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Abstract: Herbivory is a primary factor in determining the structure of coral reef communities. Spatial 
variation among reef habitats in the intensity of herbivory has been documented, but underlying variation 
in species composition and abundance within the herbivore guild has received little attention. The distri- 
bution and relative abundances of herbivorous fishes and sea urchins across several habitats were studied 
on the Belizean barrier reef off the Caribbean coast of Central America. Marked variation in total herbivore 
density as well as major changes in the composition of the herbivore guild were found across reef habitats. 
Acanthurids (surgeonfishes) predominated in shallow areas (< 5 m) while scarids (parrotfishes) were 
dominant in deeper habitats. Significant differences among habitats in an experimental assay of grazing 
intensity were strongly correlated with herbivore abundance. The spatial distribution of herbivorous fishes 
across reef habitats does not appear to be simply explained by differences in reef topography, but may 
depend on complex interactions among proximity to nearby shelter, predator abundance, density of 
territorial competitors, and local availability of food resources. 

Key words: Acanthurus: coral reef fishes; Diadema; herbivory; reef topography; Scarus; Sparisoma 

Herbivores may influence profoundly the structure of coral reef communities (Ste- 
phenson & Searles, 1960; Randall, 1961; Wanders, 1977; Ogden & Lobel, 1978; 
Sammarco, 1982). Several distinct herbivore groups contribute to the high grazing 
intensity characteristic of tropical reef communities (Ogden & Lobel, 1978; Gaines & 
Lubchenco, 1982). On Caribbean reefs subject to minimal human disturbance, herbivo- 
rous fishes in the families Acanthuridae (surgeonfishes) and Scaridae (parrotfishes) 
constitute a major component of this tropical herbivore guild (Randall, 1965; Wanders, 
1977; Hay, 1981; Hay et al., 1983; Hay, 1984). Previous investigations of herbivory in 
reef communities have focussed on the role of the sea urchin grazer Diadema antillarum 
(Ogden et al., 1973; Sammarco et al., 1974; Carpenter, 1981; Sammarco, 1982). Few 
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studies have examined spatial variation in species composition and relative abundances 
within tropical herbivore guilds, although differences in herbivore guild composition on 
different reefs and among habitats on a given reef are likely to result in fundamental 
changes in the nature and intensity of herbivory. 

In this paper, we describe variation in the distribution and relative abundances of 
herbivorous fishes and sea urchins for several habitats on the Belizean barrier reef. 
Corresponding spatial variation in grazing by herbivorous fishes is evaluated using an 
experimental assay of grazing intensity. We also investigate the importance of physical 
characteristics of reef habitats in determining the spatial distribution of herbivores. 

STUDY SITES 

This study was conducted at the Smithsonian Institution’s field station at Carrie Bow 
Cay, Belize, Central America (16”48’N : 88”05’W) during June and November 1982. 
This is a relatively undisturbed section of the Belizean barrier reef, subject to only 
minimal human fishing pressure. The topography, geology, and biological zonation of 
this portion of the barrier reef have been described by Rntzler & Macintyre (1982). In 
the present investigation, a series of study sites within well-defined reef habitats were 
located along a transect oriented perpendicular to the reef crest (Fig. 1). These study 
sites are described briefly below. 

THALASSIA BED 

This study area was located in a shallow seagrass bed (2 m depth) with relatively 
sparse cover of Thalassia testudinum Banks ex K&rig % 100 m west of Carrie Bow Cay. 
The study area was z 50 m from the nearest coral patch reef. 

BACK REEF 

This study site was located directly east of Carrie Bow Cay x 8 m seaward of the reef 
crest (0.5-1.5 m depth). This habitat is bordered on the landward side by an intertidal 
reef flat. The substratum consists of flat, consolidated coral rubble overgrown by algal 
turf with scattered colonies of the coral Porites astreoides Lamarck. 

HIGH SPUR AND GROOVE 

Within the high-relief spur and groove system of the inner fore-reef, the study area 
was oriented along the lengths of the coral spurs (3-6 m depth). These spurs consist 
primarily of the corals Agaricia tenuifolia Dana, Acropora palmata (Lamarck), and 
Millepora complanata Lamarck. Sand channels which separate these coral spurs were 
not included in the study area. 
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LOW SPUR AND GROOVE 

This region of the inner fore-reef is characterized by low relief coral spurs with a high 
density and diversity of Gorgonacea, Demospongea, and scattered coral heads, pri- 
marily Montustrea annuluris (Ellis & Solander). The study site was at 9 m depth and 
restricted to coral spurs. 

INNER REEF SLOPE 

The study area was located approximately half-way down the slope of the inner 
fore-reef, along a 20-m depth contour. The substratum in this habitat consists mainly 
of large, plate-like coral colonies of M. annuluris and other species, with scattered 
Gorgonacea and Demospongea. 

SAND CHANNEL 

This habitat is a deep, homogeneous sandy plain located between the inner reef slope 
and the outer ridge. The study area was situated at 30 m depth, w 35 m out from both 
the base of the inner fore-reef and the base of the outer fore-reef. The isolated coral 
patches present in some portions of the sand channel did not occur in the study area. 

OUTER RIDGE 

This study area was located along the top of a coral ridge which rises out of the sand 
channel to a height of 12-15 m below the surface. The outer fore-reef slope drops off 
steeply in the seaward direction. This habitat is dominated by dead and live Acroporu 

cervicornis (Lamarck), with occasional Montustreu annuluris heads and a variety of 
Gorgonacea and Demospongea. 

METHODS 

HERBIVORE DENSITY 

Herbivorous fish populations were estimated using a modification of the visual census 
technique developed by Brock (1954) and reviewed by Sale (1980). Numbers of indi- 
viduals encountered within 1 m on either side of a 50-m transect laid down within each 
habitat were counted by species. To provide estimates of abundance for rarer species, 
four consecutive passes were summed to give counts of individuals per 400 m2. This 
technique is analogous to the transect census methods used to measure bird populations 
(Kendeigh, 1944) providing an estimate of population numbers in an area of known 
size. Visual censuses appear to yield reproducible estimates of population sizes within 
a given habitat for diurnally active, mobile fish species (Brock, 1982). The large, 
free-ranging herbivores of interest in this study were fishes in the families Acanthuridae 
(surgeonfishes), Scaridae (parrotfishes), and Kyphosidae (sea chubs). 
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Identifications of field-collected specimens were made following Bohlke & Chaplin 
(1968). Adults of most species were readily identified in the field, but small congeneric 
scarids were often difficult to distinguish. All unidentified Sparisoma < 15 cm total 
length were classified as juvenile Sparisoma. The category discussed below as Scarus 
croicensis Bloch (now Scarus iserti Bloch following Randall & Nelson, 1979; the earlier 
name is retained here for convenience) may include small individuals of other Scarus 
species; however, 30 small (4-l 1 cm) Scants specimens collected for laboratory iden- 
tification were all S. croicensis. For the purposes of this study, densities of initial and 
terminal phase scarids were pooled within species. 

Eight replicate transects were conducted over several days in each habitat, four in the 
morning (between 0800-1100) and four in the afternoon (1300-1600). No significant 
differences were found between morning and afternoon counts at any study area (all 
P > 0.05, paired t-tests), and counts were combined to give an estimate of diurnal 
population densities. Individual counts were subjected to the square-root transfor- 
mation of dm (Bartlett, 1947) to homogenize variances among reef habitats; 
transformed data were used in all analyses of variance and linear regression models. 
All statistical analyses used the Statistical Analysis System (SAS 79.6) installed at the 
Triangle Universities Computation Center, Research Triangle Park, North Carolina. 

Within each habitat estimates were made of daytime densities of the urchin Diadema 
antillarum Philippi, a nocturnally-active benthic grazer generally found in crevices in the 
reef during the day. Counts were made of individuals occurring in replicate 10-m’ plots 
laid out along fish census transects (n = 10). Diadema counts were conducted between 
0900-1500, and care was taken to search below coral ledges and crevices within each 
plot. Diadema densities were standardized to individuals per m*. 

GRAZING INTENSITY 

Diurnal grazing rates by herbivorous fishes were measured within each habitat. 
Grazing intensity was estimated using modifications of the methods of Hay (1981), 
which provide a standard technique for assessing herbivory in reef habitats. The red alga 
Acanthophora spicifera (Vahl) Borgesen, is primarily consumed by acanthurid fishes, and 
rates of Acanthophora consumption are expected to provide reproducible estimates of 
grazing by this component of the herbivore guild (Lewis, in press). The seagrass 
Thalassia testudinum is primarily consumed by Sparisoma fishes (Lewis, in press). Rates 
of Thalassia consumption, available from the literature for five of the same reef habitats 
at the same location in Belize as studied here (Hay, 1981), provide complementary 
estimates of Sparisoma grazing rates. 

Freshly collected specimens of Acanthophora (n = 12) were spun dry (Copco Salad 
Spinner, Copco, Inc. N.Y.), weighed, and placed individually in weighted clothespin 
holders. These transplants were set out 0.5 m apart in linear arrays within each study 
area where they were exposed to ambient herbivores from 0730-1530. Control plants 
(n = 5) were identically prepared but were set out in cages (0.5-cm mesh hardware cloth) 
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which excluded all herbivorous fishes. An index of Acanthophom grazing intensity was 
calculated as the difference in mean percentage weight change between control and 
exposed plants at each study site. An 8-h trial was chosen to avoid complete 
disappearance of replicates at sites with the highest grazing rates. At each site, both the 
experimental and control treatments were conducted on the same day; weight losses due 
to fragmentation and weight gains due to growth are expected to be uniform between 
treatments. To avoid the possibility of entire plants having been torn loose from their 
holders, those replicates without any plant material remaining inside the base of the 
holder when collected were not included in the analysis; this occurred in < 5% of all 
replicates. Efforts were made to avoid placing Acanthophora replicates within poma- 
centrid territories during trials, although pomacentrids do not appear to feed directly 
on Acanthophora. Individual damsehishes (Stegastes plan13ons, n = 10) were observed 
for 20-min periods following introduction of an Acanthophora transplant into their 
territories. While transplants were often pushed or carried out of territories, Stegastes 
plan@-ens was never observed to feed on plants. 

Rates of Thalassia consumption from Hay (1981) are expressed as percentage 
decrease in blade length for replicate plants (n = 21) exposed within reef habitats near 
Carrie Bow Cay from 1000-1300 in March 1980. 

REEF STRUCTURAL HETEROGENEITY 

Topographic relief within reef zones was estimated, using a modification of methods 
used by Risk (1972) and Luckhurst & Luckhurst (1978), as the ratio of the areal distance 
between two points (X,) to the linear distance across the substratum surface (X,). Linear 
surface distance was measured by laying a fine-link brass chain conforming to all 
substratum contours along contiguous 2.75 m sections (n = 4) starting at the 10-m point 
on the fish census transect at each study site. Reef structural heterogeneity (SH) was 
calculated according to the formula 

SH = 1 - X,/X,, 

providing an index ranging from 0 (for flat substratum) to 1. 

RESULTS 

HERBIVOROUS FISH DENSITY 

Herbivore density and relative abundances within the herbivore guild exhibited 
marked variation among reef habitats (Fig. 1, Table I). Herbivorous fish densities were 
extremely low in two habitats remote from coral-dominated areas, the sand channel and 
the Thalassia bed. Highest herbivore densities were found in the low spur and groove 
and back reef habitats, with significant variation across all reef habitats (Table II). 
Transects within habitats were conducted over several days under changing weather 
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conditions, and low ~~-habitat variances suggest that the observed pattern of spatial 
variation in herbivore density remains relatively stable over time. Proportions of the 
total herbivorous fish population represented by Acunthurus, Scarus, and Sparisoma 

changed dramatically across reef zones (Fig. 1). Acanthurids predominated in two 
shallow reef habitats (< 5 m depth), the back reef and the high spur and groove. In 
contrast, Scams and Spankoma numerically dominated the deeper habitats. Individuals 
of Kyphosus species were not common in any habitat during this study; the highest 
kyphosid density (1.4 individuals per 400 m’) was found at the outer ridge, representing 
~4% of total fish density at this site. 

TABLE II 

Analysis ofvariance on total herbivorous fish density (n = 8 for each study site, m transformed data: 
variances homogeneous by Cochran’s test, P c 0.05): see Fig. 2 for study site abbreviations; Scheffk multiple 

comparison tests (P = 0.05) with bars designating homogeneous subgroups. 

Source 
of variation d.f. MS F P rz 

Reef habitat 6 152.7 49.8 <0.001 0.859 
Residual 49 3.1 

High 
( 160/400 m2) 

Low 
(O/400 m2) 

LWSG BKRF HISG INRS OUTR THAL SAND 

Nine species of herbivorous fishes were common in this study (> 1 individual per 
400 m2): three acanthurid species, Acunthurus bahianus Castelnau, A. chirurgus (Bloch), 
A. coeruleus Bloch & Schneider; two Scants species, Scarus croicensis Bloch, S. vetula 
Bloch & Schneider; four Sparisoma species, S. aurofrenatum (Cuvier & Valenciennes), 
S. chyopterum (Bloch & Schneider), S. rubripinne (Cuvier 8c Valenciennes), S. vi&e 
(Bonnaterre). While species composition within this group of herbivorous fishes 
remained relatively constant across reef habitats, species within these three major 
genera showed distinct shifts in relative abundance (Fig. 1, Table III). Acanthus 
bah~anus was the dominant ac~th~d at three sites, while A. coedeus predominated 
in two other habitats. Similar shifts occurred across habitats in Sparisoma species 
dominance. Sparikoma aurofrenatum was the most abundant species at three deeper sites 
(2 5 m), while S. h c rysopterum and S. viride dominated the more shallow habitats. 
These patterns of species replacement suggest some degree of habitat specialization 
within the herbivore guild. In all habitats, the genus Scants was represented almost 
entirely by S. croicensis, which was the most abundant herbivore species in the three 
deepest habitats. 

Variation among reef habitats in abundance of herbivorous fishes did not appear to 
be clearly related to either reef structural heterogeneity or to depth (Fig. 2); Pearson 
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correlation coefficients for fish density vs structural heterogeneity and vs depth (given 
in Fig. 2) were not significantly different from zero. Rank order correlation coefficients 
(rS) were also not significantly different from zero for total fish density vs. either 

TABLE III 

Species abundances of major herbivorous fishes across reef habitats: values are given as numbers of 
individuals per 400 m2 (means _L SEM for n = 8 transects). 

Habitat 

Back High spur 
reef + groove 

Low spur 
+ groove 

Inner 
reef slope 

Outer 
ridge 

Acanthurus 
A. bahianus 
A. chirurgus 
A. coeruleus 

Scarus 
S. croicensis 
S. vetula 

Span&ma 
S. aurofre~at~m 
S. ch~~so~te~rn 
S. ~b~pi~~e 
S. viride 

Sparisoma juveniles 

42 + 2 0.4 & 0.2 28 i 4 2 & 0.5 0.5 f 0.3 
0.5 + 0.2 7+6 o+o 0.6 f 0.4 0.1 * 0.1 

851 35 + 23 3+1 0.6 & 0.4 1 & 0.5 

19 * 4 7+3 74 * 4 51 rt5 24 + 4 
0.5 + 0.3 1 + 0.4 Ok0 O&O 2 * 0.7 

1 f 0.4 411 31 is 7+1 4+1 
14% 3 I * 0.3 1 * 0.5 O&O 0.3 * 0.1 
3*1 1 If. 0.4 o_+o 020 o+o 
311 11 ?L2 7*2 2&I 3 * 0.4 

5+1 O&O 15*2 l&l O&O 

structural heterogeneity (I, = 0.32, P = 0.48) or vs. depth (I, = - 0.46, P = 0.29). A 
linear regression model incorporating both factors explained only 15% of the total 
variance in fish abundance (F for the regression = 0.363, P = 0.72). 

DIADEMA DENSITY 

Diudema a~~iI~a~rn also varied in abundance across reef habitats (Table I). ~iadema 
densities were strongly correlated with changes in structural heterogeneity across habitat 
(rS = 0.83, P = 0.02). The highest mean Diadema density (4.3 individuals per m’) was 
found in the high spur and groove habitat, where crevices within the foliate corals 
provided refuges for juveniles. All remaining study sites had diurnal Diadema densities 
of < 1 individual per m2. Observations at night indicated increased movement of 
Diadema within habitats, but little migration between habitats. When standardized 
densities (individuals per m2) of herbivorous fishes and Diadema were compared, four 
habitats showed greater herbivorous fish densities (Thahwia bed, back reef, low spur 
and groove, and inner reef slope). By October 1983, the mass mortality of Diadema that 
occurred throughout the Caribbean (Lessios et al., 1984) had reduced Diadema densities 
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to 0.01 individuals per mz in the high spur and groove and had entirely eliminated 
Diadema in all other study sites. 

I I 

C 

LWIG 

. 

Fig. 2. Scattergrams of A, Acanthophoru grazing index vs. total herbivorous fish density, B, reef structural 
heterogeneity vs. herbivorous fish density and C, depth vs. herbivorous fish density: each point represents 
mean values for both variates in each habitat; Pearson correlation coefficients and associated probability 
levels shown; Hotelling-Williams test shows r,2 > ris (z = 1.71, P = 0.04) and r,a > rl_, (z = 2.83, 
P = 0.002); THAL, Thalussiu bed; BKRF, back reef; HISG, high spur and groove; LWSG, low spur and 

groove; INRS, inner reef slope; SAND, sand channel; OUTR, outer ridge. 

GRAZING INTENSITY AND HERBIVOROUS FISH DENSITY 

Differences among habitats in Acanthophora grazing intensity were highly significant 
(x2 = 57.7, P < 0.001, Kruskal-Wallis). Grazingrates on exposedAcanthoph_wa plants 
ranged from 99% weight loss in the low spur and groove to 1% weight gain in the 
Thalassia beds (Fig. 3). Three habitats showed significantly greater weight loss in plants 
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exposed to grazers compared to plants protected from grazers (P < 0.05, 
Mann-Whitney U-tests). Among these habitats, the proportion of exposed replicates 
which were completely consumed increased from the high spur and groove (50%), to 
the back reef (69%), to the low spur and groove site (92%) (Fig. 3), indicating increasing 
grazing rates. In the sand channel, greater weight loss of control vs. exposed plants 
resulted in a negative grazing index. 

t.92) 

+zoJ 
THALASSIA BACK HIGH SPUR LOW SPUR INNER SAND OUTER 

REEF a REEF SLOPE CHANNEL RIDGE 

GROOVE GRtOVE 

Fig. 3. Variation among habitats in grazing rates on transplanted Acanihophora plants: for each habitat 
mean percentage weight change (+ SEM) of plants exposed to herbivorous fishes (shaded bars) and 
protected by cages from herbivores (unshaded bars) are shown; asterisks indicate significant differences 
between the two treatments for a given habitat (P < 0.05, Mann-Whitney U-tests); the proportion of 

exposed replicates which were completely consumed is shown in parentheses above histograms. 

Acanthophoru is primarily consumed by the acanthurid component of the herbivorous 
fish guild (Lewis, in press). Grazing rates measured by Acanrhophora consumption were 
directly related to total herbivorous fish density (Fig. 2A), and highly correlated with 
acanthurid density (rs = 0.86, P = 0.01). While ThaZussiu is consumed primarily by 
Spurisomu fishes, (Lewis, in press), previous measurements of Thulussiu consumption 
across live reef habitats were not correlated with Spurisomu abundance measured in this 
study (I, = 0.5, P = 0.39). This lack of significant correlation may perhaps be due to 
comparison of data from different years and different seasons. 

DISCUSSION 

This study demonstrates marked spatial variation in abundance within the herbivore 
guild across the Belizean barrier reef. Significant between-habitat variation in relative 
abundance was found for two major groups of herbivorous fishes, with acanthurid fishes 
predominant in shallow habitats and scarid fishes dominant in deeper habitats. Similar 
results from previous studies in the Red Sea (Bouchon-Navaro & Harmelin-Vivien, 
1981), Caribbean (Randall, 1963; Barlow, 1975) and Indo-Pacific (Bradbury & 
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Goeden, 1974; Jones & Chase, 1975) suggest that this pattern of depth distribution of 
acanthurids and scarids may be characteristic of many reef systems. 

It has been suggested that physical habitat characteristics, particularly topographic 
complexity, may determine local distributions of reef fish populations (Hiatt & Stras- 
burg, 1960; Randall, 1963; Goldman & Talbot, 1976; Luckhurst & Luckhurst, 1978). 
However, the distribution of herbivorous fishes across reef habitats in the present study 
does not appear to be simply explained by differences in reef topography. Diurnal 
densities of herbivorous fishes were not correlated with either habitat structural hetero- 
geneity or depth. The low-topography Thalassia bed and sand channel habitats were 
both remote from reef structures, and both exhibited extremely low fish densities. In 
contrast, high densities of herbivorous fishes were found in the low-topography back 
reef, which was situated adjacent to the topographically complex reef crest. In Thalassia 

beds, proximity to shelter in adjacent patch reefs from potential predators has been 
shown to be an important determinant of the foraging ranges of herbivorous fishes 
(Randall, 1965). Habitat use by herbivorous fishes along barrier and fringing reefs may 
be similarly dependent on distance from shelter in adjacent, topographically complex 
habitats. While the present study did not estimate density of pomacentrid fishes, which 
defend territories against free-ranging herbivores, measurements of pomacentrid den- 
sities at four ofthe sites studied here (J. Bohnsack, pers. comm.) suggest that acanthurid 

and scarid abundance may be inversely related to pomacentrid density. We suggest that 
spatial distributions of acanthurid and scarid fishes may be determined by complex 
interactions of several factors, including proximity to shelter, predator abundance, 
density of territorial competitors, and local availability of food resources. 

Reef topographic complexity plays a more direct role in determining the spatial 
distribution of Diadema, which is dependent on the availability of shelter against 
diurnally active predators (Randall et al., 1964). 

The relative importance of two major herbivore groups, urchins and fishes, in 
contributing to overall grazing rates has been shown to vary widely among reefs in the 
Caribbean (Ogden etal., 1973; Wanders, 1977; Hay, 1981; Sammarco, 1982; Hay, 
1984). It has been suggested (Randall, 1963; Ogden et al., 1973; Hay, 1984) that these 
differences are related to geographical variations in levels of human fishing activity; 

increased levels of trap-fishing and spear-fishing may not only directly reduce popu- 
lations of herbivorous fishes, but may also mediate urchin abundance by reducing 
populations of urchin predators. Few studies have provided quantitative estimates of 
abundance for herbivorous fishes and urchins. The present study location along a 
remote section of the Belizean barrier reef provided an opportunity to examine a reef 
community which has been subject to minimal human disturbance. Herbivorous fishes 
outnumbered the urchin grazer Diadema in four of seven reef habitats considered in the 
present study. In two reef habitats where Diadema was more abundant, observed 
Diadema densities (0.7-4.3 individuals per m’) were generally lower than Diadema 

densities previously reported from Caribbean reefs which have been fished more 
intensively (5-71 individuals per m2: Ogden et al., 1973; Sammarco, 1982; Hay, 1984). 
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While relative abundance may not directly predict relative contribution to overall 
grazing rates, the present study indicates that herbivorous fishes comprise a major 
portion of the herbivore guild on undisturbed reefs. The relative importance of herbivo- 
rous fishes on reefs throughout the Caribbean has certainly increased since the recent 
mass-mortality of Diadema throughout the Caribbean (Lessios et al., 1984). 

Fundamental differences in foraging behavior, feeding rates, and feeding preferences 
among herbivore groups (Earle, 1972; Ogden, 1976; S. M. Lewis, in prep.) suggest that 
variation within the herbivore guild may profoundly influence both the nature and 
intensity of herbivory in different reef habitats. The spatial variations in herbivore 
abundance, species composition, and grazing intensity described in this study are likely 
to play an important role in determining benthic species distributions within coral reef 
communities. 
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