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th at th ey may be alarmed a t extremely 
dilute emana tio ns (Schreckstoff) fro m 
injured fish sk in. It would seem too 
that the ac uity o f the sense of smell in 
fishes is of simila r sensitivity as t ha t of 
dogs an d insects where but a few 
molecul es stim ulate th e end orga n. In 
con trast, the co mmo n chemica l sense 
and th e ability to discriminat e tem­
perature differences are cr ude sen ses 
whe n co mpared with the o lfacto ry 
system. 

Tec hniq ues ha ve been developed 
where by it is now possibl e to ha tch 
a nd mainta in salmo n thro ugh th e 
finger ling sta ge in aq uaria a t Madison. 
Preliminary resul ts fro m a set of 
exper iments currently in progress in­
di cate tha t the olfactory syste m of 
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sa lmo n is very ac ute, and tha t th ey 
ca n discriminat e bet ween st rea m odo rs. 

A set of field experiments mu st also 
be und ert ak en to furn ish final pr oof of 
the hypothesis herein contained . O f 
a number o f possibl e method s of 
so lution, one promises to be of so me 
practical value. T he hyp othesis could 
be tested by exposing salmo n to a 
co nstant, a rt ificial odo r throu gh the 
fingerl ing stage and then determining 
if the fish cond itioned in a hat chery 
co uld be decoyed to a neighboring 
strea m upon return fro m the sea . 
Should thi s be t he case , it wo uld aid 
in sa lvaging th e declining sa lmon runs 
where new dam s may obst ruct passage 
to their parent strea ms. . . . 

THE STUDY OF POPULATrONS 

Discrete populations of a species are sufficient ly II I/ it-like in their 
characteristics and responses to permit their being objectified. Among 
the many facets of a pop ulation, ecologists are concerned with aspects 
of their growth (natality, mortality, growth form, etc .), regulat ion 
(fl uctuations , oscillations, dispersal, etc.), and inter- and intraspecific 
interactions (cooperation, competition, etc .). 

Sin ce its inception, this fi eld has had a strong mathematical orien­
tation in fo rmulating and test ing descriptive and predictive models . 
Mu ch of lis empirical and theoretica l development has had an animal 
focus based on data derived largely fro m laboratory populations of 
relat ively few diverse k inds of organisms. The original anthropocentr ic 
orientation given the fi eld continues, fo r in spite of the more esoteric 
and academic aspects ofpopulation ecology, the implications regarding 
the hum an population are not easily avoided. 
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AN r:'sSAY ON H IE PR lNCIP I.F. OF POPULATIO N AS IT 
AFFECTS r ue FUTU RE IMP RO VEME1\,' O F SOCIET Y 

Reprint of the first and second cha pters of the first e" il ion. London, 
Johnson, 1798. 

This is the most signifi cant essay all popu lation ever writt en and p fIrhup.\· one 
of the most influ ential essays in all literature. Malthus' practical and realistic 
analys is demonstrated the principle that a populati on will outstrip its means 
of subsistence owing to inherent diiferences in their rates of increase and 
that under such stress vice and misery will operate to restrain population 
growth. This principle shattered a prevalent utopian aura in which 1111111 11'11. 

to enjoy unlimited progress and infinite perfe ctibilit y, The second, and 
subsequent , editions of the essay lack ed the forcefulness of the fi rst , befit!: 
mitigated in the proposing of " moral restraint ," i.e., chas tity , a.!' a pre venti ve 
check on population growth. 

. .. Jn entering up on the ar gument] 
mu st premise th at J put out of the 
question, at present, all mere conjec­
tures, that is, all suppositio ns, th e 
prob abl e realizat ion of which canno t 
be in ferred up on any just philosophical 
grounds . A writer ma y tell mc t hat he 
thinks man will ultimately becom e an 
os trich. J ca n no t properly co ntr ad ict 
him . But before he ca n expect to brin g 
any reasonable perso n over to his 
op inio n , he o ught to shew, that th e 
neck s of mank ind have been gradually 
elo nga ting, th at the lips have gro wn 
hard er and more prom inent, that th e 
legs and feet ar e daily al tering thei r 
sha pe, and th at the hair is beginning 
to chan ge into st ubs of feathers, And 
till the prob ability of so wonderful a 
conversion can be shew n, it is surely 
lost time and lost eloq uence to expatiate 
on the happiness of man in suc h a 
sta te ; to describe his powers , both of 
running and flying, to pa int him in a 
co ndi tio n wh ere a ll narr ow luxuries 
would be co ndem ned, whe re he wo uld 
be employed only in collecting the 
necessaries of life, and wher e, co n­
sequently , each man 's shar e of labour 
would be light, and his portion of 
leisure ample . 

I think J may fairl y make tw o pos­
tula ta . 

First, Tha t fo od is nece ssary to the 
existe nce of m an . 

Seco ndly. Tha t the passion betw een 
the sexes is necessa ry and will re main 
nea rly in its present state. 

T hese two laws , ever since we have 
had any k nowledge of mankind , ap ­
pea r to have been fixed law s of our 
nature, and , as we: have not hithert o 
seen any a ltera tion in them , we have no 
right to co nclude that th ey will ever 
cease to be what th ey now a re, witho ut 
an imme dia te ac t o f po wer in that 
Being who first a rra nge d th e system of 
the univer se, and for th e ad vantage of 
his creatu res, still executes, acco rd ing 
to fixed laws, all its var io us operatio ns. 

I do no t kn ow th at any writer has 
supposed th at o n th is earth man will 
ultimately be able to live without food. 
But Mr. G odwin has co njec tured th at 
th e passion between the sexes may in 
time be extinguish ed . A s, however , he 
ca lls thi s part of his work a deviat ion 
into the land of conj ecture, I will not 
dwell longer up on it a t present than to 
say th at th e best arguments for the 
perfectibi lity of man a re drawn from a 
co ntem platio n of the grea t progress 
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that he has already made from the 
savage slate and the difficu lty of saying 
where he is to stop. But towards the 
extin ct ion o f the passion be tween the 
sexes, rio progress wha tever has h ith ­
er to be en mad e. It appea rs to exist in 
as m uch force a t pr esent as it d id two 
tho usa nd or fo ur th ousand yea rs ago . 
There a re individua l excep tions now as 
he re always ha ve been. But , as these 
xceptions do not appea r to increase in 

numb er , it wo uld surely be a very 
unph ilosoph ical mod e of ar guing, to 
infe r merely from the existence of an 
excep tion , that t he except ion wo uld, in 
time, bec ome the rule , an d th e rule the 
excep tio n . 

Assuming then , my postula ta as 
gran ted, I say , th a t the power of po p u­
lation is indefini tely grea ter than the 
power in the ear th to pr oduce subsist ­
ence for man. 

Population, when unchecked , in ­
cr eases in a geo me trica l rat io. Subsist ­
enc e increa ses o nly in an a ri thmet ica l 
ratio. A sligh t acquain ta nce with 
numbers will shew the im mensity o f 
th e first power in compar iso n of t he 
seco nd. 

By that law of ou r na ture which 
makes food necessar y to the life of 
man, th e effect s of these two unequal 
po wers mu st be kept equa l. 

T his impl ies a st ro ng and constantly 
op era ting check on populat ion fro m 
th e difficulty of subsistence. T his diffi ­
culty must fall some where a nd must 
necessarily be severely felt by a large 
portion of mankind . 

T hrough the a nima l and vegeta ble 
kingdo ms , nature has scattered the 
seed s of life a bro ad with the m ost 
profuse and lib eral hand . She ha s bee n 
compar at ively sparing in the ro om and 
th e nourish ment nece ssa ry to rea r 
them . T he germs of ex istence conta ined 
in thi s spo t of earth , with a mple food , 
and a mple ro o m to expand in, would 
filt m illions o f worlds in th e course of 
a few thousand yea rs. Necessity, tha t 
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imperious a ll pe rvad ing law o f na tur e, 
restra ins t hem with in the prescri bed 
bo un ds. The race of plants, and tile 
rac e of an imals shri nk under th is great 
restr ict ive la w. A nd the race of man 
can not , by any effo rt s of reason, escape 
from it Amo ng pl an ts and ani ma ls its 
effects are waste of seed, sickness , and 
prematu re death. A mong mankind , 
misery and vice. T he former, miser y, 
is an abso lu tely necessa ry consequence 
of it. Vice is a highly pr obable con­
seque nce, and we therefore see it 
abundant ly prevail, but it ou ght not , 
per haps, to be ca lled an a bso lutely 
nec essar y conseq ucnce . The ordeal of 
virtue is to resist a ll temptati on to evil. 

T his natural ine qu a lity of th e two 
po wer s o r pop ula tion an d of produc­
t ion i n the ea rth and tha t gre at law of 
our na ture which must cons tan tly keep 
their effects cq ual form th e great 
difficult y tha t to me appea rs insur­
mountable in the way to th e perfecti­
bilit y of soc iety. All o ther a rgu men ts 
a re of slight and su bord inate con­
sidera tion in comparison of thi s. I 
sec no way by which man can escape 
fro m the weight of th is law wh ich 
pe rvad es a ll a nim a ted nature. N o 
fancied eq uality, no agra ria n regu la­
tion s in th eir utmost ex tent, could 
rem o ve the pr essure of it even for a 
single century. And it appears, there­
ore, to be decis ive aga inst the possible 

existence of a soc iety, all th e members 
orwhich sho uld live in ca se, happiness, 
and compara tive leisure ; a nd fee l no 
anx iety about provid ing th e means of 
subsiste nce lo r th em selves and families. 

Conseq uently, if th e premises are 
j ust, th e argument is conclu sive again st 
th e per fect ibility of the ma ss of 
man kind . 

I have th us ske tched the genera l out­
line of the a rgumen t , b ut I will examine 
it more pa rt icu larl y, a nd I think it will 
be found tha t experience, th e tru e 
source and fo un dation of a ll kn owledge, 
inva riab ly co nfirms its tr u th . . . . 
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POPULArrox SUIT DANS 

P. F. Verhu/st-1838 

Reprinted from Corresp ondence mathemaLique et ph ysique 10 : 113-J 21, 
1838. Translated by La wrence Wilson , 1964. 

The first mathematical f ormulation of population growth was made in this 
essay . The logistic equation which Verhulst derived describes the natur e of 
population increase as it occurs under limiting conditions. A plot of the 
equation is the familia r S-shaped population curve. Not unlik e other dis­
covcrics in science , Verhulst 's contribution was not widely recogni zed until 
some time after Pearl and Reed (see p. 66) independently derived the same 
equation in JC)20. 

It is generally known that Malthus 
establi shed as his first principle that the 
hum an population tend s to grow in 
geometrical progression acco rding to 
which it will double aft er a certain 
period of time , for example , ever y 
twenty-fi ve years. Thi s prop osition is 
incontrovertible if the continually 
increasing difficulty of guaranteeing 
subsistence once the population has 
reached a certain den sity or the re­
sources upon which the population 
dr aws in growing , even when the 
society is still nascent (e.g ., the great er 
division of lab or , the existence of a 
stable government and means of 
defen se assuring public order, etc.) 
are kept in mind. 

Indeed, all things being equal, if one 
thou sand individuals have become two 
thousand after twenty-five years, the se 
two thousand will become fo ur thou­
sand after the same lapse of time. 

In our old European societi es where 
the fert ile land had been cultivated for 
a very lon g time, the lab or expended in 
improving acreage already under 
cultivation ca n result only in a con­
stantly decreasing amo unt compared 
to what it o rigina lly pr oduced. Assum­
ing that the production of the soil has 
been doubled, it is not very likely that 
one will succeed in making it pr oduce 
a third mor e in the seco nd period. The 

virtual increase in population thus 
find s a limit in the area and fertility of 
the co untry, and the population tend s, 
co nsequently, to become sta tio nary. 

The same is not true in certain trul y 
exceptional cases- for example, when 
a civilized peopl e cultivate a fert ile 
territory, previously uninhabited, or 
when it expends an industriousness 
which result s in great temporary ben­
efits. A numerous family then be­
comes an asset and the seco nd generation 
finds it easier to establish itself since it 
does not have to str uggle like the first 
generat ion against the odds with which 
the native state of the land confro nted 
the firs t settlers. 

To judge the rapidity with which 
the popul at ion gro ws in a given co un­
try , the yearl y increase in population 
mu st be divided by th e figure of the 
origina l populati on . This relation ship 
being independent of th e abso lute size 
of the populati on , it can be regarded 
as the measur e of thi s rapidi ty. If it is 
constant, the populati on increases 
geometrically; if it is gro wing, the 
pr ogre ssion is more than geometrical , 
and less than geometrical if it is de­
creasing. 

Vari ou s hypotheses concerning the 
resistance or the sum of the obstac les 
put in the way of th e ind efinite devel­
opment of the population can be mad e. 

P. F. VERHULST 

Mr. Quetelet suggests that it is pr o­
porti onal to the square of th e rapidity 
with which the population tends to grow . 

This amo unts to making the change 
in the popula tion that of a moving 
body which falls in going through a 
resistant milieu . The result s of this 
comparison agre e in a sat isfactory 
manner with the stat istica l data and 
the result s I have obtai ned with my 
own formulae, when an indefinitely 
increasing density is granted in passing 
thr ough the strata of the milieu. 

Popula tion growth has, of necessity, 
a limit if only in the are a of land indi s­
pensable for accommoda ting that 
populat ion. When a nati on has con­
sumed all the fruit s of its fields, it can 
indeed obtain food stuffs from outside 
th rou gh th e excha nge of its other 
products , and can thus support a new 
increase of populati on. But it is obvious 
that the se imp orts must be limit ed a nd 
be halted even long before th e surface 
or the ent ire country is taken up with 
cities. All the formulae by which an 
att empt will be made to repr esent th e 
law of populati on must th erefore 
satisfy the condition of admitt ing a 
ma ximum which will be attained only 
at an infinit ely remote time. This 
maxim um will be the fi gure of th e 
population when it has become 
statio nary . 

I ha ve long tri ed to det ermine by 
analysis what th e probable law of 
population is ; but I have aband oned 
thi s kind of research because the data 
pr ovided by observa tion are too few 
to permit verificati on of th e formulae 
in such a way as to leave no doubt as 
to th eir exactn ess. H owever, since the 
path I have followed seems to me to 
lead to th e discovery of the tru e law, 
once th ere is sufficient data , and since 
the result s I have obtained may be of 
interest , at least as a matter for spec ula­
tion , 1 felt myself obliged to accept 
Mr. Quetele t's invitat ion to make them 
public. 

Let p be the populati on and let us 
represent by dp the infinitel y small 
increase it makes within the infinitel y 
short time dt . If the population grew 
geom etr icall y, we would have the 
equat ion dpjdt = mp . But since the 
rate of gr owth is retarded by the 
incre ase in the number of inh abitants 
itself, we shall have to rem ove from 
mp an unknown fun ction of p , so the 
formul a to be integr ated will become 

dJJ ( ) dt = mp - ep p . 

The simplest hypothe sis that one 
could make on the nature of the func­
tion ep , is to ass ume ep(p) =- np". The 
int egral o f the above equa tion then 
becom es 

I = J... [log. p - log. (m - np)]
m 
+ con stan t. 

and it will req uire three observat ions 
to determine the two coefficients m 
and n a nd the arbitrary co nsta nt. 

In solving the last equation for p , it 
become s 

mp'er" 
p = np 'em , -1- m np' (1) 

in designating by p' the population 
which exists at t - " 0, and by e the 
base of the Napi erian logarithm. If 
{= 00 , th en the correspo nding valu e 
of p is p = min. Such is therefore the 
upper limi t of the populati on . 

Instead of assuming epp = np ", one 
can mak e ep p = np", a being any 
number, or ep p = n log. p . Each of 
these hyp otheses equ ally well satisfies 
the observe d facts, but by the sa me 
to ken they yield very different values 
for the tipp er limit of the population. 

I have ass umed successively 

epp = np", epp = IIp\ epp = np' ; 
tpp = n log.p ; 

and th e differences between the cal­
culated popul ation and tho se which 
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provide the o bser vatio n a rc fou nd to ential eq uat ion is then integra ted as in 
be essen tia lly the sa me. th e preced ing case but one imagines 

When th e popula tion increases more that it can no lon ger be th e maximum 
or less in geo met rical progressio n, t he population. .. . 
term - cp p becomes +cp p ; the d iffer-

ON T HE RATE OF GROWTH OF THE POPULAnON OF 1'.1IE 
UNITED STATES SI NCE 1790 AND ITS MATHE~·Lo\Tlc..U 

REPRESJ::NT,\TJON 

Raymond Pearl and Lowell J. Reed-i920 

Rep rint ed by permis sion of the publi sher from Proceed ings of the Na tiona l 
Academy of Sciences 6 :275-288. 1920. 

/ 11 this paper the logistic Cllr l '.:? a/ population growth under limiling conditions 
is derived and applied to the popuiation of the United S tates . The paper is 
of interest not alone fo r the independent discovery o f (I mathematical fo rmu­
lation described a celllury earlier by Vcr/IIII,·t (.It'e p , 64) but also because o 
the injtu ence the senior author had in promoting tilt' use ofstatistical analysis 
in ecoloe y. The Iitnitations of the sigmoid growth model have !Je('1/ increasing­
ly recognized ; L. R. Slob odk in discusses this point (1961. Growth (1 //(/ 

regulation of popula t io ns, New York, H olt, Rinehart and lVill.Stall). 

It is obviously possible in a ny 
country or co mm unity of reas onable 
size to dete rm ine an empirical eq ua tion 
by ord ina ry methods of curve fitt ing, 
which will describe the normal rate of 
population growth. Such a determina­
tion will not necessa rily give any ink­
ling whateve r as to the un derlying 
organic law s of population growth in 
a particular community. it will simply 
give a rather exact em pirical sta tement 
of th e nature of the ch an ges which 
have occu rred in the past. N o process 
of empirically graduating raw da ta 
with a curve can in and of itself dem­
o ns tra te th e fund amental law whi ch 
causes the occurring change. Jn spite 
of the fact that such mathematical 
expressions of population growth are 
purely empirical, they have a di stinct 
and considerable usefulness. This use­

fulnes s a rises o ut of the fact that 
actua l cou nts of population by ce nsu s 
me thods a rc ma de at only relatively 
infrequent int erv als, usually 10 years 
and pract ica lly never often er than 5 
years. For many stat istica l purposes, 
it is necessary to have as accurate an 
estimate as possible of the population 
in inter-censal yea rs. . . . 

The usual met hod fo llowed by cen­
sus offices in de termining the popula­
tio n in inter-censal years is of one o r 
th e other of two sorts, namely, by 
arithmetic progression or geometric 
progression. These methods assume 
that for any given short period of time 
the population is increasing either in 
arithmetic or geometric ratio. Neither 
of these assumptions is ever absolutely 
accurate even for shor t intervals of 
time, and both are grossly inaccurate 
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for the Un ited States , at least, for any 
consi derable period o f time . . . . 

O bvio usly the best general method 
of estimating population in in ter-censal 
years is that of fitting an app rop ria te 
curve to all the available data , and 
extrapolating for years beyond the last 
census, and reading off from the curve 
val ues for intcr-censal years fall in g 
between earlier censuses. The methods 
of arithmetic or geometri c progression 
use only two census counts at the 
most. F itt ing a curve to all the known 
data regarding population by the 
method of least squares must obviously 
give a much sounder and more accurate 
res ult. In making thi s stat em ent, one 
rea lizes perfectly, of course , the d a ngers 
o f ex trapola tion . . . . I n keeping sha rp­
ly before o ur minds the dangers of 
extra polation from a curve, we are apt 
to for get that the methods of extra­
polation by arithmetic or geometric 
pr ogression have much less general 
validity than from a curve, and the 
ina ccuracies are found in practice, 
except by the rarest of accidents, to be 
actually greater. 

The first one to attempt an adequate 
mathematical representatio n of the 
normal ra te of growth of the popula­
tion of the United Sta tes was Pritchett. 
Taking the censu s data from 1190 to 
18/;0, inclusive, Pritchett fitted by the 
method of least squares the foll owing 
equation : 

p ~= A + Bt + Ct ' + Dl 3 (i) 

where P represents the population and 
t the time from some assu med ep och. 
As a matter of fact, Pritchett to ok the 
origin of the curve at 1840, practically 
the center of the series. With this third­
order parabola Pritchett got a very 
accurate representation of th e popula­
tion between the dates covered. As will 
presently appear this curve did not 
give, even within the period covered , 
as accurate results as a more adeq uate 
curve would ha ve done, and it over­
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estimated the population after a very 
short interval beyond the la st observed 
ordinate. .. . 

Some 13 years ag o o ne of the writers 
demonstrated the applicability of a 
logarithmic curve of the form 

y = a + bx + cx~ + d log x (ii) 

to the representat ion of growth changes, 
using the aquatic plant Ceratophyllum 
as material. Following the a pplica tion 
o f this curve to growth of this plant it 
was found equ all y useful in represent­
ing a wide ran ge of other growth and 
related c ha nges.. . . 

While the inc rease in size o f a popul­
ation can not o n G p rior i gro unds be 
reg arded , except by rather loo se anal­
ogy, as the sa me th ing. a s the growth of 
a n organism in size, never theless it is 
essent ially a growth phenomeno n. It, 
therefo re . seems en tirely rea sonable 
that this type of curve should give a 
more adequate representation of 
population inc rease than a simple 
third-order parabola . The actua l event 
ju stifies this as sumption, as will pre­
sently appear. ... 

To the data of .. , [recorded popula­
tion from 1190-1910] the following 
equation was fitt ed by the method of 
least squares, ta king origin at 1180, 
and maki ng due allowance in the 
ab scissal int ervals for the actual dates 
of the several censuses : 

y - a + bx + cx z + d log x 

where y denotes population and x 
time. The actual equation deduced was 

y = 9,064,900 - 6,281 ,430x 
+ 842 ,377 x ? + 19,829 ,500 log x. 

(iii) 

The results (indicate] .. . that as a 
purely empirical representation of 
population growth in the United States 
equation (iii) gives results of a very 
high de gree of accuracy. Indeed, inter­
polation on thi s curve for inter-censal 
years ma y obviously be relied upon 
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with a greater probability that the 
estimated figures a ppro xima te the 
unknown true fact s th an is afforded by 
any other estimating exped ien t hitherto 
applied to the known da ta . .. . 

It is quite clear on a priori grounds, 
a s was first poin ted out by Malthus in 
non-mathem atical terms, tha t in any 
restricted area, such as the United 
States, a time must eventually come 
when population will press so closely 
upon subsistence that its rate of in­
crease per unit of time mu st be reduced 
to the vanishing point. In other words, 
a population curve may start. . . with 
a convex face to the base, but presently 
it must develop a point of inflection , 
and from that point on present a 
concave face to the x axis , and finally 
become asymptotic, the asymptote 
representing the maximum number of 
people which can be supported on the 
given fixed area . Now, while an equa­
tion like (ii) can, and will in due time, 
develop a point of inflection and 
become concave to the base it never 
can become asymptotic. It , therefore , 
cannot be regarded as a hopeful line of 
approach to a true law of population 
growth.. .. 

It has seemed worth while to attempt 
to develop such a law, first by formula­
ting a hypothesis which rigorously 
meets the logical requirements , and 
then by seeing whether in fact the 
hypothesis fits the known facts. The 
general biological hypothesis which we 
shall here test embodies as an essential 
feature the idea that the rate of popula­
tion increase in a limited area at any 
instant of time is proportional (a) to 
the magnitude of the population exist­
ing at that instant (amount of increase 
already attained) and (b) to the still 
unutilized potentialities of population 
support existing in the limited area. 

The following conditions should be 
fulfilled by any equation which is to 
describe adequately the growth of 
population in an area of fixed limits. 

THE STUDY OF POPULATIONS 

(1). Asymptotic to a line y = k when 
x = ..L OJ . (2) . Asymptotic to a line 
y = 0 when x = - C'~ . (3). A point of 
inflection at some point .\ = IX and J = 
{3. (4) . Concave up wards to left of .\ '" a 
and conca ve downward to right of 
x = a . (5) . N o horizontal slope except 
at x = ± = . (6). Values of y varying 
continuously from 0 to k as x varies 
from - 00 to + 00 . 

In these expressions y denotes 
population, and x denotes time. An 
equation which fulfils these require­
ments is 

b 
y=-- r 

e ?c 

~ 
c 

I -- xI' 
'5 !og c 

FlO. 2. Generalform of curve given by equation 
(ix). 

y = _ bee-x (ix)
I + cea.t: 

when a, band e have positive values. 
In this equation the following rela­

tions hold : 

bx = +00 y=7 (x) 

x = - 00 y = 0 (xi) 

Relations (x) and (xi) define the 
asymptotes. The point of inflection 
is given by I - eeax = 0, or 

1 b ( ..x = - - log e y = 2e XII)a 

The slope at the point of inflection 
is abj4c . Expressing the first derivative 
of (xi) in terms of y, we have 
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dy _ ay (h - c,v) 
(xiii)dx - b 

Putting the equation in thi s form shows 
at once that it is identical with that 
describing an autocatalyzed chemical 
reaction, a point to which we shall 
return later. 

The general form of the curve is 
shown in figure 2. 

The question now is how well does 
(ix) represent the known historical 
facts as to the growth in population of 
the United States, and to what legiti­
mate deductions as to the future 
course of population in this country 
does it lead 'J.•.. 

.. . The most that can be asserted is 
that equation (xviii) gives nearly or 
quite as good a fit to the observations 
as does the logarithmic parabola. I f we 
properly graduated the data, by the 
method of moments, we should prob­
a bly get a result measurably better than 
that from equation (ii i). 

The significa nce of the re sult lies in 
this consideration. A curve which on 
a priori grounds meets the conditions 
which must be satisfied by a true law 
of pop ulation growth, actually describes 
with a substantial degree of accuracy 
what is now known of the population 
history of this country... . 

HE QUju~TITATl V E ANALYSIS OF ENViRONMENTAL 
ACfORS 

Royal N. Chapman-1928 

Reprinted by permission of the publisher from Ecology 9: 111-122, 1928. 

The much used term s "biotic potential" and "environmental resistan ce" 
had their origin and empirical verification in tltis paper. But , perhaps Chap­
man's greater contribution to ecology was the direction he ga ve to laboratory 
p opulation studies. In particular , his population research 011 the flour beetle 
was continued and very considerably ex panded by Thomas Park and his 
students . Park reviewed much of this work in 1962 (Science 138: 1369-1375). 

. .. It was once believed that mathe­
matical expressions must be confined 
to the description of surfaces and 
solids just as we now have a feeling 
that they must be confined to phenom­
ena in the field of physics. It was once 
considered that heat cond uction was 
subject to too many factors to permit 
itself to be handled by mathematical 
calculations, just as we now have a 
feeling that ecological phenomena are 
subject to so many factors that they do 
not lend themselves to mathematical 

methods. Those of us who are engaged 
in the study of animal ecology may do 
well to pause and consider the future 
of our branch of science in the light of 
the work of Fourier, who more than a 
century ago, began to apply mathe­
matical methods to the study of the 
transmission of heat through solids . In 
this day when it is possible for physicists 
and engineers to calculate so exactly 
the amount of heat req uired to warm 
a given space SUITO unded by walls 
with given coefficients 0 f cond uction 



71 o 

and su bject to know n extern a l co ndi­
tions, it is hard to rea lize that there 
was once a day whe n it seemed to be 
impossibl e to apply q ua ntita tive 
calc ula tions to the tran smission o f 
hea t. A11 of the o bjections which no w 
stand in the way of th e use of these 
methods in ecology then stood in the 
way of the use of these met hods in 
connection with thermod ynamics. . .. 

T he a nima l eco logists fi nd them­
selves hand icapped in th e use of qu an t i­
tative method s becau se of the diffi culty 
in obta ining qu antitat ive sa mp les, the 
lack of a method of expressing the 
a bunda nce o f orga nisms, and of 
expressing th e effect of the env iro n­
ment in ter ms of th e qu antit y of organ­
ism s. A s a result of the considera tion 
of some of th ese handica ps, it has 
seeme d that it migh t be possihle to 
find so me ch ar acteri stics, essentially 
biotic, which could he used as a meas­
urc of the orga nisms and the enviro n­
ment, a nd which might be subject to 
expe rimenta l verification. 

It has long been kn own that the 
possibilities of reproduct ion of the 
variou s species of organisms are 
enormou s, and that they fa r exceed 
the realizati on which the speci es ever 
has in number s of ind ividu als. T he 
fact tbat eventua lly but two o ut of a n 
en ormou s number of progeny would 
su rvive to repl ace the parents, was an 
essential part of D arwi n's theor y of the 
survival of the fittest and the action of 
natural selection. Many calcul ations 
have been mad e to show the possibil­
ities of the var ious orga nisms to re­
produce.. . . 

. . . Th e vari ations in the abunda nce 
of insects, in so far as we have dat a to 
represent th em , indica te a remark able 
constance in numbers when co mpared 
with the pot ential number which might 
exist a t anyone time . Thus it seems 
that what ever the pot ential ra te of 
development of an orga nism ma y be, 
its env ironment offers sufficient resist ­
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ance to mu ltiplica tion to cause its 
number s to tend to remain constant. It 
is this fac t, obvio us though it may be, 
tha t will now be considered . 

In drawing analogies from the works 
of Fo urier and Ohm iL is recognized 
that the ca ses ma y not be st rict ly 
com parable to an ima l a bundance. Yet 
it seems evide nt tha t we have in na ture 
a syste m in which the potential ra te of 
reprod uction of the anima1 is pitted 
aga inst th e res istance of the enviro n­
ment , and tha t the q uantity of o rga n­
isms which may be found is a res ult of 
th e bal ance between the biot ic pot en ­
tial, or the potential rat e of rep roduc­
tion, and the enviro nmenta l res ista nce. 

Fo r th is purpose, th erefor e, biotic 
potential may be defined as the mea n 
max imum rate o f reproduction in a 
given peri od of time un der given 
condition s. The actio n of th e enviro n­
ment, then , mu st necessarily be ex­
pre ssed in terms of resistan ce to thi s 
maximum rat e of reproduct ion. An 
empirical formula sim ilar to Oh m's 
formula , representing th e co ncentra­
tion of orga nisms, or abundance of 
orga nisms, as eq ua l to th e biotic 
potential divided by th e environmental 
resistance, may aid in ma king the 
complex fact or s of th e organis m and 
the environment appear as unity to us. 
At leas t, it is possible to conce ive of 
everything as having a place in thi s 
formula. T he environmenta l resistance 
will include th e: physica l fac to rs o f th e 
env ironment, temperature, humidity, 
etc . and also th e biotic fact or s of the 
enviro nment , parasit es, competitor s, 
etc. The adv antage of the formula will 
be practically th e sa me as th ose which 
Ohm realized. When co nce nt ra tio n and 
biotic potential arc known, a va lue 
may be ascribed to enviro nmenta l 
resistance. 1\ k no wledge of any two of 
the three varia bles will ma ke it possible 
to calcula te th e va lue o f th e third . . . . 

Th e hyp othesis needs the suppor t o r 
experimenta l dat a based up on con-
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trolled cond itions. Such data have been 
ohta ined fro m ;3 study of the confused 
flour bee tle, Tribolium confusum. . . . 

Th e co nditions of the experiments 
were made as sim ple as possible. T he 
object wa s to determ ine. first , whether 
a condition of eq uilibrium wo uld be 
reac hed in which the population. as 
expre ssed in the nu m ber of ind ivid uals 
per gram of flour , wo uld remain 
consta nt regardless of the size o f the 
environment. Unde r such condit ion s 
the enviro nmenta l resistance wo uld be 
eq ua l to the bio tic potent ia l a nd th e 
conditio ns of th e hypothe tical for mula 
wo uld be sa tisfied . Seco ndly it was 
sou ght to deter mine whe the r the 
effect ive ra te of reprod uct ion of single 
pairs of beetles was inverse ly pro por­
tion al to the en viron mental res ista nce , 
which, in thi s case, is a funct ion of the 
tot a l size of the en viron ment. 

To determine th e first point , a series 
of en vironments was set up in which 
the depth of the pure whole wheat 
flour wa s co nstan t at two cent imeters , 
but the qu antit ies of flou r in th e di f­
ferent environments formed a geometric 
series, containin g 4, 8, 16, 32, 64 a nd 
128 gra ms each. The po pu lati on s of 
ad ult beetles which were introd uced a t 
the star t al so for med a geometr ic series 
such that there was on e pair of bettles 
to each four gram s of flo ur in cac 
enviro nment. The sexes of th e bee tles 
were de ter mined but the ages were a t 
rand om . T he mo isture was ke pt co n­
sta nt a nd the tem pera ture was ma in­
tained at 2TC. 

The eggs, larvae and pu pae were 
counted and the flour rene wed at each 
ob serv ation . The various stages of 
beetles were separat ed from the flou r 
by mean s o f sta ndard silk boltin 
cloth .. . . th ere was 8 rapid increa se in 
numbers, which was follo wed bv a 
co nd itio n o f relat ive sta bility ~'i t h 
practically no larvae or pupae. T he 
number of eggs present a t each o bser­
vation is an indica tion of th e tot al 

biot ic potent ia l of the po pulation. In 
spite o f the la rge num ber of cggs which 
were a lway s present, there we re no 

pprecia ble cha nges in th e num ber o r 
ad ul t beet les. Whe n eggs were removed 
from th e culture th ey ha tched o n 
sched ule time, a nd an equal num ber of 
new eggs appeared in the o rigina l 
culture. T his demo nstra tes the fer tility 
o f th e eggs . T he fact th at the lack of 
increase in the popula tio n was d ue to 
th e eggs being ea ten by th e ad ults was 
demonstra ted by placing eggs in 

ultures which co nta ined onl y mal 
beet les. T he per cent of eggs eat en 
varied d irectl y with the popula tion o f 
adult s per gra m or flour. Pupae, and 
to so me extent larvae, were a lso ea ten 
in env ironments whi ch co nta ined high 
conce ntra tion of beet les. T hus we have 
an env iro nm enta l rcsista nee which is 
a functio n of th e size of th e environ­
men t. . . . 

D"YS j ~O. 
.5 

~~ II ~~ 50 35 
04 :19 
78 .15 

10 1 40 
114 48 
114 J7 
1~ (i J<I 
171 I 46 

The first point . th erefore, seems well 
demonstrat ed. A co ndi tion of equi­
ibr ium is atta ined in \....hich the biotic 

potentia l is eq ualed by the enviro n­
menta l resistance and the popula tion 
rema ins relatively co nstan t. 

For the second po int, namely the 
rel a tion between the: inc rea se of a 
pop ula tion a nd th e size o f the envi ro n­
ment , a tt ention is ca lled to . . . [the] 
ser ies of experiments [in which] a si ngle 
pair of new ly emerged adu lt beet les 
was plac ed in each of the enviro nments 
wh ich formed the sa me geometric series 
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of sizes as in Table [II]. In thi s case, in 
th e sa me period of t ime, one pa ir of 
beetles gave rise to 178 individuals in 
a n environm ent o f 4 gram s and anothe r 
gave rise to over 4,500 in 128 gra ms. 
Th e intermediate environm ent s had 
population s o f intermediate sizes. . . . 

It is rath er obvio us th at the formula 
C = Bpi R mu st hold when C is the 
con centration of insects, Bp the biot ic 
potential , and R the resista nce. When 
we substitute the known values a nd 
solve for th e value of resistan ce we get 

43.97,. : (43.97 X 8.4) .25 
R 

R = (43.97 Yo 8.4) .25 o r 
43.97 

Th e average number of eggs laid per 
female per day is 8.4 fo r these exp eri­
ments, and 25 per cent of th e popula­
tion are female s. The obvio us so lution 
is tha t R = 2.1. This is naturally the 
formul a expressing th e state of eq uil­
ibrium and not the ori ginal increa se of 
th e populati on . Time docs not enter 
into the formula in thi s case becau se 
population does not change with time . 

THE STUD Y OF POP lJI .ATIONS 

Th e mere substa ntiatio n of the 
hyp othesis woul d be of little conse­
q uen ce if it were no t that by means of 
the method the qu antitat ive analysis of 
environm ental relati on ship is mad e 
possible. T he valu at ion of eac h factor 
becomes subject to experim ental 
veri ficat ion. I t is o nly necessary to 
vary one factor at a tim e and deter­
min e its effect up on th e potential and 
ac tual pop ulat ion s.... 

Thus, in th e st udy of thi s particu lar 
species, the way seems ope n for the 
logical and meth odical analysis o f the 
env ironmental relati on ships. In th e 
co urse of such an investiga tion cert a in 
fund amental principles are to be 
demonstrat ed which apply to an imal s 
in genera l, man y or which do not lend 
themselves to such close an alysis. 

Th e next logical step is th e con sider­
a tio n of the pot ential and resi sta nce 
represented in each species of a na tura l 
community of organisms which are 
in ter dependent and self supporting. 
Th e an alysis of suc h a system is. com­
plex but the ana lysis of th e tensions 
and phases o f a phy sical system is also 
complex but neverthel ess possibl e.. .. 

P ERIODIC FLllCnJATJONS IN THE NlJf\-m ERS OF 
I\NlMALS : TH ElR CAUSES AND EFFECTS 

Charles S. Elton- 1924 

Reprinted by permission of the author an d publisher from Journal of 
Experimenta l Biology 2 : 119- 163, 1924. 

Charles Elton's concern with conceptualizing ecology into basic principles 
was developed in his text (1927 . Anima l ecology , L ondon, Sidgwick and 
Jack son) and gave new direct ion, imp etus and stature to ecology. Among 
the many principles he developed was that ofperiodic fluctuations as charac­
teristic of natural populations . The fir st scient ifi c report 011 this phenomeno n 
was the one that f ollows. 

Professor Elton, Director of the Bur eau of A nima l Populat ion, Oxford 
University since its f ounding in 1932, was honored as Eminent Ecologist by 
the E cologi cal S ociety ofAme rica in 1961. In our correspondence concerning 
the lise of the fo llowing article lie pro vided interest ing comme ntary a ll the 
nature of scient ific investig ation and integrity, H e wrote that the paper was 
the " honest effort ofan enth usias tic 24-year old, working without a statistical 
environmen t . . . [thor] the correlati on be tween Norweg ian and Canadian 
lemming-f ox cycles may actually ex ist . . . and co u ld be synchronized 
through climate . . . [and] that the sunspot theory fo r the ten-year cy cle 
was a dead duck even by 1930 ; but when I wrote the 1924 paper it was at 
any rate possib le." 

The signific ance and realit y of cyc les is ex amined critically by L. C. 
Cole (1954. Some fe atures of rando m pop ulation cycles. Journal of Wildlife 
M anagement ]H: 2-24 )_ 

feet ab o ve sea- leve l. Th e data abou t 
3. PERI ODI C FLUCTUATIONS IN th e lemming ar e ta ken from Collett. 

ANIMAL S I ; ~l B ERS . For man y years the lemmings have 
Lemmings. Th e lemmings a re a periodi cally forced th em selves up on 

gro up of rodents, resembling in appear­ public attention in So uthern Norway 
a nce sma ll guin ea-pigs, which live in by migrating down in swarms into the 
arctic and sub-arc tic countries, where lowland in aut um n, a nd in many cases 
they occupy the ecological niche of marching with grea t speed and deter­
th e mice and rabbits of lower latitudes. minat ion into the sea, in attem ptin g to 

vidence is given belo w that the num­ swim across wh ich th ey perish . The 
bers o f lemmings fluctu ate period ically det ail s of the fate of th e migrants do 
all over th e arctic regions. no t concern LIS her e and a re fully 

1. Southern Non ray. Th e Norwe­ describ ed by Collet t. Th e main point is 
gian Lemming tLemmus lemmus) in­ tha t a ll these lemmings d ie, and non e 
habits th e arctic region s of N orway return to th e mountain s, the chief 
down to sea-level, and occurs further ca use of death bein g an ep idemic 
so uth in the mo untai ns. It follows the bacterial disease. It see ms pretty certain 
zo ne of arc tic-alpine tun d ra , a bo ve the th at th e im mediate ca use of th e mig ra­
tree limit. which in th e mountain s of tion is ove rpopula tion in th e usu al 
So ut h Norway is abo ut 3000 to 4000 habita t. Lem ming pairs usually have 
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their own territory , nearly all the 
migran ts are yo ung animals of that 
year, and while la rge numbers arc 
concerned in migrating, each individ ual 
sti ll remains solitary and purs ues its 
own independent co urse. These facts , 
taken with the stupendous numb ers of 
migra nts, and the fact that a certa in 
number of lemmings stay behind and 
do not migrate, show that the phenome­
no n is analogous to infanticide among 
human hcings as a merhod of prevent ­
ing overpopula tion. As a matt er of 
fact the epidemic also attacks the stay­
a t-home animals. and thus the popul a­
tion is st ill further reduced. T he lem­
min g-years ar c such co nspic uous 

henornena tha t it is safe to assume 
that all which have occurre d (since 
ab out 1860) have been reco rded. 
Lemming-years in Norway have the 
stat us of grea t floods or ter rihie winters . 

It sho uld be remembered that lem­
ming migrat ion is only an indica to r of 
overpopulatio n which passes a certa in 
point , an d therefore lemmin gs might 
have a sma ll maximum whic h did not 
lead to migrati on . A study of the 
lemm ing-year s of So uth Norway lead s 
to the following results : 

(a ) Lemm ing overproduction occurs 
periodically every few years an d culmi­
nates in an autum n migrat ion . It is 
usually found either that so me or the 
migrant s of that year survive the first 
winter and ca rry on the invas ion of 
the lowland in the next summer. or 
else overp rod uction in one district is 
followed in t he next year by overpro­
d uction ill a neighbouring one; so a 
lemming maximum may cover one or 
two year s. For this reason, owing to 
he di ffi culty of know ing when the 

maximum has ended , in the following 
treat ment, the first yea r of onset of 
migrat ion is ta ken as the maxim um, 
except i ll 1890 and 1894, when the 
migra tion was very small compared to 
that of the next yea r. 

lb) The area of grea t over-increase 
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varies in size a nd POSI tIon, but often 
includ es severa l distinct, and fo r lem­
mings isolated, mou nta in blocks. 

(c) With one excep tion. a lemm ing 
maximu m has occurred every th ree or 
four years (occasionally two or five). 
See diagram C, fig. 2. 

(d ) The exception noted above is the 
year 1898. It is probabl e, in view of 
the evidence to follow that there was a 
maximum of lemmings in the moun ­
tains, but no t sufficie nt to ca use a 
migration, espec ia lly as there was one 
in Nort h Finland in 1897. 

(e) If we ass ume a maximum in 1898, 
the mean per iod between maxim a is 
3.6 years (1862- 1909). 

j have not been able to obtain full 
information of lemm ing-yea rs since 
1910. but D r. Grie g infor ms me that 
there was (me in the Ha rda nge r region 
in 1922··1923. It is highly pro bab le that 
record s will be found for 1914 and 
19 18. 

Th e Wood Lemming (Lemmus 
(Myop us) schisticolor'y which · lives 
lower down on the mo unta ins than its 
a lly, is also subject to "good years" 
followed by migrat ion . So far as the 
dat a go, over-increase is fo und to take 
place in the sallie yea rs lIS lite common 
lemm ing (1883, 1888, 1891- 92, 1894­
95, 1902, 1906). . . . 

3. Canada. The Barren Grounds of 
Canada are inhabited by lemmings of 
severa l species, chiefl y the Hudson Bay 

crnrning (L e1l1I11u.f ( D icroS10I/)'X) 
richardsoni'[. and the Tawny Lemming 
(L. trimucronatuss, Ther e is prac tica lly 
no direct evidence as to the per iodicity 
of their fluctuation s, or de tails abou t 
them. Bur they an: well known to 
fluctuntc, and acco rding (0 Rae the 
Non h Ame rican species migrate in 
certain years a fter the ma nner of the 
Norwcgia n species. There was a big 
migration or Lernmus a t Po int Barrow, 
>\ Iaska, in 1888. However, we can 
att ack the question fro m another angle. 

he lemming is the main source of 
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I IG. 2. Years orh'mming max ima ill Canada, 
the mountains of South Norway, and Greeniand. 

he ye ars fo r Canada are dNlur,.dj rom thr ClI/T C 

(A ) of arctic f ox \I';l ll r tak en annua l ly b.II I IIr 

IIrll /.I<J1I Bay Com pany . i Duto fur Cunada [ro n 
He wit t, IY21; jor /,,10 1''''1.1)' fr om Col/err, 1.\ 
fo r Grccnlund f rom W;'rge. ISiOJ, nnd Mu nniche, 
/9/0) . 

food of the arct ic fox ; there is nut th e 
smallest d oubt tha t the la tter depends 
very la rgely on the lemming, just as 
its allies furth er south depend on hares, 
rabbits, and mice. As will be shown 
lat er , the number of red foxes fluctuates 
with the number or rabbits (and prob­
a bly mice) , so we shou ld expect the 
num ber of a rctic fox to give a go od 
indicat ion of the number of lemmings. 
This is in fact so. The curve A in fig. } 
shows the variation from year to yea r 
of the n umber of a rct ic fox skins taken 
by the H udson Bay Company . Ir we 
plo t the year before each fox maximum 
as in diagram B. we obtai n the yea rs 
when there w as presumably d m aXII Il U 
r lemmings. The agreem ent with 

lemming-year s in Norway is seen to be 
remarka ble. In three cases the maxi­
mum in Ca nada occurs a year befo re, 
and in th ree cases a year after that in 
South Norway, so that the va riations 
cancel o ut a nd leave us with the same 
mean period : 3.6 years. The reason 
why the max imum of fox skins occurs 
in the year after t hat of the lemmings 
is clearly shown by Manu iche's study 
of a lemnn ng-yea r in Greenland . In 
the autumn of 1906 there were colossa l 
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nu mbers of lemmings, but these mostly 
disappea red before the winter was far 
adva nced. He attributed this dea th to 
the cold ea rly winter with litt le snow to 
protect the animals. but it is high ly 
probabl e that disease was all important 
ca use. T he foxes swarmed in autumn, 
partl y owing to immi grat ion , but a lso 
presuma bly more yo ung grew up 
successfully. They fed entirely on lem­
mings. But ill the wint er the lemmings 
had died or were inaccessible und er the 
snow. Foxes make caches of lemmings 
for the winter, but by the spring these 
must have been used up , for Ma nniche 
was a hle to tra p large num bers of 
foxes owin g to the ir hunger. Now the 
H udson Bay Co mpany fur retu rns for 
any yea r include the catc h of the 
wint er before ; in fu ct this is the rna in 
item, i.e. u mil xirnlim of skins in 1907 
means many foxes cau ght in the winter 
1 906~1 9 07 , a nd in the spring. Such 
hunda nce will, of cour se, be the result 

of the year 1906, since arctic foxes 
mare in the spring ami the young do 
not grow up unt il the a utu mn. So any 
abund ance in fur returns for one year 
necessari ly implies abun dant foo d sup­
ply in the preceding yea r.. . . 

Efff: c/ 0/ lemming fluctuati o ns. T he 
lemming Iluc tua tions ha ve very power­
ful effects on the animals associated 
with them. This has a lready been 
shown lo r the a rctic fox. 1n Norwegian 
lemming-years vast crowds of birds 
owls, haw ks, rave ns, etc.), and mam­
lab (Moats, foxes, eic.), arc a tt racted 

to the mo unta ins, and their n umbers 
increase no t on ly hy their immigration 
but pro bab ly by their larger and more 
succe ssful brood s, due to th e abun­
da nce of food. Similarly the arctic 
ca rn ivores are pro foundly affected. I t 
is probable tha t many skuas and 
snowy owls on ly breed at all in lem­
ming-years. There is not space here to 
fo llow o ut the readju stments of the 
food-cycle which resu lt fro m the 
lem ming-year s. T wo examples must 
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suffice. The Sho rt -ca red Ow l (Asio 
jlamm eus) co llects in number s a nd 
batt ens upon lemm ings in So uth 
Nor way lemming-years, and th e 
Peregrine Falcon (Falco peregrines), 
which hardl y eve r visits th at co un t ry 
in no rmal yea rs, co mes and ea ts th e 
o wls. Again, in Greenl and , an ab un­
dan ce of lemmings ca uses the a rctic 
foxes to neglect o the r so urces o f foo d 
s uch as Pt armigan and o the r bird s. 
Th e la tte r acco rd ingly inc reas e. But in 
th e next sp ring a nd summe r, when 
there a re few lemm ings, these bir ds 
fa re badly. 

The causes of lemming flu ctuations. 
I t is clea r that th e ca uses of these 
fluctu at ions might lie either with th e 
lemmings th em selves or with their 
enviro nment. It is possib le to co ncei ve 
th at there might be so me r ou gh natural 
per iod in th e incr ease o f lemmings' 
numbers (in the sense o f ha ving a n 
incr ease in theiI' "bank balan ce" of 
numbers ever y yea r), whic h was termi­
nat ed afte r a few yea rs by migrat ion 
and disease followin g up on ove rpo pu­
lation, a nd th at th e p opulation was thus 
reduced and the process sta r ted a ll 
over ag ain. A littl e co ns idera tion will 
sho w th at such an explana tio n o f 
lemming peri od icity is quite unt en able. 
I t is inco nceivab le that such a pr ocess 
co uld ca use sync hro nise d maxim a on 
th e va rio us mountain blocks o f so uth­
ern N or way, whic h as fa r as lemm ings 
a re co nce rne d , a re isolat ed from o ne 
ano ther, or agai n in th e differ ent 
districts of Scand inavia . When we find 
fur ther that th e lem min g maxim a a re 
pra ct icall y sync hro no us a ll over th e 
a rct ic regions and the mountains o f 
so uthern Scand inavia , any su ch " na t u­
r al rh ythm " becomes o ut of th e qu es­
tion. O f co urse the natura l rat e of 
increase is a very fund am ental fac tor 
in det ermining th e size of period icit y 
in to wh ich th e fluctu ations will fit. Th e 
ca use of th e peri odi city must therefore 
lie with th e enviro nme nt, a nd here the 
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only possible fac to r whic h is act ing in 
a simil ar way a ll over th ese region s is 
climate. We do not know how thi s 
clim atic fac to r ac ts, whe the r directl y, 
o r ind irectl y through plan ts, o r o the r 
a nima ls, but there ca n har dly be any 
doubt th at we have here to loo k for a 
period ic climat ic effect whose pe rio d is 
a bo ut 3.6 yea rs on the ave rage , and 
which ac ts ove r th e whole o f th e a rctic 
regions and in the N or wegian moun­
tains. It will be show n lat er th at it 
probabl y occurs in tempe rate region s 
a lso .. . . 

T shall a ttem pt to show that th e 
10- to l l- year period of the ra bbit 
may be du e primar ily to the I l-year 
per iod in th e sun. If thi s is so, th e fox 
curve indi cat es th at the so la r period is 
having a slight effec t in th e a rctic 
regions. T his agrees with th e co ncl u­
sio n reached fro m o the r evidence , tha t 
the effec t of th e so la r va ria tio n is 
gre at est in the tropics and gets fainte r 
fa rther fro m the eq ua to r. It will be 
seen that th ere is no kn own ca use for 
th is well-ma r ked 3 1/2-yea r pe riod in 
the arcti c clim at e. 1t might be ca used 
by som e sho rt peri od in th e sun, o r by 
some unknown terres t ria l fac to r, or 
the co mplica ted interaction of seve ral 
such fac tors. 

Sinc e the curve fo r the a rctic fox 
shows a well-ma rked 3.6-yea r pe ri­
od icity with a less dist inct 10- or l l -year 
period un derl ying it , it might be tho ught 
probabl e th at the curve for th e numbers 
o f the so uthe rn red fox, which shows 
a definit e per iod icit y o f a bo ut ten yea rs, 
wo uld have a co ncea led sho rt period. 
Th is is fo und to be th e case.. .. Now 
the so uthern fox feeds bot h on rabbits 
and mice. Th e rabbits ca use th e 10­
yea r period in th e fox, a nd it is show n 
lat er that th ere is a sho rt period or 3t 
years in No rwegian mice. It is very 
probable th at th e sho rt peri od in th e 
red fox curve is ca used by va ria tio ns in 
the supp ly of mice in Canada . it migh t 
a lso be caused by clim at e acting direct-
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ly ; but th e a bsence of any such peri od 
in th e lyn x curve go es against this idea , 
since th e lyn x eat s rabbits o nly. In a ny 
case the ultimate ca use must be 
cl imat e. 

I t appears then th at th ere a re two 
peri od s in th e numbers of foxes and 
their foo d, and th at thc effects o f the 
sh orter one a re mo re marked in the 
a rc tic, while those of the lon ger o ne 
a re more marked in the tem pe rate 
region s. T his differen ce mu st be to a 
large extent du e to th e d ifference in 

pr ey, i.e. lemmings in the on e place 
an d mice and ra bbits in th e o the r, but 
the climatic difference may al so be o f 
th e sa me nature. 

Fina lly, it sho uld be noted that th e 
lem rning differs fro m most of th e othe r 
fluctu at ing rod en ts in th at it does not 
have mor e yo ung in a brood in good 
yea rs; it pro ba bly has more brood s in 
a given time, and the yo ung grow up 
mor e successfully und er the good 
co ndi tions . .. . 

CO OP ERAnON ,~~ D CON FLICT AMONG PRIMITIVE 

ORGANISMS 

Paul R. Burkholder-1952 

Reprin ted by perm ission of the autho r and pub lisher from the American 
Scienti st 40 : 601-631, 1952. 

The numerous po trn tial inte ractio ns betwee n species popula tions, and the 
wide diversity in which such relationships are expressed, can be meaningfully 
cons idered in term s of coaction theory . A lthough this is one of the salient 
concep ts developed in this essay, two other major ideas are evident- that 
there is considerable coopera tion among organisms, here evide nced at the 
microbial level , and that microbes ha ve a little-explored ecology . 

. .. In the co m plex st ruggle fo r 
survival, preser va tion of the ind ivid ua l 
and th e perpetuat ion o f its k ind are of 
pr imary im po r tance to a ll fo rms o f 
life. In mi xed na tu ral popul at ion s of 
orga nis ms, such main goal s a re a t­
tained by numerou s kinds o f coactions, 
both harmful and ben eficial. T h us, 
o rgan isms may be forced to co mpe te 
for food a nd shelte r, o r they may have 
to devise specia l ways of prot ecting 
th em selves agains t harm , while ot he rs 
co me to depend up on associa tes for 
their ow n good or for mutu al welfare . 
All o rga nisms a re dep en dent upon the 
va ried act ivities o f ot he r o rga nisms for 

the supplies o f essen tia l stuffs carrying 
e leme nta ry co mpo nents which ca n be 
used and reused many tim es in the 
cycles of the eleme nts which a re part 
of th e ba la nce o f nature. Countless 
hordes of micr oorganism s decompose 
th e met ab olic products fo rmed by 
o the r orga nisms, pr ocesses which a re 
co nt in ued in stepw ise fashion until th e 
co mplex o rga nic co m po unds of wo rn 
o ut o r dead protopl asm becom e d is­
integrat ed in to simple molecules, once 
aga in avai la ble . for th e feeding habits 
of plant and a nima l life in forest , field, 
o r fish ery. 
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TYPF_S OF COACTION 

.. . T he rel a t io nships amo ng. va riou s 
plant and animal orga n ism s. includ ing 
ma n and the causative agen ts of his 
d isea ses . ca n he analyzed p rofitab ly in 
ter ms o f coact io n t heo ry. Acco rding 
to Edwa rd Ha skell, the ph ys ica l a nd 
che mica l ac tiv ities of o rgan ism s in vo lve 
tw o rnain ca tego r ies of relat ionshir 
which a rc a ssocia ted with d iffere nt 
degrees o f power o r in fluen ce upo n the 
funda men ta l p ro cesses o f gro wt h , 
m aintena nce , reproduction, and other 
activi ties o f in d ividua ls or cla sse s. 
T he power rela tionsh ip has ofte n bee n 
sta ted in terms of the weak and the 
strong, but any d iffe re nces may be 
e xp ressed simply as symbo ls a a nd a 
rep resen tin g dis t ing uishing characte rs 
in two system s. If 0 be ta ken to mea 
th e ra te o f a n act ivity, such as. fo r 
exa mple, a p ro cess o f metabol ite 
utiliza tio n , carried Oil by ea ch classm 
the absence of o thers , -l- fo r all ac­
celeration s o f th is a ct ivity in e it he r 
class by so me othe r, an d - fo r deceler­
a tio ns, th en the cro ss ta bulation o r +, 
0, and - sim ply yie ld s the possib le 
mai n types o r coac tions as sho wn in 
Ta b le I. 
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In regard to a ny m etabo lic a ct ivity 
then, a and a indi vid ua ls o r clas ses ca n 
exhibit nine: q ualita tive ly d iffe re nt 
rela ti ons to wa rd e ach o ther . 1t ca n be 
sh o wn that certa in maj or pro perti es o f 
g ro u p relatio nships and so cia l organi­
za t io n are reg ulated by n um erous 
co act io ns of man y ty pes a nd wit h 
varying intensity o f expressio n. T he 
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te rm s whic h Haske ll a pp lied to n utr i­
io na l couct ions were in vented de 1101·0 

or we re ta ken fro m th e lite ra tu re of 
m icro biology and eco logy. In the ta ble, 
the len -ha nd sign refers to the effec t o f 
coac tio n upo n t he weak and t he right­
hand sign sig ni fies t he eff ect u po n the 
st rong . In the case o f ne utra lity (0 0), 
n either typ e is he lped o r hind ered . 
Many sa pr ophyt ic m icrobes appear 
to live to gether w it hou t a pprecia b l 
influe nce on each oth er. In predation , 
the wea k prey are d a ma ge d by th e 
st rong pr ed ator s whic h ben efit by the 
min us-p lus re la t io nsh ip (- +). Pa ra si­
tism, a p l us-m in us re la tio nship (+- - ) 
sign ifies th a t t he we a k pa ra site is 
benefi ted a t the expense of the st ro ng 
rost. Commensalism gene ra lly co n­
notes coactions in which the wea k 
benefi t a nd the str o ng arc unaffect 
(+ 0). Some ha rmless bacte ria liv ing 
in the in testines of a n im a ls receive th 
benefits of shelte r a nd foo d and a rc 
sa id to be commensals because, while 
bact er ia pro fit grea tly, the animal is 
sup pose d to lose or gain pract ically 
noth ing from th e rela t ionsh ip. A 
fa mi lia r exa mp le o f commensa lism in 
the b acterio logica l la b orato ry is fo u nd 
in the c ult iva tion o f fac ulta tive aero bi 
a nd o bligate a naero bic b act eria nea r 
ach othe r in nutr ien t med ia con ta ined 

in seal ed Petr i d ishes. T he ae ro be 
gro ws firs t a nd co ns u mes th e free 
oxygen with liberati o n o f ca rbon 
dio xid e ; the anaero be th en is a ble to 
gro w witho u t accum ula ting hydrog en 
pe ro xide and other products o f met ab­
ol ism which would po iso n it. T h us t he 
a na ero be is d e finitely be nefited, w here­
a s t he aerobe is nei t he r helped no r 
ha rmed . T he opposite of com mensa l­
is m is ca lled a mensa lism ( - - 0 ). T he 
rel ati ons hi p of allotrophy means feed­
ing the o ther (0 -1-); and the o pposite 
relatio ns hip , tha t is, sta rving t ile o t her, 
is term ed allolirny (0 - ) . In the re la ­
tions h ip of antibio s is . Where one 
orga nism pr oduces a su bstance whi c h 
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is har m fu l to a no th er, the co ac t io n 
mig ht be of th e parasiti c, amensa l or 
some o the r typ e, d epend ing upon 
wh ethe r th e o rg an ism pro du cin g the 
inhibitory su bsta nce de rives benefit, 
harm , o r nothing o ut of the rel ation­
ship. Sym biosis sig nifies mutual aid 
(+ + ) ; and finall y, mutual depress io n 
o r death together ( - - ) has been given 
the name sy nne crosis . T he bro ad 
nutritive relation ships classified uncler 
the ter m m etabiosis are co ncerned wi th 
the cycles o f elements a nd a rc m ore 
gen eral in effec t than the spe cific rel a ­
tio ns between org anisms as listed in 
th e tabl e of co ac t io ns . 

The exploitation o f va rio us hosts by 
parasiti c lower forms of life constitute 
o ne o f th e most important types o f 
coactio n. .. . M ost par a sites o ccasion 
so me damage to the ir host , a nd in thi s 
respect they are in ept at th eir ungrate­
ful mod e of existence, 1'0:' excessive 
injury to th e host will result unfavo r­
abl y to the parasite. Somc main co n­
sid er a t io ns in the parasite ' s st rugg le for 
exist ence are a good so urce o f fo od , 
ea sy living, protection from ene mies , 
a nd av oidance of co mpe tit io n . The 
wh oll y effective parasite must be 
ad apted to live in o r on its ho st witho ut 
ca us ing unfa vorable reac tio ns, T he 
process of adaptation betwee n pa ra site 
and host is probably mutual , and 
require s nu m erou s genera t io ns 0 f selec ­
t io n of the fi ttest individuals, Bact eri nI 
ge nera tions a rc a matt er of thirt y 

inutcs , human ge nera t io n" thi rty 
years . A ssum ing the same muta t ion 
req uency a nd simila r ada p tatio n rates , 
iicro bes ha ve a fine cha nce LO beco m 

adapted to hu ma n t issu es before ma n 
beco me s toleran t tel pa ra s ites . Nco­
p hy tic pa t hogens , l ike l!0noco ccus and 
the whoo p ing co ugh bacilli, ca use 
v io lent rea ct ions eve ry u me th ey 
mul tiply in a host. O ther chronic 
pa t hogens and t hei r host a re bet te r 
adapted; the host becomes a ccus tom ed 
to having t he high ly ad ap ted etio lcgi­

ca l agents gr owing within its tissues. 
Syp hili s, tuberculosis . a nd leprosy arc 
im portant exa mples . In st ill ot he r 
in st ances, the process of adap ta tio n 
may p rogress to the level o f eom­
mens alisrn, as is exem plified by harm­
less orga nisms of the human th roa t and 
in te stine. In view o f th e extensive 
production of B vitamins by th e in ­
testinal microflora in ani ma ls and 
man, it may be that o ne st a ge in the 
evo lutio n of parasiti sm to saprc phyt­
ism is re prese nted in tru e sy mb ios is. 
Pl ants appa rently lac k th e a bility to 
pr oduce immune substances, and 
so me times th e p la nt host spe cies suc­
cu mbs to new parasit es before ad a pt ive 
mechani sm s are given an opportu nity 
to co me into ope ra t io n. T hu s, the 
chcs tn ut bli ght fung us Endothia para­
sitica a ll but wiped o ut th e American 
ches tnut tree two de cades ago . 

C oa ction a na lys is has grea t signi­
ficancc for all wh o desire a bro ad 
under standin g o f life on the earth an d 
who wish to d o so me thi ng co n st r uct ive 
about it for mankind through t he 
avenu es o f med icin e a nd agriculture , 
In th e field of human interest s, un­
desirable ac tiv it ies o f many parasit es 
ca n be alleviated or av oid ed by the 
scientific a pplica t io n of chem ical 
a gents possessing se lec t ive a nd p o we r­
ful in hib itory action aga inst the causa­
tive age nts o f pla nt, a n im a l, a nd 
huma n diseases . .. . 

COOPERATION AND c n NFlICT I:" 

[:CO l OGY 

Metabiosis. . . . T he pro d uctio n a nd 
exchange of wa ter-sol u ble B vi ta min s 
among organisms living to ge ther Il l' 

de veloping 111 sequence is o l' grea t 
significance in ec o lo gy. Be nefic ia l ex­
cha nge o f growth fa ctor s a mo ng 
m icro bes, res ulti ng ill t he format ion o f 
sa te llite co lonies o n a gar pla tes , has 

ccornc a familia r phe no menon to a li 
b ac te riol ogists . M icrobes having 
de ficien t in her ita nce with rega rd to 
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their abi lity to synthesize esse ntia l 
metab ol ites are ena bled to grow near 
colonies of other microorgan isms 
which produce en ou gh vitam ins and 
a mino acid s for themselves and also 
fo r their neighb ors. .. . T hus, Robb ins 
fou nd that a fu ngu s req uiring th iam ine 
could live in assoc iat ion with a not her 
mold which synt hesizes this vitamin, 
and so flourish in an envi ro nment 
where ot herwise it could not have 
surv ived owing to B. avitaminosis . 
Such exchanges may be non specific 
with regard to the kinds of orga nisms 
which are pr esent, a nd it may be sai d 
th a t, in met abi osis, no constant biotic 
associat ion is necessary as in the 
species-specific syrnbio tic rela tions 
wh ich occur in lichens or legume 
nodules. 

Symb iosis. Examples of co ope ra tive 
associatio n where two or mor e species 
live together in sym biosis wit h mu tual 
benefit a re abunda ntly pr esen t in 
na ture . , . . 

On e of the finest exam ples of sym­
biosis in all of biology is fo und in the 
way of living shown by lichens. The 
lichen Cladonia crista tella is a beau tiful 
gree n and red orga nism, co mposed of 
an alga and a fun gu s Jiving toge ther in 
a mu tu al welfare assoc iat ion. T he alga 
redu ces ca rbo n dio xide to form ca rbo ­
hydrat es for itself an d for the fungus 
which ca nno t mak e such food stuffs, 
and the fungus hold s the partnership 
toget her while conserving moisture and 
mak ing minerals avai lable fo r both 
members of the househ old . When the 
two syrnbion ts are divorced by suita ble 
lab orat or y techniqu es, as Castle has 
recently done, then th e alga and fung us 
cells may he gro wn sepa ra tely on 
appropria te media . When attemp ts 
arc mad e lat er to unite them by bring­
ing the gro wing cultures of alga and 
fungus together , they fail to ma ke a 
lichen , prob abl y because of the imb al­
anced nutritive condition s in artificial 
me dia and unusual circumsta nces of 
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the laboratory enviro nme nt. So it 
mus t be ad mitted th at the cond itions 
necessar y to make symbiosis func tio n 
smoo thly are no t co mpletely 
kn own . . . . 

Antibiosis. . . . Frequen tly the str ug­
gle for "a place in th e sun" is exhibited 
through negat ive coactions among 
primitive organisms,. both in pure 
cultures as well as in mixed popula­
tion s. U nder crow ded co nditions lack 
of a vailabl e food may lim it growth an d 
lead to selective elimina tio n of wea ker 
compo nents. Bacteri a, yeasts, mold s, 
and pr otozoa may co mpe te with each 
other for food a nd a pl ace to live. 
Elabor at ion of was te pr oduct s an d 
format ion o f "s ta ling" substa nces which 
are inimical to ma ny organisms re­
present one asp ect of microbial antag ­
onism. Organ ic acids , a lco hols, and 
specifi c toxic substa nces synthesized by 
so me orga nisms often interfere with 
the me ta bo lism of others so as to 
cause temporar y cessat ion of growth 
or even to kill them outrig ht: In other 
insta nces, metab olic pr oducts of one 
type of organism may be th e essential 
basis of a food cha in for many other 
types in ser ies. 

Antibiosis is a special case o f antag­
onism in which a n orga nism pr oduces 
a n inj urio us co mpo und which may 
inhibit grow th or destroy an oth er 
organism. Th e word "antibiotic" was 
coined by Vuillernin in 1889, and ten 
years lat er extended by Ward to include 
the a ntagonist ic rela tio ns a mong 
microb es. As lon g ago as 1889, th e 
phenomenon of bacterial antibios is in 
a Petri pla te culture was dem onstrat ed 
by Doehl e and phot ographed by 
H oppe-Seyler , so th is kind of biotic 
relation sh ip is not a new discovery of 
the 20th centu ry.. .. 

Th e interdepe nde nce of organisms 
for pr eser vat ion of natural ecological 
equilibria is fre quen tly not apprecia ted 
until som e unusual event di stu rbs th e 
balance. The main point is well illus-
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trat ed by reference to the behavior of 
int estinal flora. For a lon g tim e the 
commo n bacter ia harb ored in th e 
intes tine s of mammals wer e generally 
regarded as commensals with no grea t 
significa nce. Recent st udies indicate 
the importance of the ce llulose-deco m­
posing bacteria in helping cattle to 
digest coarse feed stuffs in the rumen , 
a nd , in additio n, dem on strat e ho w 
very dependent th e dai ry industry is 
upon B vitamin synthesis by o ther 
mem bers of th e flora in th e alimentary 
tr act of Bos. Thus with th e help of the 
intes tina l flora , the cow supplies more 
vita mins in her mil k than are contained 
in th e feeds taken into her bod y. In a 
simi lar way , man a lso depends up on 
in test inal flor a fo r help in the mainten­
ance of normal condi tions . Some 
indiv idua ls who lack the ca pacity to 
secrete a prot ein mat er ial ca lled 
"intrinsic fact or," in the ir sto machs 
beco me ill with pernicious ane mia. It 
now ap pears as if bact eria in the 
sto mach and intestines co ntinua lly pro­
du ce and ab sorb vita min B12 , but in the 
a bsence of intrinsic factor th e esse ntia l 
vita min is not avai lable for abso rp tio n 
into the human blood stream. . . . 

Th rough out the discu ssion o f coac­
tions a mo ng pr imi tive organis ms , the 
ben efits deri ved out of coo pera tive 
relationships have been emphas ized a t 

the molecul ar, cellula r, orga nisrnal, 
and societa l levels of biological in ­
tegrati on. A pr op er understanding of 
the eco logy of microb es a nd man o ften 
provides mean s for improving th e 
hum an wel fare, as fo r example , when 
a ntib iotics are developed to reli eve the 
ills of mankind or when harm ful 
coa ct io ns are neutralized and con­
verted into beneficial relation ships. 

Du ring three th ou sand millions of 
years, progr essive evo lutio n fro m 
mineral s to man has ac hieve d for us a n 
awareness of th e cosmos and th e 
imaginat ion and a bi lity to exp lore th e 
un iverse with telescop es, test tubes and 
microscop es. Yet it is d ear tbat we 
have mu ch furth er to go th an we ha ve 
com e, for we a rc only now at the 
beginn ing or understanding relat ion­
ships amo ng races a nd nat ion s and 
o ur ultim at e destiny. Those wh o be­
lieve tha t negat ive coactions mu st of 
necessity be expressed in the repea ted 
upri sing of wea k aga inst stron g, lead­
ing to final synnecros is, may do well to 
con sider th e possibi lity of embra cing 
an ideo logy whic h see ks adeq uate 
kn owledge and mean s fo r system ati c 
conversion of negat ive relation ships 
int o positive coactio ns, so that huma n 
culture shall sur vive a nd man continue 
to expa nd his co mpr ehens io n and 
enjoyment of the univer se. 



COJl.fPE'l'lTlON fOR CO l\·L\.tQN FOOD IN PROTOZOA 

G. F. Gause-1934 

Reprinted by permission of the publisher fro m The str uG81c for existence, 
Baltimore, Will iams and Wilkins Co ., pp . 93- 95, 98, 100- 111, 1934. 

Gause 's Rill!' is essentially tha: two species cannot occupy the sante niche 
at the same time, Altho ugh never forma lly stated by Gause, it is imp licit ill 
this discussion. The Gausian exclusion princip le has been especially well 
studied by Peter Frank ill Daphni a (/957. Ecology 38 : 5/0-5/ 9) and 
Tho mas Park ill Trib ol iurn (1948. Ecologica l M onographs 18: 265- 308). 
Slo bodk in (196 /. Gro wth and regulation of populations. Ne w York, flo lt, 
Rinehart and Winston) gi ves an excellent critique of Gause's studies and 
0 1/ the fun ction of competition in p opulation regulat ion. A t the tim e of thi s 
study , Gause was associa ted with the Zoological Mu seum of the University 
0/ Mosco w. 

F igu re 18 represents the growth of
 
the number o f individua ls in pu re lines
 

eo 
of Paramecium caudatum and St ylony­
chia mytilus cu ltivated separa te ly and 60 

in a mi xed population . These data are 
founded o n tw o experiments which 40 

ga ve simila r resu lts . A t the begin ning 
of the experimen t into ea ch tube were 
pl aced five Paramecium, o r five S ty l­
nychia, or five Paramecium plus five 

Sty /onychia in t he ease o f a mi xed 
p opula tion . S ty /onychia for inoc ula ti on 
must be ta ken fr om yo ung cu lt ures to 
avo id a n in ocul at ion o f degenerating 
individuals. 

(5) The growt h c urves o f the number 
o f ind ivid uals in Figure 18 are S-shaped 
and resem ble o u r well known yeast 
c urves. Afte r g ro wt h has ceased the 
level o f the sa tu ra ting po pu la tio n is 

FIG . 18. Tilt' growth in number of individuals of 
ma inta ined fo r a sho r t ti me, a nd then Para rneciurn cau da tu m and Styi onyc hia rnyt l lus 
begins t he dying o lT of th e po pula tio n cuh ivatrt! ~ f'p(rm ld. l · and in tl:<' mix~ d popula­
wh ich is particu la rly d is t inct in Sly­ t iO I/ . d denot es low er G.\,),mfJ/(I {(·. 

lonychia . It is evident t hat this dy ing 
off is regu la ted by fac tor s q uite differ­ Fig ure IS shows tha t Sly /ony chia , 
cnt fro m those \vhich reg ulate gro wth , and especia lly Paramecium , in a m ixed 
and that a new system of rela t io ns c ult ure a tta in lower levels t ha n sepa ­
comes in [ 0 play here . T herefore there ra tely. The ca lcula ted coeffi cients nf 
i., no rea son to loo k for ra tio na l equa ­ ihe s tr uggle for e x is tence ha ve' the 
t io ns expressing both the growth and fo llo wing va lue'> : Il' (influence or 
d ying off of the populat ions, St ylonychia on Parame cium) = 5.5 and 
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(:3 (influ ence o f Paramecium on Sty­
/onychia) - 0.12. This means that 
S ly /onychia influ en ces Parame cium 
ver y st ro ng ly, a nd that eve ry individual 
o f th e former occupies a place a va il­
abl e for 5.5 Paramecia . With our 
techniq ue o f cultivation it is difficult t o 
decide o n wha t ca uses thi s de p ends. 
A s a sup posit io n o n ly one ca n p o int t o 
food cons umpt io n. 

(6) We have but to chan ge slig htly 
th e co ndi t ions o f cultiva tion a nd we 
sha ll o bta in ent ire ly different res ult s. 
[Let us co nside r]. .. the gr owth of 
populations o f the sa me spec ies o n a 
dens e "oate n medium wit h sedime nt" 
so wn with va rious wild bacteri a. H ere 
owing to a n inc rease in th e densit y o f 
foo d th e absolute va lues of th e ma x­
im al populati on in b oth species have 
co ns ide rably inc reased . The c ha racte r 
o f growth o f th e mi xed po p ula t ion now 
essent ia lly di ffers from the form er o ne : 
Param ecium stro ngly influ ences 5 1y­
lonychia , while Stylonychia has almost 
no influ ence up on Paramecium . . . . 

(3) In a n exper ime nt o f SUC ll a typ e 
a ll th e prop erties of t he medium a re 
brought to a certain invariable "stand­
a rd sta te" a t th e end of every 24 hours. 
Hence , we acquire th e p ossib ilit y of 
inv estigat in g the foll owing pr ohl crn : 
ca n two spec ies ex ist t ogether for a 
lon g time in suc h a micr ocosm , o r will 
o ne speci es be d ispl aced by th e o t her 
entirely ? This qu estion has alrea dy 
been in vesti gat ed th eoreti call y by 
Hald ane , Vo lte rra a nd Lotka. It ap­
pears that th e proper ties o f the cor ­
resp ond ing eq ua t ion of th e struggle fo r 
ex iste nce a re such that if one spec ies 
has any adva ntage over the o the r it 
will inevit ably d rive it o ut com pl etely. 
It m ust he no ted her e tha t it is verv 
difficult to verify these e on clu si on~, 
un der natu ral condit ions. For exa mple, 
in the case of competiti on between 
two species of cray fish a co mplete 
sup pla nting o f o ne species by a no t her 
actual ly ta kes pl ace . H o wever , th ere 
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is in nature a grea t di ver sit y o f "nich es" 
wi t h different co nd itio ns, a nd in o ne 
niche the first co m pet itor possess ing 
adva nt ages over the second will d is­
p lace him, but in a no t he r nich e with 
d ifferen t co nditio ns the ad va ntages will 
b elong to th e second spec ies which will 
co mple te ly di spl ace the first. T he refo re 
sid e b y side in one co mm unity, bu t 
occupyi ng so mew ha t d iffer ent niches, 
tw o o r m or e nearl y re lated species .. . 
will conti nu e to live in a ce rt ain state 
of eq uilib rium. Th ere bein g but a single 
nich e in the condition s o f th e experi ­
ment i t is ve ry easy to inve st igate t he 
co urse o f the di splacem ent o f o ne 
spec ies hy ano ther. . . . 

. .. T he curv es of growt h of pure 
p opula tion s of P. caudatum a nd P. 
aurelia wit h different co nce ntrations o f 
the b acteri al food sho w th at t he lack of 
foo d is ac t ua lly a fac to r limiting 
gr owth in th ese expe rime n ts . Wi th the 
d ou ble concentration of food the 
volum es o f th e populati ons of the 
se pa ra te ly growing sp ecies a lso in­
c rease abou t tw ice (fro m 64 lip to 137 
in P. caudatum; 64 x 2 = 128 ; [ro m 
105 up to 195 in 1'. aurelia; lOS X 2 = 
210). Unde r these co nd itions the dif­
fer enccs in the grow t h of p opulat ion s 
of P. aurelia a nd P. caudatum a re qui te 
d ist inc t ly pron oun ced: the g ro wth of 
th e biomass of the for me r spec ies 
proceed s with greater rapidi ty, a nd it 
accu mn lates a greater biomass than P . 
caudat um a t the expense 0/ the same 
level offood resour ces. . . . 

(3) We will no w pass o n to the 
gr owth o f a mi xed popula tion o f P. 
caudatum a nd P. aurelia.. . . For a 
deta iled ac q uaintance wit h th e pro­
perties o f a mi xed p opulati on we will 
co nside r t he gr owth wit h a half-l oop 
con cern ration of bact eria (F ig , 24). 
First of all we see t hat as in th e case 
exam ined befo re th e co mpe t ition 
between our species ca n be d ivid ed 
in to tw o sepa ra te sta ges: up to t he 
firth day there j ., a co mpe t it io n bet ween 
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FIG. 24. The growth of the " volume" in Parame­
cium cau dat um and Paramecium aurelia culti­
vated separately and in the mixed population on 
the buffered medium with the "half-loop" con­
centration oj bacteria. 

the spec ies for seizing the so far unutil ­
ized food energy; then a fter the fifth 
day of growth begins the red istribu­
tion o f th e co mpletely seized reso urces 
of ene rgy between th e two co mpo nents, 
which lead s to a co mplete displ ace­
ment of one of them by another. The 
follow ing simp le calculatio ns can 
convince one that on the fifth day all 
th e ene rgy is already seized up on . At 
th e expense of a certa in level of food 
resources which is a co ns ta nt one in 
a ll " ha lf-loo p" expe riments a nd may 
be taken as un ity, P. aurelia growing 
sepa rately produces a biomass equa l 
to 105 vo lume uni ts, and P. caudatum 
64 such units . Therefore, one unit of 
volume of P. caudatum co nsumes 11-.- = 
0.0 1562 of foo d , and one unit of vol­
ume of P. aurelia -.AT = 0.00952 . In 
other wor ds, one un it of vo lume of P. 
caudatum co nsumes l. 64 tim es as 
mu ch food as P. aurelia, and the food 
co nsumption of o ne un it of volume in 
the la tt er species constitu tes but 0.6 1 
of tha t of P. caudatum. T hese coe ffi­
cien ts ena ble us to recalcula te the 
volu me o f one specie s in to a n eq ui ­
va lent in respect to the foo d co nsump ­
tio n volume of another spec ies. 

THE STU DY OF POPULATIONS 

On the fifth day of growth of a 
mixed populat ion the biom ass of P. 
caudatum (in volume units) is equ al to 
abo ut 25, and o f P. aurelia to a bo ut 65. 
If we calculate the total of these bio­
masses in equ ivalents of P. aurelia, we 
sha ll have: (25 x 1.64) · · 65 = 106 
(ma xima l free gro wth o f P . aurelia is 
equal to 105). The total o f the biornas­
ses expressed in eq uivalents of P. 
caudatum will be (65 x 0.6 1) + 25 = 
65 (with the free growth 64). Th is 
mean s tha t on the fift h da y of grow th of 
the mixed populatio n the food reso urces 
of the microcosm a re indeed com­
p let ely ta ken ho ld of. 

(4) Th e first period of co mpetition 
up to the fifth day is not a ll so simp le 
as we conside red it in the theoretical 
discussion o f the third cha pte r, or 
when examining the population of 
yeas t cells. Th e nature of the influence 
of one species o n the growth of a no ther 
does not remain invari abl e in the 
co urse of the entire first stage of co m­
petition , and in its turn may be divided 
into two periods. At the ver y beginning 
P. caudatum grow s even somewhat 
better in a mixed pop ulation than 
separ atel y. . . appa rently in co nnect ion 
with more nearly op tima l relat ion s 
between the densit y of Paramecia and 
that of the bacteria in acc ordance with 
the alre ad y mentioned da ta o f John­
son. At th e sa me time P. aurelia is bu t 
ver y slightly oppressed by P. caudatum. 
As the food resou rces are used up, the 
Johnson effect disappear s, an d the 
species begin to depress each ot her as 
a result of co mpet ition for co mmo n 
food . 

It is easy to see th at a ll th is doe s not 
a lter in the least the essence of the 
ma them atical the ory of the struggle 
for existence, but on ly intro d uces into 
it a cer ta in natu ral co mp lication : the 
coefficients of the struggle for exist­
ence , which cha racterize the influence 
o f o ne species on the growth o f another, 
do not remain cons ta nt but in their 
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turn und ergo regular alteratio ns as 
the c ulture grow s. .. . 

(5) It rema ins to exa mine the second 
stage of th e competi tio n, i.e.. the 
dir ect displ acement o f one species by 
ano ther. An an alysis of this ph en om­
enon ca n no lon ger be reduced to the 
examinati on o f the coe fficients o f 
multiplication and of the coe fficients 
of the struggle for existence, und we 
have to do in the process o f disp lace­
ment with a quite new qu al itati ve 
facto r : the rat e of the strea m which is 
represented by populat ion havin g 
co mpletely seized the food resources. 
As we have al ready menti oned in 
Ch apter III, after the cessation of 
growth a population does not rem ain 
mot ionless and in ever y uni t of time a 
defin ite number o f newly formed 
individu als fills tbe place o f th ose 
which have disappea red dur ing the 
same time. Among differ ent anima ls 
this ca n take place in vari ou s ways, 
and a ca reful biological a na lysis of 
every sepa ra te ca se is he re absolute ly 
necessary. In our exp eriments the 
pr incipal factor regul ating th e rapi dity 
of this movement o f the popul at ion 
that had ceased growing was th e 
following techni cal meas ure : a sample 
eq ua l to -fn- of th e populat ion was 
taken every day a nd then destroyed . In 
this way a regular decrease in the 
den sity of th e popul a tion was produ ced 
and followed by the subseq uent 
grow th up to the saturating level to fill 
in the loss. 
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During these elementa ry movem ents 
of thin ning the populati on a nd filling 
the loss, the disp lace ment o f o ne 
species by ano ther took place. The 
bio mass o f every spec ies was decrease d 
by ~ daily. Were the species similar in 
their prope rties, each one of them 
would aga in increase by -in' a nd ther e 
woul d not be any a ltera t ion in th e 
relative qu ant ities o f the two species. 
However , as o ne spec ies grows qui cker 
th an ano ther, it succeeds not o nly in 
regaining what it has lost but a lso in 
seizi ng part o f th e food resou rces o f 
the ot he r species. Therefore, every 
elementa ry mo vement o f the popula ­
tion leads to a diminuti on in the bi­
o mass o f th e slowly growing specie s, 
and produces its entire disappearan ce 
after a certa in t ime. . . . 

In summing up we can say that in 
sp ite of th e co mplexi ty of th e pr ocess 
of co mpe titi on betw een two species of 
infuso ria, and as one may th ink a 
com plete cha nge o f conditio ns in 
passin g fro m o ne perio d of growth to 
ano ther, a certa in law of the str uggle 
for existence which ma y be expressed 
by a syste m of differential eq ua tions of 
co mpe tit ion remai ns invariable a ll th e 
tim e. The law is th at the species possess 
definit e potent ial coe fficients of mul­
tip lica tion, wh ich are reali zed a t every 
mom ent of time acc ording to the 
unu tilized oppo rtun ity for gr owth . We 
have only had to cha nge the inter p re ­
tat ion of thi s unu tilized oppo rt unity . . . . 
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Laboratory studies have the ad vantage of manip ulating and controlling the 
environment in the analysis ofpop ulation gro wth, such studies may lead to 
models restricted in app lication to the ge neral situation, and thereby over­
or underest imat e the role of given phenomena. The lead paragrap h 0/ this 
article indicates such an instance. Fraught with the problem of vaga ries of 
the environment and the resultan t 1110re diffi cult analy sis of causative re­
lationships, this study does demonstrate the need fo r and f easibility of 
studying popu lation interactions under natural conditions . Connell 's study 
was conducted at the Isle of Cumbrae, Sco tland and received the 1963 
M ercer A ward of the Ecological So ciety of America as an outstanding 
contribution by a young ecologist during the pre ceding two y ears. 

Most of th e evidence for the occur­
rence of int erspe cific co mpetition in 
a nima ls has been gained from lab or­
a tory popul ati on s. Becau se of th e 
sma ll amo un t o f direct evidence for its 
occ ur rence in nature , co mpetition has 
so me times been ass igned a min or role 
in determining th e co mposition of 
a nima l co mm unities. . .. 

In the co urse o f a n investiga t io n of 
th e a nima ls of an intertid al rock y 
shore I noticed that th e adults o f 2 
spec ies of barnacles occupied 2 sep­
arate ho rizo nt al zo nes with a sma ll 
a rea of ove rlap, whereas the young of 
the species from th e up per zone were 
fo und in mu ch of the lower zo ne. Th e 
upper species, Chthamalus s te lla tus 
(Po li) th us settled but did no t survive 
in th e lower zo ne. It see med prob able 
that th is species was elimin a ted by the 
lower o ne, Balanu s balano ides (L), in a 
st ruggle fo r a co mmo n requisite which 
was in sho rt supply . In the rocky 
inte rt ida l region , space for a ttachme nt 
a nd grow th is often ex tremely limited . 
Th is pape r is an acco unt o f so me 
observa tions a nd expe riments designed 

to test the hypothesis th a t the absence 
in the tower zo ne o f ad ults of Chtha­
malus was du e to in terspecific com­
petition with Balanus fo r space. . '. . 

METHODS 

Inter tid al barnacles a re very nearl y 
idea l for the study o f survival under 
na tura l co nd it ions . T heir sessile habit 
allows direct observa tio n o f the surviva l 
of indi vidu al s in a gro up whose posi­
tions have been ma pped. T hei r small 
size a nd den se co ncentrations o n rocks 
exposed at int erva ls mak e expe rimen ­
ta tion feasibl e. In add ition, th ey may 
be handled a nd transplan ted wit ho ut 
inj ury on pieces of rock , since their 
o pe rcula r pla tes remain closed wh en 
exposed to a ir. . . . 

To measur e the surviv:tI of Cht ha­
malus, th e position s of a ll individ ua ls 
in a pat ch were mapped . Any barnacles 
whic h were empty or missin g a t the 
next exa mina tion o r th is patch mu st 
have dicd in th e int er va l, since emigra ­
tion is imp ossible. The mappin g was 
done by p lac ing thin glass plates 
(lantern slide cover glas ses, 10.7 X 8.2 
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ern, a rea 87.7 ern") ove r a patch o f 
barn acles and marki ng th e positio n of 
eac h Chthamalus on it with gla ss­
marking ink. The positions o f th e 
co rne rs o f th e pl ate were marked by 
drill ing sma ll hol es in the rock. Obse r­
vat ions mad e in subseq uent cens uses 
were noted o n a pa per co py of the 
glass map . . . . 

Fo r cens using, th e sto nes were 
rem oved during a low tide period , 
brou gh t to th e labo rat or y for exa mina­
tio n, and returned befor e the tide 
rose ag ain . . . . 

Th e effect of co mpe tit ion for space 
o n the survival o f Chthamalus was 
studied in the follo wing ma nner : A fter 
the set tle me nt of Balanus had sto pped 
in ea rly June, having reach ed den sit ies 
of 49/cm ' on the expe rime nta l a reas 
. .. a ce nsus o f th e surviving Chtha­
m alus was made o n ea ch a rea . . . . 
Each map was th en di vided so that 
a bo ut half o f the number of Chth anialus 
were in each por tion. On e po rtion was 
chosen (by flippin g a coi n), a nd th ose 
Balanus which were to uch ing o r im­
med iately sur ro und ing eac h Ch tha­
m alus were car efull y rem o ved with a 
needle ; the o ther por tion was left 
untouched . In th is way it wus possib le 
to measure the effect o n the survival o f 
Clu hamalus both of intra specific 
co mpe tition a lone a nd o f competitio n 
wit h B alanus. . . . 

RESULTS 

T he effects of physical fa cto rs . . . . 
In the a bsence of Balanus an d T hais , 
a nd pr ote cted by th e cages fro m dam­
age by water-borne obj ects, th e survival 
of Chthama lus was good a t a ll levels. 
Fo r th ose which had sett led norm all y 
o n the shore. . .. the poor est survival 
wa s on th e lowest a rea . . . . On the 
tra ns pla nted sto nes .. . constant im­
mersion in a tide pool resulted in th e 
poor est survival. T he reason s fo r th e 
tre nd tow ard slightly greater mor tal ity 
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as the degree of immersion increased 
a re un kn own . . . . 

Chtliam alus is tolerant of a much 
grea ter degree of immersion than it 
norm ally encounte rs. This is shown by 
th e surviv al for a yea r o n a rea 12 in a 
tid e pool , togeth er with th e find ings of 
Fische r a nd Barnes, wh o found that 
Chtham alus withs to od sub mersio n for 
J2 and 22 months, respe ctively. Its 
abse nce below M,T .L. [mean tide level] 
can proba bly be ascr ibed either to a 
lack of initia l sett lement or to poo r 
surv ival o f newly sett led lar vae. .. . 

At the upp er sho re margin s of 
distr ibu tio n Chthumatus evide nt ly ca n 
exist higher tha n Balanus mainly as a 
result of it s grea ter to lera nce to heat 
a nd/o r desiccati on.. . . Rec ords from a 
tide and wave guage opera ting. . . 
abo ut one-ha lf mile north of th e study 
area sho wed tha t a per iod o f neap 
tides had coinc ide d with [In unu sual 
per iod o f wa rm ca lm wea th er in Apri l 
so that for seve ra l days no wa ter, not 
even waves, reac hed the level of A rea 
I . In th e peri od between the ce nsuses 
o f Febru ar y and May, Balanus age d 
one year suffered a mortality o f 92 %, 
th ose 2 yea rs and older, 51 %. Over the 
sa me period th e mortality of Chth a­
malus aged 7 months was 62 /~ , those 
I i years and o lde r, 2 /~ . Recor ds o f 
th e surviva I o f Balanus a t severa l levels 
below thi s showed th at only th ose 
B alanus in th e top quarte r of th e 
intertidal region suffered high mortality 
during th is time . 

Comp etition f or space. . . . Intras pe­
cific co mpeti tion lead ing to mortality 
in Chthamalus was a rare event. For 
areas 2 to 7, on the portions from 
whi ch Balanus had been removed, 167 
deaths were recorded in a yea r. Of 
th ese, o nly 6 could be ascribed to 
crow ding bet ween individ ua ls o f 
Chthama lus. On th e undisturbed por­
tions no such cr owding was o bserved . 
T his accords with H atton's observa tion 
th at he never saw crowding between 
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individ uals of Chthama lus as co ntrasted 
to i ts frequ ent occurrence between 
individua ls of Balanus . 

Inte rspecific co mpetitio n ' between 
Balanus and Chthamalus was , o n th e 
other hand, a most important cau se of 
dea th o f Chthamalus. Thi s is shown 
both by the di rect ob ser vations o f the 
process of crowding a t each cens us 
and by the differences betw een the 
survival curves of Chthamalus with 
a nd with out Balanus. From th e peri ­
odic obse rva tions it was not ed that 
after the first month on the undisturbed 
po rtio ns of a reas 3 to 7 a bo ut 10% o f 
the Chthamalus were being covered as 
Bala nus grew over them ; a bo ut 3 % 
wer e being undercut a nd lifted by 
growing Balanus; a few had died 
without crowding. By the end of the 
2nd month abo ut 20 /~ of th e Chtlia­
malus were either who lly or partly 
cove red by Balanus: ab out 4 % had 
been undercut ; o thers were surr o unded 
by tall Balanus. These processes con­
tinu ed a t a lower rate in the a utu mn 
a nd almos t ceased during the lat er 
winter. In the spring Balanus resumed 
growth and mor e crowding was 
Observed . . . . Above M .T .L. , the 
Balanus tended to over gro w th e 
Chthamalus, whereas a t the lower 
levels, undercutting was more com­
mon . This sa me trend was eviden t 
with in each gro up of areas, und ercut­
ting being more pr eval ent on area 7 
than on area 3, fo r exam pIe. The faster 
grow th o f Balanus at lower levels 
(Hatton ; Barnes and Powell) may have 
resulted in more und ercutting . . .. 

.. . Chthamalus kept free of Balanus 
su rvived better than those in the 
adjacent undi sturbed areas on a ll but 
a reas 2 a nd 14a. Area 2 was in the 
zone where ad ults of Balanus a nd 
Chtham alus were normally mixed ; a t 
thi s high level Balanus evident ly has 
no influence on the survival of Chtha­
malus. On Stone 14a, the survival of 
Chthamalus witho ut Balanus was mu ch 
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better until January when a sta rfish, 
A sterias rubens L., entered th e cage 
and ate the barnacl es.. .. 

. .. crowdin g of newly sett led 
Chthamalus by o lde r Balanus in the 
autumn mainl y takes th e form of 
undercutting, rather than of smothe r­
ing as was the case in the sp ring. Th e 
reason for th is difference is pr obably 
that the Chtliam alus ar e more firml y 
a ttached in the sp ring so that the fast 
growing young Balanus gro w up over 
them when they mak e co ntac t. In the 
autumn the reverse is the case , th e 
Balanus being firmly a ttached, the 
Chthamalus weakl y so. 

Although the sett lemen t o f Chtha­
malus o n Ston e 15 in th e a utumn of 
1954 was very den se, 32/cm ", so that 
most of them were tou ching another , 
o nly 2 of the 41 death s were ca used by 
intraspecific crowdin g amo ng th e 
Chth am alus. T his is in accord with the 
findings from the 1953 se tt lement o f 
Chthamalus. . . . 

. .. Th e mortality rat es o f Balanus 
were ab out the sa me as those of 
Chthamalus in similar situa tio ns except 
a t th e highest level, ar ea I , where 
Balanus suff ered mu ch grea te r mortal­
ity than Chthama lus. Mu ch of thi s 
mortalit y was ca used by intraspecific 
crow ding a t a ll levels below ar ea 1. . . . 

After a yea r of crowdi ng the average 
population den sities o f Balanus a nd 
Chthamalus remained in the same 
relative prop ortion as they had been 
a t the sta rt, since the mortality rates 
were a bo ut the same . However , because 
of its faster grow th, Balanus occupied 
a relatively greater area and, presum­
a bly, possessed a grea ter biom ass 
relative to that of Cht hamalus after 
a yea r. 

The faster growth of Balanus pro­
babl y acco unts fo r the manner in 
which Chth am alus were crow ded by 
Balanus . It a lso acco unts for the sinu­
os ity of the surviva l curves of Chth a­
malus growing in co ntac t with Balanus. 

JOSEPH H. CONNE LL 

The mortality ra te of these Chtha­
malus . . . was great est in summer, 
decrea sed in winter and incr eased 
agai n in sp ring. The surv iva l curves 
of Chtharnalus gr owin g witho ut co n­
tact with B alanus do no t show these 
seasonal va r iations which, therefore , 
ca nnot be th e result of the d irect 
ac tion o f phy sical factors such as 
temperature, wave ac tio n o r rain . . . . 

From all the se observations it ap­
pear s that th e poor surviva l of Chtha­
m alus below M .H .W. N. [mea n high 
water , neap tide] is a result mainl y or 
crowding by dense populati ons o r ta ster 
gro wing Balanus. 

At the end of the expe rime nt in 
June , 1955, the surviving Clultamalus 
were collec ted from 5 of th e a reas . . . 
the average size was grea ter in the 
Chthamalus which had grow n free of 
co ntac t with Balanus ; in every case th e 
differenc e was significan t (P < .0 1, 
M ann-Whitney U. test. .. .) 

These Chthamalus were exa mined 
fo r the presence o f develo ping larvae 
in their mantle cav ities.. . . in every 
a rea the pr op ort ion of the uncrowded 
Cht hama lus with larvae was equal to 
o r mor e often slightly great er th an on 
the crowded areas . Th e reason for this 
may be rel ated to th e sma ller size or 
the crowded Chthamalus. It is not due 
to sepa ra tion, since Chthamalus can 
self-fe rtilize . Moore and Barnes have 
show n that the number of larv ae in a n 
individual of Balanus balanoides 
increases with inc rease in vo lume of 
the par ent. Compari son of the cube of 
the diam eter, which is proportion al to 
the volume, of Chth amalus with and 
without Balanus sho ws th at th e volume 
may be decreased to 1- normal size 
when cro wding occ urs. Assuming th at 
th e relation be tween larval numbers 
a nd volume in Chthama lus is simi lar 
to that o f Balanus , a decrease in both 
freq uency of occ urrence and abunda nce 
of larvae in Chtham alus results from 
co mpetitio n with Balanus. T hus the 

p rocess descr ibed in this paper sa tisfies 
both aspects of interspecific co mpe ti­
tion as defined by Elton and M iller : 
" in which o ne species affects th e popu­
la tion of a nothe r by a pr ocess o f int er­
ference, i.e., by redu cing the repro­
du ctive efficiency o r incr easing the 
mortality o f its com petito r. . .. " 

DISCUSSION 

" Altho ugh animal co mm unities 
appear qu ali tatively to be con structed 
as if co mpeti tion were regul ating their 
struct ure, even in the best studied 
cases ther e are near ly always difficul ­
t ies a nd un explored possibil it ies" 
(Hutch inso n). 

In th e present study dir ect observa­
tion s at interva ls sho wed that competi­
tion was occ urring und er natural 
co ndi tio ns. In addit ion, th e evidence 
is strong that the o bserved competit ion 
with Balanus was the principal facto r 
determi nin g the local distribution of 
Ch thamolus. Chthama lus thrived a t 
lower levels when it was not gro wing 
in contact with Balanu s. . . . 

The causes of zona tion. The evidence 
presented in thi s pap er indica tes tha t 
th e lower limit o f the intertidal zo ne of 
Chthamalus ste llatus at Millport was 
determined by int ersp ecific co mpeti­
tion fo r space with Balanus balanoides. 
Balanus , by virtue o f its grea ter po pu­
lati on density and faster gr owth , eli­
min at ed most o f the Chth am alus by 
dir ecting crowding. 

At th e upper lim its o f the zo nes of 
the se spec ies no int eraction wa s o b­
ser ved . Chthanialus evidently can exist 
higher o n the sho re than Balanus 
mainl y as a result of its greater tol er­
ance to heat and/o r desiccation. 

Th e upper limits of most int ert idal 
anim als are prob abl y determined by 
ph ysical fac to rs, such as th ese. Since 
growth rates usually decr ease with 
increasin g height on th e sho re, it would 
be less likely that a sessile spec ies 
occ upying a higher zone co uld , by 



---- ---

90 
THE ST UDY OF PO PULATIONS 

compeution for space, prev ent a lower active amphipods fro m the upper
one from extend ing upward s. . . . 

levels of sandy beaches die if kept
In regard to the lower limit s of an submerged. However , evidence is 

anima l's zone , it is evident th at physical accumulating that the lower limits of 
factors may act dir ectly to determine d istribution o f intertidal anima ls a re 
this bound ar y. Fo r exa mple, some determined main ly by biotic factors. . . 

TERRITOR Y IN 811m l.l ... .. 

H. Eliot Howard-i920 

R~prin led by permission of the publi sher and of Collins Publishers from 
Territory in bird life. New York , E. P. Dutton and Co., Inc., J920. 

Territorialit y is a means by which a p opulation can regulate th« limited 
physical and nutritive resources available 10 it , Fir st described in a conceptual 
f rame work by Howard, the various modes of its expression and the rang e 
of vertebrate and in vert ebrate animals ex hibiting sue}: behavior has been 
increasingly recognized. The complex ities of the ph enom enon are discussed 
by C. R. Carpenter (1958. A . R oe and G. G. Simpson , eds . Territoriality , a 
re vie w of concepts and problem s. Beha~'ior and evolution. New Hav en , Yale 
Universit y Press) . 

In his Manual of Psychology Dr. pansion . There cannot be terr itories 
Stout reminds us that " H uma n lan­ with out boundaries of some descrip­
guage is especi ally con structed to de­ tion; there cann ot well be boundar ies 
scribe th e mental sta tes of hum an without disputes arising as to those 
beings, and thi s mean s that it is es­ boundaries ; nor, one would ima gine, 
pecially constructed so as to mislead can there be disputes with out Co n­
us when we attempt to describe the sciousness as a factor entering int o 
working of minds that differ in a great th e situation; and so on, until by adegree from th e hum an ." 

simple mental pr ocess we co nceive of 
The lise of the word "terr ito ry" in a state in bird life an alogous to that 

connection with the sexua l life of bird s which we know to be customa ry 
is open to the dang er which we are amongst ourselves. Now, altho ugh the 
here asked to guard again st, and I term "breeding territory," when ap­
propose, therefore, before attempting plied to the sexual life of bird s, is not 
to establish th e theo ry on general altogether a happy one, it is difficult to 
grounds, to give some explanati on of 

know how otherwise to give expression 
what the word is intended to represent to the facts ob served. Let it then be
and some acco unt of the exact positi on clearly understood th at the expression 
that representation is supposed to 

"securing a territory" is used to den ote occup y in the dr am a of bird life. 
a process, or rather part of a process, 

The word is capable of mu ch ex- which, in order to insure success to the 
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individual in the att ainm ent of repro­
d uct ion, ha s been gradually evo lved to 
meet the exigencies o f diverse circum­
sta nces. Rega rded th us, we avoid the 
risk of conceiving of the act o f securing 
a territory as a detached event in the 
life of a bird , and avoid , I hope , the 
risk of a conception based upon the 
meaning of the word when used to 
describe hum an as opposed to animal 
procedure. 

Success in the attai nment of repro­
duction is rightly considered to be the 
goa l towards which man y pr ocesses in 
nature are tending. But what is mea nt 
by success? Is it determined by the 
actual discharge of the sexual tunction '! 
So man y and so wond erful a rc the 
co ntrivances which have slowly been 
evolved to insure thi s dischar ge, that 
it is sca rcely surprising to find attention 
focused upon this one aspect o f the 
problem . Yet a moment's reflect ion 
will show that so limited a de finition 
of the term "success" can only be held 
to apply to certain form s of life ; for 
where the young have to be cared for , 
fostered , and. protected from molesta­
tion for periods of varyin g length s, the 
actual discharge of the sexual function 
marks but one stage in a process which 
can only succeed if all th e cont ributory 
fact ors adequately meet the essential 
condition s of the co ntinuance of the 
species. 

Securing a territory is then part of 
a process which has for its goa l the 
successful rearing of offspring. In this 
pr ocess the functioning of the primar y 
impulse, the acquirem ent of a place 
suitable for breeding purposes, the 
advent of a female, the discharge of 
the sexual function, the construction 
of the nest, and the rearing of offsp ring 
follow one another in ord erly seq uence. 
But since we know so little of the 
organic changes which det ermine 
sexual behaviour, and have no means 
o f ascertaining the nature of the im­
pul se which is first arou sed, we can 
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only deal with the situa tio n from the 
point a t which the interna l or ganic 
chunges reflect themselves in the 
behaviour to a degree which is visible 
to an external observer . That point is 
reached when lar ge numbers of s 
cies, for saking th e normal routine of 
existence to which they have been 
accustomed for some months, sud­
denly ad opt a radical change in their 
mod e of behaviour. Ho w is this change 
made known to us? . . by all those 
rnovements. . . which the term migra­
tion. widely applied, is held to denote. 
Now the impul se which pro mpts these 
travelling hosts mus t be similar in 
kind whether the journey be lon g or 
sh ort ; a nd it were better, one would 
think, to regard such movements as 
a whol e than to fix the attention on 
so me one particular journey which fills 
us with amazement on account of the 
magnitude of the d istance traversed or 
the nature of the difficulties overcome. 
For , a fte r all , what does each individual 
seek? . . the majority seek neither 
co ntinent nor cou ntry, neither distri ct 
nor locality is their aim, but a place 
whe rein th e rearing of offspring can 
be safely accomplished ; and the search 
for this place is the earliest visible 
manifestation in many species of th e 
reawakening of the sexual instinct. 

Th e mo vements of each individual 
are then directed towards a similar 
goa l, namely, the occupation of a 
definite station ; and this involves for 
many species a distinct change in the 
routine of behaviour to which pre­
viou sly they had been accustomed. 
Observe , for example, one of the 
numerou s flocks of finches that roam 
about the fields throughout the winter . 
Th ough it may be composed of large 
numbers of individuals of dillercnt 
kind s, yet the various uni ts Iorrn an 
am icable society actuated by one 
motive-the procuring of food. And 
since it is to th e advantage of all that 
the individual should be subordinated 
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to th e welfare of th e community as a opment, and manifests itself in the 
whole the re is no dissension, apart male's intolerance of other individuals. 
from an occasional quarrel here and And the two combined op en up an
there, 

avenue through which the individ ual 
In resp onse , however, to some in­ can approach the goal of reproduc­

ternal organic change, which occurs tion. In terms of the theory I shall 
early in the season , individuality refer to this second disposition as the 
emerges as a factor in the developing one which is concerned with the de­
situation, and one by one the males fence of the territory. ... 
betake themselves to secluded posi­ Now the male inherits a disposition
tions, where each one, occupying a which leads it to remain in a restricted 
limited area, isolates itself from com­ area, but the disposition cannot de­
panions. Thereafter we no longer find termine the extent of that area. How 
that certain fields are tenanted by then are the boundaries fixed? That 
flocks of greater or less dimensions, they are sometimes adhered to with 
while acres of land are uninhabited, remarkable precision, that they can 
but we observe that the hedgerows and only be encroached upon at the risk of 
thickets are divided up into so many a conflict-all of this can be observed 
territories, each one of which contains with little difficulty . But if we regard
its owner. This procedure, with of them as so many lines definitely deli­
course varying detail, is typical of that miting an area of which the bird is 
of many species that breed in Western cognisant, we place the whole behavi­
Europe... . Whilst for the purpose of our on a different level of mental 
the theory I shall give expression to development, and incidentally alter 
this behaviour in terms of that theory, the complexion of the whole process. 
and speak of it as a disposition to It would be a mistake, I think, to do 
secure a territory, using the word this. Though conscious intention as 
disposition , which has been rendered a factor may enter the situation, there 
current in recent di scussion, for that is no necessity for it to do so; there is 
part of the inherited nature which has no necessity, that is to say, for the 
been organised to subserve a specific bird to form a mental image of the 
biological purpose-strict compliance area to be occupied and shape its 
with the rules of psychological analysis course accordingly. The same result 
req uires a simpler definition; let us can be obtained without our having
therefore say "disposition to remain in recourse to so complex a principle of 
a particular place in a particular explanation, and that by the law of
environment. " habit formation. In common with 

But even granting that this disposi­ oth er animals, birds are subject to this 
tion forms part of the hereditary law in a marked degree. An acquired
equipment of the bird , how is the mode of activity becomes by repeti­
process of reproduction furthered? tion ingrained in the life of the indivi­
The mere fact of remaining in or dual , so that an action performed
about a particular spot cannot render to-day is liable to be repeated to­
the attainment of reproduction any morrow so long as it does not pre­
less arduous, and may indeed add to judice the existence or annul the fertil­
the difficulties. for an y number of ity of the individ ual. .. . 
individuals rnigh t congregate together The intolerance that the male dis­
and mutually affect one another 's plays towards other individuals,
interests. A second disp osition comes, usually of the same sex, leads to a 
however, into functional activity at vast am ount of strife. Nowhere in the 
much the same stage of sexual devel­ animal world are conflicts more fre-
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quent, more prolonged, and more 
determined than in the sexual life of 
birds ; and though they are acknowl­
edged to be an important factor in the 
life of the individ ual, yet there is 
much difference of opinion as to the 
exact position they occupy in the 
drama of bird life. Partly because they 
freq uently happen to be in evidence, 
partly because they are numerically 
inferior, and partly, I suppose, because 
the competition thus created would be 
a means of maintaining efficiency, the 
females, by common consent, are sup­
posed to supply the condition under 
which the pugnacious nature of the 
male is rendered susceptible to appro­
priate stimulation. And so long as the 
evidence seemed to show that battles 
were confined to the male sex, so long 
were there grounds for hoping that 
their origin might be traced to such 
competition . But female fights with 
female, pair with pair, and , which is 
still more remarkable, a pair will 
attack a single male or a single female; 
moreover, males that reach their desti­
nation in advance of their prospective 
mates engage in serious warfare. How 
then is it possible to look upon the 
individuals of one sex as directly 
responsible for the strife amongst 
those of the other, or how can the 
female supply the necessary condition? 
As long as an attempt is made to 
explain it in terms of the female, the 
fighting will appear to be of a confused 
order; regard it, however, as part of a 
larger process which demands, a­
mongst other essential conditions of 
the breeding situation, the occupation 
of a definite territory, and order will 
reign in place of confusion. 

But even supposing that the male 
inherits a disposition to acquire a 
suitable area, even supposing that it 
inherits a disposition which results 
indirectly in the defence of that area, 
how does it obtain a mate ? .. 

. .. Here the song, or the mechani­
cally produced sound, comes into play, 
and assists in the attainment of this 
end. Nevertheless if every male were to 
make use of its powers whether it 
were in occupation of a territory or 
not, if the wandering individual had an 
equal chance of attracting a mate, 
then it would be idle to attempt to 
establish any relation between "song" 
on the one hand , and "territory" on 
the other, and imp ossible to regard 
the voice as the medium through which 
an effectual union of the sexe s is pro­
cured. But there is reason to believe 
that the males utili se their powers of 
producing so und only under certain 
well-defined conditions . For instance, 
when they are on their way to the 
breeding grounds, or moving from 
locality to locality in search of isola­
tion, or when they desert their terri­
tories temporarily, a s certain of the 
residents often do, they are generally 
silent ; but when they are in occupation 
of their territories they become vocifer­
ous-and this is notoriously the case 
during the early hours of the day, 
which is the period of maximum 
activity so far as sexual behaviour is 
concerned . So that just at the moment 
when the sexual impulse of the female 
is most susceptible to stimulation, the 
males are betraying their positions and 
are thus a guide to her movements. 
Nevertheless, even though she may 
have discovered a male ready to breed, 
success is not necessarily assured to 
her; for with multitudes of individuals 
striving to procreate their kind, it 
would be surprising if there were no 
clashing of interests, if no two females 
were ever to meet in the same occupied 
territory . Competition of this kind is 
not uncommon, and the final appeal is 
to the law of battle, just as an appeal 
to physical strength sometimes decides 
the qu estion of the initial ownership of 
a territory . . . . 
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A STUDY O F SOME ANT LAR VAE WIT H A CONSmER­
ATION OF THE ORIGIN AND ME ANING OF T ilE SOCIAL 
H A BIT AMONG INSECfS 

William Morton Whee/er-1918 

Re pri nted by pel mission of the publisher fro m Proceedings of the Amer i­
can Philosophical Society 57:293-343, I LJ1 8, 

ommunicatlon among organisms assumes many diverse belutvioral exprcs­
sions and ut ilizes various physica l and chemical media . 111 this srlect lon , 
Wheeler introduces the term trophallaxis and discusses irs signifi cance 
tn the establishment ami maintenance of ant societies . Wheeler's work on 
the behavior of social insects, notably ants, not only stimulated considerable 
work but also considerable discussion of his analogy of the insect society and 
the indi vidual organism. (See also A llee, p. 98.) 

Th e facts collated in t he forego ing 
pa ragrap hs relate to the exudate 
o rgans, but we had previously seen th at 
the saliva ry glands of larval ants 
pro bab ly subserve a simi lar function 
in th e life of the colony in addition to 
digesti ng proteid food s cxtrai nte stinal­
ly a nd producing silk at the time of 
pupation . T he quest ion arises as to 
whet her t here is a ny evidence that in 
ot her groups of socia l insects the 
sa livary gland s of the la rva pro duce 
substa nees which are co nsumed by th e 
worke r nu rses . Fo rtunately there are 
so me very perti ne nt observations at 
han d in the French lite rature which is 
so rich in sp lendid ly origina l works on 
the hab its and taxonomy of insec ts. 
T he observations to which 1 refer 
re late to the soc ial wasps. Du Buysson 
obse rved th at th e larva- of Vesp a 
"secrete from the mo uth an ab unda nt 
liquid. Wh en they are touched the 
liqu id is seen to tr ickle out. Th e qu een , 
th e workers and the males are very 
eage r for this secretion. They know 
how to exc ite the offspring in such a 
way as to ma ke them furni sh the 
beverage. " And Ja net was a ble to 
prove th at t he secretio n is a prod uct of 
the sa livary, or sp inni ng gla nds and 
th at it flows from an opening at t he 

base of the lab ium . "This prod uct," he 
says, "is often imbibed by the imagines, 
especia lly by t he j ust eme rged workers 
a nd by the males, which in order to 
obta in it, gent ly bite tile head of t he 
larva." 

The most illuminat ing study of t his 
matt er , however , is found in a, fine 
pap er by Rou ba ud on th e wasp s of 
Africa. His accou nt of the pri mitive 
wasps of th e genus Belonogaster pre­
sen ts a st rik ing pic t ure of one of the 
earliest stages in the socia l life of 
was ps. . , . 

Roubau d summarizes the general 
bearing of his ob servatio ns in th e 
following paragraph : 

The reciprocal exchange of nutriment 
between the adult females and the larva , 
the direct exploitatio n of the larval se­
cretion without alimentary compensatio n 
by the males and just emerged females are 
trophobiotic phenomena the elucidation 
of which is of great importance to an 
understanding of the origin of the social 
tendencies in the Vespidre, as we shall 
show in the sequel. The retention of the 
young females in the nest, the associations 
be twee n isolated females, and the co­
operative rearing of a great number of 
larvae are all rationally explained, in our 
opinion. by the attac hment of the wasps 
to the larval secretion. The name ac otro­

phobiosis (from UI~K()!,; , family) may be given 
to this peculiar family symbiosis which is 
charact erized by reciprocal exchanges of 
nutrimcnt bet we en la rvre and parents, and 
is the raison d' vtre of the colonies of the 
social wasps. The associations of the h igher 
Vespids has, in our opinion, as its first 
cause the trophic exploitation of the larvee 
by the adults. This is, however, merely a 
particular case of the trophobiosis of which 
thc social insects, par ticularly the ants 
that cultivate aphids and coccids, furnish 
so many examp les. 

t does not seem to me tha t the 
term "cccot ro phobiosis" is ap tly cho sen . 
Apa r t from its length , it implies, as 
Ro uba ud sta tes, a relat ionsh ip between 
adu lt a nd lar val mem bers of th e sa me 
co lony or famil y, comparab le with 
tha t existing between an ts on the one 
hand and Aphids, Cocc ids, Mcm­
bracids a nd Lycrcnid lar va: on t he 
other. Thi s relati on ship, however , is, 
so fa r as nutr ition is concerned , one­
sided since th e an ts exploit the ap hids, 
ctc ., an d may defe nd or even t ran sport 
them , but do not feed t hem. Mo reover, 
even in Belonogaster the feeding of 
ad ults a nd la rvee is recip rocal , a nd t he 
latt er could not be rea red if they were 
ac tua lly exp loited to such an exte nt as 
to inte rfere with the ir growt h. As t he 
relat ion ship is clea rly cooperat ive or 
m utu ali stic, I sugges t the term troph al­
tax is (fro m 7PO<PrJ, nourishm en t a nd 
llAAa77€tv, to exc hange) as less awkward 
a nd more appropria te than "cecot ro­
phobiosis." .. . 

Altho ugh cons iderable evide nce th us 
point s to troph allaxis as the source of 
t he social habit in was ps, a nts and 
term ites, it mu st be ad mitte d that the 
phenomenon has not been observe d in 
the soc ial bees, Th at the latter may 
have passed thro ugh a p hylogenetic 
stage like th at of Synag ris seems to be 
ind icated by the so litary bees of th e 
genus A/lodape to which I have a lready 
referred . Brauns' observat ions, though 
meage r, show nevert heless t ha t A110­
dape has reached Roubau ds fo urt h 

stage, thal of dir ect feeding o f t he 
lar v.c fro m day to day, a nd if 1 a m 
right in suppos ing that the peculiar 
appendages of th e lar vae a rc exuda te 
orga ns, t here would he gro und s for 
as suming th at tropha llaxis occurs in 
this case . On t he o ther hand , it has 
often been suggested (e. g ., by von 
Butte l-Rccpcn) tha t th e th ree socia l 
subfamilies, the stingless bees (Me li­
ponin,c), bumble-bees (Bo rnbina.) a nd 
honey bees (Ap inre) have develo ped 
from the so lita ry bees by a nother and 
more direct pat h, fo r the Melipo nin:e, 
thou gh living in populou s societies, 
still bring up their brood in essentia lly 
th e same way as th e so lita ry bees. i, e., 
by sea ling up the eggs in cells provi­
sioned with hon ey-soaked pollen, T he 
Bombin,c, howcver , keep opcning the 
ce lls from time to time a nd giving the 
la rvic a littl e food at a t ime, a nd in the 
honey bee the cells a re left open till 
pu pation a nd th e lar vse fed mor e 
coni nuously. Numerous facts indica te 
that the Bornbinre a re th e most primi­
tive, the Apina; the most specialized of 
existing social bees, and th at the 
Mc liponi nre, though closely resem bling 
t he soli tary bees in t he care of the 
young , a rc ne verthe less in o ther respects 
very highl y specialized (vestigial sting, 
elabo rate nest a rchitec ture, etc .). It is 
there fore not improbable that t hese 
bees, after passing th rou gh a stage 
mo re like that of th e Born binse, have 
reverted seconda rily to a more ancien t 
method of ca ring for thei r br ood .. .. 

Ano ther objectio n th at may be urged 
agai nst the view th at t ro pha llaxis is so 
fundame nta l as 1 contend, is th e be­
ha vior of the ants towa rds their inert 
pu pae, which though tr an sported and 
defended as ass iduo usly as t he Iarvre, 
yield neit he r liqui d exuda tes no r 
sec retio ns. T his does no t seem to me 
to be a serious objectio n, becau se th e 
pupae evidently have an att ractive odor 
a nd may therefor e be said to produce 
volatile exudates like cer ta in myrm e­

9>! 
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cophiles . Both the larvee a nd pupee , 
moreover, evidently represent so much 
potential or stored nutriment available 
for th e ad ult ants when the food-supply 
in the environment of the colony runs 
very low or ceases entirely. Infanticide 
and cannibalism then set in with the 
result th at the devouring of the young 
of all stages may keep the ad ult per­
sonnel of the colony alive till the 
trophic co nd it io ns of the enviro nme nt 
improve. Certain predatory tropical 
species (Doryl inze, Cerapachy ini ) regu­
larly raid the colonies of other ants and 
carry home and devour their brood.. .. 

If we confine our a ttention largely to 
the ants, I believe it can be shown that 
trophall axis , originally developed as 
a mutual trophic relation between the 
mother insect and her larval brood, 
has expanded with the growth of the 
colony like an ever -widening vortex till 
it involves, first , all th e adults as well 
as the brood and therefore the entire 
colony; second, a great number of 
species of a lien insects that have man­
aged to get a foothold in the nest as 
scavengers , predators or parasites 
(symphily) ; third , a lien social insects , 
i.e., other species of ants (social par­
asitism); fourth , alien insects that live 
outside the nest a nd are " milked" by 
the ants (trophobiosis), and , fifth, 
cert ain plants which are visited or 
sometimes partly inhabited by the ants 
(phytophily). In other words the ants, 
have drawn their living environment, 
so far as this was possible, into a 
trophic relationship, which, though 
imperfect or one-sided in the cases of 
tropho biosis and photophily , has 
nevertheless some of the peculiarities 
of trophallaxis. A brief sketch of each 
of these five expansions, indicated as 
ann ula r ar eas in the accompanying 
diagram (Fig. 12), may not be out of 
place . 

1. There is a very close resern blance 
between the behavior of adult ants 
towards one an other and their behavior 

~TrophiC RelOhQn-s or Ani S.10 Plonts.Myrmecaphyles 
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FIG. 12. Diagram to illustrate the expansions of 
the trophallactic and trophic relat ionships within 
and au/side the ant colony . The confines of the 
next are indicat ed by the double line. 

towards their young. The ad ults feed 
one another with regurgitated food or 
even with secretions as is the case with 
Crematogaster (Physocremai inflata , an 
Indornalayan species , the workers of 
which have great sugar-glands in the 
back of the thorax . Many a nts trans­
port each other, and the transported 
ant assumes a quiescent , larval or 
pupal attitude. This is best seen in 
certain Ponerinre , e.g., in the spe cies of 
Lobopelta, which carry their males 
under the body as if they were larve 
or pupre. On such occasions the males 
keep their legs and antennas in the 
pupal position. Moreover, when the 
food-supply of the colony is cut off 
ants often devour other ants of th e 
colony as if they were larve or pupre, 
The largest workers (soldiers) a re 
eliminated first, either because they 
represent more stored food or because 
their continued life in the colony 
constitutes a greater drain on the food 
resources, or for both reasons. . . . 

2. Among myrrnecophiles and 
termitophiles Wasmann has shown 
that there are certain species (sym­
philes) that have trophallactic relations 

with their hosts . Among ants especially 
these relations are so intimate th at the 
symphiles may be reg arded as integr al 
members of the colony. The adult 
Lomeschusine beetles , e.g., are not 
only fed and licked, but their young 
are treated as if th ey were a nt larvee, 
owing to the presence of trichome 
glands ("external exudate organs" of 
Wa smann) in the former and fatty, or 
internal exudatoria in the latter. 

3. The various parasitic ants, of 
which a number of species have come 
to light within recent years and hav e 
been described by Wasmann, Don­
isthorpe, Emery, myself and others , 
can be shown to have established 
trophallactic relations with their host 
species. One of the most instructive is 
Leptothorax emersoni which lives with 
Myrmica canadensis . I have described 
its habits and those of one o f its sub­
species in three of my former papers. 

4. The relations of ants to plant-lice 
and other Hornoptera and to the larva 
of Lepidoptera outside the nest a re, as 
I have sa id, incompletely trophallactic, 
since these insects are not fed, th ough 
they may be defended by the ants. 

The Hornoptera are not fed probably 
for th e simple reas on that their mouth­
parts a re so peculiarly specialized for 
piercing plant-tissues and sucking 
their juices, and the Lepidopteran 
larve have, as a rule, no occasion to 
a ba ndo n their leaf diet. There are, 
however, several cases in which both 
caterpillars and Hornoptera have 
entered into more intimate association 
with the ants . Many of the root aphids 
a nd coccids and their eggs are collected 
and kept by th e a nts in their nests , at 
least during certain seasons of the 
year. .. . 

5. The fifth expansion of trophallaxis, 
namely the acquisition of trophic 
relations with the myrmecophytes , or 
plants possessing extra-floral nectaries 
or food-bodies, is also imperfect like 
o rd ina ry trophobiosis, since the ants 
merely obtain nutriment from the 
plants and possibly afford them some 
protection. The nectar and other pl ant­
foods a re for the purposes of the ants 
merely so man y exud ates like the excre­
ment of the Hornoptera (honey-dew) 
and the sweet secretions of the Lyceenid 
caterpillar s which fced on the foliage.. . 
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STUDIES IN ANH\ IAL AGGREGATIONS: CAUSES AI"D 
EFFECTS OF BUNCIII NG IN LAND ISO PODS 

w. C. Allee-1926 

Reprinted by permission of the publisher from Journal of Exper imenta l 
Zoology 45: 255-277 , 1926. 

The phenomenon of animal aggregations received its maj or exploitation by 
Allee at the University of Chicago and Wheeler (see p. 94) at Harvard 
University, the two foremost students of animal sociology during the fi rst 
hoff of the twentieth century. This is Allee's first paper dealing with the 
topic; it indicates the analytic, interpretive and conceptual frame work in 
which his subsequent research was condu cted. 

STATEMENT OF THE GENERAL 

PROBLEM 

Many animals ordinarily living 
without physical contact with their 
fellows in nature at times come to­
gether to form more or less dense 
clusters or aggregations. Classic exam­
ples of this are furnished by the 
swarms of the honey-bee and of Eciton, 
the army ant, or by the hibernating 
aggregations of the coccinellid beetles. 
Deegcncr ha s devoted an extensive 
monograph to cataloging and naming 
the different types of such aggregations 
as well as others in which physical 
contact is not necessarily established. 

Other species that are not known to 
form such aggregations in nature do so 
readily enough when brought into 
artificial conditions in the laboratory. 
The formation of such bunches by 
controlled stim ula tion, the effects of 
various environmental conditions upon 
their formation, and particularly the 
analysis of movements which result in 
aggregations were a favorite study 
some years ago during the height of 
the 'tropism' and 'trial and error' 
controversy. .. . 

In addition to the large literature 
dealing with the formation of aggrega­
tions under laboratory conditions , 

there are many descriptions 0 f aggrega­
tions more or less incidentally dis­
covered in nature. Such groupings 
have excited particular attention when 
they have sho wn some s igns of inte­
gration in behavior. 

There is, however, a lack of infor­
mation of the physiological effect of 
such congregations upon the animal s 
forming them . The pre sent report is 
largely concerned with this aspect of 
the general aggregations pr oblem , 
although attention must neces sarily be 
paid to the condition s under which 
aggregations occur. .. . 

FACTORS CONTROLUNG BUNCHING 

IN LAND ISOPODS 

1. Moisture . These isopods may be 
found aggregated in damp places 
during dry periods or at least in situa­
tions where they are protected from 
the evaporating power of the air. This 
sugge sted the possibility that their 
bunching reaction might be controlled 
in part by controlling the moisture 
present. . . . When land isop ods 
(Cyli sticus convexu s DeG., Porcellio 
scaber Latr., Oni scus asellu s L., 
Tracheoniscus rathkei Brandt, or 
Armadillidium vulgare Latr.) are 
placed on air-dry filter-paper they tend 
to collect in bunches within a few 
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minutes unless the paper a nd the 
atm osphere are too dry, in which case 
they remain scattered and frantically 
active until death . ... 

2. Temperature. In experiments on 
the effect of temperature on bunching, 
fifteen isopods of either Porcellio or 
Cyl isticus 0 r both were placed in 
crystallization dishe s on slightly mois­
tened filter paper making conditions 
favorable for bunching... . 

These observations indicate that 
while temperature affects the hunching 
reaction o f land isopods , it does not 
control the reaction so markedly or 
completely as doe s the moisture con­
tent of the substratum. 

J. Light . When these isopods were 
expo sed to light there was a differential 
effect depending on the amount of 
moi sture present in the substratum. 
The isop ods are strongly photonega­
tive, and bunching occurred even on a 
moi st background when the animals 
were illuminated, but the se bunches 
broke up when the light was removed . 
On the other hand , the bunches on a 
dry substrat um were more dense in the 
darkness than in the light , since the 
latter st irn ulated those on the upper 
layer to move abo ut while in darkness 
they heaped into one large compact 
bu nch . In all cases there was more 
bunching on the dry substratum than 
on the moist . . . . 

4 . Contact . Land isopods are strong­
ly positive in their thigmotropic reac­
tion; this combined with their reac­
tions to moisture and to light send s 
them under board s and in crevices. 
When such places are not available. 
there is a tendency to form aggrega­
tions with each other which will satisfy 
the same tactile reaction . Bunches are 
more likely to be found near the angle 
or corner of a container th an out in 
the open and all pos sible use is made of 
available surfaces. As in the other 
elements making for aggregation, reac­

tion to contact is less strong than the 
effect of moisture. .. . 

METHOD OF FORMING AGG1H'GA­

rIUl'<S 

The aggregations so far described 
were formed by what has been called 
the 'selection of random movement' 
type of reaction . u sually the animals 
wandered over the surface of their 
container, preferably around the 
margin , and came to rest in the posi­
tion in which they were apparently 
least stimulated. In order to find how 
the aggregations were formed when 
the conditions were as nearly uni form 
in all parts of 1he co ntainer as the y 
could be made, Mr. Vern on S. Downs 
cond ucted a long series of observa tions. 
Under uniform conditions, the isop ods 
usually wandered ab out until one 
came to rest for some reas on or other. 
Sometimes inequalities devel oped in 
an environment at first uniform and at 
other times the isopod apparently 
sto pped for internal reasons . AIter one 
stopped there was a distinct tendency 
for the others to come to rest nea r by. 
They might or might not be in ph ysical 
contact with the first , although they 
had frequently ju st crawled over it 
he fore sto pping. In their incipient 
stages the se bunches were frequently 
rather loose. The isopods would then 
alternate periods of rest and of motion . 
During some of the latter many or 
even all might sta rt up again. Often a 
nucleus remained consisting of the 
o riginal isop od and one or more 
others. Aro und such a nucleus the 
isopods would again gather. The 
bunch would become consolidated by 
slight movements toward the more 
stationary individuals on the part of 
those on the periphery. Partially suc­
cess ful attempts- were made to cont rol 
the pla ce of bunch formation on a uni­
form field by gluing a recently killed 
isopod to the substratum . 
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W hen a drop of water was introd uce d 
on a dry background the isopods 
tended to occupy a ll of that favora ble 
locat ion regar dless of whether or not 
th ey were in co ntac t. T he bunch ing in 
physical co ntact ca me later and might 
take place as a thigmo tro pic reactio n, 
perhaps mod ified by chemica l st im­
uli . .. . 

PHYS IOLOGICAL EFfECT Of 

AGGR EG ATl NG 

1. On water content . Experime nts 
were run on Oniscu s asellus and Cyl­
isticus co nvex us to dete rmine t he effect 
upon body weig ht o f exp osure to 
increased o r to decreased wat er co ntent 
in th eir environme nt. .. . 

S ummary of experimen t 
1. Six bunched O. asellus, average 

weight 82.3 rng. ; one isolated isopod, 
weight 85.5 mg. After eighteen hour s on 
moist filter-paper , showed a gain of 12 and 
21 per cent, respectively. 

2. Ten bunched O. asellus, average 
weight 115 mg. ; two isolated isopods 
weighed 138 an d 124, respectively. After 
eighteen hour s under Jess moist cond itions, 
showed gains of 0.3, 0.9, and 1 per cent, 
respectively. 

3. Ten bunched C. convexus, average 
weight 36.7 mg., gained 2.3 per cent in 
twenty-four hours , while five isolated 
animals weighing from 30 to 32 mg. gained 
9, 12.6, 11, 12.2, and 10 per cent respec­
tively. 

T hese th ree bu nch es gained an 
ave rag e o f 3.8 pe r cent und er condi­
tions whi ch caused eight similar iso­
lat ed animals to gai n 9.7 per cen t. The 
rat e of ga in was two to fo ur tim es as 
fas t when the isopods wer e isolated as 
wh en they were bunched . 

Similar experiments when bunches 
and sing le ind ividuals were a llowed to 
dry sho wed that th e aggregated iso­
pods los e wa ter less ra pid ly t ha n 
isolat ed on es and that the lag is at 
abo u t the sam e ra tio as in the prece d­
ing case. .. . 

These observ ati on s show th at the 
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fo rmation of aggr ega tio ns tend s to 
rend er th e iso po ds less easily affec ted 
by the wa te r content of th eir en viro n­
men t and markedly decre ases t he 
ra pidity of cha nge o f bod y moisture 
when th is is not in equilibri um with 
the surroundings. 

2. Effec t of bunching on respiration. 
. .. Large Ar rnadi llidi um vulga re . . . 
iso lated for on e hour had a resp iratory 
rate equiva lent to a mo vem en t of 
mercury 85.5 mm. per seco nd a nd 
ki logram in one set a nd 79.6 in a nother 
as co mpared wit h 6 1.1 and 54, respec­
tively , for t hose bunched th e same 
length of tim e. T he difference is abo ut 
of the sa me order as for Tracheoniscu s. 
In exact rat ios, the rate o f oxygen 
co ns u mptio n with bunched a nd iso­
lat ed Armadillidium was 1 :1.486 a nd 
1: 1.368, whi le with the T rach eon iscu s 
thi s rat io was 1:1. 2 14 and 1:1.344. 

The Armad illid ium te sts a llow other 
co mpariso ns. Since groups of iso lated 
or bunched indi vidua ls wer e set away 
in the dar k for approx imate ly tw en ty­
four hours, one ca n compar e t heir 
physiological co ndi tio n near th e begin­
ning of this per iod with th a t at the end 
a nd also make cross compari sons. 

In gen er al , the determinat ion s sho w 
tha t, under th e conditions o f th e ex­
periment, th ere is a very ma rked 
decr ease in oxygen co nsumption after 
twenty-four hours' iso la tio n (a nd 
sta rvation) ; 70 and 65 per cent, respe c­
tively , in two sets of exp eriments. 
There is a simi lar, but less pronounced , 
reduction whe n the animals a re 
bunched (a nd starved) ; 31 and 29 pe r 
cent, respectively. At th e end of twe nty­
four hours, the bunched iso po d s were 
uniformly us ing more oxygen per unit 
weight than were th e isol at ed ind ivi­
d ua ls. The observ ed ratios were: I: 
1.64 and I :1.48. All the differen ces 
mentioned a re stat ist ica lly significa nt, 
since th e least difference in mean s is 
stilt over 11 .5 times th eir co mbined 
probable error. .. . 

w. C. ALLEE 

SIGNIFI CANCE Of THE BUNC HING 

HABIT IN LAND ISOPODS 

. . .U nder or d inar y condition s, ag­
gregatio ns of th ese land isopods a rc 
formed as a result of ind ividu al reac­
tio ns and occ ur as follows : Th ere is 
firs t a period of rand om movem ent 
wh ich is more rapid at high temper­
a tures and is slo wed do wn by co ld . 
Durin g th is period movement is sti mu­
lat ed by light and by evapora tio n . 
There is a tend ency fo r individua ls to 
stop in co nditions that least st im ulate 
th em , such as a more moist plac e o n 
the paper , a region satisfying th igrno­
tr opic reactio ns, or in least illumina­
tion . When a number of isop ods stop 
in th e same gen eral region there is a 
tendency for th em to move together 
even if not qui te to uching-a react ion 
probably cau sed by chemica l st im ula­
tion and later by resp on ses to both 
tactil e a nd chem ical st im uli. 

During their wa nderi ng the isopod s 
may stop near a qu iet ind ivid ua l 
appare nt ly as they would stop near 
any other object which gave them the 
sa me tactil e sa tisfactio n. 

Con sidering a ll th e evidence at 
hand , it seems th at these isop od s 
aggregate primarily t hrough a tolerance 
of other indiv id uals in a restr icted 
favo rable region which may lead to a 
use of other ind ividuals in sat isfying 
th igm otropic tendencies or in avo idi ng 
light. There is, ho wever , an elemen t of 
mutual attraction which Decg ener 
ca lls ' social insti nct' and Wall in re­
ga rds as 'p ro to taxis' sho wn by th e 
fact th at the iso pods will occupy less 
than the whole ava ila ble a nd appar­
ent ly equally desirable space. The 
qu est ion not sett led is wh ether to the 
isopod the vacate d space is as near 
isopo d optimum as th e sp ace taken , 
regardless of the presence of other 
isopods. 

One he sitates to ascribe a posit ive 
pr imitive socia l imp ulse to th e rea c­

tions of these anima ls so long as it is 
possibl e to exp lai n t he observ ed 
ph enomen a o n other grounds. We 
k now th at what we re fo rmerly re­
ga rded as 'social inst incts ' in the 
breedi ng seaso n have been furth er 
ana lyze d in lar ge pa rt into che mo­
tropism, thi gm otropism , etc . Wallin ' s 
'pr oto taxis' see ms to bel ong to th e 
same typ e of react ion s as those usu ally 
descr ibed as socia l inst incts so far as it 
applies to th e relat ions betw een a ni­
mal s, since it is admitte d ly buil t of 
othe r recogni zabl e co mpo ne nts, suc h 
as chemotropis m. Cert a inly , on ly th e 
ele ments of a react ion th at can no t be 
explai ned o therwise sho u ld be as ­
cribed to 'pro to tax is.' . . . 

If th e forego ing a na lys is be so un d, 
as it appea rs to be, th en the first step 
towa rd social life in lo wer a nima ls is 
t he appe ara nce of tolerance for o the r 
a nima ls in a lim ited space wh er e th ey 
have co llecte d as a res ult o f t ropi stic 
react ion s to enviro nm enta l st im uli. 
Such co llections freq uently occur in 
connection with some phase of br eed­
ing act ivity or of reproduction , but in 
t he land isop od s it is well exh ib ited 
wit ho ut sexua l significanc e. 

A first adva nce in social life is ma de 
wh en these gro upi ngs serve to pro mote 
th e wel fare of the indiv idua ls forming 
the m. This is acco mp lished in the land 
iso po ds by keepi ng the animals more 
qui et and so p rese rv ing their vital ity, 
by con ser ving th eir wa ter content and 
p ro hab ly by lessening the rate of 
ch an ge of temp erature. R obert son 's 
in fu soria an d most of the anima ls 
tes ted by Drzewina and Bohn appear 
to so react on th eir environment as to 
re nd er it more favora ble. 

The land isopods have gone lit tle 
beyond su ch a stage in their so cia l 
d evelopment. There is some slight 
ev idence of m utual att ra ctio n, but the 
expe riments to dat e do not reve al ho w 
much o f th is wo u ld be exhibited to ­
ward sim ila r inanima te objects. There 
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is also evide nce of integrated group 
beha vior in that th e bunch shows 
occ asio na I periods of activi ty apparent ­
ly o riginating in one individual a nd 
passed mechanicall y throu gh the 
group. Such activity may be the begin­
ni ng of d isintegrati on o f th e bunch, 
but it frequently res ults in a closer 
aggregatio n becau se the animals tend 
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to move togeth er as a resul t o f their 
bri ef per iod of mild ac tiv ity. Such 
gro up behavior is much more simple 
t ha n th at which Newman and Allee 
obse rved for aggregated phalangids, 
o r Blair, H ess, and o thers hav e fo und 
in fi refli es, and is fa r rem oved fro m 
th e complex gr oup behavi or of th e 
social in sects or mammals. 

NATURAL SELECTION AND FAMI LY SIZE IN THE 
STARLING 

David Lack -I948 

Reprinted by per mission of the a utho r an d pu blisher from Evo lution 2: 95­
110,1948. 

Lack 's major premise of population regulation is that it is determined by 
natural selection acting through various processes. In the case in point, . 
clutch-size in birds is determined by natu ral selection act ing through sur vival 
of the yo ung. The comprehensi ve statement of his viewpoint was elabora ted 
in Na tural regulat ion of anima/numbers (/954. Oxf ord, Clarendon Press). 
Professor L ack has been Director of the Edward Gray Institute of Field 
Ornithology at Oxford University fo r many years. 

. . . t he limitation of clutch- size to a 
co mpara tive ly sma ll number of eggs 
ca nnot be ade q uately exp lained on 
purely physiological grounds. The 
view that it is adju sted to the mortali ty 
o f the species is a lso unten able. The 
alternative hyp othesis was put for­
wa rd that it is ult im ately se lec ted by 
the n umber of yo ung wh ich th e parents 
ca n raise, t he latter bei ng determined 
by th e available foo d sup ply. This view, 
so acceptable a p rior i to th e population­
gen eti cist and so d ifficult, apparently, fo r 
the traditio nal eco lo gist, wa s supporte d 
by much circumstantial eviden ce, chiefly 
rel ating to seasona l and regional trends 
of va riation in clutch-size. 

In the present paper, an a ttemp t is 
made to provide direct evidence, to 
test whether , in fac t , the yo ung fro m 
broods of large s ize are at a di sad­
va nta ge compared with those fro m 
brood s of small size . It mi ght be ex­
pe cted that, for brood s ab ove th e 
avera ge size, proportionate m ortal ity 
among th e yo ung would rise as bro od­
size incre ased . When thi s is so , a point 
is quickly reached where a n inc rease 
in th e number of eggs is offse t by th e 
inc rea sed m ortali ty, so th at th ere is no 
increase in th e number of yo ung ra ised . 
One might reasonably hop e to find 
evidence for thi s turn ing point in 
nature . . . . 

DAVID LACK 

CLU TCH -SIZE 

In Britain , H olland and Switzerland, 
the St arling lays its first clutch in April 
o r earl y May. A smaller number of 
layings occ ur in late M ay a nd in June , 
th ese being due p artly to o ne-ye a r-o ld 
birds breeding for th e firs t t im e, p artl y 
to o lde r bird s wh ose first layin gs were 
destroyed , and partly to older birds 
which have alread y raised one br ood 
in the season. In thi s pap er , a ll clutches 
laid in April, and all br oods with 
yo ung old en ou gh to band in May, 
have been clas sified as " ea rly" br ood s, 
a nd they have bee n sepa ra ted fr om 
later Iayings, which are on the average 
so mewha t smaller in size . . .. In gen­
cral, 5 is the co m mo nes t size of an 
earl y layin g, a nd 4 of a late clutch. 

The Star ling a lso shows a regio na l 
variati on in clutch-s ize. A s in man y 
other passerine species, average clutch­
size is so mewhat smaller in E ngla nd 
th an in central Eu rope at th e same 
latitude. . .. 

PARENTAL FEEDING RATE 

The hyp oth esis of thi s paper rest s on 
the ass ump tio n th at th e parent St ar­
lings brin g less foo d to each nestling in 
a large tha n a small b ro od . Th is was 
found by Kluij ver to 110ld in th e Star­
lin g, . . . but fu rthe r data on thi s point 
a rc de sir able. However, a simila r result 
was obta ined for most othe r species in 
which this problem has been in vesti­
ga ted by M or eau. T o sum ma r ise th ese 
data: with a brood of larger size, the 
parents increase th e number o f their 
feeding visits, but the increas e is not 
suffic ient to offset th e la rger numbei 
or yo ung, so tha t each nestli ng is fed 
less often in a large th an in a small 
b ro od. 

MORTALITY 1:\ TIlE NEST 

Owing to th e a bove fact, it was 
expected that the you ng would show, 
on th e ave rage , a p ropo rt io na te ly 
higher mortality in large than small 

br oods. The nest ing data for th e 
St arling in Brit ain d id not sugges t this , 
but were too few for ana lysis . F or­
tunately, extensive nest record s a re 
ava ila ble fro m Holland since 1922, in 
th e fo rm of th e number of eggs laid 
a nd t he number of yo ung alive on the 
o bserver ' s last visi t. These. . . sho w 
decisively that the a bove expecta tio n 
is n ot reali zed. 

. . .in earl y la yin gs, th e proportion 
of eggs which give rise to fled ged 
yo ung is approx imately the sam e for 
clutc hes o f 3, 4, 5, 6, 7 and 8 eggs. Fo r 
late layings, the an swer is simi lar; 
(except for an a ppare nt lo wer success 
fo r clutch es o f 6, whi ch is a t t rib uta ble 
merely to random sa m pling, as a 
simila r d ro p is not found fo r clutches 
of 7). When th e los ses of entire brood s 
a re included in the analysis .. .th e 
results for ea rly lay in gs agai n sho w no 
var iat ion with clu tc h-size, and the 
ap parent va riation in lat e layi.ngs is 
doubtless du e to rando m samp ling , th e 
losses of en tire broods being very 
erra t ic in their incidence fro m place t o 
pl ace a nd yea r to yea r. Nestling m or­
tality wa s fo u nd to be independent of 
br ood-size in th e fo ur o ther 
passerin e spe cies in which thi s 
ha s been s tudied.. . . 

sma ll 
poin t 

NESTLING WEIG HT 

Th e fac t th at nestl ing m ortality is 
simila r for br ood s of different sizes 
was first di scovered for the R obin 
(Erith acus rub ecula). T o investiga te th e 
pr oblem further , nestling Robins were 
weighed daily fro m hatchin g to flyin g. 
T his un expect edl y revealed th at there 
were extremely marked in dividua l 
va ria tions in the weigh t of the nest­
lin gs. . . . Lees has foun d simi la r lar ge 
va ria t ions in the o the r small passeri ne 
species whi ch he has weighed. I n suc h 
spec ies, th e nestlin g ca n remain ali ve , 
and develop its feather s norm all y, 
a ltho ug h ba d ly un der we igh t, a nd the 
chief effect of und ernourishment on a 
nestlin g is not death in the nest , bu t a 
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reduced weight when it leaves the nest. 
The only comparative data so far 
available on the weights of nestling 
Starlings in broods of different sizes 
were obtained in 1947 by R. Carrick 
for three broods of different sizes, all 
raised by fully adult parents, all in the 
same locality, and all starting incuba­
tion on the same date. The results .. . 
fit the view that the average nestling 
weight decreases as brood-size in­
creases, but many more data are needed 
before this point can be considered 
established. 

POST-FLEDGING SURVIVAL IN 

SWITZERLAND 

Those young which are below nor­
mal weight on leaving the nest might 
well have a reduced chance of subse­
quent survival. Moreover, any differ­
ences in their fledging weight associ­
ated with size of brood would tend to 
be intensified in the period immediately 
after leaving the nest , when the young 
are still dependent on their parents 
for a time; hence the greater the num­
ber of young, the less often each wil1 
tend to be fed . This means that the 
possible adverse effects of a large brood­
size on survival can be revealed only 
if the data are extended to cover the 
period after leaving the nest. .. . 

Should there be, in the period shortly 
after leaving the nest, a heavier mor­
tality among the young from large 
than from small broods, then propor­
tionately more individuals from small 
than large broods should survive to 
maturity . .. . 

The results.. . are highly suggestive. 
In early broods, 5 is the commonest 
size of family. The recovery-rate for 
birds more than three months out of 
the nest is about the same for those 
coming from broods of 3, 4 or 5 young, 
in each case being around 2 %. On the 
other hand, as soon as the brood-size 
exceeds 5, the recovery-rate falls. For 
individuals from broods of 6 it is only 
1.7 %, and for those from broods of 
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7-8 it is only 1.4 %. If, now , the pro­
portion of individuals recovered is 
multiplied by the original number of 
young in the brood (as in the right­
hand column of table 6) [deleted], it is 
seen that, on the average, a brood of 
5, 6 or 7 young gives rise to the same 
number of recoveries, about 0.1 per 
brood . If these recoveries are repre­
sentative of the population, this must 
mean that an increase in brood-size 
between 5 and 7 young is approxi­
mately counterbalanced by an increase 
in proportionate mortality among the 
young, taking place in the period 
shortly after they leave the nest . .. . 

The above data fit the hypothesis 
advanced earlier, viz. that when brood­
size rises above the average, mortality 
also rises, so that productivity is not 
increased. Unfortunately, the propor­
tion of hirds recovered is so small that, 
despite the large numbers banded, the 
totals recovered are too small for the 
apparent difTerences in recovery-rate 
to be statistically significant. ' One 
could not expect bigger differences in 
the recovery-rates than those actually 
obtained, since, according to theory, 
the productivity per brood should be 
about equal for a brood of 5, 6 or 7 
young, as in fact it is. (Had the young 
from broods of 6 or 7 survived less 
well, broods of 6 and 7 would have 
been less prod uctive than broods of 
5, and so would presumably have been 
extremely scarce .) Hence the lack of a 
significant result is due to the small 
number of recoveries, and not to the 
size of the difference found. For a 
significant result, about twice the 
present number of recoveries is needed, 
on the assumption that they are re­
covered in the same proportions . .. . 

... in late broods 4 is the commonest 
size of family , and the recovery-rate 
falls from 2.2 % in broods of 4, to 1.8 ~~ 
in broods of 5, and to about 1.4% in 
broods of 6. Once again, if the propor­
tion of individuals recovered is mul­
tiplied by the number of young in the 
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brood, it is seen that broods of 4, 5 
and 6 young are about equaIly pro­
ductive . Hence the results from late 
broods corroborate those from early 
broods. Unfortunately, the data are 
again too few for the result to be 
statistically significant. . .. 

THE REGIONAL DIrJ:ERENCE 

It will be noted that in early broods 
the commonest number of young is 5 
in Switzerland but only 4 in Britain, 
while in late broods it is 4 in Switz­
erland but only 3 in Britain . Lack 
showed that there was a widespread 
tendency for the average clutch-size of 
passerine birds to be larger in Central 
Europe than in Britain at the same 
latitude, and argued that a general 
trend suggests an adaptation. The 
data . . .fit in with this suggestion, 
since, in early broods, the survival-rate 
begins to decrease with a brood of 
more than 5 young in Switzerland, but 
with a brood of more than 4 young in 
Britain, while in late broods the de­
crease commences with a brood of 
more than 4 young in Switzerland but 
with a brood of more than 3 young in 
Britain. This presumably means that 
more food is available for young 
Starlings in Switzerland than in Britain, 
but there are as yet no data on this 
point. In the parallel case of the 
Swift (Apus apus) in the two regions, 
there is suggestive evidence that not 
only average clutch-size but also food 
supply is greater in Switzerland than 
in Britain. 

Lack also showed a general ten­
dency in passerine birds for average 
clutch-size to be higher in the north 
than the south of the European range. 
There are not yet sufficient data on 
this point for the Starling. . . . 

POPULA nON TURN-OVER 

... the Starling has a lower repro­
ductive rate in Britain than in Switzer­
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land. While in both countries the 
Starling has been increasing in num­
bers in the last fifty years, the increase 
has probably been sufficiently slow to 
mean that the average number of 
young born each year is very nearly 
equal to the average annual mortality. 
The higher reproductive rate of Swiss 
than of British Starlings should there­
fore mean that the Swiss birds have a 
higher annual mortality than the 
British. This point can be tested by 
analysing the age at death of each 
banded bird later recovered. . . . This 
indicates that the mortality in the first 
year is 73 % for Swiss but only 66 % 
for British Starlings, while in later 
years it is 62 % for Swiss and only 
55 %for British birds. These differences 
are statistically significant, and there­
fore support the above hypothesis. 
However, it is possible that the small 
percentage of recovered Starlings is 
slightly biassed as to age, as discussed 
in greater detail by Lack and Schifferli, 
It is scarcely necessary to add that, in 
a balanced population, a higher mor­
tality-rate is an inevitable result of a 
higher reproductive rate . The types 
of danger to which Swiss and British 
Starlings are respectively subjected are 
a purely secondary consideration. 

CONCLUSION 

The data in this paper suggest that, 
as brood-size increases, the mortality 
among the young al so increases, in 
such a way that the commonest brood­
size found in nature is also the size 
with optimum prod uctivity. This result 
appears to hold under the differing 
seasonal conditions of first and late 
broods, and the differing regional 
conditions of Switzerland, Holland and 
Britain. The facts therefore support 
the view that Clutch-size is determined 
by natural selection acting through 
the survival of the young. ... 
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THE ROLE OF WEATHER IN DETERMINING 
THE DISTRIBUTION AND ABUNDANCE OF ANIM ALS 

L. C. Birch-1957 

Repr inted by permiss ion of the autho r and publ isher fro m Cold Sp ring 
Harbor Symp osium on Q uant itat ive Biology, 22 : 203-2 15, 1957. 

L. C. Birch is representative of those who consider populations to be regu­
lated by fa ctors largely external to the population and independent of the 
size of the population. Climate is an ex ample ofsuch a fa ctor. H . G. A ndrew­
artha and Birch, both 0/ the University of Sydney , Australia, develop 
these concepts of population regulat ion in The distribution and abundance 
of animals (1954. Chicago, University of Chicago Press). 

The the sis of this paper is that 
weath er is a component of the enviro n­
ment of animals which effect ively 
determines the limit s to d istribution 
and the a bunda nce of so me species. 
Shor t term and lon g term changes in 
weath er determine short ter m a nd 
long term changes in distribution and 
abunda nce. Th at weather can be effec­
tive in determining the limits of a bun­
da nce within the distribution of an 
animal has been doubted by some 
ecologists who believed that only 
"density-dependent" factors can "deter­
mine" the density of populations. 
Density dependent facto rs or as they 
have mor e recen tly been called "densi­
ty-govern ing" factors are defined as 
those facto rs which "permit popul a­
tions to gro w when at relat ively low 
densities, and oppo se grow th when th e 
den sities becom e relatively high " (see 
Nicholson). Weather is not classed as 
a "density governing" factor becau se it 
is claimed that it does not react to a 
cha nge in density of auimals. The 
uph olders of this point of view main­
tain that in the a bsence or " de nsity 
gove rn ing" factors populat ion s would 
eith er grow without check or alterna­
tively they would tend toward s ex­
tinction. 

We sha ll exa mine a partl y hypoth et­
ical model. anti illustr ate it with 
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exa mples, of how short term and long 
term cha nges in weath er may influence 
the chan ce to survive and multiply in 
such a way as to prevent unlimited 
increase in numbers even in th e ab­
sence of "de nsity gove rn ing " facto rs. 
It will be shown in the same model 
that weather can opera te in such a 
way that there will be littl e chance of 
extinction provided the fluctuat ion s o f 
weather are kept within limits which 
wo uld need to be deftned for eac h 
species. As these limit s a re approached 
the chance of extinctio n increases . 
Over a lon g pe riod of time the cha nces 
o f the se limits bein g excee ded is grea ter 
than for a short period of time. 

I t is not contended that the numbel'S 
of all anima ls arc det erm ined primarily 
by weather no r that weather is more 
important than ot her compo nents of 
environment. All compo nents have a 
pa rt to play. But in st udying anyone 
species it is usual to find that one 
compo nent plays a primar y ro le in 
determin ing numbers. Som et imes th is 
is weather. 

Weather is a lso a component of 
natural selection and so may play a 
part in determ ining the qu ali tati ve 
composi tion of a popul at ion . Selection 
thr ough com po nents of weather may 
cha nge a n animal's cha nce to survive 
and mul tiply and this will be re fl ected 
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in cha nges in its dist ribu tion and 
abunda nce. 

SIlO RT TER M CH ANG ES IN WEATHER 

T he gras shopper Austroicetes em­
cia ta has a well defined distr ibuti on in 
south eastern Australia in a belt o f 
co unt ry running rou ghly eas t to west. 
Th ere is an other grass ho ppe r hclt in 
western Au strali a which is scpa ra ted 
from the eastern one by the N ullarbor 
desert. T here the belt run s diago nally 
across the sou th western corner o f the 
continent. . . . isopleth s fo r moisture 
based on rain fall and evapora tio n. . . 
delineat e quite nicely th e distri buti on 
of the species. North of the distribu­
tion the cou ntry is too dry for the 
grass ho pper to survive, so uth of the 
distribution it is too wet. . . . T he 
co ntractio n and expan sion of the 
gra sshopper belt in a nort h-south 
dir ect ion is associated with fluctua tions 
orwea ther, Both th ese changes a nd the 
changes in abundance within the belt 
were st ud ied by Andrewa rtha and 
Birch ove r a number of years. . .. 
Fro m o ur und erstand ing of these 
changes we built up a genera lised 
diagram which summarises th e situa­
t ion [a nd] rep resents a section of the 
grasshopper belt from north to so uth. 
A centra l strip of co unt ry is inh abited 
perman ently. Numbers there a re li kely 
to be higher than elsewhere. To the 
north a nd south the co untry is in­
hab ited temporaril y in seq uences of 
favo ura ble yea rs. If we now select 
three localities within the gras sho pper 
belt , one in the center, o nc in the 
north and one in the so uth, we migh t 
represen t the cha nge in ab undance in 
t ime as in Figure J. Loca lity A is a 
place where num bers are often high, 
loca lity 13 is a place which is unfavour­
a bly wet a nd nu mbers never so high. 
Loca lity C is a place which i ~ so d ry 
that grasshoppers become extinct in 
some year s. Their presence In subse­

ucru years is dependent upon dis-

IIG . 3. Hypothetical diagr am, showing the 
change in IIl a S .1 of grasshoppers during many 
y ears ill the localities marked A, B, and C, in 
Figure 2 [deletedl. (After Andrewartha and 
Birch, 1954 ). 

per sal from the so ut h. . . . Th ese 
changes arc largely due to seasona l 
change in weather . Kn owing th e effect 
of weat her on the survival of grass­
hoppers, Andrcwa rthu a nd Birch 
were a ble to mak e an estimate o f the 
chance . ill each of the se localities, of 
obtaining a seq uence or years that 
wou ld permit multiplicat ion to plague 
numbers, At C the cha nce is extremely 
small. At A it is much greater. Con­
versely it wou ld be true to say th at th e 
chance for surviva l and multiplicati on 
is sma ll at Band C but high at A . 
Thi s is a prob abi listic way o f looking 
at distribution and a bundance . By 
introdu cing the idea o f cha nce we 
have rem o ved the necessit y to co ns ider 
whether temperatu re , ra infall and 
other co mponents ar e "de nsity-de­
pen dent" o r "de nsity -independe nt" 
factors . We do not deny the existence 
o f density-dependent factors but we 
den y the assert ion that populati ons 
can only be regulated by "density-de­
pe nde nt" factors. F ro m the pr oba­
bilistic point of view any co mpo nent 
o f enviro nment might ass ume this 
role. 

Let us now look more closely at 
how weather determines numbers at 
A, R an d C so that grasshoppers are 
never so com mo n at Band C as at A. 
T hose who do not thin k th at weather 
can regulate numbers argue that at a 
place such as C the weat her is toler­
ab le, o therwise the anima ls would not 
be there at nil. If tolerable, then nurn­
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ber s will increase at C until a resource 
such as foo d ru ns short . So what 
really limits nu mbers at C is a sho rtage 
of an essentia l reso urce du e to th ere 
being too man y grass hop pe rs. In repl y 
to th is argument we would say th at if 
weather at C remained tolerab le all 
the ti me, then to be sure, numbers 
would increase until food or some 
other resource became limiting. But 
the situation at C is much more com ­
plex and this complexity alte rs the 
arg ument. Two charac teristics of 
natural enviro nments which have not 
been considered in this argument 
have to be taken int o acco unt. These 
are (a) fluctuati on s in the favo ur­
ableness of weather and in ot her 
components of environment which 
affect survival and multiplicati on and 
(b) spatial patchiness of th c environ­
ment. In other word s we have to 
co nsider the heterogeneity of th e 
environment in time and in space. 

Con sider th e sit uation at C (Fig.3) 
which is within the distribution of the 
gra sshopper but near th e northern 
boundar y. . .. There is only one ge­
ner at ion of grasshoppers eac h year; 
they lay th eir eggs late in spring. Dur­
ing the summer and winte r only the 
egg sta ge is present. The curve shows 
how the mass of grasshoppers might 
var y over a five yea r pe riod. Each yea r 
without exception t here is a cras h in 
numbers after increase in bio-mass in 
the spring. But the increase in bio-mass 
is not the cause of the cras h. The ca use 
of the crash is the hot dr y summer 
which inevitably follows th e favoura ble 
seaso n of spring. Th e ea rliness and 
extent of the cras h in numbers will be 
determined by the ea rliness and sev­
erity of the un favourab le period. Like­
wise the upper limit to numbers each 
year is determ ined by the length and 
favourableness of the spring and the 
sever ity of the previou s seaso n. In th e 
second year the unfavourabl e season 
was so severe tha t th e grass hop pers 
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were completely wiped out before 
they laid any eggs. Th e cha nce of thi s 
happening is high in the northern 
extremity of the distribution thou gh it 
must be quite small in th e more central 
localiti es. It is to be not ed that in th e 
third year grasshoppers were again 
pre sent. We sha ll suppose that th ey 
arr ived by dispersal from a locality , 
some ten miles or so sout h, which was 
more hospitabl e to grasshoppers in 
the pr eviou s season.... 

Th e first point our model illustra tes 
is that in an area of extreme unfav our­
ableness in which the wea ther is some­
times int olerable for grasshoppers, it 
is still possible for grasshoppers to be 
found there. Th is is by virture of the 
patchiness of the environment. 

Let us next consider what pr evented 
grasshoppers from increasing indefi­
nitely in both the locality in th e north 
. . . and in a localit y further so uth. . . . 
When the nymphs first hatch th ey a re 
not likely to be short of food becau se 
thi s is the seaso n of the year when the 
grass is gro wing most stro ngly. When 
swarms were present , the later stages 
sometimes expe rienced a shortag e of 
food , not because th ere was insuffi­
cient grass in th e area, but becaus e it 
dried up before th e grasshoppers could 
complete their development. It will be 
necessary to co nsider th e nature of th e 
foo d shortage at th is sta ge in a mo­
ment. Th ere is good evidence th at 
grasshoppers do not suffer from food 
shorta ge while th e grass is mostly 
green. Sheep sha re the pastures with 
grassh oppers and it is the aim of 
farm ers to have eno ugh dry grass 
standing in their pa ddo cks to carry 
their flocks throu gh summer. During 
the plague yea rs 1935 to 1939 the 
number of sheep living in th e pastures 
almos t doubled. If there had been a 
shortage of dr y food th e farmers 
would most certa inly have rem oved 
them. In ot her word s the grasshoppers 
always left eno ugh grass to pr ovide 
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large stoc ks of dry grass in t he summer. 
The small am ount of green food 

th at is left at the end of the spring is 
related not to the nu mb er of grass­
hoppers but to the onset of th e hot 
dry summer. It might be argued th at t he 
grasshoppers would then suffer from 
compe tition for the little food th at was 
left . The green food th at remained th en 
consisted of sho rt blad es at the base of 
dried up tufts of grass . Th ese green 
blade s were sparsely scatte red over 
man y plants . The last grasshopper died 
of sta rva tio n before all th e green food 
had disappeared. Wh at was left it 

co uld not find at a ra te fas t eno ugh to 
keep it alive. It is true that more grass­
hoppers will ea t more food. But o ur 
observat ions co nvinced us tha t the 
tot al amo unt they ate was small in 
relation to what was ava ilable, even at 
th e end of the season. Because grass­
hoppers find so little of the food that 
remains with the approach of summer 
the chance of a gra sshopper finding 
food is independent of the number 
sea rching for it. This is the principle 
of the relat ive shorta ge of food de­
scr ibed by Andrcwartha and Birch . . . . 

THE SELF-ADJUSTMENT OF POPULATIONS TO CHANGE 

A. J. Nicholson- 1957 

Reprinted by perm ission o r the auth or a nd publ isher from Cold Spr ing 
Harbor Symposium on Quantita tive Biology 22 : 153- 172, 1957. 

According to Nicholson, the density of a population is gove rned not by 
biotic and abiotic f actors per se but by attributes of these elements (a vaila­
bility , accessibility , intensity, etc.). M ore important , however, is his conten­
tion. that " the ability fa adjus t themsel ves to great changes in their environ­
ments" is inherent in all populations. The essence of this hypothesis and part 
of the empirical basis fo r it are f ound in/his selection. The auth or is associated 
with the Commonwealth Scientific and Industrial Organization, Canberra, 

Australia. 

For some years my method of 
approa ch to an und erstanding of pop­
ulation problems has been to use 
laboratory colonies of the Au str alian 
sheep-blowfly, Lucilia cuprina Wied. , 
und er pre cisely defined laborat ory 
co nditions . The method consists of 
introd ucing a sma ll number of L. 
cuprina into a cage and, from then on, 
maintaining prede term ined conditions 
co nsta nt, including the sup ply of such 
depletable requisites as foo d and water 

at a co nsta nt rate . The population is 
left entire ly to its own devices and, 
apa rt fro m maintaining the pr ede­
ter mined co nditions, the only ac tion 
tak en is to keep a careful day-to-day 
record of th e numbers of individuals of 
so me, at least , of the vari ou s devel­
opm ent al stages-supplementing this 
at times with ot her observati on s. .. . 

L. cuprina is representative of the 
lar ge gro up of anima ls which "scra m­
ble" for their food , the rate of supply 
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o f which is det ermined by factors 
other th an the activity of the a nima ls. 
With g ross c ro wd ing such scra mbling 
lead s to much wastag e of the go vern ing 
requisit e so th at , with excessive num­
bers o f a ni ma ls, there is either exc ess ive 
m ortality or the fertility m ay be tem­
p orarily red uced below th e re p lace­
ment rat e. T his tends to produce 
vio lent oscillat ions in the size o f the 
populati ons which a re not ca used by 
environmental fluctuation s, and it 
gen erall y limits the avera ge d en sity o f 
th e an imals far bel ow th a t whic h th e 
sup ply of go ve rn ing req uisit es co uld 
main tain if there were n o wastage. 

In co ntras t to this is the ca tego ry of 
a nima ls which "con test" for th ei r 
limiting requisit e . That is to say, each 
successful ind ividual lays cla im to a 
snp ply of requisit es sufficient to main­
tain it , a nd to ena ble it to prod uce 
offspring. Th e unsuccessful indi vid ua ls 
a re d eni ed access to cr itica l requisit es 
by th eir success ful com petito rs. T his 
kind o f competition elimina tes, or 
grea tly reduces, th e wast age of req ui­
sites, so permitting a rela t ively hig h 
d en sit y o f a n ima ls to be maintain ed 
a nd , in a d d itio n, preventing such intra­
specific osc illa t ion as occu rs in 1.. 
cuprina. T he re is room for o n ly a 
ce r ta in limited numher of individual s ; 
co nse q ue n tly th ose whi ch are un suc­
cessful in o bta ining room "overflow" 
into less fa voura ble part s of th e 
enviro nmen t from which cr it ica lly 
im portant requisite s a rc a bsent, o r 
p resen t in inad eq uat e a mou nts . . . . 

In th e two ca tegories o f popula tio n 
regulation just d iscu ssed the a mo unt 
and rutc o f producti o n of th e go vern ing 
req u isite , wh ich is cri tica I to the a ni­
mal s, is indep endent o f th eir ac t ivities . 
T he re is a not he r large a nd im po rta n t 
ca tego ry in which the a ct ivities o f th l,; 
a nimals not only influen ce th e degr ee 
o f deple tio n o f the ir go ve rn ing rcqui­
sites , but a lso d e term ine th e a mo unt 
produced. These are such p hytopha-
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gous anim al s a nd p red at ors as limit 
th eir o wn populat ion d en sitie s hy 
limiting th e production o f th eir host­
plants o r prey, th ereb y reducin g th ese 
to th e thresh old levels, a t wh ich the 
ene mies ca n find barel y sufficien t food 
to maintain th eir o wn numbers.. .. 
N ote th at "pa ra si tes" of th e insect type 
a re really predat ors, as their larvae ea t 
th eir "hosls" . 

Th is ca tegor y o f population regu la­
tion is of except iona l interes t be cau se 
o f the unexp ect ed a nd va ried re sults o f 
interaction bet ween a nimals a nd the 
organ is ms up on whi ch th ey feed . T he 
co ns idera t io ns which fir st caused me to 
co nside r populat ion pr oblem s se rious ly 
co nvenie nt ly illu strat e the sit ua t io n 
represented by this ca tegory . 

Many yea rs ago I was p uzz led by the 
fact that th e d egr ee o f infestati on of 
ci trus trees by sca le insects appea red to 
be quite ind ependen t o f th e num ber o f 
citru s tr ees in a ny p a rt icular area ; for 
this indicat ed th at th e population o f 
scale insect s was d ir ect ly influenc.ed by 
th e number o f ci t rus tr ees - In spi te of 
the fac t that th ere was evidently space 
for far mor e sca les o n th e foli age a nd 
bran ch es, a nd that , as th e cit rus tr ees 
remained healthy, th e food sup ply wa s 
presuma bly ca pable o f su ppo rt ing far 
more sca le in sect s than it did . Tt occur­
red to me th at th e pu zzling ph cn o rnc­
non could be du e to th e a ction of 
natural en em ies , fo r the citr us t rees not 
o nIy provided roo d Io r th e sca le in sect s 
but al so co nst ituted the area o ver 
which the enem ies had to sea rc h. 
Simple co nsi de ra t io ns indicated th at, if 
th e num ber of scale insect s was vcr 
nigh, large num bers o f paras ites would 
b reed Iro in [he m, and th a t these par a ­
sites , ope ra ting in the nex t ge nera t io n. 
wo uld coll ecti vely sea rch the grea te r 
par t o r th e fo lia ge o f I he trees , W 

attack ing m ost o f th e sca le in sect s and 
ca using their nu mbers to f:1Ji to a low 
le vel in th e fo llo wing ge nera t io n . Co n­
tinuing th is kind of a rg ume nt i t became 

A. J . J"ICIIOLSON 

clea r th at the number s o f scale insects 
and of their natural ene mies sho uld 
produce effec ts up on o ne a no th er 
which wo uld a lways tend to reduce 
ove r-large pop ula t io ns, a nd to a llow 
very sma ll populations to incr ea se. 

T he mechanism visua lized was tha t, 
if few ene mies searched a la rge area , 
each wo uld spe nd m ost of its t ime 
ex p loring pr evi ou sly unsca rch cd a reas : 
wh erea s if the sea rc hing enem ies were 
numer ou s, ea c h wo uld spend most o f 
its time sea rch ing p revio usly ex plo red 
a reas wit hin which m ost or the scal e 
inse c ts wo uld presu ma bly ha ve hcen 
a ttacked alread y. A ssuming th a t th e 
ene m ies were fair ly evenly o r ra nd omly 
di stributed over t he foliage, it was casy 
to co ns t ruc t a c urve wh ich re p rese nted 
qu antitatively the reduction in the 
success o f the sea rc hing ind ividuaIs in 
ex p lo ring previously un explo red a reas, 
in which the un attack ed sca les would 
presum ably lie . T his T ca lled th e 
"co mpetitio n curve ." . . . Us ing thi s 
curve it was possible to exa mi ne a 
number o f hypothetical a ri th me tica l 
exa m ples by as sign ing arhitra ry 
" powe rs o f increa se" to the host s a nd 
"a reas of di scovery" (wh ich rep res ent 
th e sea rch ing a bilities o f th e pa ra sites) 
to th e parasites. 

a my as to nish me nt, no mat ter how 
1 va ried th e two ba sic pr ope rti es , th e 
arit hmetica l exa m ples indicat ed th at 
th e rea c t io ns between th e two ki nds o f 
insect s, a ltho ugh always of the right 
kind to op pose, a nd to cha nge the 
directi on of th e c urrent di spl acements , 
gavc rise to oscill a tio ns in t he numbe rs 
o r b oth ho st s a nd pa ra site s, a nd th ese 
grew in a mpl itud e with t ime ! In o ther 
word s, th is sim ple sys tem o f co rr ec t ive 
reacti on was over-v io lent a nd prov ed 
to be in t rins ica lly un st a ble. Su bse ­
quently Ra iley con firm ed a nd ex te nde d 
th ese co ncl us io ns by th e use of m athe­
matics. 

T h us, in t his situa t io n, d en sity­
indu ced reactions were produced in 
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popula tio ns o f ho tb kind s of inter act­
ing a n ima ls which wert: o f th e right 
sign to co un te rac t d ep a rt ures from th e 
equilibri um posit io n but th ey were ove r­
viol ent . so ca us ing successive ly grea te r 
a nd grea ter ove r- a nd undersh ooting o f 
th e eq ui lib ri um posi tion. The growth 
i n a mpli tude or the osci lla t io ns is 
pro ba bly related to th e Iact th at tw o 
sys tems o f osc illa tio n a re inv olved . Th e 
we ll kno wn preda tor-p rey oscillatio ns 
o f Vo lter ra lend to sys tems of s usta ine d 
o scillat io ns which may be referred to as 
"co up led oscilla tio ns " . . . as th ey a re 
cl ue to a lin ka ge bet ween the two 
ch angin g population s. Each a s it pa sses 
its cquilihr iurn density a lte rs th e direc­
tion o f c hange o f th e o the r p opula tion ; 
but Vo lte rr a 's pop u la t io ns consisted o f 
hypo thetical a nima ls wit h th e c urio us 
pro perty th at th ey inte racted from th e 
mo me nt th ey were born , wh ich m eans 
th a t th ey we re born full y mature. In 
co ntras t to thi s , insect hos ts a nd their 
parasites req uire a consid erable time to 
develop, a nd cha nges in d en sit y in­
d uced by interact io n produce th eir 
e ffects o nly a fte r th e lapse of a ge ne ra­
t ion . This tends to give rise to " lag­
oscilla tio ns " , suc h a s wer e observed in 
the Lucilia cuprina cultur es . The su pe r­
impositi o n of th ese lag-oscill at ion s 
up on th e co upled os cilla tio ns see ms to 
be the likely cause o f g rowt h in a mpli­
tu de of s uccess ive o sci lla tio ns, a nd of 
th e co nseq ue nt inst ab ilit y o f thi s 
sys te m o f intera cti on . 

Two a ri thmet ica lly ca lc ula ted exa m­
pi es are g iven in Fig ure 9 of this type of 
sys te m, ea ch exam ple representing the 
intera cti o n of a spe cific h ost a nd a 
specific pa ras ite T ha t is to say, inc rease 
in th e host densit y is lim ited so lely by 
the ac tio n of one partic ular species o f 
parasite , a nd the pa ra site a ttacks host 
o f this species o n ly, a nd so lim its its 
o wn de ns ity by res t rict ing that or its 
host. It w ill be seen that the violence o f 
reactio n is grea te r in B th an in A, 
which illus trates the ge nera l conclusion 
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HG . 9. Calculated interspecific oscillations pro­
duced by interaction between a specific hast and 
a specific parasite. Power of increase ill A is 2. 
and i ll B it is /0 limes p I!/' gene rat ion; all other 
prop erties and conditions or,'! the same ill The two 
systems illustrated. Heavy lines, host populations: 
dotted lines, parasite populations tshown UI half 
the scale used f or hOSTS) ; broken lines, steady 
densi ties , 

th at the vio lence o f oscillati o n moun ts 
with increase in th e " power of incr ease" 
of th e ho st. . . , T ile magni tud e o f the 
" a rea o f discovery" of th e parasite does 
not influence the cha racte r of t he 
osci lla tion. In both th e exa mpl es given, 
it is assume d tha t initially one of th e 
int er acting species is a t its eq uilibri um 
de nsi ty wh ereas th e othe r is dis placed 
slightly fro m its equ ilibriu m density. 
Only by makin g this assumption is it 
possible to show severa l successive 
oscilla tions for, ot herwise, the vio lence 
of reaction is so great th at o ne of th e 
po pulatio ns is qu ic kly red ueed to 
frac tio na l numbers. and th e o ther 
popu lati on follows -as is indic a ted in 
Figure 9 B. T he gra phs shown in 
Fig ure 9, and simi la r ones published 
elsewhere .. . a re not intend ed to sho w 
wha t may be expe cted to happ en to 
int eracti ng hosts a nd para site s in 
nature, but simply to illustra te th e p ro b­
a ble und erl ying mechanism wh ich lead s 
to cert a in interesting eve nts which a re 
so met imes o bserved in nature. . . . 
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T here is not sufficient time to di scu ss 
o ther cat egories of po pulation regul a­
tio n. . . I ca n on ly sta te th at in all of 
th ese, just as in the th ree ca tego ries 
already discussed , it has been fo und 
that automat ic compe nsatory mech a­
nisms exist whic h per mit the po p ula­
tion s to ada pt th em selves to wide ly 
different circu mstances by den sity­
indu ced reaction s. Becau se of mu ch 
misunderstanding upon the po int , I 
wo uld like to stress that my investiga­
tio ns and th eo retical co nside ra t ions 
based upon them , do not imply th at 
den sity govern ing reac tio n sho uld 
o perate upon a popu latio n a t all time s. 
A t times popul at ion s may multiply 
without check , or th eir numbers may 
be progre ssively reduced ove r a period 
by adverse exter na l fac to rs, witho ut 
th ere being a ny co mpe nsatory react ion 
during that per iod . In sp ite o f this, it is 
necessary, a nd inev ita ble, th at den sity­
ind uced react ion sho uld limit popula­
tions in relat ion to the prevailing 
enviro nmenta l co nd itio ns fro m tim e to 
tim e a t least , so determining th e genera l 
leve ls o f a bunda nce from whic h th e 
uncont roll ed va riations j ust spoken of 
ma y take place. 

The fo regoing cons idera tions have 
show n th at some kind s of animals, at 
least , induce reaction s in their env iro n­
ments, and with in t heir ow n popula­
t ions, wh ich bring a bo ut an a uto ma t ic 
self-a dj ustme nt of th eir po p ula tion 
de nsities at levels \.Vhich are determined 
both by their ow n prope rties and by 
th ose of their enviro nme nt s. Th eoreti­
ca l co nside rations go far the r tha n t his 
.. . a nd ind icate that no pop ulation can 
be persistent unl ess it has a mechani sm 
of density-induced compensa tory reac­
tion to maintain it in being. . . . 

;OMMUNITY STRUCTURE, POPULATION CO!'TRO.... 
AN D COl\fl>E'rITION 

Nelson G. Hairston, Frederick E. Smith, 

and La wrence B. Slobodk il1-1960 

Reprinted by permission o f the a utho rs and pu blisher fro m the Am erican 
Naturalist 94 :421-425, 1960. 

In spite 0/ acknowledging lim ited app lica tion, proponents 0/ giveII population 
models tend to discuss them as all inclu sive . It is at that point that the model 
encounters difficulty. Part o]' This diJ]iw lt.l' arises f rom the heterogeneity 0/ 
orga nis ms in contras t to the homogeneity 0/ the popu lat ions which pro vide 
the empirical basis /01' most of the m odels. Tile ge neral patt ern 0/ population 
control which is developed in this brief , persuasive argum ent is (/11 attemp t 
by these three Uni versity 0/ Michigan eco logis ts Til reconcile diverse points 

0/ view. 

T he method s where by natural po p­ rat e tha t is negligibl e wh en co mpa red 
ulations a re limited in size have been with th e ra te or ene rgy fixa tion th ro ugh 
de bated with vigor d uri ng three de­ hotosyruhesis in the biosphere. A p­
cades, particul arl y d ur ing the last few pa rent exceptions to thi s observa tio n, 
years (see paper s by Nicho lso n, Birch , such as bogs and po nds, a re succession­
A ndrewa rtha , Miln e, Reynold son , and a l stages, in which th e failu re of deco m­
Hutchinson , and ensuing discu ssion s positio n hastens the ter minat ion of th e 
in the Co ld Spring Ha r bor Symp osium , stage. T he rate of acc umulat ion whe n 
1957). Few eco logis ts wi ll den y the co mpared wit h tha t of p hot osynthesis 
im po rta nce of th e subjec t. since th e has a lso been shown to be negligibl e 
met hod of regulat ion of po pula t ions over geolog ic ti me. . . . 
m ust be kn own befor e we ca n under­ If vir t ua lly all of the e nergy fixed in 
sta nd nature a nd predict its beh a vior. ph ot osynthesis docs indeed flow 
Al tho ugh discussion of t he subject ha s th rough th e biosphere, it mu st follo w 
usuall y been co nfined to single species th at a ll organisms taken toget her are 
popula tio ns, it is eq ually imp orta n t ill limited by the a mo unt o f ene rgy fixed . 
sit ua tions whe re two or mu re species In part icul ar . the decomposers as a 
a rc invo lved . grou p mu st be rood -limited , since by 

The purpose of thi s not e is to de­ defini tio n they co mprise t he tr oph ic 
mo nst ra te a pattern of populat ion level whic h degrad es o rga nic deb ris, 
co nt ro l in man y co mmunit ies which T here is no a priori reason why preda­
derives eas ily from a serie s of ge nera l, tors , beh avior , ph ysiol ogical cha nges 
widely accepted o bserva tio ns. The ind uced by high densities, etc. , co uld 
logic used is not eas ily refut ed. Fur­ not limit decomposer popul a tions. In 
th erm or e, the patt ern reconciles co n­ fact , so me decomposer popula tion s 
flicting interp retat ions by sho wing th at may be limited in such \vays.· If so , 
popul ations ill di fferent tro ph ic levels however, ot hers must co nsume the 
are expected to differ in the ir method s " left -ove r" food , so th at th e gr ou p as a 
o f control. wh ole remains foo d limited ; o therwi se 

Our first o bse rva tion is that th e fossil fue l wo uld accumulate rapidl y. 
accumulatio n of fossil fuels occ urs a t a Any popula t ion w hich is not resource­

llJ 
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limi ted mu st, o f co urse, be limited to a 
level below t hat set by its resources. 

O ur next t hree obse rva tio ns a re 
interr ela te d . Th ey a pply primarily to 
terrest rial communities. T he first of 
th ese is th at case s of obvio us dep let ion 
o f green plants by herb ivores are 
exceptio ns to the gene ra l picture, in 
wh ich t he plants are abundant a nd 
largel y intact. Moreo ver, cases of 
obviou s mass de structio n by meteor­
ologi cal cat astrop hes are exce ptiona l in 
most areas. Taken together , th ese two 
o bserva tions mea n that prod ucers are 
neith er herb ivore-limited nor ca tast ro ­
phe-limited , and mu st t here fore be 
limited by thei r own exhaustion of a 
resource. In many ar ea s, the limiti ng 
resource is obvious ly light, but in arid 
region s water may be the cri tical 
fac tor , and there a rc specta cular ca sus 
o f limitati on throu gh th e exha us tio n o r 
a critica l minera l. Th e final obse rvatio n 
in t his gro up is th at th ere a re tempo rary 
exce ptions to the genera l lack o f depl e­
tion o f green pl a nt s by herbivo res. T his 
occ urs when herbivor es ar c pr ot ected 
either by man or natural event s, and it 
indicates th at th e herbivor es a rc a ble 
to deplete the vegeta tion whenever th ey 
becom e numer o us eno ugh, as in the 
cases of the K aiba b deer herd , rodent 
pl agu es, a nd many insect ou tbreaks. It 
th erefor e follows that the usual co nd i­
tion is for populations o f herbivores 
not to be limited by t heir food supply. 

he vagaries o f weat her have been 
su ggested as an adequate method of 
co ntro l for herbivore populations. The 
best factual clu es relat ed to thi s a rgu­
men t a re to be fo und in th e ana lysis o f 
the exceptiona l cases where terrest r ial 
herbivor es have beco me numer ou s 
eno ugh to deplete the vegetation . T his 
ofte n occurs with intr oduced rat her 
th an nati ve species. It is most di ffi cult 
to suppose th at a species had been 
unable to ada pt so as to escap e cont ro l 
by the wea th er to which it W<H; exposed, 
and at the same tim e by sheer cha nce 
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to be able to escape thi s contro l fro m 
wea ther to which it had not been 
previously exposed . This ass umption 
is especially d ifficult when mutual 
invasions by differ ent herbi vores be­
tween two co unt ries may in both ca ses 
resul t in pests. Even more difficult to 
accept, however , is th e impl icat ion 
regar ding th e nati ve herb ivor es. The 
ass umptio n that the hundreds o r 
th ousands 0 f species native to a forest 
have fa iled to escape fro m control by 
the wea ther despite long exposure and 
mu ch selec tion , when an inv ader is 
a ble to defoli at e withe ut thi s past 
histor y, implies th at "pre-adaptation" 
is more likely th an ordina ry adapta ­
tion. T his we cannot accept. 

T he remaining gene ra l meth od of 
herbivore con tr ol is pred ation (in its 
br oadest sense, incl uding parasiti sm , 
ctc .), It is important to not e that th is 
hypoth esis is not denied by t he presen ce 
of introd uced pests, sinc e it is necessary 
on ly to suppose that either th eir natural 
preda tors hav e been left behind, o r 
th a t while th e herb ivore is a ble to exist 
in t he new clima te, its ene mies are not. 
T here ar e, furt hermo re, n umer ou s 
exa mples of the d irect effect of pre­
dator rem oval. The history o f the 
Kaibab deer is th e best k nown exam ple, 
a ltho ug h dee r across the northern 
portion s o f the co untry arc in repeat ed 
da nger of winter sta rva tio n as a result 
of protect ion and pred at or rem oval. 
Severa l rodent pl agu es have been 
attributed to the local destruction of 
pred at or s. Mort: recently, t he extensive 
sp raying o f forests to kill cate rp illars 
ha s resulted in outbreaks of scale 
insects. The latter a re protected fro m 
the spray, while thei r beetl e predat ors 
and o the r insect enemies a re no t. 

T hus, a ltho ugh rigoro us proof th at 
herbi vores are genera lly co ntro lled by 
predatio n is lacking, suppo rt ing evi­
dence is avai lable, a nd th e alternate 
hypot hesis of co nt ro l by wea ther lead s 
to false o r unten ab le implications. 
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Th e for egoin g co ncl usion has an 
important implication in th e mecha­
n ism of co ntro l o f the predat or popula­
t ions. T he pr ed at or s a nd par asite s, in 
co ntro lling th e populati on s 0 f hcrbi­
vore s, mu st thereby limit th eir own 
re sources, and as a group they must be 
foo d-limite d . Althou gh th e popula­
ti on s of so me ca rn ivores a re o bvious ly 
limited by territori ality, thi s k ind of 
intern al check ca nno t ope rate for all 
ca rn ivores tak en togeth er. If it did , th e 
he rbi vor es would norm all y expa nd to 
the point o f depl eti on of th e vegeta tio n, 
as they do in the a bsence of their 
normal predators and par asit es. 

The re thu s exists ei ther direct proof 
or a great pr ep on derance o f factual 
ev ide nce th at in terrest r ial co mm uni­
ties deco mposers , producers, and preda­
tors, as who le tr ophic level s, are 
resource-lim ited in the classical den sit y­
depende nt fashio n. Eac h o f these three 
ca n a nd d oes expand toward the lim it 
of th e app ro pria te re source. W e may 
now exa mine t he reason s why thi s is a 
freq uent sit ua tio n in nature. 

Wh at ever th e resource fo r which a 
set of terrestri al p la nt spec ies co mpe te, 
the co mpe titio n ult imatel y express es 
its elf as competi tio n for space. A 
co m munity in which this space is 
frequently empt ied through depl eti on 
by herbivore s wo uld run the continual 
risk o f repl acem ent by another as­
sem blage of species in which th e 
herbivores are held down in number s 
by pred ati on belo w the level at wh ich 
they dam age the vegeta tio n. That space 
once he ld by a gro up of ter rest rial pla nt 
species is not read ily given up is sho wn 
by the cases whe re relict stands exist 
under climates no longer suitable for 
their retu rn foll owing deliberate o r 
accidental destruction . Hence, the 
community in which herbivores a re 
held down in numbers, and in which 
th e producers a re reso urce-limi ted will 
be the most persistent. T he develop­
merit of th is pattern is less lik ely where 
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high producer mortalit ies arc inevi­
table. In lak es, for example, a lga l 
po pulatio ns a re prone to cras h whethe r 
grazed or not. Tn the sa me environme nt, 
grazing depletio n is much more com­
mon than in co m muni ties where th e 
major producer s are rooted plants. 

A seco nd genera l co nclu sion fo llows 
from the reso urce lim itati on o f the 
species of th ree tr ophic levels. T his 
co nclusio n is that if more th an one 
species ex ists in one of th ese levels, 
they may a void co m pe titio n o nly if 
each species is limited by facto rs 
completel y un ut ilized by any of the 
other species. It is a fac t, 0 f co urse, 
tha t many species occupy ea ch leve l in 
m ost co mmunities . It is also a fact 
t hat th ey a re no t suffi cien tly segregate d 
in t heir needs to escap e co m pet ition . 
i\ Itho ug h iso late d case s of non-overl ap 
have be en describ ed , th is has neve 
been observed for an entire assem blage. 
There fore, interspecific com petition fo r 
resources exists among producers, 
amo ng ca rn ivores , and among de­
composer s. 

It is satisfying to note the number of 
obse rva tio ns tha t fa ll into line with the 
fo rego ing ded uction s. Interspecific 
co mpe tit ion is a p owerful selective 
fo rc e, and we sho uld expect to find 
evidence of its operation. M oreover , 
the evide nce sho uld be most co nclusive 
in tr ophic levels where it is necessarily 
present. A mong decom posers we find 
th e most obvi ous specific m ech anism s 
fo r red ucing population s o f compcti­
to rs , T he abunda nce of a ntibio tic 
substances a ttes ts 10 the freque ncy with 
which these mecha n isms have been 
develo ped in the troph ic level in which 
intersp ecific competi tion is inevitab le. 
The producer species a re the next 
m ost lik ely to revea l evidence of co m­
petition . and here W I; find such p he­
nomen a as .cro wd ing, sh ad ing, a nd 
vegeta tio nal zo na tio n . 

Amo ng the ca rn ivores, however, 
obvi ou s adaptatio ns fo r in terspec ific 
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competition are less co mmo n. Active 
co rnpeu uon in th e fo rm of m utual 
habitat- exclusion has been noted in the 
cases of fla two rms an d sa lamand ers. 
The co mmonest situa tio n takes the 
form of nich e diver sificati on as the 
re sult of int erspecific co mpetition. Th is 
has been not ed in bird s, salamanders 
and other groups of ca rnivo res. Quite 
likely, host specifici ty in parasites a nd 
parasit oid insects is a t least partl y due 
to th e influ ence of inter speci fic com­
petition . 

Of eq ual significa nce is th e frequent 
occ urre nc e amo ng herbivores of ap­
paren t excep tio ns to the influence of 
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de nsity-dependent fact ors . T he grass­
hoppers described by Rireh and the 
thrips described by D avidson a n 
A ndr ewart ha are well known exam ple... 
Moreover, it is a mo ng herbivores tha t 
we find cited exa mples of coexistence 
witho ut ev idence of co mpe titio n for 
resources, such as the leaf hop pers 
reported by Ross a nd th e psocids 
de scribed by Broadhead . It sho uld be 
po inted o ut tha t in these la t ter cases 
coexistence app lies primari ly to an 
ide nt ity of food lind place, a nd other 
aspects of the niches of these or uanisms 
are not known to be ident ica l. 

f . STUDY OF COMMUl\'ITIES 

A t least as early as the lime of Theophrastus it was recognized that 
diff erent species S IIOII' part icular spatial relat ionships in groupings of 
one sort or another. Till:' existence of assemblages and a seeming 
appearance of pattern in their composition and distr ibution ha ve pr o­
vided a considerable arena f or ecologica l investigation. 

S timu lated and oriented largely by tile Danish botanist Eugene 
Warm ing at the film of the century . the study (If communities has 
een direr ted primoriiy towards plants. Considerable effort has been 

expended ill the analysis of vegetational units (comp osition, physi­
ognomy , stra tification , distribution. etc .) and the investigat ion of such 
dyn amic e l'C'IItS as ph enological and successional change. These studies 
on tire general nature and composition of the plant comm unity with 
respect to time and space were involved in reciprocal stimulation 
f rom concurrent theoretical de velopm ents and philosophical discus­
sions. 

Anima l community studies were given major thrust by the English 
ecologist Char les EI/OII ill the 1920's. Elton's concept of k ey industry 
animals funrtioning ill Integrating th e community through a foo d chain 
'ocused uttention 0 1/ the relations of numbers of organisms and th e 

nature of f ood chains ami ecological nich es. These aspec ts of com ­
111 1111ill' study arc covered ill lite section on ecosystems. 
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