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The present. study was cunducted, using simple equat.ions, to suggest relat.ionships amung 
forage gro\V1,h analysis, forage digestion analysis and ruminant growt.h analysis. Forage relative 
grm\'1.h rat.e [RGR] ,"vas relat.ed t.o lhe decrease in dry maHer digestibility \vith forage gro\V1.h 
through forage lignification to form indigestible materials. Ruminant RGR was described so as 
to include forage dry matter digestibility as one of the components. Daily forage intake uf the 
animal, \ .... hich was one of the component.s of ruminant RGR, was described llsing net assim­
ilation rate and leaf area of the forage t.hat were components of forage absolute growth rate. 
Ruminant RGR was also related to production and utilization characteristics of forages and 
metabolic characteristics of ruminants. Thus, the presenl study using simple equaLions 
suggested that there were relationships among forage gro'Wih analysis, forage digestion analysis 
and ruminant grmvth analysis. 

INTRODUCTION 

Domestic ruminants provide us with animal products, such as meat, milk, wool, and in 
some cultures source of power (Minson, 1990). Fanners grmv nuninants using the lanel 
as meadow ann pastlln~ that sepms to be unsuitable for producing crops for human 
consumption. The feature of ruminant production from forages is that ruminants can 
digest plant fibers which are considered unavailable to human digestive system. The 
forage-ruminant complex is of primary concern to both pasture scientist.s and ruminant 
nutritionists \-vho support, theoretically and practically, those farmers who are engaged on 
the production of rllITlillants from forages (Hacker, 1982; Van Soest, 1982; Wheeler et al., 
1987; Minson, 1990; Hlilllphreys, 1991). It is, therefore, considered of interest to suggest 
relationships among forage growth, forage digestion and ruminant growth. 

In our previous reports using simple equations the folloVving relationships have been 
suggest.ed: (l) between forage growth analysis and forage digestibility analysis (Shimojo 
et aL, 1998c, d, g, i), (2) between forage gro,"vth analysis and ruminant growth analysis 
(Shimojo et al., 1998f, h, 1999a, b), (3) between ruminant. growth analysis and feed 
digestibilit.y (Shimojo et al., 1999a), (4) between net assimilation rate of forages and 
forage intake of ruminants (Shimojo e{ ul., 1999b), (5) between accumulation of 
digestible materials in forages and digestion of forage dry matter (Shim oj a et af., 1999c). 
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These studies, if taken up in the same paper, might be expected to give a rough 
description of the forage- ruminant relationships. 

The present study was designed, usi.ng simple equations, to suggest a broad outline of 
re lationships among forage grmvth a nalysis, forage digestion analysis and ruminant 
growth analysis. 

SUGGESTED RELATIONSHIPS 

1. Descriptions of growth analysis equations 
In the present study growth analysis equations take the basic form of differential 

equations even when mean value over the growth period is required, because this might 
be expected to give an easy understanding o f primitive concepts of sugges ted rela­
t ionships. The necessity of using meal I value over the period will occur in the analyzing of 
forage digestibility changes (section 2) and digestion processes (section 3). In those two 
sections, therefore, the differential equation will imply the mean value over the period, 
though this looks somewhat forcible . The present study will deal with primit.ive concepts 
of suggested relat ionships only. If applied to actual data in furLher sLu<lie~, it goes 
without sa}ing that Ule mean value over the grmvth period should be calculated. 

2. Forage growth analysis and forage digestion analysis 
Forage relative grmvt h rate [Forage RGRI is expressed as follows (Watson, 1952; 

Hunt, 1990): 

Forage RGR= L . d W 
W dt ' 

(I) 

where W=forage dry weight, t=forage growth days. 
The decrease in dry matter digestibility [DDMDI wit.h forage growth from t , to t, is 

described as follows (Shimojo et ai. , 1998c, d, g) : 

DDMD = [/ 1. _ D , 
W, W, 

= r 1 -!I'll ((QL ~ ~il (2) 
. W ,. W , 1 dW 

\ W dt i 
where W=forage dry weight, D=dry weight of digestible materials in the forage, t=gro'W1:h 
days, (D/ Wj} = rl ry matte r digestibility [DMD I at growth days j , (l I W}(dDl dt)=accu­
fTluiation rate of D per unit WIARD], (IIW}(dWl dt)=forage RGR. ( I-W11IV,) =forage 
growth index [Fe; index], ID,IIV, - {( l/W} (dDldt))/{(lIlV) (dWldt) }l=an index for t.he 
decrease in dry matter partition into D IDDMPD indexl. 
Forage RGR [equation CI)I is included in the right.-hand side of equat.ion (2). This 
suggests, therefore , a sort of relationship between forage RGR and forage digestibility 
decreases during the growth. 

The value of DDMD is equal to that of increases in dry matter indigestibility IIDMII 
between tJ and 12 (Masuda, 1985) . Thus, 



DDMD=IDMI 
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1 dI 
W dt 
1 .dW 

W dt 

(:3) 

385 

where JiV...,.forage dry weight, l=dry weight of indigestible materials in the forage, t=grnwth 
days, (IjI~wiJ=dry matter indigestibility [DlviIj at growth days j, (l/lV)-(dlldt)=formation 
rate of I per unit W [FRI], (lIW}(riWldt)=forage RGR, (l-W1IlV2 )=FG index, 
[{(lIW}Cdlldt)}/{(lIIV}(dWlrit)}-hllVd=an index for dry matter partition into I {DMPI 
indexl (in the present study DMPI index is adopted in place of DMP index which was 
used in our previou~ reporls (Shimojo el aL, 1995, 1997a, c, 1998b, e)). 

Equat.ion (3) is modified as follows to include more infonnation about FRI and forage 
RGR: 

(4) 

where n.f::::foruge dry .... vc.ighL, A=le<lf <lreu of Lhe forage, Aw=leaf "veight of the forage, 
(lIA}(dWldt)=net assimilation rate [NAR], (A1Aw):specific leaf area [SLA], CAwIW)=leaf 
weight ratio [LWRj, D=dry weight of digestible materials in the forage, L=amount of lignin 
[acid detergent lignin (Goering and Van Soest (1970)) was used in our reports (Shlinojo 
ct at., 1995a, e, i)1, (dH'-;-ldt)=nc\v photosynthates (expressed in weight., not in rate), CD+ 
dWldt)=source materials [SI for I formation, (D+dWldtlIW=the ratio of S to W [S ratio], 
[{lI(D+dWldt)}{dLldt)I=lignification rate of S [LRS], (dJldL)=formation of I per unit 
increase in L [FILl. 

Equation (4) shows Ca) how forages grow by the assimilation activity of leaves, (b) 
how the digestible materials and neV-l photosynthates are lignified to form the indigestible 
materials, and thus, (c) how there occurs the decrease in dry matter digestibility during 
the growt.h. In brief, equation (4) shov.ls analyses of forage maturation process, and the 
relationship between Ca) and (c) is mediated by (b). This suggests, therefore, a 
relationship between forage grmvth analysis and forage digestion analysis, which gives 
more detailed description of forage maturation process compared with equation (2). 

3. Forage maturation analysis and forage digesting process analysis 
In this section lhe analysis of forage digestion process will be taken up. When DMD is 

determined by in vitro incubation of forages 1Arith rumen fluid followed by pepsin, the 
following equation is suggested (Shimojo et ai., 1999c); 
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I 1 d(ABL i.1 (. dlV 
l.rv---;tT- ... d (ABL ! 
- ---

(IV) 
(Ci) 

where T~incubation time (riT~4 in actual calculation), DMD, ~DMD at lorage growth days 1, 
~-4·[((l/H;Hd(AIlD)/(lT}(dlV/d(ABL))·(IV)VVj.\,L, DMD2~DMD at forage grm,1.h days t2 

~-4.[((l/lj!}(d(ABL)lciT)(dlV/ci(ABL)}(W)VWo]2, lV~forage dry weight, ABL~amount of 
acetyl bromide lignin (Morrison, 1972a, b) in the forage, Wo::::::vV before the incubation, 
4=2--day incubation with rumen fluid followed by another 2---day incubation with pepsin, 
(l/WHd(ABL)/dT)~degradation rate of ABL [DRL] per unit IV, (dW/d(ARL))~(ligestion 
of IV per unit degradation of AEL [DWDL]. 

Since both equations (4) awl (5) describe DDMD, relating them gives 

(1- IVI .. '). 
W, 

~-4· 

r 1 (l(AEL)\ (_ .ciW .. ). (Wil 
,W ciT! ri IABD ) I 
- ... - - lV

u 
r l(.l. d(AEL))·l' ,dlV_I·

ilVl 
IV ciT.. d IABD l! . 

rvo (6) 

The left-hand side of equation (6) shows analyses of buth forage gro,,""1h and forage 
lignification to form indigestible materials, and the right~hand side shows analyses of 
forage lignin degradation to digest dry matter by f'n vitro incubat.ion with rumen fluid and 
pepsin. This suggests, therefore, a relationship forage maturation analysis and forage 
digesting process analysis. 

4. Ruminant growth analysis and forage digestibility 
Ruminant relative grO\\'th rate (Ruminant RGR] is suggested as follows when related 

to forage DMD (Shlrnojo et at., 1999a): 

Ruminant RGR ~.l. dlV 
W dt 

~(~~)('::J;)(!:), (7) 
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where W=animal body \Aleight, /-:::animal grovvth days, F:::cuIllulaLive forage intake of the 
animaL FD=clunulative intake of digestible dry matter, (1/IV} (dF/dt)=daily forage intake 
per unit IV [DFIW], (riFv1dF)=forage DMD, (riWlriFn)=efficiency of "'j) for body weight 
gain [EDG], 
\Vhy ldFr;ldF'] means forage DMD is explained as follmvs: if an animal is being fed, during 
the given period, only the cut forage of the same quality, then it is likely that dFDldF 
gives a round estimate of J)Ml) of the forage over the feeding period. 

Equation (7) shmvs hmv ruminant RGR is related to forage D)'1D. This suggests, 
therefore, a relationship between ruminant grO\'\1h analysis and forage digestibility. 

5. Net assimilation rate of forages and forage intake of ruminants 
A relationship between net assimilation rate of forages and forage int.ake of ruminants 

has been suggested as follows (Shimojo et al. J 1999b): 

(8) 

where fV:::ani.mal body wei.ght, F=cumulative forage intake of the animal=forage yield at 
the meadow, t=animal growth days=forage feeding days:::[orage growth days, 
(1/W)·(dF/dt)=DFIW, A=[orage leaf area, (lIA}(dFldt)=NAR(f-<l that suggests a sort of 
relationship between forage NAR and ruminant DF!. 

Equation (8) requires, as mentioned above, that grmvth period and :yi.eld of the forage 
are equal to its feeding period (=animal growth period) and cumulative intake in the 
ruminant, respectively. How these adjustments are made is reported in our previous 
paper (Shimojo et 01., 1999b) in which it is shown that relating ruminant DFI with forage 
~AR might be easy under favorable groVirth conditions for both forages and ruminants. It 
seems that a sort of relationship between ruminant I;WI and forage NAR might give a 
broad outline of mutual regulation between the area of meadow and the number of 
ruminants. Actually, needless to say, this might have some meaning in the cases where 
t.he forage yield more than meets the intake by ruminants, because the adjustment 
includes a very delicate problem. 

6, Forage growth analysis and ruminant growth analysis 
It is shown by Shimojo et al. (1998f, h, 1999a, b) that forage RGR and ruminant RGR 

are derived from two hypothetic equations as special cases. Two equations suggested 
hypothetically are as follows: 

H = ( i d:)( ~ ) ( ~~ ) , (9) 

H*= (L d{31· ( .. ~ + <iIV -I) (10) 
,a dt, IV d{3 , 

\-vhere a and f3 are a set of parameters related to forage RGR or ruminant RGR, nr=dry 
weight per plant or body weight per animal, t=growth days of the forage or the animaL 

If a=A [forage leaf area] and p=W [forage dry weight] in equations (9) and (10), 
then 
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H=U~~)(~ ) ( ~~) 

= U~~l ~ 
= forage RGR , 

H '= Ud:l'(~ +~~-l) 
=(L 4!f ) A_ 

A dt . W 
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(1J) 

= forage RGR. (12) 

If a=W )animal body weight) and fJ =F [cumulative forage intake) in equations (9) and 
(10), then 

H=( l~ . :)(~) (:) 

= ( ~~?)~~ 
= ruminant RGR, 

H* = (~:H~· +~-J) 

= (~ :l:: 
= ruminant RGR. 

( J3) 

( 14) 

Equations (11) - (14) suggest , as it were, a sort of indirect relationship between forage 
RGR equation and ruminant RGR equation. 

In addition to the above indirect relationships , a sort of direct relationshjp between 
ruminant growth analysis and forage growth analysis is suggested by inserting equation 
(8) into ruminant RGR equation (Shimojo et at ., I999b). Thus, 

Ruminant RGR = ...!.. . dW 
W dt 

=1...!.. dP).(LW 
.W dt dF 

= [...!.. . {(.1.. dP l'A }].(lJf. (15) 
W Adt, dP' 

where W=animal body weight, F=curt1ulative forage intake of the aninlal=forage yield at 
the meadow, l=animal growth days=forage feeding days=forage growth days, A=forage 
leaf area, ( IIA}(dPldt)=NAR ,r-<l that might re late forage NAR and ruminant DFI, 
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(dWldF)~efficiency of F for body weight gain, 
The product of leaf area and NARU-r) in equation (15) gives forage absolute growth 

rate [AGR], which shows that forage AGR is incorporated into ruminant RGR. This 
suggests, therefore, a sort of direct relationship between fummant grm,,""1h analysis and 
forage grm'i-th analysis. 

In addition to above descriptions, equation (10) has another feature ShO¥.-11 as follows: 
if a ~A and p ~F, then 

H*~(l,dF'),rA...+dW -11 
A dt \W dF , 

~(~ '~H1,ddi)-U<iji-), (16) 

where (lIW)-(dFldt)~DFIW, (lIAl-CdWldt)~forage NAR, CllA}(dFldt)~NAR(H)' This 
implies that equation (10) shows the deriving of a sort of coexistence of forages and 
rurnmants in the energy ingestion [equation (16)], as well as the deriving of forage RGR 
[equation (12)] and rurnmant RGR [equation (14)] as special cases, 

In this section, the unifying of relative growth analysis equation of forages and that of 
ruminants into a hypothetic equation suggests some aspect.s of close relationships 
between ruminants and forages. 

7. Ruminant growth analysis related to factors of both forages and ruminants 
It seems that there are some descriptions of this relationship. The first one is given 

by combining equations (7) and (8). Thus, 

Ruminant RGR ~ L , c:tW 
W dt 

~r...LdF),(dF" '),(dW) 
"W dt dF, dFD 

~[Wl ,{'(A1dF'j,A}'j,(dFD '1 (dW'I, (17) 
dt, dF, dF", 

whp-rp- rV::::animal hody wp-ight, t::::animal grov.-'th days::::forage feeding days::::forage growth 
days, F::::cumulative forage intake of the animal::::forage yield at the meadow, A::::forage leaf 
area, (lIA)-(dF/dt)~NAR(f-<J suggesting a relationship between ruminant DFI and forage 
NAR, Fu~cumulative intake of digestible dry matter, (lIW}(r1F1dt)~DFIW, 

(dFIJ/dF')~forage DMD, (dWldFIJ)~EDG, 
Equation (17) suggests how rurnmant RGR is related to forage NAR and leaf area, as 

well as being related to forage DMD and EDG, This suggests, therefore, a sort of relation­
ship of ruminant grmvth analysis to production and digestion characteristics of forages. 

We suggested another equation to the description of ruminant RGR (Shirnojo et ai" 
1996, 1997b, 1999a), Thus, 

Ruminant RGR = ...L , d W 
W dt 

_ (_1_ dF = I, (W 075 )' ,( dW_' . 
- W"75 dt) IV dF'M J ' 

(18) 
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where W=animal body weight, W.;;'~= metabolic body size [MBSJ of the animal, Pm .:= 

c umulative intake of metabolizable e ne rgy, (]fiVIJ·';';){df~n("!dl)=da ily intake of metaho­
Iizable e nergy pe r unit MBS, ( W"'YW) =metabolic hody size ratio [MBS ra tio) or 
maintenance requirements index )MH index), (liW/dF,",,) =e fficiency of metabolizable 
energy for h(){ly \veight gain [EEGI . 

Thus , the second one is given by the foll owing procedure. If the animal is given the 
forage whose leaf area, NAR, gross energy, digestible enf~rgy and metabolizable energy are 
knovm, t,hen, equation (18) is rewritten as follows: 

Ruminant RGR =...L . liW 
W dt 

= (W": 'I . [ 1
0

7[> J r L liFg
.') A }j . (dFd

" ).[ !iF"., 'J. (Atv ), (19) 
, W I W \.,A dt , \ dFgt'! , dFde df mJ' 

where W;:anilnal body weight, Wl'·'(·=MBS, Fge=cumulative intake of forage gross energy, 
~k=cumulative intake of forage diges tible en e rgy, f~w=cumulatj ve iJltake of forage 
metabolizable ene rgy, (WO_'Y",') =MBS ra tio or MR index, A=forage leaf area, 
( I1A ).(df;'.,Idt)=NAR,r·" expressed as gross ene rgy value of the forage )NARu·"ge), 
l(lIW'-'} I( IIA).(dFg, /dl) A))=daily in take of forage gross ene rgy per unit MBS, 
(dF" ,,/dFy, ) :forage energy digestibility IFED), (dF~./dfde)=the ratio of metabolizable 
energy to diges tible energy [RMD). (liW/df;,,)=EEG . 
Equation (1 9) suggests how ruminant RGR is related to production and utilization 
characteri stics of forages and metabolic characteristics of ruminants. This suggests, 
therefore, that I1IDlmant growth analysis is related to some factors of both forages and 
rw-ninants. 

In equation (19), the use of NARcr-"ge [(IIA) (dF:".fdt)) in place of NARu-" 
[(J/A).(!iF/dt) ) relates forage productlOn to solar radiat ion from the viewpoint of the 
energy flow and fixation. Also in equation (19) , since RMD [dF:fWldFrh'] is estimated to be 
0.80 - 0.82 (ARC, 1980; SeA, Hmo; Japan MAH', l YY5; NHC, 1996), rewriting equation 
(19) gives 

Ruminant RGR=...L . liW 
W lit 

= (080-082) (Ww'l [ W~)75 {U . Ii;;, ) A }j (~;: )(:~ ) (20) 

It is a feature of equation (20) that RMD, 0.80 - 0.82, is one of the components of, namely 
a co p. ffi r. if!nt in , ruminant RGR, as well as the conve rsion coefficient from digestible 
energy to metabolizable energy of forages. 

8. Overview of suggested relationships 
Overview of the present study suggests relationships among forage groVv1:h analYSiS, 

forage digestion analysis and ruminant growth analysis, namely ruminant production is 
influenced by production and digestion characteristics of forages. This has long been 
considered of importance to the production of ruminants from forages (Minson, 1990). It 
is a feature of the present study that growth analysis equations are used to account for 
how forages and ruminants are closely related . It goes without saying that there is a 
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necessity for examining suggested relationships using forages and ruminants in various 
conditions. In addition, the present suggestions give only a partial and superficial 
vie\vpoint about the forage-ruminant relationships. These relationships are considered 
vel"}' deep and difficult to clarify, ;LC; have been shmvll in many references. Despite many 
difficult problems to be investigated, we v{ish to suggest the importance of standing 
midway between 'forages' <md 'ruminants' from the viewpoint of the original and natural 
style of ruminant production, 'The dOIIlestic ruminant is a forage eater.' This may also be 
supported by the recent report (Diez-GoIlzalez et al., 1998) \vhich shmvs that the 
number of add-resistant Escherichia, coli, which could sun,-ive at low pH of human 
gastric stomach that is a barrier to food-borne pathogens, is lower in cattle fed hay only 
than cattle fed mostly grain. 

Conclusions 
It was suggested from the present study using simple equations that there were 

relationships among forage growth analysis, forage digestion analysis and ruminant 
growth analysis. 
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