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ARTICLE INFO ABSTRACT

Keywords: Coral-dominated reefs typically have abundant refuges and limited resources for herbivores; conversely, algal-
Coral reefs dominated reefs have abundant resources but often have limited refuges. This difference results in a trade-off
Herb%vory ) between risk and reward for herbivorous fishes. However, disturbances that kill coral but retain topographic
ggﬁ;ﬁ;ﬁ; chavier complexity can decouple this tradeoff, challenging this paradigm. Many fringing reefs in Moorea, French Poly-
Resource nesia are algal-dominated with heterogeneous structural complexity likely driven by disturbances associated
Refuge with crown-of-thorns predation and typhoons, which occurred between 2006 and 2010. Short turfs are a good

recruitment surface for coral larvae, and thus has a greater potential to recover to coral dominance than long
turfs. To explore how variation in complexity impacts the behavior of herbivorous fishes, we compared abun-
dance, residence time, and time budgets of Acanthurus nigrofuscus, a common herbivore species, in paired high
versus low complexity areas. We chose areas in close proximity to maximize the likelihood fish could choose
between complexity types. We also measured turf height in high versus low complexity plots. Fish were ~3x
more abundant, spent roughly double the time in, and budgeted more than 4x as much time to hiding in high
complexity reef areas. Although, on average, individual herbivores spent the same proportion of time foraging in
both areas, their greater abundance and longer residence time suggests their local herbivory rates could be 7.5
times higher in high complexity areas. We also found turfs in high complexity plots were roughly 75% the height
of turfs in low complexity plots. This provides some evidence for stronger overall herbivory pressure in high
complexity areas, albeit differences in absolute turf height were modest (~0.5 mm). Combined, these results
suggest reefs that retain structural complexity following disturbance may be more likely to recover due to the
higher localized herbivory rates resulting from uncoupling of the tradeoff between structural complexity and
resource limitation.

1. Introduction

Worldwide, tropical reefs are shifting from coral to algal dominance
(Bellwood et al., 2004; Hughes et al., 2017) with concomitant shifts in
trade-offs between availability of resources and refuges from predators
(Randall, 1965; Steele, 1999; Almany, 2004; Fong et al., 2018). For
example, coral-dominated areas have high complexity that provides
ample refuge for herbivores but low algal resources (e.g. food). While
large, stand-forming macroalgae can provide both food and shelter (e.g.
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Hoey and Bellwood, 2011; Bittick et al., 2018), algal turfs are early
colonizers post disturbance (Pratchett et al., 2008; Adjeroud et al., 2009;
Gilmour et al., 2013) and typically have lower complexity with limited
refuge for herbivores, but support higher algal resources (Randall, 1965;
Steele, 1999; Almany, 2004). This separation of food and shelter creates
a trade-off between resources and refuge that is tightly coupled to the
structure of the benthos, which can vary at the meter scale.

Among other factors, trade-offs based on benthic complexity can
reinforce the stability of both coral and algal-dominated states (Graham
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and Nash, 2013; Muthukrishnan et al., 2016). This connection exists
because benthic structure can drive patterns in both fish abundance
(Almany, 2004) and fish behavior (Fong et al., 2018), directly shaping
local rates of herbivory (Madin et al.,, 2011). For example, high
complexity reefs attract herbivorous fishes, resulting in ‘reef halos’,
areas adjacent to the reefs that are denuded of primary producers
(Madin et al., 2011). Therefore, reduced complexity in algal-dominated
versus coral-dominated reef areas could provide a mechanism that
contributes to the empirically-quantified positive feedbacks of high
herbivory in coral states and low herbivory in algal states (Muthuk-
rishnan et al., 2016). This positive feedback with the benthic community
on the critical controlling force of herbivory may be one reason some
reefs are governed by alternative stable state dynamics (Muthukrishnan
et al., 2016). In short, trade-offs between resources and refuge that are
tightly coupled to the structure of the benthic community could influ-
ence whether a community recovers following disturbance by shaping
local patterns of herbivory.

A core assumption of this paradigm is that resources and refuge are
trade-offs; however, that assumption may not be true for all types of
disturbances. Specifically, disturbances that leave the physical structure
of the reef intact may decouple the relationship between benthic state,
refuge, and resources. For example, when reefs lose coral cover due to
crown-of-thorns outbreaks or bleaching, the underlying structure can
persist for years (Sano et al., 1987; Garpe et al., 2006), resulting in a
structurally complex, algal turf-dominated landscape that is both high in
food resources and refuge availability. This greatly contrasts physical
disturbances like hurricanes that flatten reef structure. Thus, distur-
bances that leave structure intact disrupt the paradigm that resources
and refuge present a trade-off on reefs, potentially impacting herbivory
rates on algal communities, a key process in facilitating recovery from
an algal to coral dominated state (e.g. Bellwood et al., 2004; Adam et al.,
2011; Muthukrishnan and Fong, 2018).

Algal turfs are important early colonizers following disturbances on
coral reefs (Pratchett et al., 2008; Adjeroud et al., 2009; Gilmour et al.,
2013), and represent transitional communities that mediate shifts to
either coral or macroalgal dominance (Bellwood et al., 2004; Muthuk-
rishnan et al., 2016; Fong et al., 2020). Closely-cropped algal turfs are
highly productive and are the preferred food resource for many herbi-
vores (Adey and Goertemiller, 1987; Bellwood et al., 2004; Vroom,
2011). Importantly, coral larvae can colonize short, cropped turfs
(Jompa and McCook, 2003; Birrell et al., 2005), facilitating coral
recruitment and subsequent recovery to coral dominance (Pratchett
etal., 2008; Adjeroud et al., 2009; Gilmour et al., 2013). However, when
ungrazed and/or sediment-laden, longer turfs may transition into mac-
roalgae (Hughes et al., 2007; Lewis, 1986; Fong et al., 2020) that inhibit
coral recruitment and compete with coral for space, potentially delaying
or precluding coral recovery (McCook et al., 2001; Bellwood et al., 2004;
Fong and Paul, 2011). Crucially, transitions between short and long turfs
occur on the scale of millimeters in height; for example, productivity of
algal turfs drops sharply with increasing height, with the most precipi-
tous declines in the first few increases in millimeters (Tebbett and
Bellwood, 2020). Thus, understanding how the structural complexity of
disturbed reefs affects utilization by herbivorous fishes and localized
herbivory rates is key to understanding the potential capacity of reefs to
recover.

To examine the relationship between structural complexity, fish
abundance and behavior, and localized herbivory rates, we quantified
turf height and herbivorous fish abundance, residence time, and time
budgets in adjacent patches of high and low complexity within a turf-
dominated coral reef community following a period of biological and
physical disturbance on the island of Moorea, French Polynesia.

2. Methods

Reefs of Moorea are recovering from two major disturbances. From
2006 to 2010, an outbreak of the corallivore Acanthaster plancii killed
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much of the coral while leaving reef structure intact; this outbreak was
followed by a tropical cyclone in 2010 (Adjeroud et al., 2009; Adam
et al., 2011; Kayal et al., 2012; Edmunds et al., 2019). Combined, it is
likely these disturbances are what caused this algal turf-dominated
landscape, with variation in topographic complexity where some areas
retained higher topographic complexity while others became a lower
complexity mix of rubble, hard bottom, and sand. Importantly, the
herbivorous fish community remained relatively unchanged following
these disturbances (Han et al., 2016), and there was even a boom in the
abundance of juvenile parrotfishes (Adam et al., 2011), resulting in
increased herbivory potential.

To determine how fish foraging behavior may vary across the
resulting areas of high and low structural complexity, we quantified 1)
fish abundance, 2) fish residence time, and 3) fish behavioral budgets.
Our fieldwork was conducted during the first week of July 2018 on a
fringing reef in the lagoon along the north shore of Moorea, French
Polynesia that is proximal to the town of Maharepa (17°28.94S,
149°48.88 W: same site as Fong et al., 2018, Fig. 1). This reef is domi-
nated by short algal turfs, macroalgae, and by small patches of remnant
corals, as are many fringing reefs of Moorea (Adam et al., 2011) and
globally (Vroom, 2011). This site was close to the Moorea Long Term
Ecological Research site 2, and we were able to compile annual averages
of benthic cover for this site to contextualize our study (Edmunds, 2020)
(Fig. 2). We chose this site because it was dominated by short algal turfs
(~ 1 mm, see results), a critical state that can mediate transitions to
macroalgae on reefs (Fong et al., 2020). Further, due to a series of dis-
turbances, this site is comprised of areas of lower complexity immedi-
ately adjacent to areas of higher complexity, allowing for a paired
experimental design. Pairing helped us maximize the likelihood that
individual fish could choose between complexity types within their
home ranges.

To compare fish behavior and abundance in high versus low
complexity states, we established three pairs of 2 x 2 m plots where each
high complexity plot was adjacent to and within 1 m of a low complexity
plot (n = 3 of each type); paired plots were at least 10 m apart from each
other and were between 2 and 3 m in depth (Fig. 3). This size plot was
also easily observable by an individual on snorkel. Following Fong et al.
(2018), these plots were small enough and close enough together for
individual fish to move between plots, which we observed, providing
fish the opportunity to choose between pairs.

To quantify the topographic complexity of these 6 plots, we
measured rugosity by laying a flexible chain over the benthos for two
planar meters. We laid three replicates across the length and three across
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Fig. 1. Map of Moorea with study site indicated with a *. Scale bar is 3 km.
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Fig. 2. Abundances of Porites spp., turf, and macroalgae from the closest LTER
site on the fringing reef.

Fig. 3. Photos of a.) low and b.) high complexity plots. Plots were marked off in
purple line.

the width of each plot using random starting points along the plot edge
(n = 6 per plot). We calculated rugosity as the ratio of the fitted chain
length divided by the planar length; thus, the lowest possible value of 1
indicates a completely flat benthos, with higher values indicative of
greater rugosity (videos of plots can be found in the Supplement).

After testing the data for the relevant assumptions, we compared
variation in rugosity among the plots using a nested ANOVA, with
topographic complexity nested within plot.

To characterize the composition of the benthos, we surveyed the
entire plot area (n = 4 per plot) using the point intercept technique,
employing a 1x1m quadrat with 81 intercepts. At each point, we cate-
gorized the benthic community as algal turfs (<1 cm), macroalgae
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(either Turbinaria ornata or Dictyota bartyrensia), or sand, the only
benthic groups within the experimental plots. We then tested for dif-
ferences in turf abundance with a nested ANOVA framework, following
confirmation that the data met the relevant assumptions.

We also surveyed the height of turfs within our experimental plots. In
each plot we measured the turf height using steel wire marked at 1 mm
intervals at 10 haphazardly chosen points within a 10 by 10 cm quadrat
(points were averaged for each quadrat, with n = 4 replicate quadrats
per plot) (sensu Fong et al., 2018). We tested for differences in turf
height using a nested ANOVA after confirming that data met relevant
assumptions; quadrat averages were used as replicates in the ANOVA.

To evaluate the relationship between topographic complexity and
fish abundance and behavior, we chose Acanthurus nigrofuscus as our
focal fish species. This species is the most abundant non-site attached
acanthurid on this reef (Fong et al., 2018), making it useful for esti-
mating abundance and behavior across topographic treatments. Further,
this species is widely distributed across the Indo-Pacific and Indian
oceans. We chose an acanthurid instead of a scarid because scarids at
this site are very small (<5 cm, Fong et al., 2018), making species
identifications challenging. Finally, Fishelson et al. (1987) showed this
fish can have a narrow range no more than a few meters, making it
appropriate for our experimental plot design. All observational data
were taken while floating on snorkel, rather than SCUBA, to minimize
movement and noise that might disrupt fish behavior (Lindfield et al.,
2014; Emslie et al., 2018). While the presence of the observer likely
impacted fish behavior to an extent, disruptions would be equal across
study plots as all were surveyed using the same method. There were 3
fish observers, and we reduced inter-observer variability to below 5%
before we collected any data.

To test whether reef complexity shaped patterns of fish abundance,
we recorded the total number of A. nigrofuscus that occupied plots in 3-
min windows (N = 31 focal periods for each complexity type (n =10, 10,
11 per pair), N = 62 total focal periods) and analyzed the data with a
nested PERMANOVA because data did not meet assumptions of para-
metric statistics.

To test whether reef complexity influenced the residence time of
individual fish in the experimental plots, we calculated the average
amount of time an individual spent within a given plot. To do this, we
haphazardly selected individual fish as they entered a plot and then
recorded the time, in seconds, that it stayed in the plot (N = 240, ranging
from 29 to 51 individuals per plot; n = 128 high complexity,n =113 low
complexity). We then tested for significant differences among plot types
in a nested PERMANOVA because data did not meet assumptions of
parametric statistics.

We followed the behavior of individual fish within our 6 plots and
constructed time budgets based on focal observations of individual fish
to determine the relationship between behavior and topographic
complexity. We selected individual fish haphazardly as they entered our
plots and recorded behavior for the entire duration that the fish
remained in the plot (average = 38.0 s &+ 0.16 SE, max = 150 s).

Following similar methods of Fong et al. (2018), we recorded fish
behavior as one of four categories: foraging, swimming, hiding, or other.
Foraging included when fish took a single bite of algae as well as forays,
which are multiple bites taken in rapid succession. Swimming was
defined as active movement through the water column without stopping
to forage. Hiding was defined as fish moving slowly while staying close
to the structure of the benthos (<10 cm) but not foraging. The ‘other’
category was included to document any behaviors not encompassed in
the other categories, such as being still in the water column (Fong et al.,
2018), and comprised <0.5% of the average time budget. To minimize
diurnal variation in behavior, we only collected observations between
0900 and 1500 h, when herbivorous reef fish are most active and which
is most comparable to other studies (e.g. Fong et al., 2018).

In our analysis, we only included data for fish that were in our plots
>15s (N = 151; n = 74 high complexity, 77 low complexity). We used
this cut off to exclude individuals that rapidly passed through without
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interacting with the benthos. To test for differences in time budgets
among the low and high complexity plots, we calculated the proportion
of time each individual spent engaged in each behavioral category, and
then analyzed these data in a MANOVA framework, as the response
variables were not independent. We next examined individual behavior
categories (foraging, swimming, hiding) in a nested PERMANOVA
because data did not meet assumptions of parametric statistics.

In order to quantify how differences in abundance, residence time,
and time budgets came together to impact differences in total herbivory
pressure, we calculated an estimate of total seconds fish spent foraging
in high and low complexity plots on average as [average number of fish
in a 3 min period (abundance) * average total time spent in the plot
(residence time) * average time spent foraging (time budget)].

3. Results

High complexity plots were significantly more rugose than low
complexity plots (Supplementary Video, Table 1A), where rugosity was
1.61 + 0.05 SE and 1.32 + SE 0.03 respectively. Because a value of 1
represents a completely flat surface, the observed difference is almost 2-
fold. High and low complexity plots were both dominated by algal turfs.
On average, high complexity plots were 81.28 + 3.5 SE % algal turfs
while low complexity plots were 77.4 &+ 3.5 SE % algal turfs (Table 1B).
Turf height was significantly shorter in high complexity plots than in
low complexity plots (Table 1C). On average, turf height was more than
30% taller in low complexity plots, with heights of 1.08 + 0.16 (SE) mm
and 1.45 + 0.11 (SE) mm in high and low complexity plots, respectively
(Fig. 4a).

Fish abundance was approximately 3 times greater in high
complexity plots than low complexity plots (Table 2A, Fig. 4b). On
average, we observed 4.3 + 0.3 SE fish per 3 min in high complexity
plots compared to 1.5 + 0.3 SE fish in low complexity plots. Moreover,
individual fish spent about twice as much time in the high complexity
plots than the low complexity plots (Table 2B, Fig. 4c). On average, an
individual spent 41.3 + 3.7 SE seconds in high complexity plots
compared to 22.0 £+ 2.7 SE seconds in low complexity plots.

Results show significant differences in how fish allocate their time in
the two complexity treatments (Table 3). This difference in time budget
was driven by differences in the proportion of time spent hiding in high
and low complexity plots (Fig. 5a). Fish spent more than 4 times the
proportion of time hiding in high complexity plots than low complexity
plots (Table 4A). On average, individual fish spent 18.3 + 3.1 SE % of
their time hiding in high complexity plots compared to 4.3 + 1.2% SE of
their time hiding in low complexity plots. In contrast, fish spent similar
proportions of their time swimming and foraging in high and low
complexity plots (Table 4B,C) (Fig. 4 b,c), with ~30% of an individual’s
time allocated to swimming and ~ 50% of their time allocated to
foraging.

We found fish exerted ~7.5 times as much total herbivory pressure in
high complexity plots than low complexity plots (4469.29 s and 596.85 s
respectively).

Table 1
Results of nested ANOVA on rugosity data (A), turf cover (B), and turf height (C)
where plot ID was nested within complexity.
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Fig. 4. Average a.) algal turf height, b.) number of Acanthurus nigrofuscus
visiting a plot in a 3-min interval, and c.) amount of time (in seconds) spent by
A. nigrofuscus in high versus low complexity plots. Error bars are + SE and
significant differences are indicated with *.

Table 2

Results of nested PERMANOVA on abundance surveys (A) as well as residence
time (B) of our focal fish, Acanthurs nigrofuscus, in high versus low complexity
plots.

PERMANOVA df SS MS Pseudo-F P

A.) Abundance
Complexity 1 104.908 42.386 42.386 <0.001
Residuals 59 146.028 2.475
Total 61 264.968

B.) Residence Time
Complexity 1 31,781 31,781 24.5513 <0.001*
Residuals 237 306,791 1294
Total 239 339,841

NESTED 1-F ANOVA df SS MS F-ratio P

A.) Rugosity
Plot ID: Treatment 1 0.5202 0.5202 25.776 0.0148*
Residuals 0.0606 0.0202

B.) Turf Cover
Plot ID: Treatment 1 2.3 2.3 0.015 0.903
Residuals 21 3141.9 149.6

C.) Algal Turf Height
Complexity 1 0.8437 0.8437 5.625 0.0279*
Residuals 20 3.0000 0.1500

4. Discussion

High complexity, turf-dominated reef states on Moorea, French
Polynesia provided both resources and refuge to a common species of
herbivorous fish, a notable exception to the paradigm that resources and
refuge are a trade-off on reefs. This result matches general predictions
that fish abundance and species richness is higher in complex structure
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Table 3
Results of MANOVA of time budget, where behaviors were our multivariate
responses.
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Table 4
Results of nested PERMANOVA on individual behaviors of swimming (A), hiding
(B) and foraging (C).

MANOVA df SS MS Pseudo-F p

PERMANOVA df SS MS Pseudo-F P

Time Budget
Complexity 1 0.912
Residuals 148 29.372
Total 150 31.634

0.9118
0.1985

4.5943 0.0249*

0.75 1

Hiding

0.25 1

*

0.75 1

o
3
)
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Swimming
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Proportion of Time

0.75 | ¢

==

Foraging
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Fig. 5. Time budgets for Acanthurus nigrofuscus in high and low complexity
plots. Bars represent means while errors are + SE. Significant differences are
indicated with *.

because of decreased risk provided by increased refuge (Randall, 1965;
Risk, 1972; Steele, 1999; Gratwicke and Speight, 2005a, 2005b; Graham
and Nash, 2013; Rogers et al., 2014). However, a novel component to
our research is the coupling of resources and refuges. The tradeoff be-
tween resources and refuge in coral-dominated versus algal-dominated
areas was proposed over 50 years ago (Randall, 1965) and has
become a foundational paradigm of coral reef ecology (reviewed in
Graham and Nash, 2013). Our findings show that this paradigm does not
always hold, particularly post-disturbance when the normal ecological
dynamics of reefs are disrupted. Specifically, when physical structure is
retained with algal domination, resources and refuges co-occur (Sano
et al., 1987; Garpe et al., 2006), dissolving this classic trade-off.

In contrast to our results, previous studies on the recovering reefs of

A.) Hiding
Complexity 1
Residuals 148
Total 150

B.) Swimming
Complexity 1
Residuals 148
Total 150

C.) Foraging
Complexity 1
Residuals 148
Total 150

0.4623
5.9806
6.6787

0.46225
0.0404

11.439 < 0.001*

0.0877
12.4944
12.608

0.087707
0.084422

1.03891 0.2922

0.1314
15.1077
15.4428

0.13144
0.10208

1.2876 0.2177

Moorea found herbivore abundance remained relatively constant across
a gradient of physically intact reefs across all reef types (Han et al.,
2016). An important difference is that Han et al. (2016) was on a much
larger scale than ours; the transects used to estimate fish abundance
could have easily encompassed all of our experimental plots. Further,
our study only considered one species; other species of herbivores may
display different patterns. The scale-dependent nature of these two
studies suggest that herbivory rates on disturbed reefs is likely locally
patchy, and may vary even on very small spatial scales. In turn, such
fine-scale spatial variation in herbivory rates may influence local re-
covery dynamics.

Our results also suggest that multiple facets of behavior need to be
considered to understand any changes in local herbivory rates for
Acanturus nigrofuscus. Potential differences in herbivory rates were not
evident in time budgeting data alone. This differs from similar research
on this reef, which found fishes (both surgeonfish and parrotfish) spent
more time foraging in coral versus algal dominated plots (Fong et al.,
2018); in this case, differences in habitat use and herbivory pressure
were evident in time budgets. In contrast, in this study, because fish
spent more time in high complexity plots, equal budgets for individuals
foraging in high and low complexity plots resulted in more total time
foraging in high complexity plots. This was likely driven by the coupling
of resources and refuge in this study, which contrasts the study
comparing coral and algal dominated plots (Fong et al., 2018). Thus, a
combination of time budgets, abundance, and residence time is required
to mechanistically explain patterns of increased herbivory rates in high
complexity, turf dominated reefs.

We found higher complexity plots had shorter turfs, which suggests
these turfs may be under stronger overall top-down control. While we
did not directly measure top-down control, we did document increased
localized herbivory rates by our focal fish in high complexity plots.
While the difference in turf height between treatments was small, closely
cropped turfs are maintained by strong herbivory (e.g. Clausing et al.,
2014; Fong et al., 2018), and even small changes of <1 mm can
dramatically impact turf productivity and sediment load (Tebbett and
Bellwood, 2020). Further, short turfs are a viable recruitment surface for
coral larvae (Jompa and McCook, 2003; Birrell et al., 2005); thus,
maintenance of short turfs may facilitate recovery of these reefs. This
maintenance of short, cropped turfs in high complexity plots likely re-
sults from the unusual coupling of high algal density with removal of
corals by crown-of-thorns predation and escape from physical damage
from typhoons. While the specific combination of crown-of-thorns and
typhoon damage in our study system may be relatively rare, the
increased incidence and severity of coral bleaching (e.g. Hughes et al.,
2017) suggests that high complexity, high algal cover will likely be an
increasingly common outcome from reef disturbance, making this an
important coupling to investigate.
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