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This study tested the hypothesis that intraspecific morphological plasticity within a scleractinian coral elicits dif-
ferential responses to elevated PCO2 and temperature. In Mo'orea, French Polynesia, two short-term laboratory
experiments (21 and 14 days) were conducted to test the effects of PCO2 (400 vs. 700 μatm), and PCO2 (400 vs
1000 μatm) combined with temperature (27.0 vs. 29.8 °C), on branches and plates of Porites rus. Experiments
employed two irradiances (~1000 vs 200 μmol photons m−2 s−1), which characterized the microenvironments
on the shallow fringing reefs where branching and plating morphologies are common, respectively. Calcification
of both morphologies was insensitive to PCO2, as well as the combined effects of elevated PCO2 and temperature.
Mean calcification rateswere faster in high light than in low light for bothmorphologies, and biomass was great-
er in plates than branches in all treatments. Together, our results suggest P. rus is robust to increased PCO2 and
high temperature within the constraints of the treatments applied. Morphological plasticity in this species
does not mediate physiological resistance to low pH and high temperature.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Multiple chronic and acute disturbances are threatening tropical
scleractinians (De'ath et al., 2012; Jackson et al., 2014), ultimately re-
ducing the ecological resilience (sensu Holling, 1973) of coral reef eco-
systems (Bellwood et al., 2004; McClanahan et al., 2002). One of the
major chronic disturbances affecting corals is ocean acidification (OA)
(Hoegh-Guldberg et al., 2007; Albright et al., 2016), which is the reduc-
tion in oceanic pH as a result of atmospheric carbon dioxide (CO2) dis-
solving in seawater (Doney et al., 2009). OA changes the
concentration of dissolved inorganic carbon (DIC) species in seawater,
and reduces the aragonite saturation state, which plays an important
role in determining the rate of coral calcification (Cohen and Holcomb,
2009) and reef accretion (Feely et al., 2009; Silbiger et al., 2014). Varied
physiological responses to elevated PCO2 have been identified both
within and among coral taxa (Comeau et al., 2013a, 2014; Kroeker et
al., 2010, 2013; Okazaki et al., 2016), which emphasizes the spectrum
of sensitivities of corals to reduced pH. Mechanisms supporting higher
resistance of individual corals to OA remain largely unknown
(Anthony et al., 2008; Cohen and Holcomb, 2009; Comeau et al.,
2013a, 2014).
iology, University of Hawaii, PO
Inter- and intra- specific variation in the sensitivity of scleractinians
to OA may be associated with aspects of skeletal phenotype, including
skeletal porosity and rate of CaCO3 deposition (Chan and Connolly,
2013; Comeau et al., 2014; Tambutté et al., 2015). Features of the
coral holobiont, such as corallummorphology and rates of calcification,
have been used in previous studies to distinguish functional groups of
corals based on their sensitivity to OA, but the distinction in sensitivity
between groups has been equivocal (Comeau et al., 2013a, 2014;
Darling et al., 2012; Edmunds, 2011). In natural environments and ma-
nipulative studies, mounding corals, such as massive Porites spp., are
more resistant to elevated PCO2 up to 2000 μatm, and temperatures as
high as 30 °C, compared to some branching corals, such as Acropora
spp. and Pocillopora spp. (Adjeroud et al., 2009; Comeau et al., 2014;
Loya et al., 2001; van Woesik et al., 2011). Organizing corals into func-
tional groups may be helpful in identifying responses to environmental
stressors.

Comeau et al. (2014) tested the effects of OA on corals categorized
into three functional groups based on: 1) corallummorphology, 2) skel-
etal porosity, and 3) speed of calcification (e.g., fast vs. slow). After
corals were exposed to ~2000 μatm PCO2 for 2 weeks, they found that
calcification rates of “fast-growing” corals (Acropora pulchra and
Psammacora profundacella) declined, whereas slow-growing corals
(Porites irregularis and Pocillopora damicornis) were unaffected. While
Comeau et al. (2014) did not find a strong association between corallum
morphology and sensitivity to OA, Anthony et al. (2008) found there
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was higher sensitivity in branching (A. intermedia) versus massive (P.
lobata) coral. The opposing conclusions by these two studiesmay reflect
the use by Comeau et al. (2014) of an experimental design inwhich spe-
cies was used as a random factor nested with a contrast of morphology,
and thus intrinsic differences between species may have reduced the
statistical power of detecting an effect of morphology. Potentially, the
results of a test formorphologymight bemore effective if it was accom-
plished using a single species that produced multiple morphologies
through phenotypic plasticity (e.g., Todd, 2008). To gain further insight
into the responses of corals to OA (Comeau et al., 2014; Darling et al.,
2012; Edmunds et al., 2014), it might therefore be valuable to consider
coral species that are plastic in select traits (e.g., morphology) to test the
role of variation within these traits in determining the extent of intra-
specific responses to OA.

For this study, two laboratory experiments were conducted to test
the hypothesis that corallummorphology in Porites rusmediates the re-
sponse to elevated PCO2 and seawater temperature. P. rus was selected
because it is morphologically plastic, and produces branches and plates
within a single colony (Jaubert, 1977; Padillo-Gamiño et al., 2012). In
Mo'orea, French Polynesia, where this study was conducted, P. rus is
abundant in shallow water (b4-m depth) where coral cover in 2012
(when this study was completed) was as high as 28% on fringing reefs
along the north shore (Adjeroud and Salvat, 1996; Jaubert, 1977;
Padillo-Gamiño et al., 2012); P. rus represented ~27–100% of this coral
cover (Edmunds, 2016).Morphological plasticity in P. rus is largely driv-
en by light (Jaubert, 1977; Padillo-Gamiño et al., 2012), with branches
forming in habitats with high light intensities, and plates forming in
habitats with low light intensities (Fig. 1).

Experiment 1 tested the response of branches and plates to PCO2
values expected to occur by 2100 under representative concentration
pathway (RCP) scenario 6.0 (700 μatm),whichpositsmitigation of fossil
Fig. 1. Branches (top) and plates (bottom) of Porites rus in Mo'orea, French Polynesia.
Pictures were taken on the fringing reef at 0.5-m depth in 2012.
fuel production by 2100 (Moss et al., 2010). Experiment 2 compared the
response of both morphologies to elevated PCO2 predicted to occur by
2100 under a more stringent scenario defined by RCP scenario 8.5
(1000 μatm), which represents a worst-case scenario for the end of
the current century (RCP Scenario 8.5; Moss et al., 2010). Additionally,
in the second experiment, PCO2 treatmentswere crossedwith a temper-
ature treatment that contrasted ambient (27.2 °C) with a temperature
2 °C above ambient, as predicted to occur by 2100 (29.8 °C) (Hoegh-
Guldberg et al., 2007). A light treatmentwas added to both experiments
to test for effects of the physical environment on the reef where the two
morphologies are found (e.g., Jaubert, 1977), and to avoid generating a
bias in the response of a morphology type to the PCO2 and temperature
treatments.

2. Materials and methods

2.1. Coral collection and acclimation

For each experiment, branches and plates of Porites ruswere collect-
ed haphazardly at 0.5–2.0 m depth along a fringing reef in Cook's Bay,
Mo'orea (17°48.96S, 149°81.88 W). Individual branches and plates
were placed in plastic bags and brought to the Richard B. Gump South
Pacific Station in a cooler filled with seawater. At the lab, branches
were trimmed to 3-cm length, and plates to 3-cm width, and attached
to plastic bases with marine epoxy (Z-Spar A-788 Splash Zone Com-
pound Los Angeles, CA, USA) in either an upright or horizontal position,
respectively. After allowing the epoxy to cure for 48 h under high flow,
corals were transferred to a 1000 L acclimation tank for 1 week, in
which they were exposed to similar conditions to those employed in
the subsequent mesocosm experiment. The acclimation period was
intended to reduce stress induced from collection and handling, and
to allow corals to acclimate to the incubation conditions prior to the
start of the experiment.

PCO2 and temperature in the acclimation tank were maintained at
ambient conditions in Cook's Bay when the experiments were conduct-
ed (~400 μatm PCO2 for both experiments, 27 °C for Experiment 1 in
April–May 2012, and 28 °C for Experiment 2 in January–February
2013). Branches and plates were evenly distributed throughout the cir-
cular acclimation tank, either in the center or the perimeter of a circular
table that rotated at two revolutions d−1 beneath four 75-W Light-
Emitting Diode lamps (AquaIllumination® LED System Model: Sol
Blue, Ames, IA). The LED lamps operated on a 12:12 h light:dark photo-
periodwith irradiance gradually increasing from 0 to 100% ofmaximum
irradiance, remaining at 100% for 4 h, and reducing in intensity over the
final 4 h of the day to simulate field conditions. Maximum light intensi-
tieswere ~300 μmol photonsm−2 s−1 and ~700 μmol photonsm−2 s−1

(measured with 4π quantum sensor [LI-193] and a LiCor LI-1400 m) at
the perimeter and center of the tank, respectively. These positions were
used tomimic high and low light intensity habitats on the fringing reefs
of Mo'orea where branches and plates of P. rus are most common, re-
spectively. Mean maximum light intensities in the habitats from
which the corals were collected were measured close to noon on
sunny days in April. Light intensities were measured using two MkV-L
logging light sensors (JFE Advantech Co., Kobe, Japan) each equipped
with a 4π spherical quantum PAR sensor, and placed at 0.5 m and
2.0 m depth in high and low light environments where branches and
plates were collected. The sensors recorded light in 10 min intervals
over 2 d (27–28 April 2012). Mean values of light intensities between
11:00–13:30 hwere 1472±92 μmol photonsm−2 s−1 where branches
were collected, and 226 ± 7 μmol photons m−2 s−1 where plates were
collected (±SE, n = 64; Fig. 2).

2.2. Seawater carbonate chemistry and tanks

Tanks used for both experiments contained 150 L of filtered seawa-
ter (passed through a sand filter) that was supplied continuously (200
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mLmin−1). Each tank was equipped with a temperature controller and
LED lamp, identical to the ones used in the acclimation tank,whichwere
used to create high and low light conditions (described below). Ambi-
ent PCO2 (400 μatm)wasmaintained through direct bubbling of ambient
air into the tanks, and elevated PCO2 (Experiment 1: 700 μatm and Ex-
periment 2: 1000 μatm)was generated bymixing enriched CO2 and am-
bient airwith a solenoid-controlled gas regulation system (Model A352,
Qubit, Ontario, Canada).

Temperature, pH, total alkalinity (AT), and salinity were monitored
throughout the experiment to characterize seawater carbonate chemis-
try (Table 1). Temperature and pH were measured twice daily (08:00 h
and 18:00 h), AT was assessed every other day by sampling 250 mL of
seawater from each tank, temperature was measured daily with a digi-
tal thermometer (Fisher Scientificmodel 15-077-9; accuracy±0.01 °C),
and salinity was measured daily with a YSI 3100 Conductivity Meter
(YSI Inc., Yellow Springs, OH, USA). Seawater pHT and total alkalinity
(AT) were calculated from titrations using the gran function in an
open-cell potentiometric automatic titrator (T50, Mettler-Toledo Inter-
national Inc., Columbus, OH, USA) fittedwith a DG115-SC pH probe that
was calibrated with TRIS buffer (A. Dickson, Scripps Institution of
Oceanography). Standard operating procedures 3b (Dickson et al.,
2007) were followed and AT of certified reference materials (Dickson
Laboratory, Scripps Institution of Oceanography) was determined
prior to seawater titrations, which provided values ±3.0 μmol kg−1

(Batch 108, n = 10) of certified values. Carbonate seawater chemistry
(PCO2, HCO3

−, CO3
−2, aragonite saturation state [ΩArag], and DIC) was cal-

culated using AT (μmol kg−1), pH, salinity, and temperature with the R
software package “seacarb” (Lavigne and Gattuso, 2012).
Table 1
Summary of seawater carbonate chemistry in Experiment 1 inwhich 8 tanks were assigned ran
and Experiment 2 in which 8 tanks were assigned randomly to four treatments designated as A
AT-HCO2 = ambient temperature high PCO2, HT-HCO2 = high temperature high PCO2 for 21d (

Treatment Temperature (°C) Salinity

Experiment 1 ACO2 27.99 ± 0.02 36.1
HCO2 28.01 ± 0.02 36.1

Experiment 2 AT-ACO2 27.32 ± 0.04 35.3
HT-ACO2 29.82 ± 0.05 35.3
AT-HCO2 27.05 ± 0.05 35.3
HT-HCO2 29.80 ± 0.04 35.3
2.3. Experiment 1

Experiment 1 tested the effects of high PCO2 on branches and plates
of Porites rus over 21 d in April–May 2012, with the PCO2 treatment se-
lected to represent conservative predictions for atmospheric levels of
CO2 by the end of the current century (700 μatm; RCP Scenario 6).
Therewere four replicate tanks for each PCO2, and seawater temperature
was maintained at 28.0 °C, which was the ambient seawater tempera-
ture when the experiment was conducted. Sets of three branches and
three plates were placed in the center and along the margin of the 8
tanks, where they received light from LED lamps at mean intensities
of 1017 ± 20 μmol photons m−2 s−1 and 251 ± 7 μmol photons m−2

s−1, respectively (±SE; n=24). Light intensities in all tanksweremea-
sured weekly with the 4π Li-Cor sensor when the LED lamps reached
100% power (between 10:00 and 14:00 h). Additionally, an MkV-L log-
ging light sensor was placed in the center, with another along the edge,
of one representative tank to compare light intensities in the tanks with
those recorded in the field using the same sensor (Fig. 2).

2.4. Experiment 2

Experiment 2 was conducted for 14 d from January–February 2013,
and tested the effects of elevated PCO2 and temperature at different light
intensities on branches and plates of P. rus. The high PCO2 treatmentwas
targeted at 1000 μatm, as it is amore stringent treatment than applied in
Experiment 1. PCO2 treatments were crossed with two temperatures
(27.2 °C and 29.8 °C) that provided exposure to the ambient seawater
temperature when the experiment was conducted, and +3 °C above
ambient seawater temperature when the experiment was conducted,
respectively. Two tankswere assigned to each of four treatments: ambi-
ent temperature-ambient PCO2 (AT-ACO2), ambient temperature-high
PCO2 (AT-HCO2), high temperature-ambient PCO2 (HT-ACO2), high tem-
perature-high PCO2 (HT-HCO2). Mean light intensities in the tanks were
reduced to 728 ± 30 μmol m−2 s−1 and 154 ± 4 μmol m−2 s−1 (±SE,
n = 8) to prevent paling of the corals, which was observed in plates
under high light during the first experiment. Light intensities were re-
duced by placing neutral density mesh over half of each tanks. Three
branches and three plates of P. rus were placed in both the high and
low light treatments within each tank, and were repositioned every
other day within each treatment to avoid position effects.

2.5. Calcification rates and biomass

In both experiments, calcification and tissue biomass were used to
determine the effect of treatments on the branches and plates of P.
rus. Calcification was measured by buoyant weighing (Davies, 1989)
corals at the beginning and end of each experiment, with the difference
between the two used to calculate the change in dry weight using the
density of aragonite (2.93 g cm−3). The dry weight increment was nor-
malized to time and the tissue area of the coral, as estimated using alu-
minum foil (Marsh, 1970) (units of mg cm−2 d−1).

Tissue biomass was also measured as an indicator of coral health in
the two morphologies. Biomass was measured by fixing corals in 10%
domly to four treatments of ACO2= ambient PCO2 and HCO2=high PCO2 for 21 d (n=74)
T-CO2 = ambient temperature ambient PCO2, HT-ACO2 = high temperature ambient PCO2,
n = 36). Mean ± SE (SE not shown when b0.01).

pH AT (μmol kg−1) PCO2 (μatm) ΩAragonite

8.07 2335 ± 1 374 ± 3 3.97 ± 0.02
7.84 2332 ± 1 712 ± 8 2.64 ± 0.02
8.06 2313 ± 2 379 ± 3 3.78 ± 0.02
8.03 2317 ± 2 406 ± 2 3.92 ± 0.02
7.67 2316 ± 1 1108 ± 15 1.79 ± 0.02
7.67 2318 ± 2 1107 ± 16 1.99 ± 0.02
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formalin, decalcifying in 5% HCl, removing endolithic algae and sponges
with forceps, and determining the dry weight of the tissue as described
below. In Experiment 1, decalcified tissue was homogenized by sonica-
tion in freshwater to produce a slurry (whichwas necessary for analyses
in a separate study), and duplicate aliquots were dried to a constant
weight for 48 h at 60 °C. In Experiment 2, the entire decalcified tissue
was rinsed in freshwater and dried to a constant weight at 60 °C for
72 h. Tissue biomasswas normalized to surface area (mg cm−2) to eval-
uate treatment effects on this variable.
2.6. Statistical analysis

In Experiment 1, calcification and biomass were initially analyzed
using a 4-way partly nested split-plot ANOVA, in which PCO2 was the
fixed between plot-effect, morphology, and light intensity were fixed
split-plot effects, and tank was treated as the plot (a random effect
nested within treatments) (Table 2A). In Experiment 2, calcification
and biomass were analyzed using a 5-way partly nested split-plot
ANOVA, with PCO2 and temperature as the fixed between plot-effects,
morphology and light intensity were split-plot effects, and tank was
treated as plot (a random effect nested within treatments) (Table 2B).
In both experiments, tank (as a nested effect), and all othermain effects
and their interactions were removed sequentially from the statistical
model when not significant at P ≥ 0.25 (Quinn and Keough, 2002),
which allowed for the utilization of reduced models in the final analy-
ses. Statistical analyses were performed using Systat 13 running in a
Windows environment. Assumptions of normality and homoscedastic-
ity were tested by graphical inspection of residuals.
Table 2
Results from the reducedmodel of the 3-way and 4-way partly nested split plot ANOVA for calc
2 (B), respectively. Interactions were removed from the model when P ≥ 0.250 (Quinn and Keo

Effect

A Experiment 1
Calcification source
Among plots PCO2
Within plots Light*

Morphology
Morphology × Light
PCO2 × Light
Error

Biomass source
Among plots PCO2
Within plots Light

Morphology*
Error

B Experiment 2
Calcification source
Among plots PCO2

Temperature
PCO2 × Temperature

Within plots Light*
Morphology*
Error

Biomass source
Among plots PCO2

Temperature
PCO2 × Temperature

Within plots Light
Morphology*
Morphology × Light
PCO2 × Morphology
PCO2 × Light
Light × Temperature
Morphology × Temperature
Light × Morphology × PCO2
Light × Morphology × Temperature
Light × Temperature × PCO2
Morphology × Temperature × PCO2
Light × Morphology × Temperature × PCO2
Error
3. Results

3.1. Experiment 1

3.1.1. Seawater carbonate chemistry
Mean PCO2 values across the four ambient PCO2 tanks (ACO2) were

maintained at 374±3 μatm, and at 712±8 μatm across the four elevat-
ed PCO2 tanks (HCO2) (±SE, n = 160; Table 1). Mean temperature
pooled among tanks was 28.00 ± 0.03 °C (mean ± SE, n = 320).
Mean light intensity for the high light treatment was 1017 ± 20 μmol
photonsm−2 s−1 and for low light treatment it was 251± 7 μmol pho-
tons m−2 s−1 (±SE, n = 24; Fig. 2). Neither temperature nor PCO2 dif-
fered between tanks within each treatment (P ≥ 0.165), and mean
light intensities were similar among all tanks (P = 0.237).

3.1.2. Response of corals
A majority of the coral fragments appeared healthy during the ex-

periment except for four plates incubated at high light intensity,
which turned pale regardless of PCO2 treatment and were removed
from the analysis. After 21 d, mean area-normalized calcification for
plates ranged from 0.45 ± 0.08 mg d−1 cm−2 (high light, HCO2) to
0.62 ± 0.05 mg d−1 cm−2 (low light, HCO2), and for branches from
0.38 ± 0.03 mg d−1 cm−2 (low light, ACO2) to 0.67 ± 0.05 mg d−1

cm−2 (high light, ACO2) (±SE, n = 8–12). Tank as a nested effect, the
two-way interaction of morphology and PCO2, and the three-way inter-
actionwere not significant (P ≥ 0.313), which resulted in the removal of
these effects from the model (Table 2A). Mean area-normalized calcifi-
cation of plates and branches were unaffected by PCO2 (F1,86 = 0.579,
P = 0.446). There was an effect of light (F1,86 = 6.070, P = 0.015),
ification and biomass under experimental conditions for Experiment 1 (A) and Experiment
ugh, 2002). * Indicates significant effect.

SS df MS F-ratio P

0.033 1 0.033 0.579 0.446
0.346 1 0.346 6.070 0.015
0.071 1 0.071 1.246 0.271
0.184 1 0.184 3.228 0.074
0.097 1 0.091 1.726 0.192
4.853 86 0.057

0.029 1 0.029 0.007 0.990
1.001 1 1.001 0.252 0.617
32.124 1 32.124 8.102 0.006
348.928 88 3.965

0.065 1 0.065 0.493 0.484
0.391 1 0.391 2.950 0.089
0.064 1 0.064 0.482 0.489
1.318 1 1.318 9.952 0.002
5.139 1 5.139 38.932 b0.001
11.653 88 0.132

1.516 1 1.515 0.227 0.635
3.827 1 3.824 0.574 0.451
25.364 1 25.364 3.805 0.055
b0.001 1 b0.001 b0.001 0.994
383.588 1 383.588 57.527 b0.001
0.003 1 0.003 b0.001 0.983
2.735 1 2.735 0.410 0.524
2.235 1 2.235 0.335 0.564
4.495 1 4.495 0.674 0.414
0.187 1 0.187 0.028 0.868
0.068 1 0.068 0.010 0.920
9.602 1 9.602 1.440 0.234
0.68 1 0.680 0.102 0.750
8.176 1 8.176 1.226 0.272
12.388 1 12.388 1.858 0.177
526.767 79 6.668
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with P. rus calcifying 26% faster under high light (0.63 ± 0.04mg day−1

cm−2) than low light (0.50 ± 0.03 mg day−1 cm−2) (Fig. 3A).
Mean biomass of plates was 5.13 ± 0.28 mg cm−2 (±SE, n = 47),

and for branches was 4.12 ± 0.28 mg cm−2 (Fig. 3B; ±SE, n = 44).
There were no three-way interactive effects of PCO2, light, andmorpholo-
gy (F1,84 = 0.074, P=0.786) and no two-way interactions (F1,84 ≤ 0.912,
P ≥ 0.342), and therefore, these effects were dropped from the statistical
model. Biomass differed between morphologies, with mean biomass
19.4% higher in plates than branches (Fig. 3B; F1,88 = 8.102, P =
0.006). Area-normalized biomass of P. rus was not affected by PCO2 (Fig.
3B, F1,88 = 0.007, P = 0.990) or light (F1,88 = 0.252 P = 0.617).

3.2. Experiment 2

3.2.1. Seawater carbonate chemistry
Ambient PCO2 for the two temperature treatmentswas 379±3 μatm

and 406 ± 2 μatm, while high PCO2 was 1108 ± 15 μatm and 1107 ±
16 μatm (all mean ± SE; Table 1). Mean light intensities were 728 ±
24 μmol photons m−2 s−1 (±SE, n = 8) in the high light treatment,
and 154±4 μmol photonsm−2 s−1 (±SE, n=8) in the low light treat-
ment. Mean ambient temperatures were 27.32 ± 0.04 °C and 27.05 ±
0.05 °C, while mean elevated temperatures were 29.82 ± 0.05 °C and
29.80 ± 0.04 °C (all ±SE; n = 140).
3.2.2. Response of corals
The fragments of Porites rus appeared healthy and retained dark

brown tissue throughout the experiment. After 14 d, mean calcification
rates for plates ranged from 0.84 ± 0.25 mg d−1 cm−2 (high light, HT-
HCO2) to 1.45 ± 0.15 mg d−1 cm−2 (high light, AT-ACO2) and 0.54 ±
0.07 mg d−1 cm−2 (high light, HT-ACO2) to 1.00 ± 0.18 mg d−1

cm−2 (high light, AT-ACO2) for branches (Fig. 3C). Mean calcification
rates were unaffected by PCO2, temperature, and the interaction be-
tween these factors (F1,78 ≥ 0.016, P ≥ 0.306), but they differed between
light regimes and morphologies (Table 2B). Branches of P. rus calcified
41% slower than plates (F1,88 = 38.932, P b 0.001), with mean (±SE)
rates of 0.70 ± 0.05 mg d−1 cm−2 for branches and 1.19 ± 0.06 mg
d−1 cm−2 for plates. Mean calcification rates of fragments despite mor-
phology type were 28% higher under high light than compared to low
light conditions (F1,88 = 9.952, P = 0.002), with mean (±SE) rates of
1.05 ± 0.07 mg d−1 cm−2 under high light and 0.82 ± 0.06 mg d−1

cm−2 under low light.
Biomass of branches was unaffected by treatments, ranging from

4.20 ± 0.72 mg cm−2 (high light AT-HCO2) to 5.54 ± 0.78 mg cm−2

(high light, AT-ACO2) (both mean ± SE). Plates had 46% more biomass
than branches across all treatments (F1,79 = 57.527, P b 0.001), with
mean (±SE) values ranging from 7.37 ± 1.48 mg cm−2 (HT-ACO2) to
10.81 ± 1.33 mg cm−2 (HT-HCO2), and for branches, ranging from



193E.A. Lenz, P.J. Edmunds / Journal of Experimental Marine Biology and Ecology 486 (2017) 188–194
4.20 ± 0.72 mg cm−2 (AT-HCO2) to 5.54 ± 0.78 mg cm−2 (AT-ACO2)
(Fig. 3D). None of the second, third, or fourth order interactions involv-
ing light, temperature, PCO2, andmorphologywere significant (Table 2B;
F ≤ 1.858, P ≥ 0.177).

4. Discussion

The purpose of this short-term studywas to test for an effect of intra-
specific morphological variation on the response of a common reef
building coral to OA, either individually or in combination with in-
creased temperature. Porites ruswas used for this study, as it is an abun-
dant in Mo'orea, and exhibits a high degree of morphological plasticity
(Jaubert, 1977) to form branches and plates that are representative of
the range of morphologies produced among coral species in most reef
habitats (Jackson, 1979). Corallummorphology is a key organismic fea-
ture definingmuch of the structure of coral reef ecosystems, and it plays
an important role in creating structural complexity that promotes high
diversity through habitat provisioning (Alvarez-Filip et al., 2009;
Graham et al., 2006). The capacity for phenotypic plasticity in corallum
morphology allows some corals to overcome potential constraints en-
countered within their environment. Examples of these effects are pro-
vided by changes in corallite structure, branch size, and spacing of
corallites of the Caribbean coral Madracis mirabilis as a function of hy-
drodynamic exposure and sedimentation (Bruno and Edmunds, 1997),
and variation in corallum morphology that reduces diffusion boundary
layers and prevents mass transfer limitation of aerobic respiration in
multiple coral species (Bruno and Edmunds, 1998; Hoogenboom et al.,
2008; Lesser et al., 1994; Patterson, 1992). Corals can respond to envi-
ronmental gradients through phenotypic plasticity (which includes
the capacity for acclimatization), however, the role of plasticity in
responding to climate change and ocean acidification is unknown
(Edmunds andGates, 2008; Todd, 2008; Vermeij andBak, 2002). As sea-
water pH declines and its temperature rises in coming decades (Doney
et al., 2009), it is valuable to test for the potential role of phenotypic
plasticity in promoting the persistence of corals under future conditions.

The results from the present study show that branches and plates of
P. rus were unaffected by 2 to 3 weeks exposure to elevated PCO2
(700 μatm), or elevated PCO2 (1000 μatm) plus temperature (30 °C).
Physiological consequences were associated with morphology, howev-
er, with branches having higher calcification rates under high light ver-
sus low light intensities, and plates exhibiting similar calcification rates
regardless of light intensities, but containing more coral biomass than
branches. These results are comparable to findings by Padillo-Gamiño
et al. (2012), who described physiological differences between mor-
phologies of P. rus in Cook's Bay. Padillo-Gamiño et al. (2012) found
that plates had higher photosynthetic rates and potentially lower pro-
portional dependence on heterotrophy as a source of carbon than
branches. Despite the aforementioned differences in traits associated
with physiological performance of plates and branches of P. rus,
corallum morphology of P. rus in the present study did not affect the
sensitivity to elevated PCO2 or seawater warming, at least at the treat-
ment levels and exposure times employed. Together, these results un-
derscore the potential of P. rus to resist the adverse affects of OA and
high temperature (Comeau et al., 2013b), and thereby function as a
winner (sensu Loya et al., 2001) on future reefs exposed towarmer sea-
water with lower pH than current conditions.

Previous short-term studies have shown a variety of responses of
calcification of P. rus branches exposed to elevated PCO2 (Comeau et
al., 2013a, 2013b; Edmunds et al., 2012). For example, in Mo'orea,
Comeau et al. (2013a) demonstrated that the calcification of P. rus
branches was reduced ~17% by PCO2 as high as ~2073 μatm (relative
to ambient controls at 385 μatm), while calcification of branches were
unaffected at 1036 μatm. In a separate study, Comeau et al. (2013b)
used branches of P. rus to test the effects of light (~1000 μmol photons
m−2 s−1 and ~215 μmol photonsm−2 s−1), and feeding under ambient
and elevated PCO2 (400 and 700 μatm, respectively), and found no
differences in calcification across all treatments. The present study sug-
gests that both morphologies of P. rus can resist the increases in PCO2
that are expected to occur by the end of the current century, at least
in short laboratory experiments. This conclusion, however, should be
interpretedwith caution as the statistical power for detecting the effects
of PCO2 and the interaction of PCO2 with temperature may have been rel-
atively low. Testing for post hoc statistical power in complex ANOVAs is
problematic (Hoenig and Heisey, 2001), but insights into the likely
power can be gained from consideration of simpler contrasts. For exam-
ple, in a test of PCO2 (400 μatm versus 700 μatm) on calcification of P. rus,
the power for detecting a treatment effect of 30% of the mean calcifica-
tion rate of controls (i.e., at 400 μatm PCO2) with a sample size of 43 (the
minimum used in Experiment 2) was ~0.65. Such calculations suggest
that the sample sizes used herein probably were sufficient to detect
strong effects of PCO2. According to Comeau et al. (2013a), P. rus has
been observed to be sensitive to high PCO2 when more stringent condi-
tions are applied. For example, during their short-term experiments,
negative effects on calcification in P. rus were established between
1000 and 2000 μatm PCO2 (Comeau et al., 2013a). Further studies are re-
quired to determine the relevance of the present findings to conditions
under which branches and plates of P. rus will be exposed to increased
PCO2 and warming for lengthy periods (i.e., as will occur on future
reefs). Although varying experimental duration can elicit acclimation
or thresholds effects in some taxa upon exposure to intensified PCO2 re-
gimes (Form and Riebesell, 2012), evidence to date has not revealed an
unequivocal effect of exposure duration on the response of coral calcifi-
cation to high PCO2 (Chan and Connolly, 2013; Kroeker et al., 2013).

It remains unclear how Porites rus maintains calcification rates at
1000 μatm PCO2 and 29 °C, but leading explanations focus on themicro-
bial consortium (Rosengberg et al., 2007), coral host traits (e.g., the per-
forate skeleton), environmental history of the holobiont
(Padillo-Gamiño et al., 2012; Putnam and Edmunds, 2011), and varia-
tion in Symbiodinium clades within the host (Berkelmans and Van
Oppen, 2006; Putnam et al., 2012). Of these, variation in Symbiodinium
clades is particularly, pertinent because corals predominantly associat-
ed with a single Symbiodinium clade (i.e., specifists [Franklin et al.,
2011]) are less sensitive to thermal stress than corals containing a mix-
ture of Symbiodinium clades (i.e., generalists [Putnam et al., 2012]), and
in P. rus from back and fringe reef sites in Mo'orea (≤5-m depth), 98% of
the Symbiodiniumwere clade C15 in both plates and branches (Padillo-
Gamiño et al., 2012), which appears to be the case for most Porites spp.
in this location (Franklin et al., 2011; Putnam et al., 2012). The detection
of only Symbiodinium clade C15 in both P. rusmorphologies implies high
host fidelity, and may contribute to the ability of this coral to withstand
elevated temperatures (Putnam et al., 2012; van Woesik et al., 2011).
Additionally, traits of P. rus that include a perforate skeleton (Comeau
et al., 2014) and a thick layer of tissue (Padillo-Gamiño et al., 2012)
may contribute to its elevated tolerance of high temperature. Together,
the results of the present experiments demonstrate that P. rus is hardy
with respect to the intensity and duration of the treatment conditions
tested, and suggest that this species may continue to provide complex
reef structure despite seawater warming and acidification expected to
occur by the end of the current century.
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