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Abstract 

The partitioning of dry matter between the root and shoot tissues Of a plant is regulated precisely at a 
constant m!ue for a gi~en genotype under specified environmental conditions. But indkiduals of diffe- 
rent species or of the same species undei different environmental conditions &ON characteristic variation 
in the root-lo-shoot ratio. \Ve posiulate that this ratio is ultinlatelg regulated not by competition 
bemeen root and shoot of a plant, but by considerations of the maintenance of a proper balance between 
the funcrions of root and shoot of an integrated ahole plant such that the net carbon fixation by the 
plant is maximid. A theoretical analysis of this problem shows that under certain conditions the 
roor-to-shoot ratio would be expected to decrease for plants growing under better lighted or more arid 
conditions, in contndiction to tho usuaUy observed and expected trends. A simple mathematical model 
of the phenomenon is preseniad which delineates the critical parameters of the system and generates 
several tejtable predictions. For example, it is predicted that if the root-to-shoot ratio incream under 
conditions of greater availability of light, rhen the cost of maintenance and replacement of unit shoot 
tissue will be smaller than that for root tissue. 

~ e y  words. ~oot-to-shoot ratio, rwurce allocation, phenotype strategies. 

One of the objectives of plant ecology should be to furnish a predictive theory for the 
design of a plant occupying a partic~lar environment. Such a design may be speci- 
fied in a variety of ways. For example Horn' describes the design of a tree in terms of 
the number of 'lagers' in which the leaves of a tree are distributed. He then deve- 
lops a theoretical formulation for the photosynthetic efficiency of a tree for varying 
light intensities incident z t  the top of the tree and for varying distributions of the 1:aves 
of the tree. On the basis of this formulation, he predicts that tree species characteristic 
of early stagcs of succession will have multilayered leaves, while those characteristic 
of later stages of sucoession will have leaves dispsed in a single layer. 
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We consider here, another significant parameter of the design of a plant, namely, 
ratio of the weight or calorific value of the mattrial making up its root ayslcm to that 
of its shoot. It is notable that this ratio is maintained at a constant vall!e for a given 
genetic strain a t  a given growth stage under any givcn sct of environ~nenial conditions. 
The precise regulation of the value of this ratio suggests that plants are rather sensitive 
in their functioning lo any change in this value from some optimal level. Such root- 
to-shoot ratios have been the subject of a number of studies comparing d.iffercnt plant 
species as well as phenotypic variation within a gnetic strain. Rodin and Bazilevicl12 
document the root-to-shoot ratios for plant species deriving from a variety of communi- 
ties rang& from the tropical rain forest and mangrove swamps to the tundra. 
Troughton3 and Brouwer" review the available information on the phenotypic response 
of the root-to-shoot ratio to a number of factors such as the moisture content of the 
soil, addition of fertilizers and the extent of shading. The major conclusion deriving 
from both kinds of studies comparing variation amongst different plant species and 
within a species is that the root-to-shoot ratio is higher for a plant gowing under arid, 
in contrast to moist soil conditions, and also higher for a plant growing in well lit as 
opposed to shaded conditions (also see Dormer: Evans6, Torrey and Clarkson7, 
WhittingtonR, Williamss and Monk1'). 

2. Physiological and adaptive explanations 

These observations have been explained on the basis of two kinds of intcrpretalions. 
Brouwel.4 advocates what he terms as a p1iysiological explanation. The shoot is 
d.ependent on the root for the supply of water and minerals, while producing its own 
carbohydrates, whereas the root is dependent on the shoot for the supply of carbo- 
hydrates, but acquires its own supply of water and minerals through absorption. 
A i%dnction in the moisture content leads to a greater limitation in the s~pply of water 
which is felt more sevsrely by the shoot than the root and. hence leads to an increasc 
in thc root-to-shoot ratio. Analogously, a reduction in the availability of light leads 
to a greater limitation in the supply of carbohydrates which is fell more severely by the 
root than by the shoot and hence leads to a decrease in the root-to-shoot ratio. The 
explanation is thus based on the notion that there is a competition between thc-root 
and the shoot for the limiting factors and. an increase in the extent of limitation by any 
factor implics a less scrious limitation for thc organ producing or abs0rbin.g the factor, 
but a more serious limitation for t11c organ which does not acquire the factor directly 
but from the other organ. 

Troughton3 advoc,ates an altermtive explanation which treats the plant as an inte- 
grated system. The flow of materials among various organs of the plant is then 
not determined by competitive interactions: Rather, the Row mnst be progranuncd 
so that a constant balance is maintaind betwcen the absorptive iimction of the root 
and the photosynthetic function of the shoot such that the overall perIormancc ofthe 
p h t  is maintained a t  its higl~esl level possible. Thus when the moisture content of the . -. 
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soil is reduced, the root cannot supply as much water as before, while the leaves can 
potentially manufacture. as much carbohydrates as before. The plant as a whole may 
then benefit if any further growth of the plant concentrates on the production of rela- 
tively more root material with the consequent shift of the root-to-shcotratio towards 
a higher value. In an analogous fashion any decrease in the light availability will lead. 
to a lowering of the root-to-shoot ratio. 

Troughton's explanation3 is obviously more appealing to anyone adopting a 
Darwinian approach to plant ecology. We expect the plant Lo have evolved to funclion 
as anintegrated system, wit11 the different components adjusted as to maximise some 
criterion of the overall performance of the system. The most obvious choice for such 
a criterion is the net amount of carbon fixed per unit time. Although the ultimate 
criterion of performance will be the reproductive fitness, the maximization of this 
reproductive fitness must be brought about through the intermediate step of maximising 
net carbon fixation in a given environment. Hence we now consider a model in which 
the relative proportions of different plant organs are assumed to be adjusted to 
maximise its rate of net carbon fixation. There may be, of course, special cases where 
what is important to maximise is not so much net carbon fixation, but some other 
property, e.g., the ability of the plant to withstand strong wind. However, we ignore 
these possibilities for the present. 

3. Optimum resource allocation 

The amount of carbon fixed per unit time is a function of several variables. These 
include the amount of chlorophyll present in the leaf tissue and the amount of water 
and minerals supplied by the root to the leaf tissw. Slavik*' cites consid.erable evicleme 
showing the depression in the level of photosynthesis without any reduction in the 
amount of water supplied to the shoot tissue. The amount of watei. required by the 
shoot d.epends on the size of the shoot, while the amount of water (and minerals) sup- 
plted by the root depend on the size of the root system. The extent to which the 
demands for water and minerals of the shoot are satisfied will depend on the root-to- 
shoot ratio. For any given environment; the higher the ratio, the more complete will 
the satisfaction offhe water requirement of the shoot be; hence th-e closer will the 
photosyntiietic apparatus function to its maximal potential efficiency. This is expressed 
in Fig. 1 which shows carbon fixation per unit of photosynthetic tissv.e, or per unit of 
shoot tissue if the proportionof photosynthetic and supporting tissue is assumed to be 
gi,vm as a function of the root-to-shoot ratio. 

For a given plant, any increase in the root-to-shoot ratio implies that theplant is allo- 
cating some of the resources to the production of root which could have been utilized 
for the production of shoot. We can therefore conceive of alternative constmctions 
of a given plant such that the same total capitalis d.ivided between the root and shoot 
tissues in different proportions. When the root tissue acquires the major share of the 
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capital, the rate of carbon fixation per unit shoot tissue will be high, but the total 
amount of shoot tissue which can undertake carbon fixation will be small. On the 
other hand, when the shoot tissue is allocated a major share of the capital, the rate of 
carbon kat ion per unit shoot tissue will be low, although the amount of shoot tissue 
which can photosynthesize is large ((Fig. 1). The product of the rate of carbon fixa- 
tion by unit shoot tissue and the total amount of shoot tissue gives us the gross anlount 
of carbon fixed. As can be seen from Fig. 1, this will be very low at both Very high 
and very low values of the root-to-shoot ratio, but will be at a maximum at Some inter- 
mediate level. 

- C FIXATION / SH& --- SHOOT TISSUE 
.-.-. GROSS C FIXATION 

ROOTjS HOOT 

~ m .  1. Carbon fixation by nnit shoot tissue, gross carbn fixation, and t h  amount of tissue out of a 
&~ed total weight of plant present as shoot t i S W  as functions of root-to-shoot ratio. 

What is to be maximised is, however, not the gross amount of carbon fixed per unit 
time, but the net amount, i.e., gross minus the amount used up in maintenance and 
replacement. This will tend to depress the curve of carbon fixation at all values of 
root-to-shoot ratio. If the cost of maintenance and replacement of unit root and shoot 
times is exactly equal, then the total cost will not beaffected by the root-to-shoot ratio. 
This is depicted by line P = s i n  Fig. 2. If, on the other hand, the cost of unit root 
tissue is greater (or less), then the total cost will increse with an increase (or decrease) 
in the root-to-shoot ratio (Fig. 2). 

Substraction of the cost from the gross carbon fixation curve gives us the net carbon 
6xation curve (Fig. 3). The maximum for the net carbon fixation curve is identical 
with that of the gross carbon fixation curve with respect to the root/shoot ratio only 
~f the total cost is independent of the root-to-shoot ratio. If the cost of the unit root 
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ROOT/  SHOOT 
PIG. 2. The total cost of maintenance and replacement of plant tissue as a function of the root-to- 
shoot ratio. r and s are the cost of maintenance and replacement of unit root [and shoot 
tissues respectively. 

- GROSS C FIXATION 

ROOT/ SHOOT 
ho. 3. Oros and net carbon fixation as a function of the root-to-shoot ratio, v and s are the cost of 
maintenance and replacement of unit root and shoot ti%- respectively. 

tissueis greater than that of unit shoot tissue, this maximm is shifted towards a lower 
value of the root-to-shoot ratio. On the other hand, the maximvm of tl-e net curve is 
shifted towards a great*r value of the root-to-shoot ratio, as compared with the gross 
curve, if the wst of  maiuteoane and replacement of w i t  shoot tissue is @eater than 
that of unit root tissue. 
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The optimal root-to-shoot ratio is that at which the carbon fixation curve riscs Lo a 
maxhum. To use Trougbton's terminology3, this is the composition of the plant a t  
which the photosynthetic function of the shoot and the absorptive function of the 
root are properIy balanced. 

The response of the optimum rootlshoot ratio to a variation in environmcntnl condi- 
tions such as those considered by Troughtons can be studizd qualilativcly by using the 
above analysis. Consider, for example, the effects of a change in light intensity. We 
shall now show that when the cost of unit shoot tissue is greator than that of unit root 
tissue (irrespectiv8 of the light intensity) the optimum value of the root/shoot ratios 
for higher light intensity is less than that for lower light intensity. An increase in 
light intensity may shift the entire curve of-photosynthesis per unit tissue upwards 
unless the light is strong enough to inhibit photosynthesis. In addition, the curve 
may also shift laterally. The result stated above follows readily ifthe curve is assnmed 
to suffer a lateral shift to the left as a result of the increase in light intensity, whereas a 
shifi to the right tends to oppose the trend to be deinonstrated. Hence we assume a 
lateral shift to the right. This implies that at the increased light intensity the photo- 
synthesis is saturated at a higher value of the root.to-shoot ratio sin.ce the increased 
maximal photosynthesis generates a greater need of water (Fig. 4). Figure 5a shows 

- C FIXATION / SHOOT 

I , , , SHOOT T ISSUE 

ROOT / SHOOT 
Fro. 4. Carbon fixation by unit of shoot tissue at high and low 'light intensity and the amount of 
tissue out of a fixed totaljweight of plant as shoot tissue as functions of root-to-shoot ratip, 

. , 
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the curves of gross carbon fixation as a function of the root-to-shoot ratio for the two 
light intensities. Again similar to the curve of carbon fixation per unit shoot tissue, 
the curve for higher light intensity is shifted upwards and to the right. Figure 5a also 
shows the curve of the cost of maintenance and replacement. When the cost of unit 
shoot tissue is assumed to be greater than the cost of unit root tissue, the net carbon 
fixation curves obtajned are as shown in Fig. 5b. As the cost of the shoot is assumed to 
be greater, both the net carbon fixation cnrves have their maxima shifted towards a higher 
value of the root-to-shoot ratio in comparison with the gross carbon fixation cnrves. 
It is important to notice that tihis shift is more marked in the case of the flatter curve 
of gross carbon fixation representing the condition a t  lower light intensity. Since the 
slope of the gross carbon 6xation curve a t  high3r light intensity i s  much more steep, 

ROOT/ SHOOT 

RG. $a. Gross carbon fixation at high and low light intensity and the total cost of maintenance and 
replacemenl of plant tissue as functions of root-to-shoot ratio. 

FIG. 5b. Net carbon h t i on  at high and low light intensity as functions of root-to-shoot ratio, The 
~ o $ t  of shoot time is assumed to be greater than that of the root tissue, 
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the slope of the cost curve d.oas not affect it to that extcnt. The rcsnli of this is that 
although the maximum of gross carbon fixalion cnrve at  higher light intensity is to 
the right of the correspon&ng curve far low light intensity, its maximum for the net 
carbon fixation curve has actually shifted. to the !eft of the correspondi~lg curve for 
Low light intensity. In oiher words, cost considerations being very significantat lower 
light intensities Save driven lhe optimal root-to-shoot ratio towards a higher ~al l le .  
Since this does not happen to the same xtent  a1 higher light inttnsili~s, thc oplimal 
root-to-shoot ratio at those intensities is lower. Thus, for this particular examplc, i t  is 
adval1tageous for the plant to produce more of shoot relative to root as the light 
intensity inxeases. 

This conclusim is in contradiction to Trou&ton's%nd also lo thc existing data on 
this problem. The conclusion, however, depends on the assumption that thc cost of 
unit shoo1 tissue is greater t!wt that of unit r?>ol tissue. The oppositc ass~rmption would 
reverse this conclusion. We may then posti:late that Sor the Sew specit-s Son ~ h i c h  data 
have beon collected, the cost of shoot mnst be less than that ofroot. This is a testable 
conclusio~~. 

This counter example makes obvious thc necessity of an explicit and detailed analysis 
of an explanation such as that proposed by Troughton3. Such an analysis is helpful in 
clarifying our ideas about what thc important parameters of the system are and how 
they are related, and of course in generating testablc hypothests. However, suc11 
qualitative analysis is only a first step towards a quantitatively predictive theory. Such 
quantitative prediction rcquircs the developn~ent of more forn~al th~ory. The rsst of 
this paper is an attempt to formalise the qualitative analysis presented above. 

4. Mathematical formulation 

We have noted in the previous section that the gross carbon fixation is proportional to 
the product of the total amount of shoot tissue and the fixation por unit shoot tissue. 

The latter increases with increasing availability of water and mineral resources and 
hence with increasing ratio of the root tjsme to the shoot tissue. Thus the nos s  
carbop. fixation, G, may be expressed in terms of R, theamomzt of root tissue and 8, 
the amount of shoot tissue as 

Hwe, tke parameter a denotes the maximum possible vah!e of the gross carbon fixation 
per unit shoot tissue (mder the given conditions of moisture and mineral supply) and 
thc parameter d specifies the extent to which the root can satisfy the demands of the 
shoot tissue for water and minerals. The cost, c, of maintaining the root and shoot 
tissues per unit time can be taken to be proportional to the amounts 8 and S, 
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Hence net carbon fixation is 

Lct us assume that thls net fixation N I L  used in further growth of root and shoot t~ssue, 
bang partitioned between the shoot and the root in ratlo 0 : 1 - 0. Then the growth 
lates of the shoot and root tissues are : 

dS/dt = NB (2) 

We assume further that this partitioning is maintau1.ed at a constant vahle throughout 
the life of the plant beginning with the partitioning of the nutritive reserves in the seed. 
Thus, if So and Ro are the amounts of shoot and root tissue in the seedling just germi- 
nated, 

Combining (I), (2) and (4) we get the growth of the shoot to be 

dS/& = [(as ( 1  - rd3 - US - vXS] 

with 

A = ( I  - 8)/8. 

Hence 

In this special case in. which the partitioning of c,rganic carbon is fixed throughout the 
life history, thc growth rates of the root tissue and the shoot tissue are the same and 
equal to that of the total plant tissue. This growth rate, A, i s  maximum at the value 0 
given as a solution of 

a (1 - rdA) - u + v - ade- dX/B  = 0. ( 6 )  

The optimal rootjshoot ratio at which the growth rate is maximum can be determined 
for a given set of parameters, a, d, u and v from (6) .  Since the optimal 0 cannot be 
given explicitly in terms of these parameters, it was computed nu~~~erically to investi- 
p t e  its dependence on these parameters, 
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5. Results . . .  

A number of computations for optimal, 0, over a wide range of paralnetns WCTC carried 
out. Some of the results are illustrated in Figs. 6, 7, 10 and. 11. The major conclu- 
sions from thcse computations arc : 

(1) The optimal root-to-shoot ratio (0) increases with an increa~e in the a r b o n  
fixation by unit shoot tissue (a), if the cost of maintenance of unit rhool tissuc (u) is 
lower than that of unit root tissue ( v )  (Fig. 6). The reverse holds if the cost of main- 
tenance of unit shoot tissue (u) is greater than that of unit root tissuc (1;) (Fig. 6). This 
result has been interprctcd. in detail in section 2 above. The fiist trend nay be intor- 
preted to represent the illcrease in the root-to-shoot ratio with an increased. availability 
of light intensity as reported by Trou&ton\nd Brouwcr4. The scconc! trend bas 
never boen observed, possibly because the cost of shoot tissueis generally lowcr than 
that of tho root tissue. 

(2) The optimal root-to-shoot ratio (0) again exhibits a variable hel~aviom in response 
to variation in the relative amount of root tissue required to keep the supply of water 
and minerals to the shoot tissue at  some specific level (Fig. 6). When the cost of 
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FIG. 6. Optimal rootlroot plus shoot ratios (6) as functions of the parameter a for four different sek 
of values of other parameters. 



maintenance and replacement of shoot Lissuic (u) is nwch ICSS, by aboct a factor of five, 
than the cost or root tissue (v), then the optimal root-to-shoot ratio (0) first increases 
as less and less root tissue is requ!ired to keep the supply of water a d  rni~erals a t  a 
given level, i.e., as dincreases. altd then declines with a fcrther increase in tl:c value of d. 
When the cost of shoot (11)  approaches or cxcceds the cost of root (I)), then tho optimal 
root-to-shoot ratio (0) decrca~es 3s less and lcss roct is req~?ired to rnaintaii. thc 
supply ot'watcr and mincrals at a given levcl, i.e., as d increases (Fig. 7). 

FIG. 7. Optimal root/root plus shoot ratios (8) as functions of the parameter d for four different sets 
of values of other parameters. 

This rcsult is amenable to an intc1,pretation analogous to that provided Tor the response 
of optimal root-to-shoot ratio (0) to changes in light intensity. An iucrease in the value 
of d does not affect the asymptote of the curve of photosynthesis per unitshoot tissue, 
but will affect the rate at which this asymptote is approached (Pig. 8). We can 
then conpute the curves for gross carbon fixation by taking the product of this with the 
amount of shoot tissue a t  di£ferent values of root-to-nhoot ratio (Fig. 9a). The maxima 
of these curves shift towards a lower value of the root-to-shoot ratio with an increase 
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C FIXATION / S H 0 0 i  

- - - SHOOT TISSUE 

ROOT / SHOOT 
RG. 8. Carbon h t i o n  by unit of shoot tissue at different values Of d and the amount to tissue out 
of a &xed total weight of plmt as shoot tissue, as functions of root-to-shoot ratio. 

in d. There would therefore be a tendency for the optimal root-tc-shoot ratio to 
decrease with any increase in the value of d. However, as shown above for the analysis 
of the effect of  light intensity, this tendency may be upset when the total cost (US $ vR) 
is subtracted from the gross carbon fixation curve to obtain the net carbon fixation curve. 
The reversal of the tendency may occur because cost considerations are more impor- 
tant for the curves with lower values of d. If shoot is more expensive than root, then 
the cost considerations shift the maxima of net carbon fixation curves towards a greater 
value of  root-to-shoot ratio. This shift would be more important for the loner values 
of d. This would merely reinforce the tendency for the optimal root-to-shoot ratio 
to  decrease with any increase in the value of d. On the contrary, if shcot is less expen- 
sive than root, then the cost considerations shift the maxima ofnet carbon fixaticn curves 
towards a lower value of root-to-shoot ratio. This shift would be more important for 
the lower values of d (Fig. 96). This would conflict with the tendency for the optimal 
root-to-shoot ratio to increase a t  lower values of d, and depending on the exact shapes 
of  the curves could lead to the variable behaviour generated by our mathematicalmodel 
(Figs. 7 and 9b). 

The empirical results reported so far correspond to our second result, ie., 
the optimal root-to-shoot ratio (8) decreases as less a11d less root 1s required to maln 
tain the supply of water and minerals a t  a gnen l e ~ e l  (as d mcrearts). A decrease In 
the root-to-shoot ratio w ~ t h  an Increase in the water or fertihzer supply is abundantly 
docudlented by 'Iroughtona and Brouwef. The f o w e r  result is unexpected and 
should be explored further. 
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FIG 9a. Gross carbon tkatlon at d~fferenl valuc; of d and the total cost as functions of rool-to-shoot 
ratio. 

FIG. 96. Net carbon fixat~on at different values of d as functions of root-to-shoot ratio. The cost of 
shoot tissue is assumed to be much less than that of the root tissue. 

(3) Root-to-shoot ratio increases as the cost of maintaining unit shoot tissue (u) 
increases, other parameters including the cost of maintaining unit root tissue (v) being 
kept constant (Fig. 10). 

(4) The root-to-shoot ratio decreases when the cost of root (v) is increased, keeping 
other parameters, including the cost of shoot (u) constant (Fig. 11). There is no data 
in the literature pertaining to the last two ~ s u l t s .  

Existing literature also contains inuch data on the effect of temperature on the roat- 
to-shoot ratio (e.g.,  Brouwer4). The results are complex and conflicting as would be 
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FIG. lo. Optimal root/root plus shoot ratios (8) as fu~cti0nS of Parameter n for four different see  of 
values of other parameters. 

expected.from the fact that temperature would. simultaneonsiy aEeci.the four para- 
meters involved in determining optimal root-to-shoot ratios. An analysis of the 
effect of- temperature OR the- root-to-shoot ratio (through its effect on the various indi- 
vidual parameters along the l i n ~ s  snggested above) alone can lead to a proper 
appreciation of this phenomenon. 

. . 
6.. Discussion 

The model presented here is obviously not complex enough to be tot'ally realistic. 
.> For'exainple, it doesnot consider the effect of.the variation in carbohydrate supply op 

the absorptive function of the root system, and assumes all the parameters to be constant 
throughout the life history. However, it has been successful in explainingsomeofthe 
~bservations and generating a few interesting and testable predictions. It should 
thaefore'be considered as a'first step in the building of a complex realistic &eory. HOW- 
ever,..aby attempt to build a. very complex, but more realistic theory without having 



FIG. 11. Optimal rootlroot plus shoot ratios (0) as functions of the parameter v for four different sets 
of values of other parameters. 

explored such simple nlodels first is likely to lead to confusion. We, therefore, believe 
that the next step towards the development of a predictive theory of the root-to-shoot 
ratio would be a critical examination of the possibilities of simple theory a t  the level 
of the present one by the experimentalists. At present no data exist where all the four 
parameters of the theory as presented here have been simultaneoulsy determined for 
a single experimental system. Nor do we have detailed enough data on any system to 
determine if the form of the relationship between the extent of saturation of photosynthe- 
sis and the root-to-shoot ratio postulated in the theory here approximates reality. 
We f ~ e l  that the collection of such data motivated by theoretical considerations will 
prove to be highly fruitful in filrthering our understanding of this problem. Further 
elaborations of the theory to make it more realistic would most profitably follow such 
experimental studies. 
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