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E

xperiments assessing the functional importance of biodiversity
have advanced our understanding of how biodiversity impacts
ecosystem function and have demonstrated links between plant
diversity and increases in resource use, primary production, and
plant biomass (1, 2). However, most empirical investigations have
focused on diversity of primary producers; the links between
consumer diversity and ecosystem function remain understudied (2,
3). This discrepancy is unfortunate, because consumers face higher
threats of extinction than plants (4), and because consumers
strongly impact community organization, often altering entire
ecosystems when they are removed (5, 6). Humans are selectively
impacting consumers world-wide, making it critical to understand
how consumer identity and richness affect ecosystem function.
Recent studies suggest that consumer diversity can both directly and
indirectly impact ecosystems through facilitation of primary and
secondary production (7) and modification of trophic cascades (8,
9). Marine ecosystems appear at special risk of degradation after
loss of consumers (10, 11), with coral reefs being prime examples
(5, 12).
On coral reefs, intense feeding by herbivorous fishes and sea
urchins facilitates a coral-dominated community by removing
upright macroalgae (13, 14) that negatively affect the recruitment, growth, reproduction, and survivorship of corals (15–17).
Further, herbivores provide resilience to reefs, because they
keep macroalgae at low levels after a disturbance and allow
corals to recover (18). Yet, most experimental studies of how
herbivory affects coral reefs have focused on the role of herbivores as a group (17–19) rather than on the role of particular
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species, or of herbivore diversity, in driving community patterns
(20). Theory suggests that a greater diversity of herbivores will
more effectively suppress macroalgae by making it unlikely that
a seaweed will be defended against all consumers (3, 21). Thus,
herbivore diversity could benefit coral reefs by more effectively
removing macroalgae and thereby promoting coral settlement
and growth.
Previous studies examining how different herbivores affect
Caribbean reefs focused on the impacts of fishes vs. the sea
urchin Diadema antillarum (22, 23), but the Caribbean-wide
mortality of D. antillarum in the early 1980s made herbivorous
fishes the single dominant herbivore group (24). Yet, we know
little about how species richness and identity of herbivorous
fishes affect the structure and function of Caribbean reefs.
Previous observational studies show important among-species
differences in foraging patterns (25–27) and bioerosion rates
(28) for herbivorous Caribbean fishes. However, these observational studies cannot assess unambiguously the direct impact of
herbivore richness or the more complex and longer-term indirect
effects that may cascade from altering herbivore species richness.
These processes can be evaluated, with limitations, using controlled experimentation.
Here, we describe two experiments, over 2 years, where we
enclosed equivalent densities and similar biomasses of singleand mixed-species groups of herbivorous fishes in large replicate
cages on a reef in the Florida Keys to assess how herbivore
species richness and species identity affected reef structure. In
year 1, we used the redband parrotfish Sparisoma aurofrenatum
and the ocean surgeonfish Acanthurus bahianus to generate the
treatments; in year 2, we used the redband parrotfish and the
princess parrotfish Scarus taeniopterus. These three species are
among the more common species of herbivorous fishes on
Caribbean reefs and represent three dominant genera of herbivores (29). They have a range of adaptations for herbivory (30,
31) and are similar in size. Over the 7- to 10-month duration of
the experiments, we monitored changes in macroalgal abundance, macroalgal species composition and coral survivorship
and growth. Our results indicate that herbivore richness can have
strong positive effects on coral reefs.
Results
Herbivore Effects on Algae. In year 1, redband parrotfish had

significant effects on upright macroalgae and all common algal
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Consumer effects on prey are well known for cascading through
food webs and producing dramatic top-down effects on community structure and ecosystem function. Bottom-up effects of prey
(primary producer) biodiversity are also well known. However, the
role of consumer diversity in affecting community structure or
ecosystem function is not well understood. Here, we show that
herbivore species richness can be critical for maintaining the
structure and function of coral reefs. In two experiments over 2
years, we constructed large cages enclosing single herbivore species, equal densities of mixed species of herbivores, or excluding
herbivores and assessed effects on both seaweeds and corals.
When compared with single-herbivore treatments, mixed-herbivore treatments lowered macroalgal abundance by 54 –76%, enhanced cover of crustose coralline algae (preferred recruitment
sites for corals) by 52– 64%, increased coral cover by 22%, and
prevented coral mortality. Complementary feeding by herbivorous
fishes drove the herbivore richness effects, because macroalgae
were unable to effectively deter fishes with different feeding
strategies. Maintaining herbivore species richness appears critical
for preserving coral reefs, because complementary feeding by
diverse herbivores produces positive, but indirect, effects on corals,
the foundation species for the ecosystem.
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Fig. 1. Year 1 abundance of algae (mean ⫾ SE) at the end of the experiment. P values from two-factor ANOVA. * indicates that single- vs. mixed-herbivore
treatments differ as determined via resampling statistics. R ⫽ redband parrotfish, S ⫽ ocean surgeonfish. n is in brackets below the x axis.
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6
4
2

% cover

10

Codium spp.

8

*

R: P < 0.001
P: P = 0.003
PxR: P = 0.034

6
4

(8
)

P/
P

(5
)

/P
R

)
(8

/R
R

)

(7
)

2

(8

P/
P

R

/P

(7
)

(5
)
/R

R

lo
su
re

(8

)

(8
)

P/
P

(7
)
/P

R

/R
R

Ex
c

Ex

cl
os
u

re

(8

)

(5
)

10

*

Dictyota spp.
R: P = 0.348
P: P = 0.852
PxR: P = 0.864

12

)

20

R: P < 0.001
P: P = 0.320
PxR: P = 0.320

14
12
10
8
6
4
2

(8

30

8

H

Sargassum spp.

10

P/
P

*

PxR: P = 0.779

G

)

Lobophora variegata
R: P < 0.001

40 P: P = 0.923

(8

10

50

re

20

F

# plants/cage

% cover

R: P < 0.001
P: P = 0.008
PxR: P = 0.001

*

lo
su

Upright calcified algae

30

% cover

E

20
10

10

(7
)

20

30

% cover

20

40

D

cl
os
ur
e

*

R: P < 0.001
P: P < 0.001
PxR: P = 0.111

*

50

*

30

Turf algae

60

R
/P

40

40

C

(5
)

50

Crustose coralline algae
R: P < 0.001
P: P < 0.001
PxR: P = 0.917

/R

60

R

*

60

70

% cover

B

Ex
c

% cover

80

Upright macroalgae
R: P < 0.001
P: P = 0.625
PxR: P = 0.162

% cover

A 100

abundant. For example, large-bladed algae like K. westii were
visually estimated at ⬇15% cover in many of the redband-only
and exclosure cages before the storm but declined to ⬇1–3%
cover after the hurricane.
In year 2, redband parrotfish had significant effects on upright
macroalgae and on all algal types except for Dictyota spp. (Fig. 2).
Princess parrotfish had no significant effect on total cover of upright
macroalgae but did affect the cover of crustose coralline algae, turf
algae, upright calcified algae, and Codium spp. Significant interactions occurred for upright calcified algae and Codium spp. There
was a significant effect of herbivore richness on crustose coralline
algae with cover being 52–64% higher in the mixed- vs. the
single-herbivore treatments (Fig. 2B). Only redband parrotfish
affected macroalgal diversity in year 2 (Fig. S1B). As in year 1, the
initial trajectory of change in the cover of macroalgae strengthened
over the duration of the study (Fig. S2).

Ex

species or groups except for Kallymenia westii (Fig. 1). Ocean
surgeonfish had significant effects on upright macroalgae and on
Dictyota spp., Codium spp., Haloplegma duperryi, and K. westii.
There was a significant herbivore richness effect on macroalgal
abundance; in the single-herbivore treatments, cover was a
significant 2.7–5.9⫻ higher and biomass a significant 3.5–17.4⫻
higher than in the mixed-herbivore treatment (Fig. 1). As with
overall cover of upright macroalgae, herbivore richness also
significantly suppressed macroalgal diversity [supporting information (SI) Fig. S1 A]. The trends in cover of the different
species of macroalgae developed early and strengthened over the
duration of the study (Fig. S2). Our results may be conservative,
because Hurricane Charley passed within 150 km of our field site
2 weeks before final data were gathered, and storm surge
appeared to remove considerable quantities of larger poorly
attached algae from the treatments where these were most

Year 2 algal abundance at the end of the experiment. Statistics and symbols as in Fig. 1. R ⫽ redband parrotfish, P ⫽ princess parrotfish.
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Herbivore Effects on Corals. In year 1, coral mortality was 0% in the

mixed-herbivore treatment but was significantly higher (8–24%
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three single-herbivore treatments each occupying separate axis
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the surgeonfish- and princess-only treatments clustered near the
exclosure treatment.
When macroalgae were offered to enclosed fishes in year 1,
redband parrotfish consumed significant quantities of Dictyota
menstrualis, Halimeda tuna, Lobophora variegata, Sargassum
filipendula, and Codium taylori, whereas surgeonfish ate D.
menstrualis, C. taylori, K. westii, and H. duperryi (Table 1). For
year 2, redband parrotfish consumed the same species as in year
1, whereas princess parrotfish consumed significant quantities of
only H. tuna (Table 1). Feeding patterns for enclosed fishes were
similar to those for free-ranging fishes (Fig. S3).
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Fig. 3. Nonmetric multidimensional scaling showing similarity of macroalgal
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in 10 months) in the single- or no-herbivore treatments (Fig. 4A).
Patterns were similar for growth (Fig. 4 B and C). There was a
significant herbivore richness effect as coral cover increased 22%
in the mixed-herbivore treatment but declined by 6–30% in all
other treatments. Both absolute and relative change in coral area
was negatively correlated with cover of upright macroalgae in
our treatments (slope ⫽ ⫺0.119, r2 ⫽ 0.150, P ⫽ 0.011; slope ⫽

Year
Year 1 (percentage of mass removed)
Dictyota
Lobophora
Halimeda
Sargassum
Kallymenia
Haloplegma
Codium
Year 2 (percentage of mass removed)
Dictyota
Lobophora
Halimeda
Sargassum
Kallymenia
Haloplegma
Codium

Ocean (Yr 1)/Princess (Yr 2)

Redband

Control

37.0 ⫾ 9.3*
23.6 ⫾ 6.4
2.9 ⫾ 1.9
⫺2.7 ⫾ 1.3
72.4 ⫾ 14.1**
70.8 ⫾ 19**
30.7 ⫾ 9.9**

54.9 ⫾ 16.3*
53.2 ⫾ 15.8*
24.1 ⫾ 11.0*
92.8 ⫾ 2.8**
6.5 ⫾ 7.4
5.0 ⫾ 5.0
51.6 ⫾ 18*

15.7 ⫾ 5.3
11.9 ⫾ 6.1
3.6 ⫾ 1.5
⫺1.3 ⫾ 2.9
11.6 ⫾ 8.9
4.2 ⫾ 4.2
⫺2.9 ⫾ 0.9

10.0 ⫾ 1.9
9.7 ⫾ 1.6
24.9 ⫾ 7.9*
⫺3.8 ⫾ 1.2
NA
NA
⫺2.6 ⫾ 0.5

46.5 ⫾ 9.1*
52.5 ⫾ 9.3*
81.7 ⫾ 11.3**
89.5 ⫾ 2.3**
NA
NA
57.6 ⫾ 9.3*

8.5 ⫾ 2.8
7.9 ⫾ 4.2
5.7 ⫾ 0.15
⫺0.5 ⫾ 2.6
NA
NA
⫺3.5 ⫾ 0.9

*P ⬍ 0.05 and **P ⬍ 0.01 as determined by using one-tailed t tests comparing treatments and controls for that year. A significant difference between treatment
and control indicates loss of more macroalgal mass from cages with vs. without herbivores (i.e., significant feeding). n ⫽ 5– 8 for each treatment or control.

Burkepile and Hay

PNAS 兩 October 21, 2008 兩 vol. 105 兩 no. 42 兩 16203

ECOLOGY

Table 1. Percentage of macroalgal mass (mean ⴞ SE) removed when placed into cages with redband parrotfish (years 1 and 2), ocean
surgeonfish (year 1), princess parrotfish (year 2), or into the exclosures (controls)

⫺0.742, r2 ⫽ 0.278, P ⬍ 0.001, respectively), suggesting that coral
decline was driven by treatment effects on macroalgal cover. For
year 2, unexpected termination of the experiment by Hurricane
Dennis prevented evaluations of treatment effects on coral
survivorship and growth.
Potential Confounding Factors. There was no difference in biomass

between the average redband parrotfish and ocean surgeonfish
used for experiments in year 1 [142.7 ⫾ 11 g vs. 137.4 ⫾ 4.6 g,
respectively [mean ⫾ SE]; F1,26 ⫽ 0.03, P ⫽ 0.863]. Thus,
between-species contrasts were not biased due to amongtreatment differences in fish biomass. Weight:length ratios of
caged vs. free-ranging fishes at the end of year 1 also did not
differ (redband parrotfish: F1,26 ⫽ 2.36, P ⫽ 0.137; ocean
surgeonfish: F1,36 ⫽ 0.02, P ⫽ 0.885). Thus, fishes in cages were
neither feasting nor starving relative to free-ranging fishes. For
year 2, hurricane damage to cages precluded weighing caged
fishes at the end of the experiment; however, a sample of
free-ranging fishes in the size classes that we used suggested
minimal differences in biomass between redband and princess
parrotfishes [143.6 ⫾ 10.3 g vs. 166.5 ⫾ 17.7 g, respectively
(mean ⫾ SE); F1,20 ⫽ 1.30, P ⫽ 0.268].
Feeding rates for individuals enclosed in single- vs. mixedspecies treatments also did not differ in either year (Fig. S4).
Thus, differences in macroalgal communities between singleand mixed-herbivore treatments should not have been influenced by differences in intra- vs. interspecific interactions altering feeding behavior within our treatments. Bite rates of freeranging princess parrotfish and ocean surgeonfish were 2.9⫻ and
3.6⫻ higher, respectively, than those of redband parrotfish (Fig.
S4). Contrasts among caged fishes were similar; princess- and
surgeonfish-only treatments exhibited bite rates that were 2.7⫻
and 2.9⫻ higher, respectively, than the redband-only treatments
(Fig. S4). The mixed-species treatments were intermediate between the single-species treatments. Thus, the differences in
macroalgal abundance between single- and mixed-species treatments were not explained by increased bite rates in the mixedspecies treatments. Additionally, bite rates for caged fishes were
similar to those of free-ranging fishes (Fig. S5), suggesting that
caging the fishes did not significantly alter bite rates. Overall bite
rates (bites/hr per m2) in the redband-only and mixed-species
treatments were comparable to bite rates by the natural assemblage of herbivorous fishes on natural areas of Conch reef,
whereas bite rates in the surgeonfish- and princess-only treatments were considerably higher than rates outside of cages (Fig.
S6), because these species take many small bites rather that a few
larger ones. Given that these fishes take smaller bites, the higher
bite rate does not translate into greater rates of algal removal
(Figs. 1 A and 2 A).
Discussion
Increased herbivore richness strongly reduced the cover, biomass, and diversity of algal prey, although facilitating coral
survivorship and growth. This effect of transgressive overyielding, where the mixed-species treatment performs better than any
of the single-species treatments, has been elusive in previous
experiments on consumer diversity (7–9) and experiments assessing biodiversity effects on ecosystem function in general (1).
Further, complementary resource use, a mechanism often cited
as driving the positive effect of plant species diversity on
ecosystem function (32) but that is less commonly addressed in
studies of consumer diversity (10), drove the strong direct and
indirect effects of herbivore richness in our study. In year 1,
feeding complementarity between redband parrotfish and ocean
surgeonfish (Table 1) suppressed the cover and biomass of
upright macroalgae (Fig. 1), which led to a 22% increase in coral
surface area and prevented coral mortality in the mixedherbivore treatment. In contrast, corals in single-herbivore
16204 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0801946105

treatments declined in cover by 6–30% and experienced 8–23%
mortality (Fig. 4). In year 2, Hurricane Dennis disrupted our
experiment at month 7 and prevented an assessment of treatment effects on coral growth and survivorship. However, before
this disturbance, redband and princess parrotfish showed complementary feeding on different functional groups of algae;
redband parrotfish suppressed upright macroalgae, whereas
princess parrotfish suppressed turf algae (Fig. 2). This facilitated
crustose coralline algae in the mixed-herbivore treatment. These
algae enhance reefs by reinforcing their structural integrity (33)
and serving as preferred recruitment sites for corals (34).
Additionally, both turf algae and upright macroalgae impair
coral growth and survivorship (35), so their joint suppression in
the mixed-herbivore treatment should have facilitated corals;
however, cage destruction by Hurricane Dennis prevented a
direct assessment of this. Complementary feeding driven by
differential tolerance of macroalgal traits also occurs for parrotfishes and surgeonfishes in the tropical Pacific (36), suggesting
that complementarity may help control macroalgae in multiple
geographic regions.
Despite different species of parrotfish in the Caribbean having
different feeding behaviors, bioerosion rates, and preferred diets
(26, 28, 37), parrotfishes are often considered as a unified
functional group when inferring their effects on community
structure (13, 38–40). However, we found that redband and
princess parrotfish had considerably different effects on communities, suggesting that grouping all parrotfishes may blur
important distinctions among species. Further, effects of a
critical species can drive the relationship between diversity and
ecosystem function (i.e., the sampling or species identity effect)
(1). Even though we show strong effects of herbivore richness in
our study, redband parrotfish appear to have disproportionately
strong effects on macroalgal community structure, because all
treatments containing redband parrotfish clustered regardless of
the presence of other herbivore species (Fig. 3). Other Caribbean
studies also show strong effects of Sparisoma parrotfishes on reef
structure and function (12, 26, 28), suggesting that this genus is
important for reef health. In contrast, surgeonfish appear to play
a smaller role in regulating overall cover and biomass of macroalgae but are important for preventing blooms of rare macroalgae that are avoided by other herbivores (Fig. 1, Table 1).
Despite their different feeding morphologies, ocean surgeonfish
and princess parrotfish generated similar macroalgal communities dominated by upright brown macroalgae (e.g., L. variegata
and Sargassum spp.). In contrast, despite their more similar jaw
morphology, the communities generated by redband and princess parrotfish differed considerably in the abundance of upright
macroalgae. Similar to the work of Bellwood et al. (41), these
results show that fishes with different feeding morphologies can
have similar effects on community structure, suggesting that
relying primarily on jaw functional morphology to construct
functional groups or infer a species’ impact may be unreliable.
Additional research to determine the functional diversity or
redundancy within Sparisoma, Scarus, and Acanthurus species
would facilitate a better understanding of how consumer species
richness impacts community organization and ecosystem function and of how representative our data are for these genera.
Previous studies document significant among-species differences in diet selection, spatial impact, and contribution to
grazing and bioerosion rates for herbivorous fishes (25, 26, 28,
29, 37, 42). However, it is not clear that observations of feeding
patterns or measurements of grazing rates will be predictive of
community-level effects, because rates of grazing need to be
scaled to in situ rates of prey production (which are rarely
measured), and because indirect effects within a complex community can alter, or even reverse, the short-term direct effects
that are observed between sets of species (43). Additionally, our
findings indicate that herbivores are selectively consuming or
Burkepile and Hay
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sea surface temperatures and coral bleaching, that are beyond
the scope of local or regional management, scientists and
managers need to identify biotic and abiotic processes that can
be preserved or managed to promote healthy ecosystem function
and resilience in the face of these global stressors (18, 49). Our
findings suggest that a combination of (i) marine protected areas
that help restore fish stocks and (ii) proactive management for
critical components of herbivorous fish diversity could hasten
recovery of coral reefs. A better appreciation for the functional
role of consumer diversity in marine ecosystems might facilitate
their protection, conservation, and restoration and our ability to
serve as wise stewards of these threatened resources.
Materials and Methods
Experimental Setup and Maintenance. In November 2003, at a depth of 16 –18
m on Conch Reef (24°57⬘N/80°27⬘W) in the Florida Keys, we constructed 32
cages that were 2 ⫻ 2 ⫻ 1 m tall from 0.6-cm steel bar supporting PVC-coated
galvanized wire (2.5-cm mesh). This mesh creates no effects on algal community development (50). A 30-cm flange of mesh was conformed to the reef and
affixed by using galvanized fencing nails. Cages enclosed natural assemblages
of algae and benthic invertebrates.
For year 1, we enclosed redband parrotfish (S. aurofrenatum) and ocean
surgeonfish (A. bahianus) to create treatments of: (i) two redband parrotfish,
(ii) two ocean surgeonfish, (iii) one redband parrotfish and one ocean surgeonfish, or (iv) no enclosed fishes. Density of enclosed herbivorous fishes was
within the range seen on present-day Caribbean reefs (48). Fishes were 14- to
18-cm standard length for redband parrotfishes and 12- to 16-cm standard
length for ocean surgeonfishes. Four cages were blocked spatially (typically
within 3– 4 m of each other), treatments were allocated randomly, and there
were eight such blocks. Every 4 – 6 weeks, we scrubbed the cages, surveyed
fishes inside the cages, and replaced missing fishes (Table S1). In year 1, the
experiment ran for 10 months (November 2003–August 2004). The mesh was
then removed and grazing allowed for 3 months to remove treatment effects.
In November 2004, we set up year 2 using the same design, except we used
redband and princess parrotfish (S. taeniopterus). Fishes were intermediatephase and were 14- to 19-cm standard length for redband parrotfishes and 15to 22-cm standard length for princess parrotfishes. The experiment ran from
November 2004 until July 2005 (7 months), when surge from Hurricane Dennis
destroyed the cages. However, all data presented for year 2 were collected in
June 2005, while the treatments were intact.
Measuring Herbivore Affects on the Algal Community. Every 6 –10 weeks, we
used a 1.5 ⫻ 0.75-m quadrant containing 50 points to sample two areas within
each cage, identifying organisms under each point. For Sargassum spp., we
also counted individuals. At the end of year 1 (August 2004), we assessed
macroalgal biomass by coring (3.5-cm diameter) at 10 random locations within
each cage and determining macroalgal dry mass. Destruction from Hurricane
Dennis prevented measurement of biomass for year 2. At the end of each
experiment, among-treatment differences in algal species, types, or functional groups (51) were assessed via two-factor ANOVAs, following data
transformations when necessary. In year 1, we excluded four replicates due to
persistent loss of fishes from these cages, resulting in n ⫽ 6 – 8 for each
treatment. Similar occurrences in year 2 resulted in n ⫽ 5– 8. We noted moray
eels in these cages, suggesting a reason for fish loss. There were no amongtreatment differences in macroalgal abundance at the beginning of year 1 or
2 (Table S2).
We assessed the effect of herbivore richness on macroalgal abundance
using resampling statistics (resampling 10,000 times with replacement) to
compare the mixed- to each single-species treatment (see ref. 7). We controlled the error rate using the Bonferroni correction, i.e., ␣ ⫽ 0.025 for each
test. To assess similarity in algal communities across both years, we performed
ordination using NMDS with PC-ORD for Windows, Version 4 (52). NMDS is an
iterative technique that ordinates based on rank distances between sampling
entities (i.e., replicates of the herbivore treatments). We used Sørensen (Bray–
Curtis) distance to generate the distance matrix for the analysis.
In both years, we evaluated feeding patterns of treatment fishes by placing
weighed portions of various algae in each single-herbivore treatment and in
the herbivore exclosures. We offered five to seven algal species common
during the experiments. Pieces of a single algal species (3.0 ⫾ 0.3 g for H. tuna
and 2.0 ⫾ 0.2 g for other macroalgae) were blotted with a paper towel,
weighed to the nearest milligram, and entwined in a three-strand rope. Algae
were placed in each single herbivore and exclosure cage for 24 –30 h (n ⫽ 5– 8
separate cages), then reweighed. Change in mass was calculated for each alga,
PNAS 兩 October 21, 2008 兩 vol. 105 兩 no. 42 兩 16205

ECOLOGY

avoiding species at sizes that are not visually detectable by
humans. For example, Kallymenia westii and Haloplegma duperryi
became abundant in the absence of ocean surgeonfish, but these
species were rare to absent in treatments that included ocean
surgeonfish (Fig. 1 H and I) and were never seen on the open
reef. It appears that surgeonfish eliminate them and redband
parrotfish avoid them in the germling stage. Similarly, redband
parrotfish suppressed Sargassum spp. and ocean surgeonfish
enhanced Digenia simplex abundance; both genera are rare to
absent on the reef slope, suggesting that observational studies
alone will underestimate the role of specific herbivores in
controlling many prey species. Our manipulative experiments
could detect these more cryptic or indirect effects, but such
manipulations are limited in the spatial scale and duration over
which they can be conducted. Thus, both observational and
experimental studies are needed to better understand the role of
consumer identity and diversity in ecosystem function.
Our experiment addressed the role of species richness in
affecting the health of coral reefs, but the scale of our enclosures
(4 m2) limited our treatments to only 0 vs. 1 vs. 2 herbivore
species during each year. This limitation restricts our ability to
predict the effects of herbivore species richness across larger
numbers of consumer types. However, the positive effects of
increasing herbivore richness suggest that herbivore richness may
be critical to reef community function. Our design necessitated
a minimum fish density of 0.5 fish/m2, because it required two
fish per cage for the mixed-species treatments; this produced a
herbivore biomass of ⬇75–100 g/m2. This density and biomass
are within the range but above the mean, seen on present-day
Caribbean reefs at depths of 10–20 m (density: mean of 0.22
fish/m2 with range up to 0.731 fish/m2; biomass: mean of 24 g/m2
with range up to 124 g/m2) (44). Natural densities and masses on
unfished reefs of the past would have been considerably higher
(5, 45). Thus, our density of consumers was higher than on many
present-day reefs but may be similar to reefs of the past; however,
our enclosures were considerably smaller than the typical home
ranges for these fishes (46). This constrained foraging to a
smaller area than normal and could have forced less-selective
feeding as favored foods were depleted. However, comparisons
of feeding by enclosed (Table 1) and free-ranging individuals
(Fig. S2 and Fig. S5) does not suggest noticeable alteration of
feeding rate or selectivity, and if enclosed fishes were less
selective, this should have biased against the strong effects of
herbivore richness that we demonstrated.
Harvesting of marine consumers has impacted the function of
many marine ecosystems through the removal of disproportionately important species and the reduction of functional diversity
at all trophic levels (10). Herbivores are critical drivers of
ecosystem function on coral reefs, because they suppress macroalgae (13, 14) and facilitate the recruitment, growth, survival,
and resilience of corals (18, 47). Although herbivore biomass is
often emphasized as an important determinant of macroalgal
abundance (12, 40), we show that herbivore richness and identity
also play important roles in the regulation of reef community
structure. Understanding the importance of herbivore identity
and richness may be especially important for Caribbean reefs,
because they are species-poor compared with coral reefs in other
regions, and their ecosystem function may be more susceptible
to the loss of particular species that lack ecological equivalents
within the system (20). Additionally, species may differ in their
ability to prevent and reverse phase shifts within communities
(48), further underscoring the importance of maintaining consumer diversity as a means of protecting ecosystem health. A
better understanding of how combinations of Caribbean herbivores affect reef function could facilitate the development of
conservation strategies that enhance critical species, or critical
mixtures, of herbivorous fishes to facilitate recovery of coral
reefs. Because coral reefs face global threats, such as increasing

and this value was compared between herbivore and exclosure treatments
using a one-tailed t test.
Coral Survivorship and Growth. The most common corals in treatments were
Siderastrea siderea (45% of all coral individuals), Porites astreoides (21%),
Agaricia spp. (13%), and Stephanocoenia michelini (11%). To monitor corals,
we took digital photographs of each coral colony within each replicate at the
beginning (November 2003) and end (August 2004) of the experiment. The
camera was mounted on a quadrapod frame to allow consistent positioning
directly above each coral. Change in live tissue area was measured by using the
computer program Image J (http://rsbweb.nih.gov/ij) to outline each coral and
calculate colony area at the beginning and end of the experiment. We
calculated absolute change (in cm2) and percentage change for each coral.
This method is inaccurate for branching corals such as Porites porites, but
these were ⬍5% of all corals, so we excluded these from the analysis. Coral
mortality was assessed by calculating the percentage of individuals that died
in each replicate and testing whether the mean for each treatment differed
from zero using a one-tailed t test. Change in coral area was analyzed by a
two-factor ANOVA. Effects of herbivore richness on coral area were evaluated
by using resampling statistics as discussed for macroalgal abundance. We used
linear least-squares regression to investigate the relationship between the
abundance of upright macroalgae and change in coral area by regressing the
average change in coral area for each cage against macroalgal abundance. At
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the beginning of the experiment (November 2003), mean coral colony size was
26.6 ⫾ 3.0 cm2 (mean ⫾ SE), and the size distribution of corals did not differ
across treatments (Table S3). There were 6.0 ⫾ 0.4 coral colonies per cage with
no differences among treatments for the number of corals present (Table S3).
Hurricane Dennis prevented an assessment of treatment effects on corals
during year 2.
Evaluation of Possible Confounding Factors. To determine whether our experimental design resulted in artifacts that confounded our results, we evaluated:
(i) feeding preferences for enclosed vs. free-ranging fishes, (ii) bite rates of
individuals enclosed in single vs. mixed-species treatments, (iii) differences in
bite rates among treatments, (iv) bite rates of enclosed vs. free-ranging fishes,
and (v) how bite rates in our treatments compared with the natural environment. (See SI Text for detailed methods of these tests.)
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