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Introduction

Many indices based on the quadrat sampling have been deviced for determining
the degree of interspecific association and also of similarity between communities.
However, almost of them have a disadvantage that the values obtained are con-
siderably influenced by the average number of individuals per quadrat as has been
partly noticed by Nash (1950). As the consequence, the interpretations of the results
obtained through the use of these indices dealing with the analysis of interspecific
relationships, grouping of samples or species, ordination of communities and etc.
might sometimes be erroneous, since it may happen that a difference between the
index values is nothing but a reflection of the difference between densities per
quadrat, not of the true relation between two species or between two samples.

In this paper, new indices for .measuring the interspecific association and
similarity between communities which are almost unaffected, though not perfectly,
by the average density per quadrat shall be given, and they may be useful in ap-
plying to the studies of population and community ecology.

Interspecific association

There are two standpoints for treating the interspecific association: one deals
with the overlapping of distributions of two species regardless of the area on which
neither of the two species is present, and the other treats the whole area examined
considering the single or joint occurrence by chance of the two species. The asso-
ciation index by Dice (1945) and by Whittaker (1952) and the index of amplitudinal
correspondence by Bray (1956) might be derived from the former and the coefficient
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of association by Cole (1949) and the quantile correlation coefficient by De Vries
(1954) from the latter. The former indices measure, say, the absolute amount of
inte-specific overlapping and the latter ones, the relative amount which is determined
by both of the absolute overlapping and the area where both the species are absent.”
In this paper, the indices from the two standpoints are described separately.

1. Index of interspecific overlapping

Let 7.; and 7, be the numbers of individuals of species X and Y occurring in
the 7z-th quadrat (=1, 2, ..., @), and N, and N, be the total numbers of individuals
of X and Y sampled, then

q
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will be independent of the sizes of N and N, if the individuals are distributed at
random on each subarea from which each quadrat is taken (Morisita, 1959).
Putting

q
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and letting the value of Cs obtained when N.=N,=N be Cs,, we have
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If NV is large,
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D This classification will somewhat differ from that of Bray (1956) who has claimed that
the interspecific association and the amplitudinal . correspondence are quite independent of
each other, the one showing the influence of direct species reactions and the other, the degree
of coincidence in ecologic amplitudes of two species. However, Bray’s claim seems not to be
fully reasonable as an interspecific association value, though it is obtained from a stand, will
reflect not only the direct species reactions but also the effect of micro-habitat conditions in
the stand, and, on the other hand, an amplitudinal correspondence value obtained from several
stands may sometimes reflect the direct species reaction.
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Since ds4y will also be uninfluenced ‘by the size of IV, Cs, can be used as an
index of overlapping unless gd» and gd, are significantly smaller than unity (Morisita,
1959), taking the value of about 1® when the densities of both species are equal to each
other on each subarea in spite of the difference among the subarea desities, and the
value of zero when there is no quadrat of joint occurrence of the two species.

The next problem is whether or not Cs is affected by the sizes of N, and NV,
when N> N,.

Let the whole area examined be composed of Z subareas on each of which the
individuals of the two species are distributed at random, and # quadrats be taken:
from the /-th subarea ((=1, 2, ..., Z),» then we have

z 4

22 2 Nty N
o I=1j=1 , (7)
(0c+0y) Ne Ny
where 75 and 7,;; are the numbers of individuals of species X and Y occurring in
the /;-th quadrat (j=1, 2, ..., #).

z z

If 4 is large, ZIZmzj #y; will be nearly equal to lzltz N 7y since the two
1=1j=1 =

species are premised to be distributed independently of each other on each subarea.

Cs

Now consider that small quadrats of a fixed size in total of which 2V, individuals.
of species X are contained be sampled from the quadrats, each from each quadrat,
and that the number of individuals (#’,) of species X occurring in each small quadrat
be compared with that (#,) of species Y occurring in the corresponding large quadrat,
then, putting N.=kIV,, we have

z 4 z - —
223 Wy Ny ) 2}:4.'; LW a Ny

Cs = 1=1i=1 :
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L The variance of § is approximately equal to 4 {3 73— (3 n?)?2}/N which tends to zero as
N becomes infinity, = being the proportion of density in each subarea (3, z=1) (Simpson, 1949;
Morisita, 1959). Consequently the application of Tchebycheff’s theorem will give us that for
each assigned positive number &, the probability that the values s, Oy and 0z4y lie in a com-
mon interval (m, M) is greater than 1—e for sufficiently large N. Since m and M may be
taken as near as we wish, we can conclude that the probability that the value of Cs, is much
larger or smaller than unity will be very small for large N in this case. (This note is due
to Prof. Kitagawa’s advice.)

® If the quadrat size is very small as compared  with the size of each subarea, the pro-
bability that a quadrat randomly sampled from the whole area is taken from the border area
between subareas and contain the fragments of two or more subareas in it will be very small
(Morisita, 1959).
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Therefore, it is known that Cs takes nearly equal value to Cs, at least when %
is large, indicating that it is almost uninfluenced by the sizes of N, and N, And
even if # is small, it may be considered that C; does not take much different value
from the Cs; value when #., V. and NNV, are large, because the §. value will be al-
most unchanged by substituting #./k and N,/k for #n. and N, in this case.

In Table 1, an example of Cs values computed from the samples with different
sizes of IV; and IV, taken from the two populations having equal density ratio in

Table 1. The values of Cs and R; for different sizes of Ny and Ny sampled
from the populations mapped in Fig. 1.

Number
Ny Ny of Cs Rs Note
quadrats
210 105 125 1.081 10566 Whole area was subdivided into 125
. ’ quadrats.
28 125 1.087 +0.543 The numbers of individuals of sp. X
occurring in the areas with the size of
210 27 K X
125 0.886 +0.475 1/4 quadrat, each taken from each of
30 125 1.285 +0.699 125 quadrats, were compared with those
of sp. Y occurring in the corresponding
Average 1086 | +0572 | duadrats.
102 105 500 1.127 +0.618 | Whole area was subdivided into 500
quadrats, and the numbers of individu-
108 105 500 0.991 +0.567 | als of sp. X occurring in the areas with
the size of 1/2 quadrat area were com-
pared with those of sp. Y occurring in
Average 1.059 +0.593 the corresponding quadrats.
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Fig. 1.

Artificial population map (A)
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every subarea mapped in Fig. 1 is shown. ‘Another example of (s values cemputed
from the samples of only five quadrats, each of which was taken from each subarea
in Fig. 1 is given in Table 2. In these examples, it can be seen that C; is affected
neither by the sizes of N, and NN, nor by the number of quadrats.

Then it may be said that Cs is an appropriate index of interspecific overlapping
which takes the value of about 1 when the ratios of the density of species X to
that of species Y are not different for different subareas and the value of zero when
no overlapping is found between the two species. ‘

Table 2. The values of Cs and Rs from the samples of five quadrats (2.5x2.5 cm),
each taken from each subarea, for the populations mapped in Fig. 1.

Maximum number of
Numbet | individuals occurring
Nz Ny of in a quadrat Cs Rs
quadrats
Nz Ny

29 10 5 15 5 1.024 +0.453
28 13 5 18 9 1.049 +0.617
22 16 5 15 7 0.956 +0.504
30 15 5 17 7 1015 +0.538
19 11 5 8 7 0.965 +0.522
27 13 5 14 7 1.068 +0.615
29 12 5 18 9 1.025 +0.628
26 15 5 15 10 0.908 +-0.497
Average 1.001 +0.547

2. Index of interspecific correlation
If the individuals of two species are distributed independently to each other,
the following relation may be expected at least when ¢ is large, irrespective as to
whether each distribution is at random or contagious:

q —_— -
2 et Myi=q Ms 1y = ;NxNy. (9)
Putting the Cs value of this case as Ws, we have
. 2
WS— (6a:+3y)q . (10)
Then, if we put
q
e W 2 (F" _l_)
Ro=C=We="(G.45) \ &N, ~q (D
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R's will express the degree of interspecific correlation taking positive values when
the distributions of both species are positively correlated and negative values for
the negative correlations. If the two species are distributed independently of each
other, R's will take the value of zero. These relations will be clearly indicated by
the following formula:

; - —
R 2(a X e~ N, N 2/ 2 (e 10 3 (1) , 12)
T g Gut o) Ne N, (0s+0y) No N,

where 7 is the correlation coefficient.

When the examined area is enlarged infinitively beyond the range within which
both of the two species are distributed, W: will approximate zero, because g will
get infinitively large value notwithstanding 6. and d, remain constant and accordingly
R’s approximates Cs.

When no quadrat of joint occurrence of the two species is found, the value of
R's is —Ws which is usually larger than —0.5. However, it may be desirable that
the index which measures the interspecific correlation takes the value of —1 in
such a case. Then, as the index of interspecific correlation, the following R; may
be appropriate :

When Rs>0,
Rs = R’s, (13)
and when R <0
q
R q El Nt Ny

_ 5
B = ="NN

—1. 14)

It is evident that Rs, as well as Cs, is almost free from the sizes of N, and N,
(Table 1, 2), and it can measure the correlation between two species irrespective of
their distribution types whether they are normal or not, excepting the case that
either or both of the two species are distributed uniformly over the whole area
(g6 (=I;) <1). Furthermore, Rs reflects the absolute differences of density ratios of
the two species among the subareas which are not measured by the correlation
coefficient. For example, though the density ratios of the hypothetical two popula-
tions shown in Table 3 are not much different among three quadrats (Px2>0.3), each
population being distributed almost randomly as is indicated by the L. and Isy
values, the correlation coefficient takes the value of —1, while the R; value is ap
proximately zero reflecting exactly the density ratio relationship between the two
species.
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Table 3. The values of Rs and the correlation coefficient () applied to two
hypothetical populations.

Number of individuals
Specles Quadrat Is * Cs #* Rs *%% 7
Total
i ‘ B[
X 50 55 45 150 0.9915
1003 | —0.006 | —1.000
Y 40 36 44 120 0.9900
Pz  >03
* KK HRHF W= 2 =1.009
> = 7(0.3305--0.3300) x 3 :
50 x 49455 x 54445 x 44 ’ , _
Oz= 150 < 149 =0.3305 R's=Cs— Ws=—0.006
40 x 39-+36 x 35+44 x 43 Ry =——2:006 0.006
s=73nra = —U
Oy= 120x 119 =0.3300 1.009
_2x(50x40+55x36+45x4d) | fs, =3 0.3305=09915
3=7(0.3305+0.3300) x 150x 120 _ I5,,=3x0.3300=0.9900

3. Comparison of Cs and Rs with other indices.

For the tests of reliability of indices, an artificial population map of 10X 25 cm?
having five subareas in it was made (Fig. 1), and on each of the subareas two kinds
of points representing the individuals of two species with the density ratio 2:1 were
plotted at random utilizing the random numbers table, the number of individuals
contained in each subarea being as:

subjlrea
1 11 111 v v
Species X 120 60 20 10 0
Species X 60 30 10 5 0 .

Then the whole area was subdivided into 0.25, 1, 2, 6.25 and 50 (=one subarea) cm?
quadrats, and the values of indices hitherto proposed by several authors and of Cs
and R; were computed for each size of quadrats, utilizing either the frequencies
of presence and absence of the two species or the numbers of individuals of both
species occurring in each quadrat. The results are given in Table 4 (A), indicating
that the indices which have been commonly used by the ecologists are much in-
fluenced by the average density per quadrat, taking quite different values at high
and low densities, while the values of Cs and R; are almost fixed in spite of much
difference among the densities per quadrat.
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Another artificial pbpulation map in which two populations are negatively asso-
ciated is shown in Fig. 2. As the two populations change their densities gradually
from one side of the map to opposite side, the individuals found in any part which
is not small in size though not very large of the map, may be considered to be
distributed rather randomly, and in such a case Cs and Rs are expected to take
almost fixed values for the quadrat samples of different sizes unless very large
quadrats are used. The values of indices for 1, 2, 4 and 16 cm? quadrats are given
in Table 4 (B) in which satisfactory results are seen in Cs and Rs values while the
values of other indices are much different for the quadrats of different sizes being
influenced by the differences of average number of individuals per quadrat.

Therefore, Cs and R; may be used as the most reliable indices at present at
least when density measurements can be utilized for measﬁring the interspecific

association.
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Fig. 2. Artificial population map (B)

Similarity between communities

Substituting the number of individuals of each species found in a sample taken
from a community for the number of individuals in each quadrat, we have, instead
of 0, the following Simpson’s measure of diversity (Simpson, 1949):

_ Sam-1) ' ~
A= NN=1) 5)

‘where IV is the total number of individuals sampled.
Putting the 4 values of two samples as

iZl R (ﬂlz—l)
hE TN

and
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Enzz (n2;—1)
N (Vz—1) 7
where A1 and Az, N, and N; are 2 and IV of the sample I and II, and #:; and #z are

Ae=

the numbers of individuals of species 7 found in the sample I and II respectively,

we may have
2121: N1s Ny

Tt ) NN
as an index of similarity between samples or between communities which, as well

Ch (16)

as C;, is almost uninfluenced by the sizes of N and N; unless either or both of M
and N; are small. The value of C, will be about 1 when the two samples belong
to same community and will be zero when no common species is found between
them.

For the test of reliability of the index values, an artificial community including
499 species with the total number of 51,012 individuals having a Preston type (log-
normal) distribution was constructed with paper cards, and sets of two samples.
of equal size were randomly taken from this community. The results of applying
the C, index and several other indices of community similarity to these sets of
samples are given in Table 5.

As is seen in Table 5, the indices hitherto proposed are much affected by the-
sample size,” while C. keeps almost fixed value for different sizes of IV indicating
that it may be used as an appropriate index for measuring the similarity between

samples or communities.

Comparison of many species or many samples

When N,=N,=N,=...=N, Cs and R; for species X, Y, Z, ... are computed as.
follows :

q Q
= Tf—iz_ll(n%wnzyﬁnzﬁ )

Cs = S Do o N a7
R; = R's (R'5=>0) (18)
Rs = R's/Ws (R'5<0), (19)

where

D The only one index which is free from the effect of sample size may be that of Williams:
(1947). However the use of his index is confined to the case that the distributions of the
number of individuals in both samples follow the logarithmic series with equal parameter
value.
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R's = Cs—Ws

Ws=___ S
® (6z+6y+52+)q

= number of species compared
T; = total number of individuals found in the /~th quadrat
g = number of quadrats

N = total number of individuals of each species.

Similarly, when Vi =Nz = N; = ... = N, C, is computed as follows:
2 Vi— 2 Z P2
C\= m=l =l (20)

(h 1) (A1t Ae+...4+2n)
where

h = number of samples compared

V: = total number of individuals of species ¢

7 = number of individuals of species 7 found in the m-th sample
NN = total number of individuals in each sample.

The formulae in the cases of N; = N, = N = ... and N = N; =% NV; = ... are not yet
obtained.

Utilization of the quantities other than density

Cs, Rs and C, mentioned above are based on the density measurements. How-
ever, it may be desirable that the degree of interspecific association or of similarity
between communities utilizing the quantities other than density is measured by
similar method. In this respect, the following formulae may be useful for the
ecological works though critical studies on these formulae will still be needed from
the mathematical point of view.

1. Weight and basal area

If a quantity, the total of which changes in proportion to the change of the
number of individuals, such as weight or basal area, is utilized, the index of
similarity between community may be given as follows:

2 2 W 111 N
Cron = (l(W>1+/1<W)z) WiWs >’

@1

where
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12‘1 wi® Mg (M1—1) 121 Wi Na; (13— 1)
= = , Aoz = —
W12—§ (I)tZ N1
1=

Ao = =
sz—g)l Wi Na;

w; = average weight (or basal area) per individual of species 7
W, = total weight (or basal area) of the sample [

W: = total weight (or basal area) of the sample II

71; = number of individuals of species Z found in the sample I

79, = number of individuals of species 7 found in the sample II.

If the weight of every individual is very small, and the number of individuals

is very large, putting w as the total weight of each species and

leuz > wat
Aot = g Aone = =
) |i%% We*

we have

23w wy
Cron = = -
(A1t Aanz) W1 Wa

(22)

2. Coverage

If the quantity to be compared is the coverage, the indices of interspecific asso-
ciation, Csw» and R'su» will be given as follows:

aq
2 sz Dai Dyi
Csay = = —, (23)
(0wt 0wmry) q2 Dady
2
Rswmy =Csn——5— s~
sw 8@ (5(1;);;+ 5(1)) U) q (24)
where
q q
Z:Ipzxt E P
Owe = ———, Oy = '—l—_
q(Da)* q( Do)y
Dai, Dy = coverage in per cent of species X, Y in the 7~th quadrat
P=, Dy = mean coverage of species X, Y
g = number of quadrat.
The index of similarity between communities, Cyy, will be
22} D P
Cw = = , (25)

(hw +2ew) 2 Pu >, D
i=1 i=1

where
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> it > Do

i=1 X i=1
P > 2(»

(12_1 D1)?

(S pus)’
i=1

Ay =
D1, P2 = coverage in per cent of species ¢ in the sample I, II.

Conclusion and Summary

For measuring the interspecific association or similarity between communities,
finding out of such index that is free from the effects of sample size or of average
density per quadrat might be said having been a pending problem in ecology. The
indices, Cs, Rs and C,, described in this paper may settle this question at least to
some extent. As these indices are almost uninfluenced either by the average number
of individuals per quadrat or by the number of quadrats and are applicable to any
type of contagious distributions of individuals, one may safely analyse the relation
between environmental factors and interspecific association using the quadrats of
different sizes (Greig-Smith, 1857: p. 96) or may correctly determine the relative
position of stands in the ordination study of communities (Bray and Curtis, 1957)
through the use of these indices.

Though the indices were deviced on the basis of density measurement, utiliza-
tion of other quantities, weight, basal area, coverage and etc., is also available.
However, there are some difficulties in direct use of frequency measurement for the
indices, and finding of the suitable method for treating the frequency measurement,
and of the method for the comparison of many species or many samples with dif-

ferent number of total individuals are left in the future investigations.

The author is deeply indebted to Prof. T. Kitagawa, Department of Mathematics,
Kyushu University, for his kind advice and through reading of the manuscript. Much
appreciation is also owed to Miss. K. Motomura for her assistance in making and

sampling of the artificial community.
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