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Increased atmospheric pCO2 is expected to reduce coral calcification through 

increased temperatures (global warming) and decreased pH (ocean acidification). Two 

species of corals found in Florida Bay, Solenastrea hyades and Siderastrea radians, 

exhibit high stress tolerance, persisting in an environment where seasonal swings in 

temperature and salinity often exceed tolerance limits for most other species of coral.  

The persistence of these two species in this marginal environment may provide insights 

into mechanisms of resilience to climate change stress.  In other words, does tolerance to 

broad swings in physical environmental parameters also convey a tolerance to swings in 

the carbonate chemistry of Florida Bay water, which is also much broader than 

encountered in most coral reef environments?  This dissertation combines laboratory and 

field studies to characterize the growth responses of stress tolerant corals to increased 

pCO2 across a range of temperatures. Several Caribbean species were incorporated into 

the laboratory studies to provide comparisons across species.  The role of the 

environment in determining coral responses to ocean acidification was investigated, as 

well as the utility of determining historical conditions from coral skeletal proxies.  This 

dissertation demonstrates 1) the potential of a coral in Florida Bay to preserve signals of 



 

 
 

water quality conditions including anomalous events in its skeleton, 2) stress-tolerant 

corals are still vulnerable to ocean acidification, 3) corals may face a trade-offs between 

calcification and stress tolerance, and 4) species-specific responses to simulated climate 

change (increased temperature and pCO2). 
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Chapter 1: Introduction 

 

Corals reefs are one the world’s most diverse ecosystems, yet they cover only 

0.05% of the Earth’s surface (Spalding and Grenfell 1997).  These oases of biodiversity 

support large amounts of biomass (Reaka-Kudla 1997; Roberts et al. 2002) in 

oligotrophic waters, providing food and shelter for many taxa.  They provide 

approximately $375B y-1 in food, tourism, and ecosystem services to coastal human 

populations (Costanza et al. 1997).  Reefs also contribute substantially to the global 

carbonate budget, producing approximately 0.75 Gt of carbonate per year (Vecsei 2004). 

Despite their importance, reefs worldwide have experienced persistent and 

widespread decline from warming, over-fishing, eutrophication, disease and other 

stressors (Bohnsack 1993; Glynn 1993; Hoegh-Guldberg 1999; Kleypas et al. 1999b; 

Jackson et al. 2001; Gardner et al. 2003; Pandolfi et al. 2003; Birkeland 2004; Hoegh-

Guldberg et al. 2007).  These declines have degraded structural complexity (Alvarez-

Filip et al. 2009) with consequent habitat losses for reef fishes (Paddack et al. 2009).  

Many studies have concluded that climate change threatens reefs due to the negative 

effects of increased temperature and pCO2 on corals and their symbiotic algae (Gates et 

al. 1992; Iglesias-Prieto et al. 1992; Jones et al. 1998; Hoegh-Guldberg 1999; Fitt et al. 

2001).  Temperature stress has resulted in worldwide coral bleaching events (Glynn 

1993,1996), a phenomenon where corals expel their symbiotic algae and thus lose a 

significant source of energy.  Prolonged bleaching often results in large-scale mortality, 

with much of the world’s coral cover lost in the abnormally warm 1998 El Niño (Baker et 

al. 2008).  Few global mass coral bleaching events were recorded before 1979 (Glynn 
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1993), but now they are expected to increase in frequency and severity with global 

warming (Hughes et al. 2003).  Furthermore, the burning of fossil fuels since the start of 

the Industrial Revolution has increased atmospheric CO2 by over 100 ppm.  The world’s 

oceans have absorbed ~33-50% of this CO2 (Sabine et al. 2004), which has in turn caused 

well-documented reductions in pH and concomitant decreases in carbonate ion (Dore et 

al. 2009; González-Dávila et al. 2010).  This decrease in pH, termed ocean acidification, 

is changing ocean chemistry (Caldeira and Wickett 2003; Feely et al. 2004; Caldeira and 

Wickett 2005; Orr et al. 2005; Cao et al. 2007; Doney et al. 2009) at unprecedented rates 

(Ridgwell and Schmidt 2010; Hönisch et al. 2012) towards conditions unfavorable for 

reef growth (Kleypas et al. 1999a; Langdon et al. 2000; Leclercq et al. 2000; Orr et al. 

2005; Marubini et al. 2008). Field studies of naturally bubbled CO2 areas reveal losses of 

marine calcifiers and biodiversity relative to nearby control sites (Hall-Spencer et al. 

2008; Fabricius et al. 2011).  

Additional studies and meta-analyses (Langdon and Atkinson 2005; Ries et al. 

2009; Hendriks et al. 2010; Kroeker et al. 2010) have documented calcification declines 

across many species.  Aragonite saturation levels, measures of how favorable ocean 

conditions are for calcification, are expected to compress the zone favorable to calcifying 

organisms towards lower latitudes and shallower depths (Feely et al. 2004; Orr et al. 

2005).  However, warming temperatures have pushed coral distributions polewards 

(Yamano et al. 2011).  Consequently corals are caught between declining saturation states 

and increasing water temperatures. 
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Figure 1.1. Three separate time series datasets have documented ocean acidification, 
i.e. pCO2 increases and pH declines, since 1985: European Station for Time-series 
in the Ocean (ESTOC) 29°N, 15°W (blue); Hawaii Ocean Time-Series (HOT), 23°N, 
158°W (green); Bermuda Atlantic Time-series Study (BATS), 31/32°N, 64°W (red)  
(IPCC 2007). 
  
  



4 
 

 

 

Figure 1.2. A compilation of several ocean acidification studies up to 2005 show a 
consistent pattern of a 28% decrease in coral calcification per unit decrease in 
aragonite saturation state (Ωarag).  A later review (Kleypas and Langdon 2006) 
adjusted this figure to ∆22% Ω-1

arag. (Adapted from (Langdon and Atkinson 2005)).  
 

Adaptation to climate changes occurring 10- to 100-times faster than the previous 

55 million years require reproductive success (van Woesik and Jordan-Garza 2011), yet 

several studies document negative effects of ocean acidification across multiple 

reproductive stages (Albright et al. 2008; Kurihara 2008; Albright et al. 2010; Morita et 

al. 2010; Albright and Langdon 2011; Doropoulos et al. 2012).  Another genetic means 

for corals to cope with climate change is hybridization, but this phenomenon is rare (van 

Oppen and Gates 2006).  Corals that are currently better adapted to tolerate stress or 

corals that host thermally-tolerant symbiotic algae are more likely to persist under future 

climate change.  Though studies have shown corals can rely on their symbiotic 
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zooxanthellae to impart some thermal tolerance (Baker et al. 2004; Berkelmans and van 

Oppen 2006), this may come with an energetic cost (Little et al. 2004; Jones and 

Berkelmans 2010).  Furthermore, this thermal tolerance may be limited to 1.5ºC 

(Berkelmans and van Oppen 2006), below the ≥2ºC warming predicted for the Caribbean 

by the end of the century (Sheppard and Rioja-Nieto 2005; Carricart-Ganivet et al. 2012) 

and below the estimated 0.2-1.0ºC decadal increase in thermal tolerance required by 

corals to cope with increased warming (Donner et al. 2005).  Consequently, studying 

corals that already are resistant to stress, including extremes in temperature, salinity, 

burial, eutrophication, and aerial exposure, may provide insights into how these 

organisms will fare under future climate change as well as what mechanisms they use to 

cope with those climate change stressors of increased temperature and pCO2.  Corals 

from Florida Bay provide model organisms for such studies due to their stress-tolerance 

abilities (Vaughan 1913; Yonge 1936; Macintyre and Pilkey 1969; Lewis 1989; Rice and 

Hunter 1992; Lirman et al. 2002; Lirman et al. 2003; Macintyre 2003; Chartrand et al. 

2009; Lirman and Manzello 2009; Crook et al. 2012).  Throughout this dissertation, the 

term “stress-tolerant” refers to corals that generally persist where the aforementioned 

physical stressors limit most other coral species.  Florida Bay’s shallow environment 

amplifies extremes in temperature, salinity, and light, while oxidized organic matter and 

algal blooms subject corals to large seasonal swings in pCO2 of several hundred ppm 

(Millero et al. 2001).  Thus Florida Bay mimics potential future conditions and is an ideal 

location to study coral responses to climate change. 
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STUDY AIMS 

 The goals of this dissertation were to determine stress tolerant coral responses to 

experimentally manipulated climate change factors.  The first study examined the growth 

of three common Florida Bay corals, Solenastrea hyades, Siderastrea radians, and 

Porites divaricata, along with nine other common Caribbean species in a laboratory 

study.  The goal of this study was to evaluate coral responses to both warming 

temperatures and increased pCO2, and assess relative susceptibility to these stressors. 

 The second study focused on S. hyades’s and S. radians’s seasonal in situ growth 

under a range of naturally-mediated ambient pCO2 conditions, where corals have ample 

feeding opportunities, while light, water flow, and other parameters are naturally-

mediated.  On top of this natural variability, increased pCO2 manipulations assessed their 

growth responses to ocean acidification. 

 The third objective was to determine the role of environment in the responses of 

S. hyades to increased pCO2.  Corals from Florida Bay were reciprocally-transplanted 

with conspecifics from a more stable, oceanic patch reef.  Like the previous experiment, 

pCO2 was elevated above natural, ambient conditions.  The goal of this field-based study 

was to determine if stress-tolerant corals, freed from their stressful conditions, were better 

able to calcify and/or resist ocean acidification. 

 The fourth study examined the coral growth record from a 190-year old 

Solenastrea bournoni colony growing at the field site in Peterson Keys, Florida Bay, in 

relation to a 19-year record of water chemistry for the area.  This study explored proxies 

of environmental conditions based on stable isotopes and trace metal ratios from the coral 

skeleton, using the long-term water quality record for calibration. 
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 Altogether, this dissertation characterizes the responses of stress tolerant corals to 

climate change, with special emphasis on ocean acidification.  Coral growth is examined 

under past, present, and future conditions in lab and field experiments.  These studies 

provide data on understudied species and highlight the importance of environmental 

history in defining coral responses to stress. 

 

.   
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Chapter 2: Effects of Climate Change on Twelve Caribbean Coral 
Species

 

SUMMARY 

 As reefs continue to decline with increasing temperatures and ocean acidification, 

their trajectories are likely to differ depending on their species composition and diversity, 

with subsequent effects on the fauna those reefs support.  Determining which corals are 

most vulnerable to climate change stressors can improve predictive capabilities for reef 

changes through time and improve the allocation of conservation efforts.  Growth of 

twelve Caribbean species was measured under increased temperature and pCO2 for eight 

weeks.  Corals exhibited species-specific responses, but in general responded more 

negatively and rapidly to temperature than pCO2.  In terms of relative growth responses, 

Porites astreoides was the most sensitive with no net growth predicted by the end of the 

century.  Some species had high variability among individuals, which may be a source of 

resilience to climate stressors over time.  The weedy, stress-tolerant corals Siderastrea 

radians and Solenastrea hyades responded positively to increasing temperature, for 

which the elevated temperature treatment was likely closer to their thermal optimum.  

Siderastrea siderea, a reef-building coral, maintained constant growth across all 

treatments, indicating this species may also be resistant to climate change. 
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BACKGROUND 

Coral reefs are diverse ecosystems that vary in their coral species composition, 

which in turn shapes the underlying habitat and the species those reefs can support 

(Hixon and Beets 1993; Cheal et al. 2008).  While much research indicates corals will 

decline due to the climate change effects of ocean acidification and global warming 

(IPCC 2007), recent research has shown that some coral species may be able to resist 

climate change by shifting the types of symbiotic dinoflagellates they host (Baker et al. 

2004; Berkelmans and van Oppen 2006) or by relying on heterotrophy to meet their 

nutritional needs until conditions permit their symbionts to recover (Grottoli et al. 2006).  

Consequently, as atmospheric pCO2 continues to increase, reefs worldwide are likely to 

experience non-uniform impacts due to differences in climate sensitivity of the coral 

species that comprise different reefs.  The relative sensitivity of corals to climate change 

will influence which reefs persist into the future and thereby what diversity these reefs 

can host (Gratwicke and Speight 2005b,a; Wilson et al. 2006).   

However, comparing across species is challenging because experiments differ in 

their treatments, conditions, seasonality, and duration.  Consequently, different 

methodologies can confound decision-making for reef managers and introduce variability 

for modelers seeking to predict species change over time.  This experiment tested growth 

of twelve common Caribbean species to both elevated temperature and pCO2 under the 

same conditions for eight weeks to provide a broad species comparison.  This study 

included the endangered Acropora cervicornis, as well as two species considered for 

endangered species listing, Dichocoenia stokesii and Montastraea faveolata.  The other 

species included Agaricia agaricites, Diploria clivosa, Diploria strigosa, Montastraea 

cavernosa, Porites astreoides, and Siderastrea siderea.  Three stress-tolerant, non-reef 



10 
 

 
 

building species included Porites divaricata, Siderastrea radians, and Solenastrea 

hyades.  Little to no data exist on responses to warming and ocean acidification for many 

of these species. 

 

METHODS 

Corals 

 Corals were collected from the Florida Keys (Key West, Florida Bay, and Key 

Biscayne) in the summer of 2011 and brought to the University of Miami’s Climate 

Change facility where they were cored into 2.5 cm diameter fragments and glued to 

labeled ceramic plugs.  Branching corals were clipped to approximately 5 cm long 

fragments.  Coral fragments (hereafter referred to as corals) were allowed to recover for 

at least one month and showed polyp extension as well as tissue growth over cut scars.  

Corals were randomly assigned across treatments, stratifying by parent colony where the 

total number of corals per colony was greater than or equal to the total number of 

treatments.  The total number of colonies per species ranged from 5 to 72, with smaller 

species like P. divaricata and S. radians requiring more colonies for a given sample size 

than Montastrea spp or other larger mounding corals.  Total number of corals per species 

ranged from 17-151, depending on availability at the time of the study as well as 

mortality.  Although rates were not normalized to exact surface area, fragments were all 

approximately the same size; hence fragment size should not confound treatment effects.  

One-way analysis of variance (ANOVA) for each species of baseline, pre-experiment 

growth over a month determined no differences, indicating corals started the experiment 



11 
 

 
 

with the same growth rates across treatments and any subsequent observed differences 

were due to the treatments. 

Treatments 

 Treatments consisted of three pCO2 treatments crossed with two temperatures.  

The pCO2 levels were 390 (control), 1200, and 1600 ppm.  The temperature treatments 

were 27ºC (control) and 30.5ºC (sub-lethal stress), which represents the bleaching 

threshold for corals in the Florida Keys (Manzello et al. 2007).  Treatments were 

duplicated across tanks, with twelve tanks total.  Corals were randomly reassigned within 

treatments twice during the experiment to account for any possible cohort effects, and 

tanks were randomly reassigned treatment conditions three times during the experiment 

to account for any potential tank effects.  The experiment ran for eight weeks from 

October to December 2011. 

 

Experimental system 

A schematic of the experimental system is shown in Fig. 2.1.  Mass flow 

controllers (Sierra Instruments Model 810C) set the treatment gas concentrations by 

controlling the mixing rate of ambient air and pure CO2.  Tanks were bubbled with the 

gas mixtures through Venturi injectors.  Tank pCO2 levels varied by ± 50, ± 300, ± 400 

ppm in control, medium, and high pCO2 treatments respectively.  This variation followed 

a diurnal pattern consistent with natural reefs where pCO2 declines through the day and 

increases through the night.  Omega Engineering temperature controllers (Model 

CN9000) regulated temperature within ± 0.1ºC using a heating element and counter-

current cooling coils.  A HOBO U30 data logger (Onset Computer) recorded 
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temperatures for each tank every 5 minutes along with light through a centrally-located 

PAR sensor.  Treatments were ramped up from ambient to target levels at rate of ~0.3ºC 

d-1 and 100-200 ppm d-1.  Water samples were collected weekly from each tank to 

document chemical conditions while temperature and salinity were checked with a 

handheld meter (YSI Model 30).  Tris synthetic seawater buffer (Nemzer and Dickson 

2005) was used to calibrate the pH sensor (Orion) on the total scale.  Total alkalinity 

(TA) was measured in duplicate on an automated Gran titrator, and dissolved inorganic 

carbon (DIC) was measured in duplicate on a coulometer (UIC, Inc).  Salinity was 

measured on a Guildeline 8410A Salinometer.  Total alkalinity and DIC along with the 

input temperatures and salinity were then used to estimate saturation state with the 

program CO2SYS (Lewis and Wallace 1998; Pierrot et al. 2006) using dissociation 

constants from Mehrbach et al. (1973) as refit by Dickson and Millero (1987) and 

Dickson (1990). 

 Corals occupy different niche spaces on reefs, with some corals like Acropora spp 

favoring shallow areas with more light and others like Agaricia spp occupying deeper, 

more shaded areas (Bak and Engel 1979; Chappell 1980).  Testing corals under all 

possible conditions was not feasible, and this experiment attempted to replicate the 

average reef habitat.  Tanks were supplied with 10 μm-filtered seawater from Bear Cut, 

Virginia Key, and seawater was pumped through the tanks at ~150-200 mL min-1.  The 

approximate tank turnover time is 0.8 to 1.3 d.  Corals were exposed to natural sunlight, 

and light levels were adjusted such that average peak sunlight was 327 ± 14 μmol quanta 

m-2 s-1 (mean ± standard error, n=66) and total light exposure per day was 3.7 ± 0.2 mol 

quanta m-2 (n=66).  Corals were fed biweekly a diet of live rotifers (~10 rotifers L-1) and 
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larval feed (AP brand).  The larval feed was composed of ~6 mg L-1 each of <100 μm 

particles and 250-450 μm particles.  Aquarium pumps with water diffusers kept food 

suspended in the tank during feeding.  Corals were allowed to feed for four hours starting 

late afternoon to early night, after which the feeding water was discarded. 

 

 

 

Figure 2.1. Schematic of the experimental tank system.  Elevated pCO2 is achieved 
by mixing pure CO2 with ambient air, then passing the gas through a Venturi 
injector into the 200 L sump tank.  Water temperature is regulated with a sensor 
than turns on heating or countercurrent cooling as needed.  Seawater from the 
sump tank circulates to the top holding tank and gravity feeds back into the sump. 
 
 

Measurements and analyses 

The buoyant weight of corals was recorded every two weeks (Davies 1989).  The 

slope of mass increase over time was used to determine growth rates.  Corals with 
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buoyant weights that oscillated through time, ex. weights that increased, decreased, then 

increased again, were excluded from analyses.   

During week 6, one tank (1600 ppm pCO2, 30.5ºC) experienced sudden mortality 

of all corals, algae, epiphytes, and resident amphipods.  The cause of this mortality was 

unknown but likely was not a chronic problem because a temperature logger did not 

record any abnormalities, salinity was normal, and organisms placed in the same water 

later did not experience any mortality.  Consequently, calcification data for these corals 

did not include a final time point. 

Calcification was analyzed via two-way ANOVA with type II sums of squares 

and with temperature and pCO2 as fixed, between-groups factors for all species except M. 

faveolata and A. cervicornis because these two species departed from 

normality/homoscedasticity assumptions.  These two species were analyzed using 

Sheirer-Ray-Hare tests, non-parametric versions of ANOVA.  For species where 

calcification was unchanged in one of the temperature treatments, a one-way ANOVA of 

growth by CO2 was conducted on the other temperature treatment corals.  The purpose of 

these tests was to examine the secondary effects of CO2 that would have otherwise be 

undetected due to the larger temperature signal swamping the CO2 signal.  Normality was 

evaluated through graphical analysis of linear model residuals, and homoscedasticity was 

evaluated using Levene’s tests.  Linear regressions of mean calcification by saturation 

state for each temperature were also calculated to derive CO2 reponse parameters.  Linear 

regressions were chosen based on ease of comparison across species and previous studies 

indicating linear relationships between calcification and Ωarag.  These regressions are 



15 
 

 
 

based on ambient saturation states instead of treatment-averaged saturation states.  All 

statistical analyses were performed in the computer program R (Team 2011).   

 

Model projections 

Calcification rates were fit to multiple linear regression models with temperature 

and aragonite saturation state as independent variables.  Projected future sea surface 

temperatures (SSTs), salinity, total alkalinity, and pCO2 were obtained from the 

Geophysical Fluid Dynamics Laboratory’s (GFDL) baseline earth system model 

(ESM2M) (Taylor et al. 2012), assuming the Representative Concentration Pathway 

(RCP) 8.5 (van Vuuren et al. 2011).  This is the most extreme emissions scenario in the 

upcoming Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report 

but is still a relatively conservative business-as-usual scenario (Riahi et al. 2011).  It 

assumes that by year 2100, radiative forcing is 8.5 W m-2, population is 12B, energy 

sources are coal-intensive with high green house gas emissions, and there are few 

technological improvements in energy efficiency.  RCP 8.5 was chosen because previous 

IPCC forecasts in the 1990s have underestimated actual emissions since 2000 (Raupach 

et al. 2007).  Monthly data to year 2100 were obtained from the GFDL data portal (Last 

accessed June 2012 from http://nomads.gfdl.noaa.gov/) for the rectangular grid bounded 

by 24.1ºN, 82.0ºW at the southwest vertex and 25.1ºN, 81.0ºW at the northeast vertex.  

Aragonite saturation states were calculated from the data using CO2Sys using the 

aforementioned constants.  The data on future projected SSTs and aragonite saturation 

state (Fig. 2.2) were inputted into the multiple linear regression models to obtain 

calcification rates.  Calcification rates were normalized to the average annual rate in 
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2006, the earliest year available in the climate projection dataset, to facilitate 

comparisons of relative projected changes in growth over time.   

  The calcification models do not have biological inputs such as bleaching 

thresholds, upper thermal limits, or larval recruitment. 

 

Figure 2.2. Projected future temperature and Ωarag under the Representative 
Concentration Pathway (RCP) 8.5 emissions scenario based on the Geophysical 
Fluid Dynamics Laboratory’s baseline earth system model for the rectangular grid 
bounded by 24.1ºN, 82.0ºW at the southwest vertex and 25.1ºN, 81.0ºW at the 
northeast vertex.
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RESULTS 

Treatment conditions  

 Carbon dioxide levels increased from ambient levels (395 ppm) to 1150 and 1600 

ppm in medium and high pCO2 treatments, respectively.  Increasing pCO2 yielded 

concomitant increases in DIC from 2040 to 2340 μmol kg-1 seawater (SW) and declines 

in pH from 8.0 to 7.5.  Total alkalinity levels ranged 2360 to 2460 μmol kg-1 SW across 

treatments. 

Table 2.1. Experimental conditions (mean ± SEM) for each treatment include two 
replicate tanks. 

Treatment 
Temp. 

(ºC) n 

TA 
(μmol  

kg-1 SW) 

DIC 
(μmol  

kg-1 SW) pHt Ωarag 
pCO2 
(ppm) 

1 27 22 2363 ± 41 2044 ± 42 8.01 ± 0.06 3.1 ± 0.5 410 ± 54 
2 27 19 2414 ± 39 2280 ± 46 7.63 ± 0.13 1.6 ± 0.5 1176 ± 294
3 27 21 2430 ± 33 2347 ± 46 7.49 ± 0.07 1.1 ± 0.2 1606 ± 236
4 30.5 14 2406 ± 45 2037 ± 55 8.05 ± 0.05 3.8 ± 0.6 381 ± 41 
5 30.5 14 2460 ± 51 2289 ± 67 7.67 ± 0.11 1.9 ± 0.4 1100 ± 272
6 30.5 13 2453 ± 74 2339 ± 85 7.54 ± 0.16 1.6 ± 0.8 1590 ± 435

 

Calcification 

Mean calcification in control treatments ranged from 0.3 ± 1.6 mg coral-1 d-1 

(mean ± standard deviation) for P. divaricata to 9.7 ± 4.4 mg coral-1 d-1 for A. agaricites 

(Table 2.2, Fig. 2.3).  Corals showed species-specific responses to increased temperature 

and pCO2, with six species (A. cervicornis, D. stokesii, D. clivosa, P. astreoides, S. 

radians, S. hyades) showing statistically significant responses to temperature (Table 2.3).  

Growth responded positively to temperature for two of these species, S. radians and S. 

hyades.  S. hyades showed a pCO2 effect at 30ºC (one-way ANOVA F(1,66) = 5.2, p = 

0.02), but not at 27 ºC treatments while P. astreoides had a pCO2 response at 27ºC (one-



18 
 

 
 

way ANOVA F(1,74) = 9.6, p = 0.003) but not 30ºC.  A. cervicornis had complete 

mortality in the high temperature, highest pCO2 treatment.  A. agaricities responded only 

to pCO2.  M. cavernosa calcification declined significantly with both increased 

temperature and pCO2.  M. faveolata exhibited an interaction whereby calcification 

ceased at the intermediate CO2 and elevated temperature.  D. strigosa, P. divaricata, and 

S. siderea did not respond significantly to either treatment variable. 

 

CO2 responses 

 Coral calcification regressions of mean calcification to pCO2 at each temperature 

showed a range of responses, with most corals exhibiting 10-70% relative declines in 

calcification per unit change Ωarag (Table 2.4).  Slopes were greater at the elevated 

temperatures, indicating larger declines in calcification as temperature increases.  No 

changes (slope = 0) were observed in a few species and treatments, which was due to 

either low to zero calcification rates in a particular temperature treatment (P. astreoides 

30.5ºC) or no measurable response to increasing pCO2 (A. cervicornis 27ºC, D. stokesii 

27ºC and 30ºC, D. strigosa, 30ºC, S. siderea 27ºC and 30ºC).  
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Table 2.2. Growth rates of corals (mg d-1), reported as mean ± SD (n).  “nd” signifies 
no data. 

Species Temp. pCO2 (ppm) 
 (°C) 400 1200 1600 

  Acropora cervicornis 27 6.4 ± 2.9 (4) 5.3 ± 3.5 (4) 6.8 ± 4.4 (6) 
     30.5 1.3 (1) -1.4 ± 1 (2) nd 
  Agaricia agaricites 27 9.7 ± 4.4 (9) 7.4 ± 4.8 (9) 6.1 ± 3.3 (9) 
        30.5 11 ± 4.8 (9) 6.8 ± 2.8 (9) 4.4 ± 3.9 (9) 
  Dichocoenia stokesii 27 3.1 ± 2 (9) 2.3 ± 2.7 (9) 3 ± 2.1 (10) 
        30.5 1 ± 2.4 (9) 1.2 ± 2.1 (9) 0.7 ± 2.1 (12) 
  Diploria clivosa 27 3.7 ± 4.9 (6) 1.5 ± 3.3 (6) 1.6 ± 2 (6) 
        30.5 1.5 ± 4 (5) -0.4 ± 0.6 (6) -0.8 ± 1.2 (6) 
  Diploria strigosa 27 2.2 ± 2.2 (7) 0.3 ± 3.1 (7) 0.1 ± 4.1 (7) 
        30.5 1.4 ± 3.4 (7) 1.1 ± 3.1 (7) 1.9 ± 2.5 (7) 
  Montastraea cavernosa 27 2 ± 1.2 (24) 2 ± 1.3 (24) 1.3 ± 0.8 (24) 
        30.5 1.1 ± 1.1 (25) 0.7 ± 0.8 (23) -0.4 ± 1.2 (24)
  Montastraea faveolata 27 6.9 ± 3.5 (23) 5.8 ± 4.6 (21) 5.3 ± 5.4 (21) 
        30.5 5.3 ± 4.7 (21) -0.1 ± 1.2 (19) 6.2 ± 4.6 (21) 
  Porites astreoides         27 1.1 ± 1.4 (25) 0.5 ± 1.1 (26) 0 ± 1.2 (25) 
        30.5 -0.3 ± 1.5 (25) -0.8 ± 1.7 (26) -0.1 ± 1.5 (24)
  Porites divaricata 27 0.3 ± 1.6 (22) -0.5 ± 3 (19) -0.1 ± 1.4 (19)
        30.5 0.8 ± 2.6 (19) 0.4 ± 1.3 (19) -0.1 ± 1.6 (19)
  Siderastrea radians 27 1.4 ± 1.1 (25) 1.4 ± 1.5 (26) 1 ± 1.2 (23) 
        30.5 2.3 ± 1.8 (24) 2 ± 1.6 (25) 1.7 ± 1.7 (22) 
  Siderastrea siderea 27 5.8 ± 3.7 (22) 5.1 ± 2.9 (22) 5.1 ± 2.8 (24) 
        30.5 5.2 ± 3.4 (24) 5.6 ± 3 (23) 4.9 ± 3.2 (23) 
  Solenastrea hyades 27 2.4 ± 1.9 (26) 2.1 ± 1.9 (23) 2.8 ± 2.2 (23) 
        30.5 4.5 ± 2.2 (23) 3.1 ± 1.6 (22) 3.2 ± 2.5 (23) 
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Table 2.3. Results of Scheirer-Ray-Hare (A. cervicornis, M. faveolata) and two-way 
ANOVA tests (all other species).  Significant results (α = 0.05) are noted with an 
asterisk. 
 
Species Effect SS df H p Species Effect SS df H p 

A. cervicornis Temperature 79 1 5 0.02* M. faveolata  Temperature 104 1 5 0.03* 
pCO2 9 2 1 0.74  pCO2 279 2 13 0.001*
Temp. x pCO2 1 1 0.1 0.79  Temp. x pCO2 292 2 14 0.001*
Residuals 160 12  Residuals 2295 136 

Species Effect SS df F p Species Effect SS df F P 
A. agaricites Temperature 2 1 0.1 0.74 P. astreoides  Temperature 31 1 15 <0.001*

pCO2 238 2 7.2 0.002*  pCO2 9 2 2 0.11 
Temp. x pCO2 21 2 0.6 0.53  Temp. x pCO2 12 2 3 0.05 
Residuals 795 48  Residuals 291 145 

D. stokesii Temperature 51 1 10 0.003* P. divaricata  Temperature 7 1 1.8 0.19 
pCO2 1 2 0.1 0.9  pCO2 11 2 1.3 0.27 
Temp. x pCO2 4 2 0.4 0.7  Temp. x pCO2 4 2 0.5 0.64 
Residuals 263 52  Residuals 450 111 

D. clivosa Temperature 40 1 4.3 0.047* S. radians  Temperature 18 1 8 0.01* 
pCO2 35 2 1.9 0.17  pCO2 8 2 1.7 0.19 
Temp. x pCO2 0.3 2 0.01 0.99  Temp. x pCO2 1 2 0.1 0.88 
Residuals 265 29  Residuals 312 139 

D. strigosa Temperature 4 1 0.4 0.54 S. siderea  Temperature 0.2 1 0 0.88 
pCO2 9 2 0.5 0.62  pCO2 6 2 0.3 0.73 
Temp. x pCO2 12 2 0.6 0.55  Temp. x pCO2 8 2 0.4 0.68 
Residuals 353 36  Residuals 1334 132 

M. cavernosa Temperature 62 1 53 <0.001* S. hyades  Temperature 51 1 12 0.001*
pCO2 35 2 15 <0.001*  pCO2 18 2 2 0.14 
Temp. x pCO2 4 2 2 0.2  Temp. x pCO2 19 2 2 0.12 
Residuals 161 138  Residuals 580 134 
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Figure 2.3. Coral growth rates across treatments.  Carbon dioxide treatments are 
graphed on the x-axis and control and elevated temperatures are blue and red 
colors, respectively.  Circles represent mean, and error bars are 95% confidence 
intervals.  Total sample size for each species is listed in the bottom corner.  Note: X-
axis is not proportional. 
 

Growth projections  

Projected growth relative to year 2010 rates declined approximately 33-110% by 

2100 for most coral species (Fig. 2.4, Table 2.5), with P. astreoides experiencing the 

largest declines of 109 ± 22%, (calcification relative to present day ± 95% confidence 

interval).  The next most affected coral was D. clivosa with rates falling 16 ± 24% by 

2100, followed by A. cervicornis (24 ± 30%) M. cavernosa (31 ± 24%), D. stokesii (46 ± 

16%), and A. agaricites (67 ± 11%).  S. siderea had almost no net change in projected 

growth (93 ± 6%) while S. radians and S. hyades had approximate increases of 30%.  The 
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variability associated with models for D. strigosa and P. divaricata was too large to 

determine growth trajectories for these species.  M. faveolata’s calcification by this 

model would fall to 64% by 2100, but this result is confounded by the interaction and 

consequently is not included in the discussion. 

 

Table 2.4. Constants for calcification response variables.  Slopes (m) represent 
change in calcification per unit increase in Ωarag for each treatment temperature (T).  
A. cervicornis only had two data points for the regression at 30ºC, hence residual 
mean square error (RMSE) is not applicable (NA).  The other variables are 
regression intercepts (b) and coefficients of determination (r2). 
 

Species T (°C) m b RMSE r2 

A. cervicornis 27 0.02 6.14 1.1 0.0 
30.5 1.39 -4.04 NA 1.0 

A. agaricites 27 1.72 4.41 0.30 1.0 
30.5 2.72 0.74 1.12 0.9 

D. stokesii 27 0.19 2.45 0.53 0.2 
30.5 0.07 0.79 0.36 0.1 

D. clivosa 27 1.14 0.02 0.46 0.9 
30.5 1.04 -2.43 0.03 1.0 

D. strigosa 27 1.11 -1.29 0.23 1.0 
30.5 -0.07 1.63 0.56 0.0 

M. cavernosa 27 0.28 1.20 0.43 0.5 
30.5 0.53 -0.85 0.67 0.6 

M. faveolata 27 0.77 4.51 0.04 1.0 
30.5 0.73 2.00 4.66 0.1 

P. astreoides 27 0.51 -0.48 0.16 1.0 
30.5 0.04 -0.48 0.49 0.0 

P. divaricata 27 
30.5 

0.26 
0.37 

-0.61
-0.52

0.40 
0.24 

0.5 
0.9 

S. radians 27 0.19 0.92 0.25 0.6 
30.5 0.25 1.36 0.18 0.9 

S. siderea 27 0.39 4.57 0.18 0.9 
30.5 0.03 5.18 0.52 0.0 

S. hyades 27 -0.11 2.65 0.53 0.1 
30.5 0.66 2.01 0.21 1.0 
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Table 2.5. Projected changes in coral growth by the year 2100 relative to rates in 
2010 (%).  Multiple linear regression constants for aragonite saturation state (Ωarag),  
temperature, and intercepts are listed. 

Species Year 2100 ±95% CI Ωarag T (ºC) Intercept
P. astreoides -9 22 0.3 -0.3 8 
D. clivosa 16 24 0.2 -0.6 19 
A. cervicornis 24 30 3.4 -0.1 1 
M. cavernosa 31 7 0.7 -0.4 12 
D. stokesii 46 16 1.5 -0.7 17 
A. agaricites 67 11 0.1 -2.3 67 
S. siderea 93 10 0.3 0.2 -6 
S. radians 127 20 0.4 0.4 -9 
S. hyades 135 16 0.3 0 5 

 

 
 
Figure 2.4. Projected relative coral growth to the year 2100 based annual average 
temperature and Ωarag from the RCP 8.5 emissions scenario.  Growth is normalized 
to the year 2006.  Shaded area represents 95% confidence limit.  These confidence 
bounds reflect only the error in the coral growth models and do not include 
uncertainty in the climate models.  They narrow with time because projected annual 
average temperatures increase from 24.5ºC to 26.5ºC in 2100 while this experiment 
tested coral growth at 27ºC and 30.5ºC.  These treatment temperatures reflect the 
average projected summer temperature increases.  D. strigosaand P. 
divaricatamodels reflect variable calcification rates.  M. faveolata projections should 
be considered with caution given the observed interaction between temperature and 
pCO2.
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DISCUSSION 

Calcification responses 

This experiment demonstrated temperature is the dominant stressor to corals, and 

species vary in their growth responses to both temperature and pCO2 .  Six species 

significantly responded only to temperature effects, and two of those species (S. radians 

and S. hyades) had positive calcification with increasing temperature.  P. divaricata also 

had higher calcification at higher temperatures, but its rates were not significantly 

different across temperature treatments.  S. radians, S. hyades, and P. divaricata are 

considered stress tolerant species thriving in habitats considered marginal for other 

species (Macintyre and Pilkey 1969; Lirman et al. 2003; Crook et al. 2012), including 

warm shallow waters (Chiappone and Sullivan 1994).  All of the S. hyades and many of 

the S. radians and P. divaricata were collected from Florida Bay where summertime 

maximum temperatures can reach 34ºC.  Consequently the 27ºC control temperature may 

actually be suboptimal to these corals relative to the higher 30.5ºC temperature, which 

could explain why these corals had higher calcification rates in warmer temperatures.  

Temperature negatively affected the other species.  All A. cervicornis in the highest 

temperature and highest pCO2 treatment died.  P. astreoides at 30.5ºC appeared pale or 

bleached towards the end of the experiment. 

P. astreiodes exemplifies the dominance of temperature over pCO2 as a stressor.  

Thirty degrees Celsius appears to surpass its thermal threshold, resulting in no net 

growth.  Without any calcification at this temperature, a pCO2 effect cannot be detected.  

However at control temperatures, calcification showed consistent decreases with 

increasing pCO2.  S. hyades had similar CO2-induced declines at 30.5ºC only, although 
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calcification was net positive in all treatments.  Seibel et al. (2012) observed an 

analogous pattern in the pteropod Limacina helicina antarctica where starved specimens 

maintained constant respiration while fed specimens respired less with increasing pCO2.  

The authors proposed low prey availability suppressed metabolism, masking the effects 

of pCO2 for those starved pteropods.  Metabolism is generally proportional to 

temperature, and the metabolic suppression observed by Seibel et al. (2012) could be the 

mechanism underlying S. hyades’s different CO2 responses at different temperatures.   

In another coral study, Porites rus decreased calcification in response to high pCO2 at 

elevated temperatures and no calcification change at lower temperatures (Edmunds et al. 

2012). 

A. agaricites was the only coral statistically responsive to pCO2 but not 

temperature.  This species has proven temperature resistant in regards to its zooxanthellae 

(Fitt and Warner 1995; Warner et al. 1996), which were not identified in those studies.  

Its calcification declines of approximately 44% per unit change saturation state are at the 

upper end of those compiled in Kleypas and Langdon (2006), indicating it is more 

sensitive to ocean acidification than other corals.  For this any other species, the lack of 

statistical effects for temperature do not actually mean temperature does not affect coral.  

Rather, calcification rates likely follows a Gaussian distribution (Marshall and Clode 

2004) for which the two temperature treatments lie on either side of the thermal optimum 

(Edmunds et al. 2012).  More than two treatments are necessary to further elucidate 

temperature responses. 

Both temperature and pCO2 treatments reduced calcification in M. cavernosa.  

Consequently, this species is particularly vulnerable to climate change because it cannot 
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extend its range latitudinally or deeper to avoid heat stress without experiencing 

depressed growth conditions as optimal saturation states constrict towards shallow 

tropical waters.  M. faveolata experienced no change in calcification except under the 

high temperature, intermediate pCO2 treatment, where calcification stopped for almost all 

corals.  This observation is likely not a result of the experimental methods because of the 

aforementioned stratified random assignment, replicate tanks, periodic random 

reassignment within treatments, and random periodic shuffling of treatment tanks.  

Reynaud et al. (2003) observed almost identical results with Stylophora pistillata where 

the pCO2 effect was only observed at the elevated temperature and elevated pCO2 

concentration of 798 μatm.  Their experiment did not include a higher pCO2 treatment.  

In another study (Anthony et al. 2008), Porites lobata calcification rates were highest at 

the intermediate pH treatment and elevated temperature, though the authors did not find a 

significant interaction between temperature and pH.  Wooldridge (2008) proposed a 

possible enzymatic “dead zone” at intermediate pH, but this level corresponded to 560 

ppm pCO2 rather than 800 ppm.  Nonetheless, if a similar mechanism was responsible for 

calcification shutdown in this species, it must also be temperature-dependent.   

This study demonstrates not only interspecies variability to climate change 

factors, but variability among closely related species.  P. astreoides proved temperature 

sensitive while its congeneric P. divaricata was not.  In contrast, massive Pacific Porites 

spp. are generally more resistant to pCO2 while branching P. rus are sensitive (Edmunds 

et al. 2012), which supports observations of massive Pacific Porites spp. dominance in 

natural CO2 vent areas (Fabricius et al. 2011).  P. astreoides, the only Atlantic massive 

Porites spp., appears highly sensitive to both warming and acidification, despite its 
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presence near CO2 vents in the Gulf of Mexico (Crook et al. 2012).  D. strigosa and D. 

clivosa also followed this pattern of mixed temperature sensitivity, where D. strigosa was 

insensitive and D. clivosa sensitive to temperature.  Opposite of those genera, S. radians 

increased calcification with increasing temperature and S. siderea was insensitive.  These 

results suggest coral responses cannot be generalized to genus.  Overall, temperature 

increases to 30.5ºC negatively affected growth while CO2 generally had secondary, 

negative effects on growth.  This pattern is expected given many studies have 

documented the detrimental effects of increased temperature on coral and symbiont 

physiology (González-Dávila et al. 2010) but few have found CO2 adversely affecting 

physiology rather than the underlying chemical conditions for calcification (Hendriks et 

al. 2010; Kroeker et al. 2010).  Exceptions to this generalization include CO2-induced 

bleaching (Anthony et al. 2008) and depressed reproduction (Kurihara 2008; Albright et 

al. 2010; Morita et al. 2010; Albright and Langdon 2011). 

 

Growth projections 

Modelers and managers can use these data to predict reef changes through time 

and assess relative vulnerability of species to climate change.  Models of coral growth 

based on the A1b emissions scenario reveal large declines in several taxa by the end of 

the century (Table 2.5, Fig. 2.4).  P. astreiodes was the most sensitive species, followed 

in order by D. clivosa, A. cervicornis, M. cavernosa, D. stokesii, and A. agaricites.  All of 

these are considered reef-builders, and therefore any slowing in their growth could have 

subsequent effects for the diverse assemblages of organisms that live, forage, and 

reproduce on reefs.  Carricart-Ganivet et al. (2012) modeled coral growth of several 
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genera, including P. astreoides and M. faveolata, and obtained similar results though 

their models did not account for ocean acidification.  In their study, P. astreoides 

experiences net dissolution by 2100 and M. faveolata calcification falls 40%.  Currently, 

P. astreoides is increasing in relative abundance on Caribbean reefs (Green et al. 2008), 

but most of this increase was attributed to faster declines of other species (Gardner et al. 

2003; Alvarez-Filip et al. 2009) as well as new recruitment rather than sustained growth. 

Two species that showed no negative effects, S. radians and S. hyades, are 

generally small and do not contribute significantly to reef frameworks.  P. divaricata, 

another minor component of Caribbean reefs, had large variability associated with its 

model that reflects high intraspecies variability in calcification rates relative to 

differences across treatments.  D. strigosa’s growth projections were also inconclusive, 

likely a result of intraspecies variability and low sample size.  Diversity of responses 

within a species can serve an adaptive purpose where over time resistant individuals 

preferentially reproduce and pass on their genes.  However, given the rapid rate of 

climate change and slow generation time of corals, adaptation is unlikely (Hoegh-

Guldberg 1999).  In fact, coral abundance and recruitment have both fallen in the 

Caribbean (Hughes and Tanner 2000; Gardner et al. 2003), which can lead to positive 

feedbacks of coral loss (Birkeland 2004; Mumby and Steneck 2008).  While the reef-

builders generally fair poorly in the simulations, S. siderea maintains almost constant 

calcification through the end of the century, indicating this structural coral may persist 

while others falter.  Managers should concentrate on protecting reefs and managing local 

stressors where this species is abundant. 
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The growth models used in this study are conservative because they do not 

account for bleaching and mortality from temperatures rising above upper thermal 

thresholds, which are usually within 1-2ºC of summertime means (Coles et al. 1976; 

Jokiel and Coles 1977).  The simulation data also utilized annual averages for 

temperature, instead of summertime peak temperatures.   Furthermore, models do not 

take into consideration a host of other stressors that negatively affect coral health such as 

fishing pressure and eutrophication (Jackson et al. 2001).  The A1b emissions scenario 

used in this study is conservative compared to actual emissions, which are increasing 

faster than the IPCC’s most extreme scenarios (Raupach et al. 2007).   

This study demonstrates species-specific responses to climate change and assesses 

the relative sensitivity of many common Caribbean corals.  Responses often differed 

within genera, precluding generalizations at this taxonomic level.  Reef-building corals 

are the most vulnerable to climate change, with the exception of S. siderea, as opposed to 

smaller, weedy species.  Calcification rates decline faster with temperature stress than 

elevated pCO2.  S. hyades and S. radians were resistant to temperature and pCO2 stress 

and are found in highly variable environments, hence they are ideal species for further 

study on resistance to climate change stressors.   
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Chapter 3: Stress-tolerant Corals of Florida Bay are Vulnerable to 
Ocean Acidification 

 

SUMMARY 

In situ calcification measurements tested the hypothesis that corals from 

environments (Florida Bay, USA) that naturally experience large swings in pCO2 and pH 

will be tolerant or less sensitive to ocean acidification than species from laboratory 

experiments with less variable carbonate chemistry.  The pCO2 in Florida Bay varies 

from summer to winter by several hundred ppm roughly comparable to the increase 

predicted by the end of the century.  Rates of net photosynthesis and calcification of two 

stress tolerant coral species, Siderastrea radians and Solenastrea hyades, were measured 

under the prevailing ambient chemical conditions and under conditions amended to 

simulate a pH drop of 0.1-0.2 units at bimonthly intervals over a two year period.  Net 

photosynthesis was not changed by the elevation in pCO2 and drop in pH; however, 

calcification declined by 52% and 50% per unit decrease in saturation state, respectively. 

These results indicate that the calcification rates of S. radians and S. hyades are just as 

sensitive to a reduction in saturation state as coral species that have been previously 

studied.  In other words stress tolerance to temperature and salinity extremes as well as 

regular exposure to large swings in pCO2 and pH did not make them any less sensitive to 

ocean acidification.  These two species likely survive in Florida Bay in part because they 

devote proportionately less energy to calcification than most other species and the 

average saturation state is elevated relative to that of nearby offshore water due to high 

rates of primary production by seagrasses. 
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BACKGROUND 

Atmospheric CO2 has increased by over 100 ppm since the start of the industrial 

revolution principally as a result of the burning of fossil fuels.  The world’s oceans have 

absorbed ~33-50% of this CO2 (Sabine et al. 2004), which has in turn caused well-

documented reductions in carbonate ion concentration and concomitant decreases in pH 

(Dore et al. 2009; González-Dávila et al. 2010). Several studies and meta-analyses have 

shown varying organismal responses to ocean acidification (Ries et al. 2009; Hendriks et 

al. 2010; Kroeker et al. 2010).  Coral calcification is consistently negatively impacted 

with general declines of 20-30% per unit change in aragonite saturation state (Langdon 

and Atkinson 2005; Kroeker et al. 2010).   However, some studies suggest certain corals 

appear less sensitive to pCO2 changes than others (Gattuso et al. 1998; Marubini et al. 

2001; Marubini et al. 2003; Reynaud et al. 2003).  Furthermore, recent work has shown 

factors such as feeding can mitigate the negative effects of pCO2 on calcification (Cohen 

and Holcomb 2009).  Altogether, these studies indicate corals have varying responses to 

pCO2, but little is known about the nature of this variance. 

In addition to ocean acidification, climate change is expected to increase sea 

surface temperatures (SSTs) past corals’ thermal optimums.  The dual stressors of higher 

temperatures and changing ocean chemistry are expected to have compounding effects on 

net reef growth (Hoegh-Guldberg 2005; Silverman et al. 2009).  A study by Reynaud et 

al. (2003) illustrates these compounded effects, where calcification  of S. pistillata 

declined by -38%, at elevated temperature and pCO2, compared to -5% as a result of 

pCO2 alone.  The 3°C temperature increase that these corals experienced is within the 

annual (and diurnal) temperature range of many reefs. Consequently to understand coral 
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responses to ocean acidification, calcification must be measured under a range of 

conditions that represent the conditions that corals experience in nature and that are 

associated with future climate change. 

 

Figure 3.1. The field site, denoted by a star, is just north of Peterson Keys in Florida 
Bay. 

Florida Bay as a natural laboratory 

Florida Bay, bordered by the Everglades to the north and the Florida Keys to the 

south and east (Fig. 3.1), consists of a series of shallow, compartmentalized basins whose 

chemistry is dominated by carbonate sediment precipitation and dissolution (Ginsburg 

1956; Kerr 1972; Yates et al. 2007).  The relative isolation and shallow basins subject 

Florida Bay to more extremes in temperature and salinity (Montague and Ley 1993; 
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Boyer et al. 1997,1999; Millero et al. 2001).  Mass seagrass dieoff and chronic ecosystem 

degradation beginning in the summer of 1987 have been attributed to such extremes in 

temperature and salinity (Fourqurean and Robblee 1999; Porter et al. 1999; Zieman et al. 

1999; Koch et al. 2007).   Because the depth is shallow (≤ 3 m), ambient air temperatures 

affect SSTs in the bay to a greater degree than offshore waters. Winter cold fronts 

traveling southward over the Florida peninsula cause cold spells (Roberts et al. 1982; 

Duever et al. 1994) whereas summer temperatures typically raise bay temperatures over 

30°C for extended periods (Fig. 3.2).  Two different processes heavily influence salinity 

variations in the bay: Everglades runoff in the northeast and evaporation/precipitation in 

the southwest (Swart and Price 2002).   

With respect to carbonate chemistry and ocean acidification, Florida Bay acts as a 

natural laboratory for changing pCO2, with seasonal pCO2 of 325-725 μatm (Millero et 

al. 2001), and diurnal swings of 100-200 μatm pCO2 (Yates et al. 2007).  Variability in 

pH values in Florida Bay reflect those reported in other nearshore systems (Wootton et al. 

2008; Hofmann et al. 2011).  Diurnal changes in carbonate chemistry of Florida Bay are 

driven by biogenic sediment precipitation and dissolution (Yates et al. 2007), which in 

turn are driven by photosynthesis and respiration effects on pCO2 and pH (Yates and 

Halley 2006).  Seasonal variability is also biologically driven through calcification and 

photosynthesis (Millero et al. 2001), as well as by oxidation of organic matter and by the 

exchange with marine water (Swart et al. 1996b; Swart et al. 1999).  Because of this 

natural variation in pCO2, in situ measurements of calcification throughout the year can 

be used to predict coral calcification responses to future increases in atmospheric CO2.
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Figure 3.2. Water quality parameters over the course of the study period.  This area of Florida Bay regularly experiences 
hypersalinity, summer temperatures in excess of 30ºC, and winter cold spell temperartures below 15ºC.  The pH rarely fell 
below 8.0.  Gaps in the pH record were due to sensor malfunctions.
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Stress tolerant corals 

Corals are not widely found throughout Florida Bay, principally as a result of the 

lack of suitable hard substrate.  Where there is bare rock on which they can attach, corals 

appear healthy despite the variable pCO2.  These corals might therefore represent CO2-

resistant scleractinians.  Three species of corals occur in the study area: Siderastrea 

radians (Pallas 1776), Solenastrea hyades (Dana 1846), and Porites divaricata (LeSuer 

1821).  Given the ability of these species to tolerate stress and marginal or disturbed 

habitats (Vaughan 1913; Yonge 1936; Macintyre and Pilkey 1969; Lewis 1989; Rice and 

Hunter 1992; Lirman et al. 2002; Lirman et al. 2003; Macintyre 2003; Chartrand et al. 

2009; Lirman and Manzello 2009), they may also have the ability to tolerate changing 

pCO2 levels, i.e., maintain constant calcification rates even in high pCO2 conditions.  

Such corals would provide model organisms for studying how other taxa might cope with 

ocean acidification and physiological mechanisms that determine pCO2 resistance.  In 

addition, the two tropical corals examined in this study, S. radians and S. hyades, have 

been observed in cool, temperate waters as far north as North Carolina, USA (Macintyre 

and Pilkey 1969; Macintyre 2003). 

 

METHODS 

Field site 

Eleven specimens of Siderastrea radians and nine specimens of Solenastrea 

hyades were collected near Peterson Keys (Fig. 3.1; 24.926 °N, 80.740 °W) in Florida 

Bay and epoxied to plastic tiles, which were attached to a platform of cinderblocks at the 
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collection site.  Surface areas of S. radians and S. hyades were 45 ± 17 cm2 and 138 ± 43 

cm2 (mean ± standard deviation), respectively. 

Environmental loggers (Yellow Springs Instruments) recorded conductivity, temperature, 

pressure, dissolved oxygen and pH from April 2007 to November 2010 at 30 min 

intervals.  Between deployments, the loggers were calibrated against standards (Yellow 

Springs Instruments) and discrete water samples collected during field trips.  Light was 

measured with Onset HOBO Temperature/Light Data Loggers in units of lux, which does 

not have an exact conversion to photosynthetically active radiation (PAR) but was 

approximated using a lux-PAR conversion factor of lux/50 = PAR.  While light readings 

were not obtained for all visits, light levels ranged from 100-600 μE m-2 s-1, with 

differences due to water quality, i.e. turbidity. 

 
Table 3.1: Physical parameters measured during field trips.  Sample sizes refer to 
the total number of corals measured on a particular date. 

Date          
(m/d/yy) 

Time 
(h:m) 

T 
(°C) Sal.

O2 
(μM) pHt

TA 
(μmol 
kg-1 
SW)

TCO2 
(μmol 
kg-1 
SW) Ωarag 

pCO2 
(ppm

)
4/27/07 15:00 26.5 37.7 224 8.21 2267 1821 4.7 237 
5/4/07 11:15 28.3 39.1 178 7.99 2407 2027 3.8 465 
7/11/07 11:00 30.6 37.4 163 8.05 2206 1822 4.1 360 
7/23/07 11:30 30.8 36.5 224 8.12 2159 1693 4.4 293 
9/12/07 11:30 29.6 33.1 203 8.00 2212 1884 3.5 437 
9/12/07 14:45 29.9 33.5 208 8.02 2222 1878 3.6 422 
11/19/07 11:30 22.2 33.4 237 8.12 2505 2168 3.9 358 
11/19/07 13:55 22.5 33.4 235 8.11 2495 2163 3.8 368 
12/12/07 11:15 23.9 32.2 214 8.07 2676 2338 4.1 447 
12/12/07 14:00 24.2 32.3 224 8.08 2653 2309 4.2 430 
1/30/08 10:30 19.5 35.3 239 8.11 2711 2370 3.8 396 
1/30/08 13:00 19.9 35.4 237 8.10 2715 2369 3.8 406 
4/9/08 11:00 25.8 36.6 204 8.12 2308 1935 4.1 316 
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Date          
(m/d/yy) 

Time 
(h:m) 

T 
(°C) Sal.

O2 
(μM) pHt

TA 
(μmol 
kg-1 
SW)

TCO2 
(μmol 
kg-1 
SW) Ωarag 

pCO2 
(ppm

)
4/9/08 13:00 26.3 36.6 217 8.14 2271 1885 4.2 293 
4/28/08 11:00 25.1 38.0 216 8.23 2201 1759 4.9 234 
4/28/08 14:00 25.7 37.9 212 8.22 2223 1777 4.9 239 
6/9/08 11:00 28.1 39.7 191 8.20 2174 1711 5.0 244 
6/9/08 14:00 28.4 39.5 200 8.20 2177 1714 5.1 248 
8/12/08 11:00 29.9 46.5 131 8.03 2187 1781 3.9 366 
8/12/08 13:30 30.1 47.2 131 8.07 2179 1733 4.1 317 
11/3/08 11:30 22.7 36.3 229 8.14 2466 2096 4.1 326 
11/3/08 13:00 23.0 36.4 231 8.14 2456 2083 4.1 323 
1/28/09 10:45 21.8 38.0 235 8.23 2895 2421 5.4 297 
1/28/09 12:45 22.2 37.9 241 8.26 2870 2361 5.7 268 
3/31/09 10:50 25.7 37.3 197 8.05 2396 2057 3.8 415 
3/31/09 12:45 26.3 37.3 212 8.08 2378 2012 4.0 375 

                  

sample size  
(A = ambient,  
T = treatment)      

Date S. radians S. hyades      
 (m/d/yy) A T A T      
4/27/07  -  -  -  -      
5/4/07 3  - 1  -      
7/11/07  -  -  -  -      
7/23/07  -  -  -  -      
9/12/07 4 4 1 1      
11/19/07 3 1  -  -      
12/12/07 2 2 3 3      
1/30/08 4 4 5 4      
4/28/08 4 3 5 5      
6/9/08 4 4 3 3      
8/12/08 4 4 5 5      
11/3/08 5 5 5 5      
1/28/09 4 4 3 3      
3/31/09 4 4 2 2      
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Chemical measurements 

Total alkalinity (TA) was determined in duplicate using an automated Gran 

titration (Dickson et al. 2007), and accuracy was checked against certified seawater 

reference material (A. Dickson, Scripps Institute of Oceanography).  The pH on the total 

scale (Dickson et al. 2007) was determined at 25.0°C using an Orion Ross combination 

pH electrode calibrated against Tris buffer prepared in synthetic seawater (Nemzer and 

Dickson 2005). Concentrations of CO3
2- and Ca2+ as well as saturation state (Ωarag)  were 

computed from TA, pH, temperature, and salinity using the program CO2SYS (Lewis 

and Wallace 1998; Pierrot et al. 2006), and dissociation constants for carbonate from 

Mehrbach et al. (1973) as refit  by Dickson and Millero (1987) and for boric acid from 

Dickson (1990).  The pH is reported on the total scale, the scale on which K1 and K2 

were determined in the Gran functions.  Dissolved oxygen (DO) was determined by 

Winkler titration using an automated titrator that utilized amperometric endpoint 

detection (Langdon 2010).  Salinity was measured on a Guildline 8410A Salinometer. 

 

Incubations 

At approximately bi-monthly intervals from May 2007 to March 2009, a random 

subset of corals from the sample population were detached from the platform that held 

them in place between trips and incubated in-situ in 2 L chambers (Fig. 3.3) for 

approximately 90 minutes.  Under this sampling regime, certain individuals were 

measured multiple times over the course of the experiment.  Battery-powered magnetic 

stirrers in the bases provided circulation within the chambers.  Individual corals were 

incubated twice during each visit: once with the chamber filled with ambient seawater 



40 
 

 
 

and once with the seawater in the chamber modified to simulate mid- to end-of-century 

projections of pCO2, i.e., 100-200 μatm above ambient conditions.  The order of 

incubations was randomized such that half the corals were incubated under ambient 

conditions first while the other half under elevated pCO2 conditions.  The incubations 

were performed between 10:00 and 14:00 when daily solar insolation peaked, assuming 

photosynthesis would be saturating (Langdon and Atkinson 2005).  Light levels were 

equal for both two incubations.  Incubations with an empty chamber were made to 

account for any non-coral changes to the water chemistry, which were found to be 

negligible.  Chambers that malfunctioned during the incubation and samples that were 

lost were excluded from the analyses.  Water samples were withdrawn using syringes 

fitted to a valved port on the incubation chambers.  The chambers themselves acted as 

large syringes, with the clear tops sliding over the bases to account for changes in volume 

from sampling while maintaining the separation of outside water from the inner 

incubation water.  Water samples were then poisoned with HgCl2 for TA or pickled 

Winkler reagents for DO.   

 

CO2 treatments 

A two-part chemical injection of NaHCO3 followed by HCl was used to elevate 

pCO2 in the treatment incubations.  This procedure was necessary for these underwater, 

in-situ incubations and is chemically identical to bubbling with pCO2 (Gattuso et al. 

2010).  The addition of NaHCO3 causes an increase in dissolved inorganic carbon (DIC) 

while the HCl cancels the increase to TA caused by the addition of the Na+ ions.  The net 

result is an increase in DIC and no change in TA that closely simulates what would 
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happen if the seawater was bubbled with CO2 until the desired pCO2 was achieved.  

Calculation of the amounts of NaHCO3 and HCl needed to achieve the desired chemical 

conditions in the 2 L chambers were computed as follows.  First, present-day pCO2 and 

average Florida Bay TA were used to compute present-day DIC using CO2SYS.  Second, 

future DIC was computed holding TA constant and choosing a target pCO2 of 750 ppm.  

The addition of NaHCO3 is the desired increase in DIC and is given by Equation 3.1.  

spike

chamber
spike N

VDICV ×Δ
=      (3.1) 

Where Vspike is the volume of NaHCO3 solution added to the chambers, ∆DIC is the 

difference in DIC between simulated future and present day conditions (umol L-1), 

Vchamber is the volume of the incubation chamber (2 L), and Nspike is the normality of the 

NaHCO3 solution.   Since the addition of NaHCO3 increases the DIC and the TA equally 

Eqn. 3.1 also gives the volume of the HCl spike.     

The actual achieved pCO2 varied due to differences in ambient conditions and 

generally ranged from 500-800 ppm.  This in turn resulted in a variable decrease in Ωarag.  

Changes in calcification were standardized by dividing by the realized change in 

saturation state to account for this variation. 
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Figure 3.3. Corals were placed in incubation chambers to measure calcification and 
net photosynthesis.  Carbon dioxide levels were elevated above ambient conditions 
by equimolar additions of NaHCO3 and HCl through a sampling port at the top.  
Water samples were drawn from the same port.  Photo credit: Evan D’Alessandro. 
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Biological variables 

Changes in TA and DO were used to calculate calcification and net 

photosynthesis. Carbonate parameters and dissolved oxygen were measured as described 

above.  Rates were normalized to coral surface area, determined from morphometric 

measurements.  Biological variables were calculated from the following equations: 

Calcification: 

SAt
VTAG

×
×Δ−

=
ρ5.0

     (3.2) 

Where G is calcification, ρ is seawater density, ∆TA is the change in total alkalinity 

(umol kg-1 seawater), V is chamber volume, t is the incubation time, and SA is the coral 

surface area. 

Net photosynthesis: 

SAt
VDONP

×
×Δ

=       (3.3) 

Where NP is net photosynthesis, ∆DO is the change in dissolved oxygen over the 

incubation period. 

Coral responses to high CO2 treatments were calculated as the change in 

calcification or photosynthesis between ambient and high CO2 treatments normalized to 

the ambient treatment rate: 

                    ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
=

ambient

COambient
calcif G

GG
R 2              (3.4) 

     ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
=

ambient

COambient
photosyn NP

NPNPR 2         (3.5) 
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Dividing Equation 4 for Rcalcif by the change in saturation (∆Ω) state between ambient 

and high CO2 treatments yields the change in calcification per unit change in saturation 

state, a useful metric for comparing coral growth responses across studies (Langdon and 

Atkinson 2005; Kleypas and Langdon 2006; Hendriks et al. 2010). 

 

Chemical environment 

The diurnal pH range was calculated from the difference between the maximum 

and minimum recorded value for every day from the start of the study through April 

2009.  Saturation state was estimated for a typical year based on pH values recorded from 

the environmental logger and TA values reported in this study, Millero et al. (2001), and 

Yates and Halley (2006).  TA generally shows low interannual variation relative to 

seasonal variation.  Monthly values were extrapolated for missing months based on 

neighboring dates. 

 

Statistical analyses 

Each fieldtrip measured a subset of corals from the same experimental pool, necessitating 

a multilevel model that could account for repeated measures, unbalanced data, and 

missing-at-random corals (i.e. not every coral was measured on every trip).  Coral 

calcification and photosynthesis responses to high CO2 treatments were analyzed as a 

function of pCO2 treatment, temperature, salinity, coral, and date.  The baseline null 

model grouped response by individual corals: 

Rij = β0 + μ0j + εij         (3.6) 
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Where Rij is the calcification or photosynthesis response for the ith measurement of the jth 

coral, β0 is the overall mean calcification or photosynthesis response, μ0j is the residual 

between the individual and the overall calcification or photosynthesis response, assumed 

to have a mean of zero with variance σu0
2, and εij is the residual difference between the 

average jth coral response and ith measured response for that coral.  Explanatory variables 

were individually forward-stepped into the model and evaluated against the simpler 

nested model with likelihood ratio (LR) tests.  If they improved the model fit, they were 

retained and the next variable was added.    The treatment variable ∆Ω was first added to 

the null model as a fixed effect because it was the only treatment imposed on the corals: 

Rij = β0 + β1∆Ωij + μ0j + εij         (3.7) 

with slope term β1 for ∆Ω.  Median-zeroed time, temperature, and salinity were 

subsequently forward-stepped into the model as random effects with diagonal covariance 

structures: 

Rij = β0 + β1x1ij + μ1jx1ij + β2x2ij + μ2jx2ij + …+ βkxkij + μkjxkij + μ0j + εij   (3.8) 

Where β2 through βk are slopes for each explanatory variable x2 to xk.  The error terms μ2j 

to μkj for the random variables 2 to k are assumed to follow a zero-centered normal 

distribution with σ2j
2 to σkj

2 variance.  Equation 8 shows the full model with all 

explanatory variables though the final model would not necessarily contain all variables.  

Models were fit with maximum likelihood estimates of parameters.  Model residuals 

were examined for normality.  Bayesian highest probability density (HPD) 95% 

confidence intervals were calculated from Markov chain Monte Carlo samples of 

posterior distributions of the fixed effect parameters. 
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Statistical analyses were performed using the software program R, version 2.14.1 (R 

Development Core Team 2011).  The statistical packages ‘stats’ and ‘lme4’ (Bates et al. 

2011) within R were used for the curve-fitting and multi-level modeling, respectively.  

Significance thresholds were set at α = 0.05.   

 

RESULTS 

Field conditions 

Conditions recorded in Florida Bay exhibit large-scale diurnal and seasonal 

variability.  Over the three-year deployment of the environmental loggers, temperature 

ranged diurnally 1.4 ± 0.5ºC (n = 1297 days) with more extreme values of approximately 

4ºC d-1.  Seasonally, temperature varied approximately 15ºC from summer to winter (Fig. 

3.2).  The average diurnal salinity range was 1.0 ± 1.4 (n = 1297 days).  The most 

extreme daily salinity ranges were 10, the same as the seasonal variation.  Average 

diurnal pH range was 0.09 ± 0.05 (n = 1297 days) with more extreme ranges of 0.2 to 0.3 

d-1.  Seasonally, pH ranged from approximately 7.9 to 8.3 (Fig. 3.2).  Ambient pCO2 

averaged 350 ± 70 ppm (n = 11 incubation dates).  Treatment pCO2 conditions were 480 

± 100 ppm (n = 11). 

 

Calcification and photosynthesis 

Pooled ambient calcification rates for S. radians were 5.24 ± 3.17 mmol CaCO3 

m-2 h-1  over the study period, while calcification rates for S. hyades were 3.07 ± 1.81 

CaCO3 m-2 h-1 (Table 3.2, Fig. 3.4).  Pooled net photosynthesis was 18.70 ± 12.29 mmol 

O2 m-2 h-1  and 9.10 ± 4.28 for S. radians and S. hyades, respectively (Table 3.2, Fig. 3.4).  
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Ambient calcification to net photosynthesis (G:NP) ratios were 0.26 ± 0.12 for S. radians 

and 0.37 ± 0.20 for S. hyades (Table 3.2).  Calcification rates tracked changes in 

temperature, light, and pH that are known to affect growth, but calcification was best 

explained as a function of net photosynthesis.  Pooled calcification data were linearly 

correlated with net photosynthesis for both species.  However, for S. radians calcification 

was better fit to a hyperbolic tangent function (G= 14.59 tanh(NP/46.34)) than linear 

regression (AIC scores of 161.0 and 164.9 respectively) (Fig. 3.5).  Traditionally, 

hyperbolic tangent functions have been used to describe calcification or photosynthesis as 

a function of irradiance (Chalker 1981).  Multiple linear regressions with physical data 

did not yield significant models for predicting calcification or net photosynthesis, 

suggesting interactions with other unmeasured variables such as feeding or flow rates 

may influence these processes (Kinsey and Davies 1979; Dennison and Barnes 1988; 

Houlbrèque et al. 2003).  

Table 3.2. Pooled calcification (G) and net photosynthesis (NP) measurements for 
Siderastrea radians and Solenastrea hyades.  Subscripts ‘ambient’ and ‘CO2’ 
indicate control and elevated pCO2 conditions, respectively.  Values are reported as 
mean ± standard deviation (sample size). 

 

S. radians S. hyades 

Gambient 5.2 ± 3.2 (41) 3.1 ± 1.8 (33) 

GCO2 2.7 ± 5.6 (35) 2.0 ± 2.7 (31) 

NPambient 18.7 ± 12.3 (41) 9.1 ± 4.3 (33) 

NPCO2 20.1 ± 12.1 (35) 10.0 ± 5.6 (31) 

G:NPambient 0.29 ± 0.12 (40) 0.37 ± 0.2 (33) 
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Figure 3.4. Boxplots of pooled calcification and net photosynthesis data. 
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Figure 3.5. Calcification (G) correlated with net photosynthesis (NP) for a) 
Siderastrea radians and b) Solenastrea hyades.  Lines represent best fit models while 
shaded regions represent 95% confidence intervals.  Siderastrea radians is fitted to 
the hyperbolic tangent function: G = 14.59 tanh(NP/46.34).  Solenastrea hyades is 
fitted to the linear regression: G = 0.31 NP + 0.29. 

 

Calcification and net photosynthesis responses 

Multilevel models of calcification responses found both species responded to ∆Ω, with 

calcification decreasing 52% (1-100% HPD 95% CI) and 50% (16-83% HPD 95% CI) 

per unit change in saturation state for S. radians and S. hyades, respectively (Table 3.3; 

Null model vs model 1, fixed effects ∆Ω: S. radians LR1 = 4.6, p = 0.03, S. hyades LR1 = 

8.6, p = 0.003).   Date, temperature, salinity, and initial saturation state did not improve 

model fits and were therefore not considered in the final model.  Near-zero estimates of 

variances for the coral grouping variable suggest the models may be overfitted with 

respect to this variable, i.e. there is insufficient evidence that individual corals had unique 
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responses.  The coral calcification responses to increased pCO2 observed here are greater 

than the range of 5-40% for other species summarized by (Kleypas and Langdon 2006).  

None of the variables of increased pCO2/decreased saturation state, initial saturation 

state, date, temperature, and salinity had detectable effects on photosynthetic responses of 

either species of corals. 

Table 3.3: Multilevel model comparisons of the only observed significant 
calcification response variable, change in saturation state, against a null model 
accounting only for coral. 

S. radians S. hyades 
Null model Model 1 Null model Model 1 

Fixed effects          

Intercept 
0.414 

(0.111) 
 -0.073 
(0.244) 

0.370 
(0.130) 

 -0.156 
(0.202) 

∆Ω   
0.516 

(0.234) 
0.502 

(0.160) 
    

Random effects     
Coral 0 0 0 0 
Residual 0.427 0.375 0.526 0.399 

    
Log likelihood -34.776 -32.498 -34.016 -29.73 

    
HDP 95% CI     
∆Ω (0.013 - 0.997) (0.157 - 0.832) 

    
n Coral   10 7 
n observations   35    31 

 

DISCUSSION 

Calcification and net photosynthesis 

The calcification rates reported here are lower than other corals and reef 

communities (Chave et al. 1972; Kinsey 1983; Davies 1990; Meesters et al. 1994; Ohde 

and van Woesik 1999; Bates et al. 2001; Langdon and Atkinson 2005).  The low G:NP 
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ratios of <0.4 reported here relative to other studies (Jacques and Pilson 1980; Dennison 

and Barnes 1988; Swart et al. 1996a; Furla et al. 2000; Gattuso et al. 2000; Houlbrèque et 

al. 2003; Al-Horani et al. 2005; Schneider and Erez 2006) suggest Florida Bay corals’ 

photosynthate provides energy for processes other than calcification, possibly for coping 

with temperature and salinity extremes or large swings in pH.  Siderastrea radians and S. 

hyades have historically populated disturbed areas (Yonge 1936; Lewis 1989; Sorauf and 

Harries 2009) and the extremes in temperature and salinity posed by Florida Bay are 

more immediate and threatening to survival than extremes in pCO2.   As a result, these 

corals likely have most-likely developed survival strategies that favor stress-tolerance 

mechanisms and prioritized them over calcification processes.   

Another possible explanation for the relatively low G:NP ratios is that 

zooxanthellae may be hoarding photosynthate and thereby slowing coral calcification.  

This explanation assumes calcification is driven mainly by energy from translocated 

photosynthate instead of the direct chemical effects of increased pH from photosynthesis.  

This explanation is not favored because it contradicts many studies that indicate 

calcification is chemically-linked to photosynthesis (Furla et al. 2000; McConnaughey et 

al. 2000; Al-Horani et al. 2003).   

Calcification-photosynthesis curves offer insight into the nature of this 

relationship.  A linear relationship supports a chemical response whereas an asymptotic 

curve indicates some biological constraint such as enzyme saturation.  Calcification rates 

of S. radians fit better to an asymptotic hyperbolic tangent curve than a simple linear 

curve, indicating possible limits to photosynthesis-stimulated calcification (Fig. 3.5).  The 

mechanisms underlying this limitation are unknown, but may include limitations in H+ 
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transport from the calcification site (Ries 2011a; McCulloch et al. 2012).  This 

relationship may be species-specific as S. hyades calcification data was linearly-

correlated with photosynthesis.  Further studies on this relationship would better elucidate 

the effects of photosynthesis on calcification. 

Two aspects of the calcification response findings are noteworthy: 1) Both species 

exhibited high variability in calcification responses, with some individuals exhibiting 

positive responses to increased pCO2 on some dates, and 2) calcification rates for both 

species are not, on average, CO2 resistant.  Such variability in calcification responses 

could serve as an adaptive mechanism to increasing ocean acidification where over time 

colonies whose calcification rates are resistant to CO2 increase in abundance relative to 

CO2-susceptible conspecifics.  However, positive responses to acidification were not 

consistent by coral or any other measured parameter, and no such resistant individuals 

were observed in this study.   

Furthermore, calcification is an energy-intensive process (Chalker and Taylor 

1975; Chalker 1976; Fang et al. 1989; Tambutté et al. 1996), and the hypothetically 

resistant corals may maintain calcification at the expense of other processes such as tissue 

repair or gamete production..  Comparably, Wood et al. (2008) showed echinoderms that 

increased calcification during ocean acidification suffered muscle wastage and increased 

metabolic costs.  The Florida Bay corals appear to exhibit the opposite pattern where 

calcification decreases because of ocean acidification and is superseded by other 

metabolic demands.   Furthermore, corals exhibited consistent declines in calcification 

under high pCO2/low pH treatments despite experiencing diurnal swings in pH of 0.08 ± 

0.04 units in their natural environment.  This response suggests short-term variability in 
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pH will not mask the negative effects of incremental, long-term declines in pH on coral 

calcification.  More studies are needed to determine how corals prioritize resource 

allocation and whether they might face tradeoffs between calcification and other 

processes. 

 

Role of the environment 

 The persistence of S. radians and S. hyades in Florida Bay initially seems 

counterintuitive given their skeletal growth susceptibility to low saturation states and the 

bay’s low winter saturation states (Millero et al. 2001).  However, over the course of this 

study saturation state at the field site remained high relative to oceanic waters (Ωarag = 

4.27 ± 0.57 vs oceanic Ωarag = 3.6).  The pH remained above 8.0 for 88% of the time 

during the study (Fig. 3.2).  An annual composite of aragonite saturation state, created 

from recorded pH and discrete TA samples over a three-year period extending from 

2007-2010 indicates aragonite saturation state would remain above 3.6 for 80% of the 

year (Fig. 3.6).  Consequently, the environment augments the low calcification rates of S. 

radians and S. hyades (relative to other species) while its extremes preclude other less 

stress-tolerant coral species.  With its low average annual pCO2, Florida Bay could 

potentially serve as a refuge against ocean acidification (Boyer et al. 1999; Fourqurean 

and Robblee 1999; Boyer et al. 2009; Manzello et al. 2012), if not for the frequent 

phytoplankton blooms, persistent turbidity, and extremes in termperature and salinity 

(Boyer et al. 1999; Fourqurean and Robblee 1999; Boyer et al. 2009).  However, seagrass 

areas and other highly productive habitats should be included in any management plan to 

deal with ocean acidification due to their ability to reduce ambient pCO2 levels. 
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 Future research should decouple these corals from Florida Bay to better 

evaluate their calcification-pCO2 responses.  If these corals direct a large portion of their 

resources towards survival in Florida Bay’s marginal conditions, then under more benign 

oceanic conditions they may have more robust pCO2 responses than observed in this 

study.  Comparing these corals with conspecifics from the nearby reef tract might 

elucidate how individuals and their environments interact to affect pCO2 responses. 

 

 

Figure 3.6. Composite monthly saturation state based on pH recorded at the field 
site and discrete monthly total alkalinity (TA) samples over approximately three 
years from 2007-2010. CO2Sys was used to calculate saturation state as discussed in 
the methods section. Black line represents median aragonite saturation state (Ωarag), 
dark shaded region represents middle 50% of composite values, light shaded region 
represents full range of composite estimates of Ωarag. Dotted horizontal line 
represents modern-day oceanic average saturation state of 3.6. Saturation states in 
Florida Bay are generally closer to pre-industrial levels of 4.6 for most of the year. 
As a result, Florida Bay is chemically favorable for calcification. 
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Despite experiments showing the importance of heterotrophy in reducing the 

negative effects of ocean acidification on calcification (Cohen and Holcomb 2009) and 

increasing photosynthesis (Borell et al. 2008), it may not be enough to buffer coral 

calcification under predicted future climate conditions.  It is possible that the limited 

positive responses of calcification rates to increased pCO2 observed here could be due to 

feeding or increased nutrient uptake by corals, which were not measured in this study.  

However, positive responses were not consistent for individual corals or time.  

Additionally, the corals in this study were kept in their natural environment and had 

ample opportunity to feed, yet their calcification responses were more sensitive those 

from many laboratory studies summarized in Kleypas and Langdon (2006). 

In conclusion, increased frequency of bleaching as a result of climate change and 

increased local stress from growing human populations will probably favor more stress 

tolerant corals on reefs.  For example, Montastraea sp. increased in prominence with 

respect to Acropora cervicornis, following the decline of A. cervicornis in the early 

1980s (Gardner et al. 2003) and P. astreoides in general have increased in abundance 

throughout the Caribbean relative to other species (Green et al. 2008).  However, the 

ability of reefs to cope with future warming by supporting more stress tolerant species 

will be undermined if those species are vulnerable to ocean acidification.  This study 

found that the calcification rates of two stress-tolerant corals, S. radians and S. hyades, 

are just as sensitive to elevated pCO2 as other corals previously studied, which suggests a 

limited ability of corals to adjust to ocean acidification.  The corals from this study 

appear uniquely adapted to the marginal environment of Florida Bay, with their low 

calcification rates augmented by the environment’s generally high saturation state and 
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their physiologies adapted to frequent extremes in water quality.  As a result, calcification 

appears to be a secondary priority compared to survival in Florida Bay.  The sensitivity of 

calcification rates of S. radians and S. hyades to pCO2 discounts the notion that reefs can 

adjust to climate change by shifting to eurytopic species. 
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Chapter 4: Corals May Face a Tradeoff Between Stress Tolerance and 
Calcification 

 

SUMMARY 

The response of stress tolerance corals to increased pCO2 is confounded when 

their environment is simultaneously conducive for calcification but marginal for survival.  

A reciprocal transplant study separated Solenastrea hyades corals from their historical 

environments, measured  their calcification and photosynthesis in ambient and elevated 

pCO2 incubations, and found a possible tradeoff between growth and survival.  Florida 

Bay corals had lower calcification and net photosynthesis rates than conspecifics from the 

more stable Triangles patch reef, regardless of which environment they were located. The 

2010 cold spell resulted in disproportionately more mortality in the Triangles corals than 

Florida Bay, indicating a potential tradeoff between stress tolerance and calcification 

rates.  Despite these differences in growth strategies, coral growth was suppressed 

equally across treatments under high pCO2. 

 

BACKGROUND 

 Despite highly variable physical conditions (Millero et al. 2001) that preclude 

most species from establishing, Florida Bay’s average conditions are quite conducive for 

calcification.  Consequently, Florida Bay is paradoxically a favorable environment for 

stress-tolerant corals: they can cope with physical extremes without cost to calcification 

thanks to consistently high saturation states.  The goal of this study was to decouple a 

prominent Florida Bay species, Solenastrea hyades, from its environment to determine if 
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it would have a more robust pCO2 response when ambient conditions were less extreme 

and what role the environment plays in mediating pCO2 responses.  S. hyades from 

Florida Bay were reciprocally transplanted with conspecifics from the oceanic, nearshore 

Triangles patch reef, where conditions are generally more stable (Table 4.1).  Conversely, 

transplanting corals from Triangles to Florida Bay tested whether those corals from a 

traditionally more favorable environment would increase growth rates in Florida Bay’s 

high saturation state waters or decrease growth due to other environmental stressors. 

 
Figure 4.1. Reciprocal transplant field sites.  The star denotes Peterson Keys and the 
triangle denotes Triangles patch reef.  The sites are approximately 30 km apart. 
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Table 4.1. Environemental conditions at the Florida Bay and Triangles patch reef 
field sites.  The parameters pHt, Ωarag, and pCO2 are reported at ambient 
temperature.  Light is converted from a Lux sensor into PAR using an assumed 
conversion of PAR = Lux/50. 
 
Date T S DO pHt TA TCO2 Ωarag pCO2 PAR 

m/d/yyyy °C  μM  

μmol 
kg-1 
SW 

μmol 
kg-1 
SW  ppm μE m-2 s-1

Florida Bay 
5/7/2009 12:30 26.6 38.4 188 8.16 2245 1826 4.4 273 548 
5/7/2009 14:30 27.1 38.5 212 8.22 2221 1763 4.8 225 563 
5/8/2009 12:00 27.1 38.4 203 8.20 2222 1781 4.6 241 636 
5/9/2009 11:30 27.3 38.3 188 8.15 2222 1812 4.3 278 460 
5/9/2009 14:00 28.0 38.6 191 8.17 2209 1780 4.5 261 525 
5/9/2009 22:00 28.8 38.9 203 8.14 2229 1807 4.4 287 0 
5/10/2009 12:00 28.3 38.9 173 8.10 2242 1852 4.1 328 628 
5/10/2009 15:00 29.1 38.9 201 8.12 2221 1809 4.3 301 510 
5/11/2009 11:00 29.0 39.1 181 8.12 2217 1809 4.3 304 626 
5/11/2009 14:00 29.4 38.9 200 8.12 2219 1809 4.3 307 599 
7/15/2009 10:55 31.5 39.3 176 8.12 2140 1701 4.6 285 388 
7/15/2009 14:00 32.3 39.4 177 8.11 2161 1716 4.7 296 425 
7/22/2009 10:50 30.1 40.0 145 8.05 2174 1792 4.0 365 397 
7/22/2009 13:50 30.6 40.0 157 8.09 2149 1735 4.3 316 402 
9/22/2009 11:10 29.6 40.1 182 8.07 2253 1858 4.1 353 416 
9/22/2009 13:55 30.1 40.1 198 8.10 2253 1834 4.4 325 429 
9/24/2009 10:15 29.6 39.9 168 8.10 2247 1829 4.4 325 365 
9/24/2009 12:35 30.1 40.0 200 8.15 2243 1784 4.8 279 352 
11/23/2009 10:30 25.1 38.4 207 8.05 2495 2138 3.9 429 146 
11/23/2009 13:30 25.2 38.1 209 8.06 2486 2125 4.0 416 109 
3/9/2010 11:20 17.7 34.2 259 8.26 2838 2411 4.9 278 184 
3/9/2010 13:55 18.2 34.1 260 8.28 2841 2395 5.2 265 187 
6/24/2010 10:30 29.1 41.1 162 8.17 2115 1651 4.6 241 299 
6/24/2010 12:30 29.7 41.1 185 8.21 2145 1640 5.0 216 306 

Triangles 
4/15/2009 10:30 26.7 36.8 219 8.13 2370 1976 4.3 326 217 
4/15/2009 12:35 27.2 36.8 231 8.16 2370 1950 4.6 296 378 
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9/28/2009 11:05 30.1 36.1 215 7.96 2331 2021 3.6 521 165 
9/28/2009 13:50 30.2 36.1 197 7.98 2347 2018 3.8 494 229 
9/30/2009 11:20 30.1 35.3 178 7.94 2356 2065 3.4 571 183 
9/30/2009 13:40 30.1 35.8 175 7.98 2356 2036 3.7 502 163 
11/21/2009 10:50 24.4 36.6 205 7.96 2495 2221 3.2 555 116 
11/21/2009 13:45 24.7 36.6 205 7.97 2538 2254 3.3 556 84 
3/13/2010 12:05 22.3 36.6 223 8.06 2411 2101 3.4 402 154 
3/13/2010 13:55 22.2 36.5 227 8.09 2412 2088 3.6 375 120 
7/9/2010 9:30 30.1 36.2 193 8.04 2342 1971 4.2 416 151 
7/9/2010 11:10 30.2 36.1 199 8.07 2321 1936 4.4 379 36 

 

METHODS 

Collections and transplantation 

 S. hyades colonies were collected from Peterson Keys, Florida Bay (24.926 °N, 

80.740 °W) and Triangles patch reef, Key Largo (25.038 °N, -80.427 °W) (Fig. 4.1).  

Florida Bay is described in the previous chapter.  Triangles is a nearshore patch 3 km 

southeast of Rodriguez Key at approximately 4 m depth.  The patch reef is broken into 

clumps stretching a few hundred meters and isolated by seagrass beds.  The nearest 

offshore reef is Molasses reef.  It was chosen as the transplant site because it was a close 

analog to the Florida Bay site in terms of depth and proximity to shore, as well as its 

presence of S. hyades. 

 Colonies were chiseled from the substrate and epoxied to labeled acrylic tiles.  

Half were randomly assigned for transplantation.  All corals, including controls, were 

transported to the other site to account for any possible transportation effects, and control 

corals were returned to their original site.  All corals appeared healthy and had extended 

polyps shortly after transplantation.  Once the corals were reciprocally transplanted, 

corals were periodically incubated in situ for calcification and net photosynthesis rates 
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every 2-3 months from May 2009 to July 2010.  Visits to each site were timed as close 

together as possible to account for any seasonal changes in the environment.  Weather 

and scheduling conflicts prevented a visit to Triangles in July 2009.  Results from the 

July 2010 Triangles reef field trip were not used for high pCO2 comparisons because a 

brief rainstorm blocked light during one incubation.  A cold spell during January 2010 

resulted in partial and full mortality in ~90% of Triangles corals in Florida Bay.  

Consequently, surface area was adjusted to account for remaining live tissue of the corals 

used in incubations. 

 

Incubations 

Incubation chambers and methods are described in Chapter 3.  Briefly, elevated 

pCO2 treatments were achieved through a two-part equimolar addition of HCO3
- and 

HCl.  Calcification was measured by change in total alkalinity.  Total alkalinity was 

measured via an open-cell Gran titration with a pH probe (Orion) calibrated in Tris 

seawater buffer (Nemzer and Dickson 2005) as described in SOP3b in Dickson et al. 

(2007).  The other carbonate parameters were calculated with CO2Sys (Pierrot et al. 

2006), using total alkalinity and pH as input parameters and K1 and K2 from Mehrbach 

et al. (1973), refitted by Dickson and Millero (1987).  Dissolved oxygen was determined 

by Winkler titration utilizing an amperometric endpoint detection method (Langdon 

2010).  Salinity was measured with a Guildline 8410A Portable Salinometer.  Light was 

measured with Onset HOBO Temperature/Light Data Loggers in units of lux, which does 

not have an exact conversion to photosynthetically active radiation (PAR) but can be 
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approximated.  Assuming a lux-PAR conversion factor of lux/50 = PAR, light levels 

ranged from 100-600 μE m-2 s-1. 

Calcification (G) and net photosynthesis (NP) were calculated following 

Equations 3.2 and 3.3 respectively, with rates normalized to morphometrically-

determined surface areas.  Calcification response (Rcalcif) was computed from Equation 

3.4.  The calcification:net photosynthesis ratio is reported as G:NP. 

“Triangles corals” refer to any corals originally from Triangles while “Florida 

Bay corals” refer to corals originally collected from Florida Bay.  The term “populations” 

refers to corals from each site rather than distinct genetically-defined groups. 

 

Statistics 

Calcification, net photosynthesis and calcification responses were natural log (ln)-

transformed to meet assumptions of normality and homoscedasticity as determined by 

D’Agostino-Pearson and Levene tests, respectively.  An offset was added to calcification 

responses to make all values positive so they could be ln-transformed.  These variables, 

along with G:NP, were compared in two-way analyses of variance (ANOVA) (α = 0.05) 

with Type II sum-of-squares calculations.  No trends were observed over time, so data 

were aggregated by treatment without temporal analyses.  Pooled calcification responses 

were compared in a one-way t-test against the generalized species value of -0.22 

(Kleypas and Langdon 2006).  All analyses were conducted  in the software program R 

(Team 2011).  
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Table 4.2. Biological variables (mean ± SD) measured for the four treatments with sample size (n) in the adjacent column.  

  n Control 
Calcification 

Treatment 
Calcification Rchange 

Ambient Net 
Photosynthesis 

Treatment Net 
Photosynthesis G:NP 

Coral Treatment  
mmol CaCO3 

m-2 h-1 
mmol CaCO3 

m-2 h-1  mmol O2 m-2 h-1 mmol O2 m-2 h-1  

Florida Bay control 28 2.60 ± 1.74 2.07 ± 1.26 -0.14 ± 0.31 8.65 ± 3.97 8.74 ± 5.07 0.33 ± 0.15 
Florida Bay transplant 12 3.73 ± 2.05 2.58 ± 2.92 -0.25 ± 0.53 10.61 ± 7.29 10.02 ± 5.43 0.38 ± 0.08 
Triangles control 17 5.37 ± 2.26 3.86 ± 3.22 -0.37 ± 0.40 12.72 ± 8.14 10.38 ± 4.84 0.50  ± 0.24
Triangles transplant 25 5.51 ± 3.30 3.68 ± 3.16 -0.28 ± 0.43 18.93 ± 12.56 17.65 ± 13.92 0.39 ± 0.20 
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RESULTS 

Biological rates 

Calcification rates, calcification responses, photosynthesis rates, and G:NP ratios 

for the four treatments are summarized in Table 4.2.  Both calcification and net 

photosynthesis rates were higher for Triangles corals versus Florida Bay corals (Fig 

4.2a,c, Table 4.3, two-way ANOVA. Calcification F1,78=31.31, p<0.001; net 

photosynthesis F1,75=15.36, p<0.001) while environment had no effect (F1,78=2.05 and 

F1,75=0.91 respectively).  G:NP ratios are generally lower than reported for other species 

(as reported in Chapter 2).  Like calcification and photosynthesis, corals from Triangles 

had higher G:NP ratios (Fig 2d, F1,78=4.08, p=0.047) while corals at Triangles reef had 

higher, though not significant, G:NP ratios than corals at Florida Bay.  Calcification 

responses were the same across treatments (Fig 4.2b, Table 4.3), and the pooled overall 

response (-0.25 ± 0.40) was not significantly different from the generalized coral 

response of  -0.22 compiled by Kleypas and Langdon (2006) (one-way t-test, t79=-0.66, 

p>0.05).   

 

Mortality 

Corals from Triangles experienced greater mortality than their Florida Bay 

counterparts following the anomalous cold water event in early 2010 (Lirman et al. 

2011).  Approximately 90% of transplanted Triangles colonies in Florida Bay had partial 

or full mortality following these stress events while none of the other experimental 

colonies were visibly affected.  The minimum water temperature recorded in Florida Bay 
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during that time was 8ºC for six hours.  Rates of the affected corals were consistent with 

previously measured rates after adjusting for remaining live tissue area. 

Incidentally, nearly all other coral species at the Triangles patch reef site died, and 

a large 1m diameter Solenastrea bournoni colony in Florida Bay (discussed in Chapter 5) 

bleached later that summer 2010 but eventually recovered.  

Table 4.3. Two-way analysis of variance (ANOVA) results tables for calcification, 
calcification responses, net photosynthesis and calcification:net photosynthesis 
ratios for the reciprocal transplant experiment. 
 

log(Calcification) SS df F p 
Coral origin 8.05 1 31.31 <0.001 
Environment 0.53 1 2.06 0.16 
Origin * Environment 0.57 1 2.22 0.14 
Residuals 20.06 78 

log(Rchange + 4.3) SS df F p 
Coral origin 0.02 1 2.18 0.14 
Environment 0.01 1 1.24 0.27 
Origin * Environment 0 1 0.05 0.82 
Residuals 0.81 76 

log(Net 
photosynthesis) SS df F p 
Coral origin 4.82 1 15.36 <0.001 
Environment 0.29 1 0.91 0.34 
Origin * Environment 0.84 1 2.69 0.11 
Residuals 23.52 75 

G:NP SS df F p 
Coral origin 0.13 1 4.08 0.047 
Environment 0.13 1 3.93 0.05 
Origin * Environment 0.02 1 0.54 0.47 
Residuals 2.46 75 
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Figure 4.2. Calcification (a), calcification response (b), net photosynthesis (c), and 
calcification:net photosynthesis ratios (d) for control Florida Bay corals (FB in FB, 
dark green circles, n=28), Florida Bay corals transplanted to Triangles (FB in Tri, 
light green circles, n=12), control Triangles corals (Tri in Tri, dark blue triangles, 
n=17), and Triangles corals transplanted to Florida Bay (Tri in FB, light blue 
triangles, n=25).  Rates and responses were natural log-transformed to meet 
assumptions of ANOVA.  Rcalcif included negative numbers, hence 4.3 was added to 
shift numbers so they could be ln-transformed. Points are means ± 95% confidence 
interval bars. 
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DISCUSSION 

This reciprocal transplant experiment revealed a potential tradeoff between 

growth and stress tolerance in S. hyades.  Triangles corals generally had greater rates of 

calcification and photosynthesis than their Florida Bay counterparts but also increased 

bleaching and mortality following an extreme stress event.  Chapter 3 presented evidence 

that S. hyades from Florida Bay direct less photosynthate towards calcification than other 

species, suggesting they may apply these resources towards surviving Florida Bay’s 

marginal environment.  S. hyades from the more stable Triangles patch reef, on the other 

hand, appear to invest more photosynthetic products in growth.  This potential difference 

in resource investment may reflect the corals’ adaptation to their local environments to 

optimize growth. 

While this species shows some plasticity in its growth strategies, neither 

population showed conclusive evidence of a shift in resource investment strategy.  The 

experiment duration might have been shorter than the timeframe in which such 

acclimatization could occur.  Corals were transplanted approximately eight months prior 

to the cold spell event, and growth rates were only assessed over a year.  Alternatively, a 

stress event such as a cold spell or bleaching summer may be required to initiate a shift in 

growth strategies, similar to the shifts in zooxanthellae populations towards more heat 

tolerant types following bleaching events (Buddemeier and Fautin 1993; Baker 2001; 

Glynn et al. 2001).  Furthermore, like this study, Little et al. (2004) demonstrated a 

tradeoff between heat tolerance and coral growth that was determined by the 

zooxanthellae types the coral hosted.  Zooxanthellae types were not assessed in this 

experiment, so their role in the coral responses is unknown. 
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These data suggest the corals themselves exert enough control over calcification 

and net photosynthesis to distinguish the two populations, regardless of their 

environment.  Triangles corals had higher rates than Florida Bay corals in both 

environments.  Environments differed in their chemical conditions but had little effect on 

calcification and photosynthesis.  Saturation states were generally 0.5 units higher in 

Florida Bay than Triangles, which would theoretically increase calcification by 11%, all 

else equal.  Despite more favorable chemical conditions in Florida Bay, Triangles corals’ 

calcification was consistent across environments while transplanted Florida Bay corals 

actually had slightly higher, though non-significant, rates than the control Florida Bay 

corals (Fig. 4.2a).  Consequently other factors likely depress calcification in Florida Bay, 

such as the aforementioned chronic sub-lethal stressors of temperature and salinity.   

The cold snap of January 2010 tested the stress tolerance of the corals, especially 

in Florida Bay where water temperatures were likely colder due to the shallower, more 

isolated basin environment.  As a whole, the species is relatively stress tolerant: S. hyades 

survived while almost all other species died at the relatively diverse Triangles patch reef.  

However, Triangles corals in Florida Bay experienced mortality while all other 

treatments survived.  Hence, though Triangles corals have higher rates of growth, they 

are more susceptible to acute stress events than Florida Bay corals.  In their home 

environments, the corals have ideal growth strategies.  Florida Bay corals persist in the 

bay because they prioritize survival but are at a competitive disadvantage in more stable 

environments because of their low growth rates compared to Triangles corals. 

Corals in all treatments had calcification responses to elevated pCO2 that were 

insignificantly different from one another and the overall coral response summarized in 
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Kleypas and Langdon (2006).  The lack of species-specific responses across studies and 

the lack of difference among treatments in this study suggest pCO2 likely affects the 

underlying chemical conditions rather than some biological process such as hypercapnia, 

at least for levels of pCO2 less than 1000 ppm.  Conversely, variability among individuals 

may obscure differences across treatments and species.  Though biological processes like 

heterotrophy can mitigate ocean acidification effects on growth (Cohen and Holcomb 

2009), corals in this study still responded negatively to increased pCO2 despite growing 

in natural conditions with ample feeding opportunities.  Additionally, bicarbonate and 

acid additions resulted in immediate reductions in calcification.  This observation further 

supports the idea that growth responses are largely determined by the chemical 

environment, with declines in [CO3
2-] resulting in proportionately less calcification.  
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Chapter 5: Insights into Past Florida Bay Conditions from a 190-year 
old Solenastrea bournoni coral

 

SUMMARY 

 The carbon isotope (δ13C), oxygen isotope (δ18O), and trace metal (Sr, Mg, Ba, 

Ca) record of a specimen of Solenastrea bournoni coral was compared with a 19-year 

record of temperature, salinity, and water oxygen isotopes to develop proxies for 

historical salinity and saturation state conditions.  These proxies were then applied to the 

full 190-year skeletal record of the same coral.  First, the skeletal chronology was 

determined by using seawater temperature and δ18O to calculate expected coral skeletal 

δ18O and matching them to actual coral skeletal δ18O.  This method yielded a chronology 

that could be continually checked against the water quality record, thereby avoiding 

misalignments that amplify further back into the chronology.  The coral skeletal δ18O was 

then used to reconstruct historical salinity, which in turn was used to calculate past 

aragonite saturation states.  This reconstruction indicates saturation states were elevated 

relative to oceanic waters and may be one factor responsible for the coral’s stable growth 

rates over the last 60 years.  However, the reconstruction assumes temperatures in Florida 

Bay have not changed over the life of the coral because an annual temperature composite 

based on the long-term water measurements was used instead of a coral skeletal Sr/Ca 

paleothermometer.  The coral skeletal Sr/Ca could not accurately record temperature 

because the underlying seawater variability in Sr/Ca likely masked any temperature 

effects in the coral skeleton.  These results illustrate how past conditions can be inferred 

from coral skeletal geochemistry in a highly variable environment. 
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BACKGROUND 

Geochemical records have been used over the past 50 years as proxies for 

temperature, light, coral growth, sea level, salinity, pH and many other parameters (Keith 

and Weber 1965; Weber and Woodhead 1970; Weber 1973; Fairbanks and Dodge 1979; 

Smith et al. 1979; Swart 1983; McConnaughey 1989).  Corals’ annual density bands 

(Knutson et al. 1972) provide a chronological framework with which isotopes and trace 

metal proxies can estimate historical conditions (Weber and Woodhead 1970; Fairbanks 

and Dodge 1979; McConnaughey 1989; de Villiers et al. 1994; Guzman and Tudhope 

1998; Gagan et al. 2000).  However, a limitation of previous studies is the lack of 

concurrent environmental data by which these geochemical proxies can be calibrated.   A 

long-term collection of monthly water samples from 1989 to 2008 by the Southeast 

Environmental Research Center of Florida International University (SERC-FIU) in 

addition to carbon and oxygen isotope data from those same water samples by the 

University of Miami overcomes this limitation of short-term environmental records.  A 

190-year old Solenastrea bournoni colony located near Peterson Keys, Florida allows for 

calibrations of skeletal proxies over this approximately 20-year record that can then be 

applied to the preceding 170 years of the coral’s history.   This coral and the SERC-FIU 

water record therefore present a unique opportunity to explore past conditions. 

 

Florida Bay 

Florida Bay is a shallow water basin located between peninsular Florida and the 

Florida Keys (Fig. 5.1).  The bay is divided into semi-isolated subbasins less than 3 m 

deep by a network of carbonate mudbanks and islands (Enos and Perkins 1979).  These 
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mudbacks restrict water exchange and create a north-to-south gradient of Everglades 

freshwater to reef-tract seawater.   The monthly SERC-FIU water quality samples were 

collected from 28 of these subbasins.  As a result of its shallow depths, proximity to the 

Everglades, and compartmentalized mudbanks, Florida Bay experiences greater 

variability in temperature, salinity, and other environmental parameters relative to the 

ocean  as well distinct zonation within the bay (Montague and Ley 1993; Boyer et al. 

1997,1999; Millero et al. 2001).   

Hydrology in Florida Bay is influenced by multiple processes.  Everglades runoff 

adds freshwater and organic matter to northern Florida Bay while the Florida reef tract 

and Gulf of Mexico moderate the waters of south and west Florida Bay.  Evaporation and 

precipitation play a larger role in the southwest compared to the runoff-influenced north 

(Lloyd 1964; Swart and Price 2002).  This study focuses on Lignumvitae Basin, a 

southwestern sub-basin of Florida Bay whose western boundary connects to a more open 

expanse of the Bay that opens up to the Gulf of Mexico.  Channels between Upper and 

Lower Matecumbe Keys allow water exchange between Lignumvitae Basin and the reef 

tract.  

In the late 1980s the bay experienced mass seagrass dieoffs attributed to a number 

of stressors including hypersalinity, temperature, loss of large herbivores, and 

phosphorous pollution (Robblee et al. 1991; Fourqurean and Robblee 1999; Zieman et al. 

1999; Koch et al. 2007).  This loss of seagrasses resulted in a transition from a bay with 

clear waters with extensive seagrass coverage to one with frequent algal-blooms and 

sediment-dominated benthos (Gunderson 2001).  In addition to the mass sea-grass dieoff, 

Florida Bay has experienced changes from upstream land use including reductions of 
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water flows from the Everglades and increased nutrient inputs from agriculture (Walters 

et al. 1992; Gunderson 2001) as well as restricted water exchange with the reef tract from 

the construction of the Overseas railroad in 1912 (Swart et al. 1996b). 

 

Figure 5.1. The field site, denoted by a star, is just north of Peterson Keys in Florida 
Bay. 

 

Coral 

The coral that is the subject of this study is located at 24.93 °N, 80.74 °W near 

Peterson Keys in Lignmvitae Basin, Florida Bay (Fig. 5.1).  This coral, named FB6, was 

previously cored in October 1986 (Hudson et al. 1989) and again in May 1993 (Healy 

1996).  Previous studies of this coral concluded 1) Florida Bay experienced no long-term 
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increases in salinity based on the lack of increase in skeletal oxygen-18 isotopes (δ18O), 

2) the Overseas railroad restricted exchange with oceanic waters based on decreased 

skeletal fluorescence amplitude and a sudden decrease in carbon-13 isotopes (δ13C), and 

3) oxidation has increased with the buildup of organic matter from restricted circulation 

and infrequent hurricanes based on decreasing skeletal carbon-13 (δ13CC) (Healy 1996; 

Swart et al. 1996b; Swart et al. 1999).  Since the last coring in 1993, the aforementioned 

SERC-FIU dataset of monthly water samples from Peterson Keys provides an 

opportunity to calibrate the coral skeletal proxies for temperature and salinity and to 

extend them to aragonite saturation state. 

 

Skeletal proxies for environmental conditions 

 These proxies for historical salinity and temperature are based on the skeletal 

δ18O and δ13C and ratios of strontium, magnesium, and barium to calcium.  Prior work 

has shown these geochemical tracers record temperature, salinity, carbon dynamics, and 

freshwater inputs.  Coral skeletal δ18O is negatively correlated with temperature and has 

been used in numerous studies as a paleothermometer (Weber and Woodhead 1972; 

Fairbanks and Dodge 1979; McConnaughey 1989).  The δ18O of biogenic calcium 

carbonates also reflects water δ18O at the time of deposition (Epstein et al. 1953), which 

in turn is dependent on salinity (Lowenstam and Epstein 1957; Swart and Coleman 

1980). 

 Carbon isotopic ratios in corals reflect the interdependent processes of 

photosynthesis, insolation, and growth (Weber and Woodhead 1970; Land et al. 1975; 

Fairbanks and Dodge 1979; Swart and Coleman 1980; Swart 1983; McConnaughey 
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1989; Allison et al. 1996; Grottoli 2000), as well as other processes such as heterotrophy 

(Grottoli 2000) that influence the carbon pool from which calcification draws.  In prior 

studies of this S. bournoni coral, δ13C recorded the buildup and oxidation of isotopically-

depleted organic matter in Florida Bay that accumulated after water exchange with the 

Florida reef tract was restricted (Swart et al. 1996b). 

Concentrations of several trace metals (ex. Ca, Sr, U) in coral skeletons generally 

reflect concentrations in seawater at the time of skeletal deposition (Amiel et al. 1973; 

Shen and Boyle 1988; Linn et al. 1990; Gaetani and Cohen 2006) while others (ex. Mg, 

Ba) are depleted with respect to seawater (Gaetani and Cohen 2006).  Strontium:calcium 

ratios vary inversely with temperature and have been used as paleothermometers in 

several coral taxa (Houck et al. 1977; Smith et al. 1979; Beck et al. 1992; Marshall and 

McCulloch 2002; Quinn and Sampson 2002; Swart et al. 2002; Fallon et al. 2003; 

Montaggioni et al. 2006; Reynaud et al. 2007).  Despite these numerous Sr/Ca-

temperature calibrations, some workers have proposed growth rate and other processes 

indirectly affecting growth rate such as symbiont density alter the calibration slopes 

(Weber 1973; Cohen et al. 2001; Cohen et al. 2002).  Nonetheless, Sr/Ca is considered 

one of the more robust paleothermometers relative to other trace metal ratios (Quinn and 

Sampson 2002; Fallon et al. 2003; Mitsuguchi et al. 2003). 

Magnesium:calcium ratios have also been used as paleothermometers (Mitsuguchi 

et al. 1996; Wei et al. 2000; Watanabe et al. 2001) and show positive correlations with 

temperature (Chave 1954).  As with strontium, other factors can influence Mg/Ca ratios 

such as coral growth rates.  Increased coral growth has resulted in higher skeletal Mg/Ca 

ratios (Reynaud et al. 2007).  Increased pCO2, which slows growth, has led to decreased 
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skeletal Mg/Ca (Cohen et al. 2009).  Furthermore, variable Mg/Ca ratios across taxa led 

Weber (1974) to discount the role of temperature or calcification over physiology.   

In contrast to strontium and magnesium, increased Ba/Ca ratios generally signal 

upwelling (Lea and Boyle 1989; Fallon et al. 1999; Montaggioni et al. 2006) and 

freshwater runoff (Hanor and Chan 1977; Alibert et al. 2003; McCulloch et al. 2003; 

Sinclair and McCulloch 2004; Montaggioni et al. 2006; Prouty et al. 2008), which in turn 

is a proxy for anthropogenic activity along coasts.  Previous work on the FB6 coral from 

this study corroborated the inverse relationship of Ba/Ca to salinity (Swart et al. 1999) 

and found enriched Ba/Ca relative to other corals in the region, including conspecifics 

(Anderegg 1998). 

 

Previous calibrations of geochemical proxies for environmental conditions 

The goals of this chapter are to determine whether skeletal δ18O, δ13C, Sr/Ca, 

Mg/Ca, and Ba/Ca can predict past environmental conditions, such as carbonate 

chemistry, by comparing these skeletal data against the long-term water sample record.   

Previous calibrations provide starting points for initial comparison.  One such calibration 

developed by Leder et al. (1996) estimated temperature from oxygen isotopes of 

Montastraea annularis skeleton and water (Eqn 5.1): 

Temperature = -4.519 * (δ18OC - δ18OW) + 5.33   (5.1) 

Where temperature is in Celsius degrees, δ18OC and δ18OW are the δ18O of the coral and 

water reported in ‰ Vienna Pee Dee Belemnite (V-PDB) and Standard Mean Ocean 

Water (V-SMOW), respectively.  Swart et al. (1999) later combined this equation with a 
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salinity-δ18Ow calibration from Healy (1996) (Eqn. 5.2) to obtain salinity as a function of 

δ18OC and temperature (Eqn 5.3). 

   Salinity = 4.98 δ18OW + 25.89     (5.2) 

Salinity = 4.98 δ18OC + 1.18 Temperature + 19.62   (5.3) 

Equation 5.3 indicates salinity can be estimated if temperature and δ18OC are 

known.  While oxygen-18 is preserved in the coral skeleton, temperature is not.  

However, the Sr/Ca of the coral skeleton can be substituted for temperature (Beck et al. 

1992), thereby enabling the calculation of salinity.  This study updates the salinity-δ18OW 

calibration (Eqn. 5.2) for Peterson Keys (Swart and Price 2002) and utilizes a 

temperature-18O proxy similar to Equation 5.1 that is based on S. bournoni rather than M. 

annularis (Leder et al. 1996).   

 

Chronology resolution and hurricanes 

In a previous study of this same coral, Swart et al. (1996b) attributed δ13C shifts in 

the coral skeletal record to variations in hurricane frequency on a decadal scale.  Building 

on these observations, this study investigated whether hurricanes might have a shorter-

term, more immediate impact on the coral δ13C skeletal signal on the order of months to 

years.  Seven category 3 or higher hurricanes passed through Florida Bay during the 

period from 1910 to 1948, and the skeletal δ13C was marked by consistent increases.  

Conversely, the period from 1948 to 1986 saw low hurricane activity and declining 

δ13CC.  Swart et al. (1996b) attributed the ability of hurricanes to build up or flush out 

organic matter from the Bay as the driver of decadal movements of the carbon isotopic 

signal.  To detect hurricane signals at finer temporal resolutions, a highly accurate 
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chronology is necessary because inaccuracies in year assignments of growth bands 

towards the coral surface can amplify further back in time and even misalignments of 

months within a year can alter statistical conclusions.  This study compares several 

different methods of establishing coral chronology, including visual assessment of 

density bands and applying the environmental water sampling record to predict coral 18-

oxygen values.  The latter method is unique because it requires the long-term record of 

water 18-oxygen, which often is unavailable for many coral skeletal studies. 

 

METHODS 

Environmental data 

Water quality data (hereafter referred to as SERC data) were provided by the 

SERC-FIU Water Quality Monitoring Network supported by SFWMD/SERC 

Cooperative Agreement #4600000352 as well as EPA Agreement #X7-96410603-3.  

Records extend from June 1989 to September 2008.  Methods for measurements of those 

data, including temperature (T), salinity (S) (Fig. 5.2), chlorophyll a (Chl a), and total 

organic carbon (TOC) have been described by Boyer et al. (1999).  Seawater oxygen 

(δ18O) and hydrogen (δD) isotopes were measured by the Stable Isotope Lab at the 

University of Miami following methods reported in Swart and Price (2002). 

Between April 2007 and November 2010, environmental loggers (Yellow Springs 

Instruments) were continually deployed on an experimental platform next to the S. 

bournoni coral and recorded conductivity, temperature, and pH at 30 minute intervals.  

Loggers were exchanged every 2-3 months and were calibrated against standards (Yellow 

Springs Instruments) and discrete water samples collected during visits to the coral.  
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These water samples were analyzed in the lab for pH and salinity.  Measurements of pH 

on the total scale (Dickson et al. 2007) were determined at 25.0°C using an Orion Ross 

combination pH electrode calibrated against Tris buffer prepared in synthetic seawater 

(Nemzer and Dickson 2005).  Salinity was measured on a Guildeline 8410A Salinometer. 

 

Figure 5.2. Temperature and salinity data from the SERC monthly water sample 
data for Peterson Keys (Station 20). 
 

SERC data 

The assumption that the monthly SERC water samples were representative of the entire 

month in which they were collected was examined by correlating the SERC salinity and 

temperature data against the high-temporal resolution salinity and temperature data from 

environmental logger.  The environmental logger data were averaged by month to match 

the SERC temporal resolution.  Though the temperature and salinity were logged every 
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half hour at the site continuously from 2007 to 2010, only April 2007 to March 2008 

overlapped with the coral and SERC data.  Consequently, only 12 months of overlapping 

data were available for comparison.  To evaluate whether temperature or salinity better 

reflected environmental conditions, the correlation coefficients of the logger and SERC 

data for both variables (rT.logger,T.SERC and rS.logger,S.SERC) were converted to z-scores by 

Fisher’s Z transformations.  If any statistically significant difference existed between the 

two non-overlapping dependent correlation coefficients (rT.logger,T.SERC and rS.logger,S.SERC), 

i.e. the 95% confidence interval for the difference between the coefficients did not 

include zero, the variable with the higher correlation to the environmental logger record 

was used to build an annual composite for further analyses.  The SERC values were 

averaged by month for all available years to create the annual composite. 

 

Coral data 

In April 2008, the S. bournoni colony (FB-6) from Peterson Keys, Florida was 

cored to a depth of approximately 50 cm using a 10 cm diameter coring bit attached to a 

hydraulic drill.  The hole was filled with a cement plug and edges smoothed with epoxy 

to facilitate healing of the scar.  The core was slabbed and x-rayed (Fig. 5.4) using 

standard methods (Dodge et al. 1984).  The slab was subsequently impregnated with resin 

and divided into sections approximately 7 cm long to enable polishing of the resin 

surface.  The first two sections were drilled along the length of a thecal wall at 120 μm 

intervals using a Micromil drill to a cumulative depth of approximately 10 cm from the 

coral surface.  Drilling was shifted to a second thecal wall (Transect 2B) on the second 

section 2 cm in lateral distance from the original transect (Transect 1A) and 7 cm depth 
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(from the coral surface) (Fig. 5.4).  The second section was drilled to include an overlap 

of skeletal density bands from the first section’s thecal wall.  The first section was 

subsequently redrilled on another thecal wall (Transect 1B) closer to Transect 2B because 

trace element ratios were variable on the original Transect 1A.  Skeletal powder was 

collected with a dental pick and separated for isotopic and trace metal analyses.   

Skeletal powder was dissolved in phosphoric acid to liberate CO2 from the 

carbonate material and analyzed in batches of 27 samples per run.  Carbon-13 and 

oxygen-18 were measured on a Delta-PLUS with Kiel following Swart et al. (1991) with 

isobaric corrections and an internal CaCO3 standard to correct for drift.  Coral δ13C and 

δ18O are reported relative to V-PDB.  Analytical error has been determined to be 

±0.046‰ and ±0.119‰ standard deviations for δ13C and δ18O, respectively (Rosenberg 

2011). 

Calcium, strontium, magnesium, and barium were measured on an inductively 

coupled plasma optical emission spectrometer (ICP-OES) (Varian), calibrated to IAPSO 

standard seawater (Ocean Scientific International Ltd.).  Samples were dissolved in 4% 

nitric acid and metal concentrations were measured in batches of 115 samples.  

Concentrations were measured once then samples were diluted to a uniform calcium 

concentration (approximately 3000 ppm) and measured again to account for dilution-

dependent changes in elemental ratios.  Strontium, magnesium, and barium 

concentrations are reported as ratios relative to calcium.  Strontium/calcium ratios were 

normalized to an internal standard from Florida State University to account for machine 

drift over the course of an analysis session run.  Barium is reported in μM/M ratios for 
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barium while magnesium and strontium are reported in mM/M ratios.  Laboratory 

analytical precision for Sr/Ca is ±0.45% relative standard deviation (Rosenberg 2011). 

 
Chronology 

Unique to this study, the coral skeletal chronology could be determined by 

calculating expected δ18OC and matching it to actual δ18OC.  Expected δ18OC was 

calculated from Eqn 5.1 using a 3-point moving average of T (to account for missing 

data) from the SERC data and δ18OW from Stable Isotope Lab measurements (Fig. 5.3).  

This chronology was compared against other chronologies, including 1) counting density 

bands and assigning the summer maximum to the densest region, 2) assigning annual 

temperature maximums and minimums to density maximums and minimums, 

respectively, that were determined from CoralXDS+ software (Kohler 2002), and 3) 

assigning the temperature maximums and minimums to δ18OC troughs and peaks, 

respectively.     

Once anchor dates were established based on the annual density bands or δ18OC 

maxima and minima, dates were assigned to the remaining samples evenly assuming 

uniform coral growth between the biannual  anchor samples .  Spatiotemporal resolution 

averaged 38 samples per year and ranged from from 19 to 68 samples per year.  Chemical 

data were then rectangularly interpolated (Davis 1973) to a monthly basis to match the 

temporal resolution of the water sample data.   
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Figure 5.3. Chronology established by matching actual and expected δ18OC.  First, 
the δ18OW and a 3-point moving average of water temperatures were used to 
calculate expected δ18OC following (Leder et al. 1996).  Second, actual δ18OC was 
assigned dates so that the peaks, troughs, and interannual variability matched as 
closely as possible the dates associated with the expected δ18OC. 

 

Carbon isotopes 

The coral skeletal δ13C record was corrected for two known anthropogenic 

forcings.  The background long-term decline in δ13CC due to the global increase in 

atmospheric carbon derived from 13C-depleted fossil fuels, i.e. the 13C Suess effect 

(Druffel and Suess 1983), was subtracted from the coral skeletal carbon signal using 

slope constants from Swart et al. (2010).  In addition to this gradual decrease in δ13CC, 

skeletal  carbon was corrected for the sudden -0.9 ‰ shift during construction of the 

Overseas Railroad from 1905 to 1912, which restricted water movement in the Bay and 

resulted in a buildup of organic matter (Swart et al. 1996b).  First, the 13C Suess effect 

was subtracted from the coral carbon record to 1905.  Then the average δ13CC from 1909-
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1912, when construction neared completion and δ13CC values stabilized, was used as a 

new baseline from which the 13C Suess effect was subtracted to the present.  The anomaly 

between actual δ13CC and long-term average δ13CC (corrected for those anthropogenic 

signals) was used to determine if hurricanes influenced the δ13CC. 

 

Hurricane data 

Hurricane and tropical storm records obtained from the U.S. National Oceanic 

and Atmospheric Administration (Downloaded February 2011 from 

http://www.srh.noaa.gov/gis/kml/), including information on direction, strength 

(category), wind speed, and distance from coral.  Hurricanes were coded as strongly 

likely or likely to flush organic matter depending on whether they passed through the bay 

within or over 30 km of the coral, respectively.  Flushing of organic matter results in less 

oxidation than normal, hence fewer carbon-12 isotopes in seawater and subsequent δ13C 

increases in the coral skeleton.  Hurricanes passing over the Everglades were coded as 

likely to cause increased runoff from the Everglades, increasing organic matter, and 

ultimately driving δ13CC down.  The full skeletal δ13C and δ18O record for the FB6 coral 

was obtained from Swart et al. (1996b).  Scores of 0 or 1 were assigned according to 

whether expected δ13CC change matched actual change, both immediately after a 

hurricane passed and with a six-month lag.  Data were analyzed using Fisher’s exact tests 

on various combinations of hurricane strength, wind speed, distance, date bins, and lag 

time for signal to become incorporated into the skeleton.  Analyses were conducted in the 

software program (R Development Core Team 2011). 
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Figure 5.4. Positive x-radiograph of the S. bournoni skeleton from Peterson Keys, 
cored April 2008.  The green line signifies the approximate location and lengths of 
the drilling transects, with sample number (#) and distance in mm annotated in 
green.  The smaller green line represents Transect 2B.  The larger line represents 
Transect 1A and 2B combined.  Transect 1B (not shown) was drilled above Transect 
2B.  Several chronologies are shown based on different methodologies: (black) visual 
assessment of density bands, (orange) derivatives of density splines calculated in 
CoralXDS+, (purple) δ18OC minima correspond to annual maximum temperatures 
on September 1, (yellow) actual δ18OC are aligned with expected δ18OC calculated 
from temperature and δ18OW records. Purple and yellow dates are annotated based 
on measured distances (green line).  The chronology based on actual/expected δ18OC 
(yellow) was used for all analyses.  The double-band marked 1982 in the black, 
visual-based chronology was also demarked as 1982 in Healy (1996).  This figure 
illustrates the complexities of deriving the exact chronology. 
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Skeletal data and proxy relationships 

Coral skeletal δ18O and Sr/Ca ratios were linearly regressed against environmental 

parameters to construct proxies for temperature and salinity.  Salinity was determined as 

a function of δ18OW, updating Equation 5.2.  Second, seawater δ18OW was determined as a 

function of δ18OC and temperature, i.e. determining Equation 5.1 for S. bournoni. This 

equation for δ18OW was substituted into the previous salinity as a function of δ18OW 

equation to yield salinity as a function of δ18OC and temperature (i.e. Equation 5.3 

calculated for S. bournoni).  Temperature was determined from skeletal Sr/Ca ratios for 

the years 1997-2008 because skeletal Sr/Ca ratios in earlier years were variable and 

possibly decoupled from temperature.  Coral skeletal Sr/Ca was substituted for 

temperature in the previous equation 5.3 to yield salinity as a function of coral δ18O and 

coral Sr/Ca.  Given the variability with coral Sr/Ca pre-1997, the temperature composite 

was also used in place of the Sr/Ca paleothermometer.  The relative goodness of fit of the 

two salinity relationships were compared using Akaike information criteria (AIC) scores. 

Once an estimate of salinity was obtained from the δ18OC and temperature, it was 

used to estimate aragonite saturation state from linear regressions for the two variables 

reported by Millero et al. (2001) for Florida Bay waters: 

Ωarag = 1.14 + 0.083 Salinity     (5.4) 

where Ωarag is aragonite saturation state.   
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RESULTS 

Water quality data comparisons 

Comparisons of continuous logger versus monthly SERC samples indicated the 

monthly SERC sampling regime accurately represented average monthly values for 

temperature but not salinity.  Temperature yielded a higher coefficient of determination 

(r2= 0.63, p = 0.002) between continuous logger versus monthly SERC samples than 

salinity (r2= 0.02, p = 0.62) (Fig. 5.5).  The 95% confidence intervals for the Fisher Z-

transformed difference between the coefficients of correlation, [0.04,1.25], do not overlap 

0 and therefore indicate the SERC temperatures are likely more representative of average 

environmental conditions than the salinities. 

 

Figure 5.5. Comparisons of high frequency environmental logger data to SERC data 
for (a) temperature and (b) salinity, with coefficients of determination and residual 
mean square error (RMSE). 
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Chronology and coral growth rates 

 Chronologies based on expected δ18OC from water chemistry data and visual 

assessment of the coral growth bands ended in the same year of 1985 (Fig. 5.4) though a 

few years were misaligned (ex. 2002, 1994).  In contrast, the method of assuming both 

highest temperature and lowest δ18OC  fall at the same time each year and the density 

spline method were consistently offset from the other two methods (Fig. 5.4). 

Annual coral calcification rates averaged 0.57 ± 0.13 g cm-2 y-1 (mean ± SD) and 

ranged from 0.27 to 0.93 g cm-2 y-1 for the period covered by the core, 1944-2008 (Fig. 

5.6).  Linear extension rates were 0.54 ± 0.16 cm y-1 and ranged from 0.17 to 1.08 cm y-1. 

Average annual density was 1.07 ± 0.17 g cm-3 and ranged from 0.75 to 1.59 g cm-3. 

Calcification remained constant, extension decreased slightly, and density increased 

steadily over time (Fig 5.5). 

 

Coral skeleton 

Both δ18OC and δ13CC demonstrate annual periodicity (Figs. 5.6-5.9).  Average 

δ18OC was -2.68‰ and ranged from -4.10 to -1.55 ‰.  Mean annual range was 1.23‰ 

with a minimum of 0.80 and maximum of 2.36‰ (Fig. 5.8).  Coral δ13C showed a shift to 

more enriched values of -3‰ in the early 1990s before stabilizing back to -4 to -5‰.   

Average δ13CC was -4.41‰ and ranged from -6.26 to -2.83‰.  Mean annual range was 

1.27‰ with a minimum of 0.56 and maximum of 2.66‰ (Fig. 5.8).   
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Figure 5.6. Annual extension, density, and growth for the coral core. Extension and calcification decreased slightly from 1950 
to 2000 while density increased. (Courtesy of K. Helmle)
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Coral elemental ratios exhibited greater inter- and intra-annual variation than the 

isotopic data.  Barium ratios from the second slab piece (Transect 2B in Fig. 5.4, 1984-

1994) showed regular annual cycles, but both Transects 1A and 1B on the first slab 

(1994-2008) yielded more variable ratios (Fig. 5.9).  Mean Ba/Ca was 19.43 μM/M and 

ranged from 2.79 to 93.48 μM/M, increasing towards the coral surface.  Mean Mg/Ca 

was 5.50 mM/M and ranged from 3.64 to 14.37 mM/M, increasing towards the coral 

surface.  Mean Sr/Ca was 9.13 mM/M and ranged from 8.77 to 9.56 mM/M.  Magnesium 

had larger variability on the first slab while strontium had similar variability across all 

transects. 

 

Coral δ13C isotopes and hurricane frequency 

 Coral δ13C anomalies do not appear to respond immediately to hurricanes (Fig. 

5.10), even after they were corrected for declines due to the 13C Suess effect and 

construction of the Overseas railroad.  Fisher’s exact tests of predicted hurricane effects 

at the α = 0.05 significance level did not support the hypothesis that carbon isotopes 

would record hurricane signals on an annual or sub-annual basis.  This outcome was the 

same no matter what combination of hurricanes was examined, including hurricanes in 

different time periods, hurricanes that passed near the coral, hurricanes expected to flush 

Florida Bay, hurricanes expected to add organic matter to the bay, category 3+ 

hurricanes, or storms greater than 50 knots. 
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Figure 5.7. Coral oxygen and carbon isotopic data from the coral core extending from 1985 to 2008.  Transect 1A transitions to 
Transect 2B in 1994.  Overlapping isotopic values were similar, indicating carbon and oxygen isotopes are spatially consistent 
and movements in signals represent true conditions rather than sampling artifact. 
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Figure 5.8. Boxplots of annual coral oxygen and carbon isotopic data.  Carbon isotopes exhibit a large increase from 1990 to 
1993 before settling back into a regular long-term average pattern.  In comparison, oxygen has less interannual variation. 
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 Figure 5.9. Trace metal ratios for the coral.  Transect 2B extends from 1985-1994 and Transect 1B extends from 1996-2008.  
The values bridging the gap between the two sections in 1995 are from Transect 1A (shaded gray). 
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Figure 5.10. Carbon isotopic anomalies spanning 1860-2008, adjusted for the Flagler railroad construction and background 
anthropogenic signal.  The lines represent hurricanes that passed <30 km from the coral (red), through Florida Bay >30 km 
from the coral (orange), across the Everglades (blue), across the bay and Everglades (purple), far from the coral (grey).    
Skeletal δ13C is expected to increase after red and orange lines, and decrease after blue lines.  Purple and grey lines were 
ignored because carbon isotopes could shift in either direction or have no effect following those storms. 
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Paleoreconstructions of temperature, salinity, and saturation state 

Updating Leder et al.’s (1996) M. annularis temperature equation (Eqn. 5.1) for S. 

bournoni yields: 

  T = -2.26 * (δ18OC - δ18OW) + 16.81    (5.4) 

which also has a weaker relationship (Fig 5.10b, r2 = 0.23, p<0.001) and dependence on 

δ18O (slope of -2.26 vs -4.52) than Leder et al. (1996).  Similarly, salinity was positively 

correlated with bay water δ18O (Fig . 5.10a, r2=0.33, p<0.001) with the slope exhibiting 

less dependence on δ18OW, i.e. shallower slope, that reported by Healy (1996): 

   S = 2.62 δ18OW + 31.43     (5.5) 

Of the three skeletal trace metal ratios, Sr/Ca generally had the most consistent 

seasonal signal (Fig. 5.9) and was the only one used in any analyses.  However, skeletal 

Sr/Ca ratios exhibit large interannual variations and lack periodicity in most of the years 

preceding 1996.  Hence only skeletal Sr/Ca data after 1996 were used to calibrate 

thermometers, though this model fit (r2 = 0.25, Fig. 5.11c) was significantly lower than 

Swart et al.’s (2002) calibration for M. annularis (95% confidence interval for the 

difference in Fisher’s Z-transformed coefficients of determination between this study and 

Swart et al. (2002) = [0.08, 0.76]).  This S. bournoni Sr/Ca thermometer had a shallower 

slope (-0.009) than found in other studies (-0.033 to -0.080, summarized in Table 1 of 

Swart et al. (2002)): 

   Sr/Ca = -0.009 * T – 9.285     (5.8) 

Despite using the post-1996 skeletal Sr/Ca ratios to determine a temperature 

relationship, an accurate salinity reconstruction could not be obtained.  The 

reconstruction based on δ18OC and ambient temperatures concurs with actual recorded 
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values of salinity (Fig. 5.12a).  However, noise increases once Sr/Ca paleothermometry is 

added to the equation (Fig. 5.12b).  Consequently, the temperature composite was used in 

place of skeletal Sr/Ca (Fig. 5.12c).  The AIC scores for the Sr/Ca-based and temperature 

composite-based salinity were 1382 and 1159, respectively, supporting use of the 

temperature composite (Fig. 5.13) over Sr/Ca. 

 With salinity determined from δ18OC and the monthly temperature composite, 

aragonite saturate states were determined for the history of the coral skeleton (Fig 5.13).  

Average aragonite saturation states appear constant through time, close to the oceanic 

pre-industrial average of 4.6.  These results correspond with observations from the 

environmental loggers over two years (Fig. 3.8), where saturation states were elevated 

relative to oceanic waters (Ωarag = 3.6) for most of the year.  Saturation state appears to 

decline from 4.2 to 3.9 in the years from 2000 to 2008, when the coral was cored. 

Table 5.1. Relationships between interpolated monthly coral skeletal values and 
SERC environmental data.  The Leder et al. (1996) calibration is derived from 
Montastraea annularis while the calibrations from this study are based only on 
Solenastrea bournoni.  T = Temperature (ºC), S = Salinity, δ18OC = coral oxygen 
isotopes (‰), δ18OW = water oxygen isotopes (‰), Sr/Ca = Strontium/Calcium 
(mM/M). RMSE = residual mean square error. 

Proxy RMSE Eqn Source 

T = -4.519 * (δ18OC - δ18OW) + 5.33  5.1 Leder et al. (1996) 

T = -2.26 * (δ18OC - δ18OW) + 16.81 3.5 5.6 this study 

S = 4.98 δ18OW + 25.89  5.2 Healy (1996) 

S = 2.62 δ18OW + 31.43 2.8 5.7 this study 

S = 4.98 δ18OC + 1.18T + 19.62  5.3 Swart et al. (1999) 

S = 2.62 δ18OC + 1.16T + 12.65 4.0 5.8 this study 

Sr/Ca = -0.047 * T - 10.165  5.4 Swart et al. (2002) 
Sr/Ca = -0.009 * T – 9.285 0.06 5.9 this study 
T = -28.06 * Sr/Ca - 280.17 3.5 5.10 this study 
Ωarag = 0.083 * S + 1.14  5.5 Millero et al. (2001) 
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Figure 5.11. Proxies used in salinity reconstructions reconstructions: (a) salinity 
from δ18OW, (b) temperature from the difference between coral and water δ18O, and 
(c) temperature from Sr/Ca ratios.  Salinity reconstructions were fairly accurate 
from (a) and (b), but not when (a)-(c) were combined.  Plots are annotated with 
coefficients of determination and residual mean square error (RMSE). 
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Figure 5.12. Reconstructed salinity (red) compared to actual salinity (black) from 
SERC records (a) before and (b) after the Sr/Ca paleothermometer is added, as well 
as from the (c) temperature composite substituting for the Sr/Ca paleothermometer.  
 

 
Figure 5.13. Monthly composite temperature from SERC data for Peterson Keys 
(Station 20) for 1991-2008 where January is Month 01. 
 



99 
 

 
 

 
Figure 5.14. Reconstructed Ωarag using δ18OC and composite temperature.  Shaded 
light blue area represents the 95% confidence interval for the local regression 
smoothed curve (blue line, span = 0.05). 

 

DISCUSSION 

Chronology 

 The method of establishing coral chronology in this study is unique in that it 

requires a long-term record of temperature and δ18OW, the latter of which is often 

unavailable.  The chronology produced from this method matched visual estimates of 

chronology from coral density with the exception of a few years, suggesting the method 

is a promising means of dating coral skeletal growth.  It is assumed to be the most 

accurate means of dating coral skeletal values because it groundtruths δ18OC based on 

expected δ18OC (which in turn is calculated from recorded environmental data on 

temperature and δ18OW, and the expected δ18OC closely matched the interannual variation 

of the actual δ18OC (Fig 5.2).  The other methods make assumptions on timing of annual 
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δ18OC and temperature peaks or are not continually verified against expected coral δ18OC.   

However, Fisher’s exact tests failed to detect hurricane signals, indicating these 

chronologies were inadequate in detecting individual events at an annual resolution.  

Numerous factors can contribute to imprecise chronologies including stress bands that 

obscure actual density bands, lack of growth (i.e. lack of band formation) in a given year, 

variable growth rates that alter skeletal linear extension and weight the sampling in favor 

of high growth seasons, and incorrect years early in chronology assignment that 

promulgate into further year misalignments (Carricart-Ganivet 2011).  For example, if the 

chronology was off by one year, the Fisher’s exact tests would not likely detect any 

hurricanes unless they were regular events.  Conversely, if events such as hurricanes can 

be conclusively shown to affect the δ13CC, these events could conceivably be used as 

markers to validate chronologies.  Despite the differences in annual year assignments, the 

different methodologies yielded chronologies that were misaligned from a few months to 

about two years but ended within a year apart after 25 years (Fig. 5.4).  This convergence 

after two decades indicates δ18OC and density bands both follow the same annual pattern.  

However, the variability within years among chronologies indicates δ18OC minima, 

density bands, and water temperatures do not necessarily all occur together or at the same 

time from year to year.  Together, these results suggest the coral skeletal δ13C may better 

resolve environmental patterns on interannual to decadal scales rather than monthly 

scales. 
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Proxies for past temperature and salinity 

 Overall, coral skeletal δ18O generally exhibit lower spatial and intra-annual 

variability than the trace metal ratios of Ba/Ca, Mg/Ca, and Sr/Ca.  Model fits derived 

from the SERC water quality data and skeletal isotopic records for S. bournoni were 

comparable to previous work in the area with M. annularis (Table 5.1) though with less 

predictive capability.  The low coefficients of determination observed in this study (Table 

5.1; Fig. 5.11) relative to those observed in other studies in the region (Table 5.1) may be 

a result of inaccuracies of date assignments in the coral chronology.  Such inaccuracies, 

even of only a few months, will erode relationships with environmental variables.  As 

discussed with the hurricane signals, misalignment of early years can amplify across 

older years and mask interannual trends. 

Of the three skeletal elemental ratios of strontium, magnesium, and barium to 

calcium, Sr/Ca had a clear seasonal pattern (Fig. 5.9) and was used for 

paleothermometry.  However, the relationship of skeletal Sr/Ca to temperature had lower 

regression slopes and coefficients of determination than those established for other corals 

(Swart et al. 2002).  Consequently, the skeletal Sr/Ca-derived temperatures could not be 

used to reconstruct historical salinity, as shown in the comparison of modeled salinities 

against actual values (Fig. 5.12).  Before skeletal Sr/Ca is added to the model, actual 

temperature and δ18OC appear to be close predictors of salinity (Fig. 5.12a).  However, 

temperature is not recorded in the coral skeleton and cannot be used for reconstructions 

beyond the period of recorded temperatures.  Once skeletal Sr/Ca-derived temperature is 

added to the salinity model in place of actual temperature, noise increases (Fig. 5.12b), 

reflecting the inability of skeletal Sr/Ca to adequately record environmental conditions.  

The variable skeletal Sr/Ca values could be a result of large temperature changes in the 
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bay or natural variability in seawater Sr/Ca.  From 1988 to 1990 coral skeletal Sr/Ca 

increased from 9.04 to 9.56 mmol/mol (Fig. 5.9), which would correspond to a decrease 

in temperature of 11 to 15ºC, depending on whether the calibrations from Swart et al. 

(2002) or this study were used, respectively.  While this range in temperature is possible 

for Florida Bay, no such drop in temperature occurred over this time (Boyer et al. 1999).  

Instead, the coral skeletal Sr/Ca likely reflects natural variation in seawater Sr/Ca in the 

bay.   In Peterson Keys alone, seawater Sr/Ca ranges from 8.7 to 9.7 mmol/mol (Fig. 

5.15).  This range in values is unlikely a result of increases in [Ca] of 5 ppm (Fig. 5.15) 

from groundwater intrusion because such increases were too small to significantly lower 

seawater Sr/Ca within the range of salinities common to Peterson Keys.  Furthermore, 

increases in seawater calcium concentrations can only lower seawater Sr/Ca from 

approximately 9.0 mmol/mol while about half the observed seawater Sr/Ca values are 

above 9.0 mmol/mol (Fig. 5.15), indicating strontium enrichment relative to calcium.  An 

example of such an enrichment could be increased precipitation of calcite by seagrass 

epiphytes that would deplete seawater calcium at a faster rate than strontium.  In a 

completely closed system and assuming a conservative distribution coefficient for 

strontium (DSr) of 0.16, calcification rates for calcite-depositing epiphytes would need to 

increase by approximately 85 g CaCO3 m-2 y-1 to cause the observed increase in skeletal 

Sr/Ca from 9 to 9.6 mmol/mol from 1988 to 1990.  While this value is comparable to 

carbonate production rates observed in Florida Bay from 1991-1992 (Frankovich and 

Zieman 1994), in a more realistic open system epiphyte calcification rates would need to 

be much higher.    Consequently, strontium is not likely conserved in Florida Bay.  As a 
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result, the utility of skeletal Sr/Ca as an indicator of temperature and as an indirect 

indicator of salinity remains limited. 

 

Figure 5.15.  Seawater Sr/Ca values in Florida Bay.  Gray dots represent values for 
all 28 subbasins for all available dates, and red dots represent Peterson Keys.  The 
blue line is the modeled Sr/Ca due to 5 ppm increase in [Ca] from groundwater. 
 

Magnesium-based thermometry (Mitsuguchi et al. 1996) was also limited here 

due to increasing skeletal Mg/Ca towards the coral surface despite no such trend in 

temperatures.  This increase in skeletal Mg/Ca may be an indicator of brucite formation 

from photosynthesizing endoliths (Nothdurft et al. 2005; Buster and Holmes 2006) or 

growth-dependent effects (Mitsuguchi et al. 2003; Reynaud et al. 2007).  This coral’s 

growth record remained constant through time (Fig. 5.6) which discounts the latter 

mechanism.  As a result of these uncertainties, magnesium was not explored further for 

paleothermometry. 
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Like magnesium, barium to calcium ratios increased towards the coral surface 

from 1995 to 2008, possibly a result of residual organic matter in the coral skeleton (Shen 

and Boyle 1988; Hart and Cohen 1996; Anderegg et al. 1997; Anderegg 1998).  During 

these years, skeletal Ba/Ca is highly variable and does not exhibit annual periodicity.  

Skeletal barium records exhibit an annual cyclebetween 1985-1994 (Fig. 5.9), which only 

leaves three years of overlap with the SERC record.  Because of the incomplete record 

and possible residual organic matter, barium was not analyzed.  

As a result of the inability to calibrate Sr/Ca and Mg/Ca coral skeletal 

thermometers to resolve past salinity, a temperature composite (Fig. 5.13) was used 

instead to infer past salinity.  This composite assumed temperatures followed the same 

annual pattern over the history of the coral with little interannual variation.  This 

assumption was supported by the coefficient of determination between SERC 

temperatures with the high-resolution environmental logger data (r2 = 0.63; Fig. 5.5a).  

The salinity record derived from this average monthly composite was then used to 

estimate aragonite saturation state. 

 Historical aragonite saturation states were consistently high in Florida Bay 

relative to modern-day oceanic values of 3.6, which supports the findings from the 

environmental loggers and discrete water samples (Fig 3.8).  Additionally, the saturation 

state of these bay waters is consistently higher than on the reef tract Manzello et al. 

(2012).  The most recent years reveal a drop in Florida Bay saturation state from 4.2 to 

3.9, but in this study the decline is not attributable to increasing atmospheric pCO2.  The 

saturation state reconstruction is decoupled from the effects of increasing atmospheric 

pCO2 (Feely et al. 2004; Cao et al. 2007; Doney et al. 2009) because it is based on 
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salinity, which itself is based on δ18OC.  Consequently as atmospheric pCO2 increases 

while salinity is unaffected, the relationship of saturation state to salinity will deteriorate.  

In fact, Millero et al. (2001) collected the data to establish this relationship from 1997-

2000, when saturation state was already falling from pre-industrial values to 

approximately 4.0.  Therefore, the assumption that the S-Ωarag relationship is consistent 

through time may require reexamination, especially in this case because Ωarag is 

calculated indirectly using an unchanging temperature composite.  Revisiting this 

correlation between S and Ωarag periodically over time may provide some insight as to 

whether they are truly coupled. Nonetheless, constant aragonite saturation states in 

Florida Bay through time may explain the stable growth rates in this coral over the past 

half century (Fig 5.5).  While corals from other parts of the world have experienced 

declines over the same period of time (Cooper et al. 2008; De'ath et al. 2009; Tanzil et al. 

2009; Manzello 2010), specimens of M. faveloata from the Florida Keys have also 

maintained calcification rates (Helmle et al. 2011).  Florida Bay’s high saturation state 

waters may support the growth rates of these reef tract corals Manzello et al. (2012). 

This study provides an alternative means of establishing a coral chronology using 

a time series of the δ18OW.  Despite the precision of this new method, specific events, i.e. 

hurricanes, could not be detected in the coral skeletal carbon isotopic record.  Rather, 

δ13CC appears to record hurricane signals on annual-to-decadal rather than monthly-to-

annual bases.  Unlike many other studies, skeletal Sr/Ca ratios were not predictive of 

temperature, possibly due to misaligned chronology or complex processes affecting 

strontium concentrations in Florida Bay.  Aragonite saturation states in Florida Bay have 
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been consistently elevated and stable relative to global oceanic waters and therefore may 

have augmented this coral’s growth rates. 
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Chapter 6: Conclusions

 

Intra-species results 

These experiments demonstrated variable responses across coral species, as well 

as the role of the environment in mediating those responses.  Additionally, results 

differed for the same species across experiments, potentially due to methods used to 

quantify calcification.  In the field studies (Chapter 3 and 4), S. radians and S hyades 

both decreased calcification with increased pCO2 similarly to the generalized coral 

response (Kleypas and Langdon 2006).  Their responses were assessed using the 

alkalinity anomaly (AA) method, with quantifies instantaneous, light-enhanced 

calcification over a period of 1-2 h.  S. radians from the lab study (Chapter 2) did not 

show statistically significant declines from pCO2 while S. hyades’s calcification declined 

with pCO2 only at its elevated, more optimal temperature.  These growth measurements 

were obtained using the buoyant weight (BW) method (Davies 1989), which incorporates 

mass gain over a longer time period (every two-weeks in the case of this experiment).  

These rates generally reflect both light and dark calcification hence are generally lower 

than AA-calcification.  For example, assuming the lab corals have uniform surface areas 

of 4.9 cm2, the mean BW rate for S. radians is 1.3 compared to 5.2  mmol m-2 h-1 

measured by AA in Chapter 3.  Likewise, S. hyades growth is 3.0 versus 4.1 mmol m-2 h-1 

for BW and AA, respectively.  It’s possible that because the BW method records 

calcification at lower rates, the pCO2 signal may not appear over natural variability.  

Additionally, the BW method measures mass increase, which is subject to error if other 

encrusting organisms add to the weight of the coral.  AA measures the direct uptake of 
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carbonate ions as they are incorporated into the coral skeleton over a shorter time period, 

meaning the measurement is more sensitive to changes in ambient chemistry.  This may 

be one explanation for the discrepancies observed between the AA and BW methods. 

The experiments yielding consistent declines in calcification generally measure 

coral growth through AA (Langdon et al. 2000; Leclercq et al. 2000; Langdon and 

Atkinson 2005; Schneider and Erez 2006) while the studies with more variable results 

generally utilize BW  (Reynaud et al. 2003; Anthony et al. 2008; Ries et al. 2009).  The 

difference may be a result of the different timescales of measurement, where corals have 

time to adjust calcification rates, for example by gene expression or increased 

heterotrophy (Cohen and Holcomb 2009), although long-term experiments using AA still 

detected strong CO2 effects (Langdon et al. 2000). 

More simply, experimental power may have been too low to detect pCO2 effects 

for certain corals in the laboratory experiment.  Given the variability of growth rate of S. 

radians encountered in the lab experiment a difference in the relative growth in excess of 

100% would have been  necessary to be statistically significant at α = 0..  Based on the 

field study a decrease of 60-80% [unit ∆ calcification *∆ unit Ωarag =  -0.4 *(3.1-1.6) or -

0.4*(3.1-1.1)] would have been expected at the intermediate and high CO2 treatment and 

hence would not have been statistically detectable.  

 

Potential mechanisms for calcification resistance to pCO2 

These experiments presented evidence that some corals are resistant to ocean 

acidification.  The means by which corals might achieve CO2-resistant calcification are 

unknown.  Many researchers have shown calcification is a linear function of saturation 
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state (Langdon et al. 2000; Leclercq et al. 2000; Marubini et al. 2001; Leclercq et al. 

2002; Ohde and Hossain 2004; Langdon and Atkinson 2005), which is directly 

proportional to carbonate ion concentration.  As more CO2 dissolves in the ocean, [CO3
2-] 

decreases while [HCO3
-] increases, causing saturation state reductions and depressed 

calcification (Langdon et al. 2000; Schneider and Erez 2006; Marubini et al. 2008).  

Hence, one possible mechanism of calcification-resistance could involve corals switching 

from CO3
2- to HCO3

- as the primary substrate used for calcification.  If corals were able 

to utilize ambient bicarbonate, they would have more substrate available for calcification 

under ocean acidification scenarios.  To date, only Madracis auretenra has been shown 

to utilize bicarbonate instead of carbonate for calcification (Jury et al. 2010).  Chapters 3 

and 4 did not support this hypothesis because bicarbonate levels increased under elevated 

pCO2 conditions while calcification decreased.   

Many models of calcification posit that Ca2+-ATPase proton pumps drive pH 

gradients that create favorable calcification conditions (Adkins et al. 2003; Al-Horani et 

al. 2003; McConnaughey 2003; Cohen and Holcomb 2009; McCulloch et al. 2012).  

Workers have focused on these pumps as the mechanism through which organisms 

respond to ocean acidification (Ries 2011a; McCulloch et al. 2012), with organisms that 

maintain tight control over calcifying space and have strong proton pumps as more likely 

to resist ocean acidification.  Ries (2011a) split this mechanism into two models, with 

proton pumps: 1) pumping out a fixed number of protons against the external seawater 

gradient, or 2) maintaining a constant proton gradient between internal and external 

conditions.  Reduced ambient seawater pH would increase the metabolic cost of 

maintaining the pH gradients under the first model, while in the second corals would still 
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maintain elevated pH but at a reduced energetic cost because they would not have to 

pump out as many protons to achieve the target gradient.   This mechanism could apply 

to many different organisms and could be the means by which some taxa resist ocean 

acidification. 

The stimulation of photosynthesis by increased pCO2 is another proposed 

potential CO2-calcification resistance mechanism.  Increased CO2 concentrations could 

reduce photorespiration in symbiotic zooxanthellaes’ form II Rubisco leading to a more 

efficient Calvin cycle or indirectly reduce the metabolic costs of operating a carbon-

concentrating mechanism (CCM) (Leggat et al. 1999; Bertucci et al. 2010).  Increased 

photosynthesis might then boost calcification (Gattuso et al. 1999; Furla et al. 2000; 

Marubini et al. 2001; Al-Horani et al. 2003; Allemand et al. 2004; Al-Horani et al. 2005), 

likely through 1) the production of CO3
2- as carbonic anhydrase dehydrates HCO3

- to 

supply CO2 for photosynthesis, 2) removal of CO2 elevating pH and essentially 

countering ocean acidification, and 3) additional photosynthates for calcification.  The 

basis for this mechanism requires photosynthetic stimulation in higher pCO2, for which 

evidence is equivocal: some researchers have shown potential CO2-fertilization 

(Marubini et al. 2008) while others, including this study, have not (Langdon et al. 2003; 

Reynaud et al. 2003; Schneider and Erez 2006).  Often CO2 does not increase 

photosynthesis because it is not the limiting variable (Oren et al. 2001).  Whether or not 

CO2 fertilizes photosynthesis, photosynthesis generally does not buffer calcification 

declines from increased CO2 (Langdon and Atkinson 2005; Kroeker et al. 2010). 

 



111 
 

 
    

Tradeoffs in coral calcification 

 Chapter 3 presents evidence of two different growth strategies between S. hyades 

from locations with different environmental histories.  S. hyades from Florida Bay 

tolerated stress better while conspecifics from Triangles patch reef were faster calcifiers.  

Corals were tested by extreme cold stress seven months into the transplant experiment; 

therefore, it is unknown whether corals can adjust growth strategies over a longer time or 

with more gradual stress (acclamatory response) or if they are genetically predisposed 

towards a growth strategy (adaptive response).  This study did not track the zooxanthellae 

types hence their role in this tradeoff is unknown. The limited studies of coral growth 

tradeoffs (Little et al. 2004; Jones and Berkelmans 2010) focused on zooxanthellae 

dynamics and did not document coral mortality.  Assuming individuals follow one 

strategy or another, this could complicate efforts to characterize coral responses to 

climate change.  Regardless, climate change presents corals with a dilemma: increase 

stress tolerance or maintain high growth rates when both temperature and acidity are 

increasing. 

 

Coral growth records and proxies 

 Chapter 5 details how Solenastrea might have coped with the dilemma of stress 

tolerance versus growth by comparing its skeletal record to a long-term water quality 

dataset.  The species studied, Solenastrea bournoni, may be the same as the Solenastrea 

hyades examined in the laboratory and field experiments based on intermediate forms 

observed by Zlatarski and Martínez (1982).  This coral confirmed the utility of oxygen 

isotopes in reconstruction work and presented evidence for carbon isotopes as indicators 
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of productivity.  Temperature reconstructions showed most high temperature events 

occurred before 1900.  The coral’s persistence through those past conditions combined 

with knowledge of Florida Bay’s present conditions (summarized in Chapters 3 and 4) 

including high saturation states, suggests Florida Bay corals prioritize stress tolerance 

over calcification.  This strategy makes sense given that ambient chemistry is generally 

favorable for calcification and there is little competition for substrate because other coral 

species are not present in Florida bay.   

 

Significance and applications 

This dissertation demonstrates how corals are intimately connected to their 

environmental history, recording it in their skeletons and retaining the same growth 

strategies best-suited to their native environment even when transplanted to a new 

environment.  If other coral genera also employ different growth strategies that are 

shaped by long-term environmental history and do not change in the short-term (months 

to years), these results have implications for marine reserves, connectivity, and refugia.  

Based on these experiments, reefs with more variable conditions whose corals better 

tolerate stress are more ideal source populations for reef replenishment than corals from 

stable environments, as climate change is expected to exacerbate future temperature and 

pH stress.  Similarly Soto et al. (2011) noted Florida Keys sites with moderate 

temperature variance experienced smaller coral cover declines than sites with little or 

extreme variance. 

Furthermore, resistance to high temperatures takes precedence over maintaining 

high calcification rates given 1) most corals responded to temperature before CO2 
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(Chapter 2), 2) projected end-of-century summer temperatures (Sheppard and Rioja-Nieto 

2005) will likely exceed bleaching thresholds (Manzello et al. 2007), and 3) species that 

exert more control over their calcifying fluid  may be able to mitigate changes in 

chemistry due to ocean acidification (Ries 2011a; Ries 2011b; Rodolfo-Metalpa et al. 

2011). 

The calcification responses of stress tolerant corals to ocean acidification were 

characterized through a combination of field, laboratory and coral skeleton studies.  

These experiments indicate Florida Bay corals, while still vulnerable to ocean 

acidification, are more resilient to stresses than their oceanic counterparts and are likely 

to persist longer under climate change scenarios.
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