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Abstract. This paper addresses the following question: how does one relate the bio-
logical and behavioral characteristics of animals to habitat characteristics of the locations
at which they are found? Ecol ogists often assembl e data on species composition at different
localities, habitat descriptions of these localities, and biological or behavioral traits of the
species. These data tables are usually analyzed two by two: species composition against
habitat characteristics, or against behavioral data, using such methods as canonical analysis.
We propose a solution to the problem of estimating the parameters describing the rela-
tionship between habitat characteristics and biology or behavior, and of testing the statistical
significance of these parameters; this problem is referred to as the fourth-corner problem,
from its matrix formulation. In other words, the fourth-corner method offers a way of
analyzing the relationships between the supplementary variables associated with the rows
and columns of a binary (presence or absence) data table. The test case that motivated this
study concerns a coral reef fish assemblage (280 species). Biological and behavioral char-
acteristics of the species were used as supplementary variables for the rows, and charac-
teristics of the environment for the columns. Parameters of the association between habitat
characteristics (distance from beach, water depth, and substrate variables) and biological
and behavioral traits of the species (feeding habits, ecological niche categories, size classes,
egg types, activity rhythms) were estimated and tested for significance using permutations.
Permutations can be performed in different ways, corresponding to different ecological
hypotheses. Results were compared to predictions made independently by reef fish ecol-
ogists, in order to assess the method as well as the pertinence of the variables subjected
to the analysis. The new method is shown to be applicable to a wide class of ecological

problems.
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INTRODUCTION

Niche theory tells us that species have ecological
““preferences,” meaning that they are found at | ocations
where they encounter appropriate living conditions.
This statement is rooted in the observation that species
have unimodal distributions along environmental vari-
ables, more individuals being likely to be found around
some value that is “‘optimal’” for the given species.
This has been formalized by Hutchinson (1957) in his
““fundamental niche’” model, and used by ter Braak
(1985) to justify correspondence analysis as a key
method to study incidence or abundance data tables.
Furthermore, Gause's (1935) competitive exclusion
principle suggests that in their evolution, species
should have developed non-overlapping niches. These
two principles together suggest that species should be
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found to be roughly equally spaced in the n-dimen-
sional space of resources. Theinfluence of niche theory
on competition theory (Bartlett 1960, Watanabe 1984)
has raised some interesting questions recently (Tilman
1987). Niche theory remains limited, however, to an-
swering questions such as: What is the ecol ogical spec-
ificity of a species? How do different species apportion
local resources among themselves? And, how does this
mechanism control the associations of species found
in nature?

It is understood that species have evolved biological
and behavioral characteristics allowing them to exploit
the given combination of resources represented in their
niche. The following question, which also stems from
niche theory, has been neglected, however, by lack of
appropriate methods of analysis: How do the biological
and behavioral characteristics of species determine
their relative locations in an ecosystem? Observation
of species in nature can lead ecologists to formulate
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Fic. 1. Position of the Tiahuratransect on Moorealsland,
French Polynesia.

hypotheses in that respect. Testing such hypotheses
would require (1) a way of detecting associations be-
tween species traits and habitat characteristics, and
(2) away of testing the significance of these associa-
tions. This paper presents such a method.

The question is difficult. Ecologists often assemble
data on species composition at different localities, hab-
itat descriptions of these localities, and/or biological
or behavioral characteristics of the species. These data
tables are usually analyzed by pairs. species compo-
sition against habitat characteristics, or against behav-
ioral data, using such methods as canonical analysis.
No standard statistical method can be used to directly
analyze the relationship between the biological or be-
havioral characteristics of species and the character-
istics of the habitat where they are found.

To fix ideas, imagine a first table A (k X m) con-
taining data on the presence or absence of k species at
m locations (sampling stations, for instance). A second
table B (k X n) describes n biological or behavioral
traits of the same k species. A third table C (p X m)
contains information about p environmental variables
at the mlocations. How does one go about relating the
n biological and behavioral traits to the p environmen-
tal variables? In order to help find a solution, let us
translate the problem into matrix algebra:

A (k X m) B (k X n)

C(p X m) D (p X n)
The problem can now be stated as follows: How does
one estimate the parameters in matrix D (p X n) cross-
ing the n biological and behavioral traits to the p en-
vironmental variables? Furthermore, are these associ-
ations significant in some sense, i.e., are they really
different from O (no association), or from the value

they could take in a randomly organized environment?
Because of this matrix representation, the underlying
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statistical problem can be referred to as that of esti-
mating the parameters in the fourth-corner matrix D,
or the fourth-corner problem. While the data in matrix
A are necessarily of the presence/absence or frequency
type, datain matrices B and C can be either quantitative
or qualitative (nominal). Solutions have to be found
that can accommodate any of these types of variables.

This paper presents statistical solutions to this prob-
lem, involving groups of qualitative or quantitative
variables, or mixtures of quantitative and qualitative
information. Our test case, which motivated the study,
concerns a coral-reef fish assemblage of 280 species.
Parameters of the association between habitat charac-
teristics and biological and behavioral traits of the spe-
cies will be estimated and tested for significance. They
will then be compared to predictions made indepen-
dently by reef-fish ecologists, in order to assess the
method as well as the variables subjected to the anal-
ysis. Thisis the only way to validate the approach, in
the absence of any other statistical method available at
the present time to tackle this problem. A new array
of biological questions are now open to statistical es-
timation. The method developed in this paper will be
shown to be applicable to a wide class of ecological
problems, and to other problems found in such fields
as sociology, marketing, and political sciences.

MATERIALS AND METHODS
Coral reef fish data

Fish-assemblage data, used in this paper to illustrate
the method, were collected by R. Galzin in 1982 and
1983, during daytime, along a transect extending from
the beach to the outer reef slope, in the northwest part
(called Tiahura) of the reef of the high volcanic island
of Moorea in French Polynesia (Fig. 1). Moorea
(149°50" W, 17°30" S) isahigh volcanic tropical island
of the Society archipelago, 25 km northwest of Tahiti.
Water temperature varies from 25° to 29°C throughout
the year. A coral reef, 800 m wide on average, and with
12 ocean passes, surrounds the island. Because it is
narrow, thisreef isideal to study how marine organisms
react to a coast-to-sea gradient. The transect was di-
vided into 22 contiguous sampling stations from the
beach (station 1) to the outer slope. On the reef, stations
1 to 16 were 50 m wide and all <8 m water depth,
while station 17 was 40 m wide; stations 18 to 22, on
the outer slope descending to the Pacific floor, were
limited by depths of 3, 8, 15, 22, and 30 m (greater
depths requiring diver safety stops). At each station,
the presence/absence of 280 fish species was noted us-
ing two techniques: visual observations during 45 min
inside the station (snorkeling or scubadiving), and lim-
ited rotenone collection around coral patches. Details
about this transect and the fish counting method are
found in Galzin and Pointier (1985), Galzin (1987a,
b), and Galzin and Legendre (1987).

Two quantitative habitat variables were measured:
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(1) distance (in meters) from the beach and (2) water
depth (in centimeters). The other measured habitat vari-
ables were indices of percentage coverage of the reef
bottom by different materials, based on 50 observation
points. Along the 50-m rope, 50 observations were
made at 1-m intervals. The following variables report
what proportion of the 50 readings pertained to each
category of substrate: (3) stone slab, (4) sand, (5) coral
debris, (6) turf and dead coral, (7) live coral, (8) large
algae, (9) calcareous algae, and (10) other substrate:
large echinoderms (holothuroids and sea stars), spong-
es, anemones, or alcyonarians. Several of these cate-
gories represent biological material lying on top of,
intermingled with, or attached to the mineral substrate.
These variables are at an appropriate scale to be per-
ceived by fish as important foraging characteristics of
the habitat. When the 22 stations are considered glob-
ally, these eight categories of substrate respectively
represented 2.5%, 31.1%, 11.4%, 14.3%, 13.9%,
18.7%, 7.5%, and 0.7% of the observed points.

The biological and behavioral characteristics of the
280 species (Table 1) are based on data from the lit-
erature (Hiatt and Strasburg 1960, Hobson 1974, Har-
melin-Vivien 1979, 1989) and on personal observations
by ichthyologists M. L. Harmelin-Vivien and R. Gal-
zin. One variable is ordinal and four are nominal.

Satistical methods

Comparing two nominal variables.—The first situ-
ation considered implies two nominal variables, one
from matrix B (behavior), the other from matrix C
(habitat). Any nominal variable can be expanded into
a series of binary variables (0, 1), one for each state.
Assume that B and C each consist of a two-state nom-
inal variable, asin test cases 1 and 2 (Table 2). To fix
ideas, assume that the B variable describes two feeding-
habit states (herbivorous, carnivorous) and that C is
the nature of the substrate at two sampling stations (live
coral, turf). We will use this example to describe the
approach for nominal variables and to introduce a
method of testing for statistical significance.

Matrices A, B, and C are all needed to obtain an
estimate of the parameters in D. The simplest way to
combine them is to multiply clockwise around the set
of four matrices as follows, preserving matrix com-
patibility:

D = CA'B 1)
or, which is equivalent counterclockwise:

D' = B’AC’ @)

If the states of the nominal variablesin B and C are O
and 1 and mutually exclusive, or if they represent pro-
portions, the sum of the values in D should be equal to
the sum of the valuesin A, as it is the case in Table 2.

This equation has an equivalent in traditional statis-
tics. Thedatain A, B, and C can be combined to form
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TaBLE 1. Biological and behavioral characteristics of the
280 fish species used as a test case in the proposed method
for examining the relationships between habitat, biology,
and behavior of organisms. Variable 2 is coded for diurnal
behavior, since species can switch states from day to night.
Frequencies of the states are given in parentheses.

Variable 1: Feeding habits (nominal)

herbivorous (n = 43)

omnivorous (n = 43)

diurnal grazer on sessile invertebrates: corals, al-
cyonarians, sponges, etc. (n = 25)

= carnivorous type 1 (diurnal): small crustaceans,
molluscs, echinoderms, and polychaetes (n = 66)
carnivorous type 2 (nocturnal): large crustaceans
(crabs), cephalopods, fish (n = 58)

fish eater (fish-only diet) (n = 16)

zooplankton eater (copepods) (n = 29)

iable 2: Ecological category (nominal)

hiding in holes, cavities, etc. (n = 58)

living on the bottom (often poor swimmers) (n =
23)

circling small territories around coral heads (n =
91)

= swimming above the coral heads; larger vital neigh-
borhoods (n = 81)

good swimmers, covering large distances on the
reef (n = 8)

sub-surface species (n = 11)

pelagic species (n = 8)

able 3: Size class of adults (ordinal)

0-15cm (n = 81)

16-30 cm (n = 73)

31-60 cm (n = 83)

61-120 cm (n = 33)

121-240 cm (n = 9)

larger than 240 cm (n = 1)

iable 4: Egg type (nominal)

= pelagic eggs (n = 192)
= benthic eggs (n = 86)
= viviparous species (n = 2)

Variable 5: Activity rhythm (nominal)

Y

Y

V

WNhR 2 oubhwNkR, 2 yo 00 D W NP2 N0 OO D WNER
I

1 = diurna (n = 196)
2 = nocturnal (n = 38)
3 = indifferent (n = 46)

an ‘‘inflated data table’”’ (Table 3a). Each row of that
table corresponds to an occurrence in matrix A; the
columns list the states of the nominal variables in B
and C corresponding to that occurrence. Matrix D, de-
fined by Egs. 1 and 2, is exactly the result of crossing
these two nominal columns; it is a contingency table
containing frequencies (Table 3b). So, a solution for
significance testing is to compute a x? statistic, using
either Pearson’s formula, or Wilk's (also called the G
statistic by Sokal and Rohlf 1995). The G statistic will
be used in the present paper and forms the first type
of fourth-corner statistic.

One cannot test these G statistics for significance in
the usual manner, however, because in the general case,
several species are observed at any one sampling sta-
tion, and so the rows of the inflated table (Table 3) are
not independent of one another; several rows of that
matrix have resulted from observations at the same
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TABLE 2. Test cases 1 and 2 for nominal variables. In each case, matrix A is (10 species X 2 stations), B is (10 species X
2 feeding habits), and C is (2 habitat types X 2 stations). So, D is (2 habitat types X 2 behavioral states).

Test case 1 Test case 2
A) Stn.1  Stn. 2 B) Herbiv. Carniv. A) Stn.1  Stn. 2 B) Herbiv. Carniv.
Sp. 1 0 1 0 1 Sp. 1 1 1 0 1
Sp. 2 0 1 0 1 Sp. 2 1 1 0 1
Sp. 3 1 0 0 1 Sp. 3 1 1 0 1
Sp. 4 1 0 0 1 Sp. 4 1 1 0 1
Sp. 5 1 0 0 1 Sp. 5 1 1 0 1
Sp. 6 0 1 1 0 Sp. 6 1 1 1 0
Sp. 7 0 1 1 0 Sp. 7 1 1 1 0
Sp. 8 0 1 1 0 Sp. 8 1 1 1 0
Sp. 9 0 1 1 0 Sp. 9 1 1 1 0
Sp. 10 0 1 1 0 Sp. 10 1 1 1 0
C) Stn.1  Stn. 2 D) Herbiv. Carniv. C) Stn.1  Stn. 2 D) Herbiv. Carniv.
Live coral 1 0 0-— 3+ Live coral 1 0 5 5
P =0.027 P =0.494 P=1.000 P=1.000
E=0.03125 E=0.500 P=1.000 E=1.000
Turf 0 1 5+ 2— Turf 0 1 5 5
P =0.027 P =0.494 P=1.000 P=1.000
E=0.03125 E=0.500 E=1.000 E=1.000

Contingency statistic:
G = 5.4872; P (9999 perm.) = 0.058

Contingency statistic:
G = 0.0000, P (9999 perm.) = 1.000

Notes: Probabilities (P) are one-tailed, assuming that the sign of the relationship is stated in the hypothesis. The hypothesis
is indicated by a sign in each cell of matrix D, + meaning that the actual value is expected to be in the upper tail (higher
than the expected value), and — when it is expected to be in the lower tail. Probabilities were calculated after 9999 random

permutations following model 1. E = exact probabilities.

sampling station. To solve the problem, we propose the
following permutation (or randomization) test. A gen-
eral introduction to randomization tests is found in So-
kal and Rohlf (1995); more advanced texts are Edg-
ington (1995) and Manly (1991).

1. Hypotheses.—

a) H,: the species (reef fish in our examples) are
distributed at random among the sampling stations.

b) H;: the species are not distributed at random
among the sampling stations. (See 5. Permutation mod-
els, below, for details on the ecological contents of the
null and alternative hypotheses.)

2. Test statistic.—Compute a x2 statistic on the con-
tingency table (matrix D) and use it as the reference
value in the remainder of the test.

3. Distribution of the test statistic.—

TABLE 3.

a) Under H,, the species found at any one station
could have been observed at any other one. Where the
species were actually observed is due to chance alone.

b) So, arealization of H, is obtained by permuting
at random the values in matrix A, following one of the
methods described below. After each permutation of
matrix A, compute the x? statistic on D.

c) Repeat this operation a large number of times
(say, 999 or 9999 times). The different permutations
produce a set of values of the x? statistic, obtained
under H,.

d) Includein thisset of valuesthereference x?value
computed for the unpermuted data matrix. This value
is considered to be one that could be obtained under
H, and, consequently, it should be added to the distri-
bution (Hope 1968, Edgington 1995). The values form

Inflated data table (a); there is one row in this table for each species ‘‘ presence”

(*“1”) in matrix A of test case 1 (Table 2). From the inflated table, the contingency table

(right) is constructed.

(a) Inflated data table

(b) Contingency table (D)

Occurrences Feeding habits Habitat types

in test case 1 from B from C Herbiv. Carniv.
Sp. 1 @ Stn. 2 Carnivorous Turf Live coral 0 3
Sp. 2 @ Stn. 2 Carnivorous Turf

Sp.3@ Stn. 1 Carnivorous Live coral Turf 5 2
Sp. 4 @ Stn. 1 Carnivorous Live cora

Sp. 5@ Stn. 1 Carnivorous Live coral

Sp. 6 @ Stn. 2 Herbivorous Turf

Sp. 7 @ Stn. 2 Herbivorous Turf

Sp. 8 @ Stn. 2 Herbivorous Turf

Sp. 9 @ Stn. 2 Herbivorous Turf

Sp. 10 @ Stn. 2 Herbivorous Turf
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an estimate of the sampling distribution of x? under H,,.
(For small data sets, one could compute all possible
permutations in a systematic way and thus obtain the
exact, or complete randomization distribution of the
statistic, to be used in the next step.)

4. Hatistical decision.—The decision is made by
comparing the reference value of the x? statistic to the
distribution obtained under H,. If the reference value
of x?isonelikely to have been obtained under the null
hypothesis (which states that there is no relationship
between the rows and columns of matrix D), H, is not
rejected. If it is too extreme (i.e., located out in atail)
to be considered a likely result under H,, the H, is
rejected.

5. Permutation models.—Permutations can be ac-
complished in different ways, depending on the nature
of the ecological hypotheses to be tested against ob-
servations. Technically, the fourth-corner statistical
method presented above can accommodate any of the
permutation models described below, as well as per-
mutations constrained to accommodate spatial or tem-
poral autocorrelation (e.g., Legendre et al. 1990, ter
Braak 1990). With our data (see Coral reef fish data,
above), the random component is clearly the species
found at the various sampling locations; this is found
in matrix A. It isthus matrix A that should be permuted
(randomized) for the purpose of hypothesis testing.
This can be accomplished in various ways (Fig. 2).

Model 1: Environmental control over individual spe-
cies—The environmental control model (Whittaker
1956, Bray and Curtis 1957, Hutchinson 1957) states
that species arefound at locations where they encounter
appropriate living conditions. Species do that indepen-
dently of one another, contrary to the assemblage model
that has species assemblages randomly located (next).
Realizations of this null hypothesis are generated by
permuting at random the values within each row vector
of table A, and this independently from row to row. In
that model, species associations are not functional ; they
simply result from the co-occurrence of species at par-
ticular locations, driven by environmental control (Fa-
ger 1963, Legendre and Legendre 1978, 1983). The
number of stations occupied by any given speciesin a
row of matrix A (its ubiquity) is fixed because it is
considered to reflect such characteristics of the species
as abundance, intraspecific competition, and territori-
ality, as well as ecological plasticity. If all parts of the
environment were equally suitable for all species, as
stated by H,, they could eventually all be present at
any given location; this permutation model would al-
low it, while the species assemblage model (next)
would not. The alternative hypothesisisthat individual
species find optimal living conditions at the stations
where they are actually found.

Model 2: Environmental control over species assenm-
blages.—This permutation method would be appropri-
ate to test a null ecological hypothesis that the species
composition at any one location is as likely to have
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Fic. 2. Permutations of matrix A can be performed in
four different ways, corresponding to different null ecological
models. (1) The occurrence of a species on the reef is con-
stant, but positions are random; permute at random within
rows. (2) Positions of species assemblages are random; per-
mute whole columns (assemblages). (3) Lottery hypothesis:
the speciesthat arrivesfirst occupies asite; permute at random
within columns. (4) Species have random attributes; permute
whole rows.

occurred at any other location, against an alternative
hypothesis that species assemblages are dependent
upon the physical characteristics of the locations where
they are actually found. In the context of the fourth-
corner problem, this alternative hypothesis would be
an extension of the environmental-control model (pre-
vious paragraph) to species assemblages, implying
strong biotic ties among the species that are actually
found together. This is the method of unrestricted per-
mutations implemented in program Canoco, for in-
stance (ter Braak 1990). CaNnoco is widely used to
compute canonical correspondence analysis (ter Braak
1987), a technique allowing one to uncover relation-
ships between a species presence-absence or abundance
table on the one hand, and a table of environmental
descriptors on the other. The hypothesis of no rela-
tionship can be tested by randomization, permuting the
‘“site’” vectors at random in one of the tables with
respect to those in the other. The *‘site’” vectors are the
columns of our data table A.

Model 3: Lottery.—A third method consists in per-
muting values within columns of matrix A, and doing
this independently from column to column. The null
hypothesis says that there is a fixed number of niches
at any one location, and that species invade them
through some form of lottery, the identity (species) of
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an individual settling at a station being a chance event.
The lottery model has been advocated for coral reef
fishes by Sale (1978), who argued that the main de-
terminant of species composition at the various sites
on cora reefs is chance, coupled with an overabun-
dance of juveniles available for settlement. Instead of
assuming the ubiquity of any one species to be fixed,
it is the number of niches available for settlement that
is assumed to be fixed. The alternative hypothesis is
here that species have some competitive advantage over
chance settlers in given habitats.

Model 4: Random species attributes—A fourth
method would be to permute whole rows at random
with respect to one another. The corresponding null
hypothesis is that species have random biological and
behavioral attributes. This model is not appropriate for
the data set analyzed in the present paper, because the
relationships between species and their behavioral and
biological characteristics are fixed. It may be appro-
priate to other types of problems, though.

6. Remarks.—

a) In all cases, some aspects of the data are con-
sidered fixed. In our data (see Coral reef fish data,
above), the species are the same in matrices A and B.
So, the rows of matrix B have to remain the same as
the rows of matrix A; they cannot be permuted with
respect to A (and consequently, permutation model 4
is deemed inappropriate). Furthermore, a given species
has a fixed set of behavior states; the columns of B
cannot be permuted with respect to one another. Like-
wise, the stations (column headings) are the same in
matrices A and C; the habitat characteristics at any
given sampling station cannot be permuted with those
of other stations.

b) We have already shown in aprevious paper (Gal-
zin and Legendre 1987) that fish distributions along the
Tiahura transect did not support the predictions of Sale’s
lottery model (permutation model 3). Because of the
strong coast-to-sea gradient, it is the environmental
control model that we consider the most appropriate.
The number of times each species has been observed
is considered a parameter of the ecological situation
under description (and thus a parameter of the test), as
explained in the environmental-control randomization
model, and cannot be modified. To investigate possible
associations between species traits and habitat char-
acteristics, model 1 is certainly less restrictive than
model 2, which would assume some kind of strong
linkage among the species that are actually found to-
gether. So permutational model 1 will be used in the
example analyzed in this paper.

c) Because the permutations are restricted to within
therows of matrix A, permutation model 1 isnot equiv-
alent to constructing the inflated data table (Table 3)
and subjecting it to a standard x? test. Results of the
latter would be equivalent to carrying out unrestricted
random permutations on one or the other of the right-
hand columns of the inflated data table.
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d) The observed values d in individual cells of ma-
trix D can be tested for significance, in the same way
as the general association between rows and columns
of D, measured by the G statistic, is tested. In each
cell, the values obtained during the permutations are
compared to the reference value, and the number count-
ed that are less than, equal to, and larger than the ref-
erence value. At the end of the permutation procedure,
these values are used to compute probabilities of the
relationship corresponding to each cell. In Table 2 (Test
case 1), for instance, the association (correspondence)
between turf and herbivores is found in the lower |eft-
hand cell of matrix D. The probability shown in that
cell is the one-tailed probability of the null hypothesis
that herbivores are not positively associated with turf.
If the actual value of the fourth-corner statistic d is
lower than expected in that cell of the contingency
table, the test is made in the left-hand tail of the dis-
tribution, and conversely. The mean of the d values
found throughout the permutations is taken as an es-
timate of the expected value for any given cell; this
value may differ markedly from the expected value of
traditional contingency table analysis, which corre-
sponds to a full randomization hypothesis.

€) The permutation testing procedure allows datain
matrices B and C to berelative or absolute frequencies.
This is the case with variables 3 to 10 in matrix C of
the data on coral reef fishes. Each of these variables
represents the proportion of the habitat covered by one
of the eight categories of substrate. Using relative fre-
quencies would have made these data unsuitable for
traditional x? testing. With the permutation procedure,
however, the probabilities remain the same under any
linear transformation of the frequency values, even
though the value of the statistic is changed.

Let us examine how this procedure behaves when
applied to two test data sets, each consisting of 10
hypothetical reef fish species and two sampling sta-
tions. The first test case of Table 2 was constructed to
suggest that herbivores are found on turf while carni-
vores are more ubiquitously distributed. In matrix D,
herbivores are clearly positively associated with turf
and negatively with coral (P = 0.0266, computed by
the random permutation procedure), while carnivores
are not significantly associated with either live coral
or turf (P = 0.4940, after 9999 random permutations
following permutation model 1). These probability val-
ues are very close to the exact probabilities calculated
for these data, which are the values obtained from a
complete randomization procedure (E in Table 2). Val-
ues of exact probabilities E are computed as follows:
consider all 2%° possible permutations that result from
independently permuting the rows of matrix A in test
case 1; count how many of these would produce values
equal to, or more extreme than, the observed value in
each given cell of matrix D. This value may differ
slightly from the mean of the random experimental
probabilities. Globally, the G statistic (P = 0.0580)
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TABLE 4. Test cases 3 and 4 for quantitative or semi-quantitative (ordinal) variables. In each case, matrix A is (12 species
X 4 stations), B is (12 species X 1 biological or behavioral variable), and C is (1 habitat variable X 4 stations). So, D is

(1 habitat variable X 1 biological or behavioral variable).

Test case 3

A) Stn.1 Stn.2 Stn.3 Stn. 4 B) Size
Sp. 1 1 0 0 0 1
Sp. 2 1 0 0 0 2
Sp. 3 1 0 0 0 3
Sp. 4 0 1 0 0 4
Sp. 5 0 1 0 0 5
Sp. 6 0 1 0 0 6
Sp. 7 0 0 1 0 7
Sp. 8 0 0 1 0 8
Sp. 9 0 0 1 0 9
Sp. 10 0 0 0 1 10
Sp. 11 0 0 0 1 11
Sp. 12 0 0 0 1 12

C) Stn.1 Stn.2 Sin.3 Stn.4 D) Size
Depth 1 2 3 4 r = 0.97163

P = 0.0001

Test case 4

A) Sin.1 Stn.2 Stn.3 Stn. 4 B) Size
Sp. 1 0 0 1 0 1
Sp. 2 0 0 1 0 2
Sp. 3 0 0 1 0 3
Sp. 4 1 0 0 0 4
Sp. 5 1 0 0 0 5
Sp. 6 1 0 0 0 6
Sp. 7 0 0 0 1 7
Sp. 8 0 0 0 1 8
Sp. 9 0 0 0 1 9
Sp. 10 0 1 0 0 10
Sp. 11 0 1 0 0 11
Sp. 12 0 1 0 0 12

C) Stn.1 Stn.2 Stn.3 Stn. 4 D) Size

Depth 1 2 3 4 r = 0.00000
P = 0.4960

Notes: Probabilities (P) are one-tailed, and computed in the tail of the sign of the coefficient, assuming that the sign of the
relationship is stated in the hypothesis. Probabilities were calculated after 9999 random permutations following model 1.

indicates a marginally significant association at sig-
nificance level a = 0.10 between behavioral states and
types of habitat. Thus, the testing procedure for the
association between behavior and habitat behaved as
expected in this example, and the random permutation
procedure produced values quite close to the exact
probabilities.

The second test case illustrates a situation where the
null hypothesisistruein all cases, matrix A indicating
all 10 species to be present everywhere. Indeed, the
testing procedure finds all permutation statistics to be
equal to the unpermuted ones, so that the probability
of the data under the null hypothesisis 1 everywhere.
The procedure once more behaved correctly.

For large contingency tables D, relationships among
descriptor states could be visualized from a correspon-
dence-analysis ordination of the contingency table.

Comparing two quantitative or ordinal variables.—
Quantitative data can be handled in almost the same
way. Consider for the moment that B and C each con-
tain a single quantitative variable, as in the test cases
proposed in Table 4. An inflated data table can be con-
structed as above; there is one row in that table for
each species “‘presence” (‘‘1”) in matrix A. The in-
flated matrices corresponding to test cases 3 and 4 hap-
pen to have the same number of rows as the original
matrix A; but in real-case studies, where several species
may be present at each station, the number of rows of
the inflated matrix should be higher, corresponding to
the number of species occurrences in A. Two columns
are written in the inflated matrix, the first one giving
the values of the quantitative variable from B, the sec-
ond the values of the variable from C. The cross-prod-
uct of these two columns would give the fourth-corner
statistic d = CA’B for quantitative variables. If thetwo

variablesin theinflated matrix are standardized to mean
0 and variance 1, and the cross-product is divided by
(no. rows — 1), the fourth-corner statistic becomes a
Pearson product—-moment correlation coefficient r. For
reasons given above, this correlation statistic should
be tested using the permutation technique described in
the previous section.

One should note that the general formula of corre-
lation coefficients, applicable to ordinal as well as to
quantitative data, is the same as that of the Pearson
product-moment correlation coefficient (Kendall 1948).
So B and C data tables containing either quantitative
or ordinal variables can be handled in the same way,
provided that the scale used for the ordinal variables
isfelt to be adequate. In case of doubt, one can calculate
the inflated data table and draw a dispersion diagram,
to verify that the scales used for the variables generate
a linear dispersion of data points, when a relationship
is present.

Test case 3, proposed in Table 4, is constructed in
such a way that species of increasing sizes are found
at increasing depths. The correlation coefficient of
0.972 indicates positive association between matrices
B and C; the associated probability P = 0.0001 (one-
tailed) shows that this association is strong. So, the
permutation testing procedure behaved as expected
with these test data. Test case 4, on the contrary, has
been designed in such away as to create no association
between B and C. The correlation coefficient is 0 and
the associated probability is 0.4960, which indicates a
lack of association between B and C. Once again, the
testing procedure performed as expected.

The unstandardized d = CA’B statistic should not
be used in place of the correlation statistic r, because
the permutations of row contents of matrix A, inde-
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TABLE 5. Test case 5 comparing a quantitative to a nominal variable. Matrix A is (12 species
X 4 stations), B is (12 species X 1 quantitative biological or behavioral variable), and C
contains a nominal variable (3 states X 4 stations). So, D is (3 states X 1 quantitative

variable).
A) Stn.1 Stn.2 Stn.3 Stn. 4 B) Size
Sp. 1 1 0 0 0 1
Sp. 2 1 0 0 0 1
Sp. 3 1 0 0 0 1
Sp. 4 0 1 0 0 4
Sp. 5 0 0 1 0 5
Sp. 6 0 0 0 1 6
Sp. 7 0 1 0 0 7
Sp. 8 0 0 1 0 8
Sp. 9 0 0 0 1 9
Sp. 10 0 1 0 0 10
Sp. 11 0 0 1 0 11
Sp. 12 0 0 0 1 12
C) Stn.1 Stn.2 Stn.3 Stn. 4 D) Size D) Size
State 1 1 0 0 0 d = 0.00000 r = —0.80472
P = 0.0141 P = 0.0022
State 2 0 1 0 0 d = 0.10573 r = 0.11496
P = 0.3420 P = 0.3715
State 3 0 0 1 1 d = 0.22026 r = 0.59735
P = 0.1516 P = 0.0233

Notes: Probabilities (P) of the d statistics (matrix D left) are one-tailed and computed in the
lower tail, to test for within-group homogeneity. Probabilities (P) of the correlation statistics
r (matrix D right) are one-tailed, and computed in thetail of the sign of the coefficient, assuming
that the sign of the relationship is stated in the hypothesis. Probabilities were calculated after

9999 random permutations following model 1.

pendently of one another, can produce cross-product
values that are higher than the reference value, while
the association between B and C is lower. In test case
3, for instance, the permutations might bring all *“ pres-
ences’ in matrix A to station 4, except for the sixth
one found in station 3. This would result in a cross-
product statistic d = 306, higher than the actual value
d = 240 for test case 3. There is no doubt, however,
that the association between B and C would be much
lower for that permutation of A than it is for test case
3, indicating inadequacy of the d statistic for this per-
mutation test. On the contrary, correlation coefficients
do behave correctly; in the case of that permutation,
the correlation coefficient would be 0.044, much lower
than the reference value of 0.972.

Comparing quantitative to nominal variables.—
Comparing a quantitative or ordinal variable to a nom-
inal variable recoded into dummy variables (binary
states) can be done in two different ways.

a) Without standardization, the fourth-corner statis-
ticsd = CA’B are measures of within-group sums of
squares, provided that the quantitative variable is cen-
tered within each group (= state) and the values are
squared before summing. The within-group sums of
squares are divided by the total sum of squares to pro-
vide normalized measures of within-group homoge-
neity taking values between 0 and 1 (see test case 5 in
Table 5, matrix D left). No value is computed when a
group contains a single, or no observation, since one
cannot measure the homogeneity or heterogeneity of

such groups. Such cases, which can be produced by
the permutation procedure but are likely to occur only
in very small problems, are left out of the reference
distribution during significance testing. The example
has been constructed in such a way that only the first
group, as defined by nominal variable C, is homoge-
neous. The permutation test allows one to reject the
hypothesis of heterogeneity for the first group only
(Table 5). The global statistic that can be derived, in-
volving all groups of the nominal variable, is an anal-
ysis-of-variance statistic (F or Kruskal-Wallis; F will
be used below). It can readily be computed from an
inflated table, using the nominal variable as the clas-
sification criterion. It is tested by permutations for rea-
sons given above.

b) Consider that the multistate nominal variable has
been decomposed into a number of binary descriptors.
If the quantitative variable and the binary descriptors
are al standardized to mean 0 and variance 1, the
fourth-corner statistics become correlation coefficients
between the quantitative variable and the binary de-
scriptors, as in Satistical methods: Comparing two
quantitative or ordinal variables, above. An example
is presented in Table 5 (matrix D right).

These two procedures serve different purposes and
together provide three types of information. (1) First,
the F statistic is a global measure of association be-
tween the two variables. In Table 5, the F test (F =
9.30405, P = 0.0138) tells us that at least one (and
perhaps more) of the states of C differsfrom the others,
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in terms of the values of B to which it is associated.
A posteriori testing can be done by repeating the F test
for pairs of groups (with appropriate correction for
multiple testing). (2) Secondly, the fourth-corner sta-
tistics d answer the question of within-group homo-
geneity. The first group (state 1) is significantly more
homogeneous than the hypothesis of random allocation
of fish to sampling stations would suggest (Table 5).
(3) Finally, the correlation coefficients r indicate the
strength of association of the 1s of each state of the
nominal variable to small or large values of the quan-
titative variable. Consider the first group in Table 5,
the only one found above to be significantly homo-
geneous; the significant negative correlation coefficient
indicates that the presence of environmental state 1is
associated with small values of size. By way of con-
sequence, environmental state 3 isassociated with large
values of size. Interpretation of the associated proba-
bilities is not without problems, though, because the
states of the nominal variable are mutually exclusive;
therefore, testing the relationship of the quantitative
variable with each state of the nominal descriptor,
through simple correlation coefficients, makes little
sense. A multiple-regression approach, which is the
equivalent of an analysis of variance, would be more
appropriate; in test case 5, a multiple regression of the
B variable on any two of thethree binary state variables
provides an R? of 0.67401 (P = 0.0146). The problem
of interpreting tables of correlation coefficients is dis-
cussed further below.

When the nominal variable consists of a series of
percentage coverage indices, as it is for our variables
describing substrates (see description of the data,
above), an analysis-of-variance approach cannot be
used because states are not mutually exclusive (fuzzy
classification). We will be using the correlation fourth-
corner statistic, although a multiple-correlation ap-
proach also would be appropriate to obtain a global
statistic linking the quantitative variable to all per-
centage coverage indices.

When analyzing real data, one has to correct indi-
vidual tests to accommodate the increased probability
of committing a Type | error in the case of multiple
simultaneous tests. This can be done either by adjusting
individual probability values (P values), or by adjusting
the significance level «. A traditional way isto use the
Bonferroni correction, where the significancelevel, say
a = 0.05, is replaced by an adjusted level o’ = a/k
where k is the number of simultaneous tests. This is
equivalent to adjusting individual P values P, to P, =
kP, and comparing P, to the unadjusted significance
level «. While the Bonferroni method is appropriate to
test that the null hypothesis is true for the whole set
of simultaneous hypotheses (i.e., reject H, for thewhole
set of k hypotheses if the smallest unadjusted P value
in the set is =a/k), the Bonferroni method is overly
conservative. Several alternatives have been proposed
in the literature; see Wright (1992) for areview. In this
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paper, we will use Holm's (1979) procedure for ad-
justing individual probabilities. It is nearly as simple
to carry out asthe Bonferroni adjustment and it is much
more powerful, leading to rejecting the null hypothesis
more often. Other solutions, such as Hochberg's (1988)
and Hommel’s (1988) procedures, are even more pow-
erful, but they are known to have the desired experi-
mentwise error rate « only for independent tests
(Wright 1992). This condition is not met in some of
our tables of results, where for instance ** Other sub-
strate’’ is what remains after considering all the other
substrates in the analysis.

Holm’s (1979) procedure, whichremainsvalidinthis
type of situation, is computed as follows. (1) Order the
P values from left toright sothat P, = P, = ... = P,.
(2) Compute adjusted probability values P, = P,(k —
i + 1); adjusted probabilities can be >1. (3) Proceeding
from left to right, if an adjusted P value in the ordered
seriesis smaller than the one occurring at its left, make
the smaller one equal to the larger one. (4) Compare
each adjusted P; to the unadjusted « significance level
and take the statistical decision. Because the adjusted
probabilities form a nondecreasing series, this proce-
dure presents the property that an hypothesis in the
ordered series cannot be rejected unless all previous
hypotheses in the series have also been rejected, and,
equal P values receive equal adjusted P values.

Validation

In an attempt to validate the method, we compared
the fourth-corner results to predictions made indepen-
dently by reef fish ecologists. The difficulty was that
there exists no other statistical method, at the present
time, to address the problem and provide results with
which the fourth-corner results could be compared;
hence the use of traditional ecological analysis by ex-
perts. Description of how this was done is saved for
the Discussion.

REsULTS

Tables 6¢ and 7c present relationships of the reef
bottom materials to feeding habits and ecological cat-
egories. Since each of these tables implies 56 simul-
taneous tests, Holm’s procedure did not allow detection
at the 5% significancelevel after only 999 permutations
(the smallest attainable probability is 0.001, which,
when multiplied by 56 simultaneous tests, gives P =
0.056, a value >0.05). Therefore, 9999 permutations
were used in these comparisons, as well as Table 8c
where the same problem existed to a certain extent (24
simultaneous tests for each of the two biological or
behavioral variables). In any case, considering the well-
known instability of randomization probabilities com-
puted from a small number of permutations (Jackson
and Somers 1989), as many permutations as practically
possible should be used during permutation tests.
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TABLE 6. Feeding habits are compared to all habitat variables. The tablereports probabilities adjusted using Holm'’sprocedure
within each habitat variable: Parts a and b, 999 permutations; part c, 9999 permutations, following model 1. Sign in part
¢ indicates whether a statistic is above (+) or below (—) the estimated expected value. Results of the global tests of

significance (F, G) are also given.

Feeding habits
Sessile Carniv. 1 Carniv. 2 Fish Copepod
Herbivorous  Omnivorous inverteb. diurnal nocturnal only eater
a) Distance from the beach (d = homogeneity, r = correlation fourth-corner statistics)
dgi.j) 0.20360 0.16772 0.11741 0.24177 0.12146 0.02898 0.09053
Pr(d) 0.195 2.061 0.195 0.048 0.007 2.061 2.061
r(i,j) —0.01124 —0.09030 —0.05195 —0.01669 0.14451 0.00259 0.03357
Pr(r) 0.621 0.007 0.015 0.621 0.007 0.621 0.288
F = 6.661, P (999 perm.) = 0.001
b) Water depth (d = homogeneity, r = correlation fourth-corner statistics)
d(i.j) 0.20849 0.11549 0.09352 0.22850 0.18997 0.02654 0.12210
Pr(d) 1.580 0.450 0.168 0.360 1.964 1.580 1.964
r(i,j) 0.00650 —0.04320 —0.04506 —0.04694 0.07819 0.00081 0.07469
Pr(r) 0.744 0.081 0.056 0.040 0.014 0.744 0.014
F = 3.544, P (999 perm.) = 0.001
c) Materials covering reef bottom (G = 15.426, P (9999 perm.) = 0.0001)
Stone slab 6.20— 5.84+ 3.72— 8.42— 5.18+ 0.96+ 2.40—-
P 0.429 0.232 1.535 2.650 2.650 2.650 2.650
Sand 81.22— 54.26— 43.34— 94.38— 35.90— 8.94— 26.26—
P 0.039 0.799 0.006 0.006 0.006 0.799 0.039
Coral debris 34.96+ 20.22— 24.32+ 46.74+ 25.60+ 4.48+ 12.08—
P 1.976 1.976 0.006 0.009 0.645 2.650 2.650
Turf, dead coral 45.46+ 27.88+ 28.28+ 57.58+ 33.58+ 6.20+ 15.76+
P 0.207 2.650 0.081 0.013 0.029 1.976 2.650
Live coral 49.86+ 28.50+ 29.20+ 58.28+ 40.82+ 6.22+ 21.06+
P 0.006 1.976 0.006 0.006 0.006 1.976 0.006
Large algae 44.66— 37.50+ 28.12— 59.68— 32.26— 6.34— 19.20—-
P 0.006 2.650 0.105 0.048 0.140 2.650 2.650
Calcar. algae 29.12+ 16.32+ 16.08+ 31.00+ 26.02+ 4.50+ 11.32+
P 0.006 1.030 0.079 0.122 0.006 0.207 0.036
Other substrate 2.52+ 1.48+ 1.94+ 2.92+ 1.64+ 0.36+ 0.92+
P 0.105 2.650 0.006 0.795 1.734 1.976 1.976

Comparing two nominal variables

In Table 6c, the relationship between reef bottom
materials and feeding habits is globally significant
(Pg gaigsic = 0.0001), and 20 of the fourth-corner sta-
tistics d are marked as significant. According to these
significant d values, fish are under-represented on sand
and large algae, and are unrelated to stone slab. In
addition, herbivores are overrepresented on live coral
and calcareous algae. Grazers of sessile invertebrates
as well as carnivores types 1 and 2 are overrepresented
on coral debris, turf and dead coral, live coral, calcar-
eous algae, and ‘‘ other substrate’” (large echinoderms,
sponges, anemones, alcyonarians); this includes al ar-
eas where herbivores were found. Copepod eaters are
overrepresented on live coral and calcareous algae.
Omnivores and specialist piscivores (fish-only diet) do
not exhibit significant associations with substrate.

In Table 7c, the relationship between reef bottom
materials and ecological categories is globally signif-
icant (Pg gaisic = 0.0004), and 17 of the fourth-corner
statistics d are marked as significant. Materials avoid-
ance is the same as in Table 6. In addition, fish hiding

in holes and cavities are overrepresented on live coral
and calcareous algae. Fish circling small territories
around coral heads, as well as those with larger vital
neighborhoods above coral heads, are mostly found on
live coral, turf and dead coral, coral debris, calcareous
algae, and other substrate. Good swimmers, as well as
pelagic species, were found everywhere. Subsurface
species are often associated with the stone slab—the
only group overrepresented in this habitat.

In Table 8c, the relationships are significant between
reef bottom materials, on the one hand, and egg types
(Pg gaisic = 0.0029) and activity rhythms (Pg gaisic =
0.0001) on the other. Except for the general under-
representation on sand and |large al gae mentioned above
and the lack of association with stone slab, species
producing pelagic eggs are significantly associated
with all other substrate types; species producing ben-
thic eggs are positively associated only with live coral
and cal careous algae. Not much can be concluded about
the two viviparous species in the study. On the other
hand, typically diurnal species are significantly asso-
ciated with all substrate types except those generally
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TABLE 7. Ecological categories are compared to all habitat variables. The table reports probabilities adjusted using Holm’s
procedure within each habitat variable. Parts a and b, 999 permutations; part c, 9999 permutations, following model 1.
Sign in part c indicates whether a statistic is above (+) or below (—) the estimated expected value. Results of the global

tests of significance (F, G) are also given.

Hiding Living Around Above Good Sub-surface Pelagic
in holes on bottom cor. heads cor. heads swimmers species species

a) Distance from the beach (d = homogeneity, r = correlation fourth-corner statistics)
d(i.j) 0.14457 0.05515 0.38554 0.36568 0.01692 0.01564 0.01204
Pr(d) 3.795 3.795 3.795 0.007 0.186 3.795 3.795
r(i.j) 0.02452 —0.05784 0.00146 0.00162 0.00040 —0.00467 0.02764
Pr(r) 0.830 0.091 1.776 1.776 1.776 1.776 0.810
F = 1.020, P (999 perm.) = 0.281

b) Water depth (d = homogeneity, r = correlation fourth-corner statistics)
d(i.j) 0.16225 0.04764 0.36999 0.38412 0.01577 0.00045 0.01460
Pr(d) 1.872 1.872 1.872 1.670 1.212 0.280 1.872
ri,j) 0.00503 —0.03082 0.02306 —0.00311 —0.01586 —0.05335 0.02923
Pr(r) 0.836 0.744 0.744 0.836 0.777 0.007 0.744
F = 1.180, P (999 perm.) = 0.178

c) Materials covering reef bottom (G = 11.686, P (9999 perm.) = 0.0004)
Stone slab 5.42+ 1.82+ 11.22—- 11.78— 0.90+ 1.12+ 0.46+
P 1.778 2.918 0.946 0.456 2.918 0.006 2.918
Sand 44.26— 20.70— 124.14— 142.56— 8.14— 1.66— 2.84—
P 0.006 2.918 0.006 0.006 1.930 0.044 0.946
Coral debris 23.70+ 6.34— 60.38+ 69.34+ 5.36+ 1.22— 2.06+
P 1.925 1.778 2.039 0.009 0.099 2.902 2.902
Turf, dead coral 29.52+ 10.06+ 80.74+ 85.12+ 4.24— 2.84+ 2.22+
P 1.778 2,918 0.021 0.006 2.918 0.946 2.918
Live coral 35.04+ 9.42+ 88.02+ 90.60+ 5.70+ 1.94+ 3.22+
P 0.006 2.918 0.006 0.006 0.946 2.918 0.456
Large algae 33.50— 14.06+ 86.20— 83.98— 4.20— 3.94+ 1.88—
P 2.183 2.183 0.062 0.006 0.602 0.946 1.833
Calcareous algae 18.98+ 4.18— 53.62+ 51.02+ 3.08+ 1.28+ 2.20+
P 0.009 2.343 0.006 0.006 2.039 2.918 0.230
Other substrate 1.58+ 0.42— 4.68+ 4.60+ 0.38+ 0.00— 0.12+
P 1.980 2.902 0.006 0.006 0.368 0.126 2.918

avoided by fish. During daytime, nocturnal species are
overrepresented around live coral and coral debris;
rhythm-indifferent species are significantly associated
with live coral, turf and dead coral, and calcareous
algae.

Comparing quantitative to ordinal variables

The two quantitative habitat variables, distance from
the beach and water depth, were compared to the size
classes of adult fishes (ordinal) using the correlation
fourth-corner statistic (Table 9a). Results indicate that
adult fish size is slightly positively related to distance
from the beach (r = 0.05043, P = 0.011), but not to
water depth (r = 0.02271, P = 0.143). Size of adult
fish significantly increases at stations with more coral
debris and fewer large algae (Table 9b).

Comparing quantitative to nominal variables

The relationship between feeding habits and distance
from the beach is globally significant (Table 6a), asis
the relationship of feeding habits with water depth.
Omnivores and grazers on sessile invertebrates are sig-
nificantly associated with sites closer to the beach,
while nocturnal carnivores and copepod eaters are sig-

nificantly associated with deeper stations and/or sites
located farther offshore. Diurnal carnivores avoid the
very shallow stations near the beach. Nocturnal car-
nivores are the only group that is strongly homoge-
neous in terms of distance from the beach; analysis of
the inflated data table shows that most sightings were
made at the nine farthest stations, farther than 650 m
from the beach.

Ecological categories, on the other hand, are not sig-
nificantly related to distance from the beach or to water
depth (Table 7a, b). Egg types are weakly associated
with distance from the beach, and not at all to depth
(Table 8a, b). Species with benthic eggs are found at
shallower stations, and those with pelagic eggs at deep-
er locations; species with pelagic eggs are significantly
homogeneousin terms of distance from the beach; anal -
ysis of the inflated data table shows that the frequency
of sightings increases with distance from the beach.
Activity rhythm is strongly associated with distance
from the beach, and weakly with water depth. Diurnal
species are found closer to the beach, while rhythm-
indifferent species are significantly found farther away
and in deeper waters.
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TABLE 8. Egg types (left) and activity rhythms (right) are compared to all habitat variables. The table reports probabilities
(Pr) adjusted using Holm's procedure within each habitat variable. Partsaand b, 999 permutations; part c, 9999 permutations,
following model 1. Sign in part ¢ indicates whether a statistic is above (+) or below (—) the estimated expected value.
Results of the global tests of significance (F, G) are also given.

Egg type Activity rhythm
Pelagic Benthic Viviparous Diurnal Nocturnal Indifferent

a) Distance from the beach (d = homogeneity, r = correlation fourth-corner statistics)
ddi,j) 0.72426 0.26842 0.00281 0.78613 0.11920 0.08132
Pr(d) 0.003 1.000 0.590 0.832 0.832 0.018
r(i.j) 0.06217 —0.06533 0.01810 —0.07745 —0.00634 0.11528
Pr(r) 0.006 0.006 0.244 0.004 0.399 0.003
F = 3.094, P = 0.018 F = 9.235, P = 0.001

b) Water depth (d = homogeneity, r = correlation fourth-corner statistics)
d(i.j) 0.77843 0.21856 0.00146 0.73333 0.13655 0.12566
Pr(d) 0.873 0.441 0.844 0.069 1.622 1.622
r(i.j) 0.03742 —0.03509 —0.01657 —0.03984 —0.00999 0.06673
Pr(r) 0.141 0.141 0.355 0.096 0.311 0.015

= 1.061, P = 0.218 F = 3.055, P = 0.022

c) Materials covering reef bottom
G = 4.759, P (9999 perm.) = 0.0029 G = 7.712, P (9999 perm.) = 0.0001
Stone slab 24.16— 8.46+ 0.10— 24.92— 4.78+ 3.02—
P 1.055 1.527 1.527 0.431 0.431 0.767
Sand 251.70— 91.60— 1.00— 278.98— 42.26— 23.06—
P 0.002 0.021 0.853 0.002 0.004 0.002
Coral debris 133.50+ 34.08— 0.82+ 130.08+ 22.76+ 15.56+
P 0.002 0.216 1.527 0.017 0.016 0.767
Turf, dead coral 163.04+ 50.34+ 1.36+ 166.70+ 24.82+ 23.22+
P 0.002 0.726 0.506 0.002 0.754 0.002
Live coral 180.28+ 52.58+ 1.08+ 177.50+ 29.48+ 26.96+
P 0.002 0.018 1.527 0.002 0.002 0.002
Large algae 164.76— 62.18— 0.82— 179.90— 26.42— 21.44—
P 0.002 1.527 1.527 0.002 0.072 0.270
Calcareous algae 102.44+ 31.12+ 0.80+ 102.58+ 14.08+ 17.70+
P 0.002 0.003 0.899 0.002 0.431 0.002
Other substrate 9.12+ 2.64+ 0.02— 9.34+ 1.40+ 1.04+
P 0.002 1.034 1.527 0.002 0.431 0.767

Validation species in table A under constraints, and to project the

Before the results of these analyses were known, reef
fish ecologists (M. L. Harmelin-Vivien and R. Galzin)
made the predictions reported in Table 10. They con-
cern feeding habits and ecological categories, com-
pared to reef bottom materials. Admittedly, these pre-
dictions are not independent of the data that were used
in the analyses presented here, since the data were col-
lected by R. Galzin on Tiahurain the early 1980s, but
the two analyses were carried out independently from
one another.

DiscussioN

Dolédec et al. (1996) have recently proposed a dif-
ferent but complementary approach to the problem of
jointly analyzing A, B, and C. Their approach consists
in an ordination of table A under a double constraint
consisting of B and C. The two approaches differ in
that we are primarily interested here in relating the
variables in B and C and testing the significance of
these relationships, while the purpose of Dolédec et al.
(1996) is primarily to obtain an ordination of sites and

variables in B and C onto the ordination axes for in-
terpretation.

Comparison of Tables 8 and 9 indicates that the fish
ecologist predictions generally agreed with the results
of the fourth-corner statistics (Table 10). For feeding
habits, there are three opposite results over 29 predic-
tions, for an error rate of 10%; 15 predictions were not
verified by the data (52%), possibly because insuffi-
cient observations were available (poor statistical pow-
er). For ecological categories, the fish ecologists did
even better; a single case is found where the fourth-
corner statistics contradict ecologists’ predictions (5%
error rate); a further eight predictions were not verified
by the data (40%). All four discrepancies in Table 10
(i.e., opposite predictions and statistics) concern car-
nivores 1 and 2.

Confronted with the fourth-corner statistic results,
the fish ecologists (M. L. Harmelin-Vivien and R. Gal-
zin) checked their predictions and confirmed that they
did not think they had made any gross ecological mis-
take about the habitat and behavior of these fish. Com-



March 1997

parison of the two sets of resultsisinformative because
it reveals conceptual differences between the two ap-
proaches.

a) The fish familiesinvolved in the relationship be-
tween sand and diurnal carnivores (discrepancy 1) are
essentially the Mullidae (goatfishes), Labridae
(wrasses), Balistidae (triggerfishes), Tetraodontidae
(puffers), Lethrinidae (emperors), and Gobiidae (go-
bies). The goatfishes, emperors, and gobies find their
prey preferably inside the sandy part of the reef during
daytime (Harmelin-Vivien 1979), and therefore a pos-
itive relationship was predicted.

b) The same families are involved in the relation-
ship between large algae (discrepancy 2) and diurnal
carnivores. From the results of Naim (1988) for the
Tiahura transect, we know that macroalgae provide
shelter for small motile invertebrates that are preyed
upon by wrasses, triggerfishes, and puffers, suggesting
a positive relationship, which is what was predicted.

¢) The nocturnal carnivores involved in the rela-
tionship with sand (discrepancy 3) belong essentially
to families Lutjanidae (snappers), Holocentridae
(squirrelfishes and soldierfishes), Scorpaenidae (scor-
pionfishes), Serranidae (groupers), Diodontidae (por-
cupinefishes), Muraenidae (morays), and Cirrhitidae
(hawkfishes). Ecologists predicted a positive relation-
ship essentially by considering the snappers, which
feed at night on the invertebrates living in the sand.
No such relationship is known for the other nocturnal
carnivores. Considering the scarcity of snappers on the
Tiahura transect, we could understand an absence of
relationship between nocturnal carnivores and sand, but
not a negative one.

d) The prediction of a positive association between
fish living above coral heads and large algae (discrep-
ancy 4) is based on the observation that large algae are
largely found attached to hard substrates (Payri 1987).

The fourth-corner statistics produced a negative re-
lationship between large algae and diurnal carnivores
(discrepancy 2) as well as position above the coral
heads (discrepancy 4). The reason is the following. On
Tiahura, large algae are most abundant in the first sta-
tions of the transect, near the beach. Since few species
are present there, all fish types appear to avoid large
algae as well as sand or, at best, to be indifferent to
these substrates (full-transect analysis reported in Ta-
bles 8 and 9). At these very shallow stations, carni-
vores, in particular, are less abundant than in the rest
of the transect. The fourth-corner method thus has
found a negative relationship, which is witness of an
indirect effect. Fish ecologists, on the other hand, had
first in mind the feeding habits of the fish. On the
Tiahura transect, all carnivores find their prey essen-
tially in or around macroalgae (Naim 1988) or inside
hard substrates (Harmelin-Vivien 1979). So, consid-
ering feeding habits, the situation is that of a positive
relationship between carnivores and large algae. To
reach such a conclusion, fish ecologists did not take

THE FOURTH-CORNER PROBLEM

559

TABLE 9. Size of adult fish is compared to all habitat vari-
ables, using correlation fourth-corner statistics. Permuta-
tions are computed following model 1. In part b, proba-
bilities (999 permutations) were adjusted using Holm’spro-
cedure.

Habitat variables

a) Quantitative variables

Size of adult fish

Distance from the beach 0.05043
Pr(r) 0.011
Water depth 0.02271
Pr(r) 0.143
b) Materials covering reef bottom
Stone slab —0.02236
Pr(r) 0.381
Sand —0.03798
Pr(r) 0.220
Coral debris 0.06079
Pr(r) 0.035
Turf, dead coral 0.02548
Pr(r) 0.381
Live coral 0.03476
Pr(r) 0.220
Large algae —0.06740
Pr(r) 0.016
Calcareous algae 0.05174
Pr(r) 0.066
Other substrate 0.02385
Pr(r) 0.381

into account the spatial distribution of the algae and of
the fish on the transect, and the dominance of macro-
algae in shallow areas; sand (discrepancies 1 and 3)
and large algae (discrepancies 2 and 4) are dominant
at stations near the beach, where all fish types are not
abundant because of the absence of hard substrate and
of very shallow water. The fourth-corner method, on
the other hand, found negative relationships because it
takesinto account all stationsin the study area; it would
probably have found the predicted positive relation-
ships had the study been conducted at a smaller spatial
scale. This is an illustration that correlation does not
mean causation.

The results presented in Tables 9 to 12, establishing
the linkage of ecological and behavioral characteristics
of fish species to the distance from the beach, statis-
tically confirm and refine the results obtained by Har-
melin-Vivien (1989), who compared and contrasted the
characteristics of fish assemblages on the Tiahura reef
flat and reef slope. (1) Diurnal fish were found to be
more abundant on the reef flat, and nocturnal fish on
the reef slope; the fourth-corner statistics indicate a
similar significant negative relationship between di-
urnal fish and distance from the beach (Table 8).
(2) Fish laying benthic eggs dominated on the reef flat,
and fish with pelagic eggs on the reef slope; the fourth-
corner method confirms these results, with a positive
relationship between distance from the beach and pe-
lagic eggs, and a negative relationship for benthic eggs
(Table 8). (3) In the same way, smaller fish were ob-
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TABLE 10. Relations between variables C3—-C10 (reef bottom, rows) and variables B1 (feeding
habits, part a) and B2 (ecological category, part b). Predictions made by coral reef ecologists
are in parentheses, followed by the results from Tables 6 and 7. Blanks indicate no relation,
(+) or + apositive relation, and (—) or — a negative relation. Discrepancies are numbered

to facilitate reference in the text.

a) Feeding habits
Omni- Sessile Carniv. 1 Carniv. 2 Fish Copepod
Reef bottom Herbivor. vorous inverteb. diurnal nocturnal  only eater
Stone slab (-)
sand - R o S o E R € B G o
Coral debris (+) (+) + (+)+ (+)
Turf, dead coral (+) (+) (+)+ +
Live coral (+)+ (+) (+)+ (+)+ (+)+ (+) (+)+
Large algae - ) ) ()
Calcareous algae + (+) (+)+ +
Other substrate (-) (=) (+)+
b) Ecological category
Living Around  Above Sub-

Hiding on coral coral Good  surface Pelagic
Reef bottom in holes bottom heads heads swimmers species species
Stone slab (=) (=) +
Sand _ (=)= +) (=)= (=)— -
Coral debris (+)+
Turf, dead coral (=) (+)+ (+)+
Live coral (+)+ (-) (+)+ (+)+
Large algae (=) (+)—*
Calcareous algae (+)+ (=) + +
Other substrate (-) (+)+ +

served on the reef flat; a positive correlation between
size of fish and distance from shore is obtained.
(4) Omnivores and sessile invertebrate feeders were
found on reef slopes. These relationships are confirmed
by the fourth-corner statistics and their tests of signif-
icance: a negative correlation is found in Table 6 be-
tween distance from the beach and omnivores as well
as sessile invertebrate feeders, and a positive correla-
tion for carnivores 2.

CONCLUSION

The fourth-corner method offers a way of analyzing
the relationships between the supplementary variables
associated with the rows and columns of abinary (pres-
ence-absence) data table. The parameters describing
these relationships can be estimated and tested for sta-
tistical significance. In the example analyzed in the
present paper, biological and behavioral characteristics
of species were used as supplementary variables for
the rows, and characteristics of the environment for the
columns. Other ecological situations are considered be-
low.

The fourth-corner method allows the detection of a
new family of associations or correlations, between
species traits and habitat characteristics, in atraditional
data-analysis framework. The matrix operation |eading
to estimating the parameters in the fourth-corner ma-
trix, D = CA’'B, isvery general and can accommodate
any type of variable (quantitative, semi-quantitative, or
qualitative). The method is not a modelling technique

since it does not take into account the dynamics of
individual species or the spatial and temporal structure
of environmental variation. However, the fourth-corner
statistics can be incorporated into causal ecological
models describing the mechanisms determining the ob-
served associations or correlations. On the one hand,
the sign and indication of strength (value, significance)
of fourth-corner statistics can be incorporated as pa-
rameters in deterministic models; on the other hand,
the fourth-corner correlation coefficients can be used
directly in path analysis or other related forms of sta-
tistical modelling.

Analysis of the Tiahura fish data set (280 species),
which motivated the development of the method, il-
lustrated that fourth-corner statistics adequately iden-
tify positive or negative associations between the bi-
ological or behavioral traits of animals, and the habitat
characteristics of the locations at which they are found,
much in the same way as correlation coefficients do in
traditional data analysis. In many instances, the statis-
tical results confirmed the intuitive analysis of field
ecologists. The statistical analysis also revealed a set
of relationships that had not been predicted by the fish
ecologists, and which can now be embodied in our
understanding of the ecological determinants of these
animals.

Currently, this method does not take into account
indirect relationships that may exist among variables,
as can be done with path analysis for instance. A mul-
tiple-interaction form of fourth-corner statistics re-
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mains to be developed (log-linear modelling, multiple
regression, path analysis, etc.) to test more sophisti-
cated hypotheses. Another interesting development
would be to extend the fourth-corner method to atable
A of species abundance data; this extension is not
straightforward.

Other ecological problems could be studied using
this method. In the study of feeding behavior for in-
stance, consider a matrix A with rows that are indi-
viduals and columns corresponding to locations. The
prey ingested by each individual are found in matrix
B (in columns). Matrix C may contain either micro-
habitat environmental variables, or prey availability
variables. One could use fourth-corner statistics to
identify relationships between prey availability and
consumption, or between prey consumption and en-
vironmental variables. Problems of the same type are
found in such fields as sociology, marketing, political
science, and the like.
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