PLOS ONE

Check for
updates

G OPEN ACCESS

Citation: Rodriguez-Ruano V, Aronson RB,
Alvarez-Filip L, Perez-Cervantes E, Estrada-Saldivar
N, Precht WF (2024) Spatial variability of
sedimentary assemblages reflects variations in
bioerosion pressure of adjacent coral reefs. PLoS
ONE 19(10): e0311344. https://doi.org/10.1371/
journal.pone.0311344

Editor: Tzen-Yuh Chiang, National Cheng Kung
University, TAIWAN

Received: May 30, 2024
Accepted: September 17, 2024
Published: October 11, 2024

Copyright: © 2024 Rodriguez-Ruano et al. This is
an open access article distributed under the terms
of the Creative Commons Attribution License,
which permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All data and R code
are available at https:/github.com/victorruano/
Caribbean-Reef-Sediments.

Funding: Funding was provided by grant OCE-
1535007 to Richard B Aronson from the U.S.
National Science Foundation and by grant
G20191001105176406 to Victor Rodriguez-Ruano
from Sigma Xi’s Grants in Aid of Research. The
funders had no role in study design, data collection

RESEARCH ARTICLE

Spatial variability of sedimentary assemblages
reflects variations in bioerosion pressure of
adjacent coral reefs

Victor Rodriguez-Ruano®'*, Richard B. Aronson’, Lorenzo Alvarez-Filip?2,

Esmeralda Perez-Cervantes?, Nuria Estrada-Saldivar?, William F. Precht®

1 Department of Ocean Engineering and Marine Sciences, Florida Institute of Technology, Melbourne,
Florida, United States of America, 2 Biodiversity and Reef Conservation Laboratory, Unidad Académica de
Sistemas Arrecifales, Instituto de Ciencias del Mar y Limnologia, Universidad Nacional Autonoma de México,
Puerto Morelos, México, 3 Bio-Tech Consulting Inc., Coastal and Marine Sciences, Miami Lakes, Florida,
United States of America

* vrodriguezru2014 @my fit.edu

Abstract

The composition of coral-reef sediments is highly variable across space and time, and differ-
ences in the life histories of the dominant calcifying organisms on reefs contribute to the het-
erogeneity of reef sediments. Previous studies have suggested that variations in coral-reef
bioerosion can influence spatial and temporal variations of sedimentary assemblages: ele-
vated erosion rates of dead coral skeletons can trigger a pulse of coral-derived sediments
and cause a shift in the dominance of sedimentary grains from coralline algae, such as Hali-
meda, to coral. We assessed the variability of the sedimentary composition and bioerosion
rates of reefs at different spatial scales to determine the association between these two vari-
ables. We surveyed the benthic assemblages on reefs exhibiting different ecological states
and collected samples of the associated sediments. We calculated the carbonate budget for
each site and compared their variability at different hierarchical levels to the variability of
their respective sedimentary assemblages. At the scale of sites (1-10 km), Halimeda cover
was a significant predictor of the relative abundance of Halimeda grains. Both the relative
abundance of coral grains and reef bioerosion rates varied significantly at the scale of local-
ity (tens to hundreds of km), with high abundances of coral grains in the sediments coincid-
ing with high rates of bioerosion. The main drivers of bioerosion at our localities were
parrotfish assemblages dominated by large size classes of excavating species such as
Sparisoma viride. Reef sediments may reflect the gross degree of bioerosion pressure that
reefs experience, and historical changes in bioerosion rates could potentially be assessed
by examining the sediments across temporal scales.

Introduction

Rates of coral-reef accretion are influenced by environmental variables such as water tempera-
ture, light availability, water chemistry, turbulence, and sedimentary inputs from adjacent
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terrestrial systems [1-3]. In addition, hurricanes, large-scale climatic events such as El Nifios,
and coral diseases can alter reef growth [4-6]. These factors can reduce coral growth rates and
even decimate coral populations, tipping reefs into a net erosional state [7]. Using the fossil
record, geologists have studied the growth-history of modern and relict reefs to understand
how the magnitude and periodicity of these factors influence the ability of reefs to keep pace
with sea-level rise [1, 8-10].

The fossil record of Holocene reefs is composed of preserved coral skeletons and, to a lesser
extent, the skeletal remains of other calcifying taxa such as coralline algae, foraminiferans, mol-
lusks, and echinoderms [11]. These skeletal elements are either cemented into the reef frame-
work or bound together into loose carbonate aggregates (i.e., intraclasts) by crustose coralline
algae and submarine cementation, or preserved in pockets of loose sediment [12, 13]. Because
coral skeletons are the primary contributors to the reef framework, geological and palaeoecolo-
gical studies typically use them as their primary data source [6, 14-16]. Sediments, however,
are also a major component of reef accretion, and the sedimentary record of reefs can provide
insights into their geology and ecology [17]. Sedimentary petrography, the classification of
sediments based on their biological or geological origin, has been widely used to study geo-
ecological processes of coral reefs [18]. For instance, Li et al. [19, 20] determined the hydrody-
namics that control sedimentary transport between reef habitats by studying the sedimentary
assemblages of reefs before and after storm events. Other studies have used sediment petrogra-
phy to estimate the contribution of sediments of different origins to beach sand and island
maintenance [21-24].

Furthermore, sedimentary petrography has been used to characterize population dynamics
of corals and echinoderms within the fossil record and assess their historical influence on reef
growth [25]. Greenstein [26] and Walbran et al. [27] studied the skeletal remains of the crown-
of-thorns seastar Acanthaster solaris (formerly Acanthaster planci) in the Pacific and of the
echinoid Diadema antillarum in the Caribbean in an attempt to identify previous mass-mor-
tality events within reef sediments. Neither of them, however, provided conclusive results due
to rapid taphonomic degradation, downward mixing of skeletal ossicles by bioturbation, and
sedimentary overturning by cyclones [28-30].

Nevertheless, the coral and algal fractions of reef sediments have shown promising preser-
vation potential within the sedimentary record. For instance, Precht and Aronson [31] sur-
veyed the sedimentary composition and ecological state of a reef in Jamaica for 20 years. They
observed a shift in dominance from the coralline green alga Halimeda to coral-derived grains,
which coincided with a decrease in coral cover on the reef from 75% to 5%. Similarly, Lidz and
Hallock [32] collected sediment samples across the Florida reef tract. They reported that sedi-
ments adjacent to reefs that had experienced high coral mortality were dominated by coral
grains, whereas sediments adjacent to reefs that had retained high coral cover were dominated
by Halimeda grains. These studies suggest that living corals sequester large amounts of CaCO;
to build their skeletons, which remain “locked up in long-term growth” [31]. By contrast,
other calcifying organisms, such as coralline algae, exhibit short lifespans and high population-
turnover rates, which promote high fluxes of coralline-algae fragments that become the domi-
nant constituents of reef sediments [33-35]. When stressors cause extensive coral mortality,
however, the dead coral skeletons become available to bioeroders, and bioerosion should
increase the relative abundance of coral grains [7, 32].

Although Lidz and Hallock [32] hypothesized that the main process that drove the high
abundance of coral grains on degraded reefs was the bioerosion of the dead framework, they
did not have estimates of bioerosion to complement their sedimentary analysis. We sought to
determine whether variability in the composition of reef-sediment assemblages across spatial
scales could be attributed to gross levels of reef bioerosion. We sampled spur-and-groove reef
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habitats with varying levels of coral cover and bioerosion pressure in the northern Mexican
Caribbean. At each site, we conducted ecological surveys on the spurs. These surveys assessed
percent benthic cover of calcifying taxa, as well as the abundance of bioeroders such as sea
urchins, excavating sponges, and parrotfish. We used the surveys to estimate calcification and
bioerosion rates and calculate the carbonate budget for each site. Additionally, we sampled the
sediments from sediment-pockets at the tops of spurs and from the adjacent grooves at each
site and analyzed them petrographically.

We hypothesized that the reef sediments would reflect reef-carbonate budgets in two
ways. First, the spatial trends of sand-sized coral grains would reflect the trends exhibited by
reef bioerosion rates, indicating that bioerosion is a major driver of the spatial variability of
reef sediments. Second, the relative abundance of sand grains from other calcifying taxa,
such as coralline algae, would exhibit a positive relationship with the benthic cover or abun-
dance of their respective living populations, given the high population-turnover rates that
these organisms exhibit. Understanding variations in reef-sediment assemblages and their
relationship with reef geo-ecological processes should enable us to determine the utility of
reef sediments as potential indicators of reef processes, such as bioerosion, as suggested by
Lidz and Hallock [32].

Materials and methods
Study sites

We surveyed the spur-and-groove habitats of seven reefs at 4-12 m depth along the northern
coast of the Mexican Caribbean. The spur-and-groove geomorphology consists of prominent
buttresses of reef framework—the spurs—which run perpendicular to the coast and alternate
with sand channels—the grooves. Our sites were nested within three major localities: Punta
Maroma, Akumal, and Punta Allen (S1 Fig). In the northernmost locality, Punta Maroma, we
surveyed the spur-and-groove habitat of the site Mar F5, which had an average depth of 4 m.
In Akumal, we surveyed three sites: Yal Ku (12 m), Dicks (8 m), and Langosta (10 m). In
Punta Allen, the southernmost locality, we surveyed three additional sites: Punta Allen Norte
(10 m), Punta Allen Centro (11 m), and San Antonio (6 m). Punta Allen is located within the
Sian Ka’an Biosphere Reserve, and our surveys were conducted under permit F00.9.DRBSK/
094/2021, which was issued by Mexico’s National Commission of Natural Protected Areas
(CONANP). All sites were surveyed during the spring and summer months (March-June) of
2021.

The oldest ecological surveys at the three localities date back to 1986 [36]. Absolute coral
cover in fore-reef habitats 5-10 m deep, which corresponds to the spur-and-groove zone, ran-
ged from 19% at Punta Maroma to 28% at Punta Allen 35 years ago. Although the descriptions
of these surveys did not specify whether they were performed on a spur-and-groove habitat,
the depth at which the surveys were conducted on the fore-reef suggests that it is highly likely
that the surveys account for the spur-and-groove assemblages of these sites. The dominant
coral taxon at Punta Maroma and Akumal was the branching coral Acropora palmata (average
absolute Ac. palmata cover: 11.2% and 9.2%, respectively), and the dominant taxon at Punta
Allen was the foliose genus Agaricia spp. (9.2% absolute cover). At Punta Maroma, the second-
most abundant taxon was Agaricia spp. (4.2%), followed by massive corals in the family Mussi-
dae (2.1%) and Orbicella spp. (1.5%). At Akumal, the second-most abundant taxon was Ag.
tenuifolia (5%), followed by Ac. cervicornis (4.2%) and massive corals in the Mussidae family
(2.1%). At Punta Allen, Ac. palmata was the second-most abundant coral taxon (6.4%), fol-
lowed by Ag. tenuifolia (4.8%) and Orbicella spp. (3.6%).
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Ecological surveys

To survey the contemporary benthic assemblage at each site, six 10-m transects were deployed
using fiberglass surveyor’s tapes stretched over the bottom. Each transect was placed in the
center of an individual spur along its main axis. Transects were placed at least two spurs
(approximately 30 m) apart to avoid overlap in sampling the sediments (see below). Following
the Reef Budget methodology developed by Perry and Lange [37], we used the line-intercept
method to quantify the percent cover of each benthic component. A second, flexible measur-
ing tape was conformed to the three-dimensional surface profile of the reef underlying the hor-
izontally stretched, 10-m transect tape. The three-dimensional length of each benthic
component (in cm) was then measured across all linear 10 meters of the stretched transect
tape. To estimate percent cover for each transect, we calculated the proportional 3-dimentional
length covered by each benthic category relative to the final, total length of the 3-dimentional
profile of the reef across the 10-m linear transect. The ratio of the total length of the 3-dimen-
tional profile of each transect to the total length of the 10-m transect was used to calculate the
reef’s rugosity. We identified corals to the genus- or species-level when possible and coralline
algae as erect/articulated, Halimeda spp., or crustose coralline algae (CCA). For the remaining
benthic components, we used more general, higher-level identifiers such as sponges, soft cor-
als, fleshy macroalgae, turf algae, rubble, dead coral, and sand.

We also surveyed excavating sponges and sea urchins within a total area of 10 m* along
each benthic transect by recording occurrences within 0.5 m on either side of each transect
tape. We identified each sea urchin and measured its test diameter using calipers, and we esti-
mated the surface area covered by excavating sponges by measuring their maximum lengths
and widths visible at the surface of the substrate. Additionally, we deployed eight 30 x 2-m
transects perpendicular to the shoreline to survey parrotfish assemblages. These transects were
set along the main axes of the spurs that were flanking the spurs where we deployed benthic
transects. We swam at a slow, steady pace along each transect, recording parrotfish within a
meter of each side of the transect. We identified each individual that swam within the transect
area to the species level and visually estimated its total length (cm) and life-stage (i.e., juvenile,
intermediate phase, or terminal phase).

We used our ecological data to calculate the carbonate budget for each site using the Reef
Budget V2 methodology for Caribbean reefs [37]. This carbonate-budget model uses published
values for skeletal density (g cm™) and linear extension rates (mm yr'l) to estimate the calcifi-
cation rates of each coral species. These calcification rates also take into consideration the aver-
age colony morphology of each coral species, because many coral species, especially those with
branching morphologies, actively calcify at their branch tips but exhibit lower calcification
rates across the rest of the colony [38].

For sea-urchin bioerosion rates, Reef Budget uses equations derived from the relationship
between test size and sediment production for each sea-urchin species. Bioerosion rates are
derived from previous studies that have looked at the amount of CaCO; present in sea-urchin
gut contents and fecal pellets [37, 39-41]. For sponge bioerosion rates, Reef Budget uses the
relationship between sponge surface-area (cm?) and the rates of physical and chemical erosion
(mg CaCOs3 cm 2 dY) calculated by de Bakker et al. [42]. Parrotfish bioerosion is calculated by
using previously published, species-specific, size-specific, and life-stage-specific bite rates and
estimates of substrate removal for scraping and excavating species [37, 43-45]. Since parrotfish
are highly mobile, their bioerosion pressure is assumed to be reef-wide. Therefore, the average,
reef-wide estimate of parrotfish bioerosion is estimated and applied to each benthic transect.
Microbioerosion is calculated by applying the average rate that was calculated for the Carib-
bean region to the three-dimensional surface-profile of the substrate that is affected by
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microbioerosion (i.e., dead coral, rubble, turf, cyanobacteria, and the substrate below coralline
algae).

Sedimentary surveys

We collected nine sediment samples along each benthic transect by scooping them with 100
mL plastic jars. Up to three of these samples were collected from sedimentary pockets found
on top of the reef spur being surveyed, at intervals of approximately 5 m. In addition, three
samples were collected from each of the two grooves flanking the spur, totaling six groove-sed-
iment samples per transect. To remove all organics, we rinsed the sediment samples in fresh
water, soaked them in a 5% sodium hypochlorite solution for 24 hours, and oven-dried them
at 80 °C for 12 hours. The sediment samples were then impregnated in blue epoxy resin, cut
into thin sections (30 um), and mounted onto slides for analysis under a petrographic micro-
scope. We used a randomized point-count method to sample 200 sand grains per slide to
assess the relative abundance of the various sedimentary components based on their biological
or geological origins.

Data analysis

Before analyzing the data, we compared the sedimentary assemblages between samples col-
lected on spurs and samples collected in the grooves to determine whether reef habitat was a
factor that should be taken into consideration. We ran a permutational analysis of variance
(PERMANOVA) with the Bray-Curtis similarity index and 9999 permutations to determine
the difference in sedimentary assemblages based on the reef habitat (i.e, spur or groove). This
preliminary analysis determined that there were no significant differences between samples
collected on spurs and in the adjacent grooves (permuted F; ;5 = 0.27, R*=0.02, p = 0.96);
therefore, we ran our main analyses using the sediment samples collected from the grooves.
We chose to analyze the samples from the grooves because in many instances there were not
enough sediment-pockets found along the spurs of the transects to collect three samples per
transect. In contrast, we successfully collected sediment samples from all the grooves flanking
all of our transects.

We ran a nested PERMANOVA with the Bray-Curtis similarity index and 9999 permuta-
tions to determine the difference in sedimentary assemblages among localities and sites nested
within the localities. The dependent variable for this analysis was the relative abundance of
each sedimentary component. Because the data were proportional, an arcsine square-root
transformation was used to minimize the influence of extreme values. We then used a similar-
ity percentages (SIMPER) test to identify the main variables that were driving the differences
among localities and sites; to account for multiple comparisons, we ran 9999 permutations to
generate a null distribution to compare with the test statistics of our data. We also used a non-
metric multidimensional scaling (nMDS) plot to visualize the degree of separation among
groups and determine the main sedimentary components that could be driving the separation
among sites.

We used linear mixed-effects models (LMMs) to assess the relationship between coral sand
grains (predictor variable), coral cover, and carbonate production (response variables). To
assess the relationship between coral sand grains (predictor variable) and bioerosion (response
variable) we used a generalized linear mixed-effect model (GLMM). We chose sand grains as
the predictor variable because the goal of this model was to determine whether the abundance
of coral sand grains can be used to predict states of bioerosion pressure on coral reefs. We
treated site as a random factor and specified that it was nested within the locality variable. We
initially ran the model using our raw, continuous data; however, because our bioerosion
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estimates exhibited a bimodal distribution (S2 Fig), we also ran a GLMM with our bioerosion
data in binary form using a logistic GLMM with a logit-link function. Any bioerosion rate less
than 1.0 kg CaCO; m™ yr' (mean = 0.53; range = 0.36-0.95) was set to 0 to represent low
bioerosion pressure, whereas any erosion rate greater than 1.0 kg CaCO; m™ yr™*

(mean = 1.66; range = 1.04-2.27) was set to 1 to represent high bioerosion pressure. These
benchmarks were established based on trends in bioerosion rates reported for the western
Atlantic, Indian, and Pacific Oceans, which generally report bioerosion rates between 1.0 and
3.5 kg CaCO; m™ yr™', with the sites that experience the lowest bioerosion rates having values
below 1.0 kg CaCO; m~ yr'1 [46-48].

We also ran nested analyses of variance (ANOVA) that compared the variance among sites
with the variance among localities for the rates of bioerosion, carbonate production, and the
abundance of coral grains, with sites nested within localities. For this analysis, the bioerosion
and carbonate production rates were log-transformed to conform to the assumptions of
ANOVA of normality and homoscedasticity of ANOVA. The raw coral-grain abundances, on
the other hand, met the ANOVA assumptions and there was no need to transform them. Since
previous studies suggested that bioerosion was the main driver of upticks in coral sand grains
[31, 32], the main objective of these ANOV As was to identify the hierarchical level at which
each variable exhibited the most variability. This analysis shed light on the factors that may be
driving the spatial heterogeneity of coral-grain abundances at different scales [49, 50].

We chose the coralline green alga Halimeda to test the relationship between the living
assemblage of non-coral, calcifying taxa and their sediments. Halimeda was abundant at our
sites, both in the living and sedimentary assemblages. Unlike other taxa of coralline algae, it
was easily identifiable to the genus-level in the sedimentary record. Furthermore, previous
assessments of Caribbean sediments have determined that Halimeda was the dominant sedi-
mentary component on Caribbean reefs before widespread degradation [31, 32, 51, 52]. We
used a GLMM to assess the relationship between Halimeda sand grains (predictor variable),
and live Halimeda cover (response variable), treating site as a random factor. All multivariate
analyses and linear models were developed using the “vegan”, “BiodiversityR”, and “nlme”
packages in R version 4.2.2 [53-56].

Results
Coral assemblages

Although there was considerable variability in coral cover among localities, there was no sig-
nificant difference detected among localities due to high variability within sites at each locality
(Locality: F, 4 = 6.21, p = 0.06; Site F4 35 = 1.62, p = 0.19; S1 Table). Mar F5, our site in Punta
Maroma, was the site with the highest average coral cover (28.3 + 3.5%, mean + SE; S3 Fig),
and San Antonio, a site in Punta Allen, was the site with the second-highest average coral
cover (24.1 = 3.0%). Langosta and Yal Ku, two sites from Akumal, were the ones with the low-
est average coral cover (Langosta: 10.0 + 1.7%; Yal Ku: 12.7 £ 2.5%; S3 Fig). The rest of the
sites exhibited average coral-cover values between 18.4 and 18.9% (S3 Fig).

The coral assemblage at Mar F5 was dominated by Porites spp., and Agaricia spp., which
exhibited average absolute coral covers of 18.0 + 2.6% and 8.7 + 2.8%, respectively. A similar
trend was evident at the sites of Langosta (Porites spp.: 3.9 + 0.9%; Agaricia spp.: 3.0 + 1.0%),
Yal Ku (Porites spp.: 2.2 £ 0.7%; Agaricia spp.: 7.2 + 2.1%), and Punta Allen Centro (Porites
spp.: 4.3 + 1.8%; Agaricia spp.: 10.3 + 3.3%). Although Punta Allen Norte was also dominated
by Porites spp. (5.8 + 1.6%) and Agaricia spp. (5.6 + 1.1%), this site also had a considerable
amount of Orbicella spp. (4.3 £ 1.9%). Agaricia spp. was the most prevalent coral taxon at the
sites of Dicks and San Antonio (7.3 £+ 2.2% and 11.1 + 2.6, respectively); however, Orbicella
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cover was higher at these sites (Dicks = 6.8 + 2.3%; San Antonio = 5.9 * 5.6%) than Porites
cover (Dicks: 3.2 + 0.6%; San Antonio: 3.4 + 1.3%).

Carbonate budgets

There was no significant difference in gross carbonate production rates among localities or
sites (Locality F, 4: 2.20, p = 0.23; Site F4 35 = 1.34, p = 0.27; S2 Table). By contrast, there was a
significant difference in bioerosion rates among localities but not among sites (Locality F, 4:
95.88, p < 0.001; Site: F4 35 = 1.10, p = 0.37; Table 1). The bioerosion rates at Punta Maroma
and Akumal exhibited similar values and were significantly higher than the bioerosion rates at
Punta Allen (S3 Table; average bioerosion Punta Maroma: -1.61 + 0.11 kg CaCO3 m™ yr™';
Akumal: -1.68 + 0.17 kg CaCO; m™* yr''; Punta Allen: -0.53 + 0.06 kg CaCO; m ™ yr'').

The dominant bioeroder group varied among sites. Parrotfish were the dominant group at
most sites, including Langosta (0.72 + 0.41 kg CaCO; m ™ yr™"), Yal Ku (1.45 + 0.44 kg CaCO5
m~yr'), Punta Allen Norte (0.21 + 0.11 kg CaCO; m ™ yr™'), and Punta Allen Centro
(0.15 + 0.09 kg CaCO; m ™ yr'"). Excavating sponges were the dominant bioeroder group at two
sites: San Antonio (0.33 + 0.08 kg CaCO; m~ yr'l) and Mar F5 (0.53 + 0.07 kg CaCO; m2yr).
Sea urchins were the dominant bioeroder group at Dicks (1.27 + 0.21 kg CaCO; m ™ yr™").

Although the sites at Punta Allen had similar parrotfish abundances to the other sites in
Akumal and Punta Maroma (F, 4 = 0.09, p = 0.92), the parrotfish assemblage at Punta Allen
was comprised of individuals that were significantly smaller than the ones in Akumal (Kolmo-
gorov-Smirnov test D = 0.37, p < 0.0001; Fig 1) and Punta Maroma (Kolmogorov-Smirnov
test D = 0.51, p < 0.0001; Fig 1). The parrotfish assemblages of Punta Allen exhibited a right-
skewed distribution, with most individuals belonging to size class 2 (6-10 cm). By contrast, the
parrotfish assemblages of Akumal and Punta Maroma exhibited a Gaussian-like distribution,
with most individuals belonging to size class 3 (11-20 cm) followed by size classes 2 and 4 (21-
30 cm; Fig 1).

There was a significant difference in net carbonate-production rates among localities but
not among sites (Locality: F, 4, = 18.91, p < 0.01; Site: F, 35 = 0.74, p = 0.57; S4 Table), which
was likely driven by the variability in bioerosion rates among localities (Fig 2A). Net carbonate
production was significantly higher at Punta Allen than at Akumal (Fig 2A; S5 Table). Two
sites at Punta Allen exhibited the highest levels of Orbicella cover and the lowest bioerosion

Table 1. Variation in bioerosion rates and coral grain abundance across spatial scales.

Bioerosion

Source DF Sum of Squares Mean Square F P
Locality 2 13.63 6.82 95.88 0.0004™**
Site{Locality} 4 0.28 0.07 1.099 0.37
Error 35 2.27 0.07
Total 41 16.18

Coral grains
Source DF Sum of Squares Mean Square F P
Locality 2 606.6 303.29 14.77 0.01*
Site{Locality} 4 82.1 20.53 2.117 0.10
Error 35 339.4 9.70
Total 41 1028.1

Outputs for nested ANOV As testing the difference in mean bioerosion rates and coral-grain abundance among localities and the sites nested within them. Significant
results are highlighted in gray

https://doi.org/10.1371/journal.pone.0311344.t001
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Fig 1. (A) Size-class distributions of parrotfish assemblages (Scarus spp. and Sparisoma spp.) across localities.
Size class 1: 0-5 cm; size class 2: 6-10 cm; size class 3: 11-20 cmy; size class 4: 21-30 cmy; size class 5: 31-40 cm.
Probability densities were calculated by dividing the frequency of each category by the total number of observations.
(B) Relative abundance for individuals of size class 4 (21-30 cm) for each species at each locality. SAURO:
Sparisoma aurofrenatum, SISER: Scarus iseri, SRUBR: Sparisoma rubripinne, STAEN: Scarus taeniopterus, SVETU:
Scarus vetula, SVIRI: Sparisoma viride.
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Fig 2. Comparison of carbonate budgets and sedimentary assemblages among localities. (A) Boxplot of the median
(+ interquartile range) of total bioerosion (tan), gross carbonate production (gray), and net carbonate production (red)
for each locality. All rates are reported in kg CaCO5 m™ yr™". The black horizontal line delimits net production and net
erosion. Black points represent statistical outliers. (B) Boxplot of median (+ interquartile range) relative abundance of

coral and Halimeda sand grains reported for sediments within each locality.
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rates (Punta Allen Norte and San Antonio; S4 and S5 Figs); by contrast, two sites at Akumal
had the lowest levels of net carbonate production and absolute coral cover, as well as the high-
est rates of bioerosion (Langosta and Yal Ku; S3 and S5 Figs). Based on the net carbonate-pro-
duction rates, all the reefs within Punta Allen were experiencing net growth (S5 Fig), with
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Punta Allen Norte experiencing the highest rates of net carbonate production (1.5 + 0.4 kg
CaCO; m ™ yr''; S5 Fig). Punta Maroma was experiencing a slightly positive, but closer-to-neu-
tral, rate of net carbonate production (0.2 + 0.3 kg CaCO3; m™ yr'l; Fig 2A). All three sites at
Akumal exhibited net erosional states, with Yal Ku exhibiting the lowest rate of net carbonate
production of all seven sites (-0.7 + 0.3 kg CaCO5; m > yr'": S5 Fig).

Sedimentary assemblages

There were significant differences among sedimentary assemblages, with localities and sites
accounting for 40% and 7% of the variability respectively (permuted F, 4 for locality = 28.91,
R? = 0.40, p = 0.0001; permuted F, ;, for site = 2.40, R* = 0.07, p < 0.01; S6 Table). Mar F5 had
the highest relative abundance of coral grains (37.4 + 1.2%) and intraclasts (28.2 + 0.8%),
which, according to the SIMPER test, were the main variables that drove the separation of Mar
F5’s sedimentary assemblages from the rest of the sites (S6 Fig; S7 Table). All three of the sites
surveyed at Punta Allen had the highest relative abundances of Halimeda (Punta Allen Centro:
23.5 + 1.3%; Punta Allen Norte: 20.9 + 1.4%; San Antonio: 27.8 + 2.0%; Fig 2B; S8 Table),
which was the main driver separating them from Mar F5 (S6 Fig; S7 Table). Although Hali-
meda abundances at all the Akumal sites were lower than at the Punta Allen sites (Dicks:

11.8 £ 1.0; Langosta: 10.8 + 1.1; Yal Ku: 14.5 + 0.9; Fig 2B), only San Antonio was significantly
different from Langosta and Dicks (S7 Table). All the Akumal sites were significantly different
from one another; however, the differences among these sites were driven mostly by the vari-
ability of less-common grains such as octocoral sclerites, foraminiferal tests, and sea-urchin
ossicles (S6 Fig; S7 Table).

According to the LMMs, the abundance of Halimeda grains was a significant predictor of
the live Halimeda cover on the reef (fixed effect of Halimeda grain = 0.18, SE = 0.03, t; 34 =
6.40, p < 0.0001; Fig 3; S9 Table), yet the abundance of coral grains was not a significant pre-
dictor of coral cover nor carbonate production, (fixed effect of coral grain on coral cover =
-0.18, SE = 0.35, t; 34 = -0.51, p = 0.61; fixed effect of coral grains on carbonate production =
-0.04, SE = 0.03, t; 34 = -1.23, p = 0.23). Similarly, the logistic GLMM also determined that the
abundance of coral grains was not a significant predictor of bioerosion (fixed effect of coral
grain = -0.03, SE = 0.39, z; 3, = -0.08, p = 0.94). According to the nested ANOVA, however,
there was a significant difference in the abundance of coral grains among localities but not
among sites (Locality: F, 4 = 14.77, p < 0.05; Site: Fy 35 = 2.12, p = 0.10; Table 1). These trends
were similar to those observed for the bioerosion rates: Punta Maroma had the highest abun-
dance of coral grains, followed by Akumal and Punta Allen (S10 Table).

Discussion

The trends found across the different hierarchical levels revealed that both bioerosion rates
and the abundance of coral grains varied significantly at the scale of locality (tens to hundreds
of km; Table 1). Significant differences in bioerosion pressure were a major driver of the con-
trast between the positive growth of the reefs in Punta Allen and the neutral or eroding reefs in
Akumal and Punta Maroma. The sites at Punta Allen exhibited the lowest rates of bioerosion,
which can be attributed to high variability in the parrotfish size classes among localities.
Indeed, parrotfish were a major contributor to bioerosion pressure at all sites and the variabil-
ity of the dominant size-classes among localities coincided with the variability exhibited by
rates of bioerosion and coral grains. These patterns suggest that variability in populations of
bioeroding taxa, such as parrotfish, may be a major driver of overall bioerosion trends in the
Mexican Caribbean and, therefore, a major control on the abundance of coral-derived sedi-
ments in the sedimentary record [57, 58].
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Fig 3. Relationship between the abundance of Halimeda sand grains and the percent benthic cover of live
Halimeda. Scatterplot depicting the GLMM for the percentage of Halimeda grains in the sediments as a predictor of
live Halimeda cover on the reef. The green dots represent the raw percent-cover values for Halimeda at each benthic
transect (y-axis) and the relative abundance of Halimeda grains in the sediment samples as percentages (x-axis). The
solid blue line represents the mean model fit, and the shaded area represents the 95% confidence interval of the fitted
values.

https://doi.org/10.1371/journal.pone.0311344.g003

The parrotfish assemblage of Punta Allen was dominated by small size classes (6-10 cm)
that exerted low bioerosion pressure. In contrast, the parrotfish assemblages of Punta Maroma
and Akumal were dominated by medium size classes (11-20 cm) that exerted high bioerosion
pressure. These results agree with the trends described by Molina-Hernandez et al. [57] for
parrotfish bioerosion in the Mexican Caribbean. They found that a recent increase in the net
carbonate production of Mexican reefs was not necessarily driven by increases in coral cover,
but rather by a decrease in bioerosion rates, especially from parrotfish. This decline in parrot-
fish bioerosion rates was driven by both a decline in parrotfish abundance and a shift in size-
frequencies towards smaller individuals [57]. Our sites at Punta Allen had low carbonate-pro-
duction rates [59, 60] but exhibited net-positive carbonate budgets because of the reduced
bioerosion pressure exerted by small parrotfish. By contrast, our sites with similar or slightly
lower carbonate-production rates in Punta Maroma and Akumal had net-neutral or net nega-
tive carbonate budgets because of the higher bioerosion pressure exerted by larger parrotfishes
[45, 61].

Body size, however, is not the only factor that determines the intensity of parrotfish bioero-
sion. Species composition also greatly influences bioerosion intensity [43, 44, 61]. Parrotfish
species are classified into four different types of grazers: browsers, excavators, scrapers, and
croppers. Excavators and scrapers feed by foraging on short, productive algal turfs and CCA,
and they can remove relatively large fractions of framework in the process; they, therefore,
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contribute the most to reef bioerosion [61]. Browsers and croppers, on the other hand, tend to
feed on longer, filamentous turf algae and macroalgae; they do little-to-no damage to the reef
framework, contributing the least to reef bioerosion [61, 62]. In the Caribbean, the predomi-
nant excavating species is Sparisoma viride, with previous studies reporting that large individu-
als can contribute to the majority of the bioerosion pressure recorded on reefs [57]. Our
results support these previous findings: the parrotfish assemblage at Akumal not only had the
highest abundance of large individuals, but also the highest proportion of large S. viride in
comparison to Punta Allen and Punta Maroma. Sp. viride alone made up 40% of the large (21-
30 cm) parrotfish assemblage at Akumal in comparison to 17% at Punta Allen and 25% at
Punta Maroma (Fig 1B).

Other feeding behaviors that further influence the intensity of parrotfish bioerosion of reefs
are the species-specific preferences for substrate on which they feed [61, 63]. For instance, Sp.
viride, the main bioeroding species in the Caribbean, prefers to feed on convex surfaces. By
contrast, Scarus vetula, another important bioeroder, prefers to feed on flat surfaces [61]. Sp.
viride was a prevalent species at all localities while Sc. vetula was rare (Fig 1B). Although Sp.
viride was more prevalent at Akumal, than Punta Maroma or Punta Allen, there were no sig-
nificant differences in average reef rugosity among the localities we surveyed, with average
rugosity values ranging from 1.39 at Akumal to 1.23 at Punta Maroma (Locality: F, 4 = 2.34,

p = 0.21; Site: F,; 35 = 1.78, p = 0.16). Therefore, rugosity is not a good estimate for assessing
variations in parrotfish habitat/substrate preferences among our sites, at least with the method-
ology that we employed. Nevertheless, it is important to consider the influence of reef geomor-
phology on the dynamics of bioeroding taxa. Doing so would help develop more precise
estimates of bioerosion pressure in different reef habitats, yielding high-resolution datasets
and more accurate predictions of the response of reef dynamics to future disturbances.

The lack of baseline sedimentary data from previous years restricts our ability to estimate
the temporal variability of sedimentary assemblages. Ecological assessments from 30-40 years
ago, however, indicate that the fore-reefs in Punta Maroma, Akumal, and Punta Allen were
dominated by Ac. palmata and Ac. cervicornis [36, 64], two historically important and abun-
dant reef-building species on Caribbean fore-reefs [65-67]. The second-most important con-
tributors to the reef-framework at these sites were massive corals of the genus Orbicella and
brain corals of the family Merulinidae [36, 67, 68]. Disease outbreaks and thermal-stress events
have caused a significant, Caribbean-wide decline in the abundance of these taxa over the last
two decades [60, 64, 69-71]. Indeed, the presence of live acroporids at our sites was negligible
and the abundance of Orbicella was also low (5S4 Fig). Therefore, it is likely that as the dead
skeletons became exposed to bioerosion, intense grazing pressure by parrotfish and the then-
abundant sea-urchin D. antillarum (before its own decimation by disease in 1983-84 [72])
likely drove the pulse in coral-derived sediments in our sediment samples, similar to what
Precht and Aronson [31] and Lidz and Hallock [32] observed.

High abundances of D. mexicanum in the eastern Pacific have been associated with drastic
increases in bioerosion of the reef framework and subsequent sediment production [73-75].
During the 1982-83 El Niflo event, high sea-surface temperatures caused a mass coral mortal-
ity event at Uva Reef, Pacific Panama [76]. The dead coral skeletons were then overgrown by
macroalgae, and this increase in food availability led to an outbreak of D. mexicanum [73]. The
intense bioerosion that followed surpassed the rates of carbonate production of the reef and
led to a significant loss of reef framework along with a pulse of coral-derived sediments [74,
75]. A more recent study by Perry et al. [58] used sediment-production rates from bioeroders
to model sediment pulses caused by an increase in the abundance of parrotfish following a
coral-bleaching event in the Maldives. They estimated that the increase in parrotfish biomass
led to a three-fold increase in sediments produced by bioeroders [58]. Our study went further
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by using in situ ecological and sedimentological data to demonstrate that spatial variations in
the abundance of coral-derived sediments reflected those of bioerosion rates at their respective
localities.

Our bioerosion rates are estimates calculated at the site-level, derived from the relationship
between the census data of macroborers and grazers and the average, published rates of car-
bonate removal recorded for those taxa [37]. The actual amount of carbonates removed from
reefs, however, is highly variable due to the influence of other factors that are unaccounted for
in our carbonate-budget model. Variations in the selectivity of substrate targeted by different
bioeroders [63], the skeletal density and morphology of different coral species [77], and the
accretionary and cementation activity of crustose-coralline algae (CCA) counteracting the ero-
sion of the bare substrate are all factors that contribute to the spatial heterogeneity of frame-
work erosion [78].

To overcome these limitations, a few studies have measured the true vertical erosion rates
of different reef substrates through time. Molina-Hernandez et al. [78], for example, measured
in situ vertical erosion rates on the dead skeletons of different coral species over two years.
They determined that there was a significant difference in the amount of CaCO; removed
from skeletons of different species. Orbicella, a reef-building taxon, exhibited the highest ero-
sion rates, but long-dead Acropora skeletons and calcareous hardgrounds did not change sub-
stantially. Furthermore, Molina-Hernandez et al. [78] suggested that CCA and thick,
sediment-laden algal turfs sheeting the skeletons might provide some protection from grazers,
causing a reduction in erosion rates. Kuffner et al. [79], on the other hand, measured in situ
vertical erosion on Orbicella skeletons over 20 years and found high long-term erosion rates
on the dead skeletons. Although CCA and thick algal turfs may have provided some protection
and reduced erosion by grazers in the short term, persistent bioerosion pressure, especially
from cryptic macroborers, was still acting upon the dead skeletons and causing a significant
removal of the framework in the long term. In addition, mass coral mortality events opened
space for bioeroders to exploit, and the early development of fine algal turfs on this open
space, which are highly palatable to grazers, could have led to an increase in grazer abundance,
promoting an increase in bioerosion pressure [73, 80].

Trends in total coral cover at our sites indicate that there has not been a significant change
in Akumal and Punta Allen the last three decades. At Punta Maroma, however, coral cover has
increased by 9% since 1986 [36]. Yet the presence of acroporids at our Punta Maroma site,
Mar F5, is negligible, and it is now dominated by P. astreoides and Agaricia spp. The trends in
coral-species composition paired with the high bioerosion rates at this site indicate that the
coral grains encountered in our sediments may, therefore, reflect the erosion of the skeletons
from acroporid and massive corals that perished over the last 30-40 years. Although Molina
Hernandez et al. [78] determined that dead acroporid frameworks of Puerto Morelos experi-
enced little to no vertical erosion in two years, they also argued that these patterns could be
attributed to an increase in skeletal density from internal inorganic cementation, which may
not correspond with higher erosion rates exhibited by recently dead skeletons. In addition, the
branching skeletons of acroporids are vulnerable to fragmentation during storms [4]. Storms
in previous years could have broken off a large number of dead fragments, which would have
been deposited as rubble and eroded more easily than larger, denser, skeletal stumps that
remained in growth position [66]. Thus, it is likely that the acroporid skeletons exhibited
higher losses to erosion during the first years post-mortem in the late 1970s or early 1980s,
producing the coral-grain signal we detected in the sedimentary record.

Trends in the composition of reef sediments described by Precht and Aronson [31] and
Lidz and Hallock [32] suggest that reef sediments record degradation events on a scale of 20—
30 years. Similar to the reefs in the Mexican Caribbean, the coral populations from the reefs
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they surveyed in Jamaica and Florida were decimated by disease, coral bleaching, and hurri-
canes [69, 81]. Those coral populations failed to recover to pre-disturbance conditions within
the 20- to 30-year time frame of the studies, representing a long-term change in their ecologi-
cal state. By contrast, other, more resilient reefs have suffered acute disturbance events, such as
mass mortalities from coral bleaching or predator outbreaks but have recovered to pre-distur-
bance conditions within 7-13 years [82-84]. The variabilities in coral cover, resilience, and
fish and invertebrate assemblages in coral reefs are driven by different processes across multi-
ple spatial and temporal scales [41, 85, 86]. By sampling reef assemblages and the influential
processes across multiple spatial and temporal scales, we can pinpoint the relative contribu-
tions of the major geological and ecological drivers of coral-reef heterogeneity.

Coral grains are not good predictors of carbonate production or coral cover, indicating that
the coral sedimentary record does not reflect the living coral assemblage. In addition, the
trends in spatial varijability of carbonate production and coral cover are decoupled from the
trends in the abundance of coral sand grains. There was no significant variability in coral
cover and carbonate production among sites or localities (S1 and S2 Tables), unlike the corre-
lated trends that bioerosion and coral sand grains exhibited (Table 1). It is important to note,
however, that high rates of bioerosion do not necessarily connote a degraded reef. Highly pro-
ductive reefs with high coral cover and high accretion rates can also exhibit high rates of
bioerosion [46, 87]. Therefore, gross bioerosion rates derived from reef sediments cannot be
used to discern the overall health of a reef.

Although reef sediments can vary significantly across reef habitats and sites, Halimeda
grains seem to have been a dominant component of reef sediments at large scales throughout
various Caribbean localities such as Jamaica [31], The Florida Keys [32], and Belize [21, 52]
before the significant degradation of Caribbean reefs 50-70 years ago [88]. The reefs of Punta
Allen conform to this pattern, but the abundance of coral grains tends to be slightly higher
than the abundance of Halimeda grains (Fig 2B). Even though the reefs at Punta Allen experi-
ence low bioerosion rates and positive accretion rates, trends in benthic assemblages across the
Mexican Caribbean suggest that they have lost a significant proportion of their reef-building
corals and carbonate-production potential within the last four decades [36, 89]. Our recent
surveys also indicate that the abundance and carbonate production rates of Orbicella spp. are
much lower than those of other accreting Caribbean reefs [46, 59]. The high abundance of
Halimeda coupled with the reduced dominance of coral grains in the sedimentary record sug-
gests that even low levels of bioerosion can have a persistent, albeit weakened, influence on
reefs that have failed to fully recover their coral assemblages to pre-disturbance levels.

Unlike the skeletal remains of D. antillarum and A. solaris, the abundance of Halimeda
sand grains appears to be representative of the living Halimeda population [25]. Previous
attempts to track acute episodes of A. solaris outbreaks and the demise of D. antillarum have
detected pulses of their skeletal fragments in the surface sediments [26, 28-30]. As the skeletal
fragments mix with time-averaged layers of sediment, however, this pulse dissipates as it is sur-
passed by the remains of the persistent, long-term contributors to the sedimentary record like
Halimeda [25, 90]. Unlike echinoderms, Halimeda spp. are continuously growing and shed-
ding old plates, depositing 3% of their total plates per day into the reef sediments and making
major contributions to the sedimentary record [34, 35].

Our prospects for tracking population dynamics of calcifying taxa in the sedimentary
record likely depend on their life histories and their prevalence in coral-reef ecosystems.
Although sedimentary coral grains do not track changes in the living populations, they appear
to reflect spatial trends in bioerosion pressure on reefs (Fig 2A and 2B). In addition to assess-
ing the spatial variability in sedimentary assemblages, it is necessary to determine the temporal
variability. Tracking changes in sedimentary assemblages through time in tandem with
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ecological data and records of influential disturbances would expand our understanding of res-
idence times for autochthonous sediments and the degree of time-averaging that different reef
habitats exhibit. Furthermore, understanding the spatio-temporal dynamics of sedimentary
assemblages could be useful for tracking historical oscillations in bioerosion in the fossil
record. Sediments from reef cores could then be used together with fossilized coral skeletons
to paint a more detailed picture of the history of reef development.

Supporting information

S1 Fig. Map of the surveyed localities and sites within the Mexican Caribbean. The study
sites within localities are shown as insets. These maps were generated using Natural Earth
Data (http://www.naturalearthdata.com/), which were retrieved using the “rnaturalearth”
package in R version 4.2.2.
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$2 Fig. Frequency distribution of bioerosion rates (in kg CaCO; m yr') recorded at all
sites.
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S$3 Fig. Average coral cover across sites. Bars represent the mean (+ standard error) percent
coral cover at each site we surveyed. Colors denote the locality for each site.
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S4 Fig. Average benthic cover of weedy and framework-building taxa across sites. Bars rep-
resent the mean (+ standard error) percent cover estimates for the dominant weedy (Agaricia
and Porites) and framework-building (Orbicella) coral taxa at each site. Punta Allen N = Punta
Allen Norte, Punta Allen C = Punta Allen Centro.
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S5 Fig. Carbonate budget trends across sites. Boxplots represent the median (+ interquartile
range) total bioerosion (tan), gross carbonate production (gray), and net carbonate production
(red) for each site. All of the rates are reported in kg CaCO3; m™ yr’l. The black horizontal line
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S6 Fig. Variations in sedimentary assemblages among sites. The non-metric multidimen-
sional scaling (nMDS) plot shows the relationship of sediment samples to the separation
amonyg sites. The species vectors shown are the sedimentary categories that contribute the
most to the separation among sites. Squares represent the sites from Punta Maroma, circles
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S1 Table. Variation in coral cover across spatial scales. Nested ANOVA results testing for
differences in mean coral cover (%) among localities and the sites nested within them.
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S2 Table. Variation in gross carbonate production across spatial scales. Nested ANOVA
results testing for differences in mean gross carbonate production (kg CaCO; m™ yr'') among
localities and the sites nested within them.
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$3 Table. Post-hoc, pairwise comparison of bioerosion rates across spatial scales. Tukey
HSD post-hoc, pairwise comparisons of mean bioerosion rates of all localities. Significant
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