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FOREWORD 

The ~pecial investigation on growth and development is a coopera
tive enterprise in which the departments of Animal Husbandry, Dairy 
Husbandry, Agricultural Chemistry, and Poultry Husbandry have 
each contributed a substantial part. The plans for the investigation 
in the beginning were inaugurated by a committee including A. C. 
Ragsdale, E. A. Trowbridge, H. L. Kempster, A. G. Hogan, F. B. 
Mumford. Samuel Brody served as Chairman of this committee 
and has been chiefly responsible for the execution of the plans, inter
pretation of results and the preparation of the publications resulting 
from this enterprise. 

The investigation has been made possible through a grant by the 
Herman Frasch Foundation represented by Dr. R. VV. Thatcher, who 
has given valuable advice from the beginning of the investigation. 

F. B. MUMFORD, Director Agricultural E:J:periment Station. 



GROWTH AND DEVELOPMENT 
With Special Reference to Domestic Animals 

XXXI. Influence of the Plane of Nutrition on the Util
izability of Feeding Stuffs. Review of Literature 
and Graphic Analyses of Published Data on the 
Net-Energy and Specific Dynamic Action Prob
lems. 

SAMUEL BRODY and ROBERT C. PROCTER 

ABSTRACT.-This bulletin is devoted largely to a graphi cal and mathematical 
analysis of data concerning th e influence of the plane of nutrition on the net-energy 
values offeeding stuffs fed to steers and rabbits. It appears that the net-energy value 
of a feeding stuff, Qn, vari es with the gross energy, Q. , intake in accordance with the 
equation Qn=A(I-e-kQ. ) in which A is the maximum net.energy intake, e is the 
base of the natural system of logarithms, and k is the relative (or if multiplied by 
100, percentage) decline in the successive increment of Qn with increasing equal 
increments of Qg. This decline is due to declining digestibility, metabo!i7.ability, but 
principally to increasing "specific dynamic action" with increasing plane of nutrition. 
This equation represents this relationship for an animal of a given size. To eliminate 
body size as an influencing factor, the value of ,A, in th e abO'Vc equation must be di
vided by an equalizing factor (weight, area, or weight raised to some fractional powed; 
or the ratios of net, Qn, to digestible energy, Qd, are represen ted as functions of th e 
planes of nutrition, Q", when steer and rabbit data nearly coin cide according to the 

Qn 
equation - - = Ae- k(JP+r,.!; or the ratios of given net-energic" to net-energy at mainte-

Qd 
nance are represented as funct ions of the planes of nutrition (in terms of multiples of 
"basal metabolism") wh en the rabbit and steer data coincide completel y. By way of 
introduction to the net-energy problem, a rather de tailed and critical d iscussion is 
presented on the facts and theories of the phenomena of specific dynamic action 
with conclusions presented in the summary at the end of this bulletin. 

INTRODUCTION 

Feeders of livestock, and even students of nutntlorl, ordinarily 
assume that a pound of a given feeding stuff has a given, constant, 
nutritive value under all ordinary conditions of food supply. Indeed, 
tables of caloric values of food stuffs are commonly quoted in textbooks 
and elsewhere, and feeding standards are formulated on the assumution 
of the constancy of these values. 

There is, of course, no doubt about the approximate constancy of 
the gross caloric values per unit of food stuff; the doubt con::erns rather 
the constancy of the physiologic values of the food stuffs as derived by 
the animal for maintenance or productive purposes. Does an animal 
obtain twice as much nutriment by consuming two pounds of food than 
it does by consuming one pound? Or does the law of diminishing in-

Paper 63 in the Herman Frasch Foundation Series 
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crements operate in animal nut.rition as it does in many other biolog;cal 
processes? 

The purpose of this paper is to discuss, critically, some of the 
literature, and to present graphic analyses of published data. as they 
relate particularly to the physiologic or net energy values of feeding stuffs 
in relation to the amount of feed ingested. Since the net energy derived 
by an animal from a given amount of food is dependent, not only on the 
digestibility and metabolizability of the food, but also, very largely, on 
its so-called specific dynamic effect, t.herefore, in order to obtain a proper 
perspective a considerable portion of this report is given to a discussion 
of the phenomenon of specific dynamic action. 

DEFINITIONS 

1. Net Energy.-The net energy of a food is tkt part of it which is 
used in the animal economy for maint.enance or productive purposes. 
The remainder of the food energy is lost by the animal in the feces, 
urine, fermentation gases, and heat of specific dynamic action. 

The definition of net energ~v as formulated by Armsby is that it 
represents the gross energy of the ration less the excreta (feces, urine, 
methane) and less the energy of the specific dynamic action. The 
metabolizable energy is the gross energy less the energy of the feces, 
urine, and methane. The heat of the specific dynamic action, therefore, 
represents metabolizable energy less the net energy. Gross energy less 
fecal energy is taken to represent the digestible energy. 

2. Specific Dynamic Action.-This refers to the increased heat 
production associated with and following feeding. It is generally known 
that. following a heavy meal, especially if it is high in prot(>in (meat for 
example) there develops a sensation of warmth. This feeling of warmth 
becomes especially striking, often unpleasantly so, in hot weather when 
there is some difficulty in heat dissipation. Feeders of live stock, and 
especially feeders of dairy animals, express this idea, perhaps uncon
sciously, by referring to some feeding stuffs as being "heating", and by 
saying that cows are "burned out" when over-fed with high protein feeds. 

The phrase specific dynamic action (S. D. A.) (specifisclz-dynamische 
Wirkung der N ahrungstoffe) was coined by Rubner. Kellner, Wood and 
M,'illgaard referred to it as thermic energy, because this energy can be 
used only for heating the animal, thus differentiating it from ctynamic 
energy which may be utilized for productive purposes. Zuntz and his 
followers referred to it as the energy of intestinal work (Darmarbeit, 
Verdaungsarbeit). We shall refer to this phenomenon simply as S. D. A. 

The S. D. A. thus represents energy wasted, except, of course, in 
cold weather, when it is useful in keeping the animal warm, thus sparing 
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its stored energy which it would otherwise burn to keep warm by 
chemical heat regulation. 

Rubner's (1902, p. 347) quantitative definition of the phenomenon of 
S. D. A. as it refers to maintenance levels of food supply may be stated 
as follows: If the postabsorptive energy expense of maintenance of a 
mature, normal animal (dog) at thermal neutrality is 100 Calories per day, 
then if the animal consumes 100 Calories in the form of meat, its heat 
production will increase to 131 Calories for the day. This increment of 
31 Calories is the S. D. A. of the 100 Calories of the ingested meat. If the 
animal be given 131 Calories, its heat production will increase to 137 
Calories, and so on as shown in the following table (Table I), not only 
for protein, but also for fat and sugar diets. 

TABLE I.-RELATION BETWEEN THE ENERCY IN THE FOOD AND THE HEAT 

PRODUCTION BY THE ANIMAL (DATA BY RunNER ON A Doc) 

(In Calories per Day) 

Protein Diet (Meat) Fat Diet Cane-Sugar Diet 
-----

Trial No. Food Heat Pro- Food Heat Pro- Food Heat Pro-
Energy duction Energy duction Energy duction 

1 0 100 0 112.7 0 100 
2 100 130.9 112.7 114.3 100 106 
3 130.9 137.3 114.3 114.5 106 106.4 
4 137.3 139.3 114.5 114.55 106.4 106.42 
5 139.3 139.9 
6 139. 9 140.1 
7 140.1 140.2 

Table I shows that for a protein (lean meat) diet, energy equilibrium 
is not attained until the animal receives 140 Calories, that is 40 per cent 
above the post-absorptive level; for a fat diet, equilibrium is not at
tained until the animal receives 14.5% above the postabsorptive level, 
and for cane sugar not until it receives 6% above the postabsorptive 
energy metabolism. 

Murlin and Lusk found lower values for the S. D. A. of fat. Thus, 
according to Lusk (1931), "If what we now called the basal metabolism 
of a typical animal be 100 Calories per day, and 100 Calories be adminis
tered to the animal of each of the several foodstuffs on different days, 
then the heat production of the animal after receiving meat protein will 
rise to about 130 Calories, after glucose to about 106 Calorie~, and after 
fat to about 104 Calories. These are typical average results. ' 

The above figures apply only to a maturr. animal in ~, normal state of 
nutrItIOn. In the case of a growing animal, or an emaciated animal 
which would use the protein food for growth or recovery, the S. D. A. 
would be less, for reasons which will be presently explained. On the 
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other hand, the S. D. A. would be expected to be higher at higher levels 
of food intake. 

In the case of warm-blooded animals, the measurements must be 
made .;.t thermat neutraltty, that is at an environmental temperature 
which does not compel the body to produce extra heat to keep its body 
temperature constant; for at lower temperatures the heat of S. D. A. 
is utilized for keeping the animal warm, thereby sparing the body from 
producing extra heat for this purpose by means of chemical regulation 
and masking the S. D. A. effect. Thus, Rubner found that the feeding 
of 320 gm. of meat to a dog at 7°C. did not increasf his heat production; 
but feeding 320 gm. of meat at an environmental temperature of 30°C. 
increased his metabolism (above the post-absorptive level) by' 50 per cent. 
The reason that there was no apparent S. D. A. at 7°C is that at this low 
temperature the "basal metabolism" was higher on account of h:at 
regulation, and the heat of S. D. A. replaced the heat of chemical regu
lation. This is the basis of Rubner's compensation theor_y to the effect 
that there is a reciprocity between heat production by chemical regula
tion and the extra heat production brought about through the ingestion 
of food. 

In the cold-blooded animals, on the other hand, the S. D. A. of 
foods is independent of environmental temperature since, in this case, 
there is never chemical heat regulation, the body temperatures of cold
blooded animals being only slightly above the environmental tempera
ture at all temperatures. 

The magnitude of the S. D. A. for a given meal is determined as 
follows: First, the postabsorptive energy-expendi ture level is deter
mined. The animal is then fed, and measurements of heat production 
are continued until the original metabolic level is reached. The extra 
energy above the basal level represents the S. D. A. of the meal. This 
ideGi. is illustrated in the lower left chart in Fig. 1. The area between the 
calories curve and the basal level represents the S. D. A. of the 1200 gm. 
of meat ingested by the dog. 

If it is desired to relate the heat increment of the given meal to the 
nitrogen metabolism increment of the given meal, then it is, of course, 
also necessary to collect the urine. The extra heat (above the basal 
level) due to the mea.! is then related to the extra urinary nitrogen 
(represented by the area between urinary-N curve and the basal level 
in the lower left chart of Fig. 1) due to the meal. All the extra heat pro
duction due to the meal must then be related to all the extra urinary 
nitrogen excreted due to the given meal. 

Since the time curve of urinary excretion of a gi ven meal often lags 
behind the time curve of the S. D. A. of the same meal (compare the 
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urinary-N and calories curves in the middle lower chart of Fig. 1), 
it is, therefore, necessary to take care to continue urine collections for a 
sufficiently long period to make certain that the basal level of urinary 
nitrogen excretion has been reached. 
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Fig. I.-The relation between heat production and urinary-nitrogen excretion plotted from data. by 
Williams, Riche and L usk (19 12) . The data were obtained on a female bull-terr ier dog weighing 13.5 kg. 
afte r feeding 1200 grams of meat and kept in a calorimeter at 26° to 27°C. The dog received no food for 
24 hours precedi ng this feeding . The upper left chart represents the course of the ratio of Calories above 
basal ('~Q) during given hours to nitrogen (in grams) above basa.l during the corresponding hours. 
Th e average ratio for the entire 2I-hour period under observation is 11.1; that is, the total heat above 
basal produced during the 21 hours to the total urina ry nit rogen excrctcd above basal during the same 
puiod was 11. 1 Calories per gram of urinary nit rogen. (Williams, Riche. and Lusk say t hat "for t he 
whole period the average increase in metabolism for every 100 ctl iorics of extra 100 calories of protein 
oxidized is 45 calories," and, "the ingestion of meat containing 900 calo ries in protein caused an increase 
in metabolism of 270 calories dur ing a period of 20 hours, or the ingestion of 100 calories caused an in
crease of 30 calories i n heat product ion.") 

Tn the char t on t he right, the CalorieR per hour above basal (Ll.Q) are plotted aga ins t urinary 
nitrogen above basal (AN) . The equation for this relation is given on the cha rt . The numerals alongside 
the data points indicate hours after feeding . Note that the heat productio n during the 1st and 2nd 
hou r arc very high in comparison to the nitrogen excretion. This is significant . but the other fluctuations 
are perhaps fortuitous due possibly t o experimenta I errors (restlessness of the animal); so that the average 
value of the ratio of Ll.Q/ Ll.N is perhaps too high. The true ratio (if the animol were absolutely quiet) 
is perhaps more nearly between 8 and 10 (c. f. results of T erroine, Gmfe. Lundsgaard, Borsook). 

The lower left chart represents the heat production and u ri nary-nitrogen excretion in parallel 
ma nner; in the lower middle chart the heat production and the urinary nitrogen excretion above ba.sal 
are represented as percentages ot the respect ive basal levels. This chart shows that the Calories reach a 
maximum value long before the nitrogen attains a maximum. ft also shows th:lt while the he,a produc
tion was increased two times, the nitrogen excretion increased netlriy six t. imes . Note that the curve is 
not symmetrical about the maximum ; the maximum occurs during the fifth hour. while the basal level 
is not reached again perhaps for 24-hours Or longer. 

Incidentally, failures to make complete urine collections due to given 
meals under observation invalidat e much published data collected for 
the purpose of evaluating the S. D . A. of protein metabolism. The 
lowered S. D. A. in cases of certain endo;:rine disorders is probably 
apparent rather than real, being due to a slowing up of the metabolic 
processes with consequent oversight of the last stages of the t ime curve-s 
of heat production due to a given meal. 
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THEORIES OF S. D. A. 

How should one explain this phenomenon of S. D. A., and par
ticularly how should one explain the quantitative differences between 
the S. D. A. of proteins on one hand, and of carbohydrates and fats on the 
other? The explanations or theories thus far advanced may be con
veniently grouped under four headings as follows: 

1. Voit's theory is the one most widely known and accepted in this 
country, largely on account of the loyal support given it by Lusk, a 
former pupil of Voit. According to Voit's theory, the body cells are 
excited by the nutrient fragments (amino acids) to a higher level of 
energy metabolism. Grafe's ammonia stimulating theory, and Bene
dict's acid-stimulating theory may, perhaps, be conveniently included in 
this general class. 

Grafe found that ingestion of ammonium chloride and acetamide 
raises the heat production in the body. He attributed this to the stimu
lating influence of ammonia or the amino group on the metabolic level of 
the body cells. Lundsgaard, who has confirmed and extended these 
findings, believes that the cause of the S. D. A. of these substances must 
be sought either in some phase of urea synthesis, or, following Grafe, 
that it is due to the cell-stimulating action of the amino or ammonia 
groups liberated during deamination. 

In contrast to Grafe's ammonia (or amino-radical) stimulating 
theory, Benedict attributes the S. D. A. to the stimulation of acid 
bodies, thus: "I t seems clearly established that acid bodies are absorbed 
from the food 'which circulate in the blood and increase cell activity 
markedly, so that when food is supplied the cells are stimulated to a 
metabolic level considerably above that of the fasting anima!." (Bene
dict and Ritzman, 1927, p. 7.) 

2. According to Rubner's theory the S. D. A. of proteins represents 
the "free energy" liberation incident to the transformation of the excess 
amino acids to sugar and. urea, etc. Rubner suggested a similar theory as 
regards the S. D. A. of non-protein foodstuffs. Thus, starch for example, 
may undergo some changes not only of a fermentative nature in the 
digestive tract, but also some intermediate metabolic changes as con
version to lactic or pyruvic acids, or it may undergo intermediate syn
thesis with phosphoric acid. All these (as well as certain physico
chemical incidental processes as solution and neutralization) may in
volve liberation of energy. 

It follows as corollary from Rubner's theory that when the food 
amino acids are not transformed to sugar and urea, but are retained in 
the body as such, as, for example, during growth or during realimentation 
after a long fast, then there is no heat increase for the ingested proteins 
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thus retained. There is good substantiating evidence for this corollary 
by Rubner (1902, p. 256) on protein retention in dogs after starvation; 
by Hoobler (1915) on protein retention by infants; by Richardson and 
Mason on a mixed food retention administered at 2-hour intervals to 
emaciated diabetic patients. Lusk's comments (1931) on Richardson and 
Mason's experiments will be of interest to feeders of farm livestock, 
"We may conclude from this evidence that, if a mixed diet be so con
stituted as to conform to the exact needs of the tissues and be slowly intro
duced by absorption from the intestin(", its specific dynamic :le.ion is 
virtually negligible, and that when there is great undernutrition the 
gradual digestion, absorption, and depo~ition of fat, added in excess of 
the body's requirement of energy, may be accompanied by little or no 
manifestation of specific dynamic action. This phase of the subject reCalls 
the fact that the digestion, absorption, and deposition of protein is 
without specific dynamic action, as first shown by Rubner." 

The most recent (1932) evidence was published by Necheles to the 
effect that the specific dynamic action of meat in Chinese children is 
very low compared to that found for adult Chinese and occidentals. 

Another corollary may be here added that up to a certain level of 
protein intake the S. D. A. would be least when the biological nlue of the 
protein is greatest, and in the case of a perfectly complete protein there 
would be least deamination and therefore a minimum S.D.A. if fed in 
moderate amounts to growing animals, and the efficiency of utilization 
would be maximum. The opposite would necessarily be true in the case 
of an incomplete protein. The S. D. A. would thus be an inverse func
tion of the degree of biological completeness of the protein under invc:sti
gation when fed to growing animals up to a ;::ertain level. 

It may be interesting to add in this connection that some sub
stances can furnish to the body nothing but thermic energy (S. D. A.), 
and the theoretical heat value of the substances ingested may be com
pletely recovered in the form of heat of S. D. A. Thus, grain alcohol 
when absorbed into the body can not be converted to glucose or fat and 
it is therefore of no value for maintenance or productive purposes; but 
since it is easily oxidized in the body it can furnish it with some heat. It 
is a common observation that taking of alcohol is followed by a feeling 
of warmth, and when taken in moderate amounts all of its potential 
energy can be recovered in the form of heat of S. D. A. (see Bonnet's 
quotation below; see also Nicloux's paper). These ideas o~ the S. D. A. 
of alcohol have not however bel"n confirmed. 

Lusk, who, as noted, loyally supported Voit's theory of cell stimu
lation, began to waver in later years (as indicated in the 1928 ("dition of 
th(" Scienc~ of Nutrition), and in his 1931 review of this phenomenon he 
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seemed to shift his position from Voit's cell-stimulating theory to 
Rubner's thermochemic, or thermodynamic, theory of S. D.A. of proteins. 

2a. Rubner experimented with meat. The very modern followers 
of Rubner are experimenting with well-known simple amino acids, 
principally with alanine and glycine, and with, what are thought to be, 
the intermediate products produced on the path of degradation of the 
amino acids. 

Thus, it is assumed (as shown by Neuberg, Neubauer, Embden, and 
Lusk) that alanine on its course to glucose goes through the pyruvic 
and lactic acid stages and that (as indicated by Lusk, Aubel and others) 
lactic and pyruvic acids exert a S. D. A. The recent investigations in 
this field (by Aubel, Adams and others) then consisted in computing 
the energy of the reactions of alanine to glucose by way of pyruvic and 
lactic acids, employing in this work thermochemic or thermodynamic 
data and methods and attempting to confirm the computations by metab
olism measurements. In" this way, according to Aubel and Schaeffer 
(1932), "II est possible a l'aide des donnees thermochemiques de calculer 
a chaque stade la valeur de l'action dynamique specifique". 

The latest summary of Aubel's views are given in the following 
fragmentary quotations from Aubel and Schaeffer (1932). In this 
quotation criticisms are also made against Borsook and Winegarden's 
theory which will be discussed presently. 

Les donnees que l'on possede sont insuffisantes pour permettre de calculer 
l'energie libre de la reaction de desamination. Nous allons done etre forces de nous 
contenter des donnees thermo-chimiques, mais, comme il s'agit en somme, d'un 
proces d'oxydation, il est vraisemblable que les valeurs obtenues en appliquant Ie 
principe de Berthelot seront d' un ordre de grandeur comparable a celles que no us 
aurions obtenues si nous connaissions les entropies de l'alanine et de l'acide pyruvique. 

Nous admettrons done: 
CHa CHNH. COOH+O -~ CH3 CO COOH+NH3 ______________ +31.000 cal. 
U COz+NH3 ---7 U CO(NHzh+U H20 ___________ ___ _________ + 5.000 cal. 
soi t au total: 

31.000+5 .000=+36.000 cal 

Si l'on se sert pour calculer la formation d'uree des donnees de Lewis et Randall, 
on a: 
U C03H 2 +NH, ---7 U CO(NH2l:+H++H20 _____________________ -3.500 cal. 
ce qui donne avec la desamination une v aleur de: 

31.000 -3.500 = +27 . 500 calories 

Si l'on admet la formation de I'uree a partir de l'acide cyanique : 
CNO-+NH4 -~ CO(NH2h _____ -600 cal 

Ie total est alors de: 
31.000-600= +30.400 calories. 

Les valeurs sont du meme ordre dt" grandeur, et nous pouvons dire que la desami
nation et la formation d'uree liberen t environ 30.000 calories. 

Cette valeur est tout a fait insuffisante pour expliquer l'A. D. S. dans son en
semble. 
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Les equations suivantes qui representent les marches du phenomene cadrent 
nvec.les resultats expermentaux: 

6H O2 CO, 

8 CHaCO COOH+8 H2 ~ 8CHaCHOHCOOH ___ +160.000 cal. 
4/6 CaHlzOa+4H20 -----7 4C02+8 Hz __ ____ _______ -102.000 cal. 

+ 58.000 cal. 0 4 
8 CHaCHOH COOH ~ 4 CaH1z0 6 _______________ -116.000 cal. 
CaHlzOa+60z -----7 6 CO?+6 HzO _________________ +677.000 c"1. 

+561.000 cal. 0 . 6 
Les quatre molecules de glucose sont brtMcs 

4 CaH120 a+24 O2 -----7 24 CO?+24 H20 
Si seule J'energie de cette oxydation doit I!tre utilisee par I'organisme, on doit 

ajouter a la chaleur degagee par la combustion normale des 4 molecules de glucose 
formces, les chaleurs degagees par les deux reactions precedentes: 

58.000+561.000=619.000 cal. 
soit 77.375 calories par molecule d'acide pyruvique. En resume on aurait par mole
cule d'alanine: 

30.000 calories dues ala desamination, 
77.000 calories dues a I'evolution de la chaine carbonee soit 107.000 calories. 
Aubel a trouve chez la grenouille des chiffres qui justifient sa theorie, et, d'autre 

part, une confirmation indirecte est donnee par les traveaux de Meyerhof, Lohmann 
et Meyer sur la transformation de I'acide pyruvique en glucose par Ie muscle isole. 
D'un autre cClte, Lusk sur Ie chien a, pour l'acide lactique, donne des resultats 
anterieurs a ceux d' Aubel, et egalement concordants. Mais Terroine, Bonnet et 
Zagami, n'ont pu trouver avec Ie lapin une production d'extra-chaletlrconse.:utive a 
l'administration d'acide lactique ct d'acide pyruvique. 

II reste que Ie schema propose ci-dessus, s'il ren d compte d e I'origine de la plus 
grande partie de I'extra-chaleur constituant l' A. D. S. ne doit pas rendre compte de 
la totalite. II est probable ' que d'autres facteurs jouent et en premier lieu ceux 
invoques par Krummacher, Boorsook et Winegarden; mais nous ne pouvons dire 
dans queUe mesure pnt de nouvelles experiences irreprochables n'auront pas ete 
faites. En ce qui concerne entre autres Ie rClle du travail renal, la divergence des 
resultats concernant I'extra-chaleur produite par ingestion d'uree a besoin d'etre 
levee. Les chiffres de Borsook et Winegarden, quand on les examine de pres ne sont 
pas absolument convainquants. Les echange.s sont mesures toutes les demi-heures 
pendant 5 minutes, ce qui est trop court, et si I'on calcu!e les differences extremes I'on 
trouve, dans les temoins des variations de metabolisme de 4 cal. 3, alors que dans les 
experiences .on a des extra-chaleurs de 5 calories, 4 cal. 6, 3 calories, 8 cal. 8. Le doute 
demeure. 

Adams, an American worker, has computed the S. D. A. of alanine 
and glycine from the standpoint of the second and the third laws of 
thermodynamics. 

It may be noted, incidentally, that Zuntz attempted to carry out 
thermochemic computations in 1907. 

The difficulty with the thermochemic and thermodynamic com
putations is that (as pointed out by Borsook and Winegarden) the specific 
heat data at present available are too scanty to permit reliable estima
tions of the entropies of alanine or of glycine. Accordingly, calculations 
of the free energy changes incurred in the conversion of glycine to glucose 
and urea, although the standard free energies of glucose and urea are 
known, are at present uncertain. The experimental data on the S. D. A. 
of lactic and pyruvic acids obtained by different investigators by in 
vivo experiments are also rather too conflicting to inspire confidence in 
their results. 
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Terroine and Bonnet, who are members of another wing of Rubner's 
followers, differ from Aubel et aI, as well as from Lusk school, in believing 
that the S. D. A. is a function of nitrogen metabolism (excretion) only, 
and it is independent of the structure of the amino acids. (Thus, Lusk 
and his pupils found that while phenylalanine, alanine, and glycine have a 
high S. D. A., glutamic acid, aspartic acid and asparagine give negative 
results.) 

The following bold generalizations quoted from Bonnet (1929) 
summarize the theories of the Terroine Schuol, as related to the phenom
enon of S. D. A. 

1.0 L'action dynamique specifique est un cas particulier d'un phenomene 
general: une production ealorique accompagnant l'utilisation des aliments (confirma
tion des affirmations de Rubnerl . 

2.° Sa valuer, chez les pOlkilothermes, est independante de la temperature 
exterieure. 

3.° Sa valeur est la meme chez l'homeotherme place a la temperature de neu
tralite thermique et chez la pOlkilotherme pour toute temperature exterieure. 

4.° Le glucose ne provoque aucune action dynamique speeifique lorsqu'il est 
injecte en quantite telle qu'elle ne modifie pas sensiblement Ie taux de la glycemie 
(Justification de la doctrine de Rubner) . 

S.o L'existence d'une legere augmentation des echanges (4 p: 100) consecutive 
a l'ingestion de glucose, doit etre attribuee a la mise en marche des differents processus 
digestifs; elle n'a rien de comparable a I'augmentation considerable que provoque 
l'administration de protides. 

6.° InJe("te a doses massives, allant Jusqu'u quadrupler Ie taux de la glycemie, 
Ie glucose ne produit aucune extrachaleur. 

La conception de Voit qui voit dans I'action dynamique specifiqu e une action 
excitante de masse n'est done plus defendable. 

7.° Aussi bien ehez les vegetaux superieurs que chez les microorganisme~, la 
transformation des lipides en glucides s'effectue avec une meme perte d'energie. 11 
en est de me me pour la transformation des protides en glucides. 

On peut done formuler la loi suivante: 
"Chez les etres vivants, la transformation des lipides en glucides s'cffectue avec 

une perte d'energie de 23 p. 100 de l'energie metabolisec, celle des protides (n glucides 
avec une perte d'energie de 35 p. 100." 

8.° Cette loi no us permet de prevoir, u partir de la composition chimique des 
reserves d'une graine, que! sera Ie rendement energetique brut dans la germination de 
la graine consideree. 

9.° En ce qui concerne les protides, cette perte d'energic est exactement celie 
que I'on observe dans Ie cas de I'action dynamique des protides. 

Pour les !ipides, elle est superieure a celie observee dans l'action dynamique des 
graisses. 

10.° L'action dynamique specifique des protides, loin d'etre la caracteristique 
d'une propriete distincte de l'organisme animal, apparait comme un cas particulier 
d'une loi biochimique univers,.lle. Elle exprime la perte d'energie qui provient de la 
transformation des protides en la ou les substances utilisables pour les travaux 
cellulaires (glucose ou corps voisins). 

11.° Le rendement energetique brut de la croissance de moisissures, cultivees 
sur les divers acides amines, est constant, tres inferieur a celui obtenu dans Ie cas de 
culture sur glucose, et egal a 0, 39. 

12.° La production d'extra-chaleur provoquee par l'administration de divers 
acides amines, tant aux po·ikilothermes qu'aux homeothermes places u la temperature 
de neutralite thermique, est egale a 8, 4 calories per gramme d'azote ingere. 

13.° Le developpement de moisissures sur les acides tern aires susceptibles de 
pouvoir resulter de la desamination des acides amines, s'opere avec un rendement 
energetique brut a peine inferieur a celui obtenu sur Ie glucose, Ce qui traduit une 
perte d'energie tres faible, qui ne saurait representer Ie facteur primordial de l'action 
dynamique specifique. 
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14.0 Les organismes sont capables d'effectuer des remontes de potentiel peu 
coQteuses: 

___ Ia transformation des sucres en graisses se fait avec une perte d' energie de 
I'ordre de 10%. 

15. 0 Vne reaction exothermique ne libere pas obligatoirement de l'energie 
totalement utilisable par la cellule. 

II en est ainsi: 
__ _ dans la formation des glucides aux depens des acides gras; 
___ dans Ie phenomene de desaturation des acides gras; 
___ dans I'utilisation de I'alcool ethylique par les homeothermes. 
16. 0 L'action dynamique specifique de I'alcool ethylique est egale it son energie 

potentielle. 
17.0 II y a deux gran des categori es d'oxydation pour les organismes: les unes 

(type: oxydation du glucose), liberent de I'energie utilisable pour tous les travaux 
cellulaires; les autre (type: oxydation de I'alcool ethylique) ne liberent que de I'ener
gie degrad6e, de la chaleur. 

18. 0 Cultives sur glucosamine, les microorganismes presentent un rendement 
energetique brut identique a celui observe avec les differents acides amines, soit 0,39. 

19.0 La loi suivante exprime en nature et en grandeur Ie phenomene de I'action 
dynamique specifique: 

"L'action dynamique specitique des protides reside tout entii!re dans une pro
duction d'extra-chaleur, production qui est uniquement en rapport avec Ie me
tabolisme de I'azote amine et non avec la transformation des chaInes ternaires 
re~ultan~ ~~, la desamination, et qui s'eleve a 8,4 calories par gramme d' azote amine 
metabobse. 

3. According to the Zuntz theory, the S. D. A. represents the 
energy expense of digestion, absorption, excretion, and secretion. 
Zuntz grouped all these expenses under the heading of "intestinal work" 
(Darmarbeit, or Verdaungsarbeit). Bonnet's quotation on the S. D. A. of 
glucose supports Zuntz' theory that there is a certain energy expense 
associated with the digestion of glucose (in the sense of Zuntz). Zuntz' 
theory was apparently discredited by Rubner, Benedict, Lusk, and 
others. The experiments of these investigators consisted largely in 
feeding such substances as bones, glaubers salts, agar-agar, popcorn, 
and other roughages and irritants. They found no appreciable increase 
in heat production following this type of feeding, and they consequently 
concluded that Zuntz' theory of Verdaungsarbcit can not be true. But 
in this conclusion, they seem to have overlooked the fact that this term 
as used broadly by Zuntz was intended to include not only the mechanical 
work of peristalsis, but also the physico-chemical work of secretion, 
absorption, and excretion; and, of course, there is relatively little of 
physico-chemical work connected with the ingestion of bones, agar, 
or even of cathartics. In the case of farm animals, particularly rumi
nants, one must also consider the additional energy expense during 
digestion due to the extensive fermentation processes. Thus, according to 
Markoff, the heat production associated with CH4 formation in the 
digestive tract is 6.07 Calories per gram of CH4 formed; and since 
according to Armsby 4.5 grams of CH4 are produced per 100 grams of 
digested carbohydrates, therefore 27.3 Calories of heat are liberated 
per 100 grams of digested carbohydrates, or 7.2 Calories of heat are lost 
per 100 Calories of carbohydrate digested. 
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3a. Borsook and associates have called attention in connection 

with this problem to the very considerable energy expense associated 

with the activity of the kidneys, as determined experimentally by 

Barcroft and associates (1905-6), and showed (1933) that the synthesis of 

urea from ammonia and carbon dioxide by liver tissue is accompanied 

by measurable increases in oxygen consumption. These investigations 

give a new meaning to Zuntz' theory of S. D. A. Borsook and Wine

garden's statements indicate that the energy expended for the work of 

secreting one gram of nitrogen by the kidneys is from 6 to 11 Calories 

(or on the average about 8.5 Calories per gram of urinary N.). If it is 

recalled that Grafe found that ammonium chloride and acetamide exert 

a large S. D. A.; that Terroine and Bonnet (see quotation from Bonnet) 

found that the ingestion of one gram of nitrogen in the form of protein 

or amino acids increases the heat production by 8.4 Calories; that Wil

liams, Riche, and Lusk (1912) found a heat production of about 11 

Calories per gram of urinary nitrogen (see Fig. 1); and that Lundsgaard 

showed that not only amino acids (glycocol, alanine, glutamic acid, 

aspartic acid, tyrosine) but even ammonium salts, such as ammonium 

chloride, increase the metabolism by about 8 Calories per gram of nitro· 

gen ingested, then it would seem that the largest increase in heat produc

tion due to ingestion of protein must be attributed to the work of secre

tion, absorption, and to the excretion of the end products of nitrogen 

metabolism, including synthesis of urea from its precursors. 

Borsook and Winegarden admit that the theoretical energy re

quired for urinogenesis is only 0.07 Calories per gram of urinary nitrogen; 

but as a matter of fact, the actual energy expended by the kidney, as 

noted above, is about 8.5 Calories per gram of urinary nitrogen excretion; 

this discrepancy between observed and computed values is attributed 

to the low efficiency (about 1%) of the kidney, considered as a machine. 

Mitchell and Hamilton (1929) cite Barcroft and Shore to the effect 

that the consumption of oxygen by the organs drained by the portal 

vein is equivalent to from 0.008 c.c. to 0.013 c.c. per gram of viscera per 

minute in unfed cats, and to 0.011 c.c. to 0 .018 c.c. in cats fed 18 hours 

previously. These differences would, no doubt, be much greater if the 

later values were taken at the height of digestion instead of in the last 

stages of digestive activity. Barcroft and Piper are also cited as having 

found that the oxygen consumption per gram of tissue per minute of the 

submaxillary gland of the cat rises from a basal level of 0.027 c.c. to 

0.089 c.c. when secreting. This is equivalent to the consumption of 

about 18 c.c. of oxygen for the formation of 30 c.c. of saliva (or about 3 

Calories per liter of saliva). 
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Bayliss cites experiments showing that exceedingly low efficiencies 
are characteristic of glandular processes (e. g., six Calories are expended 
for the secretion of one liter of saliva). There is no reason to suppose 
that other such processes associated with nutrition are more efficient. 
In addition to secretion of urine and saliva, one thinks in this connection, 
for example, of the secretion of highly acid juice in the stomach, and 
of highly alkaline juice~ in the small intestines from a neutral blood. 

The curves in Fig. 1 show quite convincingly that the rate of rise of 
heat production due to the S. D. A. is much greater in the beginning 
than the rise of :1itrogen excretion. Indeed, the highest rise in heat pro
duction occurs during thf first hour, that is probably before the nutrients 
entered the blood stream. This seems to substantiate the idea that the 
early high values of the S. D. A. represent at least in part the energy 
expense or the "intestinal work" in a broad sense, including the energy 
expense of the highly inefficient secretory proc:esses. 

These consideration~ taken together with the findings of Williams, 
Riche and Lusk; of Grafe; o:Terroine and Bonnet; of Lundsgaard; throw 
a very attractive light on the theory that the S. D. A. of proteins repre
sents largely the work of the secretory, assimilatory, and excretory 
processes, and of ureagenesis. 

Four recent papers need be cited in this connection even if they add 
confusion to this problem. First, is the report by Krebs to the effect 
that kidney tissue in vitro deaminates amino acids (to form NH3) far 
more rapidly than any other organ (the rate of formation of NH3 being 
as high as 0.0038 mg. per hour per mg. of dry kidney substance), and 
that O2 is essential for this reaction. It appears that keto acids are 
formed as follows: RCH(NH2)C02H+0--""7RCOC02H+NHa. The 
oxygen consumption of the kidney as determined by Barcroft and 
associates thus appears to be in part a consequence of this deamination 
reaction. 

Second, is the very recent (1933) report by Borsook and Keighley 
to the effect that the synthesis of urea from ammonium bicarbonate in 
the presence of living tissue strips is accompanied by increases of oxygen 
consumption; and that this oxygen is used primarily to meet a stoichio
metrical relation rather than supply needed energy. In a personal 
communication, Dr. Borsook described the matter thus: 

"We have been studying the energy change in the synthesis of urea from am
monium bicarbonate by living liver pieces. The results now available make it seem 
quite certain that the determining factor in the total energy change in this coupled 
reaction is not the energy necessary, but the stoichiometrical relationships. Thus, one 
molecule of extra O2 is used for every mol of urea synthesized. When, as in the case 
when lactate is the fuel for urea synthesis, the fud also takes part in another synthesis 
(i. e., the production of glycogen) ; then the energy of the burned lactate is shared 
between the urea synthesis and the glucogen synthesis. The result is that, when 
glycogen synthesis from lactate is in progress, the addition of another synthesis 
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(i. e., urea) does not increase the respiration. When there is no such additional 
synthesis, for every mol of urea synthesized there are about one hundred thousand 
calories produced by the extra respiration, where actually only seven thousand are 
necessary. This apparently is because the combustion of one mol of O2 is the only 
way in which the tissue can obtain the necessary mol CO2 in a form which can be 
used in the urea synthesis." 

Third, is the conclusion by Doch to the effect, "that at least 80% 
of the S. D. A. is due to the increased energy liberated by the hepatic 
cells during protein ingestion" and that "The oxygen consumption of the 
kidney, was the same in rats on high and low protein intake, although the 
total oxygen intake of the former was 35% greater than of the controls 
on the low protein diet." Finally, one m~y mention Mark's curious find
ing to the effect that liver protein exercises an insignificant specific 
dynamic effect, or may even depress heat production; and that proteins 
from the spleen, kidney, and thymus, have reduced specific dynamic 
effect. Mark attributes unique heat-stimulating properties to muscle 
proteins. 

4. In conclusion, we may cite the mass action theory of S. D. A. 
According to this theory, the increased concentration of given metab
olites in the body accelerates the speed of their metabolism in accordance 
with the chemical law of mass action. Krummacher is the leading 
exponent of this theory. Lusk's plethora theory as it relates to fats, and 
to carbohydrates, belongs in this class. But recently (1931), Lusk sug
gested that the S. D. A. of carbohydrates may be "due to the heat of the 
intermediary reactions between glucose and glycogen". 

The mass-law theory of S. D. A. is rather satisfactory in the light of 
older work as it concerns fats and carbohydrates, for the following two 
reasons. First, when these foodstuffs are ingested, then the heat of S. D. A 
takes place at the expense of these respective nutrients as shown by the 
respiratory quotients (Lusk, 1912 and 1915, J. BioI. Chem., 13, 27, and 
22, 15). Second, under conditions of work, the energy of S. D. A. may be 
used in part at least to cover the energy expense of the work (Anderson 
and Lusk). In other words, when the animal is called upon to expend 
energy at a rapid rate, then the concentration of the nutrients in the 
blood stream is kept at a low level, and therefore if the phenomenon of 
S. D. A. is an expression of the mass law, then the heat of S. D. A. tends 
to be depressed or to disappear. According to Carpenter and Fox 
(drbeitsphysiologie, 1931 7, 570) the S. D. A. of fructose can not be thus 
used for the work while part from glucose may be so used. 

In the case of work after a protein meal, on the other hand, the total 
heat production is the sum of the energy expended for the work, and of 
the S. D. A., there being no depression of, or utilization of, the heat of 
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S. D. A. of protein for the energy requirements of work (Anderson and 
Lusk); nor do the values of the respiratory quotient after a protein meal 
give encouragement to the mass-law explanation. It thus seems that the 
heat loss of S. D. A. of protein is unavoidable, being the result of some 
mechanism other than that of the mass law. However, as suggested by 
Mitchell and Hamilton (1929, p. 444) it is possible (according to the 
theories of Hill, Meyerhof, and associates, on the source of muscular 
energy) that this difference between the behavior of S. D. A. of proteins 
on one hand, and carbohydrates on the other hand, may be an expression 
of the fact that while amino acids can not be used directly for muscular 
work, glucose is readily used in this way. 

It is probable that S. D. A. is an unknown function of many, or all, 
of the factors considered in the above theories; and that the true quan
titative formulation of the ultimate explanation of S. D. A. will await 
the accumulation of adequate data on the contributions of each of the 
factors enumerated to the total heat of the S. D. A. 

THE RELATION BETWEEN FOOD INTAKE, NET ENERGY 
VALUES, AND SPECIFIC DYNAMIC ACTION 

As explained in the preceding section, food intake up to the main
tenance level would not be expected to increase very greatly the S. D. A., 
since this would not increase greatly the work of ureagenesis or uri no
genesis; nor the heat loss due to deamination; nor the concentration of 
metabolites in the blood. In the words of Lusk (1931), "In normal life 
the liver regulates the composi tion of the blood so as to provide fuel for the 
maintenance of a comtant basal metabolism. If, now, the quantity of 
food which enters the circulation is exactly equal to the quantity needed 
for metabolism in the tissues, one may understand that such food merely 
replaces what the liver would have delivered to the blood." This prin
ciple is made use of in connection with basal metabolism determinations 
by permitting the subject to partake of a light breakfast before making 
the measurements. (Benedict and Benedict, 1923; Soderstrom, Barr, 
and DuBois, 1918; Wang and Hawks, 1930.) 

This same line of reasoning, as explained in the preceding section, 
leads to the conclusion that feeding rapidly-growing or emaciated ani
mals should not be followed by an appreciable specific dynamic action; for 
in such cases the amino acids will be rapidly removed from the circula
tion and deposited in the body tissues for growth or recovery. 

This principle has not, apparently, been widely accepted by students 
of nutrition of farm animals; for the most extensive investigations on the 
S. D. A. of feeding stuffs of cattle, namely those conducted by Armsby 
and associates, were made on animals receiving sub-maintenance rations, 
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and then the results were extrapolated linearly for use on normally-fed, 
or super-fed, animals. 

Armsby and associates were not interested in the phenomenon of 
s. D. A. as such, but rather in the more practical problem of evaluation 
of the net energy of feeding stuffs. We shall devote the remainder of this 
paper to a rather detailed discussion of three recent important contribu
tions to this problem of net energy. 

1. Forbes' Data. -Forbes and associates perceived the possibility 
of error in Armsby's assumption "that the heat increment varies directly 
as the dry matter; that is, that it is a linear function of the amount of 
feed." They have, accordingly, subjected Armsby's assumption to an 
experimental test. They did this by measuring heat production in steers 
on seven different planes of nutrition, namely, on fast, half maintenance, 
maintenance, one and a half maintenance, twice maintenance, two and a 
half maintenance, and three times maintenance. According to Forbes 
and Kriss (1931), the resulting curves in which the total heat production 
is plotted agaiu"st food consumption (shown in Fig. 2) are S-shaped. 
Their description of the curve is as follows. 

"With the heat production of the fourth day of inanition as the base value, the 
heat production increased slowly between fasting and maintenance, and much more 
rapidly above maintenance, but with a decreased rate of rise between the planes 
of twice and three times maintenance. 

"The curve of heat production in relation to the plane of nutrition was found, 
therefore, to be a reversed or S curve. 

"The heat production of fasting being considered as including two factors, a 
waste of heat utilization of body nutrients katabolized, and a theoretical minimum 
base value, including no such waste-the curvature of the line of heat production 
in relation to increasing food consumption is interpreted as resulting from. (1) The 
increasing concentration of metabolites circulating in the blood; (2) The change in the 
proportions of protein, fat, and carbohydrates katabolized, with increase in the 
katabolism of food nutrients and decrease in the katabolism of body nutrients; (3) 
the energy expense of synthesis of body nutrients"'~fat from carbohydrates); and (4) 
the decreased metabolizability of the food at the higher planes of nutrition." 

No doubt can be entertained concerning the increase in slope in 
these curves between fast and maintenance-a fact, which, as pre
viously explained, might be anticipated from the general theories of 
S. D. A.; but it is not altogether clear what significance should be 
attached to the decline in the slope of the heat curve following the twice 
maintenance level. It is rather difficult to conceive a good reason for 
such a decline unless it be due to a corresponding decline in digestibility 
at the higher In·els. The following interpretation is offered by Forbes and 
Kriss (1932). 

"The causes of the curvature of the line representing the relation of the heat 
production to the food consumption of cattle, with rise in the plane of nutrition from 
fasting to full feed, seem to be virtually as suggested in former publications (1) the 
increase in intermediary metabolism resulting from increasing concentration of cir
culating metabolites; (2) the decrement of waste heat of utilization of body nutrients, 
between fasting and maintenance; (3) changes in the proportions of protein, fat and 



TABLE 2.-THE RELATIONS BETWEEN PLANES OF NUTRITION AND GROSS, DIGESTIBLE, ETC., ENERGY INTAKES; ALSO THE LOSSES 

(FECES ETC.) AT CORRESPONDING PLANES. THE PLANES OF NUTRITION ARE REPRESENTED IN TERMS OF MULTIPLES OF THE 

POSTABSORPTIVE HEAT PRODUCTION ("BASAL METABOLISM" OR B). PLANES LOB, 1.5B, AND 2.0B REPRESENT RE

SPECTIVELY 1.0, 1.5, AND 2.0 TIMES THE "BASAL Jl.1ETABOLISM," AND THE CORRESPONDING GROSS, DIGESTIBLE ETC. 

ENERGY INTAKES FURNISH Net-Energy EQ.UIVALENTS TO THE 1.0, 1.5, AND 2.0 TIMES THE "BASAL METABOLISM." 

THE NUMERICAL VALUES GIVEN IN THIS TABLE WERE INTERPOLATED CAREFULLY FROM THE CURVES OF 

THE SEVERAL CHARTS. 

I \Viegner's & Ghoneim's 
Av. oj Forbes' Four Steers-Avo Wt. ~433 Kg. 1- Mitchell's Steer-Avo We 613 Kg. Rabbit SB-Av . Wt. 2.81 Kg. 

-I < 
Cal/Kg/ 

Cal/Day Cal/Kg/Day I Cal/Day Cal/Kg/Day Cal/Day Day 
- ------------- ---- ----------------------- - ----
Plane of Nutrition O.SB l.OB LSB 2.0B 0.5B 1.0B L5B 2.0B 0.5B l.OB L5B 2.0B O.5B l.OB LSB 2.0B O.SB l.OB O.SB l.OB 
Gross EnerfY -- -- 7200 15132 26700 42900 16.6 H.9 61. 7 99.1 7300 17500 29700 43200 11.9 28.5 48.5 70 . 5 100 351 35.6 124.9 
Digestible ncrgy 5300 11142 18900 28650 12.2 25 . 7 43.6 66.2 6100 14100 22350 31200 9.95 23.0 36.5 50.9 72 200 25 . 6 71.2 
Digest. Less Me-

thane E. 4600 9825 16800 25650 10.6 22.7 38.8 59.2 5300 12200 19600 27500 8.65 19.9 32.0 44.9 
Metabolizable 

Energy _____ ___ 4250 9136 15750 24100 9.82 21.1 36 . 4 55.7 5050 uno 19000 26400 8.24 19.1 31.0 43.1 68 176 24.2 62.6 
Net Energy ___ ___ 3840 7680 11520 15360 8.87 17.7 26.6 35.5 4760 9520 14280 19040 7.77 15.5 23.3 31.1 65.5 131 23.3 46.6 
uBasal 

Ivletabolism" ___ 7680 7680 7680 7680 17.7 17.7 17.7 17.7 9520 9520 9520 9520 15.5 15.5 15.5 15.5 131 131 46.6 46.6 
Feces Energy. ___ 1900 3989 7800 H250 4.39 9.21 18.0 32.9 1200 3400 7350 12000 1.96 5.71 12.0 19.6 28 151 9.96 53.7 
Methane Energy _ 700 1317 2100 3000 1.62 3.04 4.85 6.93 800 1900 2750 3700 1. 31 3.10 4.49 6.04 
Urine Energy ____ 350 689 1050 1550 .81 1. 59 2A2 3.58 250 480 600 1100 . 41 .783 . 98 1. 79 10 20.5 3.56 7.3 
S. D.A. Energy ___ 320 1460 4320 7120 .74 3.37 9.98 16.4 80 2180 4880 7580 .13 3 . 56 7.96 12.4 2.5 45 .89 16.4 
Storage Energy ___ -3840 o +3840 +7680 -8.87 0 8 .87 17.7 - 4760 0+4760 +9520 -7.77 0 7.77 15.5 -65.5 0 -23.3 0 
Total Heat Pro-

duction __ ___ ___ 8000 9140 12000 15800 18.5 21. 1 27.7 36.5 9600 11700 14400 17100 15.7 19.1 23.5 27.9 133.5 176 47.5 62.6 
------------ --------------------- - - ------

Gms/Day Gms/Kg/Day Gms/Day Gms / Kg/Day Gms/Day 
Gms/Kg/ 

Day 
--- ------ -------------------------------------
Dry Matter Con-

sumptioll ______ 1650 3366 5950 9600 3.81 7 . 77 13.7 222 1650 4000 6800 9900 2.69 6.53 11.1 16.2 22 80 7.83 28.5 
Nitrogen 

Consumption ___ 32 68.6 123.5 189 .07 .158 .29 .44 31 73 123 186 .05 .119 .20 . 30 .47 1.64 .17 .59 
Urinary-N 

ExcretioIl __ ____ 40 45.8 65 89 . 09 .106 .15 .21 (30) 42 65 78 .05 .069 .11 .13 .62 . 565 .22 .20 
Ratio Net E./ 

Gross E., % ____ 53.3 50.8 43.1 35.8 65.2 H.4 .f8.1 H.l 65.5 37.3 
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carbohydrates katabolized, and pr?bable (but un.establishe.d) differences in the 
sp.ecific dynamic effects of these dlfferent katabohze~ nutrIents; (4) the ene~gy 
expense of synthesis of fat from ~arbohydrate, abov.e .malntenance; (5) the decreas:ng 
metabolizability of food at the hlgher planes. of nutntlOn; (6) the. ~eat. of {~rmentatlOn 
of carbohydrate nutrient; and (7) the physlcal work of food utlhzatlOn. 

Whatever one may think of Forbes interpretations, there .is no ~oubt that the 
numerical data by this group of workers constitutes an exceedingly lmportant con
tribution to the net-energy problem. 

2. Wiegner's Equation.-A similar investigation by Wiegner and 
Ghoneim (1930) on a rabbit appears to substantiate in most respects 
the results of Forbes and associates, although Wiegner's results are 
presented in a different form so that it is difficult for the reader to per
ceive the similarity between Forbes' original curves, and the curves of 
\¥iegner. For the sake of convenience, Wiegner's curves are reproduced 
alongside Forbes' curves in Fig. 2. 

METABOLIZABLE ENERGY 

Cal$. 
Cab. 0 = 4000 rooo 

C81o/-iq.M. 

14000 4000 
~ 
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.~Ge.r .NJ w :z: z .!}C<!<!r4-7 
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i'(2:!1o · Q 2 4 e 8 0 2 4 8 8 500 1000 1500 2000 Zsod'calojOqM. 
DRY MATTER CONSUMED t.4ETABOLIZABLE ENERGY 

Fig. 2.-The curves in the left chart. representing heat productions as functions of dry matter 
consumed, were traced from Forbes (/ al (labelled Pa.), and from Mitchell (/ al (labelled Ill.). Note the 
s-shaped form , and the decline in slope in the'" last segment of the POl. curves, and the absence of such 
decline in the Ill. curve. Th~ curves in the right chart, representing the net energy of the food consumed 

er unit surface area as function of the corresponding metabolizable energy, were traced from Wiegner 
nd Ghoneim. The cJ.rves here represent the equation proposed by Wiegner and Ghoneim, while the 

rtraight line represents a linear relation as would have presumably been used by Kellner, Armsby and 
~ there in connection with these data. 

Fig. 2 shows that while Forbes plotted total heat production against 
total dry matter consumed, Wiegner presented his results in the form of 
net energy per unit area per day as a function of metabolizable energy 
per unit area per day. \Vhile Forbes presented empirical data, Wiegner 
was more interested in formulating a quantitative theory of energy 
utilization. 

Wiegner's theory is, in brief, that the net energy of a feeding stuff 
does not vary linearly with the food ingested (as was generally assumed, 
until the appearance of the paper by Forbes ct al), but that the successive 
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increments of net energy decline with successive increments of food 
consumption in accordance with the equation 

dA 
-= K(H-A) (1) 
dF 

in which A is the net energy of the feeding stuff (Kalorien der Net
toenergie des Futters); F is the metabolizable energy of the feed (Ka
lorien des Physiologischen Nutzwert des Futters); H is the maximum 
net energy of the feed (Hochstzale der Kalorien der N ettoenergie des 
Futters); K is the efficiency coefficient (Wirkungskoeffizient unabhangig 
von Ernahrungsniveau). 

Equation (1) is then presented in the integrated form 
. H 

In--=KF 
H-A 

which is the equation of Wi egner's curveS in Fig. 2. 

(2) 

I t may be noted, quite incidentally, that the ideas of Wiegner are 
based on the "law of diminishing increments"; also that equations (1) 
and (2) represent the well-known "law of mass action" formulated and 
proposed by Wilhelmy in 1850 to represent the fact that the velocities of 
chemical reactions at any moment are, in the case of reactions of the 
first order, proportional to the concentrations of the reacting substances. 

As regards the relation between available plant nutrients and plant 
growth this "law" was first proposed by Liebig and formulated mathe
matically by Mitscherlich. Spilhn,!-n and more recently J ull, Titus, and 
Hendricks, and Hendricks, Jull and Titus have extended this idea by 
relating food consumption to the amount of growth in animals. Hen
dricks wrote the differential equation of this relation in the form of 

dW 
-=K(A-W) (Ia) 
dF 

indicating that the gain in live-weight per unit of feed intake is directly 
proportional to the difference between some constant, A, and the live 
weight already attained, W. It is clear that equations (1) and (Ia) are 
similar. The integrated form is written by Hendricks in the form of 

W=A-Be-kf (2a) 
which is similar to equation (2). 

We have previously used (e. g., Mo. Res. Bull. 97) equations of the 
form of CIa) and C2a) above to represent the course of growth with in
creasing age Ct, age, was used in our equation in place of F, food con
sumption). These historic remarks concerning the mass-law (or di
minishing-increment law) equation are made by way of emphasis on the 
wide applicability and general usefulness of the exponential equation 
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for representing relationships in biochemical and physiological processes, 
as well as in physical and chemical processes. The idea of relating net 
energy to food intake with the aid of this useful equation is evidently a 
very helpful contribution. These authors, as already indicated, also 
contributed data on the net energy values of feeding stuffs in the rabbit. 

3. Mitchell's Contributions.-Mitchell and associates published 
(1932) data similar to those by Forbes and associates, but confining 
the work to one particularly suitable steer which was larger (weight 
613 kg.) than Forbes' steers (average weight 433 kgs.). The curve 
labeled "1 Ill." in Fig. 2 represents Mitchell's steer. The total heat 
production of Mitchell's steer for given dry matter intake shown in Fig. 2 
is, of course, higher for Mitchell's than for Forbes' steers since Mitchell's 
steer is much larger. 

As previously noted, Forbes et al found a downward trend in the 
heat production curve represented in Fig. 2; Mitchell et al on the other 
hand do not find such a decline, and express the opinion concerning 
Forbes' data that "the significance of the downward trend at the higher 
levels of nutrition may be questioned both because they are in all cases 
slight and because they occur at different levels of feeding when notice
able at all." The present writers agree with Mitchell in this criticism as 
far as it concerns the downward trend at the higher levels. Mitchell and 
associates differ from Forbes and Wiegner in concluding that, "except for 
submaintenance levels of feeding, the net energy bears a linear relation 
to the amount of dry matter consumed." 

Mitchell and associates emphasize that "the lowest level of feeding 
was associated with the most complete digestibility of all nutrients" 
and that "there was a progressive decrease in digestibility from the 
lowest to the highest ration only in the case of nitrogen-free extract, 
ether extract, and dry substance." 

4. Mollgaard's Criticisms.-Before closing, it is necessary to call 
attention to Mollgaard's monograph (1929) in which he shows that 
the net energy of a given feeding'stuff depends primarily upon its use 
(maintenance, fattening, milk production, work) and on its composition 
(e. g., protein level). After the appearance of Forbes' and Wiegner's 
papers, Mollgaard (i931) criticized them on grounds of poor technique, 
faulty methods of computations, general inconsistency of results, and 
faulty generalizations. Some of these criticisms are presumably applica
ble to Mitchell's paper. There is no doubt that criticisms by one of 
Mollgaard's experience and ability must be considered very seriously. 
We shall not, however, enter into the details of the criticisms, and the 
reply thus elicited frem Wiegner, because, frankly, we are not competent 
to do this. In the following discussion, we shall tentatively assume the 
correctness of the data by Forbes, Wiegner, Mitchell, and their asso
ciates. Any defects, if present, will come to the surface sooner or later. 
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A GRAPHIC ANALYSIS OF THE DATA BY FORBES, 
WIEGNER, AND MITCHELL 

25 

1. Average Digestibility, Metabolizability and Utilizability of 
Rations.-It is clear from the preceding discussion that the digestibility, 
or metabolizability, or utilizability (net energy) of a ration depends on 
the plane of nutrition, and it is not possible to represent any of these by 
constants; or, in the words of Mitchell, et ai, "The net energy value of a 
ration may be defined not by a constant, as Armsby supposed, but by 
an equation relating it to the intake of dry matter." Nevertheless, it 
seems desirable for purposes of simplification to have before us constants, 
that is average values, for digestibility, metabolizability, and utiliza
bility (net energy). These are presented in Fig. 3, based on the data by 
Forbes and Mitchell for the steer, and by Wiegner for the rabbit. The 
chart on the right of Fig. 3 represents coefficients of digestibility; the 
chart on the left represents digestible energy, metabolizable energy, 
and net-energy respectively as percentages of gross energy intake. 

,. 
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Fig. 3.-Average digest ibility, etc. , of the rations used by Forbes :lod Mitchell for steers, and by 
Wiegner and Ghoneirr for rabbits . See t("Xl for detailed explanations. 

In Fig. 3, the height of the columns and the average figures- there 
given, represent the averages of all data for all steers (Forbes' 4 steers, 
labelled "Pa.", and Mitchell's one steer, labelled "111."). The rabbit 
columns likewise represent the averages of all experiments in the SA, SB, 
and G series. The average numerical values in the columns are followed 
by minus or plus sign values in parentheses. The upper numbers in the 
parentheses must be deducted from the averages to obtain the value 
gotten by Forbes for steer 60 on the highest plane of nutrition. Thus, 
the average digestible energy of all steers is 73% of the average gross 



26 MISSOURI AGRICULTURAL EXPERIMENT STATION 

energy intake of all steers; but the digestible energy of steer 60 on the 
three times maintenance ration (the highest plan{') is 73-6=67 % of 
the gross energy intake. Steer 60 on .the 3M plane was chosen for this 
purpose because this steer on this ration gave the lowest values for di
gestibility, etc. The lower numerals in the parentheses indicate the 
amount that must be added to the average value in order to obtain the 
average digestibility, etc., of the 4 Forbes' steers on the maintenance 
ration (at which plane digestibility, etc., was at a maximum), (except 
for net energy which is a maximum at;4 M for all steers except No. 60 
"Pa."). Thus, the average digestibility of the ration by Forbes' 4 steers 
on I-maintenance is (73+12% of the gross energy intake. In the case 
of the rabbit, the upper value must be deducted to obtain the average 
digestibility, etc., on the highest plane; and the lower value must be 
added to obtain the average digestibility, etc., on the lowest plane. 

It is interesting to note that while the average dig{'stibility in the 
rabbit is somewhat below the average in the steer, the averages of the 
metabolizability and utilizability (net-energy) of the rations are the same 
in both species; but it must be remembered that Wiegner had one or two 
data points above the maintenance level while Forbes and Mitchell 
had several points above maintenance. I t is probable, however, that 
for practical purposes the rabbit might serve very w{'J] as an experimental 
animal for evaluating metabolizable and net energies of cattle feeds. 

I t is evident that the digestibility and metabolizability of the cattle 
and rabbit feeding stuffs are much inf{'rior in these species than are 
human foods in the case of humans. Thus, Sherman (1932, p. 140) 
quotes the physiological Juel values (which correspond to our metaboli
zable values) to be 4 Calories per gram of each, carbohydrates and 
proteins, and 9 Calories per gram of fat. These values were obtain{'d on 
the assumption that the digestibilities are 92% for protein, 95% for fats 
and 98% for carbohydrates. Sherman also assumes that the dip.:estibility 
and metabolizability of carbohydrates and fats are the same; that is, that 
there are no losse~ in metabolizing the digestible fats and carbohydrates. 
These differences in digestibility between human food stuffs and cattle 
and rabbit feeding stuffs are presumably due to differences in the 
physical nature of the respective diets, while the fermentation processes 
in the digestive tract of ruminants are responsible for further depressions 
in the metabolizable energy (or physiological fuel value) in these species. 
The physiological fuel values (or metabolizability) of carbohydrates and 
proteins of cattle and rabbit feeding Sluffs are perhaps more nearly 2.5 
Calories per gram than 4 Calories; and of fat 5.7 to 6 Calories per gram 
than 9 Calories, the exact values depending on the physi:::al nature (cellu
lose structure, etc.) of the feeding stuffs. It would perhaps be mor{' con-
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venient, and simpler, to compute rations for farm animals on the 
basis of the physiological fuel values than net energy values; for while, 
undoubtedly, there is much variability in physical structure, and there
fore physiological fuel values, of the feeding stuffs, this is at least nearly 
constant for a given feeding stuff, while the specific dynamic action
and therefore the net energy-varies enormously with the plane of 
nutrition. 

2. Changes in D}gestibility, Metabolizability, and Utilizability 
(net energy) with Increase in the Dietary Gross Energy.-In Fig. 3 
we have represented the averages of the digestibility, etc., of the rations 
fed to the steer and rabbit. In Fig. 4 we have plotted on arithlog paper 
the digestibilities etc., of each animal separately as functions of the 
respective gross energy and dry matter intakes. The curves are num
bered separately in the upper and lower halves of the chart, and legends 
are given for each number. 

The digestibilities of the fiber (curve 7 in the upper half of Fig. 4) 
on the several planes of nutrition show a more or less regular decline in 
the case of Mitchell's steer; but they do not show regularity of change 
in th~ case of Forbes' steers. 

The digestibility of the ether extract (curve 6) tends to show a rise 
from 7'f to 1 maintenance in the case of Forbes' steers, then it tends to 
decline more or less regularly. Mitchell's curve shows a continuous 
decline from the lowest to the highest plane of nutrition. 

The digestibilities of organic matter, dry matter, and carbon are 
quite parallel on this arithlog paper; and following the maintenance level, 
decline more or less regulariy. The steer curves are more regular than 
the rabbit curves. 

The digestibility of the "N-free extract" declines in orderly fashion 
with the increase of the plane of nutrition. 

Now, turning to the lower half of Fig. 4, it is seen that following the 
maintenance level, the digestible energy, digestible less methane energy, 
and metabolizable energy (Curves 1,2, and 3) decline in orderly fashion; 
the decline in the digestible energy (Curve 1) is rather steeper than in the 
metabolizable energy. While the curves representing Forbes' data rise 
from U to 1 maintenance, the curves of Mitchell's data decline con
tinuously from the lowest to the highest plane of nutrition. As before, 
the curves of Wiegner's data for the rabbit are relatively less regular 
than the steer curves. 

The net energy curves (No.4, lower half of the chart) are the steep
est of all, thus emphasizing the influence of the S. D. A. factor on the 
relationship between the plane of nutrition and net energy. 
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Fig. 4.-Coefficients of digestibility (upper half) and percentages of gross energy intake as digestible energy. digestible energy less methane energy, metab
olizable energy, and net energy (lower half), plotted as functions of dietary gross energy and dry matter in steers and rabbits. See legends on charts. and text, 
for detailed explanations. The planes of nutrition (upper axis) arc represented in the case of Forbes' steers, in terms of gross energy at maintenance; in th e 
case of 'h1itchell's steer, they are represented in terms of gross energy at "full feed". 
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3. Changes in the Several Losses With Increase in the Dietary 
Gross Energy.-It appeared from Fig. 4 that the S. D. A. is probably the 
most importan t factor in decreasing the net energy value of a feeding 
stuff with the increase in the plane of nutrition. We have plotted on 
arithlog paper in Fig. 5 the percentage ratios (with respect to gross 
energy intake) of the energy losses rn the form of S. D. A., urine, methane, 
and feces as functions of gross energy and dry matter intake. This is 
done in order to bring out the same ideas as in Fig. 4, but in a more direct 
fashion. 

It is seen in Fig. 5 that the slopes (percentage changes) of the curves 
for urine, methane, and feces are slight in comparison to the slopes of the 
S. D. A. curves. The energy losses in the form of S. D. A. rise steeply 
from about 3% on the U-maintenance ration to about 20% on 3-main
tenance ration, while for feces the range is only from about 26% to 
32%. The range for methane and urine is still less. The absolute losses 
are greatest for feces about 25% of the gross energy); followed by the 
S. D. A. losses (10-20% of the gross energy); followed by the methane 
loss (about 9% of the gross energy). The urinary loss is least (3 to 5% 
of the gross energy, depending presumably largely on the relative 
nitrogen intake). 

It is difficult to explain the differences in shape of the several curves 
(fetes, S. D. A. and urine) between Mitchell's and Forbes' steers, unless 
it be due to experimental errors. Forbes' curves appear to be very 
consistent indeed. Steers 36 and 47 are seen (in Fig. 5) to give almost 
identical results, as do also steers 57 and 60. 

For purposes of comparison, the curves of digestible energy, metab
olizable energy, and net energy, expressed as percentages of gross energy 
intake which are shown in the lower half of Fig. 4, are again repeated in 
the upper part of Fig. 5. The total heat production is also here given. 
It is interesting to note that at the (one) maintenance level the total heat 
production is only 60% of the gross energy intake; 40% of the dietary 
energy is thus clearly shown to be lost in the several ways indicated by 
the lower curves. 

4. The Partition of the Several Losses and Gains at Different 
Planes of Nutrition.-The relations between energy losses and energy 
intake are perhaps more clearly indicated in Fig. 6. This also gives the 
partition of the several gains and losses at different planes of nutrition. 
In this figure, nutrients ingested are plotted against planes of nutrition 
in terms of gross energy at maintenance (Forbes' steers) or at "full feed" 
(Mitchell's steer). The ordinates between the net energy curve and the 
axis of abcissae represent the net energy; similarly the ordinates between 
metabolizable and net energy represent losses due to S. D. A.; between 
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PLANE OF NUTRITION 
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Fig. 5.-The several losses (urine, methane? S.D.A., and feces) expressed as percentages of gross 
energy intake; also the net, metabolizable. and digestible energies expressed in terms of percentages of 
gross energy intake; also, total heat production in terms of percentage of gross energy intake. The planes 
of nutrition (upper axis) are represented in the case of Forbes' steers in terms of gross energy at mainte
nance; in the case of Mitchell's steers they are expressed in terms of gross energy at Hfull feed". 
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digestible less methane and the metabolizable energy, they represent the 
energy of the urine. Between digestible, and digestible less methane 
energy they represent the methane energy; between gross and digestible 
energy they represent the energy of the feces. 

Fig. G.-The r~lntion8 between the plane of nutrition and the energy losses in the forms of feccs, 
mct h:tnc, urine, S.D.A.; ;1150 energy storage (fattening) followin g the maintenance level, :Lnd body 
losses preceding the maintenance lcvl'l. Note that the g~:tins or losses at any point of food ingestion are 
determined by the lengths of the ordinates at the given point between the indicnted li mits . Note that 
at the maintenance level the nct-energy curve crosses the "basal" metabolism curve, and the metab
olizable-energy curve crosses the total heat production (basal plu. S.D.A. energy) curve. See Table" 
for the numcric.d values computed from thesc curves. 

Thus, if it is desired to determine the numerical losses or gains 
respectively at the gross-energy intake level of 10,000 and 30,000 
Calories, horizontal lines are drawn from the 10,000 and 30,000 levels 
indicated by the axis of ordinates until they meet the gross-energy line; 
the lines are then dropped vertically to the zero line, as shown in Fig. 6 
by the fine broken lines. The lengths of the ordinates thus give directly 
the several losses or gains. In like manner, to determine the gross, 
digestible, etc., energies corresponding to a given value of net energy, a 
vertical line is drawn from the given point on the net-energy curve to the 
gross-energy curve, then horizontally to the axis of ordinates which gives 
the desired numerical value. 

It Attention should be called perhaps, to the fact that at the point of 
energy equilibrium, in Fig. 6 and 7, the net energy curve crosses the 
"basal" metabolism curve, and the metabolizable-energy curve crosses 
the heat-production curve. These facts follow from the definitions of 
"basal" metabolism, net-energy, and metabolizable energy. 
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Pl ,A.NE Of NUTRITION 

Fig. 7.-A cont inu atio n of Fig. 6, bu t as it rela tes to the rabbit. 

5. The Significance of the Plane of Nutrition.-At the maintenance 
level of nutrition the animal is, of course, in energy equilibrium. Ac
cording to the net-energy conception, the net-energy of the ration equals 
to the postabsorptive heat production; that is, it equals to the heat pro
duced by the animal less the heat of S. D. A.; or the metabolizable energy 
of the diet (physico-logical fuel values of Sherman) equals to the total 
heat production. 

These ideas, as previously noted, are illustrated graphically in 
Figs. 6 and 7, by the fact that at the maintenance level the net-energy 
curve crosses the basal-metabolism curve; and the metabolizable-energy 
curve crosses the heat production curve. So much for the I-maintenance 
level. 

Now, what is meant by the 2-maintenance level? When Forbes 
fed his animals double the amount of gross-energy that he fed at I-main
tenance, then he called it 2-maintenance. This is one way of defining 2-
maintenance. Perhaps a more rational definition of two-maintenance, 
according to the net-energy conception, is that the 2-maintenance plane 
of nutrition contains twice the amount of net-energy required at 1-
maintenance; or that plane of nutrition which supplies net-energy double 
the "basal" metabolism (really double the post-absorptive heat produc
tion). Similarly at 3-maintenance the net-energy of the ration is equal 
to 3-times the "basal" metabolism. This appears to us to be a more 
consistent arrangement, and so in Figs. 11 and 12 the planes of nutrition 
are represented in terms 1 B (basal), 2 B, etc., where 1 Band 2 Bare 
respectively the heat productions at "basal" metabolism and twice 
basal metabolism. 

6. The Relation Between the Heat Increment (S. D. A.) and 
Dietary Intake.-In Fig. 8, we have plotted pn the lower half of the chart 
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heat increments, or S. D. A., (that is, heat production above the "basal" 
level) as functions of gross energy (Curves A), digestible energy (Curves 
B), metabolizable energy (Curves C), nitrogen ingested (Curve D), 
and urinary nitrogen above the' "basal" level (Curve E). As we pass from 
A to C, the curves become steeper, and more linear in shape. 

Continuous curves A to C, which represent the averages of Forbes' 
four steers, do not indicate the presence of declines in the upper segments 
of the curves-declines which were strongly emphasized by Forbes in 
his discussion of the curves of the individual animals. 

CA!.o tto:I ~)XIQo <4CXX:o 
GlOSS HI[R(SY DIGESTIBLE ENERGY MET .... ~I!AlI.t(N!:RGy "NfTlOGEN INGESTED 

Fig. 8.-The lower half of the chart represents heat production above "basal" plotted against gross, 
digestible, metabolizable energy and nitrogen in the feeding stuffs; the upper half of the chart represents 
the ratios of heat production (.6.Q) above the "basal" level to the gross, digestible, meta bolizable 
energy (E) and nitrogen in the feeding stuffs . T he r<l.tios of heat production above basal (.6.Q) to urinary 
nitrogen are also shown. 

Broken curves A to C, representing Mitchell's steer, are less orderly 
as regards the distribution of the data points, but they certainly fail to 
show a decline in the upper regions. In other words, tlle'se curves fail to 
substantiate Forbes' contention that the heat production curve is S
like in form. On the contrary, it appears from Fig. 8, that "the slope in
creases continuously. This is in agreement with what might be predicted 
from the theories of S. D. A. 

The upper half of Fig. 8, represents the same data in the form of 
ratios of heat increment (above basal) to gross, digestible, and metabo
lizable energy intake (Curves F and G), and to nitrogen ingested and 
urinary nitrogen excreted (curves H and I). It is evident, as might be 
expected, that the curves of the ratios of heat increments to digestible 
energy are more linear than the gross-e'nergy curves, and the curves for 
metabolizable energy are more linear than the digestible energy curves. 

The ratios of heat increment to urinary nitrogen excretion are 
unusually high as compared to the heat increments for the dog repre
sented in Fig. 1. It will be recalled that for the dog (Fig. 1), the ratio of 
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heat production above basal to urinary ni trogen above basal is of the 
order of 11 Calories per gram of nitrogen. In the case of steers, on the 
othe"r hand, as shown in Fig. 8, this ratio is of the" order of 180 Calories per 
gram of urinary nitrogen (not including the first high point). However, the 
heat production of the dog was measured und"r conditions of absolute 
rest, while the steers could stand or lie, or sway their bodies at will. The 
ratio of the high heat increment to urinary nitrogen excretion in the 
steers must therefore be attributed either to extreme relative restkssness 
of the animals after feeding as compared to the fasting state; or to a high 
s. D. A. of the non-protein feeding stuffs; or to expenditure of energy 
aswciated with the muscular work of mastication, peristaltic movements, 
etc., in these herbivorous animals handling bulky roughages. Benedict's 
acid-body theory of S. D. A. may ultimately be useful in the explanation 
of the differences in S. D. A. between the dog and steer. 

7. The Mathematical Function Relating the Net-Energy of a 
Feeding Stuff with the Level of Dietary Intake.-As previously noted, 
Armsby and Kellner assumed that the net energy value of a ration may 
be defined by a constant; Mitchell concluded that the net value of a ra
tion is not a constant but is defined by a linear equation relatinf! it to the 
intake of dry matter; Forbes concludes that there is an "existence of a 
fundamentally different net-energy value of a feeding stuff at each point 
of observation, in relation to the plane of nutrition"; Wiegner and 
Ghoneim, on the basis of theoretic considerations, proposed an exponential 
equation relating net energy per unit area with the metabolizable energy 
per unit area. What might be the "true" functional relations between 
these variable s? 

We have plotted in Fig. 9 (A and B) net energy as functions of 
metabolizable, digestible, and gross energy. It is there seen that the 
curve relating net to gross energy has the most curvature, while the curve 
relating net to metabolizable energy has the least :urvature. This 
applies to Mitchell's as well as to Forbes' data. In our opinion none of 
the curves are linear, that is, all of them have distinct downward cur
vatures. This opinion, which is based on the shape of the curves, is 
in agreement with the general theory of S. D. A. We therefore differ 
from Mitchell in that while Mitchell believes this relation to be linear, 
we believe it to be non-linear. 

We believe that Wiegner was theoretically and practically in the 
right in proposing an exponential relation between net ~nergy and metab
olizable energy; but we believe that vViegner's proposal may be bettered 
by applying the exponential equation for relating net with gross (rather 
than with metabolizable) energy, and for the following reason: By 
relating net with metabolizable energy as was done by Wiegner, it is 
tacitly assumed that the only cause of the decline in the net energy with 
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the increase of the plane of nutrition is due to increased S. D. A.; as a 
matter of fact the decline is due not only to increased S. D. A. (as would 
be predicted from the theories of S. D. A.) but also to decreased digesti
bility, and to a less extent to decreased metabolizability of the digested 
food, as may be seen from a and b in Fig. 9. It therefore seems to u~ to be 
most logical to relate by an exponential equation the net energy with the 
gross (not metabolizable) energy; and this we now propo~e to do. 
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Fig. 9.-Nc:t energy as function of gross, digesti ble, digestible less methane, and metabolizable 
energy. Curves A and B represent respectively Mitchell's and Forbes' (average) steer data; Curves 
a and b represent the pt:rccnt.:tgc. ratios of net energy to gross, digestiblt.', digestible less methane, and 
metabolizabl e cncrgy for Mitchell's and Forbes' steers. Tn Curves a, the values in parentheses represent 
the ratios with t he J.g-p l'lllC omitted. Note the brenk. in Mirchell's curves a between 1000 and 2000 
Calories energy int.ake suggesting the rrobahility that the Ys-rlane datum is too high on account of an 
experimental error (sec text [01' the theoretical significance ('.[ such an error 1f present , in deciding the 
proper ;ullctional rclation between net and gross energy), 

We prefer to use the samejorm of this exponential equation as we 
have used before to represent growth and metabolism, thus 

Qn =A(l-e-kQS) ____ . __ _ __ --- _ --- __ ---- __ (3) 
in which Qn is the net energy; Qp; is the gross energy; A is the maximum 
value of Qn for the given animal and ration; k is the relative (or when 
multiplied by 100 the percentage) decline of Qn with increasing values of 
Qg, e is the base of natural logarithms. 

We have fitted this equation to Forbes' and Mitchell's steers with 
the results shown in Fig. 10 (and, dso, in Fig. 9). The agreement be
tween observed and computed values is very satisfactory as far as it 
relates to Forbes' steers. As far as the data for Mitchell's steer are con
cerned, the datum for the Ys plane appears to be too high; therefore, two 
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equations were fitted to these data one including (Curve A) and the other 
omitting (Curve B) the ;i-plane datum. 

GROSS ENERGY 
Fig. lO.-Net energy as function of gross e~ergy intake. The data points represent the observed 

values; the smooth curves represent the equations given in the upper-left table. Tn the equations, 
On represents the net energy, Qg the gross energy, and e the base of natural logarithms. Curve "A" 
includes all of Mitchell's data, curve "B" omits the first Oi-plane) datum. =Sy includes 68% of the 
observed data; r represents the correlation coefficients for the several curves. See t ext for full discussion. 
The lower-right table gives computed values for gross energy and dry matter corresponding to di ff erent 
values of net-energy. The values were computed from the given equations on the upper-left table. 

The equations, with their statistical constants, are givc-n on the 
chart (Fig. 10). The significance of the coefficients of correlation, r, 
is doubtful in view of the small number of data points and the non
linear nature of the equation. The magnitudes of the percentages of 
deviation, d; are satisfactory, as are, also, the magnitudes of the standard 
error, Sy (68% of the data fall within ±Sy). The large table in Fig. 10, 
gives computed values of gross energy and dry matter for each of the 
animals corresponding to given values of net energy. 

In order to demonstrate concretely that the simple exponential 
equation represents the data better than linear or· simple parabolic 
equations, we have fitted these three equations to Forbes' and Mitchell's 
data, and then computed the deviations. The results are shown in Table 
3. Table 3 shows the unquestionable superiority of the exponential 
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TABLE 3 
-

STEER 36-PA. STEER 47-PA. 
, 

Net Devia- Devia-
Energy Type of t ion tion 

vs. Equation Eq uat ion Av. % Equation Av. % 
Exponen t i al Qn = 24000( 1 - e-' 0OOO248Q<) 0.60 Qn = 24000( 1 - e-' 0OO0201Qg) 0.72 

Gross Parabolic Qn = 2.962Qg·812 2. 19 Qn=3.416Qg·m 2.56 
Energy Linear Qn=1738+.366Qg 4.18 Qn= 1825+.363Qg 4.66 
Digesti- Exponen tial Qn = 29 500( 1 - e-' 0OO020oQd) 0.65 Qn = 28500(1- e-·OOO0278Qd) 0.47 

ble Parabolic Qn=2.80Qd·846 1.03 Qn=3.14Qd· 834 1.11 
Energy Linear Qn = 1346+.539Qd 2.02 Qn= 1437+.53IQd 2.51 
Metabo. Exponen ti al Qn = 24000(1 - e- ' ooon'19Qm) 0.99 Qn = 25000(1 - e- ' 0OOO39SQru) 1.19 

lizable Parabolic Qn=5.3IQm· 795 0.91 Qn = 5.1 5Qm· 798 0.95 
Energy Linear Qn=1693+ .620Qm 2.55 Qn= 1681 +.618Qm 2.44 

STEER 57.PA STEER 60.PA 
-

Ne t Devia. Devia. 
Energy Type of tion tion 

vs. Eq uation Eq uatio n Ay. % Equation Av . % 

Exponential Qn =23000(1 _ e-·OOOO277Q") 2 .91 Qn=25000(1 _e-· OOOO2!9Qg) 2.93 
Gross Parabolic Qn=3.517Qg·798 4 .93 Qn = 3.692Qg· 783 6 .74 
Energy Linear Qn=2183+.357Qg 6.96 Qn=2125+.315Qg 6.45 
Digesti- Exponential Qn =26000(1 - e-·oooo326Qd ) 2.33 Qn = 26500(1--e-·oooo2~9Qd) 3.06 

ble Parabolic Qn =3.70Qd·82O 3.85 Qn =3.41Qd·82O 3.58 
Energy Linear Qn= 1864+.520Qd 5.67 Qn = 1751 +A76Qd 5.16 
Metabo- Exponential Qn =23500(1-e- ·oooolOGQm) 2.11 Qn = 25500( 1 - c· 0OO0368Qrn) 2.38 

Iizable Parabolic Qn=5.36Qm·79S 3 .63 Qn = 4.86Qm .799 3.06 
Energy Linear Qn=2014+.620Qm 5.66 Qn = 1889+ .562Qm 5. 05 

ILL-STEER HAn ILL.-STEER " B" 

Net Devi a- Devia-
Energy Typeof Eq uation tion Equa tion tion 

vs. Equation (1st datum included) Av. % (1st datum omitted) Av. % 
. 

Exponential Qn =33000(1-e-·OOOO201Qg) 4.21 Qn =38500(1- e-·OOOO157Qg) 0.31 
Gross Parabolic Qn = 7. 20Qg· 738 2.10 Qn = 1.69Qg· 876 3.12 
Energy Linear Qn =3314+.360Qg 1. 76 Qn=3590+.353Qg 1.83 
Diges ti- Exponential Qn =43500(1-e-·OOO0l82Qd) 3.28 Qn = 58500(I-e-·oooo125Qd) 1.08 

ble Parabolic Qn =4.61Qd· 803 2.03 Qn=2.19Qd·87G 1.54 
Energy Linear Qn=2194+.534Qd 1. 73 Qn = 2134+.536Qd 2.00 
Metabo- Exponen ti al Qn =42500(1- c·oOOo22.1Qm) 3.50 Qn = 54500( 1 - e-' OOO0l61Qm) 1.02 

lizable Parabolic Qn = 6.12Qm·788 2.24 Qn=2.83Qm· 86O 1.23 
~nergy Linear Qn=2343+.624Qm 1. 52 ,Qn=2246 +.628Qm 1.72 

RABBIT-SB RABBIT-SA 
-

Ne t Devia- Devia-
Energy Type of tion tion 

vs. Equation Equation Av. % Equat ion Av. % 
----

Exponen tial Qn = 130(1-e- ·oo696Qg) 1. 57 Qn = 275(1-e-· OO213Qg) 3.97 
Gross Parabolic Qn=7.015Qg·m 1. 76 Qn = 1.102Qg·854 3 . 19 
Energy Linear Qn=47.7+.209Qg 5.05 Qn = 20.6 + A02Qg 7.06 
Digesti. Exponent ial Qn = 150(1 _ c-· OO·/!J5Qd) 1.69 Qn = 41 O( 1 - e-' 00205Qd) 5.92 

ble Parabolic Qn=5.199Qd·694 2.88 Qn=0.815Qd· 972 4 .33 
Energy Linear Qn=38.6+.·1-I0Qd 3 .90 Qn = 6.87 + .663Qd 5.36 
Metabo- Exponential Qn = 165(l-e-·oo733Qm 1.01 Qn =415(1- E-·OO2'~lQm) 6.85 

lizable Parabolic Qn=4.488Qm·m 1.87 Qn = 0.883Qm·973 5.77 
Energy Linear Qn=33.7+A92Qm 2.86 Qn =9.81 +.705Qm 7.49 
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equation as far as Forbes' data are concerned; and, also, for Mitchell's 
data if the first (Ys-plane) datum is omitted. As previously noted, Mit
chell's Ys-plane datum appears rather too high (see e. g., curves G in 
Fig. 8, or curves a in Fig. 9). It is, of course, possible, and it seems proba
ble, from the break in Mitchell's curves between Ys and ?i-planes in the 
aforecited examples, that the Ys-plane datum is too high on account of an 
experimental error. It is for this reason that we thought it necessary to 
fit two curves to Mitchell's data, one including (Curve A) and one omit
ting (Curve B) the first datum. As previously noted, Wi egner's data 
are less orderly in their distribution (See Fig. 9) than either Forbes' or 
Mitchell's data, and so we have not fitted equation (3) to the rabbit 
data. 

8. The Influence of Body Weight on the Relation Between Net and 
Gross Energy.-Increasing food intake tends to decrease digestibility, 
metabolizability, and utilizability (net energy) of the feeding stuff. The 
aforegoing analyses made this quite certain and onvious. If the exponen
tial equation represents the functional relation between net and gross 
energy, then the ratio of net to gross energy varies directly with the 
distance from the given level of net-energy intake to the maximum net
energy intake cap;city of the animal. Now it is obvious that the maxi
mum intake capacity of an animal varies with its size; therefore, the 
size of the animal must be an important factor influencing the net-energy 
value of a given amount of intake of feeding stuff. The ingestion of 0.2 
kilos of dry matter, for example, is a large amount for a rabbit, while the 
ingestion of even 2 kilos is an insignificant amount for a large steer. 

The above ideas are illustrated in Fig. 11. On the left side the net
energy in takes, in terms of percen tage of the maximum net-energy capac
ity (A in our exponential equation (3) ), are plotted against gross energy 
intakes. The curve for the rabbit is seen to be exceedingly steep, the 
curve for Mitchell's large steer is quite flat, while the curve of Forbes' 
medium-sized steer is intermediate. On the right side, given net-energies, 
in terms of percentages of the net energies at I-maintenance, are plotted 
against planes of nutrition in terms of 1, 2, etc., "basal" (B) metabolism. 
In this case, the data for the rabbits and all steers coincide. 

A way might be found for including into equation (3), the body size 
factor. If the ratio of the maximum net-energy intake to body weight 
were constant, then, of course, equation (3) could be written in the form 

Q A _kQ) n=-(l-e g 
m 

in which m is body weight. 
It is not now possible to say whether or not this ratio, or some other 

ratio, such as, for example, A/S where S is surface area, is constant 



RESEARCH BULLETIN 193 39 

because the range in body weights of the animals is not wide enough. 
I t is certain, however, that body size is an important element in the 
evaluation of the relation between net and gross-energy for given abso
lute amounts of food intake. But, if the data are plotted as on the right 
side of Fig. 11 (ratio of net-energy to maintenance net-energy plotted 
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Fig. l1.-0n the left side the ratios of net-energy to the maximum nct-energy intake (A in equation 
(3 ») are plotted against gross-energy intake; here the rabbit curve is very steep in comparison to the 
steer curve, indicating in graphic manner that the size of the animal is a decisive factor in the problem of 
evaluation of the net energy of a given amount of feed. But if the net energy /maintenance net-energy 
ratios are plotted against IB, 2B, etc., in which IB is "basal" heat production, 2B is twice basal heat 
production, etc ., then all data coincide. 

\ , 
'\ 

\ 
\ 
\ 

I~\. 

• '1. ••••••••• )1. 

(~~') ~GROSS E RGY ,tOO 

.n "" 2.08 .)8 

". , 
I;···· \ 

\~ .. 
'····1 ~+----... 

( NET NER.GY ,~ 
METIBOlIf"BlE ENER.GY tOO 

~ .... NET ERGY +-
(DIGESTlBl ENERGY) "fa 

1.08 I.H '2.0 a .H 1.0, I.B '~I 
PLIINE OF NUTRITION (Op) 
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that the curves in the middle chart (net to digestible) are quite close together. 

against 1, 2, etc., times the basal heat production), then the rabbit and 
steer data coincide (ratio of net energy to maintenance net energy equals 
to the plane of nutrition). Approximate correspondence may also be ob-
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tained by plotting the ratio of net energy, Qu, to digestible energy, Qd, 
against the plane of nutrition, Qp, as shown in Figs. 12 and 13. The equa
tion for this relation is 

Qn/Qd = 43e-Qp + 54 

indicating that this ratio approaches 54.% as limit; that is, the net energy 
never falls below about 54% of the digestible energy. 
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Fig . 13 .-Ratios of net energy to digestible energy of th e steer and rabbit data plotted against 
planes of net nutrition expressed in terms of 1,2, etc., times gross energy inta ke (lG. 2G, etc.); digestible 
energy (lD, 2D, etc .) , and Hhasa!" energy (lB. 2B. etc.) intake with the corresponding equations. T he 
data are plotted on arithlog paper. Note tha t the rabbit and steer data nearly coincide. 

SUMMARY AND CONCLUSIONS 

This bulletin is concerned chiefly with a critical discussion of the 
variations of net energy of feeding stuffs with increases in the plane of 
.nutrition. Since such variations in net energy depend largely on varia
tions in the heat of specific dynamic action (S. D. A.), therefore a very 
substantial part of this paper is given to a discussion of the theories 
and facts of the phenomenon of specific dynamic action. 

The analysis of the specific dynamic action problem leads to the 
following conclusions: 

1. Zuntz' theory of "intestinal work" when taken in a broad sense, 
as Zuntz meant it to be taken to include the energy expense of secretion 
and excretion, appears to account for a large part, but not all, of the 
energy of specific dynamic action. 

2. It appears from the results of Grafe, Lundsgaard, Krebs, and 
Borsook that the formation of urea from its precursors is associated 
with a considerable oxygen consumption. These oxidations, appear 
from the work of Krebs and Borsook, to be the result not of "the energy 
necessary, but the stoichiometrical relationship" (Borsook) involved. 
In other words, ureagenesis appears to be an important contributing 
factor to the phenomenon of specific dynamic action of proteins, or 
even of inorganic salts which are excreted in the form of urea. The con-
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tribution of ureagenesis to S. D. A., must be classed under Rubner's 
general theory. Little of a very definite nature can be said at this time 
concerning the contributions to S. D. A. of the energy of deamination 
and of glucose formation from amino acids, even though the current 
investigations in this field by a group of very brilliant bio-physical 
chemists are exceedingly suggestive and interesting. 

3. It appears that the S. D. A. of fats and carbohydrates is due 
in part to "intestinal work" in the broad 7'untz' sense, and in part to the 
chemical law of mass action which accelerates the oxidation of these sub
stances with their increase in concentration. The energy losses associated 
with fermentation of carbohydrates appears to be an important con
tributing factor, at any rate, in ruminants. There may be an energy 
expense associated with the conversion of carbohydrates to fats, but 
little is known about this; there may also be an energy loss associated 
with the formation of glycogen from glucose, or glucose from glycogen. 

5. Cattle or other farm animals which can not be trained to be 
absolutely quiet, may give apparently unusually high values for S. D. A. 
on account of the fact that these animals tend to be more lively, more 
restless, after feeding than during the post-absorptive condition. In 
case of ruminants, the physical work of mastication, peristalsis, etc., is 
probably also a very substantial contributing factor to the S. D. A. in 
these animals. 

6. The question as to whether or not Voit's (and also Benedict's 
and Grafe's) "stimulating" theory can account in part for the phenom
enon of S. D. A. can not at present be answered; and so this must await 
further accumulation of data in this field. 

The analysis of the net-energy problem in cattle and rabbits leads 
to the following conclusions: 

1. The digestibility of typical rations in these animals is very low 
compared to digestibilities of diets in humans (as quoted by Sherman). 
About 28 per cent of the gross ingested energy in these animals is lost 
in the form of feces. These losses increase more or less (depending on 
the nature of the ration) with the increase in the plane of nutrition. 
The range of increases in the losses with the increase in the plane of 
nutrition is not, however, very great (range 5 to 1Q%). 

2. The methane losses in ruminants are quite considerable (about 
9% of the gross energy); but the range in losses from the lowest to the 
highest plane is not very great (range about 3.%). 

3. The energy loss in urine is rather small (about 5% of the gross 
energy) and the range in losses from the lowest to the highest plane is 
quite small (about 1.5%). 

4. The range in energy losses due to specific dynamic action vary 
enormously with the plane of nutrition (ranging from about 3% of the 
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gross-energy at about U maintenance to about 20% of the gross energy 
at maximum feed intake). . 

5. The net-energy per unit ration intake thus declines with in
creasing plane of nutrition largely on account of the increase in specific 
dynamic action. 

6. It is shown that the net energy, Qn, changes with the intake of 
gross energy, Qg, in a given animal according to the equation 

Qn =A(I-e-kQ
g ) 

in which A is the maximum net-energy intake capacity, k is the relative 
(or when multiplied by 100, percentage) change of Qn with changing 
intake of Qg, e is the base of the natural system of logarithms. 

7. In the above equation, the numerical constants vary with the 
size of the animal. In order to eliminate the size factor it is necessary, 
first, to divide A in the above equation by weight, area, or some other 
equalizing size factor (nature of this factor has not yet been determined 
on account of paucity of data); second, plotting Qn not against the 
amounts of feed consumed, but against the plane of nutrition (I-mainte
nance, 2-maintenance, etc.). 

8. Since the problem in 7 above has not yet been solved, we have 
plotted the ratio of net to digestible energy (Qn/Qd) against the plane 
of nutrition (Qp). The steer and rabbit data in this case nearly coincided 
and the equation for the curve was found to he 

Qn/Qd = Ae-kQp+ 54 
indicating that the net energy can nev("r fall below (with these types of 
rations and animals) 54% of the digestible energy. 

Or, the ratio of net energy to net energy at maintenance may be 
plotted against the plane of nutrition (in terms of 1, 2, etc., of the basal 
metabolism) as shown in Fig. 11 in the text, when the ratio equals to 
the plane of nutrition. In this case the rabbit and steer data coincide 
ab80lutely. 
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