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INTRODUCTION

Coral reefs support fisheries that are essential for
the well-being of millions of people (Pauly et al.
2002). However, these fisheries often target species
which perform important ecological functions, such
as herbivorous fishes, whose grazing prevents the
proliferation of algae that compete with corals for
space (Koslow et al. 1988, Bellwood et al. 2004,
McClanahan & Cinner 2008). Because removal of
herbivores can shift the competitive balance be -
tween algae and reef-building corals, fishing could
reduce the capacity of corals to withstand or recover
from perturbations, including those resulting from
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ABSTRACT: Herbivory is a key process on coral reefs
that can facilitate reef-building corals by excluding  algae
that otherwise negatively impact coral settlement,
growth, and survivorship. Over the last several de cades,
coral cover on Caribbean reefs has declined precipitously.
On many reefs, large structurally complex corals have
been replaced by algae and other non-reef-building or-
ganisms, resulting in the collapse of physical structure
and the loss of critical ecosystem services. The drivers of
coral decline on Caribbean reefs are complex and vary
among locations. On many reefs, populations of key her-
bivores have been greatly reduced by disease and over-
fishing, and this has  resulted in the proliferation of algae
that hinder coral recovery following major disturbances.
Yet, evidence that increases in herbivory can promote
coral recovery on Caribbean reefs has been mixed. Here,
we discuss key contingencies that will modify the rela-
tionships between herbivores, algae, and corals and
identify critical knowledge gaps that limit our ability to
predict when and where herbivores are most likely to
facili tate coral persistence and recovery. Impacts of her-
bivores on coral reef ecosystems will vary greatly in
space and time and will depend on herbivore diversity
and species identity. While there are still a large number
of knowledge gaps, we make several management rec-
ommendations based on our current understanding of
the processes that structure reef ecosystems. Reversing
the fate of Caribbean coral reefs will require the de -
velopment of integrated management strategies that
 simultaneously address multiple stressors in addition to
the impacts of fisheries on herbivore assemblages.
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coastal development and global climate change (Bell -
wood et al. 2004, Mumby 2006, Hughes et al. 2010).
Thus, there are likely to be important trade-offs
between short-term fisheries goals of maximizing
yield and profit and the long-term sustainability of
coral reef ecosystems and the services they provide
(Brown & Mumby 2014).

In light of these trade-offs, it is critical to under-
stand how fishing impacts reef-building corals by
altering the process of herbivory on coral reefs. In -
tense feeding by herbivorous fishes and sea urchins
favors corals by excluding upright macroalgae and
facilitating the development of benthic communities
dominated by taxa tolerant to grazing, including
crustose coralline algae and closely cropped filamen-
tous turfs (Steneck 1988, Hay 1991, Carpenter 1997),
which tend to have neutral or positive impacts on
corals (Harrington et al. 2004, Price 2010, Barott et al.
2012). In contrast, the macroalgae and dense turfs
that develop under low grazing regimes negatively
impact settlement of coral larvae as well as growth
and survivorship of adult corals (River & Edmunds
2001, Nugues & Szmant 2006, Box & Mumby 2007,
Rasher & Hay 2010, Vega Thurber et al. 2012).

However, these broad generalizations about her -
bivore−algae−coral interactions are likely context-
 dependent. For example, herbivores differ greatly in
their feeding preferences and behaviors, and conse-
quently different species have unique impacts on
benthic communities (Choat et al. 2004, Mantyka &
Bellwood 2007, Burkepile & Hay 2008). Herbivores
also vary widely in their susceptibility to fishing and
other anthropogenic stressors (Bellwood et al. 2012,
Edwards et al. 2014). In addition, other factors be sides
competition with algae can limit coral success, such
as sedimentation, nutrient loading, and disease (Mc-
Clanahan et al. 2002). Therefore, it is critical to under-
stand the roles that particular types of herbivores play
in limiting harmful algae and facilitating corals under
a range of environmental conditions to improve sus-
tainable management of coral reef ecosystems.

In this manuscript, we identify critical knowledge
gaps which limit our ability to predict when herbi-
vores are likely to promote coral persistence and
recovery. We also explore what types of management
interventions may be most effective for maintaining
healthy coral reef ecosystems. In particular, we ask
questions centered around 3 main topics: (1) What
processes operate to prevent or facilitate coral per-
sistence and recovery, and how are these influenced
by herbivory? (2) What are the independent and
combined effects of different species of herbivores in
limiting algae and facilitating reef-building corals?

(3) What factors limit herbivore populations and the
process of herbivory on coral reefs? We focus on coral
reefs throughout the wider Caribbean basin, where
fishing pressure is high, coral decline has been
severe, and algae have increased in abundance in
recent decades (Gardner et al. 2003, Bruno et al.
2009, Schutte et al. 2010, Jackson et al. 2014).

Coral cover began declining throughout much of
the Caribbean in the early 1980s following several
major hurricanes, a coral disease epidemic, and the
proliferation of macroalgae following the mass die-
off of the herbivorous sea urchin Diadema antillarum
(Gardner et al. 2003, Schutte et al. 2010, Jackson et
al. 2014). In subsequent years, corals have continued
to decline in response to a complex combination of
chronic and acute drivers, including declining water
quality (Rogers 1990, Fabricius 2005, Sutherland et
al. 2011), increases in the frequency and severity of
mass bleaching events (Baker et al. 2008, Eakin et al.
2010), and impacts from several of the most active
hurricane seasons on record (Gardner et al. 2005,
Williams & Miller 2012). During this time, large reef-
building corals have experienced especially steep
declines, resulting in a rapid collapse in structural
complexity (Alvarez-Filip et al. 2011) and cascading
indirect effects on reef-associated biota including
reef fishes (Paddack et al. 2009). Declines in coral
cover have been accompanied by abrupt shifts in
community structure, with once-dominant corals be -
ing replaced by smaller weedy coral species, non-
reef-building invertebrates, and/or fleshy macroalgae
(Green et al. 2008, Norström et al. 2009, Schutte et al.
2010, Burman et al. 2012, Ruzicka et al. 2013, Toth
et al. 2014). These persistent changes are unprece-
dented in the recent geologic past (Jackson 1992,
Aronson & Precht 1997, Pandolfi & Jackson 2006),
giving rise to the paradigm that human activity has
caused a regime shift throughout the Caribbean
(Knowl ton 1992, Mumby & Steneck 2008, Hughes et
al. 2010).

A central tenet of this paradigm is that the reefs of
the 1980s were unexpectedly vulnerable to distur-
bance due to the serial depletion of important con-
sumers—especially herbivorous fishes—in the de -
cades prior to ecosystem collapse (Jackson 1997,
Jackson et al. 2001, Pandolfi et al. 2003). As a conse-
quence, the die-off of D. antillarum triggered a rapid
‘phase shift’ to algal dominance by removing the last
remaining abundant herbivore in many places in the
Caribbean (e.g. Hughes 1994). In addition to being a
symptom of the larger regime shift, algae are widely
believed to play a critical role in preventing coral
 recovery, prompting strong calls for the protection of
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herbivorous fishes (Bellwood et al. 2004, Mumby &
Steneck 2008, Hughes et al. 2010, Jackson et al.
2014). However, evidence that herbivorous fishes can
promote coral recovery on Caribbean reefs has been
inconsistent. Whereas localized recovery of D. antil-
larum has been strongly associated with heightened
coral recruitment and enhanced growth and survivor-
ship of juvenile corals (Edmunds & Carpenter 2001,
Carpenter & Edmunds 2006, Myhre & Acevedo-
Gutiérrez 2007, Furman & Heck 2009, Idjadi et al.
2010), studies throughout the Caribbean have often
failed to find strong links between the biomass of her-
bivorous fishes and coral cover (e.g. Newman et al.
2006, Sandin et al. 2008, Burkepile et al. 2013). Fur-
ther, a recent meta-analysis suggests that protection
of herbivorous fishes within marine protected areas
has not been associated with increases in coral cover
relative to fished locations (Guarderas et al. 2011; but
see Mumby & Harborne 2010, Selig & Bruno 2010).

The emerging picture suggests that impacts of
 herbivores on coral recovery are likely to be highly
context-dependent. A deeper understanding of the
relationships between different types of herbivores,
algae, and corals is therefore needed to facilitate
management. With this goal in mind, we identify
 critical knowledge gaps regarding the ability of her-
bivores to promote coral recovery under a range of
environmental conditions. These gaps are presented
as a series of broad research questions, which, if
addressed, would improve the capacity of managers
to prioritize strategies for recovering and/or main-
taining healthy coral reef ecosystems.

KNOWLEDGE GAPS

Question 1. What processes operate to prevent or
facilitate coral persistence and recovery and how

are these influenced by herbivory?

Understanding the factors that confer resilience to
coral reefs is critical for understanding the recent tra-
jectory of Caribbean reefs and for predicting their
future dynamics. Here, we define resilience as the
capacity of a reef to recover (i.e. return to its previous
state) following an acute perturbation such as a hur-
ricane or coral bleaching event. Healthy herbivore
populations may be an important factor leading to
resilience by preventing the establishment and
 proliferation of algae following disturbances. While
many Caribbean reefs have failed to recover from
recent disturbances (but see Manfrino et al. 2013),

reefs in the Indo-Pacific often recover rapidly from
acute pulse disturbances (Connell 1997, Sheppard et
al. 2008, Adjeroud et al. 2009, Gilmour et al. 2013),
indicating a high level of resilience that is often
linked to robust herbivore populations.

However, the extent that herbivores can promote
resilience will depend on the range of factors limiting
both coral and algal populations and impacting the
ability of herbivory to mediate interactions between
the two. Reef ecosystems are heterogeneous sea-
scapes consisting of a mosaic of individual reefs, each
with different physical and biological characteristics
and at different successional stages. Consequently,
the factors limiting coral, algae, and herbivore popu-
lations will vary greatly in space. Acute pulse pertur-
bations such as hurricanes and bleaching events, as
well as chronic press-perturbations such as pollution
and sedimentation, can further modify herbivore−
algae− coral interactions. Impacts of herbivores can
also depend on the presence of feedbacks that can
reduce herbivory, facilitate algae, and impede coral
recovery following a perturbation (Knowlton 1992,
Mumby & Steneck 2008, Nyström et al. 2012). The
ability of herbivores to facilitate the maintenance and
recovery of resilient coral reefs will therefore be
highly context-dependent (McClanahan et al. 2002,
Aronson & Precht 2006). Understanding how ex 

ternal drivers such as hurricanes, coral bleaching
events, and local anthropogenic impacts can interact
with feedbacks to reduce herbivory and prevent
coral recovery requires careful consideration of the
wide range of scales over which these processes
operate. Even large perturbations initially operate on
local scales to disrupt ecological interactions on indi-
vidual reefs. However, as perturbations become more
frequent and/or spatially extensive, they will begin
to alter patterns of connectivity among reefs in the
wider seascape (Fig. 1). In this section we ask how
the impacts of herbivores on coral persistence and
recovery will vary in space and time due to variation
in human impacts and the natural factors that shape
benthic communities on coral reefs.

How do ecological feedbacks mediate the impacts of
herbivores on reef dynamics?

Understanding the factors responsible for recent
coral decline on Caribbean reefs is critical for the
development of effective management strategies
because corals are unlikely to recover if the chronic
causes of coral mortality are not addressed. However,
on many reefs, factors in addition to those respon -
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sible for initial mortality are likely oper-
ating to prevent coral recovery (i.e. resil-
ience of the coral system has been lost).
Thus, the factors limiting the recovery of
corals will often be different from those
that initially caused their decline. Where
chronic anthropogenic impacts such as
sedimentation or nutrient loading have
led directly to coral decline, eliminating
those impacts will be necessary to facili-
tate coral recovery. However, because
feed backs can prevent coral recovery
even after the initial causes of coral de -
cline have been removed, intense man-
agement intervention may also be re -
quired to break feedbacks that operate to
slow or prevent coral recovery. A number
of feedbacks may prevent coral recovery
on Caribbean reefs, and many of these
are directly dependent on the ability of
herbivores to control algae (Fig. 1).

One of the key feedbacks that likely
reinforces an algae-dominated state is
the dilution of grazing intensity as corals
decline and create large amounts of
space for the establishment of benthic
algae (Williams et al. 2001, Paddack et al.
2006, Mumby et al. 2007). Even in the
absence of fishing pressure, loss of corals
will decrease grazing intensity as herbi-
vores graze over a larger area of reef.
Macroalgae that were once excluded
under higher grazing pressure may then
become established. This can result in a
reef shifting from a state dominated by
early successional stages of highly palat-
able and productive algal turfs to a state
dominated by later successional stages of
less palatable and less productive macro-
algae (e.g. Carpenter 1986). Dense stands
of macroalgae can deter herbivory (Hoey
& Bellwood 2011) and prevent the re -
establishment of corals by inhibiting
coral recruitment (Birrell et al. 2008).
Over longer time scales, declines in coral
cover will reduce habitat complexity, po -
tentially reducing habitat for fishes and
driving declines in herbivore populations
(Graham et al. 2006, Paddack et al. 2009,
Adam et al. 2014), further reinforcing the
shift to an algae-dominated state. Finally,
as coral decline becomes more spatially
extensive, coral populations will reach
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Fig. 1. (A) Illustration of the external drivers (red arrows) and internal feed-
backs (gray arrows) that can lead to coral decline and prevent coral recovery
on degraded reefs (modified from Nyström et al. 2012). Feedbacks generated
by local competitive interactions between corals and algae are influenced by
local factors such as nutrient loading, sedimentation, and overfishing, as well
as global increases in CO2 emissions which can interact to directly kill corals
and slow coral growth relative to algae (1). Feedbacks are strengthened
through time as 3-dimensionally complex coral reefs degrade, reducing
habitat for herbivorous fishes and further reinforcing an algae-dominated
state (2). As the number of degraded reefs increases, fewer corals remain for
effective reproduction, potentially leading to region-wide recruitment failure
(3). (B) Managing coral reefs in an era of rapid climate change requires action
at multiple levels of governance to address drivers of coral decline that
emerge from human activities at different spatial scales. Note that manage-
ment at all levels will be most effective if enacted early. OA: ocean acidification
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critically low densities, limiting their ability to suc-
cessfully reproduce and ultimately leading to region-
wide recruitment failure (Knowlton 1992, Hughes &
Tanner 2000). While all of these processes (and oth-
ers) may operate to inhibit coral recovery on many
Caribbean reefs, the relative importance of each is
unknown and will likely depend strongly on environ-
mental context. Managing herbivores to facilitate
corals requires that we can identify when and where
particular feedbacks are operating to reduce her-
bivory and/or prevent coral recovery.

How does the frequency, intensity, and scale of
disturbance mediate the impacts of herbivores on

reef dynamics?

Coral reef ecosystems vary widely in their suscep-
tibility to natural disturbances. At one extreme, many
shallow, exposed reefs undergo rapid cycles of dis-
turbance and recovery, routinely losing almost all of
their coral cover every decade or so due to tropical
cyclones (e.g. Connell et al. 1997, Trapon et al. 2011).
At the other end of the spectrum, massive coral
colonies growing in less disturbance-prone locations
can live hundreds of years without being severely
impacted by disturbance (e.g. Brown et al. 2009).
Because disturbances result in the rapid liberation of
space for the establishment and growth of benthic
algae, herbivores may be more important on reefs
frequently subjected to intense disturbances (e.g.
Adam et al. 2011). In addition, some herbivores may
be more capable of responding rapidly to increases
in algae and therefore may be particularly important
for preventing persistent phase shifts on disturbance-
prone reefs (see Questions 2 and 3).

One of the most important consequences of global
climate change (GCC) for herbivore−algae−coral in -
teractions will be an increase in the frequency, sever-
ity, and spatial scale of disturbances caused by mass
bleaching events (Hoegh-Guldberg et al. 2007). Dur-
ing the past 2 decades, reefs throughout the Carib-
bean basin have experienced warm water events
that are unprecedented in at least the last 150 yr,
with major bleaching episodes in 1998 and again in
2005 (Eakin et al. 2010). Both events caused severe
coral decline on the most heavily impacted reefs (e.g.
Aronson et al. 2002, Whelan et al. 2007, Miller et al.
2009). As global CO2 emissions continue to increase,
coral bleaching is expected to become an even greater
threat to coral reefs in the future (Donner et al. 2007,
Hoegh-Guldberg et al. 2007). Increases in the fre-
quency and severity of bleaching will also interact

with chronic environmental drivers such as ocean
acidification that will slow coral growth (Hofmann et
al. 2010) and potentially increase the competitive
abilities of algae relative to corals (Diaz-Pulido et
al. 2011).

While herbivores may be able to offset the impacts
of GCC to some degree, the resilience of reefs will
depend in part on the availability of coral larvae to
recolonize reefs following major disturbance events.
Reefs which are less prone to disturbance—such as
those occurring in deep water or in upwelling zones
where cool water can prevent coral bleaching—will
likely be important refugia for some coral species
and may be important sources of larvae for recoloniz-
ing impacted reefs following large bleaching events
(Bongaerts et al. 2010, Bridge et al. 2013, Chollett &
Mumby 2013). Projected increases in disturbance
due to GCC highlight the need to manage reefs for
resilience by maintaining healthy herbivore popula-
tions. However, these management actions will only
be effective if we can identify and conserve reefs that
can act as a source of coral recruits following cata-
strophic disturbances. Herbivory will matter little if
there are too few corals present to produce larvae to
colonize disturbed reefs. Thus, it will be important to
identify reefs that are more/less prone to disturbance
in order to appropriately focus management efforts.

How does water quality mediate the
herbivore−algae−coral interaction?

Coastal pollution has likely been an important
driver of coral decline throughout much of the Carib-
bean. Poor land-use practices associated with agri-
culture and urban development increase the delivery
of sediments, nutrients, and a wide range of contam-
inants to near-shore ecosystems (Fabricius 2005). In
addition, large amounts of nutrients, organic contam-
inants, and harmful microbes are introduced to coral
reefs directly through the disposal of sewage (e.g.
Lipp et al. 2002, Lapointe et al. 2005). Collectively,
these factors reduce water quality and adversely
affect reef-building corals via both direct and indi-
rect pathways (Fabricius 2005). Increases in nutrients
can have direct negative effects on corals by decreas-
ing their growth rates (Shantz & Burkepile 2014) and
increasing the prevalence of coral disease and
bleaching (Vega Thurber et al. 2014), as well as indi-
rect effects by increasing growth rates of their algal
competitors (Jompa & McCook 2002). Thus, like many
stressors, impacts of nutrient pollution on corals are
complex and operate through a variety of different
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pathways. It is likely that herbivores can offset some
of these negative impacts by consuming excess algal
production, but they may have limited effects on
 others, such as those leading to coral bleaching and
disease.

In addition, multiple stressors often interact in com-
plex non-linear ways such that the impact of any sin-
gle stressor is contingent on the presence of others.
For example, sedimentation is a major stressor on
coral reefs that can lead to coral decline by smother-
ing and killing adult corals and can impede coral
recovery by preventing the successful recruitment of
coral larvae (Rogers 1990). By trapping sediments,
algal turfs can interact with sedimentation to in -
crease coral mortality, reduce coral growth, and
impede coral settlement (Nugues & Roberts 2003,
Birrell et al. 2005, Gowan et al. 2014). Fishing could
therefore act synergistically with sedimentation to
suppress corals by reducing herbivory and allowing
the development of mats of sediment-trapping algal
turfs. However, once sedimentation levels become
sufficiently high, sediments will begin to smother
and kill corals regardless of the presence of algae
(e.g. Nugues & Roberts 2003), negating any positive
impacts of herbivores.

The previous example illustrates that management
actions targeted at increasing levels of herbivory are
likely to benefit reefs greatly over some ranges of
stressors but relatively little or not at all once those
stressors reach some upper threshold level. A better
mechanistic understanding of how corals and their
symbionts respond to multiple stressors, including
nutrients, sediments, increases in temperature, and
competition with algae, will help identify the factors
that limit coral populations. By identifying the factors
most strongly limiting corals, managers will be able
to more efficiently allocate limited resources to pro-
mote coral persistence and recovery by targeting the
specific locations that are most likely to benefit from
particular management interventions, such as pro-
tection of herbivorous fishes.

How do the effects of herbivores on coral and algae
vary with productivity?

The standing stock of algae on a coral reef repre-
sents a dynamic balance between algal production
and mortality, with more grazing needed to control
algae on highly productive reefs. Productivity of
algae on many shallow coral reefs is likely limited by
the availability of nutrients (nitrogen, phosphorus,
and micronutrients such as iron; McCook 1999).

Large-scale differences in nutrient availability occur
within and among ocean basins (Kleypas et al. 1999),
and these differences may influence the level of her-
bivory necessary to control algae across geographic
regions. Indeed, high levels of algal production on
Caribbean reefs may make these reefs more suscep-
tible to coral−algal phase shifts compared to many
Pacific reefs (Roff & Mumby 2012).

While regional differences in productivity are
important for understanding the capacity of herbi-
vores to control algae, productivity also varies greatly
on much smaller spatial scales. For example, turbu-
lent reef zones (e.g. shallow exposed forereefs) are
generally more productive than calmer reef zones
(e.g. lagoonal backreefs and fringing reefs; Falter et
al. 2004), and shallow, well-lit reefs are more pro -
ductive than deeper reefs (Carpenter 1985). Reefs in
more productive environments may be less resilient
to disturbances due to their capacity to support rapid
algal growth. However, herbivorous fishes strongly
track spatial variation in productivity across the reef
landscape, such that grazing intensity is often high-
est in the most productive habitats (Van den Hoek et
al. 1978, Russ 2003, Fox & Bellwood 2007). Indeed, on
Caribbean reefs, macroalgae are often least abun-
dant in shallow locations and more abundant in
deeper, less productive habitats where grazing pres-
sure is lower (Hay et al. 1983, Morrison 1988, Brugge -
mann et al. 1994b). In addition, because corals can
also be limited by light and flow, shallow reefs often
support the highest capacity for coral growth and
reef accretion (Schlager 1981). Thus, management
efforts to maintain herbivory may have the biggest
impacts on shallow reefs where the capacity for both
algae and coral growth are often the highest.

How does the outcome of herbivore−algae−coral
interactions vary among different reef zones and

habitats?

Prior to recent collapse of coral populations, coral
reefs throughout the Caribbean exhibited distinct
zonation patterns, with the major framework-build-
ing corals found in characteristic reef zones deter-
mined by physical factors such as exposure, depth,
and distance from shore (Jackson 1991). In general,
the coarse-branching coral Acropora palmata domi-
nated reef crests and shallow spur and groove reefs,
the fine-branching A. cervicornis dominated mid-
depth forereefs, and massive Montastraea spp. dom-
inated deeper forereefs, with both A. cervicornis
and Montastraea forming lagoonal patch reefs (e.g.
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Goreau 1959, Adey & Burke 1976, Geister 1977).
While these reef zones appear to be highly determin-
istic, physical factors such as depth and exposure can
interact in complex ways to modify patterns from
location to location (Geister 1977). Therefore, site-
specific historical information on the distribution of
different coral species will be invaluable for managers
when determining places for targeted restoration.

A large fraction of hard-bottom habitat throughout
the Caribbean is relatively flat limestone pavement
dominated by gorgonians, sponges, and/or calcifying
and non-calcifying algae. While these habitats are
often not suitable for the growth of major framework-
building corals, they can support abundant and
diverse fish communities and contribute significantly
to fisheries production (Wolff & Grober-Dunsmore
1999, Garrison et al. 2004). Integrating information
on the physical factors influencing the distribution of
corals with knowledge of the ecological impacts of
herbivores could create opportunities for spatial
management strategies that can limit trade-offs be -
tween different management goals (such as sustain-
ing a fishery while also maintaining high grazing
rates to control algae and facilitate corals). For exam-
ple, fisheries managers may be able to limit the take
of herbivorous fishes on structurally complex reefs
while allowing fishing of herbivores in the low-relief
habitats which appear to be largely unsuitable for
major framework-building corals (Mumby 2015). Inte -
grating knowledge about the current and historical
distributions of major framework-building corals
could allow for targeted management actions aimed
at facilitating coral recovery (including augmenting
herbivory) in the locations where corals are mostly
likely to benefit.

Question 2. What level of herbivory is needed to
control algae and how important is herbivore

diversity and identity?

Most experiments testing the impacts of herbivores
on benthic communities on coral reefs have used
exclusion cages to compare treatments with and
without ambient levels of herbivory (e.g. Lewis 1986,
Miller et al. 1999, Hughes et al. 2007). These experi-
ments have demonstrated that algae are controlled
by top-down forces (e.g. Burkepile & Hay 2006), but
they do little to determine the level of herbivory
needed to control algae or to differentiate impacts of
different types of herbivores. The fact that algae are
abundant on many Caribbean reefs suggests that
current levels of herbivory are too low to adequately

control algae, and exclusion experiments do little to
inform us how much more herbivory is required.

Determining the amount of herbivory needed to
suppress algae is further complicated by the species-
specific impacts that herbivores have on algal com-
munities. Early studies investigating how different
herbivores affect Caribbean reefs focused on fishes
versus D. antillarum (Carpenter 1986, Morrison 1988).
These studies found that D. antillarum can suppress
a wide variety of filamentous turf algae and macro-
algae, many of which are apparently unpalatable to
fishes. However, recent studies indicate that there
are also large functional differences among herbivo-
rous fishes (Burkepile & Hay 2008, 2010, 2011). Using
experimental enclosures to partition the effects of
different fishes, Burkepile & Hay (2008, 2010) found
that different species of fishes had unique and
 complementary impacts on algal communities, with
the relative importance of each depending on the
 successional state of the community. The parrotfish
Sparisoma aurofrenatum controlled macroalgae in
communities with high existing cover of macroalgae,
while the parrotfish Scarus taeniopterus and sur-
geonfish Acanthurus bahianus suppressed filamen-
tous algal turfs and prevented the establishment of
macroalgae in early successional stage communities.
Because upright macroalgae and filamentous turfs
both have negative effects on corals, no single spe-
cies was capable of preventing the spread of harmful
algae and facilitating coral recruitment and growth.
Thus, herbivore diversity appears to be critical for
maintaining ecosystem function. Understanding the
importance of herbivore diversity and identity in
complex species-rich coral reef ecosystems requires
greater knowledge of patterns of complementarity
for the entire herbivore guild. Herbivores that feed
on different types of algae are likely to be comple-
mentary because they will control algae that can
dominate in different places or at different points
in time. In contrast, herbivores with high overlap in
diet are more likely to have similar impacts on algal
communities and may therefore be functionally
redundant.

Complementarity among herbivores is important
for suppressing algae and facilitating corals, but
functional redundancy may also confer resilience to
reefs by making them less susceptible to the loss of a
single species (Walker 1992). For example, when a
species declines due to overfishing or disease, spe-
cies with similar functions may be able to fill the
vacated role in the herbivore guild. Thus, response
diversity, when functionally redundant species re -
spond differently to perturbations, is important for
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the resilience of an ecosystem (Elmqvist et al. 2003).
Therefore, it is critical to determine the extent that
herbivores with similar functions vary in their re -
sponse to different types of perturbations.

Managing herbivores for their impacts on coral
reef ecosystems requires knowledge of the specific
roles played by particular species, and ultimately the
levels of complementarity and response diversity
present within the herbivore guild. Levels of comple-
mentarity will be a function of (1) the amount, types,
and life stages of algae that different herbivores eat,
(2) the habitats they select while foraging, and (3)
the particular substrates they feed from within those
habitats. Consequently, understanding the level of
functional redundancy and complementarity present
within the herbivore guild will require detailed infor-
mation on the diet, foraging behavior, and grazing
rates of individual species.

How are herbivore traits distributed across taxa?

Diet selection and feeding mode. Herbivorous
fishes can be classified into functional groups accord-
ing to their diet and feeding mode (Bellwood & Choat
1990, Choat et al. 2004). These functional groups can
help identify patterns of complementarity and redun-
dancy within the herbivore guild in order to predict
the unique impacts of different herbivore species on
coral reef ecosystems (Bellwood et al. 2004, Bonaldo
et al. 2014). Unfortunately, a functional group frame-
work has not been well-developed for herbivores on
Caribbean reefs. While Caribbean reefs have lower
herbivore diversity than many Pacific reefs, they still
harbor over 3 dozen species of fish from 10 families
and several species of sea urchins that feed primarily
on algae and/or sea grass (Randall 1967).

Quantitative data on the diets of most Caribbean
herbivores are rare, but we can make some generali -
zations. Parrotfishes (Scaridae), surgeonfishes (Acan -
thu ridae), and the sea urchin D. antillarum are likely
the most important herbivores in the region based on
their abundance, size, and feeding behavior. While
D. antillarum has a very wide diet breadth (Ogden
1976), most herbivorous fishes are more selective,
with specific feeding preferences likely driven by a
variety of algal traits (e.g. chemical and physical
defenses and nutritional content; Hay 1997). Parrot-
fishes in the genus Sparisoma tend to browse macro-
algae, while those in the genus Scarus primarily tar-
get turf algae (Randall 1967, Lewis 1985, McAfee &
Morgan 1996, Burkepile & Hay 2010). In contrast, the
3 species of surgeonfishes, Acanthurus bahianus, A.

chirurgus, and A. coeruleus, appear to target a com-
bination of turf algae, detritus, and macroalgae (Ran-
dall 1967, Lewis 1985, Burkepile & Hay 2011). These
observations suggest some level of complementarity
and redundancy within and between the major
groups of herbivores on Caribbean reefs, but more
detailed data on the specific types of algae targeted
by these herbivores are needed.

In addition to diet preferences, we also need infor-
mation about grazing rates of individual species.
Grazing capacity of herbivores can be estimated
based on bite rate data combined with algal yield per
bite, or extrapolated from models that scale the meta-
bolic requirements of herbivorous fishes to their body
size (e.g. van Rooij et al. 1998, Mumby 2006, Paddack
et al. 2006). The relationship between fish mass and
grazing capacity is likely a non-linear, decelerating
function. The result is that biomass-specific grazing
rates may in fact be greater for smaller fish, which
agrees with both metabolic theory (West et al. 1997)
and field data on the grazing capacity of Sparisoma
viride (van Rooij et al. 1998). However, there are spe-
cific functions, such as bioerosion and the removal of
some types of macroalgae, that are only achieved by
large fishes (Bellwood et al. 2012). Thus, altering the
size structure of herbivore populations, without alter-
ing overall biomass of fishes, may fundamentally
alter the grazing capacity of the herbivore guild.
Future research should address how different met-
rics of grazing capacity (e.g. consumption of different
types of algae, bioerosion, areal grazing rates, etc.)
change as a function of the size structure and species
composition of the herbivore guild. These data will
be critical for understanding how fishing impacts the
grazing capacity of the herbivore guild via changes
in the size structure and abundance of fish assem-
blages.

In addition to exhibiting preferences for particular
types of algae, herbivores use a variety of feeding
modes that will influence benthic communities differ-
ently. For example, many surgeonfish feed by crop-
ping algal filaments, while many parrotfish and sea
urchins scrape or excavate the substrate (Bellwood et
al. 2004). Parrotfishes and sea urchins often remove
part of the calcium carbonate reef framework in
addition to epilithic algae, thereby also removing all
algal tissue and inhibiting algal regrowth. Conse-
quently, parrotfish and sea urchins often open up
new space that can be colonized by crustose coralline
algae and/or coral. However, bioerosion by parrot-
fishes and sea urchins also impacts the long-term
dynamics of coral and fish habitat by influencing the
balance between reef accretion and erosion (reviewed
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by Glynn 1997). Bioerosion by sea urchins and par-
rotfishes often accounts for a major fraction of the cal-
cium carbonate budget on a coral reef, and high rates
of erosion combined with moderate or low levels of
accretion (like those currently experienced on many
Caribbean reefs) can result in the net erosion of the
reef structural framework with cascading indirect
effects on corals and fishes that depend on the archi-
tectural complexity of reef habitats (Perry et al. 2013).
In addition, bioerosion by fish and sea urchins could
be magnified by ongoing local and global anthro-
pogenic drivers, such as nutrient enrichment and
ocean acidification that will weaken the reef frame-
work (Hallock 1988, Manzello et al. 2008, Wisshak et
al. 2012).

S. viride is likely the most important bioeroding
fish on Caribbean reefs. S. viride is functionally
unique among the Sparisoma parrotfishes, targeting
endolithic algae by using its strong jaws and hard
teeth to excavate the substrate (Bellwood 1994,
Bruggemann et al. 1996, Streelman et al. 2002).
Direct estimates of bioerosion by S. viride indicate
that where abundant, they can erode several kg of
carbonate material m−2 yr−1 (Bruggemann et al.
1996), an amount that is similar to that removed by
very high densities of the sea urchin D. antillarum
(Ogden 1977). While S. viride removes much more
carbonate material than other similar sized parrot-
fishes such as Scarus vetula, the amount of carbonate
material removed by an individual parrotfish in -
creases with body size. Thus the 2 largest parrot-
fishes in the Caribbean, S. guacamaia and S. coelesti-
nus, are likely important bioeroders on the reefs
where they occur. However, no published estimates
of erosion by these fishes exist, and little is known
about their basic feeding preferences, foraging habits,
and historical abundance.

Many scraping and excavating parrotfishes, and
some sea urchins, also feed on benthic invertebrates
including coral (Bak & Eys 1975, Sammarco 1980,
Miller & Hay 1998, Burkepile 2012). Sea urchins and
parrotfishes can both kill small coral recruits, and
some parrotfishes, such as S. viride, can kill large
coral colonies (e.g. Bruckner & Bruckner 1998, Rotjan
& Lewis 2005). Other Caribbean parrotfishes, in -
cluding Scarus vetula, S. guacamaia, and Sparisoma
aurofrenatum also feed on live coral (Rotjan & Lewis
2008). No studies to date have quantified the relative
contribution of different species to the total level of
corallivory occurring on Caribbean reefs. Yet recent
studies indicate that total predation intensity by
 parrotfishes on corals could increase as coral density
declines (Burkepile 2012), potentially creating a

feedback that could prevent coral recovery (Glynn
1985, Knowlton et al. 1990, Jayewardene et al. 2009).
Therefore, understanding the direct negative im -
pacts of parrotfish on corals is a major priority, espe-
cially on reefs that already have low coral cover.

Spatial patterns of herbivory. The scale over which
herbivores move and the habitats they select while
foraging will influence how their grazing impacts are
distributed in space. Herbivores that forage over dif-
ferent spatial scales can have fundamentally differ-
ent impacts on benthic communities. For example,
recent modeling work suggests that the high inten-
sity, spatially constrained foraging behavior of the
sea urchin D. antillarum is more likely to facilitate
coral recruitment and coral dominance than the more
spatially diffuse herbivory of large, roving fishes
(Sandin & McNamara 2012). However, herbivorous
fishes also vary greatly in how they use space
(e.g. Nash et al. 2013), and we know little about the
foraging scales of most herbivorous fishes in the
 Caribbean.

Herbivorous fishes also feed in different habitats
and target different substrates (Hay 1985, Robertson
& Gaines 1986, Bellwood & Choat 1990, Bruggemann
et al. 1994a, Brandl & Bellwood 2014). Because habi-
tat quality for corals varies greatly in space, these for-
aging choices will influence how herbivores impact
coral recruitment and growth. Understanding how
herbivores affect coral persistence and recovery will
therefore require knowing precisely where different
species of herbivores are exerting their impacts in
addition to knowing the types of algae they are eating.

Are some grazers more important than others?

For years, coral reef scientists have debated
whether fishes or sea urchins are more important for
controlling algae and facilitating corals on Caribbean
reefs. This question is complex and the answers have
been shaped by where research has been done.
For example, much of the work on the impacts of
D. antillarum on algae and corals was conducted on
reefs with sustained heavy fishing pressure (e.g.
Jamaica: Sammarco 1982, Morrison 1988; Virgin Is -
lands: Carpenter 1986). Hay (1984) suggested that
the im portance of D. antillarum may have been over-
estimated by studies in places with few herbivorous
fishes or D. antillarum predators. He showed that
most herbivory was from fishes in areas with minimal
fishing pressure while urchins were most important
in areas with high fishing (see also Jackson et al.
2014). Historically, reefs in the Caribbean may have
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had relatively more herbivory from fishes and less
herbivory from urchins than was documented shortly
before the D. antillarum die-off in the early 1980s.
This suggests that D. antillarum may have been the
most important herbivore in many parts of the Carib-
bean, not because fish were incapable of performing
the same ecological function, but rather because D.
antillarum provided a level of response diversity to
fishing (i.e. fishing had indirect positive effects on D.
antillarum, causing it to increase in abundance while
other herbivores were fished out).

This is not to say that D. antillarum are unimportant.
Coral recovery has coincided with recovery of D. an-
tillarum in recent years, strongly supporting the idea
that D. antillarum are important for coral re covery in
the Caribbean (Edmunds & Carpenter 2001, Carpenter
& Edmunds 2006, Myhre & Acevedo-Gutiérrez 2007,
Furman & Heck 2009, Idjadi et al. 2010). D. antillarum
have several traits that may make them particularly
effective herbivores, in cluding having a wide diet
breadth (Ogden 1976), a scraping/excavating feeding
mode (Ogden 1977), and foraging behavior that re-
sults in intensive grazing over a very small spatial
scale (Carpenter 1984). Thus, the functional impact of
many different species of fishes was likely approxi-
mated well by 1 species of urchin, at least for a limited
amount of time. Nonetheless, the catastrophic impact
of the D. antillarum die-off on many Caribbean reefs
highlights the danger of relying on a single species to
perform a critical ecological function.

Given that D. antillarum have not recovered fol-
lowing their mass mortality in most places across the
Caribbean, it is critical to identify which combina-
tions of herbivorous fishes can facilitate coral persist-
ence and recovery in its absence. It is likely that a dif-
ferent suite of herbivores is needed to facilitate coral
recovery on degraded reefs compared to those that
can maintain the resilience of intact reefs. Species
that feed on adult macroalgae are likely to be partic-
ularly important for reversing phase shifts on macro-
algae-dominated reefs. These include macroalgae-
browsing parrotfishes in the genus Sparisoma, as
well as other browsing herbivores such as chubs
(Kyphosidae). Knowledge of the diets and feeding
behaviors of different herbivores is an important first
step in predicting their impacts on coral persistence
and recovery. However, predictions of ecological
function based on behavioral and morphological
traits will be most powerful when combined with
mechanistic models (e.g. Sandin & McNamara 2012)
and field experiments (e.g. Burkepile & Hay 2008,
2010) that can better determine the combined
impacts of multiple herbivore species.

Question 3. What limits the process of herbivory on
coral reefs?

Many of the feedbacks that could prevent coral
recovery in the Caribbean and elsewhere operate
through their impacts on herbivory (Fig. 1). There-
fore, understanding what limits herbivory is essential
for predicting how these ecosystems will respond
to acute and chronic perturbations, including coral
bleaching events, anthropogenic nutrient loading,
and fishing. Feedbacks impacting herbivore− algae−
coral interactions are realized over a range of spatial
and temporal scales. While some feedbacks originate
from changes in the behavior of individual herbi-
vores, others occur due to longer-term impacts on
population dynamics that operate over large spatial
scales. Consequently, understanding what limits the
process of herbivory on coral reefs will require a syn-
thetic approach that integrates information on indi-
vidual behavior with population-level data. Herbi-
vore populations will be limited by a combination of
top-down and bottom-up processes, with predators
and resources also impacting individual behavior.

To what extent is herbivory limited by fishing,
natural predation, and disease?

Top-down impacts of human exploitation on
coastal marine ecosystems are pervasive (Jackson et
al. 2001). Humans have been exploiting near-shore
environments of the Caribbean for thousands of
years, and hunting of megaherbivores (sea turtles
and manatees) during the past several centuries has
reduced their abundance by orders of magnitude
(Jackson 1997). Archeological records from sites
across the Caribbean indicate that herbivorous reef
fishes, especially parrotfishes, have been heavily
fished in some locations for thousands of years
(reviewed by Fitzpatrick & Keegan 2007). Compar-
isons of fish fauna of inhabited versus uninhabited
islands in the Indo-Pacific demonstrate that even low
levels of exploitation can rapidly deplete stocks of
large fishes, including herbivorous parrotfishes (e.g.
Friedlander & DeMartini 2002, Bellwood et al. 2012).
Given the high levels of current and historical fishing
throughout much of the Caribbean and the obser -
vation that even low levels of fishing can limit the
populations of larger, slower-growing species, fish-
ing is almost certainly a major factor limiting the
abundance of large parrotfishes in many locations.
Indeed, the largest species in the Caribbean, Scarus
guacamaia, S. coelestinus, and S. coeruleus, are rare
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or absent on most reefs (Hawkins & Roberts 2003,
Kramer 2003) and are most abundant in places with
little or no fishing pressure (Debrot et al. 2008, Com-
eros-Raynal et al. 2012). In addition, biomass of inter-
mediate-sized parrotfishes, such as Sparosoma viride
and Scarus vetula are negatively correlated with
fishing pressure across much of the region (Hawkins
& Roberts 2003).

While some herbivore species are likely limited by
fishing throughout large parts of the Caribbean, it is
less clear how their loss impacts the total level of her-
bivory on these reefs. For example, smaller-bodied
species may increase in abundance as they are re -
leased from competition or predation, potentially
compensating for the loss of larger species (Hay
1984, Dulvy et al. 2004, Clua & Legendre 2008).
Nonetheless, different herbivore species and size
classes have distinct diet preferences and feeding
modes, and thus they are unlikely to perform the
same ecological functions (see above). Therefore, it is
critical to identify which herbivore traits are unique
amongst species most susceptible to fishing, and how
lack of redundancy in these traits will impact ecosys-
tem function. Finally, while low to moderate levels of
fishing can lead to the functional elimination of many
larger-bodied herbivore species, it is less clear what
levels of fishing are sustainable for most other species.

In addition to being heavily exploited by humans,
herbivorous fishes and sea urchins are preyed upon
by a wide variety of predatory fishes (Randall 1967).
Predators can have large impacts on the structure
and function of natural ecosystems via their con-
sumptive effects on prey populations and cascading
indirect effects on the resources of their prey (e.g.
trophic cascades). However, predators also strongly
impact prey traits (e.g. behavior, growth, and repro-
duction), and recent research indicates that these
non-consumptive effects (NCEs) frequently have far-
reaching ecosystem-level consequences (Dill et al.
2003, Peckarsky et al. 2008, Schmitz 2008).

NCEs arise due to inherent trade-offs between the
need to eat while avoiding being eaten. As a result of
these trade-offs, prey often allocate less time to for-
aging or shift activity to safer but less profitable habi-
tats when predation risk is high (Lima & Dill 1990).
NCEs may be of considerable importance in coral
reef habitats, where high structural complexity offers
many refugia, potentially increasing the ability of
prey to respond behaviorally to their predators. In
both the Caribbean and Pacific, herbivorous sea
urchins and fishes often concentrate their grazing
around the edges of large patch reefs where they can
find shelter from their predators. Grazing pressure

around the perimeter of these reefs can be so intense
that it creates distinct ‘grazing halos’ easily seen in
aerial photographs and satellite images (Randall
1965, Ogden et al. 1973, McManus et al. 2000, Madin
et al. 2011).

Recent research on reefs in the central Pacific sug-
gests that enhanced predation risk may also cause
herbivorous fishes to restrict their foraging ranges on
continuous reefs, thereby affecting the spatial distri-
bution of algae and potentially modifying coral−algal
competition (Madin et al. 2010). This work suggests
the possibility that predators could create heteroge-
neous landscapes where hotspots of grazing activity
create habitat suitable for coral recruitment. Thus, in
contrast to predictions from classic trophic cascades,
where predators of herbivores would be expected to
have negative effects on corals by releasing algae
from top-down control, incorporating impacts of
predators on herbivore behavior suggests that pre -
dators could have indirect positive effects on corals
through their influence on the spatial patterning of
herbivory. It is only recently that coral reef scientists
have started to link behavioral changes in prey to
predation risk (e.g. Catano et al. 2014), yet under-
standing how predators impact habitat use, foraging
rate, and the spatial scale of foraging of different
 herbivore species will be important for predicting the
impacts of fishing on ecosystem function on coral
reefs.

In addition to being preyed upon whole, many reef
fishes are preyed upon by parasites, including those
that cause infectious disease. Parasites are difficult to
sample, and their impacts on host populations are
difficult to quantify; thus, the role of parasites in lim-
iting many animal populations is largely unknown
(Tompkins et al. 2011). Many of the parasites that
affect reef fishes are likely to have important impacts
on their population dynamics and behavior. For
example, parrotfishes in both the Indo-Pacific and
Caribbean spend a significant fraction of their daily
time budget visiting ‘cleaner stations’, where they
have their ectoparasites removed by specialized
cleaner fish and shrimps (Soares et al. 2013). Thus,
the distribution of cleaners may create hotspots of
activity for herbivorous and corallivorous fishes
which in turn may indirectly affect coral and algae
(Adam 2012).

Microbes that cause infectious disease are often
difficult to identify, yet they can have overwhelmingly
large impacts on the functioning of entire ecosystems.
The die-off of D. antillarum and the cascading in -
direct effects on Caribbean reefs was apparently a re-
sult of infectious disease that spread quickly through-
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out the entire Caribbean basin (Lessios 1988). While
the causative agent in the D. antillarum epidemic has
never been identified, the outbreak may have been
exacerbated by unusually high densities of the urchin
due to the elimination of its predators and competi-
tors. Infectious disease appears to be a common cause
of boom and bust dynamics in other echinoderms
(Uthicke et al. 2009), suggesting that relying on ur -
chins to be the primary herbivores on reefs may set
the stage for repeated, catastrophic losses of herbi-
vore populations. Because disease agents are usually
specific to particular taxa and transmission is posi-
tively density-dependent, other herbivore species
could also become vulnerable to infectious disease if
their populations experience large increases in re-
sponse to removal of their predators and/or compe -
titors. Unfortunately, because we know little about
 infectious disease in marine organisms, future epi-
demics will almost certainly come as a surprise.

Are herbivore populations limited by the availability
of juvenile habitat?

Like many foundation species, corals provide phys-
ical habitat for other organisms. Branching corals in
particular serve as important habitat for juvenile
fishes, including herbivores, that shelter in and
around corals to escape from their predators. Many
reef fishes selectively use live branching corals as
recruitment habitat and could become vulnerable to
habitat loss as corals decline (Tolimieri 1998, Jones et
al. 2004, Adam et al. 2011). However, fish can also
gain refuge in other common reef substrates, includ-
ing macroalgae and sponges, and many fishes are
likely to have some level of plasticity in microhabitat
selection. For example, in the Florida Keys, S. viride
successfully uses the abundant macroalgae Dictyota
spp. as recruitment substrate in the absence of pre-
ferred branching corals (Paddack & Sponaugle 2008).
Nonetheless, the capacity of most fishes to recruit
to different microhabitats is unknown. In fact, sur-
prisingly little is known about recruitment habitat
requirements of several species of Caribbean parrot-
fishes (e.g. Scarus coelestinus, S. coeruleus, and S.
guacamaia). Clearly, successfully managing herbi-
vore populations requires a better understanding of
their basic habitat requirements.

While some herbivorous fishes are strongly reef-
associated throughout their ontogeny, several Carib-
bean parrotfishes (e.g. S. iseri, S. guacamaia, S.
coeru leus, Sparisoma chrysopterum) use off-reef
nursery habitats such as sea grasses and mangroves

before migrating to coral reefs as large juveniles or
adults (Nagelkerken et al. 2000, 2002, Mumby et al.
2004, Machemer et al. 2012). Thus, it is possible that
these species are limited by the availability of juve-
nile nursery habitat. For example, the largest herbi -
vorous fish in the Caribbean, S. guacamaia, appears
to depend on mangroves during its juvenile phase,
and mangrove clearing may have led to its local
extinction on an isolated atoll in Belize (Mumby et al.
2004). The fact that many herbivorous fishes use non-
reef habitats as juveniles presents both opportunities
and challenges for management. While management
efforts often focus on a single habitat, connectivity
between different habitats should enhance the resili-
ence of coral reefs by providing reefs with a source of
herbivores following localized coral decline (Adam et
al. 2011). However, we know relatively little about
the dependence of particular herbivore species on
specific nursery habitats and even less about the
scale of movement that occurs among habitats. Spa-
tial planning efforts, including the implementation of
marine reserves, could benefit tremendously from
better information on habitat utilization across life
history stages and the scale of movement of different
herbivore species.

How do food availability and quality shape herbi-
vore abundance and behavior?

Models linking herbivory to the resilience of coral
reefs often begin with the assumption that herbivores
are limited by top-down forces, yet herbivores may
be food limited (van Rooij et al. 1998). Indeed, time-
series data increasingly suggest that herbivores can
be limited by food, even in locations with moderate to
high levels of fishing. For example, recent observa-
tions of reefs in the Caribbean and Indo-Pacific have
revealed that herbivorous fish can experience large
increases in abundance and biomass in response to
the increase in turf algae that accompanies a rapid
decline in coral (Hawkins et al. 2006, Adam et al.
2011, Gilmour et al. 2013). Similarly, Carpenter (1990)
observed large increases in the abundances of juve-
nile parrotfish and surgeonfish in the US Virgin
Islands shortly after the Diadema die-off, suggesting
that these fish had been limited at least in part by
competition for algae with Diadema.

Counter-intuitively, herbivores may be food-limited
even on algae-dominated reefs since macroalgae are
frequently physically and chemically defended and
can exclude more palatable filamentous turf algae
(e.g. McClanahan et al. 2000). Thus, as reefs become
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dominated by unpalatable macroalgae, they may
shift to a detrital based food-web with much of the
macroalgae going uneaten by herbivorous fishes, po-
tentially transferring energy away from reef fishes
and other herbivores (Carpenter 1986). Increasing
herbivore food limitation would further reinforce an
algae-dominated state. This suggests that in order to
avoid a persistent phase shift to an algae-dominated
state, herbivores would need to respond rapidly to
 increases in algal production caused by the liberation
of space for algal growth following a major dis -
turbance (Scheffer et al. 2008, Adam et al. 2011,
Blackwood & Hastings 2011). While herbivores can
respond behaviorally to in creased production on
short time scales, rates of population change will be
slower and will depend on growth rates, generation
times, and the scale of self-recruitment, all of which
will vary among species and locations.

When are herbivore populations likely to be limited
by larval supply?

The availability of larvae can determine patterns of
recruitment of reef fishes. The processes controlling
larval supply of reef fishes are complex, involving a
combination of biological processes that determine
reproductive output and initial larval quality, and
oceanographic processes that shape larval transport
and nourishment (Cowen et al. 2006). The continued
failure of D. antillarum to recover after the 1982− 1983
mass mortality event is likely a result of insufficient
larval availability due to an Allee effect limiting re-
productive output (Lessios 2005). Recruitment failure
of herbivorous fishes has not been reported, but little
is known about the recruitment dynamics of many
species, and recruitment on some heavily fished reefs
is potentially persisting due to upstream sources of
larvae (Cowen et al. 2006). Given the low abundances
of many species of larger parrotfishes on most Carib-
bean reefs, it would not be surprising if these species
were limited by larval supply in some locations. To
avoid recruitment failure in the future, we need more
information on the relationship between local adult
density and larval connectivity to identify threshold
levels of adult biomass and vulnerable areas.

SUMMARY

Herbivores control algae that otherwise have neg-
ative impacts on the recruitment, growth, and sur-
vivorship of reef-building corals. Consequently, we

expect that enhancing herbivore populations should
increase the resilience of coral-dominated reefs and
facilitate coral recovery on degraded reefs. However,
impacts of herbivores will vary greatly in space and
time, and understanding when and where herbivores
will be most important for facilitating coral persist-
ence and recovery requires a better mechanistic
understanding of the multiple processes that are
 currently limiting coral populations. This could be
best achieved by forging stronger linkages between
conceptual thinking, mathematical modeling, and
empirical data.

For example, many of the conceptual arguments
for strong positive indirect effects of herbivores on
coral have focused on coral recruitment (e.g. Mumby
& Steneck 2008, Mumby et al. 2013). Yet, recent
field-parameterized demographic models of 2 of the
most important framework-building corals in the
Caribbean, Montastrea annularis and Acropora pal -
mata, indicate that ecologically relevant increases in
recruitment rates cannot drive population recovery if
the conditions limiting the growth and survivorship
of adult colonies are not addressed (Edmunds & Elahi
2007, Vardi et al. 2012). Factors limiting the growth
of adult colonies are not well understood, but likely
include interactions amongst a suite of chronic stres-
sors, including increased water temperature, declin-
ing water quality, competition with algae, and in the
case of A. palmata, chronic predation by coralli -
vorous snails (Edmunds & Elahi 2007, Vardi et al.
2012, Williams & Miller 2012). While coral recruit-
ment is clearly important for the replenishment of
coral populations, demographic models underscore
the need to better understand how macroalgae and
filamentous turf algae limit the growth and survivor-
ship of adult colonies (e.g. Lirman 2001, Vermeij et
al. 2010), and especially how algae can interact with
the multiple other stressors that impact coral growth
and survivorship. These insights would allow us to
better predict the extent that increases in herbivory
can benefit corals facing a range of stressors.

In addition to knowing the role that algae play in
limiting coral, we need to understand how diversity
within the herbivore guild impacts algal assemblages.
Mathematical models designed to predict coral and
algae dynamics in response to local and global stres-
sors have generally treated herbivores as a single
functional group (e.g. Mumby 2006, Hoegh-Guldberg
et al. 2007, Mumby et al. 2007, Anthony et al. 2011,
Fung et al. 2011, Baskett et al. 2014). However,
because herbivores performing different functions
will exhibit a diversity of responses to anthropogenic
stressors such as fishing (Bellwood et al. 2012,
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Edwards et al. 2014), this approach may be too sim-
ple. Empirical research should focus on identifying
the ecological functions performed by different
 species of herbivores, and determine whether some
functions are more susceptible to particular pertur-
bations than others. Likewise, future modeling work
aimed at predicting the impacts of anthropogenic
stressors on coral persistence and recovery should
explore the extent that complementarity and re -
sponse diversity within the herbivore guild alter
model predictions.

Developing effective management strategies to
increase herbivory on Caribbean reefs requires iden-
tifying the factors limiting herbivore populations and
the process of herbivory on particular reefs. Herbi-
vore populations can be limited by a number of fac-
tors, including natural predation, fishing, food, the
availability of juvenile habitat, and larval supply.
Better information on larval connectivity and juvenile
habitat associations in particular could facilitate
management by helping managers identify and tar-
get key locations for protection. In addition, herbi-
vores may avoid degraded reefs with high cover of
macroalgae or low levels of physical structure, creat-
ing a reinforcing feedback that keeps herbivory low
on degraded reefs even in locations with healthy her-
bivore populations. Thus, a better understanding of
the behavioral responses of herbivorous fishes to
coral decline, increases in algae, and the loss of
structural complexity could aid efforts to restore reefs
by identifying habitat characteristics that need to be
restored to enhance grazing levels on reefs.

MANAGEMENT RECOMMENDATIONS

We currently have an incomplete understanding
of the multiple factors limiting corals on Caribbean
reefs. To complicate matters, many of these factors
operate on regional or global scales managers cannot
control. However, there are many actions that local
managers can take. First, local management efforts
should focus on minimizing direct sources of coral
mortality, such as sedimentation and pollution, as
well as restoring ecological processes, such as her-
bivory, that are important for coral persistence and
recovery. Since nutrient loading can increase the
severity and prevalence of coral disease and bleach-
ing, reducing nutrient inputs may mitigate the nega-
tive impacts of ocean warming (e.g. Vega Thurber et
al. 2014). Furthermore, reducing nutrient loading
may also reduce algal productivity, facilitating the
control of algae by herbivores.

Maintaining healthy herbivore populations is also
likely to mitigate the negative impacts of ocean
warming since abundant herbivores can control algae
that inhibit coral recovery following coral decline
(Edwards et al. 2011). Parrotfishes are particularly
important herbivores on Caribbean reefs, but they
also frequently support local fisheries. Therefore,
complete bans on the harvesting of parrotfishes may
not always be politically viable or economically desir-
able. However, better spatial management of fishing
could minimize trade-offs between the need to main-
tain high levels of grazing while supporting sustain-
able fisheries. For example, managers could restrict
fishing for herbivores on the reefs that are most
 suitable for major framework-building corals, while
allowing fishing in other locations where corals are
unlikely to benefit from herbivory (Mumby 2015).
Effective spatial management requires detailed
know ledge on the distribution of suitable habitat for
different species of coral; at the coarsest level, this
knowledge already exists in many locations in the
Caribbean due to recent advances in remote sensing
and large-scale efforts to map coral reef habitats (e.g.
Pittman et al. 2013).

Implementation of marine protected areas or other
spatial restrictions on herbivore fishing will only be
effective if we can sustainably manage herbivore
populations outside of protected areas. Different spe-
cies of parrotfishes have different life-history traits
and different impacts on benthic communities. There -
fore, they should not be managed as a single species
complex. In particular, the largest parrotfishes in the
Caribbean, Scarus guacamaia, S. coelestinus, and S.
coeruleus, are highly susceptible to overexploitation
and are not functionally equivalent to smaller spe-
cies, and thus should be fully protected from fishing.
Further, Caribbean parrotfishes belong to at least 3
different functional groups (scrapers that feed pri -
marily on turf algae, bioeroders that remove large
amounts of carbonate material, and browsers that
feed largely on upright macroalgae). Consequently,
managers will need to ensure that reefs have the
right mix of herbivores to carry out the full set of
functions normally performed by the herbivore guild.
Finally, it is critical to protect seagrasses and man-
groves, which are important nursery habitats for
 several species of Caribbean herbivores.

While protection of herbivorous fishes is likely nec-
essary for the maintenance of resilient coral reef
 systems, it is unlikely to be sufficient for the recovery
of reefs, particularly where degradation has been
severe and feedbacks are operating that could slow
or prevent coral recovery. Under these conditions,
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management actions targeted specifically at break-
ing feedbacks that maintain reefs in a degraded state
are necessary. Appropriate interventions are likely to
be highly context-dependent. For example, in loca-
tions with high levels of fishing, restoration efforts
aimed at augmenting densities of D. antillarum could
be an important tool for increasing local grazing
intensity on specific reefs. In contrast, in locations
that are lightly fished, it may be more appropriate to
focus on attracting herbivorous fishes by manually
removing macroalgae, using artificial structures to
increase habitat, or engaging in active restoration of
corals. Restoration efforts targeted at specific reefs
will be most successful under strong management of
the wider seascape that limits chronic sources of
coral mortality and protects key functional groups
such as herbivorous fishes. Many of the feedbacks
that prevent coral recovery may strengthen through
time, so efforts to restore reefs likely have the highest
chance of success (and will be least costly) when
enacted early, before loss of living coral and struc-
tural complexity are severe.
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