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Abstract 

 
Ocean acidification (OA) is considered an important threat to coral reef ecosystems, because it 

reduces the availability of carbonate ions that reef-building corals need to produce their skeletons. 
However, while theory predicts that coral calcification rates decline as carbonate ion 
concentrations decrease, this prediction is not consistently borne out in laboratory manipulation 
experiments or in studies of corals inhabiting naturally low-pH reefs today. The skeletal growth of 
corals consists of two distinct processes: extension (upward growth) and densification (lateral 
thickening). Here, we show that skeletal density is directly sensitive to changes in seawater 
carbonate ion concentration and thus, to OA, whereas extension is not. We present a numerical 
model of Porites skeletal growth that links skeletal density with the external seawater environment 
via its influence on the chemistry of coral calcifying fluid. We validate the model using existing 
coral skeletal datasets from six Porites species collected across five reef sites and use this 
framework to project the impact of 21st century OA on Porites skeletal density across the global 
tropics. Our model predicts that OA alone will drive up to 20.3 ± 5.4% decline in the skeletal 
density of reef-building Porites corals. 

 

Significance Statement 

Ocean acidification (OA) threatens coral reef futures by reducing the concentration of carbonate 
ions that corals need to construct their skeletons. However, quantitative predictions of reef futures 
under OA are confounded by mixed responses of corals to OA in experiments and field 
observations. We modeled the skeletal growth of a dominant reef-building coral, Porites, as a 
function of seawater chemistry and validated the model against observational data. We show that 
OA directly and negatively affects one component of the two-step growth process (density) but 
not the other (linear extension). Combining our growth model with Global Climate Model output, 
we show that skeletal density of Poritescorals could decline by up to 20.3% over the 21st century 
solely due to OA. 
 
 

Coral reefs are among the most diverse ecosystems on Earth, with enormous cultural, 
ecological, and economic value. The calcium carbonate (aragonite) skeletons of stony corals are 
the main building blocks of the reef structure, and provide food, shelter and substrate for a myriad 
of other organisms. Yet corals are vulnerable to environmental changes, including ocean 
acidification which reduces the concentration of carbonate ions ([CO3

2-]) that corals need to build 
their skeletons (1, 2). Under the “business as usual” emissions scenario, seawater [CO3

2-] is 
projected to decline across the global tropics by ~100 µmol/kg by 2100 (1, 3, 4), almost halving 
preindustrial concentration. Predictions based on abiogenic precipitation experiments imply an 
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associated decrease in the precipitation rate of aragonite of ~48% (5). Such predictions raise 
concerns that many coral reefs will shift from a state of net carbonate accretion to net dissolution 
(3). Nevertheless, both laboratory manipulation experiments rearing corals under high pCO2 
conditions and field studies of naturally low-pH reefs that are designed to explore the impact of 
ocean acidification on coral calcification, have yielded inconsistent results (e.g. 6–13). Field based 
measurements of calcification rates of corals inhabiting naturally low pH reefs today vary widely 
from sharp decreases in calcification rate with decreasing pH to no significant response. For 
example, a non-linear response of Porites astreoides to declines in seawater aragonite saturation 
state (Ωsw) was observed in the Yucatan Ojos, with no change in calcification rate at Ωsw > 1 and 
a sharp decline in calcification when conditions become undersaturated (9). At CO2 vent sites on 
the volcanic island Maug (Northern Mariana Islands), a significant decline in Porites calcification 
rate was observed between ambient and mid Ωsw conditions (3.9 and 3.6 respectively), yet no 
change between the mid and low (Ωsw = 3.4) conditions (14). On some other reefs, calcification 
rates are constant across the Ωsw range. For example, Porites calcification at Milne Bay (Papua 
New Guinea) CO2 vents showed no significant change between Ωsw of 3.5 and 2.9 (10), and on 
Palau, no change in calcification rate of two massive genera of coral (Porites and Favia) was 
observed across an Ωsw gradient of 3.7 to 2.4 (11). 

These results have raised questions about the potential for adaptation, acclimation and/or the 
role of non-pH factors in modulating the influence of ocean acidification in natural systems, 
confounding efforts to predict reef calcification responses to 21st century ocean acidification (13). 
The reefs comprising the studies discussed above are very different both compositionally and 
environmentally, and in each case the low Ωsw is a result of different factors (e.g. CO2 vents vs. 
freshwater seeps). However, one commonality among these studies is that calcification rates are 
reported for massive species by measuring linear extension and skeletal density in cores extracted 
from living colonies. The product of annual linear extension and mean skeletal density is used to 
estimate the annual calcification rate (15). While this measure provides an accurate estimate of the 
annual amount of CaCO3 produced by the coral, it does not account for the possibility that density 
and extension could be influenced by different factors (e.g. seawater chemistry, light exposure, 
nutrient level). Here we combine measurements of seawater saturation state, skeletal growth of 
Porites, and constraints on the coral’s calcifying fluid composition to examine the impact of ocean 
acidification on each skeletal growth parameter separately. 
 
Results and Discussion 
 
Porites skeletal density but not extension is sensitive to ocean acidification. 
Extension, density, and calcification rates were quantified in nine Porites skeletal cores from four 
Pacific reefs (Palau, Donghsa Atoll, Green Island, and Saboga) representing average Ωsw ranging 
from ~2.4 to ~ 3.9, (Fig. 1). We observed no correlation between annual calcification rates and 
Ωsw either within or between reef sites. However, coral calcification does not take place directly 
from ambient seawater but within an extracellular calcifying fluid or medium (ECM) that is located 
between the coral skeleton and its calicoblastic cell membrane (16–18). The carbonate chemistry 
of the ECM is strongly regulated and can differ significantly from ambient seawater (19, 20). Most 
notably, pH of the ECM is elevated above ambient seawater by up to 1 unit (21–25). Geochemical 
proxy data suggest that dissolved inorganic carbon (DIC) concentrations in Porites ECM are also 
elevated relative to the seawater, (e.g. by a factor of ~1.4 or ~2.6) (26, 27), although in vivo 
microelectrode measurements of other coral species imply a DIC concentration in the ECM similar 
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to seawater (28). A combination of elevated pH and DIC leads to higher aragonite saturation state 
in the ECM (ΩECM), which exerts direct control on the rate of aragonite precipitation by the coral. 

To estimate ΩECM of our coral cores, we first reconstructed the pH of coral ECM based on their 
boron isotope compositions and then combined these pH estimates with in situ measurements of 
seawater temperature, salinity, and DIC concentration. An elevation factor (α) of 2 is adopted to 
account for the elevation of DIC concentration within the ECM relative to seawater values  (SI 
Text). Our estimated ΩECM for these cores vary from 11.6 ± 0.9 to 17.8 ± 2.0, ~3.5-4.6 times higher 
than the Ωsw in which the corals grew. Nevertheless, we do not observe any correlation between 
coral calcification rates and ΩECM (Fig. 1b). Instead, when we deconvolve calcification into 
skeletal extension and skeletal density, a significant correlation is observed between coral skeletal 
density and ΩECM and also, skeletal density and  Ωsw (Fig. 1c-d). Skeletal extension, however, does 
not show a statistically significant correlation with ΩECM or Ωsw (Fig. 1e-f). Correlations between 
skeletal density and Ωsw, similar to what observed in our data, have also been reported in other 
field studies (9–11, 29), including at some of the key ocean acidification study sites (e.g., CO2 
vents in Italy, Papua New Guinea, and the Caribbean Ojos) (9, 10, 29),  but not all (14, 30) (Fig. 
S1). 

These observations, though appearing counter-intuitive, are consistent with the two-step model 
of coral calcification, in which coral skeleton is accreted in two distinct phases (31): vertical 
upward growth (i.e. extension) creating new skeletal elements and lateral thickening of existing 
elements in contact with living tissue. These two components of coral growth are fundamentally 
different processes. Skeletal extension is driven by the accretion of successive, elongated early 
mineralization zones (EMZs; also referred to as centers of calcification and the immediately 
associated fibers) in a continuous or semi-continuous column parallel to the upward growth axis 
of the skeleton (17, 32, 33). Conversely, skeletal thickening occurs via growth of bundles of 
mature, c-axis aligned aragonite fibers at an angle that is perpendicular or semi-perpendicular to 
the EMZ and upward growth axis of the coral. This thickening affects the bulk density of the 
skeleton because the more the fiber bundles thicken or lengthen, the lower the skeletal porosity 
(Fig. S2) (17, 33, 34). Our data reveal the strong sensitivity of skeletal density to ECM carbonate 
chemistry and ocean acidification (Fig. 1). Conversely, skeletal extension appears less sensitive or 
insensitive to ECM carbonate chemistry. One explanation for this finding is that the EMZs, which 
contain a relatively high concentration of organic material (34–36), are under stronger biological 
control (37–39) and are thus shielded from changes in calcifying fluid pH and external seawater 
pH. Conversely, weaker biological control of fiber bundle growth would render skeletal density 
more exposed to physicochemical influences and thus, more sensitive to changes in both calcifying 
fluid pH and ocean acidification. 

Results of experimental studies support this hypothesis. Laboratory experiments showed no 
decline in the extension rate of Stylophora Pistillata over a year of growth in low-Ωsw seawater 
(1.1-3.2) (7). Similarly, most field studies, except one (14),  have found no significant effect of 
ocean acidification on coral skeletal extension over pH ranges expected in the 21st century (9–11, 
29). Instead, the extension is believed to be controlled by other environmental factors, such as 
irradiance, temperature, and nutrient environment (40). For example, studies show that coral 
extension rates decline exponentially with water depth over a range of ~40 m after light attenuation 
(41–43) but increase with  mean annual sea surface temperature (SST) until an optimum thermal 
threshold (44, 45). In addition, sediment influx and nutrient loading have also been suggested to 
influence extension rates in a nonlinear fashion, with minor increases in nutrient availability 
promoting growth and more severe nutrient loading leading to abrupt declines (46). We, however, 
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observe none of these correlations in our coral cores, presumably due to the small depth and 
temperature ranges that they cover (i.e., 1 to 6 m and 26.4 to 30.3 oC) (Table S1).  

Our observation that skeletal density but not extension is affected by seawater chemistry may 
explain the large variability in response of coral calcification to ocean acidification, as calcification 
is calculated as the product of linear extension and mean skeletal density. Our findings are 
consistent with previous suggestions that the accretion of EMZ during coral calcification is under 
stronger biological control (17, 34–36), presumably through the organic matrix (47–49), and also 
with previous reports of the sensitivity of skeletal porosity to ocean acidification (7, 29). 
Furthermore, because density is a critical component of the coral growth process, our results 
support laboratory and field-based studies that report negative impacts of ocean acidification on 
coral calcification and consequently, the helath of coral reef ecosystems (12).  
 
A numerical model of Porites skeletal growth. 
Within the two-step model of coral calcification, coral skeletal density is strongly controlled by 
the rate of skeletal thickening, which is expected to vary as a function of ΩECM: 
 

𝑅ா஼ெ = 𝑘(Ωா஼ெ − 1)௡                                                       (1) 
 

where RECM is the expected aragonite precipitation rate in the ECM, and k and n are the rate 
constant and reaction order for aragonite precipitation, respectively (5). This is confirmed by the 
significant correlation between skeletal density and expected aragonite precipitation rate in our 
cores on both annual and seasonal scales, providing a mechanistic link between skeletal density 
and seawater chemistry subsequent to its modulation in the ECM (Fig. 2).  

To quantitatively evaluate the sensitivity of skeletal density to ocean acidification, we construct 
a numerical model of Porites skeletal growth that builds on previous modeling studies (e.g., ref. 
50) (Fig. 3a and SI Text). In this model, the coral calyx is approximated as a ring in which coral 
growth proceeds in two consecutive steps: vertical construction of new skeletal framework 
representing daily extension of EMZs (E) followed by lateral aragonite precipitation around the 
interior of the ring representing thickening. Thickening of the skeletal elements, which we 
prescribe an initial ring wall thickness of wo, occurs throughout the tissue layer – most prominently 
at the polyp surface and diminishing with depth (31, 51):  

 

𝑅(𝑧) = 𝑅ா஼ெ ×  𝑒
ି

ഊ × ೥

೅೏                                                      (2) 
 

where R(z) is the aragonite precipitation rate at depth z, λ is the decay constant, and Td is the 
thickness of the coral tissue layer. In our model Td is stretched daily coincident with skeletal 
extension, and reset at monthly intervals to simulate dissepiment formation and subsequent vertical 
migration of polyps (52, 53). The final density of coral skeleton when exiting the tissue layer is 
then calculated as the fraction of filled calyx: 
 

𝜌௖௢௥௔௟ =  𝜌௔௥௔௚ ൬1 −
௥೑

మ

௥೚
మ൰                                                  (3) 

 
where ρarag is the density of aragonite, rf and ro represent the inner and outer radii of the calyx 
respectively (Fig. 3a).  
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Within this model framework, five key factors control the density of coral skeleton: initial calyx 
size (ro), thickness of the new skeletal framework (wo), aragonite precipitation rate in the ECM 
(RECM), decline of thickening rate from the surface to the depth of the tissue layer (𝜆), and the time 
a skeletal element spends within the tissue layer (t = Td/E). RECM is calculated based on seawater 
physicochemical parameters, pH of the ECM, and the DIC elevation factor (i.e. α) in the ECM, 
and assumes the sensitivity of coral aragonite formation to the ECM carbonate chemistry is the 
same as that determined in abiotic precipitation experiments (Methods and Eq. 1) (6, 32, 37). Most 
of these model parameters, e.g. ro, Td, E, can be accurately determined via computed tomography 
(CT) imaging and inspection of each coral core. But there are limited experimental constraints on 
the other parameters, including wo, λ, and α. We assume these three parameters are the same for 
all Porites corals and optimize their values to reproduce the measured skeletal density of our cores 
via a Bayesian statistical method (SI Text). Our estimated α value (2.05 ି଴.ଷ଼

ା଴.ଷଽ, 2σ) is similar to the 
experimentally estimated DIC elevation factor for Porites [e.g. 1.4 ± 0.1 (26) or 2.6 ± 0.6 (27)]. 
However, the optimized value of wo (59 ିଶସ

ାଶଷ μm), which translates to 37-49% of the total skeleton, 
is approximately twice that estimated from visual observation of the early mineralization zones in 
SEM images and petrographic thin-sections (e.g. Fig S2). This difference likely reflects the 
stacking of different skeletal elements in the simplified ring geometry assumed in our model and 
the normalization of the whole sensitivity spectrum of different skeletal components to ECM 
carbonate chemistry into two simplified groups in our model: not-sensitive (i.e. ‘initial framework) 
and highly sensitive (i.e. ‘thickening’). The exact sensitivity prescribed to the highly sensitive 
group (Eq. 1) also affects the estimated wo value. Our analysis also provides the first quantitative 
estimates of λ (12.8 ି଺.ଶ

ାଵଵ.ଽ), suggesting 50% decrease in skeletal thickening rate at a depth of 4 to 
12% into the tissue layer. With these estimated parameters, our model can quantitatively predict 
Porites skeletal densities under different seawater conditions.   

To evaluate the performance of our model, we employ it to predict the skeletal densities of 
Porites corals at five tropical reefs and compare our model-predicted densities with the 
experimentally measured densities reported in previous studies (Fig. 3b and Fig. S6) (9, 30, 54–
57). These studies were selected because they report not only coral skeletal density but also 
extension and at least one of the following factors needed for our model prediction: ro, Td, or in 
situ seawater carbonate chemistry. This minimizes the uncertainty in our model prediction 
propagated from estimations of unmeasured parameters (Methods). Corals in these studies consist 
of six different Porites species, and represent a wide range of reef environments across the 
Atlantic, Pacific, and Indian Ocean basins (21.7° S to 22.6° N), with large variations in annual 
SST (22.3 to 29.5 °C), pH (7.20 to 8.24), DIC (1780 to 3170 μmol kg-1) and coral skeletal density 
(0.9 to 1.6 g cm-3). 

Our model predictions quantitatively reproduce the experimentally measured coral densities 
and explain a large amount of the variance in the measured densities (Fig. 3b) [Root-mean-square 
error (RMSE) = 0.15, r2 = 0.494, p < 0.0001]. The exact agreements between modeled and 
measured densities vary between studies, and are related to the uncertainties in the unmeasured 
parameters in each study. Among these parameters, ro has the strongest effect on the model 
predicted density, producing about -1% change in density for every 1% change in ro. The model 
is less sensitive to RECM and Td, yielding about 0.54% and 0.28% changes in density for every 1% 
change in each parameter respectively (Fig. S5). Three parameters, wo, λ, and α, were held constant 
in the simulations for all studies. However, only two of the six species examined in these studies 
(i.e. Porites lobata, Porites Lutea) were included in our estimation of these three parameters, 
which could introduce additional uncertainties in our model predictions. Accordingly, we observe 
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better agreements between model predicted density and measured density for studies in which 
skeletal and physiochemical parameters are well constrained and which are dominated by the same 
species as this study, (e.g. the Arabian Gulf and Great Barrier Reef studies) (Fig. S6). In contrast, 
locations with poor constraints on ro, Td and RECM, (e.g. the Andaman Sea and the Caribbean 
region) yield less satisfactory agreements.  

Besides the parameters discussed above, the rate of skeletal extension which was measured in 
all these studies also affects coral skeletal density, as it influences the amount of time that each 
skeletal element spends inside the coral tissue layer subject to thickening (t=Td/E). Although we 
do not observe significant correlations between skeletal density and extension rate in our Porites 
cores on either annual or seasonal scales, as were observed in some previous studies (56, 58), two 
of the six studies included in our model-data comparison show apparent correlations between 
annual density and extension (Fig. S7). When examined as a whole, skeletal data from most of 
these studies also show an apparent correlation between the two parameters across the large range 
of extension (0.2 ~ 2.3 cm yr-1; Fig. S7), yielding a sensitivity of -0.20% change in density for 
every 1% change in extension. This observed correlation is consistent with our model predicted 
sensitivity of skeletal density to extension [i.e. -0.30% change in density for 1% change in 
extension (Fig. S5)] and contributes to the agreement between our model-predicted density and 
experimentally measured density. 
 
Projecting the impact of ocean acidification on Porites skeletal density. 
Our model takes into account the different factors that can influence Porites coral skeletal growth 
(e.g. seawater conditions, extension, polyp geometry), and enables us to isolate and evaluate the 
influence of each factor. Here, we use it to evaluate the response of Porites coral skeletal density 
to ocean acidification by forcing our model with outputs from the Community Earth System Model 
Biogeochemical run (CESM-BGC) in the RCP 8.5 projection (i.e. the ‘business as usual’ emission 
scenario). Among global reef sites, the CESM-BGC run predicts 0.25 to 0.35 units decrease in 
seawater pH, a -50 to 250 µmol/kg change in DIC, and a 1.7 to 3 oC increase in SSTs by the end 
of the 21st century. These translate to 0.85 to 1.95 decrease in seawater aragonite saturation states. 
There remain large uncertainties in how rising SSTs will affect coral calcification via its effects 
on zooxanthellae photosynthesis and coral bleaching (59–61). Thus, we focus solely on the impact 
of ocean acidification on coral skeletal density and do not include the effects of temperature on the 
reaction kinetics of aragonite precipitation in the following model simulations (SI Text). For the 
similar reasons, all model parameters (i.e. ro, Td, E, λ, wo, and α) were held constant in these 
simulations. 

Our simulations predict an average 12.4 ± 5.8% (2σ) decline in Porites skeletal density across 
global reef sites by the end of the 21st century due to ocean acidification alone (Fig. 4). This decline 
results from the interplay between changes in seawater pH and DIC, with decreases in pH leading 
to an average decline in density of 16.8 ± 4.7%, mitigated by increasing DIC which drives a 6.4 ± 
3.7% increase in density. Our model predicted density declines vary among different reefs, with 
equatorial reefs generally more impacted than higher-latitude reefs. For example, our model 
predicts the largest decreases in skeletal density (11.4 to 20.3%) in the coral triangle region driven 
by the largest pH decreases projected for this region (up to 0.35 units). In contrast, Carribean and 
Arabian reefs are predicted to show no significant decline in coral skeletal density. In these regions 
the effect of relatively small projected pH decrease (~0.29 units on average) is balanced by the 
largest increases in DIC (~175 µmol/kg on average). The model-predicted density changes also 



 7

vary across reef systems. For example, up to 13% density decline is predicted in the northern Great 
Barrier Reef, while no significant change is predicted in the southern edges. 

Our results suggest that ocean acidification alone would lead to declines in Porites coral skeletal 
density over the 21st century. Such declines in skeletal density could increase the susceptibility of 
reef ecosystems to bioerosion, dissolution, and storm damage (62–64). It is important to note that, 
in addition to ocean acidification, coral reefs today face many other environmental stressors, 
including changes in temperature, nutrient concentration, and sea level (40). Our model enables us 
to isolate the impact of ocean acidification on coral skeletal growth. With accurate incorporation 
of the impacts of these other stressors, future models of this kind will be able to quantitatively 
project the fate of reef ecosystems under 21st century climate change. 
 
 
 
 
 
 
Methods  
Coral samples and reef sites. Nine 3-cm-diameter Porites cores were collected from reefs in 
Palau (six cores from four different sites), Dongsha Atoll (one core), Green Island (one core), 
and Isla Saboga (one core). For Palau sites, seawater salinity and carbonate chemistry parameters 
were acquired from four years of discrete sampling at each site (11), and seawater temperatures 
were derived from the NOAA Optimum Interpolation SST (oiSST) data set after correcting for 
any mean and variance bias during overlapping periods of in situ logger temperatures (65). At 
other reef sites, seawater salinity and carbonate chemistry parameters were either determined 
based on discrete samples of seawater collected during coring and on subsequent visits to the 
respective reefs, or compiled from reported values in the literature (Table S1). Seawater 
temperatures for these sites were derived from the oiSST dataset, and were assumed to be 
representative of in situ reef conditions since no temperature loggers were deployed and satellite 
SST agreed reasonably with literature values. Total alkalinity (TA) and dissolved inorganic 
carbon (DIC) of all seawater samples were measured on a Versatile Instrument for 
Determination of Total inorganic Carbon (VINDTA) at Woods Hole Oceanographic Institution, 
with open cell potentiometric and coulometric titration method. Seawater pH and aragonite 
saturation states were then calculated using the CO2SYS program (66).  
 
Determination of coral skeletal growth parameters. Coral cores were imaged with a Siemens 
Volume Zoom Spiral Computerized Tomography scanner to determine skeletal density and to 
identify annual density bands. Annual extension rates, skeletal density and calcification rates 
were then determined based on these CT images, along polyp growth axes (64, Table S1). 
Specifically, annual extension rate (E஺) was calculated as the average length of corallite traces 
between consecutive low-density band surfaces, and annual density (𝜌̅஺) was measured along 
each continuous corallite trace and averaged across corallites to avoid density anomalies from 
bioerosion or secondary crystallization. Annual calcification rates (𝐶஺) were taken as the product 
of annual extension rate and density 𝐶஺ = E஺ × 𝜌̅஺ . Average corallite areas were also calculated 
by identifying local density minima in each image, which correspond to porous calix centers, and 
assigning each nearby voxel to the closest density minimum. Because our skeletal growth model 
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approximates corallite geometry as a ring, radii of each corallite were calculated assuming a 
circular geometry.  
 
Boron Isotope Measurements. Each core was sampled at ~1mm intervals for boron isotope 
measurements over at least one annual density band couplet, resulting in 6-10 measurements in 
each annual band (Table S1). The isotope measurements were conducted at Thermo Scientific 
Neptune multicollector ICP-MS either at Academia Sinica (Taiwan) or at National 
Oceanography Centre Southampton (68). The pH of the ECM was then estimated based on the 
measured δ11B values:  
 

𝑝𝐻ா஼ெ =  𝑝𝐾஻
∗ − log ቆ−

𝛿ଵଵ𝐵ௌௐ − 𝛿ଵଵ𝐵௖௢௥௔௟

𝛿ଵଵ𝐵ௌௐ − 𝛼஻𝛿ଵଵ𝐵௖௢௥௔௟ − ([𝛼஻ − 1] ∗ 1000)
ቇ 

 
where 𝑝𝐾஻

∗ is the equilibrium constant for the dissociation reaction of boric acid to borate estimated 
at respective seawater temperature and salinity (69), and the δ11B of seawater was taken to be 39.61 
‰ (70). The boron isotope fractionation factor , αB, is assumed to be 1.0272 (71). 
 
Estimation of aragonite precipitation rate in ECM. Aragonite precipitation rate in the ECM 
(𝑅ா஼ெ) was calculated from aragonite saturation state in the ECM (Ωா஼ெ) (see Equation.1), 
based on the precipitation rate constants and rate orders determined by (5),  fit by (22): 
 

𝑘 = −0.0177𝑇ଶ  +  1.47𝑇 +  14.9, 𝑛 = 0.0628𝑇 + 0.0985 
 

Aragonite saturation state in the ECM was estimated as: 
 

Ωா஼ெ  =  
 [𝐶𝑎ଶା]ா஼ெ × [𝐶𝑂ଷ

ଶି]ா஼ெ

𝐾௦௣
  

 
where 𝐾௦௣ is the solubility product of aragonite in seawater at the corresponding temperature and 
salinity (72), and [𝐶𝑂ଷ

ଶି]ா஼ெ and  [𝐶𝑎ଶା]ா஼ெ are the calcium and carbonate ion concentrations in 
the ECM, respectively. [𝐶𝑎ଶା]ா஼ெ was assumed to be the same as seawater which was estimated 
from seawater salinity (73). [𝐶𝑂ଷ

ଶି]ா஼ெ was calculated based on the 𝑝𝐻ா஼ெ derived from boron 
isotope measurements, and seawater temperature, salinity, and DIC with an elevation factor of α 
= 2, using CO2SYS program (66) using the carbonate equilibrium constants determined in (72) 
and refit by (74). 
 
Estimation of model parameters with Bayesian methods. Three parameters in our coral skeletal 
growth model were estimated with a Bayesian inference method (SI Text). These are the thickness 
of each new skeletal framework (wo), the decline of thickening rate with depth within the tissue 
layer (λ), and the DIC elevation factor in the ECM (α). Prior distributions for each parameter were 
constructed based on constraints from existing studies, and were combined to form a joint prior 
distribution. The likelihood of each combination of parameters was then evaluated by comparing 
measured densities in our cores to the associated model predictions. The prior distribution was 
updated using the likelihood function via Bayes’ Theorem to form a posterior distribution, from 
which the most likely values for each parameter were acquired. 
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Comparison of model prediction with existing studies. Porites corals from five reefs reported in 
six previous studies were used to evaluate the accuracy of our skeletal growth model in predicting 
coral skeletal density. These corals were collected from reefs in the Galapagos, the Andaman Sea, 
the Great Barrier Reef, the Caribbean, and the Arabian Gulf (9, 30, 54–57). Besides three 
parameters estimated above with Bayesian methods, other parameters required for our model 
prediction include E, ro, Td, seawater temperature, salinity and carbonate chemistry (from which 
𝑅୉େ୑ is calculated). Among these, only E was reported in all the studies. When not reported, ro 
and Td values were estimated from either studies conducted at nearby reef sites or from taxonomic 
averages for each species (see SI for details). In situ measurements of seawater carbonate 
chemistry, sea surface temperature and salinity, whenever available, were used to calculate RECM; 
when not available, pH, DIC, salinity, and temperature outputs from the CESM-BGC run were 
averaged over the time period skeletal growth parameters were measured and used to estimate 
RECM. As none of these studies determined carbonate chemistry of the coral ECM, we estimated 
the coral pHECM based on the pHECM ~ pHSW correlation observed in laboratory Porites 
manipulation experiments (23) which cover a pHsw range similar to these studies (i.e. 7.19 to 8.09 
v.s. 7.23 to 8.15). 
 
Projection of future skeletal density changes for global reefs. Changes in skeletal density on 
different reefs were predicted based on output from the CESM-BGC RCP 8.5 21st century 
prediction run. Monthly projections of DIC, pH, T, and S from the first ten (2006-2015) and last 
ten (2090-2099) years of the run were extracted from the 1o x 1o model and averaged to represent 
the current and end of century seawater conditions at different reef sites around the globe. Reef 
site locations are provided by ReefBase database of reef sites (75). Skeletal growth parameters, E 
(annual extension rate), Td (tissue thickness), and ro (polyp radii), were prescribed at 1.0 cm yr-1, 
0.56 cm, and 0.063 cm respectively (the average values observed in our cores), and were held 
constant for predictions over the 21th century. The effect of temperature on the reaction kinetics of 
aragonite precipitation was not considered in the model projection. A detailed analysis of the 
effects of the rising 21st century temperature on model predictions is presented in the SI Text. 
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Figure Legends 
 
Figure 1. Coral skeletal parameters measured in representative Porites cores from four reefs 
across the Pacific. Coral calcification rates do not correlate with either Ωsw or ΩECM (A and B). 
Instead, skeletal density exhibits a significant positive correlation with both Ωsw and 
ΩECM (C and D), but extension does not (E and F; P = 0.14 and P = 0.09, respectively). Individual 
points represent annual averages of skeletal growth. Error bars denote 1 SD of Ω propagated from 
seasonal variability in seawater physicochemical parameters (for Ωsw and ΩECM) and in boron 
isotope compositions of coral skeletons (for ΩECM). 
 
Figure 2. Correlation between coral skeletal density and expected aragonite precipitation rate in 
the coral ECM (RECM) on both the annual (A) and seasonal (B and C) scales. Data in A represent 
the same cores as in Fig. 1. Error bars (A) and shaded areas (B and C) denote 1 SD in RECM as 
propagated from uncertainties in seawater parameters and in boron isotope measurements. 
Seasonal density profiles were retrieved parallel to the sampling track for boron isotope 
measurements. 
 
Figure 3. Schematic representation of our Porites skeletal growth model (A) and comparison 
between model-predicted skeletal density and measured density (B). Also shown in A are a cross-
section view of our model polyp geometry and a representative SEM image of a Porites calyx 
(orange dashed line). Porites cores in B were collected from reefs in the Pacific, Atlantic, and 
Indian Oceans reported in previous studies (9, 30, 54–57). Data points from this study, the 
Caribbean, and the Andaman Sea represent densities of individual cores; data points from the 
Galapagos, the Great Barrier Reef, and the Andaman Sea represent site average densities for which 
error bars denote 2σ uncertainties. Vertical error bars represent uncertainties in model prediction 
propagated from uncertainties in model parameters α, λ, and wo as well as measurements of in situ 
seawater conditions where available. Where seawater conditions were not reported, outputs from 
the CESM-BGC historical run were adopted. 
 
Figure 4. Model-predicted decline in Porites skeletal density over the 21st century due to ocean 
acidification. Our model predicts an average 12.4 ± 5.8% (2σ) decline in density across global reef 
sites, with the largest decline in the western tropical Pacific coral triangle region (an average of 
∼14% and a maximum of 20.3%) and the least in the Caribbean (∼6%). Simulations were 
conducted based on outputs from the CESM-BGC RCP 8.5 run for the years 2006–2015 and 2090–
2099 (Methods). Skeletal extension, initial radius, and tissue thickness were held constant in these 
simulations. Error represents only that propagated from estimation of model parameters. 
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