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Abstract

Ocean acidification will disproportionately impact the growth of calcifying organisms in coral reef ecosystems. Simul-

taneously, sponge bioerosion rates have been shown to increase as seawater pH decreases. We conducted a 20-week

experiment that included a 4-week acclimation period with a high number of replicate tanks and a fully orthogonal

design with two levels of temperature (ambient and +1 °C), three levels of pH (8.1, 7.8, and 7.6), and two levels of

boring sponge (Cliona varians, present and absent) to account for differences in sponge attachment and carbonate

change for both living and dead coral substrate (Porites furcata). Net coral calcification, net dissolution/bioerosion,

coral and sponge survival, sponge attachment, and sponge symbiont health were evaluated. Additionally, we used

the empirical data from the experiment to develop a stochastic simulation of carbonate change for small coral clusters

(i.e., simulated reefs). Our findings suggest differential impacts of temperature, pH and sponge presence for living

and dead corals. Net coral calcification (mg CaCO3 cm�2 day�1) was significantly reduced in treatments with

increased temperature (+1 °C) and when sponges were present; acidification had no significant effect on coral calcifi-

cation. Net dissolution of dead coral was primarily driven by pH, regardless of sponge presence or seawater tempera-

ture. A reevaluation of the current paradigm of coral carbonate change under future acidification and warming

scenarios should include ecologically relevant timescales, species interactions, and community organization to more

accurately predict ecosystem-level response to future conditions.
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Introduction

Global atmospheric CO2 (CO2 atm) has risen at an

unprecedented rate, bypassing the forewarned tipping

point of 350 ppm (Veron et al., 2009) and exceeding

400 ppm (NOAA/ESRL). Largely driven by anthropo-

genic emissions, the increase in CO2 atm has already

begun to disturb climate patterns, raise mean global

temperatures, and alter ocean chemistry (IPCC, 2013;

Bates et al., 2014). The ocean has warmed by approxi-

mately 0.5 °C since the 1970s and is projected to

increase an additional 1.8–4 °C by the end of the

century (IPCC, 2013). The partial pressure of CO2 in

seawater (pCO2) at multiple ocean observatories has

increased by 1.28–2.95 latm since 1984, with corre-

sponding decreases of 0.0013–0.0026 pH units (Bates

et al., 2014). Projected decreases in surface ocean pH

range from 0.06 to 0.32 by the end of the century

(15–109% increase in acidity; IPCC 2013).

Decreases in seawater pH and subsequent reductions

in the aragonite saturation state (Ωaragonite), known as

ocean acidification (OA), will disproportionately

impact calcifying organisms as available carbonate ion

(CO3�
2 ) concentrations decrease (Zeebe & Wolf-Glad-

row, 2001; Orr et al., 2005). Ocean acidification will

have substantial consequences for ecosystems engi-

neered by calcifying organisms, such as coral reefs.

Coral reefs are one of the most vulnerable ecosystems

to predict seawater chemistry changes; reduced calcifi-

cation rates have been reported across a range of coral

taxa exposed to experimentally altered pH or pCO2 lev-

els (e.g. Hoegh-Guldberg et al., 2007; Anthony et al.,

2008, 2011). While species vary in degree of vulnerabil-

ity, the effect of acidification on coral health, calcifica-

tion, survival, and reproduction has been shown to be

overwhelmingly negative (Marubini et al., 2008;

Anthony et al., 2011; Nakamura et al., 2011; Dufault

et al., 2012; McCulloch et al., 2012).

Concurrent inflation of sea surface temperatures as a

result of elevated CO2 atm will further impact coral cal-

cification and survival on reefs. Many coral species are

residing close to, or at, the limits of their physiological

thermal tolerance (Goreau & Hayes, 1994) and may

experience reductions in calcification rates as tempera-

tures rise (Jokiel & Coles, 1977). Additionally, corals

harboring symbiotic zooxanthellae are particularly

sensitive to temperature changes, as many clades of
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zooxanthellae are unable to tolerate short-term anoma-

lous temperature increases (or decreases) and may dis-

associate themselves from the corals. The expulsion or

loss of zooxanthellae, termed coral bleaching, often

results in coral mortality (Hoegh-Guldberg, 1999). As

shallow coastal waters experience record-breaking

summer temperature maxima at a higher frequency

and for longer durations (Hoegh-Guldberg, 1999; Erez

et al., 2011), corals will undoubtedly incur reductions in

calcification and survival (Hoegh-Guldberg et al., 2007).

As coral calcification rates are reduced by acidificat-

ion and temperature increases, reef accretion rates are

expected to decline, slowing the overall growth rate of

reefs and reducing the resilience of these ecosystems.

Simultaneously, the physical, chemical, and biological

breakdown of carbonate may be accelerated as reefs are

subjected to stressors (e.g., rising temperatures) that

result in elevated coral mortality and reduced coral

cover (DeCarlo et al., 2014). Widespread declines in

coral coverage facilitate increased bioeroder abundance

(Rose & Risk, 1985; Holmes, 2000; Lopez-Victoria &

Zea, 2004; Carballo et al., 2013) and may result in reefs

shifting from net accretion to net erosion (Enochs et al.,

2015).

Increased bioerosion rates under acidification scenar-

ios have been reported for several bioeroding taxa,

including algae (Tribollet et al., 2009), polychaetes,

lithophagid bivalves (DeCarlo et al., 2014), and sponges

(Wisshak et al., 2012; Fang et al., 2013a; Stubler et al.,

2014). Sponges are often regarded as the most effective

taxonomic group of bioeroders in terms of the amount

of CaCO3 removed from coral reefs (Neumann, 1966;

Macgeachy, 1977; Glynn, 1997; R€utzler, 2002;

Sch€onberg, 2002), which can range from 0.84 to

23.00 kg CaCO3 m�2 year�1 (Hill, 1996; Zundelevich

et al., 2007; Nava & Carballo, 2008). Recent studies have

shown that boring rates of Cliona orientalis, an Indo-

Pacific boring sponge, increased in pre-infested dead

coral skeleton when exposed to predicted future pCO2

conditions, with no direct negative impacts to the

sponge reported (Fang et al., 2013; Wisshak et al., 2012).

In the Caribbean, Stubler et al. (2014) induced Cliona

varians colonization of living Porites furcata and found

that elevated pCO2 reduced coral calcification and led

to a significant increase in sponge-mediated erosion.

Bioerosion studies incorporating increased tempera-

ture have found a variety of sponge responses. Fang

et al. (2013a,b) observed higher C. orientalis bioerosion

rates under acidification and warming compared to

ambient conditions. However, the design used by Fang

et al. (2013a,b) was not fully orthogonal (temperature

increased in tandem with increasing pCO2), and thus,

the individual effects of temperature and acidification

were not assessed. A fully crossed design was used by

Wisshak et al. (2013) to evaluate sponge erosion at four

levels of pCO2 and temperature, with limited impacts

of temperature on bioerosion reported over an experi-

mental period of 72 h. Unfortunately, the main and

interactive effects of increased temperature and acidifi-

cation on sponge bioerosion rates have not yet been

thoroughly evaluated at a temporal scale that allows

sponges to physiologically acclimate to environmental

changes.

Many studies investigating tropical sponge bioero-

sion have used pre-infested dead substrate and do not

account for changes in competitive interactions

between sponges and living corals (i.e., attachment; but

see Stubler et al., 2014). Excavating sponges that harbor

zooxanthellae, such as members of the ‘Cliona viridis

species complex’ (Sch€onberg, 2000), must engage in a

direct spatial interaction with corals as they compete

for light and space on the reef (Hill, 1996). Stubler et al.

(2014) found no difference in C. varians attachment

rates to a common Caribbean coral as pH decreased

and concluded that the competitive interactions

between these two species will remain unchanged with

projected future pH conditions. However, the effects of

temperature increases were not evaluated. In fact, evi-

dence suggests that the competitive vigor of clionaid

sponges increases with temperature (Siegrist et al.,

1992; R€utzler, 2002).

This study investigated the bioerosion rates and com-

petitive interactions (attachment) occurring between

the excavating sponge C. varians (Duchassaing & Mi-

chelotti, 1864), a prominent Caribbean member of the

‘Cliona viridis species complex,’ and a common, herma-

typic coral, Porites furcata (Lamarck, 1816). Cliona vari-

ans is frequently found overgrowing and/or eroding

P. furcata and other hermatypic corals (Hill, 1996;

R€utzler, 2002) throughout the Caribbean region.

Gamma-stage (massive growth form) C. varians indi-

viduals are abundant space occupiers in shallow back-

reef environments (Wiedenmayer, 1977; Diaz, 2005)

and are considered competitively superior to most coral

species (Vicente, 1978). Therefore, C. varians and P. fur-

cata are ideal study organisms for investigating the

effects of acidification and warming on bioerosion and

spatial competition.

In this study, we employed a fully orthogonal design

with two levels of temperature (ambient and +1 °C),
three pH levels (ambient: 8.1, moderate: 7.8, and high:

7.6), and two levels of sponge (present and absent) to

evaluate the effects of acidification and warming on the

net calcification/dissolution of living and dead corals.

Net calcification of living corals, sponge and coral sur-

vival, sponge attachment, and sponge symbiont (zoo-

xanthellae) health were evaluated within each of the

crossed treatment levels. Net dissolution/bioerosion
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and the relevant sponge metrics were similarly evalu-

ated for dead corals. We predicted that the interactive

effects of increased acidification and temperature

would amplify the erosional activity of C. varians and

lead to rapid dissolution of dead coral substrate. For

the living corals, we anticipated that any loss in carbon-

ate due to sponge bioerosion would be exceeded by

coral growth in the ambient temperature and pH treat-

ments and that sponge bioerosion would only shift net

calcification below zero at the extreme pH and temper-

ature levels.

To integrate the findings of our controlled experi-

ments into the context of the entire reef and further

interpret the results of the study, we used empirical

observations of individual coral–sponge interactions to

develop a stochastic simulation of carbonate change for

small coral clusters (i.e., simulated reefs). This

approach used empirical data obtained from our full

suite of treatment conditions to simulate future scenar-

ios of reef development and provided a holistic assess-

ment of calcification, survival, and competitive

dynamics between P. furcata and C. varians.

Materials and methods

Flow-through system and treatments

The experiment began in July 2013 and ran for a total of

20 weeks. This included a 4-week acclimation period, fol-

lowed by 16 weeks of full-treatment conditions. Using the out-

door, unfiltered seawater system at the Smithsonian Tropical

Research Institute’s Bocas del Toro Station in Panama, a flow-

through pH-stat system was constructed using 12 reservoirs

(200 l each) that each fed 12 aquaria (1.8 l). Aquaria (n = 144)

were gravity-fed treated seawater at a rate of roughly

0.2 l min�1; seawater residence time in each aquarium was

~10 min. Reservoirs were randomly assigned pH and temper-

ature treatments, although some modification of temperature

treatment assignment was necessary to accommodate position

of electrical outlets. Aquariums connected to reservoirs were

randomly positioned and assigned sponge treatments (present

or absent; Figure S1a).

Three acidification treatments were employed; target pH val-

ues (NBS scale) were 8.1, 7.8, and 7.6 (hereafter: ambient, mod-

erate, and high acidification, respectively). These values

roughly corresponded with ambient pCO2 and the projected

levels of pCO2 for the years 2100 and 2300 guided by the IPCC

A1FI/RCP8.5 emissions scenario (IPCC, 2007; Meinshausen

et al., 2011) and models by Caldeira & Wickett (2003). In each

reservoir, pH was regulated continuously using a pH controller

(Reef Fanatic) connected to a CO2 regulator (Milwaukee

MA957; see Figure S1b). When reservoir pH levels exceeded

the target values for the moderate and high acidification treat-

ments, the controller opened a valve that delivered CO2 gas

until target values were restored (Anthony et al., 2008; Stubler

et al., 2014). Calibration of the pH controllers occurred every 2–

3 days using NIST standards to ensure minimal drift. No direct

CO2 manipulations occurred for the ambient pH treatments.

Two dynamic levels of temperature were applied, ambient

(no temperature alteration) and increased (+1 °C over ambi-

ent). While tropical water temperatures are expected to rise 1–
3 °C by the end of the century (multimodel ensemble; IPCC

2007), a conservative temperature increase of only 1 °C above

ambient was used. Temperature increases were achieved by

placing two 800W titanium heaters connected to a tempera-

ture controller within the appropriate reservoirs. Due to limi-

tations in electrical supply to the facility, the heat treatments

could only be applied to three reservoirs (n = 12 aquaria at

each acidification level), and the remaining reservoirs (n = 9)

were held at ambient temperature (n = 36 aquaria at each

acidification level) (Figure S1a). The flow-through system

allowed experimental temperature treatments to mirror the

diurnal and seasonal (rainy vs. dry) temperature variations

occurring in the bay where the seawater was drawn; therefore,

temperature ranged from 28.0–30.71 °C to 29.38–31.64 °C for

the ambient and increased temperature treatments, respec-

tively. Sponge treatments (present or absent) were applied

within the aquariums directly.

Daily measurements of pH (NBS scale), temperature, salin-

ity, and dissolved oxygen were recorded within each aquar-

ium. HOBO� temperature loggers were placed in one

representative aquarium from each reservoir to continuously

record temperatures. To characterize full water chemistry

parameters of treatments, discrete water samples (300 ml)

were taken monthly from each reservoir (n = 12 each month;

n = 36 total) following NOAA’s dissolved inorganic carbon

(DIC) sampling protocols. Water samples were immediately

preserved by adding 200 ll of a saturated mercuric chloride

(HgCl2) solution and stored at 4 °C. DIC measurements were

made using an EGM-4 Environmental Gas Analyzer � (PP Sys-

tems, Amesbury, MA, USA) after acidification and separation

of the gas phase from seawater using a LiquiCel � Membrane

(Membrana, Charlotte, NC, USA). The instrument was cali-

brated using standards made from sodium bicarbonate and

yielded a full recovery of Dr. Andrew Dickson’s (UCSD,

Scripps Institute of Oceanography) certified reference material

for total inorganic seawater (Batch 135: 2036 lmol DIC kg sea-

water�1). Levels of pCO2, total alkalinity, and Ωaragonite were

calculated by the CO2SYS program based on measured levels

of dissolved inorganic carbon, pH (NBS scale), temperature,

and salinity using the GEOSECS constants (designed for pH

measured on the NBS scale).

Acclimation period

To minimize stress attributable to sudden environmental

changes and reduce physiological shock, a 4-week acclimation

period was used to slowly bring subject organisms to full-

treatment conditions. Once organisms were placed in their

respective treatment tanks, pH was reduced by 0.1 units per

week for all acidification treatments; pH reductions were stag-

gered by treatment intensity to simultaneously reach target

values at the same rate. Therefore, reductions for the high

acidification treatment began immediately to reduce the pH
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from ambient to 7.6 over 4 weeks, followed by moderate

which was reduced over the last 2 weeks of the acclimation

period from ambient to 7.8. Temperature treatments were ele-

vated biweekly by 0.5 °C, regardless of acidification treat-

ment.

Study species

Approximately 30 small colonies of P. furcata were collected

from a continuous reef system on Isla Pastores, Panama (9°
13.5510 N, 82° 19.5380 W); colonies were separated by a mini-

mum distance of 5 m to increase the likelihood of obtaining

multiple genets. After collection, corals were placed in flow-

through seawater tables and the growing tips from healthy

branches were excised to create smaller fragments (3–6 cm in

length). Any fragments exhibiting necrotic tissue, bleaching,

disease, or infestations of bioeroders were discarded. It should

be noted that the complete exclusion of endolithic microbio-

eroders living symbiotically within corals (Gutner-Hoch &

Fine, 2011) was not possible due to the difficulty in visually

detecting their presence deep within the carbonate material.

After 1 week of recovery, each P. furcata fragment was tagged

and attached to a glass microscope slide using CorAffix� ethyl

cyanoacrylate glue. Corals were randomly distributed across

treatment tanks (n = 7 per aquarium) during the 4-week accli-

mation period.

Thirty large gamma-stage Cliona varians forma varians indi-

viduals (each >300 cm2 surface area) were collected at Isla Pa-

stores; standard spicule preparations confirmed species

identification. Sponge tissues (no carbonate material) were cut

into smaller explants (~8 cm3) which included approximately

4 cm2 of the ectosome, where the majority of zooxanthellae

reside, as well as a portion of the choanosome. Explants were

allowed a 7-day recovery period in a large raceway to ensure

that all sponges were healed before being placed in treatment

tanks. Aquaria designated as sponge treatments (n = 72) were

supplied 10 sponge explants. Sponges were placed in the same

tanks as corals but were separated within treatment tanks to

prevent premature interactions from occurring during accli-

mation. All coral and sponge fragments were elevated off the

bottom using plastic grating, and aquaria were siphoned

every 3 days to remove any accumulated sediment or debris;

any algal growth was also dislodged and removed by siphon-

ing. Aquaria and tubing were cleaned as necessary to main-

tain consistent water flow and light levels throughout the

experiment.

To detect differences in the effects of temperature, pH, and

sponge presence for living and dead corals, skeletal corals

were also included within each tank. Dead coral specimens of

P. furcata were collected from the reef system along Isla Pa-

stores, Panama. Dead corals were soaked in a 10% sodium

hypochlorite (bleach) solution for 3 days to remove any coral

tissue and epibiota. Skeletal fragments were then soaked in

deionized water (DIW) for 24 h, rinsed, and dried to a con-

stant mass at 60 °C. Fragments were tagged with unique IDs

and dry weights recorded. Dead corals were not assigned to

or placed in tanks until after the acclimation period was over

to prevent premature carbonate dissolution.

After the acclimation period, initial buoyant weights of the

living corals were determined following methods of Jokiel

et al. (1978) and Davies (1989). Sponges were then loosely

secured to coral fragments with cable ties (Sch€onberg & Wil-

kinson, 2001) and returned to designated treatment tanks (Fig-

ure S3b). Porites furcata fragments serving as controls (no

sponge attached) were also supplied a small marker cable tie

that mimicked the contact area of sponges (3.75 cm2) to par-

tially account for any abrasion or shading artifacts (Figure S3a).

Once acclimation was completed, the skeletal fragments were

placed in treatment tanks (n = 3 per aquarium). Dead coral

fragments that were assigned to sponge treatments had

sponges attached, while fragments designated as controls

received a cable tie as a procedural control.

Net change in calcium carbonate: living and dead corals

Living corals were buoyant-weighed – without any sponge

material attached – before and after the experiment to

determine the net change in calcium carbonate, hereafter

referred to as net calcification. After obtaining final buoyant

weights, living corals were soaked in a 10% sodium hypo-

chlorite solution for a minimum of 24 h, or until all tissue

was removed, and skeletal buoyant weights were obtained

for tissue correction (Davies, 1989). Corals were then soaked

overnight in DIW and triple-rinsed before being placed in

the drying oven for 72 h at 60 °C. Dry weights were

obtained for each coral. To quantify surface area of corals,

a standard paraffin wax-dipping procedure was used (Stim-

son & Kinzie, 1991; Holmes, 2008), which is an accurate

and efficient method for processing large quantities of cor-

als (Veal et al., 2010). Net calcification (mg CaCO3) was then

standardized to surface area and number of days the coral

spent in the experiment.

After the conclusion of the experiment, dead corals were

bleached and dried as previously described for the living cor-

als. The variability in the size and surface area of control dead

corals (no sponges present) prevented the application of a con-

stant correction for abiotic dissolution of carbonate material as

described by Fang et al. (2013a,b). It is important to note that

this study does not provide sponge bioerosion rates (defined

as the amount of carbonate material removed per area of

sponge contact over time; mg CaCO3 cm�2 day�1) because the

sponge contact area on living and dead corals could not accu-

rately be measured (see Figure S3d). Previous studies report-

ing sponge bioerosion rates (Fang et al., 2013a,b) have used

standardized, pre-infested carbonate material that (i) enabled

the accurate measurement of the sponge contact area, (ii)

allowed for the application of a correction factor for passive

dissolution, and (iii) distinguished between passive abiotic

dissolution and sponge bioerosion. Due to our inability to

measure sponge contact area and distinguish between abiotic

and biotic dissolution in the present experiment, the net

change in carbonate material for the dead corals will hereafter

be referred to as ‘net dissolution + bioerosion’. For each coral,

net dissolution + bioerosion (mg CaCO3) was standardized to

the surface area of the coral and number of days spent in the

experiment.
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Sponge attachment and symbiont health

Prior to experimental breakdown, an underwater pulse ampli-

tude-modulated (PAM) fluorometer (Walz, Germany) was

used to assess photosynthetic yield of sponges across all pH

and temperature treatments. Measurements of photosynthetic

yield (Fv/Fm) were taken at midnight to allow sponge symbi-

onts to dark-adapt naturally for ~6 h. After PAM measure-

ments were taken, sponges were removed from corals and

classified as either attached or not attached (Figure S3c). Two

small portions from the surface of each sponge (approximately

0.25 g) were excised for zooxanthellae and chlorophyll a

analysis. Each portion was gently blotted and weighed. The

chlorophyll a portion was placed in a small, labeled foil packet

and immediately frozen at �20 °C. Samples were then lyophi-

lized for 24 h and dry weights recorded. Dried sponge pieces

were added to aluminum-wrapped vials containing 10 ml of

90% acetone and stored at 4 °C overnight. After 18 h, each

sample was centrifuged and the absorbance of the supernatant

was measured at wavelengths 630, 647, 664, and 750 nm on a

scanning spectrophotometer (SpectraMax� Plus 384, Molecu-

lar Devices Corporation, Sunnyvale, CA, USA). Concentra-

tions of chlorophyll a were calculated based on equations

provided by Parsons et al. (1984) and standardized to dry and

blotted wet weights.

The second sponge portion was used to quantify the density

of zooxanthellae cells. Blotted wet weight was recorded, and

sponge piece was immediately homogenized using a mortar

and pestle and centrifuged at 2000 rpm for 5 min. Supernatant

was discarded, and 5 ml of filtered seawater was added to

resuspend the pellet; 1 ml of homogenized, resuspended fluid

was removed, and 200 ll of Lugol’s solution was then added

for cell staining and preservation. Zooxanthellae densities

were counted under the microscope using a hemocytometer,

and counts (5 replicates) were normalized to wet tissue

weights (cells g�1 sponge tissue). The amount of chlorophyll

per zooxanthellae cell was calculated by normalizing the chlo-

rophyll a concentration to wet mass and dividing by the num-

ber of cells found in one gram of wet sponge tissue (lg cell�1).

Stochastic simulation study

To fully integrate the data from the living and dead corals and

to understand how our results might translate to the reef level,

we used empirical values obtained from individual corals

within the experiment to simulate a series of reef replicates

exposed to the future conditions. The simulation incorporated

the following values for all treatment combinations obtained

from the actual experiment: coral survival (number of days),

net calcification rates for living coral (with and without

sponges present), net dissolution + bioerosion rates for dead

coral (with and without sponges present), and proportion of

successful attachment in sponge treatments. The simulation

incorporated the data that were not included in the analysis of

the mesocosm data, such as the net calcification of corals in

the sponge treatments that did not experience any erosion

because the sponge never attached. Input values for the model

were from individual corals (living/dead), rather than tank

means. Miniature reefs (hereafter, ‘trays’) consisted of 10

corals initialized at a standardized weight (600 mg) and sur-

face area (25 cm2). Change in calcium carbonate of trays

(n = 10 replicate trays per treatment) was simulated under a

fully orthogonal combination of temperature, pH, and sponge

treatment for 113 days (the duration of the mesocosm experi-

ment from which empirical values were drawn). All simulated

corals within the trays began as living corals and were

assigned a daily net calcification rate (mg cm�2 day�1) ran-

domly sampled with replacement from all calcification rates

recorded during the experiment for that treatment combina-

tion; thus, calcification rates varied daily for each of the mod-

eled coral individuals. Each coral within the trays was

randomly appointed a number of days to survive (based on

actual survival data). If corals were slated to expire before the

end of the model period, corals were assigned a randomly

sampled daily net dissolution rate appropriate for the specific

treatment combination once they ‘died’. A final, traywide

change in carbonate was then calculated and compared

between each treatment combination. Note that because the

simulation was based on empirical values obtained from the

mesocosm experiments, this model did not capture new

sponge recruitment to corals that were not interacting with a

sponge (which may occur in a real-world scenario, but logisti-

cally could not occur during the mesocosm experiments). The

goal of the simulation was to integrate the survival and

sponge attachment data with different calcification/dissolu-

tion rates observed between living and dead corals under

experimental conditions of temperature, pH, and sponge pres-

ence, thereby providing insight into how these effects might

propagate to higher levels of organization (i.e., the commu-

nity).

Data analysis

All data analysis was performed using R statistical software

(R Development Core Team, 2008). In summary, 1008 living

corals and 432 dead corals were distributed across 144 tanks

(seven live corals per tank and three dead corals per tank); 72

tanks were designated as sponge treatments, and 504 sponges

were attached to live corals and 216 sponges attached to dead

corals. The experimental design required the analysis of tank

means (n = 144), rather than individual coral/sponge units

(which were planned pseudoreplicates within tanks; Hurlbert,

1984). Only corals with sponges that had successfully attached

(as opposed to merely cable-tied on, but not attached) were

considered in the analysis of sponge treatments for survival

and calcification response; this reduced the number of tanks

included in the analysis (see Table 3 for final N analyzed per

treatment). Due to the resultant imbalance of the design, sur-

vival of corals (number of days in experiment) and net calcifi-

cation/dissolution + bioerosion (mg CaCO3 cm�2 day�1) of

dead and living corals were analyzed by permutation of the

residuals (n = 5000, without replacement) in a three-way

analysis of variance with three fixed factors (temperature, pH,

and sponge) following the guidelines of Anderson & ter Braak

(2003). Homogeneity of variances was tested for each term

using the nonparametric Fligner–Killeen test prior to permuta-
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tion tests, as this is the only assumption of permutation tests.

Changes in photosynthetic yield, zooxanthellae density, and

chlorophyll a (lg cell�1) were analyzed by permutation of the

residuals (n = 5000, without replacement) in a two-way analy-

sis of variance with temperature and pH as fixed factors

(Anderson & ter Braak, 2003). To determine whether attach-

ment was a response to the treatments, the proportion of

sponges that were attached to corals in each tank was calcu-

lated, and tank means were used to assess attachment for each

treatment. The mean proportion of sponges attached to corals

was analyzed using a binomial generalized linear model per-

mutation test (package: glmperm) with temperature and pH

as factors. Water chemistry parameters that were not directly

measured were calculated using the CO2SYS package, and a

two-way ANOVA was used to confirm that unique treatments

were established.

Simulated data from the stochastic model were analyzed

using regression with empirical variable selection (REVS),

which uses a branch-and-bound all-subsets regression to

quantify the empirical support for predictor variables (Goo-

denough et al., 2012). The REVS model is more effective than

stepwise, full, or all-subsets regression models (Goodenough

et al., 2012) because it selects models by the amount of empiri-

cal support, rather than systematically adding or removing

variables based on AIC or P-values. The REVS model was run

using the leaps function in R following the code provided by

Goodenough et al. (2012). Mean tray carbonate change from

the simulated data was the dependent variable, and parame-

ters included as predictor variables were temperature, pH,

sponge presence, and coral survival. Because carbonate loss

was directly related to survival (due to very different empiri-

cal living coral calcification and dead coral dissolution + bioe-

rosion rates), the mean of the lower quartile of days that corals

survived in each tray was used to represent the traywide sur-

vival in the regression model. Once the best fit model was

determined, tests were run to check the assumptions of (i) nor-

mality for the dependent variable and residuals, (ii) multicol-

linearity, (iii) homogeneity of variance, and (iv) independence

of the residuals. After failing to meet the assumptions of

homogeneity of variance and normality of the residuals, the

avas function in the R package acepack was used to fit the

additive, variance-stabilized models (AVAS) to the optimally

transformed dependent variable so that the additive models

fit well and had constant variance. Transformed predictor

variables were then once again tested for all aforementioned

assumptions.

Results

Water chemistry and treatment parameters

Mean temperature (� SD hereafter, unless otherwise

specified) of the ambient temperature treatment aqua-

ria was 29.7 � 0.4 °C (range was 28.0–30.71 °C) and

30.7 � 0.5 °C in the elevated temperature treatment

(range was 29.38–31.64 °C) over the 16-week

experimental period. The increased temperature treat-

ment tracked natural fluctuations and was consistently

~ 1 °C higher than the ambient values. Mean pH (NBS

scale) was 8.13 � 0.01, 7.77 � 0.02, and 7.57 � 0.03 for

the ambient, moderate, and high acidification treat-

ments, which corresponded to mean pCO2 of

539 � 48 latm, 1294 � 107 latm, and 2245 �
263 latm. Seawater carbonate chemistry parameters for

each treatment are found in Table 1. It is worth noting

that ambient pCO2, total alkalinity, and DIC values are

slightly higher than expected for coral reef ecosystems;

this is likely due to the influence of mangroves

surrounding the bay where the seawater intake lies for

the flow-through system (Zablocki et al., 2011).

Survival

All sponges survived for the entire duration of the

experiment. In general, moderate mortality was

observed for the corals, with 64% of all corals surviving

until the end of the experiment. Permutation of the

residuals from a three-way ANOVA analyzing coral sur-

vival as a function of sponge presence, temperature,

and pH revealed that the main effects of temperature

and sponge both significantly affected the number of

days that coral survived; no interactions were found

(Table 2). Surprisingly, higher temperatures signifi-

cantly increased coral survival (F(1,98) = 10.422,

P < 0.001) from 85.3 days (�29.4) to 103.1 (�15.9).

Sponge presence also positively affected coral survival

(F(1,98) = 4.62, P = 0.03); mean coral survival was 85.4

(�28.7) days in no sponge treatments and 98.0 (�23.8)

days in sponge treatments.

Attachment

Within sponge treatments, we attempted to induce

C. varians colonization of P. furcata. Some sponges

readily attached to corals (24% experiment-wide attach-

ment success), while the remainder did not physically

attach to corals. All donor sponges were gamma-stage

individuals, which may have predisposed the explants

to exist independent of substrate. The percentage of

sponges that attached to either living or dead corals

was not significantly affected by pH or temperature

(see Table 3 for summary of attachment percentages by

treatment).

Net calcification and dissolution + bioerosion

Living coral calcification (mg CaCO3 cm�2 day�1) was

significantly affected by temperature and sponge pres-

ence (F(1,100) = 7.68, P = 0.007 and F(1,100) = 11.26,

P = 0.001, respectively; Table 2A). Interestingly, pH

did not affect the net calcification of living corals

(P = 0.38). In general, increased temperatures sup-

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13002
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pressed coral calcification rates compared to ambient

temperatures (Fig. 1). Positive net calcification was

observed in all corals when no sponge was present,

regardless of pH or temperature treatment (Fig. 1,

Table 3). However, when sponges were present, corals

experienced decreased or negative net calcification

(Fig. 1, Table 3). The corals without attached sponges

exhibited the highest mean calcification rates in the

ambient temperature*high acidification treatment

(0.22 � 0.16 mg CaCO3 cm�2 day�1) and the lowest

mean calcification rates in the increased tempera-

ture*ambient acidification treatment (0.08 � 0.12 mg

CaCO3 cm�2 day�1; Table 3). For corals with attached

sponges, the greatest loss of CaCO3 was found in the

increased temperature*moderate acidification treat-

ment (�0.13 � 0.22 mg CaCO3 cm�2 day�1).

Net dissolution + bioerosion of dead coral was sig-

nificantly affected by pH (F(2,92) = 4.80, P = 0.007,

Table 2B); neither sponge presence nor temperature

was significant effects (Fig. 2). Net dissolution + bioero-

sion (mg CaCO3 cm�2 day�1) in the dead corals was

approximately 60% greater in the moderate and high

acidification treatments (�0.041 � 0.06 and �0.039 �
0.03, respectively) than the ambient (�0.015 � 0.02;

Table 3).

Sponge symbiont parameters

Neither zooxanthellae densities (cells g�1 sponge tis-

sue) nor the amount of chlorophyll a per zooxanthellae

cell (lg cell�1) differed significantly due to either pH or

temperature for sponges attached to living or dead cor-

als. There was a significant main effect of pH on photo-

synthetic yield (Fv/Fm) of sponges attached to living

corals (F(2,59) = 4.72, P = 0.01); there was also a signifi-

cant interaction between pH and temperature

(F(2,59) = 5.37, P = 0.008). In the ambient temperatures,

photosynthetic yield plateaued between moderate and

high acidification levels; however, when temperatures

were increased, the photosynthetic yield was highest in

the high acidification treatment. For the photosynthetic

yield of sponges attached to dead corals, the main effect

of pH was significant (F(2,63) = 3.771, P = 0.03); photo-

synthetic yield of the symbionts increased with acidifi-

cation, regardless of temperature. See Table 4 for mean

values (�1 SD) of all symbiont parameters in each

treatment combination.

Simulation model

The regression model that met all assumptions and best

explained reef-level carbonate change (DCaCO3)

included temperature and coral survival as predictor

variables (adjusted R2 = 0.14, P < 0.001). Temperature

played an important role in reducing calcification of liv-

ing corals in the mesocosm experiment; it is therefore

intuitive that within the simulated data, temperature

along with the amount of time a coral survived ulti-

mately dictated DCaCO3 at the reef level. Increased

temperature also resulted in statistically higher survival

days in the mesocosms (Table 2); therefore, the rela-

tionship between temperature and survival lends itself

to complicated results. The maximum DCaCO3 of any

tray with 100% coral survival in an increased tempera-

ture treatment was 23% less than the maximum

DCaCO3 in a tray with 100% coral survival in ambient

temperature. In trays where coral survival was <100%,

DCaCO3 was 56% lower in the increased temperature

trays, as compared to the ambient temperature

(although caution should be used when interpreting

Table 1 Summary of measured (*) and calculated (**) seawater chemistry parameters represented as means � 1 SD. Reported

values of temperature, salinity and pH (NBS scale) were measured daily in aquaria. Total scale pH and carbonate chemistry values

were calculated from preserved DIC samples and represent the mean values from treatment reservoirs at three time-points collected

midday at the beginning, middle, and end of the experiment

Ambient temperature Increased temperature

Ambient

acidification

Moderate

acidification

High

acidification

Ambient

acidification

Moderate

acidification

High

acidification

Temperature (°C)* 29.77 � 0.4 29.76 � 0.4 29.76 � 0.4 30.67 � 0.5 30.79 � 0.5 30.62 � 0.4

Salinity* 33.38 � 0.5 33.35 � 0.6 33.34 � 0.6 33.35 � 0.5 33.29 � 0.5 33.37 � 0.5

pH (NBS scale)* 8.14 � 0.01 7.78 � 0.02 7.56 � 0.03 8.13 � 0.01 7.76 � 0.04 7.58 � 0.03

pH (Total scale)** 8.04 � 0.01 7.68 � 0.04 7.48 � 0.04 8.03 � 0.01 7.66 � 0.05 7.50 � 0.04

Total Alkalinity**
(lmol kg�1 seawater)

2724 � 209 2535 � 162 2595 � 156 2612 � 131 2538 � 113 2704 � 214

DIC* (lmol kg�1 seawater) 2438 � 190 2448 � 152 2578 � 154 2338 � 114 2448 � 110 2679 � 215

pCO2** (latm) 540 � 54 1284 � 90 2253 � 232 534 � 14 1337 � 185 2234 � 328

Ωaragonite ** 3.4 � 0.2 1.56 � 0.18 1.04 � 0.11 3.26 � 0.03 1.56 � 0.16 1.13 � 0.11

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13002
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this value, as only n = 2 trays in the increased tempera-

ture treatments experienced less than 100% survival).

Averaging over all treatments, when survival was

<100%, reef calcification was 17% less than when coral

survival was 100%. Mean values of DCaCO3 in each

treatment remained positive and experienced net accre-

tion over the modeled 113-day period; however, the

DCaCO3 was lowest in the increased temperature*high
acidification*sponge treatment, which was an order of

magnitude less than any other treatment, even though

survival was 100% for all trays. When compared to the

ambient temperature*ambient acidification*sponge
treatment, coral trays exhibited 90% less calcification,

indicating that, although not statistically significant, the

combination of high temperatures, acidification, and

sponge erosion will reduce calcification even when all

corals survive.

Discussion

The present study tested the relative contributions of

the main and interactive effects of acidification,

temperature, and sponge presence on net calcification

and dissolution + bioerosion of living and dead

P. furcata fragments. Previous studies of clionaid

bioerosion rates using pre-infested carbonate sub-

strate found a positive relationship with acidification

and warming but did not aim to include the direct

interactions (attachment and subsequent erosion)

occurring between living corals and boring sponges

(e.g., Wisshak et al., 2012; Fang et al., 2013a,b). Stubler

et al. (2014) investigated the interactions between liv-

ing P. furcata and C. varians but found no difference

in sponge attachment rates to coral under experimen-

tally altered pH conditions expected within this cen-

tury. While Stubler et al. (2014) suggested that the

interaction between P. furcata and C. varians may

remain unchanged with minor acidification, our

understanding of the interactive effects of acute acidi-

fication and temperature rise on coral–sponge interac-

tions remains limited. The data presented here

address this gap in our understanding and demon-

strate differential impacts of sponge bioerosion and

attachment for living and dead corals under fully

Table 2 Results of permutation tests; the interactive and main effects of temperature, pH, and sponge are evaluated for (a) living

coral calcification (mg cm�2 day�1), (b) dead coral dissolution + bioerosion (mg cm�2 day�1), and (c) coral survival (days)

ANOVA df SS MS F-value P (perm)

(a) Net Calcification

Temperature 1 0.20 0.20 7.68 0.007***

pH 2 0.05 0.03 0.98 0.38

Sponge 1 0.29 0.29 11.26 0.001***

Temp*pH 2 0.01 0.004 0.15 0.86

Temp*Sponge 1 0.02 0.02 0.81 0.37

pH*Sponge 2 0.03 0.01 0.37 0.59

Temp*pH*Sponge 2 0.04 0.02 0.59 0.45

Residuals 100 2.56 0.03 — —

(b) Net Dissolution + bioerosion

Temperature 1 0.0001 0.0001 0.085 0.78

pH 2 0.014 0.007 4.803 0.007***

Sponge 1 0.0001 0.0001 0.084 0.77

Temp*pH 2 0.0003 0.0001 0.093 0.91

Temp*Sponge 1 0.003 0.003 1.995 0.16

pH*Sponge 2 0.002 0.001 0.689 0.50

Temp*pH*Sponge 2 0.009 0.004 2.901 0.07

Residuals 92 0.138 0.0014 — —

(c) Coral Survival

Temperature 1 6932.5 6932.5 10.42 <0.001***
pH 2 319.3 159.6 0.24 0.80

Sponge 1 3075.4 3075.4 4.62 0.03***

Temp*pH 2 1783.0 891.5 1.34 0.27

Temp*Sponge 1 839.8 839.8 1.26 0.26

pH*Sponge 2 3961.9 1981.0 2.98 0.054

Temp*pH*Sponge 2 458.1 229.1 0.34 0.72

Residuals 98 65186.9 665.2 — —

***Significant factors.

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13002
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crossed acidification and warming scenarios expected

for the next century and beyond.

Experimental manipulation of acidification, temperature,
and sponge presence

The effects of acidification and warming on the interac-

tion between P. furcata and C. varians were evaluated

over an experimental period of 16 weeks (following a

4-week acclimation period). Temperature and sponge

presence had the most dramatic impact on net coral

calcification. An increase of 1 °C above ambient

temperature reduced net coral calcification in the

mesocosm experiment (Table 3). While some studies

have reported increased coral calcification when

temperatures exceeded 28 °C (Edmunds et al., 2012;

Porites rus), the optimal temperature range for coral cal-

cification is generally considered to be 25–28 °C (Jokiel

& Coles, 1977; Coles & Jokiel, 1978; Marshall & Clode,

2004). Corals residing beyond or at the upper limit of

this range – such as those in our study – may experi-

ence reductions in calcification as temperatures

increase (e.g., De’ath et al., 2009). Therefore, it is likely

that the addition of 1 °C over ambient caused tempera-

tures to surpass the optimal temperature range for

P. furcata calcification and resulted in the reduced calci-

fication rates found in the present study.

Surprisingly, acidification did not have a significant

effect on net P. furcata calcification even though the

Ωaragonite approached undersaturation in the highest

acidification treatments. Previous studies of congeners

have shown both resilience (Porites rus; Edmunds et al.,

2012) and sensitivity (Porites lobata, Anthony et al.,

2008) to acidification. Reduced calcification rates in

P. furcata were reported by Stubler et al. (2014) after

8 weeks of exposure to elevated pCO2 (~750 latm), yet

no reduction in calcification was observed in the pres-

ent study of P. furcata at pCO2 levels of ~1200 and

2200 latm. One explanation for the difference may be

that the present study incorporated a longer experi-

mental duration (16 weeks), an acclimation period

(4 weeks), and a more robust experimental design with

a greater number of replicates than Stubler et al. (2014).

The acclimation period and longer experimental period

may have allowed the corals to physiologically alter

their response to pH changes (full acclimatization).

There is currently no consensus as to whether an accli-

mation period should be standard procedure for acidi-

fication studies. However, the disparity in the response

of P. furcata to acidification between Stubler et al. (2014)

and the present study suggests that the use of an accli-

mation period may alter coral calcification response.

The literature is replete with discrepancies in coral

calcification response to pH changes. McCulloch et al.

Table 3 Coral survival, net calcification, or dissolution + bioerosion rates, and the proportion of sponges attached are reported for

living and dead corals (mean � 1 SD). The final number of tanks analyzed is also presented for each treatment combination

Ambient temperature Increased temperature

Ambient

acidification

Moderate

acidification

High

acidification

Ambient

acidification

Moderate

acidification

High

acidification

Living corals, Sponge present

Coral Survival (days) 85.2 � 30.1 105.8 � 17.3 106.0 � 17.8 97.2 � 27.0 112.8 � 0.5 98.5 � 24.0

Net Calcification

(mg CaCO3 cm�2 day�1)

0.10 � 0.12 0.05 � 0.35 0.12 � 0.11 0.05 � 0.07 �0.13 � 0.22 �0.005 � 0.085

Proportion Attached 0.23 � 0.25 0.16 � 0.2 0.22 � 0.26 0.28 � 0.27 0.17 � 0.14 0.54 � 0.25

Final N (tanks) 12 8 9 4 4 6

Living corals, Sponge absent

Coral Survival (days) 83.4 � 28.3 80.1 � 33.3 82.8 � 32.6 108.3 � 7.6 110.3 � 12.2 92.1 � 27.0

Net Calcification

(mg CaCO3 cm�2 day�1)

0.17 � 0.14 0.15 � 0.13 0.22 � 0.16 0.08 � 0.12 0.15 � 0.13 0.12 � 0.15

Final N (tanks) 18 18 17 4 6 6

Dead Coral Skeletons, Sponge Present

Net Dissolution + bioerosion

(mg CaCO3 cm�2 day�1)

�0.01 � 0.01 �0.02 � 0.01 �0.05 � 0.06 �0.02 � 0.01 �0.11 � 0.01 �0.04 � 0.01

Proportion Attached 0.33 � 0.34 0.17 � 0.26 0.19 � 0.3 0.22 � 0.27 0.05 � 0.14 0.46 � 0.36

Final N (tanks) 11 6 7 3 2 5

Dead Coral Skeletons, Sponge Absent

Net Dissolution + bioerosion

(mg CaCO3 cm�2 day�1)

�0.02 � 0.03 �0.05 � 0.07 �0.03 � 0.01 �0.01 � 0.004 �0.02 � 0.001 �0.03 � 0.004

Final N (tanks) 18 18 17 6 5 6

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13002
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(2012) related the reported differences in coral response

to the species-specific ability of corals to control the pH

of their internal calcifying fluid (pHint). Active trans-

port of DIC, Ca2+, and H+ ions can alter pHint and may

facilitate coral calcification even when ambient seawa-

ter carbonate chemistry is less than favorable, albeit at

an increased metabolic cost (McCulloch et al., 2012).

Due to the excess energy supplied by photosynthetic

symbionts, zooxanthellate corals may be able to modify

their pHint more readily than azooxanthellate corals

further enabling calcification in acidified environments

(McCulloch et al., 2012). While the pH of the calcifying

fluid has not been measured for P. furcata, two other

Porites species exhibit low gradients between pHint and

seawater pH, suggesting that the genera may expend

less energy calcifying relative to other coral genera

(McCulloch et al., 2012). The species-specific physiology

may be one reason why the corals in the present experi-

ment did not exhibit large reductions in calcification,

even when seawater was nearly undersaturated with

respect to aragonite.

Sponge presence resulted in decreased P. furcata cal-

cification rates compared to control corals in the same

treatment combinations (Fig. 1, Table 3). On the con-

trary, sponge presence did not affect the net dissolu-

tion + bioerosion of dead corals. This finding differs

from prior studies examining the impact of sponge

presence on carbonate substrate dissolution. Previous

studies demonstrated that tropical (C. orientalis) and

temperate (C. celata) sponge bioerosion rates increased

with moderate acidification (500–750 latm) over time-

scales ranging from 72 h to 8 weeks (Duckworth & Pet-

erson, 2012; Wisshak et al., 2012, 2013, 2014; Fang et al.,

2013a,b); however, C. varians did not follow the same

pattern. The levels of pCO2 used in the present study

were much higher (~1200 and 2200 latm) and were

sustained for more than double the time (16 weeks)

used in prior analogous experiments. It is worth

consideration that passive dissolution may have

superseded any effect of sponge presence over the

16-week exposure to high acidification.

Many microborers, like the ubiquitous Ostreobium

sp., inconspicuously exist within carbonate material

and could have contributed to the net dissolution of

coral skeletons. The dead coral skeletons were bleached

prior to experimental manipulation, which effectively

removed all living organisms; however, 16 weeks is

ample time for colonization by endolithic microborers

such as algae, cyanobacteria, or fungi (Grange et al.,

2014). Measurable rates of biogenic carbonate dissolu-

tion due to endolithic organisms have been reported

under elevated pCO2 and temperature scenarios

(a)

(b)

Fig. 1 Net calcification (mg cm�2 day�1) of living Porites furcata at (a) ambient and (b) increased temperatures in each acidification

level over the 113-day experimental period. Corals with and without Cliona varians are denoted in gray and white, respectively. Box-

plots mark median values with a central bar, the 1st and 3rd quartiles with a box, the �1.5 interquartile ranges with ‘Tukey whiskers’,

and outliers with open circles.

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13002
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(Tribollet et al., 2009; Reyes-Nivia et al., 2013). Thus,

endolithic microeroders may have contributed to the

changes we attributed to passive dissolution in dead

coral skeletons. While no visible signs of microbioero-

sion or infestations by endoliths were found in the liv-

ing corals, the possibility that they contributed to the

net calcification cannot be discounted. However, net

calcification was not significantly different by pH treat-

ment, suggesting that microbioerosion was negligible

and did not impart any bias in the interpretation of

results.

Photosynthetic symbionts are thought to benefit from

acidification due to an increased concentration of

HCO�
3 , which is used during photosynthesis (Marubini

et al., 2008). Yet the photosynthetic response of zooxan-

thellae to acidification varies widely among inverte-

brates with negative (Iguchi et al., 2012), positive

(Langdon & Atkinson, 2005), and null (Kroeker et al.,

2010) effects reported. Studies of zooxanthellate

sponges have shown that bleaching is amplified by

increases in temperature and pCO2 (Fang et al., 2013a,b;

Wisshak et al., 2013); however, no bleaching was

observed in the present study. Although sponge symbi-

otic zooxanthellae did not exhibit significant changes in

population density or chlorophyll a concentrations in

any of the treatment combinations, the photosynthetic

yield of symbionts in C. varians was higher in acidified

treatments (Table 4). This study highlights the need to

further elucidate the role that zooxanthellae play in

promoting sponge bioerosion (Hill, 1996) under future

environmental conditions.

Attachment – one measure of direct competition

between C. varians and living P. furcata – was not

affected by either temperature or acidification; the pro-

portion of sponges attached to dead coral skeletons was

also shown to be independent of treatments. The exper-

iment-wide attachment percentage (24%) was compara-

ble to other studies attempting to induce C. orientalis

colonization of coral substrate (25–30%; Sch€onberg &

Wilkinson, 2001). In a similar study to the one pre-

sented here, Stubler et al. (2014) monitored weekly

attachment rates between C. varians and P. furcata and

found no differences due to acidification. Our results

support this finding and suggest that the interaction

between C. varians and P. furcata will not be altered as

a result of acidification and/or warming.

Interestingly, sponge presence actually increased the

mean days of survival for P. furcata by 21% across all

treatments. While the reason for increased coral sur-

vival is unclear, interpretation at a larger reef scale

should be cautiously approached as further overgrowth

and shading of coral tissue will undoubtedly result in

(a)

(b)

Fig. 2 Net dissolution and bioerosion (mg CaCO3 cm�2 day�1) of dead Porites furcata skeletons at (a) ambient and (b) increased tem-

peratures in each acidification level over the 113-day experimental period. Skeletons with and without Cliona varians present are

denoted in gray and white, respectively. Boxplots mark median values with a central bar, the 1st and 3rd quartiles with a box, the �1.5

interquartile ranges with ‘Tukey whiskers’, and outliers with open circles.

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13002
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coral mortality. Temperature also positively impacted

the survival of P. furcata. The increased temperature

treatment was 30.7 � 0.5 °C; however, the corals were

collected from a very shallow reef that frequently expe-

riences water temperatures in excess of 30 °C in the dry

season. Perhaps the corals (and their zooxanthellae)

were already adapted to higher temperatures and were

therefore unaffected by the heat stress imposed during

the experiment, a phenomenon observed in corals

inhabiting shallow lagoons in Indonesia (Hoeksema,

1991; Rowan, 2004). Alternatively, the corals may have

responded to the temperature stress by shifting their

energy toward maintenance and survival, which may

also explain the reduced calcification and growth,

although further work must be done to support this

hypothesis.

Modeling future reef erosion

The experimental portion of the present study looked

at sponge erosion of living and dead coral in elevated

temperature and acidification scenarios; however, the

study did not evaluate impacts at the reef level. There-

fore, a stochastic model was developed to empirically

simulate the response of a reef system experiencing

growth, bioerosion, death, and dissolution. We used

the results of the simulation study as a tool to guide the

interpretation and discussion of the observed sponge

and coral responses to warming and acidification from

our controlled experiment, given the relative impor-

tance of each factor for living and dead coral substrates.

Our simulation showed that temperature and the

demographic survival of corals are the most important

factors determining net calcification on future coral

reefs. Temperature reduced calcification for the simu-

lated P. furcata reef; however, survival was 22% higher

in elevated temperatures than in ambient. Caribbean

reefs have already begun (and will continue) to experi-

ence temperature increases related to climate change

(Kuffner et al., 2014); therefore, understanding the

relative impact of temperature is paramount. Our study

indicates that for P. furcata reefs that survive tempera-

ture increases, net calcification may not be as detrimen-

tally impacted by acidification or bioerosion as

previously postulated. Reefwide changes in calcifica-

tion will be largely dependent on direct temperature

effects and the ability of P. furcata to survive these

changes, rather than as a function of reduced calcifica-

tion rates or acidification per se.

Due to the relatively short experimental period and

the use of a single coral species from which empirical

values were drawn, the simulation does not incorporate

the long-term or any species-specific responses to ele-

vated physiological stress. Additionally, the impact on

reproductive effort and recruitment success was not

considered. McCulloch et al. (2012) modeled the future

response of several coral species to warming (+2 °C)
and acidification (~1000 latm) and found a slight calci-

fication increase, despite acidification, for coral species

that are able to upregulate pHint. This suggests that if

species capable of altering their pHint are able to main-

tain upregulation without unforeseen physiological

consequences, then acidification may not directly inhi-

bit calcification. However, any species unable to alter

the pHint may succumb to reduced calcification and

growth as temperature and pCO2 increase. Further, the

intrinsic capacity of corals and zooxanthellae for long-

term adaptation is still unknown.

The simulation was parameterized with empirical

data from our experimental manipulation and is not

meant to be a predictive model; therefore, we caution

against extrapolation beyond the scope of the experi-

mental parameters. Additionally, the low adjusted R2

(0.14) may suggest that additional important parame-

ters were absent from our investigation; we argue

against this interpretation as alternative models pro-

vided better adjusted R2 values (from 0.20 to 0.61);

however, these models were discounted as they failed

to meet one or more assumptions. The model that

explained the most variance (R2 = 0.61) included tem-

perature, coral survival, and sponge presence; however,

the assumptions of homogeneity of variance and nor-

mality of the residuals could not be met.

The sponge presence treatment in the simulation

study included all coral calcification data even when a

sponge did not successfully attach to a coral; therefore,

all coral–sponge interactions – even those that did not

lead to bioerosion – were incorporated. This resulted in

a wide range of calcification responses to sponge pres-

ence, but added an important scenario that was neces-

sarily excluded from the mesocosm experiment

analysis. Unfortunately, the addition of the sponge

term increased the heterogeneity of variance and led to

a subsequent rejection of the model explaining the most

variance. Ecologically, sponge contribution may be

increasingly important, even if bioerosion is not ampli-

fied, as the abundance of boring sponges increases on

reefs (Sch€onberg & Ortiz, 2008) and results in more

intense spatial competition with other benthic inverte-

brates, such as corals.

Summary

Based on our findings, little alteration to the direct inter-

actions between C. varians and P. furcata will occur as

pH and temperatures change. Assuming that the results

of this study are applicable to other species of coral and

boring sponges, we suggest that boring sponges will

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13002
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become increasingly important spatial competitors on

reefs as projected scenarios of warming and acidificat-

ion are realized. Temperature-induced reductions in net

coral calcification combined with increased sponge bioe-

rosion will synergistically destabilize reef growth, resil-

ience, and ultimately functionality. Meanwhile, passive

and biogenic dissolution of nonliving carbonate sub-

strate will occur, further leveling the topographical fea-

tures that create complexity on reefs. The stochastic

simulation model found that reef-level changes in net

calcification will be largely dependent on the ability of

corals to survive (and perhaps adapt or acclimate to)

future environmental changes. Our study demonstrates

the need to expand our understanding of the compli-

cated interactions between multiple stressors, bioero-

ders, and hermatypic organisms.

Acknowledgements

Many thanks to the staff at STRI, Jamie Gay, Melissa DeBiasse,
Sarah White, Greg Metzger, Alex Malvezzi, Lisa Jackson, Tracey
Vlasak, Brooke Morell, Kaitlyn O’Toole, and Ryan Wallace. Spe-
cial thanks to the anonymous reviewers who gave helpful com-
ments that greatly improved this manuscript. This project was
funded by the Smithsonian Institute’s Pre-Doctoral Fellowship
awarded to A.D. Stubler.

References

Anderson M, ter Braak C (2003) Permutation tests for multi-factorial analysis of vari-

ance. Journal of Statistical Computation and Simulation, 73, 85–113.

Anthony KR, Kline DI, Diaz-Pulido G, Dove S, Hoegh-Guldberg O (2008) Ocean acid-

ification causes bleaching and productivity loss in coral reef builders. Proceedings

of the National Academy of Sciences of the United States of America, 105, 17442–17446.

Anthony KRN, Maynard JA, Diaz-Pulido G, Mumby PJ, Marshall PA, Cao L, Hoegh-

Guldberg O (2011) Ocean acidification and warming will lower coral reef resil-

ience. Global Change Biology, 17, 1798–1808.

Bates N, Astor Y, Church M et al. (2014) A time-series view of changing ocean chem-

istry due to ocean uptake of anthropogenic CO2 and ocean acidification. Oceanog-

raphy, 27, 126–141.

Caldeira K, Wickett M (2003) Oceanography: anthropogenic carbon and ocean pH.

Nature, 425, 365.

Carballo JL, Bautista E, Nava H, Cruz-Barraza JA, Chavez JA (2013) Boring sponges,

an increasing threat for coral reefs affected by bleaching events. Ecology and Evolu-

tion, 3, 872–886.

Coles SL, Jokiel PL (1978) Synergistic effects of temperature, salinity and light on the

hermatypic coral Montipora verrucosa. Marine biology, 43, 209–216.

Davies PS (1989) Short-term growth measurements of corals using an accurate buoy-

ant weight technique. Marine Biology, 101, 389–395.

De’ath G, Lough JM, Fabricius KE (2009) Declining coral calcification on the Great

Barrier Reef. Science, 323, 116–119.

DeCarlo TM, Cohen AL, Barkley HC et al. (2014) Coral macrobioerosion is accelerated

by ocean acidification and nutrients. Geology, 43, 1–7.

Diaz MC (2005) Common sponges from shallow marine habitats from Bocas del Toro

region, Panama. Caribbean Journal of Science, 41, 465–475.

Duckworth AR, Peterson BJ (2012) Effects of seawater temperature and pH on the bor-

ing rates of the sponge Cliona celata in scallop shells.Marine Biology, 160, 27–35.

Dufault AM, Cumbo VR, Fan TY, Edmunds PJ (2012) Effects of diurnally oscillating

pCO2 on the calcification and survival of coral recruits. Proceedings. Biological Sci-

ences/The Royal Society, 279, 2951–2958.

Edmunds PJ, Brown D, Moriarty V (2012) Interactive effects of ocean acidification

and temperature on two scleractinian corals from Moorea, French Polynesia.

Global Change Biology, 18, 2173–2183.

Enochs IC, Manzello DP, Carlton RD, Graham DM, Ruzicka R, Colella MA (2015)

Ocean acidification enhances the bioerosion of a common coral reef sponge: impli-

cations for the persistence of the Florida Reef Tract. Bulletin of Marine Science, 91,

271–290.

Erez J, Reynaud S, Silverman J, Schneider K, Allemand D (2011) Coral calcification

under ocean acidification and global change. In Coral Reefs: An Ecosystem in Transi-

tion (eds Dubinsky Z, Stambler N), pp. 151–176. Springer, Netherlands.

Fang JK, Mello-Athayde MA, Sch€onberg CHL, Kline D, Hoegh-Guldberg O, Dove S

(2013a) Sponge biomass and bioerosion rates increase under ocean warming and

acidification. Global Change Biology, 19, 3581–3591.

Fang JK, Sch€onberg CH, Kline DI, Hoegh-Guldberg O, Dove S (2013b) Methods to

quantify components of the excavating sponge Cliona orientalis Thiele, 1900. Marine

Ecology, 34, 193–206.

Glynn PW (1997) Bioerosion and coral reef growth: a dynamic balance. In: Life and

Death of Coral Reefs (ed. Birkeland C), pp. 68–95. Chapman & Hall, New York.

Goodenough AE, Hart AG, Stafford R (2012) Regression with empirical variable

selection: description of a new method and application to ecological datasets. PLoS

ONE, 7, e34338.

Goreau TJ, Hayes RL (1994) Coral bleaching and ocean “hot spots”. Ambio, 23, 176–

180.

Grange J, Rybarczyk H, Tribollet A (2014) Successions of Microbioeroding Communi-

ties over a Year Period with a Monthly Resolution: Impact on Biogenic Dissolution

in Dead Corals (New Caledonia). 2014 Ocean Science Meeting.

Gutner-Hoch E, Fine M (2011) Genotypic diversity and distribution of Ostreobium que-

kettii within scleractinian corals. Coral Reefs, 30, 643–650.

Hill MS (1996) Symbiotic zooxanthellae enhance boring and growth rates of the tropi-

cal sponge Anthosigmella varians forma varians. Marine Biology, 125, 649–654.

Hoegh-Guldberg O (1999) Climate change, coral bleaching and the future of the

world’s coral reefs. Marine and Freshwater Research, 50, 839–866.

Hoegh-Guldberg O, Mumby PJ, Hooten AJ et al. (2007) Coral reefs under rapid cli-

mate change and ocean acidification. Science, 318, 1737–1742.

Hoeksema BW (1991) Controls of bleaching in mushroom coral populations (Sclerac-

tinia: Fungiidae) in the Java Sea: stress tolerance and interference by life history

strategy. Marine Ecology Progress Series, 74, 225–237.

Holmes KE (2000) Effects of eutrophication on bioeroding sponge communities with

the description of a new West Indian sponges, Cliona spp. (Porifera: Hadromerida:

Clionidae). Invertebrate Biology, 119, 125–138.

Holmes G (2008) Estimating three-dimensional surface areas on coral reefs. Journal of

Experimental Marine Biology and Ecology, 365, 67–73.

Hurlbert SH (1984) Pseudoreplication and the design of ecological field experiments.

Ecological monographs, 54, 187–211.

Iguchi A, Ozaki S, Nakamura T et al. (2012) Effects of acidified seawater on coral cal-

cification and symbiotic algae on the massive coral Porites australiensis. Marine

Environmental Research, 73, 32–36.

IPCC (2007) Climate Change 2007: Synthesis Report. Contribution of working groups I,

II and III to the Fourth Assessment Report of the International Governmental Panel on

Climate Change pp. 26–73, Valencia, Spain.

IPCC (2013) Climate Change 2013: The Physical Science Basis. Contribution of Work-

ing Group I to the Fifth Assessment Report of the Intergovernmental Panel on Cli-

mate Change. In: IPCC. (eds Stocker TF, Qin D, Plattner GK, Tignor M, Allen SK,

Boschung J, Nauels A, Xia Y, Bex V, Midgley PM), pp. 1535, IPCC, Cambridge.

Jokiel PL, Coles SL (1977) Effects of temperature on the mortality and growth of

Hawaiian reef corals. Marine Biology, 43, 201–208.

Jokiel PL, Maragos JE, Franzisket L (1978) Coral growth: buoyant weight technique.

UNESCO Monographs on Oceanographic Methodology, 5, 529–542.

Kroeker KJ, Kordas RL, Crim RN, Singh GG (2010) Meta-analysis reveals negative yet

variable effects of ocean acidification on marine organisms. Ecology letters, 13,

1419–1434.

Kuffner IB, Lidz BH, Hudson JH, Anderson JS (2014) A century of ocean warming on

Florida Keys coral reefs: historic in situ observations. Estuaries and Coasts, 38, 1085–

1096.

Langdon C, Atkinson MJ (2005) Effect of elevated pCO2 on photosynthesis and calcifi-

cation of corals and interactions with seasonal change in temperature/irradiance

and nutrient enrichment. Journal of Geophysical Research: Oceans (1978–2012), 110,

C09S07, 1–16.

Lopez-Victoria M, Zea S (2004) Storm-mediated coral colonization by an excavating

Caribbean sponge. Climate Research, 26, 251–256.

Macgeachy J (1977) Factors controlling sponge boring in Barbados reef corals. Proceed-

ings of the 3rd International Coral Reef Symposium, 2, 477–483.

Marshall AT, Clode P (2004) Calcification rate and the effect of temperature in a zoo-

xanthellate and an azooxanthellate scleractinian reef coral. Coral Reefs, 23, 218–224.

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.13002

14 A. D. STUBLER et al.



Marubini F, Ferrier-Pag�es C, Furla P, Allemand D (2008) Coral calcification responds

to seawater acidification: a working hypothesis towards a physiological mecha-

nism. Coral Reefs, 27, 491–499.

McCulloch M, Falter J, Trotter JA, Montagna P (2012) Coral resilience to ocean acidifi-

cation and global warming through pH up-regulation. Nature Climate Change, 2,

623–627.

Meinshausen M, Smith SJ, Calvin K et al. (2011) The RCP greenhouse gas concentra-

tions and their extensions from 1765 to 2300. Climatic change, 109, 213–241.

Nakamura M, Ohki S, Suzuki A, Sakai K (2011) Coral larvae under ocean acidificat-

ion: survival, metabolism, and metamorphosis. PLoS ONE, 6, e14521.

Nava H, Carballo JL (2008) Chemical and mechanical bioerosion of boring sponges

from Mexican Pacific coral reefs. The Journal of Experimental Biology, 211, 2827–

2831.

Neumann AC (1966) Observations on coastal erosion in Bermuda and measurements

of the boring rate of the sponge, Cliona lampa. Limnology and Oceanography, 11, 92–

108.

NOAA/ESRL. Dr. Pieter Tans, NOAA/ESR. Available at: www.esrl.noaa.gov/gmd/

ccgg/trends/ (accessed 4 April 2015).

Orr JC, Fabry VJ, Aumont O et al. (2005) Anthropogenic ocean acidification over the

twenty-first century and its impact on calcifying organisms. Nature, 437, 681–686.

Parsons TR, Maita Y, Lalli CM (1984) A Manual of Chemical and Biological Methods for

Seawater Analysis. Pergamon Press, New York.

R Core Team (2008) R: A language and environment for statistical computing. R

Foundation for Statistical Computing, Vienna, Austria. http://www.R-projec-

t.org/ (accessed 4 April 2015)

Reyes-Nivia C, Diaz-Pulido G, Kline D, Hoegh-Guldberg O, Dove S (2013) Ocean

acidification and warming scenarios increase microbioerosion of coral skeletons.

Global Change Biology, 19, 1919–1929.

Rose CS, Risk MJ (1985) Increase in Cliona deletrix infestation of Montastrea cavernosa

heads on an organically polluted portion of the Grand Cayman fringing reef. Mar-

ine Ecology, 6, 345–363.

Rowan R (2004) Thermal adaptation in reef coral symbionts. Nature, 430, 742.

R€utzler K (2002) Impact of crustose Clionid sponges on Caribbean reef corals. Acta

Geologica Hispanica, 37, 61–72.

Sch€onberg CHL (2000) Sponges of the ‘Cliona viridis complex’ – a key for species iden-

tification. Proceedings of the 9th International Coral Reef Symposium.

Sch€onberg CHL (2002) Substrate effects on the bioeroding Demosponge Cliona orien-

talis. 1. Bioerosion rates. Marine Ecology, 23, 313–326.

Sch€onberg CHL, Ortiz J-C (2008) Is sponge bioerosion increasing? In: Proceedings of

the 11th International Coral Reef Symposium (eds Riegl BM, Dodge RE), pp. 527–530.

International Society for Reef Studies, Fort Lauderdale, FL.

Sch€onberg CHL, Wilkinson CR (2001) Induced colonization of corals by a clionid

bioeroding sponge. Coral Reefs, 20, 69–76.

Siegrist HG, Bowman RG, Randall RH, Stifel PB (1992) Diagenetic effects related to

hot-water effluent in a modern reef on Guam. Pacific Science, 46, 379.

Stimson J, Kinzie RA (1991) The temporal pattern and rate of release of zooxanthellae

from the reef coral Pocillopora damicornis (Linnaeus) under nitrogen-enrichment

and control conditions. Journal of Experimental Marine Biology and Ecology, 153, 63–

74.

Stubler AD, Furman BT, Peterson BJ (2014) Effects of pCO2 on the interaction between

an excavating sponge, Cliona varians, and a hermatypic coral, Porites furcata. Marine

Biology, 161, 1851–1859.

Tribollet A, Godinot C, Atkinson M, Langdon C (2009) Effects of elevated pCO2 on

dissolution of coral carbonates by microbial euendoliths. Global Biogeochemical

Cycles, 23, GB3008.

Veal CJ, Holmes G, Nunez M, Hoegh-Guldberg O, Osborn J (2010) A comparative

study of methods for surface area and three-dimensional shape measurements of

coral skeletons. Limnology and Oceanography: Methods, 8, 241–253.

Veron JE, Hoegh-Guldberg O, Lenton TM et al. (2009) The coral reef crisis: the critical

importance of <350 ppm CO2. Marine Pollution Bulletin, 58, 1428–1436.

Vicente VP (1978) An ecological evaluation of the West Indian demosponge Antho-

sigmella varians (Hadromerida: Spirastrellidae). Bulletin of Marine Science, 28, 771–

779.

Wiedenmayer F (1977) Shallow-Water Sponges of the Western Bahamas. Birkhauser,

Verlag, Basel.

Wisshak M, Sch€onberg CHL, Form A, Freiwald A (2012) Ocean acidification acceler-

ates reef bioerosion. PLoS ONE, 7, e45124.

Wisshak M, Sch€onberg CHL, Form A, Freiwald A (2013) Effects of ocean acidification

and global warming on reef bioerosion—lessons from a clionaid sponge. Aquatic

Biology, 19, 111–127.

Wisshak M, Sch€onberg CHL, Form A, Freiwald A (2014) Sponge bioerosion acceler-

ated by ocean acidification across species and latitudes? Helgoland Marine Research,

68, 253–262.

Zablocki JA, Andersson AJ, Bates NR (2011) Diel aquatic CO2 system dynamics of a

Bermudian mangrove environment. Aquatic Geochemistry, 17, 841–859.

Zeebe RE, Wolf-Gladrow DA (2001) CO2 in Seawater: Equilibrium, Kinetics, Isotopes

(Vol. 65). Elsevier Science, Amsterdam.

Zundelevich A, Lazar B, Ilan M (2007) Chemical versus mechanical bioerosion of

coral reefs by boring sponges–lessons from Pione cf. vastifica. The Journal of Experi-

mental Biology, 210, 91–96.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. (a) Schematic illustration of the experimental
design and set-up. Round circles represent the reservoirs
(n = 12); solid color of the reservoirs indicates acidification
level (ambient: 8.1 pH, moderate: 7.8 pH, and high: 7.6 pH).
Hatched pattern indicates that the reservoir was designated
as a heat treatment. Each reservoir delivered treatment sea-
water to 12 small randomly distributed aquaria (represented
by small rectangles). Sponge treatment was applied within
the aquaria and is represented by a bold ‘S’. (b) Diagram of
direct application of the temperature and pH treatments. If a
reservoir (200 l) was designated as an increased temperature
treatment, two 800W heaters attached to a temperature con-
troller were placed in the reservoir. These heaters ensured
that water within the reservoir remained 1 °C above ambi-
ent in the flow-through system. If the reservoir was an acidi-
fied treatment (moderate or high), pH was regulated
continuously using a pH controller that was connected to a
CO2 regulator with an affixed solenoid valve; whenever res-
ervoir pH levels exceeded the target values for the moderate
and high acidification treatments, the controller opened a
valve that delivered CO2 gas until target values were
restored. Treatment water was gravity-fed from each reser-
voir to 12 aquaria (1.8 l).
Figure S2. Photo of the mesocosm experimental set-up at
the Smithsonian Tropical Research Institute’s Bocas del Toro
facility in Panama.
Figure S3. Photos of (a) an individual live P. furcata frag-
ment with control marker cable tie, (b) Cliona varians
attached to an individual P. furcata fragment in the meso-
cosm experiment, (c) Cliona varians attached to a dead coral
fragment and (d) an extreme example of sponge bioerosion
that occurred over the 113 day experiment. Note the diffi-
culty in measuring the sponge contact area in an accurate
manner.
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