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Coral calcification is expected to decline as atmospheric carbon dioxide

concentration increases. We assessed the potential of Porites astreoides,
Siderastrea siderea and Porites porites to survive and calcify under acidified con-

ditions in a 2-year field transplant experiment around low pH, low aragonite

saturation (Varag) submarine springs. Slow-growing S. siderea had the highest

post-transplantation survival and showed increases in concentrations

of Symbiodiniaceae, chlorophyll a and protein at the low Varag site. Nubbins

of P. astreoides had 20% lower survival and higher chlorophyll a concentration

at the low Varag site. Only 33% of P. porites nubbins survived at low Varag

and their linear extension and calcification rates were reduced. The density

of skeletons deposited after transplantation at the low Varag spring was

15–30% lower for all species. These results suggest that corals with slow calci-

fication rates and high Symbiodiniaceae, chlorophyll a and protein

concentrations may be less susceptible to ocean acidification, albeit with

reduced skeletal density. We postulate that corals in the springs are responding

to greater energy demands for overcoming larger differences in carbonate

chemistry between the calcifying medium and the external environment.

The differential mortality, growth rates and physiological changes may

impact future coral species assemblages and the reef framework robustness.
1. Introduction
Anthropogenic activities are increasing the amount of carbon dioxide (CO2)

entering the atmosphere. A large fraction of this CO2 dissolves in the ocean

and lowers ocean pH and carbonate ion concentrations [1]. Low carbonate

ion concentrations decrease the aragonite saturation state (Varag) of seawater

and the availability of carbonate ions needed for deposition of calcium carbon-

ate skeletons [2]. A meta-analysis of experimental studies found a decrease of

approximately 15% in coral calcification rates per unit decrease in Varag [3].

Data from laboratory experiments and modelling suggest that coral reef carbon-

ate accretion diminishes at Varag lower than 3.3 [4], a level likely to be reached in

much of the surface ocean by 2100 [1,5]. Many laboratory experiments have

reported reduced coral growth under low Varag [6], but other experiments

show little impact on calcification [7,8]. These conflicting results reflect the

limitations of short-term single-organism manipulative experiments since,

while laboratory experiments allow precise control of physico-chemical par-

ameters, they do not fully reflect the complexity of the natural environment
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[9]. Moreover, such experiments are often too short for

organisms to fully acclimate [10].

Scleractinian corals have been observed living in low pH

waters near CO2 vents (pH , 7.7 [11]), low Varag submarine

springs (Varag , 1 [12]), upwelling areas (Varag: 2.27–4.18

[13]) and mangrove lagoons (Varag: 1.47–2.02 [14]), although

the taxonomic richness and calcification at some of these sites

is lower than at nearby sites with ambient carbonate chemistry.

At high CO2 vents in the Mediterranean, temperate corals were

absent atVarag less than 2.5 [15], although two species that were

transplanted to these low pH vents survived and grew at rates

typical to the species used [16]. We investigated the survival,

physiological response and calcification rate of three species

of Caribbean corals in a two-year long, in situ transplantation

experiment leveraging naturally occurring low pH, low Varag

submarine springs.

Off the Yucatán peninsula, Mexico, submarine ground-

water springs discharge low pH, low Varag water (Varag �
0.5) into the back-reef lagoon of the Mesoamerican Barrier

Reef. These springs, locally referred to as ‘ojos’, can be used

for testing the potential of corals to acclimatize or adapt to

low Varag conditions, although the ‘ojos’ are not perfect ana-

logues for future ocean acidification. In this region, the

groundwater mixes with seawater before discharging [17],

and sensor and discrete sampling demonstrate that the

discharged water has relatively high dissolved inorganic

carbon (DIC), high alkalinity and slightly lower than ambient

salinity, in addition to the low pH, resulting in low Varag

[12,18–22]. Only three scleractinian coral species (Siderastrea
siderea, Porites astreoides and Porites divaricata) grow within

the areas continuously exposed to low Varag conditions,

while taxonomic richness is higher outside the influence of

discharge [12]. It has been shown that coral colonies living

in the low Varag seawater are smaller than those exposed to

ambient seawater [12] and have lower skeleton densities

and calcification rates [19].

We assessed the potential of three coral species to survive and

calcify under lowVarag conditions by conducting an in situ trans-

plant experiment with genetically identical coral fragments

(nubbins). We monitored the corals for 2 years and collected

surviving nubbins for analyses of skeletal characteristics (density,

linear extension, calcification rate), and physiological character-

istics (coral tissue protein content, and cell densities and

chlorophyll a concentration of photosymbiotic algae Symbiodi-

niaceae). We then explored responses that may allow coral

populations to survive and calcify at very low Varag conditions

by comparing coral responses between transplantation sites

(reflecting putative environmental control) and among sites of

origin (reflecting putative genotypic influence).
2. Material and methods
(a) Study area
The Yucatán peninsula, Mexico, is a karstic region where rainfall

flows through a complex aquifer system that discharges low pH,

low Varag water at submarine springs (ojos) in the lagoon approxi-

mately 500 m offshore [23]. The conditions creating low pH

seawater at the ojos differ from those of the ocean acidification

scenario, as the high CO2 in the discharging water is derived

from brackish water that has interacted with soil and limestone.

The spring water is characterized by lower pH, higher DIC and

higher total alkalinity compared to the ambient conditions.
Nutrient concentrations vary between ojos but, at the transplant

site, the spring waters only have higher silicate (not N or P). The

corals at these ojos are constantly exposed to the discharging

water, as discussed in detail in [12,19,20] and they represent set-

tings with persistent low Varag. We note that Varag is the main

parameter that affects calcification, and when calculating Varag in

our study, all relevant environmental parameters were considered

(e.g.: higher alkalinity and DIC in addition to the low pH). Ojos

occur along the entire Yucatan karst platform and have been

discharging water since the rise in sea level associated with the

retreating ice sheets after the last glacial maximum [24]. The

specific transplantation site at ojo Laja, Puerto Morelos (20.88N,

86.88W) was selected to minimize as much as possible the differ-

ences between the spring water and the surrounding seawater so

that the main difference is in carbonate chemistry parameters.

(b) Coral species and transplant experiment design
We collected two genetically identical fragments (i.e. two nubbins

collected from the same colony) from 10 P. astreoides colonies and

10 S. siderea colonies from areas impacted by the ojo discharge,

and from 10 P. astreoides colonies and 9 S. siderea colonies from

adjacent control sites away from the influence of discharge

(a total of 39 colonies) (see electronic supplementary material,

table S1 for collection details). Both species are found throughout

the lagoon, including within low Varag ojo discharge plumes

[12]. We also collected two nubbins each from 10 Porites porites
colonies, a species not found in the lagoon, and from 10 additional

S. siderea colonies from the main barrier reef structure. From each

colony, one nubbin was transplanted to a low Varag site (ojo) and

the second was transplanted to an ambient Varag site (control) in

the lagoon, approximately 5 m away from the discharge site. A

total of 59 colonies and 118 nubbins were transplanted (see elec-

tronic supplementary material, table S2 for transplantation

details and figure 1 for transplant experiment design). One

nubbin of P. porites transplanted to low Varag ojo was lost in the

process and was not included in further analyses.

Nubbins of approximately 2–3 cm in length of massive

P. astreoides and S. siderea were extracted by coring the upper

horizontal surface with a submersible pneumatic drill. P. porites nub-

bins (small upright branches approx. 3–5 cm long) were broken off

each colony with pliers. Each nubbin was mounted on a 5� 5 cm

square of stainless-steel mesh with epoxy putty that also covered

all exposed skeletal surfaces to prevent bioerosion. Each nubbin

was individually labelled with a tag tied to the mesh. The nubbins

were placed in shallow trays with seawater and alizarin red S dye

for 6–8 h to stain the surface and mark the beginning of new skeleton

growth. After staining, each nubbin was photographed, and then

randomly assigned to one of the transplantation sites (low Varag or

ambient Varag). Within transplant sites, nubbins were randomly

assigned to positions on stainless-steel grids and attached to the

grids with cable ties (electronic supplementary material, figure S1).

The grids were secured at the location of maximum discharge and

approximately 5 m away from the influence of the discharging water.

Divers monitored the nubbins weekly for the first two

months and then 14 times over the following 22 months. At

the end of the transplant experiment, all surviving nubbins

were collected and preserved in liquid nitrogen.

(c) Water chemistry
Water samples were collected weekly for the first two months

of the experiment and then seven times during the following

22 months. Water samples were collected by divers, during the

day time (9:00–13:00) into HDPE bottles, filtered (0.2 mm) into

glass bottles and preserved with saturated mercuric chloride sol-

ution following Dickson, Sabine [25]. Temperature was

measured with a handheld probe (YSI model 63). DIC was

measured with a CM5011 Carbon Coulometer (UIC, Inc.).
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Alkalinity was measured with an automated open-cell, potentio-

metric titrator (Orion model 950). Salinity was measured with a

salinometer (Portasal Model 8410, Guild Line). Certified CO2 sea-

water standards (UC San Diego # 108 and 135) were used as

reference material. Varag was calculated using the CO2SYS program

[26] with constants from Mehrbach et al. [27] refit by Dickson &

Millero [28]. In addition, SeapHOx sensors were deployed for

the duration of the experiment at the transplant sites (electronic

supplementary material, figure S1) and collected temperature,

conductivity, pressure, oxygen and pH every hour.

(d) Tissue extraction and skeletal analysis
Coral tissues were extracted with an airbrush using artificial

seawater. Aliquots of the homogenized tissue were used for

protein, symbiont cells and chlorophyll a measurements following

the procedures of Krief et al. [29]. Coral skeletons were then

submerged in 10% sodium hypochlorite overnight to remove

residual tissue. Each nubbin was sliced vertically through the pri-

mary growth axis. Linear extension above the alizarin red mark

was measured under a microscope. A piece (surface area:

approx. 2 cm2) of the coral skeleton was cut from the top of the

alizarin red mark to the top of the coral, and its volume was calcu-

lated following the procedure of Smith et al. [30] to determine the

bulk density using the buoyant weight method [31]. The annual

calcification rate (g cm22 year21) was calculated as the product

of linear extension (cm year21) and density (g cm23).

(e) Tissue analysis
Symbiodiniaceae concentrations were determined in triplicate

with a hemocytometer and symbiont counts were normalized to

skeleton surface area (Symbiodiniaceae cells cm22). Chlorophyll

a was extracted in 90% acetone and concentration was measured

with a spectrophotometer (Genesys 10s UV–VIS, ThermoScienti-

fic), calculated with equations in Jeffrey & Humphrey [32], and
the chlorophyll a concentrations were then divided by Symbiodi-

niaceae cell concentrations (mg cell21). Protein concentration was

determined with a Nanodrop 2000 spectrophotometer and then

divided by skeleton surface area (mg cm22).

( f ) Statistical analysis
Statistical analyses were performed with R v. 3.4.3 [33] and plots

were made with the ‘ggplot2’ package in R [34]. The ‘survival’

package [35] was used to plot Kaplan–Meier survival curves

and Mantel–Cox log-rank tests were used for statistical compari-

sons among survival curves. Mann–Whitney U non-parametric

tests were used when comparing two groups (i.e. transplantation

sites) and Kruskal–Wallis non-parametric tests for comparing

three groups (i.e. coral origins) followed by pairwise Mann–

Whitney U post hoc tests. Non-parametric tests were used after

visual assessment of normality with histograms and Q–Q plots.
3. Results
(a) Water chemistry
Total alkalinity and DIC were higher at the ojo than at the control

site (total alkalinity: Mann–Whitney U, W ¼ 244, p , 0.001;

DIC: W ¼ 252, p , 0.001) (table 1). Average total alkalinity was

2759 mmol kg21 at the ojo site and 2365 mmol kg21 at the control

site and average DIC was 2621 mmol kg21 at the ojo and

2019 mmol kg21 at the control site. Salinity and calculated

Varag and pH were lower at the ojo than at the control site (sal-

inity: W ¼ 6, p , 0.001; Varag: W ¼ 32, p , 0.01; pH: W ¼ 50,

p , 0.01). The average salinity, Varag and pH were 33.3,

2.10 and 7.70, respectively, at the ojo site and 35.6, 3.53 and

8.17 at the control site. Temperature fluctuated throughout the

experiment but did not differ among transplantation sites
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Figure 2. Survival curves of nubbins over 24 months after transplanting into (a) ambient Varag control site and (b) low Varag ojo: Porites astreoides (n ¼ 40),
Siderastrea siderea (n ¼ 58) and Porites porites (n ¼ 19). Solid and dashed lines indicate collection origins of the corals.

Table 1. Chemistry parameters of water samples collected throughout the 2-year experiment at the ambient Varag lagoon transplantation site (control) and the
low Varag submarine spring transplantation site (ojo) where coral nubbins were transplanted. Data are mean+ s.e.

transplant
site N

alkalinity (mmol
kg21)

DIC (mmol
kg21) pHa Varag

a
Temperature
(88888C) Salinity

control 15 2365+ 32 2019+ 12 8.17+ 0.07 3.53+ 0.43 26.9+ 0.3 35.6+ 0.1

ojo 17 2759+ 104 2621+ 93 7.70+ 0.14 2.10+ 0.35 27.1+ 0.2 33.2+ 0.5
aCalculated using CO2Sys.
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(approx. 278C+0.3 s.e.; W ¼ 122, p ¼ 0.676). The temperature,

pH and conductivity data recorded by the SeapHOx sensors

were within the range of values measured in our discreet

samples. These data were used to confirm that our spot analyses

are representative, but were not used to calculateVarag since total

alkalinity and DIC data were not available.

(b) Survival
Two years after transplantation, the survival of P. astreoides
nubbins transplanted to the ojo was lower (60%) than those

transplanted to the control site (90%) (log-rank test: x2¼ 4.1,
d.f. ¼ 1, p ¼ 0.042; figure 2; electronic supplementary

material, table S3). The survival of P. astreoides nubbins orig-

inating from ojos was qualitatively lower (65%) than those

originated from control sites (85%), although the survival

curves did not differ significantly (x2 ¼ 2.2, d.f. ¼ 1, p ¼
0.141). S. siderea survival was similar among transplantation

sites (control: 96%; ojo: 86.2%; log-rank test: x2 ¼ 2, d.f. ¼ 1,

p ¼ 0.16), but survival of nubbins originating from the reef

was marginally lower (80%) than those originating from

ojos (100%) and controls (94%) (x2 ¼ 5.6, d.f. ¼ 2, p ¼
0.062). All P. porites nubbins originated from the reef, and



transplantation site
control

0.4

0.4

0.5

0.6

0.3

0.3

1.3

1.4

1.5

1.6

1.3

1.3

1.1

1.4

1.5

1.6 1.7

0.2

1.2

1.3

1.4

1.5

1.6

1.7

1.0

2.5

2.0

1.5

1.0

0.8

0.5

0.5

0.6

ca
lc

if
ic

at
io

n 
(g

 c
m

–2
 y

r–1
)

lin
ea

r 
ex

te
ns

io
n 

(c
m

 y
r–1

)
de

ns
ity

 (
g 

cm
–3

)

0.7

0.8

0.4

0.5

0.6

0.7

0.8

0.9

ojo
transplantation site

control ojo
transplantation site

control ojo

Porites astreoides Porites poritesSiderastrea siderea

origin

T*** T*

T*

T*

T***

O***

O***

O*

control
ojo
reef

(a)

(b)

(c)

Figure 3. (a) Bulk density, (b) linear extension and (c) calcification rates of skeletons deposited during the two years after transplantation. Symbols indicate
collection origins. Note the different ranges on y-axes. Data are mean+ s.e. Letters indicate overall comparisons of origin (O) and transplantation (T). Asterisks
indicate statistical significance at *p , 0.05, **p , 0.01 and ***p , 0.001.

royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

286:20190572

5

their survival at the ojo transplantation site was significantly

lower (33%) than those at the control site (80%), but their sur-

vival curves were not different (x2 ¼ 2.9, d.f. ¼ 1, p ¼ 0.087).

(c) Density
The skeletal density of corals transplanted to the ojo was lower

than that of corals transplanted to the control site for all three

species (figure 3a; electronic supplementary material, table

S3). The median density of coral skeletons transplanted to ojo

and control sites, respectively, was 1.10 g cm23+0.03 s.e. and

1.58 g cm23+0.02 s.e. for P. astreoides, (Mann–Whitney U:

W¼ 150, p , 0.001); 1.38 g cm23+0.03 s.e. and 1.63 g cm23 +
0.02 s.e. for S. siderea (W¼ 250, p , 0.001); and 1.29 g cm23+
0.07 s.e. and 1.72 g cm23+0.05 s.e. for P. porites (W¼ 20, p¼
0.033). Skeletal density of P. astreoides originating from ojos

and control sites was similar (W ¼ 85, p ¼ 0.728). Skeletal

density of S. siderea differed based on nubbin origin (Kruskal–

Wallis: H ¼ 7.783, d.f. ¼ 2, p ¼ 0.020). Density of S. siderea
nubbins originating from ojos was lower than that of nubbins

originating from the reef ( p ¼ 0.017) but was not different

than nubbins originating from control sites ( p ¼ 0.163). Density

of S. siderea nubbins originating from control sites and from the

reef did not differ ( p ¼ 0.508).

(d) Linear extension
Linear extension of P. astreoides did not vary among transplan-

tation sites (Mann–Whitney U: W ¼ 59.5, p¼ 0.079) or origins
(W¼ 77, p¼ 0.245; figure 3b; electronic supplementary material,

table S3). S. siderea linear extension did not vary among trans-

plantation sites (W ¼ 257, p¼ 0.302) but varied based on

nubbin origin (Kruskal–Wallis: H ¼ 16.679, d.f. ¼ 2, p , 0.001).

Linear extension of S. siderea nubbins originating from the reef

was higher (0.31 cm year21+0.02 s.e.) than nubbins originating

either from control (0.19 cm year21+0.02 s.e., p¼ 0.004) or ojo

sites (0.16 cm year21+0.01 s.e., p , 0.001). Linear extension

of P. porites nubbins transplanted to the ojo was half that of

nubbins transplanted to the control site (W¼ 21, p¼ 0.017).

(e) Calcification
P. astreoides calcification did not differ among sites (Mann–

Whitney U: W ¼ 72, p ¼ 0.815) or origins (W ¼ 46, p ¼ 0.143;

figure 3c; electronic supplementary material, table S3). Calcifi-

cation rates of S. siderea also did not vary with transplantation

site (W ¼ 144, p ¼ 0.762), but they did differ with nubbin origin

(Kruskal–Wallis: H ¼ 15.113, d.f.¼ 2, p , 0.001). Calcification

of S. siderea nubbins originated from the reef was almost double

those from ojo sites ( p , 0.001), and approximately 35% more

than nubbins originated from control sites ( p ¼ 0.058). The

calcification rate of P. porites was approximately 66% lower at

the ojo than at the control site (W ¼ 21, p ¼ 0.017).

( f ) Symbiodiniaceae concentration
Symbiodiniaceae concentration per surface area of S. siderea
was higher at the ojo (median: 1.26 � 107 cell cm22+ 3.6 �
106 s.e.) than at the control site (2.50 � 106 cell cm22+ 1.8 �
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106 s.e., Mann–Whitney U: W ¼ 75, p , 0.001; figure 4a; elec-

tronic supplementary material, table S4). Concentrations at

the ojo were higher for P. astreoides and P. porites but the

difference between transplantation sites for either P. astreoides
(W ¼ 52, p ¼ 0.183) or P. porites (W ¼ 4, p ¼ 0.857) was not

statistically significant. No coral species differed in Symbiodi-

niaceae concentration based on collection origin (P. astreoides:

W ¼ 73, p ¼ 0.81; S. siderea: Kruskal–Wallis, H ¼ 2.469, d.f. ¼

2, p ¼ 0.291).

(g) Chlorophyll a concentration
Chlorophyll a concentrations per Symbiodiniaceae (mg per

Symbiodiniaceae cell) of both P. astreoides and S. siderea were

higher at the ojo than at the control site (P. astreoides: Mann–

Whitney U, W ¼ 15, p , 0.001; S. siderea: W ¼ 58, p , 0.001;

figure 4b; electronic supplementary material, table S4). Chloro-

phyll a concentration per Symbiodiniaceae of P. astreoides and

S. siderea did not differ based on origins (P. astreoides: W ¼ 98,

p ¼ 0.719; S. siderea: Kruskal–Wallis, H ¼ 4.135, d.f.¼ 2, p ¼
0.126). Chlorophyll a concentration per Symbiodiniaceae of

P. porites was higher at the ojo but the difference was

not statistically significant among transplantation sites (W ¼ 4,

p ¼ 0.262).

(h) Protein concentration
The protein concentration (mg cm22) of S. siderea nubbins trans-

planted to the ojo was twice that of nubbins transplanted to the
control (Mann–Whitney U: W ¼ 119, p ¼ 0.006; figure 4c;

electronic supplementary material, table S4), but differences

were not statistically significant among transplantation sites

for either P. astreoides (W ¼ 75, p ¼ 0.936) or P. porites (W ¼ 7,

p ¼ 0.571). Protein concentration did not differ among

nubbin origins for P. astreoides (W ¼ 98, p ¼ 0.267) or S. siderea
(Kruskal–Wallis, H ¼ 4.807, d.f. ¼ 2, p ¼ 0.090).
4. Discussion
This study demonstrated that after 2 years of in situ trans-

plantation, three Caribbean coral species (Porites astreoides,

Siderastrea siderea and Porites porites) were able to survive

and calcify at very low Varag; however, their skeletal density

decreased while net linear extension and calcification rates

were maintained. S. siderea nubbins had the highest survival

and responded to low Varag by increasing the concentration

of Symbiodiniaceae, chlorophyll a and protein.
(a) Survival of slow-growing corals was higher than
fast-growing corals transplanted to low Varag

The survival of slow-growing massive P. astreoides and

S. siderea was higher at low Varag than faster-growing branch-

ing P. porites (figure 2), indicating a species-specific tolerance

to low Varag water discharging at the ojo. This is consistent

with the coral assemblages naturally found at our study site:
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massive colonies of P. astreoides and S siderea are abundant at

low Varag ojos, the only branching species found at the ojos is

P. divaricata and it is present in very low numbers, and branch-

ing P. porites is absent [12]. Similarly, massive Porites corals

were twice as abundant, while the abundance of structurally

complex (e.g. branching) corals was a third lower at high

pCO2 volcanic seeps than at ambient Varag sites in Papua

New Guinea [11], and massive Pavonid corals were least sensi-

tive to acidification in Panama [36]. While these results suggest

massive corals have an advantage over branching corals at low

Varag sites, this may be attributed to differential growth rates

rather than morphologies, since morphology was found to be

unrelated to calcification of corals experimentally incubated

at high pCO2 [37,38]. Fast-growing corals may be more affected

by low Varag because their rapid calcification makes them more

sensitive to low carbonate ion availability [8] and requires them

to remove protons from the calcification site fast enough to

maintain an adequate inner pH [37], with a concomitant

increased energy demand.

(b) Skeletal density was lower at the low Varag

transplantation site
While calcification rates were not consistently lower at the ojo

transplantation site, the skeletal density for all species was

15–30% lower. This suggests these corals maintained their

linear extension at the expense of density (figure 3). Linear

extension is inversely correlated with density because a faster

extension rate results in less time for skeleton thickening [39].

Phenotypically plastic skeletons have been described in

many corals under a variety of environmental factors, with

high-density skeletons associated with high Varag [40], high

temperature [41], low cloud coverage and rainfall [42],

low turbidity and sediment load [43] and high hydraulic

energy [30]. In field studies, several environmental variables

often covary and isolating the effect of a single environmental

factor is challenging. In our experiment, most parameters

except carbonate chemistry were similar at both trans-

plantation sites, which emphasizes the role of low Varag in

reducing density. Similar density and porosity differences

occur naturally in P. astreoides sampled at ojos and control

sites as measured with computerized tomography [19],

suggesting that the differences in our study were not artefacts

of the transplantation process, and that corals experiencing low

Varag conditions for their entire lives do not achieve the skeletal

densities of their counterparts in ambient Varag water. Field

and laboratory studies collectively indicate that coral growth

at low Varag waters usually results in precipitation of lower

density skeletons [19,40,44,45]. Our data show that when

moved to a more favourable environment, the corals can

acclimatize and increase their skeletal density.

Decoupling extension and density, and the processes

that control each, will increase our understanding of coral

calcification and potential acclimatization in low Varag

waters. Neither calcification rate nor skeletal growth alone

fully reflects the effects of low Varag on the coral skeleton; it is

necessary to consider density, linear extension and calcification

rate together [44,45] to avoid conflicting results on the effects of

ocean acidification on calcification.

Although all the S. siderea nubbins originating from the ojos

survived the 2-year transplantation experiment, their skeletal

density, linear extension and calcification rates were lower

than that of nubbins originating from the reef site. It is
possible that the early life history of corals is affected by low

pH (e.g. post settlement growth) [46], impacting the ability of

S. siderea originating from the ojos to respond to changing con-

ditions later in life, potentially reflecting poor overall health

state for corals that were obtained from sites that have less

than optimal growth conditions, impairing their ability to over-

come further stress. It is also possible that the populations have

been physically isolated for an extended time allowing some

genetic divergence. Indeed, a recent study [47] reported intra-

specific variability of calcification rates of Acropora digitifera
originating from two distinct locations after exposure to high

CO2 in a laboratory experiment, suggesting different popu-

lations of the same coral species have different susceptibility

to ocean acidification.
(c) Concentrations of symbiodiniaceae, chlorophyll a
and proteins were higher at the low Varag ojo
transplantation site

The higher concentrations of Symbiodiniaceae, chlorophyll a
and tissue protein of S. siderea transplanted to the ojo

(figure 4) may be responsible for its ability to survive and calcify

at low V arag. Calcification requires transport of carbonate and

calcium ions and proton removal from the extracellular

calcifying medium to maintain a high Varag at the calcification

site [48]. If the external seawater has a lower Varag, the coral

may have to expend more energy for raising the internal Varag

to promote calcification [49]. Tropical corals obtain the energy

required to move these ions through heterotrophy and symbiotic

algal photosynthesis. Although feeding rates were not measured

in this study, corals can modify their heterotrophic feeding to

increase their energy budget under low Varag conditions [49];

nevertheless, changes in heterotrophy are species-specific [50].

It is possible that nubbins transplanted to the low Varag ojo

enhanced symbiont concentrations that provided more energy

resources needed to cope with the greater difference between

the external and internal carbonate chemistry. Indeed, the

higher symbiont concentrations may have allowed S. siderea
nubbins transplanted to the ojo to maintain calcification rates

similar to those of nubbins transplanted to the control site, as

observed in laboratory experiments [7,29,45]. It is also possible

that photosynthates derived from endolithic algae may promote

calcification under low Varag as they could also provide similar

photosynthates to corals at low Varag. Collectively, our data

and data from previous research suggest that the energy pro-

vided by the symbionts can be used to overcome the larger

gradient of proton and carbonate ion between the environment

and the calcification solution in order to maintain net growth at

least in some coral species.

The chlorophyll a concentration per Symbiodiniaceae cell of

P. astreoides and S. siderea was higher after 2 years of transplan-

tation at low Varag (figure 4b), which suggests an increased

capacity for the photosynthetic activity that could provide

additional energy to the corals. The increase in primary pro-

duction may mean that more photosynthates are produced

and assimilated by the host in such a manner that the coral

can keep calcification rates under low Varag. Nevertheless,

further research is needed to elucidate the effects of low pH

on chlorophyll a concentrations and assess the effect of chloro-

phyll a concentrations on calcification, since several authors

have reported mixed results in laboratory experiments with

Stylophora pistillata [7,29,45]. It is possible that the increase in
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chlorophyll a concentration is due to an increase in cyanobac-

teria rather than Symbiodiniaceae; the cyanobacteria may

promote photosynthesis through nitrogen fixation [51] and

ultimately, provide the needed energetic resources to facilitate

calcification under low Varag.

The protein content per surface area was higher in S. side-
rea nubbins transplanted to the ojo than those at the control

site (figure 4c), suggesting that these corals may be thickening

their organic matrix protein content to promote calcification

under low Varag seawater [45]. Several experimental studies

have also reported an increase in host tissue and organic

matrix protein concentrations under reduced pH in several

species [29,45]. While we did not measure tissue thickness,

thicker tissue has been observed in low Varag corals at this

field site [19] and has been proposed to confer an advantage

against coral bleaching [52] and low pH [16], since it serves as

a protective barrier against hot or corrosive seawater.

(d) Shifting species assemblages in an acidified ocean
The differential sensitivity across populations and species to

low Varag suggest that, as ocean acidification progresses, the

relative abundances of different coral species and populations

in reef ecosystems may change towards the dominance of slow-

growing species, and hence changes in coral communities and

reef structure are also likely, with potential cascading effects.

This finding is particularly critical for reefs currently domi-

nated by fast-growing, branching species, such as Acropora
and Stylophora pistillata in Indo-Pacific shallow reefs [53]. As

sea level is expected to rise by 26 to 55 cm by 2100 (scenario

RCP2.6 of IPCC), it is possible that coral reefs dominated by

slow-growing species may not be able to grow fast enough to

avoid drowning [54]. In addition, reduced skeletal density

has been linked to increased bioerosion and boring [4,19,55]

and low Varag waters also weaken cementation of reef struc-

tures, which further promotes coral erosion [56] and leads to

less cohesive reef frameworks that are more susceptible to

storms. Differences in fecundity and recruitment among

species can also shape the reef’s species assemblage. All three

species used in this study brood larvae able to settle soon

after release [57] which increases the likelihood that larvae

may settle in parental habitats and which would be advan-

tageous if selection among adults has favoured adaptations
for low pH. In particular, P. astreoides has additional advan-

tages: it is hermaphroditic with potentially high rates of

self-fertilization [58] and also appears capable of producing

parthenogenic or asexual larvae [59], all of which are mechan-

isms for propagating maternal genotypes. Furthermore,

P. astreoides appears capable of adaptation to thermal stress

[60] further enhancing its potential for greater abundance in a

warmer and more acidified future.

In summary, while corals can calcify and grow under

ocean acidification conditions, the possible synergistic effects

of sea-level rise on slow-growing corals; high temperature on

Symbiodiniaceae concentrations; high nutrient concentrations

on skeletal bioerosion; or increased storm intensity on less

dense coral skeletons predict a challenging future for coral

survival and growth. On the other hand, the differences in

survival and calcification among coral species may be

useful for studies of human-assisted evolution projects [61]

and implementation of restoration programmes as a strategy

to augment the capacity of reef organisms to tolerate stress

and to facilitate recovery after disturbances.
Data accessibility. Data are available from the Dryad Digital Repository:
https://doi.org/10.5061/dryad.3pm80bp [62].

Authors’ contributions. A.P. and D.C.P. jointly conceived and led this pro-
ject and designed the experimental set-up. A.M., L.H., M.R.-V., A.P.
and D.C.P. participated in the fieldwork and A.M. conducted the lab-
oratory and data analyses. All authors contributed to the
interpretation of the data. A.M. wrote the paper with contribution
from all authors.

Competing interests. The authors declare they have no competing
interests.

Funding. This research was funded by The National Geographic
Explorer grant no. 9915-16 to A.P. and Lawson hydrology award,
International Association of Geochemistry student research grant
and Wells Fargo Coastal Sustainability fellowship to A.M. Corals
were collected under the permit DGOPA.00153.170111.-0051 of
Secretarı́a de Agricultura, Ganaderı́a, Desarrollo Rural, Pesca y Ali-
mentación (SAGARPA) and exported under the Convention on
International Trade in Endangered Species (CITES) Permit MX52912.

Acknowledgements. The water sampling and coral health assessment by
members of Centro de Investigación Cientı́fica de Yucatán and the
laboratory work assistance of Eva Jason and Natascha Varona
made this study possible. We thank Yuichiro Takeshita for fieldwork
assistance and sensor deployment, and workers of Puerto Morelos
National Marine Park and Rob Franks for technical assistance.
References
1. Kleypas JA, Buddemeier RW, Archer D, Gattuso J-P,
Langdon C. 1999 Opdyke BN. Geochemical
consequences of increased atmospheric carbon
dioxide on coral reefs. Science 284, 118 – 120.
(doi:10.1126/science.284.5411.118)

2. Smith SV, Buddemeier R. 1992 Global change and
coral reef ecosystems. Annu. Rev. Ecol. Syst. 23,
89 – 118. (doi:10.1146/annurev.es.23.110192.
000513)

3. Chan NC, Connolly SR. 2013 Sensitivity of coral
calcification to ocean acidification: a meta-analysis.
Glob. Change Biol. 19, 282 – 290. (doi:10.1111/
gcb.12011)

4. Hoegh-Guldberg O et al. 2007. Coral reefs under
rapid climate change and ocean acidification.
Science 318, 1737 – 1742. (doi:10.1126/science.
1152509)

5. Gattuso J-P, Allemand D, Frankignoulle M. 1999
Photosynthesis and calcification at cellular,
organismal and community levels in coral reefs: a
review on interactions and control by carbonate
chemistry. Am. Zool. 39, 160 – 183. (doi:10.1093/
icb/39.1.160)

6. Gattuso J-P, Frankignoulle M, Bourge I, Romaine S,
Buddemeier R. 1998 Effect of calcium carbonate
saturation of seawater on coral calcification. Glob.
Planet. Change 18, 37 – 46. (doi:10.1016/S0921-
8181(98)00035-6)

7. Reynaud S, Leclercq N, Romaine-Lioud S, Ferrier-
Pagés C, Jaubert J, Gattuso JP. 2003 Interacting
effects of CO2 partial pressure and temperature on
photosynthesis and calcification in a scleractinian
coral. Glob. Change Biol. 9, 1660 – 1668. (doi:10.
1046/j.1365-2486.2003.00678.x)

8. Rodolfo-Metalpa R, Martin S, Ferrier-Pagès C,
Gattuso J-P. 2010 Response of the temperate coral
Cladocora caespitosa to mid-and long-term exposure
to pCO2 and temperature levels projected for the
year 2100 AD. Biogeosciences 7, 289 – 300. (doi:10.
5194/bg-7-289-2010)

9. Andersson AJ. 2015 A fundamental paradigm for
coral reef carbonate sediment dissolution. Front.
Mar. Sci. 2, 52. (doi:10.3389/fmars.2015.00052)

10. Form AU, Riebesell U. 2012 Acclimation to ocean
acidification during long-term CO2 exposure in the cold-

https://doi.org/10.5061/dryad.3pm80bp
http://dx.doi.org/10.1126/science.284.5411.118
http://dx.doi.org/10.1146/annurev.es.23.110192.000513
http://dx.doi.org/10.1146/annurev.es.23.110192.000513
http://dx.doi.org/10.1111/gcb.12011
http://dx.doi.org/10.1111/gcb.12011
http://dx.doi.org/10.1126/science.1152509
http://dx.doi.org/10.1126/science.1152509
http://dx.doi.org/10.1093/icb/39.1.160
http://dx.doi.org/10.1093/icb/39.1.160
http://dx.doi.org/10.1016/S0921-8181(98)00035-6
http://dx.doi.org/10.1016/S0921-8181(98)00035-6
http://dx.doi.org/10.1046/j.1365-2486.2003.00678.x
http://dx.doi.org/10.1046/j.1365-2486.2003.00678.x
http://dx.doi.org/10.5194/bg-7-289-2010
http://dx.doi.org/10.5194/bg-7-289-2010
http://dx.doi.org/10.3389/fmars.2015.00052


royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

286:20190572

9
water coral Lophelia pertusa. Glob. Change Biol. 18,
843 – 853. (doi:10.1111/j.1365-2486.2011.02583.x)

11. Fabricius KE et al. 2011 Losers and winners in coral
reefs acclimatized to elevated carbon dioxide
concentrations. Nat. Clim. Change 1, 165 – 169.
(doi:10.1038/nclimate1122)

12. Crook E, Potts D, Rebolledo-Vieyra M, Hernandez L,
Paytan A. 2012 Calcifying coral abundance near
low-pH springs: implications for future ocean
acidification. Coral Reefs 31, 239 – 245. (doi:10.
1007/s00338-011-0839-y)

13. Manzello DPJL. 2010 Oceanography. Ocean
acidification hotspots: spatiotemporal dynamics of
the seawater CO2 system of eastern Pacific coral
reefs. Limnol. Oceanogr. 55, 239 – 248. (doi:10.
4319/lo.2010.55.1.0239)

14. Camp EF, Nitschke MR, Rodolfo-Metalpa R,
Houlbreque F, Gardner SG, Smith DJ, Zampighi M,
Suggett DJ. 2017 Reef-building corals thrive within
hot-acidified and deoxygenated waters. Sci. Rep. 7,
2434. (doi:10.1038/s41598-017-02383-y)

15. Hall-Spencer JM, Rodolfo-Metalpa R, Martin S,
Ransome E, Fine M, Turner SM, Rowley SJ, Tedesco
D, Buia MC. 2008 Volcanic carbon dioxide vents
show ecosystem effects of ocean acidification.
Nature 454, 96. (doi:10.1038/nature07051)

16. Rodolfo-Metalpa R et al. 2011 Coral and mollusc
resistance to ocean acidification adversely affected
by warming. Nat. Clim. Change 1, 308. (doi:10.
1038/nclimate1200)

17. Back W, Hanshaw BB, Pyle TE, Plummer LN, Weidie
A. 1979 Geochemical significance of groundwater
discharge and carbonate solution to the formation
of Caleta Xel Ha, Quintana Roo, Mexico. Water
Resour. Res. 15, 1521 – 1535. (doi:10.1029/
WR015i006p01521)

18. Hofmann GE et al. 2011 High-frequency dynamics
of ocean pH: a multi-ecosystem comparison. PLoS
ONE 6, e28983. (doi:10.1371/journal.pone.0028983)

19. Crook ED, Cohen AL, Rebolledo-Vieyra M, Hernandez
L, Paytan A. 2013 Reduced calcification and lack of
acclimatization by coral colonies growing in areas of
persistent natural acidification. Proc. Natl Acad. Sci.
USA 110, 11 044 – 11 049. (doi:10.1073/pnas.
1301589110)

20. Paytan A, Crook ED, Cohen AL, Martz TR, Takashita
Y, Rebolledo-Vieyra M, Hernandez L. 2014 Reply to
Iglesias-Prieto et al.: combined field and laboratory
approaches for the study of coral calcification. Proc.
Natl Acad. Sci. USA 111, E302 – E3E3. (doi:10.1073/
pnas.1319572111)

21. Null KA, Knee KL, Crook ED, de Sieyes NR,
Rebolledo-Vieyra M, Hernández-Terrones L, Paytan
A. 2014 Composition and fluxes of submarine
groundwater along the Caribbean coast of the
Yucatan Peninsula. Cont. Shelf Res. 77, 38 – 50.
(doi:10.1016/j.csr.2014.01.011)

22. Crook ED, Kroeker KJ, Potts DC, Rebolledo-Vieyra M,
Hernandez-Terrones LM, Paytan A. 2016
Recruitment and succession in a tropical benthic
community in response to in-situ ocean
acidification. PLoS ONE 11, e0146707. (doi:10.1371/
journal.pone.0146707)
23. Back W, Hanshaw BB. 1970 Comparison of chemical
hydrogeology of the carbonate peninsulas of Florida
and Yucatan. J. Hydrol. 10, 330 – 368. (doi:10.1016/
0022-1694(70)90222-2)

24. Beddows PA, Smart P, Whitaker F, Smith S. 2002
Density stratified groundwater circulation on the
Caribbean Coast of Yucatan peninsula, Mexico. In
Hydrogeology and biology of post-paleozoic
carbonate aquifers (eds JB Martin, CM Wicks, ID
Sasowsky), pp. 129 – 134. Leesburg, VA: Karst
Waters Institute.

25. Dickson AG, Sabine CL, Christian JR. 2007 Guide to
best practices for ocean CO2 measurements. Sydney,
Canada: North Pacific Marine Science Organization.

26. Pierrot D, Lewis E, Wallace D. 2006 MS Excel
program developed for CO2 system calculations. Oak
Ridge, TN: Carbon Dioxide Information Analysis
Center, Oak Ridge National Laboratory, US
Department of Energy.

27. Mehrbach C, Culberson C, Hawley J, Pytkowicx R.
1973 Measurement of the apparent dissociation
constants of carbonic acid in seawater at
atmospheric pressure. Limnol. Oceanogr. 18,
897 – 907. (doi:10.4319/lo.1973.18.6.0897)

28. Dickson A, Millero F. 1987 A comparison of the
equilibrium constants for the dissociation of
carbonic acid in seawater media. Deep Sea Res. A
Oceanogr. Res. Pap. 34, 1733 – 1743. (doi:10.1016/
0198-0149(87)90021-5)

29. Krief S, Hendy EJ, Fine M, Yam R, Meibom A, Foster
GL, Shemesh A. 2010 Physiological and isotopic
responses of scleractinian corals to ocean
acidification. Geochim. Cosmochim. Acta 74,
4988 – 5001. (doi:10.1016/j.gca.2010.05.023)

30. Smith L, Barshis D, Birkeland C. 2007 Phenotypic
plasticity for skeletal growth, density and
calcification of Porites lobata in response to habitat
type. Coral Reefs 26, 559 – 567. (doi:10.1007/
s00338-007-0216-z)

31. Jokiel P, Maragos J, Franzisket L. 1978 Coral growth:
buoyant weight technique. In Coral reefs: research
methods (eds DR Stoddart, RE Johannes),
pp. 529 – 541. Paris, France: UNESCO.

32. Jeffrey ST, Humphrey G. 1975 New
spectrophotometric equations for determining
chlorophylls a, b, c1 and c2 in higher plants, algae
and natural phytoplankton. Biochemie und
physiologie der pflanzen 167, 191 – 194. (doi:10.
1016/S0015-3796(17)30778-3)

33. Team RC. 2015 R: a language and environment for
statistical computing. Vienna, Austria: R Foundation
for Statistical Computing.

34. Wickham H. 2016 Ggplot2: elegant graphics for data
analysis. Berlin, Germany: Springer.

35. Therneau TM, Lumley T. 2015 Package ‘survival’.
See https://github.com/therneau/survival.

36. Manzello D. 2010 Coral growth with thermal stress
and ocean acidification: lessons from the eastern
tropical Pacific. Coral Reefs 29, 749 – 758. (doi:10.
1007/s00338-010-0623-4)

37. Comeau S, Edmunds P, Spindel N, Carpenter R.
2014 Fast coral reef calcifiers are more sensitive to
ocean acidification in short-term laboratory
incubations. Limnol. Oceanogr. 59, 1081 – 1091.
(doi:10.4319/lo.2014.59.3.1081)

38. Lenz EA, Edmunds PJ. 2017 Branches and plates of
the morphologically plastic coral Porites rus are
insensitive to ocean acidification and warming.
J. Exp. Mar. Biol. Ecol. 486, 188 – 194. (doi:10.1016/
j.jembe.2016.10.002)

39. Lough J, Barnes D. 2000 Environmental controls on
growth of the massive coral Porites. J. Exp. Mar.
Biol. Ecol. 245, 225 – 243. (doi:10.1016/S0022-
0981(99)00168-9)

40. Mollica NR, Guo W, Cohen AL, Huang K-F, Foster GL,
Donald HK, Solow AR. 2018 Ocean acidification
affects coral growth by reducing skeletal density.
Proc. Natl Acad. Sci. USA 115, 1754 – 1759. (doi:10.
1073/pnas.1712806115)

41. Highsmith RC. 1979 Coral growth rates and
environmental control of density banding. J. Exp.
Mar. Biol. Ecol. 37, 105 – 125. (doi:10.1016/0022-
0981(79)90089-3)

42. Lough J, Barnes D. 1989 Possible relationships
between environmental variables and skeletal
density in a coral colony from the central Great
Barrier Reef. J. Exp. Mar. Biol. Ecol. 134, 221 – 241.
(doi:10.1016/0022-0981(89)90071-3)

43. Carricart-Ganivet JP, Merino M. 2001 Growth
responses of the reef-building coral Montastraea
annularis along a gradient of continental influence
in the southern Gulf of Mexico. Bull. Mar. Sci. 68,
133 – 146.

44. Fantazzini P, Mengoli S, Pasquini L, Bortolotti V,
Brizi L, Mariani M et al. 2015 Gains and losses of
coral skeletal porosity changes with ocean
acidification acclimation. Nat. Commun. 6, 7785.
(doi:10.1038/ncomms8785)
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