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A VARIANCE TEST FOR DETECTING SPECIES
ASSOCIATIONS, WITH SOME
EXAMPLE APPLICATIONS!
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Abstract.

A little-used measure of species association is provided by the ratio of the variance in

total species number (or total density of individuals) in samples to the sum of the variances of the
individual species. Use of this ratio allows a test of the null hypothesis that species do not covary
among samples. As the test is simultaneous it is preferable to pairwise 2 x 2 contingency table analysis
and pairwise correlation analysis when the number of species is large. Simulation reveals that this test
is also more powerful than Pearson’s x? test for comparing observed and expected frequency distri-
butions of species in samples. The variance test was applied to a selection of data from the literature.
Results reveal that positive associations are the rule in nature and negative associations are uncommon.
Invertebrate species tend to be more positively associated among samples than are vertebrates, although
the difference is not significant. Examples of biological processes, especially interspecific interactions,
that might produce associations among species are suggested. However one must be cautious not to
infer the importance or unimportance of a specific process from the result of the test alone.
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INTRODUCTION

Presently there is interest in the description and sta-
tistical analysis of species-abundance patterns. This is
especially true in community studies where such pat-
terns can be used to test or to generate hypotheses about
the nature of interactions between species in an assem-
blage; indeed, the patterns have often been used to infer
the interactions directly. A common question is: do
individuals of a given species occur more or less fre-
quently in a particular place when a second species is
also present or abundant (e.g., Lloyd 1967, Pielou and
Pielou 1968, Buzas 1970, Taylor 1979, Simberloff and
Connor 1981, Wiens and Rotenberry 1981, James and
Boecklen, in press)?

A number of methods exist for testing whether an
association between two species is present. The 2 x 2
contingency table is most often used for presence/ab-
sence data (cf. Pielou 1974). Correlation analysis is
frequently applied to population density data (e.g.,
Wiens and Rotenberry 1981, James and Boecklen, in
press). However these pairwise techniques are inade-
quate when M > 2 species are found in the study area.
All (¥) pairwise associations might be determined, but
since the tests are not independent it would be difficult
to assign a probability to the distribution of outcomes.
Analysis of combinations, using a 2* contingency table
(Pielou 1972), solves this problem for presence/ab-
sence data, but the method rapidly becomes impract-
ical as the number of species increases beyond four or
five. In this case one might limit the analysis solely to
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chi-square, species association, variance test.

the number of combinations of species missing from
an area (Pielou and Pielou 1968, Simberloff and Con-
nor 1981, Grant and Schluter, in press), but not without
some loss of information.

This paper investigates a different method for as-
sessing simultaneously whether species in a group are
associated. The technique compares the observed vari-
ance in the total number of species (or individuals) in
samples, with the variance expected under the null
hypothesis that density or occurrence of each species
is independent of the others. Pielou (1972) was the first
to introduce a comparison of this kind, but similar
methods have been suggested independently at least
three times since then (Diamond and May 1977, Jar-
vinen 1979, Schluter 1982). Robson (1972; see also
Schluter 1982) derived a statistic for testing the ob-
served variance against the null model.

Despite the usefulness of the variance comparison,
Robson’s test has never, to my knowledge, been ap-
plied. Thus, two objectives of this paper are to outline
the test simply and to indicate the range of situations
in which it may be used. The reliability of the statistic
is investigated, using simulation on real and contrived
datasets. Also, the power of the statistic is compared
with that of a second test used by Pielou (1974) and
others. Finally the test is applied to a selection of data
from the literature. Alternative interpretations of the
results are discussed.

VARIANCE TEST
Presence/absence data

I begin by summarizing Robson’s result: a typical
dataset might consist of a list of species found in in-
dependent samples collected from different places in
the habitat or from the same place at different points
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TaBLe 1. Example of a data matrix showing presence and
absence of M species in N sample collections.

Num-
ber
. of
Sam- Species spe-
ple 1 2 3 4 S .. i M cies
1 1 0 1 1 0 . T,
2 0 0 0 0 1 . T,
3 0 1 1 1 0 . T,
4 1 1 1 0 0 . T,
J T,
N Ty
n, h, Ny Ny HNs . . . A . . . Ny

in time. Species occurrence within such samples can
be represented by the data matrix shown in Table 1.
The digits 1 and O indicate presence and absence, re-
spectively, of a species in a given sample. The total
number of samples in which a species i is found is
given as n,, and 7 = T, is the total number of species
in sample j.

We are interested in determining whether the M
species are associated. It is known from probability
theory (Feller 1950) that the variance of a sum of ran-
dom variables is equal to the sum of the variances plus
twice the sum of the covariances. Applying this to
species occurrences in samples (Table 1),

M
Var(T) = ), Var(X)
i (1

M
+ 2 2 Cov(X,, X)),

i<l
where X is the “occurrence” for species / in samples.
The null hypothesis of no association (H,) states that
the sum of the covariances is zero. This will be true
when species are independently distributed among
samples, but may also result when positive and neg-
ative covariances cancel each other out. H, is thus
tested against the alternative hypothesis that there is a
net positive or negative association among species.

The variance terms in Eq. 1 are unknown, but they

may be estimated from the data. Let ¢ be the sample
estimate of Var(X)); for presence/absence data,

o2 =p(l—p),

where p, = n/N. Estimate variance in total species
number, Var(7), as

si2 = (1/N) 2 (T, — 1), )

where ¢ is the observed mean number of species per

sample. Under H, the conditional expected value of

2
S77%
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E(s72|py, ... .Pv) = 202

The ratio
V=5,2 202 3)

thus serves as an index of species association in sam-
ples. The expected value of V' under H,is 1. A value >
(or <) 1 indicates that overall the species covary pos-
itively (or negatively) in presence/absence.

We require a statistic for testing whether a deviation
from 1 is larger than chance alone would dictate. It is
known from the Central Limit Theorem (Feller 1950)
that the sum of a large sequence of independent ran-
dom variables is approximately normal. This will often
be true of sums of species occurrences (Table 1), pro-
viding M is not too small, and hence T will be ap-
proximately normal. If, in addition, N is not too small
a modification of the association index V,

W= VN = s,2N/Zc? (4)

will, under H,, be approximately chi-square distrib-
uted, with N degrees of freedom.

Eq. 4 is essentially Robson’s result. Critical values
for rejecting the null hypothesis may be obtained from
a table of critical values for the chi-square distribution
(e.g., Rohlfand Sokal 1969). For example if the species
do not covary the probability is .90 that W will lie
between the limits

2 2
Xosn = W= xosn

We require a check on the procedure, given realistic
values for M and N. The reliability of the test was thus
investigated for a hypothetical case under H, (case 1).
One hundred data matrices of five species and 20 sam-
ples were constructed in the manner of Table 1. Oc-
currence of each species in samples was generated as
a binomial(l, p) random variate, using simulation in
MIDAS (Michigan Interactive Data Analysis System).
Probabilities of occurrence for the five species (p) were
set to .8, .6, .5, .3, and .2, respectively. For each re-
sulting random matrix, the test statistic ¥ was com-
puted. The empirical distribution of these values was
not significantly different from a x2,, distribution (Kol-
mogorov-Smirnov [K-S], P > .10).

Behavior of the statistic near the critical limits was
also checked. Under H,, 5 of the 100 simulated values
for W are expected to be greater than x2 s -, and 5 are
expected to be less than x2,s.,. The number actually
observed is shown in Table 2. Also shown in this table
is the number of type 1 errors for two more simulations
of 100 presence/absence data matrices, this time using
binomial parameter values derived from sources in the
literature. All three presence/absence cases indicate a
good fit between observed and expected. In no case is
the number of errors at each tail significantly different
from 5 (separate binomial tests for each tail; all P =
.24), despite small numbers of species in two of the
studies and a small number of samples in the third.
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TABLE 2. Number of cases in 100 random simulations for which the value of W falls outside the 90% critical range for x?y
(type I errors). Figure in parentheses gives two-tailed probabilities (binomial test) that the difference between the observed
number of errors at each tail and 5 is produced by chance. Parameter values are derived from the sources listed.

Study No. No. No. = No. =
number Type Source species samples X2 05N X295
1 Presence/absence Hypothetical case | 5 20 2 (.24) 4(.87)

2 Presence/absence Simberloff 1976* 26 3 5(1.0) 7 (.26)

3 Presence/absence Culver 19701 6 28 4 (.87) 4(.87)

4 Density data Hypothetical case 2 5 5 7 (.26) 5(1.0)

5 Density data James and Boecklen, in presst 29 7 2(.24) 7 (.26)

* Parameters from 26 arthropod species whose occurrence is variable over three post-defaunation sampling periods on a

mangrove island (ST2).

+ Parameters from six species of crustaceans and 28 caves. G. porphriticus excluded.
+ Parameters from seven years data on 29 upland forest Maryland birds.

Population density data

Robson designed his test specifically with reference
to presence/absence data. However, the test may be
generalized to handle population density data. In this
situation we are interested in determining whether the
abundances of M different species covary among sam-
ples. To test this, the observed variance in the total
number of individuals per sample (s;2, all species com-
bined) is compared with the sum of the variances of
individual species densities (Z¢?). In this case

N

a2 =(1/N) 2 (X, — )% (5)

J
where X is the density of species i in sample j, and ¢
is the observed mean density of species i. As before,
the ratio V provides an index of association (Eq. 3). A
value for V' > (or <) 1 indicates that the species tend
to covary positively (or negatively) in their abundance
in samples.

For population density data the statistic W (Eq. 4)
may be used to test an association, as for presence/
absence data. While the abundance of individual species
in samples may not be normal, it will often be the case
that, under H,, the total density in samples (all species
combined) will approximate a normal distribution
(Feller 1950). In this case W will be approximately x>y
distributed.

The reliability of the assumptions for density data
was investigated with a second hypothetical case. One
hundred data matrices were constructed of five species
with independent normal densities in five samples. The
distribution of resulting values for ¥ was not signifi-
cantly different from a x?; distribution (K-S, P > .10).
Correspondingly, the observed number of errors at the
tails was not different from that expected (Table 2).

The last example in this table simulated normal den-
sities using species parameters from James and Boeck-
len’s study of Maryland forest birds (provided by F.
C. James). Tail error frequencies again indicate a good
fit to x°s-

COMPARISON WITH OTHER TESTS

Excepting 2* analysis (Pielou 1972), there are few
alternatives to the variance test for detecting species
associations in presence/absence data. However, Pie-
lou (1974) and Taylor (1979) compared the frequency
distribution of species number per sample with the
distribution expected under the null hypothesis of no
association. Taylor compared the observed distribu-
tion to both that of a fitted Poisson and a simulated
distribution based on observed numbers of occur-
rences. Pielou, using instead techniques provided by
Barton and David (1959), computed expected number
of species per sample under H, as a binomial (K, P)
distribution, where the parameters K and P are derived
from species occurrence frequencies. Both Pielou and
Taylor compared observed and expected frequencies
with Pearson’s x2. With this test, rejection of H, in-
dicates a significant positive or negative association.

I compared the previous test (hereafter called Pie-
lou’s method, for convenience) to the variance test in
its ability to detect associations among species in pres-
ence/absence data. First, I simulated 100 random data
matrices of five species and 20 samples. Unlike earlier
simulations, occurrence of different species was not
generated independently. Instead a uniform (0, 1) ran-
dom number, u;, was selected and assigned to each
sample of the data matrix. This was repeated indepen-
dently for all 100 x 20 samples. Occurrence of species
1-3 was then simulated as a binomial (1, %) random
variate, and species 4-5 occurrence was generated as
a binomial (1, #;/2). Since the probability of occurrence
of any given species in a sample is a simple constant
function of the occurrence probabilities of all other
species, there is a tendency for them to be positively
associated.

Actually, since occurrence is still largely random,
resulting data matrices range from having species that
appear to be distributed independently to having species
that appear very highly associated. Assuming that both
the variance test and Pielou’s method have the same
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TABLE3. Relative ability of variance test and Pielou’s (1974)
test to detect species associations (« = .05). Figures are from
three hypothetical examples of 100 simulations.

No. significant associations

No. No. Variance Pielou’s
species samples test test
5 20 68 22
10 10 94 5
10 5 13 0

probability of a type I error, then the number of ran-
dom matrices that are detected as being associated by
each test will serve as a measure of their relative power.
I computed W for each data matrix and counted the
number of significant results (« = .05). I also deter-
mined P and K (Pielou 1974) for each matrix and the
expected frequencies of samples containing zero to five
species. Pearson’s x2 was used to test observed and
expected frequencies; adjacent cells were combined so
that the expected number of samples was at least two,
anot overly conservative minimum. Results (Table 3)
show that Pielou’s method detected only 22 matrices
as associated, whereas the variance test found 68.

I repeated this procedure twice using different values
for number of species and samples. The results (Table
3) uphold the conclusion from the previous compari-
son. For the 10 species and 10 samples example, the
variance test detected 94 associated matrices, against
5 by Pielou’s test. In the third example of 5 samples
and 10 species power was low in both tests (Table 3),
but again the variance test detected the greater number.

For density data I know of no statistical tests for
association with which to compare the variance test.

EXAMPLES FROM THE LITERATURE

Comparison of a measure of association against the
statistical null hypothesis is important to determine if
species are more than randomly associated. Compar-
ison with an actual distribution of values for ¥ may
be equally illuminating. What types of associations are
most commonly found in nature? To answer this [ have
searched through recent issues of several available eco-
logical journals for tabular information on presence/
absence or population densities of species. Examples
were selected from the animal literature, and an at-
tempt was made to represent a wide variety of groups
and degrees of taxonomic relatedness. To control for
area effects on species number I ensured that samples
were similar in size or effort; I occasionally relaxed this
restriction for density data (e.g., Nilsson 1977). Data
collected from along a successional sequence were not
included. The consequent list of 37 references is given
in the Appendix.

A problem with directly comparing values for V
among different studies is that the distribution of val-
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ues expected under H, is asymmetric around 1. I used
instead a scaled version, Q, which is the probability of
obtaining a value < W = VN from a x2, distribution.
Q is also advantageous in that it takes into account
differences between studies in the number of samples,
N. Values for both V" and Q are furnished in the Ap-
pendix; these data are summarized in Fig. 1. A signif-
icant departure from randomness at o = .10 is indi-
cated when Q is <.05 or >.95.

Under the null hypothesis of no association among
species the distribution of values for Q will be uniform
between 0 and 1. The actual distribution, shown in Fig.
1, is highly significantly different from randomness. In
30 of 37 studies Q was >.5 (two-tailed binomial test,
P =.0002), corresponding to values for ¥ greater than
the median under H,. Ata = .10 only one study showed
a significant negative association, a desert rodent com-
munity studied by Rosenzweig and Winakur ( 1969).
Other Q values below the median are from a variety
of groups, including freshwater crustaceans in localities
of alake (Halvorsen and Gullestad 1976), slugs in plots
of different tree species (Beyer and Saari 1977), coral
reef fishes on different sites (Anderson et al. 1981), and
breeding birds in different years (James and Boecklen,
in press).

In contrast, species in 11 studies were significantly
positively associated at « = .10. Again a wide variety
of groups are represented, ranging from marine poly-
chaetes (Kohn and Lloyd 1973), Foraminifera (Buzas
1970), and coprophagous beetles (Hanski 1980) in dif-
ferent sites to annual surveys of breeding birds (Lack
1969). There seems to be no relationship between type
of association and level of taxonomic relatedness. Q
values for vertebrate species are >.5 slightly more fre-
quently than for invertebrates (Fig. 1), though the dif-
ference is not significant (Fisher’s exact test, P = .46).
Possibly this trend is a result of differences in the im-
portance of certain biological interactions (e.g., com-
petition), or in the effects of climate or resource vari-
ability, in the two animal groups.

If these results may be generalized, it can be con-
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FiG. 1. Frequency distribution of values for Q computed

from the literature. Shaded values are from vertebrate studies.
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TaBLE 4. Ecological processes which may result in a positive or negative association among species, with emphasis on

interspecific interactions.

Association  Interaction Example of process

Negative Competition Interference or resource mediated, producing occasional exclusion or negatively covarying pop-
ulation sizes.

Negative None Different resource requirements or climatic tolerances with negatively covarying resource/climate
states.

Negative Mutualism Resources compete and are used exclusively by species. Local overharvest of some resources
decreases abundance of consumer species, but density of remaining consumer species increases
due to release of resources from competition (modification of Vandermeer 1980).

Negative Predation High predator densities produce a local depression of prey and result in negatively covarying
population sizes.

Positive ~ Competition Population sizes of competing species fluctuate in unison in response to fluctuations in their
identical, limiting resources.

Positive  None Common response to changes in climate or in supply of unlimiting resources.

Positive  Mutualism Species enhance each other’s survival probabilities, etc.

Positive  Predation Predator abundance fluctuates in positive response to variation in prey abundance.

cluded that positive associations are nearly the rule, at
least in the animal kingdom. This may be seen as a
consequence of a variety of possible factors, some of
which will be discussed in the next section. By this,
however, one is forced to conclude that “randomness”
is not very appropriate as a model for species associ-
ations in nature. Of course the null hypothesis of no
association must still provide the standard from which
to make statistical inferences about a collection of
species in samples. Nonetheless it may be just as im-
portant to attempt to weigh values of 1" against some
empirical distribution, not necessarily “null” (e.g., Fig.
1). For example one might regard any value for Q <0.5
to be highly unusual and demanding of further re-
search, even if the association index V is not signifi-
cantly different from 1.

SECONDARY ASSOCIATIONS

An additional application of the variance test is the
detection of ‘“‘secondary associations’ among species.
These are associations remaining after some environ-
mental component has been used to account in part
for species presence or density. I (Schluter 1982) used
the test to decide whether differences between finch
density observed at sites and density predicted from
food supply were independent for different finch species.
The technique is the same as for density data except
that the data matrix uses residuals from regression (each
species regressed against an independent variable). For
finch densities in sites (see Appendix) residuals are
found to be slightly negatively associated (V' = 0.52,
P = .18). Presence/absence data may often be dealt
with similarly. For example Diamond and Marshall
(1977: Table 4) list occurrence of 17 bird species on
14 New Hebridean islands. The species are positively
associated (V' = 2.09, P <.05), but this may be ex-
plained by area effects. To remove this effect occur-
rence of each species was independently regressed aginst
log island area using a probit analysis (Finney 1971).

Deviations between actual and expected occurrence
were then determined and tested for association. The
result (V' = 1.34) indicates that a positive but nonsig-
nificant association persists among the species (P =
.35) after the linear effects of log island area on prob-
ability of occurrence are removed.

INTERPRETATION

In general the variance test gave similar results to
those of the respective authors (Appendix) in the few
cases where these were determined by other means. In
at least one case, however, a different conclusion was
reached; e.g., Nilsson (1977) argued for the presence
of density compensation in a group of island birds, yet
my own computations reveal a positive overall asso-
ciation in density (P = .01). The conflicting interpre-
tations reveal some advantages but also some short-
comings of the variance test. The technique cannot
always be sensitive to associations among subsets of
species in a collection. There may be situations with
some species covarying positively among themselves
but negatively with other species, yet an overall result
of no association is discovered. On the other hand since
there will always be positive and negative associations
between pairs of species (sometimes significant) even
in a random assemblage, the variance test is appro-
priate when one is dealing with a large number of
species. In addition, this test will often detect signifi-
cant overall associations when pairwise techniques do
not. Where, in a set of species, some pairwise associ-
ations are found and thought to be important, these
should be verified by additional sampling. Or, ecolog-
ical data on the species may be used to subdivide large
collections of species into smaller sets of interest prior
to using the variance test.

A related problem is that since certain species are
always more variable than others, especially with den-
sity data, the result of the test is more sensitive to
associations within the more variable group. In such
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situations a procedure that standardizes the species
densities before use of the test will sometimes be jus-
tified.

Finally, it should be noted here that there is no nec-
essary correspondence between the result of the vari-
ance test and any ecological process. Researchers fre-
quently seem wont to infer the existence of a particular
interaction between species (e.g., competition) on the
basis of a statistical test of this kind, but such inference
is usually not valid. In order to discourage this practice
with the variance test, I have constructed a “list of
causes” (Table 4), which gives examples of processes
(especially interactions) that may produce species as-
sociations. I have not included the ‘“no association”
outcome in the Table, but for any interaction this may
result from a balancing of negative and positive forces.

It is clear from Table 4 that any conclusion about
the variance ratio is consistent with all hypotheses that
any or no interaction among the species has produced
it. I show this not to invalidate the statistic but to
emphasize its proper use. If a sufficient knowledge has
been gained about the biology of the species, then the
variance test may be used to distinguish among rival
mechanistic hypotheses. Alternatively it may be used
as a simple descriptor of species patterns, the causes
of which can be investigated subsequently.
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APPENDIX

Association index (V) for a selection of data from the literature. Q refers to the cumulative distribution of a x2, density
evaluated at W = VN.

Lower level No.
Table in  of taxonomic No. samples
Author Organism reference relatedness species (N) 14 Q
Presence-absence data

Wood 1974 earthworms 1 family 8 24 0.62 .077
Halvorsen and

Gullestad 1976 crustaceans 2 class 31 31 0.76 191
Freeland 1979 Protozoa 2 phylum 10 11 0.99 574
Diamond and

May 1977 birds 1 class 16 29 1.02 .561
Lindegaard 1979 chironomids 2 family 34 9 1.20 .710
Davidson 1977 ants 2 family 16 10 1.42 .835
Lindegaard 1979 oligochaetes 2 class 7 9 1.84 944
Petr 1972 chironomids 4 family 19 6 6.20 >.999
Rosenzweig and

Winakur 1969 rodents
James and Boecklen, 4 order 6 11 0.41 .047

in press birds class 29 7 0.65 .286
Anderson et al. 1981 fish 5 family 7 10 0.70 .246
Hafner 1977 rodents 1 order 9 6 0.81 439
Beyer and Saari 1977 slugs 1 order 6 13 0.88 432
Rosenzweig and

Winakur 1969 rodents 4 order 13 15 0.98 .524
Holmes and Sturges

1975* birds 1 class 11 4 0.99 .590
Lindegaard and

Joénasson 1979 chironomids 4 family 9 5 1.11 .650
Schluter 1982 birds genus 4 12 1.14 681
Lindegaard and

Thorup 1975% arthropods 5 phylum 19 5 1.19 .689
Lloyd 1967 arthropods 2 phylum 7 48 1.19 .825
Askew 1962 gall wasps 1 genus 4 75 1.23 912
Askew 1962 gall wasps 1 genus 4 50 1.25 .889
Culver 1970 crustaceans Appendix class 6 28 1.28 .849
Grant 19761 mammals 2 class 9 10 1.59 .897
Shorrocks 1975 Drosophila 1 genus 14 5 1.87 .905
Gardarsson 1979 ducks 8 family 14 6 1.98 .936
Golini and Wright

1978 deer flies 3 family 18 4 2.03 912
Holmes and Sturges

1975§ birds 1 class 29 5 2.06 932
Macan 1976 corixid bugs 2 family 5 9 2.32 987
Kohn and Lloyd

1973% polychaetes 2 class 19 5 2.50 972
Buzas 1970 Foraminifera 1 order 4 16 2.50 .999
Dondale et al.

1979t spiders 1 class 12 6 2.57 .983
Lack 1969] birds 1 class 8 27 2.60 >.999
Hartzband and

Hummon 1974 copepods 1 order 33 9 2.61 .994
Nilsson 1977 birds 2 class 14 8 2.75 .995
Anderson and Wold

1972 Trichoptera 1 order 43 4 3.20 988
Hanski 1980 beetles Appendix order 42 5 6.28 >.999
Nilsson 1979 birds 2 class 44 8 8.53 >.999

* Data for period XI (winter).

T Unnamed species not included.

1 June data only.

§ Data for period IV (early summer).

|| Excludes 1938, 1939, 1952, 1953, 1957, 1963 and Meadow Pipit in all years due to incomplete data.





