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Abstract

There is growing evidence that different coral species and algal symbionts (Symbiodinium spp.) can vary

greatly in their response to rising temperatures and also ocean acidification. In a fully crossed factorial experi-

mental design, two threatened Caribbean reef-building coral species, Acropora cervicornis hosting a mixture of

Symbiodinium clades A and C and Orbicella faveolata hosting Symbiodinium D, were exposed to combinations

of a normal (268C) and elevated (328C) temperature and normal (380 ppm) and elevated (800 ppm) CO2 for

62 d and then recovered at 268C and 380 ppm or 328C and 380 ppm for an additional 56 d. CO2 enrichment

did not confer enhanced thermal tolerance as had been suggested in other studies. A. cervicornis was more

sensitive to heat stress (maximum monthly mean 1 1.58C) experiencing 100% mortality after 25 d while all

O. faveolata survived. Conversely, O. faveolata was more sensitive to high CO2 experiencing a 47% reduction

in growth while A. cervicornis experienced no significant reduction. It is predicted that A. cervicornis is

unlikely to survive past 2035. O. faveolata with D symbionts might survive to 2060 and later but its abun-

dance will be impacted by CO2 effects on recruitment potential.

Global warming and ocean acidification (OA) are widely

recognized as key threats to the long-term survival of coral

reefs. Rapidly warming oceans are resulting in more frequent

and severe mass bleaching events (Hughes et al. 2017), while

the uptake of CO2 by the surface ocean is driving down the

pH making it more difficult for corals and other organisms

to build their skeleton and shells (Doney et al. 2009). High

levels of atmospheric CO2 have been related to several mass

extinction events of corals and other marine calcifiers over

the past 300 million years (Veron 2008; H€onisch et al. 2012).

Although similarities with past events exist in terms of the

magnitude of the change in ocean chemistry, the changes

projected for the next several hundred years are unparalleled

in the rate of the change (H€onisch et al. 2012). To survive,

corals will have to acclimatize and/or adapt more quickly

than they ever have before.

Several studies have made projections about how coral

reefs will fare in the face of global warming. Donner (2009)

predicted that by 2030,>80% of coral reefs could begin

experiencing harmfully frequent bleaching events (p>0.2

per year) assuming the A1F1 business as usual CO2 emission

scenario. A more recent analysis by van Hooidonk et al.

(2013) utilizing the latest projections from the IPCC 5th

Assessment Report (AR5) predicted that the majority of reefs

could begin to bleach annually by 2040–2060 depending on

emission scenario. Donner (2009) showed that if corals are

capable of 11.58C of thermal adaptation they could push

that tipping point back by 50–80 yr.

Hoegh-Guldberg et al. (2007) was the first to explicitly

include OA in projections of how corals will fare in the

future. Assuming that coral reef net accretion requires an

aragonite saturation state of�3.3, based on where reefs are

found today (Kleypas et al. 1999), they predicted that coral

reefs would begin to fail when atmospheric CO2 exceeded

500 ppm. Pandolfi et al. (2011) pointed out that, although

lab, mesocosm, and field studies indicate that the impact of

acidification is consistently negative (Kroeker et al. 2010),

the relationship with saturation state is highly variable and

often nonlinear. Sensitivity to decreases in pH seems to be

reduced when corals are given weeks, rather than days, to

acclimate (Marubini et al. 2001; Reynaud et al. 2003; Ries

et al. 2009) when they have abundant food (Ries et al. 2009;

Edmunds 2011; Towle et al. 2015), or are supplied with high

levels of inorganic nutrients (Langdon and Atkinson 2005;

Ezzat et al. 2016). This broad range of variability in sensitivity*Correspondence: clangdon@rsmas.miami.edu
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to pH may partly be explained by differences in experimental

methodology, but it is likely that there are real differences

between species. Some species may be more OA-hardy than

others, either highly efficient calcifiers or able to direct more

energy to calcification. Given the right environmental condi-

tions, such as abundant supply of food or high concentrations

of inorganic nutrients, some corals may be able to divert

excess energy to calcification and partially offset the impact

of high CO2. Learning the energetic cost of calcification may

be key to predicting the response of corals to future OA. Ener-

getically replete corals may be relatively insensitive to OA

while energetically depleted corals such as those that are

bleached or partially bleached may display a heightened sen-

sitivity to OA.

Both bleaching due to warming and decreased calcifica-

tion due to acidification are stress responses of the coral-

algal holobiont. It is reasonable to expect that the stress

response to one will affect the response to the other stressor.

One such interaction was suggested above, i.e., that a par-

tially or wholly bleached coral that has lost some or all the

photosynthetic product from its algal symbionts (Symbiodi-

nium spp.) may be less able to devote energy from reserves or

from heterotrophy to calcification and hence may exhibit a

heightened sensitivity to OA as the upper temperature limit

is approached. In addition, some studies that modulate the

CO2 enrichment technique to simulate the natural way

ocean carbonate chemistry is being perturbed are finding

that elevated CO2 can cause a bleaching-like response in cor-

als at temperatures not normally associated with thermal

bleaching. These observations include decreased symbiont

density and decreased net photosynthesis on both a per unit

area of coral tissue basis and a per symbiont cell basis in cor-

als exposed to natural light levels (700–1200 lmol m22 s21

noon max) and temperatures of 26–298C for 4–8 weeks

(Anthony et al. 2008; Kaniewska et al. 2012). The fact that

two earlier studies failed to observe a CO2 mediated bleach-

ing response may be explained by the much lower light lev-

els employed in those studies (150–350 lmol m22 s21 of

artificial light) (Reynaud et al. 2003; Schneider and Erez

2006; Crawley et al. 2009). The studies by Schneider and

Erez (2006) and Crawley et al. (2009) were also of short dura-

tion (< 4 d). Exposure to natural high light levels for many

weeks may be needed for the buildup of physiological stress

caused by the elevated CO2 to be observed. Bleaching caused

by acidification raises the possibility that corals exposed to

elevated CO2 might either bleach at a lower temperature, or

bleach at the same temperature but after a shorter period of

thermal stress, compared to corals exposed to only elevated

temperature.

The response of corals and their algal symbionts to

changes in the inorganic carbon species depends on how

those changes are produced. Over timescales of 1 week, stud-

ies have shown that doubling the bicarbonate concentration

has a positive effect on the rate of photosynthesis (per unit

chlorophyll) and this dominates the effects of pH (Weis

1993; Marubini et al. 2008). However, under future climate

scenarios, the predicted increase in dissolved CO2 will be bal-

anced by equivalent decreases in carbonate ion concentra-

tions and only very slight increases in bicarbonate

concentrations (Caldeira and Wickett 2003; Raven et al. ).

Under these conditions, a CO2-fertilization effect is only

expected if the symbionts are limited by present day CO2

concentration. Symbiodinium spp. are known to possess a

carbon-concentrating mechanism (CCM) to increase the

concentration of CO2 available to Rubisco and suppress the

competing oxygenation pathway (Leggat et al. 1999). How-

ever, CCMs differ in their design and efficiency between

algal species (Giordano et al. 2005); thus, it is conceivable

that some Symbiodinium phylotypes possess less efficient

CCMs (relying to a greater extent on the passive, diffusive

uptake of CO2 than others). Brading et al. (2011) investi-

gated the effect of doubling pCO2 on four free-living phylo-

types of Symbiodinium and found that A1 and B1 were

unaffected but the photosynthesis of A2 and the growth of

A13 were enhanced by 60%. The conclusion was that corals

hosting these phylotypes might perform better under OA

conditions.

Here, we investigated the effects of extended exposure to

elevated temperature (328C) and CO2 (800 ppm), both alone

and in combination, on the growth and photochemistry of

two threatened species of reef-building Caribbean coral, Orbi-

cella faveolata and Acropora cervicornis. Following 9 weeks of

these treatment conditions, the recovery of the corals at

268C/380 ppm and 328C/380 ppm was also monitored. We

believe that this is the first study to quantify CO2 response

in terms of linear extension (LE) and the ability of corals to

recover LE following removal of heat stress and/or acidifica-

tion stress, valuable to understanding how such conditions

will affect corals in coming decades and how they are

recorded in coral skeletons.

Materials and methods

Environmental context

It is important to place the temperature and CO2 treat-

ment levels chosen for this experiment in the context of the

conditions the corals are experiencing in the field. Figure 1A

shows a composite annual temperature record for the Florida

Reef Tract (FRT). Hourly temperature data from NOAA

C-MAN stations spanning the FRT (Fowey Rocks, Molasses,

Sand Key, and Sombrero) for the years 1988–2016 were

binned and averaged by year-day. The annual average tem-

perature varies from year to year between 25.98C and 26.98C.

Seasonally, temperature swings between 23.08C and 30.28C.

The warmest month of the year is August and the maximum

monthly mean (MMM) for the period 1988–2016 was

30.58C.
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Studies have shown that coral populations are highly

adapted to the prevailing local and regional thermal regime

and that the threshold for coral bleaching is 1–38C above the

regional MMM (Howells et al. 2011, 2013). A temperature

anomaly of � 18C above the MMM is a frequently used

threshold for severe bleaching (Gleeson and Strong 1995).

However, Manzello et al. (2007) found that the threshold for

severe bleaching on the FRT was better estimated as

MMM 1 0.68C suggesting that Florida corals might be a little

more prone to bleaching than corals in other regions. They

also reported that the simple to compute index, day-

s�30.58C, had similar predictive power to MMM for predict-

ing severe bleaching events on the FRT. Figure 1B shows the

cumulative heat stress defined as days�30.58C computed

from the pooled FRT data set described above. Years with

high cumulative heat stress tend to coincide with strong El

Ni~no years (Multivariate ENSO Index�0.3). Regression anal-

ysis found that summer-time heat stress has been increasing

over the years 2000–2015 by 0.54 6 0.25 (SE) days per year

(R2 5 0.14, F1,27 5 4.46, p 5 0.044). Manzello (2015) made the

prediction that based on measured rates of warming on the

FRT severe bleaching events (MMM>0.68C) could become

an annual occurrence sometime between 2020 and 2034. In

the present study, we chose our high temperature treatment

to be 32.08C, equivalent to a summer-time maximum tem-

perature anomaly of 11.58C, well within the range of pro-

jected end of century warming of 1.4–5.88C (IPCC ).

Compared to temperature much less is known about the

variability in CO2 concentrations that corals experience at

present. A NOAA Ocean Acidification Buoy has been collect-

ing pCO2 data at a patch reef in the middle Keys since

December 2011 (Sutton et al. ). Figure 2 shows the variability

in pCO2 that corals on the FRT are experiencing on seasonal,

daily, and hourly time scales. From 2012–2015, seawater

pCO2 averaged 395 6 86 ppm (mean 6 SD) (Fig. 2A), close to

the atmospheric mean concentration of 394 6 7. Seasonally,

seawater pCO2 goes through a low of 200–240 ppm in early

April and a maximum of 600–700 ppm in late November/

early December. This is a result of net reef autotrophy during

the early months of the year, changing to net heterotrophy

during later months (Muehllehner et al. 2016). Data were

binned and averaged by time of day to create a figure of the

diel cycle of pCO2 averaged over the � 3.5 yr of data (Fig.

2B). pCO2 reaches a maximum near dawn and a minimum in

the late afternoon. The amplitude of the dawn to dusk swing

averages 25 ppm. This diel cycle is the result of net photosyn-

thesis during the day and respiration at night and like the

seasonal cycle in Fig. 2A is clear evidence that biological pro-

cesses are driving much of the observed variability in pCO2.

Figure 2C shows the daily range in pCO2 defined as the differ-

ence between the maximum and minimum in each 24 h

period. The variability ranges from 15 ppm to 300 ppm and

that there is clear seasonality with the low variability from

January to May and high variability from June to December.

Fig. 1. (A) Composite annual temperature cycle for the years 1988–

2015 based on instrumental temperature data from NOAA C-MAN sta-
tions spanning the FRT (Fowey Rocks, Molasses Reef, Sand Key, and
Sombrero Reef). Black line shows the daily mean by year day and the

gray band the daily minimum (3rd percentile) and maximum (97th per-
centile). Blue line shows the annual temperature cycle in 2015 averaged

across the FRT. Red line shows the annual cycle in the year 2100 if tem-
peratures warm by 128C. (B) Number of consecutive days in a year that
mean daily temperature is�30.58C. Solid horizontal lines denote years

of strong El Nino (Multi-Environmental Index>0.3). Blue line shows
best-fit linear regression line (y 5 21060 1 0.54 * Year, r2 5 0.14,

p 5 0.044) and the gray band shows the 95% confidence interval (CI).
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A regression of daily range against daily average pCO2 found that

there was a significant correlation (y5 272.96 1 0.64 pCO2,

R2 5 0.45, p<0.00001) (Fig. 2D).

As seawater takes up CO2 with little change in total alka-

linity (TA), the buffering capacity decreases (Egleston et al.

2010). This means that processes that alter dissolved inor-

ganic carbon (DIC) and total alkalinity (TA) concentrations

(photosynthesis, respiration, calcification, dissolution) will

have bigger impacts on pCO2, pH, and Xar as OA progresses.

For example, if pCO2 reaches 33 preindustrial, diurnal, and

seasonal variations in pCO2, pH and Xar caused by photosyn-

thesis and respiration would be increased by 40–60%. This

means that, as the ocean acidifies over coming decades, cor-

als will not only experience a higher mean CO2 concentra-

tion but will also significantly greater CO2 variability on

daily and seasonal time scales. This could mean that pH low

enough to cause dissolution could start to be observed dur-

ing the night and during the fall and winter months many

decades before current projections are forecasting.

Taking all of this into account, we chose our pCO2 levels

to simulate the present day and 33 preindustrial conditions,

i.e., 400 ppm and 840 ppm. Note that the IPCC business as

usual scenario (RCP8.5) assumes unchecked CO2 emissions

and projects that CO2 will reach 900 ppm by the year 2100

(IPCC ). We also designed our experimental setup to simu-

late the natural diel swing in carbonate chemistry including

that the amplitudes should be larger in the high CO2

treatments.

Coral collection and preparation

Colonies of O. faveolata were obtained in May 2007 from

a sea wall at Truman Harbor, Key West, Florida (Permit

FKNMS 2007-028). Until the time of the experiment in 2009,

they were maintained in outdoor tanks supplied with run-

ning seawater from nearby Bear Cut, Biscayne Bay, Florida.

Colonies of A. cervicornis were obtained from the Smithso-

nian Lab in Fort Pierce, Florida. These corals had been kept

in a large public display aquarium for many years. The origi-

nal colonies were collected from Dania Beach, Broward

County (W. Hoffman pers. comm.). Microcolonies of O.

faveolata were prepared from eight different parent colonies,

each presumed to represent a different genotype because

they came from different locations on the sea wall and must

have originally recruited to the vertical seawall (built in the

early 1950s) as a result of sexual reproduction. Microcolonies

were prepared using a 2.5 cm diameter coring drill and glued

to squares of 0.5” thick PVC to facilitate handling and the

measurement of vertical extension. Microcolonies (N 5 9)

from each parent were distributed haphazardly but evenly

between the eight treatment tanks. Small branches (N 5 9) of

Fig. 2.

Fig. 2. (A) Time series of pCO2 at Cheeca Rocks Reef, Islamorada, Florida
based on data collected by NOAA MAPCO2 Buoy (Sutton et al. 2016). (B)

Composite diel cycle of pCO2 vs. local hour. Error bars are SE. (C) Time
series of the daily range (maximum-minimum) of pCO2. (D) Relationship
between the daily range and daily mean pCO2. Blue line shows best-fit lin-

ear regression line (y 5 273.0 1 0.65pCO2, r2 5 0.45, p<0.000001) and
the gray band shows the 95% confidence interval (CI).
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A. cervicornis, each � 3 cm long, bearing a single apical

polyp, were snipped from eight different parent colonies,

and epoxied to small squares of PVC. In the case of the A.

cervicornis, no assumptions were made regarding genotype

because the colonies used in the experiment were themselves

the result of repeated propagation by fragmentation in the

aquaria at the Smithsonian lab over several years. Regardless,

parent colony was not tracked through the experiment in

either species, which was unfortunate because subsequent

studies have found significant genotypic variability in

growth rate and bleaching susceptibility in these species

(Drury et al. 2017; Towle et al. 2017). However, at the time

of this study, genotyping services for these species were not

readily available.

Experimental set-up

The Corals and Climate Change Laboratory at the Univer-

sity of Miami consists of 12 fiberglass tanks (50 cm 3 60 cm)

each containing 48 L of seawater, located in an outdoor

structure covered by a 60.2-mm sheet of polypropylene plas-

tic and a layer of shade cloth so that the tanks are exposed

to attenuated natural sunlight but protected from the wind

and rain. Each tank is provided a continuous supply of high

quality natural seawater from a pumping system that draws

from an inlet located in nearby Bear Cut, Biscayne Bay, Flor-

ida. Nutrient concentrations at the intakes to the RSMAS sea-

water system averaged 0.9 lM NO3, 0.3 lM NH4, and 0.03

lM PO4. These compare to mean concentrations of 0.12 lM

NO3, 0.2 lM NH4, and 0.02 lM PO4 on the FRT (SERC-FIU

Water Quality Monitoring Network). Given that the dis-

solved inorganic nitrogen (DIN) : P of the intake water is

46 : 1 (i.e., strongly P-limited), it is unlikely that the elevated

NO3 of the intake water has any impact on the photosynthe-

sis or growth of the corals in this experiment. The seawater

was supplied to the aquaria from a header tank at a constant

rate of 30 mL min21. This rate was determined to exceed the

daily rate of evaporation and demand for DIC and TA by

corals by a sufficient margin to maintain the salinity and

carbonate chemistry at levels comparable to the source

water.

A schematic of the systems used to control the tempera-

ture and CO2 in the experimental tanks is shown in Fig. 3.

Each experimental tank was connected to a 200-L sump

tank. A submersible 500-GPH pump circulated the water

between the sump and the experimental tank every 8.5 min.

The sump tanks contained a heat exchanging coil of 30’ of

1” plastic irrigation tubing and a 1.5-kW titanium heater. An

Omega Instruments CN7833 digital temperature controller

determines whether the heater or a solenoid valve is ener-

gized. If the solenoid is energized, chilled freshwater at 208C

circulates through the heat exchanging coil. This configura-

tion can hold the daily average temperature of the experi-

mental tanks to within 6 0.18C. The heat exchanging capacity

was intentionally sized so that it does not suppress the

natural diurnal swing in temperature that shallow coral reef

water naturally experiences (i.e., � 0.3–0.58C).

The CO2 control system bubbled the seawater in each of

the sump tanks either with outside air or outside air

enriched with pure CO2 gas to a specified level. Mass flow

controllers (Sierra Instruments 810C) set the treatment gas

concentrations by controlling the mixing ratio of ambient

outside air and pure CO2. Tanks were bubbled with the gas

mixtures using Venturi injectors. The sump tanks were cov-

ered, but the experimental tanks were open to exchange gas

with the atmosphere. For this reason, it was necessary to

empirically adjust the composition of the CO2 enriched—air

mixture until the desired CO2 level in the experimental

tanks was achieved. After this adjustment, the CO2 concen-

trations in the experimental tanks were checked weekly by

moving the equilibrator from tank to tank. Experience has

shown that this arrangement yields daily average CO2 levels

that are stable day-to-day to within 6 50 ppm. Like the tem-

perature control system, this arrangement permitted the CO2

level in the tanks to undergo a natural diurnal cycle, the

phasing and amplitude of which is like what is experienced

in natural coral reef environments. Diel variability in pCO2

levels varied by 97 ppm in the control tanks and 308 ppm in

the high CO2 tanks, within the range that they experience

in the field (Fig. 2C).

A Hobo U30 data acquisition system (Onset Computer)

logged light and temperatures for each tank every 5 min.

Light averaged 3.7 6 0.2 mol quanta m22 d21 (n 5 66) during

the experiment (average midday instantaneous irradiance

was 327 lmol quanta m22 s21). For comparison, corals on a

patch reef in the Florida Keys assuming a typical depth of

5 m receive an average 3.8 mol quanta m22 d21 at the same

time of year based on Odyssey PAR logger deployments at

Cheeca Rocks reef (C. Langdon unpubl. data). Corals were

fed twice a week with Zieglers Larval Diet AP100 (Aquatic

Ecosystems).

Experimental design

The experiment employed a fully crossed factorial design

with two temperatures and two CO2 levels duplicated with

two tanks at each of the four conditions (268C—390 ppm,

268C—800 ppm, 328C—390 ppm, and 328C – 800 ppm) with

nine O. faveolata and nine A. cervicornis microcolonies in

each of the eight tanks. The codes LTLC, LTHC, HTLC, and

HTHC are used as shorthand for each of the treatments (LT-

low temp, HT-high temp, LC-low CO2, HC-high CO2). Fol-

lowing the treatment phase of the experiment, corals in the

high temperature and high CO2 tanks recovered at control

conditions to determine the ability of the two species to

recover following a prolonged period of stress. The timing of

the experiment is given below.

Phase 1: Preconditioning (30 January 2009–11 March

2009) 40 d—Corals were haphazardly distributed among

eight of the experimental tanks. There were nine

Langdon et al. Contrasting responses to warming and acidification
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microcolonies of each species in each tank. All eight tanks

were set to 26.08C and 380 ppm CO2. Skeletal growth was

measured weekly.

Phase 2: Ramping to treatment conditions (11–19 March

2009)—Temperature and CO2 in the treatment tanks were

slowly ramped up over an 8-d period. Temperature was

increased by 0.758C per day. Other studies have increased

temperature at rates of 0.68C per day (Schoepf et al. 2015)

and 2.08C per day (D�ıaz-Almeyda et al. 2017). pCO2 was

ramped up at 50 ppm per day.

Fig. 3. Schematic of tank system. (A) Temperature control. (B) CO2 control.
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Phase 3: Treatment (20 March 2009–21 May 2009) 62 d—

Tanks 2 and 8 at 268C—380 ppm, tanks 4 and 7 at 268C—

800 ppm, tanks 3 and 6 at 328C—390 ppm, and tanks 1 and

5 at 328C—800 ppm. These conditions were held for 9 weeks.

Skeletal growth and photochemistry were measured on all

144 corals weekly.

Phase 4: Ramp down (22 May 2009–02 June 2009)—High

temperature and high CO2 conditions were ramped down to

control conditions over 8 d.

Phase 5: Recovery (03 June 2009–29 July 2009) 56 d—The

ability to recover LE after a period of high temperature and/

or high CO2 was tested. Corals that had been in the LTHC

treatment were recovered at LTLC to test for the effect of

removing CO2 stress. Corals that had been in the HTLC

treatment were recovered at LTLC to test for the effect of

removing the high temperature stress. Corals in the HTHC

treatment were split with some recovered at LTLC to test for

the effect of returning to control conditions and the rest

were recovered at HTLC to test for the effect of removing

high CO2 alone.

Chemical and physical measurements

Temperature in each of the eight experimental tanks and

photosynthetically available radiation was measured and

logged every 5 min throughout the experiment using a

HOBO 30 data acquisition system. Salinity in each tank was

measured weekly using a YSI Model 30 Temperature/Salinity

meter that was calibrated prior to each use against a 50.0

mSiemen standard solution. The mole fraction of CO2 (pCO2

in ppm) in the tanks was measured using a shower-head

style equilibrator coupled with a Licor 820 CO2 gas analyzer.

The partial pressure of CO2 in units of latm was computed

the using the x2pco2 function in the seacarb package in R.

The Licor was calibrated daily against a zero and a 700-ppm

span gas using a Valco multiport valve and a microcontroller

that at 07:00 h each day would switch the Valco valve from

the equilibrator port to the zero-gas port for 5 min followed

by 5 min in the span gas position and then return to the

equilibrator port position for the remainder of the day. The

partial pressure of CO2 in the equilibrator was logged every 5

min by the HOBO acquisition system. The equilibrator was

moved from tank to tank to collect data on the variability in

each of the tanks over a 5-d period. Each tank was done in

rotation over the course of the experiment. On Wednesday

of each week, between 12:00 h and 13:00 h, the equilibrator

was moved to each of the eight tanks to collect a snap shot

of the midday pCO2. Midday was chosen because this is the

time of day when the CO2 level in the tanks crosses the mid-

point between the early morning maximum and the late

afternoon minimum. Weekly 250 mL water samples were

also collected at midday, fixed with 0.2 mL saturated HgCl2
and TA. TA was measured in duplicate on an automated

open-cell Gran titrator (precision 0.2%). The HCl titrant was

standardized against certified reference material (Andrew

Dickson Lab, Scripps Institute of Oceanography). The car-

bonate parameters DIC, pHT, and Xar were computed from

the measured temperature, salinity, pCO2, and TA using the

R package seacarb version 3.2.4 (Gattuso et al. ).

Coral growth

Growth was measured as vertical LE of the coral skeleton

using an optical micrometer. LE was the focus of this study

because it has not previously been shown to be responsive to

OA conditions even though the expectation is that if calcifi-

cation is affected LE should be as well. Showing an OA effect

on LE is important because it means that it might be possi-

ble to look for skeletal markers of OA stress events in a cor-

al’s history by looking for co-occurrences of low LE and low

pH based on d11B. New instrumentation described below was

used to make these measurements. A Keyence model 4000

laser displacement micrometer was used to profile the height

of the O. faveolata colonies and a Keyence model 7000 was

used for profiling the height of the A. cervicornis colonies.

The different model of micrometer was dictated by the dif-

fering geometries of the two corals. The calibration of both

micrometers was checked against gauge blocks of known

height and confirmed to be accurate to within 6 3 lm. In

both cases, the corals were attached to a mechanical stage

driven by a stepper motor that moved the coral past a beam

of light at precise 64-micron steps. Each coral was glued to a

carefully machined PVC mount. In the base of the mount

were two index holes that engaged into stainless steel pins

on the mechanical stage of the micrometer. This permitted

each coral to be precisely and reproducibly mounted to the

stage from week to week. Each coral PVC mount had a pre-

cisely machined, flat-topped stainless-steel pin affixed to one

end of the mount. Each week when a coral was measured

the micrometer was first zeroed on the top of stainless steel

pin. This arrangement made it possible to measure coral

heights from week to week with a reproducibility of 6 2 lm.

For O. faveolata, the average height of the colony across a

central transect of the 2-cm diameter colony was measured

each week. For A. cervicornis, the highest point of the colony

was recorded. Corals were out of the water for no more than

2 min for the colony height measurement. Growth rate, in

units of microns of LE per day, was calculated by linear

regression of height vs. date and determining the slope of

the best-fit line. The first 2 weeks of data following the tran-

sition to new conditions was excluded from the analysis

because growth was observed to take up to 2 weeks to stabi-

lize under the new conditions.

Before the experiment began, the LE of all corals was mea-

sured over a 40-d period. The objective was to collect data to

test for a tank effect on growth, however, in the process we

found that some corals had LE rates that were very low or

even 0 despite otherwise looking healthy. A histogram of LE

revealed that 2 out of the 72 O. faveolata corals were clear

outliers growing at just 0–7% of the median rate (3.9 lm
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d21). Similarly, we found that there was a group of 12 A. cer-

vicornis corals that were clear outliers growing at 0–18% of

the median rate (155 lm d21). The decision was made to

exclude these corals from statistical analyses based on the

criteria that they fell below the 12th percentile for LE and

therefore were performing subpar physiologically and could

respond to the temperature and CO2 treatments in ways that

might not be characteristic of healthy individuals of the spe-

cies, i.e., their inclusion might bias the results. This decision

had the following impact on the sample size in each of the

treatments (O. faveolata: LTLC 5 18, LTHC 5 18, HTLC 5 16,

HTHC 5 18; A. cervicornis: LTLC 5 16, LTHC 5 13, HTLC 5 17,

HTHC 5 15).

Photochemical efficiency

To quantify photochemical activity, hereafter referred to

as photochemical efficiency (PE), we measured the maxi-

mum quantum yield of photosystem II (Fv/Fm) with an

Imaging-PAM (Walz, Germany) after 60 min of dark acclima-

tion at the end of the light cycle The Imaging-PAM mea-

sured the fluorescence properties and mean Fv/Fm at five

0.8 cm2 areas of interest (AOI) that were haphazardly

selected on each coral and measured weekly during the treat-

ment phase of the experiment. The AOIs were located along

the central axis of the coral fragment avoiding the apical tip

since it contains few symbionts. Corals were out of the water

for approximately 1 min.

Symbiont identification

To identify and quantify the Symbiodinium types hosted

by the corals, tissue from a single polyp was excavated using

the corner of a new razor blade. Tissues were preserved in

1% SDS/DNAB buffer and the DNA extracted using a modi-

fied organic extraction protocol (Baker et al. 1997). Extracted

DNA was analyzed with quantitative polymerase chain reac-

tion (PCR) (qPCR) assays that specifically quantify Symbiodi-

nium clades A, B, C, and D (Cunning and Baker 2013). This

was, of necessity, done at the level of clade because primers/

probes for different taxa within each clade have not been

designed or tested for qPCR. A symbiont clade was consid-

ered present in a sample when there was amplification of

the target in two technical replicates and no amplification in

the no-template controls. The proportion of each clade in a

sample was calculated and corals were classified according to

the dominant clade (> 90%).

Statistical analysis

Statistical analyses were completed in R version 3.2.0.

Data were checked for normality and homoscedasticity using

a Shapiro–Wilkes test and Levene’s test, respectively. All data

were assessed for a tank effect (random factor), which was

not significant. Two-way, full-factorial ANOVAs were run

(temperature 3 CO2) for growth (LE) and PE. Alpha for all

tests was set at 0.05. Paired t-tests were used to analyze the

significance of changes in LE associated with taking corals

from stress to recovery conditions.

Results

Experimental conditions

Temperature, CO2, and other water chemistry parameters

are presented in Table 1. The diel periodicity of CO2 is

shown in Fig. 4. The amplitude of daily swing was 100 ppm

in the control tanks and 300 ppm in the high CO2 tanks

well within the range of daily variability that corals are expe-

riencing on the FRT today (Fig. 2C,D).

Symbiodinium identification

O. faveolata colonies were found to host clade D (> 90%).

While we were not able to analyze for subtype, only type

D1a (Symbiodinium trenchii) has been found in Caribbean cor-

als to date (Pettay et al. 2015). Colonies with this symbiont

tolerate temperatures 1–28C higher than other symbionts but

may suffer growth tradeoffs (Cunning et al. 2015; Pettay

et al. 2015). A. cervicornis colonies were found to host a mix-

ture of clades A and C. We did not identify these symbionts

to the subtype level, but A3 is the only A subtype docu-

mented in A. cervicornis in the Florida Keys to date (first

reported by LaJeunesse 2002). The subtypes of C present

were not determined. Although considerable physiological

variability exists within and among subtypes within clades

(D�ıaz-Almeyda et al. 2017), the A- and C-types found in A.

cervicornis are generally considered to be thermally sensitive

compared to D1a. (Howells et al. 2011; D�ıaz-Almeyda et al.

2017).

PE and mortality

Symbiont PE and percentage mortality changed over time

in the control and treatment tanks (Fig. 5A,B). PE data for A.

cervicornis ends on day 24 because all the corals in the high

temperature treatments had died by the next sampling date.

Two-way ANOVAs were performed on the PE values observed

on the last two-time points for each species. There was a sig-

nificant temperature 3 CO2 interaction for O. faveolata

(ANOVA, F1,12 5 5.1, p 5 0.043) (Table 2; Fig. 6A). A post hoc

Tukey HSD test found that high CO2 had a significant effect

at 268C with PE in the low CO2 treatment being significantly

greater than in the high (0.48 6 0.01 vs. 0.43 6 0.01,

p 5 0.046) but not at 328C (0.38 6 0.01 vs. 0.38 6 0.01). There

was a significant main effect of temperature with PE at 268C

being significantly greater than at 328C (0.45 6 0.01 vs.

0.38 6 0.01, p 5 0.000005). Temperature had a significant

effect on A. cervicornis PE (ANOVA, F1,12 5 18.2, p<0.001)

(Table 2; Fig. 6B). A post hoc test showed that PE at 268C

was significantly greater than at 328C (0.48 6 0.03 vs.

0.29 6 0.03, p 5 0.011). O. faveolata experienced 0% mortality

after 62 d at 328C. All 18 of the A. cervicornis corals in the

HTLC and HTHC treatments were completely bleached by

day 25 and a few days later they all experienced rapid tissue
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necrosis (RTN), which resulted in tissue sloughing and death

within 24–48 h (i.e., 100% mortality).

LE under treatment conditions

There was a significant temperature 3 CO2 interaction

effect for O. faveolata (ANOVA, F1,63 5 9.6, p<0.003) (Table

2; Fig. 7A). A post hoc comparison test found that high CO2

had a significant effect at 268C with LE in the low treatment

being significantly greater than in the high (4.45 6 0.54 vs.

2.40 6 0.32 lm d21, p 5 0.008) but not at 328C (20.44 6 0.29

vs. 20.28 6 0.26 lm d21, not significant (NS)). There was a

significant main effect of temperature with LE at 268C being

significantly greater than at 328C (3.43 6 0.25 vs.

20.36 6 0.25, p<0.0001). Temperature had a significant

main effect on A. cervicornis (ANOVA, F1,57 5 181.3,

p<0.0001) (Table 2; Fig. 7B). A post hoc test showed that LE

was significantly faster at 268C than at 328C (129.0 6 7 vs.

0 6 0, p<0.0001). CO2 did not have a significant effect at

either temperature. Growth ceased in the 328C treatments

after 14 6 2 (SD) days for A. cervicornis and after 20 6 9 (SD)

Table 1. Summary of physical and chemical conditions during the preconditioning, treatment, and recovery phases of the
experiment.

Stage Tank Code

Temp

8C Salinity

lmol kg21

pH

pCO2

latm XarTA DIC

Precondition All tanks 26 35.9 2432 2076 8.09 369 4.03

0.5 52 45 0.02 16 0.17

Treatment 2 LTLC 26 36.7 2341 1995 8.08 363 3.83

0.8 38 26 0.02 13 0.18

8 LTLC 26 36.2 2385 1995 8.08 368 3.91

0.9 19 20 0.02 20 0.13

4 LTHC 26 36.7 2339 2133 7.84 714 2.45

1.0 28 21 0.02 37 0.12

7 LTHC 26 36.3 2386 2186 7.82 755 2.43

1.0 22 26 0.02 41 0.07

3 HTLC 32 36.9 2382 1977 8.07 366 4.65

1.1 34 30 0.01 37 0.11

6 HTLC 32 37.4 2414 1995 8.08 359 4.81

1.2 26 16 0.01 9 0.14

1 HTHC 32 36.7 2357 2115 7.81 764 2.92

0.9 35 24 0.03 42 0.17

5 HTHC 32 36.8 2381 2131 7.83 738 4.81

1.1 31 31 0.03 57 0.17

Recovery 2 LTLC 26 33.6 2361 2030 8.09 365 3.83

0.7 71 55 0.02 17 0.24

8 LTLC 26 33.8 2385 2061 8.08 374 3.86

0.8 8 12 0.00 1 0.00

4 LTLC 26 33.8 2405 2078 8.07 388 3.80

0.2 21 27 0.02 25 0.11

7 LTLC 26 33.9 2370 2034 8.09 362 3.87

0.8 11 26 0.01 20 0.11

3 LTLC 26 33.7 2374 2049 8.08 378 3.78

0.9 56 46 0.01 12 0.14

6 LTLC 26 34.1 2369 1992 8.06 386 4.47

0.2 65 57 0.02 30 0.24

1 HTLC 32 33.7 2390 2000 8.08 368 4.65

0.6 56 45 0.01 0 0.18

5 HTLC 32 33.9 2373 1986 8.08 368 4.59

0.3 28 21 0.00 0 0.09

Means 6 SD.
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days for O. faveolata. The O. faveolata corals in the high-

temperature treatments were 18–25 lm shorter at the end of

the heat stress period accounting for the negative LEs.

LE under recovery conditions

The results of the recovery experiment are shown in Fig.

8. Recovery of O. faveolata in the LTHC treatment at low

CO2 significantly increased LE from 2.41 6 0.32 lm d21 to

3.91 6 0.35 lm d21 [Paired t-test, T(17) 5 5.0, p<0.0001,

dif 5 1.5 6 0.3]. Recovery of O. faveolata from the HTLC treat-

ment at low temperature and low CO2 significantly increased

LE from 20.44 6 0.29 lm d21 to 4.57 6 0.57 lm d21 [Paired

t-test, T(11) 5 8.5, p<0.000001, dif 5 5.2 6 0.6]. Recovery of

O. faveolata from the HTHC treatment at low temperature

and low CO2 significantly increased LE from 20.28 6 0.26

lm d21 to 7.30 6 0.35 lm d21 [Paired t-test, T(2) 5 16.2,

p 5 0.004, dif 5 9.4 6 0.6]. Recovery of O. faveolata from the

HTHC treatment at high temperature and low CO2 had no

significant effect on LE 20.28 6 0.26 lm d21 vs. 0.29 6 0.15

lm d21 [Paired t-test, T(14) 5 0.9, p 5 0.38, dif 5 0.21 6 0.2].

Recovery of A. cervicornis from the LTHC treatment at low

CO2 had no significant effect on LE [Paired t-test,

T(14) 5 0.64, p 5 0.27] (not shown).

Discussion

This study investigated the responses of two Caribbean

coral species to elevated temperature and CO2. Specifically,

we were interested in the combined effects of these two

stressors on the PE and skeletal growth of corals. The former

parameter was chosen because it is a sensitive indicator of

the bleaching response, and the latter because it is a measure

of the process that builds the reef framework. Below we dis-

cuss our results and how they fit into the framework of our

growing understanding of how corals will respond to climate

change.

Projected impacts of warming

The threatened Caribbean species A. cervicornis and

O. faveolata differ considerably in their thermotolerance. If

temperatures in vivo would exceed 328C for more than 24

consecutive days, there is a high probability that A. cervicor-

nis would experience not just bleaching but also RTN, i.e.,

tissue sloughing and death within 24–48 h. Schoepf et al.

(2015) also observed that a high percentage (75%) of Acrop-

ora experienced RTN and mortality within 5–6 d of heat

stress at MMM 1 28C and suggested that the pathogen Vibrio

spp. might be involved (Luna et al. 2007). A connection

between bleaching and disease in this taxon should be a

focus of future studies. Conversely, O. faveolata could survive

62 d of exposure to 328C and potentially suffer only a hiatus

in growth. It is possible that this could increase its

Fig. 4. Composite curves showing the diel variability of pCO2 in the

control and high CO2 tanks. The curves were created by binning the 62
d of 5-min data into 24 hourly bins and averaging. The gray bands rep-

resent the SD of the hourly means. The variability about the diel curve
in the control tanks was very small and just barely visible at the scale
shown.

Fig. 5. PE as a function of days of treatment conditions; (A) O. faveo-

lata; (B) A. cervicornis. Error bars are SE. Black lines show the percent
mortality in the high-temperature treatments.
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Table 2. Results of full factorial two-way ANOVA on dependent variables: growth and photosynthetic efficiency.

Species Factor Source df F p Species Factor Source df F p

O. faveolata Growth Temp 1 108.3 <0.0001 A. cervicornis Growth Temp 1 181.3 <0.0001

CO2 1 6.8 0.011 CO2 1 1.5 0.24

Temp 3 CO2 1 9.6 0.003 Temp 3 CO2 1 1.6 0.204

Photosynthetic

efficiency

Temp 1 60.7 <0.0001 Photosynthetic

efficiency

Temp 1 18.2 0.001

CO2 1 4.0 0.067 CO2 1 0.4 0.5

Temp 3 CO2 1 5.1 0.043 Temp 3 CO2 1 0.01 0.91

Fig. 6. Effect size of treatments relative to control; (A) O. faveolata after
53 d; (B) A. cervicornis after 25 d. Asterisks denote effects that were sig-

nificantly different from the controls, p<0.0001. Error bars are SE. Dis-
similar letters denote means significantly different from each other

(p<0.05).

Fig. 7. The effect of temperature and CO2 on growth rate of (A) O.

faveolata and (B) A. cervicornis. n denotes the number of replicate corals
in each treatment. Error bars are SE. Dissimilar letters denote means that

were significantly different, p<0.05.
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susceptibility to disease, but in this study, we followed the

corals post-stress for 56 d and did not observe any incidence

of disease within that period, even though the A. cervicornis

that died following bleaching were in the same tanks.

We can use the environmental data analyzed for this

study to put the heat stress threat into a historical perspec-

tive and to make some projections on how these two species

may fare in coming decades if CO2 emissions continue their

present trajectory. Figure 1A shows that days with a mean

temperature�328C have been extremely rare on the FRT and

for the reef tract composite there were 0 occurrences

between 1987 and 2015 (black line). If sea surface tempera-

ture warms 128C by the end of century and temperature

maintains its historical phasing and seasonal amplitude the

annual temperature cycle in 2100 will resemble the red line

in Fig. 1A. Adding 128C to the historical temperature data,

suggests that 24 consecutive days with a mean temper-

ature�328C may not occur until � 2100. However, this pro-

jection needs to be qualified by the fact that warming also

has a stochastic component, as shown in Fig. 1B. With a fre-

quency of approximately every 5–7 yr, there are especially

warm summers in the Florida Keys that are often correlated

with El Ni~no events in the equatorial Pacific. During the

exceptionally warm year of 2015, summer temperatures were

10.798C higher than the historical mean (blue line in Fig.

1A). If we add a climate warming of 11.18C to the 2015 tem-

perature record for the Keys, we reach the severe bleaching/

mortality threshold for A. cervicornis of 24 d�328C. Conse-

quently, when temperatures reach 1.18C above the 1987–

2015 historical mean, there is a high probability of a wide-

spread mortality event for A. cervicornis in the Florida Keys.

The RCP8.5 emissions scenario predicts a 118C warming by

2035 (IPCC ). Performing a similar exercise for O. faveolata

we find that a climate warming of 11.68C is needed before a

summer exceeding 62 d�328C is likely to occur. This corre-

sponds to the year 2060 on the RCP8.5 temperature increase

curve (IPCC ). However, we were not able to stress O. faveo-

lata to the point of mortality in this study so the threshold

of 62 d at 328C is likely conservative. We conclude that there

is a chance that O. faveolata hosting D1a symbionts might

survive warming of>11.68C and potentially survive to the

year 2060 and possibly to the end of the century.

Projected impacts of OA

By the end of the century, corals are going to be exposed

to CO2 concentrations that are double the present day and

triple the pre-industrial concentration that they experienced

for>400,000 yr (Barnola et al. 1999). It has been shown that

some phylotypes of Symbiodinium (A2 and A13) show a CO2-

fertilization effect on growth or photosynthesis in the free-

living state (Brading et al. 2011). It is not known if they

would show the same response when in-hospite and if the

enhanced photosynthesis would translate into enhanced cal-

cification. It has also been suggested that elevated CO2

would result in reduced gene expression for the CCM and

that in turn could free up energy, N, and Fe for other critical

processes (Raven et al. 2011). Another mechanism, proposed

by Cunning and Baker (2013) is that increased CO2 could

lead to reduced bleaching susceptibility because it has been

shown to reduce symbiont density in corals (Anthony et al.

2008; Kaniewska et al. 2012) and they demonstrated that

corals with lower symbiont density were less susceptible to

bleaching, possibly because reactive oxygen species (ROS)

production was reduced.

In this study, we observed that high CO2 did not reduce

bleaching susceptibility of either species in the high temper-

ature treatments. We did observe a statistically significant

reduction in PE of O. faveolata at 268C. The other large

impact of elevated CO2 in this study was the 47% reduction

in LE of O. faveolata. Consider the long-term demographic

consequences of a 47% reduction of skeletal growth. Mortal-

ity of juvenile corals is high as shown by a caging study and

declines with increasing colony size (Baria et al. 2010) imply-

ing that reduced growth will increase mortality. The slower a

coral grows the more years pass before that coral can con-

tribute habitat space to the other fauna on the reef. It also

means that there is a greater chance that a coral will die

before it has had a chance to reach sexual maturity and pass

its genotype on to future generations. Sexual maturity in

corals is a function of colony size (Sakai 1998; St. Gelais

et al. 2016) so slower growth means a longer generation

time. Finally, fecundity is a function of colony surface area

(Sakai 1998; St. Gelais et al. 2016) so slower growth means a

Fig. 8. Response of O. faveolata during the recovery phase. Asterisks

denote corals that exhibited significant recovery based on a paired
t-test, p<0.00001. White bars denote growth under the preceding

treatment condition indicated on the x-axis. Colored bars denote growth
under the recovery condition indicated in the legend. Note that corals
in the HTHC treatment were split into a group recovered at control con-

ditions (n 5 3) and a group that was recovered at HTLC (n 5 15). Error
bars are SE.
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life time of reduced egg production for each new coral col-

ony. While corals are not dying as a direct result of elevated

CO2, the long-term effect is likely to be fewer and smaller

corals on the reef producing less structure for the other

fauna.

The fact that elevated CO2 depressed the LE of O. faveo-

lata but not A. cervicornis is interesting. It has previously

been reported that feeding can mitigate the effect of elevated

CO2 on calcification of corals (Edmunds 2011; Towle et al.

2015), presumably by providing a source of additional

energy to support increased proton-pumping. However, both

species have been shown to be able to exploit heterotrophy

(Towle et al. 2015, 2017) and both were well fed in this

study. Bedwell-Ivers et al. (2017) may have hit on the answer

when they suggested that the mechanism behind the effect

of elevated CO2 on calcification might be linked to a species-

specific CO2-mediated dysfunction in the photosynthetic

machinery of the zooxanthellae. They observed that elevated

CO2 caused reduced photosynthesis and calcification of Por-

ites divaricata but had no effect on the photosynthesis or cal-

cification of A. cervicornis. In this study, we observed that

elevated CO2 reduced LE and PE of O. faveolata and no effect

on LE or PE of A. cervicornis. This finding is consistent with

the hypothesis that a CO2-mediated effect on calcification is

dependent on an underlying CO2-mediated effect on the

photosynthetic machinery of the zooxanthellae. The reason

behind why elevated CO2 would disrupt the photosynthetic

machinery of the symbionts in some corals and not others

remains to be explored but symbiont genotype is an obvious

avenue to explore.

Conclusions

We conclude that, absent genotypic changes (i.e., selec-

tion) on either coral hosts or their symbionts, rising temper-

atures will control the fate of A. cervicornis, likely limiting its

persistence in the Florida Keys beyond 2035. However, we

do not find evidence that temperature will control the fate

of O. faveolata until 2060 at the earliest and possibly not

until the end of the century if warming is limited to 128C.

Instead, we find that CO2 will control the fate of O. faveolata

through indirect but well understood effects stemming from

reduced skeletal growth (i.e., increased size-dependent mor-

tality of juvenile colonies, increased time to sexual maturity,

and reduced fecundity of smaller colonies).
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