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“WNTRIBUTION TO THE ENERGETICS OF EVOLUTION™*

By ALFrED J. LoTka

Senool OF Hyoigsg avp PusrLic HEaLTH, Jouxs Hoexivs UNIVERSITY -
Communicated, May 6, 1922 :

~ [fhas been pointed out by Boltzmann'! that the fundamental object of
: Lesdeation in the life-struggle, in the evolution of the organic world, is
~ gudlable energy.®  In accord with this observation is the principle?® that,

i struggle for existence, the advantage must go to those organisms-

whige energy-capturing devices are most efficient! in directing available
- into channels favorable to the preservation of the species.
Thue first effect of natural selection thus operating upon competing
s will be to give relative preponderance (in number or mass) to
most efficient in guiding available energv in the manner indicated.
Pms.ml)r the path of the energy flux through thesystem will be affected.
Gut the species possessing superior energy-capturing and directing de-
tiees may accomplish something more than merely to divert to its own
ahantage energy for which others are competing with it. If sources
geedpresented, capable of supplying available energy in excess of that
adually being tapped by the entire system of living organisms, then an
ogaortunity is furnished for suitably constituted organisms to enlarge the
&hil energy flux® through the system. Whenever such organisms arise,
rafural sclection will operate to preserve and increase them. The re-
[t in this case, is not a mere diversion of the energy flux through the
stertt of organic nature along a new path, but an increase of the total
‘3-;: through that system.

Mzain, so long as sources exist, capable of supplying matter, of a charae-
£L‘2r~_'uitab1e for the compositon of living organisms, in excess of that
- ddduslly embodied in the system of organic nature, so long is opportunity
fumished for suitably constituted organisms to enlarge the total mass of
e svstem of organic nature. Whenever such organisms arise, natural
Glection will operate to preserve and increase them, provided always
{jiet there is presented a residue of untapped available energy. The re-
'-’uit will be to increase the total mass of the system, and, with this total

A i

ik
Y
F
:

i

€ual, this energy flux is proportional to the mass of the system.

Where a limit, either constant or slowly changing,® is imposed upon the
tial mass available for the operation of life processes, the available energy
Y!r unit of time (available power) placed at the disposal of the organisms,

“application to their life tasks and contests, may be capable of increase
hﬂiitmmasing the rate of turnover of the organic matter through the life
tdele.  So, for example, under present conditions,” the United States
prduce annually a crop of primary and secondary food amounting to
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fhess, also the total energy flux through the system, since, other things
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about 1.37 X 10" kilogtamcalories per annum, enough to support a populy,
tion of about 105 million persons (equivalent to about 88 million aduiig
at the present rate of food consumption (4,270 kilogram-calories per adelt

per day).

Suppose, as a simple, though rather extreme illustrati,

that man found means of doubling the rate of growth of crops, and ot
growing two crops a year instead of one. Then, without changing fiy

average crop actually standing on the fields, the land would be 'L‘E'-PJM:,..
of supporting double the present population.

If this population wer,

attained, the energy flux through the system composed of the humay

- population and the organisms upon which it is dependent for food, woyld :
also be doubled. This resull would be attained, not by doubling the mgsg
of the system (for the matter locked up in crops, ete., at a given momesd
would be, on an average, unchanged) but by increasing the velocity L1

1

circulation of mass through the life cyele in the system. Once mor it |
is evident that, whenever a group of® organisms arises which is so congh- f
tuted as to increase the rate of circulation of matter through the sy:bew :
in the manner exemplified, natural selection will operate to preserve gpd .
increase such a group, provided always that there is presented a residy

of untapped available energy, and, where circumstances require it, alyna

residue of mass suitable for the composition of living matter.

To recapitulate: In every instance considered, natural selection I--'II.I.{ 'r

'r
!

so operate as to increase the total mass of the organic system, to incréiy
the rate of circulation of matter through the system, and to increas Hay, :
total energy flux through the system, so long as there is presented an WA~

utilized residue of matter and available energy.
This may be expressed by saying that natural selection tends to make

b
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wction to operate in the direction indicated
-1l mass of the system, the rate of circulat;,
=, and the total energy flux through the systh

“ed, the law of selection becomes also the Jaw

fvolution, in these circumstances, proceeds

= total energy flux through the system a ma

nstraints.
e have thus derived, upon a deductive b

wer to & question proposed by the writer
- uas there pointed out that the influence of ;
" cics in the compelitive struggle, seems to ]
~ulation of matter through the life cycle, bot

iby causing it to “'spin faster.” The questior
@ has been unconsciously fulfilling a law of

u physical quantity in the system tends to

+ made to appear probable: and it is found
mestion 1s of the dimensions of power, or ex

“wd by the writer on an earlier occasion. ™

‘t may be remarked that the principle of 1

* forth bears a certain outward resemblance

Ostwald:'2 *Of all possible energy transf
v, which brings about the maximum transf
- principle of Ostwald's, however, is based o
= those here brought forward. It is not o

- - rticular, its application to systems of the

energy flux through the system a maximum, so far as compatible with e
-constraints to which the system is subject. ;

It is not lawful to infer immediately that evolution tends thus to madl
this energy flux a maximum. For in evolution two kinds of influencel arl .
at work: selecting influences, and generating influences. The format
select, the latter furnish the material for selection.

If the material furnished for selection is strictlv limited, as in Fu, ¢ail
of a simple chemical reaction,” which gives rise to a finite numbur ¢ '@Htl‘
ucts, the range of operation of the selective influences is equally frwated

In the ecase of crganic evolution the situation is very differvnf UL
have no reason to suppose that there is any finite limit to the nushte §

possible types of organisms.

ratier our ignorance, regarding the generating influences thd
material for natural selection, for organic evolution, an element ’EE'U' ¥
It appears, however, at least a priori pre Ayl thaT

tainty enters here.

among the certainly very large (if not infinite) variety of tvpes jrEle

In the present state of our kﬂﬁ“'r"ﬁ‘*‘i{:t‘f‘
HIEAA]
'Mf-’l:

B..l.f.i-
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nurm, enough to support g P Iw{.,u to operate in the direction indicated, namely so as to increase the
:lent to about SS million 5 ot qiass of the system, the rate of circulation of mass through the sys-
14,270 Lilogram-calories per ,, - Leps Al the total energy flux through the system. If this condition is sat-
gh tather extreme illustr, = - the law of selection becomes also the law of evolution:

rate of growth of crops, gp:  © ! Evolution, in these circumstarices, proceeds in such direction as to make
. Then, without changin, . Hubital energy flux through the system a maximum compatible with the
:lds, the land would be cip. . poglaints.

ttion.  If this population » . yehave thus derived, upon a deductive basis, at least a preliminary
vstem composed of the hy  gywa to a question proposed by the writer in a previous publication.!?
¢ it is dependent for food, w.. . Thudj there pointed out that the influence of man, as the most successful
ained, not by douhIing they tﬂw in the competitive struggle, seems to have been to accelerate the

i crops, etc., at a given mom.- me.]_;_ﬂnn of matter through the life cycle, both by “enlarging the wheel," -
it by increasing the velocit: ¢ gpAbv causing it to “spin faster.” The question was raised whether, in this,
: in the system. Once mor. frw has been unconsciously fulfilling a law of nature, according to which

inisms arises which is so con - . gowiphysical quantity in the system tends toward a maximum. This is
n of matter through the syst.~ - wwwrmade to appear probable; and it is found that the physical quantity
on will operate to preserve i | \nquestion is of the dimensions of power, or energy per unit time, as was

hat there is presented a resit, ! pyked by the writer on an earlier oceasion.!

N

]

circumstances require it, al. . i lmay be remarked that the principle of maximum energy flux here
1 of living matter. ' ¢fforth bears a certain outward resemblance to a principle enunciated
asidered, natural selection w t by Ostwald:** “Of all possible energy transformations, that one takes
the organie system, to incre.. | glag, which brings about the maximum transformation in a given time."”
he system, and to increase o r ‘Fﬂq principle of Ostwald’s, however, is based on entirely different grounds
1z as there is presented an « f{m‘thuse here brought forward. It is not of general applicability, and
EY. 5 \n particular, its application to systems of the kind here considered does
sral selection tends to make ' | wiappear warranted.

+ 50 far as compatible witht. | JMendum. Since the paragraphs above were penned, the writer has

irtitived from the booksellers a copy of Professor ]J. Johnstone's book,
t cvoluiion tends thus to mu i Tae Mechanism of Life” (1921), in which (pp. 217-221) that author

ion two kinds of influences :: : 1%¢hes on matters closely related to those here discussed. Professor
iing influences. The form - ¢ ﬁmstune draws, however, a somewhat different conclusion, namely
ection. -; '“\}k"'ln living processes the increase of entropy is retarded.”'® He points
strictly limited, as in the ci~ ¢ hat this is true, primarily, of plants; but that among animals' also
ise to a finite number of pr-. | W.J;::ral selection must work toward the weeding out of unnecessary and
influences is equally limit - Bﬂl&ﬁfﬂ] activilies, and thus toward the conserving of free energy, or,
iation is very different. V. ' phak amounts to the same thing, toward retarding energy dissipation.
finite limit to the number Uhis is perhaps not wholly convincing, for the first effect of the advent
L state of our knowledge. ° fAnzimal organisms in a world peopled with a purely vegetable population,
iting influences that furn Whld certainly seem to be an acceleration of the process of dissipation.
olution, an element of um+*  J{Ouypears, therefore, that at certain stages in the evolution of the system,
least @ priori probable th* @ ‘ic least, life must have tended to increase rather than decrease dis-
¢) variety of types presentt :&:Iinn. Apnd even if animals ultimately evolve in the direction of de-
‘hich give the opportunity ! ‘ed dissipative effect, they still remain essentially a dissipative type,
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as compared with plants, and, to make Professor Johnstone's g HVPL'.UJ"
conclusive, it would seem necessary to show, not merely that ;| anvmal
organism evolves in that direction, but that the system qf a.a_PILL
transformers, plant and animal, as a whole has so evolved.

Professor Johnstone's conclusion is, however, not essentially inmﬁq}; :
ble with the one developed in this paper. Where the supply of qvuilably
energy is limited, the advantage will go to that organism whicl “W{"‘ :
efficient, most economical, in applying to preservative uses such a5
it captures. Where the energy supply is capable of expansion, effieipn
or economy, though still an advantage, is only one way of meeti fhé:}--
uation, and, so long as there remains an unutilized margin of vailahly
energy, sooner or later the battle, presumably, will be between h-.-.ﬂ_g
or species equally efficient, equally economical, but the one more n?bm
the other in tapping previously unutilized sources of available enery:

There is here a problem that will call for further investigation. :,ﬁﬂ oy
ticular, it remains to be established just what is the significance e,
phrase “compatible with the constraints™ which, in the presentation htal
given, modifies the maximum principle enunciated. The present Gomami -
pication is intended rather a preliminary than as an attempt to sy
last word on the subject. More detailed discussion is planned fﬂrm
occasion.

* Papers from the Department of Biometry and Vital Statistics, School of Hx, -
and Public Health, Johns Hopkins University, No. 59.

! Der zweite Hanpisalz der mechanischen Wirmetheorie, 1886 (Gerold, Viennal, ;
Populire Schriften, No. 3, Leipsic, 1905; Nernst,. Theoretische Chemie, 1913, ]-1'
PBurns and Paton, Biophysies, 1921, p. 8 H. F. Osborn, The Origin and Evalu:,
Life, 1918, p. XV,

* Compare also Sir Oliver Lodge, Life and Martter, 1006, pp. 139, 140.

¥ Lotka, A. J., Ann. Naturphil, 1910, pp. 67, G8; Proc. Nat. Acad., Sci., 1921, pp
195.

i Lotka, A. J., Proc. Washington Acad., 5, 1915, pp. 360, 397,

* The term energy fux is here used to denote the available energy absorbed b -
dissipated within the system per unit of time. :

¢ Asg, for example, if the total mass of the system is capable of aceretion, but no’
a limited wvelocity, in which case the phenomenon of a moving equilibrium may 1=
itself. Compare Lotks, A. J., Proc. Net. dcad. Sci., 7, 1921, p. 168,

T Pearl, B., The Nation's Food, 1920, pp. 218, 203, 238, B0, 245; Amer. J. Hxge-
1921, p. 598, '

8 Owing to the fact that in existing organisms the anabiotic and catabiotic fus ~
are very largely segregated in different types (plants and animals), evolution w:
operate upon systems or groups of at least two species, one species of autotroph: -
bions, and one of heterotrophic catabions.

¥ Compare Totka, A. J., Amer. T, Sci., 24, 1007, pn. 204, 216.

1 Lotka, A. J., Proc. Nal. Acad. Sci., T, 1921, p. 172,

1 fdem., dnn, Noturphil, 1910, p. 70. It is there suggested that the coits
energy transformations associated with the maintenance of a steady state wothe
ably be found to play the dominant rdle, while any “latent heat' effect a--
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. change in the distribution of matter among the several species composing the
. would probably play a sabordinate role; in contrast with the condition of affairs
+ in ordinary physico-chemical systems. This is an obvious inference from the
_,-ion that the several species of organisms are distinguished much more by strue-
gerences than by differences in chemical composition.
swald, W., Lehrbuch der alipemeinen Chemie, 1892, vol. 2, p. 37; Sicbel, J. E
. .=d of Mechanical Refrigeration, 1915, p. B8. For a discussion of the validity and
- s of Ostwald’s principle see Helm G., Die Energetik, 1895, pp. 248; Neumann,
r=iger Berichte, 1892, p. 184,
.yt living organisms may be capable of retarding the energy flux through the sys-
-ature was suggested by the present writer in Ann. Naturphil., 1910, p. 60.
snetone, J.. The Mechenism of Life, 1021, p. 220.

VATURAL SELECTION AS A PHYSICAL PRINCIPLE*
By AL¥rED J. LOTKA

Senool oF HYGIENE anD PusLic HEALTH, Jouns Hoprins UNIVERSITY
Communicated May 6, 1822

e 7 = - o kg R, e

. fna paper presented concurrently with this, the principle of natural
wfgf-n, or of the survival of the fittest (persistence of stable forms),
Etﬂ*ﬂ{”}"‘:d as an instrument for drawing certain conclusions regarding the
& is of a system in evolution.
' Mide from such interest as attaches to the conclusions reached, the
p.-..b!lb.ql itself of the argument presents a feature that deserves special
' The principle of natural selection reveals itself as capable of yield-
Lhinrmation which the first and second laws of thermodynamics are
pt{znpetent to furnish.
. Thbwo fundamental laws of thermodynamics are, of course, insuffi-
:c..mf:r: determine the course of events in a physical system. They tell
Mf‘;‘u{'certain things cannot happen, but they do not tell us what does

-l

ng“ﬁ freedom which is thus left, certain writers have seen the opportu-
»if e interférence of life and conciousness in the history of a physical
S So W. Ostwald? observes that “‘the organism utilizes, in many-
fold st the freedom of choice among reaction velocities, through the
infiWmitof catalytic substances, to satisfy advantageously its energy re-
tudy.""  Sir Oliver Lodge also, has drawn attention to the guidance?
{H;,Lm"{ by life and mind upon physical events, within the limits imposed
waltbioquirements of available* energy. H. Guilleminot® sees the in-
.E-, sitlF life upon physical systems in the substitution of guidance by
crie i place of fortuitous happenings, where Carnot's principle leaves
tra Gl of events indeterminate.  As to this, it may be objected
f-’i'-.\!HlL"Hrifmte of fortuitousness is not an objective qualitv of a given
m‘.}-li"[l is the expression of our subjective ignorance, our lack of com-
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plete information, or else our deliberate ignoring of some of 4hy faclong
that actually do determine the course of events. Admittiny, % gwtsln
broadly, the directing influence of life upon the world's events, iﬁ.tﬂ'hm the
limits imposed by the Mayer-Joule and the Camot-Clausius gyneibs
it would be an error to suppose that the faculty of guidance wiydy, -{"hﬁ h -
tablished laws of thermodynamics thus leave open, is a peculizs r_.z-._ wid
tive of living organisms. If these laws do not fully define the cpuina
events, this does not necessarily mean that this course, in nnt;;;ﬁ.hdc}“
ually indeterminate, and_ requires, or even allows, some extra H‘"‘[““’E
influence to decide happenings. It merely means that the laws. qy Piruawn =
ulated, take account of certain factors only, leaving others out of Ssmhdby~
ation; and that the data thus furnished are insufficient to yield ga wndw
biguous answer to our enguiry regarding the course of events in forall
system. Whether life is present or not, something more than the Ll
and second laws of thermodynamics is required to predict the cowws pi..
events. And, whether life is present or not, sometliing definite dovs

the course of events is determinate, though not in terms of the fvit and
second laws alone. The “freedom™ of which living organizmn- avail
themselves under the laws of thermodynamics is not a freedom |n fatf
but a spurious freedom® arising out of an incomplete statement of the- }»\15 =
ical laws applicable to the case. The strength of Carnot's printiple U
also its weakness: it holds true independently of the particular medhavnim
or configuration of the energy transformer (engine) to which it is q.-wl'mt-‘d-!'
but, for that very reason it is also incompetent to yield essential énfovenat
tion regarding the influence of mechanism upon the course of evirts e
the ideal case of a reversibile heat engine the efficiency is indupwﬁ?\l‘-"l" :«‘{-
the mechanism. HKeal phenomena are irreversible; and, in artieh-
lar, trigger action,” which plays so important a réle in life procesws 15 &
typically irreversible process, the release of available energy from avfalat
equilibrium. Here mechanism is allimportant. To deal with Esri'.‘i!'u-'r-'-l
presented in these cases requires new methods,® requires the intrednbits-n
into the argument, of new principles. And a principle competent e o
tend our systematic knowledge in this field seems to be found in b prva
ciple of natural selection, the principle of the survival of the fittest, 8.}
speak in terms freed from biological implications, the principle L‘f,'—*-.'ir'-..!.-
persistence of stable forms.

For the battle array of arganic evolution is presented to our piaw™
an assembly of armies of energy transformers—accumulators fFl““*“j
and engines (animals); armies composed of multitudes of similar wn i
the individual organisms. The similarity of the units invites 5.1?5"{135;‘1*—]35'
treatment, the development of a statistical mechanics of which Latvais
shall be, not simple malerial particles in ordinary reversible esifisiam 6 .
the type familiar in the kinetic theory, collisions in which action axd PLacft o
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-f-lbw equal; the units in the new statistical mechanics will be energy
ﬂhjb"’?? subject to irreversible collisions of peculiar type—collisions

M trigger action is a dominant feature:

m, the beast of prey A sights its quarry B, the latter may be said to
cebr ik ficld of influence of A, and, in that sense, to collide with A. The
eneupy tliat enters the eve of A in these circumstances may be insignificant,

Lﬂ( benough to work the relay, to release the energy for the fatal en-
mukr‘ And because evolution works with armies built up of similar
onilishie scemingly erratic workings of the relay mechanism (in which ac-
L.hud reaction are not equal, and seem subject to no simple .general

; h}n not, in effect, erratic, but range themsclves according to law and

grdin, for those species of units, those types of transformers, are picked
pubfor survival, whose mechanism possesses certain definite properties.

1]-.:»:!1& principle of natural selection makes its entry into dynamics,

:&.thr elaboration of these concepts must be reserved for a future
.ﬁuﬁ;-:n

Ta systems t\-’ﬂlﬂnn’ toward a true equilibrium (such as thermally and
,u.uh.:mcaﬂy isolated systems, or the isothermal systems of physical chem-

) the first and second laws of thermodynamics suffice to determinate
abaiv rate the end state; this is, for example, independent of the amount
4y purely catalytic substance that may be present.  “The first and the

“greowl law here themselves function as the laws of sclection and evolution,
& 'hag been recognized by Perrin® and others, and exemplified in some
&L'Em by the writer, for the case of a monomolecular reversible reaction !®
Pt systems receiving a steady supply of available energy (such as the
esdi illuminated by the sun), and evolving, not toward a true equilibrium,
'lu}{',lmbahl}r] toward a stationary state, the laws of thermodynamics are
pnimzer sufficient to determine the end state; a catalyst; in gencral, does
G?".-tl’“the final steady state. Here selection may operate not only among
Cvmpments taking part in transformations, but also upon catalysts, in
tular upon auto-catalytic or auto-catakinetic constituents of the sys-
fem Such auto-catakinetic constituents are the living organisms,'' and
_E"J.'L'm. therefore the principles here discussed, apply.

That the principle of selection is competent to vield information be-
‘}':11!1& scope of the laws of thermodynamics has been very clearly set
ety independently, by H. Guilleminot.!”* The present writer has

realized that the principle is capable of such application; that it

ms, as it were, as a third law of thermodynamics (or a fourth, if the
‘H‘-“fi place be given to the Nernst principle). If he has not, before this
dal explicitly stated the case, this is mainly because his writings have

Bred a definite, systematic plan, announced in his early publications.'?
Upsing evolution as a change in the distribution of matter among the
{t¥onents of a phvsical system, the studv of evolution naturally di-
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vides itself into two fields. *-The one, which might be termed Yy Jk:cji:m a
etry of evolution, deals with mass relations: the relative ampune i,
different species of matter present, and the changes in these ameunty
the kinetics of evolution. The second field of study is the dynamics
energetics of evolution, the scope of which is sufficiently indiciied b HhsL
terms. It appeared desirable to lay the foundation of the first, as 4, s * l"[C
elementary, of these fields, before proceeding to a systemuti expashin * -
of the second. This is the plan which has been closcly F"””'-‘-*Lbﬁ e -t
writer in the past, and which it is hoped to develop in greater il
in the future. Material held in reserve, and relating to tl. P
of evolution, will then be brought forward in its proper place. Ty i L
issue of this advance sheet is prompted by a recent reading of Cuyllepn,
book, which, through a series of mishaps, has only recently fowy, & ¢
writer's hand. :
L0 ow boat

*Papers from the Departinent of Biometry and Vital Statistics, Schoe
and Public Health, Johns Hopkins University, No. 60.
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