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Abstract. In recent decades, extensive mortality of reef-
building corals throughout the Caribbean region has led to
the erosion of reef frameworks and declines in biodiver-
sity. Using field observations, structural models, and high-
precision U-Th dating methods, we quantify changes in
structural complexity in the major framework-building coral
Orbicella annularis over a 20-year period at Long Caye (Be-
lize). Despite extensive mortality following the mass coral
bleaching event of 1998, the structural complexity of frame-
works remained largely unchanged between 1998 (rugos-
ity index, R, of 2.35+0.1) and 2018 (R of 2.29+£0.1).
Colony-scale structural complexity was maintained, as the
rapid growth of surviving ramets (0.69 £ 0.1 cmyr~!) offset
the slower bioerosion of dead ramets (—0.1140.16 cm yr—1).
Despite the apparent stability of the structural complexity
at colony scales, bioerosion of individual dead ramets over
2 decades led to declines in microhabitat complexity, with an
overall reduction in the depth of microhabitats within frame-
works. Altered microhabitat complexity appears to have neg-
ative effects on cryptic fauna, with the grazing urchin Echi-
nometra viridis declining from 1.5 % 0.4 individuals m~2 in
1998 to 0.02+ individuals m~2 in 2018. Changes in micro-
habitat complexity have the potential to alter ecological in-
teractions that can impact recovery dynamics on coral reefs
in ways that are undetectable using traditional rugosity met-
rics of structural complexity.

1 Introduction

As an ecosystem engineer, Orbicella annularis (Ellis and
Solander, 1786) plays a critical ecosystem role as a
framework-building coral in the Caribbean (Geister, 1977)
providing reef-scale structural complexity that supports a di-
verse range of fish (Alvarez-Filip et al., 2011) and inverte-
brate (Idjadi and Edmunds, 2006) assemblages. From a ge-
ological perspective, O. annularis first appeared in the late
Pliocene to early Pleistocene (~2-1.5Myr ago, Budd and
Klaus, 2001) and linear extension of ~ 10 mm yr’1 resulted
in the accretion of modern day Caribbean coral reefs at a rate
of ~3.3 mkylr_1 (Gischler, 2008). Accretion of reef frame-
works is a key ecosystem function, providing critical habi-
tat for reef organisms and physical coastline protection from
wave erosion (Moberg and Folke, 1999).

While Caribbean coral reefs have exhibited remarkable
ecological persistence over geological time frames (Pandolfi
and Jackson, 2006), reefs throughout the region have de-
clined over the past century due to climate change, overfish-
ing and poor water quality (Knowlton and Jackson, 2008).
In recent decades, populations of O. annularis have been
decimated by recurrent coral bleaching events (Szmant and
Gassman, 1990), disease outbreaks (Pantos et al., 2003;
Bruno et al., 2003), and increasing negative interactions with
macroalgae (Ferrari et al., 2012) resulting in region-wide de-
clines of O. annularis and shifts in population structure to
higher densities of smaller colonies (Nugues, 2002; Bruck-
ner and Bruckner, 2006; Edmunds, 2015). Following the loss
of living coral tissue, the exposed coral skeleton is subjected
to a gradual process of bioerosion — the biologically induced
weakening and breaking down of coral skeletons (Glynn and
Manzello, 2015).

Published by Copernicus Publications on behalf of the European Geosciences Union.



5910

On modern-day coral reefs, grazing parrotfish are the pri-
mary bioeroders, contributing to between 79 % and 84 % of
the total bioerosion (Perry et al., 2014). Parrotfish scrape
and excavate the external surfaces of coral reef frameworks
(Clements et al., 2017), producing large volumes of carbon-
ate sediments. Colonization of exposed framework substrates
by a broad range of micro- and macro-boring organisms, in-
cluding sponges, endolithic algae, fungi, and boring inver-
tebrates further weakens coral skeletons, making them more
susceptible to physical erosion (Hutchings, 1986). The ero-
sion of reef frameworks in the Caribbean over the past few
decades has resulted in a loss of reef-scale structural com-
plexity, a process described as “flattening” (Alvarez-Filip et
al., 2009). This region-wide loss of structural complexity has
led to substantial declines in ecosystem functioning, includ-
ing reductions in biodiversity (Newman et al., 2015) and de-
creases in fisheries’ productivity (Rogers et al., 2018).

As the processes of accretion and erosion of coral reef
frameworks occur over decadal to centennial time frames
(Glynn and Manzello, 2015), few long-term in situ studies
of bioerosion exist (but see Kuffner et al., 2019). Here, we
return to a multi-decadal study of Caribbean coral frame-
works in Glovers Reef, Belize (Roff et al., 2015; Mumby,
1999). In 1998, extreme thermal stress and the impact of Hur-
ricane Mitch resulted in extensive coral mortality throughout
the Mesoamerican Barrier Reef (Mumby, 1999; Aronson et
al., 2002; Mumby et al., 2005). Projections of future thermal
stress events indicate that such mass bleaching events may
become an annual occurrence by 2040 (van Hooidonk et al.,
2015). These events are predicted to have a strong negative
impact on carbonate budgets and reef accretion (Kennedy et
al., 2013; Perry et al., 2013), yet the landscape-scale impacts
on the structure and function of coral frameworks are not
well understood. Here we quantify multi-decadal changes in
O. annularis frameworks at Long Caye (Glovers Reef) and
quantify long-term changes in structural complexity and mi-
crohabitat complexity.

2 Results and discussion

Prior to the 1998 mass bleaching event, frameworks at Long
Caye (Glovers Reef, Fig. 1a) were dominated by large long-
lived O. annularis colonies (Fig. 1b). Surveys at Long Caye
in June 1998 (10 m depth) revealed high levels of healthy O.
annularis cover (68 £ 14 %). Major coral bleaching occurred
in September 1998 following a period of calm weather and
elevated water temperatures, with 70 % to 90 % of O. an-
nularis colonies exhibiting full or partial bleaching (Roff et
al., 2015). Extensive wave damage from Hurricane Mitch in
November 1998 compounded the impacts of bleaching, with
~85% of O. annularis colonies exhibiting partial mortal-
ity (Roff et al., 2015). By June 2000, cover of O. annularis
had declined to 20 &5 %, and it remained at ~ 15 % in the
decades following the mass bleaching event despite repeated
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minor hurricane disturbances (Fig. 1c¢). Genetic analysis of
the surviving O. annularis colonies at Long Caye indicates
high levels of genotypic diversity compared with other reefs
around the Caribbean (Foster et al., 2013). Field surveys in
2018 revealed high levels of macroalgal cover and extensive
partial mortality within O. annularis colonies (Fig. 2a), with
low survival of O. annularis ramets within colonies (averag-
ing 14.1 11 %).

To determine changes in O. annularis frameworks at dif-
ferent scales, we calculated two metrics of habitat complex-
ity: (i) microhabitat complexity at the scale of individual
ramets (centimetres) and (ii) structural complexity at the
scale of whole colonies (metres). These metrics consider the
upper surfaces of O. annularis colonies, and they differ from
traditional transect-chain measurements of reef rugosity that
assess structural complexity across multiple colonies (e.g.
Alvarez-Filip et al., 2011). Microhabitat complexity of O.
annularis provides critical permanent refugia for small reef
fish and cryptic invertebrates among ramets (Almany, 2004;
Sammarco, 1982), and structural complexity at colony scales
can reduce the foraging efficiency of predators and limit prey
detection (Beukers and Jones, 1998).

2.1 Multi-decadal changes in microhabitat complexity

Prior to the 1998 mortality event, ramet heights within
colonies were consistent, resulting in an even hemispheri-
cal colony appearance (Fig. 1b). Surveys in 2018 revealed
that surviving colonies exhibited a characteristic “serrated”
topography: the isolated surviving ramets protruded above
the remaining dead colony (Figs. 2a and S1 in the Sup-
plement). As grazing parrotfish exhibit a strong tendency
to erode the surfaces rather than sides of ramets (Roff et
al., 2015), we focused on vertical erosion on the upper sur-
faces of dead ramets. We hypothesized that the differences in
growth among surviving ramets and the erosion of dead ram-
ets would result in changes in microhabitat complexity. To
test this hypothesis, we measured height differences between
live and dead ramet pairings from O. annularis colonies at
Long Caye in successive decades, 2007 and 2018 (Fig. 2b).
Measurements of ramet pairings in 2007 indicated a signif-
icant difference in height between “live” and “dead” ram-
ets of 3.1 +2.9cm (p < 0.01, Fig. 2¢), which is a trend that
increased to 15.5+3.8cm in 2018 (p < 0.01, Fig. 2c). No
significant difference in height (p > 0.05) was observed be-
tween “live-live” or “dead—dead” ramet pairings in either
2007 (0.5%+1.0,1.2+0.9cm) or 2018 (0.1£1.2,0.6£1.4 cm),
implying that the processes of growth and/or erosion occur
evenly among living and dead ramets (Fig. S1).

Using high-precision U-Th dating methods and CT scan
reconstructions, we previously quantified annual rates of ex-
ternal bioerosion and growth (linear extension) of O. annu-
laris colonies at Long Caye between 1998 and 2011 (Roff
et al., 2015). Estimates from U-Th dates indicated an aver-
age erosion rate of —0.1140.16 cm yr—!, which was in close
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Figure 1. (a) Map of Belize and the study site (inset) at Long Caye, Glovers Reef. (b) Living Orbicella annularis colonies forming a
structurally complex framework on a Caribbean reef. (¢) Time series of O. annularis cover at Glovers Reef and major disturbance events

between 1998 and 2018.
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Figure 2. (a) Orbicella annularis colonies from Long Caye in 2018, indicating high survival following the mass bleaching event (< 5 %
mortality), complete (100 %) mortality followed by algal overgrowth by Lobophora variegata, and partial mortality (~ 50 %) resulting in a
characteristic “serrated” pattern and gaps. (b) The O. annularis framework at Long Caye in 2007, showing the growth of surviving ramets
(green arrows) protruding above the eroding dead ramets (red arrows) and the difference in height between live and dead ramets (scale ruler is
equal to 15 cm). (¢) The height of “live” and “dead” ramet pairings in 2007 and 2018, showing a significant difference in height within years
and a significant difference in the average height of live ramets within years (*** denotes p < 0.001). (d) Simulated growth and bioerosion
between 1998 and 2018 based upon a linear erosion rate of 0.11 £0.03 cm yrfl and a growth rate of 0.69 £0.1 cm ylrf1 (Roff et al., 2015).
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agreement with model predictions of external erosion by ex-
cavating parrotfish (Roff et al., 2015). Within the same time
frame, linear extension (growth) of O. annularis ramets (as
quantified by density banding of skeletons) was more than
sixfold higher (0.69 4 0.1 cmyr~!) than surface bioerosion
(Roff et al., 2015). Based upon these parameters, an estimate
of the ramet height difference between 1998 and 2018 would
indicate a ~ 13.8 £ 2 cm vertical growth of surviving O. an-
nularis ramets, whereas bioerosion drove a ~ —2.2+ 1cm
loss of ramet height. The modelled net outcome of the ero-
sion and growth of ramets of A16 cm between 1998 and 2018
(Fig. 2d) is in close agreement with the observed differences
of 15.44 1.1 cm between live and dead ramets in 2018, indi-
cating that the sixfold higher growth of surviving ramets re-
sults in the observed “serrated” pattern seen in O. annularis
colonies (Fig. 2b).

2.2 Multi-decadal changes in structural complexity

To determine changes in structural complexity at colony
scales, we created a structural model of O. annularis colonies
(Fig. 3a) that was parameterized using field data collected
at Long Caye (see Sect. 4 for complete details and model
code). Briefly, the model simulates annual changes in struc-
tural complexity of 1000 O. annularis colonies between 1998
and 2018 through the growth of surviving ramets and the ero-
sion of dead ramets (Fig. 3a). Structural complexity within
each simulated colony was measured using the rugosity in-
dex (R, Fig. 3), which is a common index of rugosity on
coral reefs: a flat surface has an R of 1 and larger numbers
reflect a greater degree of structural complexity (Alvarez-
Filip et al., 2009). Prior to the bleaching event in 1998, uni-
form growth of living O. annularis ramets resulted in R val-
ues of 2.36 (95 % confidence interval, CI, of 2.3-2.4). Fol-
lowing the bleaching event, extensive partial mortality re-
sulted in the erosion of dead ramets and the growth of sur-
viving ramets. Hindcasting long-term changes in structural
complexity between 1998 and 2018 revealed high variabil-
ity among colony trajectories, with 58 % exhibiting declin-
ing rugosity, 41 % exhibiting increases in rugosity, and 1 %
exhibiting no change. Despite such variance, overall struc-
tural complexity was remarkably stable (Fig. 3b), and av-
erage values of R in 2018 were within the range of pre-
mortality levels (R of 2.31, 95% CI of 2.28-2.34). Sensi-
tivity analysis of the model indicates that changes in struc-
tural complexity between 1998 and 2018 (A R) was weakly
correlated to colony size (p of 0.1, 95 % CI of 0.04-0.15):
smaller colonies experienced declines in structural complex-
ity (Fig. 3c). Post-disturbance survival was a key driver of
change in rugosity (o of 0.79, 95 % CI of 0.75-0.8) in that
colonies that experienced high levels of within colony mor-
tality (> 80 %) also experienced declines in structural com-
plexity (Fig. 3d), whereas colonies that experienced higher
survival rates (> 20 % surviving ramets within colonies) ex-
hibited increases in structural complexity (Fig. 3d). Com-
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parisons of structural complexity reconstructed from paired
photographs of O. annularis colonies at Long Caye in 2003
and 2018 (Fig. 4a, b) validate model predictions and support
wider field observations at Glovers Reef in 2018 of surviv-
ing ramets protruding above dead O. annularis frameworks
(Fig. S1).

Losses of structural complexity following disturbance are
primarily thought to be driven by processes of erosion
(Alvarez-Filip et al., 2009; Sheppard et al., 2002; Glynn,
1988): physical disturbance and chemical dissolution com-
bined with intense internal and external bioerosion flatten
structurally complex coral reef frameworks. If processes of
bioconstruction from coral growth are weak, reefs remain in
a degraded and flattened state, as has occurred in several ar-
eas of the Caribbean to varying extents (Alvarez-Filip et al.,
2009). Here, we document changes in microhabitat complex-
ity following mass coral mortality that appear to be driven
primarily by the growth of surviving ramets of O. annularis
rather than by processes of bioerosion. High levels of geno-
typic diversity in O. annularis at Long Caye (Foster et al.,
2013) and population connectivity to other reefs through-
out the western Caribbean (Foster et al., 2012) imply that
Long Caye is not unique, and differential growth of surviv-
ing ramets may lead to similar changes in structural com-
plexity for O. annularis-dominated frameworks elsewhere in
the Caribbean (e.g. Idjadi and Edmunds, 2006; Edmunds and
Elahi, 2007) when growth rates exceed erosion. At colony
scales, changes in microhabitat complexity do not appear to
have translated into changes in reef complexity, as the ero-
sion of dead ramets is offset by the growth of surviving ram-
ets. This apparent stability in reef complexity at Long Caye
is intrinsically linked to the columnar growth form of O.
annularis colonies (Fig. 2), and trajectories of erosion and
structural complexity will likely vary among other Caribbean
coral species with different morphologies (e.g. O. faveolata).
In colonies of O. annularis that experienced partial mortal-
ity, the wide spacing among surviving ramets (Fig. 2¢) al-
lows grazing parrotfish to access previously protected skele-
ton (see initial phase Sparisoma viride, Fig. 1c). This in-
creased access to parrotfish appears to have accelerated ero-
sion rates on the sides of surviving ramets, resulting in a nar-
rowing of ramets (Fig. S1) which increases susceptibility to
physical breakage (Hein and Risk, 1975).

Long-term records of bioerosion over ecologically mean-
ingful timescales are rare; however, a recent study (Kuffner
et al., 2019) reporting exceptionally rapid rates of erosion of
dead O. faveolata reef frameworks (maximum 1.63 cmyr—')
in the Florida Keys provides important insight into the
heterogeneity of framework erosion throughout the wider
Caribbean. The low rates of O. annularis bioerosion at
Long Caye reported in the present study (—2.2 & 1 cm over
20 years) compared with the Florida Keys (9.4 £5.6 cm over
17 years) is likely due to differences in skeletal density,
1.9gcm® (Roff et al., 2015) vs. 1.12gcm? (Halley et al.,
1994), driven by the highly productive windward location of
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Figure 3. (a) Cross-sectional structural model of Orbicella annularis, indicating the method of estimating structural complexity (R refers
to the surface perimeter/width) and changes in R in 1998 (100 % live prior to mortality) and 2018 following mortality. (b) Results of 1000
model simulations of changes in structural complexity between 1997 and 2018 (grey lines) and average values across simulations (red line).
(c) Change in the structural complexity between 1998 and 2018 (A R) of 1000 simulated colonies against colony size, and (d) the proportion
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Figure 4. (a-b) Paired photographs of Orbicella. annularis
colonies from 2003 (5 years post-disturbance) and 2018 (20 years
post-disturbance) and the structural complexity (R) derived from
model simulations, showing the growth (vertical extension) of sur-
viving ramets above the colony and the erosion of dead ramets in
2018.

Glovers Reef, but it may also reflect regional differences in
the structure of bioeroding herbivore assemblages. These two
studies likely reflect the extremes of the bioerosionary spec-
trum on Caribbean reefs, and future research should focus on
understanding factors that render some frameworks more re-
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silient than others. While secondary cementation played an
important role in hardening Holocene reef frameworks (Gis-
chler and Hudson, 2004), the geochemical evidence (consis-
tent initial uranium concentrations) within modern O. annu-
laris skeletons from Long Caye (Roff et al., 2015) suggests
that secondary cementation may not necessarily play an im-
portant reinforcing role in modern corals over at least decadal
time frames.

2.3 Changing functional roles of structural complexity

At reef scales, O. annularis forms structurally complex
frameworks that underpin species richness on Caribbean
coral reefs (Newman et al., 2015). Prior to the 1998 dis-
turbance events, the narrow crevices between O. annularis
ramets provided critical refuge for scleractinian coral re-
cruits (Mumby, 1999), juvenile and small-bodied Caribbean
reef fish (Nemeth, 1998; Alvarez-Filip et al., 2011), and
the eroding echinoids Echinometra viridis (Sammarco, 1982,
Fig. 5a) and juvenile Diadema antillarum (Lessios, 1998).
E.viridis are highly abundant in patch reefs and lagoonal
reefs throughout Belize (Brown-Saracino et al., 2007), yet
they are historically less common on deeper, exposed fore-
reef habitats such as Long Caye (Peter J. Mumby, per-
sonal observation, 1998). D. antillarum have been histori-
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Figure 5. (a) Individual of Echinometra viridis among Orbicella
annularis ramets at Long Caye in 2018 maintaining a cropped
algae-free territory. (b) The density of E. viridis in the 1998, 2007,
and 2018 surveys (the error band represents the maximum upper
and lower standard deviation of the 1998 and 2008 surveys).

cally rare on the windward reef slope at Glovers Reef (Pe-
ter J. Mumby, personal observation, 1998) following the
Caribbean-wide die-off in the early 1980s (Lessios, 1988),
although surveys prior to the mass bleaching event in 1998
indicate that O. annularis frameworks supported a popula-
tion of the smaller urchin E. viridis at densities of 1.1+
0.6 individuals m~? (Fig. 5b). As E. viridis are largely lim-
ited to crevice microhabitats due to high rates of predation
(McClanahan, 1999), we hypothesize that the observed long-
term changes in microhabitat complexity among crevices at
Long Caye allowed predatory fish, such as triggerfish (Balis-
tidae) and porgies (Sparidae), increased access to these areas.
In 2007, E. viridis was observed among O. annularis micro-
habitats at a comparable density to 1998 surveys, averaging
1.5 + 0.4 individuals m~2 to a maximum of 14.3 individuals
m~2 (Fig. 4b). A total of 10 years later, in 2018, we repeated
surveys across the same study area at Long Caye, and only a
single E. viridis was recorded in 40 colonies, resulting in an
average density of just 0.0240.02 individuals m~2 (Fig. 5b).

While further experimental work is needed to quantify
size thresholds of refugia by which urchins escape predation,
these observations are consistent with the hypothesis that
bioerosion of reef frameworks results in a reduced crevice
depth for refuge, which, in turn, affects E. viridis densities
by allowing invertivorous fish increased access to these areas,
resulting in higher urchin mortality. Declines in the minimum
ramet depth from 6.613.9 cm in 2007 to 4.8+£2.1 cm in 2018
(Fig. 2c) are consistent with our previous U-Th estimates of
bioerosion at Long Caye (Roff et al., 2015). We hypothe-
size that as O. annularis ramets erode, the loss of the upper
ramet lobes results in increased ramet spacing and a wider
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aperture of the crevices. As parrotfish preferentially target
convex surfaces of dead coral substrates (Roff et al., 2011),
bioerosion of ramet edges can further widen the aperture
of crevices, further facilitating invertivore access and dimin-
ishing refuge potential. Population dynamics of urchins are
complex and result from complex interactions between top-
down and bottom-up factors (Tebbett and Bellwood, 2018).
Higher biomass of invertivores inside of marine protected ar-
eas can substantially increase predation pressure on urchins
(Harborne et al., 2009) and may explain the rapid decline in
E. viridis at Long Caye following diminished refuge poten-
tial between surveys. As Long Caye has been an enforced
marine reserve since 1996, an alternative explanation for our
observed data could be that urchin numbers have declined
in response to increased predation pressure following the re-
covery of invertivorous fish assemblages. While plausible,
we discount this hypothesis as invertivores were not heav-
ily exploited prior to 1996 when the reserve was established,
and surveys of fish assemblages indicate no change in in-
vertivores over time (Peter J. Mumby, personal observation,
2018).

Densities of E. viridis in the deeper exposed fore-reef habi-
tat at Long Caye are substantially lower than reported for
other shallow patch reef and lagoonal reef habitats in Be-
lize (as high as 4017 individuals m~2, Brown-Saracino et al.,
2007). However, even at low densities (< 2 individuals m_z)
the E. viridis density is positively related to coral cover
(Bologna et al., 2012), implying a functional link. As E.
viridis can play an important role in structuring reef commu-
nities by maintaining algae-free space within ramet crevices
(Fig. 5a) and, in turn, facilitating coral recruitment (Sam-
marco, 1982), losses of these urchins may have resulted in
small-scale increases in macroalgal cover within the O. an-
nularis framework microhabitats — notably Lobophora spp.
(Fig. 1c) — which can reduce coral recruitment and impede
future recovery potential (Mumby et al., 2007). As an ecosys-
tem engineer, the structural complexity constructed by O. an-
nularis provides critical refuge for a diverse range of inver-
tebrate fauna (Buss and Jackson, 1979; Idjadi and Edmunds,
2006). As diversity is positively related to structural com-
plexity and not coral cover (Idjadi and Edmunds, 2006), we
expect to see similar declines in other motile and sessile in-
vertebrate taxa that seek refuge in O. annularis microhabi-
tats.

3 Structural complexity and the decline in reef
frameworks in the 21st century

In recent decades, declines in coral cover and losses of
keystone species have resulted in region-wide reductions in
structural complexity throughout the Caribbean (Alvarez-
Filip et al., 2009). Here we highlight how small-scale
changes in microhabitat complexity have the potential to al-
ter ecological interactions that can impact recovery dynamics

https://doi.org/10.5194/bg-17-5909-2020
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in ways that are undetectable using standardized metrics of
structural complexity.

While losses of key microhabitat complexity may have
cascading effects on diversity and ecosystem function, our
results indicate that structural complexity at colony scales
can be remarkably robust. Given the recent widespread re-
cruitment failure of Caribbean corals (Hughes and Tanner,
2000) and the low recruitment rates of O. annularis in gen-
eral (Edmunds, 2002), the potential for recovery and the
long-term future of O. annularis frameworks at Long Caye
in the 21st century is unclear. However, 2 decades after mass
mortality at Long Caye, levels of coral cover in 2018 re-
main above the ~ 10 % live-coral-cover threshold needed
to maintain a positive state of reef accretion (Roff et al.,
2015; Perry et al., 2013). While not explicitly incorporated
in our erosion model, slower rates of external bioerosion
on the sides of ramets and ongoing bioerosion from micro-
and macro-borers over decadal scales (Roff et al., 2015)
will likely weaken skeletal structural integrity in O. annu-
laris (Highsmith et al., 1983), facilitating mechanical break-
age and storm-driven loss of now protruding surviving ram-
ets (Fig. S1) and likely resulting in non-linear increases in
framework loss over longer timescales (2050 and beyond).

4 Methods

This study was conducted in Long Caye (Glovers Reef, Be-
lize, Fig. 1a). The reef framework at Long Caye is formed
primarily from monospecific stands of O. annularis (El-
lis and Solander, 1786) that experienced widespread mor-
tality following anomalously high water temperatures (29—
32°C) between early September and mid-November 1998
and during hurricane Mitch, which occurred simultaneously
(Mumby, 1999). Field data were collected in 1998, 2003,
2007, and 2018 from an approximately 400m?” area of
monospecific O. annularis-dominated framework of at a
depth of between 6 and 12m. O. annularis forms part of
a species complex (the “Orbicella annularis species com-
plex”) along with O. faveolata and O. franksi. Each species
within the complex exhibits a preferred depth zone: O. faveo-
lata dominates shallow reef habitats, O. annularis dominates
mid-depth habitats, and O. franksi is found in deeper water
(Pandolfi and Budd, 2008).

4.1 Microhabitat complexity

Surveys and measurements of O. annularis colonies were
conducted at a depth of between 6 and 12 m at Long Caye in
March 2007 and May 2018. At both time points, colonies of
O. annularis were selected among the framework at random
using a system of fin-kicks and compass bearings. A min-
imum distance of ~ 5 m was maintained between measured
colonies, and ramets with signs of recent death were avoided.
For each colony, we selected neighbouring ramet pairs from
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the central part of the colony (n =2-3 per colony) and as-
signed them to one of three states: “live-live” pairing, “live—
dead” pairing, or “dead—dead” pairing (n = 20 ramet pair
measurements for each state in 2007; n = 30 ramet pair mea-
surements for each state in 2018). The difference in height
between each neighbouring ramet pair was quantified using
a ruler or calipers to determine differences in the microhabi-
tat complexity within O. annularis colonies. Differences be-
tween 2007 and 2018 were tested with a linear mixed effects
model using R software (R Core Team, 2019) with “year”
and “state” as fixed factors and “colony” as a random factor.

4.2 Structural complexity

To assess changes in rugosity at the colony scale in the
2 decades following the mass mortality, we created a struc-
tural model of O. annularis colonies that was parameterized
using field data collected at Long Caye. The surface struc-
tural complexity of O. annularis colonies was modelled us-
ing a simple cross-sectional topography of ramets and colony
widths (Fig. 4a, see R code in the Supplement). Colony
widths were determined from in situ measurements of 95
colonies at Long Caye in 2000, and ramet heights (from the
top to the base of the ramet within colonies) and widths were
measured from 30 ramets within colonies in 2000 (Roff et
al., 2015). The model simulates 1000 colonies of O. annu-
laris, randomly sampling from colony width measurements,
and uses measurements of ramet diameter and ramet spac-
ing to determine the number of ramets within colonies. Prior
to the 1998 mortality event, the ratio of live to dead ram-
ets within colonies was determined from surveys of pre-
disturbance O. annularis in 1998, where 97.8 % of O. an-
nularis ramets were alive (Roff et al., 2015). The ratio of live
to dead ramets 20 years after the 1998 mortality event was
determined from surveys of 25 colonies of O. annularis at
Long Caye in 2018. Surviving ramets were subject to annual
linear extension (sampled at random from CT-scan-derived
skeletal growth measurements at Long Caye between 2006
and 2011; Roff et al., 2015), whereas dead ramets underwent
annual external linear bioerosion (sampled at random from
U-Th-derived measurements of O. annularis at Long Caye
between 1998 and 2011; Roff et al., 2015). Annual changes
in structural complexity within each simulated colony be-
tween 1998 and 2018 was measured using the rugosity index
(R; Alvarez-Filip et al., 2009), which is a ratio between the
width of the colony and the external surface (i.e. the sum of
ramet height, ramet width, and inter-ramet spacing). Corre-
lations between changes in rugosity (1998-2018) and colony
width, post-bleaching survival, and both the number of live
and dead ramets within simulated colonies was determined
using Pearson’s product moment correlation coefficient (p)
with the cor.test function (“stats” package) in R (R Core
Team, 2019).
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4.3 Urchin densities

To examine local ecological impacts of changes in the ramet
size distribution, we conducted a census of the density of the
urchin Echinometra viridis, which occupies the interstitial
space between ramets. Surveys of at Long Caye in 1998 were
conducted using five 10m x0.5 m transects and found that
urchins were dominated by E.viridis within ramets of O. an-
nularis framework (Mumby et al., 2005). In subsequent sur-
vey years (2007 and 2018), urchin surveys were conducted
on a per colony basis, and the number of urchins within
each O. annularis colony was standardized to the colony area
to give the number of individuals per square metre (2007:
n = 50 colonies; 2018: n = 40 colonies).

Data availability. The complete R code for the structural model is
provided in the Supplement, and underlying survey data are avail-
able upon request.

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/bg-17-5909-2020-supplement.
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