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Spatial variation in the functional characteristics of herbivorous fish
communities and the resilience of coral reefs
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Abstract. Many ecosystems face degradation unless factors that underpin their resilience
can be effectively managed. In tropical reef ecosystems, grazing by herbivorous fishes can
prevent coral-macroalgal phase shifts that commonly signal loss of resilience. However,
knowledge of grazing characteristics that most promote resilience is typically experimental,
localized, and sparse, which limits broad management applications. Applying sound ecological
theory to broad-scale data may provide an alternative basis for ecosystem management. We
explore the idea that resilience is positively related to the diversity within and among
functional groups of organisms. Specifically, we infer the relative vulnerability of different
subregions of the Great Barrier Reef (GBR) to phase shifts based on functional characteristics
of the local herbivorous fish communities. Reef slopes on 92 reefs set in three zones of the
continental shelf in eight latitudinal sectors of the GBR were surveyed on multiple occasions
between 1995 and 2009. Spatial variation in fish community structure was high and driven
primarily by shelf position. Measures of functional diversity, functional redundancy, and
abundance were generally higher offshore and lower inshore. Two turbid inshore subregions
were considered most vulnerable based on very low measures of herbivore function, and this
was supported by the occurrence of phase shifts within one of three subregions. Eleven reefs
that resisted phase shifts after major coral mortality included some with very low measures of
herbivore function. The fact that phase shifts did not necessarily occur when large herbivores
were scarce indicates that other environmental factors compensated to preserve resilience.
Estimates of vulnerability based solely on herbivore function may thus prove conservative, but
caution is appropriate, since compensatory factors are largely unknown and could be eroded
unwittingly by anthropogenic stresses. Our data suggest that managing the threat of phase
shifts in coral reef ecosystems successfully will require spatially explicit strategies that consider
both the functional characteristics of local herbivore communities and environmental factors
that may raise or lower resilience thresholds. A strong positive correlation between water
clarity and the species richness and abundance of herbivorous fishes suggests that management
of water quality is of generic importance to ensure the ecosystem services of this important

group of herbivores.
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INTRODUCTION

Ecosystems around the world are under increasing
stress from human activities, highlighting the need to
better understand and manage the factors that promote
ecosystem resilience (Folke et al. 2004). Conservation of
biodiversity is fundamental to modern natural resource
management but it is not species richness per se that
confers resilience, but the functional contribution of
species to important ecological processes (Worm et al.
2006). Management strategies that take into account the
functional implications of species’ distributions and
abundances may help conserve vulnerable ecosystems
but examples are rare, in part because of uncertainty
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about how specific functional roles contribute to
ecosystem resilience. It is often impractical to investigate
these relationships experimentally at ecologically mean-
ingful scales. Given the urgent need to preserve many
ecosystems and the limitations of manipulative ap-
proaches, assessment of the relative resilience of natural
communities using theoretically important measures of
functional potential (i.e., functional diversity and
functional redundancy) that are based on field data
may provide a practical scientific foundation for
effective ecosystem management (Allen et al. 2005,
Fischer et al. 2007). Here we apply this approach to a
large coral reef ecosystem, Australia’s Great Barrier
Reef. While the concept of resilience has many facets, we
focus specifically on the capacity of coral reefs to resist
shifts to a macroalgal-dominated state of lesser ecolog-
ical and socioeconomic value following coral mortality,
which is a concern for reef managers worldwide (Hughes
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et al. 2010). We assessed the relative vulnerability of
reefs in different environmental settings to such phase
shifts based on the functional characteristics of their
communities of herbivorous fishes, a group considered
to be critically important for the prevention of macro-
algal blooms (Hughes et al. 2007). As threats to the
existence of coral reef ecosystems are increasing (Hoegh-
Guldberg et al. 2007, Hughes et al. 2010) we highlight
the general applicability of our findings to coral reef
conservation.

Darwin (1859) first suggested that ecological stability
is positively related to species richness. Others followed
his lead (MacArthur 1955, Tilman et al. 1996, Kiessling
2005) and the concept is now widely accepted and
routinely applied in modern conservation strategies
through efforts to preserve biodiversity. However,
decades ago Holling (1973) recognized that management
strategies based on theories of ecological stability were
not preventing species declines or environmental degra-
dation. Acknowledging that natural systems can persist
while fluctuating in an unstable fashion, Holling
advocated a management approach based on the
concept of resilience in ecological systems. A definition
of resilience was subsequently refined as “the capacity of
a system to absorb disturbance and reorganize while
undergoing change so as to still retain essentially the
same function, structure, identity and feedbacks”
(Walker et al. 2004). Resilience concepts incorporate
the idea that the capacity of a system to cope with
ecological disruptions without stabilizing in a funda-
mentally different state depends on maintenance of
important ecosystem processes. Because these processes
are often driven by the functional roles of constituent
species, resilience is likely to be highest when both
functional diversity and functional redundancy are high
within and across scales (Walker 1992, Tilman et al.
1996, Peterson et al. 1998, Hooper et al. 2005, Folke
2006). The realization that human actions continue to
erode the capacity of ecosystems to sustain natural
resources and to provide desired services (Folke 2006)
has motivated searches for more effective approaches to
management. Resilience concepts have received in-
creased attention and the application of these concepts
to identify vulnerable ecosystems and to inform
management decisions is now a high priority (Folke et
al. 2004, Allen et al. 2005, Nystrom et al. 2008, Hughes
et al. 2010).

Concerns for the resilience of coral reef ecosystems
have centered on the capacity of reefs to resist shifts
from dominance of space by hard corals to dominance
by fleshy macroalgae following coral mortality (Bell-
wood et al. 2004, Hughes et al. 2010). Such phase shifts
have been most common in the Caribbean (Bruno et al.
2009), but many other reef systems appear poised to
follow, based on predictions that the frequency and
intensity of disturbance events will increase with global
warming (Hughes et al. 2003, Hoegh-Guldberg et al.
2007, MacNeil et al. 2010), and because large herbivores
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have been widely over-exploited (Jackson et al. 2001).
Fishes and urchins are the most numerous large
herbivores on coral reefs and are primarily responsible
for keeping the reef surface free of macroalgae that may
inhibit coral growth and for maintaining a surface
suitable for settlement by coral recruits (Green and
Bellwood 2009). Four strands of evidence support the
importance of herbivorous fishes in maintaining reef
resilience: (1) the association of phase shifts with
overfishing (Hughes 1994); (2) field experiments (Lewis
1986, Hughes et al. 2007, Mantyka and Bellwood 2007,
Burkepile and Hay 2008, 2010); (3) theoretical modeling
(Mumby 2006, Mumby et al. 2007); and (4) long-term
observations of reef community dynamics (Cheal et al.
2010). Together, these suggest that phase shifts are
unlikely to occur when the diversity and abundance of a
range of functional groups of herbivorous fishes is high.
The diversity and abundance of herbivorous fish
communities on coral reefs may be depleted by
overfishing, but other factors that limit these fishes are
not well understood. Disturbances to the benthos
negatively affect many reef fishes but appear to have
little effect on large herbivorous fishes (Ledlie et al.
2007, Cheal et al. 2008) unless associated with extreme
loss of habitat complexity (Halford et al. 2004, Graham
et al. 2007). It is likely, however, that the distribution of
herbivorous reef fishes is fundamentally linked to the
productivity of their algal diet and associated detritus
(Russ and McCook 1999, Russ 2003), which is related in
part to water clarity and its effect on the penetration of
sunlight through the water column (Klumpp and
McKinnon 1989). Water clarity has been positively
associated with the abundance and diversity of herbiv-
orous reef fishes (Williams and Hatcher 1983, Russ
2003, Mallela et al. 2007, Nemeth and Appeldoorn 2009)
and may be a useful indicator of coral reef health in
general (De’ath and Fabricius 2010). While low water
clarity may occur naturally in some situations, it
commonly signals detrimental anthropogenic influences
such as sediment runoff from cleared land and excessive
nutrient inputs that enhance algal growth. Sedimenta-
tion and eutrophication are often associated and
increase the likelihood of coral-macroalgal phase shifts
(Fabricius et al. 2005, De’ath and Fabricius 2010),
particularly if the resultant lower water clarity enhances
negative feedbacks with herbivory. At present, data on
the strength of association between water clarity and the
distribution of herbivorous fishes on coral reefs and the
consequences for phase shift vulnerability are sparse.
The prediction that phase shifts will become more
frequent on coral reefs with changing climate has
increased calls to manage for resilience (Bellwood et al.
2004, Nystrom et al. 2008, Hughes et al. 2010), but it is
not always clear how this can be achieved. One obvious
strategy is to protect all herbivorous fishes, but this is
unrealistic in many regions where these fishes are a staple
food for coastal populations. Strategies that allow fishing
but regulate fishing pressure so as to maintain critical
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Fic. 1. Map of the Great Barrier Reef, Australia, showing
locations of the 92 survey reefs within eight sectors.

herbivore functions are beginning to appear (McClana-
han et al. 2011), but remain difficult to implement. This is
partly because of considerable spatial variation in the
structure of herbivorous fish communities within and
between reefs (Russ 1984, Cheal et al. 2012), with
associated spatial variation in their functional character-
istics. Strong spatial patterns in herbivorous reef fish
communities can result from differing habitat preferences
and competitive interactions but may also be influenced
by regional evolutionary histories. For instance, similar
functional groups of herbivorous fishes occur on Carib-
bean and Indo-West Pacific reefs, but species richness and
taxonomic richness is less in the Caribbean (Green and
Bellwood 2009), in theory making Caribbean reefs more
vulnerable to phase shifts through lower functional
redundancy. In fact, the assumption that coral reefs will
flip to a macroalgal-dominated state if large herbivores
are removed has almost reached paradigm status, driven
largely by patterns in the Caribbean and particularly by
the well-known Jamaican case study, where loss of
herbivorous fishes, and then urchins, allowed macroalgae
to flourish and persist (Hughes 1994). The threat of such
phase shifts within different coral reef ecosystems cannot
effectively be managed without a clear understanding of
spatial patterns in herbivore communities and their
functional capacity to prevent macroalgal blooms.
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Most information on the spatial patterns of herbivory
in coral reef ecosystems has come from disparate local
studies that use a variety of methods, so broad-scale
patterns are often unclear. Most reef ecosystems have
also been subject to anthropogenic influences for many
years, and estimating “natural” levels of herbivory from
present-day communities raises the issue of shifting
baselines (Jackson et al. 2001). Australia’s vast Great
Barrier Reef (GBR) is possibly an exception. It covers
>350 000 km?, extends >2300 km from north to south,
and is one of the world’s least degraded reef ecosystems
(Pandolfi et al. 2003), due in part to comprehensive
management regimes, but also because human coastal
populations are small and their impacts are localized
and relatively light (Lawrence et al. 2002). Reef fishes
appear to be the principal large herbivores on the GBR.
Even though the contribution of urchins to phase shift
prevention has not been considered as fully as that of
herbivorous fishes, they are not abundant on the GBR in
comparison with the Caribbean in former times (Hutch-
ings et al. 2007, Green and Bellwood 2009). Populations
of herbivorous fishes on the GBR are probably relatively
intact, since they are not commonly targeted or caught
by professional, artisanal, or recreational fishers. Thus,
the GBR provides an ideal system to assess spatial
differences among unmodified communities of function-
ally important herbivorous reef fishes and the ramifica-
tions for reef resilience.

Since the mid 1990s, communities of fishes and
benthic organisms on reefs in a wide variety of
environmental settings across the GBR have been
systematically surveyed by the Australian Institute of
Marine Science (AIMS) (Sweatman et al. 2008). Here,
we use these data to investigate links between the
functional characteristics of herbivorous fish communi-
ties, the occurrence of coral-macroalgal phase shifts,
and water clarity. Specifically:

1) We map spatial variability in three theoretically
important measures of herbivore function: functional
diversity, functional redundancy, and abundances
within functional groups.

2) We relate these patterns to occurrences of phase
shifts and of resilience (resistance to phase shifts).

3) We examine the association between spatial patterns
of herbivorous fishes and water clarity.

We use this information to assess the relative
vulnerability of different GBR environments to coral—
macroalgal phase shifts and highlight the implications
for management of coral reef resilience in general.

METHODS

Study sites and sampling procedures

Reef fish communities and benthic cover were
surveyed annually on 47 “core” GBR reefs between
14° S and 24° S, and between 1995 and 2005 (Fig. 1; see
also Sweatman et al. 2008). These reefs were all surveyed
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again in 2007 and in 2009. In 2006 and 2008 another 45
“noncore” reefs between 16° S and 24° S were surveyed.
Reefs were situated in three positions on the continental
shelf. Inshore reefs were relatively close to the coast (5—
30 km from land). Mid-shelf reefs were located on the
continental shelf within the bulk of the GBR matrix.
Outer reefs had few reefs to seaward, and so were
exposed to oceanic influences from the Coral Sea. Reefs
were haphazardly selected within eight sectors that
represent different latitudes of the GBR (Fig. 1). The
sectors differed in some or all of the following:
temperature range, cross-shelf width, mean reef size
and spacing (influencing permeability to oceanic intru-
sions as well as connectivity), and terrestrial influences.
Each shelf position within a sector is hereafter referred
to as a subregion. Data were not gathered in some
subregions, either because suitable reefs were not
available or for logistical reasons; only mid-shelf reefs
were surveyed in the Pompey sector, only outer reefs in
the Capricorn Bunker sector, and only mid-shelf and
outer reefs in the Innisfail and Swain sectors. All but 3 of
the 18 subregions incorporated at least three reefs; only
two inshore reefs in the Cooktown-Lizard Island and in
the Townsville sectors and a single outer reef in the
Innisfail sector were surveyed (Fig. 1). Three sites were
established on or near the northeast flank of each survey
reef, each consisting of five permanently marked 50-m
transects at depths between 6 and 9 m. The abundances
of 210 noncryptic, diurnal fish species from 10 families
were recorded along each transect using underwater
visual census (Halford and Thompson 1996). Benthic
organisms were surveyed concurrently along the same
transects on a strip ~0.75 m wide using video (to 2006)
or still cameras (after 2006), and cover of different
benthic components was later estimated from images of
each transect (Jonker et al. 2008). Identical methods
were used to analyze camera and still video images, and
the type of image (camera or video) did not alter the
ability to distinguish the benthic components. The
benthos was analyzed to genus for hard coral species
and broad groupings for algae (i.e., macroalgae and turf
algae). Mean values of total percentage cover of hard
corals and macroalgae based on the 15 transects at each
reef were used in analyses. Note that the term macro-
algae here refers to larger frondose forms, not filamen-
tous, turfing, blue-green and crustose algae. Water
clarity was estimated at each site at each visit by
recording the distance (in meters) along the transect tape
measure at which objects became indistinct. These
estimates were regularly checked by a second observer.

Target fish taxa and functional groups

This study concerned large, roving herbivorous fishes,
including the majority of surgeonfishes (Acanthuridae),
and all parrotfishes (Labridae) and rabbitfishes (Sigani-
dae). Some large herbivorous fish taxa were not included
in the target list (i.e., Kyphosidae, Ephippidae, and
some Pomacanthidae species) because they were rarely
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encountered. Our visual observations along with other
visual census and video data on similar GBR reef slope
habitats (Fox and Bellwood 2007, 2008) suggest that the
species in our target list constitute most of the large reef
fish grazing capacity on the GBR. Damselfishes
(Pomacentridae) were counted during surveys, but none
were included in this study, because their broad diets
make it difficult to assign them to functional groups, and
species that are clearly herbivorous tend to farm algae
for their own consumption, making their contribution to
reef resilience unclear (Green and Bellwood 2009). Other
small herbivorous fishes such as blennies (Blennidae)
and gobies (Gobiidae) were not surveyed because of
their cryptic habits, but they are unlikely to have the
capacity to prevent phase shifts.

Fish species were placed into one of four functional
groups based on their method of feeding and their
impact on the benthos (from published information,
e.g., Bellwood and Choat 1990, Froese and Pauly 2006,
Green and Bellwood 2009; and field observations). The
groups were: (1) scrapers; parrotfishes that scrape the
substrate, ingesting the epilithic algal matrix (EAM) and
often leaving some organisms in the feeding scrapes; (2)
excavators; parrotfishes that gouge the substrate deeply,
ingesting the EAM and considerable amounts of
substrate, leaving few organisms in the feeding scar;
(3) Grazer/detritivores; surgeonfishes that feed in the
EAM, leaving few distinctive feeding marks. Grazer/
detritivores ingest a range of items including sediment,
detritus, algal turf, and microalgae, and may also
remove macroalgae before it becomes established; and
(4) algal browsers; rabbitfishes and surgeonfishes that
specifically crop turf and/or macroalgae, ingesting little
of the EAM. The strictly detritivorous Ctenochaetus spp.
were included with grazer/detritivores. A few nominally
herbivorous species were not strict herbivores, and so
were excluded from analyses. These included some
surgeonfishes (Naso spp.) that are predominantly
planktivores and one parrotfish species (Bolbometopon
muricatum) that often feeds on live corals. All were
rarely encountered during surveys.

Data analyses

Spatial patterns in community structure.—Initially we
used nonparametric multivariate analysis of variance
(MANOVA) to understand the extent of spatial and
temporal differences in the structure of herbivorous fish
communities on the GBR. This was important to
broadly substantiate our subsequent approach to
assessing the relative resilience of different subregions;
if spatial differences were minimal or temporal differ-
ences were large, then using the functional characteris-
tics of current herbivore communities to infer relative
resilience may not have been useful or appropriate. We
used the 47 core reefs that had been regularly surveyed
for well over a decade, and included time in the model.
Statistical significance was based on restricted permuta-
tion of observations (Anderson and ter Braak 2002).
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Because we sampled fixed transects (i.e., repeated
measures), among-reef variability was used as the error
term for the spatial effects of shelf, sector, and their
interaction. Models were fitted using the DISTLM
program (Anderson 2001, McArdle and Anderson
2001). Data for herbivorous fishes was row centered
and fourth-root transformed in order to reduce the
influence of occasional encounters with large spawning
aggregations and to adjust for the large numbers of
zeros commonly encountered in this type of community
data.

Functional measures.—We employed three measures
of herbivore function to assess the relative vulnerability
of different GBR subregions to phase shifts. These were
derived from data from all 92 core and noncore reefs
surveyed by AIMS between 2006 and 2009. This
approach, using a subset of the entire data range,
maximized spatial coverage by using data from all
survey locations, reduced analytical problems due to
uneven sample sizes, as each reef was sampled twice
within the same time period, and provided the most up-
to-date characterization of GBR herbivorous fish
communities applicable to management. The definition
and derivation of each functional measure follows;

1) Functional diversity: the number of functional groups
observed at a site within a reef. Higher functional
diversity should enhance the capacity of a system to
cope with a range of different perturbations. For
spatial comparisons, functional diversity was aver-
aged, rather than modeled, over all sites within a
subregion because values were maximal at the
majority of sites.

2) Functional redundancy: the average probability of
occurrence for species in each functional group at
each site. Higher functional redundancy provides
greater ecological insurance that a particular function
will be maintained even if some contributing species
are lost from the local community. Functional
redundancy was quantified for each subregion and
estimated using diversity-based occupancy models
that estimate both the probability of occurrence (i.e.,
occupancy) and probability of detection for species
within a given community based on a series of
capture or observation occasions (Dorazio et al.
2006, MacKenzie et al. 2006). This partitioning of
occurrence and detectability is important because
imperfect detection in underwater visual surveys
generates consistent downward bias in species
richness that varies directly with abundance. (That
is, species may not be recorded at a given reef either
because they were not present or because they were
not observed [MacNeil et al. 2008].) By marginalizing
the effect of abundance on diversity, occupancy
models better reflect functional redundancy than do
conventional species richness values that implicitly,
and unrealistically, assume that the probability of
observing each species present on a transect is equal
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to one. Specific details of the Bayesian hierarchical
occupancy models are presented in the Appendix.

3) Abundance: the total number of individuals in each
functional group at each site. Higher abundance
means a greater capacity to fulfill a function and
increases the spatial scale of influence. Abundance
was quantified for each subregion and modeled using
a negative binomial, Bayesian hierarchical model (see
the Appendix for more details).

Herbivore function and occurrences of phase shifts and
of reef resilience.—In order to test the usefulness of our
functional measures of herbivory as indicators of phase
shift vulnerability, we related known occurrences of
phase shifts and resilience (resistance to phase shifts) on
reefs to the functional characteristics of their local
herbivore communities. The first criterion for a reef to
be included in this comparison was that large areas of
substrate suitable for algal colonization had been
exposed following disturbances so conditions were
favorable for phase shifts. Thus we only considered
reefs where live hard coral cover had fallen from >30%
cover (the average GBR wide coral cover [Osborne et al.
2011]) to <15%. We tracked cover of macroalgae and
coral cover at each reef for a S-year period after the
disturbances (the maximum extent of data for some
reefs). A phase shift was deemed to have occurred if
cover of macroalgae increased after the disturbances and
exceeded coral cover. As short-term increases in macro-
algal cover may merely indicate a transient growth
spurt, and not a prolonged phase shift, we also recorded
the years in which macroalgae were dominant over
corals. At reefs where phase shifts occurred we examined
the species richness and abundance of local herbivorous
fish functional groups at the survey when coral cover
was low, just prior to the survey when macroalgal cover
first exceeded coral cover. Presumably the fish commu-
nity at this time was unable to prevent the phase shift. A
reef was considered resilient if macroalgal cover was
unchanged and/or did not exceed coral cover following
disturbances. For each resilient reef we noted the
community of herbivorous fishes that were present at
the time of lowest measured cover of hard coral when
surface area for algal growth was highest and the
activity of herbivorous fishes was likely to be most
important for the prevention of phase shifts.

Water clarity and herbivore abundance and species
richness.—Average water quality values were calculated
from site level data from all surveys conducted between
1995 and 2009 so that variability in day-to-day processes
(i.e., tide, winds, and other factors) and seasonality were
temporally integrated. Some subregions were sampled
less intensively and so had smaller sample sizes; this did
not appear to bias results, as means calculated from the
entire data set in other subregions were comparable with
those calculated from equivalent subsets. We applied a
basic linear model to data from all subregions of the
GBR to quantify the overall relationship between water
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TABLE 1.
more than a decade.
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Results of MANOVA using 47 reefs on Australia’s Great Barrier Reef surveyed for

Parameter F df P Partial eta squared
Sector 18.557 305, 7560 <0.001 0.428
Shelf 54.713 122, 3018 <0.001 0.689
Time 1.471 732, 18 228 <0.001 0.056
Sector X shelf 12.932 427, 10 598 <0.001 0.343
Sector X time 1.176 3660, 94 020 <0.001 0.044
Shelf X time 1.186 1464, 36 744 <0.001 0.045
Sector X shelf X time 1.083 5124, 95 648 <0.001 0.055

Notes: Pillai’s trace was used as the test of significance (P). The partial eta squared is an estimate

of the effect size.

clarity and both herbivore abundances and species
richness. We also focused the analysis to reef level data
in inshore subregions, where turbidity is often highest
and spatially variable, to assess finer-scale influences of
water clarity on herbivorous fishes.

RESULTS

A total of 59 species from the three herbivore families
were recorded on the 92 survey reefs over the 15-year
study period: 46 species were recorded on inshore reefs,
54 species on mid-shelf reefs, and 56 species on outer
reefs.

Community level patterns

Examination of the structure of herbivorous fish
communities revealed significant interaction effects for
all combinations of sector, shelf position, and time
(MANOVA), but these interactions were mostly the
result of sector X shelf position effects (Table 1) that
were partially caused by unbalanced sampling. Shelf
position effects accounted for the greatest amount of
spatial variation in herbivorous fish community struc-
ture (Fio301s = 54.71) and the effect size was large
(partial eta squared of 0.69). Sector effects accounted
for a lesser but still significant proportion of variation in
community structure (Fzpszs60 = 18.56, partial eta
squared of 0.43). Temporal effects alone or within
interaction terms were minimal compared with spatial
factors, and although significant, the effect sizes
involving any temporal components were always very
low (partial eta squared <0.06) compared with effect
sizes for any spatial components alone (>0.34). In
summary, there were strong spatial patterns in the
community structure of herbivorous fishes, and these
changed little over time.

Spatial patterns of herbivore function

Three of the four inshore subregions (Cairns, Towns-
ville, and Whitsunday) had relatively low measures of
herbivore function (Fig. 2). The magnitude of functional
measures in inshore subregions also varied with latitude;
values generally decreased from north to south, and
lowest mean values of all functional measures across the
GBR were recorded in either the Whitsunday or
Townsville inshore subregions (Fig. 2). Functional

diversity was particularly low on Whitsunday inshore
reefs (Fig. 2), indicating that functional groups of
herbivores were regularly absent from survey sites.
Functional measures for fish communities in the more
northern Cairns inshore subregion were mostly higher
than those of the inshore fish communities farther south.
Farther north in the Cooktown/Lizard Island inshore
subregion, functional measures were generally highest
among inshore subregions aside from relatively low
functional redundancy and abundance of excavators.

Among fish communities in offshore (mid-shelf and
outer) environments, only those in two subregions,
Swain outer and Pompey mid-shelf, stood out as having
relatively low measures of function (Fig. 2). While
values of individual functional measures for herbivorous
fish communities in the Swain outer shelf subregion were
consistently low compared with those in other offshore
subregions, these difference were often negligible (95%
confidence intervals often overlapped; Fig. 2). In
contrast, fish communities in the Pompey mid-shelf
subregion had very low abundances of both grazer/
detritivores and algal browsers compared with those in
other offshore subregions, and grazer/detritivore abun-
dances were comparable to those recorded in the two
inshore subregions that ranked lowest in herbivore
function (Fig. 2). Furthermore, the low mean functional
diversity of 3.58 in the Pompey mid-shelf subregion (Fig.
2) reflects the absence of grazer/detritivores from many
sites. Values for measures of herbivore function in other
offshore subregions of the GBR were more homoge-
neous, although there was a tendency for higher values
in outer shelf subregions (Fig. 2). The Cooktown/Lizard
Island sector had strong sector-wide measures of
function, with maximal functional diversity across the
entire shelf. The abundances of three of the four
functional groups were particularly high on the outer
shelf in this sector (Fig. 2).

Patterns of herbivore function on phase-shifted
and resilient reefs

Twelve reefs suffered coral declines that were great
enough to favor phase shifts (Table 2). These declines
followed storms, cyclones, coral disease, bleaching,
outbreaks of crown-of-thorns starfish, or a combination
of these. The mean area of hard substrate suitable for
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TaBLE 2. Mean percentage cover of hard coral and macroalgae at 12 reefs before major coral mortality (Pre), when the lowest
coral cover was recorded (Post-initial), and five years later.

Coral cover (%) Macroalgal cover (%) . .
Disturbance period
Reef type Syr Syr and type
and shelf Sector Reef Pre  Post-initial later Pre Post-initial later Max (C, S, B)T
Resilient reefs (no phase shift)
Inshore Cairns Fitzroy Island 319 6.3 16.6 0.2 0.1 0.2 2.1 1999-2001: B, C
Cairns Low Isles 354 8.9 16.0 0.1 39 0.0 8.0 1997-2000: C, S
Mid- Cairns Thetford 36.1 3.9 234 1.3 0.5 1.9 32 1999-2003: C, S, B
Townsville John Brewer 28.9 0.7 35 1.6 0.0 1.4 1.4 1999-2004: S, B, C
Townsville Rib 44.4 3.2 11.0 1.0 0.3 1.2 1.3 1999-2003: C, B
Swain Gannett Cay 44.4 3.7 16.7 0.1 0.1 0.3 0.3 1996-2002: C
Swain Horseshoe 52.0 10.7 30.6 0.1 0.1 0.4 04 1997-2003: C
Outer  Townsville Chicken 37.0 12.9 156 1.3 0.1 3.1 6.2 2002-2004: C
Swain Turner Cay 31.0 12.9 19.1 0.1 0.1 0.6 0.8 2001-2004: C
Capricorn Bunker Lady Musgrave  95.7% 8.6 654 7 0.3 0.0 0.5 1989:8S
Capricorn Bunker One Tree 92.9% 8.1 643 ? 1.5 0.1 3.0 1989:8S
Mean 48.2 7.3 257 0.6 0.6 0.8 25
Degraded reefs (phase shift)
Inshore Townsville Havannah Island 42.8 5.9 6.9 0.5 46.6 42.1 60.4 1997-2002: B, S, C

Notes: Reefs were designated as resilient or degraded depending on whether macroalgal cover exceeded coral cover after
disturbances (i.e., a phase shift occurred). “Max” is the maximum cover of macroalgae recorded in the five-year period following
disturbances. Question marks (?) show that no data were collected. Benthic data were obtained from surveys conducted on the same
sites between 1995 and 2009, except for two cases, as noted. Disturbances were deemed to have started in the year when annual
declines in absolute coral cover exceeded 5% and then continued on a downward trajectory.

T The types of disturbances included crown-of-thorns starfish outbreaks (C), large storms or cyclones (S), and bleaching (B).

1 Data collected in 1987.

algal growth (total area less the combined cover of sand  significant differences (no overlap in 95% confidence
and benthic organisms other than algae) on each reef intervals) in the species richness and/or abundance
more than doubled to >80% following disturbance. values from resilient reefs in the same position on the
Despite this, only Havannah Island underwent a phase  continental shelf (Fig. 3). For example, One Tree Reef
shift; mean coral cover declined from 42.8% to 5.9%, on the outer shelf had extremely low species richness and
while macroalgal cover increased from 0.5% to >40% abundances of fish functional groups compared with
and remained high for five years after disturbances with  virtually all the other resilient reefs. In addition, one
little sign of coral recovery (Table 2). There was nothing  functional group (excavators) was absent, and values for
unique about either the nature of the disturbances the other functional groups were generally comparable
(Cheal et al. 2010) or the benthic community at with those from Havannah Island where the phase shift
Havannah Island compared with the 11 resilient reefs. occurred. Two inshore reefs in the Cairns inshore
Havannah Island is in the Townsville inshore subregion,  subregion (Fitzroy Island and Low Isles) were resilient
one of those with lowest measures of herbivore function despite having significantly lower species richness of
(Fig. 2). On average, hard coral cover on the other 11  scrapers and algal browsers, and very low abundances of
resilient reefs dropped from 48.2% to 7.3% following nearly all functional groups compared with the majority
disturbances, but macroalgae did not proliferate. Five of offshore reefs (Fig. 3).
years later, mean cover of hard coral had increased to
25.7%, while mean cover of macroalgae remained very
low at 0.8% (Table 2). No phase shifts occurred on the Mean water clarity increased across the shelf from 7 m
other 80 survey reefs that had lesser or no hard coral on inshore reefs to 15.9 m on mid-shelf reefs and 20.7 m
declines, and average cover of macroalgae (2006-2009) on outer reefs. There were strong positive relationships
was very low (1.04% = 0.14%; mean * SE). between water clarity and both total abundance and
At Havannah Island, where the phase shift occurred, total species richness of herbivorous fishes (Fig. 4).
the species richness and abundance of each of the four These relationships were particularly strong on inshore
herbivore functional groups were among the lowest reefs where lowest water clarity on the GBR was
recorded on any of the 12 reefs (Fig. 3). Grazer/ recorded (Fig. 4). Water clarity in inshore subregions
detritivores were absent on Havannah Island, but generally decreased from north to south, a pattern that
abundances of this group were often very low and was not related to distance from the coast; Cooktown/
highly variable on the resilient reefs. There was no Lizard Island inshore reefs in the far north were located
consistent pattern in species richness or abundance of closer to the coast than all southernmost inshore reefs in
the four functional groups of herbivores on the 11 the Whitsunday sector (Fig. 4). Differences in commu-
“resilient” reefs (Fig. 3). In fact, there were often nities of herbivores differed with water clarity even

Water clarity
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among inshore reefs; one Cairns inshore reef with
relatively high water clarity had far greater herbivore
abundances and species richness than two more turbid
reefs in the same subregion (Fig. 4).

Discussion

Few studies have used contemporary resilience theory
to assess the relative vulnerability of locations within
large ecosystems. In this study we used broad-scale data
to show that the functional characteristics of herbivo-
rous fish communities can differ markedly among
similar habitat types within a large, relatively unmod-
ified coral reef ecosystem. Assuming that the theories
linking herbivory and resilience are sound, these results
suggest that certain reef environments are naturally
more vulnerable to coral-macroalgal phase shifts than

others. The notion that phase shifts will follow major
coral mortality if the grazing capacity of large herbi-
vores is very low was supported by long-term data in
one subregion, but contradicted in others. This indicates
that different environmental settings have intrinsically
different capacities to buffer low levels of herbivory and
so preserve resilience. The high spatial variation
recorded in this study suggests that broad-brush
approaches to management of herbivorous reef fishes
will not widely ensure maintenance of herbivore
functions or minimization of phase shift vulnerability
throughout coral reef ecosystems. Rather, management
strategies that explicitly consider geographic differences
in both the functional characteristics of local herbivo-
rous fish communities and the environmental setting
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should result in the most effective allocation of resources
to enhance ecosystem resilience.

Spatial patterns of herbivore function

The structure of herbivorous fish communities and
their functional characteristics showed marked spatial
variation, particularly across the continental shelf. These
patterns are likely to have arisen naturally, as herbiv-
orous fishes are not exploited on the GBR, and there
was no evidence of anthropogenic degradation on
survey reefs. Furthermore, there was little temporal
variation in these broad spatial patterns over the 15-year
study period despite numerous disturbances (Osborne et
al. 2011), and similar cross-shelf patterns were recorded
almost 30 years ago in the Townsville sector (Williams
1982, Williams and Hatcher 1983, Russ 1984). Such
long-term stability suggests that the current distribution
and abundance of herbivorous fishes on the GBR reflect
their relative abilities to inhabit the different physical
and biological environments that broadly characterize
each shelf position (Done 1982, Williams 1982). Inshore
subregions generally appeared least habitable.

Inshore reefs supported fewest herbivorous fish
species, and the lowest overall measures of function
were recorded in three of four inshore subregions. Reefs
in the turbid Whitsunday and Townsville inshore
subregions were theoretically most vulnerable to phase
shifts, because the lowest values of all functional
measures were recorded in one or other of those
subregions. This vulnerability assessment was supported
in the Townsville inshore subregion by the occurrence of
a phase shift at Havannah Island (see also Cheal et al.
2010), and by evidence of a phase shift on a neighboring
reef (Done et al. 2007). The importance of grazing in
this particular subregion was further demonstrated by a
field experiment showing that macroalgae will prolifer-
ate if herbivorous fishes are artificially excluded (Hughes
et al. 2007). Both Whitsunday and Townsville inshore
reefs were ranked as similarly vulnerable to phase shifts,
but the capacity of the Whitsunday herbivorous fish
communities to prevent them was not tested by major
disturbances during this study. Benthic communities of
corals and other sessile organisms in the Whitsunday
inshore subregion remained stable for over a decade
(Sweatman et al. 2008), with very low cover of macro-
algae and little suitable space for algal colonization.
Whether or not the small sizes of the herbivore
populations on these reefs were influenced by long-term
patterns of food availability, their numbers were
probably sufficient to control macroalgal growth under
the observed conditions. We suggest that this ability will
be challenged if disturbances open up sufficient free
space so that algal growth exceeds the currently low
grazing capacity (see Williams et al. 2001, Cheal et al.
2010).

In mid- and outer shelf subregions the functional
diversity of herbivorous fish communities was generally
maximal, and values for a range of the other functional
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measures were often high. Accordingly, most of these
subregions (and the Cooktown/Lizard Island inshore
subregion) supported herbivorous fish communities with
functional characteristics most likely to enhance resil-
ience. In support of this, no phase shifts were recorded
in these subregions, and three reefs in the Cooktown/
Lizard Island outer shelf subregion, which had partic-
ularly high measures of herbivore function, recovered
relatively rapidly from major coral mortality without
phase shifts (Emslie et al. 2008). The Pompey mid-shelf
subregion was unusual among offshore (mid- and outer
shelf) environments in having relatively low measures of
herbivore function, mainly due to a lack of surgeonfishes
(Cheal et al. 2012), but there is no clear explanation for
this anomaly. A distinguishing environmental feature of
the Pompey subregion is the extreme tidal ranges that
are among the highest recorded on the GBR and often
cause very strong currents (>2.6 m/s [5 knots]) on survey
sites, though there is no obvious reason why such
currents should particularly affect surgeonfishes.

Average rankings of herbivore function were mostly
higher in outer shelf subregions than in mid-shelf
subregions, but this pattern was not consistent among
the individual functional measures. Herbivorous fishes
also tend to be larger on mid-shelf reefs than on outer
reefs of the GBR (Gust et al. 2002), so our use of
abundance rather than biomass may have underestimat-
ed the functional significance of herbivorous fishes on
mid-shelf reefs, because larger individuals are likely to
play a greater role in resilience than smaller ones
(Bonaldo and Bellwood 2008). Biomass may be a more
useful functional measure than abundance as it encap-
sulates a broader range of ecological influences, but
given that fish lengths were not estimated during surveys
and maximum sizes can vary across the GBR shelf (Gust
et al. 2002), any attempts to estimate biomass a
posteriori would be very prone to error. Cross-shelf
patterns in biomass of parrotfishes in the northern GBR
were reflected in their patterns of abundance (Gust et al.
2001), which suggests that the strong spatial patterns in
abundance we recorded are likely to be reasonable
approximations of patterns in biomass.

Patterns of herbivore function and the occurrence
of phase shifts

There was little consistency in the functional charac-
teristics of herbivorous fish communities on the 11 reefs
that did not undergo phase shifts following extensive
coral mortality; some reefs supported communities with
strong and diverse functional characteristics while others
had communities that appeared to be functionally
depauperate. This variability is not surprising in an
ecosystem where herbivorous fishes are not exploited;
many reefs on the GBR are likely to support more than
enough herbivorous fishes to prevent phase shifts. More
interesting is why phase shifts did not occur on a number
of highly disturbed reefs that all had relatively low
measures of herbivore function. Experimental reduc-
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tions in biomass of herbivorous fishes (>85%) have
shown that very low levels of grazing can lead to phase
shifts on inshore reefs of the GBR (Hughes et al. 2007),
as occurred in the archetypical Caribbean case study
(Hughes 1994). However, the critical levels of grazing at
which such phase shifts occur are not known. These
thresholds may be very low on the GBR; though
herbivore communities on two inshore reefs in the
Cairns sector had relatively very low measures of
herbivore function, phase shifts did not occur after
major coral mortality, unlike the case on Havannah
Island where herbivore communities were even more
functionally depauperate and a phase shift did occur
(Cheal et al. 2010). A complementary and more
pragmatic alternative is that the minimum levels of
grazing required to prevent phase shifts will vary
between locations and will depend on a range of
environmental factors that affect the local phase shift
threshold.

Relative vulnerability to phase shifts must vary
spatially depending not only on the functional makeup
of the local herbivore communities, but also on a wide
range of other biological, physical, and hydrodynamic
factors that interact to raise or lower phase shift
thresholds (Mumby et al. 2007, Cheal et al. 2010). In
effect, different locations within a reef system may have
equally low measures of herbivore function, but one
may be less likely to undergo a phase shift due to
stronger influences of positive compensatory factors.
Patterns on one resilient reef in particular highlight how
such factors may operate, and the potentially compli-
cated nature of resilience dynamics. Following major
coral mortality at One Tree Reef on the outer GBR,
measures of herbivore function were the lowest out of
the 11 resilient reefs and were mostly of equal or lower
magnitude to those on the inshore Havannah Island that
underwent a phase shift. So why was there no phase shift
on One Tree Reef? Red macroalgae can grow profusely
on the exposed reef slopes of this reef (A. J. Cheal,
personal observation), but brown macroalgae that drive
inshore phase shifts on the GBR are less common in all
reef zones on outer reefs (McCook and Price 1997).
Based on underwater observations, we suspect that
heavy wave action more regularly dislodges macroalgae
from offshore reefs than from relatively protected
inshore reefs. This would frequently provide space for
growth of coral recruits, and crustose coralline algae
that are most abundant on outer reefs of the GBR
(Fabricius and De’ath 2001). Other factors may also
favor coral recovery over macroalgal growth on such
outer reefs. Crustose coralline algae provide settlement
cues for coral recruits (Fabricius and De’ath 2001) and
can suppress growth and recruitment of macroalgae
(Vermeij et al. 2011). In addition, nutrients from
terrestrial runoff that may enhance macroalgal growth
only reach outer reefs of the GBR infrequently in the
very largest floods. It is noteworthy that an experimental
study at One Tree Reef also concluded that variation in
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benthic algal standing crop was largely controlled by
factors other than grazing intensity, including nitrogen
availability and seasonal senescence of macroalgae
(Hatcher and Larkum 1983).

Water clarity and herbivorous fishes

We found a strong positive relationship between
water clarity and both the diversity and abundance of
herbivorous fishes on reefs of the GBR that broadly
related to functional patterns. Distance to the coast and
proximity to a more turbid reef did not influence these
patterns; clearer waters always supported more robust
herbivore communities irrespective of their physical
location (i.e., the Cooktown/Lizard Island inshore
subregion). This relationship may be universal on coral
reefs, as turbid reefs also support more depauperate
herbivore communities in the Caribbean (Mallela et al.
2007, Nemeth and Appeldoorn 2009). The low produc-
tivity of algae on turbid reefs (Russ and McCook 1999)
could have led to the selection of mechanisms that favor
the movement of larval herbivorous fishes away from
sediment-enriched waters (Russ 1984), particularly
given that turbidity can disrupt settlement cues of larval
reef fishes (Wenger et al. 2011). Selective movement of
larvae to clearer waters is especially feasible for
herbivorous fishes, as many have long planktonic
durations, swim strongly, and have well-developed
sensory capabilities (reviewed in Leis and McCormick
2002). While the mechanisms linking herbivore distri-
butions and water clarity are uncertain, our results
suggest that chronic increases in turbidity will have
detrimental effects on populations of herbivorous fishes
and their functional roles on coral reefs.

The GBR, though relatively pristine, is not immune to
such pressures. In fact land use practices adjacent to the
GBR have been extensively regulated in recent years in
an attempt to reduce sedimentation and turbidity in reef
environments. The value of such initiatives is supported
by our finding that herbivorous fishes were more diverse
and abundant in less turbid waters, although it is unclear
whether turbidity levels on inshore reefs of the GBR still
represent a near “natural” state (see Larcombe and
Wolfe 1999 and McCulloch et al. 2003 for opposing
viewpoints). Whether or not coastal anthropogenic
influences have increased inshore turbidity and affected
herbivore populations, there is little room for compla-
cency, because the grazing capacity on those inshore
reefs where herbivore populations are small may
naturally be close to phase shift thresholds, as has been
suggested for Caribbean reefs (Mumby et al. 2007).

Implications for coral reef management

Applying resilience theory to a long-term and broad-
scale data set on the GBR has revealed facets of coral
reef resilience that may have broad applicability to reef
conservation. While our data were gathered exclusively
from the reef slope zone, this is unlikely to affect
generalizations about broad spatial patterns. Although
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other zones within reefs of the GBR (crest, flat, lagoon,
and back reef) may support different herbivore com-
munities, they all display strong cross-shelf structure
(Russ 1984). Furthermore, the reef slope zone is
particularly important in a management context, as it
generally supports a high diversity of organisms and is
often targeted for recreational and commercial purposes
(i.e., for tourism and fishing).

We have shown that, even within a large, relatively
pristine reef ecosystem, there can be great variability in
the relative vulnerability of different reef environments to
phase shifts based on the functional characteristics of
herbivorous fishes. Relatively low functional measures of
herbivory suggest closer proximity to phase shift thresh-
olds and signify enhanced vulnerability. Whether that
vulnerability leads to a phase shift following major coral
declines seems to depend on the relative influence of local
environmental factors that alter phase shift thresholds.
Such interactions are likely to be complex, making it
difficult for coral reef managers to know how these
thresholds vary among different reef environments and
how they are altered by human actions. Given these
difficulties and the parlous state of many reef ecosystems,
it seems prudent to adopt a precautionary management
approach using spatial patterns in herbivore function as
one tool to indicate the relative vulnerability of different
reef environments to phase shifts, while aiming to broadly
preserve herbivore functions.

The large differences in herbivorous fish communities
between subregions and sometimes even between adja-
cent reefs on the GBR indicates that spatially targeted
management strategies will best ensure that the capacity
of herbivorous fishes to prevent phase shifts is main-
tained throughout large reef ecosystems. Broad, sweep-
ing regulations may aid resilience in one location but not
necessarily in another; both subregional and local-scale
regulatory approaches will be necessary. For example,
generic fishing bag limits throughout an entire reef
ecosystem could result in critical losses of function in
locations where functional groups have low redundancy
or are in low numbers. It seems inevitable that fishers
will eventually target herbivorous fishes on the GBR, so
protection strategies that are underpinned by knowledge
of fish distributions and spatial patterns of function
should be considered before fisheries develop.

The strong positive association of water clarity with
diverse and abundant herbivore communities and the
occurrence of a phase shift in one subregion with low
water clarity suggest that turbid inshore reefs on the
GBR and coastal reefs elsewhere are particularly
vulnerable to phase shifts. Such turbid environments
will require special attention from managers to ensure
that herbivorous fish stocks are not overfished, so as to
maximize resilience. Furthermore, if our results and
arguments are broadly applicable, chronic increases in
turbidity on nearshore reefs around the world due to
coastal developments (Fabricius 2005) could cause
decreases in herbivore diversity and abundance as
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ecological tolerances of fish species are exceeded and
larvae die or select other habitats. Decreased grazing
pressure may then favor macroalgal dominance over
coral recovery following major disturbances. Manage-
ment practices that reduce the exposure of coral reefs to
anthropogenic sediment loads have been implemented in
some places, particularly through catchment manage-
ment strategies and more effective controls of marine
dredging. This has mainly been to prevent negative
impacts on corals, but our data suggest an even greater
imperative; populations of functionally important her-
bivorous fishes could decline with increases in turbidity,
even in the absence of fishing pressure.
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SUPPLEMENTAL MATERIAL

Appendix

Additional information on the statistical analysis of functional redundancy and abundance of functional groups of herbivorous

fishes (Ecological Archives A023-012-A1).


http://www.esapubs.org/archive/appl/A023/012/
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