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Corals were collected from sites with differing distance from 
the mangrove system at Low Isles. Species-specific struc-
tural changes were recorded in coral skeletons in response 
to distance from the mangroves. P. acuta had more porous 
and thinner skeletons closer to the mangroves, where seawa-
ter conditions were sub-optimal. Montipora cf. digitata was 
able to maintain a robust skeleton in the mangrove environ-
ment. This coral also possessed more dispersed but larger 
corallites at these sites, potentially availing of increased food 
availability in mangroves as a mechanism to support skeletal 
growth. This study suggests the integrity of coral skeletons 
will be compromised by climate change stress but that some 
coral species may be able to utilise mechanisms to maintain 
normal skeletal growth under sub-optimal conditions.

Keywords  Coral reef · Climate change · Marginal and 
extreme environments · Calcification · Micro-computed 
tomography

Introduction

Coral reefs are critically important marine ecosystems that 
are rapidly deteriorating under climate change (Hughes et al. 
2017; IPCC 2022; Poloczanska et al. 2016). Increasingly 
warm, acidic, and low oxygen oceanic conditions threaten 
the survival of scleractinian (hard) corals and their ability 
to produce robust skeletons (Fantazzini et al. 2015; Hughes 
et al. 2020; IPCC 2022; Scucchia et al. 2023; Tambutte et al. 
2015). Coral skeletons serve as the foundational framework 
of coral reef ecosystems, providing structurally complex 
habitats to support marine biomass as well as protecting the 
coral polyps (Fordyce et al. 2020).

Coral skeletons are formed through calcification, a bio-
logically controlled mineralisation process in which corals 

Abstract  Coral skeletons form the foundational frame-
work of coral reef ecosystems but are threatened by climate 
change stress. Under sub-optimal conditions, skeletal cal-
cification rates decrease, and corals have been observed to 
form more porous skeletal structures, raising concerns of 
sublethal effects under future ocean conditions. Understand-
ing how the structure of coral skeletons will be impacted by 
multiple, co-occurring climate change stressors and how dif-
ferent coral species will respond is of paramount importance 
to understand the future of coral reefs. Here, we examined 
the skeletal structure of corals living in a mangrove system. 
Mangrove environments possess sub-optimal seawater con-
ditions and provide a natural setting to examine the long-
term effects of environmental stressors on the skeletons of 
resident corals as well as identify mechanisms that corals 
may adopt to survive. Using micro-computed tomography, 
we investigated the effects of environmental conditions 
ranging from mangrove habitat to open reef on the skeletal 
structure of Pocillopora acuta, Acropora cf. millepora and 
Montipora cf. digitata, in the northern Great Barrier Reef. 

Supplementary Information  The online version contains 
supplementary material available at https://​doi.​org/​10.​1007/​
s00338-​025-​02727-5.

 *	 Dayana Chadda‑Harmer 
	 dcha5253@uni.sydney.edu.au
1	 School of Life and Environmental Sciences, The University 

of Sydney, Sydney, NSW 2006, Australia
2	 Marine Invertebrate Futures Group, School of Life 

and Environmental Sciences, The University of Sydney, 
Sydney, NSW 2006, Australia

3	 Sydney Microscopy and Microanalysis, The University 
of Sydney, Sydney, NSW 2006, Australia

4	 Climate Change Cluster, University of Technology Sydney, 
Sydney, NSW 2007, Australia

http://crossmark.crossref.org/dialog/?doi=10.1007/s00338-025-02727-5&domain=pdf
https://doi.org/10.1007/s00338-025-02727-5
https://doi.org/10.1007/s00338-025-02727-5


	 Coral Reefs

typically produce the calcium carbonate (CaCO3) mineral 
aragonite and an organic matrix of macromolecules (Allison 
et al. 2022; Comeau et al. 2022). Carbonate ions required 
for aragonite biomineralisation are primarily sourced from 
the ambient seawater surrounding the corals. Key structures 
of the coral skeleton include the corallite which houses the 
coral polyp, the calyx (inner area of the corallite in con-
tact with the polyp), the theca (corallite wall), dissepiments 
(skeletal layers that form beneath the coral polyp as it 
grows), inter-septal spaces (voids left behind by the grow-
ing polyp, primarily in imperforate corals) and channels or 
canals (primarily in perforate corals) (Dávalos-Dehullu et al. 
2008) (Fig. 1).

Climate change stressors reduce the energy corals can 
allocate to skeletal formation (Al-Horani et al. 2007; Hor-
vath et al. 2016) and decrease the availability of carbonate 
ions due to ocean acidification (Byrne and Fitzer 2019; Fair-
hall 1973; Uthicke et al. 2014). Coral skeletons have been 
observed to become increasingly porous and contain larger 
inter-septal spaces under climate change conditions, mak-
ing them more vulnerable to mechanical damage (Fantazzini 
et al. 2015; Scucchia et al. 2023; Tambutte et al. 2015). This 
threatens the critical socioeconomic and ecological services 

that coral skeletons and, by extension, coral reefs provide, 
such as protecting coasts from destructive waves, supporting 
commercial and subsistence fishing, as well as providing 
essential habitat for at least 25% of all known marine species 
(Fordyce et al. 2020; Hoegh-Guldberg et al. 2019).

As global environmental stressors continue to impinge 
on the ability of corals to form skeletons, it is imperative 
to understand how skeletal formation will be impacted by 
changing water conditions as well as local environmental 
factors. Coral populations surviving in environments which 
naturally exhibit sub-optimal conditions provide a long-term 
setting to examine the effects of stressors on coral skeletons 
and the adaptive mechanisms corals may adopt to cope in 
stressful environments (Burt et al. 2020; Camp et al. 2018; 
Howells et al. 2018; Prada et al. 2021; Schoepf et al. 2023). 
Mangroves are considered one of the best natural analogues 
for studying the impacts of projected climate change condi-
tions on corals as the three contemporary climate change 
stressors (ocean warming, ocean acidification and ocean 
deoxygenation) can be found to co-occur (Burt et al. 2020; 
Camp et  al. 2019, 2017; Yates et  al. 2014). Mangrove 
environments are characterised by salt tolerant trees and 
shrubs that colonise intertidal settings. The waters around 

Fig. 1   Coral skeletal struc-
tures. a Photomicrograph of 
the surface of a coral skeleton 
(Co = corallite; Cx = calyx). b 
Micro-computed tomography 
longitudinal cross section of an 
imperforate coral (T = theca; 
D = dissepiment; IS = inter-sep-
tal space). c Micro-computed 
tomography longitudinal cross 
section of a perforate coral 
(Ch = channel/canal). In imper-
forate corals, polyp tissues are 
only connected at the surface of 
the skeleton while in perfo-
rate corals polyp tissues are 
connected within the skeleton 
through a network of canals. 
Scale is 3 mm

(a) (b)
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mangroves are highly heterogenous and often exhibit low 
pH, hypoxia and variable temperature whereby mangrove 
interiors contain the most extreme conditions (Altieri et al. 
2019; Camp et al. 2019).

Corals in mangrove environments show 30–40% lower 
calcification rates compared to those on non-mangrove reefs, 
indicating reduced skeletal formation under stressful/less 
optimal conditions (Camp et al. 2016). Although decreased 
calcification rates have been observed at mangroves, the 
impact of these environments on the structural features of 
coral skeletons remains largely unknown. Recent work for 
one species of coral, Porites lutea, suggested reduced skel-
etal density and higher porosity for mangrove corals com-
pared to adjacent reef corals (Scucchia et al. 2023). How-
ever, whether this observation is true for other coral species, 
and how geographic distance to mangroves impacts skeletal 
structures remains untested. As skeletal structural integrity 
is critical for coral survival, examining coral skeletons from 
mangrove environments provides important insights into 
how corals may be impacted by near future ocean condi-
tions (Scucchia et al. 2023).

Mangrove associated corals are also recorded to have 
increased rates of respiration (Burt et al. 2020; Camp et al. 
2019, 2017). At Low Isles in the Great Barrier Reef, Camp 
et al. (2019) recorded a 11–35% increase in mangrove asso-
ciated coral respiration rates. As corals can gain energy via 
both photosynthetic dinoflagellate endosymbionts (zooxan-
thellae) as well as through heterotrophic feeding, enhanced 
respiration is suggested to indicate an increased reliance on 
heterotrophic energy which may be a potential mechanism 
for coral survival under sub-optimal conditions (Burt et al. 
2020; Love et al. 2025). Corals possessing larger calyxes or 
more abundant corallites are suggested to have a greater abil-
ity to capture planktonic prey and is another measure used 
to assess coral dependence on heterotrophy (Conti-Jerpe 
et al. 2020; Houlbreque and Ferrier-Pages 2009). The high 
productivity of organic matter from mangroves and abun-
dant zooplankton, is suggested to increase heterotrophic 
feeding opportunities in mangrove environments (Granek 
et al. 2009; Perry 2007). However, as trophic preferences 
vary between corals, the extent of heterotrophy is dependent 
on the coral species, proximity to mangroves, and currents 
affecting nutrient delivery (Granek et al. 2009; Houlbreque 
and Ferrier-Pages 2009).

Here, we present a multi-species assessment of coral skel-
etal structure in a mangrove environment. Corals from across 
a mangrove to reef gradient were studied using a combina-
tion of micro-computed tomography and photomicroscopy 
image analysis techniques to assess i) whether environmental 
conditions as found in mangrove systems impact the struc-
ture of coral skeletons and over what distances these effects 
may occur; and ii) whether corals from mangrove environ-
ments exhibit larger calyxes or more numerous corallites 

indicative of increased heterotrophic feeding as a potential 
coping mechanism under stress conditions. Three species 
of branching scleractinian corals were investigated: Pocil-
lopora acuta, Acropora cf. millepora and Montipora cf. digi-
tata. It was hypothesised that coral skeletons would be less 
robust (more porous and thinner) closer to the mangroves 
where conditions are sub-optimal; but that species-specific 
responses may occur as corals may be able to utilise the 
available organic matter at mangroves through heterotrophy 
to compensate for energy loss due to stress.

Methods

Study sites

This study was conducted in the northern Great Barrier 
Reef, Australia at the mangrove waterways of Woody Island, 
Low Isles (16º 23’ S, 145º 34’ E) and adjacent reefs of Low 
Isles (16º 23’ S, 145º 34’ E) as well as at Opal Reef (16º 13’ 
S, 145º 53.5’ E) which serves as a control (reference) site 
(Fig. 2). The physiochemical water conditions at Low Isles 
differ between the mangrove environment and adjacent reef. 
Amongst the mangroves, the average diel water temperature 
is 28 ºC and temperature has been recorded to fluctuate up to 
7.7 ºC over a diurnal cycle (Camp et al. 2019; Haydon et al. 
2021). The adjacent reef experiences more stable conditions 
with approximately 1 ºC diel fluctuations and an average 
water temperature of 26 ºC (Haydon et al. 2021). Mangrove 
waters at Woody Island also have a lower pH and dissolved 
oxygen content (pH = 7.74–7.81, oxygen = 2.5–4.1 mg/L) 
compared to the adjacent Low Isles reef (pH = 8.08–8.11, 
oxygen = 6.2–6.8 mg/L) (Haydon et al. 2021). There is no 
record of a freshwater source at Low Isles but reductions in 
salinity are recorded after heavy rains from the influence of 
river plumes due to the proximity of Low Isles to the Dain-
tree and Mossman rivers (Bartels et al. 2023). Opal Reef is 
located approximately 38 km north-east of Low Isles and is 
considered to possess optimal conditions for coral growth 
without mangrove influence (Chadda-Harmer et al. 2025). 
Opal Reef experiences average water temperature of 26 
ºC, with temperatures ranging from 23 to 29 ºC on average 
(Howlett et al. 2021). Average pH and oxygen levels at Opal 
Reef are 8.1 and 6.5–6.9 mg/L respectively (eReefs 2019).

To investigate the influence of proximity to mangrove 
lagoons on coral skeletal structure, coral and sediment 
samples were collected from five sites (Fig. 2) at differ-
ing proximities to the mangroves: (1) Mangrove Lagoon, 
(2) Mangrove Channel, (3) Inner Adjacent Reef, (4) Outer 
Adjacent Reef and (5) Opal Reef. The Mangrove Lagoon 
and Mangrove Channel sites are located amongst the man-
grove plants at Woody Island. The Mangrove Lagoon site is 
a broad mangrove encapsulated lagoon deep in the interior 
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of the swampland. The Mangrove Channel site is a narrower 
mangrove lined channel. Samples were collected from the 
middle of the waterway so that there was no influence of 
shading from the mangrove canopy. Only coral colonies 
growing on the sediment substrate were sampled i.e., not 
corals growing on mangrove roots. The Inner Adjacent Reef 
and Outer Adjacent Reef sites are located on the Low Isles 
reef margin next to the mangroves and are 350 m and 1 km 
away from the mangroves respectively. Sites were located 
on the leeward (western) side of the mangroves which has 
reduced influence from wave action. At the Opal Reef site, 
samples were collected from three main regions of the reef 
– Long Bommie, Rayban and Bashful Bommie –located on 

the protected leeward side of the reef. Samples were col-
lected across the different reef regions to account for natural 
variation at the control site. These samples were pooled and 
considered collectively as Opal Reef.

Sample collection and preparation

Coral fragments 1–5 cm in length were collected by hand 
(using side cutters) from the apical branches of coral colo-
nies at water depths less than 2.5 m at the Woody Island 
mangroves, Low Isles reef and Opal Reef in October 2022. 
There had been no significant rainfall in the time leading up 
to sampling. Three species of branching coral were sampled: 

(a) (b)

(c)

(d)

(e)

(f)

Fig. 2   Map of sampled sites (white circles) in the Great Barrier Reef, 
Australia (Google Earth). a Comparative location of Woody Island, 
Low Isles and Opal Reef. Inset map shows the study area (white 
square) in the context of Queensland, Australia. b Opal reef with 
sampling locations at Long Bommie (LB), Rayban (RB) and Bashful 

Bommie (BB). c Low Isles with the Mangrove Lagoon and Mangrove 
Channel sites at Woody Island and the Inner Adjacent Reef and Outer 
Adjacent Reef sites at the Low Isles reef. All maps maintain a north-
ward orientation. Coral colonies from d Opal Reef, e Low Isles reef 
and f amongst the mangroves at Woody Island
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Acropora cf. millepora, Montipora cf. digitata, and Pocil-
lopora acuta. The number of samples collected was deter-
mined by the number of colonies available for each species 
at each site, where not all species were present at each site 
(Table 1). One sample of the surficial sediment substrate 
directly surrounding corals was also collected at each site. 
Skeletons were prepared for analysis by submerging coral 
fragments in a 10% sodium hypochlorite solution for 24 h to 
remove coral tissue. Samples were then rinsed with distilled 
water and dried at room temperature for 48 h.

Micro‑computed tomography

To examine the skeletal structure, coral fragments were 
scanned using a Bruker SkyScan 2214 micro-computed 
tomography (micro-CT) system at the University of Sydney 
Microscopy and Microanalysis Research Facility, Sydney, 
Australia (Fig. 3a). This micro-CT system uses a tungsten 
filament cathode source to generate x-rays, which are trans-
mitted through the sample and collected by a suitable detec-
tor. Entire samples were scanned individually and secured 
to the rotating stage using dental wax to minimise sample 
movement and improve image quality. Multiple projections 
were collected at regular angular intervals as the sample was 
rotated. A flat field correction was run at the start of each 
scanning set to calibrate the detector and ensure consistency 
amongst scans. Samples were scanned in a randomised order 
to avoid any potential confounding effects of source power 
variation (Decarlo 2017). To generate the best image quality 
regardless of the size, thickness and structural complexity 
of samples, settings for scanning and reconstruction varied 
between imperforate (P. acuta) and perforate (A. cf. mille-
pora and M. cf. digitata) species (Fig. 3b, Table 2).

X-ray attenuation data from multiple two-dimensional 
(2D) scans were reconstructed using Nrecon software (ver-
sion 2.2.0.6) to form a series of cross-sections represent-
ing a three-dimensional (3D) object. Ring artefact reduc-
tion and beam hardening (Supplementary Material: S.1) 
correction values were specified in Nrecon (Table 2) and a 

mathematical misalignment compensation factor was also 
specified for each scan to correct for any misalignment in 
the rotational stage axis relative to the detector (centre shift). 
Reconstructed scans were rendered as 3D models using the 
Bruker micro-CT volume rendering software CTvox (ver-
sion 3.3.0.0) and the inspection software Dataviewer (ver-
sion 1.6.0.0) was used to generate 2D longitudinal and 
transverse cross-sections. The integrity of each coral sam-
ple was checked within CTvox by visually examining for 
any signs of disease or microborers. The top 1 cm of coral 
fragments was manually defined for data extraction within 
CTAn by measuring 1 cm downwards from the top of coral 
fragments oriented in the direction of growth (Fig. 3c). This 
controlled for variations in the size of fragments and allowed 
analysis to consistently assess the most recent growth which 
was important to consider as previous studies have reported 
changes in structural features (such as a reduction in poros-
ity) across the length of coral samples due to factors such as 
the active infilling of pores with growth over time (Caroselli 
et al. 2011; Chamberlain 1978; Gladfeiter 1982; Roche et al. 
2011). It was noted that more tip material was added in four 
samples which had branches at differing heights (i.e., not on 
the same transversal plane) (Fig. 3c).

Quantitative data from micro-CT reconstructions were 
extracted using the Batch Manager function within the 
Bruker CT-Analyser (CTAn) software (version 1.18.8.0). 
Otsu’s thresholding method (Otsu 1979) was used within 
CTAn to differentiate between the sample material and 
air within a scan using differences in grey scale intensity, 
representing variations in the x-ray beam attenuation as a 
result of sample composition. The shrink-wrap algorithm 
within CTAn was used to define the region of analysis to 
the edge of each threshold object so that there was no non-
sample space analysed. Data were extracted for two quanti-
tative parameters: (1) object surface to volume ratio and (2) 
structure thickness. (1) Object surface to volume ratio (sur-
face area to volume ratio) is a measure of the solid surface 
area of the skeletal sample divided by the sample volume. 
This ratio is calculated by interpolating 2D scans to find an 

Table 1   Summary of site locations and the number of coral samples collected

LB = Long Bommie, RB = Rayban, BB = Bashful Bommie.

Site GPS Location Depth (m) Coral Samples
Pocillopora 
acuta

Montipora cf. 
digitata

Acropora cf. 
millepora

Mangrove Lagoon 16°23′25’’ S, 145°34′00’’E 0.47 6 0 0
Mangrove Channel 16°23′16’’ S, 145°33′55’’E 0.39 6 6 0
Inner Adjacent Reef 16°23′00’’ S, 145°33′51’’E 0.48 7 5 6
Outer Adjacent Reef 16°23′08’’ S, 145°33′24’’E 0.62 7 0 7
Opal Reef (LB) 16°13′24’’ S, 145°52′37’’E 2 4 0 0
Opal Reef (RB) 16°13′22’’ S, 145°53′26’’E 2.4 0 0 7
Opal Reef (BB) 16°14′32’’ S, 145°51′50’’E 2.1 2 0 0
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average surface to volume ratio for each sample. The surface 
to volume ratio parameter characterises the complexity of 
structures and can be used to infer skeletal porosity (Sup-
plementary Material: S.2). More pores increase the sample 
surface area and reduce the sample volume. Consequently, a 
higher surface area to volume ratio indicates a more porous 
and structurally complex skeleton. A limitation of this 

parameter as a measure of porosity, however, is that it may 
also be influenced by protruding corallite structures which, 
if present, can contribute to a higher surface to volume ratio 
being recorded. (2) Structure thickness (thickness) measures 
the 3D thickness of skeletal features and, as a single sam-
ple is made up of skeletal structures of varying thicknesses, 

Fig. 3   a Micro-computed 
tomography setup within the 
Bruker SkyScan 2214 system. 
(A) X-ray source, (B) x-ray 
transmission which passes 
through the sample and reaches 
the detector. For taller samples, 
multiple scans were collected at 
specific vertical positions and 
stitched together during recon-
struction, (C) flat panel detector, 
(D) rotating stage, (E) coral 
sample secured to a stand with 
dental wax. b Representative 
samples of coral species investi-
gated (left to right): Pocillopora 
acuta, Acropora cf. millepora 
and Montipora cf. digitata. 
Micro-computed tomography 
images generated using CTVox 
(SkyScan, Bruker 3D Suite). 
Scales = 5 mm. c Defining 
the top 1 cm region of coral 
samples used for analysis in the 
CT-Analyser software. Grey 
zones in the image mark the 
top 1 cm region. Measurements 
were taken from corals oriented 
in the direction of growth (left-
hand panel) but four samples 
with multiple branches led to 
additional ‘top’ material being 
analysed (right-hand panel)

(a)

(b)

(c)
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the distribution of thicknesses within each sample can be 
calculated.

Corallite morphometrics

To determine calyx size and corallite density, the surface 
of coral fragments was examined under an Olympus stereo 
microscope (model SZX10) and photographed using the 
Olympus cellSens Standard 3.2 imaging software. Three or 
more images were collected from each fragment focusing 
on the top 3 cm on the skeleton and ensuring images were 
representative of the entire surface. Corallite measurements 
were taken from photomicrographs using the image process-
ing software ImageJ (version 2.9.0) (Schneider et al. 2012). 

The diameter of 10 representative calyxes were measured 
from each coral fragment. Only calyxes 5–30 mm below 
the branch tip were selected to avoid new calyxes at variable 
stages of growth and to ensure consistency across samples. 
Where available, calyxes from multiple branches were meas-
ured. Diameters were measured perpendicular to the growth 
axis using the straight line tool as per Kramer et al. (2022) 
(Fig. 4a). To determine the density of corallites, the poly-
gon selection tool was used to measure the surface area of a 
region of skeleton and the number of corallites within that 
region were counted. Surface area measures were focused on 
the centre of branches to avoid any curvature of the skeleton 
that may have obscured the presence of corallites; the larg-
est available surface area which met these criteria was used 

Table 2   Settings used for 
Micro-Computed Tomography 
Scanning and Reconstruction

To maintain an equivalent quality of imaging between samples, one sample of A. cf. millepora was ana-
lysed using x-rays generated from a source operating at 90 kV voltage and 100 µA current due to its greater 
size and thickness. Because of the higher voltage used, an aluminium filter (Al 1 mm) was applied to avoid 
beam hardening and consequently the beam hardening correction was lowered to 45% for that sample.

Micro-CT Component Setting Coral Species
Pocillopora acuta Montipora 

cf. digitata
Acropora 
cf. mille-
pora

X-ray source Voltage (kV) 120 60 60
Current (µA) 80 200 200

X-ray detection Filter Aluminium Cop-
per (Al 1 mm + Cu 
0.075 mm)

Absent Absent

Image capture Sample rotation (°) 360 180 180
Image collection interval (°) 0.4 0.2 0.2
Resolution (µm) 12 15 – 25 15 – 25
Exposure (ms) 1831 250 250

Reconstruction Beam hardening correction (%) 50 60 60
Ring artefact correction 7 7 7

(a) (b)

Fig. 4   Collection of corallite morphometrics using photomicro-
graphs in ImageJ. a Measurement of calyx diameter perpendicular to 
the axis of growth from corallites within a band 5–30 mm below the 

growth tip (inset image not to scale). b Measuring the surface area of 
a region of skeleton. Scales = 1 mm
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(Fig. 4b). Whole and partial corallites that were at least half 
within the surface area region were measured. The density 
was calculated by dividing the number of corallites by the 
surface area. Measurements were conducted in a randomised 
order across samples.

Statistical analysis

To examine the impact of mangrove association on coral 
skeletal structure, data were statistically analysed using R 
software version 4.2.2 (R Core Team 2022). For all paramet-
ric analysis, model assumptions were assessed by inspect-
ing plots of residuals vs. fitted values for homogeneity of 
variance as well as Q-Q plots and histograms for normality. 
The ‘ggplot2’ package version 3.4.1 (Wickham 2016) as 
well as the ‘performance’ package version 0.13.0 (Lüdecke 
et al. 2021) were used to evaluate model assumptions. The 
‘tidyverse’ package version 2.0.0 (Wickham et al. 2019) in R 
was used for data wrangling. Data visualisation was made in 
R using the ‘ggplot2’ package (Wickham 2016). Statistical 
significance was set at p < 0.05.

A linear model was used to compare the surface area to 
volume ratio of coral skeletons across sites and species. Sur-
face area to volume ratio was the response variable while 
site and species were fixed factors with five and three lev-
els respectively. Data were logarithmically transformed to 
meet assumptions and outputs derived using the ‘summary’ 
and ‘anova’ functions in R. Results found to be significant 
were analysed using a pairwise post-hoc comparison via the 
‘emmeans’ package with p value adjustment set to the Tukey 
method (Lenth 2025).

Structural thickness distributions for each sample were 
compiled by species and site and converted to frequencies 
using the ‘rep’ function in R. Skeletal thickness across sites 
were then visualised separately for each species using kernel 
density estimate plots. The density plot function in R uses a 
Gaussian kernel density estimator and the Silverman’s rule 
of thumb (Silverman 1986) bandwidth function to define 
the smoothness of plots. This default function works best 
with normal data and the plots of species containing non-
normal data (A. cf. millepora, M. cf. digitata) were found 
to be undersmoothed. The bandwidth for these plots was 
adjusted iteratively and set at 0.03. As structural thickness 
distribution data showed the frequency of skeletal material 
across discrete thickness classes, Kolmogorov–Smirnov 
two-sample tests were used to compare thickness-frequency 
distributions between sites for each species. This non-par-
ametric approach was chosen due to the lack of normality 
in the data.

Differences in the calyx diameter across sites and spe-
cies were tested for using a linear mixed-effects model con-
structed from the ‘lme4’ package (Bates et al. 2015) with 

site and species as fixed factors and sample nested within 
site as a random factor. Corallite density data were square 
root transformed to meet assumptions and analysed using a 
linear model to examine the effect of site and species, speci-
fied as fixed factors. Outputs for calyx diameter and corallite 
density were derived using the ‘summary’ and ‘anova’ func-
tions in R. For the calyx diameter, a Type III analysis of vari-
ance using Satterthwaite’s method was conducted within the 
‘lmerTest’ package version 3.1.3 (Kuznetsova et al. 2017). 
Results found to be significant were analysed using a pair-
wise post-hoc comparison via the ‘emmeans’ package with 
p value adjustment set to the Tukey method (Lenth 2025).

Organic matter content

To characterise the organic matter content at each site, 
sediment samples were analysed using the loss on ignition 
method (Dean 1974; Heiri et al. 2001). Sediments were first 
dried in a Binder drying chamber for three days at 50 ºC. 
Two 20–25 g subsamples were then taken from each dried 
sediment sample (subsamples, n = 12) and placed in ceramic 
crucibles. Subsamples were divided using a riffle splitter to 
homogenise sediments. Crucibles containing sediments were 
placed in a Labec muffle furnace and heated to 550 ºC for 
four hours. Sediments were removed once the furnace had 
cooled to 96 ºC. Samples were weighed using a digital bal-
ance (Mettler Toledo AE160) both before (weightinitial) and 
after (weight550) being heated in the furnace. Any weight 
loss observed was assumed to correspond to the amount of 
organic matter present, as organic carbon combusts at tem-
peratures between 500 and 550 ºC (Heiri et al. 2001). The 
percentage of organic matter in each subsample was calcu-
lated using Eq. (1). The two subsamples served as a proce-
dural control and as similar results were obtained from each, 
the results were averaged to determine a single percentage 
of organic matter content for each sample.

Results

Surface area to volume ratio

Analysis of the surface area to volume ratio of coral skel-
etons revealed differences between species (F2,51 = 53.980, 
p < 0.001) and across sites (F4,51 = 2.754, p = 0.038) as well 
as an interaction between species and site (F3,51 = 3.758, 
p = 0.016; Fig. 5). The surface area to volume ratio of P. 
acuta differed from both M. cf. digitata (p < 0.001) and A. 

(1)

Organic matter (%) =

(

weightinitial − weight
550

)

weightinitial
× 100
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cf. millepora (p < 0.001). However, there was no difference 
between M. cf. digitata and A. cf. millepora (p = 0.993).

Post hoc analysis showed that in P. acuta, the surface area 
to volume ratio at both the Mangrove Lagoon and Mangrove 
Channel sites differed significantly from the Inner Adjacent 
Reef, Outer Adjacent Reef and Opal Reef sites (Table S1, 
Fig.  6a). However, there was no significant difference 
amongst the sites within the mangroves or amongst the sites 
outside of the mangroves (Table S1; Fig. 6a). The highest 
surface area to volume ratios were recorded at the Mangrove 
Lagoon and Mangrove Channel sites (Fig. 6a). These find-
ings support visual assessment of micro-CT cross-sections 
which showed fragments from the Mangrove Lagoon and 
Mangrove Channel sites were porous and contained large 
chambers i.e., inter-septal spaces separated by thin corallite 
walls and thin dissepiments across the length of the coral 
fragments; whereas the skeletons from other sites contained 
smaller inter-septal spaces and were less porous, particularly 
around the edge of the fragments (Fig. 6e). The structure of 
skeletons appeared similar at the Inner Adjacent Reef, Outer 
Adjacent Reef and Opal Reef sites despite being from differ-
ing distances to the mangroves (Fig. 6e).

Specimens of M. cf. digitata were found at two sites, the 
Mangrove Channel and Inner Adjacent Reef. There was 
no difference in the surface area to volume ratio of skel-
etons from these sites (p = 0.814; Fig. 7a). Micro-computed 
tomography cross-sections also showed that the structure of 
M. cf. digitata skeletons were similar at both sites (Fig. 7e). 
The skeletal structure was highly porous and dominated by 
spongy coenosteum skeletal material (Fig. 7e).

Specimens of A. cf. millepora were only found at sites 
outside of the mangroves—the Inner Adjacent Reef, Outer 
Adjacent Reef and Opal Reef. Differences in the surface area 
to volume ratio were recorded between the Outer Adjacent 
Reef and Opal Reef sites (p = 0.006) but no significant dif-
ferences occurred between the other sites (Table S2). The 
surface area to volume ratio of A. cf. millepora skeletons 
was highest at the Outer Adjacent Reef and lowest at Opal 
Reef, as seen in micro-CT cross sections (Fig. 8a, e). All A. 
cf. millepora skeletons contained a distinct axial canal sur-
rounded by perforate skeleton material (Fig. 8e).

Structural thickness

Kolmogorov–Smirnov tests showed P. acuta skeleton thick-
ness-frequency distributions differed across sites, where both 
the Mangrove Lagoon and Mangrove Channel sites differed 
from the Inner Adjacent Reef, Outer Adjacent Reef and Opal 
Reef sites (p < 0.000; Table S1) and the Inner Adjacent Reef 
and Opal Reef also differed (D = 0.108, p = 0.007). Density 
plots showed that the distribution of skeleton thickness from 
mangrove sites was strongly right skewed and leptokurtic. 
Corals from the Mangrove Lagoon and Mangrove Channel 
sites had a higher proportion of thinner skeletal structures 
(mean thickness ± standard error (SE), 0.386 ± 0.009 mm 
(n = 6) and 0.372 ± 0.007 mm (n = 6), respectively) (Fig. 6b). 
In comparison, corals from the Inner Adjacent Reef, Outer 
Adjacent Reef and Opal Reef sites contained thicker skeletal 
structures (mean thickness ± SE of 0.876 ± 0.019 mm (n = 7), 
0.810 ± 0.017 mm (n = 7), and 0.771 ± 0.019 mm (n = 6), 

Fig. 5   Inter-species comparison of skeletal surface area to volume 
ratio of corals from sites at varying distances to a mangrove system. 
The Mangrove Lagoon and Mangrove Channel sites are amongst the 
mangroves, the Inner Adjacent Reef site is 350  m away from man-
groves, the Outer Adjacent Reef is 1 km from mangroves and Opal 

Reef is 38 km from mangroves. Coral species are Pocillopora acuta, 
Montipora cf. digitata and Acropora cf. millepora. In the figure, the 
box indicates the interquartile range, the horizontal line marks the 
median, whiskers show the minimum and maximum value within 
1.5 × the interquartile range. Dots represent raw values
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respectively) and had mildly right skewed mesokurtic distri-
butions (Fig. 6b). Cross-sections showed that skeletons from 
the Inner Adjacent Reef, Outer Adjacent Reef and Opal Reef 
sites had thicker corallite walls and dissepiments (Fig. 6e).

The thickness-frequency distributions of skeletal struc-
tures in M. cf. digitata samples differed between the Man-
grove Channel and Inner Adjacent Reef sites (D = 0.136, 

p < 0.000; Fig. 7b). Density plots showed the distributions 
from both sites were right-skewed and that mean skeleton 
thicknesses were relatively similar but lower at the Man-
grove Channel (mean ± SE, 0.215 ± 0.003 mm) than at the 
Inner Adjacent Reef site (mean ± SE, 0.226 ± 0.006 mm).

The thickness-frequency distributions of skeletal struc-
tures in A. cf. millepora samples differed between all sites 

(a) (b)

(c) (d)

(e)

Fig. 6   Skeletal features of Pocillopora acuta from sites at varying 
distances to a mangrove system. The Mangrove Lagoon and Man-
grove Channel sites are amongst the mangroves, the Inner Adjacent 
Reef site is 350  m away from mangroves, the Outer Adjacent Reef 
is 1  km from mangroves and Opal Reef is 38  km from mangroves. 
a Skeletal surface area to volume ratio (n = 6 for Mangrove Lagoon, 
Mangrove Channel and Opal Reef sites; n = 7 for the Inner Adjacent 
Reef and Outer Adjacent Reef sites). b Thickness frequencies of skel-
etal structures. Frequencies are expressed as kernel density distribu-
tions. Dashed lines mark the mean thickness of skeletal structures 
from each site. c Diameter of calyxes (n = 60 for Mangrove Lagoon, 
Mangrove Channel and Opal Reef sites; n = 70 for the Inner Adjacent 

Reef and Outer Adjacent Reef sites). d Density of corallites (n = 6 
for Mangrove Lagoon, Mangrove Channel and Opal Reef sites; n = 7 
for the Inner Adjacent Reef and Outer Adjacent Reef sites). In the 
figures, the box indicates the interquartile range, the horizontal line 
marks the median, whiskers show the minimum and maximum value 
within 1.5 × the interquartile range and dots represent raw values. 
Asterisks indicate significant differences as computed by pairwise 
contrasts, *** p < 0.001, ** p < 0.01, * p < 0.05. e Micro-computed 
tomography, representative longitudinal cross sections of the skeleton 
of P. acuta from sites at varying distances from the Low Isles man-
grove system
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(p < 0.000; Table S2). Coral skeletons from the Outer 
Adjacent Reef had a higher proportion of thin skeletal 
structures (mean thickness ± SE, 0.198 ± 0.005 mm) in 
comparison to samples from the Inner Adjacent Reef and 
Opal Reef sites (mean thickness ± SE, 0.235 ± 0.005 mm 
and 0.326 ± 0.007 mm, respectively) (Fig. 8b). Corals 
from Opal Reef possessed the thickest skeletal structures 
and density plots showed all distributions were right 
skewed (Fig. 8b). Micro-computed tomography cross sec-
tions also showed that specimens from Opal Reef had the 
thickest skeletal structures, whereas those from the Outer 
Adjacent Reef had the finest structures, while skeletal 
features of corals at the Inner Adjacent Reef site appeared 
to be an intermediate between those observed at the other 
two sites (Fig. 8e).

Calyx size

Calyx diameter was found to differ between species 
(F2,51 = 27.334, p < 0.001; Figs. 6, 7 and 8c) but not across 
sites (F4,51 = 0.840, p = 0.506) and there was no interaction 
between species and site (F3,51 = 2.258, p = 0.093). M. cf. 
digitata differed from both P. acuta (p < 0.001) and A. cf. 
millepora (p < 0.001).

Corallite density

The number of corallites per mm2 (density) differed between 
species (F2,51 = 12.213, p < 0.001) but not across sites 
(F4,51 = 1.504, p = 0.213); there was however an interaction 
between species and site (F3,51 = 10.062, p < 0.001). The 

(a) (b)

(c) (d)

(e)

Fig. 7   Skeletal features of Montipora cf. digitata from sites at vary-
ing distances to a mangrove system. The Mangrove Channel site is 
amongst the mangroves, the Inner Adjacent Reef site is 350 m away 
from mangroves. a Surface area to volume ratio (n = 6 for Mangrove 
Channel site and n = 5 for Inner Adjacent Reef site). b Thickness fre-
quencies of skeletal structures. Frequencies are expressed as kernel 
density distributions. Dashed lines mark the mean thickness of skel-
etal structures from each site. c Diameter of calyxes (n = 60 for Man-
grove Channel site and n = 50 for Inner Adjacent Reef site). d Den-

sity of corallites (n = 6 for Mangrove Channel site and n = 5 for Inner 
Adjacent Reef site). In the figures, the box indicates the interquartile 
range, the horizontal line marks the median, whiskers show the mini-
mum and maximum value within 1.5 × the interquartile range and 
dots represent raw values. Asterisks indicate significant differences 
as computed by pairwise contrasts, *** p < 0.001. e Micro-computed 
tomography, representative longitudinal cross sections showing M. 
cf. digitata skeleton morphology from sites at varying distances to a 
mangrove system
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(a) (b)

(c) (d)

(e)

Fig. 8   Skeletal features of Acropora cf. millepora from sites at vary-
ing distances to a mangrove system. The Inner Adjacent Reef site is 
350 m away from mangroves, the Outer Adjacent Reef is 1 km from 
mangroves and Opal Reef is 38 km from mangroves. a Surface area 
to volume ratio (n = 6 for Inner Adjacent Reef site and n = 7 for Outer 
Adjacent Reef and Opal Reef). b Thickness frequencies of skeletal 
structures. Frequencies are expressed as kernel density distributions. 
Dashed lines mark the mean thickness of skeletal structures from 
each site. c Diameter of calyxes (n = 60 for Inner Adjacent Reef and 
n = 70 for Outer Adjacent Reef and Opal Reef). d Density of coral-

lites (n = 6 for Inner Adjacent Reef and n = 7 for Outer Adjacent 
Reef and Opal Reef). In the figure, the box indicates the interquar-
tile range, the horizontal line marks the median, whiskers show the 
minimum and maximum value within 1.5 × the interquartile range and 
dots represent raw values. Asterisks indicate significant differences 
as computed by pairwise contrasts, ** p < 0.01. e Micro-computed 
tomography, representative longitudinal cross sections showing A. cf. 
millepora skeleton morphology from sites at varying distances to a 
mangrove system
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corallite density of P. acuta differed from both M. cf. digi-
tata (p = 0.009) and A. cf. millepora (p < 0.001); and there 
was a difference between M. cf. digitata and A. cf. millepora 
(p < 0.001). Post hoc analysis showed that in P. acuta, coral-
lite density differed between the Mangrove Lagoon and Opal 
Reef sites (p = 0.016) as well as the Mangrove Lagoon and 
Mangrove Channel sites (p = 0.048) (Fig. 6d; Table S1). In 
M. cf. digitata, differences occurred between the Mangrove 
Channel and Inner Adjacent Reef sites (p < 0.001; Fig. 7d). 
No differences in corallite density were recorded from A. cf. 
millepora (Fig. 8d; Table S2).

Organic matter

The organic matter content detected in sediment sam-
ples ranged from 4.39 to 5.11% and was relatively similar 
across sites. The highest percentage of organic matter was 
found amongst the mangroves at the Mangrove Channel 
(5.11% ± 0.14) and Mangrove Lagoon (4.91% ± 0.11) sites. 
At Low Isles, the organic matter content gradually decreases 
with increasing distance from the Woody Island mangroves 
(Inner Adjacent Reef site, 4.67% ± 0.04; Outer Adjacent 
Reef site, 4.39% ± 0.06). However, this trend did not extend 
to Opal Reef where the percentage of organic matter fell 
within the range found at Low Isles (Opal Reef: Bashful 
Bommie, 4.66% ± 0.24; Rayban, 4.52% ± 0.01).

Discussion

We observed species-specific changes in the structure of 
coral skeletons in response to the environmental stress gra-
dient produced by the Low Isles mangrove system. For P. 
acuta, corals found in the mangroves had significantly more 
porous and thinner skeletons than corals from the adjacent 
or control reef. These findings support the hypothesis that 
coral skeletons are less robust in mangrove environments. 
The encrusting coral Porites lutea was also recorded to 
possess a more porous skeleton at the Low Isles mangrove 
system (Scucchia et al. 2023). As mangrove environments 
contain multiple co-occurring stressors such as low pH, high 
and variable temperatures as well as low oxygen conditions 
(Camp et al. 2019), it is suggested that these conditions 
impinge on the ability of corals to produce robust skeletons 
(Camp et al. 2017; Tanvet et al. 2022).

It has been suggested that the formation of a more porous 
and thinner skeleton under sub-optimal conditions is a fit-
ness trade-off strategy which occurs in response to a loss of 
energy and/or carbonate ions required for skeletal forma-
tion as corals prioritise maintaining normal rates of linear 
extension as opposed to infilling pores to ensure access to 
light or reach a critical size for sexual maturity (Fantazzini 
et al. 2015; Scucchia et al. 2023; Tambutte et al. 2015). 

We suggest another possible explanation for the observed 
increased porosity under stress conditions may be the result 
of an imbalance in calcification stages (Neder et al. 2022; 
Wooldridge 2013). Dark-calcification produces a porous 
skeletal framework and leads to linear extension (Barnes and 
Crossland 1980; Vago et al. 1997) whilst light-calcification 
is dominated by infilling of pores, resulting in a thicken-
ing of the skeleton and is more energetically costly (Barnes 
1970; Gattuso et al. 2015; Wooldridge 2013). A disruption 
or imbalance in these calcification stages may contribute 
to structural changes observed in coral skeletons under 
sub-optimal conditions. Light-calcification is thought to be 
facilitated by the additional energy derived from zooxan-
thellae (Gattuso et al. 2015; Neder et al. 2022) and as ambi-
ent seawater at night is naturally more acidic and possesses 
lower oxygen content than during the day (Albright et al. 
2013; Gobler and Baumann 2016; Shashar et al. 1993), the 
dark-calcification mechanisms may be better suited to cope 
with perceived stressors. A reduction in light-calcification 
compared to dark-calcification may lead to a more porous 
and thinner skeletal phenotype, as observed in P. acuta, due 
to reduced infilling whilst maintaining a constant linear 
extension rate.

Pocillopora acuta was the only species of the three stud-
ied that was found at all sites at the time of sampling. Pocil-
lopora sp. are known to be a pioneering taxon (Fabricius 
2005; Uthicke et al. 2010) and exhibit tolerance for elevated 
nutrient levels which may contribute to its ability to persist 
in the mangrove environment (Muller-Parker et al. 1994; 
Stambler et al. 1991). Pocillopora acuta’s reproductive 
method involving brooding of larvae (Fiesinger et al. 2023) 
may facilitate recruitment from resident stress resilient cor-
als and contribute to its wide distribution at Low Isles (Ayre 
and Hughes 2000; Fiesinger et al. 2023). Further, asexual 
reproduction such as via fragmentation may also facilitate 
local recruitment from amongst the mangroves (Highsmith 
1982; Lord et al. 2023).

In contrast, M. cf. digitata retained a similar skeletal 
structure at sites both within and outside the mangrove 
system. As Montipora sp. are known to be highly het-
erotrophic (Hughes and Grottoli 2013), this finding may 
suggest species more reliant on heterotrophy may not 
be as greatly impacted by sub-optimal conditions (Mar-
shall and Baird 2000; Price et al. 2021). We found M. cf. 
digitata possessed a significantly lower density of cor-
allites inside the mangroves and these were associated 
with larger calyxes. As the production of larger calyxes 
and, by extension, polyps is associated with increased 
heterotrophic feeding (Conti-Jerpe et  al. 2020; Houl-
breque and Ferrier-Pages 2009), this result supports the 
suggestion that increased feeding may counterbalance the 
energetic cost of biomineralisation under stressful condi-
tions (Camp et al. 2019; Houlbreque et al. 2015; Tanvet 
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et al. 2022). Feeding effort and heterotrophic capacity 
may influence the ability of different coral species to uti-
lise the available organic matter at mangroves for skeletal 
formation, where more heterotrophic species may be more 
capable of using these resources to produce skeletons 
structurally equivalent to those observed under normal 
conditions (Granek et al. 2009; Perry 2007; Tanvet et al. 
2022).

Acropora cf. millepora, although previously observed 
at Woody Island (Camp et al. 2019), was not found in 
the mangroves at the time of sampling, potentially due to 
Acropora sp. sensitivity to stress conditions (Camp et al. 
2016; Hughes et al. 2020; Johnson et al. 2021; Manullang 
et al. 2023). Acropora cf. millepora skeletons were more 
porous and thinner at the Low Isles reef compared to Opal 
Reef. The sensitivity of A. cf. millepora skeletons to man-
grove stressors is evidenced from previous studies at the 
Low Isles, Woody Island mangroves, which found signifi-
cant reductions in calcification rates of A. cf. millepora 
from the mangroves compared to the adjacent reef as well 
as increased respiration rates in the mangroves (Camp 
et al. 2019). Interestingly, we found the skeletons of A. 
cf. millepora 300 m away from the mangroves at the Inner 
Adjacent Reef site had a thicker, less porous skeleton than 
those 1 km away at the Outer Adjacent Reef, potentially 
due to the influence of tidal flow which enters the Low 
Isles reef flat near the Inner Adjacent Reef site, replen-
ishing the area with non-mangrove associated waters and 
potentially lessening the effect of stressors (Schueth and 
Frank 2008). Observation that the thinnest skeletal struc-
tures for A. cf. millepora occurred at the Outer Adjacent 
Reef site contradicts suggestions that thinner and more 
porous skeletons at mangroves are the result of reduced 
wave energy (Scucchia et al. 2023). This is supported by 
foraminifera analysis which recorded high wave energy 
associated foraminifera namely, Baculogypsina sp. and 
Calcarina sp. (Lobegeier 2002), were found in abundance 
at Opal Reef but not at the Woody Island and Low Isles 
reef sites assessed (Chadda-Harmer et al. 2025).

Interspecies comparison found that skeletal surface 
area to volume ratios significantly differed between P. 
acuta and both A. cf. millepora and M. cf. digitata. Acro-
pora millepora and M. digitata are perforate corals and 
share a similar skeletal architecture (Yost et al. 2013) 
whereas P. acuta is an imperforate coral (Huffmyer et al. 
2020) which may explain the differences observed. The 
interconnected tissues penetrating skeletons in perforate 
corals has been suggested to enable coral polyps to cope 
better under environmental stress (Yost et al. 2013) but 
like the findings of Comeau et al. (2014), we did not 
observe a clear perforate advantage in skeletal formation.

Implications and future research

This study is the first multi-species assessment of the struc-
ture of coral skeletons in mangrove environments and pro-
vides insights on the skeletal integrity and potential coping 
mechanisms of corals within these systems. Structural analy-
sis supports the hypothesis that for some species, e.g., M. cf. 
digitata, heterotrophy is a mechanism that may support coral 
survival within the sub-optimal conditions influenced by the 
mangrove forest. As particulate organic matter availability at 
reefs is projected to decrease under climate change (Kealoha 
et al. 2019), mangroves may provide an increasingly impor-
tant nutrient resource and benefit nearby corals that grow 
at a distance far enough not to be impacted by mangrove 
stressors (Carlson et al. 2021). Considering mangroves as 
a model for future ocean conditions, results of the present 
study warn of the formation of weaker coral skeletons with 
increasing climate change associated stress. Species-specific 
responses to environmental stress suggest clear winners and 
losers, with a possible loss of diversity and altered coral 
community structure under future ocean conditions which 
threatens the structural complexity of coral reef habitats and 
the ecosystem they support (Agostini et al. 2021; Marshall 
and Baird 2000).

Coupling research on structural changes with investiga-
tion of other measures indicative of the inherent strength of 
skeletal material, such as biomineral hardness using nanoin-
dentation (Fantazzini et al. 2015; Scucchia et al. 2023), will 
also be useful in determining the extent to which environ-
mental stress impacts coral skeletons. Further, combining 
structural analysis with more commonly used metrics such 
as calcification rate and bulk density measurements will 
enable greater comparison across studies and increase our 
understanding of how changes in skeletal formation occur.

As natural systems are highly variable, future studies 
investigating the effect of distance from mangroves on cor-
als are encouraged to utilise multiple replicate sites of the 
same distance to account for confounding factors such as 
tidal patterns and geomorphological settings. To better con-
strain the factors impacting corals in these environments 
it is encouraged that a suite of physiochemical data (e.g., 
pH, temperature, oxygen, aragonite saturation state, turbid-
ity, light, and water organic carbon content) are collected at 
all sites corals are sampled from as well as hydrodynamic 
parameters. Future research on the skeletal integrity of man-
grove associated corals will be important to better ascertain 
the potential of these sites to support coral growth under 
stress and delineate the factors most strongly contributing 
to skeletal changes in corals from these environments and 
under future ocean conditions.
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