteria
for methods to predict NV.

When feeds such as concentrates are given with forages, the D of the
diet is not necessarily the weighted average of the diet components,
because of associative effects (see Dove, Chapter 6, this volume). A forage
should be fed as the sole dietary component to determine its NV, especially
when collecting data from a group of forages for the calibration of indirect
assay methods.

Marker techniques

When D estimates of diet consumed by grazing animals are desired, total-
collection trials are difficult, so indirect methods, such as the use of
markers, are suggested. This can be done either by the dosing of animals
with markers to estimate both faecal output and intake (and thus D) or by
employing markers that are part of the herbage. Marker-based techniques
have a long history (see Dove and Mayes, 1991) and a recent development
within this category has been the use of the hydrocarbons (n-alkanes) of
plant wax, together with dosed synthetic alkanes, as markers to estimate
diet selection, intake and digestibility (see Forbes and Mayes, Chapter 3,
this volume).

How to Predict Nutritive Value

Due to the expense and time required to conduct animal trials, many pro-
cedures have been developed to estimate or predict NV, expressed in
terms of D or the voluntary intake, or both. Coleman et al. (1999) reviewed
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methods for predicting NV, which included bioassays, chemical and struc-
tural characteristics and instrument-based methods, such as near-infrared
reflectance spectroscopy (NIRS). Each method has advantages and disad-
vantages. For a method to find routine use among practitioners, producers
and consulting nutritionists, it must be rapid, accurate and inexpensive.
Accuracy is a description of how close to the actual value the predicted
value is; precision is a measure of how repeatable a predicted value is.
Robustness refers to whether a prediction equation accurately predicts
samples not included in the calibration database. There are two steps
involved in predicting NV: (i) selection of a reference forage sample data-
base with known NV on which to base predictive relationships;  and (ii)
development and evaluation of prediction equations.

Database selection

Selection of an appropriate sample database with high-quality reference
data is probably the most important part of the prediction process. The for-
age samples must have been fed in animal trials using standardized tech-
niques to establish their known reference NV. The number of samples
needed depends on the expected use of the equations, the importance of
interfering matrix effects (i.e. environmental conditions) and the variability
about the samples. For limited inference (i.e. research-plot samples), 100
samples may be sufficient to initiate calibration; 40 is a bare minimum. For
predicting unknowns, such as producer samples, the database should prob-
ably have 500 or more samples produced under a diverse array of matrix
effects. Variation in NV and in the forage characteristics used for regression
are essential to develop a relationship, and the calibration-sample database
should be selected to contain as much variability as possible in structural
factors, such as plant species, time, climate and geographical location.

Development and evaluation of prediction equations

Common statistical methods for predicting NV from forage characteristics
include simple or multiple regression, yielding empirical equations that are
simple to construct, easy to use and easy to evaluate. Their greatest short-
coming is lack of robustness in their general applicability. Weiss (1993) pro-
posed the use of theoretically based, rather than empirical, relationships or
models to predict NV. Because empirical equations are based primarily on
statistical relationships, cause and effect may or may not be present and
use is typically limited to the population from which the calibration data-
base was drawn. Theoretical models (e.g. Van Soest, 1967) seek to integrate
biological mechanisms to predict NV more robustly, but their ability to pre-
dict NV accurately has thus far been limited.

Other, more elaborate statistical procedures, such as principal-component
analysis (Stallcup et al., 1983) or partial least-squares (PLS) regression
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(Martens and Jensen, 1982), have been proposed to predict NV. These
procedures share many of the shortcomings of multiple regression equa-
tions but appear to be more robust and tend to reduce the effects of auto-
correlation between variables and overfitting, the phenomenon that occurs
when too many independent variables are included in an equation, such
that prediction accuracy is compromised rather than enhanced.

After an equation is developed, it must be validated, a procedure that
requires using the equation to predict NV of samples that are unknown to
the calibration data set. Proper validation was seldom practised prior to the
use of NIRS. Since empirical equations (normally used for predicting NV)
are valid only for the population of samples from which the calibration
database was taken, that database must encompass the matrix of factors
that influence either the dependent (NV) or independent (chemistry or
near-infrared (NIR) spectra) variables. For herbage, these factors include
season, maturity, species and location. When an equation is used to predict
a group of unknown samples, it should be validated with a small number
(10–20) of those samples to ensure that they are within the bounds of the
calibration database, i.e. reference population. This is a difficult problem
for predicting in vivo D and intake.

One method to validate an equation for NV using a structured data-
base is to use the structure in a round-robin technique (or ‘ring’ test).
Here, each of the factors that may influence NV (e.g. season) is validated in
turn. In one example, four groups of grass silages (for a detailed descrip-
tion see Barber et al., 1990) were fed to animals at three locations:

• Group 1 (pre-1980, n = 28) at the Agricultural Development and
Advisory Service (ADAS), UK.

• Group 2 (post-1980, n = 72) at ADAS.
• Group 3 (n = 43) at the Rowett Research Institute, Scotland.
• Group 4 (n = 27) at the North of Scotland Agricultural College

(NOSCA). 

When in vivo measurements of organic-matter digestibility (OMD)
were regressed on values predicted from NIR spectra, the r2 and standard
error (SE) were 0.79 and 30 g kg−1, respectively (Fig. 1.4a). Only 4% of the
samples were outside the acceptable (residual > 2 standard deviations (SD)
or 10% of the mean OMD value) range. However, if the round-robin tech-
nique was used and the calibration repeated four times using three
groups for calibration, with the fourth group reserved for validation
(external), then the relationship between reference and predicted OMD
was more diverse. The r2 and SE were 0.50 and 42 g kg−1, respectively.
Furthermore, 25% of the samples were unacceptably predicted (> 2 SD).
Part of the samples from ADAS post-1980 (below the unity line) and the
Rowett Institute (above the unity line) were required in the calibration
database for an acceptable calibration equation. However, both the ADAS
pre-1980 and NOSCA samples could be well predicted using the other
samples for calibration. Monitoring is required to test equations on any
new population before it is used for predictions.
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Chemical procedures

Van Soest (1994) and Minson (1990) have provided comprehensive reviews of
the use of chemistry to predict NV. Three general conclusions can be drawn
from their studies: (i) no single chemical constituent can be used to predict NV
over a wide range of forage types; (ii) multiple regression equations including
several chemical constituents improve but do not completely resolve this prob-
lem (Weiss, 1993); and (iii) empirical relationships in general are limited in their
ability to predict across a wide range of forages (Mertens, 1973; Weiss, 1993).
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Fig. 1.4. The relationship between in vivo OMD of grass silages and that predicted using
NIRS. Data points represent mean OMD from six sheep fed at: ADAS before 1980 (�); ADAS
after 1980 (�); NOSCA (�); and Rowett (�). Unity line (Y = X) ( ______), or ± two SD of the
mean (.......) (samples inside are acceptable, those outside are unacceptable). (a) Shows the
values predicted from a single regression equation derived from all the samples; (b) shows
the values predicted for each group of samples, from a regression equation based on the
other three groups (external validation).
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Crude fibre in the Weende system of analysis has often been used as
an index of NV, but the accuracy and precision of values predicted with
this rough measure of cell walls are poor. As well as the uncertainties in
the CF values obtained, the D of the cell-wall portion of forage plants
varies between plant species and plant parts. For such reasons, a summa-
tive system based on digestible cell wall and cell contents was proposed
(Van Soest, 1967). Cell contents are, under most circumstances, largely
digestible (though see Ballard et al., 1990) and the digestible cell-wall
material may be estimated as part of the in vitro procedure of Tilley and
Terry (1963), described below. Alternatively, the D of cell walls may be
estimated from the lignin content, a less accurate procedure (Weiss, 1993;
Van Soest, 1994).

In one of many examples of the use of chemical analyses, Moore et al.
(1996) developed equations based on multiple forage constituents (CP,
ADF, NDF and all possible interactions and quadratics) to predict intake
and D. These equations satisfactorily fitted hay samples in their extensive
database but, when applied to another database of D by sheep (Mertens,
1973), the same equations did not predict D well. Removing the effects of
‘laboratory’ by covariance improved the fit. Also, recalculating the equa-
tions using the same independent variables but based on the Mertens
(1973) database indicated a reasonable relationship between chemistry and
NV. This demonstrates two problems with developing equations from pub-
lished data. The equations are largely limited to the sample population on
which they were built, and differences in methods among laboratories for
measuring NV contribute significant variation.

Biological procedures

Three bioassay techniques have been developed, with several variations of
each, depending on the specific aim of the prediction: (i) in vitro D using
rumen microorganisms; (ii) in vitro D using an enzyme preparation; and
(iii) the in situ or nylon-bag technique.

In vitro procedures using rumen microorganisms

A major development since the early 1960s has been the two-stage in vitro
system, consisting of 48 h incubation with rumen fluid followed by 24 h
incubation of the residue in acid–pepsin solution (Tilley and Terry, 1963).
The procedure has been generally accepted but suffers from a number of
limitations (for a discussion of sources of errors, see Mertens, 1973). For
instance, the constant 48 h incubation time does not account for variation
in residence time caused by differences in level of intake, nor does the pro-
cedure account for differences between forages in the role that mastication
plays in their digestion. Recent innovations include using freshly macer-
ated herbage rather than dried, ground plant material (Barrell et al., 2000)
to mimic grazed herbage more closely.
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Differences between in vivo and in vitro estimates of D are usually in the
range of error for in vivo determinations (Van Soest, 1994), but it is impor-
tant to include forages with known in vivo D as standards in each run.
Weiss (1994) compiled reports of in vitro : in vivo relationships and found
that, with D expressed as g kg−1, the standard error of prediction ranged
from 14.6 (C3 grasses) to 37.8 (C4 grasses) g kg−1. The expected slope of
such relationships is 1.0, but Weiss (1994) found that they ranged from
0.71 to 1.27; he emphasized that separate equations need to be developed
for each laboratory and perhaps for species within each laboratory. In gen-
eral, in vitro procedures based on rumen fluid are the most robust for pre-
dicting D, but run-to-run variability, the cost of maintaining a
rumen-fistulated animal and slow turnaround severely limit their routine
use for samples submitted by farmers.

Enzyme-based in vitro procedures

In an attempt to remove the need to maintain rumen-fistulated animals and
the variability in rumen fluid, procedures have been developed using cellu-
lolytic enzymes rather than rumen microbes. Early attempts with crude cel-
lulase preparations gave poor results, but Jones and Hayward (1975)
obtained good correlations with in vivo measurements by preceding cellulase
digestion with a 24 h incubation in acid–pepsin. McLeod and Minson (1978)
established and validated the routine procedure that is now widely used.

In situ procedures

The so-called in situ or in sacco procedures for measuring the rate of disap-
pearance of DM or other feed components in the rumen involve suspend-
ing a number of samples (2–5 g DM) of the forage in the rumen, using
bags made of nylon or other synthetic material with a mean pore width
usually within the range 35–50 µm. Bags are removed, successively, after
specified times, washed in a standard manner and then dried and weighed
to estimate the loss of DM or its components for each time of incubation.

A typical disappearance curve for DM is shown in Fig. 1.5. The equa-
tions usually fitted to such curves (see the legend to Fig. 1.5) have coeffi-
cients that can provide information about both the potential extent and the
rate of disappearance of the constituent in the rumen (Ørskov and
McDonald, 1979). Apart from the limitation that the in situ technique mea-
sures disappearance only in the rumen, problems with the technique
include the need to maintain rumen-fistulated animals, variability due to
particle or microbial movement in or out of the bags and variation due to
incomplete or excessive washing. However, this technique remains the
standard procedure for estimating the rumen degradability of dietary CP.

Another approach to the measurement of the rate of disappearance of
DM is the measurement of the rate of gas production during in vitro fermen-
tation (Menke et al., 1979). Although this is simple in principle, it is only
recently that procedures have been developed that allow it to be done rou-
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tinely. Cone et al. (1999) compared several variations of the in vitro with in situ
procedures and found differences in absolute values for rate parameters but
observed reasonable relationships among the techniques. Simple correlation
coefficients ranged from 0.55 to 0.97 among rate parameters for Lolium
perenne (perennial ryegrass) measured as either regrowth or silage samples.

Physical procedures

Near-infrared reflectance spectroscopy

Norris et al. (1976) were the first to report the use of NIRS to estimate
chemical composition and NV of forages. The NIR spectral region (a part
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Fig. 1.5. Typical curves fitted to data for the proportional disappearance of herbage dry
matter incubated in the rumen of sheep. Data points represent chopped samples of either
forage-rape leaf (�) or stem (�) material, and are the means of six separate determinations
(Dove and McCormack, 1986). The curves fitted to the data are of the form:

p = a − b(1 � exp(−ct))

where p is the proportion of the constituent that disappears in time t; a is the proportion that
disappears immediately; (a � b) is the potential disappearance of the constituent; and c is
the rate of disappearance per unit time. Values for the coefficients a, b and c are given in the
original reference.
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of the electromagnetic region) exists between the visible red and the mid-
infrared (~1000–2500 nm). As monochromatic light interacts with the
molecular structure of herbage the vibrational energy of groups of atoms
(for example C–H, N–H) absorbs energy at wavelengths that harmonize
with its vibrational frequency. The fingerprint of these absorptions is com-
plex and consists of harmonic overtones and combination bands from the
primary absorptions in the far and mid-infrared. The signal information is
therefore ambiguous and must be teased out with statistical procedures.
The combination of chemistry, physics and statistics has developed into the
field known as chemometrics. Multiple regression was the earliest statistical
method used, but more recently principal-components and PLS regression
(Martens and Jensen, 1982) have gained wide acceptance.

Due to the simple sample preparation (dry and grind), non-destructive
analysis, speed and ability to estimate many attributes, NIRS has found
rapid acceptance. However, as it predicts NV only indirectly, the need to
maintain a sample database with accurate reference values for NV has
been a deterrent to uptake of the NIRS approach; the same requirement
exists for other predictive methods, such as forage chemistry.

NIRS is most routinely used to predict chemical composition.
Frequently, the chemical composition predicted by NIRS is later used in sep-
arate equations to predict NV and intake. However, it has been demon-
strated that NIRS can also be used to predict intake directly (Coleman et al.,
1995) and NV (Barber et al., 1990) without the use of two different steps.
This avoids the problem that, when two prediction equations are used to
predict a single value (NV), the errors about each equation are com-
pounded. The results of some studies that have reported prediction of in
vivo D from NIRS, in vitro D (rumen fluid or pepsin–cellulase) estimates or a
number of chemical fractions – modified ADF or acetyl bromide lignin – are
compiled in Table 1.3. In most cases, NIRS was as accurate (small bias) and
precise (high r2 and small SE of prediction) as in vitro or chemical procedures.

Coleman et al. (1995) advocated the use of faecal indices based on
NIRS to estimate NV. When used together with markers such as alkanes,
these faecal indices have the capability to greatly extend the number of
animals and pastures that may be studied in an experiment.

Tensile or shear strength

Low voluntary intake by ruminants can be attributed in part to the resistance of
the forage to breakdown during chewing and consequent long retention times
in the rumen (Balch and Campling, 1962). This resistance to breakdown has
been attributed to the physical strength of the material (i.e. the force or energy
required to fracture the material) (Mackinnon et al., 1988). The strength of
plant material has been measured either as the energy or force required to frac-
ture (e.g. grind or shear) a mass of plant material or to fracture individual plant
parts. Fracture can be measured in shear (using cutting or punch-and-die appa-
ratus), tension (breaking specimens by longitudinal pull) or compression, or by
grinding (which is likely to be a mixture of fracture processes).
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Foot and Reed (1981) reviewed attempts to directly correlate voluntary
intake of forages with the energy required to grind a fixed weight of dried
material through a laboratory mill. They concluded that, in addition to
some technical constraints, the correlations were generally unsatisfactory for
the prediction of intake (some correlation coefficients were as low as 0.41).

A punch-and-die apparatus has been described in which a known mass
of material was compressed to a standard pressure and then sheared
(Baker et al., 1993). One advantage of this method over grinding energy is
that it could be adapted to both dry and hydrated plant material (Henry et
al., 1996a). Also, it better defines the biomechanical character of shear,
rather than grinding energy, which is an ill-defined mixture of fracture
forces. This measure of shear energy accounted for a higher proportion of
the variance of voluntary intake (r = 0.94) by sheep of dry, mature subter-
ranean clover compared with other measures of grinding energy (r =
0.87–0.93) (Baker et al., 1992).

There has been a proliferation of other instrumentation and method-
ology for measuring the strength of plant material, including the
Warner–Bratzler shear apparatus, originally designed for measuring meat
tenderness (e.g. Mackinnon et al., 1988), instrumented scissors (e.g. Lucas
and Pereira, 1990) and apparatus to measure tensile strength (e.g. Vincent,
1990). Many of the advantages and disadvantages of these methods are dis-
cussed by Henry et al. (1996b), who described a guillotine-type instrument
to measure shear strength.
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Table 1.3. Relative precision and accuracy for prediction of in vivo digestibility from NIRS and various
conventional laboratory methods: in vitro estimates of dry-matter or organic-matter digestibility using
rumen fluid (IVDMD and IVOMD, respectively), or using pepsin–cellulase (PC); or measurements of
acetyl bromide lignin (ABLIG), modified acid-detergent fibre (MADF) or neutral-detergent cellulase
digestibility (NDC).

Calibration Validation
Forage type
and measure Method n r 2 SEC n r 2 SEP Slope Bias Reference

Mixed NIRS 30 0.67 0.71 30 0.67 0.71 – – Eckman et al. (1983)
DE (MJ kg−1) IVDMD 30 0.59 0.84 30 0.76 0.50 – –

Grass silage NIRS 122 0.85 25 48 0.76 26 0.93 −7.9 Barber et al. (1990)
OMD (g kg−1) IVOMD 122 0.74 32 48 0.64 36 0.89 −18.5

PC 122 0.55 42 48 0.40 47 0.71 23.3
ABLIG 122 0.52 44 48 0.14 53 0.48 11.8
MADF 122 0.34 51 48 0.20 51 0.52 −5.9

Straw NIRS 81 0.74 33 42 0.65 37 0.99 −12.4 Givens et al. (1991)
OMD (g kg−1) IVOMD 81 0.61 39 42 0.60 39 0.99 −9.0

NDC 81 0.61 39 42 0.48 49 1.12 −12.4
PC 81 0.60 39 42 0.51 44 0.95 − 7.8

SEC, standard error of calibration; SEP, standard error of prediction.
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In leaves of grasses, shear strength is only weakly correlated with ten-
sile strength (r = −0.47) (Henry et al., 1996b), making the choice of which
character to measure (and perhaps breed for) critical. The biological basis
of this weak, negative relationship is unclear, but it is pertinent to remem-
ber that tensile fracture will occur at the weakest point, whereas shear frac-
ture is usually orientated directly across the structural components.

The choice of which biomechanical character to measure will be influ-
enced by both the ease and rapidity of measurement (here, the shear
methods are superior) and the relationship to animal performance. It has
been suggested that tensile strength may be important during prehension
of leaves (Vincent, 1990), whereas shear strength may be important in
chewing (Mackinnon et al., 1988), although strong evidence for these con-
tentions is lacking. The only published data on a relation between tensile
strength and animal performance appear to be those of Voigt et al. (1970),
who reported no relationship between the leaf tensile strength of weeping
lovegrass (Eragrostis curvula) and ‘palatability’ (defined as a plant character-
istic that determined whether and to what degree feed was attractive to
animals). In contrast, shear strength has been shown to be negatively cor-
related with rate of DM consumption (Mackinnon et al., 1988) and total
voluntary intake (Baker et al., 1992) by sheep.

Conclusion

Nutritive value of herbage is variable because of variation in plant genetics,
the rate and degree of plant development, environmental conditions
under which it is grown and management practices. In general, NV
declines with maturity, is lower in tropical and subtropical forages than in
temperate forages and is lower in plants grown under high temperatures.
It is best assessed using animal trials, but these are laborious, expensive
and time-consuming. Moreover, NV of grazed herbage cannot be assessed
directly and can only be crudely estimated, using indirect techniques.
Consequently, there is a need for accurate, rapid and inexpensive tech-
niques to estimate or predict NV. Chemical composition, mechanical resis-
tance, bioassays and instrument-based methods have all been proposed,
each with advantages and limitations. The method based on NIRS shows
great promise and offers the speed necessary for routine analytical labora-
tories. The limitations of predictive methods are the requirement of a large
database of samples with known NV, along with information for prediction
(herbage chemistry, physical constraints or spectra).
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