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Abstract. Global overfishing of higher-level predators has caused cascading effects to
lower trophic levels in many marine ecosystems. On coral reefs, which support highly diverse
food webs, the degree to which top-down trophic cascades can occur remains equivocal. Using
extensive survey data from coral reefs across the relatively unfished northern Great Barrier
Reef (nGBR), we quantified the role of reef sharks in structuring coral reef fish assemblages.
Using a structural equation modeling (SEM) approach, we explored the interactions between
shark abundance and teleost mesopredator and prey functional group density and biomass,
while explicitly accounting for the potentially confounding influence of environmental varia-
tion across sites. Although a fourfold difference in reef shark density was observed across our
survey sites, this had no impact on either the density or biomass of teleost mesopredators or
prey, providing evidence for a lack of trophic cascading across nGBR systems. Instead, many
functional groups, including sharks, responded positively to environmental drivers. We found
reef sharks to be positively associated with habitat complexity. In turn, physical processes such
as wave exposure and current velocity were both correlated well with multiple functional
groups, reflecting how changes to energetic conditions and food availability, or modification of
habitat affect fish distribution. The diversity of species within coral reef food webs and their
associations with bottom-up drivers likely buffers against trophic cascading across GBR func-
tional guilds when reef shark assemblages are depleted, as has been demonstrated in other
complex ecosystems.

Key words: coral reefs; habitat complexity; mesopredators; reef sharks; teleost; trophic cascades; wave
exposure.

INTRODUCTION

The concept of top-down control of communities
gained traction with the introduction of the “green
world hypothesis,” which proposed that plant abundance
is regulated through predator-mediated control of herbi-
vores (Hairston et al. 1960). This process of trophic cas-
cading predicts that a perturbation at one trophic level
can influence the abundance of organisms at least one
trophic level removed (Pace et al. 1999, Polis et al. 2000).
Such cascades can produce profound and sometimes
surprising ecosystem responses. Indeed, many

ecosystems subject to anthropogenic disturbance, both
terrestrial and marine, have now documented drastic
transformations in the composition of ecological com-
munities as a result of predator extirpation (e.g., Estes
et al. 1998, Ripple et al. 2001, Frank et al. 2005, Myers
et al. 2007). Considering the ongoing losses of many
large predators globally, many more ecosystems are pre-
dicted to change significantly, with the potential for con-
sequences to reverberate across trophic levels (Pauly
1998, Strong and Frank 2010, Estes et al. 2011, Frank
et al. 2015).
Much of our understanding of the scope for trophic

cascades stems from field studies and their syntheses
within food web models of varying complexity (Bas-
compte et al. 2005, Petchey et al. 2008, Kellner et al.
2010). The inclusions of nontrophic or indirect physical
effects on the community varies considerably among
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studies. In many cases, physical processes that directly
generate bottom-up forces through, for example, nutrifi-
cation of primary producers, are adequately considered
(Moore et al. 2005). Despite this, physical characteristics
that impact foraging behavior and success are usually
excluded. Examples include the effects of habitat struc-
ture in creating refuges for prey (Hixon and Beets 1993,
Hixon and Carr 1997) and the role of wind or water flow
on the agility of predators or prey (Bejarano et al. 2017,
Cherry and Barton 2017). Although some trophic cas-
cades have been conclusively identified in relatively
homogenous systems (Polis et al. 2000), the considera-
tion of physical processes in more complex ecosystems is
crucial given that they may mediate the structure of food
webs, and could, if excluded, confound the interpreta-
tion of interspecies interactions.
An oft-cited example of a potential trophic cascade is

the impact of sharks on coral reefs (Friedlander and
DeMartini 2002, Ritchie and Johnson 2009, Estes et al.
2011). Food web theory predicts the possible existence of
a four-level cascade from sharks, as the higher-order
predator, to groupers (mesopredator), to parrotfish (her-
bivore), and reef algae (producer) (Bascompte et al.
2005). In theory, a healthy abundance of sharks should
constrain teleost mesopredators, allow herbivores to
proliferate, and reduce the level of larger seaweeds,
which in turn facilitate processes of coral recovery (Bas-
compte et al. 2005, Ruppert et al. 2013). Field studies
have identified experimental evidence for direct con-
sumptive or fear-based interactions between sharks and
prospective prey (Rizzari et al 2014a, Lester et al. 2020),
but the degree to which these experimental results scale
to ecosystem levels is unclear (see Roff et al. 2016).
Additionally, depletion of piscivorous fishes has been
shown to drive variation in some lower trophic level
fishes, including herbivores, as a result of fishing in some
locations (Graham et al. 2003, Boaden and Kingsford
2015). Thus, evidence for trophic cascades is somewhat
fragmented across trophic groups and studies and no
study has yet reported a systematic cascade operating
across all of the levels included here (Rizzari et al. 2015,
Roff et al. 2016, Casey et al. 2017).
We focus on this cascade because physical processes

also strongly influence at least part of the system (Fried-
lander and Parish 1998, Fabricius 2005, Goatley and
Bellwood 2012, Madin et al. 2012). Specifically, the bio-
genic nature of coral habitat complexity creates a poten-
tial feedback between the state of the habitat and the
wider food web (Luckhurst and Luckhurst 1978, Bozec
et al. 2013, Taylor et al. 2018, Russ et al. 2020). A struc-
turally complex habitat provides refuges from predation
and alters the efficacy of predation and abundance of
prey (Hixon and Carr 1997, Graham and Nash 2013,
Rogers et al. 2014, Castro-Sanguino et al. 2017). More-
over, physical processes such as water flow have the abil-
ity to moderate trophic interactions, for example, by
increasing algal productivity (Carpenter and Williams
2007, Renken et al. 2010) and therefore the food supply

to some herbivores, while simultaneously influencing the
biomechanics of locomotion and therefore distribution
of a variety of other fishes (Wainwright and Bellwood
2002, Fulton and Bellwood 2005, Bejarano et al. 2017),
including sharks (Wheeler et al. 2013, Robbins and
Renaud 2016).
Our study aimed to explore these interactions within

coral reef fish communities using data from the northern
Great Barrier Reef (nGBR), Australia, which has several
desirable properties for this type of examination. First,
despite the relatively low levels of fishery exploitation in
the far nGBR (Mapstone et al. 1996), fishing effects on
large predators, including coral trout, snapper, grouper,
and jacks, are evident in some areas (Department of
Employment, Economic Development and Innovation
[DEEDI] 2011, Castro-Sanguino et al. 2017). Second, an
enforced and long-established system of marine pro-
tected areas has been successful in conserving high abun-
dances of many sharks and fishes (McCook et al. 2010,
Rizzari et al. 2015, Casey et al. 2017). Lastly, herbivores
are not commercially exploited on the GBR and recre-
ational catch appears to be low (Bradford et al. 2019).
This allows for the study of fish community dynamics
without the confounding effects of fishing across multi-
ple trophic levels (Mumby et al. 2006).
Here, we revisit the question of shark-driven trophic

cascades on coral reefs and use structural equation mod-
els, SEM (Grace 2006, Lefcheck 2016), to reduce the risk
of a confounded interpretation of observational data
because they allow for physical and biological interac-
tions to be handled simultaneously (Grace 2006, Lef-
check 2016). We use this method to specifically ask
whether (1) gradients in shark abundance are observable
across management zones, and (2) if so, what impacts
this has on the distribution of teleost mesopredator and
prey groups? In turn, we ask (3) how environmental con-
ditions vary across our study sites, and (4) does environ-
mental variation affect our understanding of the
potential for trophic cascading in this system?

METHODS

Study area

Data were collected by the Khaled bin Sultan Living
Oceans Foundation in September of 2014 (research per-
mits G14/36867 and G14/372021 issued by the Great
Barrier Reef Marine Park Authority [GBRMPA]). Ben-
thic and fish assemblage surveys were conducted at 43
sites across 23 reefs spanning over 500 km of the north-
ern GBR (Fig. 1; Appendix S1: Table S1). Reefs were
located at both mid and outer positions across the conti-
nental shelf, and were classed into one of three manage-
ment zones designated by the GBRMPA: (1) Open-
fishing (blue) zones that are open for general use and
extractive activities, (2) no-take (green) zones that permit
diving and boating activity but prohibit fishing and col-
lection, or (3) no-entry (pink) zones that forbid entry in
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all but emergency situations. Given the distinctions in
levels of permitted anthropogenic activity between man-
agement zones, we treated this zonation scheme as a
three-tiered (blue, green, and pink) gradient in fishing
pressure. Survey sites have been subject to variable dis-
turbance histories as a result of infrequent cyclonic
activity (Appendix S1: Table S1; Puotinen et al. 2016,
Wolff et al. 2016, Matthews et al. 2019). Whilst these dis-
turbances have likely affected habitat and fish assem-
blages, we do not identify any clear patterns in the
distribution of these events across our sampling design
that may detract from inference about drivers of trophic
structure.

Fish surveys

Underwater visual censuses (UVC) were performed
across 30 × 4 m transects and replicated 2–6 times
(mean of 4.5 � 0.2 SE) per site (Appendix S1: Table S1).
Although reef fish density estimates are sensitive to the
transect width chosen (Sale and Sharp 1983), we do not
expect systematic difficulties in density estimation
because (1) we did not attempt to include cryptic species
or corallivores—which forage close to the substrate, (2)
planktivory was dominated by pelagic taxa–like caesion-
ids that forage above the substrate, and (3) the smallest
species we routinely censused were invertivores, which
often swim far above the substrate, and their density esti-
mates are relatively insensitive to transect width (Sale
and Sharp 1983). Sites were concentrated on the wind-
ward forereef slope at a mean depth of 10 � 0.1 m SE

(Appendix S1: Table S2). Surveys were conducted under
tidal conditions, allowing free movement of surveyors.
Fish size was estimated to the nearest centimeter using

a T square marked in 5-cm increments and subsequently
used to estimate biomass for each individual using pub-
lished species-specific length–weight relationships (Fish-
Base 2016). Sharks were simultaneously surveyed within
1 km of fish sites across 400 × 20 m transects. Given the
comparatively low density of sharks, we deemed the use
of wider and longer transects to be better suited for
obtaining accurate density estimates than traditional
fish survey transects (Robbins 2006, Ward-Paige et al.
2010, Bozec et al. 2011).
We categorized species based on commonly assigned

functional groups (Data S1: Trophic_Categorisa-
tion.xlsx). Reef sharks comprised Carcharhinus
amblyrhynchos, Triaenodon obesus, and Carcharhinus me-
lanopterus. Large piscivorous fishes were considered to
be teleostean mesopredators with further characteriza-
tion as either ambush or pursuit predators. Ambush
predators were comprised of large-bodied grouper (fam-
ily Serranidae) species known to wait and predate from
within the reef matrix (Diamant and Shpigel 1985, Shpi-
gel and Fishelson 1989). Pursuit predators comprised
mainly coral trout (Plectropomus spp.), snapper (Lut-
janidae), and jack (Carangidae) species that are charac-
terized by active prey seeking and chasing behaviors
(Samoilys 1997, Almany 2004). Distinction between
these mesopredator categories allows for the disentan-
glement of potentially unique effects of different forag-
ing strategies on prey (Schultz and Kruschel 2010), but

FIG. 1. Study site locations across the mid and outer shelf of the northern Great Barrier Reef, Australia, overlayed with color
gradient outlining prevailing wave exposure (m) conditions. Dots indicate sampling positions and are colored according to the
Great Barrier Reef Marine Park Authority management zonation.
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also serves to isolate grouper as a species group previ-
ously highlighted to be a key driver in coral reef cascad-
ing processes (Bascompte et al. 2005).
Functionally herbivorous fishes were split into three

groups: (1) scrapers and excavators that feed on short
algal turfs and/or the underlying calcareous substrate,
(2) grazers and detritivores that also remove turf algae
and detrital material but largely leave the underlying reef
matrix largely intact, and (3) browsers that feed primar-
ily on fleshy macroalgae (sensu Green and Bellwood
2009). Planktivorous and invertivorous fishes were also
considered to be potential prey groups. Planktivores pre-
dominantly consisted of caesionids, along with some
pomacentrid and serranid species (e.g., Chromis spp. and
Pseudanthias spp., respectively; Hamner et al. 1988).
Invertivores were comprised mainly of species from sev-
eral wrasse genera of the Labridae family (Kramer et al.
2015).

Physical and habitat characteristics

Benthic substrates were surveyed on replicate 10 ×
1 m transects adjacent to fish surveys. Percent cover of
(1) live coral identified to species level, (2) recently dead
coral, (3) rubble, (4) turf algae, (5) crustose coralline
algae (CCA), (6) erect coralline algae or fleshy macroal-
gae, (7) other sessile invertebrates, and (8) noncoloniz-
able substrate (sand) were recorded using the point
intercept method every 10 cm. Transects were repeated
an average of 4.5 � 0.5 SE per site (Appendix S1:
Table S1). Cover of each benthic category was averaged
to a site level.
Habitat complexity was explored using a series of 10-

m photo transects available for a subset of sites. From
each 1 × 1 m photo, complexity was scored on a scale of
1–5, and averaged to site level based on the qualitative
assessment of crevice/hole number and size (see Appen-
dix S1: Fig. S1 for examples). Complexity scores were
most strongly correlated with total hard coral cover, sug-
gesting that presence of hard corals was a primary driver
of differences in complexity between sites, as has been
documented previously (Darling et al 2017). Given this,
coral cover was used as a proxy for habitat complexity
across all sites.
To quantify the hydrological dynamics of each site we

used the eReefs Sparse Hydrodynamic Ocean Code
(SHOC) model (Herzfeld et al. 2016) and a Simulating
Waves Near shore (SWAN) model (Booji et al. 1999, Ris
et al. 1999). We acknowledge that surface-level water
movement attenuates with depth (Kench 1998); however,
it is still detectable and therefore potentially influential
along the reef slope (Fulton and Bellwood 2005, Chollet
and Mumby 2012, Castro-Sanguino et al. 2017). Hourly
current-driven water velocity across the surface layer
was extracted at a 1-km2 grid scale for the month of
September 2015 at each of our sites using the SHOC
model. Although our UVC surveys were conducted in
2014, we extracted current velocity from the following

year in order to gain access to the higher-resolution 1-
km grid model, controlling for the effects of seasonality
by extracting data from the same month. Net velocity
(w) at every time point (i) was calculated using the
northern (v) and eastern (u) velocity vector outputs as
per Eq. 1:

w¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2þu2

p
: (1)

Rather than use hourly absolute velocity, which fluctu-
ates significantly throughout the tidal cycle, we calcu-
lated a relative velocity metric (Q), wherein Q is the
average number of standard deviations (σ) away from
the mean flow velocity (W) across sites through time (t)
(Eq. 1). This allowed us to gauge which sites were consis-
tently subject to higher current velocity in comparison
to other sites across the duration of our sampling per-
iod:

Q¼∑t
i¼0

w�Wi
σi

t
: (2)

To quantify wave exposure, we used the chronic wave
height (m) output from a 100-m grid SWAN model of
the entire GBR (Callaghan et al. 2020). This process-
based wave generation and propagation model uses wind
measurements from the Australian Bureau of Meteorol-
ogy to generate predictions of spatially explicit wave
parameters (Callaghan et al. 2015). Average wave height
(m) was extracted from this model at every fish survey
site location. Extraction of eReefs and SWAN model
outputs and subsequent calculations were conducted in
MATLAB version 9.6.0 (MATLAB 2019).

Data analysis

We first explored variation in fish community struc-
ture and benthic composition across zones by fitting lin-
ear mixed effects (lme) models using the nlme package
(Pinheiro et al. 2016; see Appendix S1: Tables S3, S4,
and S5). To account for the spatial structure of our sam-
pling design, data was parsed by shelf position with zone
as a fixed effect and sites nested within reefs as random
effects. Initial models did not satisfy assumptions of
error normality and heteroscedasticity, so log or square-
root transformations were applied, as selected using
Tukey’s ladder of powers (Tukey 1977). Model fit was
reassessed following transformation with residual plots
showing approximately normal distributions and no
deviation from heteroscedasticity.
We used a structural equation modeling approach to

investigate how variation in physical processes and habi-
tat composition affected trophic structuring. We deemed
structural equation modeling to be a valuable statistical
method given its ability to summarize systems of predic-
tor and response variables in a single causal network
(Lefcheck 2016). SEM deviates from traditional model-
ing approaches by (1) testing informed hypotheses of
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causal structure of the system and (2) allowing for vari-
ables to be both predictors and responses simultaneously
(Grace 2006, Lefcheck 2016). Use of this statistical tech-
nique allowed us to explore causal links within complex
networks rigorously.
Within our model we hypothesized prey-reducing

interactions between reef sharks and mesopredatory pis-
civores, and in turn between mesopredatory piscivores
and herbivores, planktivores, and invertivores (Table 1,
Appendix S1: Table S6). We also allowed sharks to inter-
act directly with lower-level prey groups to reflect poten-
tial multitrophic feeding common in many predators,
including known interactions in reef sharks (Thompson
et al. 2007, Robbins and Renaud 2016). All trophic
groups were allowed to interact with coral cover, which
is known to mediate predator–prey relationships by pro-
viding refuge from predation pressure (Beukers and
Jones 1998). In turn, we hypothesized that coral cover
may be moderated by wave exposure and current flow
that limit the success of more delicate coral growth
forms like branching and tabular species (Done 1982).
Wave exposure was also allowed to interact with

trophic groups to reflect potential effects on their swim-
ming ability (Bejarano et al. 2017) and/or indirect effects
of changes to the productivity of food sources, that is,
algae (Renken et al. 2010, Roff et al. 2019). Cover of rel-
evant benthic categories were used as predictors for
some prey groups to reflect direct or indirect changes to
food source availability. For example, herbivore func-
tional groups were hypothesized to respond positively to
turf or macroalgal cover (Mumby et al. 2005, Adam
et al. 2011, Gilmour et al. 2013) whereas invertivores
were hypothesized to indirectly respond to rubble cover
as a proxy for invertebrate density (Kramer et al. 2015).
Additionally, we specified relationships between current
flow and planktivores which may reflect changes to

influx of planktonic food sources (Hamner et al. 1988),
and to reef sharks that may use high flow velocities to
conserve energy (Wheeler et al. 2013, Vianna et al. 2013,
Robbins and Renaud 2016).
Correlated error structures were specified a priori

between functional groups subject to shared sources of
variability (see Appendix S1: Table S7). Specifically, we
allowed the error structures of teleost mesopredators to
correlate given their potentially similar responses to fish-
ing pressure and prey availability. Similarly, correlated
error structures were specified between all prey groups
that reflected their shared response to habitat availability
and/or predation pressure. In addition, cover of different
benthic categories was also allowed to correlate given
that they are proportional to one another on account of
our chosen survey methodology.
Putative trophic relationships were tested using the

biomass of functional groups as a response variable.
Although density is frequently used when investigating
these relationships, we believe biomass to be a more rep-
resentative metric of trophic interactions. Biomass incor-
porates a size dependent component that is more
reflective of the magnitude of the functional roles of
individuals which is known to fluctuate considerably
across size classes and life stages (Bonaldo and Bellwood
2008). An exception was made for sharks where density
was used because even small errors in size estimates
would influence the biomass of this group dispropor-
tionately. To buffer against extreme variation in size, we
only use estimates of reef sharks >1 m. Size-based
changes in predation ability (i.e., gape limitations)
among reef sharks are not apparent, given they generally
tear and shred prey rather than swallow whole (Ferretti
et al. 2010), and have been directly observed to predate
on a wide range of prey sizes (Robbins and Renaud
2016). Despite our overall focus on biomass, we include

TABLE 1. Component model specification, including applied transformations/distributions, fixed and random effects, marginal
pseudo-R2 values and conditional pseudo-R2 values for primary piecewise SEM. Random effects notation “Reef/Site” implies
nesting of sites within reefs. Model type specified as linear mixed-effects models (lme). Conditional pseudo-R2 (Cond R) values
account for random variation that marginal pseudo R2 (Marg R) values do not.

Model type
Trans-

formation Response Fixed effects
Random
effects Marg R Cond R

lme Square root Reef sharks Fishing Pressure + Flow +Wave
Height + Coral

Reef 0.30 0.81

lme Log Pursuit predators Fishing Pressure + Reef Sharks + Coral Reef/Site 0.04 0.31
lme Log Ambush predators Fishing Pressure + Reef Sharks + Coral Reef/Site 0.04 0.20
lme Log Planktivores Reef Sharks + Pursuit Predators + Ambush

Predators + Flow + Coral
Reef/Site 0.14 0.43

lme Log Invertivores Reef Sharks + Pursuit Predators + Ambush
Predators + Rubble + Coral

Reef/Site 0.13 0.28

lme Log Scrapers Reef Sharks + Pursuit Predators + Ambush
Predators + Wave Height + Turf + Coral

Reef/Site 0.17 0.23

lme Log Grazers Reef Sharks + Pursuit Predators + Ambush
Predators + Wave Height + Turf + Coral

Reef/Site 0.12 0.37

lme Log Browsers Reef Sharks + Pursuit Predators + Ambush
Predators + Wave Height + Turf +
Macroalgae + Coral

Reef/Site 0.27 0.30

lme Square root Coral Flow + Wave Height Reef 0.01 0.81
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a secondary SEM based exclusively on density data for
comparison (see Appendix S1: Tables S8–S10).
Component models within the SEM framework were

purely additive (Table 1), and were specified using the
nlme package (Pinheiro et al. 2016) to fit linear mixed-ef-
fects models. Random effects were specified as sites
nested with reefs. Model assumptions of error normality
and homogeneity of variances were inspected graphi-
cally. Again, we corrected for nonnormality and
heteroscedasticity by applying a log transformation to
all biomass response variables and a square-root trans-
formation to all density variables, as determined through
comparison of common transformations using Tukey’s
ladder of powers (Tukey 1977). Residual plots were reas-
sessed following transformations to ensure approxi-
mately normal distributions. Piecewise SEM analyses
were performed with the package piecewiseSEM (Lef-
check 2016). The SEM fit was assessed using Shipley’s
test of directed separation (Shipley 2016). The sum of
null probabilities of independence claims were tested
against a chi-squared distribution with 2k degrees of
freedom to yield Fischer’s C statistic on whose basis
acceptance or rejection of the causal model can be deter-
mined. Regression coefficients for each pathway were
standardized following analysis for easier comparison.
All statistical analyses were conducted using the soft-
ware program R version 3.6.1 (Data S2: SEM_Analy-
sis.txt; RCore Team 2019).

RESULTS

Community composition and environmental variation

Across our study sites, 433 species of fish were
counted and classed into the relevant trophic group: 162
of which were mesopredatory piscivores comprising
mainly grouper and snapper, 83 species were plankti-
vores, 111 species were invertivores, and 72 species were
functional herbivores comprised of 16 browser, 25 scra-
per, and 31 grazer species, respectively. Reef shark obser-
vations were dominated by the gray reef shark, C.
amblyrhynchos (>60%), with lesser sightings of whitetip
(T. obesus) and blacktip (C. melanopterus) comprising
approximately 30% and 10% of observations respec-
tively.
Across our sampling region, reef shark densities var-

ied from depauperate fished sites on the midshelf (0.5
per 8,000 m2) to high-density unfished reefs of the outer
shelf with up to eight individuals per 8,000 m2 (Fig. 2a).
Reef shark density was fourfold higher in pink zones
(4.002 � 0.119 SE) than blue zones (1.329 � 0.060 SE)
across outer shelf sites (P < 0.05, Fig. 2a; Appendix S1:
Table S3), supporting predicted fishing effects on top-
level predators. Zoning effects on all other piscivorous
fishes were not detectable (P > 0.05) despite 17-fold
variation in biomass across sites (Fig. 2a,&thinsp;b;
Appendix S1: Tables S3 and S4), suggesting low or pat-
chy fishing pressure on these mesopredators. Biomass

and density of all invertivores, planktivores, browsers,
scrapers, and grazers also did not vary consistently with
zonation (P > 0.05) (Fig. 2a,&thinsp;b; Appendix S1:
Tables S3 and S4). Lack of zoning effects on mesopreda-
tor and prey biomass and density, especially on the outer
shelf, contradicts predictions of cascading impacts as a
result of higher shark abundance.
Consistent variation across management zones was

not observed in the benthic composition of survey sites
(P > 0.05) (Appendix S1: Table S5). However, the rela-
tive abundance of different benthic categories varied
between shelf positions. Turfs and rubble habitats
tended to dominate the midshelf sites compared to
outer reefs that had a greater proportion of live coral
cover (Fig. 3). Macroalgal cover remained relatively low
across all sites (Fig. 3), with variation in algal cover dri-
ven mostly by declines in turf abundance on the outer
shelf.

Physical and ecological drivers of trophic structure
(SEM)

D-separation tests of the first piecewise SEM indi-
cated there were no missing pathways resulting in an
acceptable fit of the model to the data (C = 89.266,
P = 0.06, df = 70). This SEM contained 15 significant
pathways (Fig. 4). As predicted, fishing pressure had a
strong negative effect on reef sharks (P < 0.05); how-
ever, no significant effect was detected on any other
predator group (Fig. 4; Appendix S1: Table S6), indicat-
ing that reef sharks are particularly susceptible to popu-
lation depletion. Pathways from both ambush and
pursuit predators to prey were positive for invertivores,
planktivores, grazers, browsers, and scrapers (P < 0.05)
(Fig. 4; Appendix S1: Table S6). Thus, the biomasses of
teleost predators and their prey were positively corre-
lated, which contrasts with the direction of relationships
expected by trophic cascades.
Unlike teleost fishes, reef sharks were not correlated

to any putative prey (Fig. 4; Appendix S1: Table S6),
suggesting limited influence of reef shark density on
these species. Rather, shark densities were associated
with three physical variables. First, sharks were more
abundant in areas of higher flow (P < 0.05) (Fig. 4;
Appendix S1: Table S6); second, sharks were positively
associated with the coral cover as a proxy for reef com-
plexity (P < 0.05) (Appendix S1: Table S6); and third,
sharks were less abundant in areas of high wave exposure
(Fig. 4). In contrast, both browsers and scrapers were
positively associated with increasing wave exposure. Turf
cover was negatively correlated with the biomass of
browsers (Fig. 4; Appendix S1: Table S6).
Repeating the SEM with fish density rather than bio-

mass caused modest changes in network structure and
fit (Appendix S1: Tables S8 and S9). Ambush predators
remained positively correlated to the density of plankti-
vores, invertivores, scrapers, and grazers (P < 0.05)
(Appendix S1: Table S9) and pursuit predators remained
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correlated with the density of browsers (P < 0.05)
(Appendix S1: Table S9). However, several habitat vari-
ables became important that were not significant when
biomass was used. In particular, planktivores were posi-
tively associated with flow velocity (P < 0.05) (Appendix
S1: Table S9) and the cover of rubble became positively
associated with the density of invertivores (P < 0.05)
(Appendix S1: Table S9). Browser density was positively
correlated with wave height and negatively correlated
with turf cover as in the primary network (P < 0.05)
(Appendix S1: Table S9).

DISCUSSION

Food web models have predicted the possibility of
top-down structuring of Caribbean coral reef ecosys-
tems, with reef sharks as purported apex predators (Bas-
compte et al. 2005). However, despite clear zoning
effects on reef shark densities and >15-fold variation in
the biomass of teleost predators across survey sites, we
found no evidence of top-down control driven by either
sharks or teleostean mesopredators on a higher-diversity
Pacific reef system. Instead, trophic groups were
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positively associated with bottom-up drivers of habitat,
flow, and/or wave exposure. Our results argue for greater
consideration of physical processes in the modeling of
community dynamics.
As marine predators have long been subject to overhar-

vesting, declines continue globally (Estes et al. 2011, Roff
et al. 2018). Indeed, we do find deleterious effects of fish-
ing on reef sharks in the far northern GBR, as has been
documented previously elsewhere in this reef system (Rob-
bins et al. 2006, Heupel et al. 2009, Rizzari et al. 2015,
Casey et al. 2017). Evidence for the impacts of predator
loss has varied (Roff et al. 2016), with some studies finding
positive effects of reduced predation pressure (Boaden and
Kingsford 2015), others finding negative impacts of preda-
tor loss (Sandin et al. 2008, Ruppert et al. 2013), and fur-
ther studies finding weak effects (Rizzari et al. 2015,
Casey et al. 2017). Although we would expect context-
specific changes in the strength of top-down control—and
therefore some differences among studies—our results did
not reveal any negative relationships among trophic
groups. Although there are no truly pristine marine
ecosystems remaining (Jackson et al. 2001), the far north-
ern GBR is among the least disturbed coral reef regions of
the world, with some areas supporting near-natural shark
populations (Frisch and Rizzari 2019). As such, the inter-
actions observed here should largely reflect the natural
levels of trophic interactions. We conclude, therefore, that
interaction strengths among major guilds tend to be weak
in highly diverse tropical coral reef systems.
Weak interaction strengths in diverse assemblages are

not altogether unexpected (Borer et al. 2005, Rooney

and McCann 2012). As ecosystems become more spe-
ciose, multitrophic feeding tends to increase (Thompson
et al. 2007), which weakens the signals of direct con-
sumption across discrete trophic levels (Bascompte et al.
2005). Moreover, predator species, such as the most
common shark species in the study—the gray reef shark
—have a diverse range of feeding strategies and trophic
prey groups including targeting spawning grouper
(Mourier et al. 2016, Robbins and Renaud 2016), pelagic
fusiliers (McCauley et al. 2012, Robbins and Renaud
2016), and reef fish disoriented by Carangid ambush
events (Mumby 2019). Given the differences in trophic
levels across the range of prey items taken by reef sharks
(Robbins and Renaud 2016), direct causal interactions
are clearly apparent across multiple trophic levels, blur-
ring their distinction.
Previous studies have similarly found weak interac-

tions between specific teleost mesopredators and herbi-
vores. For example, even the largest Atlantic grouper—
many of which are larger than their Pacific cogeners—
lack the gape size needed to attack adults of a major
group of functional herbivores, the parrotfish (Mumby
et al. 2006), limiting their opportunity to target a wide-
spread potential prey source. The variability of preda-
tory interactions as a result of community composition
and overall diversity generates context-specific changes
in the strength of top-down forcing (Menge 2000, Frank
et al. 2007, Gripenberg and Roslin 2007). In short, the
scope for top-down effects on contemporary coral reefs
seems much more limited than initial expectations. We
do not discount the potential for cryptic effects to exist,

FIG. 3. Backtransformed values � 95% confidence intervals (CI) from linear mixed-effects models of benthic composition
across management zones for mid- and outer-shelf regions. Asterisks indicate treatments are statistically different (P < 0.05) from
open fishing (blue) zones in each shelf position.
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wherein signals of top-down control are present but
overwhelmed by physical drivers (Castro-Sanguino et al.
2017). It therefore remains possible that further shark
reductions could allow some compensatory recovery of
prey, although this was not documented here.
The existence of positive associations between reef

habitat complexity and reef fish richness and abundance
is well established (Luckhurst and Luckhurst 1978,
Roberts and Ormond 1987, Jones et al. 2004, Graham
and Nash 2013). The most likely explanation for this is a
refuge from predation that allows biomass to accumu-
late (Hixon and Beets 1993, Hixon and Carr 1997,
Rogers et al. 2014). Here, we found this pattern extended
to include reef sharks, concurring with previous evidence
of increased reef shark abundance in areas of high coral
cover and complexity (Rizzari et al. 2014b). Although
sharks were not directly correlated with any prey group,
their positive association with habitat complexity sug-
gests they may be holistically attracted to areas that sup-
port high densities of multiple prey groups. Such
behavior is consistent with observations of shark partici-
pation in ambush events that target coral-associated
fishes (Mumby 2019), and our previous discussion of
their prey diversity.

We did, however, find a negative association between
shark abundance and wave height. The question
remains as to whether reef sharks avoid areas of high
wave exposure because of direct impacts on their swim-
ming ability—as can occur in small reef fish (Wain-
wright and Bellwood 2002, Bejarano et al. 2017)—or
whether this is an indirect response to habitat-mediated
changes to prey abundance. Mechanistically, a negative
impact of wave exposure on some coral growth forms
sensitive to increased wave action (i.e., branching corals;
Done 1982), may have flow-on impacts to reef fish
assemblages (Darling et al. 2017). Although this was
not reflected in a direct relationship between coral cover
and wave height, changes in coral composition rather
than total cover may still modify the distribution of
trophic groups. Interestingly, we did find a positive asso-
ciation between current speed (flow) and shark density,
which aligns with many observations of reef sharks
cruising along reef edges, presumably using the current
to create lift (Harris 1936). Although this is discussed
circumstantially in other studies (Vianna et al. 2013,
Wheeler et al. 2013, Robbins and Renaud 2016), no
study to our knowledge has directly quantified this rela-
tionship. The degree to which these behaviors reduce
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FIG. 4. Path diagram of piecewiseSEM describing trophic structuring of coral reefs across gradients of physical processes. Solid
black arrows indicate significant positive pathways (P < 0.05) between groups using both biomass and density metrics, dotted black
arrows indicate significant positive pathways (P < 0.05) only when using density or biomass metrics, red arrows indicate significant
negative pathways (P < 0.05), and gray dotted arrows indicate nonsignificant pathways. Correlated error structures not shown for
simplicity.
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energy expenditure or enhance foraging velocity remains
to be quantified.
Wave height was positively correlated to browser and

scraper biomass suggesting a net energetic favorability of
many herbivores for high-wave-exposure locations
(Bejarano et al. 2017) or, more likely, an indirect
response to an increase in productivity of algal food
sources where wave energy and therefore nutrient flux is
high (Carpenter and Williams 2007, Renken and
Mumby 2009). Counterintuitively, a negative association
between browser biomass and turf cover was detected.
This may actually reflect a top-down effect of browser
abundance on the coverage of turfs, rather than the bot-
tom-up forcing that was initially hypothesized.
Additional habitat linkages were revealed when fish

density rather than biomass were examined. A strong
density (but not biomass) effect implies that a range of
size classes, including a reasonable proportion of juve-
niles, were responding to the variables. Water flow was
positively associated with planktivore density, unsurpris-
ingly suggesting a tendency for this group to aggregate
in areas with increased food availability (Hamner et al.
1988). Similarly, the density of invertivores was posi-
tively correlated with the availability of rubble, which is
a key habitat for their prey (Wolf et al. 1983). Although
this relationship has been discussed previously (Kramer
et al. 2015), this study is amongst the first to demon-
strate a direct positive relationship between invertivore
density and rubble cover (except Brown et al. 2017).
It is difficult to categorize all trophic groups in diverse

food webs such as Indo-Pacific coral reefs. All studies
pool species to certain extents, and complex food webs
will always oversimplify functionally diverse guilds. Indi-
vidual species responses to various drivers within groups
contribute to a net stability of total biomass and density
(Thibaut et al. 2012), making it hard to detect cascading
patterns. Our results highlight this stability of functional
groups across predator gradients, even with disaggrega-
tion of speciose groups such as herbivores, again sug-
gesting a lack of cascading impact of predation at the
functional guild level.
Food-web theory is increasingly embracing the contri-

bution of physical processes and habitat in the mediation
of trophic interactions (Rogers et al. 2014, Cherry and
Barton 2017, Robson et al. 2017, Silliman and He 2018).
In structurally complex environments such as coral reefs,
it is clear that bottom-up processes play an important
role in structuring guilds and influencing their interac-
tions. Failure to incorporate such influences has the
potential to obfuscate or confound interpretations of
genuine trophic interaction strengths. We conclude that
bottom-up drivers are overwhelmingly important in
structuring highly diverse fish assemblages and that the
scope for shark-driven trophic cascades is limited.
However, we highlight two caveats. First, predators do

have a direct impact on the demography of many reef
fish (DeMartini et al. 2008, Stallings 2008); however,
their combined interaction strengths do not create

cascades at the functional level of guilds. Further, any
impact they do exert at this scale is likely overwhelmed
by bottom-up processes also acting on prey guilds (Cas-
tro-Sanguino et al. 2017, Russ et al. 2020). Second,
although we studied the most abundant reef shark
(Papastamatiou et al. 2006, Mourier et al. 2016, Barley
et al. 2017), these sharks occupy a mesopredatory level
(Roff et al. 2016). Thus, it remains possible that a recov-
ery of true apex predators, such as greater hammerhead
and tiger sharks—many of which consume mesopreda-
tory sharks (Lowe et al. 1996, Mourier et al. 2013)—
may facilitate trophic cascades through consumptive or
nonconsumptive mechanisms (Roff et al. 2016). Unfor-
tunately, the long history of exploitation of such species
(Roff et al. 2018) leaves this an unlikely scenario to be
occurring today.
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