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Abstract Despite the economic and ecological importance

of corals’ skeletal structure, as well as their predicted

vulnerability to future climate change, few studies have

examined the skeletal mechanical properties at the nanos-

cale. As climate change is predicted to alter coral growth

and physiology, as well as increase mechanical stress

events (e.g., bioerosion, storm frequency), it is crucial to

understand how skeletal mechanical properties change with

environmental conditions. Moreover, while material prop-

erties are intimately linked to the chemical composition of

the skeleton, no previous study has examined mechanical

properties alongside carbonate geochemical composition.

Using Porites coral cores from a wide range of reef envi-

ronments (Thailand, Singapore, Taiwan), we correlated

coral’s micro-mechanical properties with chemical

composition. In contrast to previous mechanical measure-

ments of reef-building corals, we document unprecedented

variability in the hardness, stiffness, and micro-cracking

stress of Porites corals across reef environments, which

may significantly decrease the structural integrity of reef

substrate. Corals from environments with low salinity and

high sedimentation had higher organic content and frac-

tured at lower loads, suggesting that skeletal organic con-

tent caused enhanced embrittlement. Within individual

coral cores, we observed seasonal variability in skeletal

stiffness, and a relationship between high sea surface

temperature, increased stiffness, and high-density.

Regionally, lower Sr/Ca and higher Mg/Ca coincided with

decreased stiffness and hardness, which is likely driven by

increased amorphous calcium carbonate and skeletal

organic content. If the coral is significantly embrittled, as

measured here in samples from Singapore, faster erosion is

expected. A decrease in skeletal stiffness will decrease the

quality of reef substrate, enhance the rate of bioerosion by
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predators and borers, and increase colony dislodgement,

resulting in widespread loss of structural complexity.

Keywords Mechanical response � Porites � Micro-

cracking � Coral geochemistry � Organic content

Introduction

Scleractinian corals build structures that provide complex

three-dimensional habitat of significant ecological and

economic value (Moberg and Folke 1999; Pratchett et al.

2008; Graham and Nash 2012). Globally, corals are

threatened by increased sea surface temperature (SST),

changes in storm intensity, ocean acidification, excess

sediment and nutrient input, and sea level rise (Hoegh-

Guldberg et al. 2007; Morgan et al. 2020; Hughes et al.

2018; Hoegh-Guldberg et al. 2017; Silbiger et al. 2018).

Such changes in environmental conditions can affect

mechanical and microstructural properties of the coral,

including calcification rate, skeletal density, and porosity,

which may ultimately affect coral health and survival

(Fantazzini et al. 2015). Low porosity has been proposed as

an adaptive mechanism to enhance skeletal strength in

response to high mechanical stress (e.g., wave energy)

(Chamberlain 1978) and has been correlated with low SST,

increased bulk density, and increased skeletal stiffness

(Caroselli et al. 2011; Goffredo et al. 2014). However,

environmental conditions do not always have consistent

relationships with bulk coral properties. For example, high

density bands in coral skeletons can have negative (Car-

oselli et al. 2011; Tanzil et al. 2016) or positive correla-

tions with SST (Lough and Barnes 1990; Weber et al.

1975). Moreover, bulk observations of coral material

properties obscure potential micro- and nano-scale changes

in crystal structure, which are directly related to

biomineralization.

Coral skeletons are built via extracellular precipitation

of calcium carbonate in the form of densely packed

orthorhombic aragonite crystals (Muscatine et al. 1997;

Tambutté et al. 2007). Recent studies have suggested a

multi-step growth mechanism, which begins via amor-

phous calcium carbonate particle attachment (� 400 nm),

followed by an amorphous-to-crystalline phase transition

regulated by the organic matrix (largely proteins), which

may accelerate mineralization (Mass et al. 2014, 2017;

Von Euw et al. 2017; Akiva et al. 2018). As increased

organic matter content and crystal disorder are associated

with coral centers of calcification (COCs) (Benzerara et al.

2011; Falini et al. 2013; Von Euw et al. 2017), the pres-

ence of organic macromolecules in calcification process

may also explain corals’ ability to form aragonite at much

higher rates than synthetic aragonite precipitation,

ultimately driving coral growth rates (Mass et al. 2017).

Although the origins of these particles and the role of coral

biology in calcification are still debated (see DeCarlo et al.

2018), such findings highlight the importance of quantify-

ing coral skeletal properties at scales relevant to crystal-

lization. Yet, despite widespread microscale studies of

biomineralization, the mechanical properties (e.g., strength,

hardness, stiffness) of coral skeletons are rarely studied at a

comparable scale. In contrast with bulk density and

porosity, microscale measurements of coral mechanical

properties can inform us about the resistance of the skeletal

material to deformation and fracture, which is intimately

linked with crystal organization and composition, and

when combined with environmental information, can tell

us how vulnerable this process might be to environmental

change.

Young’s modulus and hardness are two essential

mechanical properties that can be measured for hard

materials by depth sensing nanoindentation. The mechan-

ical properties of biomineralized tissues are influenced by

the viscoelastic organic matrix, interspersed between the

crystalline phase (Wang and Gupta 2011; Liu et al. 2017).

Higher organic content usually leads to lower elastic

modulus and hardness, but at the same time can also

increase fracture toughness (i.e., the resistance against

crack propagation) up to a critical threshold (Miserez et al.

2009). However, the role of organic content on the overall

strength of hard corals is complex, with no straightforward

correlation between organic content and mechanical dura-

bility (Amini and Miserez 2013). In scleractinian corals,

reported values for organic matrix content vary from 1 to

3% (Cuif et al. 2004; Dauphin et al. 2006; Falini et al.

2015; Pasquini et al. 2015). These studies were conducted

on the upper most part of coral skeletons from pristine,

oligotrophic reefs. However, as suggested by Pasquini

et al. (2015), corals from a wider range of environments

with differing organic matrix content and porosity may

have distinct mechanical properties.

Previous studies have found that the Young’s modulus

was constant between Mediterranean and Red Sea coral

species, with average values of approximately 76 GPa for

both species (Pasquini et al. 2015). Similarly, Goffredo

et al. (2014) found only a small decrease in Young’s

modulus and hardness over a 5� decrease in latitude in the

Mediterranean. In contrast, Baldock et al. (2014) and

Chamberlain (1978) reported bulk-scale differences in

compressive strength along horizontal and longitudinal

axes of branching coral and between branching and mas-

sive morphologies. Yet, these studies were limited in

geographic range and did not assess the mechanical prop-

erties of a given coral over time, making it difficult to link

the relationship between changes in mechanical properties

with evolving environmental conditions.
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While environmental effects on mechanical properties

are understudied (Ragazzola et al. 2016; Melbourne et al.

2018), it is well documented that environmental conditions

can impact the geochemistry of the aragonite (Druffel

1997). For example, the relative amount of Sr and Mg

incorporated into coral skeletons is related to SST (Smith

et al. 1979), while the absolute amount of P and Ba may be

influenced by nutrient availability and sedimentation

(Mallela et al. 2013; LaVigne et al. 2016). As a result of

these relationships, long-lived corals, most commonly

Porites lobata and Porites lutea, are used in paleo-

ceanography to reconstruct past climates (Druffel 1997;

LaVigne et al. 2016). Despite these established trace ele-

ment relationships at the millimeter scale, aragonite geo-

chemistry can also vary at the microscale and within

skeletal features. For example, compared with adjacent

fibrils, Mg/Ca in COCs of Pavona clavus increased over

10 mmol/mol (Meibom et al. 2004), while in Porites lutea,

Mg/Ca in COCs increased approximately 1 mmol/mol

(Holcomb et al. 2009). Mg acts to stabilize amorphous

calcium carbonate (ACC), which is known to exhibit a

significantly lower Young’s modulus and hardness com-

pared to its crystalline polymorphs (Addadi et al. 2003;

Politi et al. 2010).

Although coral skeletal mechanical properties and

chemical compositions have a shared dependence on

environmental conditions, they have not been examined

together in a systematic fashion, with samples from mul-

tiple geographical locations. Massive Porites corals are

well-suited for combining mechanical and chemical mea-

surements, due to their morphology, growth patterns, and

habitat range (Druffel 1997; Grottoli 2001; Cohen and

Hart 1997). As numerous paleoclimate studies have been

performed using massive Porites, chemical composition

and age-modeling methods are well-established (Allison

and Finch 2010; LaVigne et al. 2016; Tanzil et al. 2016;

Murty et al. 2018). Porites are an important reef-building

coral that are found globally on coral reefs (Vernon 2000),

as well as in the underlying reef substrate (Johnson et al.

2017). However, despite their importance as a reef-build-

ing genus, and their widespread use in coral science, the

mechanical properties of Porites have never been measured

at the nanoscale. The potential to pair Porites mechanical

properties and chemical composition would allow us to

infer information not only about past climate, but also

about the integrity of past structures. As coral growth and

trace element deposition are driven by the formation of

nanograin fibers (Mass et al. 2014; Cuif and Dauphin

2005), examining these properties at the nano- and micro-

scales can enhance our understanding of both coral calci-

fication and coral durability, which directly depends on its

mechanical properties.

To address these gaps, we examined the mechanical

properties and chemical composition of Porites coral cores

from three reefs across Asia (Fig. 1). Within the first three

to five years of growth from the top of each core,

mechanical properties were measured using depth-sensing

nanoindentation, and chemical composition was analyzed

with laser ablation inductively coupled plasma mass

spectrometry (LA-ICP-MS). Additionally, organic content

was determined using thermogravimetric analysis (TGA).

To our knowledge, this study marks the first reported nano-

mechanical measurements of Porites coral cores, as well as

the first nanoindentation measurements on corals from the

Indo-Pacific. With a wide range of environmental, sea-

sonal, and anthropogenic influences in this region, our

study seeks to investigate how changes in skeletal geo-

chemistry and mineralization impact structural integrity

across multiple spatial and temporal scales. The main aims

of this study are to (i) characterize micro- and nano-scale

material properties of massive Porites corals over a mul-

tiple year period and (ii) determine how these properties

vary in response to changing environmental conditions

within and between coral cores from a broad geographical

range.

Materials and methods

Six massive Porites coral cores (P. lutea and P. lobata)

were collected, from Koh Racha Yai, Phuket, Thailand

(7:613105�N, 98:372862�E; n ¼ 2, KRE & KRD); Kusu

Island, Singapore (1:225487�N, 103:860138�E; n ¼ 2,

KUH & KUSA1); Wanlitung, Taiwan (21:97�N, 120:71�E;

n ¼ 1, WLT); and Houbihu, Taiwan (21:94�N, 120:75�E;

n ¼ 1, HBH) (Fig. 1). Cores from Koh Racha Yai, Phuket,

Thailand (KRE & KRD) were approximately 10 m apart

on the reef and sampled on October 3, 2011. Kusu, Sin-

gapore cores were collected on December 20, 2011 (KUH),

and January 31, 2012 (KUSA1), and were located

approximately 300 m apart. Both Taiwan samples (HBH &

WLT) were cored on May 28, 2013, at reefs approximately

7 km apart. All cores from Kusu, Singapore and Phuket,

Thailand were identified as P. lutea. Due to corallite

damage, cores from Wanlitung, Taiwan and Houbihu,

Taiwan were identified as either P. lutea or P. lobata.

Between these two species, similar growth characteristics

have been recorded, and species effects on growth are

considered negligible (Lough et al. 1999; Tanzil et al.

2013) (see Supplemental for additional coring informa-

tion). Cores were grouped by location and identified as

Singapore, Thailand, and Taiwan cores throughout the

manuscript.
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For each site, monthly averaged environmental data

were compiled from various satellite and in situ sources,

which corresponded with the growing period of each core

(Fig. 2; Supplemental; Table S1). Rainfall data were

compiled from Tanzil et al. (2016) and the Hengchun

weather bureau. Sea surface temperature (SST), ocean

current speed & sea surface salinity (SSS), and photosyn-

thetically available Radiation (PAR) were collected from

HadISST (Rayner et al. 2003), SODA POP 3.3.1 (Carton

and Giese 2008), and MODIS/Aqua (Acker and Leptoukh

2007), respectively. Significant wave height (Hsig) data

were gathered from WaveWatch III (WW3) (Tolman 2002)

(see Supplemental for more detail). Southern Taiwan is

often in the path of typhoons and experiences the strongest

seasonal variability between the sites, with the lowest SST

and greatest SSS, as well as greater ocean current speed

and Hsig (Fig. 2). Singapore is an equatorial reef with

limited seasonal variability in SST and SSS, as well as

lower PAR, due to high turbidity and sedimentation. While

both Phuket (Thailand) and Singapore reefs are in a trop-

ical monsoon climate, Phuket is exposed to swell during

the southwest monsoon, driving a seasonal increase in Hsig

(Fig. 2).

The top of each core was selected for analysis, as these

time periods corresponded with environmental data avail-

ability for each site. Due to the intensive nature and the

small scale of the analysis, only the first three to five years

of each core were analyzed. Growth years were identified

by counting luminescent bands under UV light. The timing

of luminescent band and density deposition was verified

with alizarin staining and X-ray imaging for Thailand and

Singapore (Tanzil et al. 2016), and by a combination of

X-ray imaging and Sr/Ca age models for Taiwan cores

(Ramos 2019). Small fragments, corresponding to

approximately one year of growth, were cut along Porites

cores, cleaned with ultra-sonication, and embedded in

epoxy resin. Fragments were cut parallel to each core’s

primary growth axis. Cold mounting epoxy resin (EpoFix,

Struers) was used to avoid any alteration of the skeletal

organic components. Samples were cured under a vacuum.

Embedded samples were polished with sandpaper of

decreasing mesh size (1000 down to 4000 grit), followed

by an alumina colloidal suspension (particle size 40 nm)

and ultrasonication.

Embedded coral fragments were analyzed for trace

elements using LA-ICP-MS (Photon Machines Analyte G2

193 nm ArF excimer, Thermo iCapQ Quadrupole ICP-MS,

Fig. 1 a Porites sample sites in

Koh Racha Yai, Phuket,

Thailand; Kusu Island,

Singapore; and Hengchun

Township, Taiwan. Cores from

b Houbihu (HBH), Nanwan Bay

and Wanlitung (WLT),

Hengchun Township, Taiwan

were approximately 7 km apart,

cores from c Koh Racha Yai,

Phuket, Thailand (KRD &

KRE) were \10 m apart on the

same reef, and cores from

d Kusu, Island Singapore (KUH

& KUSA1) were approximately

300 m apart on the same reef
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10 Hz). A line scan with a 100 � 100 lm square beam

moving at 5 lm/s was performed along the coral skeleton

and 24Mg, 27Al, 31P, 43Ca, 44Ca, 88Sr, 111Cd, and 137Ba

concentrations were measured. Standard calibration and

correction information can be found in the Supplemental

Information. Data were normalized to calcium carbonate,

and results were then converted into elemental ratios with

respect to calcium (M/Ca). A moving average was used to

reduce signal noise. The moving average subset size was

determined based on annual growth rate estimations (1 cm

yr �1) and laser speed (5 lm s�1) to represent approxi-

mately one week of time (191 lm).

Subsequently, nanoindentation measurements were

made using a TI 950 TriboIndenter (Hysitron). Indents

were performed adjacent to the track of the LA-ICP-MS

scan, avoiding the track itself due to damage from the laser.

Within each growth year of the coral skeletons, indents

were made in 4–6 areas along the laser track, separated by

2–3 mm. Each indentation area comprised of a 40 � 50 lm

grid of 20 indents, each separated by 10 lm. A cono-

spherical indenter with a 5 lm radius was used to minimize

cracking, which we observed with the more commonly

used sharp Berkovich diamond indenter. With an average

contact depth of 200 nm, the cono-spherical tip compresses

an area of approximately 6 lm2 during each indent. Cali-

bration was performed using either fused quartz or alu-

minum standards with a Young’s moduli of 69 GPa and

72 GPa, respectively. Young’s modulus was determined

using the Oliver and Pharr method (2004) (Fig. 3a; Sup-

plemental). Indents that were out of the calibration range or

displayed loading plateaus, also known as ‘‘pop-in’’ events

(Fig. 3b), were removed from Young’s modulus and

hardness calculations, and the remaining indents were

averaged (mean n ¼ 15, ranging from n ¼ 5 to n ¼ 20 per

indentation grid). The load and depth of pop-in events were

used to determine micro-fracture (micro-cracking) stress.

Additional samples from each core were cut with a hand

drill (Dremel), adjacent to the annual fragments described

above, for thermogravimetric analysis (TGA). Each sample

contained homogenized powder from one year of growth.

TGA was carried out by first heating coral powder (20–

30 mg) to a 200 �C isotherm for 5 min. The sample was

then heated at a rate of 10 �C/min from 200 to 400 �C and

at a rate of 20 �C/min from 400 to 500 �C (TA instruments

TGA Q500). Weight was measured with a precision bal-

ance during heating, and N2 gas was used with a balance

purge rate of 40 ml min�1 and a sample purge rate of

60 ml min�1. The temperature of maximum weight loss

change (Tmax) was determined from the derivative of the

weight loss curve. Weight loss percentage was determined

in three temperature ranges: A1 (175 �C, 225 �C), A2

(Tmax � 50 �C, Tmax þ 50 �C), and A3 (Tmax þ 50 �C,

500 �C). The tissue layer was analyzed separately from the

rest of the skeleton.

Bulk skeletal density was measured from digitized X-

ray images taken at the National University Hospital of

Singapore (NUH CR, 69 kV, 5 mAs, single exposure) and

calibrated using clam standards (see Tanzil et al. 2016).

Linear extension rates were determined from annual

banding patterns and geochemical data. Average annual

density (g cm�3) and linear extension rates (cm yr�1) were

multiplied to calculate the calcification rate (g cm�2 yr�1).

Statistics were performed using R software (R 3.6.1) (R

Core Team 2019). Shapiro–Wilk’s test was used to test for

data normality, and Analysis of Variance (ANOVA) with

pairwise comparisons were used to test for differences

between sites in bulk density, organic content, and

mechanical properties. Correlations between mechanical

and chemical properties were determined using Pearson’s

correlation tests. The down-core time-series of mechanical

properties in each core was compared with SST by linearly

interpolating SST onto dates from the age-modeled

Fig. 2 Monthly average rainfall (mm), photosynthetically activity

radiation (PAR) (lmol m�2), sea surface salinity (SSS), significant

wave height (Hsig), ocean current speed (x, y directions), and sea

surface temperature (SST) data from Taiwan, Singapore, and

Thailand coral sites. Error bars represent the monthly standard

deviation of each parameter over the relevant growth period of each

core used in this study
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Young’s modulus of each core. As samples were not from

the core’s primary growth axis, age-models are given an x-

error of �1 month. SST and Young’s modulus compared

using cointegration with an augmented Dickey–Fuller test,

which tests for stationary linear combinations between time

series datasets. All means are reported with standard

deviation (mean ± SD).

Results

Porites skeletal properties

Bulk density was lowest in Singapore (KUSA1)

(1:13 � 0:03 g cm�3 yr�1), which differed significantly

from all other cores (pairwise t test, Holm adjustment,

p\0:05). The highest bulk density was observed in Taiwan

(WLT) and Thailand (KRE) (1:27 � 0:04 g cm�3 yr�1 and

1:27 � 0:04 g cm�3 yr�1). The highest linear extension and

calcification rates were found in Singapore (KUSA1)

(1:94 � 0:12 cm yr�1; 2:18 � 0:17 cm�2 yr�1) and Thai-

land (KRD) (1:57 � 0:14 cm yr�1; 1:93 � 0:10 cm�2

yr�1). Detailed bulk density, linear extension, and calcifi-

cation rates can be found in the Supplemental (Table S2).

Hardness and Young’s modulus were positively corre-

lated across all six coral cores (r ¼ 0:76, p\0:0001,

n ¼ 98, Pearson’s) (Table 1). Young’s modulus and hard-

ness of the Taiwan cores (WLT & HBH) differed signifi-

cantly from each other (t test, p\0:0001). No significant

differences were found between Young’s modulus (t test,

p ¼ 0:07) and hardness (t test, p ¼ 0:71) of Thailand

replicate cores (KRE & KRD), as well as between Young’s

modulus (t test, p ¼ 0:06) and hardness (t test, p ¼ 0:85) of

Singapore replicate cores (KUH & KUSA1). Pop-in events

occurred with a significantly higher frequency in Singapore

cores, as well as at significantly lower stresses (ANOVA,

Tukey HSD post hoc, p ¼ 0:0001) (Fig. 4a). A decrease in

the magnitude of micro-cracking stress was directly cor-

related with decreasing Young’s modulus (r ¼ 0:63,

p ¼ 0:002, n ¼ 20) and hardness (r ¼ 0:85, p\0:0001,

n ¼ 20) (Fig. 4b).

Trace element (M/Ca) values ranged from: 3.6–

5.7 mmol/mol Mg/Ca; 1.04–232.9 lmol=mol Al/Ca; 23.0–

897.9 lmol=mol P/Ca; 8.6–9.5 mmol/mol Sr/Ca; 0.01–

0.5 lmol/mol Cd/Ca; and 1.8–161.8 lmol=mol Ba/Ca.

Between the tissue layer and the fully formed skeleton, P/

Ca and Ba/Ca ratios both decreased approximately 5-fold.

Sr/Ca and Mg/Ca display a significant, negative correlation

(r ¼ �0:42, p\0:0001, n ¼ 103, Pearson’s). Detailed data

can be found in Table S3 (Supplemental).

Organic content was highest in the tissue layer, with the

main organic components (A2; Fig. 5) having an average

content of 2:1 � 5:4%, compared with 1:4 � 0:07% in the

skeleton (Table 2). The peak temperature of organic matter

combustion (A2) was 286:3 � 2:8 �C. In the skeleton (ex-

cluding tissue layer), A2 organic content did not differ

significantly between replicate cores from the same region

(t test, p[ 0:05). When grouped by region, Thailand’s A2

organic content was significantly lower than that of Sin-

gapore and Taiwan, by an average of 0.14% and 0.08%,

respectively (ANOVA, Tukey HSD post hoc, p\0:05;

Fig. 5). The sum of organic content (A1 þ A2 þ A3; Fig. 5)

ranged from 2.6 to 6.3% in the tissue layer and 1.65% to

2.2% in the skeleton. In the skeleton (excluding tissue

layer), organic content sum differed between Thailand

replicate cores (KRE & KRD) (t test, p ¼ 0:03), but no

difference was found between Singapore’s two replicate

cores nor between Taiwan’s (t test, p[ 0:05). Thailand’s

sum organic content was lower than Singapore and Taiwan

by an average of 0.23% and 0.15%, respectively (ANOVA,

Tukey HSD post hoc, p\0:05; Fig. 5).

Fig. 3 a Single indentation curve from sample KRD (Thailand),

showing loading and unloading curves and parameters S (stiffness),

Pmax (maximum load), hf (final depth), hc (contact depth), hmax

(maximum depth). b Multiple indentation curves from a single

indentation area (40 lm by 50 lm grid). Young’s moduli were

determined from each curve using the Oliver–Pharr method (2004)

(Supplemental) and then averaged within each indentation area. Pop-

in events, shown in red, result from free movement of the indenter

during cracking and induce displacements which effect E and H

calculations
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Relationships between skeletal properties

and environmental conditions

Young’s modulus was age-modeled using a combination of

luminescent banding, density banding, and geochemical

data, with the assumption of linear seasonal growth (Fig. 6)

(Ramos 2019; Tanzil et al. 2016). Linear interpolation

revealed a significantly positive correlation of Young’s

moduli with SST for KRD (Thailand) and WLT (Taiwan)

(Table 3). Similarly, Young’s modulus and SST were

significantly cointegrated at all sites, with the exception of

Taiwan core HBH (Table 3).

Combining all cores, Young’s modulus (r ¼ 0:33,

p ¼ 0:0008, n ¼ 103, Pearson’s) and hardness (r ¼ 0:31,

p ¼ 0:001, n ¼ 103, Pearson’s) displayed a significant,

positive relationship with Sr/Ca (Table 4; Fig. 7). These

relationships were strengthened when data from the tissue

layer were removed (Young’s modulus & Sr/Ca: r ¼ 0:43,

p ¼ 0:0001, n ¼ 75; Hardness & Sr/Ca: r ¼ 0:41,

p ¼ 0:0003, n ¼ 75; Fig. 7). In addition, Young’s modulus

and hardness had significant, negative relationships with

Ba/Ca (Young’s modulus & Ba/Ca: p ¼ �0:45, p\0:0001,

n ¼ 81; Hardness & Ba/Ca: r ¼ �0:34, p ¼ 0:002,

n ¼ 81). The Thailand core, KRD, exhibited significantly

higher Ba/Ca values than its replicate (KRE) and all other

coral samples. The dotted line in Fig. 7 shows the corre-

lation between all points, excluding KRD (Young’s mod-

ulus & Ba/Ca: r ¼ �0:54, p\0:0001, n ¼ 72; Hardness &

Ba/Ca: r ¼ �0:69, p\0:0001, n ¼ 72). Within an indi-

vidual core, almost no significant trends were found

between M/Ca and mechanical properties (Table S4;

Supplemental).

Several relationships were also evident between bulk

measurements and annually averaged material properties,

including a decrease in fracture (cracking) stress and

increase in fracture frequency with increasing organic

content (r ¼ �0:51; p ¼ 0:02, n ¼ 20; r ¼ 0:61,

p ¼ 0:004; n ¼ 20) (Fig. 8; Table 5). A weak relationship

was observed between Young’s modulus & sum organic

content (r ¼ �0:50; p ¼ 0:02; n ¼ 20). Including tissue

layer data, bulk density displayed a significant correlation

with annually averaged Young’s modulus

(r ¼ 0:49; p ¼ 0:01; n ¼ 23), hardness

(r ¼ 0:54; p ¼ 0:007; n ¼ 23), and micro-cracking stress

(r ¼ 0:65; p ¼ 0:0009; n ¼ 23) (Fig. 8; Table 5), as well as

Fig. 4 a Cumulative frequency distribution of the stress (MPa) at which the first observed micro-cracking, or ‘‘pop-in,’’ event occurred for each

coral core. b Annually averaged micro-cracking stress versus average hardness for each core

Table 1 Average Young’s Modulus and Hardness in the fully formed skeleton and tissue layers from six Porites cores (� SD), along with the %

of indents containing pop-in events during loading

Site Core Skeleton Tissue layer

Young’s Modulus Hardness Pop-in events Young’s Modulus Hardness Pop-in events

(GPa) (GPa) (%) (GPa) (GPa) (%)

Wanlitung, Taiwan WLT 68:6 � 7:6 3:2 � 0:4 17.0 61:1 � 5:9 2:1 � 0:4 26.7

Houbihu, Taiwan HBH 40:4 � 16:2 1:9 � 0:4 24.7 61:2 � 14:0 2:7 � 0:6 15.0

Phuket, Thailand KRE 62:5 � 9:3 2:3 � 0:2 11.0 66:6 � 8:9 2:3 � 0:0 2.5

KRD 45:2 � 22:4 2.1 ± 0.6 24.2 76:0 � 3:7 3:0 � 0:7 25.0

Kusu, Singapore KUH 36:1 � 14:1 1:3 � 0:4 48.0 56:2 � 10:4 2:2 � 0:2 55.0

KUSA1 46:5 � 8:8 1:4 � 0:3 53.1 53:1 � 2:4 1:9 � 0:2 33.6
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with Sr/Ca (r ¼ 0:50; p ¼ 0:017; n ¼ 23) (Table 4). Within

individual coral cores, HBH (Taiwan) was the only core

with detectable variation at the annual scale, with sum

organic content varying positively with Young’s modulus

(r ¼ �0:97; p ¼ 0:03; n ¼ 4), micro-cracking stress

(r ¼ �0:97; p ¼ 0:03; n ¼ 4), and Ba/Ca

(r ¼ 0:90; p ¼ 0:09; n ¼ 4); however, sample size was

limited as organic content was only measured annually.

Discussion

Nanoindentation results in the context of previous

studies

Young’s modulus, hardness, and micro-cracking stress of

Porites skeletons varied significantly across environments,

as well as within a single location and a single colony. In

comparison with other aragonitic biominerals, such as

nacre (E ¼ 60–84 GPa, H ¼ 2:7–6.5 GPa), conch

(E ¼ 74 GPa, H ¼ 3:3 GPa), or pteropods (E ¼ 51:1–

85.9 GPa, H ¼ 5:2–5.6 GPa) (Amini and Miserez 2013;

Zhang et al. 2011; Mu et al. 2018), Porites skeletons

possessed inferior mechanical properties (E ¼ 62:4 GPa,

H ¼ 2:0 GPa). Despite variability within colonies, which

was likely driven by seasonal changes in growth and cal-

cification, we observed both site-specific differences and

common patterns across sites. For example, micro-cracking

frequency was clearly higher in Singapore corals (Fig. 4),

while in nearly all corals, Young’s modulus and hardness

were an average of 1.4 times higher in the recently formed

skeleton, commonly referred to as the tissue layer, than the

underlying skeleton (Table 1). The large range in me-

chanical variability observed in this study is rarely found

within a single mineral phase of one organism and con-

tradicts previous nanoindentation studies on corals, which

report homogenous properties in three scleractinian species

(Goffredo et al. 2014; Pasquini et al. 2015). However,

discrepancies may be a result of differences in sampling

techniques or coral species, as prior studies have mainly

focused on temperate coral (Goffredo et al. 2014; Pasquini

et al. 2015). Here, although Porites cores were collected at

different time points, skeletons were sampled over a multi-

year growth period with a high degree of temporal overlap

between sampling points, and environmental data were

compiled from the corresponding growth period for each

core. Consequently, differences in core sampling dates are

unlikely to have driven the observed differences between

samples.

Our sampling design uniquely distinguished skeletal

properties of the tissue layer from those of the underlying

skeleton. Nanoindentation, organic content, and geochem-

ical data reported in this study were different in these two

regions, with the tissue layer having higher moduli and

increased hardness, more organic content, and elevated Ba/

Ca and P/Ca relative to skeletal regions below. Previous

Table 2 Organic content (%) from thermogravimetric analysis from

each Porites core. Data from regions A2 (Tmax � 50 �C,

Tmax þ 50 �C) and the sum of weight loss (A1 þ A2 þ A3) are shown

(see Fig. 5)

Site Core Organic content (%)

A2 Sum

Wanlitung, Taiwan WLT TL 2.06 3.27

S 1:54 � 0:02 1:99 � 0:02

Houbihu, Taiwan HBH TL 2.17 2.93

S 1:54 � 0:04 1:97 � 0:02

Phuket, Thailand KRE TL 1.69 2.88

S 1:44 � 0:02 1:74 � 0:07

KRD TL 1.55 2.62

S 1:47 � 0:06 1:93 � 0:04

Kusu, Singapore KUH TL 3.26 6.32

S 1:64 � 0:05 2:13 � 0:07

KUSA1 TL 1.62 3.26

S 1:57 � 0:08 2:01 � 0:00

Tissue layer (TL) organic content is shown separately from the annual

average of the skeleton (S) below the tissue layer (± SD)

Fig. 5 a Thermogravimetric Analysis (TGA) weight loss from the

2013 growth year of the Taiwan Houbihu core (HBH). Weight loss

was divided into three regions based on the weight loss derivative

maximum: A1 (175 �C, 225 �C), A2 (Tmax � 50 �C, Tmax þ 50 �C), and

A3 (Tmax þ 50 �C, 500 �C). The sum of weight loss was determined

by A1 þ A2 þ A3. b Organic content (%) in 6 cores for the sum of all

organic material and the major organic peak (A2), grouped by site

(excluding tissue layer organic content)
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nanoindentation measurements of scleractinian corals

(Goffredo et al. 2014; Pasquini et al. 2015) and TGA

(Falini et al. 2013) made no distinction between these two

layers, with the exception of TGA by Cuif et al. (2004),

who sampled only the upper skeleton region. Hemispheri-

cal Porites colonies, along with other massive corals, have

a small ratio of living tissue to skeletal volume. For

example, in a massive Porites colony, the non-living

skeleton can comprise [ 98% of the structure, whereas a

cylindrical shaped Acropora branch contains approxi-

mately 60% non-living skeleton.1 Given the distinct prop-

erties observed between these two skeletal regions, we

recommend that it is fundamentally important to differen-

tiate both regions, particularly in the context of the struc-

tural integrity of reef framework.

Additionally, in contrast with existing nanoindentation

studies of scleractinian coral (Pasquini et al. 2015; Gof-

fredo et al. 2014) that used a sharp Berkovich indenter

(� 100 nm tip, opening angle ¼ 142:38�), we purposely

selected a cono-spherical indenter (5 lm radius) to reduce

internal contact stresses during indentation. While the

Berkovich geometry is commonly used in indentation

studies of biominerals, the cono-spherical tip postpones

inelastic deformation and minimizes micro-cracking events

for a given applied load, which can be detected as dis-

placement discontinuities in the load–displacement curves

(i.e., pop-in events) (Fig. 4b) (Van Vliet et al. 2003;

Kearney et al. 2006). In addition, material brittleness,

which drives erosion through micro-damage, can be more

readily differentiated between different samples by using

the cono-spherical geometry, due to the delay in micro-

cracking events, even in relatively brittle materials. Such

micro-cracking events were particularly prevalent in all

Singapore samples, occurring in nearly 50% of all indent

loading curves (Fig. 4a). As Singapore corals also had the

lowest modulus and hardness (Table 1), our results indi-

cated a direct correlation between these parameters

(Fig. 4b).

Table 3 (a) Correlations of

age-modeled young’s modulus

and Sea Surface Temperature

(SST) from (a) Singapore cores

KUSA1 and KUH, (b) Thailand

cores KRD and KRE, and

(c) Taiwan cores WLT and

HBH

Site Core Young’s Modulus & SST

Linear interpolation Cointegration

(Pearson’s) (Aug. Dickey–Fuller)

Wanlitung, Taiwan WLT r ¼ 0:48, p ¼ 0:02* p ¼ 0:01*

Houbihu, Taiwan HBH r ¼ 0:24, p ¼ 0:26 p ¼ 0:48

Phuket, Thailand KRE r ¼ 0:25, p ¼ 0:38 p ¼ 0:01*

KRD r ¼ 0:56, p ¼ 0:04* p ¼ 0:01*

Kusu, Singapore KUH r ¼ 0:36, p ¼ 0:24 p ¼ 0:01*

KUSA1 r ¼ 0:13, p ¼ 0:59 p ¼ 0:04*

Asterisks denote significance (0.01\ p B 0.05*)

Fig. 6 Age-modeled Young’s modulus and Sea Surface Temperature

(SST) from a Singapore cores KUSA1 and KUH, b Phuket, Thailand

cores KRD and KRE, and c Hengchun, Taiwan cores WLT and HBH

1 Assuming a massive Porities colony with 2 m radius and 1 cm

thick tissue layer, and Acropora branches of 6 cm length, 1 cm

diameter, and 2 mm thick tissue layer.
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Organic defects and coral skeletal properties

Several microstructural factors may affect the modulus and

hardness, including porosity and micro-flaws, organic

content, or weak organic/inorganic and inorganic/inorganic

interfaces. The high rate of micro-cracking events observed

in Singapore corals, relative to Taiwan and Thailand

(Fig. 4a), as well as to previous studies (Goffredo et al.

2014; Pasquini et al. 2015), indicated a more pronounced

intrinsic brittleness, and thus, likely a faster erosion rate

due to resulting wear damage from micro-cracking (Zok

and Miserez 2007).

Organic macromolecules embedded in the coral skeleton

play a critical role in biomineralization by acting as a

scaffold that not only regulates crystal deposition and

growth, but also maintains the geometry of the skeletal

structure and re-distributes internal stresses (Ji and Gao

2004; Falini et al. 2013; Mass et al. 2017). In a study of

bivalve and gastropod shells, an inverse relationship was

detected between organic matrix content and material

properties, such that shells with higher organic content had

decreased hardness and stiffness (Young’s modulus)

(Fleischli et al. 2008). Comparisons of biogenic and geo-

logical aragonite crystals have shown that intra-crystalline

organic molecules can induce residual strains and lattice

distortions (Pokroy et al. 2006, 2007). Accordingly, a

relationship between organic content and skeletal proper-

ties has been hypothesized for coral (Goffredo et al. 2014;

Pasquini et al. 2015), yet due to a lack of discernible

variability in material properties, results were inconclusive.

Here, our study provides evidence of an inverse relation-

ship between the annually averaged organic content with

both Young’s moduli and micro-cracking stress (Fig. 8).

While we cannot distinguish between intra- and inter-

Table 4 Trace element ratio correlations with skeleton mechanical and physical properties from the combined 6-core dataset, excluding the

tissue layer

M/Ca Young’s modulus Hardness Density Linear extension

Mg/Ca r ¼ �0:28, p ¼ 0:01* r ¼ �0:26, p ¼ 0:02* r ¼ 0:05, p ¼ 0:83 r ¼ 0:11, p ¼ 0:65

Al/Ca r ¼ 0:07, p ¼ 0:53 r ¼ 0:16, p ¼ 0:15 r ¼ 0:17, p ¼ 0:48 r ¼ �0:21, p ¼ 0:41

P/Ca r ¼ 0:10, p ¼ 0:40 r ¼ 0:04, p ¼ 0:75 r ¼ 0:18, p ¼ 0:65 r ¼ 0:02, p ¼ 0:95

Sr/Ca r ¼ 0:43, p\0:0001*** r ¼ 0:41, p ¼ 0:0002*** r ¼ 0:50, p ¼ 0:65* r ¼ �0:47, p ¼ 0:05*

Ba/Ca r ¼ �0:45, p\0:0001*** r ¼ �0:34, p ¼ 0:002** r ¼ �0:02, p ¼ 0:92 r ¼ 0:44, p ¼ 0:06

Cd/Ca r ¼ 0:32, p ¼ 0:003** r ¼ 0:45, p ¼ 0:003*** r ¼ 0:32, p ¼ 0:19 r ¼ �0:32, p ¼ 0:19

Asterisks denote significance (0.01\ p B 0.05 *, 0.001\ p B 0.01**, p B 0.001***)

Fig. 7 Sr/Ca (mmol/mol), Mg/Ca (mmol/mol), and Ba/Ca (lmol=mol) from sample regions adjacent to nanoindentation areas and corresponding

(a) Young’s modulus and (b) hardness values from each sampling point along the six Porites cores. Tissue layer data have been excluded from

these analyses. Ba/Ca regressions are shown with (solid line) and without (dashed line) data from Thailand core KRD
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crystalline organics, increasing organic content can

increase skeletal flexibility, as organic molecules adhere to

minerals and dissipate energy (Wang and Gupta 2011).

However, this drives a decrease in hardness and an increase

in micro-cracking events, which may deteriorate reef

structural integrity and enhance coral’s susceptibility to

bioerosion.

Based on our organic content analysis, as well as the

tendency of corals with higher organic content to exhibit

lower moduli, lower hardness, and more frequent micro-

cracking events, we propose that the excess organic content

affects mineral growth, resulting in the presence of

excessive flaws and/or micro-porosity, and in turn,

decreasing the modulus and hardness. Analyzing the

molecular composition of coral organic content could

reveal whether these trends are driven by a general increase

in organic content or an increase in specific organic com-

pounds. Because size and charge of the occluded amino

acids can affect the magnitude of intra-crystalline distor-

tions (Kim et al. 2016), the composition and concentration

of organic molecules incorporated into the aragonite lattice

may alter skeletal stiffness and hardness. Furthermore, it is

plausible that the incorporation of excess organic com-

pounds that are not involved in regulating biomineral

deposition could disrupt the regulating activity of miner-

alizing proteins, leading to defective crystal growth.

Trace elements and coral skeletal properties

While intracrystalline organic molecules alter skeletal

mechanical properties through intra-crystalline distortions,

the organic matrix can also mediate trace metal incorpo-

ration in biogenic aragonite (Roger et al. 2017). Trace

element impurities may be included in the organic matrix,

in an amorphous calcium carbonate phase, or as substitu-

tional defects in the crystal lattice. Such defects can have a

strengthening, weakening, or minimal impact on the

mechanical properties, depending on their size and con-

centration (Ma et al. 2008; Kim et al. 2016; Melbourne

et al. 2018). In bulk minerals, Young’s modulus decreases

with increasing cation radius, from 69 GPa (Aragonite,

CaCO3) to 64 GPa (Strontianite, SrCO3) to 48 GPa

(Witherite, BaCO3) (Biedermann et al. 2017). Computer

simulations of Sr doping in calcite (0.8 atom% Sr,

� 8300 ppm) and aragonite (0.6 atom% Sr, � 6250 ppm)

found considerable changes in calcite, but no effect of Sr

substitution on the aragonite lattice (Stashans et al. 2007).

It was hypothesized that higher concentrations were

required to detect an effect of Sr in aragonite (Stashans

et al. 2007). In contrast with larger cations, Mg can

increase stiffness and hardness in biominerals; for example,

high Young’s modulus of calcitic sea urchin teeth is

attributed to high Mg (4.5–13% Mg calcite plates, 40–45 %

Mg polycrystalline matrix) (Ma et al. 2008).

Using skeletal geochemistry, we observed significant

correlations between trace element ratios (M/Ca) and

mechanical properties, including Sr and Mg (Table 4;

Fig. 7). In addition, a relationship between environmental

conditions and skeletal mechanics was suggested by the

cointegration of Young’s modulus and SST (Fig. 6). This

trend may reflect an increase in mineralization driven by

temperature (Burton and Walter 1987). A similar effect of

temperature on material properties has been documented in

high Mg-calcite of rhodoliths, whereby Young’s modulus

and hardness increase in summer (Ma et al. 2008;

Table 5 Correlations between

skeleton mechanical and bulk

properties (organic content &

density) from the combined

6-core dataset

A2 organic content Sum organic content Density

Young’s modulus r ¼ �0:42, p ¼ 0:07 r ¼ �0:51, p ¼ 0:02* r ¼ 0:48, p ¼ 0:01*

Hardness r ¼ �0:39, p ¼ 0:09 r ¼ �0:31, p ¼ 0:20 r ¼ 0:53, p ¼ 0:01**

Micro-fracture stress r ¼ �0:47, p ¼ 0:09* r ¼ �0:51, p ¼ 0:01* r ¼ 0:65, p ¼ 0:0009**

Micro-fracture frequency r ¼ 0:52, p ¼ 0:09* r ¼ 0:61, p ¼ 0:01** r ¼ �0:53, p ¼ 0:01*

Correlations with organic content data excluded the tissue layer, whereas bulk density correlations included

the tissue layer

Asterisks denote significance (0.01\ p B 0.05 *, 0.001\ p B 0.01**)

Fig. 8 Correlations between Young’s modulus (GPa) and micro-

cracking stress (MPa) with density (g cm�3) and sum organic content

(%). Correlations with organic content data excluded the tissue layer,

whereas bulk density correlations included the tissue layer
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Melbourne et al. 2018). Moreover, high density bands

coincided with summer SSTs within each core, and bulk

density correlated with greater Young’s modulus and

hardness in the combined dataset (Table 5). Accordingly,

we expected lower Sr/Ca and higher Mg/Ca to correspond

with greater Young’s modulus and hardness, based on

established relationships with SST (Smith et al. 1979;

Mitsuguchi et al. 1996). Differences in substitution ener-

getics also support this, as smaller (larger) atoms should

correspond with greater (lower) mechanical properties

(Menadakis et al. 2008; Biedermann et al. 2017). In con-

trast, when data from all cores were combined, greater

Young’s moduli and hardness were associated with

increased Sr/Ca, whereas increased Mg/Ca and Ba/Ca

were found in samples with lower moduli and hardness

(Fig. 7). Furthermore, bulk density had a positive rela-

tionship with Sr/Ca (Table 4).

As our sampling was not done along the cores’ primary

growth axes and elemental ratios were averaged along

0.5 mm of the laser track (adjacent to indent areas), it is

possible that geochemical relationships were obscured by

experimental factors (Cohen and Hart 1997). However,

while these factors might decrease the reliability and res-

olution of the SST and Sr/Ca relationship, point-to-point

comparisons of M/Ca with mechanical properties and bulk

comparisons are valid. Moreover, for equatorial corals,

such as Singapore and Thailand cores, the relationship

between Sr/Ca and SST is often difficult to establish, and

can be highly influenced by low SST variability (Murty

et al. 2018). As trends between M/Ca and material prop-

erties were best observed in the combined 6-core dataset,

which had a larger range of trace metal concentrations,

these results suggest that either the absolute amount of

trace metal substitution or a covarying factor may be

impacting structural properties of aragonite.

Mechanisms of skeletal property change

Changes in elastic modulus for chemically substituted

biominerals (such as calcium phosphates) have been pre-

dicted by computational modeling and measured experi-

mentally to be ca. 10% (Menéndez-Proupin et al. 2011;

Enax et al. 2012). The percentages the major trace ele-

ments, Sr and Mg, in our Porites samples were approxi-

mately 0:8 � 0:02 atom% and 0:1 � 0:01 atom%. Ba/Ca

displayed the strongest correlation with Young’s modulus

and hardness (Fig. 7), yet its concentration in the skeleton

was two orders of magnitude lower than Sr and Mg,

accounting for 0:001 � 0:002 atom%.

While Sr concentrations may be significant enough to

slightly alter material properties, we observed up to a 100%

increase in material properties between samples from dif-

ferent locations. Although impurities may affect the

mechanical properties in an inhomogeneous manner, given

that lattice defects are not uniformly distributed and local

deformations can exceed these values (Caspi et al. 2005),

trace element substitution alone cannot explain the large

variations in elastic modulus and hardness measured in our

study. Consequently, correlations between trace element

ratios and material properties are likely driven by the envi-

ronmental and/or biological conditions that elemental sub-

stitution represents, rather than by the substitution itself.

In contrast to Sr and Mg, whose lattice locations within

aragonite are well documented (Sr substituting for Ca; Mg

in an amorphous phase) the location of Ba in coral arag-

onite lattice is unknown (Finch et al. 2010; Allison et al.

2018). Recently, a relationship between Ba/Ca and organic

suspended solids was documented (Tanzil et al. 2019), and

our findings support the idea that Ba is associated with the

organic matrix. As corals with higher Ba/Ca had decreased

stiffness and hardness, Ba/Ca likely covaries with a

mechanical property altering factor, namely organic con-

tent. This is further evidenced by the relationship of Ba/Ca

with Mg/Ca, as Mg/Ca is known to stabilize amorphous

calcium carbonate and is found in higher concentrations in

coral centers of calcification, along with organic molecules

(Cuif et al. 2003; Meibom et al. 2004; Mass et al. 2014;

Von Euw et al. 2017). Pronounced replicate variability in

Ba/Ca (e.g., Thailand cores KRD, KRE) suggests a strong

biological role of Ba during skeletal incorporation, which is

supported by recent findings (Allison et al. 2018; Tanzil

et al. 2019).

If Ba and Mg observations are associated with skeletal

organics and amorphous calcium carbonate, then the pos-

itive trends of Sr with stiffness and hardness could be

explained by an increased degree of mineralization, and a

corresponding decrease in skeletal organics and amorphous

calcium carbonate. Changes in Sr/Ca within a given sample

were not large enough to alter the mechanical properties

and correspondingly, no trend with Sr/Ca and material

properties was observed within an individual core

(Table S3). However, inter-core variability in Sr/Ca was 2-

fold higher than intra-core variability. We hypothesize that

the larger Sr/Ca range covered by the combined dataset

facilitated detection of an effect of Sr substitution on the

material properties of aragonite.

Intra- and inter-site comparisons

Due to the range in scale and scope of analyses performed

on each colony, differences and similarities between

replicate cores can be used to disentangle biological effects

from environmental signals, facilitating inter-site compar-

ison. For example, Singapore replicate cores were charac-

terized by low moduli and hardness, high rates of micro-

cracking, high organic content, and high Ba/Ca and Mg/Ca.
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The coherence between these cores suggests that Singapore

coral mechanical properties are environmentally driven,

and could be a result of high sedimentation and runoff

rates, which are associated with high Ba/Ca and skeletal

humic acids (LaVigne et al. 2016; Tanzil et al.

2016, 2019). Singapore is known to experience significant

riverine inputs and high sedimentation (Dikou and van

Woesik 2006; Tanzil et al. 2019) and also had the lowest

salinity of all three sites (Fig. 2).

In contrast, replicate cores from Thailand differed

greatly, with KRD having high Ba/Ca and low Sr/Ca

(Fig. 7), as well as a higher frequency of micro-cracking

(Fig. 4). Although the two cores were located approxi-

mately 3 m apart on the same reef and cored at the same

time, these differences made it difficult to identify specific

environmental influences on the mechanical properties of

Thailand corals. Several studies have documented that

trace metal incorporation can vary between corals growing

in the same conditions, even in corals of the same genotype

or the same species cultured in identical conditions (Cole

et al. 2016; Allison et al. 2018), which can result from

differences in coral growth rates (de Villiers et al. 1995).

For example, Sr/Ca can be enhanced when an individual

coral experiences slower growth relative to adjacent colo-

nies (de Villiers et al. 1995), which we observed between

Thailand cores KRD and KRE. Additionally, KRE had

lower organic content than KRD. As skeletal organic

content can influence both trace element incorporation

(Cole et al. 2016) and material properties (Miserez et al.

2009; Amini and Miserez 2013), lower organic content

may have contributed to the decrease in micro-cracking

stress and frequency in KRE relative to KRD (Fig. 4a).

Such variation within replicates suggests that biology or

small-scale environmental differences play a large role in

controlling both coral geochemistry and coral skeletal

mechanical properties.

While Taiwan cores were collected from different reefs,

approximately 7 km apart, they displayed a similar stress

and frequency of micro-cracking events, as well as a

similar percentage of organic content. Moreover, HBH was

the only core with significant intra-core relationships, with

a negative relationship between Young’s modulus and

organic content. Sampling years with higher organic con-

tent also had lower Sr/Ca, higher Ba/Ca, and micro-

cracking events that occured at lower loads and with

increased frequency. Enhanced seasonal variability of SST,

rainfall, and runoff in Taiwan, as well as significantly

greater ocean current speed and wave height than other

sites, may have facilitated the detection of environmental

influences on skeletal mechanical properties at this site.

Despite similarities between Taiwan cores, HBH was

structurally inferior to WLT and displayed no relationship

with SST (Fig. 6). These differences may have resulted

from distinct hydrodynamic conditions between reefs.

Water movement can be beneficial to corals by enhancing

primary production and particle capture, removing sedi-

ment, mitigating temperature extremes, and enhancing

diffusion (Patterson et al. 1991; Sebens et al. 1997; Todd

2008). Corals can modulate calcification in response to

flow pressure, as high flow promotes proton export from

coral tissue (Jokiel 2011; Comeau et al. 2014). Increased

current and wave height at Taiwan sites, particularly at the

more exposed reef of WLT, could increase mineralization,

Young’s modulus, and hardness. In contrast, HBH is

located in a more sheltered bay. This interpretation is

further supported when comparing all three sites, as Sin-

gapore had the lowest ocean current speed and significant

wave height, as well as the lowest moduli and hardness.

Implications for reef structure

Marine biological structures must be able to sustain loads

from external forces, such as wave energy, objection colli-

sion and predation, without fracture. Drag and lift forces

increase with coral surface area and can become important

in massive Porites (Madin 2005), particularly if bioerosion

is significant or if the structure has been damaged through

micro-cracking events. Yet, for a non-bioeroded hemi-

spherical coral 1 m in height, a wave approximately 10 m in

height would be required to cause dislodgement (Massel and

Done 1993). This is over 5 times greater than the highest

significant wave height found at our Taiwan site, and would

only be reached during episodic high magnitude wave

events (e.g., tsunami, storm surge). Thus, given the shape

and compressive strength of coral skeletons, the hydrody-

namic fate of an individual colony is often determined not

by the strength of its skeleton but by that of the substrate to

which it is attached (Madin 2005). Although the likely point

of dislodgment occurs at the basal attachment point, the

substrate to which corals attach is often coral-derived

material, which has undergone taphonomic processes (e.g.,

bioerosion). Decreased skeletal integrity is likely to further

reduce the integrity of coral-derived substrate, ultimately

causing to lower amounts of hydrodynamic stress to result in

colony dislodgment. While whole-colony dislodgement is

typically considered episodic and rare (Madin and Connolly

2006), it is observed seasonally at Kusu Island, Singapore,

where the reef is exposed to wind driven swell during the

Northeast monsoon (Tanzil et al. 2016). We found that

Singapore Porites from Kusu had lower skeletal hardness

and stiffness and higher brittleness, as shown by the rate of

micro-cracking, which likely also translates to lower quality

reef substrate. Although wave energy and dislodgement

probability decrease significantly with distance from the reef

crest (Madin and Connolly 2006; Madin et al. 2006), the

reef at Kusu only spans approximately 100 m, between a
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seawall and the slope, causing the majority of the reef to

experience crest like conditions. Annual dislodgement

probability estimates approach zero for a variety of coral

morphologies between 50 and 100 m from the reef crest

(Madin and Connolly 2006). Consequently, due to reef

morphology and increased organic content, Singapore’s

corals may be more at risk of dislodgement than the other

reefs in this study. Dislodgement not only overturns indi-

vidual colonies, but dislodged colonies can also collide with

adjacent corals, causing broader reef damage. Additional

studies should characterize the mechanical properties of

other important reef-building and substrate-forming corals,

particularly of those with different growth rates, such as

branching corals, to determine if other species have such a

large range in material properties.

In addition to hydrodynamic forces, microborers, mac-

roborers, and grazers can cause skeletal fracture and bio-

erosion (Tribollet and Golubic 2005). For example, certain

species of parrotfish and urchins are known to selectively

graze on Porites colonies (Bonaldo and Bellwood 2010). In

contrast with wave compressive forces, which are often

several orders of magnitude less than skeletal strength, the

stiffness and hardness of parrotfish enameloid

(E ¼ 124 GPa; H ¼ 7:3 GPa) and urchin teeth

(E ¼ 100 GPa; H ¼ 6 GPa) greatly surpass that of coral,

as well as the coral skeleton’s resistance against micro-

cracking (Amini and Miserez 2013; Marcus et al. 2016).

Frictional forces exerted by grazing organisms and mac-

roborers are most relevant to the coral structure, as they are

typically sufficient to erode the skeleton by micro-cracking

events, and can even increase the probability of dislodge-

ment by changing the shape of massive colonies (Glynn

and Manzello 2015; Madin 2005). The resistance against

wear and abrasion—a complex interplay between Young’s

modulus, hardness, fracture toughness, and contact geom-

etry—is the key material characteristic controlling struc-

tural damage (Amini and Miserez 2013). If the coral is

significantly embrittled, as measured here in samples from

the Kusu reef (Singapore), faster erosion is expected,

resulting in accelerated decrease in reef substrate quality

and increasing colony dislodgement and macro-scale reef

damage (Zok and Miserez 2007; Momber 2001).

Understanding what drives differences in mechanical

properties of coral skeletons can improve our fundamental

knowledge of reef structural stability, coral biomineraliza-

tion, and geochemistry. We found large and unexpected

variability in material properties, as well as significantly

different properties between the tissue and fully formed

skeleton, highlighting the need to distinguish these layers in

future studies. Organic matrix content and/or Sr substitution

in the aragonite lattice may drive changes in skeletal stiff-

ness, hardness, and embrittlement. Moreover, organic con-

tent and its proxy, Ba/Ca, suggest that increasing runoff,

sedimentation, rainfall or feeding could increase a skeleton’s

tendency to incur irreversible damage via cumulative micro-

cracking events. While massive Porites skeletons can

withstand wave forces well beyond average storm surges, in

building a stiff skeleton, corals contribute high quality

material to reef substrate and decrease the rate of bioerosion

by predators and borers. Coral skeletal properties can thus be

considered a balance between colony dislodgement, preda-

tion, erosion, and access to light and nutrients. However,

reefs are predicted to experience increased storm frequency,

in addition to the pressures of anthropogenic pollution,

sedimentation, and coastal development (Hoegh-Guldberg

et al. 2007). These changes will not only impact the health

of the living organism but may also impact the structural

integrity of its skeleton and stability of the reef substrate

itself. Future studies should aim to characterize micro- and

nano-mechanical properties of coral skeletons across a range

of species and environments, to determine if the character-

istics of Porites skeletons reported here are also common

among other key reef-building taxa.
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