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At two natural volcanic seeps in Papua New Guinea, the partial pressure of carbon dioxide (pCO2) in the seawater is consistent with projections for
2100. Here, the cover of massive scleractinian corals Porites spp. is twice as high at elevated compared with ambient pCO2, while that of branching
corals such as Acropora millepora is greater than twofold reduced. To assess the underlying mechanisms for such community shifts under long-term
exposure to elevated pCO2, biochemical parameters related to tissue biomass, energy storage, pigmentation, cell protection, and cell damage were
compared between Porites spp. and A. millepora from control (mean pHtotal ¼ 8.1, pCO2 ¼ 323 matm) and CO2 seep sites (mean pHtotal ¼ 7.8,
pCO2 ¼ 803 matm) each at two reefs. In Porites spp., only one of the biochemical parameters investigated (the ratio of photoprotective to
light-harvesting pigments) responded to pCO2, while tissue biomass, total lipids, total proteins, and some pigments differed between the two
reefs, possibly reflecting differences in food availability. Furthermore, some fatty acids showed pCO2 –reef interactions. In A. millepora, most pig-
ments investigated were reduced at elevated pCO2, while other parameters (e.g. tissue biomass, total proteins, total lipids, protein carbonyls, some
fatty acids and pigments) differed between reefs or showed pCO2 –reef interactions. Tissue biomass, total lipids, and cell-protective capacities were
distinctly higher in Porites spp. than in A. millepora, indicating higher resistance to environmental stress in massive Porites. However, our data suggest
that important biochemical measures remain relatively unaffected in these two coral species in response to elevated pCO2 up to 800 matm, with
most responses being smaller than differences between species and locations, and also when compared with responses to other environmental
stressors such as ocean warming.
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Introduction
Anthropogenic carbon dioxide (CO2) emissions and rising partial
pressures of carbon dioxide (pCO2) in seawater are a major threat
to highly productive and diverse coral reef ecosystems (Dove et al.,
2013). The oceans’ uptake of atmospheric CO2 leads to modifications
of its seawater carbonate chemistry, including reductions in pH and
carbonate ion concentration, in a process termed ocean acidification
(OA). Most recently published literature shows that calcification
decreases and decalcification processes increase in corals and coral
reef ecosystems under OA (Erez et al., 2011; Dove et al., 2013).

At natural volcanic CO2 seeps in Japan, Italy, and Papua New
Guinea (PNG), pCO2 conditions are consistent with projections
for 2100 (RCP 6.0; IPCC, 2014). These seeps are unique places,
where organisms are exposed to enhanced pCO2 and changing sea-
water carbonate chemistry throughout their post-settlement life,
while most experimental OA studies are short term (days–
months, reviewed in Erez et al., 2011). At the seeps, the densities
of sensitive species and the diversity of benthic invertebrates are sig-
nificantly reduced in the low compared with ambient pH zones
(Fabricius et al., 2011, 2014; Kroeker et al., 2011). Consequently,
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seep sites are dominated by generalists, robust enough to withstand
acidified conditions (Kroeker et al., 2011; Inoue et al., 2013), such as
massive scleractinian corals Porites spp. at the CO2 seeps in PNG
(Fabricius et al., 2011; Strahl et al., 2015).

Physiological studies conducted in situ at the seep sites may help
to understand the processes that lead to the observed community
shifts under high pCO2. Two recent studies report that differences
in the physiological responses of soft and hard coral species
matched the observed differences in abundances at the high vs.
ambient pCO2 sites in Japan and PNG (Inoue et al., 2013; Strahl
et al., 2015). The soft coral Sarcophyton elegans, which dominates
medium pCO2 zones of 830 matm at the seeps in Japan, benefited
from elevated pCO2 (390–850 matm) via enhanced photosynthesis,
while net calcification remained stable (Inoue et al., 2013). Similarly,
at the Upa-Upasina seep site in PNG, dark and net calcification rates
remained stable in the highly abundant massive Porites spp., but sig-
nificantly declined in branching Acropora millepora and Seriatopora
hystrix which both show considerably reduced abundances (260
and 280%) at high compared with ambient pCO2 (Strahl et al.,
2015).

To date, studies on the impact of OA on corals have focused
mainly on calcification and photosynthesis (Erez et al., 2011;
Inoue et al., 2013; Comeau et al., 2014). They show that many
species have declining calcification rates in response to high pCO2,
while other species show stimulation, hence estimates of changes
in rates of calcification at twofold ambient atmospheric pCO2

range from +23 to 278% (reviewed in Erez et al., 2011).
Similarly, rates and efficiency of photosynthesis can either increase
or remain unaffected by pCO2 (Schneider and Erez, 2006; Crawley
et al., 2010; Inoue et al., 2013; Strahl et al., 2015).

However, other physiological processes related to energy storage,
cell protection, and cell damage are equally important as they influ-
ence organism health and indirectly affect biogenic calcium carbon-
ate deposition (Pörtner, 2008; Kaniewska et al., 2012). Assessing the
effects of high pCO2 on these processes may help to explain currently
observed discrepancies in calcification and photosynthesis, and in
the heterogeneity of responses and susceptibility of different coral
species to OA. Two recent studies indicate that elevated pCO2 may
lead to higher levels of oxidative stress in corals and bivalves. In
the coral A. millepora, genes involved in cellular antioxidant protec-
tion and in programmed cell death (apopotosis) were up-regulated
after 28 d of exposure to 1010 matm pCO2 (Kaniewska et al., 2012).
Similarly, the oyster Crassostrea virginica up-regulated the expres-
sion of proteins associated with oxidative stress in response to
.2000 matm pCO2 (e.g. superoxide dismutase, peroxiredoxins;
Tomanek et al., 2011). The mechanisms causing oxidative stress
under hypercapnia and reduced oxygen conditions are not well
understood, but for corals, it has been suggested that hypercapnia
impairs the photosynthetic apparatus of the symbiotic Symbiodinium
spp. and/or the mitochondria of the coral host tissue, leading to
higher production rates of reactive oxygen species (Kaniewska et al.,
2012).

Oxidative stress can cause apoptosis, autophagy or necrosis,
and the expulsion of photosynthetic Symbiodinium spp. from the
coral host, a process called coral bleaching (Lesser, 2011). Richier
et al. (2008) reported a loss of pigments and/or expulsion of
Symbiodinium spp. as the first step of cellular defence against envir-
onmental stress (in this case, irradiance), while both chlorophyll a
concentration and endosymbiont density declined in two coral
species after 24 d of exposure to 600 matm pCO2 (Schoepf et al.,
2013). A loss of pigments and/or Symbiodinium spp. may lead to

a decline in phototrophic energy generation in stressed corals, and
subsequently, to depleted energy reserves such as lipids or proteins
and/or to changing ratios of structural to storage lipids and chan-
ging fatty acid compositions (Bachok et al., 2006; Imbs and
Yakovleva, 2012). For example, lipid and fatty acid contents in
corals declined 1.5- to 3-fold following bleaching events in Hawaii
and Okinawa, while the proportion of structural lipids increased
at the expenses of storage lipids (Grottoli et al., 2004; Yamashiro
et al., 2005; Bachok et al., 2006).

Energetic costs for corals may rise in the coming decades under
projected pCO2, e.g. due to an increasing need for active, ATP con-
suming ion regulation at the site of calcification (McCulloch et al.,
2012). In a recent study, an up-regulation of triglyceride lipase
and Acyl-CoA dehydrogenase point to an increase in the breakdown
of lipids for energy use in A. millepora under high pCO2 (Kaniewska
et al., 2012). Conversely, energy reserves including lipids, proteins,
and carbohydrates were largely maintained in four tropical and
one Mediterranean hard coral species under a decreased pH of
7.8–7.9 (Bramanti et al., 2013; Schoepf et al., 2013).

The physiological effects of hypercapnia on cellular metabolic
pathways in corals including energy storage, cellular protection,
and production of reactive oxygen species are largely understudied
and at present, data on corals exposed to high pCO2 in situ (e.g. at
volcanic CO2 seeps) are lacking. A better understanding of these
processes might explain the observed heterogeneity of responses
and susceptibility/resilience of corals to OA, and might re-evaluate
predictions of community shifts in tropical coral reefs in a future of
projected pCO2 (RCP 6.0; IPCC, 2014).

In the present study, two coral taxa were investigated after long-
term exposure to OA at natural CO2 seeps in PNG: (i) massive
Porites spp., which have established dominance at the seep sites
with a cover twice as high as under ambient pCO2, and (ii) branching
A. millepora, which are greater than twofold reduced at high pCO2

(Fabricius et al., 2011; Strahl et al., 2015). Tissue biomass, contents
of lipids and proteins, pigment concentrations, and oxidative stress
parameters were compared in corals growing at two control and two
CO2 seep sites.

Material and methods
Site description and sampling of corals
The “seep” sites at Upa-Upasina Reef (S 98 49.446′, E 1508 49.055′)
and at Dobu Island (S 98 44.199′, E 1508 52.060′) in Milne Bay
Province, PNG, were near areas of CO2 venting and had low pH
and high pCO2. Bubble streams consist of 99% CO2 and 1% of
O2, N2, and CH4 (Fabricius et al., 2011). The control sites with
ambient pH and pCO2 were located 0.5 and 2.5 km from the seep
sites at Upa-Upasina Reef (S 98 49.693′, E 1508 49.231′) and Dobu
Island (S 98 45.125′, E 1508 51.248′), respectively. Seawater
samples were collected at the two control and two seep sites and ana-
lysed for temperature and carbonate chemistry parameters by Vogel
et al. (2015). Water was repeatedly collected on several days in April/
May 2012 and May/June 2013 incorporating diurnal fluctuations,
with a total number of seawater samples of 36 (Vogel et al., 2015).
The seawater temperature was 29.5+ 0.68C. For Dobu and
Upa-Upasina Reef, the pHTotal was 8.14+ 0.03 (mean+ s.d.) at
the control and 7.84+ 0.11 at the seep sites. The concentration of
dissolved inorganic carbon was 1914+ 28 mmol kg21 SW at the
control and 2107+ 52 mmol kg21 SW at the seep sites. The pCO2

and VAR were 323+ 31 matm and 4.25+ 0.32 at the control sites
and 803+ 252 matm and 2.72+ 0.54 at the seep sites (carbonate
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chemistry data re-calculated from Vogel et al., 2015, detailed de-
scription of all sites in Fabricius et al., 2011).

Massive Porites spp. and A. millepora colonies were sampled by
scuba diving in April 2012 from each of the two seep and two
control sites at 4–5 m depth. For each species, six colonies were
sampled that were .10 m apart, and duplicate samples were
obtained from each colony (massive Porites spp.: fragments of 3–
4 cm diameter, A. millepora: branchlets of �4 cm length and 1 cm
diameter). The samples were immediately snap-frozen in liquid ni-
trogen, and transported to the Australian Institute of Marine
Science for biochemical analyses.

Sample preparation
To determine pigment content and tissue biomass, the two coral
taxa had to be treated differently because the tissue of Porites spp.
penetrates up to 5 mm deep into the tissue (Lough and Barnes,
1997) and is therefore not suitable for the air gun technique, while
that of A. millepora is ,1 mm thick. For Porites spp., one fragment
per colony was crushed with a French press (Civilab, Australia), con-
stantly cooled down with liquid nitrogen. Before crushing, the
surface area of frozen Porites spp. was determined using the alumin-
ium foil technique (Marsh, 1970). For A. millepora, the tissue was
removed from the skeleton with an air gun in 10 ml of ultra-filtered
(0.05 mm) seawater, and the coral homogenate was separated into
host and Symbiodinium spp. fraction by centrifugation (3 min,
1500g, 48C). Skeletons of A. millepora were dried overnight in the
oven at 608C and their surface area was determined using the
single wax dipping technique (Veal et al., 2010).

To determine all remaining biochemical parameters, the second
fragment/branchlet of each Porites spp./A. millepora colony was
crushed with a French press (Civilab, Australia), constantly cooled
down with liquid nitrogen. Sixty per cent of this crushed material
was freeze dried for 24 h (FD12 Freeze Dryer, Dynavac, USA) for de-
termination of ash-free dry weight (AFDW), contents of total lipids,
lipid classes, fatty acids, and total proteins. The remaining crushed
material was stored at 2808C to analyse total antioxidant capacity
(TAC) and protein carbonyls (i.e. proteins damaged by reactive
oxygen species).

Biochemical investigations
Tissue biomass and total protein content
Protein content (host and Symbiodinium spp. fraction of first
fragment/branchlet of each colony) per unit surface area was deter-
mined as an index of tissue biomass, while the total protein content
(host and Symbiodinium spp. fraction of second fragment/branch-
let) related to AFDW provided information on energy storage cap-
acity. 0.1 g of freeze-dried crushed sample or 200 ml of coral
homogenate was dissolved in 1 M NaOH 1:10 (w/v) or 1:1 (v/v)
for protein quantification following Dove et al. (2006). The coral
samples were homogenized, incubated for 1 h at 908C and centri-
fuged for 10 min at 1500g and room temperature. The protein
content of the supernatant (for determination of tissue biomass/
total protein content) was determined spectrophotometrically
(BioTek Powerwave microplate spectrophotometer, USA) using
the DC protein assay kit (Bio-Rad Laboratories, Australia) with
bovine serum albumin standards (Leuzinger et al., 2003).

Total lipid content
Total lipid content was extracted from 1 to 2 g of freeze-dried sample
in 4 ml of the solvent dichloromethane:methanol (CH2Cl2:CH3OH)
(2:1) according to Folch et al. (1957) and following the modifications

of Conlan et al. (2014). The samples were sonicated (Ultrasonic pro-
cessor XL heat systems, John Morris Scientific Pty, Australia) for
10 min and filtered into a scintillation vial. This process was repeated
two times. The combined filtrates (�12 ml) were then washed with
6.5 ml of KCl (0.44%) in H2O/CH3OH (3:1). After 12 h incubation
in the dark at room temperature, the bottom layer containing the
extracted lipid was recovered and the solvent was evaporated under
nitrogen. The lipid was then weighed and standardized to AFDW.

Tissue energy content (calories g21 AFDW) was then calculated
from enthalpies of combustion based on values by Gnaiger and
Bitterlich (1984): lipid (39.5 kJ g21) and protein (23.9 kJ g21).

Lipid classes
A 250 ml subsample of the re-dissolved total lipid fraction was taken
and analysed for lipid class composition using an Iatroscan MK 6 s
thin layer chromatography—flame ionization detector (Mitsubishi
Chemical Medience, Japan) according to Nichols et al. (2001) and
following the modifications of Conlan et al. (2014). Briefly, each
sample was spotted on silica gel S4-chromarods (5 mm particle size).
Lipid separation followed a two-step elution sequence. First, elution of
lyso-phosphatidylcholine (L-PC), phosphatidylcholine (PC), phos-
phatidylserine and phosphatidylinositol (PS-PI), and phosphatidy-
lethanolamine (PE) was achieved in a dichloromethane:methanol:water
(50:20:2, by volume) solvent. Second, elution of wax esters (WE), tria-
cylglycerol (TG), free fatty acid (FFA) 1,3-diacylglycerol (1,3-DG),
sterol (ST), and 1,2-diacylglycerol (1,2-DG) was achieved in a hexane:
diethyl ether:formic acid (60:15:1.5, by volume) solvent. Individual
lipid classes were collectively calculated as the ratio of storage (L-PC,
PC, PS-PI, PE, ST) to structural (WE, TG, FFA, 1,3-DG, 1,2-DG)
lipids.

Fatty acids
Fatty acids were esterified into methyl esters using the acid-catalyzed
methylation method (Christie, 2003) following the protocol of
Conlan et al. (2014). The purified hexane supernatant of the coral
samples was placed in a gas chromatography (GC) vial for GC injec-
tion. Fatty acid methyl esters were isolated and identified using an
Agilent Technologies 7890B GC System (Agilent Technologies, USA)
equipped with a BPX70 capillary column (120 m × 0.25 mm internal
diameter, 0.25 mm film thickness, SGE Analytical Science, Australia), a
flame ionization detector (FID), an Agilent Technologies 7693 auto
sampler, and a splitless injection system. The injection volumes, tem-
perature sequences, and flow rates followed the protocol of Conlan
et al. (2014). The carrier gas was hydrogen. The individual fatty acids
were identified relative to known external standards (a series of
mixed and individual standards from Sigma-Aldrich, Inc., St Louis,
USA and Nu-Chek Prep Inc., USA), using the software GC
ChemStation (Rev B.04.03, Agilent Technologies). The resulting
peaks were corrected by theoretical relative FID response factors
(Ackman, 2002) and quantified relative to the internal standard
C23:0 (0.75 mg mg21, Sigma-Aldrich, Inc., USA).

Ash-free dry weight
Approximately 0.5 g of freeze dried and preweighed coral material
was transferred into a preweighted aluminium container and
burned for 5 h in the muffle furnace at 4808C. The AFDW of the
sample was standardized to dry weight.

Total antioxidant capacity
TAC was measured with the OxiSelectTM Total Antioxidant
Capacity Assay Kit (Cell Biolabs, USA) according to the
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manufacturer’s protocol. Samples of crushed corals were homoge-
nized in phosphate-buffered saline (PBS, pH 7.4) at 1:3 (w/v), soni-
cated on ice for 40 s and centrifuged for 10 min at 10 000g and 48C.

Uric acid standards were prepared (0.0, 0.05, 0.1, 0.35, 0.6, and
1.0 mM) and 10 ml of the coral supernatant/standards was pipetted
into wells of a 96-well microtitre plate. Initial and final absorbance

Figure 1. Tissue biomass (a and e) and contents of total protein (b and f) and lipid (c and g) and lipid classes (d and h) in massive Porites spp. and A.
millepora at the control (ambient pCO2, white boxes) and seep sites (high pCO2, grey boxes) at the two reefs, n ¼ 6 per species, reef/pCO2 site, and
parameter.

900 J. Strahl et al.
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readings of samples/standards were conducted at 490 nm with the
Synergy H4 microplate reader (BioTek, USA). The TAC was calcu-
lated in copper reducing equivalents standardized to the protein
content of the sample.

Protein carbonyl content
The protein carbonyl content was assessed in corals by using an
OxiSelect protein carbonyl enzyme-linked immunosorbent assay
(ELISA) kit (Cell Biolabs, USA) according to the manufacturer’s
protocol. Briefly, crushed coral samples were resuspended in
chilled 1× PBS (pH 7.4) at 1:13 (w/v) and homogenized in a
Mini Beadbeater (Biospec Products, USA) for 2 min. The hom-
ogenate was then centrifuged for 10 min at 10 000g and 48C, and
the protein content of the supernatant was determined. The super-
natant was diluted to 10 mg ml21 protein in 1× PBS, and protein
carbonyl-bovine serum albumin standards were prepared (0, 0.75,
3, 6 nmol protein carbonyl mg21 protein). To a well of a 96-well
protein binding plate, 100 ml of sample/standard was added and
incubated overnight at 48C. Subsequently, the wells were incubated
for 45 min in 2,4-dinitrophenylhydrazine working solution and for
1 h in blocking solution. Immunodetection was performed using
2,4-dinitrophenol and horseradish peroxidase-conjugated anti-
bodies provided by the manufacturer. Wells were incubated for
2 min in substrate solution before reading the absorbance at
450 nm with a Synergy H4 microplate reader (BioTek, USA). The
protein carbonyl content of the samples was standardized to the
protein content of the sample.

Symbiodinium spp. pigment content
Pigments from the complete Symbiodinium spp. pellet of A. mille-
pora obtained during tissue stripping and from 0.5 g crushed frag-
ment material of Porites spp. were sonicated and extracted on ice
in the dark in two consecutive 1 h extractions in 2.5 ml of chilled
(48C) buffered methanol [98% MeOH/2% 0.5 M tetrabutylammo-
nium acetate (TBAA) pH 6.5]. Filtered (0.2 mm) extracts were
diluted 1:1 with 28 mM TBAA (pH 6.5), and injected into an ultra-
performance liquid chromatography (UPLC) system (Acquity
UPLC, Waters, USA). Injection volumes and flow rates, as well as
gradient conditions and the reference pigments followed Uthicke
et al. (2012). Pigment content of coral samples was quantified
using calibration curves based on the run time and spectral signa-
tures of reference pigments under the same running conditions,
and related to surface area.

Statistical analysis
Statistical analyses were conducted with Graph Pad Prism (version
6, GraphPad Software, USA). Data were tested for normality
(Kolmogorov–Smirnov test) and homogeneity of variances
(Bartlett’s test). Outliers of all datasets were identified and
removed by ROUT outlier test. A two-way ANOVA was used to
evaluate the effect of pCO2 (ambient vs. high) and reef (Dobu vs.
Upa-Upasina) on all physiological measures for each species.
Tukey’s HSD was used for post hoc examinations of significant
interaction terms (pCO2 × reef). Lipid class data were arcsine
transformed and PP/LH and Dtx/(Dtx + Ddx) ratios were
log-transformed before statistical analysis. The ratios of the mean
values of the biochemical parameters in Porites spp. to A. millepora
were log-transformed before testing the null hypothesis (¼no
species difference) with t-tests.

Results
Tissue biomass, total protein and lipid content, lipid
classes, and fatty acids
In massive Porites spp., tissue biomass (protein content per unit
surface area), total protein content (protein content related to
AFDW), and total lipid content remained unaffected by pCO2, but
were higher (37, 36, and 29%) at Dobu compared with Upa-Upasina
(Figure 1a–c, Table 1). Similarly, tissue energy content (¼calculated
from the total protein and lipid contents) was not affected by pCO2,
but was 33% higher at Dobu (3.38+0.48 calories g21 AFDW) than
at Upa-Upasina (2.25+0.35 calories g21 AFDW, Table 1). The lipid
classes were not significantly affected by pCO2 or reef (Figure 1d).
On average, the fractions of storage lipids were three times higher
than structural lipids in Porites spp. (75 vs. 25% of total lipids).
Saturated, polyunsaturated, and n-3 long-chain polyunsaturated
fatty acids displayed a significant interaction between pCO2 and reef
(Tables 2 and 3). At ambient pCO2, they were 42–51% higher at
Dobu compared with Upa-Upasina (Tukey p , 0.005), whereas

Table 1. ANOVA results comparing biochemical parameters in
Porites spp. and A. millepora at the control (ambient pCO2) and seep
site (high pCO2) at Dobu and Upa-Upasina Reef.

Porites spp. Acropora millepora

d.f. F p-value d.f. F p-value

Tissue biomass
pCO2 1 1.112 0.305 1 7.185 0.015
Reef 1 15.100 0.001 1 0.021 0.887
pCO2:reef 1 0.196 0.663 1 11.190 0.003
Residuals 19 – – 19 – –

Total protein
pCO2 1 0.061 0.808 1 2.651 0.119
Reef 1 18.160 0.001 1 5.535 0.029
pCO2:reef 1 0.172 0.683 1 3.308 0.084
Residuals 19 – – 20 – –

Total lipid
pCO2 1 0.004 0.955 1 4.366 0.050
Reef 1 13.500 0.002 1 7.092 0.015
pCO2:reef 1 1.911 0.182 1 0.572 0.459
Residuals 20 – – 19 – –

Tissue energy content
pCO2 1 0.065 0.802 1 9.046 0.007
Reef 1 39.510 <0.001 1 15.030 0.001
pCO2:reef 1 0.246 0.626 1 5.601 0.028
Residuals 20 – – 20 – –

Storage:structural lipid
pCO2 1 2.432 0.135 1 3.191 0.090
Reef 1 0.700 0.413 1 0.013 0.911
pCO2:reef 1 0.267 0.611 1 0.182 0.675
Residuals 20 – – 20 – –

Total antioxidant capacity
pCO2 1 0.122 0.731 1 0.228 0.639
Reef 1 0.041 0.842 1 0.243 0.627
pCO2:reef 1 2.683 0.117 1 0.080 0.780
Residuals 20 – – 20 – –

Protein carbonyls
pCO2 1 0.498 0.489 1 0.288 0.598
Reef 1 0.097 0.759 1 5.193 0.034
pCO2:reef 1 0.944 0.344 1 1.619 0.219
Residuals 19 – – 19 – –

Significant differences (p , 0.05) are highlighted in bold. d.f., degrees of
freedom.
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differences were not statistically significant between reefs at
high pCO2. Monounsaturated, n-6 polyunsaturated, n-3 poly-
unsaturated, and n-6 long-chain polyunsaturated fatty acids
were significantly (32 – 40%) higher at Dobu compared with
Upa-Upasina (Table 3).

In A. millepora, tissue biomass displayed a significant interaction
between pCO2 and reef. At Dobu, it was 44% higher at elevated com-
pared withambientpCO2 (Tukey p , 0.05),whereas at Upa-Upasina,
values were unaffected by pCO2 (Figure 1e, Table 1). Total protein and
lipid contents remained unaffected by pCO2, but were significantly
higher at Dobu compared with Upa-Upasina Reef (Figure 1f and g,
Table 1). The tissue energy content displayed a significant interaction
between pCO2 and reef (Table 1). At Dobu, it was 28% higher at
elevated (3.58+0.59 calories g21 AFDW) compared with ambient
pCO2 (2.56+0.59 calories g21 AFDW; Tukey p , 0.005), whereas
at Upa-Upasina, values were unaffected by pCO2 (2.34+
0.28 calories g21 AFDW). Contents of lipid classes and fatty acids
were not significantly affected by pCO2 (Figure 1h, Tables 1–3).
On average, the total lipid consisted 58% of storage and 42% of
structural lipids. Monounsaturated and n-6 polyunsaturated fatty
acids were 20–39% higher at Dobu compared with Upa-Upasina,
while contents of all other fatty acids did not differ significantly
between the two reefs (Tables 2 and 3).

TAC and protein carbonyls
In massive Porites spp., the TAC and the content of protein carbonyls
were not affected by pCO2 and reef (Figure 2a and b, Table 1).

In A. millepora, the TAC remained unaffected by pCO2 and reef,
while protein carbonyls were twice as high at Upa-Upasina com-
pared with Dobu (Figure 2c and d, Table 1).

Symbiodinium spp. pigment content
In massive Porites spp., most Symbiodinium spp. pigment concen-
trations were not significantly affected by pCO2 (Figure 3).
However, the ratio of photo-protective (PP: Ddx, Dnx, diatox-
anthin and b-carotene) to light harvesting (LH: chlorophyll a,
chlorophyll c2, and peridinin) pigments increased significantly
at elevated pCO2 (Dobu: +8%, Upa-Upasina: +17%, Figure 3h,
Table 4). Pigment concentrations significantly differed between
the two reefs: chlorophyll c2, peridinin, and the combination of
diadinoxanthin (Ddx) and dinoxanthin (Dnx) were 20–26%
higher, and b-carotene concentrations were 56% lower at Dobu
compared with Upa-Upasina, respectively (Table 4). Meanwhile,

concentrations of chlorophyll a, diatoxanthin (Dtx), and the
Dtx/(Dtx + Ddx) ratio (as an indicator of the xanthophyll
cycle) were similar at all sites.

Table 2. Contents of fatty acids in mg g21 AFDW in massive Porites spp. and A. millepora at the control (ambient pCO2) and seep sites
(high pCO2) at the two reefs.

Porites spp. Acropora millepora

Dobu,
control

Dobu,
seep

Upa-Upasina,
control

Upa-Upasina,
seep

Dobu,
control

Dobu,
seep

Upa-Upasina,
control

Upa-Upasina,
seep

Saturates 66.6+ 12.4 50.2+ 13.1 37.3+ 11.2 45.7+ 8.0 29.9+ 9.6 50.9+ 21.4 36.1+ 26.8 28.5+ 14.0
Monounsaturates 15.7+ 2.3 14.2+ 3.9 8.8+ 2.6 9.1+ 2.2 3.0+ 1.0 4.2+ 1.6 2.4+ 0.7 2.6+ 0.9
Polyunsaturates 24.0+ 2.6 21.6+ 3.2 13.6+ 2.6 16.8+ 2.6 17.3+ 6.1 21.7+ 5.6 17.2+ 8.8 15.2+ 4.8
n-6 polyunsaturates 14.1+ 1.7 13.0+ 1.3 8.3+ 2.1 10.0+ 1.8 7.4+ 2.6 9.9+ 2.3 5.9+ 2.1 6.5+ 2.0
n-3 polyunsaturates 9.9+ 1.7 8.7+ 2.1 5.2+ 1.7 6.8+ 1.2 9.9+ 3.9 11.8+ 3.4 9.7+ 4.6 8.7+ 2.9
n-6 long chain 9.3+ 1.3 9.4+ 0.9 5.9+ 1.7 6.6+ 1.2 4.2+ 1.7 4.7+ 1.1 4.0+ 1.6 3.9+ 1.1
n-3 long chain 8.5+ 0.6 6.5+ 2.0 4.2+ 1.7 5.1+ 0.4 7.9+ 3.1 9.5+ 2.7 8.0+ 3.8 7.0+ 2.3

Displayed are means+ s.d., n ¼ 6 per species and reef/pCO2 site. n-6 long chain, n-6 long-chain polyunsaturated fatty acids; n-3 long chain, n-3 long-chain
polyunsaturated fatty acids.

Table 3. ANOVA results comparing fatty acid groups in Porites spp.
and A. millepora at the control (ambient pCO2) and seep site (high
pCO2) at Dobu and Upa-Upasina Reef.

Porites spp. Acropora millepora

d.f. F p-value d.f. F p-value

Saturates
pCO2 1 0.704 0.412 1 0.680 0.420
Reef 1 13.020 0.002 1 0.994 0.331
pCO2:reef 1 6.956 0.016 1 3.110 0.094
Residuals 19 – – 19 – –

Monosaturates
pCO2 1 0.228 0.639 1 1.901 0.185
Reef 1 26.370 <0.001 1 5.219 0.035
pCO2:reef 1 0.595 0.450 1 0.940 0.345
Residuals 19 – – 18 – –

Polyunsaturates
pCO2 1 0.103 0.752 1 1.488 0.238
Reef 1 35.150 <0.001 1 1.348 0.260
pCO2:reef 1 4.708 0.043 1 0.197 0.663
Residuals 19 – – 19 – –

n-6 polyunsaturates
pCO2 1 0.146 0.707 1 2.584 0.125
Reef 1 35.530 <0.001 1 6.379 0.021
pCO2:reef 1 3.691 0.070 1 0.934 0.347
Residuals 19 – – 18 – –

n-3 polyunsaturates
pCO2 1 0.035 0.854 1 0.083 0.776
Reef 1 21.110 0.001 1 1.130 0.301
pCO2:reef 1 3.815 0.066 1 0.888 0.358
Residuals 19 – – 19 – –

n-6 long chain
pCO2 1 0.638 0.435 1 0.153 0.700
Reef 1 31.170 <0.001 1 0.727 0.404
pCO2:reef 1 0.350 0.561 1 0.309 0.585
Residuals 19 – – 19 – –

n-3 long chain
pCO2 1 0.911 0.353 1 0.068 0.797
Reef 1 24.470 0.001 1 0.889 0.357
pCO2:reef 1 5.942 0.026 1 1.003 0.329
Residuals 17 – – 19 – –

Significant differences (p , 0.05) are highlighted in bold; d.f., degrees of
freedom. n-6 long chain, n-6 long-chain polyunsaturated fatty acids; n-3 long
chain, n-3 long-chain polyunsaturated fatty acids.
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In A. millepora, the concentrations of chlorophyll a and c2, peri-
dinin, and the combination of Ddx and Dnx declined significantly by
22–31% at elevated pCO2 at Dobu and Upa-Upasina (Figure 4a, c,
and f), while b-carotene at elevated pCO2 was reduced by 51% at
Dobu and 88% at Upa-Upasina (Figure 4d, Table 4). Between sites,
the concentrations of b-carotene and diatoxanthin were 73% and
31% lower at Upa-Upasina compared with Dobu (Figure 4d and e).
Furthermore, the ratio of PP:LH and Dtx/(Dtx + Ddx) were 19%
lower at Upa-Upasina compared with Dobu, respectively, while
pCO2 had no significant effect (Figure 4g and h, Table 4).

Comparison of massive Porites spp. and A. millepora
At ambient and elevated pCO2, many of the energy-related and cell-
protective parameters were significantly higher in Porites spp. than
in A. millepora (Table 5). Tissue biomass was 5–11 times, total
lipid content 1–2 times, TAC 3–5 times, and contents of LH and
PP pigments 13–24 times higher in Porites spp. than in A. millepora
at Dobu and Upa-Upasina Reef, while contents of total protein and
protein carbonyls were similar in both corals (Table 5).

Discussion
We investigated in situ the effects of high pCO2 on biochemical para-
meters in the apparently CO2-resistant massive Porites spp., and the
more CO2-sensitive branching A. millepora. Our data support the
conclusion of high tolerance of massive Porites spp. to elevated
pCO2. Tissue biomass, lipid, protein and tissue energy content,
fatty acid content, pigment content, and oxidative stress parameters
remained unaffected by pCO2 up to �800 matm. Corals will experi-
ence such pCO2 concentrations at the end of this century, should
CO2 emissions follow the representative concentration pathway

6.0 (IPCC, 2014). Porites spp. also shows unaltered net calcification
rates after lifelong exposure to elevated pCO2 at Upa-Upasina seeps
(Fabricius et al., 2011; Strahl et al., 2015) and after experimental ex-
posure to up to 1000 matm pCO2 for 2–4 weeks (Edmunds, 2011;
Comeau et al., 2014). In accordance, Edmunds (2011) reported
that massive Porites maintained biomass and Symbiodinium spp.
content at 400–800 matm pCO2, and McCulloch et al. (2012) iden-
tified Porites spp. as one of the most OA tolerant coral taxa due to
their ability to maintain higher internal pH values at the site of cal-
cification than many other species, as shown by boron isotope ana-
lysis. In contrast, Acropora spp. were classified as among the most
sensitive coral species. Tissue biomass, total lipid content, and cell-
protective capacities (e.g. TAC, photoprotective pigments) were
much higher in Porites spp. compared with A. millepora at control
and seep sites, which suggest increased resilience of the former to en-
vironmental stressors such as increased temperature or ultraviolet
radiation.

Nevertheless, the physiological performance of A. millepora at
the seep sites in PNG was unexpectedly strong, despite their
greater than twofold lesser abundances and net calcification rates
that were up to 50% reduced at the Upa-Upasina seep site in PNG
(Fabricius et al., 2011; Strahl et al., 2015) and under experimentally
increased pCO2 (Schneider and Erez, 2006; Anthony et al., 2008;
Schoepf et al., 2013). Acropora millepora was chosen for the study
because, unlike for many other species of Acropora, enough colonies
of this species existed at the seep sites to conduct the study. This may
suggest that the CO2 tolerance of this particular species may be
higher than in other species of the genus Acropora. Most parameters
investigated in A. millepora showed little negative responses to life-
long exposure to high pCO2. Contents of protein and lipid as well as

Figure 2. Total antioxidant capacity (TAC) (a and c) and content of protein carbonyls (b and d) in massive Porites spp. and A. millepora at the
control (ambient pCO2, white boxes) and seep sites (high pCO2, grey boxes) at the two reefs, n ¼ 6 per species, reef/pCO2 site, and parameter.
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fatty acids, TAC, and protein carbonyls remained stable under acid-
ified conditions, while tissue biomass and energy content at Dobu
slightly increased at high pCO2. A distinct pCO2 impact was a signifi-
cant reduction in many of the Symbiodinium spp. pigments in A.
millepora at the seep sites.

Tissue biomass, proteins, and lipids
While calcification rates are traditionally investigated as a proxy of
coral response to environmental stressors (reviewed in Erez et al.,
2011), biomass and energy reserves are often ignored as sensitive
indicators for coral health. Corals with high biomass level and

Figure 3. Symbiodinium spp. pigment content in massive Porites spp. at the control (ambient pCO2, white boxes) and seep sites (high pCO2, grey
boxes) at the two reefs, n ¼ 6 per reef/pCO2 site and parameter. Dtx, diatoxanthin; Ddx, diadinoxanthin; Dnx, dinoxanthin; PP, photoprotective
pigments; LH, light-harvesting pigments.
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energy storages are more resilient and show higher rates of survival
and recovery from bleaching than starved corals and corals with low
biomass (Rodrigues and Grottoli, 2007; Thornhill et al., 2011). This
difference will become more critical with predicted increasing fre-
quencies in bleaching events in the coming decades (Donner,
2009). On average, tissue biomass was 7-fold higher and lipid
content 1.5-fold higher in massive Porites compared with A. mille-
pora at the four sites in PNG, which will make the latter generally
more susceptible to environmental stressors.

However, the reduced abundance of A. millepora at the seep com-
pared with the control sites in PNG (Fabricius et al., 2011; Strahl
et al., 2015) cannot be explained by these parameters. Tissue
biomass, total protein and lipid content (as a proportion of

AFDW), and tissue energy content in both Porites spp. and A. mill-
epora were not impacted by high pCO2. A coral that does not
up-regulate energy expenditure towards skeletal growth under acid-
ified conditions can instead maintain energy investment into tissue
biomass. Strahl et al. (2015) showed that photosynthetic rates
increased under elevated supply of CO2 in A. millepora at the
Upa-Upasina seep site, but both dark and net calcification signifi-
cantly decreased (2117 and 244%; Strahl et al., 2015), while
soft-tissue-related parameters remained unaffected or increased
(this study) at high pCO2. Similarly, total lipid/protein content
and tissue biomass were fully maintained or increased by 18–60%
in A. millepora and Stylophora pistillata after exposure to enhanced
pCO2 (740 and .1900 matm), while calcification rates decreased by
18–53% (Krief et al., 2010; Schoepf et al., 2013). The Mediterranean
red octocoral Corallium rubrum responded to increased pCO2

(800 matm) for .10 months by decreasing calcification rates
(259%), while no changes were found in total lipid and protein
content between control and acidified treatment (Bramanti et al.,
2013). In the present study, total carbohydrate content was not
determined, but similar to total lipid and protein content, total
carbohydrate content remained constant or increased in A. mille-
pora and C. rubrum at experimentally elevated pCO2s of 740–
800 matm (Bramanti et al., 2013; Schoepf et al., 2013).

In massive Porites, energy demands for tissue and skeletal growth
seemed to be met at both high and low pCO2. Neither tissue biomass,
contents of total protein, lipid and tissue energy (this study), nor net
calcification (Strahl et al., 2015) showed any pCO2 effect, but some
of these measures contrasted between the reefs. Thus, despite the as-
sumption that the energetic costs of calcification increase at high
pCO2 (Cohen et al., 2009; Erez et al., 2011), evidence is increasing
that many species of scleractinian corals do not deplete their energy
reserves to sustain calcification under acidified conditions (this
study; Krief et al., 2010; Bramanti et al., 2013; Schoepf et al., 2013).
Instead, some species grow more slowly but maintain their energy
reserves (e.g. A. millepora), possibly aided by higher photosynthetic
carbon gain at elevated concentrations of dissolved inorganic
carbon (this study; Strahl et al., 2015). Further, high rates of hetero-
trophic feeding may prevent reductions in rates of calcification at
high pCO2 in some corals (Towle et al., 2015). For example, the
Caribbean coral Acropora cervicornis maintained growth rates at
both elevated temperature and elevated CO2 when fed, while unfed
corals experienced significant decreases in growth (Towle et al., 2015).

Lipid classes and fatty acids
The examination of lipid classes and fatty acids provides insights
into how corals utilize their energy resources under different envir-
onmental conditions. Neither the lipid class composition nor total
fatty acid content/proportions in Porites spp. and A. millepora were
impacted by long-term exposure (up to 70 years, present study) to
high pCO2, which is in agreement with findings in C. rubrum after
.10 months of exposure to enhanced pCO2 (Bramanti et al.,
2013). In contrast, lower levels of key storage lipids, TG, and WE
had been detected in Porites spp. and Montipora verrucosa after
bleaching/warm-water events off the coasts of Hawaii and the
Republic of Kiribati (Grottoli et al., 2004; Carilli et al., 2012).
Similarly, both structural and storage lipids declined by 60–70%
in stony corals (Acropora intermedia, Montipora digitata) and soft
corals during a short-term heat stress experiment (338C for 10–
48 h; Imbs and Yakovleva, 2012). And after a heat stress and bleach-
ing event in Japan in 2003, corals contained significantly lower total
fatty acids as well as lower amounts of polyunsaturated fatty acids

Table 4. ANOVA results comparing pigment concentrations
and pigment ratios in Porites spp. and A. millepora at the control
(ambient pCO2) and seep site (high pCO2) at Dobu and
Upa-Upasina reef.

Porites spp. Acropora millepora

d.f. F p-value d.f. F p-value

Chlorophyll a
pCO2 1 0.926 0.347 1 8.317 0.009
Reef 1 1.037 0.321 1 0.059 0.811
pCO2:reef 1 0.036 0.851 1 0.130 0.722
Residuals 20 – – 20 – –

Chlorophyll c2
pCO2 1 0.362 0.554 1 6.964 0.016
Reef 1 8.042 0.010 1 0.096 0.760
pCO2:reef 1 1.528 0.231 1 0.046 0.831
Residuals 20 – – 20 – –

Peridinin
pCO2 1 0.218 0.646 1 9.538 0.006
Reef 1 7.103 0.015 1 0.449 0.511
pCO2:reef 1 1.418 0.248 1 0.011 0.919
Residuals 20 – – 20 – –

b-Carotene
pCO2 1 0.105 0.749 1 7.770 0.012
Reef 1 6.811 0.017 1 13.560 0.002
pCO2:reef 1 1.273 0.273 1 0.442 0.514
Residuals 20 – – 19 – –

Diatoxanthin
pCO2 1 1.159 0.294 1 2.432 0.135
Reef 1 0.486 0.494 1 9.001 0.007
pCO2:reef 1 1.229 0.281 1 0.294 0.594
Residuals 20 – – 20 – –

Ddx + Dnx
pCO2 1 0.073 0.790 1 7.769 0.011
Reef 1 4.559 0.045 1 1.408 0.249
pCO2:reef 1 0.278 0.604 1 0.090 0.768
Residuals 20 – – 20 – –

Dtx/(Dtx + Ddx)
pCO2 1 2.666 0.118 1 0.045 0.835
Reef 1 1.275 0.272 1 7.755 0.011
pCO2:reef 1 2.102 0.163 1 0.630 0.437
Residuals 20 – – 20 – –

PP/LH
pCO2 1 5.859 0.025 1 0.006 0.937
Reef 1 0.966 0.337 1 16.760 0.001
pCO2:reef 1 0.704 0.411 1 0.010 0.923
Residuals 20 – – 20 – –

Significant differences (p , 0.05) are highlighted in bold. d.f., degrees of
freedom; Dtx, diatoxanthin; Ddx, diadinoxanthin; Dnx, dinoxanthin; PP,
photoprotective pigments (Ddx, Dnx, diatoxanthin, b-carotene); LH,
light-harvesting pigments (chlorophyll a and c2, peridinin).
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and higher relative amounts of saturated and monounsaturated
fatty acids (Bachok et al., 2006). These studies and our data in com-
bination suggest that increasing seawater temperatures and bleach-
ing events are more stressful and energetically more costly for corals
than elevated pCO2 levels of up to 800 matm.

Oxidative stress parameters
Total antioxidant capacities were on average 4-times higher, and
photoprotective capacities 17-times higher in Porites spp. than in
A. millepora, which will increase the resilience of massive Porites
to increasing production rates of reactive oxygen species induced

Figure 4. Symbiodinium spp. pigment content in A. millepora at the control (ambient pCO2, white boxes) and seep sites (high pCO2, grey boxes) at
the two reefs, n ¼ 6 per reef/pCO2 site and parameter. Dtx, diatoxanthin; Ddx, diadinoxanthin; Dnx, dinoxanthin; PP, photoprotective pigments;
LH, light-harvesting pigments.
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by environmental stressors (e.g. increasing seawater temperatures,
solar ultraviolet radiation), which are known to directly induce
photo-oxidative stress in corals (Lesser, 1996; Downs et al., 2013).

However, oxidative stress parameters in massive Porites spp. and
A. millepora were highly variable between colonies and were not
considerably impacted by increased pCO2. The activity of cellular
protective antioxidants (e.g. TAC), which can be stimulated by
enhanced production rates of harmful reactive oxygen species
(Halliwell, 2006) in coral host tissues and photosynthetic active
Symbiodinium spp., remained similarly high in corals at control
and seep sites in the present study. In accordance, the contents of
protein carbonyls remained unaffected by pCO2 in both Porites
spp. and A. millepora. Our findings do not support the hypothesis
that mild hypercapnia might impair the photosynthetic apparatus
of Symbiodinium spp. and/or the mitochondria of the coral host
tissue, leading to higher production rates of reactive oxygen
species (Kaniewska et al., 2012).

Pigments
In the present study, light harvesting and photoprotective pigments
decreased significantly (by 22–31% and 30–88%, respectively) in
A. millepora at the seep compared with the control sites, but
remained unaffected by pCO2 in massive Porites. A decline of
Symbiodinium spp./pigments in corals at high pCO2 can be a sign
of stress, indicating a breakdown in the symbiotic relationship due
to changes in carbon concentrating mechanisms, photorespiration,
and/or direct impacts of acidosis (Anthony et al., 2008; Kaniewska
et al., 2012). Similar to our findings, Anthony et al. (2008) observed a
stronger decline in pigmentation in Acropora intermedia (20%
bleaching) than in Porites lobata (10% bleaching) exposed to
pCO2 and temperature conditions similar to the present study
(pH 7.85 vs. 7.87, temperature 28–298C vs. 29 8C). Muehllehner
(2013) reported significantly reduced symbiont to host cell ratios
in A. millepora (254%) at the seep (�850 matm pCO2) compared
with the control site of Upa-Upasina Reef in situ in August 2010,
which supports the results of the present study. Similarly, the
content of Symbiodinium spp. declined by 50% in A. millepora
after 24–28 d of exposure to up to 1350 matm pCO2 (Kaniewska
et al., 2012; Schoepf et al., 2013). Our pigment data support
earlier studies stating that Porites spp. will be more resilient than
Acropora spp. in a future of increasing pCO2 (Fabricius et al.,
2011; McCulloch et al., 2012; Comeau et al., 2014; Strahl et al., 2015).

Furthermore, the ratio of photoprotective to light-harvesting
pigments (PP:LH) increased in massive Porites at the two seep
sites, providing the coral with a higher level of photo protection as
a response to the elevated photosynthetic activity. Strahl et al.

(2015) reported a benefical effect of elevated pCO2 on the photosyn-
thetic rates in massive Porites (+43%) and A. millepora (24%) at
Upa-Upasina Reef (corals at Dobu were not investigated in the
study). The production rate of harmful reactive oxygen species po-
tentially increases when rates of photosynthesis are high (Lesser,
1996). Photoprotective mechanisms in Symbiodinium spp. have
been reported widely in the form of xanthophyll cycling and in
their capacity to generate more photoprotective diatoxanthin pig-
ments in response to environmental stressors (e.g. solar radiation;
Ambarsari et al., 1997; Brown et al., 2002). Thus, an elevated ratio
of PP:LH at high pCO2 in Porites spp.—but not in A. millepora—
will counteract oxidative damage accumulation and lead to a
higher resistance of massive Porites to increasing reactive oxygen
species concentrations.

Reef-related differences in biochemical parameters
(Dobu vs. Upa-Upasina)
The observed differences in the physiological performance of corals
between the two reefs may be related to potential differences in
oceanographic conditions (e.g. currents, wave exposure, turbidity)
and food availability, also demonstrating the difficulty to compare
the effects of high pCO2 between regions. Tissue biomass and con-
tents of total lipid, protein, fatty acids, and pigments were signifi-
cantly higher at Dobu compared with Upa-Upasina in Porites spp.
and/or A. millepora, suggesting more effective heterotrophic
feeding at Dobu. Similarly, photosynthesizing foraminifera species
dominate Upa-Upasina sites, while heterotrophic species are more
abundant at the Dobu sites (Uthicke et al., 2013), which indicates
a higher food supply/nutrient content at the latter reef. For
example, concentrations of dissolved inorganic nutrients in sea-
water were twofold higher at the Dobu compared with
Upa-Upasina sites in April 2012 and May 2013 (N. Vogel and
S. Uthicke, pers. comm.), potentially fuelling organic enrichment
of particulate matter at Dobu as one possible food source for
corals. Previous studies report that some symbiotic corals show
strong biochemical responses to heterotrophic feeding, e.g. lipid
contents were two to fourfold higher in A. millepora, Acropora
valida, and Turbinaria mesenterina at turbid, inshore reefs com-
pared with offshore reefs (Anthony, 2006; Bay et al., 2009). In ac-
cordance, fed A. cervicornis maintained ambient growth rates and
showed highest lipid contents at elevated temperature and pCO2

in an 8-week aquarium experiment, while unfed corals experienced
significant decreases in growth and lipid content (Towle et al., 2015).
Well-fed corals also maintained photosynthetic efficiency and cell
division rates of Symbiodinium spp. under temperature stress,
while both parameters progressively declined in experimentally

Table 5. Ratios of the mean values of the biochemical parameters of Porites spp. to A. millepora at the control (ambient pCO2) and seep sites
(high pCO2) at the two reefs, and their significance (t-test).

Average, all sites Dobu, control Dobu, seep Upa-Upasina, control Upa-Upasina, seep t-value d.f. p-value

Tissue biomass 7.2 10.7 7.0 6.0 5.0 11.69 3 0.001
Total protein content 0.9 1.1 0.9 0.8 0.7 1.54 3 0.222
Total lipid content 1.5 1.9 1.2 1.6 1.5 4.52 3 0.020
Light-harvesting pigments 18.5 15.6 19.3 15.1 24.0 26.81 3 <0.001
Photoprotective pigments 16.8 16.3 19.2 13.2 18.4 33.83 3 <0.001
Total antioxidant capacity 4.0 3.2 4.8 4.4 3.6 14.47 3 <0.001
Protein carbonyls 0.8 0.9 1.0 0.9 0.5 1.43 3 0.248

Tabled are ratios of tissue biomass (g protein cm22), total protein and lipid content (g g21 AFDW), photoprotective and light-harvesting pigments
(nmol cm22), total antioxidant capacity (mmol CRE g21 protein), and protein carbonyls (nmol g21 protein). Significant differences (p , 0.05) are highlighted in
bold; d.f., degrees of freedom.
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starved corals (reviewed in Fabricius et al., 2013). Thus, further in-
vestigation of corals in PNG under long-term OA (e.g. feeding
experiments and measurements of photosynthesis, respiration,
and calcification rates in corals at Dobu) and a more detailed
biochemical and oceanographic characterization of ambient and
high pCO2 sites at Dobu and Upa-Upasina are required to more
explicitly explain the observed reef-related differences in biochemical
parameters.

Conclusion
Most of the biochemical parameters investigated in Porites spp. and
A. millepora were less impacted than expected under lifelong expos-
ure to predicted future pCO2 (RCP6.0; IPCC, 2014) and can there-
fore not explain the observed community shift in coral reefs at the
seep sites in PNG. Coral calcification more than other physiological
parameters related to coral health (e.g. tissue biomass, energy
storage capacity, cell damage) seem to be predominantly affected
in pCO2-sensitive corals such as A. millepora under lifelong expos-
ure to high pCO2 (this study; Strahl et al., 2015). However, our
study could not investigate any of the coral species most negatively
affected by acidified conditions, because they were too rare at the
seep sites to be included in this study. This suggests that the CO2 tol-
erance of A. millepora may be higher than in those other species of
the genus Acropora that were rare or absent at elevated pCO2.

Our study and recent publications (Grottoli et al., 2004; Carilli
et al., 2012; Imbs and Yakovleva, 2012) in combination show that
other environmental stressors such as increasing seawater tempera-
ture and bleaching are energetically more costly for corals than OA
alone. Key physiological and biochemical features in generalists such
as massive Porites underpin their resilience to combined stressors
(e.g. high pCO2 and increasing sea surface temperature/bleaching)
and support their recovery from stress events, while more sensitive
coral species such as A. millepora have lower tolerance thresholds.
This might lead to changes in species composition and reduced di-
versity in tropical coral reefs (Fabricius et al., 2011; Inoue et al., 2013;
Strahl et al., 2015) under projected pCO2 and ocean warming.
However, a better understanding of physiological mechanisms
and responses in different coral taxa to OA, and especially to com-
bined stressors such as lifelong increased pCO2 and ocean
warming is needed to predict the future of coral reef ecosystems.
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