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ABSTRACT: Censuses were taken at 8 coral reefs in southwest Puerto Rico to identlfy assemblages of 
flshes and to determine whether water motion, depth, and substrate were correlated with fish distribu- 
tlon and abundance. Each reef was sampled by recording species and abundance of fishes and sub- 
strate sizes within quadrats placed at different depths (from reef crest to an average of 6 m deep) along 
transects placed on forereefs and backreefs. Water motion was examined by measuring the amount of 
dissolution of plaster-of-Paris blocks wh~ch  gave a relative index of the degree of water movement 
wlthin and among reefs. Data collected on 14 fish specles and measurements of water motion, degree 
of reef slope, and 4 sizes of substrate over 32 transects were analyzed to identify species groups and 
examine ecological correlates. The analyses indicated 3 species assemblages which d~ffered in distnb- 
ution and abundance within reefs (backreef, shallow forereef, and deep forereef) and among reefs 
(nearshore, intermediate, and offshore reefs). Similarly, water movement, depth, reef slope and sub- 
strate size occurred as gradients that differed significantly within and among reefs. Fishes in Assem- 
blage 1 included primarily Ophioblennius atlanticus. Thalassoma bifasciatum, Stegastes dorsopuni- 
cans, and Microspathodon chrysurus. These species were most common on the shallow forereef, 
particularly at offshore reefs (those farthest from land); these sites were characterized by a high degree 
of water motion, gentle forereef slope, and boulder-sized substrate. Assemblage 2 species included Ste- 
gastesplanifrons, Hypoplectrus chlorurus, and Holocentrus rufus. These fishes were most abundant on 
the deep forereef, especially at nearshore reefs (sites closest to land), which were typified by relatively 
low water movement, steep slope, and smaller substrate sizes. Fishes in Assemblage 3 (Stegastes leuco- 
stictus and Malacoctenus macropus) were most numerous in the backreef where water motion, slope 
inclination, and substrate sizes were minimal compared with the forereef. While biological variables 
are undoubtedly important in determining species distributions, the different assemblages were found 
to be correlated with variations in water motion, depth, and substrate type. These 3 physical variables 
occurred as interrelated gradients, but the analyses suggested that water movement energy was the 
environmental factor most strongly associated with species distributions. 
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INTRODUCTION 

Most coral reefs do not have a uniform structure and 
can be divided into regions or zones, such as backreef, 
reef crest, forereef slope, etc. (Goreau 1959). Similarly, 
animals and plants do not appear to be distributed 
evenly throughout coral reefs. Within a reef, numbers 
and types of organisms may vary with zonation; cer- 
tain species or assemblages of species appear to be 
characteristic of certain zones (e.g. Goreau 1959, Hiatt 
& Strasburg 1960, Jones 1968, Emery 1973, Goldman & 

Talbot 1976, Van den Hoek et al. 1978, Bradbury & 
Young 1981, Bell & Galzin 1984, Russ 1984a, b, Alevi- 
zon et al. 1985, Galzin & Legendre 1987, Green et al. 
1987, Harmelin-Vivien 1989). The type and location of 
a reef seem to affect the flora and fauna present, and 
these may differ from other reefs in the same area 
(McGehee 1991). 

While biological variables, such as habitat prefer- 
ence and competition, undoubtedly affect community 
structure, the distributions of organisms are often 
mediated by their relationships with the physical 
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environment (reviewed in Sale 1991). Various studies 
have indicated that physical variables, in particular 
current, depth, and substrate, have an important influ- 
ence on the distributions of aquatic organisms (e.g. 
Gorman & Karr 1978, Waldner 1980, Bradbury & Young 
1981, Schlosser 1982, Williams 1982, Russ 1984a, b, 
Green et al. 1987). These 3 factors occur as interrelated 
gradients on reefs (Friedman & Saunders 1978, James 
1983, Huston 1985, Denny 1988). Many species are as- 
sociated with particular parts of gradients of environ- 
mental factors (coenoclines); some species may occupy 
only a narrow range within an environmental gradient 
because of limited tolerance to the physical environ- 
ment or because of interactions with other species 
within the gradient (reviewed by Whittaker 1975). 
Community structure in the marine environment may 
be strongly influenced by individualistic population 
responses to coenoclines (Boesch 1977, Weinstein et al. 
1980. Rakocinski et al. 1992). The range of tolerance to 
gradients of water motion, depth, and substrate sizes 
on coral reefs may vary from species to species. Little 
research has been done to measure these physical 
factors empirically and to relate these data to the abun- 
dance and distributions of reef fishes on a large scale. 

The purpose of this study was to determine whether 
coral reef fishes in Puerto Rico coexist in assemblages 
whose compositions are correlated with various 
physical factors. Gradients of water motion, depth, and 
substrate sizes were measured quantitatively and the 
results examined for correspondences with fish com- 
munity structure, both within and among coral reefs. 
An independent study conducted over the same time 
and within the same area as the present investigation 
found no significant temporal differences in fish 
species assemblages (Turingan & Acosta in press). 
Therefore, the present study concentrated on the 
spatial relationships of coral reef assemblages and 
assumed that they were stable at least over the period 
of time that the study was conducted. 

A species often is associated with the same type of 
habitat in widely separated geographic areas (Waldner 
& Robertson 1980). This observation suggests that 
particular species may be expected to recur in areas 
characterized by certain coenoclines. Correlations 
between species distributions and environmental 
gradients can be useful in predicting the presence or 
absence of fishes at a given location. Such predictions 
may have important implications in such areas as 
fisheries management (e.g. locating commercial 
species), assessing impact of and recovery from reef 
destruction, and construction of artificial reefs. 

MATERIALS AND METHODS 

Study sites. Eight coral reefs near La Parguera, 
southwest Puerto Rico (Table 1, Fig. l ) ,  were sampled 
in 1988 and 1989. The reefs varied in distance from 
land and degree of exposure to wind and currents. The 
prevailing wind and current were from the east to 
southeast, so that the south sides of the reefs, and par- 
ticularly the southernmost reefs, received the greatest 
exposure. At all sites, the long axis of the reef was 
oriented from east to west. The forereef was on the 
south side, and the backreef was on the north side of 
the reef. 

Three of the southernmost reefs (Reefs 1, 2 & 3) were 
emergent shelf reefs (Morelock et al. 1977) and were 
roughly crescent-shaped, with much of the reef crest 
rising above the water. The easternmost site (Reef 4) 
was a completely submerged patch reef (minimum 
depth about 3 m) where water moved easily over the 
top between forereef and backreef. In contrast, there 
was little exchange of water between front and back of 
emergent reefs except at the east and west ends. 
Emergent reefs were characterized by shallow, gently 
sloping backreefs, and forereefs with comparatively 
steeper slopes down to greater depths. The submerged 

Table 1 Descriptions of reefs, number of depth strata, and number of 1 X 6 m quadrats investigated at study sites off the 
southwest coast of Puerto Rico. Reef 4 was a submerged reef. All other sites were emergent reefs 

Reef Dates Category Approx. Forereef Backreef 
number sampled of reef distance Depth No. of No. of Depth No. of No. of 

from land range strata quadrats range strata quadrats 
(km) (m) (m) 

1 May, Aug 1988 Offshore 3.7 1-5 4 16 0-2 2 8 
2 Aug. Sep 1988 Offshore 2.8 1-5 4 16 0-2 2 8 
3 Apr, Aug 1988 Offshore 3.5 1-5 4 16 0-2 2 8 
4 Oct, Nov 1988 Intermediate 3.7 4-10 6 24 4-10 6 24 
5 Aug 1988 Intermediate 2.0 1-6 5 20 0-2 2 8 
6 Sep. Oct 1988 Intermediate 1.7 0-3 3 12 0-2 2 8 
7 Sep 1988 Nearshore 1.5 0-6 6 24 0-2 2 8 
8 Dec 1988, Jan 1989 Nearshore 0.9 0-6 6 24 0-2 2 8 
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Fig. 1 Location of the 8 coral 
reef study sites investigated in 

southwest Puerto Rico 

l 0  m ISOBATH 
20 m ISOBATH 

reef had forereef characteristics similar to emergent 
sites, but the backreef was nearly identical to the fore- 
reef in slope and depth. 

The next reefs to the north (Reefs 5 & 6) were both 
crescent-shaped emergent reefs. The northernmost 
sites (Reefs 7 & 8) were both large patch reefs 
emergent at low tide. The reef crests were seldom 
more than about 20 to 30 cm below the surface at high 
tide. The tidal cycle in southern Puerto Rico is semi- 
diurnal; the range is usually less than 0.5 m and rarely 
exceeds 1 m. 

The reefs were divided into 3 generalized groups 
(Table 1). Emergent sites were grouped according to 
distance from land. The southernmost reefs (1, 2 & 3), 
which were farthest from land, were termed the off- 
shore reefs. The next 2 sites to the north, Reefs 5 & 6, 
were called the intermediate reefs. The 2 sites closest 
to land, Reefs 7 & 8, were designated as the nearshore 
reefs. The submerged reef, Reef 4 ,  was included with 
the intermediate reefs because of similarities in bio- 
logical and physical characteristics. 

Sampling methods. Methods were the same as 
described in McGehee (1992). Reefs were surveyed 
using transects modified from procedures outlined by 
Dana (1976). Transect lines were placed perpendicular 
to the long axis of the reef from the shallowest depth 
that an observer could safely investigate to a maximum 
of 6 m below that depth. Heavy surge made sampling 
dangerous at a depth of 0 to 1 m at Reefs 1, 2, 3 & 5 .  
Each reef had 4 transect Lines, 2 on the forereef and 2 

on the backreef (Fig. 2 ) .  The length of each reef was 
visually divided into thirds, and transect lines were 
placed at the division between each third. Each 
transect was divided into strata; a stratum represented 
a depth change of 1 m (e.g. from the 3 m isobath to the 
4 m isobath equaled 1 stratum). Each transect was 
sampled once. 

TRANSECT LINES 

A'\ / ,2 m 
, / - 

\ - - - - -  
/ 

/ 

,- l m  - - + / 
- - - _ c  

V) -- 
REEF CREST A 

/ 
< C - -  - - -- 1 ,- / 2 m  

, I 
- - - - F -  

1 X 6 m QUADRATS 
(one pair per stratum per transect) 

Fig. 2. Diagram of a reef showing placement of transect lines 
(numbered) and randomly located quadrats (not drawn to 
scale). Each stratum contained 4 quadrats. The number of 

strata varied from reef to reef 
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On each transect, 2 quadrats were placed within 
each stratum, 1 quadrat on either side of the transect 
line. Each quadrat was placed by choosing a random 
point along the transect line within the stratum and 
swimming 0 to 30 finkicks in a direction perpendicular 
to the line. The number of kicks was selected at ran- 
dom using a list of random numbers carried on an 
underwater writing slate. Thus, each stratum was 
intersected by 2 transect lines, resulting in a total of 4 
quadrats per stratum. Sampling was discontinued at a 
distance of approximately 100 m north and south of the 
reef crest. The quantity of strata and quadrats varied 
according to the profile of the individual reef within 
the 100 m limits (Table 1). The forereefs included from 
3 to 6 strata. Backreefs consisted of 2 strata at  all emer- 
gent sites and 6 strata at the submerged reef. 

Quadrats had a width of 1 m and a length of 6 m. 
These were placed with the long axis perpendicular to 
the transect line (Fig. 2). Each quadrat was assessed 
1 square meter at a time by placing a square wire 
frame (1 m on each side) on the substrate, recording 
the data on a slate, then flipping the wire square over 
and repeating the process until 6 consecutive square 
meters had been surveyed. The number of individuals 
of each fish species inside or above the square meter 
was counted within the first 2 min after the wire frame 
was placed, and then substrate characteristics were 
assessed. Substrate particle sizes were estimated for 
inclusion into 1 of 4 categories modified after the Went- 
worth grade classification (Buchanan & Kain 1971): 
boulder (>256 mm), cobble (64 to 256 mm), pebble 
(4 to 64 mm) and sand ( c 4  mm). The area covered by 
each of the 4 substrate types was estimated for every 
square meter in a quadrat. Coverage was estimated 
without regard to living substrates, e.g. boulder corals 
were included in the estimates of boulder coverage. 

The accuracy of substrate cover estimates was tested 
using the following procedure. The amount of cover of 
each substrate size was estimated within the 1 m2 wire 
frame placed on a reef. A 1 m2 grid with a mesh size of 
1 cm2 was then placed over the wire frame, and the 
actual number of square centimeters covered by each 
type of substrate was counted. There was a high 
correlation between estimates and actual counts of 
substrate cover (R2 = 0.9725, n = 20). Estimates differed 
from actual values by no more than 5 %. 

Water movement was measured using plaster-of- 
Paris blocks (Doty 1971). Blocks of known weight were 
placed as concurrently as possible at stations of prede- 
termined depths on the 8 reefs and retrieved after 24 h. 
Weight loss due to plaster dissolution provided a rela- 
tive index of the degree of water movement between 
stations. The stations were established along the 
approximate midline of each reef perpendicular to 
the long axis. At the 7 emergent reefs, a station was 

located in the 1 to 2 m stratum on the backreef and in 
the 1 to 2 m and 4 to 5 m strata on the forereef, except 
for Reef 6, where the forereef did not extend below 
3 m within the area sampled. At the submerged reef 
reef (4), stations were established in the 4 to 5 m and 
7 to 8 m strata on both forereef and backreef. Four 
plaster-of-Paris blocks were placed at each station. 
The blocks measured 3 X 3 X 5 cm and weighed 24 to 
29 g. They were attached with rubber bands and twist- 
ties to a 30 X 30 cm square of wire mesh bent around 
the blocks to make a protective cage. At each station, 
the cage was tied to the base of a buoy line attached 
to a concrete block. 

Before and after immersion, the blocks were sun- 
dried for 6 h and air-dried for 6 d in an air-conditioned 
(low humidity) room. The blocks were weighed several 
times on a digital balance before and after immersion, 
until a stable weight to the nearest 0.1 g was recorded. 
Blocks were calibrated as described by Doty (1971). 

Data analysis. Data on abundance of species by 
quadrat were examined using hierarchical cluster 
analysis (unweighted pair groups method using 
arithmetic averages) to identify species assemblages 
(Gauch 1982). Since data on physical and biological 
parameters did not meet the criteria for parametric 
statistics (normality and homogeneity of variances), 
these data were evaluated to detect differences within 
and among reefs using nonparametric analyses, 
including the Mann-Whitney U-test, Kendall rank cor- 
relation coefficient, Kruskal-Wallis test, and Dunn's 
multiple comparison applied to Kruskal-Wallis rank 
sums. All values were corrected for ties. An alpha of 
0.05 was taken to indicate statistical significance, and 
all tests were 2-tailed. 

Detrended correspondence analysis (DCA) was per- 
formed using BIOCTAT (Pimentel & Smith 1986). This 
analysis is a powerful multivariate technique used to 
make 2-dimensional plots of species and of sites to 
evaluate the similarity of community structures (Gauch 
1982). In general, scores for both species and sample 
sites are determined jointly in the same ordination 
space by their weighted averages. Species with similar 
scores tend to CO-occur; sites with similar scores have 
similar species compositions. Thus, comparisons of 
score displays for species and sites may be used to 
identify their joint associations. Additionally, environ- 
mental information can be superimposed on displays 
of site scores to indicate ecological correlates of com- 
munity structure (Rakocinski et al. 1992). The results of 
the prevlous tests (cluster analysis, Kruskal-Wallis, 
etc.) were needed for delineation of groups of species 
and sites related by habitat on the DCA plots. Conclu- 
sions drawn from the previous analyses were used to 
help identify gradients of environmental factors asso- 
ciated with the axes of the DCA plots. 
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RESULTS 

Species and assemblages 

In the 8 reefs investigated near La Parguera, 71 
species of fishes were recorded, plus 4 groups of fishes 
which were identified only to family. Omitted from 
analyses were all species which were present in 10 % or 
less of the quadrats (i.e. less than 23 of the 232 total 
quadrats). These species were not sufficiently abundant 
for subsequent analyses to indicate any significant rela- 
tionships. A few other groups (e.g. Sparidae, Gobiosorna 
sp.) were eliminated due to uncertainty of identification. 
As a result, 14 fish species were analyzed. 

The results of the cluster analysis indicated several 
distinct species groups (Fig. 3). Four fishes, including 
redlip blenny Ophioblennius aflanticus (Valenciennes), 
bluehead wrasse Thalassorna bifasciaturn (Bloch), 
dusky damselfish Stegastes dorsopunicans (Poey), 
and yellowtail damselfish Microspathodon chrysurus 
(Cuvier), appeared to be closely associated and were 

SPECIES CODE OAT0 SD MC AS M 1  AC SP SV,HR SS HC,,SL MMI 
I I 

ASSEMBLAGE NUMBER 1 2 3 

ZONE SHALLOW DEEP BACK 
FOREREEF FOREREEF REEF 

Fig. 3. Cluster analysis dendrogram showing associations of 
14 fish species censused at 8 coral reefs in southwest Puerto 
Rico. Species groups were designated below the dashed line. 
Each species is represented by a 2-letter code as follows: AC = 
blue tang Acanthurus coeruleus, AS = doctorfish Acanthurus 
ctururgus, HC = yellowtail hamlet Hypoplectrus chlorurus, 
HR = sauirrelfish Holocentrus rufus. MC = vellowtail 
damselfish Microspathodon chrysurus, MM = rosy blenny 
Malacoctenus macroDus. MT = saddled blennv Malacoctenus . . 
triangulatus, OA = redlip blenny Ophioblennius atlanticus. 
SD = dusky darnselfish Stegastes dorsopunicans, SL = beau- 
gregory Stegastes leucostictus, SP = bicolor damselfish 
Stegastes partitus. SS = threespot damselfish Stegastes 
planifrons, SV = cocoa damselfish Stegastes variabilis, TB = 

bluehead wrasse Thalassoma bifasciatum 

designated as Assemblage 1. Less strongly associated 
with Assemblage 1 were blue tang Acanthurus 
coeruleus Schneider, saddled blenny Malacoctenus 
triangulatus Springer, and doctorfish Acanthurus 
chirurgus (Bloch). These latter 3 species were classi- 
fied as secondary members of the assemblage. 

Three species, threespot damselfish Stegastes plani- 
frons Cuvier, yellowtail hamlet Hypoplectrus chlorurus 
(Valenciennes), and squirrelfish Holocentrus rufus 
(Walbaum), formed another close group and were 
termed Assemblage 2. Bicolor damselfish Stegastes 
partitus Poey, and cocoa damselfish Stegastes vari- 
abilis (Castlenau), occupied space on the dendrogram 
between Assemblages 1 & 2 but did not appear to be 
closely associated with either species group. 

Beaugregory Stegastes leucostictus Miiller & Troschel, 
and rosy blenny Malacoctenus macropus (Poey), 
clearly formed a group separate from the other species 
and were designated as Assemblage 3. These 2 fishes 
were the only ones found in significantly greater num- 
bers in the backreef environment (Table 2). The other 
12 species were all recorded in higher numbers on 
forereefs, although this difference was significant only 
for the primary members of Assemblage 1 and for 
Assemblage 2 (Table 2). 

The groups described above became evident in the 
cluster analysis at level 35 (Fig. 3). Division at  a higher 
level (e.g. 45)  separated species into 2 groups asso- 
ciated with forereefs or backreefs. At a lower level 
(e.g. 25), the primary assemblages were still intact; 
only the secondary members of Assemblage 1 became 
disassociated from their group. Groups divided at level 
35 resulted in the same assemblages indicated by other 
analyses reported in McGehee (1991). 

Numbers of fish in each of the 14 species were ana- 
lyzed for correlation with depth strata as an indication 
of changes in abundance with depth (Table 2). 
The fishes of Assemblage 3 (Stegastes leucostictus and 
Malacoctenus macropus) were tested using only data 
from backreefs. All other fishes were analyzed using 
forereef data only. 

The species of Assemblage 1 were recorded in 
diminishing numbers with depth, and this change was 
significant for all except Malacoctenus triangulatus 
and Acanthurus chirurgus. The 3 fishes of Assem- 
blage 2 increased significantly in abundance with 
depth, as did Stegastes par-titus and S, variabilis. 
Fishes in Assemblage 3 ( S .  leucostictus and M, rnacro- 
pus) showed no significant changes in abundance with 
depth on the backreef. 

Therefore, it appears that Assemblage 1 was more 
abundant on the shallow forereef, whereas Assem- 
blage 2 as well as Stegastes partitus and S. variabilis 
were more common in deeper areas of the forereef. 
Assemblage 3 dominated in the backreef. 
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Table 2. Abundance and distributions of 14 fish species within 8 reefs near the plot of species (Fig. 4B). Fishes of As- 
southwest coast of Puerto RICO. Differences in numbers of individuals of each semblage 1, Ophjoblennjus at]anticus, 
species occurring on forereefs compared with backreefs were determined Stegastes dorsopunicans, Thalassoma 
using the Mann-Whitney U-test. Changes in fish abundance with depth were 
examined using the Kendall rank correlation coefficient. Tests of species in bifasciatum, Microspathodon chrysurusl 

Assemblage 3 used data from backreefs only; all others utilized forereef data. Malacoctenus triangulatus, Acanthurus 
Asterisks denote significant differences coeruleus, and A. chirugus, occurred 

I I within close proximity to each other 
Assemblage Species 

number 
Density 

(ind. m-') 
Forereef Backreef 

Change in 
abundance 
with depth 

Decrease "' 
Decrease "' 
Decrease "' 
Decrease " ' 
Decrease " 
Decrease 
Increase "' 
Increase " 
Increase ' 
Increase 
Decrease 
Increase "' 
Increase "' 

near the left side of the species plot. This 
region of the ordination field corre- 
sponded to the area occupied, in gen- 
eral, by site Group 1 (offshore forereefs) 
in Fig. 4A. 

Species in Assemblage 2, Stegastes 
planifrons, Hypoplectrus chlorurus, and 
Holocentrus rufus, were found in the 
lower right corner of the ordination field 
in Fig. 4B. This same area was occupied 
by nearshore forereefs (Group 3) in the 
DCA sites plot (Fig. 4A). S. partitus and 
S. vanabilis occurred in ordination space 
between Assemblages 1 & 2 on the DCA 

Ophioblennius atlanticus 
Stegastes dorsopunicans 
7halassoma bifasciatum 
Microspathodon chrysurus 
Acanthurus coer~ileus 
Acanthurus chrurgus 
Stegastes planifrons 
Hypoplectrus chlorurus 
Holocentrus rufus 
Stegastes leucostictus 
Malacoctenus macropus 
Stegastes partitus 
Stegastes varia biLis 

and S. variabilis corresponded to the 

'p  < 0.05, "p < 0.01, "'p < 0.001 

Assemblage ordination 

species plot, and did not appear to be 
closely associated with either species 

region occupied by nearshore and deep intermediate 

group. The area occupied by S, partitus 

forereefs in the DCA sites plot. 
Each stratum at each reef was treated as a site. Num- Assemblage 3 fishes, Stegastes leucostictus and Mala- 

bers of each species at each site were analyzed by coctenus macropus, appeared in the upper half of the 
DCA. Eigenvalues for DCA Axes 1, 2, 3, and 4 were species plot. On the sites plot, this region was occupied 
0.66, 0.16, 0.05, and 0.04, respectively. Square roots of solely by emergent backreefs. 
eigenvalues (0.81, 0.40, 0.22, and 0.20, respectively) Fishes of Assemblages 1 & 2, therefore, displayed 
estimated correlation coefficients between sets of DCA contrasting trends in their distributions. Although 
scores for species and samples. A higher correlation organisms in both assemblages were more common on 
indicates stronger correspondence between sites and forereefs than on backreefs, species in Assemblage 1 
species, suggesting a more meaningful pattern. DCA tended to decrease in number with depth and were 
Axes 3 and 4 were therefore relatively uninformative, more abundant on offshore reefs than nearshore reefs. 
and I concentrated on interpretation of Axes 1 and 2. 

A DCA plot of sites is presented in Fig. 4A. In this 
Conversely, Assemblage 2 species tended to become 
more abundant with depth and were more common on 

plot, sites were divided into the following 4 groups nearshore reefs. Species of Assemblage 3 resided 
according to location on reefs: (1) forereefs of offshore almost exclusively in the backreefs of emergent sites. 
reefs, (2) forereefs of intermediate reefs plus backreef 
of the submerged reef, (3) forereefs of nearshore reefs, 

Water movement and (4) backreefs of emergent reefs. This latter group 
occurred in the upper half of the ordination field, while 
the remaining 3 groups occupied the lower portion. 
Group 1 was on the left side of the field, and Group 3 

Within reefs, significant differences were evident in 
water movement energy (as estimated by the degree of 
dissolution of plaster blocks) between forereefs and 
backreefs at all sites (Table 3). At offshore and inter- 
mediate emergent sites, water movement on the 
shallow forereef was significantly greater than on the 
backreef; intermediate values were recorded on the 
deep forereef which did not differ for other stations at 
these sites. At nearshore sites and the submerged reef, 
shallow forereef and backreef values for water motion 

was to the right, with Group 2 between and overlap- 
ping them. Reef 4 was the only reef in which both 
forereef and backreef strata fell together in a group in 
the lower half of the ordination field, indicating that 
there was relatively little variation between the 2 sides 
of the submerged reef. 

The species associations indicated by the cluster 
analysis were used to delineate groups on the DCA 
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did not differ from each other, and the deep 
forereef produced the lowest values. 

Water motion also differed significantly 
among reefs (Table 4 ) .  When the forereefs of 
all 8 sites were ranked from smallest to largest 
by the median value for water movement, the 
offshore reefs had the highest degree of water 
motion energy, and the nearshore reefs had 
significantly less. Moderate values were 
recorded at the intermediate reefs. There was a 
significant difference in water motion among 
backreefs as well. The intermediate emergent 
reefs displayed the lowest values and the sub- 
merged reef the highest value. 

Depth profile 

Depth profiles of reefs were measured using 
width (in meters) of each stratum (i.e. length of 
the transect Line from one meter's isobath to the 
next). Width served as a measurement of slope, 
or the amount of change in depth with distance 
from the reef. Smaller width indicated steeper 
reef slope. Depth profiles differed between 
forereefs and backreefs (Table 5 ) ;  forereefs had 
significantly steeper slopes than backreefs. On 
forereefs, slope became steeper (i.e., stratum 
width became shorter) with depth (Table 5). On 
backreefs, width increased with depth, indicat- 
ing that slope inclination decreased. 

Stratum widths differed significantly among 
reefs (Table 6). On both forereefs and backreefs, 
the 3 emergent offshore reefs (1, 2 & 3) had 
slopes with the greatest stratum widths (least 
inclination). The submerged reef (4) and the 2 CU 

nearshore reefs (7 & 8) had significantly steeper 
slopes (greater inclination). 8 

Substrate 

Of the 4 categories of substrate sizes (boul- 
der, cobble, pebble and sand), all but pebble 
differed in distribution between forereefs and 
backreefs (Table 5 ) .  Boulder and cobble were 
more abundant on forereefs, and there was 
more sand on backreefs. On forereefs, the 
amount of boulder and cobble decreased with 
depth while the abundance of finer particles 
increased (Table 5 ) .  On backreefs, the abun- 
dance of sand increased with depth while 
the larger particles decreased with depth (al- 
though this result was not significant for 
boulders). 

OFFSHORE REEFS 

NEARSHORE 

AXlS 1 

B 

ASSEMBLAGE 3 

ASSEMBLAGE l 

SD 

ASSEMBLAGE 2 

HC 

AXlS 1 

Fig. 4 .  Plots of scores on the first 2 DCA axes for 58 sites at 8 coral reefs 
censused for fishes. (A) Scores for all 58 sites. Each site is a depth 
stratum represented by a 3-character code: the first digit indicates reef 
number, F or B indcates forereef or backreef, respectively. and the 
last digit identifies depth in meters (e.g. SF0 is the depth stratum 
between 0 and 1 m on the forereef of Reef 5). (B) Scores for 14 fish 

species. Species codes as in Fig. 3 
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Table 3. Comparison of differences in water movement esti- 
mated by dissolution of plaster blocks at stations within each of 
8 reefs near the southwest coast of Puerto RICO. Numbers asso- 
ciated with F (forereef) and B (backreef) refer to depth in 
meters. Reef 6 included only 2 stations and was anaIyzed by 
Mann-Whitney U-test; all other reefs included 3 or 4 statlons 
and were analyzed using Dunn's multiple comparisons based 
on Kruskal-Wahs rank sums. Stations are ranked from smallest 
to largest median value for water movement. Values connected 

by the same line are not significantly different at p = 0.05 

Reef Station 
number 

1 1 B 4 F 1F 

2 1B 4F IF 

3 1B 4 F 1 F 

4 7 F 7B 4 B 4F 

5 1B 4F I F  

6 1 B 1F 

7 4F 1B 1 F 

8 4F IF 1 B 

Among all sites, the submerged reef (4) occupied the 
extremes in having the greatest abundance of boulder 
and least amount of other substrate types (Table 7). 
Among emergent forereefs, the 2 nearshore reefs (7 & 
8) were among the groups with the least amount of 
boulder and the greatest abundance of finer substrates 
(pebble and sand). On backreefs, the submerged reef 
(4)  represented one extreme as previously indicated; 
Reefs 5 & 6 both had the least amount of boulder and 
the greatest abundance of sand. These 
results were similar to the extremes 
illustrated in the analyses of water 
motion of backreefs and, to a lesser 
extent, forereefs (Table 4). 

Identification of ordination axes 

Data sets for water motion, depth 
profiles, and substrate sizes were each 
divided into 2 groups representing high 
and low values which were superim- 
posed on plots of DCA site scores. A 
gradient of water motion was evident 
along Axis 1 (Fig. 5A); sites with a high 
degree of water movement were con- 
gregated on the left, and those with 
relatively low movement were on the 
right side of the ordination field. Simi- 
larly, a substrate size gradient also was 
apparent on Axis 1. Sites containing 

Table 4. Comparison of water movement values measured by 
dissolution of plaster blocks at stations among 8 reefs near the 
southwest coast of Puerto Rico using Dunn's multiple compar- 
isons based on Kruskal-Wahs rank sums. Reefs are ranked 
from smallest to largest median value for water move- 
ment. Values connected by the same line are not significantly 

different at p = 0.05 

Reef number 

Forereefs 8 7 4 5 6 2 3 I I Backreefs 6 5 3 7 8 1 2 I 
greater than 50 % boulder per quadrat were mostly on 
the left half of the field, and those dominated by the 
smallest substrate sizes (pebble and sand) were more 
common on the right side (Fig. 5B. C). A depth profile 
gradient was evident along Axis 2 (Fig. 5D). Sites with 
a steep slope appeared near the lower half of the ordi- 
nation field, and those with a more gradual slope were 
found mostly in the upper portion. 

DISCUSSION 

Coral reefs have been repeatedly shown to be divided 
into zones which include different assemblages 
(reviewed by Russ 1984b). However, the number and 
type of zones and the species inhabiting them vary geo- 
graphically as well as with the methodology and inter- 
pretation of results by the researchers. The present 
study identified 3 general zones within reefs with asso- 

Table 5. Tests for differences in depth profiles and substrate sizes within and 
among 8 reefs near southwest Puerto Rico. Mann-Whitney U-test determined 
differences in quantities on forereefs versus backreefs. Kendall rank correlation 
coefficient tested for changes in quantities with depth. Depth profiles were 
measured per stratum; substrate types were measured per quadrat. Asterisks 

denote significant differences 

Parameter Median Change in quantity 
with depth 

Forereef Backreef Forereef Backreef a 

Depth profile 
(stratum width in m) 8 "' 30 Decrease "' Increase "' 

Substrate (cover in cm2) 
Boulder 39500 "' 4 500 Decrease"' Decrease 
Cobble 5500 "' 0 Decrease "' Decrease" 
Pebble 2 000 0 Increase ' Decrease " ' 
Sand 3 650 " ' 24 200 Increase "' Increase" 

a The backreef of the submerged reef was eliminated from this analysls as 
it differed significantly from emergent backreefs in substrate and depth 
profile 

' p  < 0.05, "p < 0.01, "'p < 0.001 
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Table 6. Results of Dunn's mulbple comparisons based on 
Kruskal-Wahs rank sums for depth profiles which differed in 
distribution among 8 reefs near southwest Puerto &CO. Reefs are 
ranked from steepest to least inclined slopes. Values connected 

by the same line are not significantly different at p = 0.05 

Reef number 

Forereefs 4 7 8 5 6 1 2 3 

Backreefs 4 7 8 6 5 1 2 3 

ciated assemblages: shallow forereef, deep forereef and 
backreef. Emery (1973) divided coral reefs into 3 com- 
parable zones, which he further subdivided into 17 
areas. Others have described divisions into 4 (Jones 
1968, Alevizon et al. 1985, Galzin & Legendre 1987), 
5 (Goldman & Talbot 1976, Bell & Galzin 1984, Russ 
1984a, b), 7 (Van den Hoek et al. 1978, Harmelin-Vivien 
1989) and 8 (Hiatt & Strasburg 1960) major habitat 
zones. The reef communities indicated in some of these 
studies were not evident at  the reefs in La Parguera, 
Puerto Rico. For example, the spur-and-groove zone and 
Acropora cervicornis zone common at reefs in other 

Fig. 5. Environmental information 
superimposed on plots of scores on 
the first 2 DCA axes for 58 sites at 
8 coral reefs censused for fishes. 
(A) Site scores plotted by water 
motion. The data set was divided 
accordmg to the mean weight 
dissolved from plaster blocks by 
water movement. Higher values 
indicate greater water motion. 
(B & C) Site scores plotted by sub- 
strate particle sizes. Boulder is the 
largest size, pebble and sand the 
smallest. (D) Site scores plotted by 
depth profile, measured as median 
width of depth strata. Smaller 
widths indicate steeper reef slopes 

Table 7. Results of Dunn's multiple comparisons based on 
Kruskal-Wallis rank sums for substrates which differed in dis- 
tribution among forereefs and backreefs on 8 sites near south- 
west Puerto Rico. Reefs are ranked from least to greatest 
median coverage of each substrate type. Values connected by 

the same line are not significantly different at p = 0.05 

Reef number 

Forereefs 
Boulder 8 3 7 2 5 1 6 4 

Cobble 4 6 7 1 2 8 5 3 

Pebble 4 3 5 6 1 2 8 7 

Sand 4 3 6 2 5 1 7 8  

Backreefs 
Boulder 5 6 8 3 1 2 7 4 

Cobble 4 6 5 1 3 7 8 2 

Pebble 4 5 6 3 1 8 7 2 1 Sand 4 2 7 1 3 8 6 5  

MEAN WATER 0 
MOTION VALUE 0 

5 9.0 g 
A > 9.0 g 

AXlS 1 

A 
A 

SUBSTRATE SlZE A 
S 50% PEBBLE +SAND A A 

A > 50% PEBBLE + S A N D  

AXlS 1 

SUBSTRATE SIZE 
5 50% BOULDER 

A > 50% BOULDER 

A 

q A D'= o A n n f l n  

MEDIAN 
STRATUM WIDTH D A 
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geographic areas (Goreau 1959) appeared in Parguera 
as patches at some sites and were totally absent from 
others. The divisions into shallow forereef, deep forereef 
and backreef are generalized zones which most reefs 
appear to have in common. 

At the Parguera reefs, the shallow forereef varied in 
depth from the reef crest to about 2 to 4 m below the 
crest, depending on the individual reef. The deep 
forereef zone occurred below the shallow one and was 
sampled to a maximum of 10 m, although it may have 
extended below that depth. In general, the charac- 
teristics of the shallow forereef included high water 
movement energy, large-sized substrates and an 
abundance of species in Assemblage 1 (Ophioblennius 
atlanticus, Stegastes dorsopunicans, Thalassoma bifas- 
ciatum, Microspathodon chrysurus, Malacoctenus tri- 
angulatus, Acanthurus coeruleus, and A. chirugus). In 
contrast, the deep forereef was typified by a moderate 
degree of water motion and substrates formed of 
more fine-particle sediments. Slope became steeper 
with depth on the forereef. Species in Assemblage 2 
(S. planifrons, Hypoplectrus chlorurus, and Holocen- 
trus rufus) were more common in the deep forereef 
zone than elsewhere. Although S. partitus and S. van- 
abilis were not allied with other species groups, they 
appeared to occur in habitats more closely associated 
with Assemblage 2, suggesting the possibility of slight 
differences in habitat preference (McGehee 1991). 

At emergent sites, the backreef was characteristi- 
cally shallow (gentle slope) with Little water move- 
ment, and predominantly sandy substrate. Fishes in 
Assemblage 3 (Stegastes leucostictus and Mala- 
coctenus macropus) were found almost exclusively in 
this environment. Backreef characteristics differed 
dramatically between submerged and emergent reefs. 
The back of the submerged reef displayed physical 
and biological characteristics very similar to forereefs 
and had little in common with the backreefs at emer- 
gent sites, including a dearth or absence of Assem- 
blage 3 fishes. Water movement, substrate particle 
sizes and steepness of slope were all greater at the sub- 
merged backreef than at  emergent ones. The reef crest 
at emergent sites acts as an energy barrier at the sur- 
face between the forereef and backreef environments 
(Lugo 1982). Thus, the low water movement energy 
typical of backreefs at  emergent sites was not evident 
at the submerged reef. Water could pass over and 
around a submerged site with relatively little differ- 
ence in water motion between sides, allowing the 
formation of substrate and biota on the backreef simi- 
lar to that found on the forereefs. Similarly, Ott (1975) 
reported that diversity patterns were nearly identical 
on inner and outer slopes at a submerged reef in 
Barbados. These findings suggest the significance of 
water motion in the community structure of coral reefs. 

Other variables are influenced by water movement. 
Water motion (e.g. current or wave surge) has been 
identified as a major force responsible for sorting 
sediments in the marine environment (Friedman & 
Saunders 1978). Wave energy at substrate level 
decreases with depth (Huston 1985). A high degree of 
water movement, as is found in the surge zone of the 
shallow forereef, suspends most small-sized particles 
and carries them away, leaving mainly the larger sub- 
strates (boulder and cobble); the abundance of fine 
particles increases seaward of the reef as water motion 
near the substrate decreases with depth and smaller 
sediments fall out of suspension (James 1983). Large- 
size substrates still exist in the deep forereef, but they 
tend to appear as outcrops (often covered with living 
organisms) surrounded by sand; a similar topography 
can be found in the backreef environment (Goreau & 
Goreau 1973). 

The amount of substrate affected by wave energy 
is related to steepness of slope (Denny 1988); sites 
with a steep slope have a proportionately smaller 
area of forereef exposed to strong wave surge than do 
those with a less inclined forereef. Changes in the 
abundance or type of sediment deposits can result in 
local alterations in depth or inclination of slope, with 
concomitant changes in surge, and vice versa. There- 
fore, water movement, depth and substrate are inter- 
dependent physical variables, affecting each other as 
well as the abundance and distribution of aquatic 
organisms. 

Of the factors considered above, my results sug- 
gested that water movement exerted the most influ- 
ence on other physical and biological variables, al- 
though it should not be considered separately from 
depth and substrate factors. Reports from the literature 
vary in their conclusions about the relative importance 
of these factors. Several other studies of coral reefs 
support my investigation in recognizing the impor- 
tance of currents or wave action and associations of 
different assemblages of fishes with areas of differing 
hydrodynamic activity (Hiatt & Strasburg 1960, Jones 
1968, Hobson 1974, Galzin & Legendre 1987). How- 
ever, other researchers considered the distributions of 
reef fishes, as well as species richness and/or diversity, 
to be a function of substrate and shelter characteristics 
(e.g. Risk 1972, Emery 1973, Clarke 1977, Itzkowitz 
1977, Luckhurst & Luckhurst 1978, Gladfelter et al. 
1980, Waldner & Robertson 1980, Bell & Galzin 1984, 
Shulman 1985, Roberts & Ormond 1987, Hixon & Beets 
1993). Wellington (1982) indicated the importance 
of depth-related gradients in substrate complexity, 
whereas Alevizon et al. (1985) suggested that the 
influence of depth on habitat structure was subordi- 
nate to other factors. A few investigations, like the 
present study, have indicated that these variables are 
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interrelated, affecting each other as well as fish species 
distributions on coral reefs (Waldner 1980, Bradbury & 
Young 1981, Williams 1982, 1991, Russ 1984a, b).  

Water movement, depth and substrate clearly vary 
within reefs, but the present study also demonstrated 
that they differ among reefs. Offshore reefs, those 
located farthest from the mainland and which received 
the greatest exposure to wind and currents, had fore- 
reefs characterized by greater water movement, less 
slope inclination and larger substrate sizes than 
nearshore reefs. Similarly, the abundance and distri- 
bution of species in the assemblages changed as one 
moved from offshore to nearshore reefs. A pattern of 
cross-shelf variation has been identified also at  Aus- 
tralia's Great Barrier Reef (Done 1982, Williams 1982, 
1991, Williams & Hatcher 1983, Russ 1984a, b ,  Brad- 
bury et al. 1986) and in Puerto Rico (Morelock et al. 
1977, Kirnmel 1985). 

The dynamics of the interrelated variables of water 
motion, depth and substrate, and their effects on the 
biota throughout the reef system, can be demonstrated 
by focusing on the distributions of Assemblages 1 & 2. 
Species in Assemblage 1 were most common in the 
surge zone, the shallow area of the forereef typified by 
a high degree of water movement and boulder-sized 
substrate, factors which were particularly prevalent at 
the offshore reefs. Assemblage 2 species were more 
abundant in areas with the opposite characteristics. 
The distributions of the 2 assemblages and their asso- 
ciated variables tended to overlap on the forereef to 
varying degrees. 

The area of overlap between Assemblages 1 & 2 
apparently shifts up or down the forereef slope accord- 
ing to the location of the reef. The shallow forereef 
zone is much wider at  offshore reefs than nearshore 
ones, due largely to the difference in slope inclination 
and exposure to water movement energy. At offshore 
sites, waves impact the substrate at greater depth and 
distance seaward of the reef crest than at nearshore 
reefs. Consequently, Assemblage 1 expands in abun- 
dance and distribution to deeper waters at  the high- 
exposure offshore reefs. Assemblage 2 would be found 
even deeper, mostly below Assemblage 1. At near- 
shore reefs, the opposite would occur. Additionally, the 
width of the transition area between Assemblages 1 
& 2 is likely to vary. The gentle slopes of offshore reefs 
would allow a wider, less defined, transition area than 
would be expected on the steep slopes of nearshore 
reefs. 

At nearshore sites, the transition between assem- 
blages appears to occur higher up on the forereef. 
Assemblage 2 is more abundant and has spread up 
into shallower areas at  nearshore sites, and the shallow 
forereef zone with Assemblage 1 occupies only a 
narrow stratum in the shallowest portion of nearshore 

reefs. This pattern can be seen in its extreme at  the 
reef nearest to shore, Reef 8; members of Assem- 
blage 1 were poorly represented and the majority were 
confined to the uppermost meter of depth. Some of the 
fishes included in Assemblage 1 (specifically, Ophio- 
blennius atlanticus and Thalassoma blfasciatum) were 
never observed at Reef 8. Studies by Done (1982) and 
Bradbury et al. (1986) suggest that this pattern is not 
unique to the Parguera study site; on Australia's Great 
Barrier Reef, the fauna on deep reef slope sites at  an  
outer shelf reef was similar to that of shallower reef 
slope sites at a midshelf reef. Thus, it appears that 
water movement energy may have the same influence 
on the distribution and abundance of species in widely 
separated geographic locations. 

Local topographic complexity, as well as biological 
variables, can influence or alter the predicted patterns. 
The presence of one reef zone type does not neces- 
sarily preclude the existence of characteristics asso- 
ciated with a different zone at  the same location. Due 
to natural variability, for example, one may find deeper 
forereef habitat conditions within the shallow forereef 
zone. As a consequence, species composition and 
abundance are influenced, which may lead to local 
variations in species distributions. 

The present study does not conclude that the organ- 
isms identified in the assen~blages were the only 
members of their respective groups or that they 
occurred only within the specified habitats. Members 
of the assemblages occasionally were found in areas 
other than those described for their groups, and along- 
side members of other assemblages. Additionally, it is 
likely that other species, either cryptic in nature or 
inadequately sampled, also should be included in the 
assemblages. As indicated earlier, biological variables 
must also be considered as an  influence on fish com- 
munity structure. However, the association of assem- 
blages of coral reef fishes with gradients of water 
motion, depth and substrate has been demonstrated. 
This correspondence between biotic and abiotic vari- 
ables suggests that it may be possible to predict which 
species are expected to occur in an  area by measuring 
the physical factors, or vice versa. 
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