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HE present review is the expo-

sition of a series of recent inves-

tigations in quantitative bio-

coenology. Its object is to
demonstrate certain principles of an experi-
mental approach to the structure of the
associations of organisms or biocoenoses.
In the study of these associations in the
past, investigators laid stress on the mort-
phological side, and scarcely felt the need
for applying here an experimental, analy-
tical method. However, it would be as
illogical to limit oneself to the morpho-
logical investigation of the biocoenosis as
to study an aeroplane as though it were an
inert and static machine. It is now
beginning to be generally recognized that
the biocoenosis as a dynamic unit pos-
sessing a primitive organization ought to
be studied with the aid of the analytical
as well as the morphological method.

If a separation of the morphological
point of view from the functional one was
to a certain extent justified in the past
development of cytology, and idiobiology
in general, there does not seem to be any
such justification in modern biocoenology.
The laws of form depend here so evidently
on the dynamics that any attempt to
establish the properties of a structure inde-
pendently of its transformations is destined
to failure. But in our usual observations
under natural conditions the complexity
of the environment prevents the drawing
of reliable conclusions as to the causes of
the transformations. Great opportunities
are therefore given here to the experi-
mental method, which can be applied
in nature as well as in the laboratory.
The technical possibilities of experimenta-

tion in biocoenology are extremely great.
We can directly see how the separate com-
ponents and elementary processes of the
struggle for existence become organized
into a whole, and how the laws of form
evolve out of the laws of dynamics.

In the present review the mode of ap-
proach to the study of organization of the
biocoenosis is decidedly an analytical one.
At the same time we emphasize the fact
that we are only concerned with the prin-
ciples of organization, and that there
remains a great deal of experimental work
for their further concretization. The
literature on the elementary processes of
competition between the components of a
biocoenosis has been already summarized
by me in The Struggle for Existence (1934)
and Viérifications expévimentales de la théorie
mathématique de la luste pour la vie (1935),
and there is no need to repeat it here.

THE BIOCOENOSIS AS AN ORGANIZED UNIT

1. The recognition of the existence in
nature of communities of living organisms
or ‘‘biocoenoses’’ probably dates back to
the ancient Greeks. In the modern period
many botanists endeavored to understand
the mutual relations among plants, and
the following definition, due to Mdobius
(1877), is frequently quoted in hydro-
biology:

Every oyster bed is in a certain degree a community
of living organisms, a combination of species and a
population of individuals which find here everything
needed for their growth and multiplication. As yet
science has no word by which such a community of
living beings might be designated, no word for a
community where a total of species and individuals is
mutually limited and selected under the influence of
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average external conditions of life. . . . I propose the
word biscoenosis for sucha community.

The turning point in the history of
biocoenology has been the publication of
numerous botanical investigations at the
close of the last and the beginning of the
present century, which demonstrated that
the vegetable covering of the earth is
divided into natural units of structure or
associations. The establishment of a
definable unit has automatically led to
greater precision of observation and of
thought.

If the significance of the biocoenosis as a
unit of structure in the living cover of the
earth (including animals and plants) does
not leave any room for doubt, the degree of
organization of this unit is far from being
definitely understood. Morphological ob-
servations on the structure of biocoenoses
show that the latter are characterized by
a definite tectological composition and by
a definite “‘texture.”” In other terms they
consist of definite elements in a fixed
numerical relation with each other. El-
ton (1933) remarks, for instance, that the
total number of species in an association is
a fixed one, and is determined by some
important principle. The limitation of
the number of species (of which we will
become convinced further on) is appar-
ently connected with the limited number
of the ‘“‘ecological niches’” which can be
utilized by different species without
expelling one another, as the number of
species saturating the habitat is greater
in a more diverse environment. Conse-
quently a biocoenosis consists of only a
part of the forms that could potentially
enter into its composition. It is already
organized in the sense that its membership
is a limited one.

The general criterion of an “‘organized’’
system is the presence of firmly established
relations maintained by regulation and we
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will evidently have to decide by means of
some kind of dynamic method whethet or
not this definition holds true for the
biocoenosis. Do there exist amy constant
characters  of constitution and of structure
maintained by regulation?  In other words, can
certain combinations of organisms be stable
ones, and the intermediates between them not,
even under intermediate conditions? The solu-
tion of this problem can be easily reached
with the aid of the analytical method.

A comparison of the organization of a
biocoenosis with that of living matter is
sometimes made. But such a comparison
is scarcely justified at the present time.
First of all we have not yet any sufficiently
clear understanding of the organization of
living matter itself. The underlying units
of its constitution are much smaller than
those which are revealed by the micro-
scope and scalpel. We can only hope that
in the future we shall obtain a better in-
sight into the laws of the molecular
organization of living matter. The for-
mation of an organized system on the
primitive level of a biocoenosis ought to
be therefore considered as an independent
and important problem, which at the
present time is quite ready for analysis.

2. Let us briefly examine certain obset-
vations in field conditions concerning the
properties of the biocoenosis as a unit of
structure. First of all arises the question
whether there exists a sharp spatial sepa-
ration of one type of structure from
another. A number of botanists (Du
Rietz, 1921, 1930; Chouard, 1932) give an
affirmative answer to this question. In
spite of the variety of conditions continu-
ously passing from one value to another
only a limited number of distinct associa-
tions can be usually established. One
complex is sharply separated from another,
and the intermediate combinations of
species are not observed. However, no
unanimity on the subject has been yet



322

attained (Gleason, 1926) owing to the
complexity of field conditions.

To establish objectively how one kind
of structure is separated from another an
investigation is usually made as to transi-
tion of one type of distribution of organ-
isms in space into another. The essential
characteristic of the type of distribution in
space is relatively simple. We calculate
in how far the components of the biocoe-
nosis are distributed in space at random (or
not at random), and how sharply a statis-
tical law of distribution peculiar to one
association passes into another law in a
new association. Regarding many com-
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investigation into N squares, count the
number of individuals of a certain species
found on the square (v1) and establish the
mean value or abundance (v). The statis-
tical investigation shows that if the
individuals (or components in general) are
distributed according to the law of chance,
the square of the standard deviation ¢% (of
the variation series constructed with the
values #,), divided by the square of
abundance (»%) and designated as the rela-
tive square mean fluctuation 8% must be

. I
equal to the inverse value of abundance -:
v
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F1c. 1. Two Tyees or THE DistriBUTION OF ORGANISMS IN SPACE

scattered in the association according to
the laws of chance, but are rather grouped
into aggregations (Gray and Treloar,
1933; Allee, 1934). Then the character
of the statistical distribution of such
mosaic complexes or aggregations in the
biocoenosis can serve as a criterion of the
homogeneity of the latter. If the biocoe-
nosis is homogeneous, the aggregations for
their part can be distributed in it according
to the laws of chance.

A very accurate method for investigat-
ing the character of the spatial distribu-
tion of the components in the biocoenosis
has been elaborated by The Svedberg
(1922). We can divide a plot under

2
.0 I
Representing — as the 62 found, and -
v? v

as the 82 calculated, it can be said that if
the components are distributed at random
the ratio 6% found/4? calculated must be
equal to 1. This ratio is called zhe coeffi-
cient of dispersion. Every deviation from
random distribution in space leads to a
deviation from unity of the value of the
coefficient of dispersion. Thus, for in-
stance, if the components are distributed
in aggregations the per cent of the squares
bearing the number of components deviat-
ing from the mean value will be greater
than we might expect from normal distri-
bution. The 42 found will be greater than
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I and the coefficient of dispersion will be

v

> 1 (Superdispersion, Fig. 1). But if the
components are distributed too regularly
(for example the stems of moss when very
close together) the coefficient of dispersion
will be smaller than the unit (infra-
dispersion).

3. The most important structural prop-
erty of the biocoenosis is the existence of
definite quantitative relations between the
abundant species and the rarer ones. In
this connection let us consider biocoeno-
logical terminology. The abundance of a
species is characterized by the number of
individuals on a unit of surface, and the
degree of domination by the per cent of
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Fig. 2. THE RELATION BETWEEN ABUNDANCE AND
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(According to Beklemishev, 1931)

abundance of a given species in the abun-
dance of the total population. Another
characteristic represents the frequency, or
the per cent of the samples in which the
individuals of the given species have been
found in proportion to the entire number
of the investigated samples. If we have
examined a hundred samples and found a
definite species in twenty-five of them the
frequency will be 25 per cent. Frequency
represents a complicated statistical charac-
teristic which depends on abundance, the
size of the sample and the type of the dis-
tribution of the organisms on the plot.
On a plot of large size we will find all the
organisms of the biocoenosis and frequency
will become simply transformed into a list
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of the species. Itis very important to bear
in mind the connection between frequency
and abundance with the constant size of
the sample plot. This connection will
depend on the character of distribution of
the organisms in space. For the simplest
case of a normal dispersion frequency will
be an exponential function of abundance:
F9% = 100 (1 — ¢")%, whete F9, is
frequency and » abundance. Figure 2
represents this relation often encountered
in practice (Beklemishev, 1931; Mc-
Ginnies, 1934). With the increase of
abundance frequency approaches grad-
ually to 100 per cent on the typical satura-
tion curve.
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(According to Du Rietz, 1921)

In spite of the great complexity of such a
characteristic as frequency many authors
have often used it in the investigation of
the structure of associations. With a
certain moderate size of the sample plot
(upon which the frequency of only the
most abundant species attains 100 per cent
and in others is still very low) we can
group frequencies into, for instance, ;5
classes: o—20, 2040, 40-60, 60-80, 80-100
per cent and determine the number of
species which belong to each of them.
Jaccard (1902) was the first to build such
curves, and Raunkiaer established the
following law (Raunkiaer, 1918; Kenoyer,
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1927; Gleason, 1929): the greatest number
of species belongs to class o—20 per cent,
i.e. they are rare. As the order of the
class of frequency rises the number of
species belonging to it decreases and
reaches a minimum in the fourth class
(6080 per cent) and then rises again in the
fifth class (8o-100 per cent), attaining a
second maximum on the greatest fre-
quencies (Fig. 3). In this manner it be-
comes possible to separate out of the
whole mass of species in the biocoenosis a
certain definite group of the most frequent
ones which Du Rietz (1921) calls zbe
constants of the association. The size of
the sample plot upon which these species
attain a frequency of go-100 per cent is
called the minimum area. In a ‘‘real”
association, according to Du Rietz, the
number of ‘‘constant’’ species (with a
frequency of go-100 per cent) is consider-
ably greater than the number of species in
the middle classes of the frequency scale.
In artificial “‘mixtures,”” on the contrary,
it is the great number of species in the
middle classes of the scale that is peculiar.
In other terms in a “‘real”” (or, evidently,
in an “‘organized’”) biocoenosis #he pre-
dominating part of the biomass belongs to a
separaved group of frequent or constant species.
This is due to the fact that the organized
association is the product of a long process
of struggle for existence and of mutual aid.
Here survived a few species or combina-
tions of species that are more successfully
adapted to particular ecological niches of
the habitat and they constitute the basic
biomass of the association. There is
evidently no such structure in an unorgan-
ized mixture. Thus, according to Du
Rietz, we can consider the structure of the
association as the outcome of a long proc-
ess of competition and selection.

4. We will soon see that the presence of
a definite structure in the biocoenosis may
ot may not correspond to a state of organi-
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zation. One can judge of this latter only
by the dynamic and not by the morpho-
logical properties. But let us now con-
sider certain difficulties in the work
with frequencies. It has been repeatedly
pointed out (Gleason, 1929; Romell,
1930) that frequency represents a compli-
cated statistical characteristic, and that in
this connection the causes of an accumula-
tion of species in the maximal (fifth) class
of frequency require a special analysis.
Does this accumulation reflect the very essence
in the structure of the biocoenosis—a certain
natural separation of a group of constant
species—or is it a statistical artifact? The
possibility of the latter has been men-
tioned by Gleason (1929). Let us now
turn to fig. 2 and suppose that in a certain
definite class of abundance, #4, fall ten
species and that in another analogous
class, bc, fall also ten species. Taking
into account the relation between abun-
dance and frequency it can be easily seen
that the first ten species will be dispersed
upon a larger section of the frequency scale,
a1by, than the second ten species (bicr).
In this manner, owing to the exponential
relation between abundance and frequency,
the most numerous species widely dis-
tributed on the scale of abundance can
become artificially grouped on a very small
section of the scale of frequency. The
considerations advanced by Romell (1930)
lead also to a notion of the great statistical
inclusiveness of the last class of frequency,
although his arguments are of a somewhat
artificial nature. If we add to this the
influence upon frequency of the size of the
sample plot and of the character of the dis-
persion of the organisms in space we will
easily come to the following conclusion:
for obtaining an objective representation of the
structure of the biocoenosis we must have
recourse to some characteristic simpler than
frequency.

The most convenient for this purpose is
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the abundance of organisms. In fact it
often turns out that the constant species
are at the same time the dominant ones,
i.e. they predominate as regards abundance
(Katz, 1930). Du Rietz (3930) directly
introduces the existence of constant domi-
nants in every layer of vegetation into the
definition of a phytocoenosis. It is there-
fore interesting to examine upon existing
facts to what extent the group of the most
abundant or dominant species is naturally
separated in the structure of a biocoenosis.
We can analyze the relation between the
class of abundance and the number of
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the classes of abundance in the lichen
stratum of Pinetum-association, and curve
(2) that of 23 species of plants in the
association of Filipenduletum. In both
cases the sharp separation of two types of
species—the abundant and the rarer ones—
is quite apparent. The total population
is sharply divided into two categories:
the numerically dominant species and the
non-dominant ones, represented by a small
number of individuals. Consequently we
arrive here at a conclusion corresponding
to that of Du Rietz—the basic biomass of
the biocoenosis belongs to a few dominant
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Fic. 4. THE RELATION BETWEEN ABUNDANCE AND
THE NUMBER OF SPECIES

(2) Distribution of 26 species of mites. Data
from Beklemishev, 193I. g) Distribution of 23
plants. Data from Beklemishev and Igoshina, 1928.

species belonging to this class. It is
often supposed (Gleason, 1929; Bekle-
mishev, 1931) that this relation is of a
simple statistical character. In other
words the greater the class of abundance
the less numerous is the number of species
belonging to this class, and in this way no
natural separation of a group of abundant
species can be observed. However, it is
not difficult to see that the situation fre-
quently differs. In Figure 4 are given the
curves we have constructed on the basis of
the data of Beklemishev and his collab-
orators (1931). The curve (1) shows the
distribution of 26 species of forest mites in

Number of indtviduals per [00sq.cm >

Fic. 5. THE RELATION BETWEEN ABUNDANCE AND
FrEQUENCY IN THE PoruraTIiNG Grass PrLATEs
SUBMERGED IN THE WATER

(1) young and (2) mature biocoenoses. Data from
Duplakov, 1933

species. (For such calculations abun-

dance ought to be expressed in biomass,

and not in the number of individuals.)

5. An interesting example from hydro-
biology shows that a specific structure can
exist in organized as well as in unorganized
biocoenosis. Thus Duplakov (1933) fol-
lowing the method of Hentschel (1916)
investigated the process of population of
glass plates plunged in summer into the
water in the shore zone of a lake in Middle
Russia. Three days after the beginning
of the experiment (15.VII) there was on
the glass a typical immature and un-
stable biocoenosis in which the group of
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dominant species was at the same time
sharply apparent. On the basis of his
data we constructed the curves given in
Figure 5. The dominants of the immature
biocoenosis were simply the species abun-
dantly represented in the surrounding
medium, fixing upon the glass and growing
rapidly. Such a feature of an organized
state as the regulation of the composition
was here entirely lacking. The bio-
coenosis changed rapidly and only later
become somewhat stabilized as regards its
qualitative composition. In such a ma-
ture biocoenosis (7.VIII) one can also
distinguish a group of deminants, but now
consisting of species that have shown
themselves best adapted to separate eco-
logical niches in the habitat. Figure
shows how in the distribution according
to the classes of frequency these dominants
give a peak in the higher class (dotted
diagram). It appears that in working
with land vegetation it is more difficult to
observe a definite ‘‘structure’’ in unstabi-
lized systems as the process of population
is here less regular than in the water of the
lake. In this connection botanists use
another structural method for recognition
of the stabilized biocoenosis (Chouard,
1932). Peculiar to the latter is the pres-
ence of a sharply outlined type in the
number of species per unit of surface: the
variability in the number of species in the
sample is represented by the normal varia-
tion curve. In the case of unstabilized
biocoenoses owing to the irregularity of
dispersion there is no sharply outlined
typical number of species holding good for
the entire territory. The variation curve
of the number of species in the sample is
irregular and shows several peaks. But
in the case of a glass plate being popu-
lated in the lake the course of the popula-
tion is so regular that an immature
biocoenosis also possesses a “‘type.”” In
this way the existence of a definite struc-
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ture shows often, bur not always, a stabi-
lized state of the system. The necessity
of a combined morphological (structure)
and dynamic (stability) approach to the
understanding of organization of biocoe-
noses is obvious, and it is already recog-
nized by botanists (Du Rietz, 1930).

6. Turning to the structure of stabilized
systems we must point out the important
principle elaborated by Clements (1916)
concerning the very process of stabiliza-
tion. His observations on vegetation led
him to the idea of a gradual development
of a stable type of association ot climax
which, owing to its stability, does not
allow of any intrusion of new species
whereas the unstable intermediate associa-
tions admit such an intrusion. The
structure of a stabilized system is evi-
dently connected with the fact that some
best adapted species have occupied the
principal ecological niches. The group
of dominants will be the more numerous
the greater is the number of different
niches or, in other terms, the more the
association is ‘‘ecologically specialized’
(Du Rietz, 1921; Lundbeck, 1926). In a
more homogeneous environment the num-
ber of dominants falls (Frey, 1927). In
any case we can say with certainty that at
the basis of the structure of a biocoenosis
lies the “‘niche’” structure. The group of
rare species is apparently a heterogeneous
one and includes the immigrants coming
from neighboring habitats, and those
individuals that find convenient conditions
for living on the various plots existing
together with and between the basic
niches. The fact of the group of abundant
species being usually separated from that
of the rarer ones represents a proof of the
absence of a continuous transition between
the dimensions of the fundamental niches
and those of the additional plots. This
regularity is especially apparent in the
separate layers or simusia of the biocoe-
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nosis (Du Rietz, 1930), as the structural
properties are here not so much over-
shadowed by the statistical variability of
dimensions of the basic niches.

Summarizing, it can be remarked that
the biocoenosis possesses a definite struc-
ture whose degree of organization must be
investigated experimentally. Field ob-
servations raise before us the following
problem: How under continuous change of
the environment from one value to another
can arise stable, spatially separated struc-
tures whose composition is maintained by
regulation? In other words, how does a
state of organization arise?

ON THE PRINCIPLES OF ORGANIZATION

1. The simplest way of answering these
questions will be to begin an examination
of the principles of organization by point-
ing out that there exist biocoenoses of two
types: the #nstable and the mature or stable
ones. The process of development lead-
ing to stabilization can be paricularly
well observed on the population of glass
plates plunged in natural fresh waters.
Recent observations (Ivlev, 1933) show
that the process of development of such a
biocoenosis falls pretty regularly into two
periods: a period of accumulation with a
simultaneous growth of all the principal
components of the biocoenosis, and a later
period of reconstruction, when under the
influence of competition and of other
biocoenotic relations a part of the compo-
nents is suppressed and begins to diminish
in number whilst others develop in even
greater abundance (Fig. 6). However, in
fresh waters of our latitude a final stabili-
zation of the system is never attained.
Having reached a certain stability it con-
tinues uninterrupted alteration under the
influence of variation of the external
medium and finally dies off almost com-
pletely in the winter period. It is there-
fore easy to understand why the idea of
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“moving equilibrium’ is particularly
wide-spread among hydrobiologists (Res-
VOY, 1924).

Recently Duplakov (1933), whom we
have already mentioned, carried out a very
careful investigation of the process of
population of glass plates submerged in
Lake Glubokoe (near Moscow), and we
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Individuals

Days
Fie. 6. Tue DeverormenT OF PoruraTion onN THE

Gurass Prate SusMmerceED IN THE Moscow River

F-non-motile Flagellata, U-non-motile Prorozoa,
R-moving Rotatoria, P-moving Protozea, K-non-
motile Rotatoria, D-Diatomaceae. From Ivlev, 1933.

TABLE 1

The increase of the number of species in a biocoenosis.
(Glass plare submerged in Lake Glubokoe.) According
to Duplakov, 1933

DAYS AFTER BEGINNING
OF THE EXPERIMENT NUMBER OF SPECIES
I 13*

3 20

5 33

7 33

9 43

26 47

42 45

* Five of these will disappear on the ninth day.

will discuss here some of the results ob-
tained. Table 1 shows that the number
of species in the populating biocoenosis
continuously increases after the submer-
sion of the glass plate into the water and
attains a certain stability towards the
ninth day (43 species). This number re-
mains approximately constant up to the
forty-second day. The slight alterations
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occur only at the expense of accidental
immigrants represented by an insignifi-
cant number of individuals. Some of the
first settlers soon disappear, but from the
ninth to the forty-second day the qualita-
tive composition of the biocoenosis re-
mains almost the same. These data are
therefore in accord with the view of
Elton (1933) as to the constancy of the
number of species in a biocoenosis, which
was based upon the macro-components.
Figure 7 represents some typical curves
of growth of separate components. After
24 hours of submersion of the plates one
can find Vorticella upon them. The num-
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From Duplakov, 1933

ber of these increases very rapidly and
reaches 2 maximum after 12 days. After
this the number of Vorticella decreases
considerably under the influence of the
developing filamentous algae (Oedogonium
and Spirogyra), whose growth is intense in
the light (whilst in the dark they are in-
capable of disturbing the animal nature
of the biocoenosis). The expulsion of
Vorticella from the biocoenosis by the
filamentous algae can be explained by the
fact that an abundant development of the
latter prevents the nutrition of Vorticella.
Indeed, by its mode of nutrition Vorticella
belongs to the ‘‘sedimentators,” and
requires for the absorption of the sus-

THE QUARTERLY REVIEW OF BIOLOGY

pended nutritive particles a free circulation
of the water which surrounds them. The
developing flakes of green algae interfere
with this circulation. Towards autumn
the filamentous algae finishing their cycle
die off, and Vorticella develops again.

The curves of development of the
lamellate green algae (Coleochaete and
Stigeocloninm) are of peculiar interest.
In Figure 7 is traced the curve of growth of
a number of individuals of Coleschaete
scutata. Soon after the beginning of the
experiment numerous germinating algae
settle down on the glass plat¢ and begin
to develop into small lamellae. Later the
increase of the number of the lamellae
ceases owing to a lack of room. The
larger lamellae push off or cover over the
young growing algae which have settled
on the glass. The overgrowth of the glass
by the filamentous algae is also an obstacle
to their development. However, at the
moment of the strong dying off of the
filamentous algae and of another species—
Coleochacte soluta—owing to seasonal causes,
the species Coleochacte scutata increases
very rapidly, taking possession of the
liberated places, and later remains at a new
fixed level.

It can be said with perfect assurance that
the biocoenosis is subject to regular
development and attains a certain state of
stability which, however, is very strongly
altered by the seasonal variation in the
lake. The main factors of development
are the biocoenotic relations between
organisms—competition, destruction and
mutual aid—, and if there were no sea-
sonal changes these would be the only
factors of development. The type of the
external medium defines the relative
advantage of some components over
others and, consequently, the type of
development itself, but this type is
realized only by means of the biocoenotic
forces (in the case of constant external
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conditions). In the associations of large
terrestrial plants the role of seasonal varia-
tions is not so profound, and it is therefore
possible to observe distinctly the stability
of the final states or climaxes (Phillips,
1934). The possession of organization
and of regulations is usually connected
only with these final states and these
categories consequently represent an out-
come of the process of regular develop-
ment.

2. If the organization is the outcome of
development we must evidently establish
the factors governing the dynamics of
development and express them in the form
of differential equations. The solutions
of these equations will indicate the sta-
tionary states and furnish complete in-
formation about the regulation of these
states. The experiments made under con-
stant laboratory conditions can easily
verify the theoretical conclusions. We
can also analyze the influence of the
external factors on the stationary states of
the system. To what extent do the
properties of the system fail to change in
proportion to external alterations or, in
other words, why are intermediate com-
binations of organisms impossible under
intermediate conditions? How far do the
properties of the system change in an
abrupt manner with the threshold values
of external factors, etc.?

For the details of these calculations the
reader is referred to the two books by
Gause (1934, 1935) and the paper by
Gause and Witt (1935); we will only
briefly examine here some of the funda-
mental principles. The dynamics of de-
velopment of a biocoenosis resulting from
interaction between species can lead, for
example in the simplest case of two com-
ponents, either (1) to a complete expul-
sion of one component by the other,

In addition to the experiments mentioned by Gause
(1934) interesting data on the instability of microbic
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associations in the same ecological niche and on the
consequent expulsion of some components by others
may be found in Nicol (1934). He writes: M.
Beijerinck’s view of the condition of associations of
bacteria responsible for the production of commercial
preparations of soured milk may be expressed by say-
ing that these associations are in unstable equilibrium.
On account of this instability it is not possible to con-
tinue inoculation of fresh milk from a properly
soured sample indefinitely; after a very few transfers
the balance has been so much disturbed that an
undesirable product results from fermentation. Com-
mercial quantities of yoghurt are therefore made from
continually renewed mixtures of the single species,
which: are maintained in pure cultures in milk.”

ot else (2) to a stabilization, that is to the
establishment of a stable combination of
the two components. Both theory and
experiment show that a complete expul-
sion of the less adapted species by the
better adapted one can only take place in
the case of two species belonging to the
same ecological niche in the habitat.
The stabilization which interests us more
immediately can take place in the case of
each of the species possessing an advantage
in its own ecological niche (a2 “‘two-
niches’ stabilization) or in the case of a
mutual (or a one-sided) help between the
species (symbiotic stabilization). If we
write a theoretical equation of the inter-
action between the species in such a case
we will come to the following conclusion.
The process of interaction between the
first species (Ny) and the second (N3) will
lead to a stable mixed population which
will be dynamically maintained. This
can be easily seen on the graph with N,
plotted on the abscissae and N; on the
ordinates (Fig. 8). This stable popula-
tion (A) will represent a ‘‘knot’” as the
mathematicians call it. In other words
all the curves of the interaction between
species will meet in this point. If we
begin with small concentrations of both
species (#) they will increase until reach-
ing ‘‘stable’” values (A4). If we now
destroy the equilibrium artificially by
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introducing more N than necessary and
less N; than is necessary for equilibrium
(#1), the ‘‘stable’” combination (A) will
be automatically recovered. In this man-
ner the mathematical theory shows quite
cleatly how the regulation of a type (or of a
stable combination) can result from the inter-
action between species.

Theotetical considerations of this kind
are to a certain extent confirmed by the
experimental work. The stable combina-
tion of species and its regulation can be
observed in a mixed population of two
infusoria one of which, Paramecium aurelia
(Ny), utilizes more actively the bacterial
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Fic. 8. Tue Brmavior or A Mixep Poruration
or Two Seecies BELONGING TO DirrereNT
EcorocicaL Nicues

The dotted lines show the direction of the curves
of interaction in the absence of a *‘special zone.”’
components of the mixed diet suspended in
the upper layer of the liquid, whilst the
other, Paramecium bursaria (N,) utilizes
more actively the yeast settling on the
bottom, although both infusoria can live
in the entire territory of the microcosm
(Gause, 1935). At the same time experi-
mental work points to a certain limitation
in the regulation of the typical combina-
tion of two species. This regulation is
not possible from #l/ the points on the
surface N1, No. If we bring the popula-
tion into a *‘special zone’’ (Fig. 8) where
a new factor not taken into account before
is in operation (a peculiar sensitivity of
N, to the metabolic products of N; and
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Ny), the *‘stable’’ combination (4) cannot
become reestablished and we will obtain
Ay, As, As, etc. It is easy to show what
are here the alterations in the equation of
the interaction between species (Gause
and Witt, 1935). Observations of this
kind are well known to ecologists. In
the population of glass plates, for instance,
it may be observed that certain forms
enter into a ‘‘young biocoenosis’’ and
occupy in it a corresponding place (N
enters readily when N is not numerous),
but can scarcely enter into an ‘‘older
biocoenosis’” (a great deal of Ni), as
Karsinkin (1936, in press) remarks.
This can also be compared to the facts of an
incomplete regeneration of climaxes in the
plant associations (Ilinsky and Pozelsky,
1929). Usually certain species cannot
regain possession of the places that they
occupied before.

3. We can conclude that the first feature
of an organized biocoenosis—the regula-
tion (within certain limits) of a stable
combination of species—can be success-
fully observed in an experimental way and
accounted for theoretically with the aid
of a differential equation. The meaning
of a regulation in the case of two species
belonging to different ecological niches
consists in their expelling one another
into the zones of maximal effectiveness,
so that every disturbance of such a sta-
tionary state leads automatically, owing
to competition, to the reestablishment of
the stable proportion. Such a regulation
can take place also in the case of a symbio-
sis, when with definite relations between
the concentrations of the species the
greatest advantage for them is attained
(see Gause and Witt, 1935). Let us now
consider the second feature of the biocoe-
nosis as an organized unit. Many authors
have pointed to the fact that with an
uninterrupted change of external factors
the types of stable combinations of organ-
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isms pass abruptly from one to another or,
in other words, that the intermediate
combinations of organisms are impossible
under intermediate conditions. It seems
that this important principle can also be
theoretically and experimentally demon-
strated with simple biocoenosis.

The idea of a theoretical demonstration
represents an application of the mathe-
matical conceptions of Poincaré concern-
ing the change of stability in a system. If
we assume that a definite biological
system is under the influence of the tem-
perature gradient which modifies the rela-
tions between the fitness of the species,
the calculation will show that at fixed
moments the system will undergo gualita-
tive changes. One type of stable combina-
tion will be succeeded by another type
of stable combination. The technical
details of such calculations can be found
in Gause and Witt (z935). Here we can
only note that the changes in question are
the result of purely biocoenotic causes:
after a certain threshold some components
cannot withstand the competition but at
the same time continue to exist as pure
populations. However, under complex
natural environment we have to take into
account two factors participating in
formation of types: (1) biocoenotic, and
(2) physiological factors, i.e. the falling
out of components in passing their physio-
logical thresholds which takes place both
in pure and in mixed populations. These
two groups of factors are often closely
interwoven and we will now analyze them
on a concrete example.

4. Let us consider briefly the results of
several new experiments of the author
with artificial biocoenoses of Protozoa in
otder to illustrate the possibilities of the
experimental method here. In these ex-
periments a study was made of the influ-
ence of a gradual change in a factor of the
external medium Chydrogen ion concen-
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tration, pH) on the formation of the
biocoenoses. An attempt was made to
answer the two following questions: (1)
What are the differences in structure be-
tween the unstabilized and the stabilized
biocoenoses?, and (2) How sharp is the
separation of one type of biocoenosis from
another under such conditions?

The experiments were made in tubes for centrifuga-
tion with 5 c.c. of the liquid of the following compo-
sition: To one liter of twice distilled water add 40 mg.
CaO (in boiling water), pass through CO, until
dissolved, and then add MgSOs (5%)—o.5 c.c.,
Ca(NO3): (1%)—o.5 c.c., KeHPOs (1%)—o0.5 c.c.,
and FeSOs;—2. mg. to one liter. This medium is
favorable to the majority of the Protozoa and its pH

‘ Food :

% J excguus
B.proteus
B.pyocyaneus

\ \

(Ho/o.st/'c/)a) Paurelia )

Pleurdtricha
Chilodon

Fic. 9. Tue Foop-CuaIN 1N THE ExXPERIMENTAL
Brocoenosis or Prorozoa

is close to 7.9. For a gradual acidulation was used
m/20 KHyPO; and the following pH's were estab-
lished in separate cultures: 7.6; 7.3; 7.0; 6.6; 6.3.
The experiments were made ina thermostat at 24.5°C.
with an artificial light according to Hartmann (300
watt). Every day a centrifugation and a change of
the medium were made, and likewise the number of
individuals in 0.5 c.c. was counted. After the count-
ing the protista were put back into the culture and
thus there was no rarefication of the population.
The food consisted of three species of microdrganisms
which were taken off a solid medium by means of a
platinum loop and shaken up in the salt solution.
To 30 c.c. was added one loop of Saccharomyces exciguus,
half-loop of Basillus proteus and half-loop of B.
pyocyancus.

Figure 9 shows the food-chain of our
biocoenosis consisting of nine species of
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Protozoa. As a prototype for this bio-
coenosis was taken an association really
existing in nature. It was merely some-
what simplified by a reduction of the
number of components, and an important
new condition was introduced: the nutri-
tive and physico-chemical properties of
the microcosm were maintained at a fixed
level. The mean absolute results of the
experiments are presented in Table 2,
which shows the growth in the number of
individuals under different conditions.

6th day
P5. Halt
20F
Heafteria A 80
\
nr 4%0
Q
§ Pbursarig
:§ Pb 79 7,.6 7..3 7;0 6‘..6 6‘23
g
= ‘\ P bursaria weh day
8of 4200
Yot \ - g =" 1100
-’
Halteria

79 726 73 70 X
PH

Fic. 10. THE RELATION OF SpECIES TO PH OF THE
Meprom 1IN A Younc (Sixte DaY) AND AN
Orp (SixreentH DaY) BiocoeNosis

An examination of Table 2 enables us to
conclude that in a young immature
biocoenoses (fourth and sixth days) there
is no sharp separation into individualized
types at different pH, and the differences
between the types are continuous. This
is illustrated by Figure 10 which shows
that on the sixth day the densities of P.
bursaria and of Halteria do not form any
distinct types on the pH scale, and that no
sharp differences exist between ‘‘phos-
phateless” and ‘‘phosphate’ cultures.
An entirely different picture is to be seen
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in mature biocoenoses (sixteenth day).
They are separated into two sharply
individualized types—the phosphateless
(pH = 7.9) and the phosphate ones. A
very strong increase in the concentration
of the latter scarcely alters the type of the
biocoenosis. Thus we have evidence of
the formation of individualized units
resulting from the process of development.

Turning to a more detailed analysis of
the results we must point out that KH,PO,
together with a change of pH exhibits an
additional specific effect on the protozoa
(Beers, 1933 and Gause, 1934). In our
experiments there took place a strong
depression of Holosticha by the phosphate

TABLE 3

The separate growth of population of Paramecium bursaria
under different pH of the medium. Number of indi-
viduals in 0.5 cc. Food: S. exiguus

tH
DAYS

7.9 7.6 7.0 6.3

9.5 8 8 9 10 11
19.5 | 14 13 17 18 24
41 35 | 46 | 54 | 41 | 40
67 58 44 60 50 51
86 70 8o 70 61 86

N AAw AP

(through not an immediate distruction, as
Holosticha has been registered on the
second day of growth). This depression
is already quite distinct in the immature
biocoenosis, and is therefore of a physio-
logical and not of a biocoenotic nature.
With the further development of the
biocoenosis the place of Holosticha is taken
by P. bursaria, which later begins to
crowd out Halteriz and is responsible for a
sharp leap in the changes of concentration
of the latter as regards pH, which did not
exist before. We can say with certainty
that the insufficient development of P.
bursaria in a phosphateless biocoenosis
(pH = 7.9) is due to the presence of
Holosticha for, when growing separately,
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P. bursaria develops in almost the same
way in a phosphateless and in a phosphate
medium (Table 3). In this way Holosticha
falls out owing to physiological causes
and lets P. bursaria into the biocoenosis on
one side of the ecological scale, while on
another section P. bursaria is pushed out
(or, more exactly, not admitted) bio-
coenotically by Holosticha. The differ-
ences between the types of biocoenoses
appear as a result of a complicated inter-
weaving of biocoenotic and of physio-
logical causes, and the stable types them-
selves change abruptly.

TABLE 4

Calculations of the volumes of species

LENGTH
IN
DIVISIONS | VOLUME
SPECIES OF THE | (P. coudas-
OCULAR- | fum = 1)
MICRO-
METER
1. Paramecium caudatum. . . .. ... .. 1
2. Poauredia. ..ol 0.396
3. Pbursatia................... 39.9 | 0.405
4. Halteria grandinella. . .. .. .. ... 9.8 |o0.036
. Pleurotricha grandis............ 32 0.101
6. Chilodon cucullulus. . .......... 14.5 | 0.016
7. Bodo..ooovoiiiiiiiiiii 2.25 | 0.00043
8. Stylonychia pustulata...........| 63.6 | 0.770
9. Holosticha....................| 30.3 | 0.098

In otder to obtain an idea on distribu-
tion of the biomass between the separate
species at different stages of growth of the
biocoenosis we measured the species under
the microscope and calculated their vol-
umes (Table 4). These data have only
the character of a very first approximation
to the biomasses, as with differences of
shape in the species a calculation of their
volumes cannot be a very exact one.
With the aid of these coefficients we can
see that the surplus of biomass of P.
bursaria in the biocoenosis with pH = 7.6
as compared to pH = 7.9 coincides almost
completely with the deficiency in the
biomass of Holosticha and Halteria. If we
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take the mean data for the fifteenth and
sixteenth day we obtain: (1) an excess of
P. bursaria: 67.5 X 0.405 =27.3 and (2) a
deficiency of Holosticha and Halteria: 230 X
0.098 4+ 235 X 0.036 = 30.95. Therefore
from the view-point of biomass these com-
ponents mutually replace one another.
An exact coincidence is hardly to be
expected here owing to the approximate
calculation of the volumes and the differ-
ences in productivity of formation of the
biomass by different species at the expense
of the same food material (Gause, 1934).

TABLE 5
Distribution of biomass between different species in the
experimental biocoenosis on the sixth and sixteenth
days of growth. pH = 7.9

VOLUME PER 0.5 CC.
SPECIES

6th day 16th day
Poaurelia....................... 1.58 0.79
P.bursaria. ........... ... o.40 0.81
Stylonychia......................| 0.77 6.16
Pleurotticha. . ................... 0.91 0.81
Holosticha. .. ......c.ccovvvveen. 0.49 | 21.55
Halteria. . ..o coovvivviien .. 1.80 9.37
Bodo.......c.cooiiiiiiiilll 0.47 o.19

If we turn now to the distribution of
biomass between the different species
(Table 5) we will be able to note a certain
difference between the immature and
mature biocoenoses. In a young bio-
coenosis (sixth day) there are, as bio-
coenologists say, no ‘‘constants’’ in the
association, that is no natural separation
of the group of abundant species from the
rarer ones. But such a separation appears
on the sixteenth day when we have a
group of rare species (0.79;0.81;0.81;0.19)
and of abundant species occupying the
fundamental ecological niches (6.16; 21.55;
9.37). Therefore one can succeed in
observing under experimental conditions
the appearance of the structural properties
of the biocoenosis which are usually men-
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tioned in field observations. We can only
remark that such a structural property is
not always proof of the maturity and
stability of the system. We have already
had an occasion to point out that in the
population of glass plates in the lake there
is a very abundant fixation (and growth)
of the components which will not be able
afterwards to survive in the competition,
and thus a structure may arise even in an
immature system.

We can endeavor to summarize briefly
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our review by pointing out that the funda-
mental problems raised by field investiga-
tions—the regulation of a stable combina-
tion of species and the separation of the
biocoenoses into individualized natural
constructive unities or types in spite of an
uninterrupted change in the external
conditions—can be successfully analyzed
with the aid of the experimental method.
The great potentialities of this method for
the future of biocoenology admit of no
doubt.

LIST OF LITERATURE

(1) Acie, W. C. (1934). Concerning the organi-
zation of marine coastal communities.
Ecol. Monagr., 4, p- 541.

(2) Bexremisuev, W. N. (1931). Uber die
Anwendung eciniger Grundbegriffe der
Bioconologie auf tierische Komponente der
Festlandbiocénosen. Bull. Plant. Protect.,
1, p. 277 (in Russian).

(3) Bexremisaev, W. N., und K. Icosuina. (1928).
Untersuchungen iiber die Verteilung von
Individuen verschiedener Ordnung in den
Assoziationsflecken. Trans. Biol. Instit.
Perm Univ., 1, p. 171 (in Russian).

(4) Cmouarp, P. (1932). Associations végétales
des foréts de la vallée de I’Apance. Appli-
cation de la méthode statistique 3 1'étude
des groupements de plantes. Bull. soc. bot.
France, 79, p. 617.

(5) Crements, F. E. (1916). Plant Succession.
Carn. Inst. Wash., 242.

(6) Durraxov, S. N. (1933). Materialien zur
Erforschung des Periphytons. Arb. Limnol.
Stat. Kossino, 16, p. 5 (in Russian).

(7) DuRierz, G.E.(1921). Zur methodologischen
Grundlage der modernen Pflanzensoziologie.
Upsala.

(8) DuRierz, G. E. (1930). Vegetationsforschung
auf  soziationsanalytischer =~ Grundlage.
Abderh. Handb. biol. Arbeitsmeth., IX, 5, p. 1.

(9) Erton, Cr. (1933). The Ecology of Animals.
London.

(20) Frey, A. (1927). Le graphique dans la phyto-
sociologie. Rev. gén. de botan., 39, p. 533.

(11) Gausg, G. F. (1934). The Struggle for Exist-
ence. Baltimore: Williams & Wilkins.

(32) Gause, G. F. (1935). Vérifications expéri-
mentales de la théorie mathématique de la
lutte pour la vie. Paris: Hermann (Actual-
ités Scientifiques, Exposés de Biométrie).

QUAR. REV. BIOL., VOL. 11, No. 3

(13) Gause, G. F.,, and A. A. Wirr (1935). Be-
havior of mixed populations and the prob-
lem of natural selection. Amer. Natur., 69,
P- 596.

(14) Greason, H. A. (1926). The individualistic
concept of the plant association. Bull.
Torrey Bot. Club, 53, p. 7.

(15) Greason, H. A. (1929). The significance of the
Raunkiaer law of frequency. Ecol., 10,
P- 406.

(16) Gray, H. E., anp TrELOAR, A. E. (1933). On
the enumeration of insect populations by
the method of net collections. Ecol., 14,
p- 356

(17) Hentscuer, E. (1916). Biologische Unter-
suchungen iiber den tierischen und pflanz-
lichen Bewuchs im Hamburger Hafen.
Mitt. Zool. Mus. Hamb., 33.

(18) Iuinsky, A., and Pozewsky, M. (1929). Zur
Frage der Assoziirung bei Pflanzen. Trans-
act. Applied Botany and Selection, 20, p. 459
(in Russian).

(z9) Iviev, V. S. (1933). Ein Versuch zur experi-
mentellen Erforschung der Okologie der
Wasserbioconosen. Arch. f. Hydrobiol., 25,
p- 177.

(20) Jaccarp, P. (1902). Lois de distribution florale
dans la zone alpine. Bull. soc. Vand. Sci.
Nat. (Lausanne), 38.

(21) Karz, N. J. (1930). Die grundlegenden Gesetz-
missigkeiten der Vegetation und der Begriff
der Assoziation. Bestr. Biol. Pflanz., 18,
p. 305.

(22) KenNover, L. A. (1927). A study of the Raun-
kiaer law of frequency. Ecol., 8, p. 341.

(23) LunpBECk, J. (1926). Die Bodentierwelt nord-
deutscher Seen. Arch. Hydrob., Suppl. Bd.
7, p- I



336

(24) McGinnes, W. G. (1934). The relation be-
tween frequency index and abundance as
applied to plant populations in a semiarid
region. Ecology, 15, p. 263.

(25) Mésus, K. (1877). Dic Auster und die Auster-
wirtschaft. Berlin.

(26) Nicor, H. (1934). Microbes in association.
Sci. Progr., 29, p. 236.

(27) Paiues, J. (1934). Succession, development,
the climax, and the complex organism: an
analysis of concepts. Part 1. J. Ecol., 22,
P-554-

(28) Raunkiaer, C. (1918). Recherches statistiques

THE QUARTERLY REVIEW OF BIOLOGY

sur les formations végétales. K. Danske
Vid. Selsk. Biol. Meddel., 1.

(29) Resvoy, P. (1924). On the definition of the
biocoenosis. Rauss. Hydrobiol. Journ., 3,
p- 8 (in Russian).

(30) Romewr, L. G. (1930). Comments on Raun-
kiaer’s and similar methods of vegetation
analysis and the ‘‘law of frequency.”
Ecol., 11, p. 589.

(31) Svepserc, TmE. (1922). Ett bidrag till de
statistika metodernas, anvanding inom
vixtbiologien. Swvensk. Bot. Tidskrift, 16,
p- 1.

(32) TrenemanN, A. (1925). Der See als Leben-
seinheit. Natarwiss., 13, p. 27.




	Article Contents
	p. 320
	p. 321
	p. 322
	p. 323
	p. 324
	p. 325
	p. 326
	p. 327
	p. 328
	p. 329
	p. 330
	p. 331
	p. 332
	p. 333
	p. 334
	p. 335
	p. 336

	Issue Table of Contents
	The Quarterly Review of Biology, Vol. 11, No. 3 (Sep., 1936), pp. 259-370
	Characters Common to Higher Primates and Characters Specific for Man [pp. 259-283]
	The Problem of Cyclopia. Part II [pp. 284-304]
	Aberrant Feeding Behavior Among Insects and Its Bearing on the Development of Specialized Food Habits [pp. 305-319]
	The Principles of Biocoenology [pp. 320-336]
	New Biological Books
	Review: A Notable Contribution to Entomology [pp. 337-341]
	Brief Notices [pp. 341-370]




