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The concept of intersection was introduced into relationships between forage production
and ruminant production by premising the equality in the amount between forage yield (kg/a)
and cumulative forage intake (kg/head). Some relationships were given through the mutual
transformation of two units (kg/a<—kg/head) at the intersection. (i) There was a relation of
ruminant growth period (dz) to forage yield (kg/a) through daily intake (kg/a/dgr), and forage
growth period (d:) was related to cumulative forage intake (kg/head) through the unit
(kg/head/dr) that was shown for both forage growth rate and rough estimate of assimilation rate.
(ii) The animal (head) was related to the field (a) through the unit (a/head) shown for each of
feed efficiency, forage digestibility and the ratio of the amount of animal excreta to forage yield,
this ratio showed the return of excreta to the field. (iii) The intersection led to either of forage
and ruminant production analyses. (iv) When entering the ruminant production analysis from
the forage production analysis, there was a pair appearance of feed efficiency and feed
conversion, followed by its pair disappearance. The present study suggested field-forage—
rurinant relationships.

INTRODUCTION

In the ruminant production from meadows or pastures, field-forage—ruminant
relationships (soil-plant-animal relationships) are of great importance to the cycling of
nutrient elements (Whitehead, 20002a). This is also associated with sustainable systems of
ruminant production (Mannetje, 1994; Peel and Lloveras, 1994; Spedding, 1995). In some
actual management systems, however, there is a disconnection in the relationships, where
forage-ruminant relationships (ruminant production) and field—forage relationships
(forage production) are considered two different things. This often causes one-way flow
of nutrients from soils, through forages, to ruminants, a problem that animal excreta are
not returned to fields from which forages were produced.

In our previous reports forage-ruminant relationships were investigated from some
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different aspects using simple analytic equations (Shimojo et al., 1998a, b, ¢, d, e, f,
19992, b, ¢, d, 2000a). Analytic approaches might be expected to describe the return of
animal excreta to fields if a new concept is introduced in order to form close relationships
between fields, forages and ruminants.

The present study was designed to form field—forage-ruminant relationships by
introducing a concept of intersection of ruminant production and forage production,
where these two were treated equally to relate animals to fields.

CONSTRUCTING AN INTERSECTION

The concept of an intersection

At an intersection of road A and road B one stands on both roads, and can walk along
either road by taking turns at the intersection. This is based on something equal or
something common at the intersection of both roads.

An intersection of ruminant and forage production

An intersection of ruminant production and forage production is, when constructed
using the amount of forage, described, for example, like Case A.

[Case A] The forage produced from the field with the area of one are was cut and fed
to an animal, followed by the complete consumption. This shows the equality in the
amount between cumulative forage intake (/) and forage yield (Y). Thus,

I (kg/head)=Y (kg/a) . @

The premise (1) suggests that interchanging the animal (head) and the field (a) does
not alter the amount of forage (kg). However, this does not always apply to actual cases,
where there is a need of making modifications as shown in the following cases.

[Case B] When the forage produced from the field with the area of one are was
completely eaten by five animals, they are regarded as one group of animals and kg/head
is replaced by kg/group in the premise (1).

[Case C] When an animal completely consumed the forage produced from the field
with the area of three ares, the field is regarded as one zone of the field and kg/a is
replaced by kg/zone in the premise (1).

[Case D] When the forage produced from the field with the area of one are was fed to
an animal but a part of the offered forage was left uneaten, there is a replacement of
I (kg/head)=Y (kg/a)] with [{ (kg/head)=m -Y (kg/a)}, where m < 1.] in the premise (1).
Actual cases are given as the combination of above cases, where the number of animals
and the area of field take various values.

Items used for analyses of ruminant and forage production

The following items are used for analyzing ruminant production.
iz: a certain period of growth of an animal (days: dg).
I: cumulative forage intake over the period of dy (kg/head).
G: body weight gain over the period of dy (kg/head).

The following items are used for forage production analyses.
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tr: growth period of the forage (days: dr),

A: mean leaf area over the period of dr for the whole forage in the field with the area
of one are [=(A,+A;)/2], where, for example, A ,=leaf area of the whole forage in
the early growth stage when the plant height is 10 cm, A,=leaf area of the whole
forage at the later stage when cut for hay at the height of 10 cm above the ground.
A is also regarded as mean leaf area index. A is a very rough value with a lack of
accuracy in forage production analyses, but introduced forcedly this time in order
to make a rough estimate of assimilation rate of the whole forage.

Y: yield of the whole forage harvested from the field with the area of one are (kg/a).

Then, analytic equations for ruminant production and those for forage production will be
constructed with an intersection of them.

RUMINANT PRODUCTION ANALYSIS WITH AN INTERSECTION
FOR ENTERING RORAGE PRODUCTION ANALYSIS

The daily gain of a ruminant animal is described as the product of daily forage intake
and feed efficiency. Thus,
G 1 G
@

e e ¥ e
- bl

tr e I

where G/tg=daily gain (kg/head/dz), I/t;=daily forage intake (kg/head/d.), G/I=feed
efficiency.

The digestible part of intake is more closely related to body weight gain than intake is.
Replacing I in the second term of the right-hand side of equation (2) with the digestible
forage intake [DI (kg/head)] gives

G I G DI ,
2L 3)

e te DI I

G/DI is regarded as modified feed efficiency. DI/I shows forage digestibility that is
naturally introduced in order to keep the equality between both sides of equation (3)
even after replacing I with DI. Poppi et al. (2000) stated the importance of the
interaction of intake, passage and digestibility to animal production. This is also
suggested in equation (3): G/t; as animal production, / as intake, /1, as daily intake that is
influenced by passage of digesta, DI/l as digestibility.

Replacing I (kg/head) in equation (2) with Y (kg/a) according to the premise (1)
gives

= - @

where Y/:=daily forage intake (kg/a/dx), G/Y=feed efficiency (a/head).

Daily forage intake (¥/¢:), which undergoes the unit transformation from kg/head/dz into
kg/a/d, relates the animal growth period (dg) to the forage yield (kg/a). Feed efficiency
(G/Y), that has a unit (a/head) obtained from dividing G (kg/head) by Y (kg/a), relates the
animal (head) to the field (a). G/Y is considered a kind of coefficient for estimating the
animal production efficiency from the field in terms of feed efficiency. This interpretation
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is hided at the back of the ordinary comprehension of feed efficiency, and comes out into
the open this time to show close relationships between fields and ruminants through the
forage as a mediator.

The indigestible part of intake is excreted in feces. Feces, together with urine, form
animal excreta. Replacing Y in the second term of the right-hand side of equation (4)
with the amount of animal excreta [F (kg/head)] gives

G_Y. .G, E -

tk t}e E Y
G/E is the ratio of body weight gain to the amount of excreta, showing that the ruminant
production always goes together with the production of excreta. E/Y, that is naturally
introduced to keep both sides of equation (5) equal, shows the ratio of the amount of
animal excreta to the forage yield. Thus, E/Y relates, through undergoing the unit
transformation [(kg/head)/(kg/a)—(a/head)], the animal (head) to the field (a). This is
interpreted as follows: the forage relates the field to the animal by removing nutrients
from the soil to the animal, and the excreta relate the animal to the field through
returning feces and urine to the field (Pain, 2000; Whitehead, 2000a, b). Therefore, E/Y
is considered a kind of coefficient for estimating the nutrient recycling between fields and
ruminants via forage production and excreta return.

Replacing E with DI in equation (5) gives

= - .. .= 6)

DI/Y is considered another description of forage digestibility with a unit (a/head) that is
obtained from (kg/head)/(kg/a) in DI/Y, and thus relates the animal (head) to the field
(a). DI/Y is considered a kind of coefficient for estimating the digestible dry matter
production efficiency from the field in terms of forage digestibility. This interpretation,
that is hided at the back of the ordinary comprehension of forage digestibility, comes out
into the open this time to show field-ruminant relationships through digestible dry matter
accumulated in the forage (Shimojo et al., 1998a, d, f, 1999c, d).
The forage yield (YY) is rewritten as follows,

1 Y
A tr
where A=mean leaf area over the period of dr for the whole forage in the field with the
area of one are, {r=growth period of the forage (ds: days), (1/4) - (¥Y/t;)=rough estimate of

assimilation rate (kg/a/dy).
Inserting equation (7) into equation (4) gives

l'A te, (7

1 Y ~
mmmmmmmmmm 'A't
G {A zp} i G
=z . , (©)
b Z EREapY
A & i

G/ty=daily gain, {(1/A) - (Y/tr) - A - t;}/ti=daily forage intake,



Field-Forage-Ruminant Relationships 325

G/{(1/A) - (Y/tr) - A-tr}=feed efficiency.

Changing the form of equation from (2), through (4), into (8) shows that there is an
entrance to the forage production analysis from both daily intake and feed efficiency in
the ruminant production analysis. This is due to the intersection that is constructed by
replacing / (kg/head) with Y (kg/a) according to the premise (1). The right-hand side of
equation (8) shows that both daily intake and feed efficiency in the animal are supported
by forage production, suggesting an aspect of the heterotrophic characteristic of ruminant
animals.

FORAGE PRODUCTION ANALYSIS WITH AN INTERSECTION
FOR ENTERING RUMINANT PRODUCTION ANALYSIS

The absolute growth rate of the forage is described as the product of rough estimate
of assimilation rate and mean leaf area. Thus,

Y 1 Y
=f - A s 9
] ®
Y/t-=absolute growth rate (kg/a/dr), A=mean leaf area over the period of dr for the whole
forage in the field with the area of one are, (1/4) - (¥/t-)=rough estimate of assimilation
rate (kg/a/de). -

Replacing Y (kg/a) in equation (9) with 7 (kg/head) according to the premise (1)
gives

I 1 I
= ‘A 10
tr { At } ’ ao
where Ii=absolute growth rate (kg/head/dy), (1/4) - (I/i-)=rough estimate of assimilation
rate (kg/head/dy). :

Both absolute growth rate (I/¢r) and rough estimate of assimilation rate [(1/A) - (I/ir)]
undergo the unit transformation from kg/a/dr into kg/head/dy, and thus relate forage
growth period (dr) to cumulative forage intake by the animal (kg/head).
The cumulative forage intake (I) is rewritten as follows:
I G I
I= e I G
where I/t;=daily forage intake, G/I=feed efficiency, I/G=feed conversion that appears
newly here, f,=a certain period of growth of the animal, the product of (I/t;) and (G/) is
G/t and this is equation (2) analyzing the ruminant growth.
Inserting equation (11) into equation (10) gives

* tp, ‘ (an

t.. I G 1 I G
tr A tr

" e "
lr

A 12)

Changing the form of equation from (9), through (10), into (12) shows that there is an
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entrance to the ruminant production analysis from both absolute growth rate and rough
estimate of assimilation rate in the forage production analysis. This is caused by the
intersection constructed by replacing Y (kg/a) with 7 (kg/head). I/G, that is naturally
introduced to keep the equality between both sides of equation (12), is feed conversion as
already shown in equation (11). It is another feature of equations (11) and (12) to give a
pair appearance of G/7 (feed efficiency) and I/G (feed conversion). This is, however,
followed by a pair disappearance of them because of a reciprocal relationship [(G/) *
({I/G)=1]. This might be one of the reasons why either G/I or I/G is usually used to
evaluate feed-animal relationships. Feed efficiency and feed conversion are also given by
interconvertible relationships between forage production analysis and ruminant
production analysis (Shimojo et al., 2000a). In the right-hand side of equation (12), leaf
area (A) exists alone in the second term and A takes the form supporting the ruminant
production in the first term. This suggests an aspect of the autotrophic characteristic of
forage plants.

FIELD-FORAGE-RUMINANT RELATIONSHIPS

The mutual transformation between two units (kg/head<—kg/a) resulted in relating
the ruminant (head) to the field (a) [equations (4), (5) and (6)], because the amount was
equal between forage yield (kg/a) and cumulative forage intake (kg/head) as shown in the
premise (1). This constructed an intersection of ruminant and forage production, from
which point one was allowed to enter either of their analyses [equations (8) and (12)].

These results are associated with a kind of symmetric treatment of forage and
ruminant production, which was also shown in different ways in our previous reports
(Shimojo et al., 1998b, e, 1999a, b, 2000a). The present treatment may lead to a series of
interpretation as shown in the following three. (@) Forages are produced from the field
to feed ruminant animals. (8) The removing of nutrients from the soil is followed by the
compensation to recover the soil condition, where excreta from the animals eating forages
are returned to the field and in addition fertilizer application is needed if there is still a
shortage of nutrients. (7 ) This is followed by the next production of forages. In the
actual management forages are produced in parallel with the production of animals.
Thus, there occurs the following continuation, which supports human life (Shimojo et al.,
2000b, c).

Forage production—ruminant production—forage production— + - - - - . (13)

This is associated with sustainable systems for ruminant agriculture based on
self-supplying forages, as shown in field-forage-ruminant relationships obtained through
forage production and excreta return [equations (4), (5) and (6)]. The sustainable
system gives a quantitative limitation to the amount of animal excreta that can be
returned to the field, otherwise there occurs an environmental pollution as well as
harmful effects on soils and plants (Wadman et al., 1987; Pain, 2000). Therefore, systems
suggested from the continuous relationships (13) are roughly divided into the following
three groups. (i) The system with low levels of external inputs: an example for it is given
by the extensive ruminant production from permanent grasslands (Wilkins, 2000). (ii)
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The system with high levels of external inputs to produce forages of high digestibility and
dry matter: an example for it is given by the intensive ruminant production from
meadows, especially from harvested temperate forages whose nutritive value is higher
than that of tropical forages (Minson, 1990a, b). (iii) The system with a link to other
fields for producing food crops for human consumption in order to transfer an excess
amount of animal excreta over acceptable limitation: an example for it is given by
producing ruminants from some species of tropical forage crops whose yields are very
high (Hanna and Torres—Cardona, 2001) but digestibility coefficients are lower compared
with temperate forages (Minson, 1990a). It is likely also in the system (ii) that an excess
amount of animal excreta is taken out from forage fields to manure other fields for grain
crop production. Improving forage digestibility contributes to not only increasing animal
production but also reducing the amount of feces excreted, provided that the rate of
improvement is higher in digestibility than in yield of forages. This is the tactics
indispensable to forage breeding programs, especially for tropical forages (Bray and
Hutton, 1976) and also for species of high yields.

There are cases where ruminants are produced from the combination system of
grazing and harvesting (Horrocks and Vallentine, 1999). Sustainable systems are likely to
be related to grazing systems, because there arises a shift to extensive systems (Peel and
Lloveras, 1994) which are related to nature conservation (Nosberger et al., 1994).

CONCLUSIONS

A symmetry-like treatment of forage and ruminant production, which was given by
introducing an intersection of them, was consequently related to the traditional and
important way of ruminant agriculture, namely ‘ it is the soil that produces animals
through forage production.” The present study may give an example of conceptual
approaches to constructing sustainable systems for ruminant agrlculture based on
field—forage-ruminant relationships.
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