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ABSTRACT. We describe a multispecies, multiscale analysis of spatial pattern, called a 'Community
Mosaic Analysis', and apply the technique to 2 shallow-water gorgonian communities in Puerto Rico.
Spatial patterns were simdar at both sites examined. Gorgonian colonies occurred at predominant
mosaic scales (patch sizes) of about Yi and 2 m2 Gorgonian species were positively associated (cooccurred) at these and all smaller (< l m2) spatial scales investigated. These results indicate that
gorgonian species are affected similarly by small-scale features of their habitat. No instances of
significant negative associations among species were noted, suggesting that competition for spatial
resources does not play a dominant role in the ecology of shallow-water gorgonian communities.

INTRODUCTION
Spatial patterns reflect the net effect of various physical and biological factors affecting the birth, death (and
movement) of individuals in single species populations
(e.g. Hutchinson 1953). As a consequence, numerous
techniques have been developed for the analysis of
dispersion patterns (reviewed by Grieg-Smith 1983)
which, in turn, are often used to infer the identity of
important population processes. By extension, w e
believe that environmental factors structuring communities are reflected in multispecies patterns, a n d
that the examination of such patterns should provide
important insights into the nature of community-level
mechanisms. Unfortunately, with the exception of a
few notable examples (Jumars 1975a, b, Hubbell 1979),
few studies have been conducted on spatial patterns of
natural communities; undoubtedly because appropriate analytical methods are generally undeveloped. For
instance, 'nearest neighbor' techniques for the description of multispecies associations would require the tedious compilation of all pairwise, species-species patterns (e.g. Diggle 1983).
In this report we introduce a 'Community Mosaic
Analysis' which is capable of describing patterns of
multispecies associations at a variety of spatial scales.
We then apply the technique to 2 shallow-water gorgoO Inter-Research/Printed in F. R. Germany

nian communities in Puerto Rico a n d draw inferences
about underlying causal mechanisms.
The utility of a community-level approach in studies
of spatial pattern can be justified on several grounds.
First, both field and theoretical ecologists have recently
recognized the importance of spatial heterogeneity in
the dynamics of natural communities (e.g. Dayton et al.
1984, DeAngelis & Waterhouse 1987). Secondly, major
conceptual models have already produced contrasting
predictions of spatial pattern which can be tested (falsified) given the availability of relevant methodologies.
For instance, resource partitioning theory predicts that
competing species will specialize in different habitat
types (Schoener 1974), thereby resulting in a negative
association among species at the appropriate 'habitat
scale' (MacArthur 1972). Alternatively, some variants
of the 'lottery' model of recruitment (Sale 1977) predict
a random association among species. Finally, the
associational defense scenario of Hay (1986), wherein
chemically-defended species provide spatial refuges
from predation for vulnerable species, predicts a positive association among species on small spatial scales.
Our choice of the shallow-water gorgonians as a
model system was largely dictated by the belief that
spatial pattern may b e especially critical for gorgonians
(or other sessile communities) because the effects of
competition (Dana 1976, Jackson 1979),predation (Litt-
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ler et al. 1987), disturbance (Woodley et al. 1981), and
other ecological processes may be mediated by spatial
relationships among organisms. In addition, habitat
space per se is often acknowledged to be a major
limiting resource in sessile coral reef communities
(Jackson 1977, Connell 1978).

METHODS
Community Mosaic Analysis. Grieg-Smith (1952)
employed a nested (hierarchical) analysis of variance
(ANOVA) to determine spatial scales of pattern for
single species populations (the mean square versus
block size technique). In this procedure, typical 'patch
sizes' would correspond to peak mean square values. In
addition, mean square to mean ratios would be analogous to variance to mean ratios, and can be used as a
measure of the intensity of pattern (assuming that the
Poisson distribution is suitable as a null model). Kershaw (1960) extended Gneg-Smith's (1952) procedure
to describe spabal associations between species pairs
with the relationship:

where X, and X2 = abundances of species 1 and 2;
Var = variance (or mean square in ANOVA); and
Cov = covariance. Covariances would be greater than,
equal to, or less than zero if species are positively,
randomly, or negatively associated, respectively.
Schluter (1984) employed the expanded form of
Eq. (1) to determine associations among 3 or more
species:
M

Var(T) = C Var (Xi)
I

M

+ 2 X< 1 Cov(Xi,X,)
l

(2)

where Var(T) = variance of the sample totals (abundance of all species in a sample);1 Var(Xi) = the sum of
variances of all individual species; 1 Cov(X,,XI) = the
sum of all pairwise covariances between species; and
M = the number of species. Schluter (1984) defined the
association index, V, as the ratio of the sample to
(summed) species variances:
M

V = Var(T) / 1 Var(Xi)
1

(3)

V would equal 1.0 in the case of no net (or random)
association among species (e.g. the sum of covariances
equals zero). Values greater or less than 1.0 would
represent instances of net positive or negative associations, respectively. With the null hypothesis of no net
association, 1 Var(Xl) represents the theoretical (expected) variance, a2; and Var(T), the observed variance, S'. Consequently, probabilities can be determined by the X2 distribution:

=

(N- 1) (S' / a*)

(4)

""l

= (N- l ) [Var(T)/ C Var(Xi)]= (N- l ) V
I

(5)

where N = the number of samples. Because variances
are usually based on field samples, (N- l ) degrees of
freedom, and not N as suggested by Schluter (1984),
would be more appropriate in the determination of
probabilities (note that Eq. [4] is also the basis of
Fisher's Index of Dispersion used for testing the significance of variance to mean ratios for the Poisson distribution).
Schluter's (1984) procedure can be easily incorporated into a nested ANOVA format. Table 1 shows that
the Within Species terms in a l-way (Species) ANOVA
is composed of the Among Samples and Interaction
terms in an unreplicated 2-way (Species X Samples)
ANOVA. The effect of scale is determined by nesting
contiguous quadrats (i.e. following the format of GriegSmith 1952), and analyzing data for each indvidual
species and the sample totals. Interaction terms are
obtained by differences between the (total Within)
Species and (Among) Samples terms. At each block
size, the ratio of the (Among) Samples to (Within)
Species mean squares would represent the association
index, V, and probabilities determined by x2. (Because
of the mechanics of ANOVA, the summation of Species
variances in Eq. [3] is not required for the determination of V.) If desired, probabilities of species association
can also be determined by the F ratio of Among Samples to Interaction mean squares (McCulloch 1985).
The mechanics of the methodology are detailed in a
hypothetical example in the Appendix.
Field sites. Shallow-water gorgonian communities
were examined at 2 sites near La Parguera on the
southwest coast of Puerto Rico. Media Luna (17"56.2'N,
67'3.2'W) is a low relief reef at a depth of 6.7 m. San
Cristobal (17"55.?'N, 67'4.4'W) has moderate topographic relief at a depth of 10.6 m. Both sites are
exposed to wave action generated by the easterly
tradewinds. The sessile fauna is visually dominated by
gorgonians at both sites. Substrate cover by corals and
sponges is about 25 and 8 OO/ at San Cristobal and
Media Luna, respectively (V. Vicente pers, comm.).
The gorgonian communities at both sites have been
monitored in a 1 X 32 m transect at 3 to 6 mo intervals
since August 1983. Colony locations were determined
by placing a 0.5 m2 (0.5 X 1.0 m) quadrat subdivided
into '/16 m2 (25 X 25 cm) areas along the transect. A
chain and nails placed at 0.5 m intervals in the center
and both edges of the transect were used to relocate
quadrats between surveys. Replicate surveys indicated
that estimates of colony location usually differed less
than 10 cm.
Gorgonians were identified by field characteristics,
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Table 1. Relationship between a l-way (Species) to an unreplicated 2-way (Species and Samples) analysis of variance. M: number
of species; N: number of samples
Source

SS

MS

df

Among Species

SS (Among Species)

M- l

SS (Among Species)/(M-l)

Within Species
Among Samples
Interaction

SS (Within Species)
SS (Among Samples)
SS (Interaction)

M(N-l)
N- l
(N-l) (M-l)

SS (Within Species)/M(N-l)
SS (Among Samples)/(N-l)
SS (Interaction)/(N-l)( M - l )

Total

SS (Total)

MN-1

although identifications of larger colonies (225 cm in
height) were verified by spicule preparations (following Bayer 1961) from branch tip samples. However,
variations in spicule and colony characteristics made
identification to the species level difficult for several
taxa. In addition, species-specific spicule characteristics of newly-recruited colonies (usually < 5 cm in
height) are often undeveloped. Consequently, we used
the lowest feasible taxonomic categories for data analysis. Fortunately, this procedure is conservative with
respect to the major conclusions of this study (see
'Discussion').
The smallest (unit) quadrat size examined in the
analysis of spatial pattern was 1/64 m2 (12.5 X 12.5 cm),
based largely on estimates of measurement error. Contiguous quadrats were then nested in multiples of 2
within each mZ following the grid (2-dimensional)
design of Grieg-Smith (1952). Each m2 was then
blocked in multiples of 2 corresponding to the transect

(l-dimensional) design of Kershaw (1960). This nesting
design was employed to examine pattern on as large a
range of spatial scales as possible. Only survey data
from the fall of 1986 are analyzed in this report.

RESULTS
A total of 2436 a n d 2778 colonies in 19 a n d 17
taxonomic categories occurred at San Cristobal a n d
Media Luna, respectively (Table 2). Sample a n d
Species mean squares and their ratios, V, at various
spatial scales are shown in Figs. 1 and 2. In brief, Vwas
significantly greater than 1.0 at all small scales
( 5 % m2) a t both sites, indicating a positive association
among gorgonian species. Significant positive associations also occurred at the 1 and 2 m2 at San Cristobal,
and at the 2 m2 at Media Luna. Non-significant (random) associations occurred at all other scales. Patterns

Table 2. Taxonomic groups and colony abundances (in 32 m2) at the study sites. Variance to mean ratios (s2/?) are based on 1/64
m2 quadrats. ' p s 0.05; ' ' p c 0.01; NS: not significant; degrees of freedom = 1024
Taxon

Pseudopterogorgia spp.
Pseudoplexaura spp.
Eunicea calyculata - E. tourneforti
Eunicea laxispica - E. succinea
Gorgonia ventaljna
Plexaura flexuosa
Plexaura homomalla f . kukenthalli
Muricea elongata - M. muncata
Eunicea sp. 7
Muriceopsis flavida
Plexa urella spp.
Plexaura homomalla
Eunicea spp.
Eunicea laciniata
Briareum asbestinum
Eunicea fusca
Eunicea sp. 2
Pterogorgia anceps
Eunicea knigh tii
Total

San Cristobal
No. colonies
S/?
609
487
23 1
194
188
159
131
80
71
68
63
53
38
35
16
5
4
3
1
2436

1.27.
1.47.
1.20' '
1.28"
1.30' '
1.09'
1.25' '
0.96 NS
1.80' '
1.221.13"
1.09'
1.16"
0.94 NS

-

Media Luna
No. colonies
S/x
1177
396
459
130
113
107
25
113
6
23
98
17
73
19
9
1
0
12
0
2778

1.571.37.
0.92 NS
0.91 NS
1.20' '
1.22' '
1.09'
1.36-'
-

1.08'
1.13.
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Fig. 1. Mean square versus block size of
samples and species at the San Cristobal
site. Numbers represent V, the Samples/
Species mean square ratios. ' ' ' p 5
0.001;
p 5 0.01; ' p 5 0.05; NS: not
significant
"
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Fig. 2. Mean square versus block size at
the Media Luna site. Legend as in Fig. 1
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B L O C K S I Z E (m2)

Fig. 3 . A 'microscale' (ca Vu m2)
patch of colonies. Taxa present include Eunicea, Muriceopsis, Plexaurella, and Plexaura. Colonies
are about 10 cm tall
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at the largest scales were difficult to interpret because
of the low degrees of freedom involved.
Peaks of sample mean squares (assessed visually)
occurred at the 2 m2 at both sites, and possibly at the
1/4 and
m2 scale at Media Luna and San Cristobal,
respectively. Following the interpretation of GriegSmith (1983), these peaks would correspond to the
predominant 'patch size' (mosaic scale) of gorgonian
colonies. In turn, the positive association among
species at these scales indicates that these patches are
composed of mixed species assemblages.
Because conditions of the Poisson distribution are
easily fulfilled in this study (i.e, the actual substrate
space occupied by colony bases is small, and large
numbers of colonies can potentially occur in even the
smallest spatial scale examined), variance (mean
square) to mean ratios can be used to determine additional aspects of pattern. For instance, v a r i a n c e h e a n
ratios of the sample totals were significantly greater
than 1.0 at the 1/64 m2 scale at both sites indicating that
colonies are aggregated on this scale. Individual taxa
displayed a similar pattern; 12 (ex 14) and 8 (ex 10) of
the more abundant taxa (225 colonies per 32 m2) were
also aggregated at this scale at San Cristobal and
Media Luna, respectively (Table 2). Random patterns
which were observed for the remaining taxa may arise
from the difficulty in determining pattern when abundances are extremely low (Gneg-Smith 1983). Thus,
the positive association anlong species coupled with
the aggregated pattern of individual species indicate
that aggregations of colonies observed at the smallest

Fig. 4. A small-scale (ca l/4 m')
patch of colonies on a low relief
topographic elevation. Taxa present include Gorgonia, Eunicea,
Pseudopterogorgia, and Pseudoplexaura. Most colonies are between 10 and 20 cm tall
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spatial scale examined are composed of CO-occurring
aggregations of individual species. An example of a
small-scale, multispecies aggregation is illustrated in
Fig. 3. In turn, following the interpretation of GriegSmith (1983), the general increase in sample mean
squares observed with increasing spatial scale at both
sites indicates that these multispecies aggregations a r e
themselves aggregated until the mosaic scale of about
a n d 2 m2 is reached.

DISCUSSION

The patterns revealed in this study provide several
major inferences about the ecology of shallow-water
gorgonian communities in Puerto Rico. Following the
reasoning of Grieg-Smith (1983), the observed patch
sizes of 1/4 to '/2 a n d 2 m2 represent the spatial scales at
which the major ecological process controlling shallowwater gorgonian communities are most fully developed.
Visual inspections of the habitat suggest that patch
sizes correspond to the predominant scales of topographic elevations. Variations in topography may be
relatively small, often involving differences in relief of
only a few centimeters. However, their effects on gorgonian abundances can b e dramatic (Fig. 4). In a complementary study, a multivariate ordination analysis of
gorgonians sampled from various areas around Puerto
Rico indicates that sediment transport is the major
factor controlling the large-scale (regional) distribution
of gorgonians (Yoshioka & Yoshioka unpubl.). The
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shadowed by beneficial effects arising from predatorprey relationships. All known gorgonian predators,
such as the polychaete Hermodice carunculata, the
gastropod Cyphoma gibbosum, and the fish Chaetodon
capistratus (Lasker 1985, Wahle 1985, Harvell &
Suchanek 1987, Lasker & Coffroth 1988), are commonly described as 'partial predators' which are incapable of consuming entire colonies. Bertram (1978) has
suggested that small-scale aggregations of prey would
'dilute' the effects of such predators on individuals.
Pawlik et al. (1987) among others, have documented
the presence of chemical defenses in gorgonians. In an
analogous terrestrial example, Sillen-Tullberg &
Leimar (1988) have found that 'distasteful' insects can
reduce the effects of predation by occurring in aggreg a t i o n ~Also,
.
Hay (1986) and Littler et al. (1987) have
demonstrated that spatial associations result in
mutualistic effects in algal and gorgonian-algal communities with chemically-defended species.

combined results of both studies suggest that variation
in sediment transport due to local topography is the
major factor underlying the spatial mosaic of gorgonian
communities.
The positive association among species on smaller
(< ?hm2) spatial scales also indicates that gorgonians,
in general, react similarly to small scale features of
their habitat. In other words, a given location would
be favorable (or unfavorable) for all gorgonians
regardless of the species involved. The resultant
emphasis on ecological similarities among species corresponds with Sale's (1977) view of coral reef fish
communities. In contrast, these patterns contradict
predictions of a negative association among species
derived from resource partitioning theory (MacArthur
1972, Schoener 1974), and thereby suggest that competition for spatial resources has not played a dominant role in the evolution of gorgonian communities.
Dana (1976) reached a similar conclusion based on
spatial associations among scleractinian corals in
Panama.
Although these results do not necessarily disprove
the existence of competition among gorgonians, additional information from the literature suggests that
competitive interactions for space (if present) are over-
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Appendix. A hypothetical example of the analysis involving 4 species in a 32 unit long transect. Initial abundances were based on
random numbers from 0 to 9 and patches (in boldface) were generated by adding 10 to the original values. The example illustrates
the case where patch size of individual species are 2 units long and contiguous (non-overlapping) in Quadrats 3 to 10 and 24 to 31,
thereby resulting in Sample patches of 8 units. Thus, peak mean squares should occur at the pairs level for Species and octet level
for Samples with a negative and positive association among species at these scales, respectively

Quadrat no. 1 2 3 4

5

6

7

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32Total

8

SpeciesA 2 9 1 4 1 6 9 4 7 4 5 7
SpeciesB 8 9 3 2 1 4 1 6 7 2 2 8
SpeciesC 3 5 8 5 3 4 5 7 1 5 1 0
Species D J Q 3 4 6 2 1 8 1 7 9 3
Samples
14 27 28 27 32 26 37 30 31 28

5 9
6 4
1 6
4 l
16 20

5
1
7
7
20

4 6
4 8
2 5
5 5
15 24

0
3
0
7
10

4
1
6
9
20

0
3
8
7
18

9
3
2
4
18

5 7
1 0
2 9
2 2
10 23

0 1 7 5 51614 1 5
91816 3 3 7 7 5 7
3 3 6 9 3 4 61210
353 61217 1 8 3 6
9 17 30 3529 28 28 35 21 28
4
0
2

1190
8188
2173
4 198
15 749

Mechanics of a hierarchical ANOVA in which quadrats are nested in multiples of 2 would be as follows for Species A

I -unit^)^
= bsl

(212

(912
1

+

2 (pairs)2 - (2 + 912
bs2
2
I (quartetsl2
bs4

(2

(1412
1

-

(14

+

p

+ -(112
=
1

+

.

1722

.

SSuni,, = 1722-1474 = 248.0: df = 16

+ 16)2 + . . . + -(5-+ 112 2

+p

1474

+ 9 + 14 + 1 6 ) +~ . . . + ( 1 4 + 1 + 5 + 1 ) '
4

4

= 1289

( 7 + 5 + 5 + ...+ 112
I ( ~ c t e t s ) ~( 2 + 9 + 1 4 + . . . + 4 ) 2
-=
=
+....+
8
8
bs8

I( 1-6 ' s ) ~- ( 2 + 9 + 1 4 + . . . + 0 ) 2
bs16

16

I -( 3= 2 ' ~ ) ~(2 + 9 + 14 + ... +
32
bs32

+...+

SSpai, = 1474-1289 = 185.0; df = 8

SS,,,,

= 1289-1215.25 = 73.75; df

=

4

SS,,, = 1215.25-1143.25 = 72.0; df

=

2

1215.25

( 4 + 0 + 9 + ... I ) ~
= 1143.25
16

SS16's= 1143.25-1128.125 = 15.125; df = 1

- ( 1 9 0 ) ~- 1128.125
32
-
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Appendix (cont.)
The Sums of Squares for (Total Within) Species and Samples would be as follows. (Note that a correction for the number of
species in used in ANOVA for the calculation of the Samples Sums of Squares)

Species A
Species B
Species C
Species D
Total Within Species
Samples

df

Units
SS

16
16
16

248.0
192.0
1405

Is

217.0

64

797.5

16

166.875

Pairs
df
8
8
8
8
32
8

SS
185.0
360.0
153.75

233.0
921.75
85.313

df

Quartets
SS

df

4
4
4
4
16

73.75
83.75
49.125
152.50
361.125

2
2
2
2
8

4

66.469

2

Octets
SS
72.0
66.625
20.312

df

Sixteens
SS

180.188

1
1
1
l
4

15.125
1.125
0.031
1.125
17.406

136.328

1

3.445

21.25

The ANOVA table. Peak mean squares (in boldface) occur at the pairs and octets levels for Species and Samples with a significant
negative and positive association among species at these scales, respectively. Note that a n ANOVA without reference to scale
(Totals near bottom of table) indicates an overall nonsignificant association among species. V: Samples/Species mean square
ratios; ' p < 0.05 (positive association); " p > 0.95 (negative association); NS: not significant

I

Source

df

ss

MS

I

Among Species
Within Species
Among Units:
Samples
Interaction
Species
Among Pairs:
Samples
Interaction
Species
Among Quartets:
Samples
Interaction
Species
Among Octets:
Samples
Interaction
Species
Anlong Sixteens:
Samples
Interaction
Species
Total Among Samples
Total Interaction
Total Within Species

I

G M N D TOTAL

127

2288.180
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