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PREFACE

The majority of the world's cattle and sheep obtain most of

their feed by grzzing, yet studies on housed ruminants and experiments

on the growth of grassland herbage that exclude grazing animals outnumber
direct investigations of animal production from pasture. Such studies
are a legitimate approach towards, and make necessary contributions to,
an understanding of the processes involved in pastoral systems, but in
themselves they are not sufficient to gain a full appreciation of these
processes which entail complex interactions between climate, soil, plant

and animal.

Interactions between components of pastoral systems,

Research on the nutritional wvalue of cut herbages and on the
nutrient requirements of housed animals yields essential basic information
but however deteiled the results may be, they cannot be combined so as to
allow the precise definition or prediction, establishment or amendment,
of the nutrient intake or productive performance of a grazing animal,

The animal's needs, the amount and quality of the feed that it chooses to
eat, and even the use made of the energy and nutrients gained will vary
with the type of feed available, the ease with which it is acquired, and
with the ever-changing climatic conditions. The feed on a pasture that
is available for consumption comprises the herbage that the animal has
not eaten on previous occasions plus the gains by growth and minus the
losses due to senescence and decay. The gains and losses and animal
demand will very rarely, if ever, be in balance. Moreover, in what
manner and to what extent the animal does eat at any particular time
determines, often to a large extent, what it shall have to eat and so
how it shall perform in the future. Grazing animals will exercise

considerable freedom in their choice of diet even though restraints are



imposed by management, and the day to day changes in the pasture alter
the range of the choice open to them. In selecting their feed the
animals may eat more of one species than of another, or more of one part
of a plant than of another. This behaviour, due to individual
characteristics of the animals and plants and -~ther causes, will be
reflected in the botanical and morphological composition of the subsequent
growth of herbage. The rate and extent of the subsequent growth as a
whole, within the limits imposed by the supplies of solar energy, water
and plant nutrients, will reflect the extent to which grazing has reduced
the photusynthetic area of the plants and, consequentially, the extent

of their root systems. Grazing may also render the plants more
vulnerable to extremes of climate, and the exposure of bare ground may
promote the erosion of soil by wind or water. All changes in the plant
canopy will be accompanied and will in turn be modified by changes in the
microclimate of the sward, and in the soil moisture and temperature regimes.
Alterations will also occur in the direction or rate of change in
populations of organisms both above and below the soil surface, including
bacteriz, fungi, and invertebrata such as helminths. All these effects,
and their consequences for plant and animal production, will be further
compounded with those due to the trampling of plant and soil by the
grazing animals, and to the irregular redistribution of plant nutrients

in their excreta.

Nature of an effective programme of pastoral research.

The dynamic interactions inherent in pastoral systems will
be only partially understood and characterized if investigations are
confined to studies of isolated components of the systems, of the
biology of ruminants and, separately, of plant growth. Two mutually

dependent approaches are necessary: synthesis must accompany analysis.



Investigations of an analytical nature stem initially from
reports and observations of an anecdotal and descriptive type. One or
more variables in the system being examined are isolated for study by
holding other variables constant so far as this is possible within the
limits set by the current state of knowledge. As analysis proceeds and
detailed knowledge accumulates the precision and complexity of the
experiments can increase, but it becomes increasingly necessary to test
in a wider context the wvalidity of conclusions drawn from them. Attempts
must be made to construct from the detailed knowledge a model that
describes a significant part of the system as a whole and which, as with
analysis, has to be developed through a regenerating cycle of hypothesis
and test. The results obtained as each model is put to the test will
reveal the existence of interactions between varicbles that were previously
unrecognized or whose significance was not appreciated; it may be found
that other effects were accorded undue emphasis. Further amalytical
studies are then to be mxde, but now these are based on informed
observation and not simply on anecdote and description. The information

that they yield should in turn allow the construction of improved models.

Quantity and quality of herbage in relation to animal production.

The first paper in this thesis (1)* is an assessment, made at
the beginning of 1966, of the state of knowledge at that time of the
nutritional value of gressland herbage. In considering indexes of
nutritional value, information was drawn from a wide range of closely

controlled, analytical, experiments but wherever possible the significance

Numbers in parentheses refer to the order in which the papers are
presented as indicated on their top right-hand corners, and as shown

in the list below.




of the indexes was assessed in a wider context and by appeal to the
animal. For example, to what extent are the differences that are found
between herbage species in digestibility, as between Lolium perenne and

Dactylis glomerata, refleccted in significant differences in the performanc:s

of animals that graze these species?

Information of this type even on much larger differences, such
as those between pasture growth stages, was scanty in 1950 when I was
appointed to the Rowett Research Institute to develop a programme of grass
land research appropriate to the aims of the Institute, which were '"the
advancement of understanding of the energy and material requirements of
animals of agricultural importance so as to enhance the quality and quantity
of their production to meet the needs of man".* At this time it was
generally assumed that data on the effects of wvarious cutting regimes on
the growth of ungrazed swards and on the nutritional value of the feed
harvested were directly applicable to grazed swards. It was further
assumed that management practices devised from such information would
inevitably promote large increases in animal production. It was never-
theless recognized that production from British grasslands remained
disappointingly low. When expressed as "utilized starch equivalent" the
mean national output was estimated to be about 1900 kg/%a/&ear*,
representing some 3500 kg of dry matter. In contrast, dry matter yields

more than twice as great were commonly harvested by machine. It was

*
Cuthbertson, D. P. (1963). - In: "Progress in Nutrition and Allied

Sciences". Edinburgh : Oliver & Boyd.

T Report of the Committee on Grassland Utilization (1958). London:

Her Majesty's Stationery Office, Cmnd. 547.




clearly necessary to account for the apparent wastage of over 50 per cent
of herbage grown and to increase from this low level the utilization of
British grasslands which provided, and continue to provide, 60 per cent
or more of the total feed eaten by that country's cattle and sheep.
Zqually clearly, greater understanding of the processes affecting the
efficiency of pasture utilization and of the resulting animal production
could come only from a research programme that included detailed studies

of animals at pasture.

The immediate difficulty was one that had for long hampered such
work: how might the quantity and quality of the feed eaten by grazing
animals be measured? In 1950, techniques for estimating the digestibility
of grazed herbage from faecal composition, and for estimating faeces output
from the dilution in faeces of inert reference substances administered to
the animals, were of recent origin. Little was known about the
precision and accuracy of the estimates of grazinz intake that could be
obtained by their use. I therefore defined as a prime objective of the

research programme, the development and critical evaluation of such techniques.

Intake from a pasture had frequently been estimated by cutting
sample areas before and after a period of grazing to determinc the amount
of herbage apparently removed by the animals. While the faecal index
techniques were being examined, the cutting method was used in experiments
on two problems that appeared to be of immediate importance. These were
(a) the possibility that low animal production from pasture might be due
to a qualitative defect in the diet as well as to a failure to utilize
fully the herbage grown; and (b) that the annual production from an area
of pasture, in any case, was determined largely by the production
obfained during the normel grazing season, which often extended over no

more than 6-8 months.



The herbage grown on intensively managed pastures usually
provided lactating dairy cows, and other classes of livestock, with more
then sufficient protein for their needs. It appeared likely that milk
production by potentially high-yielding animals was limited primarily
by the supply of dietary energy. Feeds of low protein content were
therefore given to dairy cows grazing pastures where intzke was not
restricted by a low availability of herbage. It was found (2,3) that
only small increases in milk yield were obtained because the consumption
of these feeds was accompanied by a significant reduction in the amount
of herbage eaten, It was concluded that additional feed could usefully
increase production when pastures were so heavily stocked that there was
insufficient herbage to meet the needs of the animals, but large amounts
were used in Britain when good grazing was readily available and they were
simply replacing a less costly feed, namely grazed herbage. It appeared
that their use generally represented a mistaken attempt to adjust the
notional value of the diet of the grazing cows so as to match estimates of
their requirements calculated, inappropriately, from tables of feeding

standards.

The highest costs in milk and beef production were incurred in
winter, when the animals were often housed and hand-fed. It was possible
that economies would be effected, especially during the rearing phase, if
the grazing season could bec extended through some or all of this period
by saving the late-summer growth on suitably prepared pastures. The
relative values of a number of herbage species for maintaining young dairy
and beef cattle were examined in trials that continued throughout several
winters, when it was found (4) that the species which gave the highest
yields of cut herbage gave the poorest results in terms of animal
performances. There were found to be several reasons for this apparently
anomalous result. There was variation between speciecs in the extent of

wastage in the standing herbage during the winter, and in the acceptability



to the animals of what remained as shown by variation in their daily
intakes and in the percentage of the available herbage that was consumed.
These differences in the selectivity and intensity of grazing were
reflected in the amount of damage done by trampling; moreover the types
of herbage that were most susceptible to such damage were also less

easily grazed whcn under snow.

It was recognized thut if the pasture management on a farm was
modified to permit late autumn and winter grazing, there would be
repercussions that involved the long-term management and use of all grass-
lands on that farm. Appropriate methods for the integration of winter
grazing in farming systems were therefore developed (5,7). They were

based on information gained from experiments on the production of herbage
to be saved for winter use (5) and on the performance of cattle grazing
such herbage (6). This information also indicated means by which the
grazing season could be usefully extended for fattening cattle and milking

COWS »

Both series of experirents, the feeding of grazing dairy cows
and the extension of the grazing season, clearly demonstrated that the
amount of animal product to be obtained from a pasture could not be
determined reliably unless it was grazed, and that estimates of productivity
based simply on measurenents of the amount of feed harvested by machine

could be seriously misleading.

The reasons for the differences between the treatments in animal
performance would not have been made clear without the cstimates of intake
nade by the cutting technique, but an examination of the technique showed
(8) that it was not sufficiently precise and accurate for use in closely
detailed studies of the intake and utilization of herbage by ruminants.

Moreover, it could not usually be made to give estimates of the intake of



individual animals, but only of groups, and the intake of energy and
nutrients could not be determined except by an unreliable process of
calculation (1) based on the estimated chemical composition of the hervag:
thought to have been eaten. All these difficulties emphasized the need

for dependable indicator techniques.

Development of techniques for estimating grazing intake.

Errors in indirect methods for estimating digestibility from
faecal composition were identified and evaluated in a series of experimeunis
where the excretion of nitrogen, plant pigments (chromogen), and later ol
material soluble in 0.2N HCl was studied (9,10,11,12).  Continuous
digestibility trial procedures were devised to assist this work (10,11),
and nitrogen was shown to be the most generally satisfactory faecal inde:

of digestibility (9,12).

To develop satisfactory methods for the estimation of faeces
output, the passage of inert substances through the alimentary tract was
studied. It was shown (13) that the water-insoluble substance chromium
sesquioxide (Cr203) was excreted more evenly than the solub’e polyevhyleir:z
glycol because (14) the latter, in solution, moved more rapidly from the
reticulo-rumen than feed residues. It appeared that Cr203 was the best
chenical marker-substance available and reasons were sought for the
variation in its concentration in faeces. It was found (15) that Cr203;
when administered in a concentrated form in a capsule, failed to mix
adequately with the contents of the reticulo-rumen and passed from this
organ in advance of the feed residues that it was intended to mark. A
method of administration was required that would result in the Cr203
being carried well into the rumen, and there released slowly into the

ingesta. To this end, Cr203 was incorporated in a specially made paper



and it was found (15,16) that compared with other methods of administratior,
variation in the excretion of Cr203 was significantly reduced when it was
given as the paper. This finding was confirmed with grazing animals
(17,18) in experiments where the errors associated with various regimes

for sampling faeces were defined.

These studies of the faecal nitrogen and CrZO3 techniques showed
that if they were applied without a considerable knowledge of their
limitations, they were likely to yield spurious results. Many of the
errors associated with the sampling and analysis of faeces, and with the
subsequent calculations of digestibility and faecal output, were found to
be biasing and not simply random. It was shown that if precautions were
taken to minimize these errors it was probable that the digestibility of
the herbage grazed by a single animal over a period of a week could be
estimated with a standard error of about t1%, and that an estimate‘of the
mean daily intake of digestible organic matter would have a standard error
as low as i'6% (8,19) . These values, which were later supported by the
results of an experiment with grazing dairy cows (23), indicated the
mmbers of animals that would be required for the detection, at the 5%
level of significance, of differences in the digestibility and intake of

herbage due to differences between pastures (10).

Intake and utilization of energy by grazing animals,

When the indicator methods for estimating grazing intake had
been developed to the point where they could be used with reasonable
confidence, special attention was paid to the intake and utilization of
energy by grazing cattle and sheep for it was clear (1,2,3) that generally
their productivity was determined by the amount of energy available to

them rather than by the amount of protein or other nutrients in the diet.
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It could be expectad that the net efficiency with which an
animal converted the metabolizable energy of a feed to, say, milk or meat
would vary little whether that animal was given the feed in a stall or
obtained it by grazing. The gross efficiency of conversion was likely
to differ between the two circumstances becausc of variation in the amount
of energy expended in maintenance activities, The magnitude of the
increase in energy expenditure due to grazing was examined by statistical
analysis of data on feed intake, and animal liveweight and production.

It was shown (19) that imperfections in the techniques for measuring intake
could cause very large errors in the values obtained for the expenditure.
The improved techniques that had been developed were used for studies on
dairy cows and sheep close-folded on pastures that promoted positive energy
balances in the animals, and in this respect were typical of British low-
land pastures. The method of statistical analysis was refined. For both
species of animal it was found (20,22) that the expenditure of energy in
maintenance under these grazing conditions was some 20 per cent greater
than the expenditure that would be incurred in stall-feeding. In order
to make such a comparison with sheep it was necessary to define the
maintenance requirements of this species when kept indoors. This was done
both by a calorimetric procedure and by determination of the amounts of
feed required to hold liveweights constant (21). The two sets of estimates
were in good agrecment and showed that the British standard values then

generally accepted were in error.

In the course of the experiments with the dairy cows it was
found (23) that their herbage intake varied directly with the digestibility
of the feed, as had been demonstrated with stall-fed animals. It was
also found that intake at a given digestibility was lower at the end of
the grazing season than at the beginning. This result shed some light
on the common practical observation that "autumn'" pastures did not appear

to sustain animal production as well as earlier growths of herbage.



In a further examination of this phenomenon,; calorimetric studies were

made of the net energy wvalues of an early and a late season growth of
herbage (24). The difference that was found between the herbages appeared
to be consistent with the differences betwecen them in water-soluble
carbohydrate content, the digestibility of cell:lose, the molar proportions
of volatile fatty acids produced in the rumen, and the proportion of the

gross energy lost as methane.

In 1963 I joined the Pastoral Research Laboratory of the C.S.I.R.O..
Division of Animal Physiology, at Armidale, N.S.W. The purpose of this
laboratory, in a country where some 160 million sheep and 19 million cattle
graze the whole year round, is to increase understanding of the processes
in soil, plant and animal that togsther determine the productivity of the
land and of the animals it sustains. The objects of the programme of
research that I initiated were to determine, in a variety of controlled
long-term pastoral systems supported by detailed studies on penned animals:
(i) what grazing animals eat; (ii) in what forms the feed consumed becomes
available to them for metabolism; (iii) for what purposes and in what
amounts the energy and nutrients of the feed are used; and (iv) to study
in both the short- and long-term the extent to which various pastures meet
or modify the needs of the animals. This work, as with the work of the
whole Laboratory, was linked primarily with problecms concerning the sheep

industry, and especially with wool production.

Productivity of breeding ewes.

Since each year in Australia many millions of ewes are engaged
in breeding and rearing a lamb, it was surprising that very little was
known about the effects of pregnancy and lactation on wool growth.

Most of the information available had been obtained from the fleece-



weights at shearing of ewes that had or had not reared a lamb. It was
unsatisfactory because usually it did not distinguish the effects due to
pregnancy from those due to lactation. In addition it had not been
obtained in well defined nutritional conditions and so it did not show

how the effects varied with feed intakec. Stu-ies were made on Merino
ewes whoce primary fanction was the production of wool and the breeding of
replacement stock for wool-producing flocks. In an exploratory
experiment (25) it was found that lactation caused a significant reduction
in the amount of wool grown by ewes grazing good pastures although there
was a large increase in feed intake. The effects of pregnancy as well as
of lactation were then examined (26) with housed ewes given feed in constans
anounts throughout the breeding cycle and it was found that the effects
were not proportionately greater at one level of feeding rather than
another. The reduction in wool growth was more marked than with the
grazing ewes which could vary their feed intcoke as the physiological state
changed but, as in the earlier experiment (25), it was noted that the
average daily rate of wool growth increased rapidly when the lambs were
weaned. This finding led to a study of the effects of variation in the
length of lactation on the productivity of grazing cewes and, in consequence,
on the immediate and long-term performances of their lambs which were
weaned at various ages (26,27). To assist definition of the effects of
treatments imposed on the ewes, and of their consequences in the nutrition
of their lambs, a reliable technique for measuring the yield and

composition of milk produced by grazing ewes was developed (28).

Stocking rate and production.

The effects of variation in the length of lactation on ewe and
lamb were studied with ewes grazed continuously at three different

stocking rates.



The effects of stocking rate on the production from a pasture
are greater than any that will result from changes in the management of
the grazing of a fixed number of animals., If a very low stocking rate
is doubled, animl production per unit area may also be doubled if the
feed supply is sufficicent to maintain unimpaircd the production per head,
but in general each increcse in stocking rate will be accompanied by a
rcduction in individual performance. The point at which this reduction
is not at least compensated for by an increased production per unit area
will almost certainly be higher if wool alone is to be produced than if
the sheep are also to breed their replacements. With deiry cows, or in
prime lamb and beef production, the optimum stocking rate may be well
below the maximum attainable. It is possible that practices uneconomic
at a low stocking rate, such as the provision of concentrate feeds for
grazing dairy cows (2,3), may be worthwhile ér necessary at the higher
rates, but even if a high rate has a satisfactory outcome over a short
period of time, it may be too high over a period of several years if it
causes retrogressive changes in plant and soil which jeopardize continuing
productivity. Effects of stocking rate have also to be studied over a
long term so as to examine the effects of variation between years in
climate. Difficulties associated with a high rate in drought might be

acceptable if drought occurred on average, say, one year in ten.

The experiment on varying the length of laotation of grazing
ewes provided a striking examplc of interaction between trecatment and
stocking rate (26,27). At the highest stocking rate of the ewes it was
found that lambs might have to be weaned at an early age if they were
even to survive, let alone grow satisfactorily. Quite different results
were obtained at each of the other two stocking rates. In addition the
patterns of lamb growth showed distinctive differences between years (27).
Studies on the growth and on the development of rumen function in the

young lamb were accompanied by studies on the onset of helminth



infestation. It was found (29) that the onset was significantly delayed
if lambs were weaned at an early age on to pastures rcserved for them,
that is before they had the opportunity to ingest large numbers of
infective larvae due to the consumption of large amounts of herbage

contaminated by the ewes.,

Calorimetry, and metabolism in the rumen.

At high stocking rates the awvailability of herbage may be
reduced to the extent that the grazing animals have great physical
difficulty in obtaining their feed. When the energy cost of grazing good
pastures was estimated (20,22) it was realized that higher values might be
obtained when feed was scarce. There were a nunber of reports to this
effect, some indicating as ruch as a threefold increase in the amount of
feed required by an animal to maintain a given liveweight in difficult
crazing conditions, compared with the requirement on good grazing or in
stall-feeding. Because of the considerable number of uncertainties
attending the calculation of energy expenditure from data on fced intake
and animal liveweight and production (1), it was desirable that additional
estimates should be made by some other means. If a more direct method
of estimation were available it would be possible to study more closely
the causes of variation in the cnergy expenditure of grazing animals.
Techniques were thercfore developed for measuring the oxygen consunption
and carbon dioxide production of grazing sheep and a satisfactory and

thoroughly tested system is now available (30).

The determination of the quantity and quality of feed consumed
by grazing animals (8,9,10,11,12,19), of the losses of cnergy and
nutrients in their faeces (13,14,15,16,17,18) and of their heat production

and losses of energy in gaseous products of digestion (30), yields



valuable information on efficiency of production. Knowledge must also be
gained of processes intermediate between the consumption of feed and its
outcome if causes of variation in efficiency are to be understood. A
najor part of the energy of the feed eaten by ruminant animals becomes
available to them as the volatile fatty acids (VFA) acetic, propionic and
butyric, and their rates of production in grazing sheep were measured by

a technique in which radio-isotopes of the acids were infused into the
ranen (31). It was found that the rate of production of each acid was
significantly related to its concentration in the rumen for sheep grazing
a variety of pastures, as well as for those given concentrate and roughage
feeds, Further examination of the results showed that the amount of energ-
(kcal/ﬂay) supplied to a sheep as the thrce VFA could be predicted from the
24h mean value for the total VFA concentration as determined by steam

distillation of ruminal liquor (30,31).

i i :rating summaxry.
Conclusion and integrating summ

The technique used for the measurement of VFA production, which
disclosed the significance of ruminal concentration and so opened up a
new line of attack on problems of the nutritional value of herbage and of
animal productivity, is only one of the wide range of research techniquec
now used on confined animals. Many more rust be applied to grazing
animals, with modification as neccssary, so that the effects of treatments
can be fully assessed. If assessments are made only in terms of the
anmount of milk, meat or wool finally obtained, a procedure that should
be no more acceptable in the field than it now is indoors, it is unlikely
that the information gain can be widely applied because it is unlikely
that general principles will be established; nor may it be seen that
work done on one problem bears on another because it is not recognized

that the problems have common roots.



Great carc must be taken in defining the objectives of a grazing
experiment and in its design, because the establishment and exccution are
likely to be vecry costly. In addition to material requirements, such as
good fencing and the provision of suitable yards supplicd with electric
power etc., there will be heavy demands on labcur for routine management
as well as for experimental requirements. For example, it is considerably
more difficult and time-consuming to maintain fistulated animals in good
condition at pasture than it is indoors and the determination of feed
intake, which may readily be achieved with housed animals, is a major
undertaking in the field. Morceover, the large outlay may be wasted if
insufficient thought has been given to the types of measurement that
should be made and the tcchniques required have not been prepared, and if
actions that would be taken to meet various contingencies were not clearly
defined at the time the experiment was designed. For example, if the
animals on one arca of pasture bccame seriously short of feed, should the
nuilbers be reduced on this areca only and not on the others in the experinen .,
or should supplementery feed be given to that group or to all groups when
either action is likely to cause major alterations in the nature of the
comparisons being studied? If such problems have not becn anticipated

the original experiment may becomc no more thaen a test of farmiing ability.

Grazing experiments must also be supported by facilities for
experiments of an analytical type so that problems they bring to
notice can be examined and rcesolved appropriately. Thus the suitability
for winter use of one type of pasturc (4) led to a detailed study of
methods of managing that pasture (5) and subsequently to the development
of a satisfactory system for out-wintering cattle (6,7); uncertainty
about the reliability of indicator techniques for estimating grazing
intake led to detailed studies of relationships between fced digestibility
and faecal indexes (9) and of the passage of inert materials through the

alimentary tract (13,14), and then to improved techniques (10,15, 16)
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which were applied in several experiments (19,20,22,23) when opportunities
for further studies were accepted (11,12,17,18,24); observations on the
wool growth and feed intake by lactating ewes at pasture (25) were followed
by the examination in well controlled conditions of effects of

reproduction on wool growth (26), and led to in ~estigations on the
nutrition and growth of the young lamb (26,27,28,29); dissatisfaction

with methods available for estimating the energy expenditure of grazing
animals (20,22), stirmuleted the development of techniques of indirect
calorinetry that can be used in the field to study this and many other

problems (30,31).

The study in depth of a process followed by the application of
the findinzs in a larger context should in turn promote further detailed
rescarch, and so on. This progressive cycle, once it is entered, will
lead to a greater understanding, and will assist the management to
greater advantage, of the complex events that follow the simple action of

putting an animal on to a pasture to graze.
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INTRODUCTION

It has been estimated that about one quarter of the earth's
land surface is covered by grasslands.(1) In a natural state they
vary from the treeless prairies, steppes and pampas of the temperate
regions to the savannahs of the tropics and sub-tropics with their
varying proportions of trees and shrubs. The vegetation and the
innumerable wild animals of many species that they sustain have

(2)

presumably acted as reciprocal factors in natural selection.

Man has domesticated only a few of these speoies of animals
and he has so far brought into cultivation only a few grasses; perhaps
40 of about 10,000 known species account for over 90 per cent of sown

(3)

pastures but in the main their chemical composition, which is
frequently used as an index of nutritional value, is not especially
distinctive. When compared with many of the species they are intended

to replace, the cultivated grasses do usually show a greater ability to
respond by increased growth to an increase in soil fertility. They often
provide qualitative as well as quantitative benefits to the animal in

that maturation, seed-shed, senescence and decay may proceed less rapidly

and may be delayed more readily by management.

Grassland communities are naturally dynamic., The balance of
the species is determined by many factors - climatic, topographic,
edaphic and biotic - and can be chenged markedly by the type of

(4)

management imposed. The persistence of the more productive grasses
depends to a large extent upon a continued supply of plant matrients.
Legumes, as a result of their symbiotic relation with Rhizobia play a
major role in improving the nitrogen status of soils(5’6) They have
therefore come to be an important constituent of grasslands and of the
diet of grazing animals. Efforts to obtain legumes that can be
established satisfactorily in tropical and sub-tropical pastures have

(7)

only recently begun to meet with success.
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Many other plant species contribute tc grassland communities.
Dicotyledonous herbaceous plants, known collectively as forbs, often

contain higher concentrations of minerals than associated grasses and

(8)

legumes but produce lower yields of dry matter and may be less

(9)

digestible. These species and the many woody 'browse' plants that

make an important contribution to the feed supply of grazing animals in
many areas will not be considered in this review. In addition,

toxicoses and other disorders in livestock due to plant constituents or

(10) (11)

contaminants, such as alkaloids in Phalaris, oestrogenic substances,

and photosensitization caused by the fungus Pithomyces chartarqg(12) will

not be discussed.

The botanical, chemical and morphological diversity of grassland
vegetation is matched by the diversity of methods of utilization. These
vary from highly capitalized systems of mechanical harvesting for the
feeding of fresh or conserved herbage to confined animals, to pastoral
systems where animals are wholly dependent on grazing throughout the year.
Even in Britain and the U.S.A., where the grazing season may be short and
there are large areas of arable crops, grasslands remain for economic
reasons the chief source of feed for sheep and cattle and provide at least
60 per cent of their total annual feed requirements.(13’14) At the other
extreme Australia's 160 million sheep (about one-sixth of the world's

total) and 19 million cattle obtain virtually all their feed from grazing.

Non-ruminants. - Some non-ruminant animals that utilize grassland herbage

will be mentioned briefly here. Pigs and poultry are commonly held on
pasture though sometimes the consumption of herbage, which may be as much

(15) (16)

as 2 kg of dry matter daily by sows and 20 g daily by laying hens,
is incidental to other intended benefits such as the acquisition from the
soil of iron and other nutrients. Dried herbage is used in large amounts
in rations compounded for these animals and here the paramount

considerations are low levels of structural carbohydrate, the concentration.

and the quality of the protein (see Chapter 18), and the concentrations
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of vitamins and of minerals. The horse is able to utilize cellulosic

(17)
(18)

material as a result of microbial digestion in its caecum and colon
which may account for half the total capacity of the alimentary tract.
The end products of this digestion include volatile fatty acids and
newly synthesized water-soluble vitamins (cf. Chapters 3 and 4 - digestion
in the ruminant). Microbial digestion is preceded by gastric digestion
and the stomach of the horse accounts for only about one-eighth of the
capacity of the alimentary tract. If the digestibility of the fodder
eaten is low, so that the volume of indigestible residues is large,
working animals especially may be in negative energy balance. The
grazing behaviour of the horse tends to reduce the effective mutritional

(19)

value of an area of pasture for this species. There they defaecate
they do not graze and mature herbage accumulates; conversely where they

graze they do not defaecate, and may overgraze.

Documentation. - The references given in the text have been chosen for

the reasons that they are the most recent of a number of appropriate
reports, and that they bear particularly on the statements that are made.

Whenever possible, reference is made to reviews.

CRITERTA OF NUTRITIONAL VALUE

The nutritional value of feeds for domestic livestock is
expressed by the level of animal production of the desired type that is
achieved and, unless the animal is killed at an early age for meat, by
the length of productive life. It is a function not only of the
proportion of the feed made available to the animal by digestion, and
the suitability of the digested nutrients for the various metabolic
processes but also, and most importantly, of the quantity consumed.
Such information is obtained from biological measurements and data from
chemical and other types of analyses can be interpreted only in their

light.
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The nutritional value of a feed is gencrally given in terms of the
value per unit weight but that of grassland herbage has also to be viewed
in a wider context. A far larger amount of herbage is harvested directly
by animals themselves in grazing than is fed to them by hand. In grazing,
the animal is directly subject to the climate and it gains a certain
weight of herbage with more or less effort, and so with smaller or greater
net benefit, according to the abundance, the pattern of distribution, and
the quality of the herbage available. These characteristics of the
pasture themselves reflect the climate, the previous activity of the
animal, the net growth rate of the plant cover (actual growth less wastage
by decay etc.), the condition of the soil and the complex interactions

that ensue.

The nutritional value of grassland herbage, both fresh and
conserved and whether grazed or hand-fed, is determined primarily by its
ability to meet the requirements of the animal for energy and protein.(2o)
The caloric need can be regarded as the primary need to which the

(21)

requirements for all nutrients are linked and in fact the grassland
feeds of temperate zones do not usually have protein contents lower than
those required by the animal at whatever level of production it attains

in response to the amount of energy these feeds supply. Problems of
protein supply are largely confined to the tropics and sub-tropics though
even here the primary need is often: for an increase in energy supply.(267)
There are no universal inadequacies (or excesses) of minerals, or
deficiencies of those vitamins that the ruminant does not derive from

microbial syntheses in its digestive tract; such problems are of a

relatively local or temporary nature.

Energy value especially, and protein value, will be discussed
in the following sections on voluntary feed intake, digestibility, the
utilization of absorbed nutrients and feed evaluation. Specific

nutrients, herbage conservation and various methods of feed preparation
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will then be considered, and a2 final section will deal with nutritional

consequences of grazing.

VOLUNTARY FEED INTAKE

The intake of feed in the long form only will be discussed in

this scction; processed feeds will be considered later.

The eating behaviour of higher animals, including the regulation

of intake, appears ultimately to be subject to central nervpous control,(22’23)
but of greater immediate importance is the nature of the stimuli that
provoke the neural responses. A number of homeostatic mechanisms for
quantitative regulation have been proposed,(22’24’25)g.g., the stimulation
of receptors sensitive to the concentrations of certain metabolites in
blood, and in non-ruminant animals physical mechanisms appear to be of
relatively less importance. In contrast the regulation of intake in
ruminant animals can be described to a considerable extent, though not
exclusively, in physical tecrms. Much evidence has accumulated that
cattle and sheep tend to cat so that a certain degree of distention of the
digestive tract, and in particular of the reticulo-rumen, with feed or

(26,27,28)

with indigestible residucs is maintained or restored. At this

point appropriate physiological responses are presumably evoked by

(29)

receptors sensitive to mechanical stimuli such as stretch.

The reticulo-rumen normally contains about three-quarters of
the total contents of the gut.<18) The more rapidly the breakdown and
digestion of feed proceeds in this organ the faster can be the rate of
passage of digesta onward through the small orifice leading to the omasum
and, ultimately, the excretion of residues in faeces; hence the greater
is the quantity of feed that must be eaten in a given period of time if a

certain degree of "fill" is to be maintiined. The amount of feed eaten
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is thus a function of the rates of digestion in and of passage from the

reticulo-rumen but these processes are the major steps in the degradation

(30)

of feed in the alimentary tract of ruminants and so it is found that

they can be related to the cxtent of digestion as measured in digestibility

(27,28, 31)

trials. The general form of the relationship between the

digestibility* and the voluntary intake of feed by cattle and sheep is
shown diagrammatically in Figure 1.
(Figure 1 hereabouts)
In order to compare the feed intakes by animals differing widely

in liveweight (W), they are often expressed in terms of metabolic body

size (WO'?3 or WO'75);(31’32’33’125) W12 has recently been recommended(204)
1.00 (34,35,36)

for general adoption. Intakes have also been related to W

(37’38’39’40) or those that can be

(32,35,41)

and some of the published exponents,
calculated from the raw data given by some workers, have fiducial
limits that do not exclude either 0.73 or 1.00. Because of the frequent

usage hitherto, WO'73 will be used here.

When intakes are adjusted for differences in liveweight the

values found for a feed of a given digestibility vary with the age,
(42,76)

physiological state and other characteristics of the animal. For

example, a lactating dairy cow might eat 120 g dxry matter/kgwo'73/33y,
whereas a steer or wether sheep might eat no more than 80 g/kgwo'73.
Differences in intake are found between animals of a similar type;
coefficients of variation ranging from 7 to 14 per cent have been

reported.(31’32’33»37,43)

* Feed - Facces x 100 Knovm as the apparent digestibility;

Feed
the faeces includes matter of endogenous origin as well as feed

residues.
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The abcissa in Figure 1 may be scaled in terms of the apparent
digestibility of the feced dry matter, of the organic matter, or of the
energy, and the actual values will range from a minimum of about 30 per
cent to a maximum of about 85 per cent. 1In a certain range of
digestibility, approximately 60 to 70 per cent, it has been found(31’34’44’45)
that there is an inflexion in the feed intake line. If the complement

namely

of this line is drawn,kthat describing the change in faecal output, it is
seen that as digestibility falls from the higher values the quantity of
(37,45)

faeces excreted first increases and then becomes approximately

constant,(45) but it will ultimately decrease. The finding that in the
higher range of digestibility runinant animals do not eat to the extent
that they have to deal with feed residues as large as they evidently can
excrete, implies that regulation of intake in this range is primarily
physiological in type. Thermostatic or chemostatic meahanisms may then
supervene at threshold levecls determined by the metabolic activity of the
animal, e.g., the level of milk production, so that intake will be
adjusted to meet the physiological demand for energy.(28’31’34’37’44’45’62)
As feed quality falls physiological regulation becomes overshadowed, but

certainly not superseded, by primarily physical effects to which most

attention has been given in work done up to the present time.

In this discussion the chief interest lies in how the slope of
the feed intake line, that is the change in intake per unit change in
digestibility, and thce position of the line, that is intake at a given
digestibility, varies between feeds. Up to the present time, only a few
publications have either given this information directly or provided data
that are adequate in form and extent for re-calculation by regression
analysis; available information is given in Table 1.

(Table 1 hereabouts)

The values for the regression coefficients will be considered

first. Digestibiliti:s of 70 per cent or more were, with few exceptions,

found only with the tcmperate specics. These specics
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were oxanined to determine if the regressions of intake on
digestibility departed significantly from linearity in the manner
illustrated in Fig. 1, but the observations were too few in number, or
showed too much scatter, and no significant quadratic or higher terms
were detected. The significant regression coefficients given in Table 1
show that for a change in digestibility of one unit in both temperate and
tropical feeds, the corresponding change in intake varied between about
1.0 and 1.7 gDM/kgWO'73. The effects that such a change in nutritional

(31)

value will have upon animal production may be large. Blaxter has
cited the example of two hays of 50 and 55 per cent digestibility
respectively. If a sheep eats 62 g/kgwo'73 of the former, and there is
an increase in intake per unit of digestibility of 2 g/keWo'!, it will
gain 28 per cent more energy in digested nutrients when offered the latter.
This represcnts nearly a two-fold increase in the amount of energy
available above maintenance needs, and so a 10 per cent increase in
digestibility may promote nearly 100 per cent increase in liveweight gain.
The particular importance of voluntary intake as a measure of the
nutritional value of tropical roughages has been stressed by Milford.(41)

For a large part of the year the intake of many of these feeds may be

below that required to meet the animals' needs.

The failure to obtain significant regression relationships for
some of the feeds listed may reflect the variability between animals in
intake performance and a paucity of data, but it is also possible that in
these cases the rates of breakdown in the rumen were not adequately
described by the digestibility data. Mcasurements of rates of break-
(48)

down or of rumen fill under steady state conditions might resolve

such anomalics unless a mechanism of intake regulation was involved other
than through gut distension. This mechanism might involve humoral
factors such as high concentrations of acetic acid in peripheral

blood£49’5o’51) or the nitrogen status of the animal§58’59)

The drastic rcduction in intake and the low faecal excretion



when feed digestibility approaches the bottom of the range can still be

explained fairly we8l in physical terms but also reflects the nutritional
stztus of the animal and the state of the symbiotic "functional field"(52)
of the rumen. Breakdown and digestion of feed in the rumen, though aided

(53) (52,54)

by the mechanical effects of mactication and rumination,
mainly achieved by the activity of the resident micro-flora and -fauna.
This activity profoundly affects the nutrition of the host (Chapter 3)

but can also be regarded from another standpoint, that of the nutrition of
the microbial population. Growth and activity of the population will be
limited by, amongst other things, the supply of appropriate nutrients and
it can be expected that variation in the supply will be reflected in the

(55) Roughages of low digestibility

rates of processes in the rumen.
invariably contain low proportions of available nitrogen and there is
evidence that a supply of nitrogen insufficient for the maintenance of an
actively functional ruminal population is a major factor limiting the

(55,58,59)

utilization of these fceds by ruminants. Shortages of some
other nutrients for bacteria such as certain inorgenic ions and branched
chain fatty acids(29’56) may also be associated with the limitation of
(67,59)

intake when poor quality feeds are given.

There is a limited amount of direct information on the minimum

level of dietary nitrogen necessary. Recycling of nitrogen, particularly

of urea in saliva and by diffusion through the rumen epithelium, plays an
important role in the nitrogen cconomy of the anima1(29’347) so that the
effects of a change from a higher to a lower nitrogen ration may not
immediately become apparent. In a long term trial with sheep given
steadily decreasing amounts of nitrogen in the feed (800g dry matter per
day), Moir and Harris(55) found that intakes started to fall when the
nitrogen intake was below 7 g per day, that is about 0.8 per cent (5 per
cent crude protein) in the feed that was used. Large changes were
found within the rumen: the concentration of bacteria was greatly

reduced as was the rate of digestion of cotton thread. In many
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experiments where the nitrogen content of poor quality roughage diets
has been raised by the addition of urea (see Chapter 27), the intake

of these feeds has been increased and concomitant increases in the

(61)

There have,

(59)

rates of digestion and passage have been observed.

(57,60)

however, been conflicting reports and recent work
suggests that increased nitrogen intakes, apart from any effects
upon ruminal bacteria and the rates of digestion and passage of feed,
may promote increases in voluntary intake because of an improvement
in the nitrogen status of the animal. When casein was infused into
the duodenum of sheep, their intakes of urea supplemented wheaten
straw increased although there were no measurable changes in the
rates of cotton thread digestion in the rumen, in dry matter
digestibility, mean retention time of the feed in the alimentary
tract, and the cextent of rumination activity. Improvements in
acetate and propionate tolerances were found suggesting that when
dietary nitrogen levels and the nitrogen status of animals are low,
intake is, at least in part, regulated chemostatically by the

ability of the animal to cope with these (and probably other)

metabolites.

Some other studies on the amounts of protein in feed

associated with satisfactory consumption and efficient utilization

(55)

have given results in general agreement with those of Moir and Harris.

(63)

Elliott and Topps found that dry matter intake was positively

related to crude protein content over the range 2.6 to 10 per cent;

the data suggested that the effect was greater below rather than
(64)

suggested that a minimum

(47)

above 8 per cent. Blaxter and Wilson
level of 8.5 per cent was required and Milford and Minson found
that the intake of two sub-tropical herbage species declined
significantly only when their crude protein content was 7 per cent

or less. From a statistical study of a large volume of published

data, Glover and Dougall(65) found that the digestibility of crude
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fibre plus nitrogen free cxtractive began to fall markedly at crude

protein levels below about 6 per cent.,

All these reports suggest that improvement in the crude
protein content of tropical and sub-tropical feeds, which is often well
below even 6 per cent for long periods of the year, may be one of the
important goals of the plant breeder in these areas. In temperate
zones, conserved herbage and particularly hay may contain as little as
1 per cent of nitrogen because the material has been cut at a mature
stage to obtain high yields per unit area, and may also have been badly
processed, In these cueses protein insufficiency is generally of 1less
importance than the energy wvalue, particularly if the feed forms only a
part of the ration or is given for only part of the year when other
feeds of higher protein content, such as fresh grass, are not awvailable.
If the herbage is cut at an carlier stage of growth in order to gain a
conserved product of higher encrgy value then the protein content will

also be higher.

The other feature of the data in Table 1 to be discussed is
the variation in intake at a given digestibility which, with feeds that
are not deficient in cobalt(193) or some other nutrient, reflects the
subjective evaluation by the animal of its feed. For example, the

intake by sheep of Setaria sphacelata at a digestibility of 55 per cent

was barely two-thirds the intake of Sorghum almum at the same

(47)

digestibility by similar animals. There appears to be greater
variability of this type with tropical than wish temperate feeds. In
any case, significant relationships between digestibility and intake

are more likely to be found within rather than between fodder species

or varieties, und legumes, including lucerne (Medicago sative) which
is not very highly digestible)(see Fig.2), tend to be eaten in greater
(351

amounts than are grassecs.

Any understanding of the animal's subjcective evaluation is
necessarily limited and must stem from empirical observations on feed
acceptability. These have bcen made in many trials where free choice
of a number of different cut grasses or types of pasture (66,67,68)
has been allowed, but attempts to link the observations with objective
measurements have so far met with little success. At the present

state of knowledge animals appcar to be fickle
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in their choice; apart from differcnces due to their species,
physiological state, experience and individuality the preferences of

(69,70,71)

the same animal may vary at different times. The nature

of the choice gecnerally has little if any significance in the sense

of self-regulatory nutritional "wisdom", i.c. thc deliberate selecction
of a particular feed in an attempt to meet the need for a particular
nutrient, though there are somc exceptions as in the case of induced

(126) The results of the choice may well be of

sodium deficiency.
importance from their effect on the amount of feed eaten and the
resulting productivity of the animal., A striking illustration is
provided by the syndrome of "ill thrift" in grazing lambs in New Zealand
wherce it has been found that a major causc of poor growth during autumn
(72)

is an abnormally low intake of herbage at this time. A similar

phenomenon, though smaller in magnitude, occurs elsewhere in the

(37,73)

world. In wholly pastoral areas, relative unacceptability of
some plants in a grazed community could be advantageous for these plants
would then form a reserve of fced for use during periods of feed

(261)

scarcity.

The senses of taste, smell, touch and sight are probably all
involved in the determination of feed preferences.(74) Many
characters of the plant that might perhaps affect the animal's choice
such as hairiness or scent,(69) could be measured only with difficulty,
if at all; the characters that were measured, say the degree of

(68)

contamination with excreta, soil or fungi, might be scaled in
inappropriate units or their importance unduly weighted,; whilst others
contributing to the net assessment by the animal might be totally

overlooked.

If part of the animal's response to a feed results from events
occurring at the cellular level, e¢.g. in tastc buds in the tongue, it is

unlikely that chemical data expressed in such terms as crude fibre or
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crude protein can be very uscful indexes. Discrimination may be
deternmined by the presence of an apparently novel constituent such as
the unidentified substance(s) extracted from a cultivar of Phalaris
arundinacoa.(75) Of other plant constitucnts there is conflicting
evidence on the importance of soluble carbohydrcte level.(67’77’78)
This may be an imperfect index of acceptability because it is only one

of & large number of associated variables in the feed. The
same comnment applies to observations made on the effects of the water
content of a feed,; both intra-cellular and on the surface as rain etc€76’79>
The report by Arnold(ao) that intake was directly related to water content
in the range 14 to 28 per cent was based on measurcments made on grazing
animals during a period of active plant growth. The direct introduction
of large volumes of water into the rumen, unless retained in a rubber
bladder that physically reduces rumen volume, does not reduce intake by

(81)

the animal.

Much of the discussion on the effect of water stems from

(82)

observations that the intake of silage incrcases with increasing drymess
but it is clear that water per sc¢ is not the causal factor.(83)
Addition of water to or its removal from a silage does not alter voluntary
intake which remains lower than the intake of hay made at the same time

from the same type of herbage. Variation in the water content of silage

is only one consequence of variation in the original material or in the

(49,50,51)
(84)

ensiling processes; other constituents such as acetic acid

(83)

and possibly some nitrogenous compounds, but not histamine,

appear to have a metabolic effect that results in reduced intake.

It is well known that phosphorus deficient animals have
depraved appetites(19o) and that low feed intakes are characteristic in

\
cobalt deficiency.(193} borne effects of major mineral fertilizers

will be discussed in a later section.
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DIGESTIBILITY

Probably the most useful single measure of the nutritional
value of a grassland fecd is its apparent digestibility. Apart from
the effect on feed intake already discussed, thc digestibility value
is a measure of the largest and most variable single loss to the
animal, by excretion, of energy and nutrients. For temperate grasses
the minimunm loss of energy in feaeces represents about 15 per cent of
intake and the maximum rarecly exceceds 50 to 55 per cent; corresponding
values for tropical materials are about 25 to 70 per cent respectively.
In contrast the losses of energy in urine or as methane do not, in

(21)

either case, usually exceed 8 to 10 per cent of gross energy intake.

The digestibility values obtained for a feed using healthy
ruminant animals have showm only small variation due to differences in
species, brecd, physiological state, age, activity and physical
environment, provided that the feed is given to the animals at a standard

(86,87,88,92) Level of feeding can be assessed by reference to

level,
the quantity required to achieve zero cnergy retention (maintenance), and
the effects of variation in level are illustrated by the results of a
large number of trials reported by Blaxtergsg) An increase from a
maintenance to a twice maintenance level in the intake of dried grasses
and hays given in long form was accompanied by a fall in digestibility

of 04119 times the indigestibility at the lower level, the fall
consequently being greater for feeds of lower rather than higher quality.
An effect due to level of feeding was also found with fresh herbage that
(90)

was prescrved by freezings; that it was not detected in another
study(91) probably reflects the difficultics of measuring dry matter
intakes accurately when green naterial, which shows short-term changes

in moisture content, is given.

The greatest differences in digestibility between feeds are
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those due to differences in stage of growth, and as the plants mature
their composition shows large changes. Some examples of the effect of
age on the digestibility and composition of temperate herbage species
are shown in Fig. 2A and Table 2.
(Fig. 2 and Table 2 hereabouts)
The goneral pattern of change is much the same for all species
but there are some characteristic differences, Legumes as a class,

with the notable exception of lucerne (Medicago sativa), maintain a

place amongst the most digestible components of pasture herbage and this
is also true of tropical legumes (Fig.2B). The digestibility of some

of the temperate grasses such as ryegrass (Lolium perenne) and cocksfoot

(Dactylis glomerata) remains roughly constant for some time after active

growth has commenced in the spring.(33) At about the time of ear
emergence digestibility starts to fall at a rate of 0.3 to 0.5 units

daily, a change that occurs in timothy (Phlcum pratense) from the start

of growth. The digestibility of the cocksfoot varieties now in use is
consistently lower than that of many other cultivated species though it

(94)

may prove possible to breed improved varieties.

Chemical and botanical changes are exemplified by the detailed
analyses of a ryegrass variety (Table 2). As with digestibility, the
changes in temperate species conform to one general pattern though the
absolute values for composition will vary. For example, the concentration
of soluble carbohydrate tends to be lower in cocksfoot and timothy than

(208) and legunes gencrally contain larger amounts of nitrogen

in ryegrass,

and minerals than grasses. The earliest growth increments in spring are

due to increases in leaf lamina and leaf sheath. These parts of the

plant contain proportionately more nitrogen, lipid, carotene and minerals

and less lignin, and are nore digestible, than the stem which begins to
(100,112)

elongate rapidly once the flowering hcad emerges. The leaf

lamina then becomes a steadily smaller proportion of the whole plant.
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To the animal the most important change is the progressive
increase in structural constituents and especially lignin which, with
a variety of other substances, contribute to the crude fibre fraction
that is commonly determined (sce Chapter 1). Lven in the young plant,
cellulose and hemicellulose comprise at least one-third of the dry
matter, but are then highly digestible.(97’101) As their concentration
in the plant increases to 50 per cent or more, so their digestibility
decreases. This may be due in part to physico-chemical changes, such

(97,102,103)

as an increasing crystallinity or degree of polymerization
of the cellulose, but is mainly due to increasing lignification.

Lignin is virtually indigestible - the disappearance of small amounts in
passage through the gut may be an artifact arising from difficulties in

(104,105) _

exact chemical determination and it reduces the extent and the
rate of breakdown of the structural carbohydrates by combining chemically
with them to form materials that are resistant to enzymic degradation,

(97,102,105,106, 348)

as well as by forming physical barriers to digestion.

The increase in structural components is accompanied by a
decrease in the crude protein (nitrogen x 6.25) content of the plant and
lignification of cell walls will impede the digestion of this and other
constituents. Values obtained for the apparent digestibility of the
crude protein, however, reflect the large amounts of metabolic faecal
nitrogen (M.F.N.) excreted by the animal.(349) This excretion includes
cellular detritus from the gut mucosa, glandular secretions such as
mucoproteins and digestive enzymes and microbial protein, and can be
related to the amount of feed caten, about 0.4 g nitrogen being excreted

(107,108) As dietary crude protein levels

per 100 g feed dry matter.
fall from initially high values the M.F.N, becomes an increasingly large
fraction of total faecal N. Apparent digestibility consequently

declines with increasing rapidity from a maximum of 80 to 85 per cent

until at a crude protein concentration in the dry matter of from
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(109’110) Most of

2 to 4 per cent, zero and negative values are found.
the nitrogen in the plant is organically combined though as much as
30 per cent may be in non-protein form. This fraction is soluble in
water and normally includes some 5 to 10 per cent of inorganic

nitrogenous compounds.<ﬁ1’112)

The water soluble carbohydrates can constitute from as little
as 1 to more than 30 per cent of the plant dry matter and are wholly
digestible. The concentration does not follow a readily definable
pattern but reflects the balance between the rate of production by
photosynthesis and the rates of utilization in energy metabolism, for
the elaboration of polysaccharides and protein for growth, and for
storage in root or seed, as determined by the physiological state of

the plant.(1oo’112)

Under many systems of management grassland herbage may be
utilized almost as it grows, allowing little opportunity for large
changes to occur in digestibility and composition due to maturation.
When successive month-old regrowths of temperate grasses are examined it
is generally found that they are not as digestible as the first growths

in spring although in late summer the plants may consist almost entirely

(99,113,114)

of leaf lamina and contain considerably more crude protein.

Later growths of leaves have been found to contain greater amounts of

(115)

structural carbohydrates than first growths and water soluble

(116) It herbage left standing

carbohydrate contents are usually low.
through the winter suffers frost damage and leaching the material
remaining green can be of good quality but the digestibility of the

entire plant falls appreciably.(117)
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Tropical herbage plants are almost all adapted to a short
groving season before flowering. Seasonality of rainfall and of
adequate soil moisture often restricts growth to short period(s) of the
year and though the first, vegetative, growth can be 75 per cent
digestible and contain from 15 to 20 per cent of crude protein the

(118)

rapid onset of flowering causes a rapid decline in quality. The

crude protein content of the grasses becomes so low that negative
apparent digestibilities and negative nitrogen balances in animals

(41)

maintained on these feeds are common. If frost occurs in sub-
tropical areas it kills the aerial growth of many of the legumes and of
indigenous grasses; dry mature growths of cultivated grasses here and
in tropical regions often decline in quality rather slowly during the
dry season (0.05 to 0.15 units of digestibility per day - Fig. 2B) as
(47)

do surviving legumes. dnalyses as detailed as those given in
Table 2 have not been reported for tropical grasses but these plants do
show similar changes in composition with wge. Even young growths,
however, rarely contain less than 30 per cent of crude fibre in the dry
matter, later increasing to over 40 per cent when crude protein contents

can fall to as low as 1 or 2 per cent.(41’119’120)

UTILIZATION BY THE ANIMAL

Not all the energy of the apparently digested nutrients is
available to the animal for cellular metabolism. The microbial
digestion of cellulosic feeds results in the production of considerable
volumes of methane and its removal by eructation, and the loss of energy
from the rumen as heat of fermentation which is of no consequence to the
animal in a thermo-neutral environment. By convention, the apparently
digestible energy minus the methane energy, but not the heat of fermen-
tation, and minus the gross cenergy of the urine is referred to as

metabolizable energy.
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At maintenance levels of feeding and above, the urine energy
does not usually amount to more than 8 per cent of the gross energy of
the feed. (89) The loss tends to decrease with increasing intake (98)
but shows little relationship with feed digestibility. It is better
described by the amount of carbon in the urins (89) than the amount of
nitrogen (123,124) which reflects the nature of the diet. Herbages of
high digestibility generally have a high nitrogen content and in excreting
more nitrogen in the urine than from feeds of lower digestibility and
nitrogen content, the animals lose a larger proportion of energy

(73,98)

intake. Only part of the nitrogen is excreted as urea with a

calorific value of 5.45 kcal/é nitrogen, Iarge amounts of hippuric
acid, the purine derivatives uric acid and allantoin, and detoxication
products are excreted as well as xylose and other non-nitrogenous

compounds, as in the special case of essential oils from some desert

(21, 121)

range plants. The excretion of all these substances is in

part a consequence of ruminal digestion and the metabolic activity of the

9
(122) and may result in a heat of combustion as high as

(21)

micro-organisms,

35 kcal/g urinary nitrogen.

In general the methane produced in the digestion of herbage
represents about 8 per cent of total energy intake. The loss tends to
decrease with decreasing apparent digestibility of the feed; again as a
percentage of total intake, it tends to decrease as the level of feed

(89,98)

intake risecs. These effects reflect changes in the extent of
breakdown of holocellulosc which chiefly determines the digestibility of
the herbage diet as a Whole.(97) Scveral workers have reported that
around 4.7 g of methanc are produced per 100 g digested carbohydrate.(125)
These relationships are not cntirely satisfactory perhaps because
"digested carbohydrate" is dctermined only indirectly by the Weende
system of summative analysis (see Chapter 1) and is the digested crude

fibre plus digested nitrogcn-free extractive. A better relationship

would be expected with directly determincd chemical entities as has
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been found in one case where methane and digested cellulose were

(73)  gorin127)

examined. has proposed a theoretical rumen fermentation
balance which allows the estimation of methane production from the
molar proportions of acetic, propionic and butyric acids in ruminal
liquor; this approach has received some suppo:t from experimental

observations.<128)

Calculation from the balance equation of the heat
production associated with cellulose fermentation gives a value of about
7 kcal/ﬁOO kcal cellulosc digested which is in good agreement with that
of 6 kcal obtained by Marston.(129) If methane is used as an index of
fermentation heat Marston's data yield the relationship of 0.8 kcal/kcal
methane which is the most generally accepted of the few estimates

(130,131)

availablec.

The loss of up to 15 per cent of the gross energy of roughages
as methane plus heat can be regarded as a price to be paid for the
microbial digestion that permits the utilization of these feeds by the
animals. Quantitatively, thc most important end products of the
digestion are the steam-volatile fatty acids (V.F.A.) acetic, propionic
and n butyric and together they probably provide well over half the

(132,133,134,262)  qpo oppiciency with

total energy supply of ruminants.
which the energy of V.F.A. is utilized by the animals appears to vary with
the molar proportions of the acids in the mixture and the purpose for
which they are used. The efficiency of lipogenesis increased as the
proportion of acetic acid fell,(135) though conflicting results have

(352)

recently been reported. The cefficiency of milk synthesis changes
in a similar way unless the fall is very large, and the propionic acid
levels are high; milk fat production then decreases markedly due to a
change in the supply of acetate and Y>hydroxybutyrate precursors.<136)
A marked decrease, to 2 per cent or less of fat in milk rarely occurs

(137)

when cows arc at pasture unless the feed contains exceptionally
low amounts of structural carbohydrate. It is also uncommon when

rations, even those including large amounts of readily fermentable

eeo/21



carbohydrate feeds such as cooked maize, contain more than about 25 per

cent of long roughage.(138) The efficiency of utilization of V.F.d. for
maintensnce alsoappearsto vary inversely with the proportion of acetic

acid but the range of the variation is much smaller than that shown

(73,98,139)

when fat or other materizls are synthesized.

Of the V.,F.,A. produced from herbage feeds, acetic acid normally

mo%gr ( )
constitutes from 50 to over 70 per cent of theAtotal . 134

Many
studies have now shown that a change from lower to higher values, and

a corresponding reduction in the proportion of propionic plus butyric
acids, accompanies increasing maturity and fibre content and decreasing
digestibility of the feed.(140’141) This changc is also reflected in
the performance of animals; the percentoge utilization of the M.E. of
the diet falls (see Table 2). Variation in the proportion of acetic
acid is also reclated, inversely, to water-soluble carbohydrate which
(134,140,142)

promotes the formation of propionic acid. Relationships

between the composition or digestibility of the feed and the proportions
of propionic or butyric acids have generally not been so precise as those
with acetic acid. There appears to be a fine bhalance in the rumen
between conditions that favour the relatively greater production of

(140)

the outcome may depend in part upon

(143)

either the C, or the C, acid;

3 4

the extent of acetate-butyrate interconversion.

As with digestibility values, V.F.i. proportions show some
variation between herbage species. They show rather small changes
with increasing maturity of pasture legumes and the acetic acid level
tends to be higher when cocksfoot, rather than other temperate grass
gpecies, is eaten.(14o) In addition, tropical herbages yield higher

proportions of acetic acid than temperate feeds;(144) this would be

expected from the difference in crude fibre contents,
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There has bcen considerable discussion on the nutritional

(114) which quite often

significance of the water-soluble carbohydrates
constitute as much as one-quarter of the digestible dry matter of

temperate herbages. Substances so reactive, and in such amounts,

mst have a considerable effect on the course of microbial digestion.

It is known that ammonia concentration in the rumen falls when a

readily awvailable carbohydrate, starch, is added and thecre are probably

effects on the nitrogen economy of the anima1(145) (see Chapter 3).

In addition, the production of V.F.A. containing a high proportion of
propionic acid could be expected to improve animal performance but

there is, as yet, little supporting evidence. Workers in New Zealand(146'147)
reported that carcass-weight gains by sheep at pasture could be related
to the carbohydrate contents of the herbages but no measurements were
made of the quantities eaten and these effects could well have been

(276)

confounded with those due to differences in feed intake. More
certain evidence was obtained in a calorimetric tria1(73) where

studies on two herbages of very similar chemical and botanical
composition, apart from a difference in soluble carbohydrate content,
and of the same digestibility, yielded a consistent series of
observations. The ccllulose of the herbage with the higher sugar
content was digested to a significantly smaller extent and less methane
was produced; the V.F.A. produced in the rumen included

a significantly higher proportion of propionic acid, and the

metabolizable cnergy of the feed was used by the animal more efficiently.

ASSESSMENT OF NUTRITIONAL VALUE

It is desirable that any feed can be described in terms of its
nmutritional worth in a particular set of circumstances so that the

performance of individual animals can be predicted, or determined,

(21)

with some precision. When confronted with the immense range of



feeds produced by grasslands the problem is to select one or more common
characteristics that can be determined readily and will give reliable

(148)

estimates of feeding value.

Biological Methods.

The ultimate test of a feed is animal performance and if this
is measured in terms of energy and nitrogen retentions, uncertainties
about the caloric and protein contents of liveweight gains etc. are
largely resolved. Nitrogen retention can usually be measured at the
cost of little extra analytical work when digestibility trials are made.
On the other hand tie measurement of energy retention involves much

skilled but laborious and time consuming work(149) (see Chapters 30 and 31).

Feeding systems based on the net energy concept, which stems
from the fundamental calorimetric work of Kellner and .armsby have,
however, been used in practice in Burope for many years. The evaluation
of feeds for these systems - staroh equivalent (SE), Scandinavian Food
Unit etc. -~ is based on mcasurements of digestibility as is the Total
Digestible Nutrient (TDN) system of N. America. It is done by summing
the quantities in the feed of the digestible nutrients determined as
true or crude protein, crude fibre, nitrogen free extractive and crude
fat with weightings that approximately represent their relative energy
values. To calculate the SE of roughages the values obtained are then
reduced by between 0.29 and 0.58 times the crude fibre content of the
feed as used, depending upon the amount present. This has the apparently
odd result that if the lower factor (0.29) is appropriate to a fresh
herbage the higher factor will apply to the same material after it has

(150,151)

been dried.

That 2 single fecd may be assigned values which differ widely

according to the method of assessment is due to inconsistent assumptions
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about the efficiency with which the energy of digested mutrients is
used by the animal; it also reflects the inherent but mistaken view
that a unit of SE or TDN etc. has constant value to the animal regard-

(21)

less of the purpose for which it is used. Nevertheless, measure-
ments of digestibility remain as a firm basis for the azssessment of
energy value. 4s Dijkstra(151) has pointed out, the calculation of

SE is essentially the application of the crude fibre '"correction" to

the digestible organic matter (DOM) content of the feed. The situation
with TDN is similar. Swift(15) has described its determination as a
laborious, cumbersome, indirect and inaccurate effort to determine
digestible energy. From a study of many roughages he found that the
caloric value of the TDN was 4.41 b4 0.13 kcal/g. Very similar
values, showing slightly larger variation, are commonly found for the
energy value per g of the digestible dry matter (DIM) or DOM of grassland
feeds. This result reflects the large contributions of cellulose

(4.2 kcal/é) and other polysaccharides with varying, but smaller, amounts
of protein (5.7 kcal/é) to the energy they supply. Crude fat is a
relatively small part of thissupply and a significant fraction of the
ether-extractable material of herbage comprises plant pigments, fatty

(112) consequently the

acids, nitrogenous substances and even some ash;
standard value for the heat of combustion of fat, 9.5 kcaL/g, is usually

inappropriately high.

Measurcments of the amounts of DIM or DOM consumed by cattle
and sheep therefore provide good estimates of apparently digestible
energy intake and may be obtained fairly readily. Measurements in terms
of OM are often preferred to those on o DM basis because mineral matter,
which as such has no energy value to the animal, is excluded and because
the ash content of the feed, which is normally some 5 to 10 per cent
of the dry matter, may be increased massively by contamination with soil.
The calorific value of DOM, however, tends to be a little more variable

than that of DDM$153) probably because variation in the amount of
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protein has a proportionately greater cffect.

Moir(154) has shown that there is almost a 1 : 1 relationship
between the per cent apparently digestible encrgy (Y) and per cent dry
matter digestibility (X) over a range of X from 30 to 73. The
regression equation that he obtained : Y = 1.006 » -2.013 accounted
for 99.6 per cent of the variation in Y. For a large number of feeds
of different types (but apparently excluding oil-seeds which have high
heats of combustion), of digestibilities (X) from 3C to 83, and given
at various levels to both cattle and sheep, he found that 96.2 per
cent of the variation in digestible encrgy kcal/gDM (Y1) was accounted
for in the equation Y1 = 0.0462 % -0.158. The range in Y1 was from
1.24 to 3.65 kcal/é. A similar and precisce relationship for

(153)

sub-tropical herbages has been reported.

The determination of per cent apparently digestible energy (ADE),
or of DM digestibility if a bomb calorimeter is not available, can also
lead directly towards the evaluation of fceds for the feeding system
proposcd by Blaxter.(21’155) In this system rations are devised so as
to predict animal performance on the bases of the amount and concentration
of metabolizable energy (ME) in the feed(s) to be supplied. The
determination of ME requires the measurement of methane production as
well as of energy losses in faeces and urine but only small errors accrue

if ME is assumed to be 80 per cent of ADE.(21’98’152)

The apparent digestibility (D) of thc energy, DM or OM of a feed
times its voluntary intake (I) gives the total digestible intake (DI).
As has been seen (Fig.1), I and D arce correlated and the question arises:
which of the two is the more important in determining DI and thence the

level of animal production? The data of Miller,<35) Milford,(41)
Minson,(33) (36)

(156)

and Conrad were examined by the method of Henderson and

Hayman who showed that when a regression analysis of the type
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log1O DI = log10 I+ log10 D is made, the regression coefficient
bx ¥ = (Cov (y,xia/’var y) represents the proportion of the variation
i

in the dependent variable y that is attributable to variation in X; o

It was found with both temperate and tropical herbage that from
60 to 75 per cent of the changes in DI werc accounted for by changes in
intake as such. Voluntary intake thercfore appears to be a better measure
of the value of a feed than its digestibility determined under the usual
conditions of restricted,; constant, daily intake. Measurenents of
digestibility, and thence of DI, can of course be obtained whilst
voluntary intake is being studied but there is a practical difficulty.
The variation in digestive efficiency between animals, expressed as a
coefficient of variation, is generally found to be of the order of 50) per
cent but the variation in intake is some five times grecater. Thus if
groups of threec animals arc used there would be a 90 per cent chance of
showing a digestibility differcence between two feeds of about 5 percentage
units, or nore, significant at P = 0.05 but there would be a similar
chance of showing a significant differcence in intakes only if the
difference was as large as approximately 40 per cent. There may well
not be the facilities awvailable for groups of ten animals which are
required if differences in intake of from 15 to 20 per cent are to be

detected.(33’157)

If the voluntary intake of ADE can be measured it does predict

quite closely the performances of similar animals given the feed ad

(32)

libitum. Crampton and his colleagues have devised a "nutritive

valuc index" (NVI) which is essentially the ADE(kcal) consumed per kg
0.75,
9

liveweight their index could more simply be expressed in these

terms than by taking the further step of dividing by the arbitrary
constant 80 (the "expected intake of Standard Forage" in g/kg 0'75) to
obtain the NVI.(153) Corrclations between NVI and liveweight change of

from + 0,88 to + 0.94 have becn reported when a change of 0.5 kg in

1



= 27 =

liveweight over a period of 11 days was found to reflect a change in

NVI of about 8 units.(32)

Digestibility values themselves certainly provide a good
general index of the nutritional value of feeds but how meaningful is
this index when differences in digestibility are small? For example,
are the differences of about five percentage units between ryegrass and
cocksfoot at similar stages of growth (Fig.2) reflected in animal

(158)

performance? It has been found in practice and in controlled

(159, 160)

experiments that cocksfoot pastures do not sustain milk
production by cows at as high a level as that concurrently obtained
from ryegrass; a corresponding difference in lamb growth-rates has also

(161)

been reported, These effects, however, are probably not due

simply to the lower digestibility or intake of cocksfoot; it is likely
that they also reflect differences between the grasses in the metabolites
they yield on digestion. When growing lambs were given equal amounts of
digestible dry matter as either cocksfoot or ryegrass it was found (162)
that significantly more of the digestible energy of the ryegrass was

retained as a significantly higher carcass gain, and that this grass

gave a lower proportion of acetic acid in the ruminal VFA.

Do the molar proportions of VFA or their concentrations in the
rumen provide a good index of nutritional value? As shown above and on
page 21, relationships between the proportions and animal performance may
be found in experiments where feed intake is controlled but the signif-
icance of, say, a high proportion of propionic acid cannot, as such, be
readily assessed. If a "good" acetic:propionicsbutyric ratio of
60 : 25 : 15 respectively referred to a total energy supply from these
metabolites of 1 Mcal/ﬁay it could not be expected that an animal
would fatten more quickly than on a feed yielding 2 Mcal/ﬁay of a
"poor" 75 : 15 : 10 mix, although this mix might be used less

(21)

efficiently for lipogenesis.
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There are still some further problems. The proportions of the acids

may vary with time between animals and between sites in the rumen.

(134)

Their concentrations at any particular point in time represent

the balance between production, absorption, passage along the

(134) .

in a rumen

(133,143,262,263)

intestinal tract and conversion to other comp~unds

(163)

that can vary considerably in volume. Recent work
suggests that concentration does indicate the rate of production but
account must also be taken of the contributions to the total energy
and nutrient supply made by other metabolites. For example, when

two dried grasses were given to lambs the resulting VFA patterns showed
significant differences but encrgy retention by the animals were
similar; it appears that other differences between the feeds,

especially their nitrogen content, played a part in determining the

result.(164)

If nitrogen retention by the animal is measured it can be
used to assess the protein sufficiency of a feced only when the energy
retention is zero or positive. When in negative energy balance the
animal catabolizes body tissues with a consequent increase in urinary
nitrogen excretion and its losses of nitrogen, which tend to steady
at a certain maximum value before death ensues, are more related to a

dietary deficiency of energy than of protein.(110)

Chemical Methods.

The marked changes in the chemical composition of herbage
that occur as the plants mature provide obvious indexes of the
accompanying changes in feeding value. ' Innumerable relationships
have been reported and here they will be discussed only in the

general terms of their validity and usefulness,
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For the prediction of the available energy of herbage,
expressed in such terms as dry matter digestibility, SE, TDN, etc., and

(167)

as net energy values , indexes used have included nitrogen, crude
fibre, lignin, methoxyl (part of the lignin molecule), and normal-acid
fibre (similar to the crude fibre determination but omitting the alkaline

(95,165, 166)

extraction The most commonly used index of the digestible

crude protein in a feed is its crude protein (N b'd 6.25) content.

In predicting energy values some relationships and indexes are

(168)

relatively more successful than others. Raymond has demonstrated
the inadequacy of nitrogen : OM digestibility equations; from the
results of 260 digestibility trials with grassland herbages he showed
that a content of 2;5 per cent N indicated only that the digestibility
lay somewhere between 53 and 33 per cent - '"one could easily have guessed
better than this." To a greater extent than with structural carbo-
hydrate and lignin the relationship of nitrogen with digestibility is
associative rather than causative. Precision is increased if the range
of feeds included in the regression equation is restricted, but the
residual standard deviation is still no smaller than = 3 to 4 digestibility
units which is the level of precision of most equations whatever chemical
index is used. These values mean that little confidence can be plaeed
in calculated differences between feeds if the differences are less than

T to 9 digestibility units.

Prediction equations are usually based on data from a restricted
range of feeds but far too often the equations are apnlied quite out of
sontext. As an example the equation of Watson and Horton (169) that
related SE to crude protein content is often quoted although these

authors warned that it should be applied only to '"grassland herbage

containing a fair proportion of olover." Even if this advice is
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heeded and the application is appropriate, the precision with which SE
will be predicted will not be high as they themselves pointed out; the

equation had a residual standard deviation of : 3.6.

The failure of chemical mcthods to classify feeds according
to their energy value with the precision that is often required reflects
the inadequacy of the usual analytical techniques. Thus the determination
of the gross amount of lignin in a plant does not indicate how it is
distributed within the plant and its location relative to other components

(105,106,170) 1 L4qition, it is difficult to see

may be of importance.
how even quite extensive analyses could readily explain biological
phenonena such as differences in feed acceptibility. It is possible that
a case could be made for simply measuring the proportion of a feed that

(171)

was soluble in water for this would at least determine the most
reactive substances entering the rumen, namely soluble carbohydrates and
nitrogenous compounds. Nevertheless there is every reason to suppose
that analytical techniques that have been current for 100 yecars or more,

the crude fibre and similar methods, can be improved upon, leading to a

much better identification of feed quality (seec Chapter 1).

The digestibility of the crude protein in herbage or the
amount of digestible crude protein (DCP) it contains can be predicted
satisfactorily from the chemically determined N content. The true
digestibility appears to show little variation around a value of 90 to
92 per cent but the apparent digestibility (Y) falls exponentially with
decreasing concentration (X) because of the increasing amounts of MFN
(p.16) excreted relative to the amounts of undigested feed N. This
is illustrated by Mitchell's''7?) cquation Y = 42.64 (X - 5)0+215
which he derived from a large body of data. Glover, Duthie and

(109)

French suggested that their equation Y = 70 (log1o X) - 15, which
was also derived from a large amount of published information, was

more satisfactory at the lower values of X. Other rather similar
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(114,173)

equations to describe relatively restricted ranges of temperate
and sub-tropical(11o) forages have been reported. The small differences
between values of Y predicted from the various equations for a given value
of X probably reflect differences betwcen genera of animals (sheep vs.
y(174)

cattle) and between spccies (Bos indicus vs. B. taurus as well as

between feeds. Whereas Glover ct al found that Y became zero at a

)

crude protein content of 1.8 per cent, Milford and Haydock(11o observed
a value of 3.9 per cent and also found that zero N retention in the
animal was attained at a digestibility of 49.3 (95 per cent confidence

linits approximately & 2.5).

The amount of DCP (Y1) in the feed may be of more interest than
the digestibility of the crude protein when animals are hand-fed.
Rectilinear regression equations of Y1 on the amount of crude protein in
the feed have been reported(173’175) that had low residual standard

deviations in the range : 0.46 to 0.85 per cent.

Other Methods.

In-vitro digestibility. - A quasi-biological method, the in-vitro

digestibility technique, is now being used increasingly. In onec two-
stage techniqpe(176’177) that is widcly employed, small (0.5 g) samples
of dried, ground, forage are incubated anaerobically at 3800 in glass
tubes containing buffered ruminal liquor. After 48 h the tubes are
centrifuged, or their contents are filtered, and the solid matter is
incubated with pepsin solution for a further 48 h. From the weights
of dry matter or organic matter remaining, which are adjusted by
applying the results of dcterminations on blank and on standard samples,
the in-vitro digestibility is calculated. In another technique(178)
the proportion of the cellulose in a feed that has disappeared after
incubation for 12 h with buffered rumiral liquor is related to the

Nutritive Value Index. A further method(179) is to insert into the

rumen of an animal by way of a fistula, a nylon mesh bag containing a
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sample of feed and to measure the rate of loss from the bag.

Criticism of these techniques on the grounds that they do not -
and cannot - exactly match in vivo digestion is misplaced. Their
purpose is to obtain a useful and repeatable measurements, and the use
of ruminal liquor as a source of a wide range of cellulolytic and
other enzymes is primarily a matter of convenience rather than of
imitation. It may become possible to replace the liquor by standardized

(189) Unfortunately, the relationships of the

enzyme preparations.
results to digestibility values obtained for the same feeds from animals
are often reported as correlation coefficients (r). The information
required is not simply that the coefficient of determination (r2 x 100)
is, say, 85 per cent, which may in any case be unduly affected by a few
of the results obtained, but it is the precision with which a value can
be predicted.

(176)

Tilley and Terry applied their two-stage technique to
measure the in vitro digestibility (X) of 148 different samples of
grasses and legumes of known in vivo digestibility (Y). The residual

standard deviation of the rectilinear regression equation of Y on X was

t2.31 units of digestibility. This value, which is of the same order
as those found from other, similar experimentsg177) still means that

estimated values of Y that differ by less than 6 digestibility units

will not be significantly different. Nevertheless this is a greater
degree of precision than can be achieved with any other general relation-
ship for the prediction of digestibility, such as those based on chemical
composition. The technique can be applied to problems which purely
chemical methods of analysis have been unable to solve, and which could
not readily be studied in vivo. For example, the separate digestibilities
of the leaf and stem fractions of growing herbage can be studied and the
information obtained sheds light on the spring '"plateau" of digestibility

(176,180)

(Fig.2). It is also of great value in plant breeding work

ees /23,



where very large numbers of individual plants, each yielding rather
small amounts of herbage, have to be examined; plants showing
significant differences can be chosen for further study. For this
work the index for the initial selection can be in vitro digestibility
as such. If care is taken to maintain anaerohic conditions during
the fermentation stage, and well defined standard samples of high and
low digestibility are included in each run for comparison, the standard
error of the mean of duplicate measurements is usually less than one
digestibility unit; between runs it is a little over one unit.(176’177)
If the intention is to predict in vivo digestibility or metabolizable
and net energy values£27o) then a regression equation must be obtained
by the individual worker for his own situation.

(181)

Date of Cutting. - Reid reported that the dry matter digestibility

(Y) of first growths of herbage species grown in the N.E. regions of the
U.5.A, was related to time of cutting in days elapsing after April 30
(X) by the equation ¥ = 85,0 - 0.48 X; the residual standard deviation
was * 1.65 per cent. This is a general description of digestibility:
time relationships appropriate to the latitude where the data were
obtained; other starting dates would apply in other 1atitudes.(95)
The rate of decline in digestibility, 0.48 units daily, approximately
corresponds to the rates illustrated in Fig. 2 but would not take account
of the early '"plateau" in digestibility of ryegrass and cocksfoot found
in the U.X. Cocksfoot varieties grown in Europe have not been found

to be as digestible as 85 per cent, the theoretical maximum from the
equation which does not distinguish between this and other species or

(99) pointed

between early and late growing varicties. Minson et al.
out that on one day the digestibilities of first growths of cocksfoot
(var.S37), ryegrass (S24) and ryegrass (S23) were 59, 65 and 75

respectively.

This type of equation is not readily derived for second and
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later growths of herbage but is of value in practice when the time to

harvest a first cut for conservation has to be decided.

Plant Morphology. - Although a leafy herbage can be expected to be more

digestible than one containing a high proportior of stem the relationship
between digestibility and the per cent of dry matter yield as leaf lamina
is by no means precise. When monthly regrowths of ryegrass and cocks-

(99)

foot were examined it was found that the second growth was more
digestible than the first although it had the lowest leaf percentage in
the series and contained some flowering stems. In subsequent regrowths
the leaf percentages increased but so also did the contents of hemi-
cellulose and 1ianin{113) and the digestibility of the whole plants fell.
Data on the in vitro digestibility of leaf, leaf sheath and stem
fractions and on the in vivo digestibility of feeds made up to contain
these fractions in different proportions show that stem, particularly if

of recent growth, can be at least as digestible as leaf.(33)

Entries in tables of feed composition are frequently in such

(182) Morphological characters

(183)

terms as, "meadow hay, good average'.
are also the basis of the official hay grading system in the U.S.A.
When forages so identified are given to animals the results are

frequently a salutory reminder of human fallibility.

Miscellaneous. - Attempts to substitute small laboratory animals for

the larger ruminants to determine digestibility have not been very

(184)

successful. Other methods of evaluation proposed have included

(185)

measurements of the weight gains of cricket nymphs given ground herbage,
(186)

microscopic examination, the rate of breakdown during mechanical
maceration,(187) leaf strength(188) and various enzymic and chemical

procedures(171’189) (sece Chapter 1).
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General.

The nearest approach to a single, comprehensive measure of
nutritional value is probably the voluntary intake by animals of
digestible dry matter but if low values are found they may be due to
any of a number of causes that will not be directly measured. The
criteria of nutritional value chosen will depend on the facilities
available, the precision required and any special circumstances.
Biological methods are to be preferred to chemical if the number of
feeds to be examined is not too large but it may be wise to determine
mineral content(s) when deficiencies are liable to occur. In temperate
areas energy value is of prime importance; in sub-tropical areas
Milford(41) suggests that voluntary intake, the digestibility of dry
matter and crude protein, and nitrogen balance should be measured.

If prediction equations are used their validity should be checked and
notice should be taken of their precision as indicated by the residual
standard deviations rather than by correlation coefficients.
Digestibility determinations in vitro are generally more precise, and
with proper care are more accurate than values calculated from the

chemical composition of the feced.

MINERALS.  FERTILIZERS.

An extensive review of world literature on deficiencies and
excesses of minerals in pasture herbage was published in 1956.(190)
Since that time it has been recognized that selenium, already known

to be present in excess amounts in the vegetation of considerable areas
of the N. American continent where chronic selenium poisoning occurs,
is an essential nutrient and that deficiency states in grazing animals

(191,192,193,265)

are of widespread occurrence. The major clinical
manifestation is a muscular dystrophy in lambs and calves often

referred to, descriptively, as white muscle disease; infertility in
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ewes has also been observed. Growth is reterded when available selenium
levels in herbage are below =~bout O.1 p.p.m.; there have been many
reports of increased rates of liveweight gain after the sub-cutaneous
injection or oral administration of 1 to 5 mg (lambs) or 10 mg (calves)
of the element, usually as selenate or selenite. The very narrow margin
between sufficiency and toxicity mekes the direct application of
seleniferous fertilizer to pasture too hazardous a means for correcting

Se deficiency.

A second major advance made in recent years has been the
development of the cobalt 'bullet', now very widely and successfully used
for the prevention and correction of Co deficiency in grazing animals.(194)
The bullet, about 2 cm3 in volume, contains cobalt oxide and in order
to reduce chance regurgitation(264) is so made that it has a high
specific gravity. It remains in the reticulo-rumen after oral
administration and yiclds a steady supply of Co to the ruminal liquor.
A steel grub-screw of similar size is also usually administered so that
the surface of the bullet will be abraded continually, preventing the
(195)

deposition of an impermeable coat of calcium phosphates.

The concentrations of minerals in plants reflect the inter-
relations between (1) genus, species or strain of plant; (2) the nature
of the soil; (3) climate and season; and (4) the stage of maturity of
the plant.(193) It has to be remembered however, that a change in the
amount of a mineral in plaont matter does not necessarily represent a
change in the amount ..vailable to the anima1(196) and that a dietary
level adequate in one situation may be insufficient in another (as,
for example, in the case of the copper-molybdenum-sulphur synergism

Chapter 10).

Apart from large genetic differences between plants, as

between legumes and grasses where legumes almost invariably contain
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higher concentrations of calcium 2nd phosphorus and of many but not all
trace elements; veriation in mineral content has also been observed
where the differences are relatively small. For example, ten-fold

(197)

differences in iodine content were found among strains of ryegrass
growing together and differences betwcen species and varieties of grasses
in the uptakes of major minerals (i.g., those measured as per cent rather

(198’199’200) Changes in

than p.p.m. of dry matter) have been reported.
the mineral contents of plants as they mature do not conform to a single
pattern and are generally of less importance in temperate than in
tropical areas wherc, for example, the progressive fall in phosphorus
and sodium levels will aggravate any incipient deficiencies of these

(119)

nutrients.

The minerzl composition of plants reflects to some degree the
nature of the soil and responds to the alterations brought about by
applications of fertilizers and trace elements or other treatments,

(201’202) Thus an increase in the

2.8+, changes in pH due to liming.
relative concentration in the soil of any one cation will increase its
concentration in the plant and reduce that of the others but fertilizers
have additional effects of wider significance, namely the promotion of
increased plant growth and of changes in the botanical composition of
grasslands. Discussion of the effects of fertilizers will be confined
to those that supply the major plant nutrients nitrogen, phosphorus and

potassium; it will be assumed that there are no gross deficiencies of

these or other minerals essential for plant growth.

Plants normally need more nitrogen than any other mutrient and

(203) Unless

a shortage of nitrogen commonly limits herbage production.
applications in fertilizer so enhance the growth of grasses that the
uptake of nitrogen does not keep pace with the large increases in dry

(5)

matter yield that can be obtained, the nitrogen content of the grasses

will be raised. When light intensity and photosynthetic activity are
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low but there is abundant soil moisture and a high temperature this

increase may, rather uncommonly, be due in part to the accumulation of

(111,205)

nitrate with consequent risk to animal health. Nitrogenous

fertilizers applied to temperate grasslands have often been shown to

(206)

reduce the clover population. Unless the amount applied is large

enough, say 40 ng/ha/&ear or more, to compensate for the reduced
contribution of N from the rhizobia assiciated with the clovers, the
crude protein content of the whole herbage and even its dry matter yield

may be reduced. Nitrogen does not appear to have any large direct

(245)

effects on the digestibility of herbage plants but their energy

value may be changed because of the marked reduction in fructosan content

(100,207, 208) The ruminal liquor of sheep grazing pasture

(209)

that it causes.
heavily fertilized with N was found to contain higher concentrations
of soluble non-protein N, ammonia and nitrate, a lower total VFA
concentration and proportion of butyric acid, and a higher proportion of
acetic acid than that of sheep grazing lightly fertilized pasture.
Nitrogenous fertilizers increase the carotene content of grasses(1oo) but
only minor changes have been found in trace elecment concentrations even

with applications as large as 390 ng/haAyear for several years.<206’210)

It is most improbable that the needs of animals for potassium
would not be met from grassland herbage, even that grown where the amounts
available for the plants were grossly insufficient. Potassic fertilizers
applied for the maintenance of a high level of herbage production, which
is particularly necessary if the growth is cut and removed for conservation,
will raise the K content of the feed. It has been suggested, notably

by Dutch workers,(211)

that excessive applications will, by altering
mineral composition, promote the development of hypomagnesaemic tctany in
lactating dairy cows and sheep. Experimental evidence generally does
not give very much support to this view. Hypomagnesaemia, if found,

may be of little significance unless it is also found that there is an

increase in the incidence of clinical tetany; the number of animals

.../39.



used in experiments has frequently been too small, and the frequency of

tetany too low, to yield unequivocal results(212) (see Chapter 29).

Phosphatic fertilizers increase the P content of herbage but
by far their most important usc is to raise the phosphorus status of
the soils of the pastoral areas of the world, thence to promote the
growth of legumes and set in train events that lead to enormous increases
in pasture productivity. As an example the native pastures of the
northern tablelands of New South Wales, Australia, can with difficulty
support two wether sheep per hectare. The application of a few hundred
kg of superphosphate and oversowing with clover rapidly allows a safe
stocking rate of 10 breeding ewes per hectare to be achieved. Whether
from a higher requirement for P or an inability to compecte successfully

(213)

with grasses for this mutrient, many legumes do not persist when
the soil P status is low. One noteworthy exception is Townsville

lucerne (Stylosanthes humilis) which is becoming an increasingly

(214)

important pasture plant in northern Queensland.

There are some reports on the cffects of the major mineral
fertilizers on the acceptability of the herbage to animals. Reid and
Jung(215) found that shecp offered the free choice of a number of
herbages tended to prefer those containing the higher levels of phosphorus
and to eat less of those from plots heavily fertilized with nitrogen.
There was, however, a large variation between individual animals in their
preferences and when the fceds were given singly, without choice, there
were no differences in the intakes. Milford(47) reported that the
intake of three sub-tropical feeds was reduced by nitrogenous fertilizer

(79)

but no such effect was found in an experiment with temperate pasture

species.
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VITAMINS

Vitamin B12 - cobalt, and vitamin E - selenium relationships

in ruminant animals are discussed in Chapter 10.

Fresh herbage, silage made from fresh rather than wilted

herbage(1oo)

and dried grass normally contain abundant $ carotene, the
principal precursor of vitamin A, for the immediatc needs of cattle and
sheep and provide a surplus for storage in the liver. Carotene levels
are low in mature dry herbage, such as that available during drought or
persisting in cold winters, and decrease in hay and dried grass during

(216)

storage due to oxidation. The liver stores of animals normally
maintain a supply of vitamin A for several months to animals given such
feeds(217) but reproductive efficicncy and the viability of offspring
may ultimately deteriorate. If young are born they may show signs of
vitamin A deficiency, particularly night blindness, in the first few
months of life because lambs and calves as a rule have only small stores

of this vitamin in the liver at birth.(218)

The vitamin D content of fresh green herbage is not as low as

(219)

was once thought and deficiency states in grazing animals are rare.

They have been reported in lambs when a rachitogenic factor in the feed,

(220 )’23 3{}““)

possibly carotene, was implicated. ltra=violet irradiation
converts ergosterol in the skin of animale to ergocalciferol (vitamin D2)
and a similar change occurs in cut grass during haying. If the herbage
is cut for ensiling there may be only a short period of exposure to the
sun and the gain in vitamin D activity may be small. The gain will also
vary between different latitudes because of variation in the period of
time that the elevation of the sun exceeds 350 and thence in the amount
of incident ultra-violet radiation. The variation that has been
reported in the anti-rachitic activity of American and European

(219,221,222,223)

herbages, both fresh and preserved in various ways, has
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not been shown to have practical importance in animal feeding though
effects on the vitamin D content of milk could be of significance in

human nutrition.

CONSERVATION

Drying and ensiling are the two main methods employed in
practice for the preservation of cut herbage so that losses in store due
to fungal and microbial spoilage and to enzyme activity are minimised.

(224)

There are inmmerable variations in technique. Drying may be done
entirely in the field, as in haymaking, or partly or wholly indoors where
air, either at ambient temperature or heated, is blown through the
material; the final moisture content should be 15 per cent or less.

In the ensiling process the pH of the herbage is reduced to a level where
bacterial and enzymic activity is inhibited either as a result of
natural fermentation, sometimes aided by the addition of fermentable
material such as molasses, or by the addition of inorganic or organic

acids or other chemicals; some of the latter substances may act primarily

as sterilants.

The digestibility of well conserved fodder dried or ensiled is
similar to, and reflects, the stage of growth of the herbage when cut.
Modern techniques and notably the introduction of the flail type of
harvester allow rmch freedom of choice in the time of cutting and the
decision that is made can be determined by the requirements of the
animals that will be given the product. If they are simply to be
maintained for a period of time then harvesting may be delayed until the
weight of crop approaches the maximum. If the feeds are to be used for
the production of meat or milk then earlier harvesting is necessary so
that the digestibility is higher (Fig.2). i The yields of dry matter

will then be reduced, though therewill be some compensatory production
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from aftermath; the yields per unit area of metabolizable energy and
production net energy may also bc lower. On the other hand the actual
output of animal products can be two to four times greater because
voluntary intakes by the animals, and thence the quantities of energy
available for production after maintenance needs are met, will be much

higher than with late-cut fodders.(64’82’98)

The method of conservation employced may be determined by
econonic and technical considerations such as the implements and storage
facilities that are available, the greater dependence of haymaking than
ensiling upon weather conditions, and the difficulty of handling short
growths of herbage dried in the field. Some mutritional consequences
of various methods of conservation and the nature and extent of the

losses of nutrients incurred arc discussed below.

Hay.
Herbage continues to respire after it has been cut until its

(225)

moisture content is reduced to below about 35 per cent. The major
changes involved are the oxidation of readily available carbohydratecs
and the hydrolysis of protein. There will be further losses due to
leaching and perhaps to mould growth if rain falls on cut grass in the
field, and even with éareful handling thore will be mechanical losses
which will be greater from the leaf than from the stem fraction. The
final yield of dry matter is often found to be less than 80 per cent

(82) but the reduction in feeding value

of that in the original material
will usually be greatcr because soluble components and leaf have

suffered proportionately grcater losses than structural materials and

sten., In an experiment wherce small quantities of hay were made carefully,

(226) that the digestibility of the organic matter was

it was found
2 percentage units lower than for the fresh material; the difference
was due entirely to a decrease in the digestibility of protein. The

net availabilities of the metabolizable energy of the fresh and dried
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feeds, measured in a calorimeter, were identical although an increase
in methane production when the hay was given indicated that there was

some change in the pattern of rumen fermentation.

Unless the moisture content of the hay in the stack remains so
high that it ignites spontancously the quantitative losses in store will
be much smaller than those usually incurred during the making. It was

(227)

fouhd in the Netherlands that when hays were stacked at initial
moisture contents of 15, 20 and 25 per cent the losses of dry matter
were 1.7, 3.3 and 5.0 per cent respectively. The moisture content
usually falls in store but if it does not the losses of dry matter

(228) Sugars and

increase sharply above about 15 per cent moisture.
fructosans are broken down, and moulds that arc likely to grow reduce

the feeding value because animals will reject hay that is affected.

Qualitative losses due to the heating that will occur
increasingly with rising moisture content may be more serious.(227’229)‘
The digestibility of thc crude protein is affected first and may be
reduced to zero if hcating is severc. The digestibility of the organic
matter also falls markedly due to the production of polymeric materials
from xylan and other substances.(101’105) Dutch Workers(23) have

devised a colorimetric method for estimating the degree to which hay

has becen heated and the extent of the fall in nutritional value.

Dried Grass.
In a well organized grass-drying enterprise the fresh herbage
is placed in the dryer soon after it is cut and respiration losses will
be small, The air blown through the material is in some machines
heated to over 200°C but provided that the drying time is measured in
minutes rather than in hours and the outlet temperature is low the
changes in nutritional value will be small. Heat damage is insignificant

below about SOOC, but the apparent lignin content, of young grass
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especially, may be increased three-fold by ordinary drying at 80 to

100%. (19%)

Prolonged drying at these or higher temperatures,
particularly in the presence of moisture which catalyses damage
reactions, will cause a reduction in the digestibility of protein and

(231) the Ms content of grass dried in

organic matter. In one experiment
the laboratory at 100°C was reduced by 4 per cent compared with the fresh
material but the efficiency of utilization for fattening was unaccountably
increased by 9 per cent. Evidence that rumen fermentation patterns

(232)

differ between fresh and dried grass has been reported.

Silage.

In silage made from freshly cut herbage by fermentation
processes the object is to reduce the pH of the material as quickly as
possible to a value below 4.2; at this point the undesirable activity

of Clostridium butyricum in particular is inhibited.(233’234) Lactobacilli

continue to ferment soluble carbohydrate when conditions are more acid
and at pH 4.0 the silage dry matter contains about 6 per cent of lactic

(235) but rapid transfer of the

acid. Some hemicellulose is hydrolysed
cut grass to the silo and compaction to promote anaerobic conditions will
minimize the loss by respiration of the more readily awvailable carbo-

hydrate substrates. If the sugar content of the herbage is low the

addition of molasses, whey, or similar materials will be advantageous.

There is considerable breakdown of protein to a wide
variety of substances of low molecular weight so that, in temperate
herbages, a 1 ¢ 4 ratio of water-soluble : insoluble nitrogen compounds
may be reversed; nitrogen equilibrium is reached at about

ol 4.3.(237,238)

Undesirable types of fermentation are characterized
by the formation of large amounts of butyric acid and volatile bases
including ammonia. The pH of silage is not a certain index of its

quality. BSatisfactory silage is frequently made from herbage vilted

in the field to about 40 per cent dry matter even though high
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concentrations of lactic acid are not obtained and the pH is about

5.0;(236)

it appears that the high osmotic pressure retards the
development of undesirable types of bacteria.(234) The activity of
Cl. butyricum is also inhibited above a temperature of about SOOC but
the nutritional value of the resulting feed is then reduced by heat-
damage. Many workers advocate that during fermentation the
temperature of the silage should not rise above 20 to 3000;(234)
usually, little butyric acid is formed unless the herbage is ensiled

(239)

when very wet.

Losses of dry matter are incurred by plant respiration,
bacterial fermentation, seepage from the silo and surface wastage and

in practice they rarely total less than 20 per cent of the weight in

(224,236) surface wastage may be very large during

(240)

the fresh herbage;

storage unless air and rain are excluded. The losses may be

overestimated if in the determination of dry matter content account

is not taken of the volatile substances in silage that are lost during

(241)

oven-drying.

Provided that the silage has not overheated, its digestibility

generally differs little from that of the original herbage however it
(242)

is made but its energy value may be lower because of the break-

(100) The breakdown of protein to a

down of sugars to lactic acid.
wide variety of less complex nitrogenous compounds may not be of great
importance to ruminant animals but poor silage containing large amounts
of volatile bases and butyric acid is not eaten in as large amounts as
is hay made at the same time from the same raw materials.(83) This
phenomenon, discussed earlier, is perhaps the major problem in the
nurtition of animals given silage, but appears to be overcome if the
herbage is wilted to about 50 per cent dry matter before ensiling.(243)

If inorganic acids are used to preserve herbage the acid-base balance

of animals given the resulting silage may be disturbed; the addition
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(234)

of a neutralizing mineral mixture to the feed is recommended.

Cold Storage.

Cold storage is a laboratory technique that is useful if, for
exanple, the feeding value of herbage at a parti-ular date and stage of

(244,266)

growth is to be studied. Quantities sufficient for a
digestibility trial, which with the preliminary feeding period will
normally extend over a 3-week period, can be frozen quickly and then
stored satisfactorily at - 18°C.  The product is readily eaten by
animals which soon become accustomed to it, and the process causes only
minor changes in chemical and physical characteristics, in digestibility

(231)

and in energy value.

PROCESSING.

Chopping, wafering, grinding, and the pelletting of ground
feed facilitate the handling, storage and rationing of dried fodders

but such treatments may have nutritional consequences.

Chopping, usually into lengths of 1 to 2 cm, and wafering,
where chopped or long fodder is compressed into blocks 5 to 12 cm in
diameter or square and 1 to 5 cm thick, have little effect upon
nutritional value.(246’247) The rate of eating (g/min) might be
increased, and wastage may be reduced because it will be more difficult
for the animals to eat selectively, and to reject any less acceptable

(or noxious) conponents, than when the same feed is given in long forme.

Grinding has a number of important consequences. Feed
passes through the alimentary tract of ruminants more rapidly when it
is given in ground rather than in long form and the amount eaten, the

digestibility, the products of digestion, and production by the animal
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can all be affected.(246’247)

As described earlier, voluntary feed intake is related to
the rate of emptying of the reticulo-rumen, and to leave this organ
the ingesta mmust be in a finely divided state. Intake of a feed may
not be altered by grinding if it is of very poor quality or is given
as a dry meal, perhaps because animals dislike the dustiness, but it
is generally increased if the meal is moistened(248) or pelletted.
The extent of the increase shows an inverse relationship with the
quality of the feed as illustrated by data(249) on the voluntary intake
of dried lucerne, cocksfoot and timothy, each harvested at three stages
of growth at dry matter digestibilities in the range 71 to 50 per cent.
At the highest digestibilities, intekes were increased by some 40 per
cent by pelletting and the actual intakes of pelletts at the various
growth stages werc not significantly different; in contrast, the intakes
of the long forages decreased markedly with advancing maturity and
differences between the two physical forms became more pronounced so
that at the lowest digestibilities only about half as much of the long

as of the pelletted feeds were eaten.

The increase in the intake of digestible energy that occurs

is smaller than the increase in gross energy intake because grinding

reduces digestibility,(2490259:251) 414 i1 carticular that of the
structural carbohydrate components. This effect is probably a
(24,251,252)

consequence of the increased rate of passage; crude fibre
is exposed to microbial attack for a shorter period of time and there
is evidence that the rate of cellulose digestion decreascs and that

(54,253)

changes occur in the microbial population. These changes may
stem from the alterations in eating behaviour that follow the
substitution of long feed by pellets. Pellets are eaten more rapidly,

rumination times fall, and it appears that the volume of saliva

entering the rumen decreases which, because of reduced buffering,
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(247,254,255) g,

would account for the lower ruminal pH observed.
changes in digestibility are reflected in the volatile fatty acids
produced; the proportion of propionic acid tends to be higher and

(259)

that of acetic acid to be lower. This effect can cause a

reduction in the fat percentage in milk secreted by dairy cows.(136)
Liveweight gains of fattening animals can be much increased when a
feed is pelletted and given ad 1lib but have been found to be similar
to those obtained from long roughage when dry matter intakes of the
(246)

feed in its two physical forms are equalized. This is a

surprising result because digestible dry matter intakes will differ

(250> It was found

but it has been confirmed in a calorimetric study.
that an increase in the faecal loss of energy (from 19.4 to 26.9 per
cent of gross energy intakes) due to pelletting a dried grass was
compensated for by a reduction in methane production and an increase
in the efficiency of utilization of the ME by the fattening sheep that
were used. The latter effect could have becen due to a higher
proportion of propionic acid in the ruminal VFA. Similar results
were obtained in an cxperiment where energy gains by sheep were

-
(2)6) There could be a lower

estimated from carcass analyses.
expenditure of energy in the prehension, mastication and rumination of
pellets; energy costs of the order of 0.5 kcal/hr/kg liveweight for
eating and 0.2 kcal/hr/kg for rumination have been reported(257) and
a diminution in these activities, which is a typical result of

(254)

pelletting, could appreciably reducc the energy costs per g of

feed.(258)

GRAZING

Information on the nmutritional value of cut herbage is not
directly applicable to grazing conditions, and if combined with
information gained from separate studies on the effects of cutting on

the growth of ungrazed swards, will not necessarily lead to improved
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systems of grazing management. Very many experiments on grass plots,
notably those of Woodman and his colleagues at Cambridge some 30 to

40 years ago, have shown that the desirable characteristics of leaf-
iness and digestibility are positively related to the frequency and
severity of defoliation while the annual yield of herbage dry matter
is negatively related. It came to be accepted, but usually without
reference to the grazing animal, that a satisfactory compromise
between quantity and quality in the herbage grown and thence maximm
animal production from a pasture could be acihiieved only by intermittent
grazing. The length of the grazing and intermittent rest periods, and
the area of pasture allotted per animal, would vary with the current
rate of herbage growth. When actually put to the test, these

expectations have not been realized.

It has been found that intermittent grazing can assist
management for the needs of particular classes of livestock. €.g.,
lactating vs. non-lactating cattle, and for the conservation of
herbage surplus to immediate requirements but the anticipated major
benefit, a large increase in animal production, has generally not been

(271,272,273,274)

obtained. Provided that comparisons are made using
similar numbers of animals on similar areas of pasture, animal
productivity under intermittent grazing is usually very little
different fromthat obtained under a system that was thought to be
harmful to both pasture and animal outputs, namely the continuous
grazing of a pasture with a more or less fixed number of animals. A
detailed discussion of this topic is outside the scope of this Chapter
but when it is stated that animal production from pasture is determined
by:

(1) the amount, the quality and the seasonal pattern of the herbage growth,

(2) the proportion of the growth that is harvested by the animals,

and

(3) the efficiency with which the animals utilize the herbage they consume
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- it has to be remembered that all these factors are interdependent.
Grazed pastures yield an ever-varying supply of feed to the animal
from a heterogeneous plant population in which substantial and
progressive changes, botanical, morphological and chemical, are
continually occurring. All the changes reflect the mtual inter-
actions of climate, soil moisture and fertility, plant species, the
species, type, number and activities of the grazing animals, agnd the

dynamic populations of parasites and other organisms.(268’269’275)

Pastoral enterprises are in fact very complicated exercises in applied

ecology.

Significant progress has been made only during the past two
decades in the development of techniques that are essential if the
understanding of the nutrition of grazing animals is to be increased;
even now, the measurement of the quantity and quality of herbage grazed
by livestock is beset with difficulties. Without this information,
claims such as that the higher liveweight gains by lambs grazing on one
type of pasture rather than another are due to differences between the
herbages in their carbohydrate contents(146’147) are doubtful. Nor,
lacking data on herbage intakes, is it sufficient to state that there
were no apparent differences in the amounts of feed awvailable to the
animals.(277) What herbage is left on a pasture at any one time is a
function not only of the amounts removed by grazing but also of the

(285)

rates of growth by and the decay of the plants. Visual appraisals
of quality can also be misleading; the apparent predominance of one
species in a mixed pasture may be the result of rejection by the animals

which in fact are hard-grazing some other spccies that is, in

consequence, not readily scen to be present.

Estimation of Feed Intake.

Estimates of intakes gained from measurements of the amounts

of herbage on a pasture before and after periods of grazing are subject
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(278)

to many errors and are too imprecise to be of any real value in

mitritional studies. There has been intensive work on another

method(278,279,280,281)

that depends on measurcments of faecal output

(F), which is the apparently indigestible fraction of the herbage grazed,
and of the apparent digestibility (D) of that herbage. Intakes (I) can
then be calculated from the expression I = A x F, where A = (100/300 - D)-
(feed/faeces) and is termed the Intake Factor, The intake of digested

feed is given by the term (F x (A - 1)).

Faecal ocutputs can be measured directly by collection in bags
attached to harness worn by the animals but is more often estimated from
the concentration in the faeces of a totally inert material that is
administered regularly in standard amounts. The substance that is most
frequently used for this purpose is chromium sesquioxide (Cr203). In
a typical application, shcep are dosed by mouth twice daily with a

(282)

capsule or impregnated paper containing 1 g Cr203. The mean daily

excretion in the facces is similar to the amount (2 g) given and,
provided that an adequate sampling procedure is adopted,(283) a
concentratior. of 4 mg Cr203/g faecal organic matter indicates that the
daily organic matter output is 500 g. The same concentration in the
faeces of cattle given two 10 g Cr203 doses daily would indicate an
output of 5 kg organic matter/ﬁay. This method is usually more

practical than harnessing when a large number of animals is to be

studied, and it generally causes less disturbance to them.

Herbage plants or parts of plants at many different stages of
growth, varying widely and continually changing in digestibility, are
normally present in a pasture. The mowing machine removes this
material unselectively down to a certain height and does not simulate
the selective harvesting by the animal. In consequence, digestibility
values obtained directly from cut herbage cannot validly be applied to

the herbage that is grazed. The values can be rclated to the
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concentrations of various index substances in the faeces. From such
relationships, established in digestibility trials with stalled
(284)

animals, the digestibility of herbage eaten by animals at pasture
can be estimated from the concentrations of the indexes in their
faeces. The nitrogen concentration is most widely employed. Faecal
nitrogen comprisecs undigested feed nitrogen, which is 10 per cent or
less of that in the fresh herbage eaten (see p.30) and large amounts
of metabolic faecal nitrogen (M.F.N., see p.16). Since the M.F.N,
excretion is positively related to feed dry matter intake, the greater
the digestibility of the dry matter the higher is the total nitrogen
concentration in the faeces. Among other indexes that are used,
chromogen is derived from the chlorophylls and related pigments of

(278)

the plants. The chromogen concentration in an acetone extract
of faeces is positively related to digestibility because herbage of

high digestibility generally has a high concentration of the pigments.

In recent years techniques for the permanent fistulation of

(286) so that animals

ruminants at the oesophagus have been developed
can now be quite simply prepared and maintained, and they are widely
uscd. Herbage can thus be collected as it is ingested; measurements

GE)
can be made of botanic;! and chemical composition, and of digestibility

by in vitro procedures (sce p. 31).

All thesec techniques demand great carc in their application
lest the results obtained should include serious bias. Chromium
sesquioxide is not excreted in a uniform manner, and because the
calculation of intakec requires the indigestibility value, an estimated
digestibility that is in error by 5 units will give a bias of 20 per
cent or more in the estimated intake. Such an error can readily
occur if, for example, a faeccal index : digestibility relationship
derived from herbage cut from one pasture is applied to another, or

even to the same pasturc at a different time of year.(280’284’318)
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Measurements cannot be made on herbage samples collected from
oesophageally fistulated animals without difficulties. The material

is contaminated with saliva,(289)

(53)

is damaged to some extent during

prehension and mastication, and may deteriorate due to fermentation

or during drying while being prepared for analysis. In addition

sampling errors arise from variability between animals, and between

times of day for individual animals.(287’288’289)

With care and in favourable circumstances feed intakes by

individual animals on temperate pastures might be estimated with a

(37,278)

standard error as low as te per cent, but one may have to be

(290)

There have been rather few reports

(344, 345,346)

content with I per cent.
of measurements of intakes on tropical and sub-tropical pastures;
significant faecal index : digestibility relationships have not always

(85)

been obtained.

Selective Grazing.

Measurements of intakes by the techniques referred to above
have yielded information on the extent of the selectivity exercised in
grazing by animals, a feature that has long been recognized.

(70,319)

Selectivity is partly mechanical - the consumption of herbage
nearcst the muzzle. Since this will often lecad to the consumption of
more leaf than stem the digestibility of the fecd eaten and its content
of nitrogen and sugars will tend to be higher, and of fibre lower, than
for the pasturc herbage as a whole. These cffects will be cnhanced
by the deliberatec selection of leaf, and of green rather than dry or
dead material; choices by the animal among thc usually large number of
species present in a pasture further distinguish grazing from mechanical
cutting. Therc do not sccm to have been any reports that grazed feed
was less digestiblc than the material from which it was selected. It
may be only slightly more digestible when the pasture includes a large

(291)

proportion of new growth but where the range and opportunity for
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(292)

for selection is largc the differcence can be 15 units or more.

Selection by the animals of the higher quality fractions of
the feed offsets the decline that occurs in the digestibility of
pasturc herbage as it grows and matures so that a fall in the
digestibility of the grazed herbage will tend to occur more slowly.
Perhaps for this rcason, and beccause of the difficulties in measurcment,
there is uncertainty about the importance under grazing conditions of
rclationships between digestibility and intake (Fig.1) though thesc

(37,45,294)

have been obscrved.

Probably the greatest opportunity for selection occurs when
plant zrowth is most rapid, that is in spring or at the start of the
wet season; in temperate areas the rate of increase in herbage dry
matter can approach a maximum of about 200 kg/ha/ﬁay, but in winter or
in drought it will be virtually nil. If no attempt is made to restrict
the area available for grazing the animals may at times consume much
less than 10 per cent of the current herbage production(295) though the
discrepancy can be reduced by management, as in seasonal dairying, so
that the patterns of animal demand and herbage growth roughly correspond.(296)
Selective grazing can be turned to advantage if lactating dairy cows or,
by suitable fencing, suckling lambs but not their mothers are allowed
the first pick at a growth of pasture and the residual herbage is

(269,297,319)

subsequently grazed by animals in a less productive state.

Availability of Herbage.

The term "availability" refers not only to the actual amount
present on the area of pasture allotted to an animal but also to the
manner of its distribution. Sheep would have considerable difficulty
in gathering sufficient feed from a pasture yielding a uniform 50 g dry

matter/ﬁz (i.g., 500 kg/ha) but not if the same amount of material were
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disposed in a few large clumps. There are undoubtedly critical
limits in height/ﬁensity patterns of growth below which intakes by
animals, and thence their productivity, will be reduced. Comprehensive
measurements of the yield and structure of pasture are difficult to
make(269’293’298’299’300’317) and must take account of the fact that
animals, especially sheep, can graze herbage only just above ground
level and below the height at which it can be cut by many types of
machine. Sheep will in fact dig in very bare pastures to gain under-
ground parts of plants. If has been reported(301) that the liveweight
gains of grazing lambs increased with an increasing supply of green
herbage up to a level of 1570 kg DM/ha but gains did not continue to
rise at higher yields. Because of the immense range of pasture types,
of differences in grazing behaviour and in the acquisition of herbage,
as between sheep and cattle,(302’3o3’3o4’319) and the difficulty of
making appropriate measurements, any such relationships, if found,(305)

are likely to be of rather local applicability.

Grazing Behaviour.

The total time spent in grazing by cattle and sheep, often
about 8 h/ﬁay,(19) varies with the availability of feed and may have a
positive but imprecise relationship with feed intake.(7o’306) When
the herbage is very sparse, grazing times increase(3o7) but it does
not seem that animals will work at feed collection for more than half
of the 24 h even under the most difficult conditions. The remainder
of their time is spent in resting, and in ruminating which generally
occupies some 6-8 h/ﬁay; the longer rumination periods occur when the

(307)

herbage is of rather poor quality. Adaptation of grazing habits

to new conditions occurs very rapidly; thus the total grazing time is
made up of a number of periods of activity which are most intensive in
the hour or two after sunrise and again towards sunset,(269) but if
the day is very hot the main grazing activity may be deferred until

the cooler night hours.(308’3o9)
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The effects of a 'little and often' regime of feeding have

(310)

been studied with housed animals. It has been found on a number

of occasions that liveweight gains were increased by giving a ration

as a number of small feeds at intervals throughout the day rather than

as one or two larger feeds. This result could be due to greater
uniformity in the supply of metabolites to the tissues of the animal.(311)
A frequent-feeding regime also tends to increase ad libitum intakes,
and a herbage is gcnerally consumed in greatcer amounts when grazed
than when given freshly cut to confined animals, as in the 'gero-

(312)

grazing' system of management.

Advocates of this system point to the wastage of herbage by
(313)

trampling and fouling with excreta that occurs during grazing,

and the increased cxpenditure of energy by animals at pasture compared
with those that are penned (see p.58 ), but when it is applied to dairy
cows the milk production per unit area of grassland is generally similar

(312)

to that obtained by grazing. In the latter case the animals have
greater opportunities for dietary selcction and may benefit from more
frequent feeding. Zero-grazing might give the higher yields of animal
products per unit area if instcad of utilizing swards that were
developed primarily for grazing, herbage plants were bred specifically
for cutting. A growth habit that intercepted the maximum amounts of

(314)

solar energy could then be sclected. It can also be noted here

that although large quantities of plant nutrients are returned to
pastures in animal excreta they arc often distributed very unevenly.(315)
With animals that are grcgarious during rest a large proportion of a
pasture may even be depleted of nutrients duec to their transfer in

(316)

excreta on to the small habitual resting areas.
Large amounts of nitrogenous substances are returned by

animals, especially when they graze intensively managed pastures yielding

herbage of high crude protein content. Concentrates or other feeds
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might be given in thesc circumstances, the intention being to increase
the supply of non-protein energy and perhaps to improve the utilization
of dietary nitrogen, or in other circumstances to add to the energy
supplied by herbage of rather low digestibility. In practice such
supplements have neither large nor economically favourable effects on
the production of animals provided that there is sufficient herbage

(273,309,320,321) 11 10es the

readily available to meet their needs.
herbage is scanty, supplementary feeds are more correctly described as
substitutes because, when they are consumed, herbage intakes fall.
This effect is illustrated by the results of a number of experiments

(322) the expression I = 6,2 - 0.075 D,

with dairy cows which yielded
where I is the increase in total fced intake in kg per kg concentrate
consumed, and D is the digestibility of the herbage organic matter.
It will be scen that the increase in the total amount of feed eaten
is likely to be small; unless tﬁe.concentrate is of much higher

mitritional value than the herbage it replaces, the net cffect on

nutrient intake will also be small.

Stocking Rate.

The stocking rate (the number of animals per unit area) is
the major factor determining the output of animal products from any
given pasture and certainly has very much larger effects than changes

(272,323,324) Doubling the number of

in grazing management as such.
animals on an understocked pasture might almost double the production.
An increase in stocking rate from a very low level may initially
increase the output per head although there is little change in the
amount of high quality feed available for selection.(294) With sheep
this effect was thought to be due to a low intake per bite from under-
stocked erect open growths of herbage compared with a shorter and more

(70) With further increases output per head falls, at

dense growth.
first slowly but then with increasing rapidity. The increasing rumber

of animals generally gives increasing output per unit area beyond the
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point where the productivity of individual animals starts to fall quite

(323,324)

sharply. Ultimately the production on either basis must

fail entirely.

The continual problem facing the grazier is the attainment
of optimum outputs per head and/br per pasture; in milk or meat
production there might be greater emphasis on output per head than,
for example, in wool production. In addition the stocking rate has
to be adjusted with an eye on the maintenance of a productive sward.
Continued hard grazing and severe defoliation will reduce leaf area
and so reduce the amount of solar energy that is intercepted and used

in photosynthetic activity and regrowth.(2’275’325)

Energy Costs.

Although increasing the stocking rate reduces the amount of
herbage offered per animal, feed intakes per head may well be increasing

(294,326)

as individual productivity declines. This indicates a

progressively inefficient utilization of feed by the grazing animal.(327)
Quite a large number of estimates of efficiency have now been made
from measurements of feed intakes (I), usually as digestible organic
matter, and of the liveweights (W) and production of the animals as
milk (M), gain in weight (G) etc. Values for the constants in
equations of the type I = aWk + bG + cM, or I = aWk . ebG, are obtained

by least-square procedures.

When sheep or cattle have been confined to small areas of
pasture yielding abundant high quality herbage it has been found that
the value for the constant "a", which is taken to be the amount of energy
required by the animal for maintenance, is about 20 per cent greater
. - . : . (328,329)
than that obtained from similar animals given cut herbage in stalls.

As the area available for grazing and perhaps the activity of the

animal and the opportunity for the consumption of feed in excess of
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immediate requirements increase, so the maintenance costs appear to

(322)

rise. The greatest increases, however, have been observed
where there was a deficit rather than an excess of pasture herbage.
An increase to three times or more the indoor maintenance requirement

(326)

was found on a very sparse pasture where sheep had thc utmost
difficulty in obtaining feed, and they were able to maintain themselves
only at a liveweight very much lower than the normal for these animals.

It does appear that the less herbagc stock have on offer, the more

they need.

These input/butput studies are subject to scveral criticisms.
Firstly, of all the variables only milk yield can readily be measured
with accuracy and precision. Liveweights often show large short-
term changes that reflect only changes in the weight of gut contents.(33o’331)
In addition the estimated intakes could include large biasses.
Secondly, the mathematical model used may be biologically inappropriate;
for example, it is usually assumed that G and M are directly related
in a rectilinear manner to feed intake and no allowance is made for
diminishing returns effects. Thirdly, the statistical method used
night be inappropriate in a situation where the variables are often
correlated and where the data may be heterogeneous. Regression
analysis may be convenient where the object is to predict intakes from
a number of independent variables (W, G, M etc.) even though these
are not measured without crror, but a functional type of analysis that
examines thc underlying relationships between all variables will
probably give rather different, and perhaps more valid results.(329)
Despite these criticisms it is unlikecly that they can explain away
such large increases in maintenance rcquirements as have been fourd

(332, 333,334,335, 336,337) .

on a number of occasions in addition to

those already mentioned.
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(21,338)

The increases have been shown to have some

plausibility by calculations based on separate measurements of the

(43)

energy costs of locomotion, standing, grazing, rumination etc.,

and the effects of climatic factors such as wind on thc rate of heat

(340,341)

loss by the animal. These calculations are simply

summative in type whereas the mathematical model truly representing
the biological situation is likely to be very much more complicated.
Direct measurements of energy expenditures, by measurements of oxygen

(342, 343)

consumption or other means, are required, first to confirm
the findings and then to assist definition of the many factors that

will affect the nutritional efficiency of grazing animals.,

The application to grazing animals of these and other

(263) that have so far been used almost exclusively under

techniques
necessarily stereotyped laboratory conditions is long overdue. They
must be applied if there is to be real understanding of the relation-

ships between animals and pastures in all their fascinating complexity.

2B /6



REFERENCES

Review Articles.

1. Schantz, H. L., Ecology, 35, 143 (1954)
2. Barnard, C., (Ed.) Grasses and Grasslands, MacMillan, London, 1964.

3. Hartley, W., and Williams, R. J., Pron. VIIth Internat.Grassl.

Congr. New Zealand, p.190 (1956).
/

4. Symposium on Grassland Botany, Neth.J. agric.Sci., ;;:No.2(1965)

5e Russell, E. W., Soil Conditions and Plant Growth, 9th Edn.,

Longmans, London, 1961.

6. Hallsworth, E. G., (Ed.) Nutrition of the Legumes, Butterworths,

London, 1958

7. Hutton, E. M., J. Aust.Inst.agric.Sci. 31, 102 (1965)

8. Thomas, B., Thomson, A., Oyenuga, V. A., and Armstrong, R. H.,

Emp. J. exp. Agric., 20, 10 (1952)

9. Thomas, B., Rogerson, A., and Armstrong, R. H., J. Brit. Grassl.Soc.,
11, 10 & 82 (1956)
10. Gallagher, C. H., Koch, J. H., Moore, R. M., and Steel, J. D.,

Nature, Lond. , 204, 542 (1964)

1. Moule, G. R., Braden, A. W. H., and Lamond, D. R., Anim. Breed. Abstr.
31, 139 (1963)

12.  Mortimer, P. H., et al., Res. vet. Sci., 3, 147, 161, 369 (1962)

and 4, 166 (1963)

13,  Jennings, R. D., U.S. Dept. igric. Stat. Bul., No.215 (1957)

14. Report of the Committee on Grassland Utilization, cmd.547, HMSO,

London, 1958.

15. Eyles, D. E., and dAlder, F. E., Proc. Brit. Soc. finim. Prod., p.77 (1955

*16. Cowlishaw, S. J., and Eyles, D. E,, Nutr.ibstr.Rev., 26, 983 (1957)

17, dAlexander, F., (in) Progress in Mutrition and Allied Sciences

(D. P. Cuthbertson, Ed.), p.259, Oliver & Boyd, Edinburgh,
1963.

18. Makela, A., Acta agral.Femn., 85 (1956)




19.

20.
21.

*
22,

*
23.

*
24.

*
25.

26.

27.
28,
29.
30.
31.
32.
33.

34.
35.

36.

37.
38.
39.
40.

41.
42.
43.
44.
45.
46.

47.

Hafez, E. S. E. (Ed.) The Behaviour of Domestic Animals,
Balliere, London, 1962.
Crampton, E. W., J. Anim. Sci., 16, 546 (1947).

Blaxter, K. L., The Energy Metabolism of Ruminants, Hutchinson,
London, 1962.
Anand, B. K., Physiol. Rev., 41, 677 (1961).

Andersson, B., and Larsson, S., Pharm. Rev., 13, 1 (1961).
Balch, C. C., and Campling, R. C., Nutr. Abstr.Rev., 32, 669 (1962).

Mayer, J., In Nutrition : A Comprehensive Treatise, (A.H.Beaton and
E.W.MeHenry, Eds.), Vol.1, p.1, Academic Press, New York, (196

Blaxter, K. L. In Scientific Principles of Feeding Farm Livestock,

FParmer & Stockbreeder Publications Ltd., London, 1958.
Campling, R. C., Freer, M., and Balch, C. C., Brit.J.Nutr., 15, 531,(196
Freer, M., and Campling, R. C., Brit. J. Butr., 17, 79, (1963).
Kay, R. N. B., and Hobson, P. N., J.Deiry Res., 30, 261, (1963).
Harris, L. E., and Phillipson, A. T., Anim. Prod., 4, 97, (1962).
Blaxter, K. L., Wainman, F. W., and Wilson, R. S., Anim.Prod.,i,51,(1961
Crampton, E.W., Donefer, E., and Lloyd, L.E., J.Anim.Sci., 19,538, (1960
Minson, D.J., llarris, C.E., Raymond, W.F., and Milford, R.,

J. Brit. Grassl. Soc., 19, 298 (1964).
Conrad, H.R., Pratt, A.D., and Hibbs, J.W., J.Dairy Sci., 41,54,(1964).
Miller, T.B., Rains, A.B., and Thorpe, R.J., J. Brit. Grassl. Soc.,

18, 158, 223 (1963) and 19, 77 (1964).
Conrad, H;ET, Pratt, 4.D., Hibbs, J.W., and Davis, R.R.,

Ohio Agric. Exper. Sta., Res. Bul. 914, (1962).

Corbett, J.L., Langlands, J.P., and Reid, G.W., Anim.Prod., 5, 119 (1963,
Hutchinson, K. J., Aust. J. agric. Res., 12, 696, (1961).

Coop, I. E., and Hill, M. K., J. agric. Sci., 58, 187, (1962).

Holmes, W., Jones, J. G. W., and Drake-Brockman, R.M.,
inim. Prod., 3, 251, (1961).

Milford, R., Austr. J. agric. Res., 11, 121, 138, (1960).
Corbett, J. L., J. Roy. agric. Soc. Engl., 122, 175, (1961).
Blaxter, K. L., and Wilson, R. S., fnim. Prod., 4, 351, (1962).

Montgomery, M. J., and Baumgardt, B.R., J. Dairy Sci., 42,569, (1965).
Holmes, W., and Jones, J. G. W., Anim. Prod., 7, 39, (1965)

Elliott, R. C., Fokkema, K., and French, C. H., Rhodesia agric. J.,

58, 124, (1961).
Milford, R., and Minson, D. J., Proc. IXth Int. Grassl. Congr., Bragil,

(1964) and pers. comm.



Reference No.48. To that listed add:

49.

50.

51.

*
52.

53.

4.
55.
560

5T+
58.
59.
60.

61.

62.

63.
64.
65.
66.
67.

68.

Minson, D. J.  Brit. J. Nutr., 20, 759 and 765 (1966).

Commonw. sci. industr. Res. Org. Aust., Divn.Trop.Pastures Ann.Rept.

1964-65, p.78.

Dowden, D. R., and Jacobson, D. R., Nature, Lond., 188, 148 (1960).
Montgomery, M. J., Schultz, L. H., and Baumgardt, B. R.,

J. Dairy Sci., 46, 1380, (1963).

Ulyatt, M. J., N.2.J. agric. Res., 8, 397, (1965).

Baker, F., Proc. Roy. Soc. B., 139, 204 (1952) and Nutr. libstr. Rev.,
12, 15 (1947).

Hogan, J. P., Aust. J. agric. Res., 16, 855, (1965); Reid, C. S. W.,

Lyttleton, J. W., and Mangan, J. L., N.Z2.J. agric. Res.,

2, 237, (1962).

Pearce, G. R., and Moir, R. J., hust. J. agric. Res., 15, 635, (1964).

Moir, R. J., and Harris, L. E., J. Mutr., 77, 285, (1962).

Cuthbertson, D. P., and Hobson, P. N., In World Review of Mutrition

and Dietetics (G. H. Bourne, Ed.) 3, 69, (1960).

Pitman, London.

Hemsley, J. 4., and Moir, R. J., hust. J. agric. Res., 14, 509, (1963).

Egan, A. R., and Moir, R. J., Aust. J. agric. Res., 16, 437, (1965).

Egan, A. R., Aust. J. agric. Res., 16, 451, 463, 473, (1965).

Hemsley, J. A., Proc. fust. Soc. Anim. Prod., 5, 321, (1964).
Campling, R. C., Freer, M., and Balch, C. C., Brit. J. Nutr.
16, 115, (1962).

Donefer, E., Lloyd, L. E., and Crampton, E. W., J. Anim. Sci.,

22, 425, (1963).
Elliott, R. C., and Topps, J. H., inim. Prod., 5, 269, (1963).
Blaxter, K. L., and Wilson, R. S., Anim. Prod., 5, 27, (1963).

Glover, J., and Dougall, H. W., J. agric. Sci., 55, 391, (1960) .

Ivins, J. D., Herbage ibstr., 25, 75, (1955).

Bland, B. F., and Dent, J. W., J. Brit. Grassl. Soc., 13, 306, (1964).

Cowlishaw, S. J., and fLlder, F. E., J. agric. Sci., 24, 257, (1960).




69. Tribe, D. E., J. Brit. Grassl. Soc., 5, 81, 209 (1950).

*
70. Arnold, G. W., In Crazing in Terrestrial and Marine Environments,

(p. J. Crisp, Ed.), p.133, Blackwell, Oxford, 1964.

71.  Armold, G. W., Proc. fust. Soc. Anim. Prod., 5, 258, (1964).

72. Clarke, E. A., Proc. N.Z. Soc. Anim. Prod., 19, 91, (1959).

73. Corbett, J. L., Langlands, J. P., McDonald, I., and Pullar, J. D.,
Anim, Prod., 8, (1966).

74. Bell, F. R., Vet. Record, 11, 1071, (1959).

75. Roe, R., and Mottershead, B. E., Nature, Lond., 193, 255, (1962).

76.  Campling, R. C., Proc. Wutr. Soc., 23, 80, (1964).

77. Plice, M. J., J. Range Mgmt., 5, 69, (1952).

78. Martin, G. C., and Donker, J. D., J. Dairy Sci., 47, 773, 871, (1964).

79. Holmes, J. C., and Lang, R. W., Anim. Prod., 5, 17, (1963).

80. Arnold, G. W., Aust. J. agric. Res., 13, 701, (1962).

81, Campling, R. C., and Balch, C. C., Brit. J. Nutr., 15, 523, (1961).

*82. Murdoch, J. C., Proc. Nutr. Soc., 23, 99, (1964).

83. Thomas, J. W., Moore, L. A.; Okamoto, M., and Sykes, J. F.,

J. Dairy Sci., 44, 1471, (1961) .

84, Okamoto, M., Waldo, D. R. Miller, R. W., and Moore, L. A.,

J. Dairy Sci., 41, 1231, (1964 .

*
85. Milford, R., In Some Concepts and Methods in Sub-tropical Pasture

Research,Bull, Commonw. Bur. Past. Fld. Crops No. 47,

p. 144, Commonw. agric. Bur., Farmham Royal, Bucks., 1964.

86. Raymond, W. F., Harris, C. E., and Kemp, C. D., J. Brit. Grassl.Soc.,

9, 209, (1954).
87. Dijkstra, N. D., Weide, H. J., and Van Adrichem, P. W. M.,

Verslag. landbouw. Ondersoek., 68 No.9, (1962).

88. Clapperton, J. L., Brit. J. Mutr., 18, 39, 47, (1964).

89. Blaxter, K. L., In Proc. 2nd Symposium on Energy Metabolism, p.211,

Burop. Assoc. Anim. Prod. Publn. No.10, Rome, 1961.
Blaxter, K. L., Clapperton, J. L. and Martin, A. K.

Brit. J. Nutr., 20, 449 (1966).



90. Raymond, W. F., Minson, D. J., and Harris, C. E.,

J. Brit. Grassl. Soc., 14, 75, (1959).

91. Anderson, P. E., Reid, J. T., Anderson, M. J., and Stroud, J. W.,

J. Anim. Sci., 18, 1299, (1959).

92. Blaxter, K. L., and Wainman, F. W., J. agric. Sci., 57, 419, (1961).

93.  Harker, K. W., Torrell, D. T., and Van Dyne, G. M.,
J. Anim. Sci., 23, 465 (1964).

94. Cooper, J. P., Tilley, J. M. A., Raymond, W. F., and Terry, R. A.,

Nature, Lond., 195, 1276, (1963).

95. Kivim¥e, A., Acta. agrie. Scand., Suppl. 5, (1959).

96. Harkess, R. D., J. Brit. Grassl. Soc., 18, 62, (1963).

97. Waite, R., Johnston, M. J., and Armstrong, D. G.,

J. agric. Sci., gg, 391, (1964).

98.  Armstrong, D. G., J. agric. Sci., 62, 399, (1964).

99. Minson, D. J., Raymond, W. F., and Harris, C. E., J. Brit. Grassl.Soc.,

15, 174, (1960).

*
100. Waite, R., Proc. Mutr. Soc., 24, 38, (1965).

101 . Geillard, B. D. E., J. agric. Sci., 59, 369, (1962).

*
102. Halliwell, G., In Digestive Physiology and Nutrition of the

Ruminant, (D. Lewis, Ed.), p.119, Butterworths, London,

1961; and Head, M. J., Ibid., p.263.

*103. Halliwell, G., Matr. Abstr. Rev., 29, 747, (1959).

104. Balch, D. A., Balch, C. C., and Rowlands, S. J., J. Sci. Fd. Agric.,

3, 584, (1954).

*105.  Van Soest, P. J., J. Anim. Sci., 23, 838, (1964).

106.  Johnston, M. J., and Waite, R., J. agric. Sci., 64, 211, (1965).
107. Blaxter, K. L., and Mitchell, H. H., J. Anim. Seci., 7, 351, (1948).

*108. El-Samman, S., The Biological Value of Proteins in Mixed Grass Hays.

Thesis, Agricultural University of Wageningen, 1961.

Reference No. 98, To that listed add:

Blaxter, K. L. and Clapperton, J. L.

Brit. J. Nutr., 19, 511 (1965).



109. Glover, J., Duthie, D. W., and French, M. H., J. agric. Sci.,
48, 373 (1957).

110. Milford, R., and Haydock, K. P., dust. J. exp. Agric. and dnim. Husb.,
5, 13 (1965).

111. Ferguson, W. S., and Terry, Re L.y, J. Sci. Fd. Lgric., 2, 515 (1954)

and J. agric. Sci., 48, 149 (1957).

112.  Vaite, R., and Gorrod, &. R. N., J. Sci. Fd. agric., 10, 308

and 317 (1959).

113. Minson, D. J., Raymond, %W. F., and Harris, C. E., Proc. 8th Int.

Grassl. Congr., Reading, 1960, p.470.

114, Demarquilly, C., ond Jarrige, R., Ann. Zootech., ;;, 301 (1964).

115. Jarrige, R., and Minson, D. J., Ann. Zootech., 13, 117 (1964).

116. Waite, R., and Boyd, J., J. Sci. Fd. dgric., 4, 197, 257 (1953).

117. Miles, D. G., Griffith, G. ap., and Walters, R. J. K.,

J.Brit. Grassl. Soc., 19, 75 (1964).

118, Davies, J. G., and Shaw, N. H., In Some Concepts and Methods in

Sub=-tropical Pasture Research, Bull. Commw. Bur. Past.

Fld. Crops, No. 47, pel, Commwe agric. Bur., Farnham
Royal, Bucks., 1964.

*
119.  French, M. H., Herbage ibstr., 29, 1 (1957).

*120. Oyenuga, V. 4., Nutr. ibstr. Rev., 28, 985 (1958).

122, Topps, J. H., and Elliott, R. C., Nature, Lond., 208, 498 (1965).

1210 Cook, C. TJO’ Stoddart, L. J:\.-’ and Harris, L. Ec, Je .l&nimo sci-, 1_1,
578 (1952).

123. Paladines, O, L., Reid, J. T., Van Niekerk, B. D. H., and

Bensadoun, 4., J. Anim. Sci., 23, 528 (1964).

124. Street, J. C., Butcher, J. E., and Harris, L. E., J. anim. Sci., 23,

1039 (1964).

125. Kleiber, M., The Fire of Life, Wiley, New York, 1961.

126.  Denton, D. A., and Sabine, J. R., Behaviour, 20, 364 (1963).



127, Wolin, M. J., J. Dairy Sci., 43, 1452, (1960).

128. Coppock, C. E., Flatt, W. P., Moore, L. A., and Stewart, W. E.,

J. Dairy Sci., 47, 1330, 1359, (1964).
129. Marston, H. R., Biochem. J., 42, 564, (1948).

130. Fries, J. A., Proc. Amer. Soc., fnim. Prod., p.33, 1922.

131, Krogh, A., Schmit-Jensen, H. O., Biochem. J., 14, 686, (1920).

*
132.  Warner, 4. C. I., Nutr. Abstr. Rev., 34, 399, (1964).
133. Leng, R. A., and Leonard, G. J., Brit. J. Mutr., 19, 469, (1965).

*
134. Rook, J. A. F., Proc. Nutr. Soc., 23, 71, (1964).

185, Armstrong, D. G., Blaxter, K. L., Graham, N. McC., and Wainman, F. W.,

Brit. J. Nutr., 12, 177, (1958).

136. Rook, J. A. F., Dairy Sci. Abstr., 23, 251, 303, (1961).

137. McClymont, G. L., Aust. Vet. J., 26, 111, (1950).

*
138. Shaw, J. C., Proc. 8th Int. Congr. Anim. Prod., Hamburg,

gen. rept., p.29, 1961,
139. Brouwer, E., Van Es., 4. J. H., and Nijkamp, H. J.,

Proc. 2nd Symp. Energy Metabolism, Publ. Eur. Assoc.

Anim. Prod. No.10, Rome, 1961.

140. Bath, I. H., and Rook, J. A. F., J. agric. Sci., 64, 67, (1965).

141, Parks, P. F., Riewe, M. E., Lyman, C. M., and Kunkel, H. O.,

J. Anim. Sci., 23, 344, (1964).

142. Tilley, J. M. A., Deriaz, R. E., and Terry, R. A.,

Proc. 8th Int. Grassl. Congr., Reading, 1960, p.533.

143. Leng, R. A., and Brett, D. J., Brit. J. Nutr., (in the press).

144.  Topps, J. H., Reid, W. D. C., and Elliott, R. C.,

Jc agric. SCi., éé’ 397’ (1965)1

145. Lewis, D., In Digestive Physiology and Nutrition of the Ruminant,

(D. Lewis, Ed.), p.127, Butterworths, London, 1961.

146, Johns, A. T., Proc. N.Z. Soc. Anim. Prod., 22, 88, (1962).

Reference No. 136. To that listed add:

Storry, J. E. and Rook, J. A. F.

Brit. J. Nutr., 20, 217 (1966).




147.  Johns, A. T., Ulyatt, M. J., and Glenday, A. C.,

J. agric. Sci., 61, 201, (1963); Bailey, R. W.,

N.Z. J. agric. Res., 1, 496, (1964).

*
148. Raymond, W. F., Tilley, J. M. A., Deriaz, R. E., and Minson, D. J.,

In Chemical Aspects of the Production and Use of Grass,

p.181, Monograph No. 9, Society of Chemical Industry,
London, 1960.

149. Blaxter, K. L., J. Dairy Sci., 39, 1396, (1956) .

*
150. Watson, S. J., Nutr. ibstr. Rev., 18, 1, (1948).

*
151. Dijkstre, N. D., Neth. J. agric. Sci., 2, 273, (1954).

¥*
152.  Swift, R. W., Penn. State Univ. Bul. 615, (N.E. Regional Publ.27),

1957,

153. Minson, D. J., and Milford, R., Aust. J. agric. Res., 17, (1966)
(in press).

154. Moir, R. J., Aust. J. exp. Agric, Anim. Husb., 1, 24, (1961).

155. Blaxter, K. L., J. Roy. agric. Soc. Engl., 123, 7, (1962).

156. Henderson, 4. E., and Hayman, B. I., iust. J. agric. Res.,

11, 851, (1960).

157. Raymond, W. F., Harris, C. E., and Harker, V. G.,

J. Brit. Grassl. Soc., 8, 301, (1953).

158. Paterson, R., In The Measurement of Grassland Productivity,

(J. D. Ivins, Ed.), p.194, Butterworths, London, 1959;

and J. Brit. Grassl. Soc., 11, 93, (1956).

199. Boyd, M., and Jennings, J. W., Res. exp. Record Min. Agric.

N. Ireland, 9, 135, (1960); Castle, M. E., Drysdale, 4. D.,

and Watson, J. N., J. Dairy Res., 29, 199, (1962).

160. Demarquilly, C., Ann. Zootech., 12, 69, (1963).

161. Milford, R., and Minson, D. J., J. Brit. Grassl. Soc., 20, 177,(1965).

162. Milford, R., and Minson, D. J., Brit. J. Nutr., 19, 373, (1965).



163. Downes, A. M., and McDonald, I. W., Brit. J. Nutr., 18, 153, (1964).

164. Thomson, D. J., and Terry, R. i&., Proc. Nutr. Soc., g&, XXv, (1965).

165. Kivimie, A., Proc. 8th Int. Grassl. Congr., Reading, p.466, 1960.

and icta agric. Scand., 14, 165, (1964).

166. Walker, D. M., and Hepburn, W. R., Agric. Progr., 30, 118, (1955).

167. Armstrong, D. G., Agric. Progr., 39, 109, (1964).

*
168. Raymond, W. F., In The Measurement of Grassland Productivity,

(J. D. Ivins, Ed.), p.156, Butterworths, London, 1959.

169. Watson, S. J., and Horton, E. A., J. agric. Sci., 26, 142, (1936).

¥*
170. Kefford, N. P., J. Aust. Inst. agric. Sci., 24, 297, (1958).

171. Donefer, E., Niemann, P. J., Crampton, E. W., and Lloyd, L. E.,

J. Dairy, Sci., 46, 965, (1963).

¥*
172.  Mitchell, H. H., J. anim. Sci., 1, 159, (1942).

173. Holter, J. A., and Reid, J. T., J. Anim. Sci., 18, 1339, (1959).

174. Ashton, G. C., J. agric. Sci., 58, 333, (1962).

175, Milford, R., and Minson, D. J., J. Brit. Grassl. Soc., 20, (1965).

176. Tilley, J. M. L., and Terry, R. A., J. Brit. Grassl. Soc.,

18, 105, (1963).

177. Alexander, R. H., and McGowan, M., J. Brit. Grassl. Soc.,

16, 275, (1961).

178. Donefer, E., Crampton, E. W., and Lloyd, L. E., J. Anim. Sci.,

19, 545, (1960).

179. Van Dyne, G. M., and Weir, W. C., J. Range Memt., 17, 327, (1964).

and J. Anim. Sei., 23, 1116, (1964).

180. Terry, R. A., and Tilley, J. M. L., J. Brit. Grassl. Soc.,

19, 363, (1964).
181. Reid, J. T., Kennedy, W. K., Turk, K. L., Slack, S. T.,

Trimberger, G. W., and Murphy, R. P., J. Dairy Seci.,

42, 567, (1959); and Lgron. J., 51, 213, (1959).



182. Rations for Livestock, Bull. Min. Agric. No. 48, HMSO, London, 1960.

183. U.S.D.A. Grain Branch, Production and Marketing Administration.
Handbook of Official Hay and Straw Standards, 1949.

184, Richards, C. R., Haenbin, G. F. W., Conolly, J. D., and

Calhoun, M. C., J. Anim. Sci., 21, 73, (1962); Ingalls, J. R.,

Thomas, J. W., and Tesar, M. B., J. Anim. Sci., 24, 1165, (1965).

185. Pfander, W. H., Hargus, W. A., Tyree, W., and Stone, P. C.,
Fed. Proc., 23, 135, (1964).

186. Regal, V., Proc. 8th Int. Grassl. Congr., p.522, Reading, 19603

and Martin, D. J., In Grazing in Terrestrial and Marine

Environments, (D. J. Crisp, Ed.), Blackwell, Oxford, 1964.

187. Troelsen, J. E., and Bigsby, F. W., J. Anim. Sci., 23, 1139, (1964).

188. Evans, P. S., N.2. J. agric., Res., I, 508, (1964); Wilson, D.,

J. agric. Sci., 65, 285, (1965).

189. Johnson, R. R., Dehority, B. A., McClure, K. E., and

Parsons, J. L., J. Anim. Sci., 23, 112, (1964).

*
190. Russell, F. C., and Duncan, D. L., Minerals in Pasture :

Deficiencies and Excesses in Relation to Animal Health,

Tech. Comm. Commonw. Bur. Anim. Mutr. No.15, (2nd Edn.)

Aberdeen, 1956.

191, Blaxter, K. L.. Brit. J. Nutr., 17, 105, (1963).

192, Allaway, W. H., and Hodgson, J. F., J. Anim. Sci., 23, 271, (1964).

193. Underwood, E. J., Trace Elements in Human and Animal Nutrition,

(2nd Edn.), Academic Press, New York, 1962.

194. Dewey, D. W., Lee, H. J., and Marston, H. R., Nature, Lond.

181, 1367, (1958).

195. Owe, E. C., Ellis, S. E., Voss, R. C., Wilson, A. L., and

Robertson, J., Proc. Nutr. Soc., 19, XXI, (1960).

Reference No. 187. To that listed add:

Chenost, M. Proc. 10th Int. Grassl. Congr., Helsinki, 1966.




196. Symp. Proc. Availability of Minerals in Foods of Plant Origin,

Proc. Nutr. Soc., 24, 81, (1965).

197. Butler, G. W., and Glenday, A. C., Lust. J. biol. Sci., 15, 183, (1962).

198. Said, I. M., Verslag. landbouw. Onderzoek., 65, No.16 (1959).

*
199. Dijkshoorn, W., Proc, 1st Reg. Conf. Int. Potash Imst.,
Wexford, p.43, Int. Potash Inst., Berne, 1963.

200. Criffith, G. ap., Jones, D. I. H., and Walters, J. J. K.,

J. Sci. Fd. Agric., 16, 94, (1965).

*
201.  Ward, G. M., J. Dairy Sci., 42, 277, (1959).

*
202, Williams, R. D., Minor Elements and their Effects on the Growth

and Chemical Composition of Herbage Plants, Mimeo, Commonw.

Bur. Past. F1d. Crops, No.1, Revised Edn., 1963.

203, Walker, T. W., Proc. 7th Int. Grassl. Congr., New Zealand,

p.157, 1956.

204. Blaxter, XK. L., (Ed.), Energy Metabolism (Proc. 3rd Conf. Bur.

Assoc. Anim. Prod.), Academic Press, New York, 1965.

205. Griffith, ap. G., and Johnston, T. D., J, Sci. Fd. Agric., 11,
622, 626, (1960).

206. Reith, J. W. S., et al., J. agric. Sci., 56, 17, (1961); and 63,

209, (1964).

207. Nowakowski, T. Z., J. agric. Sci., 59, 387, (1962).

208. Jones, D. I. H., Griffith, ap. G., and Walters, R. J. K.,

J. agric. Sci., gi, 323, (1965).

209. Bryant, A. M., and Ulyatt, M. J., N.Z. J. agric. Res., 8, 109,

(1965).

210. Stewart, A. B., and Holmes, W., J. Sci. Fd. iAgric., 4, 401, (1953).

*
211, Brouwer, E., In Digestive Physiology and Nutrition of the

Ruminant, (D. Lewis, Ed.), p.154, Butterworths,

London, 1961.



212,

213-

214.
215.

216.

217.

218.

219.

220,

221,

222,

223.

224.

225,

226.
*

227.

228,

Hemingway, R. G., and Ritchie, N. S., Proc. 1st Reg. Conf.

Int. Potash Inst., Wexford, p.161, Int. Potash Inst.,

Berne, 1963.

Mouat, M. C. H., and Walker, T. W., Plant and Soil, 11,

30, 41, (1959).

Andrew, C. S., J. Aust. Inst. agric. Sci., 31, 3, (1965).

Reid, R. L., and Jung, G. A., J. Anim. Sci., 24, 615, (1965).

Kreyger, J., Huisman, M. H., Verslag. landbouw. Onderzoek.,

65, No.10, (1959).

Guilbert, H. R., and Hart, G. H., J. Nutr., 8, 24, (1934).
Barron, N. S., Vet. Rec., 54, 29, (1942); and Baker, F. H.,
Pope, L. S., and MacVicar, R., J. Anim, Sci., ;éy
802, (1954).
Henry, K. M., Kon, S. K., Thompson, S. Y., McCallum, J. W. and

Stewart, J., Brit. J. Mutr., 12, 462, (1958).

Grant, A. B., and O'Hara, P. B., N.Z. J. Sci. Tech., 384, 548,

(1957).

Moore, L. A., Thomas, J. W., Jacobson, W. C., Melin, C. G., and

Shepherd, J. B., J. Dairy Sci., 31, 489, (1948).

Keener, H. A., J. Dairy Sci., 37T, 1337, (1954).

Weits, J., Meded. Landbouwhogesch. Wageningen, 56 No. 1 (1956).

(in Dutch; abstr. 3225, Nutr.Abstr.Rev., 27, 708, (1957).).

Watson, S. J., and Nash, M. J., The Conservation of Grass and

Fodder Crops, Oliver and Boyd, Edinburgh, 1960.

Greenhill, W. L., J. Sci. Fd. hgric., 9, 495, (1959).

Graham, N. McC., Aust. J. agric. Res., 15, 974, (1964).

Dijkstra, N. D., Neth. J. agric. Sci., 5, 271, (1957).

Greenhill, W. L., Couchman, J. F., and De Freitas, J.,

J. Sci. Fd. Agriec., 12, 293, (1961).

Reference no. 223 To that listed add :

Weits, J., Int. Z. Vitaminforsch., 30, 399, (1960).




229.

230,

231.

232,

233,

234

235.

236.
237.
238,

239.

240,

241,

242.

243.

244

2454

246 L]

247

248,

Dijkstra, N. D., and Van Der Schaaf, D., Verslog. landbouw. Onderzoek.,
61 No.15 (1955); and 63 No.9 (1957).

Manual for the Calculation of the Nutritive Value of Roughages,

Lab. Soil and Crop Testing, Oosterbeek, Netherlands, 1958.

Ekern, A., Blaxter, K. L., and Sawers, D., In Dnergy Metabolism,

(K. L. Blaxter, Ed.), p.217, Academic Press, New York, 1965.

Christian, K. R., and Williams, V. J., NeZs J. Sci. Tech., ESA,

1003 (1957).

Barnett, A. J. G., Silaze Fermentation, Butterworths, London, 1954.

Breirem, K., and Ulvesli, O., Herb. ibstr., 30, 1 (1960).

McDonald, P., et al., Studics on Ensilage, Tech. Bull. Edin. Uni.

Scho JJ.E.;‘I‘iC- NO. 23&_,- 1960.

Murdoch, J. C., J. Brit. Srassl. Soc., 16, 253 (1961).

MacPherson, H. T., J. Sci. Fd. Agric., 3, 362, 365 (1952).

Brady, C. J., J. Sci. Fd. Agric., 11, 276 (1960).

McDonald, P., Stirling, A. C., Henderson, i. R., and Vhittenbury, R.,

J. Sci. Fd. Jdgric., 13, 581 (1962).
Minson, D. J., and Lancaster, R. J., NoZ. J. agric. Res., 8, 542 (1965).

Wilson, R. F., Tilley, J. M. A., and Steemers, M. .i,-Th.,

J. Sci. Fd. Agric., 15, 197 (1961).

Harris, C. E., and Raymond, W. F., J. Brit, Grassl. Soc., 18, 204 (1963).

Gordon, C. H., Derbyshire, J. C., Jacobson, W. C., and Moore, L. d.,

Proc. 9th Int. Grassl. Congr.,Brazil, 1964.

Raymond, W. F., Harris, C. Z., and Harker, V. G., J. Brit. Grassl. Soc.,

8, 315 (1953).

Blaser, R. E., J. Anim. Sci., 23, 246 (1964).

Minson, D. J., J. Brit. Grassl. Soc., 18, 39 (1963).

Moore, L. A., J. Anim. Sci., 23, 230 (1964) and Beardsley, D. W.,

Ibid., p.239.
Meyel‘, JO H., Weil‘, ‘7. CO, DObie, Jl Bo’ and HU.ll, JC LO,

J. Anim, Sci., 18, 976 (1959).




249«

250.

251.

252.

253.

254.

255.

256,

260.

261.

262,

263,

264.

265.

Heaney, D. P., Pigden, W. J., Minson, D. J., and Pritchard, G. I.,

J. Anim. Sci., 22, 752, (1963).

Blaxter, K. L., and Graham, N. McC., J. agric. Sci., 41, 207, (1956).

Rodrigue, C. B., and Allen, N. N., Canad. J. Anim. Sci., 40,

23, (1960).
Blaxter, K. L., Graham, N. McC., and Wainman, F. W.,

Brit. J. Mutr., 10, 69, (1956).

Campling, R. C., Freer, M., and Balch, C. C., Brit. J. Nutr.,

17, 263, (1963).

Freer, M., and Campling, R. C., Brit. J. Nutr., 19, 195, (1965).

Balch, D. A., and Rowland, S. J., Brit. J. Nutr., 21, 288, (1957).

Paladines, D. L., Reid, J. T., Van Niekerk, B. D. H., and

Bensadoun, A., J. Nutr., 83, 49, (1964).

Graham, N. McC., Aust. J. agric. Res., 15, 969, (1964).

Young, B. A., Aust. J. agric. Res., 17, (1966) (in the press).
Balch, C. C., Broster, W. H., Rook. J. A. F., and Tuck, V. J.,

J. Dairy Res., 32, 1, (1965).

Dijkstra, N. D., and Brandsma, S., Verslag. landbouw. Onderzoek.,

61, No.5, (1955).

Leigh, J. H., and Mulham, W. E., Proc. Aust. Soc. Anim. Prod.,

9, 251, (1964).
Bergman, E. N., Reid, R. S., Murray, M. G., Brockway, J. M.,
and Whitelaw, F. G., Biochem. J., 97, 53, (1965).
Leng, R. 4., Brett, D. J., and Corbett, J. L.,

Proc. VIIth Int. Congr. Nutr., Hamburg, 1966.

Skerman, K. D., O'Halloran, M. W., and Munday, B. L.,

Aust. Vet. J., 37, 181, (1961); Millar, K. R., and

indrews, E. D., N.Z. Vet. J., 12, 9, (1964).

Rosenfeld, I., and Beath, O. A., Selenium : Geobotany,

Biochemistry, Toxicity and Nutrition, Academic Press,

New York, 1964.



266. Pigden, W. J., Pritchard, G. T., Winter, K. A., and Logan, V. S.,
J. Anim. Sei., 20, 796, (1961).

267.  Hardison, W. A., J. anim. Sci., 24, 909, (1965).

*
268, Crofton, H. D., Nematode Parasite Population in Sheep and on Pasture,

L]
Commonw. Bur. Helminth. Tech. Comm. No.35., Commonw. agric.

Bur., Farhham Royal, Bucks, 1963.

369. Spedding, C. R. W., Sheep Production and Grazing Management,

Bailliere, London, 1965.
270. Armstrong, D. G., Alexander, R. H., McGowan, M.,

Proc. Mutr. Soc., 23, XXVI, (1964).

*
271. McMeekan, C. P., Proc. 8th Int. Grassl. Congr., Reading, p.21, 1960.

*
272. Wheeler, J. L., Diw. Plant Ind. Rept. No.20, Commonw. Sci., Ind.

Res. Org., Canberra, 1960.

*
273. Holmes, W., J. Brit. Grassl. Soc., 17, 30, (1962).

274. McMeekan, C. P., and Walshe, J. M., J. agric. Sci., 61, 147, (1963).

275. Spedding, C. R. W., J. Brit. Grassl. Soc., 20, 7, (1965).

276. McLean, J. W., Thomson, G. G., Jagusch, K. T., and Lawson, B. M.,

Proc. Ruakura Fmrs. Conf. Wk. (N.Z. Dept. Agric.), p.34, 1965.

277.  Wight, G. K., and Sinclair, D. P., N.Z. J. agric. Res., 8, 1079, (1965).

*
278. Corbett, J. L., and Greenhalgh, J. F. D., In Chemical Aspects of

the Production and Use of Grass, p.167, Monogr. No. 9,

Soc. Chem. Ind., London, 1960.

*
279. Corbett, J. L., Proc. 8th Int. Grassl. Congr., Reading, p.438, 1960.

280, Research Technigues in use at the Grassland Research Institute,Hurley,

Commonw. Bur. Pastures Fld. Crops No.45, Commonw. agric. Bur.,

Farnham Royal, 1961.

281, Moule, G. R., (Ed.), Field Investigations with Sheep. A Manual of

Techniques, Commonw. Sci. Ind. Res. Org., Melbourne, 1965.

282.  Corbett, J. L., Greenhalgh, J. F. D., McDonald, I., and

Florence, E., Brit. J. Nutr., 14, 289, (1960).




283. Langlands, J. P., Corbett, J. L., McDonald, I., and Reid, G. W.,

Brit. J. Nutr., 17, 211 and 219, (1963).

284. Greenhalgh, J. F. D., and Corbett, J. L., J. agric. Sci.,

59, 371 and 377, (1960); Ibid., 61, 221, (1963).

285. Campbell, 4. G., Proc. N.Z. Soc. Anim. Prod., 24, 17, (1964).

*
286. Van Dyne, G. M., and Toroll, D. T., J. Range Mgmt., 17, 7, (1964).

287. Arnold, G. W,, McManus, W. R., Bush, I. G., and Ball, J.,

Must. J. exper. Agric. finim. Husb., 4, 71, (1964) .

288. Van Dyne, G. M., and Lofgreen, G. P., J. Anim. Sci., 23, 823, (1964).

289. Langlands, J. P., Nature, Lond., 207, 666, (1965); and

Anim. Prod., (in the press).
290. Lamhourne, L. J., and Reardon, T. F., Aust. J. agric. Res.,
14, 257, (1963).

291, Fels, H. E., Moir, R. J., and Rossiter, R. C., Aust. J. agric. Res.,

10, 237, (1959).

292, Tayler, J. C., and Deriaz, R. E., J. Brit. Grassl. Soc.,

18, 29, (1963).
293. Campbell, A. G., Phillips, D. S. M., and O'Rielly, E. D.,

J. Brit. Grassl. Soc., 17, 89, (1962); Hyde, F. J., and

Lawrence, J. T., Electron. Engng., 36, 666, (1964);

Alcock, M. B., Nature, Lond., 203, 1309, (1964).

294. Arnold, G. W., McManus, V7. R., and Bush, I. G.,

fust. J. exper. dgric. Anim. Husb., 4, 392, (1964).

295. Grazing Management : Continuous and Rotational Grazing by Merino

Sheep, Bull. Council Sci. Ind. Res. Aust., No.201,

Melbourne, 1946,

296. McMeekan, C. P., Proc. VIth Int. Grassl. Congr., p.149,

Pennsylvania, 1952.

297 . Blaser, R. E., Hammes, R. C., Bryant, H. T., Hardison, W. A.,

Fontenot, J. P., and Engel, R. W., Proc. 8th Int.

Grassl. Congr., Reading, p.601, 1960.

Reference no. 293 To those listed should be added :
Johns, G. C., Nicol, G. R., and Watkin, B. R.,
J. Brit. Grassl. Soc., 20, 212, (1965).




Reference no. 298 To that listed add :
Mannetje, L. T., and Haydock, K. P.,
J. Brit. Grassl. Soc., 18, 268, (1963).
Wilson, J. W., aust. J. Bot., 1, 95, (1963).

Teare, D., and Mott, G. O., Crop Science, 5, 311, (1965).
” =
298, Brown, D., Methods of Surveying and Measuring Vegetation,

Bull. Commonw. Bur. Past. Fld. Crops No.42, Commonw.

Agric. Bureaux, Farnham Royal, 1954.

299. Pasture and Range Research Techniques (Various authors)

Comstock, Ithaca, New York, 1962,

300, Basic Problems and Techniques in Range Research, Publ. Nat. Res.

Council No. 890, National Academy of Sciences,

Washington, 1962.

301. Willoughby, W. M., Aust. J. agric. Res., 10, 248, (1959).

302. Van Dyne, G. M., and Heady, H. F., J. Range Mgmt., 18, 78, (1965).

303. Cowlishaw, S. J., and Alder, F. E., J. agric. Sci., 54, 257, (1960).

304« Cook, C. W., Blake, J. T., and Call, J. W., J. Anim. Sci.,

22, 579, (1963).
305, Viheeler, J. L., Reardon, T. F., and Lambowrme, L. J.,

fust. J. agric. Res., 14, 364, (1963).

306. Brumby, P. J., N.Z. J. agric. Res., 2, 797, (1959).

307. Hancock, J., J. agric. Sci., 44, 420, (1954).

308. Payne, W. Jo A., Laing, W. I., and Raivoka, E. N.,

Nature, Lond., 167, 610, (1951).

309. Corbett, J. L., and Boyne, A. W., J. agric. Sci., 51, 95, (1958);

Corbett, J. L., Proc. Brit. Soc. Anim, Prod., p.3, 1958.

*
310. Mochrie, R. D., Fed. Proc., 23, 85, (1964).

311, Knox, K. L., and Ward, G. M., J. Dairy Sci., 44, 1550, (1961).

312, Greenhalgn, J. F. D., and Runcie, K. V., J. agric. Sci.,

29, 95, (1962).

313.  Edmond, D. B., N.Z. J. agric. Res., 7, 1, (1964).

314. Mitchell, K. G., Proc. N.Z. Soc. Anim. Prod., 20, 82, (1960).

315. Petersen, R. G., Lucas, H. L., and Voodhouse, W. W.,

Agron. J., 48, 440, (19%6).

316. Hilder, E. J., Proc. Aust. Soc. Anim. Prod., 5, 241, (1964).




317. Arnold, G. W., Proc. fust. Soc. Anim. Prod., 5, 275, (1964).

318. Lambourne, L. J., and Reardon, T. F., Nature, Lond., 196, 961, (1962).

*
319. Fontenot, J. P., and Blaser, R. E., J. Anim. Sci., 24, 1202, (1965).

¥320.  Buffman, C. F., J. Dairy Sci., 42, 1495, (1959).

321. Allden, W. G., and Jennings, A. C., Proc. fAust. Soc. Anim. Prod.,

4, 145, (1962); Holder, J. M., Ibid., p.152.

*
322. Holmes, W., and Jones, J. G. W., Proc. Nutr. Soc., 23, 88, (1964).

323, Mott, G. O., Proc. 8th Int. Grassl. Congr., Reading, p.606, 1960,

324. Riewe, M. E., Agron. J., 53, 309, (1961).

*
325. Alcock, M. B., In Grazing in Terrestrial and Marine Environments

(D. J. Crisp, Ed.), p.25, Blackwell, Oxford, 1964.

326. Lambourne, L. J., and Reardon, T. F., Aust. J. agric. Res.,

14, 272, (1963).
327. Arnold, G. L., McManus, %W. R., and Dudzinski, M. L.,

Aust. J. exper. Agric. Anim. Husb., 5, 396, (1965).

328. Corbett, J. L., Langlands, J. P., and Boyne, A. W.,

Proc. VIIIth Int. Congr. Anim. Prod. Hamburg, III,p.245, 1961.

329. Langlands, J. P., Corbett, J. L., McDonald, I., and Pullar, J. D.,
Anim. Prod., 5, 1 and 11, (1963).

330.  Tayler, J. C., Proc. Brit. Soc. Anim. Prod., p.3, (1954).

331. Balch, C. C., and Line, C., J. Dairy Res., 24, 11, (1957).

¥*
382, Wallace, L. R., Proc. 7th Int. Grassl. Congr. Reading, p.134, 1956.

333, Hutton, J. B., Proc. N.Z. Soc. Anim. Prod., 22, 12, (1962).

334. Jones, J. G. W., Drake-Brockmen, R. M., and Holmes, V.,
Anim. Prod., 7, 141, (1965).

335. Coop, I. E., J. agric. Sci., 38, 179, (1962); Coop, I. E., and

Hill, M. K., Ibid., p.187.

336. Coop, I. E., and Drew, K. R., Proc. N.Z. Soc. Anim. Prod.,

23, 53, (1963).



337. Hadjipieris, G., Jones, J. G. W., and Holmes, W.,

Anim. Prod., 7, 309, (1965).

338. Graham, N. McC., Proc. Aust. Soc. Anim. Prod., 5, 272, (1964);

and Aust. J. agric. Res., 15, 969, (1964).

339 Nat. Inst. Res. Dairying, Reading, Ann. Repts., 1958,
p. 105; 1959, p. 106; 1960, p. 114.
340, Joyce, J. P., and Blaxter, K. L., Brit. J. Nutr., 18, 5, (1964);

and Res. Vet. Sci., 5, 506, (1964) .

341. Blaxter, K. L., Joyce, J. P., and Wainman, F. W., Nature, Lond.,

198, 1115, (1963).
342, Flatt, W. P., Waldo, D. R., Sykes, J. F., and Moore, L. A.,

Proc. 1st Sympos. Energy Metabolism, Copenhagen, p.101,

Publ. Bur. Assoc. Anim. Prod. No. 8, Rome, 1958.

343, Young, B. A., and Corbett, J. L., Proc. IXth Int. Congr.

Anim. Prod.,Edinburgh, 1966.

344. Elliott, R. C., and Fokkema, K., Rhodesia agric. J., 27, 439 and

446, (1960); and 58, 49 and 124, (1961).

345. Scaut, A., Publ. Inst. Nat. Etude Agron. du Congo Belge, (I.N.E.A.C.)

No. 81, (1959) and No. 91, (1961).

346. Phillips, G. D., and Lampkin, G. H., Emp. J. exper. Agric.,

32, 60, (1964).

*347. Phillipson, A. T., In Mammalian Protein Metabolism, (H.N. Munro and

J. B. Allison, Eds.), I, p.71, Academic Press, New York,
1964.

348. Bolker, H. I., Nature, Lond., 197, 489, (1963).

349. Blaxter, K. L., In The Role of the Gastro-Intestinal Tract in

Protein Metabolism, (H. N. Munro, Ed.), p.143, Blackwell,

Oxford, 1964.

350. Grieve, C. M., and Osbourn, D. F., J. agric. Sci., 65, 411, (1965).

351.  Osbourn, D. F., Thomson, D. J. and Terry, R. A.

Proc. 10th Int. Grassl. Congr., Helsinki, 1966.

352.  @rskov, E. R. and Allen, D. M.

Brit. J. Nutr., 20, 295, 307, 509 and 519 (1966).



TABLE 1. Relationships between the digestibility and the voluntary intake of feed by sheep. Intakes (I) expressed as .
g dry matter per (kg liveweight)o'73
- _ . |
No. of Range in Range in I Change in I per Intakes at
Plant Species Observations Dig;szil))ility nge in unit change in D D=T70 D= 55|
o (D |
Temperate %
1. Lolium multiflorum var.S22 10 60.0 - 84.6 62.5 - 90.9 1.12 74.2 i
2. L. mltiflorum x L.perenne var.H1 10 67.3 - 82.9 54.0 - 93.8 1.66 . 67.0
3. Festuca arundinacea var.S170 (year 1) 6 65.7 - 79.5 51.8 - 81.4 1.33 (N.S.) 68.9
4. Phleum pratense var.S48 (year 1) 7 66.8 - 75.4 56.4 - 68.8 - 0.55 (N.S.) 64.8 !
5. Pestuca pratensis var.S5215 8 60.9 - 81.2 52.1 - 91.8 1.55 71.8 .
6. Dactylis glomerata var. Germinal 11 58.0 - 77.9 39.4 - 90.2 1.64 71.2 |
|
Species 1 - 6, combined data 52 58.0 - 84.6 39.4 - 93.8 1.36 69.6
F. arundinacea & P. pratense (year 2), combined data 11 62.5 - 83.3 39.9 - 64.8 0.77 51.9
Tropical E
1. Setaria sphacelata var. Nandi 11 46.7 - 63.0 28.3 - 70.0 1.26 EN.S.; 36.8
2. Digitaria decumbens 15 40.7 - 68.9 25.7 - 65.5 0.72 (N.S. 37.7
3. Chloris gayana (CPI16144) 7 54.0 - 60.0 34.3 - 46.1 0.57 ?N.S.) 39.7
4. C. gayana var. Callide 9 48.7 - 62.5 51.3 - 64.3 0.53 N.S.) 58.1
5. Sorghum almum 33 35.6 - 67.8 37.8 - 86.0 0.74 57.7
6. Pennisetum clandestinum 16 52.9 - 68.7 21.4 - 75.1 1.18 (N.S.) 51.5
7. Cenchrus ciliaris var. Molopo 22 34.1 - 60,6 21.6 - 78.9 1.20 63.2
8. Phaseolus atropurpureus var. Siratro (Legume) 12 40.3 - 56.8 50.5 - 82.2 1.05 69.2
9. Glycine javanica var. Cooper (Legume) 5 46.1 - 60.7 68.7 - 91.5 1.38 82.0
10. Various 90 28.0 - 76.0 9.9 - 82.3 1.22 49.5 |
11. Various (fresh herbage and dried fodders) 21 46.3 - 68.4 30.0 - 69.3 0.42 (N.s.) 43.2 ¢
12, Various 20 55.0 - 71.3 42.6 -103.3 2.05 54.3

a. - Regression not significant

Sources: Temperate species ref.33; Tropical species nos. 1-9 ref.47;

no. 10 ref.41;

no. 11 ref.35;

T . Values of I for nos. 10, 11 and 12 recalculated ,from the qulis@gd dgtqi_

no. 12 ref.350.



Energy 83 .0 77-6 77 .0 63 07

Organic matter 86 83 79 62
Protein nitrogen 82 T8 T1 50
Non-protein nitrogen 75 78 19 76
Cellulose 92 89 87 73
Hemicelluloses(c) 93 84 79 56
Apparently digestible energy (ADE), kcal/éﬂM 3.85 3.48 3.45 2.91

Molar proportions in ruminal liquor

Acetic acid 62.7 64.8 68.6 68.6
Propianic Acid 22.7 21.9 22.2 20,8
Butyric acid 14.6 13.3 9.2 10.6
% gross energy intake lost(d) - in urine 8.2 7.1 6.1 4.1
in methane 8.7 9.2 8.9 7.6
Metabolizable energy (ME), kcal/éDM(d) 3.06 2.75 2.78 2.37
M.E. as % of ApE(%) 79.6 79.0 80.7 81.7
Efficiency of utilization of M.E. - for maintenance T8.1 7545 T4.5 73.8
- for fattening 52.5 535 46.7 33.6
Voluntary intake by sheep per (kg liveweight)®:73
- gIM 69 79 78 60
- kcal ADE 266 275 269 175
Animal production/ha - mo. of sheep-days : 2085 2769 3013 5728
and liveweight gain (kg) : 450 662 543 240
(a) 75%. heads emerged by 17 June (b) Hexoses,sucrose and fructosan (c) Xylan, araban, glucan, galactan

and aldobiocuronics.
(d) At the maintenance level of feeding.
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TABIE 3. Concentrations, rates of production (entry rates ) » interconversions and effective production rates of acetic, propiswie . and butyric acids in the rumen of grazing sheep.
Molar percentage of total VFA as : Entry rates (m-moles/min) Acetic Butyric Conversion rates m-mole/min Effective production
. . rates (m-mole s/mln)
acid produced acid produced :
Weight of | Total VFA Branched-chain from butyric from acetic
Sheep sheeD concentrat- | Acetic |Propionic | Butyric and higher Acetic | Propionic | Butyric acid acid Acetic to Butyric to . . .,
no.* (kg5 ion : acid acid acid acids acid | acid acid % % butyric acid acetic acid T Acetic But;}rrlc
: (m-moles/1) ' acid acid
2 425 60 69 17 12 2 1.70 0.50 0.40 - 33.8 0.27 0.09 1.43 0.31
4 44.5 50 _ 73 17 5 5 0.79 0.18 0.15 - - - _ ' - - _
5 38.5 102 ’ 68 20 9 3 2,60 0.77 0.62 - 40.4 0.51 0.14 2.09 0.48
6 45.0 - 103 | s 17 11 4 - , 0.71 13.6 - | . 3 _ )
7 38.0 128 66 18 11 5 3.63 0.98 0.77 - 43.5 0.67 0.20 2.96 0.57
8 3945 100 ' 66 15 (N 2 1.60 0.43 0.37 - ' 41.9 0.31 0.09 1.29 0.28
9 43.0 146 63 19 13 5 - - 0.48 11.6 - - | - - -
10 35.0 68 66 17 11 6 1.11 0.31 i 0.18 - 30.6 0.11 0.06 1.00 0.12
11 41.0 65 66 | 18 1 ! 5 - Pooo- P07 9.1 | - - ! _ [ - -

e Sheep nos. 6, 9 and 11 were infused intra-ruminally with a mixture of [2 -3 - T] andE -2 - 14CJ butyrate. The remainder were
infused with a mixture of[U - 14C]acetate, _’__U - 14C_Ipropiona‘be and I_—2 -3 - T:‘butyrate.

" Caloulated on the assumption that, on average, 11% of acetic acid entry rate arises from conversion of butyric acid (see text).
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Fig. 1.

DIAGRAMMATIC REPRESENTATION OF RELATIONSHIPS
BETWEEN FEED DIGESTIBII ITY AND THE INTAKE
AND EXCRETION OF DRY MATTER (D.M.) PER UNIT
OF LIVEWEIGHT (W°°73).

For the purposes of this diagram the dry matter
intake, A, was taken to be 40 g/kgWo'73 at a
digestibility of 45 per cent; the intake was
assumed to increase by 1.5 gA(gWO’73 per unit
change in digestibility over the range <45 to
about 65 per cent (see text and Table 1).
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Title and Legend for Fig. 2.

Fig. 2. CHANGES IN THE DIGESTIBILITY OF TEMPERATE
AND TROPICAL GRASSES AND LEGUMES WITH
INCREASING AGEZ AND MATURITY OF THE HERBAGE.

Temperate species. Spring growths; dates of first

measurements varied between species and between localities
(U.X., refs. 33, 96, 99; Netherlands, ref. 260;

Sweden, ref. 95).

L.P. : Lolium perenne var.323 (ryegrass)

P.P. : Phleum pratense var.348 (timothy)

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 ver. Ultuna (red clover)
M.S. : Medicago sative var. Dupuits (lucerne or alfalfa)
Tropical species. (ref. 47)

SA. : Sorghum almum

C.C. : Cenchrus ciliaris var. Molopo (Buffel grass)

C.Ge : Chloris gayana var. Callide (Rhodes grass)

P.C. ¢ Pennisetum clandestimum (Kikuyu grass)

D.D. : Digitaria decumbens (Pangola grass)

P.A. : Phaseolus atropurpureus var. Siratro

GeJ. : Glycine javanica var. Cooper
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