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This stdy was conducied to clariy the interreiationships befween some anaiylic equailons
for the accumulation rare of digestible materials [ARD] and the interrelationships between those
for the formation rate of indigestible materials [FRI}, followed by the description of forage
relative growth rate |RGR] using ARD and FIRI. The following resulls were oblained: There were
two equations to analyze ARD and one equalion was a modified type of the other eguation.
Four equations were set up to analyze FRI and the protolype one was modified to change into
the fourth equation which might describe the target materials of lignificalion more clearly than
the other three equations. Forage RGR was described using AR and FRI and this might give
another interpretation of RGR based on the utilization characteristics of forages. 1t was
suggested thal there were some equations to analyze AR and FRI describing RGR of forages.

INTRODUCTION

Relative growth rate [RGR] is recommended when the growth rate is compared
belween forages different in size (Hunt, 1990). It seems that RGR is usually analyzed
mainly from the viewpoint of forage production, namely, using net assimilation rate [NAR]
and leaf area ratio [LAR] with a further partiticn of LAR into specific leaf arca [SLA] and
leaf weight ratio [LWR)].

We have suggested, in recent brief reports (Shimojo et al., 1998e, 1), an interpretalion
of RGR from the viewpoint of forage utilization, namely, using accumulation rate of
digestible malerials [ARD] and formation rate of indigestible materials [FRI]. [t is also
suggested that there are some equations to analyze FRI (Shimojo el al., 1995, 1997a, b,
19984, b, e, g). Likewise, ARD might he expected to be analyzed using some equations
(Shinujo et al., 1998¢, d, £). This sort of investigation, which probably began with a
pioncering work of Masuda (1985), is considered of importance to the evaluation of how
forages grow as feed Lo ruminants. It seems that taking up ARD and FRI and the
relationship with RGR in the same paper still remain to be investigated.

The present study was designed to ¢larify the interrelationships between some
analytic equations for ARD and the interrelationships between those [or FRI, followed by
the description of RGR using AR and FRL
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ANALYTIC EQUATIONS FOR ARD AND FRI

Analytic equations for ARD
An equation for ARD suggested by Shimajo et al. (1998¢, ) is as follows:

ARD= ! .dD
W dt
i
=_¥£_-. b dD (N
W DL AW dt
dt

where W=forage dry weight, D=dry weight of digestible materials in forage, dW/dt=new
photosynthates (expressed in weight, not in rate), D+dW/di=amount of source materials
[S] for D accumulation, (D +did/di)/W=the ratio of S to W [S ratio],
(1D +dW/dt)} -(dD/dit)=accumulation rate of D per unit S [ARDS].

Another report by Shimojo et al. (1998d) suggests an expression of ARD using
relative growth rate of D [RGRd]. Thus,

ARD:IE-(:%—-%) @

The comparison of these two equations suggests that equation (1) shows a form
modified from that of eguation (2) (Fig. 1), because the former one might give
information on the I accumulation from both the digestible materials present in forage
and the new photosynthates (Shimojo et al., 1998c, ).

An example for this comparison is shown in Table 1 where there is an application of
equations (1) and (2) to Rhodes grass (Chloris goyana Kunth) that was regrown at our
experimental field with a dressing of a compound fertilizer (N:P.0::K.0=14:14:14%), after
the first cut and discard, at a rate of 1.0kg/a for each element.

Table 1. Characteristics of Rhodes grass and two methods for analyzing the accumulation of digestible
materials with growth.

Regrowth (days) 25 41 T4
Forage dry weight: W (g/m*) 223.85 398 98 593.32
Dry weight of digestible

materials: £ (g/m*) 1556.98 208.43 266.83

ARD=(D ratio)-(RGR.) 0.0108 0.0036
ARD (g/g/day) 0.5971 0.4828
D ratio (g/g) 0.0181 0.0075
RGR, (g/g/day)

ARD=(S ratio)-(ARDS)

ARD (g/g/day) 0.0108 0.0036
S ratio (&/g) 0.6332 0.4948
ARDS (g/g/day) 0.0171 0.0073

ARD=accumulation rate of Iy [(1/W)-{dD/dt)], D ratio=the ratio of D to W [{/W], RGR.=relative growth
rate of D [(1/D)-(dD/dt)], S ratio=the ratio of source matertals (D plus new photosynthates) to W
[(D+dWidt)/W], ARDS=accumutation rate of D per unit S {{1/(D+dW/de)}-(dD/dr)].
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dt D 4+ AW
[L dD ) for D as source materials di .| 1 . dD |
D d W D+ €W
i dt

D
W

Fig. 1. Two equations [or analyzing accumulation rate of digestible materials [ARDY with growth of
forages (W=dry weight of forage, D=dry weight of digestible materizls, dW/di=new
photosynihates (expressed in weight, not in rate)).

Analytic equations for FRI
An analytic equation for FRI suggested by Shimojo ¢f al. (1995) is as follows:

FRI=-1 .dl
W at
=Q..(1.@]_£ )
wW\e @) an )

where W=forage dry weight, I=dry weight of indigestible materials in forage, C=amount of
cell wall constituents, L=amount of lignin, C/W=the ratio of € to W [CWC ratio],
(L/C)-(dl/dt)=formation rate of L per unit € [Specific FRL (associated with lignification
rate of CWC)], dffdl=fermation of I per unit increase in L [FIL].

The second equation for FRI {(Shimojo et al., 1998a, e) is as follows:

D+ 4w
FRI = dt 1 dL), dl @
w D+ AW at |l odl’
dt

where (D +dW/dt)/W=8 ratio, {1/{}+dWidt)}-(dL/dt)=lignification rate of .§ [LRS],
dl/dL=FIL.
Comparing cquation (4) with equation (3) suggests that LRS in equation (4) refers more
clearly to the farget materials of lignification than Specific FRL in equation (3) does
(Shimojo el al., 1998a).

In the pioneering work of Masuda (1985) specific formation rate of indigestible
materials per unit D [SFR] was given as follows:

1 df
SFR= D at’ 5}

where D=dry weight of digestible materials in forage, /=dry weight of indigestible
materials in forage.
SFR was later incorporated into FRI in a report of Shimojo et al. (1998b, g) as follows:

Fm:Q.(J,.@)

W \D dt
D (LodL)dl
W \D dr/ dL’



122 M. Shirnojo et al.

where D/W=the ratio of 12 to W [D ratio], (1/[3)-(di/dt)=SFR, (1/D)-(dL/di)=lignification

rate of 1) [LRD], di/dL=FIL.

Eguation (6) is also given by replacing C in equation (3) wilth 12 (Shimojo et al., 1998g).
In addition to equations (3), (4) and (6), another equation for FRI might be expected

to be constructed as follows:

g B
FRI= . @t . f 1 adbLj df N
v loedw e | e

where C+dW/dt=summ of CWC and new photosynthates [SCN|, (C+dW/dt)/W=the ratio
of SCN to W [SCN ratio], {1/(C+dW/di}) (dL/di)=lignification rate of SCN [LRSCN],
dH/dL=FIL.

Equation (7} refers to the sum of CWC and new photosynthates as the target materials of
lignification, which seems to be midway between equations (3) and (4).

Fquations {3), (4), (6) and (7) construct a flowchart (Fig. 2) which shows how
equation {3) is modified to change into equation (4) finally. As shown in Fig. 2, equation
(3} is considered the prototype equation to analyze FRI where cell wall is the target of
lignification (Shimejo et al., 1995). As a portion of new photosynthates also becomes
indigested (Balasko et al., 1981; Masuda, 1985), the lignification of new photosynthates as
well as cell wall is described in equation (7). In equation (6) the digestible materials
present. in forage are introduced in place of cell wall for the target of lignification and this
cquation also includes SFR which was given by Masuda (1985) Lo analyze the formation of
indigestible materials from digestible materiais. Adding the hew photosynthates to the

o . dW c+ 4w

¢ (LL) dI ¢ C+ i SN oA i1 duydl
w oL C o dt dL W cJ,%\i\L dt dL

C C

i ¢

D] D

dW
Do(L.d d Do g 4 1 daLt dl
W LD d ) dL D — D4 8% W D+ W & | dL
dt dt

Fig. 2. Four equations for analyzing formation rate of indigestible materials |FRI] with growth
of forages (W=dry weight of forage, [=dry weight of indigestible materials, C=amount of
cell wall conslituents, L=amount of lignin, D=dry weight ol digestible materials,
dWldi=new photosynthates (expressed in weight, not in rate)}.
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Table 2. Characleristics of Rhodes grass and four methods for analyzing the formation of indigestibic
materials with growth.

Regrowth (days) 25 41 74
TForage dry weight: W (g/m*) 223.85 398.08 H93.32
Dry weight of indigestible
materials: f (g/m”) 67.87 190.55 326.49
Amount of cell wall
constituents: C' (g/m?) 162.93 313.17 472.00
Amount of lignin: L (g/n®) 3.81 29.36 49.45
Dry weight of digestible
materials; 73 (g/m*) 155.98 208.43 266.83
FRI={ CWC ratio)-(Specific FRL)-(FIL)
FRI (g/g/day) 0.0263 0.0084
CWC ratio (g/g) 0.7588 0.7906
Specilic FRL {y/g/day) 0.0056 0.0018
FIL (g/g) 5.9698 6.7666
FRI=(D ratio)-(LRD)-(FIL)
FRI (g/g/day) 0.0253 0.0084
D ratio (g/g) 0.5971 0.4828
LRD (g/g/day’ 0.0071 0.0026
FIL {g/g) 5.96498 B.7666
FRI=(SCN ratio)-(LRSCN)-(FIL)
FRI (g/g/day) 0.0253 0.0084
SCN ratio (g/g) (1.7949 0.8026
LRSCN (g/g/day’) 0.0053 0.0015
FIL (g/g) 2.9698 6.7666
FRI=(S ratio)-(LRS)-(FIL)
FRI (g/g/day) 0.0253 0.0084
S ratio (g/g) 0.6332 0.4948
LRS (@g/day) 0.0067 (10025
FIL (g/g) £.9698 6.7666

FRI=formation rate of I [(1/W)-{di/dt)], CWC ratio=the ratio of C to W |C/W/|, Specific FRL=formation
rale of L per unil € [(VC)-(dl/dt)], FlL=lormation of 7 per unit increase in L [df/%dL], D vatio=the ratio
of D Lo W [D/W], LRD=lignification rate of 22 {{1/0) (dL/d)), SCN ratio=the ratio of sum of € and new
photassmithates to W [(C+dWide/W], LRSCN=lignification rate of SON [1/(C+dWide)-(dLide)], 8
ratio=the ratio of source materials (I plus new pholosynthates) to W [(D+ dW/dL)/W],
LRS=lignification rate of § [{ 1/(D +dW/dL))-(dL/AdD].

digestible materials present in forage gives equation (4) that has recently been suggested
by Shimaojo et al. (1998a). This equation also comes from equation (7) by replacing cell
wall with the digestible materials present in forage. It is suggested that equation (4)
refers to the target materials of lignification more clearly, when compared with the other
three equations.

There is an example (Table 2) for the comparison between equations (3), (4), (6)
and (7) for FRI 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

Forage 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).

1 dW
RGR=—- %"
W dt
_ 1 d(D+1)
W di
=1 .db 1 dI
W dt W dt
D+ 4 D+
= dt 1 ADAN a4 dL dl (8)
wo |, aw d wo |y, aw dr ] dl
dl dt

Table 3. Relative growth rate [RGR] expressed as the sumn of accumulation rate of digestible materials
[ARD] and formation rate of indigestible materials [FRI] in Rhocdes grass.

Regrowth (days) 25 41 74

Forage dry weight: W (g/m?) 223.85 398.98 593.32
Dry weight of digestible
materials: D {g/m?) 156.98 208.43 266.83
Dry weight of indigestible
materials: / (g/m*) 67.87 190.55 326.49
Amount of lignin: L {(g/m?*) 8.81 29.36 4945
RGR=ARD+FRI
RGR {(g/g/day) 0.0361 0.0120
ARD (g/g/day) 0.0108 0.0036
FRI (g/g/day) 0.0253 0.0084
ARD=(S ratio)-{ARDS)
ARD (g/g/day) 0.0108 0.0036
S ratio {(g/g) 0.6332 0.4948
ARDS (g/g/day) 0.0171 0.0073
FRI=(S ratio)-(LRS)(FIL) )
FRI {g/g/day) 0.0253 0.0084
S ratio (g/g) 0.6332 0.4948
LRS (g/g/day) 0.0067 0.0025
FIL (g/g) 5.9608 6.7666

RGR=relative growth rate [(1/W) (dW/di)], ARD=zccumulation rate of D [(1/W)-(dD/dt)], FRI=
formation rate of I [{1/H)-(dlfdt}], S ratio=the ratio of source materials (& plus new photosynthates)
ta W D+ dW/de)/W], ARDS=accumulation rate of D per unit S [{1/(D+ dit7de))-(dD/dt)],
LRS=lignification rate of § {1/(D+dW/dt)} (dl/dt)}, FllL=formation of [ per unit increase in L
|ditdL).
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Forage Production Analysis

Forage RGR 1o dW

W ood
W=D+I1
1 o.dd o, 1. d
W dt woodt
[
Fi Itilization Analysi i
orage Utilization Analysis N
dwW dw
D aw
T SRS RN S S Y S R VRV
W D . dW a W D+ dW adt dL.
! du dt

Fig. 3. Relative growth rate [RGR] related to the analysis of production and utilization
of forages (W=forage dry weight, A=leal area, A ,=leaf weight, /=dry weight of
indigestible materials, L=amount of lignin, D=dry weight of digestible
materials, dW/dt=new photosynihates (expressed in weight, not in rate)).

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 shown in the following equation. Thus,

1 dW\y A Aw
RGR= ——) i -8
(A ar ) A, W &

where W=forage dry weight, A=leaf area, A, =leaf weight, (1/A)-(dW/dt)=net assimilation
rate [NAR], A/A,=specific leaf area [SLA], A./W=leaf weight ratio [LWR].

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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