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Abstract Recurrent climate-driven warming events, which
can induce severe coral bleaching and mortality on tropical
reefs, are predicted to cause homogenisation of coral com-
munities and loss of ecosystem functions in shallow reef sys-
tems (< 30 m). However, data documenting the variation in
coral carbonate production across depth are limited. Here we
explore differences in coral cover, community composition,
coral colony size structure and carbonate production rates
between two depths (10 m and 17.5 m) across four atolls in
the remote Chagos Archipelago. We show higher coral car-
bonate production rates at 10 m (4.82+0.27 G, where G=kg
CaCO;, m~2 yr~') compared to sites at 17.5 m (3.1+£0.18
G). The main carbonate producers at 10 m consisted of fast-
growing branching and tabular corals (mainly Acroporids)
and massive corals (mainly Porites), with high abundances
of medium- and large-sized colonies. In contrast, coral car-
bonate production at 17.5 m was driven by slow-growing
encrusting and foliose morphotypes and small colony sizes.
Utilising a dataset following 67 years of recovery after the
2015-2017 bleaching event, our results show that depth-
homogenisation of coral communities was temporary and
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carbonate production rates at 10 m depth recovered quicker
at 3 of 4 studied atolls. The exception is Great Chagos Bank
where slower recovery of branching and tabular corals at
10 m has led to a longer-lasting depth-homogenisation of
carbonate production rates. The latter example cautions
that more frequent bleaching events may drive increasing
homogenisation of carbonate production rates across depth
gradients, with implications for vital reef geo-ecological
functions.

Keywords Coral carbonate production rates - Depth
zonation - Colony size - Coral morphotypes - Coral reefs -
Remote reef system

Introduction

Reef carbonate budgets are a measure of the net balance
between calcium carbonate production and erosion on coral
reefs (Chave et al. 1972). A positive net balance is neces-
sary for the structural development and maintenance of a
functional coral reef framework (Perry et al. 2008). Scle-
ractinian corals dominate carbonate production and serve
as foundation species by providing the three-dimensional
structure, with additional carbonate deposited by crustose
coralline algae (CCA) and sedimentary import (Chave et al.
1972; Perry et al. 2012). Erosion on reefs occurs as a result
of physical disturbances (cyclones and storms), chemical
dissolution, bioerosion by grazing parrotfish and sea urchins,
and bioerosion by endolithic macro- and microborers such
as sponges, worms and bivalves (Scoffin 1993; Glynn and
Manzello 2015). By summing calcium carbonate produc-
tion and bioerosion, the biological aspects of reef carbonate
budgets can serve as a quantitative metric to assess vital
reef geo-ecological functions (Mace et al. 2014; Brandl et al.
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2019). These functions include the provision of habitat for
fish and other reef-associated organisms (Graham and Nash
2013; Ferrari et al. 2018), coastal protection through wave
energy dissipation (Ferrario et al. 2014; Beck et al. 2018)
and sediment generation to maintain beaches and shorelines
(Kench and Cowell 2000; Laing et al. 2020); which in turn
affect ecosystem goods and services that coral reefs provide
(Kennedy et al. 2013; Woodhead et al. 2019).

Regulated by various biophysical factors, carbonate budg-
ets can vary greatly within and across reefs (Takeshita et al.
2018; Brown et al. 2021; Edmunds and Perry 2023; Kahng
et al. 2023). Abiotic variables such as light, temperature,
pH, alkalinity, nutrient regime, and aragonite saturation state
drive variation in calcification and dissolution rates across
reefs (Albright et al. 2016; Januchowski-Hartley et al. 2017;
Ross et al. 2019). Larger scale oceanographic forcings such
as wave exposure, currents and upwelling import and export
nutrients and sediments (Falter et al. 2013; Eyre et al. 2014),
alter seawater chemistry through water circulation, thereby
influencing reef community composition and reef-building
capacity (Lange et al. 2021; Rodriguez-Ruano et al. 2023).
Whilst reefs with few hard corals tend to display low-positive
or net-negative budget states as bioerosion from parrotfish,
urchins and sponges exceeds carbonate production (Perry
et al. 2014; Edmunds and Perry 2023), coral-dominated
reefs typically show highly positive net carbonate budgets
(van Woesik and Cacciapaglia 2018; Lange and Perry 2019;
Brown et al. 2021; Cornwall et al. 2023). Additionally, vari-
ation in coral population structure, including coral diversity,
colony size and morphology drives differences in carbonate
budgets across reefs (Carlot et al. 2021; Lange et al. 2022).

Given the natural depth-zonation patterns of coral reef
communities (Edmunds and Leichter 2016; Roberts et al.
2019; Sannassy Pilly et al. 2022), that occur as a result of
biophysical changes across depth gradients (Levin 1992;
Couce et al. 2012; Williams et al. 2018), it is assumed
that reef carbonate budgets will also vary markedly with
depth (Perry and Alvarez-Filip 2019). While an increas-
ing number of studies are now assessing temporal and
spatial changes in reef carbonate budgets, the variability
across depth gradients is largely unknown (97% of carbon-
ate budget data are from reefs < 10 m depth, Lange et al.
2020). As light, temperature, aragonite saturation state and
wave exposure attenuate with increasing depth, coral com-
munity assemblages shift (Roik et al. 2018). Slow-growing
encrusting and foliose growth forms gain an advantage
(Kahng et al. 2019) as these morphologies can optimise
light capture in deeper reef zones (Titlyanov and Titly-
anova 2002; DiPerna et al. 2018), but have low calcifica-
tion rates (Kahng et al. 2023). In contrast, exposed shal-
low areas are typically dominated by structurally complex
branching and massive species with high calcification rates
(Marcelino et al. 2013; Guest et al. 2016). These changes
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in coral community composition with increasing depth are
expected to alter community carbonate production.

Whilst it is evident that ocean-warming events can sig-
nificantly alter reef carbonate production and erosion pro-
cesses on shallow reefs (Lange et al. 2022; Edmunds and
Perry 2023), the magnitude of these changes at interme-
diate depths (> 10 m <30 m) are poorly described. Given
increasing evidence of bleaching and mortality across both
shallow (< 30 m) and mesophotic reefs (> 30 m) (Smith
et al. 2016; Sheppard et al. 2017; Muir et al. 2017; Morais
and Santos 2018; Schramek et al. 2018; Frade et al. 2018;
Baird et al. 2018; Crosbie et al. 2019; Venegas et al. 2019;
Diaz et al. 2023b), it is reasonable to assume that subse-
quent alterations in coral reef communities will impact
carbonate budgets across depth. However, a lack of data
currently limits our understanding of whether bleaching
events lead to depth-homogenisation of primary frame-
work production. Here, we address this knowledge gap by
examining differences in coral carbonate production rates
across two depths (10 m and 17.5 m) on forereefs of four
atolls in the remote Chagos Archipelago, 6-7 years after
the 2015-2017 bleaching event. We evaluate the influence
of coral cover, coral morphotypes, and colony size classes
on carbonate production rates and discuss variable depth
effects across atolls.

Method
Study Sites

Coral carbonate production rates were estimated on the for-
ereef slopes of the Chagos Archipelago. Uninhabited since
the early 1970s (except the US military base in the southern
atoll, Diego Garcia), this remote reef system constitutes five
atolls, located in the central Indian Ocean, about 500 km
south of the Maldives (Sheppard 1999). A total of 16 sites
(n=4 sites/atoll) were surveyed from December 2021 to
January 2022, spanning four atolls: Peros Banhos, Salo-
mon, Great Chagos Bank and Egmont (Fig. 1, Table S1).
At each site, data were collected at two depths: 10 m and
17.5 m, using 30 photo quadrats (0.5X 0.5 m area) laid along
three 10 m long transects (n =10 photo-quadrats/transect)
at each depth. All sites showed an overall decline in hard
coral cover following successive marine heatwaves from
2015-2017 across depths from 5-25 m (Sannassy Pilly et al
2024). The greatest loss in coral cover was observed between
5 and 10 m and declined with increasing depth (Sannassy
Pilly et al 2024). In 2021, coral communities in the shallows
(< 10 m) showed an overall shift from branching and tabular
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Fig. 1 Map of sampled sites (red points) around surveyed atolls (in bold) in the Chagos Archipelago—northern atolls; Peros Banhos, Salomon
and southern atolls; Great Chagos Bank and Egmont—see Table S1 for list of sites and coordinates
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morphologies to dominance by Porites spp. and encrusting
taxa across all sites (Lange et al 2022).

Benthic community composition

Benthic community composition at each site was assessed
using the web-based annotation tool CoralNet (Beijbom
et al. 2015). Using a stratified random design, 15 points
were overlaid on each photo quadrat to identify benthic
groups directly below, including: hard coral, soft coral, crus-
tose coralline algae (CCA), turf algae, fleshy macroalgae,
Halimeda spp., sponge, sand, rubble, reef pavement, dead
coral, bleached coral and “Other” (comprising zoanthids,
bryozoans, ascidians, corallimorphs, anemones, clams, and
bivalves). Where benthic group identification was limited
due to shadowing or blurriness, the “Unknown" classification
was chosen. The “hard coral® group was further classified as
7 morphotype classes and 2 dominant coral genera: tabular
Acropora, branching Acropora, massive Porites, branching,
massive, columnar, encrusting, foliose, and free-living. The
classification of benthic groups was based on the NOAA
Coral Reef Information System (NOAA 2014) and the 2022
edition of the Indo—Pacific Coral Finder (Kelley 2022).

Coral carbonate production

Coral carbonate production rates were estimated using the
Indo-Pacific ReefBudget methodology (Perry et al. 2018;
Lange et al. 2022) after converting coral colony lengths
measured from planar quadrat images to colony contour
lengths using the Coral Colony Rugosity Index (CCRI)
(Husband et al. 2022). First, each photo-quadrat was cali-
brated in the image analysis software JMicrovision (v1.3.4)
by drawing a 10 cm line along a scale placed in each photo-
quadrat. After calibration, using the 1D measuring function,
the planar length of every live coral colony along 3 horizon-
tal lines (50 cm each) was measured in each photo-quad-
rat. This provided 1.5 m of survey line per photo-quadrat
and a total of 15 m of survey line per transect (1.5 mx 10
photo-quadrats/transect). Each coral colony was identified to
genus (a total of 37 genera were identified) and morphologi-
cal level (7 different morphotypes) (e.g., Acropora tabular,
Porites massive, etc.). Where a line fell on a coral colony
that could not be identified to genus level due to partial vis-
ibility, corals were assigned a morphotype classification only
(e.g., branching coral, massive coral). The planar length of
each coral colony was then converted to its topographic con-
tour length using appropriate taxa-specific rugosity values
(R..,,) from the CCRI method (sensu Husband et al. 2022):

coral

To calculate total coral carbonate production rates,
or Coral G (where G=kg CaCO; m~2 yr~!), the contour
length of each coral colony along with the genera-morpho-
type information was input into the Indo-Pacific ReefBudget
coral carbonate spreadsheet (Perry et al. 2018; available at
https:// geography.exeter.ac.uk/reefbudget/). The spreadsheet
was modified to include local coral growth rates and skel-
etal densities to provide more accurate carbonate production
estimates for the Chagos Archipelago (sensu Lange et al.
2022). Coral growth rates were measured for 64 individ-
ual coral colonies from 22 dominant genera-morphotypes
(Lange and Perry 2020), and skeletal densities assessed for
136 individual coral colonies from 35 genera-morphotypes
(Lange et al. 2022). In the absence of coral growth rates at
depths > 10 m, calcification rates from 8—10 m sites were
used as a proxy to estimate total carbonate production rates
at both 10 m and 17.5 m.

Coral colony size structure

Coral colony sizes were extracted from the dataset to assess
the variability in colony size structure across depths and
atolls. As described above, coral colony size was measured
as planar length but converted to contour length using the
Coral Colony Rugosity Index (CCRI) (Husband et al. 2022).
Identified genera were grouped into: tabular Acropora,
branching Acropora (mainly caespito-corymbose, digitate
and few arborescent), massive Porites, branching (all taxa
excluding Acropora), and massive (all other massive, sub-
massive and columnar taxa), encrusting (all taxa), foliose
(all taxa) and “other™ (plating, frondose and free-living), fol-
lowing Lange et al (2022). A total of 4858 colony sizes were
recorded across all morphotypes, depths, atolls, and sites.

Statistical analyses
Community composition

To assess whether benthic communities varied across depths
and atolls, composition was visualised at two taxonomic lev-
els: 1) proportional cover of benthic groups (hard coral, soft
coral, sponge, turf algae, fleshy macroalgae, CCA, Halimeda
spp., sand, rubble, reef pavement, dead coral, and ‘Other’)
and 2) proportional cover of the hard coral assemblage
(identified to genus level), using non-metric multidimen-
sional scaling (nMDS: vegan package, Oksanen 2015) based
on Bray—Curtis dissimilarity matrices on square-root trans-
formed data. The nMDS was computed on 3 dimensions

Coral colony contour length = Colony planar length X Taxa — specific R, value
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(k=3) with ordination stress values < 0.2, which was evalu-
ated with a scree plot. Envfit analyses were performed to
identify: 1) benthic groups, and 2) coral taxa that signifi-
cantly contributed to average dissimilarity among sites and
across depth (envfit: vegan package). The strength of the
association of benthic groups and coral taxa to the ordina-
tion was determined by permutation-based p-values using
9999 permutations.

To examine differences in benthic community compo-
sition across depths and atolls, two-way nested permuta-
tional multivariate analyses of variance (PERMANOVA;
Anderson 2017) were performed on: 1) benthic groups, and
2) hard coral assemblage as a function of the interaction
between depth (2 levels, fixed factor) and atolls (4 levels,
fixed factor), with site (random factor) nested in atoll (using
9999 permutations; adonis2: vegan package). Where a sig-
nificant interaction between depth and atoll was found, fur-
ther within-atoll analyses were carried out to identify the
depth-dependent effects at each atoll, using one-way nested
PERMANOVAs. Where benthic groups and hard coral
assemblage varied significantly among atolls, pairwise tests
were used to compare differences among atolls (using 9999
permutations, permanova_pairwise: ecole package, Smith
2021). Multivariate homogeneity tests (betadisper: vegan
package) indicated similar dispersion means for benthic
groups and hard coral assemblages among atolls. Margin-
ally lower dispersion means were observed in hard coral
assemblages at 10 m compared to sites at 17.5 m, indicating
differences in hard coral assemblages between depths might
not be solely due to variation in hard coral composition, but
also due to differences in dispersion (Table S3).

Coral cover and carbonate production

To assess the difference in proportional coral cover and
total coral carbonate production across depths and atolls,
we ran linear hierarchical models within a Bayesian frame-
work (brm: brms package, Biirkner 2018). Using a gauss-
ian distribution, a) total coral cover and b) coral carbonate
production (response variables) were modelled as a function
of an interaction between depth and atoll (population-level
effects). Site (group-level effect) was nested in atoll to con-
trol for the natural variation in proportional coral cover and
coral carbonate production between sites. Models were fitted
with 2000 iterations across 4 chains, using the Markov Chain
Monte Carlo (MCMC) algorithm and weakly informative
priors on the regression parameters in the model (Table S2).
All posterior samples were extracted from 4000 draws to
simulate the response variables. Posterior distributions were
assessed using Gelman-Ruban convergence R-hat values
of <1.05 and a minimum effective sample size (ESS) of
> 1000 for all parameters (Gelman et al. 2013). Posterior
predictive checks were used to assess model fits (bayesplot

package, Gabry and Mahr 2017 and tidybayes package Kay
2022). The influence of each predictor (depth and atoll) on
response variables was assessed using average marginal
effects (emmeans: emmeans package, Lenth 2022). Uncer-
tainty related to the models’ posterior estimates (median)
was interpreted with 65% and 95% credible intervals. Strong
and weak evidence of an effect was interpreted when 95%
and 65% of the intervals did not intercept zero, respectively
(Robinson et al. 2019; Gonzalez-Barrios et al. 2021).

The effect of depth on the proportional contribution of
different coral morphotypes to total carbonate production
was examined using a set of generalised linear mixed-effects
models (GLMMs). GLMMs, fitted with a beta distribution
and logit-link function, and zero-inflation extensions when
proportional data were over-dispersed and zero-inflated
(glmmTMB: glmmTMB package, Brooks et al. 2017),
were used to model the difference in proportional contribu-
tion of six coral morphotypes (tabular Acropora, branching
Acropora, massive Porites, branching, massive, encrust-
ing/foliose) across depths (fixed factor: 2 levels) and atolls
(fixed factor: 4 levels). Site (random effect) was nested in
atoll to constrain natural variation across transects at site
level. Assumptions of normality and homoskedasticity were
visually assessed using residual plots (plotQQunif, plotRe-
siduals: DHARMa package, Hartig 2022). Rarely occurring
morphotypes such as free-living, plating, and frondose were
not included in these analyses.

Coral colony size structure

Size-frequency distributions and size-class abundance across
depths and atolls were plotted to visualise the difference in
colony size structure for: 1) all colonies and 2) each morpho-
type. Following statistical analyses in Dietzel et al (2020)
and Lange et al (2022), general linear mixed effect models
(Imer: ImerTest package, Kuznetsova et al. 2017) were run
to assess the difference in mean size and standard deviation
(SD) of all colonies and skewness of size-frequency distribu-
tion across depth and atolls. Homogeneity of variance and
normality checks were performed using Shapiro—Wilk and
Levene tests and visualised using residual plots. Size-class
abundance were obtained for log-transformed colony size
data, which were binned into small (first quintile), medium
(second-fourth quintile) and large (fifth quintile) colonies.
Using bootstrap resampling (n=1000), uncertainties in the
difference in size-class between depths were assessed for: 1)
all colonies, and 2) each morphotype. The relative percent-
age difference in size-class abundance was then calculated
as follows:

No of colonies at 17.5m — No of colonies at 10 m

100
No of colonies at 10 m *
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All statistical analyses were carried out in R 4.1.1 (R
Development Core Team 2021). Data were visually assessed
using tidyverse package (Wickham et al. 2019).

Results
Benthic community composition

Benthic community composition was different across depths,
with higher cover of hard coral and CCA at 10 m and higher
cover of macroalgae and turf algae at 17.5 m (Fig. 2). PER-
MANOVAs indicated significant depth-by-atoll interactions
(Table S3), indicating that the difference in benthic commu-
nities with depth varied among atolls. However, within-atoll
analyses revealed significant variation in benthic community
composition between depths in each of the four atolls, which
in the case of Great Chagos Bank could partially be influ-
enced by variation among sites (Figure S1, Table S3).
Hard coral assemblages showed significant differences
across depths and atolls, with higher cover of Acropora and
other branching corals at 10 m and at Salomon and Egmont
(Fig. 2, Table S3). Pairwise comparisons indicated that the

overall hard coral assemblage at Egmont was significantly
different from those in the Great Chagos Bank, Peros Ban-
hos and Salomon, and the hard coral community at Great
Chagos Bank was significantly different to that at Salomon
(Table S4).

Coral cover and carbonate production

Total hard coral cover ranged from 10.9+0.7% to
33.4+2.1% (mean = standard error of the mean [SEM])
across both depths and was consistently higher at 10 m
(22.9+1.5%) than at 17.5 m (17.3 +0.8%) (Fig. 3, Table 1).
There was significant variation in total hard coral cover
among atolls, with both Egmont and Salomon showing
higher hard coral cover compared to Peros Banhos and Great
Chagos Bank at both depths (Fig. 3, Table 1). Similar trends
were observed in coral carbonate production rates across
depths. Mean coral carbonate production was higher at 10 m
(5.6+0.4 G) than at 17.5 m (4.0+0.2 G) for all atolls, except
at Great Chagos Bank where carbonate production rates
were low and no difference was observed between depths,
as indicated by the overlap in posterior distributions (Fig. 3,
Table 1).
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Fig. 2 Non-metric multi-dimensional scaling (nMDS) plots of (a) troids at 95% confidence interval—symbols indicate surveyed

benthic groups and (b) hard coral assemblage from 16 sites in the
Chagos Archipelago, showing clustering of communities between
depth: 10 m and 17.5 m, based on Bray—Curtis dissimilarities of
square-root transformed data. Ellipses represent dispersion of com-
munities at 10 m (yellow) and 17.5 m (blue) from community cen-
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atolls—Egmont (EG), Great Chagos Bank (GCB), Peros Banhos (PB)
and Salomon (SA). Overlaid (a) benthic groups and (b) coral taxa
represent taxonomic groups that significantly contributed to the pat-
terns on the ordination configuration
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Fig. 3 Comparison of (a) coral cover and (b) total coral carbonate
production between 10 m and 17.5 m reefs and predicted posterior
distributions of standardised effects of depth at atolls: Egmont (EG),

Contribution of coral morphotypes to total coral
carbonate production

There was significant variation in the relative contribution
of different coral morphotypes to coral carbonate produc-
tion between depths (Figure S2, Table 2, Table S5). Reefs
at 10 m had higher contributions from both branching Acro-
pora (10 m: 29.8 +3.4%; 17.5 m: 20.1 +3.0%; Table S6) and
tabular Acropora (10 m: 10.8 £2.5%; 17.5 m: 3.5+ 1.1%;
Table S5). Encrusting and foliose (10 m: 20.0 +2.0%;
17.5 m: 33.7+2.4%, Table S5) and massive corals (10 m:
2.6+0.6%; 17.5m: 7.8+ 1.2%, Table S5) contributed more
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Great Chagos Bank (GCB), Peros Banhos (PB) and Salomon (SA).
Points in posterior distributions indicate median estimates and bars
represent 65% and 95% credible intervals

at 17.5 m depth. There was no significant difference in car-
bonate production from massive Porites (10 m: 19.9 +£2.6%;
17.5 m: 19.4 +1.9%; Table S5) and other branching corals
(10m: 12.8 +£2.1%; 17.5 m: 10.0 £2.2%; Table S5) between
depths.

All coral morphotypes, except massive Porites showed
significant atoll-dependent variation in their relative con-
tribution to total carbonate production (Table S5). Pair-
wise comparisons indicated that Egmont had higher rela-
tive carbonate production from branching Acropora than
Great Chagos Bank (Tukey, t(85)=2.69, p=0.04), but
had significantly lower relative contributions from other
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Table 1 Coral cover and total coral carbonate production (Coral G)
(from multilevel Bayesian models, mean+SE) at 10 m and 17.5 m
reefs at atolls: Egmont (EG), Great Chagos Bank (GCB), Peros Ban-
hos (PB) and Salomon (SA)

Atoll Depth Coral cover Coral G
Mean+SE Mean =+ SE
EG 10 m 329+3.6 6.0+0.7
17.5m 21.4+25 29+0.5
GCB 10 m 114+19 1.7+£0.3
17.5m 13.4+25 2.0+0.4
PB 10m 229425 3.6+0.5
17.5m 16.8+3.3 2.1+£0.5
SA 10 m 29.1+3.6 54+0.6
17.5 m 20.4+3.3 3.0+0.5

branching corals compared to Great Chagos Bank (Tukey,
t(85)=-3.81, p=0.002) and Peros Banhos (Tukey,
t(85)=—-13.00, p=0.02). Salomon showed higher relative
carbonate production from tabular Acropora than Peros Ban-
hos (Tukey, t(85) =—3.69, p=0.002) but had lower relative
contributions from massive corals compared to Great Cha-
gos Bank (Tukey, t(85)=3.50, p=0.004).

Coral colony size structure

Significant variation in coral population size structures was
recorded between depths and among atolls. A total of 2485
and 2373 coral colonies were recorded at 10 m and 17.5 m,
respectively, with a higher mean coral colony size at 10 m
(14.7+0.4 cm) compared to 17.5 m sites (10.6 +£0.3 cm)
(Fig. 4, Table S6, Table S7). The standard deviation (SD)
of colony size also declined with increasing depth (except
at Great Chagos Bank and Peros Banhos, Fig. 4, Table S6,
Table S7), indicating a less varied colony size structure on
17.5 m reefs compared to those at 10 m. These differences
in coral population structure between depths were most pro-
nounced at Egmont (Table S7, Table S8, Tukey, mean col-
ony size: t(12)=7.79, p<0.001; SD: t(12)=4.17, p=0.001)
and Salomon (Table S7, Table S8, Tukey, mean colony size:
t(12)=4.49, p<0.001; SD: t(12)=3.01, p=0.011). Overall
coral colony size distributions were positively skewed and
showed higher positive values at 10 m independent of atoll
(Fig. 4, Table S6, Table S7), suggesting that the shallower
reefs of all atolls had a higher abundance of medium- and
large-sized colonies.

Comparisons of taxa-specific size class distributions
showed more detailed differences among both depths and

Table 2 Percentage cover (%)

. e Atoll MCG Cover (%) Prop Coral G (%)

and proportional contribution

of morphotypes to total coral 10 m 17.5m 10 m 17.5m

carbonate production (prop

Coral G%) between 10 m and EG Branching 2.77+0.79 2.52+1.35 3.40+1.03 244+1.34

17.5 m reefs at atolls: Egmont Enc/Fol 11.33+1.78 36.60+6.12 12514234 35.37+5.62

(EG), Great Chagos Bank Massive 145029 10.98+2.95 1224031 10.33+2.80

(GCB), Peros Banhos (PB)

and Salomon (SA). Enc/Fol: Branch Acro 45.57+7.46 25.66+6.50 46.24+7.65 30.37+7.47

Encrusting/Foliose, Branch Massive Por 31.71+£7.79 20.26+5.15 27.09+7.36 15.69+4.27

Acro: Branching Acropora, Tab Acro 5.21+2.52 1.07+0.79 7.65+3.46 1.86+1.32

Massive Por: Massive Porites, GCB Branching 9.44+2.52 13.90+7.18 11.66+2.99 15.43+7.24

Tab Acro: Tabular Acropora
Enc/Fol 31.70+4.73 39.84+5.08 31.23+4.47 38.83+£5.25
Massive 3.74+1.50 10.01+2.13 4.62+1.86 9.46 +2.66
Branch Acro 23.53+5.73 6.20+2.22 24.08+6.16 7.92+3.18
Massive Por 26.21+4.16 26.01+4.05 21.40+3.92 22.13+3.87
Tab Acro 1.68+1.13 0.00+0.00 2.36+1.59 0.00+0.00

PB Branching 17.79+5.53 10.08+3.16 18.70+5.61 11.49+3.80
Enc/Fol 18.38+3.51 29.27+4.62 18.14+3.77 29.78 +4.34
Massive 3.11+1.08 11.46+3.38 2.11+0.72 8.63+£2.61
Branch Acro 24.07+6.30 15.49+5.08 27.46+6.61 20.17+6.14
Massive Por 26.42+4.97 26.45+3.64 20.56 +4.28 21.79+3.71
Tab Acro 2.55+1.28 0.88+0.61 5.09+1.97 1.60+0.96
SA Branching 16.49+4.09 9.91+2.55 17.40+4.55 10.63+2.92

Enc/Fol 19.37+3.61 32.66+3.85 17.94+3.59 30.87+4.01
Massive 2.05+0.48 3.79+0.70 2.24+0.81 2.97+0.57
Branch Acro 20.93+4.01 17.66+4.87 21.53+4.18 22.03+5.41
Massive Por 15.11+4.81 23.28+4.25 10.66+3.55 17.95+3.52
Tab Acro 23.84+6.49 6.53+2.37 28.13+7.07 10.56 +3.40
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Fig. 4 Comparison of coral colony size-frequency distributions
between 10 m and 17.5 m reefs at atolls: Egmont (EG), Great Chagos
Bank (GCB), Peros Banhos (PB) and Salomon (SA) (top); and varia-

atolls (Fig. 5, Table S8, Table S9). Coral communities at
10 m showed higher abundance of tabular Acropora, branch-
ing Acropora and massive Porites of all size classes, as well
as higher abundances of large branching corals. While Great
Chagos Bank had relatively few Acropora colonies, abun-
dances of medium-sized branching corals showed a pro-
nounced peak at the deeper site. Abundances of encrusting/
foliose corals of all size classes were higher at 17.5 m, espe-
cially at Egmont. Abundances of massive corals (excluding
massive Porites) were also higher at 17.5 m, especially at
Egmont and Great Chagos Bank.

Discussion
This study identified significant differences in benthic com-

munity composition, coral cover, and carbonate production
rates between depths, and across atolls. Whilst the atoll-scale

tion in mean colony size, standard deviation in colony size and skew-
ness of size distributions of all coral colonies between depth among
atolls (bottom)

variation is consistent with existing evidence of spatial vari-
ation in coral carbonate productivity among different sites,
reef habitats and across wider seascapes at depths <10 m
(van Woesik and Cacciapaglia 2018; Lange et al. 2020), our
results additionally highlight the vertical zonation of coral
carbonate production rates within shallow reef systems.
Comparable to two early studies that surveyed carbonate
production across large depth gradients (10-60 m: Land
1979; 10-30 m: Heiss 1995), our results indicate higher
community level carbonate production rates on reefs at 10 m
compared to reefs at 17.5 m. This pattern is also consistent
with previous studies which showed decreasing net carbon-
ate production rates with depth within the very shallow reef
zone (0—10 m) (Brown et al. 2021; Davis et al. 2021; Divan
Patel et al. 2023).

Depth differences in total carbonate production rates in
this study are mainly driven by differences in coral commu-
nity composition, reflecting the change from fast-growing,
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branching corals at shallow depths to foliose and encrust-
ing corals at deeper depths (Sheppard 1982; Sannassy Pilly
et al. 2022). Similarly, higher coral carbonate production
rates on 10 m reefs reflect higher abundances of medium and
large-sized colonies compared to deeper sites that are mainly
populated with small colonies (Bak and Nieuwland 1995;
Kramer et al. 2020; Lange et al. 2022). A third driver of
carbonate production differences across depths can be physi-
ological changes in individual coral species. As coral species
adapt to changes in environmental conditions, they are able
to adjust individual tissue thickness, linear extension rates,
calcification rates, skeletal density and colony size (Bosscher
1993). Two major factors that affect individual calcification
rates across depths are light and temperature (Baker and
Weber 1975; Venti et al. 2014; Diaz et al. 2023a; Kahng
et al. 2023), both of which naturally decrease with increas-
ing depth (Sheppard et al. 2017; Kahng et al. 2019; Diaz
et al. 2023a). However, these depth-related differences in
individual calcification rates are not reflected in the present
study, as the only available growth rates that could be inte-
grated into carbonate production estimates are from < 10 m
depth. Depth differences in total carbonate production are
thus conservative estimates and are likely even higher than
presented here.

Differences in carbonate production rates among atolls
suggest site-specific variation in abiotic environmental con-
trols which affect community composition (Silbiger et al.
2017; Ross et al. 2022) or differences in recovery trajectories
(Lange et al. 2022). Carbonate production rates at 10 m were
highest at Egmont and Salomon atoll (>7.5G), causing large
depth differences at these atolls, while carbonate production
rates at Great Chagos Bank were very low (2.5-2.6 G) across
both depths. This may be driven by variation in large scale
hydrodynamic forcings such as internal wave and upwelling
activities (Sheppard 2009; Roche et al. 2022), or reef slope
(Sheppard 1982) and wave exposure regimes (Falter et al.
2013; Caballero-Aragoén et al. 2023), which can structure
coral communities and therefore influence carbonate pro-
duction rates among sites. Especially favourable biophysical
settings may occur around Egmont and Salomon, increas-
ing coral cover and carbonate production compared to the
other atolls and facilitating faster recovery of reefs after the
2015-2017 bleaching event (Lange et al. 2022).

To fully understand the depth- and atoll-related vari-
ation in coral carbonate production across the Chagos
Archipelago, it is important to consider past disturbance
events that have affected its reefs (Brown et al. 2021;
Lange et al. 2022). The third global warming event in
2015-2017 caused ~9-38% reduction in coral cover
(relative to pre-bleaching levels in 2014) across 5-25 m
depths (Sannassy Pilly et al. 2024). Significantly higher
coral cover loss occurred at 5-10 m (Sannassy Pilly et al.
2024), with a 77% reduction in coral carbonate production

on shallow reefs (8—10 m) (Lange and Perry 2019). Similar
patterns of declining carbonate budget states due to wide-
spread coral bleaching were reported at shallow depths
(2-10 m) in the Indian Ocean within the Maldives (Perry
and Morgan 2017) and the Seychelles (Januchowski-
Hartley et al. 2017), as well as the wider Pacific (Cabral-
Tena et al. 2018; Courtney et al. 2022) and Caribbean
(Manzello et al. 2018). However, thermal stress impacts
on coral community-level carbonate production below
10 m depth are poorly understood. Growing evidence of
coral bleaching and mortality across large depth gradi-
ents within both shallow (<30 m) (Sheppard et al. 2017,
Muir et al. 2017; Baird et al. 2018; Crosbie et al. 2019)
and mesophotic (> 30 m) reefs (Morais and Santos 2018;
Frade et al. 2018; Venegas et al. 2019; Diaz et al. 2023b)
highlight the importance of examining changes in carbon-
ate production rates across depths on shallow reef systems
(Perry and Alvarez-Filip 2019; Lange et al. 2020).

Recent findings from multiple depth zones across the for-
ereefs of the Chagos Archipelago show distinct depth-related
changes in coral cover and population structure following
thermal stress events: 1) a greater decline in coral cover at
shallower depth (21.1% decline at 5-10 m) compared to
deeper reefs (14.8% decline at 15-20 m) (Sannassy Pilly
et al. 2024), 2) a steep decline in competitive species such
as tabular and branching Acropora and Pocillopora and a
higher persistence of stress tolerant taxa with encrusting
and foliose morphologies (Lange and Perry 2019), and 3)
faster recovery of Acroporids and encrusting genera at shal-
lower reefs compared to deeper sites (Sheppard et al. 2008,
2013, 2017, 2020). In line with carbonate budget surveys
in 2021 (Lange et al. 2022) and previous recovery trends
across depth (Sheppard et al. 2008, 2013, 2017, 2020; San-
nassy Pilly et al. 2024), higher coral carbonate production
rates observed on shallow reefs in this study may be driven
by faster recovery of fast-growing taxa at shallow depths
compared to slow-growing taxa on deeper reefs.

Surviving coral populations are key to recovery trajecto-
ries of coral reef assemblages and their contribution to net
carbonate budgets (Dietzel et al. 2020; Lange et al. 2022).
A disproportionate loss of susceptible branching taxa and
large mature coral colonies on shallow reefs can result in
low coral recruitment densities and increased homogeni-
sation of coral communities across depths (Bruckner and
Hill 2009; Gilmour et al. 2022; Ford et al. 2023). However,
our results indicate the presence of all size classes (small,
medium, and large colonies) at 10 m and 17.5 m, suggesting
a positive recovery trajectory of reefs and coral carbonate
production rates following the 2015-2017 bleaching event in
the Chagos Archipelago. Nevertheless, the variation in coral
carbonate production rates among atolls highlights different
recovery speeds among sites (Lange et al. 2022). This is
evident at Great Chagos Bank, which suffered the greatest
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loss in coral cover at 5-10 m (amongst all atolls) due to both
initial and repeated thermal stress during the 2014-2017
bleaching event (Sannassy Pilly et al 2024) and now shows
very low coral carbonate production across both 10 m and
17.5 m reefs.

Our understanding of recovery trajectories could be
improved further by assessing net carbonate budgets includ-
ing variation in bioerosion rates across depths. Previous
work within the Chagos Archipelago found similar macro
and endolithic bioerosion rates between 5 and 10 m, but
some evidence for higher micro-bioerosion rates at 10 m
(Lloyd Newman et al. 2023). The variation in bioerosion
rates and therefore net carbonate budgets across reefs
deeper> 10 m within both the Chagos Archipelago and glob-
ally remains poorly constrained (Weinstein et al. 2019). As
coral reefs face increasing anthropogenic pressures, they
become more prone to bioerosion, resulting in loss of reef
framework and structural complexity (Perry et al. 2014;
Januchowski-Hartley et al. 2017). Future studies should aim
to include bioerosion processes across depths to determine
the ability of deeper reefs to maintain net positive carbonate
budget status.

Our results capture coral carbonate production rates at
a time point approaching when reefs typically recover and
reassemble towards pre-disturbance coral-dominated com-
munities (712 years) in the absence of further disturbance
events (Johns et al. 2014; Gouezo et al. 2019). Whilst the
on-going recovery of coral carbonate production rates on
shallow reefs at three out of four atolls supports the assump-
tion that the lack of direct anthropogenic impacts across the
uninhabited atolls of the Chagos Archipelago promotes
fast recovery of reefs, the low carbonate production rates at
Great Chagos Bank highlights concerns about less predict-
able shifts in coral communities. It is likely that increasingly
small recovery windows due to the projected increase in
frequency of severe bleaching events may, in the long term,
suppress carbonate production rates and compromise reefs’
ability to support reef framework accretion across depths
(De’Ath et al. 2012; Perry and Alvarez-Filip 2019; Cheung
et al. 2021). By assessing depth- and atoll-specific differ-
ences in coral carbonate production rates in a remote reef
system 6—7 years after a bleaching event, this study provides
a better understanding of the long-term impacts of bleaching
on primary framework production on coral reefs.

Acknowledgements This research was funded by the Bertarelli
Foundation as part of the Bertarelli Programme in Marine Science.
We thank the Foreign and Commonwealth Office, UK for data col-
lection permits and the Grampian Frontier crew for assistance with
fieldwork. We thank two anonymous reviewers and the editor for useful
comments. Special thanks to Sam Hollick and the Bangor University
Reef Systems research group for advice and support.

@ Springer

Author contributions CTP and SSP conceived the idea with RCR
and IDL and JRT contributing to discussions. SSP, RCR, AM and KD
conducted fieldwork in Dec 2021-Jan 2022. SSP led the data analysis
and writing of the manuscript, with contributions to manuscript writing
by IDL, RCR and CTP. All authors have seen and approved the final
version of the manuscript.

Declarations

Conflict of interest We confirm that this manuscript has not been
published nor been considered elsewhere, and declare they have no
conflict of interest.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Albright R, Caldeira L, Hosfelt J, Kwiatkowski L, Maclaren JK, Mason
BM, Nebuchina Y, Ninokawa A, Pongratz J, Ricke KL, Rivlin
T, Schneider K, Sesboiié M, Shamberger K, Silverman J, Wolfe
K, Zhu K, Caldeira K (2016) Reversal of ocean acidification
enhances net coral reef calcification. Nature 531:362-365.
https://doi.org/10.1038/nature17155

Anderson MJ (2017) Permutational Multivariate Analysis of Variance
(PERMANOVA). Wiley StatsRef: Statistics Reference Online
1-15. https://doi.org/10.1002/9781118445112.stat07841

Baird A, Madin J, Alvarez-Noriega M, Fontoura L, Kerry J, Kuo C,
Precoda K, Torres-Pulliza D, Woods R, Zawada K, Hughes T
(2018) A decline in bleaching suggests that depth can provide a
refuge from global warming in most coral taxa. Mar Ecol Prog
Ser 603:257-264. https://doi.org/10.3354/meps12732

Bak RPM, Nieuwland G (1995) Long-term change in coral communi-
ties along depth gradients over leeward reefs in the Netherlands
Antilles. Bull Mar Sci 56:609-619

Baker PA, Weber JN (1975) Coral growth rate: variation with depth.
Earth Planet Sci Lett 27:57-61. https://doi.org/10.1016/0012-
821X(75)90160-0

Beck MW, Losada 1J, Menéndez P, Reguero BG, Diaz-Simal P, Fernan-
dez F (2018) The global flood protection savings provided by
coral reefs. Nat Commun 9:2186. https://doi.org/10.1038/
s41467-018-04568-z

Beijbom O, Edmunds PJ, Roelfsema C, Smith J, Kline DI, Neal BP,
Dunlap MJ, Moriarty V, Fan T-Y, Tan C-J, Chan S, Treibitz T,
Gamst A, Mitchell BG, Kriegman D (2015) Towards automated
annotation of benthic survey images: variability of human experts


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/nature17155
https://doi.org/10.1002/9781118445112.stat07841
https://doi.org/10.3354/meps12732
https://doi.org/10.1016/0012-821X(75)90160-0
https://doi.org/10.1016/0012-821X(75)90160-0
https://doi.org/10.1038/s41467-018-04568-z
https://doi.org/10.1038/s41467-018-04568-z

Coral Reefs

and operational modes of automation. PLoS ONE 10:e0130312.
https://doi.org/10.1371/journal.pone.0130312

Bosscher H (1993) Computerized tomography and skeletal density of
coral skeletons. Coral Reefs 12:97-103. https://doi.org/10.1007/
BF00302109

Brandl SJ, Rasher DB, Co6té IM, Casey JM, Darling ES, Lefcheck
JS, Dufty JE (2019) Coral reef ecosystem functioning: eight
core processes and the role of biodiversity. Front Ecol Environ
17:445-454. https://doi.org/10.1002/fee.2088

Brooks ME, Kristensen K, Benthem KJ, van Magnusson A, Berg CW,
Nielsen A, Skaug HJ, Michler M, Bolker BM (2017) glmmTMB
balances speed and flexibility among packages for zero-inflated
generalized linear mixed modeling. R J 9:378. https://doi.org/
10.32614/RJ-2017-066

Brown KT, Bender-Champ D, Achlatis M, van der Zande RM, Kubicek
A, Martin SB, Castro-Sanguino C, Dove SG, Hoegh-Guldberg
0O (2021) Habitat-specific biogenic production and erosion influ-
ences net framework and sediment coral reef carbonate budgets.
Limnol Oceanogr 66:349-365. https://doi.org/10.1002/Ino.11609

Bruckner AW, Hill RL (2009) Ten years of change to coral communi-
ties off Mona and Desecheo Islands, Puerto Rico, from disease
and bleaching. Dis Aquat Org 87:19-31. https://doi.org/10.3354/
dao02120

Biirkner P-C (2018) Advanced bayesian multilevel modeling with the
R package brms. The R Journal 10:395. https://doi.org/10.32614/
RJ-2018-017

Caballero-Aragén H, Armenteros M, Perera-Valderrama S, Martell-
Dubois R, Rey-Villiers N, Rosique-de la Cruz L, Cerdeira-Estrada
S (2023) Wave exposure and temperature drive coral community
structure at regional scale in the Cuban archipelago. Coral Reefs
42:43-61. https://doi.org/10.1007/s00338-022-02308-w

Cabral-Tena RA, Lopez-Pérez A, Reyes-Bonilla H, Calderon-Aguilera
LE, Norzagaray-Lopez CO, Rodriguez-Zaragoza FA, Cupul-
Magaia A, Rodriguez-Troncoso AP, Ayala-Bocos A (2018) Cal-
cification of coral assemblages in the eastern Pacific: reshuffling
calcification scenarios under climate change. Ecol Ind 95:726—
734. https://doi.org/10.1016/j.ecolind.2018.08.021

Carlot J, Kayal M, Lenihan HS, Brandl SJ, Casey JM, Adjeroud M,
Cardini U, Merciere A, Espiau B, Barneche DR, Rovere A,
Hédouin L, Parravicini V (2021) Juvenile corals underpin coral
reef carbonate production after disturbance. Glob Change Biol
27:2623-2632. https://doi.org/10.1111/gcb.15610

Chave KE, Smith SV, Roy KJ (1972) Carbonate production by coral
reefs. Mar Geol 12:123-140. https://doi.org/10.1016/0025-
3227(72)90024-2

Cheung MWM, Hock K, Skirving W, Mumby PJ (2021) Cumulative
bleaching undermines systemic resilience of the Great Barrier
Reef. Curr Biol 31:5385-5392.e4. https://doi.org/10.1016/j.cub.
2021.09.078

Cornwall CE, Carlot J, Branson O, Courtney TA, Harvey BP, Perry
CT, Andersson AJ, Diaz-Pulido G, Johnson MD, Kennedy E,
Krieger EC, Mallela J, McCoy SJ, Nugues MM, Quinter E, Ross
CL, Ryan E, Saderne V, Comeau S (2023) Crustose coralline
algae can contribute more than corals to coral reef carbonate
production. Commun Earth Environ 4:1-12. https://doi.org/10.
1038/s43247-023-00766-w

Couce E, Ridgwell A, Hendy EJ (2012) Environmental controls on
the global distribution of shallow-water coral reefs. J Bioge-
ogr 39:1508-1523. https://doi.org/10.1111/j.1365-2699.2012.
02706.x

Courtney TA, Barkley HC, Chan S, Couch CS, Kindinger TL, Oliver
TA, Kriegman DJ, Andersson AJ (2022) Rapid assessments of
Pacific Ocean net coral reef carbonate budgets and net calcifica-
tion following the 2014-2017 global coral bleaching event. Lim-
nol Oceanogr 67:1687—-1700. https://doi.org/10.1002/Ino.12159

NOAA CRED (2014) Benthic percent cover derived from image analy-
sis for selected locations in the Pacific Ocean. https://www.coris.
noaa.gov/metadata/records/faqg/CRED_ImageAnalysis.html.

Crosbie A, Bridge T, Jones G, Baird A (2019) Response of reef cor-
als and fish at Osprey Reef to a thermal anomaly across a 30 m
depth gradient. Mar Ecol Prog Ser 622:93—102. https://doi.org/
10.3354/meps13015

Davis KL, Colefax AP, Tucker JP, Kelaher BP, Santos IR (2021) Global
coral reef ecosystems exhibit declining calcification and increas-
ing primary productivity. Commun Earth Environ 2:1-10. https://
doi.org/10.1038/s43247-021-00168-w

De’Ath G, Fabricius KE, Sweatman H, Puotinen M (2012) The 27-year
decline of coral cover on the Great Barrier Reef and its causes.
Proc Natl Acad Sci USA 109:17995-17999. https://doi.org/10.
1073/pnas.1208909109

Diaz C, Howell KL, Robinson E, Hosegood P, Bolton A, Ganderton
P, Arber P, Attrill MJ, Foster NL (2023a) Light and temperature
drive the distribution of mesophotic benthic communities in the
Central Indian Ocean. Divers Distrib. https://doi.org/10.1111/
ddi.13777

Diaz C, Foster NL, Attrill MJ, Bolton A, Ganderton P, Howell KL,
Robinson E, Hosegood P (2023b) Mesophotic coral bleaching
associated with changes in thermocline depth. Nat Commun
14:6528. https://doi.org/10.1038/s41467-023-42279-2

Dietzel A, Bode M, Connolly SR, Hughes TP (2020) Long-term shifts
in the colony size structure of coral populations along the Great
Barrier Reef. Proc R Soc b Biol Sci 287:20201432. https://doi.
org/10.1098/rspb.2020.1432

DiPerna S, Hoogenboom M, Noonan S, Fabricius K (2018) Effects
of variability in daily light integrals on the photophysiology of
the corals Pachyseris speciosa and Acropora millepora. PLoS
ONE 13:1-20. https://doi.org/10.1371/journal.pone.0203882

Divan Patel F, Pinto W, Dey M, Alcoverro T, Arthur R (2023) Car-
bonate budgets in Lakshadweep archipelago bear the signature
of local impacts and global climate disturbances. Coral Reefs
42:729-742. https://doi.org/10.1007/s00338-023-02374-8

Edmunds PJ, Leichter JJ (2016) Spatial scale-dependent vertical
zonation of coral reef community structure in French Polyne-
sia. Ecosphere 7:1-14. https://doi.org/10.1002/ecs2.1342

Edmunds PJ, Perry CT (2023) Decadal-scale variation in coral calci-
fication on coral-depleted Caribbean reefs. Mar Ecol Prog Ser
713:1-19. https://doi.org/10.3354/meps 14345

Eyre BD, Andersson AJ, Cyronak T (2014) Benthic coral reef cal-
cium carbonate dissolution in an acidifying ocean. Nature Clim
Change 4:969-976. https://doi.org/10.1038/nclimate2380

Falter JL, Lowe RJ, Zhang Z, McCulloch M (2013) Physical and
biological controls on the carbonate chemistry of coral reef
waters: effects of metabolism, wave forcing, sea level, and
geomorphology. PLoS ONE 8:¢53303. https://doi.org/10.1371/
journal.pone.0053303

Ferrari R, Malcolm HA, Byrne M, Friedman A, Williams SB,
Schultz A, Jordan AR, Figueira WF (2018) Habitat structural
complexity metrics improve predictions of fish abundance
and distribution. Ecography 41:1077-1091. https://doi.org/
10.1111/ecog.02580

Ferrario F, Beck MW, Storlazzi CD, Micheli F, Shepard CC, Airoldi
L (2014) The effectiveness of coral reefs for coastal hazard risk
reduction and adaptation. Nat Commun 5:3794. https://doi.org/
10.1038/ncomms4794

Ford HV, Gove JM, Healey JR, Davies AJ, Graham NAJ, Williams
GJ (2023) Recurring bleaching events disrupt the spatial prop-
erties of coral reef benthic communities across scales. Remote
Sens Ecol Cons. https://doi.org/10.1002/rse2.355

Frade PR, Bongaerts P, Englebert N, Rogers A, Gonzalez-Rivero M,
Hoegh-Guldberg O (2018) Deep reefs of the Great Barrier Reef

@ Springer


https://doi.org/10.1371/journal.pone.0130312
https://doi.org/10.1007/BF00302109
https://doi.org/10.1007/BF00302109
https://doi.org/10.1002/fee.2088
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.1002/lno.11609
https://doi.org/10.3354/dao02120
https://doi.org/10.3354/dao02120
https://doi.org/10.32614/RJ-2018-017
https://doi.org/10.32614/RJ-2018-017
https://doi.org/10.1007/s00338-022-02308-w
https://doi.org/10.1016/j.ecolind.2018.08.021
https://doi.org/10.1111/gcb.15610
https://doi.org/10.1016/0025-3227(72)90024-2
https://doi.org/10.1016/0025-3227(72)90024-2
https://doi.org/10.1016/j.cub.2021.09.078
https://doi.org/10.1016/j.cub.2021.09.078
https://doi.org/10.1038/s43247-023-00766-w
https://doi.org/10.1038/s43247-023-00766-w
https://doi.org/10.1111/j.1365-2699.2012.02706.x
https://doi.org/10.1111/j.1365-2699.2012.02706.x
https://doi.org/10.1002/lno.12159
https://www.coris.noaa.gov/metadata/records/faq/CRED_ImageAnalysis.html
https://www.coris.noaa.gov/metadata/records/faq/CRED_ImageAnalysis.html
https://doi.org/10.3354/meps13015
https://doi.org/10.3354/meps13015
https://doi.org/10.1038/s43247-021-00168-w
https://doi.org/10.1038/s43247-021-00168-w
https://doi.org/10.1073/pnas.1208909109
https://doi.org/10.1073/pnas.1208909109
https://doi.org/10.1111/ddi.13777
https://doi.org/10.1111/ddi.13777
https://doi.org/10.1038/s41467-023-42279-2
https://doi.org/10.1098/rspb.2020.1432
https://doi.org/10.1098/rspb.2020.1432
https://doi.org/10.1371/journal.pone.0203882
https://doi.org/10.1007/s00338-023-02374-8
https://doi.org/10.1002/ecs2.1342
https://doi.org/10.3354/meps14345
https://doi.org/10.1038/nclimate2380
https://doi.org/10.1371/journal.pone.0053303
https://doi.org/10.1371/journal.pone.0053303
https://doi.org/10.1111/ecog.02580
https://doi.org/10.1111/ecog.02580
https://doi.org/10.1038/ncomms4794
https://doi.org/10.1038/ncomms4794
https://doi.org/10.1002/rse2.355

Coral Reefs

offer limited thermal refuge during mass coral bleaching. Nat
Commun 9:3447. https://doi.org/10.1038/s41467-018-05741-0

Gabry J, Mahr T (2017) bayesplot: Plotting for Bayesian Models.
http://mcstan.org/bayesplot.

Gelman A, Carlin JB, Stern HS, Dunson DB, Vehtari A, Rubin DB
(2013) Bayesian data analysis. Chapman and Hall/CRC, Boca
Raton. https://doi.org/10.1201/b16018

Gilmour JP, Cook KL, Ryan NM, Puotinen ML, Green RH, Heyward
AJ (2022) A tale of two reef systems: local conditions, distur-
bances, coral life histories, and the climate catastrophe. Ecol
Appl 32:€2509. https://doi.org/10.1002/eap.2509

Glynn PW, Manzello DP (2015) Bioerosion and Coral Reef Growth:
A Dynamic Balance. In: Birkeland C (ed) Coral Reefs in the
Anthropocene. Springer, Dordrecht, pp 67-97

Gonzalez-Barrios FJ, Cabral-Tena RA, Alvarez-Filip L (2021)
Recovery disparity between coral cover and the physical
functionality of reefs with impaired coral assemblages. Glob
Change Biol 27:640-651. https://doi.org/10.1111/gcb.15431

Gouezo M, Golbuu Y, Fabricius K, Olsudong D, Mereb G, Nestor
V, Wolanski E, Harrison P, Doropoulos C (2019) Drivers of
recovery and reassembly of coral reef communities. Proc R Soc
B: Biol Sci. https://doi.org/10.1098/rspb.2018.2908

Graham NAJ, Nash KL (2013) The importance of structural com-
plexity in coral reef ecosystems. Coral Reefs 32:315-326.
https://doi.org/10.1007/s00338-012-0984-y

Guest JR, Low J, Tun K, Wilson B, Ng C, Raingeard D, Ulstrup
KE, Tanzil JTII, Todd PA, Toh TC, McDougald D, Chou LM,
Steinberg PD (2016) Coral community response to bleaching
on a highly disturbed reef. Sci Rep 6:20717-20717. https://doi.
org/10.1038/srep20717

Hartig F (2022) DHARMa: Residual Diagnostics for Hierarchical
(Multi-Level / Mixed) Regression Models. R package version
0.4.6.

Heiss GA (1995) Carbonate production by scleractinian corals at
Aqaba, Gulf of Aqaba, Red Sea. Facies 33:19-34. https://doi.
org/10.1007/BF02537443

Husband E, Perry CT, Lange ID (2022) Estimating rates of coral car-
bonate production from aerial and archive imagery by applying
colony scale conversion metrics. Coral Reefs. https://doi.org/10.
1007/500338-022-02247-6

Januchowski-Hartley FA, Graham NAJ, Wilson SK, Jennings S, Perry
CT (2017) Drivers and predictions of coral reef carbonate budget
trajectories. Proc R Soc B: Biol Sci 284:20162533. https://doi.
org/10.1098/rspb.2016.2533

Johns KA, Osborne KO, Logan M (2014) Contrasting rates of coral
recovery and reassembly in coral communities on the Great
Barrier Reef. Coral Reefs 33:553-563. https://doi.org/10.1007/
s00338-014-1148-z

Kahng SE, Akkaynak D, Shlesinger T, Hochberg EJ, Wiedenmann J,
Tamir R, Tchernov D (2019) Light, Temperature, Photosynthe-
sis, Heterotrophy, and the Lower Depth Limits of Mesophotic
Coral Ecosystems. In: Loya Y, Puglise KA, Bridge TCL (eds)
Mesophotic Coral Ecosystems. Springer International Publish-
ing, Cham, pp 801-828. https://doi.org/10.1007/978-3-319-
92735-0_42

Kahng S, Kishi T, Uchiyama R, Watanabe T (2023) Calcification rates
in the lower photic zone and their ecological implications. Coral
Reefs. https://doi.org/10.1007/s00338-023-02410-7

Kay M (2022) tidybayes: Tidy Data and “Geoms” for Bayesian Models.
https://github.com/mjskay/tidybayes/.

Kelley R (2022) Indo Pacific Coral Finder. BYOGUIDES

Kench PS, Cowell PJ (2000) Variations in sediment production and
implications for atoll island stability under rising sea level.

Kennedy EV, Perry CT, Halloran PR, Iglesias-Prieto R, Schonberg
CHL, Wisshak M, Form AU, Carricart-Ganivet JP, Fine M,
Eakin CM, Mumby PJ (2013) Avoiding coral reef functional

@ Springer

collapse requires local and global action. Curr Biol 23:912-918.
https://doi.org/10.1016/j.cub.2013.04.020

Kramer N, Tamir R, Eyal G, Loya Y (2020) Coral morphology por-
trays the spatial distribution and population size-structure along
a 5-100 m depth gradient. Front Marine Sci. https://doi.org/10.
3389/fmars.2020.00615

Kuznetsova A, Brockhoff PB, Christensen RHB (2017) ImerTest pack-
age: tests in linear mixed effects models. J Stat Soft. https://doi.
org/10.18637/jss.v082.i13

Laing S, Schleyer M, Turpie J (2020) Ecosystem service values of
sediment generation and entrapment by marginal coral reefs at
Sodwana Bay, South Africa. Afr J Mar Sci 42:199-207. https://
doi.org/10.2989/1814232X.2020.1771415

Land LS (1979) The fate of reef-derived sediment on the north Jamai-
can island slope. Mar Geol 29:55-71. https://doi.org/10.1016/
0025-3227(79)90102-6

Lange ID, Perry CT (2019) Bleaching impacts on carbonate production
in the Chagos Archipelago: influence of functional coral groups
on carbonate budget trajectories. Coral Reefs 38:619-624.
https://doi.org/10.1007/s00338-019-01784-x

Lange ID, Perry CT (2020) A quick, easy and non-invasive method to
quantify coral growth rates using photogrammetry and 3D model
comparisons. Methods Ecol Evol 11:714-726. https://doi.org/10.
1111/2041-210X.13388

Lange ID, Perry CT, Alvarez-Filip L (2020) Carbonate budgets as indi-
cators of functional reef “health”: a critical review of data under-
pinning census-based methods and current knowledge gaps. Ecol
Ind 110:105857. https://doi.org/10.1016/j.ecolind.2019.105857

Lange ID, Benkwitt CE, McDevitt-Irwin JM, Tietjen KL, Taylor
B, Chinkin M, Gunn RL, Palmisciano M, Steyaert M, Wilson
B, East HK, Turner J, Graham NAJ, Perry CT (2021) Wave
exposure shapes reef community composition and recovery
trajectories at a remote coral atoll. Coral Reefs 40:1819-1829.
https://doi.org/10.1007/s00338-021-02184-w

Lange ID, Perry CT, Stuhr M (2022) Recovery trends of reef car-
bonate budgets at remote coral atolls 6 years post-bleaching.
Limnol Oceanogr. https://doi.org/10.1002/Ino.12066

Lenth RV (2022) emmeans: Estimated Marginal Means, aka Least-
Squares Means. R package version 1.7.2. https://CRAN.R-
project.org/package=emmeans. Accessed 12 May 2022

Levin SA (1992) The problem of pattern and scale in ecology: the
robert H. MacArthur Award Lecture Ecol 73:1943-1967.
https://doi.org/10.2307/1941447

Lloyd Newman JE, Perry CT, Lange ID (2023) Quantifying endo-
lithic bioerosion rates on remote coral reefs in the Central
Indian Ocean. Coral Reefs 42:1163—-1173. https://doi.org/10.
1007/s00338-023-02420-5

Mace GM, Reyers B, Alkemade R, Biggs R, Chapin FS, Cornell SE,
Diaz S, Jennings S, Leadley P, Mumby PJ, Purvis A, Scholes
RJ, Seddon AWR, Solan M, Steffen W, Woodward G (2014)
Approaches to defining a planetary boundary for biodiversity.
Glob Environ Chang 28:289-297. https://doi.org/10.1016/j.
gloenvcha.2014.07.009

Manzello DP, Enochs IC, Kolodziej G, Carlton R, Valentino L
(2018) Resilience in carbonate production despite three coral
bleaching events in 5 years on an inshore patch reef in the
Florida Keys. Mar Biol 165:99. https://doi.org/10.1007/
s00227-018-3354-7

Marcelino LA, Westneat MW, Stoyneva V, Henss J, Rogers JD,
Radosevich A, Turzhitsky V, Siple M, Fang A, Swain TD,
Fung J, Backman V (2013) Modulation of light-enhancement
to symbiotic algae by light-scattering in corals and evolution-
ary trends in bleaching. PLoS ONE. https://doi.org/10.1371/
journal.pone.0061492


https://doi.org/10.1038/s41467-018-05741-0
http://mcstan.org/bayesplot
https://doi.org/10.1201/b16018
https://doi.org/10.1002/eap.2509
https://doi.org/10.1111/gcb.15431
https://doi.org/10.1098/rspb.2018.2908
https://doi.org/10.1007/s00338-012-0984-y
https://doi.org/10.1038/srep20717
https://doi.org/10.1038/srep20717
https://doi.org/10.1007/BF02537443
https://doi.org/10.1007/BF02537443
https://doi.org/10.1007/s00338-022-02247-6
https://doi.org/10.1007/s00338-022-02247-6
https://doi.org/10.1098/rspb.2016.2533
https://doi.org/10.1098/rspb.2016.2533
https://doi.org/10.1007/s00338-014-1148-z
https://doi.org/10.1007/s00338-014-1148-z
https://doi.org/10.1007/978-3-319-92735-0_42
https://doi.org/10.1007/978-3-319-92735-0_42
https://doi.org/10.1007/s00338-023-02410-7
https://github.com/mjskay/tidybayes/
https://doi.org/10.1016/j.cub.2013.04.020
https://doi.org/10.3389/fmars.2020.00615
https://doi.org/10.3389/fmars.2020.00615
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.2989/1814232X.2020.1771415
https://doi.org/10.2989/1814232X.2020.1771415
https://doi.org/10.1016/0025-3227(79)90102-6
https://doi.org/10.1016/0025-3227(79)90102-6
https://doi.org/10.1007/s00338-019-01784-x
https://doi.org/10.1111/2041-210X.13388
https://doi.org/10.1111/2041-210X.13388
https://doi.org/10.1016/j.ecolind.2019.105857
https://doi.org/10.1007/s00338-021-02184-w
https://doi.org/10.1002/lno.12066
https://CRAN.R-project.org/package=emmeans
https://CRAN.R-project.org/package=emmeans
https://doi.org/10.2307/1941447
https://doi.org/10.1007/s00338-023-02420-5
https://doi.org/10.1007/s00338-023-02420-5
https://doi.org/10.1016/j.gloenvcha.2014.07.009
https://doi.org/10.1016/j.gloenvcha.2014.07.009
https://doi.org/10.1007/s00227-018-3354-7
https://doi.org/10.1007/s00227-018-3354-7
https://doi.org/10.1371/journal.pone.0061492
https://doi.org/10.1371/journal.pone.0061492

Coral Reefs

Morais J, Santos BA (2018) Limited potential of deep reefs to serve
as refuges for tropical Southwestern Atlantic corals. Ecosphere
9:e02281. https://doi.org/10.1002/ecs2.2281

Muir PR, Marshall PA, Abdulla A, Aguirre JD (2017) Species
identity and depth predict bleaching severity in reef-build-
ing corals: Shall the deep inherit the reef? Proc R Soc B
284:20171551. https://doi.org/10.1098/rspb.2017.1551

Oksanen J (2015) Multivariate Analysis of Ecological Communities
in R: vegan tutorial.

Perry CT, Alvarez-Filip L (2019) Changing geo-ecological functions
of coral reefs in the anthropocene. Funct Ecol 33:976-988.
https://doi.org/10.1111/1365-2435.13247

Perry CT, Morgan KM (2017) Post-bleaching coral community
change on southern Maldivian reefs: Is there potential for rapid
recovery? Coral Reefs 36:1189-1194. https://doi.org/10.1007/
s00338-017-1610-9

Perry CT, Spencer T, Kench PS (2008) Carbonate budgets and reef
production states: a geomorphic perspective on the ecological
phase-shift concept. Coral Reefs 27:853-866. https://doi.org/
10.1007/s00338-008-0418-z

Perry CT, Edinger EN, Kench PS, Murphy GN, Smithers SG,
Steneck RS, Mumby PJ (2012) Estimating rates of biologically
driven coral reef framework production and erosion: a new
census-based carbonate budget methodology and applications
to the reefs of Bonaire. Coral Reefs 31:853-868. https://doi.
org/10.1007/s00338-012-0901-4

Perry CT, Murphy GN, Kench PS, Edinger EN, Smithers SG, Steneck
RS, Mumby PJ (2014) Changing dynamics of Caribbean reef
carbonate budgets: emergence of reef bioeroders as critical
controls on present and future reef growth potential. Proc R
Soc B 281:20142018. https://doi.org/10.1098/rspb.2014.2018

Perry CT, Lange ID, Januchowski-Hartley FA (2018) ReefBudget
Indo Pacific: online resource and methodology. In: Reef-
Budget. http://geography.exeter.ac.uk/reefbudget/.

R Development Core Team (2021) R: A language and environment
for statistical computing. R Foundation for Statistical Comput-
ing 2:https://www.R-project.org.

Roberts TE, Bridge TCL, Caley MJ, Madin JS, Baird AH (2019)
Resolving the depth zonation paradox in reef-building corals.
Ecology 100:1-8. https://doi.org/10.1002/ecy.2761

Robinson JPW, Wilson SK, Graham NAJ (2019) Abiotic and
biotic controls on coral recovery 16 years after mass bleach-
ing. Coral Reefs 38:1255-1265. https://doi.org/10.1007/
s00338-019-01831-7

Roche RC, Heenan A, Taylor BM, Schwarz JN, Fox MD, South-
worth LK, Williams GJ, Turner JR (2022) Linking variation
in planktonic primary production to coral reef fish growth and
condition. R Soc Open Sci 9:201012. https://doi.org/10.1098/
rs0s.201012

Rodriguez-Ruano V, Toth LT, Enochs IC, Randall CJ, Aronson RB
(2023) Upwelling, climate change, and the shifting geography
of coral reef development. Sci Rep 13:1770. https://doi.org/10.
1038/s41598-023-28489-0

Roik A, Rothig T, Pogoreutz C, Saderne V, Voolstra CR (2018) Coral
reef carbonate budgets and ecological drivers in the central
Red Sea—a naturally high temperature and high total alkalinity
environment. Biogeosciences 15:6277-6296. https://doi.org/
10.5194/bg-15-6277-2018

Ross CL, DeCarlo TM, McCulloch MT (2019) Environmental and
physiochemical controls on coral calcification along a latitu-
dinal temperature gradient in Western Australia. Glob Change
Biol 25:431-447. https://doi.org/10.1111/gcb.14488

Ross CL, Warnes A, Comeau S, Cornwall CE, Cuttler MVW, Nau-
gle M, McCulloch MT, Schoepf V (2022) Coral calcification
mechanisms in a warming ocean and the interactive effects of

temperature and light. Commun Earth Environ 3:1-11. https://
doi.org/10.1038/s43247-022-00396-8

Sannassy Pilly S, Richardson LE, Turner JR, Roche RC (2022) Atoll-
dependent variation in depth zonation of benthic communities
on remote reefs. Mar Environ Res 173:105520. https://doi.org/
10.1016/j.marenvres.2021.105520

Sannassy Pilly S, Roche RC, Richardson LE, Turner JR (2024) Depth
variation in benthic community response to repeated marine
heatwaves on remote Central Indian Ocean reefs. R Soc Open
Sci 11:231246. https://doi.org/10.1098/rs0s.231246

Schramek TA, Colin PL, Merrifield MA, Terrill EJ (2018) Depth-
dependent thermal stress around corals in the tropical Pacific
Ocean. Geophys Res Lett 45:9739-9747. https://doi.org/10.
1029/2018GL078782

Scoffin TP (1993) The geological effects of hurricanes on coral reefs
and the interpretation of storm deposits. Coral Reefs 12:203—
221. https://doi.org/10.1007/BF00334480

Sheppard CRC (1982) Coral populations on reef slopes and their
major controls. Mar Ecol Prog Ser 7:83-115. https://doi.org/
10.3354/meps007083

Sheppard CRC (1999) Corals of Chagos, and the biogeographical
role of Chagos in the Indian Ocean. In: Sheppard CRC, Sea-
ward MRD (eds) Ecology of the Chagos Archipelago. The Lin-
nean Society of London, London, pp 53-66

Sheppard C (2009) Large temperature plunges recorded by data log-
gers at different depths on an Indian Ocean atoll: comparison
with satellite data and relevance to coral refuges. Coral Reefs
28:399-403. https://doi.org/10.1007/s00338-009-0476-x

Sheppard CRC, Harris A, Sheppard ALS (2008) Archipelago-wide
coral recovery patterns since 1998 in the Chagos Archipelago,
central Indian Ocean. Mar Ecol Prog Ser 362:109-117. https://
doi.org/10.3354/meps07436

Sheppard CRC, Ateweberhan M, Chen AC, Harris A, Jones R, Kes-
havmurthy S, Lundin C, Obura D, Purkis S, Raines P, Riegl
B, Schleyer MH, Sheppard ALS, Tamelander J, Turner JR,
Visram S, Yang S-Y (2013) Coral Reefs of the Chagos Archi-
pelago, Indian Ocean. In: Sheppard CRC (ed) Coral Reefs of
the United Kingdom Overseas Territories. Springer, Dordrecht,
pp 241-252

Sheppard CRC, Sheppard A, Mogg AOM, Bayley D, Dempsey AC,
Roache R, Turner J, Purkis S, Roche R, Turner J, Mogg AOM,
Bayley D, Dempsey AC, Purkis S, Roache R, Turner J, Purkis
S, Roche R, Turner J, Mogg AOM, Bayley D, Dempsey AC,
Purkis S (2017) Coral bleaching and mortality in the Chagos
Archipelago. Atoll Res Bull 613:1-26. https://doi.org/10.5479/
s1.0077-5630.613

Sheppard CRC, Sheppard A, Fenner D (2020) Coral mass mortalities
in the Chagos archipelago over 40 years: regional species and
assemblage extinctions and indications of positive feedbacks.
Mar Pollut Bull 154:111075-111075. https://doi.org/10.1016/j.
marpolbul.2020.111075

Silbiger NJ, Donahue MJ, Brainard RE (2017) Environmental drivers
of coral reef carbonate production and bioerosion: a multi-
scale analysis. Ecology 98:2547-2560. https://doi.org/10.1002/
ecy.1946

Smith TB, Gyory J, Brandt ME, Miller WJ, Jossart J, Nemeth RS
(2016) Caribbean mesophotic coral ecosystems are unlikely
climate change refugia. Glob Change Biol 22:2756-2765.
https://doi.org/10.1111/gcb.13175

Smith RJ (2021) ecole: School of Ecology Package. R package ver-
sion 0.9-2021. https://github.com/phytomosaic/ecole.

Takeshita Y, Cyronak T, Martz TR, Kindeberg T, Andersson AJ
(2018) Coral Reef Carbonate Chemistry Variability at Differ-
ent Functional Scales.

Titlyanov EA, Titlyanova TV (2002) Reef-building corals—Sym-
biotic autotrophic organisms: 2. pathways and mechanisms of

@ Springer


https://doi.org/10.1002/ecs2.2281
https://doi.org/10.1098/rspb.2017.1551
https://doi.org/10.1111/1365-2435.13247
https://doi.org/10.1007/s00338-017-1610-9
https://doi.org/10.1007/s00338-017-1610-9
https://doi.org/10.1007/s00338-008-0418-z
https://doi.org/10.1007/s00338-008-0418-z
https://doi.org/10.1007/s00338-012-0901-4
https://doi.org/10.1007/s00338-012-0901-4
https://doi.org/10.1098/rspb.2014.2018
http://geography.exeter.ac.uk/reefbudget/
https://www.R-project.org
https://doi.org/10.1002/ecy.2761
https://doi.org/10.1007/s00338-019-01831-7
https://doi.org/10.1007/s00338-019-01831-7
https://doi.org/10.1098/rsos.201012
https://doi.org/10.1098/rsos.201012
https://doi.org/10.1038/s41598-023-28489-0
https://doi.org/10.1038/s41598-023-28489-0
https://doi.org/10.5194/bg-15-6277-2018
https://doi.org/10.5194/bg-15-6277-2018
https://doi.org/10.1111/gcb.14488
https://doi.org/10.1038/s43247-022-00396-8
https://doi.org/10.1038/s43247-022-00396-8
https://doi.org/10.1016/j.marenvres.2021.105520
https://doi.org/10.1016/j.marenvres.2021.105520
https://doi.org/10.1098/rsos.231246
https://doi.org/10.1029/2018GL078782
https://doi.org/10.1029/2018GL078782
https://doi.org/10.1007/BF00334480
https://doi.org/10.3354/meps007083
https://doi.org/10.3354/meps007083
https://doi.org/10.1007/s00338-009-0476-x
https://doi.org/10.3354/meps07436
https://doi.org/10.3354/meps07436
https://doi.org/10.5479/si.0077-5630.613
https://doi.org/10.5479/si.0077-5630.613
https://doi.org/10.1016/j.marpolbul.2020.111075
https://doi.org/10.1016/j.marpolbul.2020.111075
https://doi.org/10.1002/ecy.1946
https://doi.org/10.1002/ecy.1946
https://doi.org/10.1111/gcb.13175
https://github.com/phytomosaic/ecole

Coral Reefs

adaptation to light. Russ J Mar Biol 28:16-31. https://doi.org/
10.1023/A:1021833821493

van Woesik R, Cacciapaglia CW (2018) Keeping up with sea-level
rise: carbonate production rates in Palau and Yap, western
Pacific Ocean. PLoS ONE 13:e0197077. https://doi.org/10.
1371/journal.pone.0197077

Venegas RM, Oliver T, Liu G, Heron SF, Clark SJ, Pomeroy N,
Young C, Eakin CM, Brainard RE (2019) The Rarity of Depth
Refugia from Coral Bleaching Heat Stress in the Western and
Central Pacific Islands. Sci Rep 9:19710. https://doi.org/10.
1038/s41598-019-56232-1

Venti A, Andersson A, Langdon C (2014) Multiple driving factors
explain spatial and temporal variability in coral calcification
rates on the Bermuda platform. Coral Reefs 33:979-997.
https://doi.org/10.1007/s00338-014-1191-9

Weinstein DK, Maher RL, Correa AMS (2019) Bioerosion. In: Loya
Y, Puglise KA, Bridge TCL (eds) Mesophotic Coral Ecosys-
tems. Springer International Publishing, Cham, pp 829-847

Wickham H, Averick M, Bryan J, Chang W, McGowan LD, Fran-
¢ois R, Grolemund G, Hayes A, Henry L, Hester J, Kuhn M,

@ Springer

Pedersen TL, Miller E, Bache SM, Miiller K, Ooms J, Robin-
son D, Seidel DP, Spinu V, Takahashi K, Vaughan D, Wilke C,
Woo K, Yutani H (2019) Welcome to the Tidyverse. Journal of
Open Source Software 4:1686. https://doi.org/10.21105/joss.
01686

Williams GJ, Sandin SA, Zgliczynski BJ, Fox MD, Gove JM, Rogers
JS, Furby KA, Hartmann AC, Caldwell ZR, Price NN, Smith
JE (2018) Biophysical drivers of coral trophic depth zonation.
Mar Biol 165:60. https://doi.org/10.1007/s00227-018-3314-2

Woodhead AJ, Hicks CC, Norstrom AV, Williams GJ, Graham NAJ
(2019) Coral reef ecosystem services in the anthropocene.
Funct Ecol 33:1023-1034. https://doi.org/10.1111/1365-2435.
13331

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1023/A:1021833821493
https://doi.org/10.1023/A:1021833821493
https://doi.org/10.1371/journal.pone.0197077
https://doi.org/10.1371/journal.pone.0197077
https://doi.org/10.1038/s41598-019-56232-1
https://doi.org/10.1038/s41598-019-56232-1
https://doi.org/10.1007/s00338-014-1191-9
https://doi.org/10.21105/joss.01686
https://doi.org/10.21105/joss.01686
https://doi.org/10.1007/s00227-018-3314-2
https://doi.org/10.1111/1365-2435.13331
https://doi.org/10.1111/1365-2435.13331

	Coral carbonate production across depth: homogenisation after bleaching?
	Abstract 
	Introduction
	Method
	Study Sites
	Benthic community composition
	Coral carbonate production
	Coral colony size structure

	Statistical analyses
	Community composition
	Coral cover and carbonate production
	Coral colony size structure

	Results
	Benthic community composition
	Coral cover and carbonate production
	Contribution of coral morphotypes to total coral carbonate production
	Coral colony size structure

	Discussion
	Acknowledgements 
	References


