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Abstract The impact of grazing by herbivorous fishes
(Acanthuridae, Scaridae, and Pomacentridae) on low
coral-cover reefs was assessed by measuring rates of
benthic algal production and consumption on inshore
and offshore reefs in the upper Florida Keys. Algal
production rates, determined in situ with caged and
uncaged experimental plates, were low (mean
1.05 g C m�2 day�1) and similar among reef types. Algal
consumption rates were estimated using two different
models, a detailed model incorporating fish bite rates
and algal yield-per-bite for one species extrapolated to a
guild-wide value, and a general regression relating fish
biomass to algal consumption. Algal consumption dif-
fered among reef types: a majority of algal production
was consumed on offshore reefs (55–100%), whereas
consumption on inshore patch reefs was 31–51%.
Spatial variation in algal consumption was driven by
differences in herbivorous fish species composition,
density, and size-structure among reef types. Algal
consumption rates also varied temporally due to sea-
sonal declines in bite rates and intermittent presence of
large-bodied, vagile, schooling species. Spatial coherence
of benthic community structure and temporal stability
of algal turf over 3 years suggests that grazing intensity
is currently sufficient to limit further spread of macro-
algal cover on these low coral-cover reefs, but not to
exclude it from the system.

Keywords Coral reef ˘ Herbivory ˘ Algal
consumption ˘ Algal production

Introduction

Many reefs in the Caribbean region have undergone
dramatic reductions in live coral cover in recent decades
(Porter and Meier 1992; Gardner et al. 2003; Kramer
2003). Consequently, reefs with less than 30% coral
cover have become common, resulting in increased
substrate available for algal colonization. Observed



importance of the high grazing intensity of D. antillarum
in maintaining low algal biomass on Caribbean reefs
(Carpenter 1981; Lessios 1988; Morrison 1988). How-
ever, its historical importance in the Caribbean has been
debated and there is evidence that grazing by herbivorous
fishes may be equally important (Hay 1984; Hughes et al.
1999; Bellwood et al. 2004). For example, virtually all of
the documented reports of increased algal growth fol-
lowing the D. antillarum die-off were in areas that had
been moderately to heavily fished and thus had low
abundances of herbivorous fishes (Curacao: de Ruyter
van Steveninck and Bak 1986; Jamaica: Liddell and
Ohlhorst 1986; Hughes et al. 1987; St Croix: Carpenter
1988; and US Virgin Islands: Levitan 1988). Studies of
community-level changes following D. antillarum mor-
tality from areas where herbivorous fish populations were
robust suggested that fish herbivory is capable of at least
partially controlling algal overgrowth (Lewis and Wain-
wright 1985; Foster 1987). A recent Caribbean-wide
study found that despite the continued paucity of D.
antillarum on Caribbean reefs, macroalgal cover was
negatively correlated and cover of cropped substrate
(algal turfs, crustose corallines) positively correlated with
herbivorous fish biomass (Williams and Polunin 2001).
Indeed, several studies have documented the importance
of herbivorous fishes in maintaining low algal cover on
coral reefs (Choat 1983; Steneck 1983; Carpenter 1986;
Lewis 1986; Bellwood andChoat 1990; Russ 2003). Given
that recovery of D. antillarum in the Caribbean remains
limited 20 years after the die-off, and that low coral cover
is pervasive on many Caribbean reefs (Chiappone et al.
2002; Kramer 2003; Lessios 2005), grazing by herbivo-
rous fishes may be critical for reef system resilience by
maintaining low algal cover required for coral re-colo-
nization and growth (Birkeland 1977). However, a pro-
cess-oriented understanding of the role of herbivores in
shaping benthic coral reef community structure is lack-
ing.

Although the majority of herbivorous reef fishes
consume very little or no macroalgae (Randall 1967;
Russ and St John 1988; Bellwood and Choat 1990;
Bruggemann et al. 1994a), their intensive grazing of fil-
amentous algal turfs maintains these algal communities
in a low biomass state, thereby limiting the establish-
ment and growth of macroalgae (Lewis 1986). However,
the ability of herbivorous fishes to maintain a high
proportion of reef area free of macroalgae may be lim-
ited. Some evidence suggests that even robust herbivo-
rous fish populations may be capable of maintaining
only 50–65% of the substratum in a cropped state
(Williams et al. 2001). Herbivorous fishes may be
capable of increasing their grazing rates and/or popu-
lation sizes in response to higher algal production, but
evidence for this is limited (Carpenter 1990; Robertson
1991; McClanahan et al. 1999; Williams et al. 2001). The
ability of fishes to exert a strong grazing pressure on
reefs which have experienced heavy loss of coral cover is
unknown. Unfortunately, herbivorous fish populations
on many reefs in the Caribbean have been seriously

reduced by heavy fishing pressure (Hughes 1994; Jack-
son 1997; Pauly et al. 1998; Pandolfi et al. 2003), so the
ability to directly assess their impact on reefs with
diminished coral cover is limited.

The Florida Keys is one of the few reef systems in the
Caribbean region where fishing of herbivorous fish
stocks has remained negligible over the past several
decades (Bohnsack et al. 1994). However, Florida’s reefs
have experienced substantial declines in coral cover,
diversity, and recruitment (Dustan and Halas 1987; Jaap
et al. 1988; Porter and Meier 1992) and abundance of D.
antillarum remains extremely low (Chiappone et al.
2002). Therefore, the Florida Keys provides an ideal
system in which to measure the grazing impact of the
herbivorous fish guild on low coral-cover reefs. The goal
of this study was to measure the strength of grazing by
an unfished herbivorous fish guild and examine whether
this level of grazing is sufficient to limit algal overgrowth
on reefs which have lost most of their coral cover. To do
this, we assessed the temporal and spatial variations of
herbivorous reef fish populations on a cross-shelf gra-
dient in the upper Florida Keys. Algal consumption
rates of herbivorous fishes were calculated for three
different reef types (high and low relief offshore reefs,
and inshore patch reefs) and were compared against
estimates of benthic algal production to determine what
proportion of algal production is consumed by fishes.
This comparison provided a mechanism to assess the
strength and impact of the herbivorous fish guild on
reefs (i.e. whether grazing is matching or being outpaced
by algal production).

Materials and methods

Study area

The Florida Keys reef tract consists of a large bank reef
system located approximately 8 km offshore, paralleling
the Florida Keys for 580 km. In addition to the reefs
along the gently sloping seaward margin, over 3,000
inshore patch reefs are situated an average of 4 km
offshore (Shinn 1988; Porter and Meier 1992). The study
area was located in the Upper Florida Keys and
encompassed replicates of three different reef types
(Fig. 1): high relief offshore reefs (n = 3), low relief
offshore (relic) reefs (n = 3), and inshore patch reefs
(n = 4). High relief, spur-and-groove reefs (DR: Key
Largo Dry Rocks; LG: Little Grecian; MO: Molasses
Reef) are located at the shelf edge and reef structure
causes depths to vary rapidly within short spatial scales
(depth range 0.5–8.5 m). Low relief sites (PI: Pickles;
OG: Ogden4; SI: Sand Island) are also offshore, located
near the shelf break, but these relic reefs are highly
eroded, resulting in extensive flats of hard bottom with
gradual depth changes (depth range 3–9 m) and few
coral outcrops. Inshore patch reefs (TS: Three Sisters;
WB: White Banks; TR: Turtle Rocks; AL: Algae
Reef) are in shallow water (depth range 0.5–4.5 m),
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surrounded by sea grass beds (Thallasia testudinumand
Syringodium “liforme) and variable in size but usually
smaller than offshore reefs (Jaap 1984).

Herbivorous fishes have not been commercially or
recreationally fished in Florida since 1981 when fish
traps were legally banned (Sutherland and Harper 1983).
Current exploitation of herbivorous fishes in Florida
is therefore negligible, with very limited take by
the ornamental fish trade (Molina-Ureña, RSMAS,
personal communication) and very slight commercial
fishery bycatch (Matthews and Donahue 1997).

Fish counts

Fish counts were conducted at six time periods over the
course of 3 years: early and late summer 2000 and 2001,
winter 2001, and summer 2003. At each site, the num-
bers and sizes of all herbivorous fishes were recorded
along ten 25 m · 2 m transects. One exception occurred
at one inshore patch reef (TS), where limited reef
size restricted the number of transects to seven. All
major herbivorous fishes were surveyed (Acanthurus
bahianus, Acanthurus coeruleus, Acanthurus chirurgus,
Kyphosus sectatrix, Stegastes diencaeus, Stegastes
dorsopunicans, Stegastes planifrons, Stegastes variabilis,
Stegastes leucostictus, Stegastes partitus, Microspatha-
don chrysurus, Scarus coeruleus, Scarus coelestinus,
Scarus guacamaia, Scarus vetula, Scarus taeniopterus,
Scarus iserti, Sparisoma viride, Sparisoma aurofrenatum,
Sparisoma chrysopterum, Sparisoma rubripinne,and
Sparisoma atomarium). Transects were laid haphazardly
on the reef by consulting a list of random numbers to
determine distance between transects (number of kicks)
and bearings from the end of the prior transect. Bearings
were constrained so that transects did not cross over the
same area or move off the reef. Each transect consisted
of two passes along the tape. The first pass commenced
after one end of the transect tape was tied off to the
substrate and the tape was reeled out 2 m. The first pass

was conducted by swimming 1–2 m above the bottom at
a steady pace, counting all large and schooling fish
within the transect corridor. At the end of the 25 m long
swim, the end of the tape was secured to the substrate
and the diver began a return swim just above the ben-
thos to count juveniles and small site-attached or cryptic
fishes. Fork length (FL) estimates were recorded for
each fish counted. A clear plastic ruler mounted per-
pendicularly to the end of a 1 m PVC rod was used to
estimate FL and transect width. Before each census, fish
sizing was practiced using plastic models of fishes until
size estimates were accurate to within 10%.

Benthic surveys

Benthic surveys were used to estimate the total percent
composition of the benthos at each site and were con-
ducted simultaneously with all fish surveys beginning in
February 2001. On each transect, after the fishes were
surveyed, the composition of the benthos was measured
by noting the benthic category at point intercepts every
25 cm along the transect (100 points per transect).
Benthic categories were sand, sedimented hard-bottom,
rubble, bare nonliving coral, live stony coral, soft coral,
noncoral sessile invertebrates, and algae. Algae were
further classified into functional groups as defined by
Steneck and Dethier (1994): microalgae (cyanobacteria
and diatoms), filamentous turf algae (filamentous algae
< 10 mm tall), foliose algae (e.g., Dictyota spp.), artic-
ulated calcareous algae (e.g., Halimeda spp.), crustose
algae (e.g., Peyssonneliaspp.), and crustose coralline
algae (e.g., Mesophyllum sp.). Gorgonians were only
noted as a benthic category if the point intercepted the
holdfast. When present, gorgonian branch overstory was
noted in addition to the benthic point intercept. Depth
was recorded at 1 m intervals along each transect. In
2003, algal height measurements were added to the
benthic surveys. Algal height above the substrate was
measured to the nearest millimeter by holding a plastic
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Fig. 1 Map of study sites in the
upper Florida Keys. High relief
sites (circles): Molasses (MO ),
Little Grecian (LG), Key Largo
Dry Rocks (DR). Low relief
sites (squares): Pickles (PI ),
Sand Island (SI), Ogden4 (OG).
Patch reefs (triangles): Three
Sisters (TS), White Banks
(WB), Algae (AL ), Turtle
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ruler perpendicular to the substrate at the point inter-
cept.

Weight–length

Biomass for most species was calculated using the log–
log transformed weight–length relationship: log weight
(g) = log a + b · log FL (mm), where a and b are
constants. Local weight–length relationships for most
species were obtained from Bohnsack and Harper
(1988). For S. viride we used a weight–length relation-
ship obtained from a collection of 54 specimens from
our study area (Table 1). Weight–length relationships
for two species, S. vetulaand S. diencaeus, were absent
from Bohnsack and Harper (1988); therefore, the
regression provided by van Rooij et al. (1998) from
Bonaire was used for S. vetula, and S. diencaeusbiomass
was calculated using that of a similar species, S. dorso-
punicans(Table 1).

Benthic algal production rates

Algal production was measured at 5 m depth at two
offshore low-relief sites (PI, SI) and two inshore patch
reefs (TS, WB). Flat limestone plates (10 cm · 12 cm ·
2 cm), cut from quarried Key Largo limestone, were used
as the experimental substrate. In January 2004, plates
were attached to the substrate with a single stainless steel
bolt at one end of each plate. Forty plates were installed
within 1 m of each other at each of the four sites and
monitored visually for algal growth. After 9 months,
algal cover remained low, so all plates were caged in order

to exclude large herbivores. Cages were made of galva-
nized wire mesh (mesh size 12 mm, wire diameter 1 mm),
in a tunnel shape with cage sides at least 3 cm from the
edge of the plate and at least 10 cm height above the plate.
Cages excluded all fish > 10 cm FL. Cages were exam-
ined and cleanedweekly until an increase in the amount of
algal turf was visually apparent (25 days). Plates were
then assigned random numbers and treatments (control,
caged, open). Cage controls were tunnel shapedwith open
ends. Surgeonfishes and adult scarids were observed to
graze freely in the cage controls.

At the start of the experiment, each plate was brought
to the surface and a 7 cm · 3 cm quadrat was scraped
from each (the quadrat was positioned to avoid a band
of 1 cm around the edge of the plate and the bolt hole).
Plates were then returned to the substrate and their
assigned treatment and monitored weekly. The experi-
ment began in October 2004 and ran for 21 days, when
discernable growth was visually apparent on scraped
quadrats of plates. Water temperature throughout the
experiment was 26.7–28.9�C.

At the end of the experiment, each plate was removed
from the substrate, fanned underwater to remove sedi-
ment and microherbivores, and placed in a seal-top
plastic bag and brought to the surface. Using a tem-
plate, the previously scraped 7 cm · 3 cm quadrat
was re-scraped and an additional, unmanipulated
7 cm· 3 cm quadrat, located ‡ 1 cm from plate edges
and the first quadrat, was scraped. Each quadrat was
scraped down to bare substrate and scrapings were
placed in individual vials of seawater on ice for transport
to the laboratory where they were fixed in a 10%
formalin–seawater mixture for 12 h. Samples were then
decalcified in 10% acetic acid for 36 h (during which

Table 1 Weight–length relationships used to estimate fish biomass. S. diencaeusweight was estimated with the weight–length relationship
of S. dorsopunicans

Species Sample size Size range (mm) log a b R2 Source

Acanthurus bahianus 29 35–243 �4.6005 2.9752 0.99 BH
Acanthurus chirurgus 61 39–304 �5.9255 3.5328 0.94 BH
Acanthurus coeruleus 394 35–304 �4.2165 2.8346 0.97 BH
Kyphosus sectatrix 2 190–206 �4.8397 3.0801 1.00 BH
Scarus coelestinus 1 540 �4.8764 3.0618 1.00 BH
Scarus coeruleus 15 103–610 �5.0162 3.1109 0.99 BH
Scarus croicensis 7 24–96 �4.8887 3.0548 1.00 BH
Scarus guacamaia 11 128–484 �4.8714 3.0626 0.99 BH
Scarus taeniopterus 4 176–280 �4.1836 2.7086 0.85 BH
Scarus vetula 170 NA �5.5396 3.330 0.99 VR
Sparisoma atomarium 2 62–86 �4.9446 3.0275 1.00 BH
Sparisoma aurofrenatum 17 129–235 �5.7587 3.4291 0.88 BH
Sparisoma chrysopterum 228 27–395 �5.1754 3.1708 0.98 BH
Sparisoma rubripinne 2 240–315 �4.8701 3.0641 1.00 BH
Sparisoma viride 54 43–336 �4.938 3.122 0.99 PA
Microspathodon chrysurus 8 16–58 �4.7033 3.0825 1.00 BH
Stegastes dorsopunicans 12 28–79 �4.3479 2.8956 0.89 BH
Stegastes leucostictus 11 30–89 �4.4057 2.8868 0.97 BH
Stegastes partitus 33 14–69 �4.8921 3.1519 0.88 BH
Stegastes planifrons 11 14–105 �4.2782 2.8569 0.99 BH
Stegastes variabilis 25 12–74 �4.3258 2.8365 0.96 BH

Sources are coded as follows: BH Bohnsack and Harper (1988); PA M.J. Paddack et al. (unpublished data); VR van Rooij et al. (1998)
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time they were stirred regularly), vacuum-filtered onto
Whatman ashless filters, rinsed with DI water, and dried
at 60�C until a constant weight to 0.01 g was reached.
Algal production was estimated as algal biomass accu-
mulation over 3 weeks in the absence of large herbivores
(Russ 2003).

Algal consumption rates

Two different methods were used to calculate con-
sumption rate of the herbivorous fish guild. In both
methods, K. sectatrixwas removed from the analysis due
to observations that this species rarely fed on the ben-
thos, but rather primarily consumed Sargassumspp.
floating as drift algae on the surface (M.J. Paddack,
personal observation). Method 1 was a detailed calcu-
lation of algal consumption rate by a dominant (by
density and biomass) herbivorous fish, S. viride. This
species was used as a model for two main reasons: it is a
predominant and important grazer on Caribbean reefs,
and it is one of the few species for which high quality
data on algal bite-yield are available. Bite rates of S.
viride were obtained for all size classes at replicates of
each of the three reef types using 3 min observation
intervals and were combined with published algal yield
per bite from Bruggemann et al. (1994b) in order to
obtain consumption rates for S. viride (Paddack 2005).
Guild-wide consumption rate was extrapolated from this
value based on the assumption that the algal consump-
tion rate of herbivorous fishes is a function of fish bio-
mass (van Rooij et al. 1998). Thus, we assumed that
algal consumption by S. viride was proportional to its
biomass within the herbivorous fish guild. The propor-
tion of biomass of S. viride within the herbivorous fish
guild was calculated for each reef type and each survey
date (mean of 29% on high relief reefs, 32% on
low relief reefs, and 22% on patch reefs) and the con-
sumption rate of S. viride was then divided by this
proportion in order to extrapolate consumption by the
entire herbivorous fish guild. The second method for
estimating algal consumption rate (Method 2) was
the use of a regression provided by van Rooij et al.
(1998) who calculated organic carbon (C) intake as a
function of body weight for herbivorous fishes from
a compilation of available published data (daily C
intake = 0.0342 · W0.816; wet body mass W in g). The
two methods were compared specifically for S. viride.

The proportion of algal production consumed by
herbivorous fishes was obtained by dividing the guild-
wide consumption rate estimate obtained by each
method of calculation with the experimentally derived
estimates of algal production. A second measure of the
proportion of algal production consumed was derived
directly from the experimental plates following the
methodology of Russ (2003), i.e., the difference between
the algal biomass of the uncaged plates at the start of the
experiment and the algal biomass of the caged plates
after the 28-day experiment.

Data analyses

Differences in herbivorous fish density, biomass, and
consumption rates were compared among reef types and
dates with a two-way analysis of variance (ANOVA).
Data were transformed as necessary to meet assump-
tions of normality and homoscedasticity. Tukey pairwise
comparisons were used after each significant test to
identify which values differed significantly (P < 0.05).
Species composition was calculated as a proportion of
total biomass because consumption rates are a function
of biomass. Species composition was compared among
reef types with a G test.

The percent cover of three major substrate categories
(cropped substrate: turfs, microalgae, crustose coral-
lines; macroalgae; sessile invertebrates: live corals,
sponges, fire coral, zooanthids) were compared between
years and reef types with a two-way multivariate anal-
ysis of variance (MANOVA). Data were arcsin square
root transformed in order to homogenize variances. All
statistical tests were performed using Systat 8.0.

Results

Fish distribution patterns

Total herbivorous fish density in the upper Florida
Keys varied significantly among reef types (ANOVA:
F0.05 [2,46] = 10.768, P < 0.001) and sample dates
(ANOVA: F0.05 [5,46] = 18.303, P < 0.001; Fig. 2a).
High relief reefs had greater densities of herbivorous
fishes than low relief or patch reefs (Tukey: high vs. low
relief P < 0.001, high vs. patch reef P = 0.004). Higher
numbers of fishes were observed in September 2000
compared to all other sample dates due to a strong
recruitment event for scarids (Tukey: P < 0.001 for
September 2000 vs. each other date). Additionally,
herbivore density in February 2001 was significantly
lower than in August 2001 (Tukey: P = 0.008).

Herbivorous fish biomass also differed among reef
types (ANOVA: F0.05 [2,45] = 10.328, P < 0.001) and
sample dates (ANOVA: F0.05 [5,45] = 4.684, P = 0.002;
Fig. 2b). Temporal variation in biomass was due to ele-
vated biomass in June 2001 relative to all other dates
(Tukey: P < 0.01 June 2001 vs. all dates except August
2001). The elevated biomass of June 2001 was caused by
high biomass of different species of fish at each reef type:
S. rubripinne on high relief reefs, S. coelestinusand
K. sectatrix on low relief reefs, and S. coelestinuson
patch reefs. Inshore patch reefs had significantly lower
biomass than the offshore reefs (Tukey: P < 0.001), and
high and low relief offshore reefs were significantly
different from each other (Tukey: P = 0.048). The lower
biomass on patch reefs was driven by the smaller mean
size of a majority of species (Fig. 3) as well as differences
in species composition (Fig. 4). While all species were
present on all reef types, the proportion of individual
species differed significantly among reef types (G test:
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P < 0.001; Fig. 4). The biomass of herbivorous fishes on
high relief reefs was dominated by K. sectatrix (25%),
which ranked second on low relief and patch reefs,
making up only 14–17% of the biomass. S. viridewas the
second most dominant herbivore on high relief reefs
(21.1%) whereas on low relief and patch reefs, it made up
the largest portion of the total herbivorous fish biomass
(27 and 19%, respectively). S. coelestinuswas the third

most dominant species on low and patch reefs and was
less abundant on high relief reefs. It is important to note
that the biomass of K. sectatrix and S. coelestinuswas
extremely variable both temporally and spatially; both
species are highly vagile and often swim in schools
dominated by large individuals (M.J. Paddack, personal
observation). Despite differences among species, reef
types had similar proportions by family, with scarids
dominating the herbivorous fish biomass on all reefs
(Sparisomabeing the most dominant genus, followed by
Scarus).

Benthic structure

Cover of major substrate variables did not differ among
reef types (Fig. 5). Macroalgae covered the largest area
of substrate on all reef types, ranging from 40 to 46%
cover. Dictyota spp. was the dominant macroalga,
making up 70–80% of the total macroalgal cover.
Halimeda spp. was the second most common genera on
high relief and patch reefs (21–23% of total macroalgal
cover), but was less common on low relief reefs (9% of
total macroalgal cover). Other macroalgae included
Stypopodium zonale, Padinaspp., Lobophora variegata,
and calcareous articulated reds such as Amphiroa spp.
Macroalgal height on the three reef types ranged from
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Fig. 2 Comparison of data
from high relief, low relief, and
patch reefs of the upper Florida
Keys on each sample date:
a total herbivorous fish density
(number of fish m�2 ± SE),
b total herbivorous fish biomass
(g m�2 ± SE), c herbivorous
fish algal consumption rate (g C
consumed m�2 day�1 ± SE)
calculated from a detailed
estimation for S. viride using
measured algal intake and site-
specific bite rates extrapolated
to a guild-wide value based
upon the proportion of
herbivorous fish biomass held
by S. viride, d percent cover of
cropped substrate (algal turfs
and crustose coralline algae),
e percent cover of sessile
invertebrates (live coral,
gorgonians, sponges, etc.), and
f percent cover of macroalgae.
Note that data collection for
percent cover of benthos did
not begin until February 2001.
All error bars are standard
error

Fig. 3 Mean size (± SE) (fork length, cm) of herbivorous fish
species over all sample dates on high relief (High), low relief (Low),
and patch reefs (Patch) of the upper Florida Keys
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17 to 23 mm and algal turf height ranged from 2.3 to
3.2 mm, but neither differed significantly. Percent cover
of live scleractinian coral and sponges were low on all
reef types (live coral: 4.7, 1.6, 7.0%; sponges: 2.2, 1.6,

and 4.8% at high relief, low relief, and patch reefs,
respectively).

The percent cover of macroalgae and cropped sub-
strate did not vary significantly among sample dates, but
there was a significant decline in the percent cover of
sessile invertebrates from 2001 to 2003 (square root,
arcsin transformed MANOVA: invertebrates P < 0.001,
Pillai Trace, P = 0.009; Fig. 2d, e, f), due to a decline
in live coral cover (square root, arcsin transformed
two-way ANOVA: sample date: F0.05 [3,24] = 5.812,
P = 0.004; Tukey: February 2001 vs. August 2001
P = 0.022, February 2001 vs. June 2003 P = 0.007).

Algal production

Algal production rates were obtained from only two of
the four experimental sites, one onshore and one off-
shore reef, TS and SI, as rates at the replicate sites
yielded estimates that either were too low to be detectable

a

b

c

Fig. 4 Species composition as a proportion of total herbivorous
fish biomass at each of three reef types in the upper Florida Keys

Fig. 5 Substrate composition of each reef type in the upper Florida
Keys measured in summer 2003 (CCA crustose coralline algae)

Table 2 Mean (± SE) algal consumption rate of (a) S. viride and (b) the herbivorous fish guild (excluding K. sectatrix) estimated using
two different methods

(a) Sparisoma viride

Summer (g C m�2 day�1) Winter (g C m�2 day�1)

Method 1 Method 2 Difference (%) Method 1 Method 2 Difference (%)

High relief 0.22 ± 0.04 0.22 ± 0.05 0 0.22 ± 0.08 0.32 ± 0.18 + 32
Low relief 0.16 ± 0.03 0.19 ± 0.04 + 17 0.10 ± 0.03 0.16 ± 0.06 + 33
Patch reef 0.08 ± 0.03 0.09 ± 0.04 + 14 0.06 ± 0.03 0.11 ± 0.05 + 48

(b) Herbivorous fish guild

Summer (g C m�2 day�1) Winter (g C m�2 day�1) Annual average (g C m�2 day�1)

Method 1 Method 2 Method 1 Method 2 Method 1 Method 2

High relief 0.83 ± 0.39 1.12 ± 0.46 0.70 ± 0.38 1.25 ± 0.88 0.81 ± 0.34 1.19 ± 0.09
Low relief 0.65 ± 0.49 0.90 ± 0.66 0.29 ± 0.14 0.62 ± 0.35 0.58 ± 0.45 0.76 ± 0.20
Patch reef 0.35 ± 0.15 0.58 ± 0.21 0.21 ± 0.15 0.48 ± 0.51 0.32 ± 0.14 0.53 ± 0.07

Method 1: Algal consumption calculated from a detailed estimation for S. viride using measured algal intake and site-specific bite rates
extrapolated to guild-wide value based upon the proportion of herbivorous fish biomass held by S. viride. Method 2: Consumption
calculated from general regression equation from van Rooij et al. (1998) relating herbivorous fish biomass to algal consumption rate
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or were compromised by low sample size resulting
from plate breakage and damselfish interference. Algal
production rates calculated from the difference in algal
growth on plates after 28 days were similar between the
offshore reef and inshore patch reef (1.03 and
1.06 g C m�2 day�1, respectively). Because of the simi-
larity of production measures at these two sites and the
low replication, the average value of the two sites
(1.05 g C m�2 day�1) was used as the estimate of algal
production rate for all reef types.

Algal consumption rates

Consumption rate estimations for S. virideobtained with
the generalized regression equation (Method 2) were
higher in most cases than those obtained with the de-
tailed calculation (Method 1; Table 2, first part). Both
estimates differed over time and space, but differences
between methods were greater in the winter when the
estimate obtained by Method 2 was 32–48% of the esti-
mate obtained by Method 1. Annual average consump-
tion rate estimates did not differ significantly between the
two methods (3–12% difference; Table 2, first part).

Consumption rate estimates of the entire herbivorous
fish guild differed significantly among reef types and
dates using either method of calculation (Table 2,
second part; Table 3). Pairwise comparisons for each
method revealed that guild-wide consumption rates
differed significantly between high relief and patch reefs
(Tukey: Method 1 P = 0.024, Method 2 P = 0.003)
and that consumption rates in June 2001 differed sig-
nificantly from other dates (Tukey: Method 1 June 2001
vs. May 2000 P = 0.028; Method 2 June 2001 vs. other
dates, all P = 0.033). Estimates of algal consumption
for the herbivorous fish guild by reef type and sample
date obtained via Method 1 illustrate the temporal and
spatial variations in consumption rates (Fig. 2c).

Proportion of algal production consumed
by herbivorous fishes

Estimations of the proportion of algal production con-
sumed by herbivorous fishes in the upper Florida Keys

produced similar patterns among reef types between the
two different methods of estimating algal consumption
rate (Table 4). A majority of algal production on off-
shore reefs was consumed (77–113% on high relief reefs
and 55–73% on low relief reefs), whereas 31–51% of the
production on patch reefs was consumed (Table 4a).
The proportion of algal production removed, as mea-
sured directly from the experimental plates (the differ-
ence between algal biomass from plates that had been
caged for 28 days and algal biomass from those plates at
the start of the experiment), produced a comparable
estimate for offshore reefs but a higher estimate for in-
shore patch reefs where sample sizes were lower due to
damselfish interference (Table 4b).

Discussion

This study provides an example of a reef system that
currently contains low coral cover, high algal cover, and
a high biomass of herbivorous fishes. Our evaluation of
herbivorous fishes and benthic cover across three reef
types over a 4 year period revealed that although her-
bivorous fishes on low coral-cover reefs cannot exclude

Table 3 Results from analysis of variance tests comparing algal consumption rates of the herbivorous fish guild (excluding K. sectatrix) in
the upper Florida Keys among reef types and sample dates

Source Method 1 Method 2

df MS F P df MS F P

Reef type 2 0.887 3.799 0.031 2 1.689 6.478 0.004
Date 5 0.681 2.915 0.024 5 1.191 4.571 0.002
Reef type · date 10 0.137 0.586 0.816 10 0.228 0.876 0.563
Error 41 0.234 40 0.261

Tests were conducted separately using estimates obtained from Methods 1 and 2. Method 1: Algal consumption calculated from a detailed
estimation for S. virideusing measured algal intake and site-specific bite rates extrapolated to guild-wide value based upon the proportion
of herbivorous fish biomass held by S. viride. Method 2: Consumption calculated from general regression equation from van Rooij et al.
(1998) relating herbivorous fish biomass to algal consumption rate

Table 4 Proportion of algal production consumed by the herbiv-
orous fish guild in the upper Florida Keys

a b

Method 1 (%) Method 2 (%)

High relief 77 113 NA
Low relief 55 73 63
Patch reef 31 51 79

Estimated by (a) the ratio of algal production rate obtained
experimentally (1.05 g C m�2 day�1) to two different estimates of
algal consumption rate (Method 1: Algal consumption calculated
from a detailed estimation for S. virideusing measured algal intake
and site-specific bite rates extrapolated to guild-wide value based
upon the proportion of herbivorous fish biomass held by S. viride.
Method 2: Consumption calculated from general regression equa-
tion from van Rooij et al. (1998) relating herbivorous fish biomass
to algal consumption rate) and (b) calculated from experimental
plates at one low relief (SI) and one patch reef site (TS; production
consumed = algal biomass of caged plates at end of experi-
ment � algal biomass of uncaged plates at start of experiment)
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macroalgae, an unfished herbivorous fish guild is capa-
ble of consuming a majority of new algal production and
limiting the further spread of macroalgae. These obser-
vations provide insight into the dynamics of both ben-
thic algae and herbivorous fishes, and allow a fuller
understanding of the structuring and maintenance of
coral reef systems that are experiencing declining coral
cover.

The benthic algal production rate estimates obtained
in this study compare reasonably well with estimates
from other areas (Table 5), and provide a first estimate
of benthic algal production rates on inshore and offshore
reefs in the upper Florida Keys. These values are,
however, at the low end of the range found by previous
studies. Although this may be partly explained by the
deeper depths used in this study relative to others (4.5 m
vs. 1–1.8 m; Table 5), estimates of algal production from
this same area and similar depths have also indicated
low rates (A.M. Szmant and B. Mason, unpublished
data). Algal production rates are moderated by a com-
plex set of factors including light intensity, temperature,
water motion, nutrient levels, sedimentation rates, and
algal species composition, and are difficult to measure
accurately. Variability in these environmental factors
should therefore produce differences among reefs and
areas, but without a comprehensive study, the proximate
cause(s) of these differences cannot be determined. Our
findings do suggest that nutrient enrichment, a factor
found to be a problem on several coral reefs (Smith et al.
1981; Lapointe 1997), is not impacting this area.
Although ambient nutrient levels were not measured in
this study, the low algal production rates are consistent
with previous findings that nutrient enrichment is not
occurring on these reefs (Szmant and Forrester 1996;
Miller et al. 1999). Importantly, the technique used to
measure algal production in this study can only provide
a rough estimate of algal production rate due to meth-
odological constraints (e.g., use of experimental rather

than natural substrate) and limited temporal and spatial
replications. Attempts to conduct this experiment over
multiple seasons and years were unsuccessful due to a
series of logistical and weather constraints (e.g., four
hurricanes in the area in 2004).

Our results demonstrate that grazing pressure on
offshore reefs in the upper Florida Keys is high and a
majority of the algal production is consumed. In con-
trast, the estimated proportion of algal production
consumed on inshore patch reefs is less than half that of
offshore reefs and less than reefs from other geographic
areas (Tables 4, 6). Actual algal consumption rates are
likely to be higher than we estimated, given that esti-
mations were based upon a species with low bite rates
and low algal yield-per-bite (Bruggemann et al. 1994b;
Paddack 2005). Nonetheless, spatial differences in rates
of algal consumption were observed. Lower consump-
tion rates on inshore patch reefs resulted from lower
herbivorous fish biomass, which was driven by smaller
sizes of fishes and differences in species composition. The
low proportion of algal consumption on inshore reefs
indicates that these reefs may be vulnerable to algal
accumulation. However, the fact that no increase in al-
gal cover was observed over the 4 year time frame of this
study suggests that although grazing pressure is low on
inshore reefs, it is currently sufficient to limit the spread
of macroalgae.

The degree of grazing intensity on reefs cannot be
considered a static process. A drop in grazing intensity
may occur through a decline in herbivore biomass, a
decline in grazing rates, an increase in algal production
rate, and/or an increase in the amount of substrate
available for algal colonization (e.g. death or removal of
live corals). A decline in grazing intensity by any of these
mechanisms could allow algal turfs to transition into
macroalgal communities. We found no indication of
either a build-up or a decline in herbivorous fish biomass
over the course of this study. However, herbivorous fish

Table 5 Comparison of benthic algal production measurements from coral reefs in the Caribbean and Indo-Pacific noted with
methodology used

Reference Method Location Depth (m) Summer (g C m�2 day�1) Winter (g C m�2 day�1)

Caribbean
This study AB, 21 days Florida 5 1.05
van Rooij et al. (1998) RC Bonaire 1 1.86 1.46
Carpenter (1986) RC St Croix 1.8 1.58–2.16 1.98–3.11
Wanders (1976) RC Curaçao 1–1.5 3.48

No oscillation
Incubated 2–4 h

Great Barrier Reef
Russ (2003) AB, 30 days Myrmidon 2–3 Flat: 0.4

2–3 Crest: 1.2
15 Slope: 0.2

Klumpp and McKinnon (1989) RC Davies 3 Flat: 2.51 Flat: 1.71
10 Slope: 1.72 Slope: 1.11

Hatcher (1982) AB, 7–20 days One Tree 4–10 Slope: 0.61–0.97

RC Algal production measured using dissolved oxygen flux of natural substrate blocks placed in in situ respiration chambers with
oscillatory water motion and 15 min incubation period; AB difference in algal biomass between caged and uncaged substrate blocks,
duration of caging noted
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biomass did fluctuate and this resulted in temporal
variation in estimated algal consumption rates. Fluctu-
ations in herbivorous fish biomass were due to the
intermittent presence of vagile, large-bodied schooling
species such as S. coelestinusand S. guacamaia. Addi-
tional temporal variability in algal consumption rates
was introduced by the positive relationship between
water temperature and feeding rate of herbivorous
fishes, which has been observed in other herbivorous
fishes (Horn and Gibson 1990; Ferreira et al. 1998). An
important limitation of this study is that the entire
herbivorous fish guild was considered as a single unit,
although there appears to be high variation in feeding
strategies among herbivorous fish species resulting in
varying degrees of impact upon the benthos (Bellwood
et al. 2004). As detailed information on feeding prefer-
ences and foraging strategies is lacking for most
herbivorous fish species, our ability to conduct these
finer-scale analyses was restricted. Nonetheless, results
of this study enable the examination of overall grazing
impact and provide a starting point for examining the
relative importance among species, once species-specific
feeding data become available.

Clearly, the fact that macroalgae is one of the major
components of the benthos on reefs in the upper Florida
Keys indicates that the herbivorous fish populations are
not capable of completely excluding macroalgae from
these low coral-cover reefs. It has been suggested that
there is a threshold to the total reef area that the her-
bivorous fish guild can maintain in a cropped state
(Williams et al. 2001). The presence of macroalgae on
these low coral cover reefs indicates that the space
available for algal colonization (73–95%) has indeed
exceeded the capacity of even an unfished, high biomass
herbivorous fish guild to maintain macroalgae-free reefs.
Nonetheless, it appears that the herbivorous fish guild is
able to limit the further spread of macroalgae. This is
evidenced by the fact that although a trend of declining
cover of sessile invertebrates was noted, macroalgal
cover did not significantly increase. Herbivorous fishes
appear to be able to compensate to some degree for an
increase in algal cover by maintaining high grazing

pressure. Experimental studies have suggested that her-
bivorous fishes can respond to increased algal production
and cover by increasing their feeding rates and thus
maintaining algae in a cropped state (McClanahan et al.
1999; Williams et al. 2001). Alternatively, physical forces
may play a role in restricting an increase in macroalgal
cover and biomass. A high frequency of storms or high
wave activity may remove and/or thin macroalgal
clumps by turbulence and scouring. This has been shown
in temperate reef systems (Cowen et al. 1982; Ebeling
et al. 1985; Seymour et al. 1989), but the relative
importance of physical and biological factors in driving
the dynamics of macroalgae on coral reefs is poorly
known.

Most species of herbivorous fish in the Caribbean do
not consume macroalgae per se, or consume it in very
small quantities (M.J. Paddack, unpublished data); thus,
once established, macroalgae may persist, even on reefs
containing a robust population of herbivorous fishes.
Nonetheless, if grazing pressure remains high on the
substratum surrounding macroalgal patches, macroalgal
cover will be restricted from spreading. Spatial variation
of grazing within reefs may limit the distribution of
macroalgae (Choat and Bellwood 1985; Lewis and
Wainwright 1985; Russ 2003). Even within a single reef
zone, the territorial nature of many species of herbivo-
rous fish and fine-scale feeding preferences are likely to
create spatial patchiness in grazing intensity (Hay 1985).
Such spatial variability in grazing intensity may allow a
mosaic of macroalgal patches to persist (Williams et al.
2001).

The observation of extremely high herbivorous fish
biomass coupled with 40–46% macroalgal cover coun-
ters the current understanding that reefs with high her-
bivorous fish biomass contain low macroalgal cover
(Williams and Polunin 2001). These findings indicate
that herbivorous fishes alone are incapable of excluding
or removing macroalgae from reefs which have lost
a majority of their coral cover. Intense grazing by
D. antillarum may be crucial for removal of established
macroalgae and thus long-term recovery of Caribbean
reefs. High grazing pressure may be particularly

Table 6 Herbivorous fish biomass and proportion of algal production consumed reported by this and previous studies

Reference Location Herbivorous fish
biomass (g m�2)

Total algal
consumption
(g C m�2 day�1)

Proportion of
algal production
consumed (%)

This study Florida Keys 47–121 0.34–0.76 31–77
van Rooij et al. (1998) Bonaire 41 1.74 101
Carpenter (1986) St Croix NA 2.50 97
Klumpp and Polunin (1990) Davies, GBR NA 0.57–1.13 Winter: 42

Summer: 72
Hatcher (1982) One Tree Reef, GBR 5–21 0.40–0.79 61–290

GBR Great Barrier Reef
Values from this study are averaged over all sample dates and reflect the range among reef types; consumption rate estimates are based
upon detailed estimation for S. virideextrapolated to guild-wide values based upon the proportion of herbivorous fish biomass held by S.
viride (Method 1)
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important for reef resilience by creating and maintaining
large areas of substrata suitable for coral recruitment
and growth (Birkeland 1977; Sammarco 1986). Indeed,
in Jamaica, recovering D. antillarum populations are
associated with decreased macroalgal cover and
increasing survivorship of juvenile corals, despite ex-
tremely low biomass of herbivorous fishes (Edmunds
and Carpenter 2001). However, the grazing activity of
other excavators, such as some scarid species, may be
similarly capable of promoting substrate suitable for
coral recovery (Bellwood et al. 2004; Mumby et al.
2006). Thus, the quality of grazing may be equally or
possibly even more important than overall grazing
intensity, and certain grazers may be particularly
important. Unfortunately, the relative importance of
different groups of grazers is difficult to test given the
paucity of reefs with robust and diverse herbivore pop-
ulations and the lack of species-specific information.
Finer-scale studies addressing the link between grazing
regime and coral recovery are needed to resolve this
question. This study has shown that robust herbivorous
fish assemblages can limit reefs from further macroalgal
domination, but that other factors (e.g., D. antillarum
recovery, removal of macroalgae by physical forces) will
be required to reverse the current status of algal domi-
nation on Caribbean reefs.
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