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M athem atics presen tly  used by the 
b io log ist and its  inadequacy

The naturalist, as he usually  ex p r e sse s  it, 
u se s  m athem atics as an instrum ent and as a 
language. As an instrum ent, s ta tis tica l m ethods 
have in creased  the p rec is io n  with which o b serv a 
tions are developed, described , and interpreted , 
ex erc is in g  a salutary critique on the hypotheses 
that are precip itated  therefrom . As a language, 
m athem atics p erm its the b io logist to form ulate  
h is  working hypotheses in the form  of m athe
m atical m odels capable of quantitative corrob 
oration. E xpression  by m eans of m athem atical 
sym bols fr e e s  us from  the dangers of the rh e
to r ica l inertia  of our verbal reasoning and allow s 
us to advance m ore su rely  and rapidly in the 
developm ent of our sc ien ce . Among other 
branches of b iology—and perhaps m ore than the 
other branches—ecology, w hose object of study 
is  the developm ent and distribution of life  in the 
com pletely  natural sta te , and consequently the 
rela tion s among organ ism s and between them  
and the environm ent, p laces much hope upon 
p r e c ise  quantitative exp ression . It is  not su r 
prisin g  that the eco lo g ist, particu larly , appre
c ia tes  the effective  a ssista n ce  of m athem atics.

The reduction of vital facts to m athem atical 
sym bols presupposes an abstraction and a con
sequent lo s s  of a s e r ie s  of attributes of w hatever 
is  being considered . T herefore, every  m athe
m atical representation  w ill be incom plete, r e 
flectin g  only one viewpoint of the situation with 
which Nature confronts u s, and indeed, it w ill 
frequently be p o ssib le  to construct independent 
m athem atical m odels on a sin g le  se t of data 
according to the attributes we choose to con
s id er . Both in s ta t is t ic s  and in an a ly sis , each  
individual or each event is  an equivalent elem ent 
in the totality  of c a se s  and m ust, for purposes 
of m athem atical exp ression , be considered  iden
tica l and interchangeable. To th is day, m athe
m atics applied to b iology has worked with quanti
t ie s ,  and the rela tion s among th ese  quantities 
have been estab lish ed  as such, and not according  
to sp ec ia l interactions or orderings of the e le 
m ents in any particu lar grouping. This s ta te 
m ent w ill be made m ore c lea r  by an exam ple.

Let us consider the exp ression s of V olterra  
(1926) and of other authors, proposed with s im i
lar finality , which d escrib e and predict the 
dynam ics of m ixed populations. We may refer , 
as an exam ple, to two sp ec ie s  represented  r e 
sp ective ly  by A and B. Each of our two groups 
p o s s e s s e s  certa in  p rop erties relating to its  rate  
of in crea se  and its  total action on the other 
group. However, th is form ulation is  not con
cerned  with the fine spatia l and tem poral stru c
ture which com bines the individuals of the sp e 
c ific  populations into a m ixed population. It may 
break down, th erefore, and does, in effect, when 
rea lity  d iffers from  a crude m odel such as one 
representing  a sca rce ly  natural, totally  effective  
predator and a prey of equally schem atic ch ar
acter, or any other s im ila r ly  artific ia l sy stem . 
The ideas of Slobodkin (1953) on an algebra ap
p licab le to the study of population dynam ics and 
the works of W angersky—partly unpublished on 
a s im ila r  them e, carry  considerably m ore prom 
is e ,  although at the cost of com plications of 
calculation , enough to rather frighten the b io lo 
g ist. He fe e ls  that new paths might be sought 
instead of just deepening the ruts of the old 
roads. He asks of M athem atics new m ethods 
m ore relevant to the gray areas, m ethods which  
allow a better appreciation of the qualitative and 
which are d irected  toward the broadest and deep
est  understanding of life  phenomena. If such  
m ethods w ere derived from  sta tis tica l consid 
erations and based on som ething sim ply  de
scrip tive  that would perm it us to exp ress flex ib ly  
and in com m on language facts relating to stru c
ture and to its  changes, without requiring a 
working hypothesis of the analytical type nor the 
introduction of new concepts, the advantage would 
be double. The b io log ist a sp ires  to a condensed  
descrip tion  of h is rea lity  that w ill perm it its  
incorporation into a m ore com prehensive in te l
lectual structure; but he wants the data which 
constitute h is point of departure to p reserve  
som e of l i f e ’s ch a ra cter istics  and not end up 
transform ed into a handful of cold ash es. His 
goal is  to capture the sensation  of a liv ing thing 
in the fram ew ork of a form ula, within the rhythm  
of in tellectual constructions, with the sk ill that 
A lcover p ra ise s  in the poet:

^fThis paper, originally in Spanish, was presented by the author to  the Royal Academ y of Sciences and Arts of Barcelona 
on the occasion of the acceptance of his e lection  to  the Academ y, April 4, 1957. T ranslated by Wendell Haii from  Memorias 
de la  Real A cadem ia de C iencias y Artes de Barcelona, 23: 373-449, November, 1957.
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You who im prison  the dragonfly in the 
fram es of rhym e,

Who grasp it so  delica te ly  by the wings 
That not an atom of their sh im m ering  

frag ility  is  lost.

Information th eo ry .
There has recen tly  developed with su r p r is 

ing speed a branch of m athem atical sc ien ces  
ca lled  “ inform ation th eory .” When a word of 
com m on usage is  taken to designate a sc ien tific  
concept, its  sp ec ia lized  change of m eaning may 
appear uncom fortable to som eone unfam iliar  
with its new ro le . In th is ca se  the d ivergence  
in m eaning is  sm a ll. To inform  m eans f ir s t  
and la st to give notice of som ething and inform a
tion theory, based on sta tistica l con sid eration s, 
is  concerned with how data are transm itted , 
ignoring, how ever, any human factors involved. 
That is  to say, the theory rem ains a theory of 
inform ation and never becom es a theory of 
knowledge. If the name is  not too fortunate, th is  
is  because of the speed  with which the new d isc i
p line, hardly twenty years old, has conquered  
new fie ld s of sc ien ce . The word “ inform ation” 
has the virtue in any ca se , of suggesting the idea  
of a m essa g e , of com m unication, of descrip tion  
by m eans of a com bination of sym b ols. The 
sam e theory allow s us to estim ate  the in form a
tion value—the value of a thing a priori im 
probable, whether we approach it from  the s ta r t
ing point of total ignorance or of a certa in  d e
g ree  of knowledge regarding the u n iverse of 
which it is  a part—of any com bination of sym bols 
ex istin g  in tim e or space.

It is  w ell to keep in mind som e fundamental 
id eas, including an exact definition of what is  
understood here as “ inform ation ” 7 and how it 
may be evaluated quantitatively. We are con
fronted with a given situation, the deta ils of 
which we do not know and about which we can  
im agine a certa in  number of p o ss ib ilit ie s . The 
number of p o ssib le  solutions is  reduced as the 
inform ation we have about the situation in c r e a s 
e s . When this inform ation is  su ffic ien t, only 
one p o ssib ility  rem ain s, of a probability equal to 
unity. The inform ation is  evaluated quantita
tive ly  as a function of the ratio between the 
number of p o ssib le  answ ers before and after  
the inform ation is  received . In other w ords, the 
inform ation is considered  as a function of a 
quotient of p ro b a b ilities—of the probability after  
the “ m e ssa g e ” is  rece ived  divided by the prob
ability before its  reception. The probability is  
the recip roca l of the p o ssib le  se lec tio n .

To make the inform ation acquired in inde
pendent operations additive, a logarithm ic func
tion is  chosen. Thus, the inform ation (I) which 
p erm its us to reduce from  R 0  to Rj the number 
of p ossib le  sta tes of a given sy stem  is

I = K jM R o /R i)

If the inform ation is  sufficient and defin itive in 
the sen se  that only one p ossib le  state  rem ains
(Ri = D,

I = K jURo

in which K is  a constant and R 0  is  the number 
of ch o ices p ossib le  and equally probable, 1 /R o  
being the probability of each one. The unit of 
inform ation generally  used is  the bit or b in it, 
which defines two equally probable a lternatives. 
Thus, in the final ca se  we have

*(bits) = = 1 .4 4 3 jn R 0

In the la st decade a considerable number of 
works have been published on inform ation theory, 
and a r tic le s  in Spanish journals have not been  
lacking. N everth eless, the m ajor part of what 
has been w ritten has to do with those aspects  
relating  to m athem atics, p h ysics and com m uni
cation theory. Its application to b iological prob
lem s of various nature is  very prom ising, and 
in itia l tr ia ls  seem  to guarantee the su c c e ss  of 
the application of the new method to many old 
problem s. I refer  to the com parison of the 
inform ation se r ie s  and of regulation m echanism s 
with the function of nervous system  (Wiener) and 
with the fluctuations in natural populations (Doi), 
to the efforts to evaluate the content of inform a
tion in various b io logica l sy stem s (Branson, 
L inschitz, e tc .), to speculations on the way life  
u se s  the inform ation contained in the m olecu les  
of chrom osom es (Gamow), to exploration of the 
sp e c ilic ity  of y ea sts  (Q uastler), to the d escr ip 
tion of ontogeny and phylogeny in term s of in
form ation theory (Jacobson). The above lis t  is  
incom plete, but undoubtedly stim ulating.

In the study of com m unities of organ ism s, 
in exp ressin g  the distribution by sp ec ie s  of 
individuals in them , there have been used for 
som e decades concepts which plainly fully b e
long to inform ation theory (the “ indices of d i
v e r s ity ” ), although th is had not been recognized  
ex p ress ly  until he who speaks to you did so  
(M argalef, 1956b). On being placed within the 
general fram ew ork of inform ation theory, they 
acquire new sign ificance and confront us with a 
vast fie ld  of new p o ss ib ilit ie s , for the application  
of p rin cip les and m ethods elaborated in other 
areas of the theory readily  follow s.

In a m eeting organized by the Scripps Insti
tute of Oceanography and the Office of Naval Re
search  of the United States in the spring of 1956, 
I applied som e concepts of inform ation theory  
to the structure and dynam ism  of m ixed popula
tions or com m unities or organ ism s, and I could 
s e e  how th is aspect, secondary for me then, was
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what aroused the grea test in terest in an audience 
form ed of p ersons so  qualified as to not ex p ress  
a reaction  lightly, esp ec ia lly  sin ce they r e p r e 
sented very d iverse  sc ien tific  sp ec ia lt ie s . In 
the sam e m eeting, convened ex p ressly  to d is 
cu ss  “ P ersp ectiv es  of Marine B io logy ,” the 
need for a m athem atical approach, and not just 
the traditional s ta tis tica l one, to the problem s 
of m arine biology was plainly seen , and pure 
m athem aticians w ere invited to explore new 
m ethem atical m odels, som e of which might aid 
b io log ists  in form ulating their hypotheses, th ere 
by bringing th em selves nearer to the m ethod
ology of physical oceanography.

These com m ents explain the choice of topic 
for th is paper and I shall attempt to d iscu ss  and 
develop in it, som ewhat m ore, asp ects which 
until now have been viewed as a ccesso ry . The 
p ersp ectiv es  seem  vast to m e, for one idea  
su ggests another. But my rudim entary knowl
edge of m athem atics w ill cause my exposition  to 
appear crude and inelegant, justifying the sligh t 
esteem  which those who cultivate m ore exact 
sc ie n c e s  currently  show toward the reason ings  
of b io lo g ists . M oreover, many b io lo g ists , e sp e 
c ia lly  those who work on a m orphological, d e 
scr ip tiv e  lev e l, sca rce ly  attempt to d issim u late  
the disdain they have for the reco u rses  they 
could obtain from  m athem atics. I am fully con
sc io u s , then, of the r isk  of d isp leasin g  both 
m athem aticians and b io lo g ists . It is  a co n so la 
tion that the pure m athem aticians are beyond 
taking offense, if, as I rem em ber having read, 
pure and applied m athem aticians have never 
fe lt nor can ever fee i h ostility  toward one an
other s in ce  they have nothing in com m on. I 
hope the b io log ist, and esp ec ia lly  those who 
cultivate ecology, w ill take note of the p o ss ib ili
t ie s  which inform ation theory o ffers in their  
fie ld  of activity and that the investigators in 
applied m athem atics w ill take su fficien t in terest  
in our problem s to favor us with th eoretica l de
velopm ents adjusted to our n e c e ss it ie s .

D escription  of m ixed populations in term s  
of inform ation theory

How inform ation is  obtained about a 
com m unity, and its m easurem ent

The ch ief in terest of inform ation theory is  
not found now in its  tem poral s e r ie s , in the r e 
lationships between inform ation and “ n o ise ,” 
e tc ., that are of so much im portance in com 
m unication, cy b ern etics, and physiology of the 
nervous sy stem , but rather in those asp ects of 
it which enable us to m easure the ord er—in
form ation or negenthropy—or d isorder contained  
in spatial or tem poral stru ctu res. To enter into 
the subject we use an exam ple which w ill be

recognized  at once as a type of inform ation  
s e r ie s —the p ro cess  followed by the eco log ist in 
identifying and describ ing the m ost apparent 
type of b io logical structure: a com m unity of
organ ism s or a mixed population with many sp e 
c ie s —that can as w ell be a fo rest as a sam ple  
of plankton—in which we go about identifying  
su c c e ss iv e ly  and noting down one individual after 
the other, randomly or follow ing a given profile  
or tran sect. We identify the individuals, then, 
as they present th em selves to us, and if we 
identify with the sam e letter  all those belonging  
to the sam e sp ec ie s , we obtain a s e r ie s  of the 
type a b c a d e b a a c ............... ... or so m e
thing sim ila r . Each sym bol has a different 
qualitative value and the s e r ie s  form ed by the 
sym bols d escr ib es a structure for us better if 
they resu lt from  a survey planned ahead of tim e  
to take sam ples as they com e rather than from  
proceding to modify them  continually according  
to our p leasu re  at the tim e the exploration takes 
place. The structure ex is ts  in the separate  
representation  of each sp ec ie s  and in the spatial 
relation s among individuals of the various sp e 
c ie s . If our sym bols carry  subspecific  inform a
t io n -a g e  and degree of v ita lity  of the individ
u a ls—so much the better proportioned is  our 
descrip tion . It might even reach the point where  
each anim al or each plant is  recogn izab le, being  
individually ch aracterized . In one form  or an
other, the s e r ie s  is  a “ m e ssa g e ” containing  
inform ation d escrip tive of the community.

Although it is  true that the works of your 
speaker are the f ir s t  in which the relation  of 
inform ation theory to the description  of natural 
com m unities is  pointed out and older con cep ts— 
ind ices of d iv ers ity —are placed within, and made 
use of within, th is new point of view , whatever  
cred it I might cla im  for th is is  reduced to a 
m inim um  when I con fess that the stim ulus for 
it cam e from  my reading a work of Branson  
(1953b) on the inform ation contained in protein  
m olecu les considered  as m essa g es  in which the 
various amino acids are so many sym bols. The 
idea occurred quite naturally to m e to com pare 
the amino acids to individuals and the whole 
m olecu les to com m unities in equilibrium  made 
up of many individuals of different sp ec ies; this 
then led to considerations m ore or le s s  rem oved  
from  those of Branson.

Knowledge of the structure of our mixed  
population and the acquisition  of the correspond
ing inform ation can be accom plished in sev era l 
su c c e ss iv e  sta g es. It is important to recogn ize  
th is fact. Establishing the lim its  of a study 
before it is  undertaken is  an arbitrary act which 
does not shut out inform ation, but which lim its  
the quantity of inform ation we are able to obtain. 
Thus, if a sy stem  that we have lim ited co n sists  
of N elem en ts (individuals); these may be a r 
ranged in N I different ways and once the position
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of each one is  estab lish ed  in the s e r ie s ,  we have 
an amount of inform ation

I = K i n  N !

If we rem em ber that inform ation is  equal to the 
logarithm  of the number of p o ssib le  arrange
m ents and, exp ressin g  it in b its and using the 
approxim ation of Stirling, we get

I = 1.443N (^nN  - 1)

For very long se r ie s  it has becom e custom ary to 
w rite

I = 1.443 Jtn(N

per individual; then inform ation is  

IN = 1.443 In N

As we sh all se e  p resen tly , th is is  a m in i
mum estim ate  of the total inform ation, b ecause  
the d istance that sep arates som e individuals 
from  others in Nature is  not constant and rep 
r esen ts  an uncertainty which, for the m om ent, 
we p a ss  over.

The p ro cess  by which we obtain the quantity 
of inform ation exp ressed  by the above form ulas  
may be broken down into: 1 ) counting the num
ber of sp e c ie s , 2 ) counting the individuals b e
longing to each sp e c ie s , 3) locating the individ
uals in each sp e c ie s , and 4) com pleting their  
loca lization  by ch aracterizin g  them  individually. 
The number of sp e c ie s  (S) may vary from  one 
to N; when we know what it is ,  we estab lish  one 
of N p o ss ib ilit ie s  and the total inform ation ob
tained is

11 = 1.443 jtnN

When the number of individuals in each sp ec ie s  
is  known and is  neither 1 nor N, the se lec tio n  is  
effected  among the number of com binations of 
N - 1  e lem ents taken S -  1 at a tim e , and the 
total inform ation p o sse sse d  is

I 2  = 1 .443  i n JBLuJLL
(N -  S) ! (S -  1) !

Once loca liza tion  by sp ec ie s  is  accom 
p lish ed , but without distinguishing among the 
individuals, either because it is  not p o ssib le  or 
b ecause it is  not im portant to the purpose of the 
study, certainty is  to be had within a total of 
N !/N  i Î N 2 ! . . N s !) p o ss ib ilit ie s , in which 
N* ,N 2, . . Ns are the numbers of individuals 
in each of the d ifferent sp e c ie s . Total inform a
tion obtained is , consequently,

I 3 = 1.443 j^n N !
Ni i N 2 ! Ns !

The la st  step p o ssib le , loca lization  individual by 
individual, g ives us the total inform ation we had 
se t for ou rse lv es  at the beginning.

It is  important to re a liz e  that it is  not n ec 
e ssa r y  to obtain a given inform ation in order to 
m easure it. Thus, from  the very  beginning we 
are capable of knowing the total inform ation the 
com plete study of the com m unity in question w ill 
supply us (I4  = 1.443 i n  N !) and, upon counting 
the number of individuals in each one of the 
sp e c ie s , we know at the sam e tim e the inform a
tion which the structure contains by sp e c ie s  in 
the com m unity (1 3 ) which, perhaps, is  the m ost 
in terestin g  value of the four we have considered .

Each one of the above values can re fer  to 
an individual, that is  to say , it can give the 
m ean inform ation content per individual, which 
is  obtained through dividing by N the ex p ression s  
indicated, as was done in the f ir s t . It may a lso  
be usefu l to em ploy another type of re la tive  
valu es, for exam ple, the ratio between the in 
form ation I3 and the m aximum inform ation 14 , 
which amounts to considering  each individual as 
belonging to a different sp e c ie s , or the ratio  
between 1 3 and a hypothetical inform ation as in 
the ca se  when all sp ec ie s  are equally frequent:

I3 , = 1,443 X n N
[(N/S) !]

It m ust be rem em bered  that inform ation has 
additive p rop erties. If we know the number of 
sp e c ie s  (1 1 ) and p ass on to the study of the r e la 
tiv e  representation  of each one of them  (total 1 2 ), 
the inform ation that we have gained by our in
ventory is  I 2 - I i, or,

i 2 - i , 1,443 ( i n (N - 1)
(N -  S) ! (S -  1 ) -  iln N

M oreover, the inform ation obtained is  independ
ent of the manner in which the p ro cess  of its  
acquisition  is  broken down.

What has been said  is  valid , in general, for 
any group of objects or of sym bols (Fig. 1 on 
follow ing page) and, th erefore, is  applicable to 
any form  of w riting. We have, for exam ple, a 
line of text with N sym bols; the m axim um  in 
form ation it can contain is

I4 = 1,443 An N !

We can follow  the sam e step s as when we study 
a m ixed population (Fig. 1): a scerta in  the num
ber of le tte r s , determ ine their resp ectiv e  fr e 
quencies and study their sequence. If the le tter s  
are equally frequent, the exp ression  1 2 takes  
u s, through em ploying Sterling’s approxim ation,
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in each sp ec ie s

I = 0.62 B / l

L ocalize by sp ec ie s  

I = 1.66 B / l

L ocalize by individuals 
I = 2.93 B / l

There are 5 sym bols

Their frequencies are 
unequal and m ust be 
determ ined
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Fig. 1. Example of the successive stages that can provide all the information possible in a com m unity 
form ed of 18 individuals that belong to five species (left), not taking into account the information contained 
in the possible inequality  of the distances which separate the individuals from one another. The "individ
uals" are represented by means of circles, variously shaded or striped according to  the "species." When we 
are able to recognize the individuals, we distinguish one from another by the direction and num ber of the 
black peripheral markings. At the right the same exam ple is reduced to  a sequence of letters which, on 
the bottom  line, are also individually recognizable. Information is given in "bits" per individual.

valid  for fa irly  high values of N and of S, 
to

13 = 1,443 i n  (SN)

When the sym bols (letters or individuals) are  
not equally frequent, the inform ation contained

is  that which corresponds to I3 , le s s  than 1 3 . 
Then we can em ploy the exp ression

13 = 1,443 { n(SbN )

in which b is  a p ositive  constant le s s  than unity, 
the value of which depends on how the sym bols
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are distributed in c la s s e s  (individuals in sp e 
c ie s ) . This constant b has been em ployed in the 
a n alysis of w riting from  the point of view  of 
inform ation theory, and its value v a r ie s  from  
one language to another. T heoretica lly , lan 
guages in which it has a high value can transm it 
a greater quantity of inform ation with few er  
printed le tte r s . It is  of in terest to us because  
in som e c a se s  it may be useful to ex p ress  the 
inform ation 1 3 in term s of the m axim um  p o s
sib le  inform ation, assum ing that all the sp ec ie s  
are of an equal frequency. It is  easy  to derive

I 3 / I 3  -  b

Two practica l exam ples w ill help estab lish  
the ideas expounded.

Exam ples of the calculation  of the inform a
tion obtained in su c c e ss iv e  stages of the study 
of natural com m unities. Phytoplankton from  the 
mouth of the Vigo r iv er . Two sam ples taken with 
an in terval of 10 days (Fig. 2), on following page.

Sample A. May 6 , 1953. 1,032 individuals
distributed in 21 sp e c ie s , N = 1,032, S = 21. 
The frequencies of the d ifferent sp ec ie s  (N 1 , 
N2 . . . N s) are: 500 : 152 : 109 : 87 : 61 : 51 : 
12 : 12 : 9 : 8 : 8 : 4 : 4 : 4 : 2 : 2 : 2 : 2 : 1 : 1 :
1 .

Operation 

Count the number of sp ec ie s  . . .  I

ID istribute the individuals 
according to sp ec ie s  .

L ocalize the sp e c ie s  . . . . . . . .  I

Calculation

1.443 i n  1032

2 -  1,443 k n

1.443 i n

1031 !

L ocalize sp ec ie s  of 
equal frequency  
(hypothetical situation)

L ocalize the individuals 
(maximum inform ation)

1,443 i  n

1011 ! X 20 !

1032 !
500 ! X 152 ! X

1932 !

L

3 l ’” JAU (49 !)2i

(b 2550/4470 -  0.57)

1,443 i n  1032!

Information in bits 
Total Per individual

11,5

144,6

2550

4470

8840

0,01

0,14

2,47

4,32

8,67

Sample B. May 16, 1953. 631 individuals distributed in 17 sp e c ie s , N = 631, S = 17. 
R epresents a volum e sim ila r  to that of sam ple A. The frequencies of the different sp ec ies  
(N i, N 2, . . Ns ) are: 504 : 52 : 15 : 14 : 1 0  : 7 : 7 : 4 : 4 : 3 : 3 : 2  : 2  : 1  : 1  : 1  : 1 .

Operation Calculation

Count the number of sp ec ie s  . . .  I i = 1,443 i  n 631

Distribute the individual T + ÂAn h 630 !, . I 2 - 1,443 xn — — ----T~raccording to s p e c ie s ................... 614 ! x 16 I

631 ^L ocalize the s p e c i e s ........................  1 3  ̂1,443 An   £~?n--- ̂ 0 504 ! x 52 i x .

L ocalize sp ec ie s  of
equal frequency a 631 !
(hypothetical s i t u a t io n ) ............  3 ’ (37 !)17

(b = 827/2550 -  0 ,32)
L ocalize the individuals

(maximum in fo rm a tio n ) I 4  = 1,443 i n  631 !

Information in b its 
Total Per individual

9,3

93,5

827

2550

4990

0,01

0,15

1,39

4,03

7,92
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Identify individuals

Fig. 2. G raphic rep re sen ta tio n  of the  in fo rm ation  acc u m u la te d  in su c
cessive operations (d e ta iled  at th e  righ t) of the study of m ixed  populations 
of phy top lank ton . T he lev e ls  of th e  lin es represen t p u re ly  h y p o th e tica l s itu a 
tions. See T ex t.

Information having to do with the d istan ces  
between sym bols

We have w itnessed  the transform ation of a 
com m unity of organ ism s into a tem poral s e r ie s  
by m eans of our nervous sy stem , which can only 
function in th is way, effecting one identification  
after another. This tem poral s e r ie s  can rep re 
sent an instantaneous structure, as when we 
analyze a sam ple of fixed plankton or take the 
inventory of a fo rest whose plants are not v isib ly  
growing.

From  a p ractica l point of view , the structure  
of natural com m unities can o sc ila te  between two 
extrem e types. The m ost sim ple ones are those  
constituted by moving organ ism s or organ ism s  
without active m ovem ent suspended in a liquid, 
in which their resp ectiv e  positions continually  
changing can be viewed with a certa in  ind iffer
ence, except when co lon ies or ep ib io sis  are 
form ed with m ore or le s s  rigid  m echanical r e 
lations in a part of the total m ixed population. 
The other extrem e is  represented  by rooted  
vegetation where the different individuals occupy  
p ositions defin itely re la tive  to one another that 
are fixed, the spatial structure arisin g  from  
intim ate relations in the putting forth and d e
velopm ent of roo ts, branches, etc . A nim als, in

the m ain, occupy a position  interm ediate between  
th ese  two ex trem es.

If we note carefu lly , the problem  is  always 
the sam e; what v a r ies  is  the value of tim e in 
relation  to the p ossib ility  we have of studying 
the sy stem . Plankton m oves about continually  
in the w ater, but the su c c e ss iv e  positions of the 
individuals constitute eco log ica l facts funda
m entally no different than the germ ination and 
growth of an oak or the a im less  wanderings of 
a squirrel; on the other hand, if a m ass of water  
is  not frozen  “ in p la c e ,’’ we cannot study in d e
ta il the spatia l structure of the plankton popula
tion in it. Let’s im agine for a moment that tr e e s  
begin to sprout, grow and die with the speed we 
are accustom ed to see  in diatom s, or that, arm ed  
with note book and pencil, we move through the 
forest with a speed a thousand tim es le s s  than 
that of a snail.

It seem s to us that the “ fixed ” spatial s tru c
tu re—the fo r e st—holds greater p o ss ib ilit ie s  of 
inform ation—of o rd er—than a suspension of 
plankton, with “ uncertain” and variable position  
of the individuals. This is  what has been called  
the “ degree of organization” of vegetable com 
m unities, which perm its ordering them  accord
ing to their degree of “ socio lo g ica l p ro g res
s io n ” from  plankton to fo rests  (Braun-Blanquet).
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N everth e less, in all c a se s , the inform ation con
tent is  the sam e, 1 n N !; all that v a r ies  is  the 
p o ssib ility  we have of obtaining all th is inform a
tion. Some inform ation always esca p es us, of 
greater order, obviously, in the ca se  of plankton, 
for on taking a sam ple of these organ ism s s u s 
pended in w ater, we destroy an instantaneous 
spatia l structure no le s s  rea l than that of the 
fo rest. T herefore, we are perfectly  justified  in 
calculating the inform ation rep resented  in lo c a l
izing the sp ec ie s  and even the individuals in a 
volum e of ocean w ater, even though we are un
able to obtain it. However, the inform ation we 
can rea lly  obtain plus that which e sca p es  us, 
which we could consider subjectively  as an 
enthropy, always equals K i  n N !, w here N is  
the number of e lem en ts of the sy stem , be they  
pines or diatom s.

In the foregoing considerations we have 
concerned o u rse lv es  only with equidistant sy m 
b ols, hypothetically situated along a lin ea l s e r 
ie s . Reality is  m ore com plex and th is com p li
cation effects all the different types of com m uni
t ie s , from  plankton to fo r e sts , although it might 
seem  of le s s  im portance in relation  to the s im 
p ler com m unities or those from  which we can 
extract re la tively  le s s  inform ation (plankton).

The distance between individuals noted su c 
c e s s iv e ly  in a lis t  of identifications rep resen ts  
another sy stem  of sym bols a ssocia ted  with those  
referrin g  to the individuals th em se lv es . P ossib ly  
the m ost useful analogy within the fie ld  of in
form ation theory is  to consider individuals as 
sign s of d ifferent kinds which may be of d iffer
ent duration (distance separating them ). The 
problem  becom es extraordinarily  com plicated , 
for the d istan ces may vary continually, in c r e a s
ing the total inform ation of the sy stem  to in 
fin ity . M oreover, it is  obvious that in rea lity  
the individuals do not constitute a lin ea l s e r ie s ,  
but rather a trid im ensional sy stem  (practically  
speaking, b id im ensional among d w ellers of the 
em erged  land m a sses)  and th is com p licates even  
m ore the problem  of spatial re la tion s as in 
form ation b ea rers . This problem  o ffers ex 
ceptional in terest in oceanography, for it links 
the study of heterogeneity  in the distribution of 
organ ism s with that of the hydrodynamic stru c
ture of water m a sse s .

The an alysis of crysta llin e  stru ctu res, which  
has a lso  been considered  from  the point of view  
of inform ation theory (Brillouin, 1956) does not 
seem  to offer any useful id eas, for it has to do 
with structures of an essen tia lly  period ic nature.

To sum  up, although spatial re la tion s among 
individuals rea lly  contain inform ation, there do 
not seem  to ex ist, at the m om ent, m ethods to 
m easure and u tilize  it, so in what fo llow s we 
sh a ll ignore the problem  of d istan ces and take 
as the principal inform ation contained in a s y s 
tem  that given by the exp ression  K i  n N ! which,

of co u rse , recogn izes the fact that individuals of 
the sam e sp ec ie s  are not identical.

Redundancy and prior inform ation.
If we wish to proceed with the grea test p o s

s ib le  r igor , we m ust reject any human evaluation  
of the inform ation and give it the purely objec
tive r e str ic tiv e  sen se  of a probability. But the 
determ ination of th is probability may proceed  
from  an arbitrary lim itation , as when we under
take to study a group of N individuals or se le c t  
a language with N sym bols, resu lting  from  the 
elaboration of prior inform ation or from  inform a
tion we obtain as we go along. If we study a 
sam ple of plankton and see  that the c e lls  of 
C haetoceros densus are nearly always accom 
panied by c e lls  of a V o rtice lla , on noting down 
one of th ese  organ ism s on our lis t  we know that 
the probability is  great that its  companion w ill 
appear too; if it does, the inform ation gained is  
slight, s in ce  it was already anticipated. S im i
lar ly , we know that after the le tter s  cio  in Span
ish  it is  much m ore likely  that the n appear 
than the e. This is  what is  known as redundancy, 
repetition , which occu rs in language just as in 
the study of a m ixed population. Redundancy 
r esu lts  in a diminution of the total inform ation.

In a s e r ie s  descrip tive  of a community of 
organ ism s, redundancy gradually in crea ses  and 
when we have identified up to 500 individuals, 
any subsequent identifications probably contrib
ute little  to our final descrip tion  of the com 
munity; th erefore we usually  stop noting down 
sp ec ie s  when we have identified a good co llection  
of individuals. However, it would be foo lish  to 
interrupt a study after identifying no m ore than 
half a dozen individuals, for if  we w ere to con
tinue we might encounter a sp ec ie s  not yet ob
served , or at lea st arrive at a different num er
ica l proportion among the different sp e c ie s . We 
all know that after studying a com m unity for a 
long tim e the chance of adding new sp e c ie s  to 
our inventory d im in ishes and that increasing  the 
sam ple im proves our accuracy regarding the 
re la tive  num bers of individuals of different sp e 
c ie s , although only very  sligh tly  toward the end. 
Nor w ill an e x c e ss iv e  prolongation of the study 
supply new data as to the in trasp ecific  and in ter 
sp ec ific  groupings of the individuals, to the in 
ternal correla tion  which has caused the inform a
tion value of each identification  to d im inish.

It is  important to re a liz e  that to have an 
equivalent amount of inform ation, with resp ect  
to that contained in the total structure of a com 
munity, the length of the inform ation s e r ie s ,  
m easured  by the number of its  e lem en ts—that is , 
by the number of individuals identified—does 
not always have to be the sam e. There are 
com m unities where sp e c ie s  are few and of such  
c h a r a c te r is t ic s—low index of d iv ers ity —that the 
identification  of a short s e r ie s  of individuals is
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sufficient to gain an idea of the w hole—as is  the 
ca se  in the population of a dune or of a Scanda- 
navian forest. Other com m unities, m ore di
v ers ified , or of a r ich er  stru ctu re—higher index 
of d iversity  (tropical fo rests , for exam ple)—r e 
quire the preparation of a longer s e r ie s  before  
an equally significant description  can be p re 
sented. In the f ir s t  ca se  the re la tiv e  mean  
inform ation value per individual is  higher than 
in the second. Information is  m easured by the 
degree in which the data received  d im in ishes  
our ignorance (total at the beginning) regarding  
the sy stem  in question. Our in itia l sta te  of 
ignorance is  equivalent for both types of s y s 
tem s, but sin ce a shorter s e r ie s  of id en tifica 
tions is  n ecessa ry  for a knowledge of the f ir s t , 
it is  obvious that each elem ent of the s e r ie s  has 
a re la tiv e ly  larger  inform ation value.

We may return again to the exam ple of the 
two sam ples of plankton which served  to i l lu s 
trate the inform ation content of natural com 
m unities. In the preceding d iscu ssio n  of r e 
dundancy we did not distinguish among individuals 
but took all m em bers of the sam e sp e c ie s  and 
their effect on the structure of the com m unity or 
m ixed population to be equal. T herefore, m axi
mum inform ation is  equal to I 3, or 2.47 b its per  
individual in sam ple A and 1.39 b its per individ
ual in sam ple B. The sm aller  inform ation of 
the latter rep resen ts a greater  redundancy, 
which resu lts  from  the peculiar distribution of 
the individuals by sp e c ie s . The value of b is  a 
m easure of the redundancy. If b = 1, there is  
none, but b is  0.57 in sam ple A and 0.32 in 
sam ple B. Once we know how the individuals 
are distributed by sp e c ie s , the inform ation a c
tually obtained as com pared to that contained in 
the structure of the com m unity—as given a b o v e -  
equals 0 .1 4 /2 .4  = 5.67% for A and 0 .14 8 /1 .3 9  = 
10.65% for B. All th is m eans that the nature of 
com m unity B is  m ore ea s ily  known than that of 
A because of its  greater  redundancy, or in other 
w ords, because of the re la tive ly  greater  in 
form ation value of each of the e lem en ts of which  
it is  com posed.

Another way of representing the inform ation  
in a group of d ifferent sym bols (sp ecies) with 
different a priori probabilities (different f r e 
quencies) is  that adopted by Shannon:

j = s
I = - KN 21 Pi  ̂n P|

j= i

in which p. are the probabilities corresponding to
s

each of the “ s p e c ie s ” S, and Z  pj =  i -

i= 1

Information is  m axim um  when all the p t are 
equal. This exp ression  is  equivalent to B r il-

louin’s expression , I = k An —fTr—]— !------—f
(Baer, 1 ' 2 ............ s

1953a).
We should rem em ber now that whatever 

exp ression  we u se , the redundancy—that is , the 
dim inution of inform ation owing to an internal 
co rre la tio n —is  related  to the value of a sum  of
term s, each of which has the form  Pi An p i  in
Shannoni exp ression  or Ns I n  Ns in B rillou in ’s. 
Redundancy depends a lso  on how the individuals 
are distributed by sp e c ie s , reaching a m inim um  
when all are equally frequent and a maxim um  
when one sp ec ies  is  represented  by N - S + 1 
individuals and the rem aining ones by one.

The redundancy of a s e r ie s  may be d e
term ined by studying the s e r ie s  itse lf , analyzing  
its  internal correlations; but it may a lso  a r ise  
from  previous knowledge, from  prior inform a
tion which reduces that provided by the s e r ie s .  
An exam ple given by B rillouin  (1956) illu stra tes  
th is w ell. Let us consider two num erical tab les, 
one con sistin g  of random numbers and the other 
of values corresponding to a given function. In 
general, a number of n d igits contains approxi
m ately 3.3 n b its of inform ation, and if there  
are N num bers in the table, the total inform ation  
is  I — 3.3 Nn or 3.3 tim es the total number of 
d ig its . If the table is  made up of random num
b ers, laying aside any fortuitous internal co r 
relation  which might be d iscovered , the total 
inform ation cannot be affected by any prior  
knowledge. Very different is  the ca se  of the 
table containing va lues of a function. If we do 
not know the nature of the function, any reg u la r
ity or internal correlation  d iscovered  among the 
values g iven in the table w ill constitute a m ea s
ure of redundancy and reduce its inform ation  
value. If we know the function in an im p rec ise  
way, the table w ill be useful to us for certa in  
valu es, but its  inform ation content w ill be low 
ered  considerably . F inally , if we know exactly  
what the function is ,  we know beforehand what 
the tabulated values w ill be, so  that each figure  
we se e  has been anticipated, and sim ply v er ify 
ing its p resen ce  has nothing to do with the prob
ability of its  occu rren ce. In the latter ca se , the 
table contains no inform ation at all. It seem s  
paradoxical that a table of values calculated for 
a given function may be very  useful to us and 
yet contain much le s s  inform ation than a table  
of num bers se lec ted  at random. Let it be r e 
m em bered, how ever, that we did not define 
inform ation according to its  degree of u sefu ln ess  
but for what it has of unpredictability. So, it 
m ay be said  that the speech  of a madman or the 
paintings of som e m odern sch ools contain a 
greater quantity of inform ation than m ore con
ventional form s of exp ression . T his, of cou rse , 
in no way r e flec ts  on the value of the theory of 
inform ation.
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Information and organization.
The organization ch aracter istic  of life , be 

it in an organism , or a sy stem  of organ ism s or 
a m ixed population, involves the ex isten ce  of a 
rather large number of (organic) correla tion s  
among the e lem en ts of the sy stem . In term s of 
inform ation theory, organization s ig n ifie s  r e 
dundancy, th erefore the quantity of inform ation  
contained in a sy stem  cannot be considered  an 
indication of the degree of order or organization  
of its  e lem en ts. N everth e less, when the inform a
tion contained in a sy stem  is  not taken by itse lf , 
but rather in relation  to prior inform ation p er
taining to a wider sy stem , then the quantity of 
inform ation may be indicative of the degree of 
organization. In applying inform ation theory to 
the study of m ixed populations, th ese  ideas m ust 
be made very c lea r . Perhaps th is may best be 
accom plished by m eans of a very sim p le  e x 
am ple taken from  everyday life  which the ec o lo 
g ist can im m ediately re la te  to the p ractica l 
c a se s  presented by the study of natural com 
m unities.

We enter a house and exam ine the contents 
of any drawer. In it we find a certain  number of 
objects of various kinds. Let us suppose it is  a 
very d isorderly  drawer containing a large va
riety  of objects, duplicates of each item , natural
ly , being few in number. Examination g ives an 
inform ation s e r ie s  of many different sym b ols, 
each having about the sam e number of e lem en ts. 
Redundancy is  sm all and the inform ation content 
large. The se r ie s  g iv es, in fact, many indica
tions as to what is  in the hou se—among other 
things, that a great d isorder reigns in it. This 
in ference, how ever, does not com e from  the 
s e r ie s  itse lf , but rather from  our knowledge of 
what to expect in a house. Going on to the ca se  
in which we find a very orderly draw er contain
ing objects of only one or of just a few kinds, 
with som e ite m s—if there are va r io u s—rep re 
sented a large number of tim es, the inform ation  
se r ie s  is  made up of few sym bols and its  r e 
dundancy is  great. Its inform ation content, as a 
m essa g e  in itse lf , is sm all and actually g ives  
little  indication as to what might be expected in 
other parts of the house in which the drawer 
rep resen ts a sam ple. However, assum ing that 
in every house there is  a sim ila r  p iece  of furni
ture, the careful segregation  of objects of the 
sam e kind in a sin g le  drawer speaks very much 
in favor of the order reigning in that house. It 
should be noted w ell, how ever, that we deduce 
th is from  knowledge having nothing to do with 
the s e r ie s  studied.

If we take into account not only the number 
of different objects but a lso  their p osition , the 
inform ation they provide may be m easured by 
m eans of the now fam iliar exp ression

I3 = 1,443 bN i n  S

A d isorderly  drawer g ives us a s e r ie s  in 
which the value of b approxim ates unity and S 
is  very high, so that the total inform ation or the 
inform ation per elem ent (which is  proportional 
to b An S) is quite high. In the house in which 
all is  arranged in an orderly  manner, few kinds 
of objects and a large number of each kind are 
found in every  draw er, which m eans that b and 
S are sm all and inform ation—total, or per e le 
m ent—is  low.

Let us not forget that inform ation has been  
defined as a function of a quotient of probabili
t ie s . If the in itial p ossib le  se lection , determ ined  
by exam ination, is  estab lished  a p oster io r i, it is  
obvious that a m ore organized or “ sim p le” s y s 
tem  w ill lead us to r e s tr ic t  the number of in itial 
p o ss ib ilit ie s  thus devaluating the inform ation  
obtained. But the difficulty d isappears if we 
perm it the utilization  of prior inform ation about 
the un iverse of which the group we are going to 
study form s a part. Or, what amounts to the 
sam e thing, as seen  in our exam ple, from  what 
we know what is  usually to be found in a house, 
we may judge the degree of d isorder present in 
a drawer exam ined at random. From  this new 
point of view , if the drawer is so d isorderly  that 
it contains all the elem ents we might expect to 
find in a house, the quotient of the probabilities  
follow ing and preceding our investigation  w ill 
approxim ate unity and its logarithm  z e r o —that 
is ,  the inform ation obtained through our prying  
is  p ractica lly  nil. We have referen ce here, of 
cou rse , to the inform ation contained in the d is 
tribution of the objects by c la s se s ;  their a r
rangem ent in space st ill adm its of many p o s s i
b ilit ie s , the one in our exam ple being but one 
among a great number p o ssib le , so  that if we 
determ ine their position  exactly , the inform ation  
obtained is  s t i l l  considerable.

Not much m ore can be gained by juggling  
our exam ple further, so let us move on to a 
consideration  of com m unities of organ ism s.

In preceding paragraphs we have seen  how 
it is  p o ssib le  to calcu late the inform ation con
tained at different le v e ls  of the structure of 
organic com m unities. In m ost c a se s , the m ost 
appropriate level seem s to be that of the r e la 
tive  location of individuals, but taking those b e
longing to the sam e sp e c ie s  to be equivalent and 
interchangeable. This is  the value represented  
by 1 3 . The sim p le, d irect calculation  of th is  
inform ation does not give a quantity proportional 
to the degree of organization of the com m unity, 
but, rather, an in verse  correlation  frequently  
e x is ts . This is  b ecause the inform ation content 
d ecrea ses  as redundancy in crea ses , and redund
ancy depends on the intensity of the internal 
co rre la tio n s—an index of organization. This 
reasoning may be presented  in another way. 
Since in nature the number of sp ec ie s  is  very  
great, p ractica lly  without lim it, of many groups
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com posed of the sam e number of individuals, 
the one including the sm a llest number of sp e
c ie s , and the m ost unequal representation  of the 
sam e, is the one representing the m ost intense  
se lectio n  or segregation  (as a consequence of 
the action of certa in  organizing fo r c e s —e c o 
log ica l and h istor ica l factors, com petitive and 
com plem entary rela tion s among different sp e
c ie s )  and is , in brief, the lea st probable. The 
presen ce of a sin g le  sp ec ie s , to the exclusion  of 
all others, is  the lea st probable type of natural 
com m unity and, th erefore, rep resen ts a m axi
mum inform ation. But if we ca lcu late  its  in 
form ation content by m eans of current p ro ce
dures, on observing that there is  no m ore than 
one sp ec ie s  we say, a p o ster io r i, that our study 
has not provided any inform ation at all, since  
all sta tes and com binations are reduced to a 
sin g le  p ossib le  one.

One of the m ost ser iou s problem s encount
ered  in inform ation theory, found at the root of 
the paradox that troubles us, is  that of u tilizing  
prior inform ation to evaluate inform ation r e 
ceived . The d ifficulty l ie s  in the fact that very  
different sy stem s may be involved and in the 
tran sfer or translation  of inform ation from  one 
to another there is  always a human elem ent 
which m ust be elim inated in order to maintain  
the n ecessa ry  sc ien tific  r igor.

O rdinarily inform ation calculated  according  
to usual procedures w ill be in in verse ratio to 
the organization of a com m unity—that is  to say  
it w ill constitute an “ entropy” rather than in
form ation, (M argalef, 1956b). To avoid m is 
understandings it w ill be better to speak h ere 
after of “ d iv e r s ity ,” but calculating it just as 
“ inform ation.” T herefore, a com m unity of low  
d iv ersity  rep resen ts a structure having m ore  
order and le s s  probability within the whole b io 
log ica l sphere. To ex p ress  our knowledge of it, 
a short inform ation s e r ie s  su ffices . A m ore  
d iverse  com m unity req u ires for its description  
a longer inform ation s e r ie s  and in consequence  
each of its elem en ts p o s s e s s e s  a re la tive ly  
sm a ller  inform ation value; it rep resen ts a m ore  
probable state, a sm a ller  degree of segregation  
within the b io logica l com plex.

Inasmuch as the invention and use of the 
ind ices of d iv ers ity —which w ill be spoken of in 
greater  detail la ter —reflec ts  a need felt by 
e co lo g ists  before they ever heard of inform ation  
theory, E cology’s in terest in th is theory does 
not spring from  cu riosity  in som ething new but 
responds rather to the n ecessity  of finding a 
broader m athem atical base for concepts which 
the naturalist com prehends perfectly  through 
having used them .

Information theory should provide a flex ib le  
language for the descrip tion  of many stru ctu res  
and p r o c e sse s  found in organic nature. For one 
thing, the eco lo g ist would like to have a method

for judging the degree of organization or d isorder  
in a sy stem  made up of e lem ents discontinuous 
in space and tim e, whether absolutely or in r e 
lation to a broader system , taking into account 
sta tis tica l inaccuracies in the original data 
which, in the form  observations usually take, 
also  affect the boundaries of space and tim e. A 
sy stem  of th is type should be analyzable by parts  
and in its evolution in tim e, so that its  h e ter 
ogeneity, and the way th is undergoes m odification  
in term s of order and d isorder, may be seen . It 
is  to be hoped that ideas derived from  inform a
tion theory w ill help accelerate  the c r y s ta lliz a 
tion of som e principals of eco logica l sc ien ce  
and a lso , perhaps, to purify and sim plify its  
vocabulary a little .

In what follow s I shall attempt to illu strate  
som e applications of inform ation theory to con
crete  problem s planted by the structure and 
dynam ics of natural populations. In every  case  
the point of departure w ill be that “ d iv ers ity ” — 
a very fam iliar concept to e c o lo g is ts—may ad
vantageously be m easured quantitatively by 
m eans of the reco u rses  offered by inform ation  
theory.

THE DIVERSITY OR ABUNDANCE OF 
SPECIES IN MIXED POPULATIONS

G en era litie s .
We know that the number of sp ec ies  varies  

from  one organic com m unity to another. Some 
are made up of a great number of sp ec ies; in 
others the individuals are distributed among 
few er sp ec ie s  and therefore, assum ing an equal 
m ass in the sam ples com pared, the number of 
individuals in each sp e c ie s  is greater. In gen
eral it may be said that the conditions of life  
under which a great d iversity  of sp ec ies  is  p o s
sib le  are extrem ely  varied; very sp ecia l or ex 
trem e conditions fo ster  the form ation of groups 
com posed of a sm all number of sp ec ie s  where  
each is  represented  by many individuals (Thiene- 
man, 1920).

When we speak of d iversity  of sp ec ies  in a 
natural com m unity, we refer  to the ch aracter
is t ic  noted, not also to som ething e l s e —to the 
fact that the d iverse  sp ec ie s  are represented  by 
a different number of individuals. This disparity

m akes the quotient number of sp ec ies  
number of individuals va lu e

le s s  as an index of d iversity; the index

som etim es usednumber of sp ec ie s  in com m on  
total number of sp ec ies

with the object of d iscovering  and evaluating the 
p ossib le  affinity between two different com m uni
t ie s , a lso  is  incorrect.
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The number of individuals in the different 
sp ec ie s  p reserv es  a certa in  regu larity . If we 
form  a s e r ie s  in which the sp e c ie s  are ordered  
according to d ecreasin g  abundancy, it w ill be 
seen  that those represented  by many individuals 
are few and that the proportion of those m ore  
and m ore scantily  represented  in c r e a se s  grad
ually . This type of distribution is  repeated in 
other natural groupings. It is  found in every  
m ixed population, but a lso  in sectio n s of the 
sam e population made up of anim als or plants 
belonging to the sam e taxonom ic group. The 
individual plants and anim als that live  in a cubic 
kilom eter of m arine water are distributed by 
sp e c ie s  with a regularity  not fundam entally d if
ferent from  that observed in the tin tin ides (c ili
ated) in the sam e m ass of w ater. The sam e  
ru le may be seen  in the distribution  of sp ec ies  
per genus within a system atic  group (genera with 
one, two, three sp e c ie s , e tc ., are p ro g ress iv e ly  
sc a rcer ), not only w orld-w ide, but a lso  within a 
lim ited  area. The distribution by sp e c ie s  within 
a m ixed population w ill s t i l l  have th is  form  if, 
instead of taking the number of individuals, we 
com pare the total weight of those belonging to 
each sp e c ie s , although in th is ca se  the order of 
each sp ec ie s  within the com plete s e r ie s  may be 
different, as shown in studies on fish  populations 
(Yoshihara, 1951).

C auses of unequal abundance of s p e c ie s .
The ca u ses for the regularity  which has been  

indicated are com plex. The d iversity  of groups 
in which it is  found—including surnam es in a 
telephone book, the number of publications w r it
ten by sc ie n tis ts  (W illiam s, 1944b) and even, to 
a certa in  point, the distribution of taxpayers into 
incom e tax b rack ets—seem s to indicate a very  
gen eralized  b asic  com bination of se lf-m u ltip lic a 
tion and se lec tio n . Although the resu ltin g  d is 
tribution m ay appear sim p le in form , the unequal 
number of individuals in the different sp ec ie s  
and the regu larity  they have com es from  the 
integration of a large number of p rop erties and 
phenomena having to do with m ixed populations. 
Some of th ese  have been d iscu ssed  in a p rev i
ously  published artic le  (M argalef, 1956a) and 
the account that fo llow s cannot be exhaustive but 
sim ply enum erative, leaving room  for other  
p o ss ib ilit ie s . We begin with a p rov ision a l group
ing in three section s:

1 . Structure of the com m unity. The chains 
of alim entation perm it us to d istinguish  distinct 
le v e ls  in the com m unity—vegetab les, phyto- 
phagues, zoophagues of f ir s t  and second degree, 
e tc . ,—and together they may be rep resen ted  by 
a pyram id (Elton’s pyram id), s in ce  the number 
of individuals in the larger  sp ec ie s  on the higher  
trophic le v e ls  is  sm a ller  than that of sp e c ie s  at 
a low er level; n ev erth e less , the sm a ll-s iz e d  
sp ec ie s  at the low er le v e ls  of the pyram id are

able to su b sist together b etter, com peting m ore  
in tensely  among th em selv es  than the sp e c ie s  at 
higher lev e ls . In every  biotope of som e com 
plexity  the rela tive s iz e  of niches or habitats  
fo llow s a distribution s im ila r  to that mentioned; 
to the larger or principal one are added portions 
of o th ers, which, naturally, sh elter  le s s  num er
ous sp e c ie s . A lake se r v e s  us as an exam ple: 
it p resen ts a m ass of surface w aters of great 
extension , a deep-w ater region that is  rather  
hom ogeneous and of sm a ller  d im ensions, a l
though s t ill of considerab le s iz e , and a large  
variety  of shore environm ents of p ro g ress iv e ly  
sm a ller  d im ensions. The distribution of the 
sp e c ie s , which are adapted to p re c ise  conditions, 
adjusts itse lf  to the biotopic structure and the 
number of the resp ectiv e  individuals r e fle c ts  
the re la tive  s iz e  of the habitats. This a lso  holds 
true on a sm aller  sca le ; any sam ple takes in 
what rep resen ts a principal habitat plus fra g 
m ents of others or organ ism s roving beyond  
them . The role of c y c le s  is  s im ila r , and at any 
instant within an annual sequence of populations 
there ex is ts  a nucleus of favored sp e c ie s  plus 
another of scantier  on es, the residue of p reced 
ing populations or the seed  of future ones.

2. D ifferential reproduction. The fecundity  
of the sp ec ie s  depends on an unlim ited number 
of fa c to rs , as does a lso  their death rate. In a 
m ixed population in equilibrium , the rate of r e 
production and the death rate of each sp e c ie s  
are balanced and no correla tion  ex ists  betw een  
the reproductive rate and the abundance of a 
sp e c ie s . N everth eless, in m om ents of in stab il
ity , it is  safe  to suppose that the net ra tes  of 
m ultiplication (subtracting the death rate) for  
the various sp ec ie s  are distributed according to 
a norm al curve. Since the number of individuals 
in crea ses  in geom etric ratio , a norm al d is tr i
bution of the net reproductive rates would give  
a distribution of the individuals per sp e c ie s  
s im ila r  to the “ lognorm al”  postulated by P r e s 
ton (1948), although the latter was prudent enough 
not to include with h is purely em pirical e x p r e s 
sion  an “ explanation” such as given h ere, which 
appears to be only partly valid, if at all. Com
petition  m eans a d ecrea se  in the re la tive  net 
rate of m ultiplication for som e sp ec ies; th ese  
stand at the bottom, d istr ib u tion -w ise , and are 
eventually elim inated, if no eco log ica l se g r e g a 
tion occu rs.

3. The effects  of evolution. The b iotic com 
munity rep resen ts on a sm a ll sca le  the pattern  
follow ed in the natural survival of sp e c ie s . This 
m ust be interpreted in the sen se  that in nature 
few sp e c ie s  are rep resen ted  by many individ
u a ls—w idely d istributed, eurychoric and eu ry-  
o ich ic—and there is  an in creasin g  number of 
m ore loca lized  and re str ic ted  sp ec ie s  r ep re 
sented by few individuals—to the despair of c o l
le c to r s . Reality fits  th is p icture, a consequence
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of the norm al p ro g ress  of evolution. The sp ec ie s  
with few er individuals form  sm a ller  populations 
or are reduced to a sm all number of individuals 
at certa in  tim es, affording greater opportunities 
for iso lation  and genetic change. Evolution is  a 
se lf-a cce lera tin g  p r o c e ss . The number of sp e 
c ie s  in crea ses  geom etrica lly  once in the groove  
of p ro g ress iv e  sp ecia liza tion  and differentiation; 
but there always rem ains “ p r im itiv e” or non
prim itive form s which becom e euryoich ic. The 
resu lt is  a ch aracter istic  distribution p reserved  
through the probability of extinction, which in 
c r e a se s  when the sp e c ie s  becom e very rare .

For the reason s given and, without doubt, 
other supplem entary ones, we may expect a 
type of distribution like the one observed; but 
the foregoing reason ings are only qualitative. 
They are not su fficien t to undertake in a log ica l 
way the construction of an approxim ate m athe
m atical m odel and the adjustment to it of what 
has been observed . Although sta tistic ia n s of 
p restig e  have presented  som e of the exp ression s  
that follow , among them  F ish er  (F isher et a l., 
1943; Quenouille, 1949), their developm ent stops  
in accepting sim ply  that a certain  natural d is 
tribution fits  a y  function, or som e other type— 
that is ,  no causal an a lysis arrived at.

Information theory provides another e x 
am ple in which frequency d istributions s im ila r  
to those of the sp e c ie s  in a m ixed population are 
found. R eference is  made to the norm al form s  
of language and w riting which, it may be a s 
sum ed, in the appearance of new sym bols (pho
nem es or le tter s) , the double em ploym ent of 
som e sym bols, with one form  used m ore than 
another, the act of se lectin g  from  among e x is t 
ing sym bols, the reduction of som e to the con
dition of v e stig e s  and their final d isappearance, 
follow  law s not altogether unrelated to those  
governing the m ultiplication and evolution of 
sp e c ie s  of organ ism s.

According to inform ation theory, m axim um  
effic ien cy  in the tran sm ission  of a m essa g e  
com posed of sym bols of different duration—that 
is ,  the m aximum value of the mean inform ation  
represented  by each sym bol—is  obtained when 
the sym bols are of unequal frequency and their  
frequencies (N) have the following relation  to 
their  resp ectiv e  durations (t);

p s = e ‘Cts , 5. n(N s /  N) = - c t s

in which ps is  the probability of the occurrence  
of the sym bol s , p s = (Ns / N) ,  t s the duration  
of the sam e and c a constant.

Mandelbrot (1953; quoted by B rillou in , 1956, 
and Cherry, 1957) has applied th ese  p rincip les  
to the analysis of language, in which the fr e 
quency of the d ifferent words fo llow s a rule  
sim ila r  to the d istribution by frequency of sp e 
c ie s  in a community: a few words of very

frequent use and an increasing number of words 
of a m ore lim ited u se . A generally  accepted  
postulate is  that the nervous system  tends to 
operate with the g rea test p o ssib le  efficiency; 
for a com m unication based on sym bols (letters, 
w ords, etc .) of unequal frequency to have a m axi
mum effic ien cy , the sym bols m ust be unequal as 
to tim e consum ption—that is ,  they m ust be of 
different duration, with their duration in verse ly  
proportional to their frequency (probability). As 
a m atter of fact, it is undeniable that shorter  
words have a greater frequency in language than 
longer ones. But the substitution “ c o s t” may 
be made for “ duration,” assum ing that in the 
cen tral nervous sy stem  words are codified in 
som e way, quantitatively characterizab le  by 
som ething that may be called  “ c o s t .” All this 
is  no great help to us, but it does have the m erit 
of showing how sim ila r  problem s are presented  
in the study of natural com m unities and in the 
study of languages, with the hope that the s im i
larity  w ill fac ilita te  the finding of solutions ap
p licab le  in one ca se  and the other. Just as the 
equal frequency among sp ec ie s  which would give  
the m axim um  inform ation content in a sy stem  is  
lacking in natural com m unities, so  in the various 
languages the frequency of le tter s , phonem es 
and words is  other than what would be con
sid ered  optimum for the com m unicatory m issio n  
th ese  sym bols have. This fact runs counter to 
the m ore or le s s  w ell-founded prejudice that 
there is  a tendency to order and m axim um  econ
omy in the world of liv ing things. As we saw  
in the d iscu ssio n  on organization and inform a
tion, such a contradiction, as far as m ixed popu
lations are concerned, is  m ore apparent than 
rea l. Quite probably language does not rep re
sent a sequence of sym bols trying to achieve a 
m axim um  inform ation per sym bol, but rather  
what should be view ed as a pattern or m odel 
involving structural b locks of a type determ ined  
by factors com parable to those operating in a 
com m unity of organ ism s. This line of in vestiga 
tion, in any ca se , is  indebted to inform ation  
theory and is  a topic equally exciting to b io lo 
g is ts  and lin gu ists.

Before leaving the them e, we should se e  if 
the study of language structure can provide any 
provocative ideas. The concept of “ c o s t” could 
be applied to the sp ec ies; the rarer  ones would 
“ c o s t”  m o re—co llec to rs  w ill subscribe to this 
a sser tio n —and, in fact, one exam ple of a rare  
sp ec ie s  would have the inform ation value of 
sev era l exam ples of a m ore com m on one. Man
delbrot, in his hypothesis that the “ c o s t” of a 
word is  determ ined by its  frequency in a lan
guage—as inform atim n theory requ ires for m axi
mum effic ien cy  of the language—calcu lates the 
function relating the order of a word in a s e r ie s  
in which all are arranged according to their  
re la tive  freq u en cies, greater to le s s e r , to the



INFORMATION THEORY IN ECOLOGY

actual frequency of each one. P assin g  over the 
m athem atical operations we have the exp ression

Pz - p ( z  + B ) ~ r

in which p is  the probability (frequency) of the 
sp ec ie s  (or word) in position  Z and P, B and 
y  are constants. This exp ression  d escr ib es  
quite w ell a natural distribution we used as an 
exam ple (tintinides of M editerranean plankton, 
Fig. 3).
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Fig. 3. D istribu tion  of ind iv iduals (by n um ber, on the 
o rd in a te  axis) into species (arranged accord ing  to  rank, 
from  m ost to  least frequen t, on the abscissa) in a m ixed 
co lony  m ade up of several v a r ie tie s  of M ed ite rran ean  
tin tin id e s  (infusory p lan k to n ic ). T he do tted  lin e  is a th e o 
re t ic a l  curve p lo tted  acco rd ing  to  M andelb ro t's  function , 
pz (e tc .) , m aking B -  8.4 and y  -  4.5. T he valu e  pz is 
th e  p ro b ab ility  of the  species (on the o rd inate  axis, p ro 
p o rtio n a l to  its frequency), Z its rank according to  frequency  
abscissa).

Indices of d iv e r s ity . The regularity  of the d is 
tribution of individuals by sp e c ie s  is  such that 
sev era l em p irica l m athem atical ex p ressio n s  
have been proposed to d escr ib e  it, although it 
should be rem em bered  that th ese  w ere p re 
sented either before inform ation theory cam e to

be spoken of or e lse  in ignorance of its develop
m ent. The best known exp ression s are the 
“ geom etric  p rogression  ru le” of the Japanese 
(Motomura, 1932 and 1947; Usida, 1943; cited  
by Yoshihara, 1951; Ito, 1949), the “ logarithm ic  
s e r ie s ” of F ish er , Corbet and W illiam s (1943), 
applied by the sam e authors (1943 and after) to a 
host of c a se s , and the “ lognorm al d istribution” 
of P reston  (1948). In botany the relationship  
between the number of sp ec ie s  and the logarithm  
of the area studied (proportional to the number 
of individuals) has been considered  linear for 
som e tim e (Gleason, 1922) and this relationship  
im p lies a definite distribution  of the individuals 
by sp e c ie s , s im ila r  to the “ geom etric p r o g r e s
sion  r u le ” (M argalef, 1956a). In any of the 
hypotheses, the distribution of individuals by 
sp e c ie s  is  related  to a definite correspondence  
between the total number of individuals and the 
total number of sp ec ies; and the way the r e la 
tionship between the number of sp ec ies  and the 
number of individuals v a r ie s , as we in crea se  the 
s iz e  of our sam ple, depends on the type of the 
distribution.

Accepting one exp ression  or another and 
finding a proper agreem ent between the natural 
com m unity and a th eoretica l distribution, we 
can ca lcu late  a ch a ra cter istic  param eter for 
each com m unity which e x p r e sse s  an intim ate  
ch a ra cter istic  of its  structure, m anifested by 
the way the individuals are distributed in sp e 
c ie s . This param eter is  called  an “ index of 
d iv ers ity ” and the fir s t  condition it m ust sa tisfy  
is  that it be independent of the s iz e  of the 
sam ple, assum ing that th is is  taken from  a 
“ hom ogeneous” m ixed population or com m unity. 
The index of d iversity  rep resen ts the wealth of 
sp e c ie s . It is  high in com m unities that include 
a great number of sp e c ie s  and in which the num
ber of individuals of each sp ec ie s  d ecrea ses  
rela tiv e ly  slow ly on passin g  from  the m ore  
abundant to the le s s  abundant ones. The index 
of d iversity  is  low in com m unities of few sp e 
c ie s  with a rapid d ecrea se  in the number of 
individuals per sp e c ie s  on passing  from  the 
dominant ones to those su c c e ss iv e ly  le s s  im por
tant num erically . Among the various ind ices of 
d iversity  proposed and d iscu ssed  in the basic  
publications that have been referred  to, the s im 
p lest, and by no m eans the w orst is

d = (S - D / ü n N

based on the presum ed linear relation  between  
the number of sp ec ie s  and the logarithm  of the 
area or the number of individuals. As alw ays, 
S rep resen ts  the number of sp ec ie s  and N the 
number of individuals.

Indices of d iversity  calculated in this m an
ner are defin itely usefu l. They perm it us to 
estab lish  the ch aracter istic  “ wealth of s p e c ie s ”
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and to use it in com paring com m unities of very  
d iv erse  types. They enable us to so lve  s a t is 
factorily  problem s that are difficult to work 
with, such as m inim um  area and f lo r is t ic  af
finity in the study of vegetation (M argalef, 1951). 
They lend th em selv es  to in teresting  b iogeo
graphic considerations, com paring the indices  
of d iversity  of loca l fauna and flora  and relating  
them  to the effects of glaciation, drouth c y c le s , 
e tc ., as factors tending to low er their value, or 
to the continuance of the biota and the co n se 
quent accum ulation of sp ec ie s  in lands of m ore  
conservative ch a ra c ter istics  at the periphery of 
regions subjected to intense c lim atic  c y c le s ,  
where the ind ices of d iversity  are high. The 
geographic distribution of the ind ices of d iv e r s
ity fa c ilita tes  loca liz in g  cen ters of accum ulation  
of the sp e c ie s . Careful study of the problem s  
indicated leads to a natural solution of the d is 
crep an cies ex istin g  among the various sch ools  
of plant ecology, particu larly  of those having to 
do with the concept of fundamental b iocoenotic  
unity, which each school s e e s  against the back
ground of the vegetation with which it is  fam iliar. 
Since the ind ices of d iversity  constitute a way 
of evaluating quantitatively the degree of com 
plexity  of each type of community (low indices  
on the tundra; very high ones in the tropical 
forest), they help estab lish  com m on patterns 
that unify the types of units used and even the 
m ethods of the various sch oo ls.

Indices based on inform ation th eory .
With all their u sefu ln ess and sign ificance  

for biology, obvious in that they w ere proposed  
independently in various areas of investigation  
and reflectin g , th erefore, a need in the study of 
Nature, the usual ind ices of d iversity  have the 
drawback of attem pting to adjust a natural d is 
tribution to a sim p le  m athem atical exp ression  
of m ore or le s s  arbitrary form , and th is does  
not always work.

Information theory provides a way to escape  
th is d ifficulty, adopting as an index of d iversity  
a m ore exact exp ression  of the inform ation con
tained in the structure of a com m unity. In the 
section  devoted to a d iscu ssion  of the re la tion 
ship between inform ation and organization it was 
concluded that “ d iv ers ity ” and “ inform ation” — 
the latter calculated  d irectly  from  the sam p le— 
may be considered  equal for practica l p u rp oses— 
that is , for the purpose of obtaining a param eter  
rep resen tative of certa in  ch a ra c ter is tics  of a 
m ixed population.

The inform ation contained in a com m unity  
can be calculated for various le v e ls . Choosing 
the lev e l (and the form  of exp ression ) m ost 
suitable for indicating the d iversity  is  not d iffi
cult. It m ust include p rec ise ly  that inform ation  
requiring for its  calculation  a knowledge of the 
distribution of the individuals by sp e c ie s . In

form ation calculated  from  th ese data m easu res  
that contained in the localization  of the individ
uals with referen ce to each other, considering  
all those of the sam e sp ec ie s  to be indistinguish
able. C ertainly, we could ask for no better  
d escrip tion  of the structure of a com m unity. The 
exp ression  is , as we already know,

, k  0 _ N !
3 -  K * n N l ! N 2 ! . . N s !

Unlike the m ost com m only used exp ression s for 
calcu lating indices of d iversity  th is one (B ril-  
louin’s) g iv es the actual number of individuals 
by which each sp ec ie s  is  represented  in the 
sam ple. This advantage is  achieved at the ex 
pense of unavoidably com plicating the ca lcu la 
tions n ecessa ry , to the point that if adequate 
factoria l tab les are not available (Stirling’s ap
proxim ation is  frequently u tilizab le , s in ce  high 
num bers are involved), as w ell as m echanical 
m eans of calculation, using form ulas derived  
from  inform ation theory becom es ex c e ss iv e ly  
laborious in practica l work and requ ires nu
m erous appraisem ents of d iversity .

The above exp ression  g iv es  ever higher 
values as the number of individuals in crea ses . 
For the com parison of groups of different total 
s iz e  to be m eaningful, re la tive  values relating  
the r e su lts  to som e unit m ust be used. The value  
given by the form ula should be divided by the 
s iz e  of the space from  which the sam ple com es, 
by the number of individuals N, or by the m axi
mum value the ex p ression  g iv es . This maxim um  
may be conceived in two ways: the m axim um
total inform ation contained in the system , as if 
each individual belonged to a different sp ec ie s ,  
or the m axim um  obtained by assum ing a co rrect  
total number of sp ec ie s  but averaging them  out, 
that is , hypothesizing that all are equally f r e 
quent. The mean d iversity  per individual w ill 
coincide with the m ean d iversity  per unit of 
volum e when dealing with populations of equal 
total density. In the table on the follow ing page 
are given different ex p ressio n s of the ind ices of 
d iversity , D, based on inform ation theory. Only 
absolute values w ill be ex p ressed  in b its.

The value b rep resen ts the redundancy 
arisin g  from  the unequal frequency of elem ents  
of d ifferent kinds. It is  a good index of d iversity  
s in ce  it depends on the way individuals are d is 
tributed into sp e c ie s , having a maxim um  value 
of one, representing  the independence and equal 
probability of the d ifferent s p e c ie s —that is , the 
m axim um  d iversity  in a m ixed population. The 
index of d iversity  Dn depends on both b and 
the number of sp e c ie s . P ossib ly  it is  s t i l l  too 
early  to g ive p referen ce to either of the two ex 
p ress io n s  D n or Dm ; perhaps either one may be 
the better in a given ca se .
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D iversity  E xpression  Alternate form s**

(Total inform ation) * I 3 = i n  ^  j Ñ T * * 3  = Nb An S

P er unit of volum e (V) or _ .L Q n ._______ NJ______
of surface v V Ni ! NT2 ! . . N s !

Per individual (N) *DN -  ~  An ^  i'n^T'*— Ñ ! * d n  = b An S

R elative to the m axim um ,
assum ing an equal number n  = 1 a  NJ______  D = b
of sp e c ie s , S m N |n  S Ni î N2 ! . . Ns ! 177

R elative to the m axim um , 
differentiating among in
dividuals or assum ing ^  = 1  N ! D = b ^
S = N. = AnN ! Njl ! N2 Î . . N s ! x An N

*To obtain value in b its m ultiply by 1,443.
**When all sp ec ie s  are equally frequent, b = 1.

All of the hypotheses on which are based the 
ind ices of d iversity  proposed before inform ation  
theory re s t  on the assum ption, in a general way, 
that the su c c e ss iv e  factors of the product Ni ! 
N2 ! . . N s Î p reserv e  such a regu larity  that it is  
not n ecessa ry  to em ploy their rea l va lues but 
rather that the value of the product may be ob
tained by m eans of a much sim p ler ex p ression  
em ploying the total number of individuals and 
the total sp e c ie s . T ransform ing any of the e x 
p ress io n s  in the table above and em ploying  
Sterling’s approxim ation, we have

u ( w ) = T NAnNi\ ' j= 1

which rem inds us of the inform ation exp ression  
adopted by Shannon. If we let An Nj = n j, the 
sum  of the second m em ber of the above equation  
becom es

This way of representing it could facilita te  the 
finding of rela tion sh ip s between the hypotheses 
on which the old ind ices of d iversity  are based  
and inform ation theory. Thus, for exam ple, 
according to the ru le of “ geom etric  p ro g res
s io n ,” the su c c e ss iv e  values of n in the last  
quantity would form  an arithm etic p rogression . 
Some of my efforts to study the old ind ices of 
d iv ersity  from  the point of view  of inform ation  
theory have not resu lted  in anything p o sitive , 
perhaps because of an inadequate reco u rse  to

m athem atics; but the im p ression  gathered is that 
those exp ression s are rather crude approxi
m ations without any sp ec ia l s ign ificance.

N everth e less, the agreem ent between the old 
ind ices of d iv ers ity —including even the s im p lest  
of them —and the “ m odern” ind ices derived from  
inform ation theory is  sufficient for them  to con
tinue to be used as a f ir st  approxim ation, thereby  
saving considerable tim e over that required in 
using exp ression s derived from  inform ation  
theory. The exam ple given in Figure 4 (on fo l
lowing page) is  instructive in th is regard, and 
it should be added that W illiam s’ ind ices of 
d iv ersity , based on “ logarithm ic s e r ie s ” also  
give perfectly  com parable r e su lts . P r e c ise ly  
for this reason  it is  unfortunate that, m athe
m atically , no sp ecia l sign ificance in term s of 
inform ation has been found for the old ind ices.

The relationsh ips between organism s and 
th eir  environm ent.

In all the foregoing considerations we in 
tentionally avoided characterizin g  the biotope 
from  which our population sam ple was taken, 
except in arb itrarily  lim iting the space it occu 
pied. All we have is  a group of individuals 
divided into a given number of sp e c ie s  and hav
ing a certa in  distribution in space.

Though we may not do much with it, it is  
w ell to rem em ber that inform ation theory p ro
vides reco u rses  for evaluating the degree of 
attachment between a given sp e c ie s  and a certa in  
type of environm ent. Species can be handled in 
the sam e way that Augenstine and his co llab ora
to rs  (1953) study the distribution of norm alized
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frequencies
Ni

Ñ7s~ in the amino acids of proteins

or the le tter s  of a language. For a group of 
biotopes, or of m ore or le s s  d iv erse  com m uni
t ie s , the m ore euryoichic sp ec ie s  show a d is 
tribution higher than expected. The eco log ica l 
valence of the sp e c ie s  can also  be determ ined  
by em ploying the method follow ed by Q uastler  
(1953) to m easure the sp ecific ity  of elem entary  
b io logica l reaction s (for exam ple in y e a s t /su b -  
stratum  sy stem s), substituting sp ec ie s  for yea sts  
and biotopes for substrata. Either of th ese  
m ethods or s t i l l  o th ers, but lik ew ise growing out 
of the p rin cip les of inform ation theory, can be 
of considerable help in form ulating in a m ore  
exact and uniform  way certain  eco log ica l facts.

THE STUDY OF SPATIAL STRUCTURE 
IN COMMUNITIES

The spatial heterogeneity of m ixed populations.
For the tim e being we w ill neglect any r e 

lation with tim e. That is ,  no d istinction  can be 
made between a re la tive ly  fixed structure such  
as that of a fo rest and another m ore subject to 
change in tim e such as that of plankton. The 
problem  of how the re la tive  p osition s of the 
individuals vary with tim e is  relegated  to an
other plane.

In term s of ordinary observation we can  
say that the spatia l structure of a com m unity is  
not hom ogeneous. It is  as d ifferent as can be 
im agined from  the regularity  of a cry sta l la t
t ic e . It certa in ly  doesn’t resem b le  the m odel 
we could prepare by putting together a s e r ie s  of 
sp e c ie s  in which each is  represented  by the num
ber of individuals corresponding to its  actual 
frequency (abundance) and m ixing and arranging  
the individuals together until a m axim um  ho
m ogeneity is  attained. Studies with th eoretica l 
m odels of such i ‘hom ogenized’ ’ populations have 
been m ade, of co u rse , and they are useful in 
clarify in g  som e biocoenotic concepts (Cottam & 
a l., 1953; Curtis & a l., 1950), but the structure  
of natural com m unities d iffers, m ore or le s s ,  
from  that of th ese  artific ia l m odels. In fact, 
their grea test utility  l ie s  in furnishing a base  
for studying the degree to which the structure of 
natural populations departs from  the accidental.

Hutchinson (1953) sy stem a tizes  the cau ses  
of heterogeneity in a number of ‘‘f ie ld s” : 1 ) v e c 
to r ia l, depending on the unequal loca l intensity  
of certain  eco log ica l factors; 2 ) reproductive, 
based on the densification  of descendants around 
their  p rogen itors—the origin  of contagious d is 
tribution in many plants; 3) so c ia l, dependent on 
aggregation, terr ito r ia l instinct and other so c ia l 
factors; 4) co erc iv e , the resu lt of com petition  
among the sp ec ie s; 5) random c a u se s . There

4-4,5 
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QHn33- 3,5 
c m  2,5-3
c m 2- 2.5
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mmi 17-3

Fig. 4. Distribution of diversity in surface phyto
plankton from the mouth of the Vigo, Aug. 25, 1955, 
based on a study including 27 stations.

A. Index of diversity d = (S -I) /Jn  N.

1 J i n  ■B. Index of diversity Dx = N !
n N ! N i ! N2 ! . . Ns ! 

C. Index of diversity %  = ^  I n  -  7 ' 7 n s ,

ex is ts  a considerable literature on the problem s 
of aggregation, in ter-d isp ersio n , contagious d is 
tribution, e tc ., for which we give a few basic  
re feren ces  (Archibald, 1948, 1949; Cole, 1946; 
D ice, 1952; Elton, 1949; Hopkins, 1954; Holm es 
& W idrig, 1956; Mako, 1955; M oore, 1954; N ey- 
man, 1939; N ielsen , 1954; Numata, 1950; Rome 11,
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1926; Shinozaki & Urata, 1953; Skellam , 1951, 
1952; Thomson, 1952). The reading of th ese  
works is  very stim ulating to the eco log ist, but 
they do not in terest us d irectly  because they do 
not deal with asp ects of the fundamental problem  
as seen  from  the point of view  of inform ation  
theory.

The structure of a com m unity can take v a r i
ous form s. There are “ fine grain ” ones, that 
is , with sm all heterogeneous nuclei which give  
r is e  to many s im ila r  structures which are r e 
peated indefin itely. There are a lso  re la tive ly  
large su rfaces or volum es occupied by individ
uals distributed in a re la tively  uniform  m anner 
but differently than in other contiguous sp aces. 
Finally , the heterogeneity may p ass from  one 
plane to another in a gradual way so that 
“ g ra in s” or stru ctu res are not d istinguishab le. 
It is  very difficult to system atize  ideas in this 
domain and the above p h rases pretend only to 
ca ll to mind what every  naturalist knows very  
w ell and can rep resen t sa tisfa cto r ily  with sy m 
bols on a diagram . Hopkins (1957) has recen tly  
attacked th is problem  as it affects vegetation, 
estab lish ing  a s e r ie s  (3 to 7, for exam ple) of 
b asic  structural units that com bine in various  
ways and at tim es are joined together as one, 
as a resu lt of the attraction or repulsion among 
the sp c ies  as deduced from  their fortuitous a s 
sociation  in sm all areas.

The cau ses of heterogeneity  in the structure  
of the living tapestry  covering our planet are the 
sam e as those in ter-re la tin g  the e lem en ts of the 
biosphere (see Hutchinson’s listin g  above) and 
therefore the study of heterogeneity can sca rce ly  
be separated from  the determ ination of b io-  
coenotic units. Defining heterogeneity according  
to b iocoenotic cr ite r ia  or determ ining b iocoe-  
notic cr iter ia  or determ ining biocoenotic s tru c
ture from  the starting point of sim p le  h etero 
geneity is  an approach of little  p ractica l u se . I 
b elieve  that heterogeneity m ust be evaluated  
independently, without referen ce to the re la tion 
sh ips among organ ism s which form  the b a sis  of 
biocoenotic sy stem s, and in th is no sm all s e r v 
ice  is  rendered to b iocoenology .

the d ifferent sp e c ie s , though this com plicates it 
considerably.

The literature referred  to in the preceding  
section  trea ts sta tistica l problem s of in terest 
according to the approach indicated.

The method derived from  inform ation th eory .
The princip le is  very sim p le. We have two 

groups, A and B. Each one of them  provides a 
given inform ation: Ia and Ib. Obviously, if both
groups are hom ogeneous, that is , if one of them  
rep resen ts a sim ple prolongation or repetition  
of structure of the other, the inform ation ob
tained from  the study of both together cannot be 
much greater than I a or I b. For all practical 
purposes any extra work would be wasted on 
redundancy. But if the two groups are different, 
then the inform ation provided by their combined  
study may be as much as the sum  of the inform a
tion of the two parts, I a and Ib.

It se e m s to m e that in p ractice  the in v esti
gation of d iversity  m ust be based on the study of 
a function which d escr ib es the way inform ation  
(“ d iv ers ity ” ) v a r ies  as the space from  which a 
sam ple is  taken changes (in creases).

Our point of departure is  a sm all sam ple  
with a given inform ation or d iversity  value. We 
in crea se  it, adding to it contiguous fragm ents 
from  the b iosphere and the d iversity  rem ains 
the sam e, if the degree of “ ord er”  in the am pli
fied sam ple has not v aried —that is , if the ho
m ogeneity is  perfect. The d iversity  in crea ses  
when the r ich n ess (information) of the structure  
grow s with the addition of a heterogeneous blob. 
Then the whole is  m ore varied; as a m essa g e , 
it contains m ore inform ation. But, considered  
as a part of the b iosphere, it rep resen ts a le s s  
in tense se lectio n  or segregation , an “ in fer io r” 
d egree of organization.

The f ir s t  ch aracter istic  demanded of the 
sim p le ind ices of d iversity  proposed before, or 
independently of, inform ation theory, was that 
their value be independent of the s iz e  of the 
sam ple. At f ir s t  glance it is  obvious that the

number of sp ec ie s  , , . . .ratio  r - n - — _  does not fit th isnumber of individuals

Usual methods of studying h eterogen eity .
H eterogeneity is  usually evaluated by m e a s

uring, in term s of probability, the extent to which 
an observed distribution corresponds to or de
parts from  a th eoretica l hom ogeneous d istr ib u 
tion. The many studies made of the distribution  
of plankton are typ ical. A se r ie s  of sam ples  
are taken at different points the length of a s e c 
tion and their com position  is  evaluated s ta t is 
t ica lly  in relation  to the mean obtained by taking 
all the sam ples of the s e r ie s  together (B arnes, 
1953; e tc .). This procedure may be refined by 
aPPlying it to two sam p les at a tim e and noting

sp ecifica tion  and th erefore it cannot be utilized  
as an index of d iversity . But the problem  has 
m ore m eat to it. The usual indices of d iversity  
are based on properties observed in a co n sid er
able number of natural m ixed populations and 
they are expected to rem ain invariable when a 
sam ple from  a “ com m on type of com m unity” is  
in creased , though the community may m anifest 
a certa in  in trinsic heterogeneity  taken as nor
m al. E xperience shows us that the value of the 
ind ices of d iversity  of a com m unity in crea ses  
when we include in our sam ple fragm ents of a 
com m unity m anifestly  different from  the f ir st.
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We se e , th erefore, that th is whole line of rea so n 
ing r e s ts  on a v icious c irc le ; an index of d i
v ers ity  is  sought whose value does not vary as 
long as it has to do with a com m unity rea so n 
ably hom ogeneous, but the only way to recogn ize  
th is hom ogeneity is  by m eans of the invariability  
of the index of d iversity . This fa lse  type of 
reasoning is  frequent in biocoenology: a s so c ia 
tions are defined by their ch aracter istic  sp e c ie s  
and the ch aracter istic  sp ec ie s  by their o ccu r
rence in given inventory groups which serv e  to 
define the a ssoc ia tio n s. Although they do not 
appear in a presentable log ica l d r e ss , such  
viciou s c ir c le s  are born of an intuition that 
p a sse s  over step s not yet broken down through 
form al reasoning.

Information theory may be of help in finding 
a m ore sa tisfactory  base that w ill clothe the 
ind ices of d iversity  m ore decently and continue 
their utilization . We only have to see  how the 
ind ices of d iversity  whether the old ones or 
those based on inform ation theory vary, as a 
sam ple, started  with just one individual, is  
slow ly in creased . A natural com m unity, d e
veloped in two or three dim ensions and with the 
com plication of a variab le d istance between su c 
c e s s iv e  e lem en ts, does not lend its e lf  readily  to 
th is procedure; but w riting g iv es  us an absolute
ly equivalent m odel, although sim p ler , s in ce  it 
develops in only one dim ension and e lim in ates  
the factor of variable d istan ces. We can im agine 
that each letter  rep resen ts an individual of a 
given sp ec ie s  and that the sequence of le tter s  is  
a s e r ie s  of identifications of contiguous individ
u a ls, a com parison we have already used. We 
calcu late the ind ices according to the groups 
form ed by the f ir s t  sym bol, by the fir s t  two, the 
f ir s t  three, e tc ., indefinitely.

As an exam ple, we may take the beginning  
words of the preceding paragraph as they would 
be in Spanish; the sam e set of words in English  
and a random assortm ent of d ig its. In the word 
sam p les, sp aces and punctuation m arks count 
as sym bols. We have, then, the follow ing three  
sam ples:

1. La teoría  de la inform ación nos puede 
ayudar a . . .

2. The* inform ation theory may be of help  
in the . . .

3. 0347347386977424676216766227661256859 
26 . . .

Three ex p ressio n s have been calculated: 
the sim ple index of d iversity  d, the m ean in
form ation per sym bol in bits (D^ ), and the in 
form ation which a structure made up of the 
sam e number of individuals and the sam e number

of sp ec ie s  would give when the latter are a s 
sum ed to be equally frequent. Since Stir ling’s 
form ula was used in obtaining them , the values 
are not co rrect for a sm all number of individ
u a ls. Actually, it should begin with 1 instead of 
zero , but it is  left as is  to show a better c o r r e la 
tion with the values of the other indices of d i
v ersity . The resu lts  are given in Figure 5 on 
the follow ing page. In general the indices of 
d iv ersity  in crease  rapidly at f ir s t  until they 
reach a nearly stable value at about 40 sym bols  
or individuals. The irreg u la r ities  at the begin
ning of the curves are of a sta tistica l type and 
rep resen t the larg est probable error that can  
be expected when working with a sm all number 
of e lem en ts. The segm ent of the curves extend
ing between 50 and 90 sym bols rep resen ts a 
stab le zone for the functions. In dealing with 
o rgan ism s, we would say that the minim um  
sam ple (“ minimum a rea ” for phytosocio logists) 
is  found at about 50 individuals. When the sa m 
ple is  increased  by adding to it a group made up 
of the sam e sym bols, but arranged som ewhat 
differently and with som e sym bols having a d if
ferent frequency (which is  what happens when we 
p ass from  the English text to the Spanish) the 
d iversity  of the whole in crea ses . But it soon  
becom es stab le and even d ecrea ses , through 
“ a ss im ila tio n ” of the two groups. Another d is 
turbance in the developm ent of the curves com es  
about in passing  from  le tters  to num bers. In 
the s e r ie s  of numbers taken at random, the 
frequencies are m ore equal than in the ca se  of 
le tter s  and m oreover there are few er whole 
numbers than le tter s , but the ex p ression s d e
rived from  inform ation theory are not affected  
by opposing tendencies and do not give a true  
picture of the change, as does the sim ple index 
of d iversity  d. At all events, the m arked p ara l
le lism  shown by the curves in Figure 5 guaran
te e s  the propriety of the index of d iversity  d.

Figure 5 was prepared to «how how the 
ind ices of d iversity  vary as a sam ple beginning 
with one elem ent is  increased  and a lso  to show  
that in a “ reasonably hom ogeneous” sy stem  
their values tend to becom e stable. It may be 
asked if there occur in natural com m unities 
le v e ls  of stab ilization  like those shown in the 
Spanish text, the Spanish text plus the English  
text, and th ese two plus the num bers of the ex 
am ple, or if in nature the heterogeneity is  m ore  
continuous, giving a m ore leve l curve without 
ups and downs. My im p ression , arrived at 
through the partial analysis of som e data, is  that 
natural com m unities exhibit d iscontinuities s im i
lar to those in F igure 5 and even greater.

*This v io la tio n  of English usage appearing  in th e  o rig ina l h ad  to  be p reserved , because the  subsequent ca lcu a tio n s  have 
been  based on the  sam ple as g iven  [ E d ] ,
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Fig. 5. D iversity  v a lues for groups growing progressively  la rg e r  m ade up of th e  series of sy m 
bols: "La te o r ía  de la  in fo rm ación  nos puede ayudar a buscar una base m as sa tis fac to ria , que nosi 
serv ira p ara : T he in fo rm ation  th eo ry  m ay  be of h e lp  in th e  0347347386977424467621676622766125
6859926." Each successive group inc ludes an ad d itio n a l sym bol, from  one to  187. See te x t. T h ree  
ind ices of d iv ersity  are em ployed :

1.448 N !
(S - 1 )/ n N. %  -  ~"^T~ Xn N I ! N 2 ! • . Ns !

J   jU   N !
N nS N j ! N 2 ! . . Ns !

T he tran sitio n  from  Spanish to  English is m ade at 102 /103  and from  English to  th e  n u m era ls  at 
147 /148  (in d ic a ted  by arrows).

In the procedure follow ed, on in creasin g  the 
s iz e  of a sam ple indefin itely, considerab le h e ter 
ogen eities may presen t th em selv es when the 
s e r ie s  is  already so  long that they may be “ d i
lu ted” in the s e r ie s  of inform ation already a c 
cum ulated. In stud ies of heterogeneity  it would 
be advisable once the inform ation s e r ie s  has 
reached a sufficient length to begin suppressing  
in itia l sym bols as others are added at the end, 
so  that it is  m obile, m oving along the text or 
c r o ss  section  studied. In th is way h eterogen ei
t ie s  are detected m ore ea s ily .

In theory, the value of D m is  independent of 
the number of sp e c ie s  and only r e f le c ts  the way 
the individuals are distributed in sp ec ie s; DN 
equals the value of D m m ultiplied by i n  S. When 
the number of “ s p e c ie s ” v a r ie s—as is  the ca se  
in the exam ple given in F igure 5 and in the 
m ajority of the exam ples taken from  m ixed pop
u la tion s—it seem s p referab le to u se  the index  
Dn , that is  the m ean inform ation per sym bol or 
individual.

The way the orig inal sam ple should be in 
crea sed  to m easure any p o ssib le  heterogeneity  
p resen ts new prob lem s. It could be done by

concentric areas or volum es so  that every  point 
in space would correspond to a s e r ie s  d escr ip 
tive of the way the d iversity  of the sy stem  in
c r e a se s  as areas m ore and m ore rem oved from  
the point are annexed. If the su c c e ss iv e  term s  
of the s e r ie s  show a great regu larity , a m ore  
sim p le  ex p ression  may be substituted. In a 
m ore refined analysis we would study in cre 
m ents of d iversity  separately  along each of the 
direction s radiating out from  the starting point, 
using either inform ation se r ie s  in creasin g  in 
defin itely  in length and including always the 
in itia l point or e ls e  m obile s e r ie s  of lim ited  
length. In either ca se  we obtain vector ia l quanti
t ie s  . The heterogeneity  around a point would be 
defined by m eans of a sy stem  of vectors se t up 
at that point, each describ ing  the way d iversity  
v a r ies  in a certain  d irection  as the in itia l sam 
ple is  in creased  by the addition of individuals 
encountered as we m ove along in that d irection . 
Putting the ideas contained in th is paragraph into 
p ractice  req u ires an amount of work usually  out 
of all proportion with the resu lts  expected. 
N everth eless they may give r is e  to other ideas  
usefu l in p ractica l work.
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The analysis of heterogeneity in plankton.
In applying the m ethods presented and c a r e 

fully analyzing heterogeneity in the light of in 
form ation theory, it is  very convenient in the 
study of vegetation to u se d iagram s or plans 
showing the location of the individuals belonging  
to d ifferent sp e c ie s . In my investigations I have 
not done th is, but, rather, inventoried the in 
dividuals found in sam p les of plankton taken in a 
uniform  way over a large area. Exam ples of 
th is w ill serv e  to illu stra te  the p o ss ib ilit ie s  in 
som e of the m ethods proposed. It should be 
m entioned in passin g  that th ese  sam p les w ere  
not obtained synchronic ally (this very rare ly  is  
p o ssib le ), thus introducing an elem ent of erro r , 
and the spatia l structure from  which a sam ple  
cam e—p ossib ly  not the sam e for all sa m p les— 
was destroyed when the sam ples w ere m ixed  
together and sp ecim en s w ere se lec ted  fortu i
tously  for identification and inventory.

In groups where the d istribution of the in 
dividuals by sp ec ie s  agrees quite w ell with one 
of the th eoretica l m odels postulated for the ap
plication  of the sim p le ind ices of d iv ersity , it 
is  convenient to u se th ese , at lea st as a f ir s t  
approxim ation, esp ec ia lly  if they are seen  to 
co rre la te  w ell with the m ore laboriously  ca lcu 
lated ind ices derived from  inform ation theory. 
This ju stifie s  the continued u se of the sim ple  
exp ression  d = (S -  l) /J ln N .

We may begin by locating the value of the 
index of d iversity  of each sam ple in its proper 
p lace on the map and tracing iso g ra m s. Graphs 
of th is type (Fig. 4) are of considerable in terest, 
esp ec ia lly  in d iscovering  sta tes of tension  r e 
lating to su ccess io n  or the p ro g ress  of su c c e s 
sion, which we shall se e , is  one of the funda
m ental cau ses of spatial heterogeneity . The 
ecotones or boundaries between different natural 
com m unities show overlapping where both popu
lations are in contact, and the points at the 
border show the h ighest d iversity . T herefore, 
m ixed zones may e a s ily  be d iscovered . In the 
exam ple in F igure 4 is  shown the contact b e
tw een a com m unity belonging to the in terior of 
the r iv e r ’s mouth and another com ing in from  
the ocean. The pecu liar form  of the m ixed zone 
resu lts  from  the fact that w aters from  the At
lantic penetrate principally  along the northern  
sh ores of the mouth of the r iver .

The analysis of the distribution of d iversity  
takes in one of the asp ects of heterogeneity , but 
it does not sa tisfy  com pletely . It is  p o ssib le  to 
im agine two adjoining areas with the sam e index 
of d iversity , but it may be that th is  resu lts  in 
each ca se  from  absolutely different com plexes  
of sp e c ie s . To estab lish  the ex isten ce  of such  
heterogeneity , r eco u rse  should be made to the 
principle d iscu ssed  above—studying the way the 
in d ices change as the s iz e  of the sam ple in 
c r e a se s . When we com m ingle, by p a irs , sam p les

from  adjoining lo ca lit ie s , the in crease  of d i
v ersity  generally  shown is  a m easure of the 
heterogeneity  existing between the two points 
the sp ecim en s com e from .

In studying heterogeneity in the distribution  
of surface plankton on different dates in the 
mouth of the Vigo, a great number of sam ples  
w ere taken on each cru ise . The d iversity  of 
each one w as calculated  and then the d iversity  
of am plified sam ples form ed by com bining two 
original sam ples from  adjacent stations. Show
ing the com bining of the sam ples on the diagram  
from  the detailed inventory of each of the o r ig i
nal sam p les p resen ts its problem s. Should an 
equal number of individuals be taken from  each  
sam ple or should the number of individuals, 
equal or not, in equal volum es be used? In the 
exam ples given the second method was used.

The follow ing exp ression  w as used as a 
m easure of the heterogeneity between two points, 
A and B, separated by the d istance L.

H -  d ab -  C (d*  * V / 2 J

L

in which dA , dB and dAB are the ind ices of d i
v ers ity  of sam p les A and B and of A and B 
together, in equal volum es. For reason s that 
w ill be understood la ter , we could debate whether 
it might not be better to use the logarithm  of the 
distance rather than its  arithm etic value.

Once all the data had been obtained, a map 
could be traced  for each situation, in which the 
heterogeneity  is  represented  graphically  by 
m eans of a network traced  in such a way that in 
going from  one co llection  point to another on the 
map the sam e number of lin es  would be cut as 
there w ere “ d egrees of heterogen eity” between  
the two. As a suitable degree the value of the 
preceding exp ression  m ultiplied by 1 0  was s e 
lected . In p ractice , short lin es w ere drawn for 
each pair of stations (som e 30), perpendicular  
to the straight line joining the co llection  points; 
the rem ainder of the network was com pleted  
free ly , im agining a certa in  regularity  in the de
g rees  of heterogeneity . The maps th is g iv es  
provide an excellen t total idea of the conditions 
of heterogeneity , and if they are prepared for 
different tim e in tervals they show very c lea r ly  
the changes in the distribution of heterogeneity  
that accompany su ccess io n . In the advanced 
stages of su ccess io n  and during stable water 
conditions there is  always a greater heterogene
ity. Zones of greater water m ovem ent contain  
m ore hom ogeneous populations. F igure 6  (on 
the follow ing page) reproduces two of a s e r ie s  
of maps presented  in another publication (Mar
galef, 1957) which show, resp ectiv e ly , a m oment 
of little  heterogeneity and another of high h etero 
geneity.
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JUNE 27, 1955

SEPTEMBER 26, 1955

Fig. 6. H e te ro g en e ity  in popu la tions of surface p lank ton  in the  m outh of th e  V igo at tw o 
d iffe ren t in tervals. T he netw ork  is tra c e d  accord ing  to  p rin c ip le s  ex p la in ed  in the  te x t. T he 
n u m b er of lin es th a t m ust be crossed in going from  one p o in t to  ano ther is po rportional to  the 
h e te ro g e n e ity  ex isting  betw een  the  tw o points. Each a rea  enclosed  by lin es m igh t be v iew ed  as 
a " u n it” of h e te ro g e n e ity , a "k e rn e l"  in the  structure of the  w hole popu la tio n . T h e  g rea test 
h e te ro g e n e ity  is found w here th e  m esh is finest. N o tice  how th e  degree of h e te ro g e n e ity  varies 
from  one lo c a tio n  to  ano ther. In June the  h e te ro g e n e ity  is m uch less th an  in Sep tem ber.

C ertainly many im provem ents could be made 
in the rather crude procedure d escrib ed . Re
placing L with il n L affects the r e su lts  only 
slightly  because the d istan ces separating pairs  
of stations are of the sam e order. The su b sti
tution of the index of d iversity  d for the mean  
inform ation per individual would g ive re su lts  of 
a greater general value. It should be rem em 
bered m oreover, that the heterogeneity starting

from  a point in a given d irection  is  a vectoria l 
quantity. Norm ally, the d iversity  at A and B is  
different, so that

AB -  d . >
<

AB -  dB

L ^  L
In the elem entary procedure followed above, 
heterogeneity  has been calculated  “ com ing and
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going,** subtracting from  the d iversity  of the two 
sam ples com bined the mean d iversity  of one of 
the two sam p les. In a graphic representation  
such as that attempted th is sim p lification  can 
hardly be avoided.

The sam e data may be elaborated in another 
way that does not g ive us the fine structure of 
the com m unity in space, but does give a synthe
s is  of its ch a ra cter is tics  as a whole. If we 
com pare the mean d iversity  of ali the groups 
form ed by taking p a irs of contiguously located  
sp ecim en s with the mean d iversity  of each sin g le  
specim en, we obtain a m easure of the m ean in 
c r e a se  in the d iversity  of the com m unity on 
passing from  the sm a llest unit to the next—that 
is ,  from  tens or hundreds of m eters to two or  
three k ilom eters. L ikew ise the m ean d iversity  
may be calculated for groups of sam p les taking 
in increasing  areas until the whole mouth of the 
river  is  included. The com parison of th ese  
values provides a referen ce to the distribution  
and organization of heterogeneity in su c c e ss iv e  
volum es of varying s iz e  within the total s tru c 
ture.

Such an analysis was made over a period of 
tim e, with the re su lts  shown in F ig. 7. The r e 
lationship between the am plification of the area

May 1 June July 'August Sept. Oct.
I I  I I \ \ \ "7 _3 0  KM

KM

KM

KM

Fig. 7. V alues of d iversity  in areas of in c re a s
ing m ax im u m  dim ensions (o rd inates), a t d iffe ren t 
t im e s , (abscissa), for surface phy top lank ton  in the  
m outh of the  V igo, 1955. V alues d e te rm in ed  m o n th 
ly  for each  area  of th e  d im ensions in d ica ted . T he 
curves have  been in te rp o la te d  fre e ly  from  th e  d a ta . 
See tex t.

and the in crease  of d iversity  rem ained about the 
sam e for the whole s e r ie s , from  sim ple sam p les  
to the whole content of the r iver  mouth, su g g est
ing a p ro g ressiv e ly  com plex structure for the 
whole system . The value of d iversity  in the 
c a se s  indicated in creased  linearly  with the loga
rithm  of the m axim um  dim ensions of the area  
from  which the sam p les w ere taken. This em 
p ir ica l finding su ggests the convenience of co m 
paring heterogeneity  with the logarithm  of the

distance between the two points com pared. At 
the sam e tim e, the p ossib ility  of calculating a 
new index su ggests itse lf , equal to

dL / i n  L

in which dp is  the index of d iversity  of the whole 
com plex of populations, m ore or le s s  heterogen
eous, in an area with the maximum dim ensions  
L. It should not be forgotten that our com m ents  
have to do with just one exam ple, relating to 
m arine plankton, and that another type of com 
munity might present different relationsh ips and 
problem s. New attem pts should be made using  
better data taken from  other types of natural 
com m unities.

Since in th ese  exam ples dealing with the 
mouth of the Vigo the function relating the in
c r e a se  in d iversity  to the am plification of the 
area studied is  always about the sam e, the index 
dL /  |n L ,  in whatever form  it might be given, 
w ill be proportional to the d ifference between the 
d iversity  for the whole r iver  mouth and the mean  
d iversity  of each of the stations. These values  
are given in the table on the follow ing page.

The above data have been given only to show  
that no relationship  ex is ts  between the 4‘h etero 
geneity structure** indicated by the values in the 
colum n at the right and the d iversity  of the p r i
m ary populations or of all of them  taken to 
gether. They should be interpreted as follow s: 
when the total d iversity  is  large and the value 
in the la st colum n rela tively  sm a ll, as in May, 
populations of high d iversity  but little  hetero
geneity are involved. Contrasting with th is—the 
situation in Septem ber or October—are popula
tions of low d iversity  that are very  different one 
from  another, giving to the whole a “ fine grain ” 
structure.

Quantitative study of the cau ses of h eterogen eity .
When we have at our d isposal m ethods for 

m easuring heterogeneity , it is  leg itim ate to sp e c 
ulate about p ossib le  m odels or exp ressio n s r e 
lating heterogeneity  to its ca u ses . In doing so, 
of cou rse , we leave the rea lm  of inform ation  
theory, though not without profit.

In the cou rse of the study referred  to, the 
distribution of nearly all the sp ec ie s  was mapped 
separately; for som e of th ese , data was available  
on their net increm ent under the prevailing con
d itions. Excepting the ca se  where it is  p o ssib le  
to recogn ize sev era l com m unities apparently 
distributed according to environm ental d iffer
en ces and bound together by wide ecotones, gen
era lly , when the ch a ra cter istics  of the medium  
are m ore uniform ly distributed, there is a con
siderab le  lack of correspondence between the 
types of distribution of one sp ec ie s  and another. 
The total distribution, reflected  in the indices  
of d iversity  and of heterogeneity , resu lts  from
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INDICES OF DIVERSITY d FOR PHYTOPLANKTON IN THE MOUTH OF THE VIGO

Index of d iversity  for Index of mean d iversity
the whole r iv er  mouth for each sam pling

May 9, 1955 7,44 4,47 2,97
June 27, 1955 3,54 1,53 2 , 2 1
July 30, 1955 7,01 3,59 3,42
August 25, 1955 5,90 3,22 2 , 6 8
Septem ber 26, 1955 6,26 2,90 3,36
October 24, 1955 6,28 2,43 3,85

the integration of a s e r ie s  of apparently unre
lated d istributions. The study of d istribution  in 
u nispecific  populations should be approached, 
then, sp ec ie s  by sp e c ie s .

At th is lev e l there are, undeniably, certa in  
irreg u la r itie s . O rdinarily, the heterogeneity  in 
the distribution of a sin g le  sp e c ie s , conveniently  
rep resented  in th is  ca se  by the quotient G 2/m  
(the variance divided by the m ean number of in 
dividuals per unit of volum e in the s e r ie s  of 27 
stations) is  rela ted  to dynamic ch a ra c ter is tics  
of the sp e c ie s . The heterogeneity is  larger  in 
sp ec ie s  that in crea se  very rapidly and le s s  in 
those that m ultiply slow ly and are a lso  able to 
m ove about actively . (Table at bottom  of page)

The findings of Baldi and h is co llaborators  
at the Italian Institute of Hydrobiology are in 
agreem ent with what has been said , as shown in 
their studies on genetic d ifferentiation  at a low  
lev e l, wherein they revea l a heterogeneous d is 
tribution of the cru stacean s of lake plankton in a 
horizontal plane, with a low heterogeneity  in 
robust sp ec ie s  with exceptional sw im m ing ab il
ity , a long life  span and a low er reproductive  
rate (Cyclops stren u u s, for exam ple) and a very  
high heterogeneity  in sp ec ie s  of sh orter longev
ity , le s s  sw im m ing ability and a m ore rapid rate  
of reproduction (Daphnia longispina is  a typical 
exam ple) (Baldi, 1950).

P rovision ally  it can be assum ed that h e ter 
ogeneity in the distribution of a sp e c ie s  is  r e 
lated to an exp ression  of the form  R L 2/D , 
in which R is  the net rate of in crea se , D a

difusion value which in phytoplankton w ill depend 
on the turbulent d iffusib ility  of the w ater, and L 
the d istance between the two points concerned. 
In stab ilized  water the d iffusib ility  in a vertica l  
direction  is  very sm a ll, resu lting  in a strong  
stratifica tion  of com m unities. This h eterogen e
ity is  reinforced  by eco log ica l segregation — 
d ifferen ces in lighting, e tc .—which cannot be 
included in the above exp ression .

K ierstead and Slobodkin (1953) assign  a 
m inim um  horizontal dim ension to a water m ass  
surrounded by m a sses  which have other prop
er tie s  or are unsuited to the growth and con
servation  of the sp ec ie s  under consideration. 
The rate of m ultiplication of the sp ec ie s  m ust 
exceed  the number of those lo st and the order of 
its  magnitude is  the ratio of the d iffusib ility  to 
the square root of the d im ensions of the region  
in the zone of m axim um  diffusion. It is  e x 
p ressed  as

L = K Y W R

in which K is  a constant which var ies  according  
to the geom etric  form  being con sid ered —a chan
nel open at both ends, a horizontal section  of a 
water m a ss, a cy lindrica l section , etc . This 
exp ressio n  is  the sam e one we had arrived at 
before, and in rea lity , the p o ss ib ilit ie s  of p re 
serv in g  a population are the sam e as the p o s
s ib ilit ie s  of its  rem aining separate from  neigh
boring o n es—that is ,  the p o ss ib ilit ie s  of 
p reserv in g  a heterogeneity . As one m ore

Some Exam ples of H eterogeneity in the D istribution of Species of Phytoplankton 
in the Mouth of the Vigo River (1955)

Species________  Date of observation  <72/m

N itzsch ia  d e lica tiss im a  July 30 168,5
N itzsch ia  d e lica tiss im a  August 25 146,0
Sceletonem a costatum  July 30 109^9
Eucampia zoodiacus July 30 4 , 5 5

Ceratium  furca July 30 1*26
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exam ple of the relationship  between concepts of 
ph ysics and biology, it is  w ell to rem em ber that 
the exp ression  used in giving the m inim um  v o l
ume of a m ass of fission ab le  m ater ia ls  capable 
of initiating a chain reaction  may be used to 
define the ch a ra c ter is tic s  n ecessa ry  for a popu
lation to grow or to p reserv e  its  independence 
within the body of a liquid (K ierstead and Slo- 
bodkin).

The ser io u s problem  that faces us, s t i l l  un
so lved , but perhaps not insoluable, is  to integrate  
in a sim ple manner the prop erties of u n ispecific  
populations, in order to arrive , by analytic 
m eans, at an exp ression  of heterogeneity that 
w ill fit in with the way it is  presented  in term s  
of inform ation theory. Since d iffusib ility  and 
d istance m ean the sam e for the p a ss iv e  sp ec ie s  
such as phytoplankton, the problem  reduces it 
s e lf  to a consideration  of the different ratios of 
in crea se  and the p o ssib le  active locom otion of 
a particu lar sp e c ie s , assum ing to begin with, a 
uniform ity of eco log ica l conditions.

In th ese  term s we m ove on now to a con
sideration  of the dynam ics of populations, their  
su ccess io n  as a cau se of heterogeneity , leaving  
thus the them e ex p ressed  in the heading to th is  
section .

THE DYNAMICS OF MIXED POPULATIONS

The Concept of Succession .
Every m ixed population is  ch aracterized  by 

a structure and th is structure may change with 
t im e. T herefore, the ind ices of d iversity  or any 
other exp ression  of instantaneous p rop erties of 
that structure having to do with organization or 
inform ation content are m odified with the de
velopm ent of the population, and the va lues they 
attain at su c c e ss iv e  in tervals give som e idea of 
certa in  o v e r -a ll p rop erties of su c c e ss io n —so  
ca lled —the different sta g es of which are char
a cterized  by values determ ined by those in d ices.

The concept of su ccess io n  has been ex 
pounded repeatedly in ecology tex ts. It is  under
stood as the p ro cess  by which biotic com m unities  
rep lace  one another in the sam e p lace as tim e  
p a sse s . In th is the action of the environm ent 
(stabilization  of w ater m a sse s , erosion  of rocks, 
e tc .) , the reaction  of the organ ism s th em selv es  
(exhaustion of nutritive e lem en ts, accum ulation  
of m etabolites, e tc .) , and interactions among the 
various sp ec ie s  (alim entation, non-exploiatory  
rela tion s (ectocrin ic), com petition) all play a 
part. The m odification of com m unities in tim e  
becom es slow er and slow er, attaining finally  a 
state  of near equilibrium  with the environm ent 
ch aracterized  by the dom inance of the sp ec ie s  
that have won out in the com petition, whether b e
cause of their greater  or m ore effic ien t produc
tiv ity , because of the way they have conditioned

the m edium in their favor, or because of an 
antibiotic effect ex erc ised  on other organ ism s.

In a m ore general way, su ccess io n  may be 
defined as a gradual, irrev ers ib le  change in the 
structure of a m ixed population in the d irection  
of a replacem ent of sy stem s sligh tly  structured  
and having a rapid dynam ics, made up of r e la 
tive ly  sm all organ ism s, having a high produc
t iv ity /b io m a ss  relationsh ip , adapted to the rapid 
utilization  of the reso u rces  of the m edium , by 
other, m ore stab le, com m unities made up of 
larger  organ ism s with a greater therm odynam ic 
output, adapted to an effic ien t utilization  of the 
reso u rces  and having a low er p roductiv ity /b io
m a ss relationsh ip . Thus, for exam ple, the in itial 
p h ases of a phytoplankton are ch aracterized  by 
an ineffic ien t utilization  of light, and the organ
ism s duplicate their m ass in a short tim e and 
becom e quickly and en tirely  consum able by ani
m als; while in m ore advanced sta g es it w ill be 
so  structured as to make better u se of the light, 
nutritive su b stan ces, etc . afforded by the b io 
type, accum ulating a great m ass of organic  
m ateria l, resp ir in g  and non-resp iring  which 
f ix es  and im m ob ilizes a considerable quantity of 
m a ter ia ls , slow ing down the speed of its cycle  
(its regeneration).

The ratio between the actual productivity  
and the exploitative capacity of the m edium  tends 
to approach a m axim um  value of one. The ratio  
between a consum ption proportional to the b io
m ass (represented by resp iration  and all sorts  
of d estructive agents) and the productivity a lso  
tends toward a maxim um  value of one, for the 
b iom ass in crea ses  gradually when the produc
tiv ity  su rp a sses  the degree of consum ption. By 
virtue of th ese  two re la tion s the b iom ass tends 
to ex ist as a function of the capacity of the 
medium; but th is does not occur without a c e r 
tain tension , for the im m obilization  of organic  
m ateria l by a growing b iom ass involves a r e 
duction of the p o ss ib ilit ie s  the m edium  affords 
for production. All supplem entary exploitation  
of a natural com m unity, such as that practiced  
by man, when added to resp iration  and the “ nat
u ra l” agents of destruction proportional to the 
b iom ass cau se the latter to dim inish until an 
adequate prod u ctiv ity /b iom ass relationship  is  
estab lished . Of n ecess ity , every  com m unity ex 
ploited by man should be in a p reclim actic  state , 
that is ,  before the c lim ax or final stage of equi
librium  has been reached, whether it is  a popu- 
latin  of fish  in which the clim ax is  ch aracter
ized  by an e x c e ss  of old individuals that eat much 
and grow but little  (low p roductiv ity /b iom ass  
relationship) or a fo rest where at the c lim atic  
stage the production of wood slow s down to the 
point where its  destruction is  com pensated for 
by the very elem ents of a com m unity in equi
librium .
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C h a n g e s  in the  s t r u c t u r e  o f  a c o m m u n i t y  that  
a c c o m p a n y  s u c c e s s i o n

The changes d escribed  in the general econ 
omy of a com m unity are accom panied by internal 
readjustm ents governed by com petition and other 
types of rela tion sh ip s among the organ ism s  
which lead to im portant m odifications in the 
sp ec ific  com position . The sp ec ie s  capable of 
m aintaining the p roductiv ity /b iom ass relation  at 
a low value, that is , those which b ecause of their  
greater  s iz e  or other properties have a sm aller  
in trinsic  resp iration  as w ell as those which are 
consum ed le s s  by other crea tu res, survive long
er and continue to in crea se  as su ccess io n  ad
vances. The accum ulation of m etabolites may 
d iversify  the conditions of life  and facilita te  the 
ex isten ce  of other beings; in the c a se  of plankton, 
for exam ple, th is accum ulation fo sters  the e s 
tablishm ent of populations of d inoflagellates of 
great sp ecific  d iv ersity . .As su ccess io n  pro
ceed s, there begin to appear organ ism s of large  
siz e  which prey on the sm aller  ones n ecessa ry  
to their ex isten ce , not how ever, to the point of 
extinction, so that in tim e the trophic chains ex 
tend upward and the structure of the com m unity  
becom es m ore com plicated . Com petition leads  
to the exclusion  of som e sp e c ie s , but a lso  to a 
loca l segregation , tem porary or ethologica l, of 
sp ec ie s  that w ere able to com pete at f ir s t , thus 
enriching the structure of the com m unity . In the 
ca se  of fo rests , coral r e e fs , e tc ., certa in  dom i
nant sp ec ie s  provide a spatial structure for the 
community and in crea se  the number of eco log ica l 
niches or habitats in it. All th is show s that su c 
cess io n  is  norm ally accom panied by an am plifi
cation of the structure of the com m unity, or of 
what is  som etim es ca lled  its “ so c io lo g ica l com 
plexity  .”

The stab ility  of m ixed populations.
The greater the number of avenues by which 

energy may flow through a com plex sy stem , the 
stab ler it is . MacArthur (1955) has shown this 
very c lea r ly , as the principle applies to com 
m unities of organ ism s. The greater the indif
feren ce  of the sp e c ie s  in choosing their food, or 
the greater the number of sp ec ie s  ex istin g  at 
the sam e trophic lev e l (on the sam e “ s to r y ’’ of 
Elton’s pyram id), the greater the stab ility  of the 
system , because the energy circu lating  through 
it has m ore alternative avenues to choose w ith
out the ed if ice ’s breaking down. I do not know if 
I should venture to link th is concept of stab ility  
with that of resonance. In rea lity , a com m unity 
exhibiting great sta b ility —in the sen se  of Mac
Arthur—is com parable to a sy stem  ea sily  in ter
convertib le within a s e r ie s  of equivalent s y s 
tem s.

In th is sen se , stab ility  m eans, b asica lly , 
com plexity. A natural fo rest, with its com plete  
com plem ent of sp e c ie s , is  much m ore stab le as

a b io logica l sy stem  than a forest regulated by 
man, forceably p reclim actic , with a few dom i
nant sp ec ie s  that are subject to violent o s c il la 
tions through the effects  of d isea se  (T isch ler, 
1955, p. 345). The intrageneric com plexes I 
shall re fer  to, characterized  by high ind ices of 
d iversity , are a lso  highly stab le , because of the 
near eco log ica l equivalence of their e lem en ts.

In the MacArthur sen se , stability  acts to 
guarantee the survival of a b iological structure  
in the face of environm ental changes or chance 
variations in the number of som e of its com 
ponents. If the environm ental conditions vary  
litt le , there is  no n ecess ity  for a stable s tru c 
ture and such a one w ill be replaced by another 
apparently le s s  stab le but m ore efficient: s ten 
ographic sp ec ies  rep lace euryphagic ones, each  
eco log ica l niche tends to be occupied by only one 
sp e c ie s , and the in trageneric com plexes are r e 
duced to the status of c u r io s it ie s—in com parison  
with the much m ore frequent establishm ent of 
an intense com petition among c lo se ly  s im ila r  
sp e c ie s . Stability, as interpretated by M ac
Arthur, does not always in crease  as su ccess io n  
p r o g r e sse s .

MacArthur g ives an exp ression  quite theo
re tica l in nature and form ulated much like en 
tropy for quantitatively evaluating the degree  
of stab ility  in a com m unity of organ ism s.

Su ccession  and d iv e r s ity .
The sp ecific  com position  of a com m unity  

depends, on the one hand, on the conditions of 
the biotope, which exclude many sp ec ie s  of an 
ecology unsuited to it, and, on the other, on the 
c ircu m stan ces perm itting the a c c e ss  of sp ec ie s  
m om entarily capable of being introduced and 
la ter either a ssim ila ted  or rejected  from  the 
sy stem  of a com m unity in the p ro cess  of su c 
c ess io n . Both groups of factors constitute the 
m ateria ls  that su ccess io n  has to work with, but 
they have nothing to do with su ccess io n  itse lf , 
which is  of much m ore general nature. Those 
of g rea test in terest from  the point of view  of 
inform ation theory are 1 ) structural com plex
ity, 2) internal co rre la tion s, 3) stab ility , 4) com 
petition.

Structural com plexity. When the com plex
ity of a com m unity in c r e a se s , as in passing from  
meadow to thicket to forest, the system  accepts, 
generally  speaking, an increasingly  large num
ber of sp e c ie s . There is an accompanying in
c r e a se  in the ind ices of d iversity . The com 
munity takes on an increased  inform ation  
content—in term s of a m e ssa g e —but it r e se m 
b les m ore and m ore the total b iosphere.

Internal correla tion s. As su ccess io n  pro
g r e s s e s , increasingly  better defined and m ore 
intense relation s are estab lished  among the d if
ferent organ ism s making up a m ixed population. 
As all e co lo g ists  know, the in itial stages of any
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su ccess io n  are rather unpredictable, in great 
m easure because of the accidental nature of 
the fir s t  colonization . Com m unities which may 
be considered equivalent, since in tim e they give  
r ise  to the sam e type of term inal com m unity, 
may be com pletely different in the beginning. 
Com m unities in the c lim actic  state are much 
m ore highly organized and th erefore m ore uni
form . In term s of inform ation, the ex isten ce  of 
internal correla tion s in any s e r ie s  m eans r e 
dundancy and a lo s s  of inform ation. Information, 
in the sen se  of m essa g e , and, th erefore, the 
equivalent of d iversity , m ust dim inish as o r 
ganic correla tion s among the com ponents of a 
com m unity in crea se  in im portance.

Stability . In the m eaning attached to it by 
MacArthur, stab ility  depends on the number of 
in terconvertib le s ta te s . It may be assum ed that 
th is number is  greater  when there is  a lso  a 
greater number of p o ssib le  s ta tes . Information  
is  m easured by the logarithm  of the number of 
ch o ices . A high stab ility  w ill rep resen t, then, 
a high inform ation content or an index of d i
v ersity  of high num erical value.

Competition. This may be understood in a 
very broad sen se . Succession  is  the resu lt of 
the varied  rates of m ultip lication  of the d iffer
ent sp ec ie s  plus the p ossib le  introduction or 
extinction of others. When the total number of 
sp ec ie s  rem ains constant, the p ro g ress  of som e  
sp e c ie s  at the expense of others may be con
sid ered  a m anifestation  of com petition.

Any d ifferential m ultiplication of the sp e
c ie s , b asic  to the concept of su ccess io n , w ill 
resu lt eventually in a low ering of the index of 
d iversity . In studying the ind ices of d iversity  
based on inform ation theory we arrived at the

y  » n . H;
sum m ation Jij nj e J , where e J rep resen ts the

number of individuals in each one of the sp ec ie s  
(Nj) .  The value of the sum m ation is  in verse ly  
related  to the index of d iversity  (or inform ation) 
and its  m inim um  value, which rep resen ts  m axi
mum d iversity , is  reached when all the quanti
t ie s  involved are equal (enl = e n 2 = e ni . . . ). 
If we re c a ll that the general exp ression  for the 
in crea se  of a u n isp ecific  populations is  Nt = 
N 0 e rt , in which Nt is  the number of individuals 
at the end of an interval _t, and_r^ is  the ch ar
a c ter istic  rate of in crea se , it w ill be seen  that 
if the ra tes of in crea se  are not equal, that is ,  
if a d ifferentia l m ultip lication e x is ts , the term s  
of the sum m ation w ill tend to be unequal, in 
creasin g  the value of the total and bringing  
about, consequently, a d ecrea se  in inform ation  
or d iversity .

From  a group of sp e c ie s  having the sam e  
or sligh tly  unequal number of individuals, the 
transition  is  gradually made to another group 
usually made up of a sm a ller  number of sp e c ie s

in which a few abundant (dominant) ones are 
follow ed by others in which there is a rapidly 
and regu larly  dim inishing number of individuals. 
The ca se  has never been observed in which, 
starting from  an in itial inequality, the rarer  sp e 
c ie s  have in creased  m ore rapidly than the abun
dant ones, tending toward a num erical equality; 
but even if th is hypothetical ca se  should becom e  
rea lity , the final developm ent of the com m unity  
would lead again to a state of low d iversity . 
Rearrangem ent of the distribution of individuals 
by sp ec ies  leads norm ally to the extinction of 
som e, assum ing an invariable soc io lo g ica l co m 
p lexity . Summing up, as a resu lt of com petition, 
the com m unity w ill contain a sm aller  quantity 
of inform ation—considered  as a m essage; but 
within the general sy stem  of the biosphere it 
w ill rep resen t a le s s  probable situation, a grea t
er tendency to order.

The consideration  of the relations between  
the ind ices of d iversity  and com petition leads  
to the exam ination of som e very  curious phe
nomena which up t ill  now have been given very  
little  attention. Usually it is  assum ed that sp e 
c ie s  belonging to the sam e genus com pete m ore 
in tensely among th em selves than do those in 
le s s  c lo se ly  related  groups, so  that the ex isten ce  
together of congeneric sp ec ie s  in a com m unity  
at any one tim e should occur le s s  frequently than 
what might be expected by chance (Cabrera, 
1932; Elton, 1946). But, surprisingly , there is  
no lack of proofs exactly to the contrary (Wil
lia m s, 1947a). Populations of algae, planktonic 
as w ell as benthonic, provide copious argum ents 
in favor of the b e lie f in a frequent associa tion  
of sp ec ie s  of the sam e or s im ila r  genera. Think, 
for exam ple of the sum m er populations of Medi
terranean plankton in which may be found to 
gether up to two dozen sp ec ie s  of the genus 
Ceratium , or of the w inter flow ering of diatom s 
with no few sp ec ie s  of C haetoceros associa ted  
together. Perhaps even m ore noteworthy are  
the intrageneric com plexes of sp ec ie s  of d e s-  
m ids in turbulent w aters, of euglena, of h e ter 
ocom a and egodoniales in fresh  w aters of other 
types. In such c a se s  the ind ices of d iversity  
are high and do not d ecrease  as su ccessio n  
p ro g resse s; it seem s as though the different 
sp ec ie s  have arrived at a status quo, with a 
very  low com petitive p ressu re  among them. 
Incidentally, th is sligh t degree of com petition  
may explain the extraordinary sp ec ific  d iffer
entiation in m ost of the groups indicated. The 
exact cau ses of th is state  of a ffa irs are not 
known; but it seem s probable to me that the 
action of ectocrin ic  substances provides an e x 
planation, even though only partial. D inoflagel- 
la tes with a strong toxic action (Goniaulax, for 
exam ple) can inhibit the developm ent of sp ec ie s  
belonging to other groups, but they do not af
fect congeneric sp e c ie s  that are b iochem ically



INFORMATION THEORY IN ECOLOGY

sim ila r  and also  produce in higher or low er d e
gree  the sam e antib iotics. Another indication in 
favor of the action of organic substances d is 
so lved  in the m edium  is  had in the fresh  water  
algae previously  m entioned. They develop e sp e 
c ia lly  in w aters that favor the conservation  of 
d isso lved  organic su b stan ces, w hereas in w aters  
w here the organic substance com ing from  the 
organ ism s is  destroyed , an in tense in trageneric  
com petition and “ brutal” domination a r ise s  (ex
ample: Cladophora). R egard less of what may
be made of th is , the phenomenon undeniably 
ex is ts  and m ust be taken into consideration  in 
evaluating variations in the ind ices of d iversity  
in the su ccess io n  of certa in  types of com m uni
t ie s .

In sum m ary, the developm ent of internal 
correla tion s in the com m unity and com petition  
among the sp e c ie s  lead to a dim inution in the 
ind ices of d iversity . An in crea se  in the s tru c 
tural r ich n ess of the com m unity, which may 
p ara lle l an in crea se  in stab ility , lead s, on the 
other hand, to higher ind ices of d iv ersity . So 
the resu ltin g  tendency a r ise s  from  the conflict 
or interaction  of “ fo r c e s ”  operating in opposite 
d irection s. U sually su ccess io n  is  accom panied  
by an in itia l in crea se  in so c io lo g ica l com plexity  
and stab ility  (in the sen se  em ployed by M ac
Arthur) which soon com es to a stop. But the 
effects of the d ifferential m ultip lication  of the 
sp ec ie s  are in evidence throughout the su c c e s 
sion; the rela tion s among the sp e c ie s , the in 
ternal correla tion s of the com m unity, continue 
to perfect th em se lv es  even after the structure  
has reached saturation. We expect, then, that 
the ind ices of d iversity  w ill in crea se  in value at 
f ir s t , when the r ich n ess  of the structure is  in
crea sin g  m ore rapidly than its  internal adjust
ment through correla tion  and com petition; la ter  
the value of the in d ices w ill d im inish  when the 
final tendencies are predom inant.

If we keep in mind the fact that two e le 
m ents are involved in d iv ers ity —the number of 
sp e c ie s  and the distribution of the individuals by 
s p e c ie s —we can carry  the analysis one step  
further, using the sp ecia lized  (in one sen se  or  
the other) ind ices of d iversity  based on inform a
tion theory. The m ean inform ation per individ
ual (Dn ) depends as much on the number of sp e 
c ie s  as on the distribution of the individuals by 
sp e c ie s . But the th eoretica l inform ation, a s 
sum ing the sp e c ie s  to be equally frequent (Dm ) 
only g ives an idea as to the e ffects  of the p ar
ticu lar distribution of the individuals into sp e 
c ie s . An in crea se  in d iversity  through the 
enrichm ent of the structure of a com m unity  
should affect the ind ices of d iversity  m ore, 
through an in crea se  in the number of sp e c ie s , 
than altering the redundancy, w hile com petition  
as w ell as the strengthening of internal c o r r e la 
tions should have a g rea ter  effect, at lea st theo

re tica lly , on the redundancy due to the unequal 
probability of the sp e c ie s . This would appear 
to leave a door open to a m ore carefu l an a lysis. 
Some observations on the variation of the sim ple  
ind ices of d iversity  during su ccess io n  agree  
with the preceding th eoretica l prediction of an 
in itia l in crea se  follow ed by a slow  decline. 
N ev erth e less , it should be noted that only a few  
exam ples of m arine plankton have been studied  
(phytoplankton and tintinids) (M argalef, 1956a 
and 1957; M argalef et a l., 1955).

The value of tim e during su ccessio n .
When we m easure the inform ation contained  

in a sy stem  of sym bols or p a rtic le s , we assum e  
that we are dealing with a synchronic, fixed  
sy stem  or that we shouldn’t w orry about the 
tim e that e lap ses as we note down one elem ent  
and then another, sin ce  they are all there w ait
ing for u s . But organic sy stem s confront us with 
som ething not fo reseen  in p h ysics: the rep ro
duction of e lem ents of unequal velocity  and de
pendent on a store  of h isto r ica l c ircu m stan ces  
not at a ll easy  to ex p ress . Imagine the p er 
plexity  of a m athem atician if the elem ents of the 
com binations he is  dealing with w ere to rep ro
duce th em se lv es , and at different v e lo c it ie s , 
m oreover, right w hile he is  m anipulating them. 
I suppose that new developm ents in p h ysics have 
reached a point where problem s of th is sort have 
been encountered. The application of the con
cepts of inform ation theory to su c c e ss iv e  s ta tes  
separated by such events is  of a conventional 
u sefu ln ess . We determ ined the inform ation con
tained in su c c e ss iv e  s ta te s—assum ed to be in 
stantaneous—of a su ccess io n , but can we, using  
the sam e theory, bridge the d istance in betw een?

There is  a relationship  between the com 
plexity  of phenomena (m easurable in term s of 
their  inform ation content) and the sca le  of d i
m en sion s—including t im e —which g ives the point 
on one sid e  of which they are “ exact”  and on 
the other “ sta tis tica l and h is to r ic a l.” The 
sign ifican ce of tim e and the degree of its  ir r e 
v ers ib ility  is  proportional to the com plexity of 
the sy stem s in which it is  m anifested . We could  
estab lish  a relation  between the value of tim e  
and the inform ation content in the sam e system . 
(It is  of litt le  u se  to rem em ber the d istinction  
between inform ation calculated  with the m ixed  
population taken as a m e ssa g e —which we have 
m ore properly  ca lled  d iv ers ity —and the degree  
of organization or of sm all probability of occu r
rence of the sam e population.) We can a sse r t  
that in a natural com m unity with a high index of 
d iversity , a sin g le  unit of tim e can rep resen t  
changes equal to th ose taking p lace in sev era l 
units of tim e in a com m unity with a low er index  
of d iversity . The value of tim e v a r ie s , then, 
through the cou rse  of su ccessio n . In its  final
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stages (lower index of d iversity  for equivalent 
so c io log ica l com lexity) tim e, m easured by the 
p assage of events, flow s with the sam e rapidity  
as in the life  of the aged, while tim e in the 
in itia l stages is  m ore com parable to that in the 
child. After a ll, the phenomenon of su ccess io n  
is  not e ssen tia lly  different from  that of the 
growth, developm ent and c icatr ization  of a 
wound. C ells are involved in one ca se , individ
uals in the other, and in each, d ifferentia l m u lti
p lication leads to a stable phase. The stim u lat
ing speculations of Lecom pte Du Nouy (1936) on 
tim e and life , illu strated  esp ec ia lly  by the phe
nomenon of c ica tr iza tion , are w ell known. Bran
son (1953a, p. 37) conceived  the idea of in tro
ducing a b io logica l tim e, within the fie ld  of 
inform ation theory, showing h im se lf in a g ree 
m ent with Du Nouy’s data. The latter deduces  
d ifferen ces in the value of tim e in different sub
jects  according to the p ro g ress  of the c ic a tr iz a 
tion of their wounds. Perhaps the unequal speed  
at which different su c c e ss io n s  take p lace p e r 
m its us to d istinguish  te r r ito r ie s  or types of 
com m unities that are “ younger”  than other 
“ o ld er” ones. C ertainly com m unities in which 
restitu tion  is  m ore rapid (“ younger o n es” ) win 
out over types of com m unities that recover  m ore  
slow ly.

R elations between su ccess io n  and heterogeneity .
V egetation around a lake is  usually  arranged  

in m ore or le s s  concentric zones, each of which 
rep resen ts  a p ro g ress iv e  stage in the p ro cess  
(su ccession ) of te r r e s t ia l adaptation. T hese  
zones continue to m ove outward until the water 
m a ss is  left behind. This provides an exam ple  
of the spatia l structure of a su ccession ; h e tero 
geneity  l ie s  in the p resen ce  at various points of 
different phases of one type of su ccess io n . Com
p lications may a r ise  when, because of the nature 
of the land, the velocity  of the su ccess io n  is  not 
the sam e at a ll points equidistant from  the w ater, 
resu ltin g  in a quicker appearance of som e stages  
or even their total disappearance at certa in  
points, a phenomenon given the name of wedging  
(coincem ent) by D ansereau (1956). In sy stem s  
made up of planktonic com m unities com parable  
situations are to be found, usually  som ewhat 
m ore com plicated.

A study of phytoplankton in the mouth of the 
Vigo R iver, published only in part e lsew h ere  
(M argalef, 1957), has dem onstrated that the sp a
tia l stru ctu re—or the heterogeneity  in the d is 
tribution of the plankton—can be interpreted  as 
the resu lt of a heterochronic su ccess io n  at d if
ferent points of a w ater m a ss, com plicated by 
m ovem ents within the m a ss. This way of in 
terpreting  heterogeneity  p erm its of an exposition  
that is  s im p ler , and p ossib ly  m ore elegant, than 
an evaluation based on ex p ressio n s involving  
sp eed s of m ultip lication , d iv is ib i l i t ie s  and d is 

tances all at the sam e t im e —which is  not to say  
that th is second way is  any le s s  valid.

In a dynamic conception of heterogeneity , 
for all the natural uncertainties involved—m ulti
p lied  here because they affect tim e and space  
and the rela tion s between the tw o—som e general 
ru les  can be form ulated: The su ccess io n  begins  
with the em ptying or renewing of the w aters of 
the r iv er  mouth, which may take one of two main  
form s, depending on whether surface or sub
surface water com es in from  the Atlantic. The 
ch a ra c ter istics  of the r iver  mouth are such that 
surface w ater gains its  g rea test entrance along 
the northern bank. The su ccess io n  proceeds  
m ost rapidly where the water is  s t i l le s t ,  that 
i s ,  in the shallow  areas of the inner r iver  mouth 
and a lso  in those lea st affected by tidal cu r
ren ts. The p ers is ten ce  of v ertica l circu lation  or 
of a high d egree of turbulence in the upper la y 
e r s  of the w ater favors the prolongation of the 
in itia l s ta g es . This irregu larity  in the speed of 
su ccess io n  is  what g ives r is e , at f ir s t , to the 
heterogeneity  in the distribution of the phyto
plankton. As the w ater grow s m ore and m ore  
stable the su ccess io n  slow s down all over the 
r iv er  mouth and it tends toward an o v e r -a ll  
sim ila r ity  in its  m ake-up—plankton of dino'* 
fla g e lla tes . But th is very  stab ility  leads to loca l 
d ifferen ces, many of stochastic  orig in , fortified  
by the play among certa in  m ovem ents of the 
water (internal w aves) and the m obility, in the 
la ter  s ta te s , of the predom inant organ ism s, cap
able of phototaxtic m ovem ents. The m ost m a
ture stage of the su ccess io n , under undisturbed  
conditions c o n sists  of an antoplankton of dino- 
fla g e lla tes , the g rea test m ass of which is  located  
very  c lo se  to the surface and subdivided in 
dense nuclei, to the point where the h eterogen e
ity in the d istribution of the phytoplankton can be 
clea r ly  seen  in the form  of b lotches of red  
water in the resid u e of the sea . The driving  
force is  constituted by the factors bringing about 
the su ccessio n : stab ilization  of the water and
the in creasin g  lo s s  of non-sw im m ing organ ism s, 
the consum ption of nutritive e lem en ts , the ac
cum ulation of m etabolites and the se le c t iv e  a c 
tion of planktophagic an im als. The interaction  
of th ese  general fo rces  with local conditions and 
sp ec ia l d istributions of an accidental nature 
g iv es  r is e  to loca l advances or retardations in 
the p ro g ress  of the su ccess io n  m anifested  in a 
synchronic heterogeneity  in the distribution of 
the plankton.

D ifferen ces, at su c c e ss iv e  in terva ls, in the 
ind ices of d iversity  and the distribution of the 
heterogeneity  in the r iv er  mouth agree perfectly  
with the picture of the su ccess io n  as sketched. 
Examining one after another the maps showing 
the heterogeneity  at d ifferent t im es , one can 
im agine a relation  between su ccess io n  and h eter 
ogeneity analogous to that in vegetation at the
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sh ores of a lake. It seem s to m e that the s im 
p lest way to describ e  th ese  phenomena, in a very  
general way, is  by use of ind ices which exp ress  
concepts relating to inform ation theory.

H eterogeneity cannot be conceived of sep 
arate from  su ccess io n , nor can su ccess io n  be 
exp ressed  without taking into account h etero 
geneity . The idea that su ccess io n  and its  c l i 
m ax are som ething spatia lly  heterogeneous and 
can attain a very com plex structural com plexity  
is  an idea not at all new. L ikew ise, heterogeneity  
m ust be considered  dynam ically as a structure  
that is  the seat of a “ fo r c e ” actuating su c c e s 
sion . Since the ind ices of d iversity  and other 
concepts derived from  inform ation theory can 
be used to estab lish  com parisons in space and 
tim e, they lead us a lso  to re la te  heterogeneity  
with su ccessio n .

Other applications of the ind ices of d iversity  to 
the study of su ccess io n .

The value of heterogeneity can be studied  
for in creasin g  a rea s, as has been seen  in an
other section . Adding tim e as another dim en
sion , it is  p ossib le  to obtain an idea as to how 
the “ grain” or texture of the heterogeneity  of a 
sy stem  evo lves as the su ccesion  p r o g r e sse s  
(Fig. 7). Thus, for exam ple, between August and 
October, 1955, the index of d iversity  of the phy
toplankton in the mouth of the Vigo in creased  
very l it t le —from  5.90 to 6 .28—w hile the mean 
index of d iversity , corresponding to a space of 
sev era l hundred m eters, d ecreased  from  3.22 to 
2.43. This should be interpreted as an indica
tion of the acquisition  of a “ finer grained” 
structure, with segregation  of the plankton into 
sm all blobs, each one m ore uniform , but at the 
sam e tim e d iffereing m ore from  its  neighbors.

We have already seen  that in studying h eter 
ogeneity the com parison  of loca l ind ices of d i
v ers ity  is  insufficien t, because the ca se  may 
a r ise  where sy stem s are made up of totally  
different sp e c ie s , and yet, by chance, have in
d ices  of exactly the sam e num erical value. For 
th is reason  the procedure of in creasin g  the s iz e  
of the group was suggested  so that the c o r r e 
sponding variation in the ind ices of d iversity  
would enable us to recogn ize  the true structure  
of the system .

The sam e reasoning can be applied to the 
study of su ccess io n , com paring the larger  group 
form ed by uniting two su c c e ss iv e  ones at tim es  
t_ and t + a with the group corresponding to t, 
nam ely,

a

In th is case  tim e im p oses a sin g le  s ig n ifica 
tion and the new index—of discontinuity, as it 
m ay be ca lled —has the form  of the d ifference

between two indices of d iversity  divided by the 
tim e elapsed  between the two m om ents that are 
com pared. The fir s t  index of d iversity  re la tes  
to a totally  arbitrary aritific ia l group and con
sequently is  undoubtedly crude and justiable only 
for the lack of som ething better.

The index of discontinuity so defined has 
been applied to the study of sequence in algae  
(M argalef, Duran & Saiz, 1955) and planktonic 
anim als (M argalef, 1956a) and its greatest ad
vantage lie s  in perm itting a distinction between  
what is  su ccess io n  and what is translation, not 
always easy  when dealing with planktonic popu
lations. Very high values of th is index of d is 
continuity indicate such great changes in the 
nature of such com m unities, that in m ost c a se s  
it m ust be recognized  that they are the resu lt of 
a change of water m a sse s , replacing one popula
tion with another of d iverse  orig in —that is , a 
translation  and not a su ccess io n  as such.

As has been seen , m om ents of maximum  
discontinuity correspond to high values of the 
ind ices of d iversity , the resu lt of a m ixing of 
populations. Then, in the segm ent of su ccess io n  
leading up to the next d iscontinuity, the index of 
diversity  usually fo llow s the tendency normal 
for any su c c e ss io n —that is , it d ecrea ses  slow ly, 
often after an initial in crea se . In the exam ples  
studied in relation  to the mouth of the Vigo, the 
m axim um  values of the index of discontinuity  
ch aracterize  the m om ents separating one plank
tonic su ccess io n  from  another, coinciding th ere 
fore with a vigorous renewal of the w aters of 
the r iver  mouth.

It might be w ell to em phasize that the p ro
posed index of d iscontinuity, and any other of the 
sam e type in which su c c e ss iv e ly  exam ined groups 
are added together—with the p ossib ility  of taking 
the sam e individuals tw ice in an unknown number 
of c a s e s —cannot be justified  at all within in 
form ation theory and should be considered  so le ly  
as em pirica l ind ices having a certain  practica l 
utility , but not as a b a sis  for further develop
ment.

APPLICATIONS TO OTHER ORGANIC 
STRUCTURES

C om parison of the com m unity with an organ ism .
The sim p ler ind ices of d iversity  and, to a 

greater degree, those based on inform ation theo
ry may be applied to a great number of sy stem s. 
T hese need only be made up of d iscre te  e le 
m ents capable of being c la ss if ie d  in a certain  
number of c la s s e s . The un iverse o ffers m odels 
of th is type from  the subatom ic to the s id erea l, 
but here we are in terested  only in sy stem s en
dowed with life .

A topic that may be considered now is  the 
com parison of a com m unity, of a b iocoen osis ,
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with an organism . Just as the f ir s t  is  a s tru c
ture made up of individuals, so the individual 
organism , it seem s to u s, is  s im ila r ly  made up 
of c e lls .  The sp e c ie s , as w ell as the natural 
com m unity, are sy stem s that rem ain constant 
or vary with tim e according to the inheritance, 
uniform  or d ifferential, resp ectiv e ly , of a given  
sy stem  of genic frequencies. There ex ist, how
ever , between a b iocoen osis and an organism  
fundamental d ifferen ces: the f ir s t  is  a c lo sed ,
uncentralized entity; the second, a cen tralized  
organization, open with regard to the -flow of 
m atter and energy. T herefore, our com parison  
is  not undertaken in a form al way, but only as 
a p o ssib le  source of ideas in the application of 
certa in  m ethods.

The sam e m ethods used to obtain a syn
thetic view  of the structure of a com m unity can  
be em ployed to d escrib e  the m olecular com p osi
tion of the c e ll, the com position  of the t is su e s  of 
an individual, the distribution by d ifferent a l
lelom orphs of a chrom osom ic locus in a com 
munity. The sim ila r ity  goes beyond the purely  
m ethodical. Growth co n sists  in an in crease  in 
the number of e lem en ts—c e lls  in th is c a s e — 
and differentiation appears in that th is in crease  
is  not uniform  in the different t is s u e s —in a s
much as the c e l ls  of one p ro liferate m ore rap
idly than those of another—and va r ies  from  one 
part of the organism  to another, giving r is e  to 
a llom etric  growth.

One aspect of th is com parison which opens 
up wide horizons is  that ontogenic d ifferen tia 
tion, as w ell as phylogenetic evolution and b io- 
coenic su ccessio n , all resu lt from  a d ifferentia l 
m ultiplication of various c la s s e s  of elem ents: 
in the f ir s t , of the different t is su e s  and regions; 
in the second, of the different allelom orphs, 
through natural selection ; and in the third, of 
the different sp e c ie s , through com petition. An
other sim ila r ity  appears in re la tion s with tim e. 
The varied ra tes of the changes that may be 
describ ed  in term s of inform ation as a b a sis  for  
the definition of a “ b io logica l t im e ” make it 
p o ssib le  to d istinguish  a “ ju ven ile” phase, a 
“ m ature” one, and finally  one of “ se n ility ” —in 
the life  of an organism  as w ell as in the life  of 
a race or the developm ent of a su ccess io n . If 
we determ ine the inform ation contents at su c
c e s s iv e  m om ents, we have a com m on pattern for 
com paring different grow ths, d istinct phyletic  
lin es  and different su ccess io n s . The com pari
son may be carried  even further. In the sam e  
way that biotic su ccess io n  advances at varied  
speeds in a large area, acceleratin g  in som e  
spots and falling behind in others, giving r is e  to 
a spatial heterogeneity of the com m unities, an 
analogous local d iversifica tion  of “ b io log ica l 
t im e ” is  exhibited in organ ism s in the form  of 
allom etric  growth.

We would not be justified  in seein g  in this

m ore than a purely external sim ila r ity , useful 
at best as a rhetorica l recou rse  or as a m ne
m onic d ev ice, if it w ere not for a very significant 
circum stance. The differentiation of an organ
ism  in growth, the evolution of a race and the 
su ccess io n  of a com m unity are brought about 
through structural changes which take us from  
one state to another, each of which may be de
scribed  in a sim plified  way in the sam e ph ras
eology, in term s of inform ation and entropy, 
that is , in term s of som ething c lo se ly  related  
to the b asic  d ifferences between the organic  
and inanim ate w orlds. In all three c a se s , through 
a d ifferential m ultiplication of e lem en ts, a s im i
lar life  p ro cess  is  m anifested which can be de
scribed  as a tendency toward the diminution of 
the ind ices of d iversity . According to the con
sid eration s exp ressed  previously  when com par
ing inform ation and organization, this diminution  
of d iversity  rep resen ts an in crea se  in the degree  
of organization.

The inform ation contained in o rg a n ism s.
Organism s begin life  with a store of in

form ation that they use in the form  of negen- 
tropy (negative entropy). Acquiring inform ation, 
and even copying it, rep resen ts an in crease  of 
entropy. According to B rillouin (1956), herein  
lie s  the fa llacy  of M axwell’s Demon. The 
Dem on’s supposed su c c e ss  would a r ise  from  the 
inform ation it p o s s e s s e s , overlooking the fact 
that the acquisition  of th is inform ation sign ified  
an at lea st equivalent r is e  of the entropy of the 
system . As is  w ell known, inform ation can also  
be m easured in therm odynam ic units. If we have 
inform ation in b its , we can pass to units of en
tropy m ultiplying by 0.96 x IO1 6  . In physical 
sy stem s, the inform ation rep resen ts an elem ent 
that can be neglected, but not in organ ism s. Ac
cording to L inschitz (1953), a bacterial c e ll con
tains an inform ation of the order of 1 0  1 3  b its. 
The body of a m am m al is  made up of c e lls  num
bering in the order of 1 0  12, so the arrangem ent 
of the c e lls  rep resen ts at least 4.10 1 3  b its; if 
we add to th is the in fracellu lar structure, the 
total inform ation reach es values that are not in
considerable from  the point of view  of therm o
dynam ics.

Reading printed m atter reco v ers  inform a
tion without destroying it, with a cost, in term s  
of entropy, that is  re la tively  low. Brillouin  
(1956) d isc u sse s  the problem  of the reactivation  
of latent inform ation, applicable in good part to  
the problem s presented  by organ ism s. The 
organism  u ses  inform ation in developing its  
som a without destroying the key to th is inform a
tion, and produces, m oreover, a new “ edition” 
of the sam e in its germ inal c e l ls .  Obviously, the 
use of latent inform ation contained in the h ered i
tary storehouse sig n ifie s  a consum ption of en
ergy which is  degraded in the course of the
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organ ism ’s growth, so that the total entropy in
c r e a se s  in the physical sy stem  of which the 
organism  form s a part. But it is  doubtful if the 
sim ple p ro cess  of making cop ies of the inform a
tion accum ulated throughout the h istory  of the 
race rep resen ts a consum ption of energy su f
fic ien t to estab lish  here a lso  the equivalency  
between entropy and inform ation—latent inform a
tion, at lea st. The problem  here b ecom es part 
of the much d iscu ssed  them e of the therm o
dynam ics of living th ings.

If inform ation theory helps to better explain  
the reproduction and tran sm ission  of latent in 
form ation by living things, the resu lts  w ill be 
d irectly  applicable to the study of m ixed popu
lations. They should enable us to bridge tim e, 
escaping the lim itation  of having to com pare  
instantaneous su c c e ss iv e  sta tes in order to a r 
r ive at conclusions regarding p ossib le  in ter
m ediate events.

Evolution.
In u n ispecific  natural populations, each  

chrom osom e locus may be occupied by a certa in  
number of different a lle le s . The proportions of 
the d ifferent a lle le s  may rem ind us of the d is 
tribution of the individuals of different sp e c ie s  
in a com m unity. This coincidence a r ise s  from  
the operation of s im ila r  “ fo r c e s .”  Genetic m u
tation does, in fact, resem b le  the introduction of 
a new sp ec ie s  into a com m unity, and natural s e 
lection  is  found among a lle le s  as w ell as in the 
sp ec ie s  of a com m unity, and may lead to the 
eventual elim ination of som e of them . In both 
c a se s  situations of equilibrium  may occur, in 
the form  of heterozygotes with favorable ch ar
a c te r is t ic s  and of intrageneric com p lexes, r e 
sp ectively . Note that the a lle le s  of the sam e  
locus are exactly com parable to sp e c ie s  occupy
ing the sam e eco log ica l niche. The extension  of 
a sin g le  allelom orph through a whole un ispecific  
population (in crease of hom ozygosis) and the 
dom inance of a few sp e c ie s  in a m ature com 
munity are com parable phenomena in that they 
m ay be described  by a diminution of the r e sp e c 
tive ind ices of d iversity . All th is , starting with 
an indefinite in itia l com bination, tends toward 
the segregation  of types of e lem en ts, reducing  
the number of them  found in a lim ited  space or 
tim e and a ssistin g  Creation as an agent capable  
of giving form , structure, or organization to 
what in the beginning lacked th ese , altogether or 
in part. In th is se n se , natural se lec tio n  is  c r e a 
tive , although, actually, the true crea tive  fo rces  
lie  in the capacity of inform ation elem en ts to 
reproduce th em selv es  and in the p o ssib le  ap
pearance of new types of th ese , whether as mu
tations in u n isp ecific  populations or as an in 
troduction of a new sp ec ie s  in m ixed ones.

We have com pared a locus with a b iocoeno- 
s is ;  we m ust com pare the whole genom e with a

b iocoen osis. The evolution of genetic sy stem s  
by duplication, which apparently has had an im 
portant function in the evolution of the vegetable  
kingdom (Schussnig, 1927) is  worthy of com 
ment in relation  to the com parison we have 
m ade. When genom es duplicate th em se lv es , 
genes which w ere identical, or at lea st hom olo
gous, have new p o ss ib ilit ie s  to becom e different 
and thereby in crea se  the number of c la s s e s  in a 
w hole. The entire structure becom es enriched, 
as when a com m unity acquires greater so c io lo g 
ica l com plexity (as in going from  thicket to fo r 
e st , for instance). M oreover, th is duplication  
esta b lish es a greater number of p o ssib le  in ter
changeable s ta te s , which m eans greater sta b il
ity —in the sen se  of MacArthur. In rea lity , evo
lution by polyploidization leads to a stab ilization  
of m orphological types, so  m anifest in phanero
gam s. In th is ca se  d iversity  in crea ses  as in the 
f ir s t  stages of a su ccessio n .

This is  not the f ir s t  tim e that evolution has 
been considered  in relation  to inform ation theo
ry. But the point of view  of other authors (Young, 
1954, p. 281; Jacobson, 1955) is  very different. 
That of Jacobson is  ex p ressed  in a very con cise  
and thought-provoking way: “ Informational lan 
guage d escr ib es th is p ro cess  very elegantly, and 
without contributing any new concepts, as fo l
lows . The inform ation in specifying the organ
ization of the organism , as such, defines a 
m essa g e . The m essa g e  is  transm itted  around a 
feedback loop (the life  cy c le ). O ccasionally, 
noise  (mutations) a r ise s  in the m essa g e . The 
noise affects the gain of the m essa g e  around the 
feedback loop (fertility  of sp ec ie s ) . Those m e s 
sa g es  which p ass through the filter  (environ
ment) with a gain equal to , or greater than, unity 
cause p ositive  feedback (se lf-su sta in in g  continu
ation of the sp e c ie s ) . Those noisy m essa g es  
which cannot p ass through the filter  (unfavorable 
m utations) are rejected  (bred out of the sp ec ies)  
after a sufficient number of tra n sm issio n s about 
the loop. Eventually the m essa g e  takes on a 
character which is  prim arily  due to the filter , 
in which the gain is  m axim ized (natural adapta
tion). And th ese m axim al gain m essa g es  may be 
vastly  m ore com plex than the original m essa g e  
(evolution).”

In an area le s s  subject to speculation, and 
perhaps of m ore im m ediate p ractica l in terest, 
certa in  relation s between evolution and the prop
er tie s  of com m unities are obvious which can be 
exp ressed  by m eans of the ind ices of d iversity , 
esp ec ia lly  when th ese  are taken as indicators of 
“ dynamic n ich es” (Watheman, 1957), which may 
in crea se  or d ecrease  in number in the cou rse of 
the changes undergone by m ixed populations, 
estab lish ing  variab le com petitive p ressu res  on 
given ca tegor ies of sp e c ie s  and thereby affecting  
their p o ssib le  m icroevolution . The two extrem e  
types of com m u n ities—1 ) having a few dominant
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sp e c ie s  and strong intrageneric com petition (low 
index of d iversity); 2 ) com plexes of sp e c ie s  of 
the sam e genus, in equilibrium  through intense  
ectocrin ic  activity (high index of d iv ers ity )— 
rep resen t m edium s having very different prop
e r tie s  as far as the origin  of new system atic  
form s is  concerned. B lack, Dobzhansky and 
Pavan (1950) point out the genetic im portance of 
the d ifferen ces in d iversity  among tem porate  
and tropical fo r e sts . A high index of d iversity  
lim its  the genetica lly  e ffective  population, which  
cannot but influence the type of evolution.

The study of in d ices of d iversity  g iv es us 
knowledge as to the rapidity with which com 
m unities change—planktonic m ore rapidly than 
benthonic, and among the la tter , vag ile  ones 
fa ster  than s e s s i le  o n es—or the rapidity with 
which they have changed in the p a st—low er in 
d ices  of d iversity  in the biotas of reg ion s which 
have been subjected to in tense c lim atic  c y c le s .  
Having a quantitative pattern for com parison  
fa c ilita tes  the study of relation s between the r e 
newal of com m unities and evolution.

Final C onsiderations.
The different a sp ects of biology which we 

have exam ined perm it the u se  of a com m on lan
guage proceeding from  widely separated sc ie n 
tific  fie ld s . In eco logy  it is  im m ediately adapt
able and supplies a rea l need. In th is la st section  
there have been exam ined, too rapidly and not 
too c lea r ly , other fie ld s  of the b io log ica l s c i 
en ces in which inform ation theory is  a lso  ap
p licab le . Understandably, I have lim ited  m y se lf  
to problem s s im ila r  to those presented  by e c o l

ogy» without even m entioning other b iological 
problem s on which inform ation theory may cast  
som e light (W iener, 1948; Q uastler, ed ., 1953). 
The p o ssib ility  ex is ts  of making com m ensurable  
phenomena which, by tradition, have seem ed  to 
have little  in com m on. E sp ecia lly  applicable to 
the study of life  are those concepts which de
lim it order and d isord er, in all their form s. In 
therm odynam ics, su ccess io n  can be described  
as the acquisition of greater effic ien cy  in e x 
ploiting the m edium  and reducing to the m inim um  
the d issipation  of energy. Information theory  
d escr ib es  the evolution of structured sy ste m s, 
d iv isib le  into elem ents qualitatively different, 
into sta tes  representing  a greater degree of o r 
ganization, in the individual as w ell as in the 
race  and in the b iosphere. A broader b iophysics  
is  p o ssib le  which does not co n sist in the applica
tion of p h y sica l-ch em ica l p rin cip les to the study 
of life , but in the generalization  of certa in  con
cep ts on a higher plane which takes in, without 
any p referen ce, both the living and the inanim ate.

Information theory provides an appropriate 
form  of exp ression  when we deal with th ese  
p rop erties of the U niverse, when we wish to 
ex p ress  co n cise ly  the m anifestations of the sub
lim e force  which has lifted life  out of chaos. It 
is  noteworthy that a part of its  operation can be 
d escribed  in term s of inform ation theory, that 
is ,  in a sc ien tific  language which has grown out 
of the rigorous study of the way rational beings 
have of com m unicating With each other. This 
concidence ca u ses us to m ediatate on the c r e a 
tive  value of the word and on the m essa g e  value 
has.
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