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Abstract Parrotfishes are conspicuous herbivores,
microvores, and detritivores in coral reef ecosystems, and
the impacts of their feeding, particularly their capacity to
expose reef carbonate, have received much attention. In
many cases, parrotfish assemblages have been shown to
control algal proliferation and promote the settlement of cor-
als and crustose coralline algae (CCA). In extreme cases,
high densities of parrotfishes may negatively affect net reef
accretion through bioerosion and targeted coral predation.
Most evidence describing the impacts of parrotfish forag-
ing on benthic community structure is based upon correla-
tions between benthic composition and parrotfish behavior
or abundance, with much less known about process-based
change of individual parrotfish bite scars through time. Here,
we estimated parrotfish bite selectivity and determined the
change in benthic composition within parrotfish bite scars
relative to change in the overall reefscape using data col-
lected over a 12-month duration from the fore reef habitat
at Palmyra Atoll. We identified 2150 parrotfish bite scars
which appeared most frequently on turf algae covered sub-
strata but also on coral, CCA, and encrusting macroalgae.
Of those bites taken on live coral, 96% of scars returned
to live coral within 12 months. Notably, adult coral survi-
vorship in bite scars was higher than at randomly sampled
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coral-covered locations not affected by parrotfish bites. The
exposed substrate within bite scars was most commonly col-
onized by the dominant benthic functional group in the area
immediately surrounding the scar. We found little evidence
of coral recruitment to bite scars (1/2150); however, CCA
growth on bites initially on turf algae increased from 18.4 to
32.9% across the two time intervals. Our results suggest that
benthic areas affected by parrotfish bites were more likely to
undergo a successional shift to a more calcified state relative
to unaffected benthic areas, indicating that parrotfish grazing
helps maintain highly calcified coral reef ecosystems.
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Introduction

Herbivores in coral reef ecosystems constitute a highly
diverse suite of organisms that consume primary producers
as their main food source (Ogden and Lobel 1978; Hay and
Taylor 1985; Steneck 1988). Over the last several decades,
the roles of specific herbivore functional groups have been
an important focal area within coral reef research (Belliveau
and Paul 2002; Hoey and Bellwood 2008; Bonaldo et al.
2014; Ruttenberg et al. 2019). Parrotfishes (Scarinae) are a
group of herbivores, microvores, and detritivores (Nichol-
son and Clements 2020) known to perform a wide range
of ecological functions including algal removal (Bellwood
and Choat 1990; Mumby 2006; Burkepile and Hay 2010),
bioerosion (Bruggemann et al. 1996; Hoey and Bellwood
2008), and coral predation (Rotjan and Lewis 2005; Rotjan
et al. 2006). Each of these processes can have important
impacts on benthic community structure; however, the diver-
sity of these functions has introduced debate regarding the
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net positive (or negative) role that parrotfishes have on reef
health and recovery from disturbance (McCauley et al. 2014;
Russ et al. 2015).

The specialized beak-like feeding structure of parrot-
fishes enables excavating and scraping feeding activities
that remove epilithic and endolithic algae, calcium carbon-
ate, and cyanobacteria from the reef benthos, often resulting
in distinctive visible bite scars (Bellwood and Choat 1990;
Bonaldo and Bellwood 2009). These grazed patches of “bare
space”’—consisting of functionally bare carbonate (Bonaldo
and Bellwood 2008)—have been suggested to be potential
settlement locations for slower growing calcifying groups
such as crustose coralline algae (CCA) and corals (Bellwood
and Choat 1990). Parrotfish grazing is an important process
for controlling algal standing stock (Bellwood et al. 2006;
Mumby 2006; Burkepile and Hay 2008), and the top-down
influence exerted by parrotfishes on fast-growing turf and
other algae has been suggested to drive positive correla-
tions between parrotfish abundance and coral abundance and
recruitment (Mumby et al. 2007; Cramer et al. 2017; Adam
et al. 2018). However, the processes proposed to drive these
correlations—either direct facilitation of coral recruitment
to bite scars or promotion of crustose coralline algal growth
and coral competitive dominance by the removal of turf
algal competitors (Barott et al. 2012; Bonaldo et al. 2014;
Shantz et al. 2020)—are not well-studied at the reefscape
scale across year-long time series.

Coral reef benthic communities in areas that are both
exposed to oceanic swell and largely free of direct human
impact are often dominated by corals and calcifying algae,
especially CCA (Williams et al. 2015; Smith et al. 2016;
Robinson et al. 2018). Parrotfish grazing on algal substrates
and resulting benthic succession may facilitate the settle-
ment and growth of CCA and corals (Littler and Littler
1984; Lewis 1986; Steneck 1988; Burkepile and Hay 2006,
2010; Smith et al. 2010). The relative selectivity for certain
benthic groups by parrotfishes may also drive reefscape level
change in community structure (Hamilton et al. 2014; Streit
et al. 2019). For instance, preferential grazing on benthic
surfaces covered with fast-growing turf algae may create
opportunities for growth of CCA, which is a preferred set-
tlement space for coral recruits (McCook et al. 2001; Price
2010). Succession inside bite scars following parrotfish graz-
ing may begin with colonization by turf algal communities
in the short term, followed by an incremental growth of
CCA into those grazed areas, helping to maintain calcifier
dominance (Hixon and Brostoff 1996). While the aggregate
effects of parrotfishes on coral reef benthic succession are
well-understood, there is opportunity to learn from the suc-
cession of organisms that colonize “bare spaces” created by
parrotfish grazing.

While parrotfishes primarily target substrata covered in turf
algae through their feeding activities (Bellwood and Choat
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1990; Hamilton et al. 2014; Kelly et al. 2016), some species
will occasionally graze on coral colonies (Rotjan and Lewis
2005). As a result, it has been proposed that reefs with high
parrotfish biomass or particular assemblages of parrotfishes
(e.g., overrepresentation of noted coral predators (corallivores)
Bolbometopon muricatum and Chlorurus microrhinos, (Bell-
wood and Choat 1990; Bellwood et al. 2003, 2012; McCauley
et al. 2014)) may have a net negative impact on coral com-
munities when combined with modern human stressors (Rice
et al. 2019; Rotjan et al 2022). Some corals have been shown
to recover rapidly from parrotfish grazing wounds, suggest-
ing that parrotfish grazing does not always result in coral tis-
sue loss or declines in coral abundance over time (Bonaldo
and Bellwood 2011; Rempel et al. 2020). However, energy
expenditure from healing grazing scars may reduce coral
growth and fecundity (Meesters et al. 1994; Van Veghel and
Bak 1994). Negative impacts may be exacerbated for certain
coral taxa (e.g., C. microrhinos grazing on Porites spp.) or
colonies that experience routine parrotfish grazing leading to
long-term impacts on coral growth and fitness (Rotjan et al.
2006; Hoey and Bellwood 2008; Bonaldo and Bellwood 2011;
Bellwood et al. 2012; Burkepile 2012; McCauley et al. 2014;
Welsh et al. 2015). Importantly, there remain critical gaps in
our understanding of the natural history of parrotfish grazing
scars across the reefscape.

Difficulty in following small benthic features through
time has limited the spatial and temporal extent of stud-
ies that address succession on bite scars. Using structure-
from-motion technology (SfM), we can now generate highly
detailed and geometrically accurate three-dimensional (3D)
models from imagery collected from natural reefscapes
(Westoby et al. 2012; Burns et al. 2016; Ferrari et al. 2016;
Torres-Pulliza et al. 2020). Here, we aim to document ben-
thic succession on parrotfish bite scars from the fore reef
habitat on Palmyra Atoll. We first located parrotfish bite
scars across 700 m? of reefscape and track benthic succes-
sion on these bite scars using time series mapping with
repeated imaging of sites over a year-long time series. We
then determine the benthic group on which bites were taken
and evaluate evidence for selectivity of certain benthic
groups based upon their abundance across the reef. This
study examines how benthic composition on space opened
by parrotfish bite scars changed over time in comparison
with change in benthic community composition across the
overall reef reefscape.

Materials and methods

Study site

We conducted this study at Palmyra Atoll (5° 52' N, 162° 06
W), a National Wildlife Refuge within the Pacific Remote
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Islands National Marine Monument, USA. Palmyra’s coral
reef ecosystem is generally free of local human impacts and
provides a natural baseline to understand coral reef eco-
system function in the relative absence of direct anthropo-
genic impacts (Brainard et al. 2005; Sandin et al. 2008). We
selected four plots at the 10-m isobath on the fore reef (FR3,
FRS, FR7, and FR9), spaced roughly 4 km apart on the north
and south shores (Fig. 1), from which we collected imagery
to generate 3D models and derived 2D orthoprojections.
SCUBA divers collected imagery in September—October
2015, June 2016 and September—October 2016. Each plot
covered an area of 200 m?. (With the exception, the 100 m?
plot at FR9 as field conditions in 2015 did not allow for
image collection across the entire survey area.) We installed
steel pins marked by GPS coordinates within each plot to
allow for resurveys across the time series.

Large area imaging and coregistration of 3D models

Underwater imagery was collected following methods
described by Edwards et al. (2017). Briefly, we mounted
two Nikon D7000 16.2-megapixel DSLR cameras onto a
custom frame, capturing imagery with differing angles of
view. We set one camera to an 18-mm focal length to pro-
vide high image overlap required for 3D model generation
and the second camera to a 55-mm focal length to provide

high image resolution (<1 mm) for identifying benthic
organisms (Pedersen et al. 2019).

We processed images to create 3D models of each plot
using the SfM software Metashape Pro 1.3.5 (Agisoft
LLC., St. Petersburg, Russia). Details of model generation
have been discussed in detail elsewhere (Westoby et al.
2012; Burns et al. 2015).

To track changes in benthic composition over time,
we exported 3D point clouds generated in Metashape to
the custom visualization software Viscore (Petrovic et al.
2014). We scaled and oriented relative to the plane of
gravity using the depth and scale measurements collected
within each plot during image collection (Sandin et al.
2020). We manually coregistered (aligned in 3D space)
the time series of 3D models for each plot in Viscore. We
created 2D projections orthogonal to the plane of gravity
(so-called “orthoprojections”) directly from the coregis-
tered point clouds (Fig. 2a, b) and exported as individual.
tiff files for each year. Importantly, using orthoprojections
generated directly from the coregistered point clouds facil-
itates precise mapping of plots through time (Kodera et al.
2020; Sandin et al. 2020), as opposed to orthophotomosa-
ics which can suffer image distortion resulting from the
blending and distortion of photographs during orthorecti-
fication (Nicosevici et al. 2009).

162°9'0"W 162°7'30"W 162°6'0"W 162°4'30"W 162°3'0"W 162°1'30"W 162°0'0"W
1 1 1 1
5°55'30"N -
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° [ )
5°52'30"N I-5°52'30"N
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162°9'0"W 162°7'30"W 162°6'0"W 162°4'30"W 162°3'0"W 162°1'30"W 162°0'0"W

Fig. 1 Map of Palmyra atoll with marked locations of study sites (FR3: N 5.86654, W-162.11359; FR5: N 5.86965, W-162.07520; FR7: N
5.89715, W-162.07831; FR9: N 5.89651, W-162.12813). Land is shown in black, and fore reef is shown in gray
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Fig. 2 Close-up of orthoprojections from the coregistered three-dimensional reef model for site FR3 from a September 2015 and b September
2016. ¢ High-resolution image used to find parrotfish bite scars in September 2015 and d to track their fate to September 2016

Ecological post-processing
Identification of bite scars

We defined parrotfish bite scars as either singular bare
patches or patches with two to many parallel lines of
exposed carbonate on the reef substrate of roughly 1 to 3 cm
in length (Fig. 3), which are distinctive of scraper and exca-
vator parrotfish grazing, respectively (Bellwood and Choat
1990; Jayewardene et al. 2009). We identified bite scars from
orthoprojections collected at the beginning of the time series
(ty, September 2015) with the aid of spatially linked, high-
resolution raw imagery collected from each plot (Fig. 2c,
d) and segmented in Adobe Photoshop CC. We estimated
the initial benthic group on which bites were taken from a
1-cm wide buffer radius surrounding each bite scar. Within
each buffer, we segmented and identified the benthic organ-
isms to the finest taxonomic resolution possible, and then
grouped them into eight functional categories: 1. hard coral
(Scleractinia), 2. CCA, 3. mixed matrices of CCA and turf
algae (mixes between 30% CCA/70% turf algae and 70%
CCA/30% turf algae covered substrata, hereafter referred
to as mixed CCA/turf algae), 4. turf algae covered substrata
(hereafter turf algae), 5. encrusting macroalgae (Lobophora
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spp., and Peyssonnelia spp.), 6. other invertebrates (includ-
ing Octocorallia and Corallimorpharia), and 7. Halimeda
spp.. We grouped other erect macroalgae and non-biolog-
ical substrata (e.g., sand), all of which are rare on the fore
reef at Palmyra atoll (<2% of benthic cover), into 8, the
final category, “other.” For the purpose of analysis, we
included encrusting macroalgae, soft corals, and Halimeda
in the “other” category as bites were absent or rare on these
groups. In cases where buffers contained multiple groups,
we determined the composition of that bite scar as the group
which constituted the greatest proportion of area within each
buffer. Bites with more than three functional groups in their
respective buffer were uncommon (n=35).

Change in bite scar composition over time

To quantify change in the functional group composition
of the benthos at the location of the bite scars through
time, we relocated scars in the coregistered orthoprojec-
tion time series (June 2016, ¢;; September—October 2016,
t,). We determined the composition of bites scars as the
benthic group occupying the centroid of the bite scar
(defined from ¢,) in each subsequent time point (¢; and t,;
Fig. 2) to create a point estimate of benthic change within
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Fig. 3 Examples of parrotfish bite scars trajectories on focal benthic
functional groups. Turf algae covered substrata a, b in September
2015, and June 2016, respectively. Mixed matrices of crustose coral-

each bite scar, using the groups defined above. The ending
functional group identity of transition 1 was the starting
identity for transition 2. As such, it was possible that bites
starting on CCA could change to turf algae after transi-
tion 1 and subsequently return to CCA after transition 2.
We removed any bite scars located in ¢, that could not be
relocated (e.g., due to dislodgement of the substrate) from

line algae (CCA)/turf algae (c, d), CCA (e. f), and hard coral (g, h). i
Close up image of individual bite scars on CCA. Scale bars are 5 cm
(a-h) or 2 cm (i)

the study (n=41) for a total of 2150 bites scars included
in this analysis.

Overall changes in benthic composition

To estimate benthic composition in each plot, we used ran-
dom point sampling in Viscore (Fox et al. 2019). Viscore
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distributed a stratified random sample of 4000 points across
the 3D model of the 200 m? plots (with 2000 points for the
100 m? plot), and we labeled each point to the finest taxo-
nomic level possible and grouped to the functional groups
listed above for analysis. A key feature of the point sampling
tool is the efficient access to the raw imagery associated
with a given point, allowing the user to interactively “flip”
through the raw images for the most detailed view of the
point in question when making taxonomic designations.
To determine how non-bite scar points in the reef changed
across the time series, we placed the points in #, at the same
location on the reef in ¢; and ¢,, with the point again desig-
nated to the finest taxonomic resolution and grouped to the
described functional group level.

Quantitative analysis
Grazing selectivity

We used Vanderploeg and Scavia’s electivity index (Van-
derploeg and Scavia 1979; Lechowicz 1982) to determine if
parrotfish grazed on certain benthic functional groups more
than expected based on that functional group’s abundance in
the reefscape. Chesson’s a is first calculated as:

o = r;/p;
l Z:n"i/l?i

where r; is the number of bite scars on functional group
type i of m=28 functional groups present in each plot, and
p; represents the relative proportion of functional group i in
each plot (Chesson 1983). Electivity is then calculated as:

- ()]
Ef = L __\m/]
[+ ()

A value of 0 represents neutral grazing preference for any
functional group as the instances of grazing are proportional
to the abundance of that functional group. Values of E;" sig-
nificantly above 0 indicate a positive grazing preference,
while values of Ei* significantly below 0 indicate a nega-

tive grazing preference. We calculated selectivity indices
for each reef site.

i=1,....m

Bite scar succession and overall benthic change

We used a three-way Chi-squared (%) contingency table
analysis to determine if change in functional group iden-
tity inside bite scars was different from changes in random
locations on the reef. This analysis allowed us to estimate
if any change in the functional group inside each bite scars
was dependent on the initial composition of the bite scar in
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the transition from ¢, to ¢, (time interval 1, T'1), and from ¢,
to t, (time interval 2, 72). We grouped transitions from ¢; to
t;,; as either “different” or “same” depending on whether
the benthic group in question did or did not change, respec-
tively. For example, we grouped bites on turf algae in ¢, that
were colonized by hard coral or CCA by ¢, as “different”;
in contrast, we grouped bites on turf algae that were colo-
nized by turf as “same.” Similarly, we grouped all random
points which remained the same functional group in ¢#; and
t;,; as “same,” while we grouped those that became differ-
ent functional groups as “different.” We conducted two-way
contingency table post hoc analyses for both bite scars and
random points to determine if change in functional group
identity was independent of starting functional group for
either case. To directly compare benthic change of ungrazed
coral tissue and bite scar succession on grazed coral, only
coral from grazed taxa (massive Porites spp., sub-massive
Goniastrea stelligera, and Pavona spp.) were included in the
analysis as hard coral. We labeled corals that did not belong
to the three focal taxa as “other hard coral.” We conducted
all analyses in R version 4.0.2 (R Core Team 2020).

Results
Initial bite scar composition and grazing electivity

We found a total of 2150 parrotfish bite scars on Palmyra
Atoll in September 2015 from initial sampling across 700
m? of reef surveyed. While hard coral comprised an average
of 29.5% of reef cover, an average of 16.5% of bite scars was
observed on this functional group (Fig. 4a). Based on the
electivity analysis (Fig. 4b), we found evidence of neutral
electivity for hard coral (E;*= —0.253, 95% CI=[—0.743,
0.237]). CCA comprised an average of 19.6% of reef cover,
while an average of 16.6% of bite scars were observed on
this functional group. Based on the electivity analysis, we
found evidence of neutral electivity for CCA (E;*= —0.070,
95% CI=[-0.230, 0.089]). Mixed CCA/turf algae com-
prised and average of 7.2% of reef cover, while an average
of 11.1% of bite scars was observed on this functional group.
Based on the electivity analysis, we found evidence of posi-
tive electivity for mixed CCA/turf algae (E;*=0.261, 95%
CI=[0.061, 0.461]). Turf algae comprised and average of
19.8% of reef cover, while an average of 45.9% of bite scars
was observed on this functional group. Based on the elec-
tivity analysis, we found evidence of positive electivity for
turf algae (E;*=0.353, 95% CI=1[0.055, 0.651]). Encrusting
macroalgae comprised and average of 5.4% of reef cover,
while an average of 9.9% of bite scars was observed on this
functional group. Based on the electivity analysis, we found
evidence of neutral electivity for encrusting macroalgae
(E;*=0.161,95% CI=[- 0.343, 0.665]). We found no bite
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Fig. 4 a Mean relative percent (a)

Relative Community Composition

composition of bite scars (light 60
gray) and reef plots (dark gray)

across the four study sites at

Palmyra. b Mean relativized

electivity of scraper and excava-
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confidence intervals. Significant 401
feeding selectivity for or against
substrate type is indicated by
95% confidence interval com-
pletely above or below 0

Percent

gite Scar [ Reet

20. ' 1
04

.1.1

(b) Scraper/Excavator Relativized Electivity

1.01

0.51

[0Of==mmmfrmmmmmmm = ]:— ---------------------------

-1.01

¥ 1

\2@

scars on the other functional groups, indicating a negative
electivity (E;* <0) for those groups.

All bite scars on coral were on adult colonies (>5 cm
diameter), and we did not find any juvenile corals (<5 cm)
in the 1-cm buffer surrounding bite scars at any site. We
observed parrotfish predation scars on several coral taxa:
massive Porites spp. and sub-massive Goniastrea stelligera
and Pavona spp. Massive Porites spp. corals comprised an
average of 13.0% of the coral community at these sites, but
had 45.6% of all detected bite scars on corals. In compari-
son, Goniastrea stelligera and Pavona spp. corals comprise
9.0% and 6.1% of the coral community but contained 30.5%
and 23.9% of bites on hard coral, respectively.

& ° 2
o & & 5
Y(\\" \,{\‘” &L
& ~ W
"
&
&
Benthic Substrate

Bite scar succession

At the end of the first 9 months (¢,), 6.7% of bites on hard
corals transitioned to a new functional group (Fig. Sa,
5.2% to turf algae, 0.7% to mixed CCA/turf algae, and
0.7% to CCA). Between ¢; and t,, 1.2% bites colonized by
hard coral transitioned to a new functional group (0.4% to
turf algae, and 0.8% to other). At the end of the 12 months
(t,), 4.1% of bites on hard coral transitioned to a new func-
tional group (3.3% to turf algae, 0.4% to mixed CCA/turf
algae, and 0.4% to CCA). Nearly all bites taken on coral
(97.0%) occurred within the interior of coral colonies
(100% of buffer occupied by coral), with a majority of
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Fig. 5 Change in substrate composition starting on focal benthic
functional groups. Proportion of substrate type at the end of each
time interval (T1: t,—t;, T2: t;~t,, Overall: t,-t,) for bite scars and
random points starting on a hard coral, b coralline algae (CCA), ¢
mixed CCA/turf algae, and d turf algae covered substrate (turf algae).

those bites returning to live coral by the end of the study
(95.9%). See Supplemental Table 1 for complete summary
of transition proportions. By ¢,;, 54.1% of observed bites
on CCA transitioned to a new functional group (Fig. 5b,
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“Other” includes substrates such as soft corals, and other macroalgae.
Hash marks highlight the proportion of no change in substrate com-
position across a time interval. Numbers for each bar are the number
of bites or random points of the starting substrate at the start of the
time interval, values are presented in Supplementary Table 1

32.1% to turf algae, 13.4% to mixed CCA/turf algae, 1.1%
to hard coral, and 7.5% to other). Between ¢; and ¢,, 34.1%
of bites colonized by CCA by ¢, transitioned to a new func-
tional group (12.7% to turf algae, 14.8% to mixed CCA/
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Table 1 Rgsults from X Time interval Association X2 value p-value
analyses of independence
for successional trajectories Sept. 2015-June 2016 Point type x starting substrate 33322 p<<0.01
between bite scars and reef .
Bite scars 359.6 p<<0.01
landscapes
Reef 2061.4 p<<0.01
June 2016-Sept. 2015 Point type x starting substrate 3817.4 p<<0.01
Bite scars 271.2 p<<0.01
Reef 2014.8 p<<0.01
Sept. 2015-Sept. 2016 Point type x starting substrate 3326.9 p<<0.01
Bite scars 358.6 p<<0.01
Reef 2168.3 p<<0.01

Bite scar and reef refer to post hoc analyses of independence of successional trajectories across starting
substrates for those respective point types

turf algae, 0.2% to hard coral, and 6.4% to other). At the
end of the 12 months (,), 48.5% of observed bites initially
on CCA transitioned to a new functional group (22.4% to
turf algae, 15.7% to mixed CCA/turf algae, 1.9% to hard
coral, and 8.6% to other).

By t,, 84.9% of observed bites on mixed CCA/turf algae
transitioned to a new functional group (Fig. 5c, 49.3% to
turf algae, 26.3% to CCA, 0.4% to hard coral, and 9.0%
to other). Between ¢, and ¢,, 66.2% of bites colonized by
mixed CCA/turf algae by ¢, transitioned to a new func-
tional group (19.4% to turf algae, 33.1% to CCA, 1.8%
to hard coral, and 12.0% to other). At the end of the
12 months (¢,), 75.1% of observed bites on mixed CCA/
turf algae transitioned to a new functional group (27.3%
to turf algae, 38.1% to CCA, 0.4% to hard coral, and 9.4%
to other).

By t;, 43.0% of observed bites on turf algae covered
substrata transitioned to a new functional group (Fig. 5d,
16.5% to mixed CCA/turf algae, 18.4% to CCA, 0.6% to
hard coral, and 7.6% to other). Between ¢, and 7,, 58.3% of
bites colonized by turf algae by ¢, transitioned to a new func-
tional group (20.2% transitioned to mixed CCA/turf algae,
27.0% to CCA, 2.9% to hard coral, and 8.2% to other). At
the end of the 12 months (z,), 66.1% of observed bites on
turf algae transitioned to a new functional group (22.9% to
mixed CCA/turf algae, 32.9% to CCA, 0.6% to hard coral,
and 9.8% to other).

We found limited evidence of coral growth over bites ini-
tially taken on algal functional groups (f,~¢,: algae to coral:
0.6% [11/1774 bites]; t,—t,: 2.0% [33/1645]; t,~t,: 0.7%
[13/1774]). Of the coral growth within bite scars initially
taken on algal substrates, there was only one bite scar with
an observed coral recruit, from the genus Acropora, (0.04%
of the total bite scars) across the entire time series.

Differences in transition proportions on bite scars were
statistically significant between starting groups for each tran-
sition (See Table 1 for full results from Chi-squared (1)
analyses).

Overall benthic change

Across the reefscape, randomly sampled points that were
classified as hard coral at #), 16.6% transitioned to a new
functional group by ¢, (Fig. 5a, 3.7% to turf algae, 1.2% to
mixed CCA/turf algae, 4.9% to CCA, and 6.7% to other).
Between ¢, and t,, 14.6% points on hard coral transitioned
to a new functional group (3.5% to turf algae, 2.0% to mixed
CCA/turf algae, 4.4% to CCA, and 4.7% to other). At the end
of the 12 months (z,), 21.6% of points on hard coral transi-
tioned to a new functional group (4.7% to turf algae, 2.6%
to mixed CCA/turf algae, 6.7% to CCA, and 1.3% to other).

By t,, 44.8% of randomly sampled points on CCA tran-
sitioned to a new functional group (Fig. 5b, 9.4% to turf
algae, 7.8% to mixed CCA/turf algae, 1.6% to hard coral,
and 26.1% to other). Between ¢, and ¢,, 39.9% of points colo-
nized by CCA by ¢, transitioned to a new functional group
(10.2% to turf algae, 7.4% to mixed CCA/turf algae, 1.0% to
hard coral, and 20.2% to other). At the end of the 12 months
(t,), 42.5% of points on CCA transitioned to a new func-
tional group (9.4% to turf algae, 7.3%to mixed CCA/turf
algae, 1.3% to hard coral, and 24.5% to other).

By t;, 87.3% of randomly sampled points on mixed CCA/
turf algae transitioned to a new functional group (Fig. 5c,
17.6% to turf algae, 40.9% to CCA, 1.6% to hard coral, and
27.2% to other). Between ¢, and ¢,, 81.4% of points colonized
by mixed CCA/turf algae by ¢, transitioned to a new func-
tional group (21.2% to turf algae, 38.3% to CCA, 1.0% to
hard coral, and 20.9% to other). At the end of the 12 months
(t,), 87.0% of points on mixed CCA/turf algae transitioned to
a new functional group (17.9% to turf algae, 41.3% to CCA,
1.9% to hard coral, and 25.8% to other).

By t;, 75.8% of randomly sampled points on turf algae
transitioned to a new functional group (Fig. 5d, 9.9% to
mixed CCA/turf algae, 31.8% to CCA, 1.9% to hard coral,
and 32.2% to other). Between ¢, and ¢,, 68.8% of points colo-
nized by turf algae by ¢, transitioned to a new functional
group (14.7% to mixed CCA/turf algae, 29.7% to CCA,
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1.1% to hard coral, and 22.3% to other). At the end of the
12 months (2,), 79.6% (2397/3012) of points on turf algae
transitioned to a new functional group (9.9% to mixed CCA/
turf algae, 35.6% to CCA, 2.0 to hard coral, and 32.1%to
other).

Overall, change across the reef was dependent on starting
functional group identity. Further, there were statistically
significant differences in how functional groups changed
over time on the reef in comparison with in the bite scars
(Table 1). Despite these differences, the overall proportion
of CCA increased across all bite scars (¢,: 12.5% CCA to t,:
30.2% CCA) and randomly sampled points (#,: 23.3% CCA
to t,: 35.4% CCA) across the survey period regardless of
starting group identity (Fig. 6).

Discussion

While parrotfish bite scars are frequently invoked as poten-
tial settlement locations for coral recruits and other calci-
fying organisms (e.g., Bellwood and Choat 1990; Mumby
et al. 2007), there are few empirical studies that provide
data on the fate of bite scars over time (Bonaldo and Bell-
wood 2009; Bonaldo et al. 2011; Rempel et al. 2020).
Here, we described the fates of 2150 parrotfish bite scars
over a year-long time series of 700 m? of fore reef habitat
on Palmyra Atoll. In general, we found little evidence of
coral recruitment into bite scars (n=1). Additionally, we
found that the majority of bites on hard coral transitioned
from bare carbonate back to hard coral (95.9%) within a

Bite Scars

Reef

1.00 1

0.751

Proportion
o
3

0.251

0.001

Substrate

Hard Coral
CCA
CCA/Turf Mix
Turf

Other

Timepoint

to t t

Fig. 6 Changes in community composition of all bite scars and random points across the survey period
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year or less. Further, we found that bites on algal func-
tional groups (turf algae, mixed CCA/turf algae and CCA)
tended to transition more to CCA after a year than to other
groups. As has been observed in other studies (Hamilton
et al. 2014; Kelly et al. 2016), we found that parrotfish
bites were found more frequently on turf algae covered
substrate than would be expected based upon the abun-
dance of this substrate type across the reefscape-indicating
selectivity. We found statistically significant differences
between the fates of parrotfish bite scars and the fates of
randomly sampled points across the reefscape. Benthic
change on random points starting on algal groups (i.e., turf
algae, mixed CCA/turf algae, CCA) most consistently tran-
sitioned to CCA. However, the growth of benthic organ-
isms within bite scars initially on algal functional groups
showed primary colonization of fast-growing turf algae
which progressed toward CCA colonization at the end of
the third time point, a year after the grazing scars were
identified.

The observed trajectories of succession within bite
scars support as the premise that parrotfish grazing helps
to enhance or maintain dominance by benthic reef build-
ers (CCA and hard corals) that has been suggested and
observed in previous studies (Littler and Littler 1984;
Hixon and Brostoff 1996; Mumby 2006; Burkepile and
Hay 2010; Ceccarelli et al. 2011). As a result, the parrot-
fish community at Palmyra may indirectly facilitate coral
recruitment by enhancing CCA cover and mediating com-
petition between fleshy macroalgae, turf algae, and other
taxa rather than by directly opening settlement substrate
for coral larvae.

We show that all major benthic functional groups (hard
coral, CCA, encrusting macroalgae) aside from upright
macroalgae are subject to the scraping and excavating
activities of parrotfish grazing. However, turf algae covered
substrata and mixed CCA/turf algae were the only benthic
functional groups that was preferentially selected for as has
been observed elsewhere (Hamilton et al. 2014; Kelly et al.
2016). As with other studies of parrotfish grazing, we found
no evidence that parrotfish bite scars were disproportionately
found on hard corals across the reef (Hoey and Bellwood
2008; Mumby 2009; Adam et al. 2015). Interestingly, it has
been suggested that some parrotfish grazing on coral may
not reflect active selectivity for corals, but rather a side effect
as parrotfishes seek access to endolithic algae or other bor-
ing organisms growing inside coral colonies to meet nutri-
tional requirements to support growth (Choat et al. 2002;
Rotjan and Lewis 2005; Clements et al. 2017). Further, bite
scars on non-turf algae covered substrata may be the result
of having a diverse parrotfish community (Hamilton et al.
2014; Adam et al. 2018) or competition between parrotfishes
limiting foraging space use (Nash et al. 2012; Davis et al.
2017), especially as the reefs at Palmyra have relatively low

abundance of turf algae and high parrotfish biomass (Ham-
ilton et al. 2014; Smith et al. 2016).

Exposure of reef carbonate by parrotfish grazing has
been proposed to facilitate coral recruitment by providing
bare space or microhabitats into which larval corals can
settle with reduced competition with other benthic organ-
isms (Bellwood and Choat 1990; Steneck et al. 2014) or
protection from incidental grazing (Arnold et al. 2010).
Interestingly, while it is possible that some corals might
have settled into our bite scars between sampling events,
of the 2150 bites tracked over the course of one year in the
present study, we observed only one successful coral recruit-
ment event and found no dead recruits inside any of the bite
scars. Limited coral recruitment to the bare space created
by bite scars may be the result of rapid, complete recolo-
nization (> 2 weeks) by turf algae (Bonaldo and Bellwood
2009; Sandin and McNamara 2012). However, as bite scars
frequently transitioned to CCA over the course of the study,
our results suggest that the CCA growth or recruitment into
bite scars may provide enhanced settlement space for corals
(Harrington et al. 2004; Price 2010). Ultimately, the level of
recruitment we observed within bite scars at Palmyra atoll
does not support a hypothesis of frequent coral recruitment
into these areas.

We found 95.9% of bite scars on live coral tissue healed
within the 12 months of our study. The observed recovery
of live coral tissue into parrotfish bites occurred only on
established, massive and sub-massive colonies of Porites
spp., Goniastrea stelligera and Pavona spp.. While these
taxa are known to be preferred for parrotfish grazing (Bon-
aldo and Bellwood 2011; Bonaldo et al. 2011), they have
also been identified as having stress-tolerant life history
strategies (Darling et al. 2012). Previous research suggests
that repeated and intense grazing by parrotfish on corals
can cause partial to complete coral mortality and limit col-
ony growth (Rotjan et al. 2006; Hoey and Bellwood 2008;
Bonaldo and Bellwood 2011; McCauley et al. 2014; Welsh
et al. 2015). However, more recent work has shown certain
stress-tolerant corals are able to survive most routine par-
rotfish grazing events (Rempel et al. 2020). Therefore, the
majority of targeted colonies observed in our study may have
long histories of parrotfish grazing and recovery (Rotjan and
Lewis 2005; Welsh et al. 2015). The observations of coral
mortality following grazing events in other studies may be
the result of other confounding effects such as the presence
of local impacts such as pollution or sedimentation which
may have further decreased coral health and fitness (Bonaldo
et al. 2011; Zaneveld et al. 2016; Rice et al. 2019; Rotjan
et al. 2022).

Differences in changes within parrotfish bite scars rela-
tive to randomly sampled locations across the reef suggest
that parrotfish grazing promotes the abundance of CCA and/
or mixed communities of CCA and turf algae. We found
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evidence that parrotfish grazing provided opportunities for
CCA colonization and growth with 18.5% and 16.5% of
bites taken on turf algae becoming CCA and mixed CCA/
turf algae, respectively. We also observed an increase in the
proportion of transitions to CCA on bite scars starting on
turf algae from the first transition across the entire study
with 32.9% and 22.9% of bites taken on turf becoming CCA
and mixed CCA/turf algae, respectively. A similar increase
in proportion of transitions to CCA was not observed in
the randomly sampled points on turf algae (first transition:
31.8% points to CCA; overall: 35.6% to CCA) suggesting
active succession inside bite scars following parrotfish graz-
ing events (Fig. 5d). The relative stability of the proportion
of transitions toward CCA on the random points is expected
as random points largely reflect the general trajectory of the
heavily calcified benthic community mediated in part by par-
rotfishes at Palmyra. Additionally, bites initially taken on
CCA were able to regrow or return to CCA in the greatest
proportion (51.5% of bites on CCA) by 1,, despite turf algae
primarily being the first colonizer to bare space (Diaz-Pulido
and McCook 2002). There were few cases (13 bite scars) of
established corals expanding into the bare space inside bite
scars where grazing may have maintained algal competi-
tors in cropped, competitively inferior states (Barott et al.
2012). Overall, parrotfishes appear to be facilitating succes-
sion toward CCA growth over time as trajectories from bite
scars become more similar to background community across
the reef surveyed in this study.

Disturbed space from parrotfish grazing activity pro-
gressed from initial colonization by fast-growing turf algae
toward an increasing proportion of CCA over the duration of
this study. We propose that the trajectories of CCA coloniza-
tion and growth following grazing disturbances are a reflec-
tion of a healthy, intact herbivore community present on
Palmyra atoll (Littler and Littler 1984; Hamilton et al. 2014).
Further, as parrotfishes seek out additional turf algae domi-
nated grazing locations through time (Welsh and Bellwood
2012; Carlson et al. 2017), the successional pathway will
likely progress toward a community dominated by CCA and
corals (Littler and Littler 1984; Hixon and Brostoff 1996).
However, high parrotfish abundances are likely necessary
to facilitate succession from fleshy macroalgae and/or turf
to CCA (Steneck et al. 2014; Mumby et al. 2021); therefore,
the successional pathways observed here may only be char-
acteristic of the role of parrotfishes in the maintenance of
highly calcified reefs with similar local conditions (Smith
et al. 2016). The use of spatially explicit time-series recon-
structions of coral reefs provides a powerful complement
to previous studies of the top-down influence of parrotfish
grazing on coral reef benthic community structure.
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