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This study was eonduetcd t.o take up the follo"'ing two subjects: (1) rciationships bet.ween 
light interception by' t.he forage canopy and it.:. mean leaf area weighr.pd by t.he light. attenuation 
curve [t\lLAJ, and (2) relationships bet.ween feed ingestion by ruminant.s and mean retention 
lime of fped in t.he rumen wei~hted by the fced disappearancp curve [r-.TRT], using simple models 
for forages and t.hose for flIminant.s. The foUm,\ing result.s were suggest.ed: (1) when the canopy 
leaf arf'a index [L] \vas high the small coefficiPIlt of light extinct.ion [K fl enabled the canopy t.o 
have 1ar~e MLA .vhich could intercept. more amount. of light, whereas t.hc saturation of lighl 
intcrception occurred ill lower L when the eanopy had large Kf, (2) daiJ:i. .. fped int.ake [DFI] by 
ruminants increased with the increase in rv\liT' I=fceci ciisappearance ratej. The present. study 
using simple models suggested that. MLA of the canopy of forages was like j\:fRT • of feed in the 
nnnell of mminant.s as indices for the estimation of energy ingestion. 

INTRODUCTION 

S1.udies on t.he animal production from forages commonly extend from the forage 
production t.o the ruminant production researches. 

It was suggested by Shimojo el oJ. (1995) that mean leaf area of the forage canopy 
weight.ed by the light. a1.t.enua1.ion cur,re [MLAJ and its light interception characteristics 
gave a broad outline of the relationship between light extinct.ion coefficient. ann t.he 
amuunt. of light. int.ercept.ed by canopy leaves at different levels of leaf area index. This 
suggest.ion was given a hint., in calculating :tv1LA, from the calculation of mean retention 
time of feed in the rwuen weighted by the feed disappearance curve lMRTJ in ruminants 
(Faichney, 1993). This hint is, as it were, based on the analogy between MLA and MRT in 
the method of calculation, though it looks strange. It is knO'wn that ~lRT influences feed 
int.ake by ruminant.s (Minson, 1990; Faiehney, 1993). MLA and MRT are subjects that. 
have conunonly been investigated in separate studies. However, taking up MLA and MRT 
in the same paper to estimate both light interception by forages and feed ingestion by 
ruminants is considered of interest from the viev.rpoint of looking at forage-ruminant 
relationships between these two subjects. 

The present study was designed to clarify (1) relationships between MLA and light 
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interception in forage canopies and (2) relationships between MRT and feed ingestion in 
ruminants, using simple equations for forages (Mansi and Saeki, 1953; Shimojo et al.) 
1995) and those for ruminants (Blaxter et al., 1956). These equations are considered too 
simple compared with modern equations (Sheehy and Johnson, 1993; Faichney, 1993), 
but they seem to be easy to treat and to be sufficient enough to deal v .... ith the present two 
subjects parallelly. 

SIMPLE EQUATIONS FOR MLA AND MRT 

Description of MLA and estimation of light interception by MLA 
(I) MLA ofthe forage canopy 

MLA of the forage canopy, that is equal to efficient leaf area [Lel in our previous 
report CShimojo et al., 1995), is described as follows: 

(I) 

where F=cumulative leaf area index from the top to the jth layer of leaves, L=leaf area 
index of the canopy, Kf =light extinction coefficient of the canopy. 

MLA is, as it were, an area of the t.wo-dimensionally flattened leaf that is obtained by 
weighting the spatially distributed leaves by the light attenuation curve. MLA. calculated 
at. 3 levels of K f and 9 levels of L is shown in Table 1. MLA "",ith small KJ was higher than 
that with large Kf for all L, and the difference became larger wit.h the increase in L. 
(2) Light interception by unit MLA and by MLA 

The amount of light intercepted by MLA might be the same as that intercepted by 
total leaves of the canopy. Using relative light intensity the amount of light intercepted 
per unit MLA [R,,] (designated previously as R in the report of Shimojo et al. (1995)) is 
estimated as follows: 

Table 1. Mean leaf area [MLAJ calculated at. different levels of light 
extinction coefficient [KfJ and canopy leaf area index [LJ. 

KJ 
0.30 (JOO 0.90 

0.50 0.244 1l.238 0.231 
1.00 0.475 0.450 0.426 
2.00 0.901 0.805 0.715 
300 1.278 1.073 O.S95 

L 4.(){) 1.609 1.268 0.999 
5.00 1.897 1.405 1.055 
6.00 2.145 1.498 1.084 
7.(XI 2.357 1.560 1.098 
8.(JO 2.5:35 1.6UD 1.105 

._ .. _----
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1 R, = 1- (2) 
, exp!Kj L)' 

Ru calculated at 3 levels of Kr and 9 levels of Lis shmvll in Table 2. Rn 'ilYlth small Krwas 
100ver than that with large Kf for all L, and t.he difference became smaller with the 
increase in L. 

Thus, the amount of light intercepted by MLA [R"tl (designated previously as Ie 
(RLe) in the report of Shimojo et at. (1995)) is expressed as, 

Rm ~Ru ·MLA 

~ {I- exputL) Hi; {1- exp~~~ )-=J1 
_I . {I 
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Fig. 1. Amount of light intercepted by MLA (Rm] at different levels of Kj and l, in the simple model 
for canopy (MLA=mean leaf area weighted by light attenuation curve, Kr=light extinction 
coefficient, l,=leaf area index). 
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Table 2. Amount of light intercepted per unit .\ILA lIC,,] calcu.latcd at 
different levels of light. extinction copfficiellt. [KJ] and canopy 
leaf [!fea index [L]. 

KJ 

0.30 0.60 0.90 

0.50 0.139 O.2G~) (),;\62 

UJO 0,259 0.451 Ci.5!),] 

2.00 0.451 ORm O.3!16 

3.00 O.W:3 O.fn5 0.933 
L 4.00 0.699 0.909 0.973 

5.00 0.777 ().DSO (l.$l8D 

6.00 0.8% O.m;3 O.HHFi 
7.0fl O..s7R 0.U85 " nno C/.;)"D 

8.00 0.909 0.992 0.999 

Rm was calculated at 3 levels of Kr and 9 levels of L, giving 27 simple model canopies 
in t.he combination of Land KJ (Fig 1.). It is sl1m\'n in Fig. 1 that (./\.) in very low L the 
large K f allmvcc! the canopy leaves t.o int.ercept more amount of light than the small Kj 

(Table 2), but (B) when L was high the small Kj enabled the canopy to have larger MLA 
(Table 1) \vhich could intercept more amount of light Lhan the large KI , and (C) the level 
of L at whi(~h light interception was saturated seemed to be lower in large Kr than in small 
KJ (Fig. 1). These results seem to be in consist.ent. \vith t.he work of Kuhot.a et at. (1971) 
who showed similar tendency in the relationship between photosynthetic activity and Kf 
Thus, from the estimation using the simple model for canopy, MLA of the canopy is 
considered one of the factors influencing the amount of light intercepted by forages. 

Description of MRT of feed in the rumen and estimation of feed intake by 
ruminants 
(1) MRT of feed in the rumen 

MRT of feed in the rumen of ruminants given a ration every day might be estimated as 
follows (Faichney, 1993) when the simple equation for feed disappearance curve by 
Blaxter et at. (J 956) is used: 

MRT= tr t . exp (-K,· t) dt } I tr exp (-K,. t) dt } 

L (4) 
K, 

where K,·=feed disappearance rate (hr') [FDRJ (FDR=MRT), (= hI. 
(2) .ALl'now'lt of feed ingested by rll.!Llinants 

One of the factors influencing the feed intake by nnninants is the affiOlmt of feed that 
is present in the rumen. The follov\ing calculation: Fn(t), is done to estimat.e hm\' many 
times as much amount as an animal eats daily are present in the simple model rumen. 
Thus, 



Lighl Interception by Forages and Feed Ingestion by Rumhwnt8 115 

n -J 

F,,(t)=Lexp(-K,.(t+24j)} 
J =() 

exp(24·K,)' (1-exp(-24.K, .n)) .exp(-K,t) , (5) 
exp (24K ,)-1 

where O";:t(hr)";:24,j (day) is numbered 0, 1,2, .... n-l. 

Then, how many times as much as daily feed intake [DFI] are present in the simple IIlodel 
rumen after the steady-state is attained [F.,(t) I might. be estimated as follows: 

F, (t)= lim F" (t) 
11--->00 

exp(24·K,) 

exp(24K,)-1 
exp(-K, ·t) (6) 

In equation (5) FrlCt) estimates how many times as much as DFI are present in the 
simple model rumen during the adaptation period, n. \Vhen the adaptation period is 14 
days the comparison of FH(O) with P\(O) at different levels of K, is shown in Table 3. 
There were generally lit.tle differences betweenF,,(O) and F,(O), suggest.ing that. 14 days 
are considered long enough to adapt ruminants to new feeds, except for t.he feed Vi-rith 
extremely low Kr . In the present study, FsCt) will be used to estimate how many times as 
much as DFI are present in the simple model TInnen. 

Table 3. Comparison between 14-day adaptation [F14(O)] and steady-state If's(O)J in the estimation of 
how many Limes as much as daily feed intake are present in the simple model rumen at. 
different. levels of FOR [=MRT-1J or corresponding }fRT [=FDR 'J. 

FDR 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 
MIlT 100.00 50.00 33.33 25.00 20.00 16.67 14.29 12.50 Il.lI 10.00 

F ,,(0) 4.52 2.62 1.95 1.62 1.43 I.;ll 1.2;) l.l7 l.l3 l.l0 
F,(O] 4.69 2.62 1.95 Ui2 1.43 1.31 1.23 l.l7 l.l3 l.l0 

FOR: feed disappearance rate. 
MRT: mean retention time of feed in the rumen. 

The amount of feed that disappears from the simple model rumen per day might be 
estimated as follmvs: 

F (0) -F (24)= exp(24'f(,) 
, , exp(24·K,)-1 

1 
exp (24.K ,)-1 

= 1. (7) 
Equation (7) suggests that this simple model rumen is based on the setting of daily 

feed disappearance being 1 for all K r . 

Equation (6), together with equation (7), suggests t.hat. F,(O) estimates how many 
times as much as DFI are present in the simple model rwnen. Therefore, F~CO)-l might 
give an index for DFI [DFI index], provided that the rumen size is the same between 
animals given feeds different in K r. Thus) 
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DFI index = ~( ) 
F" 0 

=1 __ L 
exp(24· K ,) 

= 1- .. ... 1 ..... 

exp {24 (iJ} 
(8) 

Table 4. DFI index calculated at different levels of FOR [=MRT-;] or corresponding MRT [=FDH 1] . 
....... -.. -.~. 

FOR 0,01 0.02 o.m 0.04 0.05 0.06 0.Q7 0.08 0.09 0.10 
MRT 100.00 50.Q{) 33.33 25.00 20.00 16.67 14,29 12.50 11.11 10.00 

DFr index 0.21 O.:~8 0.51 0.62 0.70 0.76 0.81 0.85 0.88 0.91 

DFI index: an index for daily feed intake. 
FOR: feed disappearance rate. 
MRT: mean retention time of feed in the rumen. 
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Fig. 2. Relationship between DFI index and :\1RT 1 in the simple model for rumen CDFl index=an 
index for daily feed intake, MRT '=the reciprocal of mean retention time of feed in the 
rumen C=feed disappearance rate [FDR])). . 
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Equation (8) suggests that DFI index is inl1ucnccd by K, [FDRI or K,-' [MRT]. Table 4 
shows DFT index at different levels of FDR or corresponding MRT. DFI index increased 
as MRT [FDR-'] decreased . In other words, with the increase in MRT ' [r"DRj there was an 
increase in DF! index (Fig. 2). This suggests that there is high DFI when its MRT is short 
or MRT-l is high in ruminants. These results appear to be in consistent with AustraliaIl 
works using tropical forage!; in which dry matter intake of feed is negat.ively correlated 
,,\-ith its retention time in the rumen (Minson, 1990). Thus, from the estimation USillg the 
simple model for rumen, l\lRT is considered one of lhe factors inJ]uencing the feed intake 
by ruminants. 

MLA of forage canopy a nd MRT of feed in the rumen 
The present study is based on the pioneering equation (Mansi and Saeki, 1953) for 

calculating MLA of the forage canopy and on that ( Bla.xter et aI., 1956) for calculating 
MRT of feed in Ule rWllcn, respectively. Both equations are similar in the fonn despite 
t.he difference in \'\>'hat they describe. This is one of the reasons why we have decided to 
wTite this paper , though those equations have been much improved, from the original 
simple form, for forages (Sheehy and Johnson, 1988) and for ruminant. (Faichney , 199:3), 
respectively. It. seems, hm ..... cvcr, that those pioneering equations are sufficient enough to 
give a broad outline of the present two suhjects. 

It is suggested that MLA influences the amowlt of light intercepted by forages and 
the re is an influence of MRT on the feed intake hy ruminant.s, even if these are based on 
t.he estimation using simple models. MLA and MRT are , the refore, re la ted to 
photosynthesis by forages and energy iugestion by ruminants, respectively. ActuaU.y, 
MLA for the canopy mig ht. be like MRT' for the feed in the rumen as indices for 
es timating energy inges tion (Figs. I and 2). The large MLA and high MRT-' (short MRT) 
might be expected t,o increase the ruminant production from forages in the country such 
as Japan, where there art> many people and small land area is ava ilable for the prodllction 
of forages and ruminants. There is, however) a problem of how the large MLA of eanopy 
of the forage and it.s high MRT ' in the mmen call be balanced, because large MLA tends 
to decrease forag e digestibility due prohably to the advanced IIlawri ty and th is may 
decrease MRT-l , resulting in the reduct.ion in forage intake by ruminants. This problem 
wUI be overcome hy breeding and processing uf [u[agt'~ to increase both the yield and 
digestibility of dry matter (Jung and Allen, 198G) . 

It seems, anyway, to be of interest that fvlLA and ~·1RT are obtained using the similar 
method of calculat ion. This might be due to a sort of conceptual analogy between forages 
and. rumi nants in tl le analytic method of estimating energy ingest.ion for their grO\\'th and 
production. 

Conclusions 
It is suggested from the present study using simple models that MLA of the canopy of 

forages is like !v1RT-l of feed in the rumen of ruminants as indices for t.he estimation of 
energy ingestion. 
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