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This study was conduct.ed t.o dariiy the iILt.erreiationships betwecn somc anaiytic equaLiOlls 
for the accurnulat.ion rare of digestible materials [ARD] and the illterrelatio!lships between those 
for the formation ratc of indigestible materials [FRIJ, followed by the description of forage 
relative gro ...... rrh rat.e lRGRl using AHD and }<'Hl. The following results wen~ obtained: There \.'yere 
t.\VO equations to anal".-zc ARD and one equat.ion was a modified type of the other equation. 
Four equatiuns were set. up to analy'ZP FH.I and the protolype one was modified to c!U.lllgC into 
t.he fourth equation which might describe the target materials of lignificatioJl Hlort' clt'arly than 
the other three equations. Forage RGR was described using AHD and FI~1 and t.his might. give 
anot.her interpretation of RGR based on the \It.ilizar.ion characteristics of forages. It was 
suggeslPrI thaI t.here were some equations to analyzc AHD and PHI descrihiTlg RGR of forages. 

INTRODUCTION 

R.elative gro\vth rate [RGR] is recommended \vhen the growth rate is compared 
between forages different jn size (Hunt, ID90). It seems that RGR is usually analyzed 
mainly from the viewpoint of forage production, namely, using net assimilation rate [NAR] 
and leaf area ratio [LARJ with a further partition of LAR into specific leaf area [SLA] and 
leaf weight ratio ILWRJ. 

Vole have suggested, in recent. brief reports (Shimojo et al., 1995e, f), an interpretation 
of RGR from the viewpoint of forage utilization, namely, usjng accumulation rate of 
digestible materials IARDJ and formation rate of indigestible materials WRll. It is also 
suggested that. there are some equations to analyze FRI (Shimojo ct at., 1995, 1997a, b, 
199Ra, b, e, g). Likewise, ARD might be expected to be analyzed using some equations 
(ShiIlluju et al., IHH8c, d, 0. This sort of investigation, which probably began "Vv1.th a 
pioneering work of Masuda (1985), is considered of importance t.o the evaluat.ion of how 
forages grO"\v as feed t.o ruminants. It seems that taking up ARD and FRI and the 
relat.ionship vdth RGR in the same paper st.ill remain to be investigated. 

The present study ,vas designed to darify the interrelationships between some 
analytic equations for ARD and the interrelationships between those for FRI, followed by 
the description of RGR using ARD and FRI. 
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ANAL YTI C EQUATIONS FOR ARD AN D FRI 

Analytic equations for ARD 
An equation for ARD suggested by Shimojo et at. (I 998c, f) is as follows: 

ARD = 1 . dD 
W dt 

D + riW 
_ d t ( 1 
- W - D +dd~ 

(I) 

where W=forage dry weight, D=dry weight of digestible materials in forage, d Wldt=new 
photos,llt.hates (expressed in weight, not in rate), D + dWldt=amount of source materials 
[SI for D accumulation, (D +dWldt) IW=the ratio of S to IV [S ratio], 
(l/(D+dW/dt) ) . (dDldt)=accumulation rate of 0 per unitS lARDS]. 

Another report by Shimojo et al. (I998d) suggests a n expression of ARD using 
re lative growth rate of D IRGRd). Thus, 

ARD = D . (_L . riD ) (2) 
W D dt 

The comparison of these two equations suggests that equation (1 ) shows a form 
modified from that of equat.ion (2) (Fig. I) , because the former one might give 
information on the D accwnulation from both the digestible materials present in forage 
and t.he l1e\\- photosynthate~ (Shimuju et al., 1998c, f). 

An example for this comparison is shown in Table 1 where there is an application of 
equations (1) and (2) to Rhodes grass (Chloris gayana Kunth) that was regrown at our 
experimental field with a dressing of a compound fertilizer (N:P,O,:K,O=14:14:14%), after 
the first cut and discard, at a rate of 1.0 kg/a for each element. 

Table 1. Characteristics of Rhodes gTa.:;~ and two methods for analyzing the accumulation of digestihle 
materials ~it h gTO'W1h. 

Regrowth (days) 
f orage dry weight: W' (glm") 
Dry weight of digestible 
matcri,,]s: D (gIm") 

ARD=(D ra tio HRGR.) 
ArllJ (g/g/day) 
D ratio (gig) 
ROll" (glglday) 

ARD=(S ratio HARDS) 
ARD (gig/day) 
S ratio (gig) 
ARDS (gig/day) 

25 
223.85 

155.98 

41 74 
398.98 59:3.32 

208.43 266.83 

0.0108 0.0036 
0.5971 0.4828 

0.0 181 0.0075 

0.0108 0,0036 
0.6332 0.4948 
0.0171 0.0073 

AHD=ac:cumulation rate of 1J [(l/W) (dD/dt)], D ratio=the ratio of D to W [IJ/W) , RG~==relative gro ..... th 
rate of D 1( I ID)-(dDldt) ), S ratio=the ratio of source materials CD plus new photosynthates) to W 
I(O + dW,rlt)/1t1, AROS=aecumldation rale of I) per unitS 111I(D+dWldt) )·(dDldt) ). 



Forage Utilization Analysis 121 

D ~ D + AW 
dt 

D + AW 
JL ( L-<l!L) for D as source materials dL 

( 
1 .-~~) W D dt W D + dW 

dt 

Fig. 1. T\I,!O equat.ions [or analyzing accumulation rat.e of digestible materials [ARD] \~ith growth of 
forages (lV=dry weight of forage, D=dry weight of digestible materials, dH//dt=new 
photosyn1.hates (expressed in weight, nol in rate)). 

Analytic equations for FRI 
An anal:vtic equation for FRJ suggested by Shimojo of al. (1995) is as follows: 

FRI=-L. dI 
W dt 

(3) 

\vhere li/=forage dry weight, I=dI}' \veight of indigestible materials in forage, C::::amount of 
cell wall constituents, L=amount of lignin, CIIV=the ratio of C to IV [eWe ratio], 
(lIC}(dUdt)=formation rate of L per unit C [Specific FRL (associated "ith lignification 
rate of eWe)), dIJdL=[ormation of I per unit increase in L [FILl. 

The second equation for FRI (Shimojo et 01., 19HRa, e) is as [ollmvs: 

D +dW 
f'RI = __ dt ( I dL) dl 

W D +fll[~ dt dL' 
dt 

(4) 

where (lJ+r1Wldt)IW=S ratio, (l/(lJ+riWldtJ)·(dLldt)=lignification rate of S [LRSJ, 
dJ/dL=FIL. 
Comparing equation C 4) \vith equation (3) suggests that LRS in equation (4) refers more 
clearly to t.he target matedals of lignification than Specific FRL in equation (3) does 
(Shimojo el 01., 1998a). 

In the pioneering \vork of Masuda (1985) specific formation rate of indigestible 
materials per unit D [SFH] \vas given as [allows: 

SFR= l . dI (5) 
D dt' , 

\vhere D=dry weight of digestible materials in forage, J=dry weight of indigestible 
materials in forage. 
SFR was later incorporated into FRI in a report of Shimojo et al. (l99Sb, g) as follows: 

FRI = fv (~ . ~~ ) 

(6) 
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where !J/W~the ratio of [) to W [Il ratio], (J1D)·(dI/dt)~SFR. (llD}(dLldt)~lignitication 
rate olD [LRD], dl/dL~FlL. 
Equation (6) is also given by replacing e in equatioll (:3) with [) (Shimojo et at., 1998g). 

In addition to equations (:l), (4) and (6), another equation lor FHI might be expected 
to be constructed as [0110\,,,'5: 

e dW +--

(0 ~-) FRI ~.-- dL L_ . dI. (7) 
W +dW dL 

dt 

where C+dW/dt~sum of CWC and I1ew photos,~lthates [SCN], (e+dW/dtJ/W~the ratio 
of SeN to W [SCN ratio], 11ICe+dWldtJHdL/dt)~lignificatiol\ rate of SCN [LRSCN], 
dI/dL~FIL. 

Equation (7) refers to the sum of ewe and ne\-v photosynthates as the target materials of 
lignification, which seems to be ntidv.,ray between eqnations (3) and (4). 

Equations (3), (4), (6) and (7) construct a flowchart (Fig. 2) which shows how 
equation (3) is modified to change into equation (4) finally. As ShOvVIl in Fig. 2, equation 
(3) is considered the prot.otype equation t.o analyze FRI \vhere cell wall is the target of 
lignification (Shimojo et al.) 1995). As a portion of nevY photosY~lthates also becomes 
indigcstcd (8aJasko et aI., 1981; Masuda, 1985), the lignification of new phot.osynthates as 
well as cell wall is ctescrihect in equation (7). In equation (6) the digestible materials 
present in forage are introduced in place of cell ,vall for the target of lignification and this 
equation also includes SFR which was given by Masuda (1985) to analyze the formation of 
indigestible mat.erials from digestible materials, Adding the nc\v photosynthates to the 

c 
j 

I D 

lJ ( L 
w D 

-"1.) d1 
dt dL 

c _ c+ dW 
dt 

D - D+ dW __ 
dt 

c + dW 
dt 

w 

D + dW 
dt 

W ( 

c 
I 
D 

1 
D + dW 

dt 

dL I" d1 dt dL 

. ~;). -<!L 
dL 

Fig. 2. Four equations for anal}'Zing fOn1lation rate of indigestible materials [FHl] wilh grm·vth 
of forages (IV=dry weight of forage, [=dry weight of indigestible materials, C=amount of 
cell wall consLituent.s, L=arnoUTl\. of lignin, [)=dry Wf'ighl or digestible materials, 
dWldt=ne\\" phOj,osYllthate.s (expre.ssed in weight, not in rate)). 
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Table 2. Characl.enstics of Rhodes grass and four methods for analyzing the formation of indigestible 
materials with growth. 

Regrowth (days) 
Forage dry weight: rv (g/m") 
Dry weight of indigestible 
materials: 1 (g/m'J 

Amount of cell wall 
constituents: G (g/m']) 

Amount of lignin: L (g/Ill~) 

Dry weight of digestible 
materials: D (gIIn') 

25 
22:3.85 

67.87 

162.93 
8.81 

15;:1.98 

FRI=(CWC ratioHSpecific FRLHFIL) 
fRI (gig/day) 
cwe ratio (gig) 
Specific F'RL (gig/day) 
FIL (g/g) 

FRI=(D ratioHLRD)·(FIL) 
FlU (g/g/day) 
D ratio (g/g) 
um (g/g/day) 
FIL (gig) 

FRI=(SCN ratioHLRSCNHFIL) 
ml (gig/day) 
SCI\" ratio (gig) 
LRSCN (g/g/day) 
FIL (gig) 

FRI=(S ratio)·(LRS)·(FIL) 
FRl (gig/day) 
S ralia (g.ig) 

LRS (g/g/day) 
FIL (g/g) 

0.0253 
0.7588 
O.OOGG 
5.9698 

0.0253 
0.5971 
0.0071 
5.!1GD8 

0.0253 
0.7949 
O.()053 
5.9698 

OJ125J 
0.6332 
a.OOn7 
5.9698 

41 
;198.H8 

190.55 

313.17 
29.:36 

208.43 

0.0084 
0.7906 
0.0016 
6.7666 

0.0084 
0.4828 
0.0026 
6.7f)GG 

0.0084 
0.8026 
0.0015 
6.7666 

0.0084 
0.4948 
IJ.il025 
6.7666 

74 
G98.;12 

:326.49 

472.00 
49.45 

266.8:3 

FRI=fonnatio[l rat.e of I [(l/~v'}(dJldt)j, C\VC ratio=the ratio of G to W [GlUT Specific FHL,=,formation 
rat.e of L per unil C [(l/C)·(dUdt)], FILdonnat.ion of J wr unit il\cn~ase in L [elI/ilL], D rat.io,=,t.he ratio 
of D Lo TV [D/\Vl, LRD,=,lignificatioll rate of lJ [(l/IJ}(dL/dt)], SeN ratio=t.he rat.io of sllm of C and new 
photosynthates to It' [(C+dHl/dt)IVV], LRSCN=Iignificar.ion rate of SCN [(lI(C+dWirit)}·(dLldI)], S 
ratio'='t.hc ratio of source materials CD plus new photosynt.hates) to W rcn+ dW/dt.)lWj, 
LRS,=,lignificalion rat.e of S [( llen +dW/dt) }·(dL/dt)]. 

digestible materials present in forage gives equation (4) that has recently been suggested 
by Shirnojo et a,L (1998a). This equation also comes from equation (7) by replacing cell 
.... vall with the digestible materials present in forage. It is suggested that equation (4) 
refers t.o the target materials of lignification more clearly, when compared 'wit.h the other 
three equations. 

There is an example (Table 2) for the comparison between equations (3), (4), (6) 
and (7) for FRJ using Rhodes grass, the same grass as used in the analysis of ARD (Table 1). 
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DESCRIPTION OF RGR USING ARD AND FRI 

"'orage RGR is described using ARD (equation (1)) and FRI (equation (4)) as follows: 
An example is shown for equation (8) (Table 3) using the same Rhodes grass as used In 
the analysis of ARD (Table 1) and FRI (Table 2). 

RGR=~·dW 
W dt 

~d(D +1) 
W dt 

= J . dD + .L . dI 
W dt W dt 

(8) 

Table 3. Relative grcl\'\rth rate [RGR] expressed as the sum of accumulation rate of digestible materials 
lARD] and formation rate of indigestible materials [FRI] in Rhodes grass. 

Regrov.rth (days) 
Forage dry weight: W (glm~) 
Dry weight of digestible 

materials: D (g/m') 
Dr;y weight of indigestible 

materials: 1 (g/m') 
Amount of lignin: L (Wm') 

RGR=ARD+FRI 
HGR (glglday) 
ARD (glglday) 
FRI (glglday) 

ARD=(S ratio)-(ARDS) 
ARD (glglday) 
S ratio (gig) 
ARDS (glglday) 

FRI=(S ratio)·(LRS)-(FIL) 
FRI (glglday) 
S ratio (gig) 
LRS (glgJday) 
FIL (gig) 

25 
223.85 

155.:38 

67.87 
8.81 

41 
398.98 

208.43 

190.55 
29.36 

0.0361 
0.0108 
0.0253 

0.0108 
0.6332 
0.0171 

0.025.1 
0.6332 
0.0067 
5.9698 

0.0120 
0.0036 
0.0084 

0.0036 
0.4948 
0.0073 

0.0084 
0.4948 
0.0025 
6.7666 

74 
fin3.32 

266.83 

326.49 
49.45 

RGR=rclativc gwwth rate [(l/vV}(dWldt)], ARD=accumulation rate of D [(l/TV}(dDldt)], FRI= 
formation rate of I [(l/~V)·(dl/dt)], S ratio=thp rat.io of source materials (D plus new phot.osynthates) 
to W [(D+ dWldt)IVV], ARDS=accuillulation rate of D per unit S [{l/(D+ dWldt)}·(dDldt)], 
LRS=lignification rate of S l{lI(D+dWldt)}·(dL/dt)], FIL=formation of J per unit increase in L 
[dlldLJ. 
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Forage Production Analysis 

Forage Utilization Analysis 

D + dW 

dt '(' 1 '~) + 
W .D+d: dt 

D + -Q}Y~ 
dt 

w , -<!L ) , -<lL 
dt dL 

Fig. 3. Relative ,growth rate [RGRj related to the analysis of production and utilization 
of forages UV=forage dry weight, A=leaf area, A ".=leaf weight, l=dl)T weight of 
indigestible materials, L=amount of lignin, D=dry weight of digestible 
materials, dlt'/dt=new photosynthates (expressed in \vcight , not in rate)). 

125 

Therefore, equation (8) might give another interpretation of RGR which is based on 
the forage utilization characteristics, in addition to the well known description based on 
the forage production characteristics as shmvn in the following equation. Thus, 

where W=forage dry weight, A=leaf area, A .=leaf weIght , (1IA}(dWldt)=net assimilation 
rate [NAR],AIA.=specific leaf area [SLAj, A,JW=leaf weight. ratio [LWRJ, 

Thus, RGR of forages is related to the utilization analysis as well as to the production 
analysis (Fig, 3). 

Conclusions 
It is suggested from this study that there are some equations to analyze ARD and FRI 

which describe RGR of forages. 
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