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Abstract
Effects of Ocean acidification on the Primary Framework Builders of Coral Reefs
By
Darren J. Brown
Masters of Science in Biology
Motivated by the growing number of studies reporting inter-specific differences
for the effects of OA on calcifying taxa, this study tested the hypothesis that
taxonomically diverse calcifying cnidarians show differential responses to OA.
Phylogenetic analyses show that the Scleractinia consist of two clades (Robusta and
Complexa), with the split between the two occurring prior to the evolution of
calcification. Further, milleporine hydrocorals arose after the Scleractinia in seas of
different chemical composition. The potential for the Robusta, Complexa, and
milleporines to represent different responses to OA due to independent evolution of
calcification contextualized the present analysis. Scleractinians representing Robusta
(Pocillopora meandrina) and Complexa (Porites spp. and Acropora pulchra) as well as
the milleporine hydrocoral (Millepora platyphylla) were grown in 3 PCO2 regimes (400,
750 & 900 µatm) crossed with 2 temperatures (28.0 & 30.1 °C), with calcification
measured after 3 weeks. Porites spp. and A. pulchra (= Complexa) and M. platyphylla
were unaffected by PCO2, while calcification in P. meandrina (= Robusta) declined 33%
and 55% at high PCO2 (750 & 900 µatm respectively) and 30.1 °C. These patterns clearly
demonstrate differential responses to OA among phylogenetically diverse taxa, and raise
the intriguing possibility that differential evolution of calcification could modulate the
impacts of OA on these taxa.
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Due to differences in the response between Pocillopora meandrina and Millepora
platyphylla to OA, I tested the hypothesis that the scleractinian, Pocillopora meandrina,
and the hydrocoral, Millepora platyphylla, respond differently to increased PCO2 due to
differential utilization of particulate food. To test this hypothesis, PCO2 treatments of 380
µatm and 710 µatm, were crossed with feeding treatments created through the supply of
seawater filtered to ~100 µm (control zooplankton), seawater filtered to ~2 µm (low
zooplankton), or seawater enriched with natural zooplankton (high zooplankton). M.
platyphylla was unaffected by increased PCO2 at control and low zooplankton treatments,
but high PCO2 increased calcification 19% in the high zooplankton treatment. P.
meandrina was unaffected by increased PCO2 at the control zooplankton treatment, but
increased PCO2 decreased calcification 32% and 29% for high and low zooplankton
treatments, respectively. In control and low feeding treatments, calcification of M.
platyphylla, may be nutrient limited, with the effect removed with additional
zooplankton. P. meandrina interacts with food in different ways, as calcification was
depressed by PCO2 both when additional zooplankton were supplied and when the
smallest particulates were removed, but not with access to control seawater. We
speculate that the differences between scleractinian and hydrocorals in their response to
PCO2 as a function of food supply may reflect the evolutionary origins of these taxa in
ancient seas differing in chemical composition.
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Chapter 1
Introduction
Ocean Acidification
Coral reefs are ecologically important and diverse marine habitats (Connell 1978,
Bellwood et al., 2004), known for the architecturally complex structures created by
hermatypic corals (reef-builders), from the order Scleractinia (P: Cnidaria, C: Anthozoa,
SC: Hexacorallia) and hydrocorals from the family Milleporidae (P: Cnidaria, C:
Hydrozoa, O: Anthomedusae) (Sheppard 1982, Lewis 1989). The complex benthic
structures created by hermatypic corals and hydrocorals are constructed of calcium
carbonate (CaCO3), in the crystal form of aragonite (Stanley 2008). The deposition of a
CaCO3 substratum through biomineralisation creates an abundance of morphologically
diverse niches on the benthos (Idjadi et al., 2006), which provide shelter and resources to
a wide range of organisms inhabiting the reef environment (Alvarez-Filip et al., 2009).
Persistence of the high diversity found in tropical coral reef environments is maintained,
in part, by the ability of hermatypic corals to deposit CaCO3 at rates greater than the
erosion of existing CaCO3 through chemical dissolution and mechanical abrasion
(Hutchings 1986). The ability of hermatypic corals and hydrocorals to create
morphologically complex habitats has come under threat due to a decrease in seawater
pH, known as ocean acidification (OA). OA is the hydration of increased atmospheric
CO2 in seawater (Sabine et al., 2004) caused by the anthropogenic burning of fossil fuels
(Hoegh-Guldberg et al., 2007).
Atmospheric CO2 has increased from ~280 to ~380 ppm since pre-industrial
values (Feely et al., 2004), an increase of 28% (Solomon et al., 2009), mainly as a result
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of the burning of fossil fuels and deforestation (Sabine et al., 2004). The present increase
in seawater CO2 concentration has not been seen for 800,000 years, when changes in
weathering and reorganizations in the carbon reservoir of the global ocean increased
seawater CO2 concentrations (Luthi et al., 2008). OA shifts the chemical equilibrium of
CO2 in seawater, altering the dissolved inorganic carbon (DIC) concentration by
increasing carbon dioxide [CO2] and bicarbonate [HCO3-], and decreasing carbonate
[CO32-] (Feely et al., 2004, Atkinson and Cuet 2008). Changes to the DIC of seawater,
caused by increased PCO2, affects the saturation state of CaCO3 in seawater (Ω), which is
hypothesized to exert direct control on hermatypic coral and hydrocoral calcification
(Kleypas et al., 1999). Hermatypic coral and hydrocoral calcification is strongly
correlated to Ω, and as Ω decreases, calcification rates decline (Kleypas and Yates 2009).
Increases in atmospheric CO2 have occurred in the geologic past (Seki et al.,
2010), but the rate at which present atmospheric CO2 levels are increasing is
unprecedented over the last 800,000 years (Luthi et al., 2008). The Oligocene-Pliocene
(34-2.6 My) period exhibited increases in atmospheric PCO2, causing declines in seawater
pH relative to present-day values, but there was no associated change in the saturation
state of CaCO3 in seawater (Ω) (Honisch et al., 2012). Seawater CaCO3 (Ω) was
unchanged during the Oligocene-Pliocene due to the long duration (≈11 My) of the PCO2
increase, which allowed for the natural weathering of terrestrial rock to replenish the
alkalinity of seawater. Over long time scales, (e.g. ≈11 My), seawater CaCO3 (Ω) is
regulated by the weathering of terrestrial rock and therefore does not change with
atmospheric CO2 (Honisch et al., 2012). The current rapid increase in anthropogenically
derived atmospheric PCO2 has surpassed the ability of carbon sinks to absorb the increase
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in PCO2, resulting in 43% of the total CO2 emissions remaining in the atmosphere (yearly
between 1959 and 2008), creating an imbalance between the sources (e.g., burning of
fossil fuels) and sinks (e.g., seawater) of atmospheric CO2 (Le Quere et al., 2012).

Dissolved Inorganic Carbon
Calcification and photosynthesis by tropical corals both utilize dissolved
inorganic carbon (DIC), but the preferred DIC species, and the mechanism(s) involved in
DIC supply to the calicoblastic layer for calcification as well as to the Symbiodinium for
photosynthesis is still poorly understood (Gattuso et al., 1999). For Symbiodinium
photosynthesis, CO2 is supplied from the cytoplasm of the host, where it originates from
external seawater, host coral respiration (Gattuso et al., 1999), or through carbonic
anhydrase (Weis et al., 1989). Seawater DIC can be supplied to the site of calcification
through the advective exchange of external seawater and seawater in the coelenteron
(Langdon and Atkinson 2005), but this may be insufficient to meet the DIC needs of
calcification. DIC supply for coral calcification is thought to be provided by the CCM
(e.g., carbonic anhydrase), found in the calicoblastic epithelium, that can catalyze the
conversion of respiratory CO2 into HCO3- (Gattuso et al., 1999). CCMs for both
photosynthesis and calcification might be drawing from the same DIC pool, and therefore
changes in photosynthetic rates may alter the DIC available for calcification (Marubini
and Thake 1999). While OA has been shown to increases the photosynthetic rates of
some microalgae (Riebesell et al., 1993), an increase in Symbiodinium photosynthesis
caused by OA may increase the competition for DIC between Symbiodinium
photosynthesis and coral calcification (Langdon and Atkinson 2005). While ATP
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provided by Symbiodinium photosynthesis may increase calcification rates by actively
transporting H+ ions form the calicoblastic layer, increasing the Ωarag, a reduction in DIC
caused by CO2 fixation in the Calvin cycle may reduce the DIC available for coral
calcification, and therefore may reduce coral calcification rates (Gattuso et al., 1999,
Langdon and Atkinson 2005).

Scleractinian and Hydrocoral Calcification
While both hermatypic corals and hydrocorals create architecturally complex
structures through biomineralisation, fossil and molecular data suggest that the
mechanisms of calcification may have evolved more than once within the Cnidaria
(Romano and Palumbi 1996). Molecular data suggest that the two extant clades of
hermatypic corals (Robusta and Complexa [Romano and Palumbi 1996]) diverged prior
to acquiring the ability to calcify, with each clade evolving the ability to calcify
independently (Romano and Palumbi 1996). Fossil evidence suggests both lineages of
hermatypic corals acquired the ability to calcify during the Triassic (~250 My) (Stanley
2008), while hydrocorals acquired the ability to calcify during the Cretaceous (~150 My)
(Jablonski 2005, Miglietta et al., 2010). Notably, the chemical composition of seawater
between these two geologic periods was different (Stanley 2008), and the response of
hermatypic corals and hydrocorals to OA in contemporary seas may be a product of
differences in the chemical composition of seawater when these calcifying cnidarians
evolved calcification.
The deposition of a CaCO3 skeleton by hermatypic corals and hydrocorals is
governed by many factors (e.g., genetics, light, temperature, etc.), but to some extent is
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controlled by the chemical composition of seawater (Stanley 2008). The Mg/Ca ratio of
seawater is one important factor determining the crystal form of CaCO3 (aragonite, highMg calcite, or low-Mg calcite) deposited by hermatypic corals and hydrocorals (Ries
2004, 2005, Stanley 2008, Miglietta et al., 2010), with the Mg/Ca ratio influencing the
amount of Mg2+ incorporated into the CaCO3 skeleton (Ries 2005, Stanley 2008). When
the Mg/Ca ratio of seawater is > 2, Mg2+ is incorporated in greater amounts into the
CaCO3 skeleton of calcifying cnidarians, leading to the deposition of aragonite or highMg calcite. As the Mg/Ca ratio of seawater declines below 2, the CaCO3 skeleton of
calcifying cnidarians incorporates less dsMg2+, creating low-Mg calcite skeletons.
Currently, the Mg/Ca ratio of seawater is ~ 5.2, thus the form of CaCO3 deposited by
hermatypic corals and hydrocorals is aragonite (Ries 2004, Stanley 2008). The Mg/Ca
ratio of seawater has oscillated over geologic times, changing from low-Mg calcite seas
(Mg/Ca < 2, ~ 525-350 & 190-30 My) when the deposition of CaCO3 by hermatypic
corals declined – to aragonite and high-Mg calcite seas (Mg/Ca > 2, ~ 340-190 My),
when hermatypic coral calcification flourished. At this time, oscillations in the seawater
Mg/Ca ratios were not short lived, with each oscillation persisting for ~ 100 My (Ries
2004, Stanley 2008).
Hermatypic corals have a fossil record dating back 240 (My) (Stanley 2008),
when the chemical composition of seawater favored the deposition of CaCO3 as aragonite
due to a Mg/Ca ratio ~ 3 (Ries 2004, Stanley 2008). In contrast, hydrocorals
evolutionarily are younger than scleractinians, with a fossil record dating back only ~ 150
(My) to a period when the Mg/Ca ratio was < 1. Hydrocorals evolved calcification
during a period of low concentrations of Mg2+ in seawater that favored deposition of
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CaCO3 in the form of calcite, not aragonite (Stanley 2008). Another possible factor for
differences between the hydrocoral and hermatypic coral response to changes in seawater
chemistry may be due to differences in evolutionary history between these taxa.
Hydrozoa diverged from Anthozoa ~ 700 My, during the Neoproterozoic (Jablonski
2005), 460 My before hermatypic corals acquired the ability to calcify, and 555 My
before hydrocorals acquired the ability to calcify. The large differences in geologic time
between when these taxa acquired the ability to calcify may have resulted in each taxon
developing different mechanisms of calcification, which now might influence their
response to OA.
While the mechanisms of calcification in hermatypic corals and hydrocorals may
differ due to differences in the timing of appearance of calcification in geologic time,
molecular phylogenetics show hermatypic corals diverged into genetically distinct clades,
the robusta and complexa clades ~ 250 My, with both clades independently acquiring the
ability to calcify around 240 (My) (Romano and Palumbi 1996). Corals in the robusta
clade (e.g., Pocillopora meandrina and Pavona varians) produce relatively solid and
heavily calcified skeletons due to solid (septothecal or parathecal) construction of
corallite walls (Romano and Palumbi 1996). In contrast, complexa clade corals (e.g.,
massive Porites spp. and Acropora pulchra) are less heavily calcified due to the
construction of porous corallite walls (Romano and Palumbi 1996). Differences in
modes of calcification between robusta and complexa clades may also play a role in how
hermatypic coral calcification is affected by changes to seawater chemistry caused by
OA.
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Light Enhanced Calcification and Heterotrophy
Hermatypic corals and hydrocorals obtain energy for calcification and other
metabolic processes from two sources, heterotrophy and autotrophy (Muscatine 1973).
Heterotrophic feeding is achieved in hermatypic corals and hydrocorals by trapping
particulate organic material (POM) using tentacles and nematocysts, uptake of dissolved
organic materials (DOM) adhering to mucus films produced by the coral or absorption
through the tissue surface (Houlbreque and Ferrier-Pages 2009). Heterotrophy is
important in hermatypic coral and hydrocoral nutrition, providing a source of trace
elements not provided by autotrophy (Houlbreque and Ferrier-Pages 2009).
Autotrophy enables hermatypic corals and hydrocorals to achieve high rates of
calcification responsible for the creation of the tropical reef environment, with the
process termed light-enhanced calcification (LEC) (Chalker and Taylor 1975). LEC is
achieved through the photosynthetic dinoflagellate Symbiodinium that occurs in a
mutualistic symbiosis with hermatypic corals and hydrocorals (Muscatine 1973).
Symbiodinium are found predominately in the oral endodermal layer of corals (Gattuso et
al., 1999, Al-Horani et al., 2003), and the mutualism is based on Symbiodinium receiving
protection from phytoplanktivorous predators as well as access to nitrogen and
phosphates excreted by the hermatypic coral or hydrocoral host. CO2 also can be
supplied to the site of photosynthesis through the products of coral respiration (Dubinsky
and Falkowski 2010). The coral receives energy from the products of Symbiodinium
photosynthesis, which are translocated to the coral host (Dubinsky and Falkowski 2010).
The photosynthetic contribution of Symbiodinium to hermatypic corals can be the main
means of nutrition in shallow water, accounting for >90% of the daily energetic needs in
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some hermatypic corals (Davies 1984, Falkowski et al., 1984, Edmunds and Davies
1986). The contribution from Symbiodinium to the coral host, increases calcification in
hermatypic corals and hydrocorals, notably seen with LEC 2-3 times greater than dark
calcification (Chalker and Taylor 1975, Gattuso et al., 1999, Moya et al., 2006). Changes
in seawater chemistry (DIC), caused by OA, may alter the symbiosis between
Symbiodinium and hermatypic corals, increasing the importance of heterotrophic nutrition
in coral calcification.

Objectives
Global climate change is altering the chemical composition of the marine
environment by altering the equilibrium of DIC in seawater, causing a decrease in pH
with no change in total alkalinity (TA) known as ocean acidification (OA). While the
majority of studies on the effects of OA on coral reefs is conducted with scleractinians,
the present study analyzed the effects of OA on both scleractinian corals and the less
studied reef-building hydrocoral Millepora. Calcifying cnidarians may exhibit differing
modes of calcification, and the response of these differing modes of calcification to
reduced pH may aid in understanding how OA affects cnidarian calcification, further
increasing our understanding of how OA will affect the composition of future tropical
reef communities.
In chapter 2, I describe an experiment designed to analyze the effects of OA on
the calcification of three hermatypic corals, Acropora pulchra, Pocillopora meandrina
and massive Porites spp., and one hydrocoral, Millepora platyphylla, at ambient and
elevated temperature. Specifically I sought to test the hypothesis that taxonomically
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diverse calcifying cnidarians show differential rates of calcification in responses to OA.
In chapter 3, I analyzed the effects of OA and heterotrophy on the hermatypic coral P.
meandrina and the hydrocoral M. platyphylla, to test the hypothesis that increased
heterotrophy can alleviate the detrimental effects of OA on calcifying cnidarians. The
rationale for this hypothesis was inspired by differences in calcification exhibited by P.
meandrina and M. platyphylla from the experiment conducted in chapter 2. Differences
in calcification, for P. meandrina and M. platyphylla, may be due to OA altering the DIC
composition of seawater, creating an imbalance between DIC availability and nutrition
provided through heterotrophy. Therefore, this study analyzed the effects of OA on P.
meandrina and M. platyphylla calcification, and through alteration of zooplankton
availability, tested the ability of heterotrophy to alleviate OA effects.
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Chapter 2
Differential Effects of PCO2 on Calcification in Scleractinians and a Hydrocoral May
Reflect Their Phylogenetic Origins

Introduction
Due to the anthropogenic burning of fossil fuels, atmospheric PCO2 has increased 28%
above pre-industrial levels, an increase that has not been seen for 800,000 years (Luthi et
al., 2008). Less than half of the current increase in atmospheric PCO2 has remained in the
atmosphere, with the other half having been taken up by the terrestrial biosphere (e.g.,
trees) and dissolving in the ocean (Sabine et al., 2004). Oceanic uptake of atmospheric
PCO2 shifts the CO2 chemical equilibrium of seawater, causing a depression in seawater
pH with no change in TA, in a process known as ocean acidification (OA) (HoeghGuldberg et al., 2007, Kleypas and Yates 2009). Changes to the CO2 equilibrium of
seawater, caused by OA, also alters the dissolved inorganic carbon (DIC) concentration
by decreasing carbonate [CO32-] and increasing carbon dioxide [CO2] and bicarbonate
[HCO3-] (Kleypas et al., 1999). Of particular importance to marine calcifiers is the
decrease in [CO32-], and the associated reduction in the CaCO3 saturation state (Ωarag),
creating an environment thermodynamically challenging for the precipitation of CaCO3
by cnidarians and other calcifying taxa (Kleypas et al., 1999, Kleypas and Yates 2009).
While the impacts of OA on calcifying taxa are not yet fully understood, the
associated changes to the carbonate equilibrium of seawater may threaten the persistence
of tropical reef environments by suppressing calcification through a reduction in Ωarag
(Hoegh-Guldberg et al., 2007, Kleypas and Yates 2009). The architecturally complex
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structures characteristic of the tropical reef environment, created by calcifying cnidarians
within the Anthozoa (hermatypic corals) and Hydrozoa (hydrocorals), are responsible for
much of the high species diversity found in this habitat (Alvarez-Filip et al., 2009). Both
hermatypic corals and hydrocorals deposit CaCO3 as aragonite (Jablonski 2005, Stanley
2008, Miglietta et al., 2010), with fossil and molecular data suggesting that calcification
in these taxa may have evolved more than once (Romano and Palumbi 1996, Jablonski
2005, Miglietta et al., 2010). While these separate lineages acquired the ability to calcify
independently (Romano and Palumbi 1996), differences in the biochemical mechanism
between the two calcifying lineages of scleractinians (Complexa and Robusta) and
milleporine hydrocorals are currently unknown.
Hermatypic corals (C: Anthozoa, O: Scleractinia) are the structural engineers of
the tropical reef ecosystem (Jones et al., 1994), known for creating much of the
architecturally complex structures characteristic of the tropical reef environment
(Alvarez-Filip et al., 2009). The hermatypic coral fossil record dates back ~240 my
(Stanley 2008), but because the current fossil record is incomplete, we are limited in our
understanding of the phylogenetic relationships among extant hermatypic coral taxa
(Oliver 1980, Romano and Palumbi 1996). One theory on the evolution of calcification
in hermatypic corals suggests a divergence of an ancestral soft-bodied form into two
clades, before calcification was acquired (Romano and Palumbi 1996), and thus both
lineages evolved calcification independently (Romano and Palumbi 1996). The two
potentially independent clades of scleractinians, Robusta and Complexa, may have
independent modes of skeletogenesis, with the most striking difference in the
construction of their corallite walls (Romano and Palumbi 1996). Hermatypic corals in
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the Complexa clade construct synapticulothecal corallite walls (Romano and Palumbi
1996), forming a relatively porous skeleton of lose skeletal elements, comparatively light
and complex in comparison to hermatypic corals in the Robusta clade (Romano and
Palumbi 1996). Hermatypic corals in the Robusta clade differ from hermatypic corals in
the complexa clade by producing a relatively solid, heavily calcified skeleton through the
construction of septothecal, parathecal, or both septothecal and parathecal corallite walls
(Romano and Palumbi 1996). As a result, Robusta corals typically produce large
platelike or massive colonies.
Calcifying hydrozoans from the family Milleporidae, known as hydrocorals, are
similar to hermatypic corals in depositing CaCO3 in the form of aragonite, thereby
producing skeletons that create benthic structures in the tropical reef environments.
While scleractinians are the primary ecosystem engineers of tropical reefs (Jones et al.,
1994), hydrocorals can be spatially dominant on some tropical reefs (Sheppard 1982,
Lewis 1989) and in some places can function as ecosystem engineers. Calcification in
hydrocorals evolved ~150 My, and similar to hermatypic corals, calcification is thought
to have evolved more than once (Jablonski 2005, Miglietta et al., 2010). However, the
phylogeny of calcification in the Milleporina is less well known than for the Scleractinia.
The response of hermatypic corals to changes in seawater chemistry associated with OA
is beginning to be studied in detail, but to date, no studies have been conducted on the
impacts of OA on calcification in hydrocorals.
There are numerous factors affecting the response of hermatypic corals and
hydrocorals to the changes in seawater DIC associated with OA (e.g., temperature,
eutrophication, light, genetics, etc.) (Anthony et al., 2008, Edmunds 2011, Edmunds et
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al., 2012, Comeau et al., 2012, 2013a, Dufault et al., 2013, Fabricius et al., 2011), but one
of the lesser-studied factors may be differences in the chemical composition of seawater
when calcification appeared in evolutionary time as a new trait (Romano and Palumbi
1996, Stanley 2008). The ability of marine organisms to deposit CaCO3 in the three
mineral forms (aragonite, high-Mg calcite, and low-Mg calcite) is affected by the ratio of
magnesium ions (Mg+2) to calcium ions (Ca+2) in seawater (hereafter Mg/Ca ratio) (Ries
2004, 2010, Stanley 2008). The Mg/Ca ratio in seawater has fluctuated from <1 to >5
over the last 500 My (Ries 2004, 2010, Stanley 2008), and has had a profound influence
on biomineralization rates of tropical reef systems (Ries 2004, Stanley 2008). Over the
last 550 My the Mg/Ca ratio has fluctuated between periods favoring the deposition of
CaCO3 as aragonite and high Mg-calcite (e.g., in the Triassic, 250-200 My, when Mg/Ca
> 3 [Ries 2004, Stanley 2008]), to periods favoring deposition of CaCO3 as low-Mg
calcite (e.g., the Cretaceous, 150-60 My, when Mg/Ca to < 1 [Ries 2004, Stanley 2008]).
Hermatypic corals evolved the ability to calcify ~ 250 My when a high Mg/Ca
ratio (> 3) favored the deposition of CaCO3 as aragonite and high-Mg calcite (Stanley
2008); hermatypic corals flourished during this period (Ries 2004, Stanley 2008). As the
Mg/Ca ratio of seawater decreased to its lowest value of ~0.6 (~130 My), hermatypic
corals appear to have disappeared as a calcified taxon, at least based on their absence in
the fossil record. It is unknown why corals have not been found in this period, but it is
interesting to speculate that the absence in the fossil record is due possibly to a decline in
calcification associated with decreased Mg/Ca ratios (Stanley 2008). About ~25 My, the
Mg/Ca ratio increased again to > 2, thereby creating an environment favorable for
hermatypic coral calcification. Thus, it has been hypothesized that hermatypic corals re-
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appeared in the fossil record about ~25 My because of the increase in the Mg/Ca ratio
(Ries 2004, Stanley 2008). While hermatypic corals declined in abundance during
periods when the Mg/Ca ratio was low, other calcifying organisms, namely
coccolithophores and single-celled phytoplankton that produce shields in the form of
low-Mg calcite, flourished (Stanley 2008).
Many factors contribute to calcification rates in hermatypic corals (e.g., light,
temperature, etc.) (Chalker and Taylor 1975, Anthony and Hoegh-Guldberg 2003,
Anthony et al., 2007, Edmunds and Lenihan 2010), but two important factors often
overlooked in current studies of calcification in hermatypic corals are the Mg/Ca ratio of
seawater and the mineral form of CaCO3 deposited by the organism (e.g. aragonite, highMg calcite, and low-Mg calcite). Marine calcifiers depositing CaCO3 as low-Mg calcite
(e.g. coccolithophores) (Stanley 2008) exhibit increased calcification rates in seawater
with a Mg/Ca ratio <2 (Stanley 2008). Hermatypic corals deposit CaCO3 as aragonite
and high-Mg calcite, with studies showing increased rates of calcification in hermatypic
corals as the Mg/Ca ratio increases above 2 (Ries 2004, Stanley 2008). While hermatypic
corals are capable of depositing CaCO3 as low-Mg calcite when the Mg/Ca ratio declines
to < 1 (Ries et al., 2006), the rates of mineralization are low compared to the rate at
which CaCO3 is deposited as aragonite in seawater with a Mg/Ca ratio >2 (Ries et al.,
2006). Like scleractinians, hydrocorals deposit CaCO3 as aragonite (Miglietta et al.,
2010), yet they appeared in the fossil record ~150 My (Jablonski 2005, Miglietta et al.,
2010), during a period when the Mg/Ca ratio favored the deposition of CaCO3 as low-Mg
calcite (Mg/Ca < 1) (Ries 2004, Stanley 2008). Since hermatypic corals and hydrocorals
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evolved in seas with dissimilar Mg/Ca ratios, I reasoned that they might respond
unequally to changes in seawater chemistry caused by OA in contemporary seas.
Motivated by the growing number of studies reporting inter-specific differences
for the effects of OA on hermatypic corals (Anthony et al., 2008, Edmunds 2011, 2012,
Kleypas et al., 2011, Comeau et al., 2012, 2013a, 2013b, Edmunds et al., 2012), this
study tested the hypothesis that taxonomically diverse calcifying cnidarians show
differential responses to OA. To test this hypothesis, hermatypic corals representing
robusta and the complexa clades, as well as a hydrocoral, were placed in 3 levels of PCO2
(400, 750 & 900 µatm) crossed with 2 temperature treatments (28.0 & 30.1 °C) for 19 d.
Two temperature regimes where chosen, an ambient (28.0 °C) and high (30.1 °C), to test
for the synergistic effects an increase in temperature may have on the effects of high
PCO2. This study investigated the interaction between changes in seawater chemistry
associated with OA and elevated temperature, using the dependent variables of areanormalized calcification, area-normalized biomass, biomass-normalized calcification, and
effective and maximum quantum yield of PSII to test the effects of the treatments.

Materials and methods
Study Organisms and Coral Collection
Corals representing four taxa and two classes were collected from the shallow lagoon
(~4-m depth) on the north shore of Moorea, French Polynesia. Fragments of Acropora
pulchra, Pocillopora meandrina, massive Porites spp. (15% P. lobata & 85% P. lutea,
Edmunds, 2009), and the hydrocoral Millepora platyphylla were used to evaluate the
effect of increased PCO2 and temperature on calcification. Massive Porites spp. and M.
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platyphylla, were sampled using a coring procedure in which a pneumatic drill
(McMaster-Carr Air-powered drill part #27755A17) fitted with a 4.13 cm-diamond tip
hole saw (McMaster-Carr part #6930A43) was used to remove cores ~4.0 cm in diameter
and ~3.8 cm in depth from adult colonies. The central arbor of the saw was removed to
avoid damaging the core. After cores were removed, non-toxic modeling clay (Van Aken
Part #10117) was used to fill the void for aesthetic reasons and to promote coral recovery.
To increase the likelihood that cores were from genetically distinct individuals, only one
core was taken from each parent colony, with parent colonies distributed along 3-km of
the north shore of Moorea, French Polynesia.
Freshly collected cores were placed in bags filled with seawater and transported to
the Richard B. Gump South Pacific Research Station where they were placed in tanks
supplied with a constant flow of fresh seawater pumped from Cook’s Bay. Cores were
prepared by removing excess CaCO3 skeleton that extended >1.5 cm below the living
tissue, and the prepared plugs attached to numbered polyvinyl chloride (PVC) pipe (4.4
cm diameter) with underwater epoxy (Z Spar, #A788). To eliminate the possibility of
boring species (e.g., Lithophaga spp.) accessing freshly cut skeleton, cores were epoxied
so that no freshly cut skeleton was exposed and no living tissue was covered in epoxy. A
plastic screw was epoxied to the bottom of the core and used to attach cores upright in
plastic racks in the tanks. Cores were allowed to recover from the drilling process in
their natural environment, with racks of cores placed in the lagoon from where the
samples were collected. The recovery period lasted 6 weeks, after which tissue was
inspected visually to ensure damage caused by the coring process had healed.
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Branches of Acropora pulchra and Pocillopora meandrina were collected across
a 2-km area on the north shore of Moorea, French Polynesia with single branches cut
from adult colonies using bone shears. Each A. pulchra and P. meandrina colony was
only sampled once, with one branch collected from each colony, with colonies ~10-km
apart from each other to increase the likelihood that branches were genetically distinct.
Branches were transported to the Richard B. Gump South Pacific Research Station in
bags filled with seawater and placed in flowing seawater. Similar to the methods used for
coral cores, branches of A. pulchra and P. meandrina were attached using Z-Spar (Z-Spar
paints part #A788) to short pieces of PVC pipe to make coral nubbins (Birkeland 1976).
As described above, care was taken to cover freshly fractured skeleton with epoxy and
avoid damaging any coral tissue. A plastic screw was attached to the bases of the nubbins
and used to attach them upright in plastic racks. Freshly prepared nubbins were placed in
tanks under ambient conditions of 28.0 °C, 380 µatm PCO2 and an irradiance of ~600
µmol quanta m2 s1 for 5 d to allow samples to acclimatize to tank conditions.
Prepared corals of all 4 taxa were used in a partly-nested ANOVA design with
between-plots effects of PCO2 and temperature, and one within-plot effect of taxon, based
on tanks as plots, and duplicate tanks serving as a nested factor in each combination of
PCO2 and temperature. To determine how hermatypic corals and hydrocorals from
different genera responded to varying combination of PCO2 and temperature, calcification
and biomass, both normalized by area, and effective quantum yield (ΔF/Fm`) and
maximum quantum yield (Fv/Fm) were used as dependent variables to detect treatment
effects.
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Experimental Conditions and Maintenance
Treatments were created in a 12-tank mesocosm, 150 L per tank (Aqua Logic, San Diego,
CA), with temperature, flow (10 L min -1, measured as water flowing through tank) and
light maintained individually in each tank. Seawater was supplied from Cook’s Bay and
filtered through a 50-µm pore size filter with flow in each tank provided by a submersible
pump (Rio 8HF, 2,082 L h-1). Light was provided by 400 W metal halide lamps (True
10,000K Hamilton Technology, Gardena, CA) fitted above each tank to create an
irradiance of ~560 µmol quanta m-2s-1 in the range of photosynthetically active radiation
(PAR) range (400-700 nm) where the corals were located. Light regimes consisted of
12hr light-12hr dark daily light cycles, used to simulate conditions similar to the natural
environment of the north shore lagoon of Moorea, French Polynesia, where the corals
were collected (Edmunds et al., 2012). Temperature treatments were maintained at 28.0
°C and 30.1 °C, which corresponded to the ambient and high seawater temperature for
the north shore lagoon (2-4 m) of Moorea during the study (Putnam and Edmunds 2011).
The PCO2 treatments chosen for the experiment were ambient (400 µatm), and 2 elevated
levels of 750 and 900 µatm. The 2 elevated PCO2 levels were medium emission
representative concentration pathway (RCP) scenarios estimated to occur within the next
100 y, with 750 µatm RCP4.5 and 900 µatm RCP 6.0 (van Vuuren et al., 2011). These
temperature and PCO2 levels created 6 treatment combinations with two tanks per
treatment: ambient temperature-ambient PCO2 (AT-ACO2), ambient temperature-mid
PCO2 (AT-MCO2), ambient temperature-high PCO2 (AT-HCO2), high temperature-ambient
PCO2 (HT-ACO2), high temperature-mid PCO2 (HT-MCO2) and high temperature-high
PCO2 (HT-HCO2).
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Treatment Maintenance
To maintain the treatments, daily temperature measurements were conducted at 8:00,
12:00 and 18:00 hrs, with a Fisher Scientific digital thermometer (model #15-077, ±0.1
°C), and daily light measurements at 12:00 hrs using a Li-Cor 4π sensor (LI-193, LICOR). Water within each tank was replaced daily, 10% at 18:00 hrs, with fresh seawater
from Cooks Bay Moorea, French Polynesia, filtered through a 50 µm pore filter. PCO2
treatments were created by bubbling either ambient air or a mixture of ambient air with
pure CO2 to create known concentrations of CO2-enriched air as measured using an
infrared gas analyzer (IRGA model S151, Qubit). A solenoid-controlled, gas regulation
system (Model A352, Qubit Systems, Ontario, Canada) was used to regulate the flow of
pure CO2 and ambient air, with the output PCO2 logged on a PC running LabPro software
(Vemier Software and Technology). The ambient PCO2 level and 2 elevated PCO2
mixtures then were supplied to treatment tanks using pumps (Gast pump DOA-P704-AA)
supplying gas at ~ 10-15 L min-1 (Edmunds 2011, 2012, Edmunds et al., 2012).

Carbonate Chemistry and pH Analysis
To measure PCO2, total alkalinity (TA) and pH in the tanks, seawater samples were
collected from each tank every third day of the experiment. TA was determined using an
open cell potentiometric titrator (Model T50, Mettler-Toledo, Columbus, OH) fitted with
a DG115-SC pH probe (Mettler-Toledo, Columbus, OH), which was used to perform
gran titrations using standard operating procedure 3 (SOP) of Dickson et al. (2007).
Titration and salinity (YSI 3100 conductivity meter) were used to calculate TA, PCO2,
HCO3-1, CO3-2 and aragonite saturation state (Ω) using CO2SYS (Lewis & Wallace
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1998). pH was determined spectrophotometrically using the dye m-cresol purple (SOP
6b of Dickson et al 2007). Seawater samples were collected between 7:00-9:00 a.m. in
glass bottles, and allowed to equilibrate to room temperature (25.0 °C) before samples
were analyzed within 2-3 hrs of collection. To calibrate the carbonate chemistry analysis,
a 3-point calibration was conducted with the pH probe (DF115-SC) using NBS buffers of
pH 4.00, 7.00 and 10.00 (Fisher), and certified reference materials (CRM, batch 105 from
A. Dickson Laboratory, Scripps Institution of Oceanography) before each group of
samples. Certified references material samples were evaluated with a mean error of
0.37% (n=11) relative to the certified values. The precision and accuracy of pH
measurements was evaluated spectrophotometrically by the analysis of reference Tris
buffers (Batch 5 from A. Dickson Laboratory, Scripps Institution of Oceanography) with
the dye m-cresol method (SOP6b, Dickson et al., 2007). Percent average error from the
known pH of the Tris buffer was 0.16% (n=13).

Incubation and Dependent Variables
On April 24th 2011 all corals were buoyant weighed (Davies 1989) and placed randomly
in the 12-tank mesocosm, with 4 taxa and 2 replicates per taxon in each tank. Over the
following 24 hr., the high temperature (30.1 °C) and elevated PCO2 (750 & 900 µatm)
treatments were adjusted to their desired PCO2 x temperature combinations. Corals
remained in their treatments for 19 d, and were moved randomly within the tanks daily to
eliminate position effects. Individual coral nubbins, along with the racks holding them,
were cleaned every 5 d by wiping algal growth from tank walls, racks and PVC coral
holders. On May 12th corals again were buoyant weighed, and the calcification of each
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coral was calculated using the density of the coral skeleton and the density of seawater
(after Davies [1989]). While the area of branching corals often is calculated using wax
dipping (Stimson & Kinzie 1991), due to the destructive nature of this method the
aluminum foil method was used (Marsh 1970), allowing for the calculation of other
dependent variables (e.g., biomass) following the estimation of area. To ensure the foil
method for measuring area was similar to the accuracy of the wax dipping method, a
calibration was performed. Thirteen branches of Acropora pulchra and Pocillopora
meandrina where collected from the shallow lagoon of the north shore of Moorea, French
Polynesia. A comparison between each method then was conducted by calculating the
areas of the A. pulchra and P. meandrina first using the non-destructive foil method, and
then using the destructive wax dipping method. The results of both methods were
analyzed using a linear regression, with the two methods positively correlated (r = 0.921,
df = 18, P < 0.001), so the difference between the foil method and wax dipping was
relatively small.
Biomass was measured by fixing corals in ~10% formalin for 24 hrs, and then
decalcifying in ~10% HCl. Once decalcified, the tunics of tissue were rinsed in deionized water to remove HCl, and endolithic organisms removed using forceps. The
tunic was homogenized in deionized water using an ultrasonic dismembrator (model 15338-550, Fisher; fitted with a 3.2mm diameter probe, Fisher 15-338-67) and aliquots of
the slurry dried to a constant weight at 60 °C. To analyze the effects of treatments on
growth of corals and hydrocorals, calcification and biomass were normalized to area.
Photophysiological measurements were taken using a pulse amplitude modulation
(PAM) fluorometer. Effective quantum yield (ΔF/Fm`) was measured during peak
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irradiance (noon), to test for an effect of high PCO2 on the ability of Symbiodinium to
harvest light when the majority of reaction centers in photosystem II (PSII) were open.
Maximum quantum yield (Fv/Fm) was measured at dusk, to test for an effect of high PCO2
on the ability of Symbiodinium to harvest light when the majority of reaction centers in
PSII were open.

Statistical Analysis
Using Systat 11 software, a 3-way mixed model ANOVA with PCO2 and temperature as
between plot factors and taxon as a within plot factor, was used to analyze the effects of
treatments on calcification, biomass and photophysiology. Assumptions of normality and
homoscedasticity were analyzed through graphical analysis of the residuals. Tank effects
were dropped from the analysis if they were not significant at P > 0.25 (Quinn & Keough
2002).

Results
Treatments
Ambient, mid and high PCO2 treatments were maintained at 408 ± 7, 743 ± 16 and 901 ±
20 µatm PCO2 (mean ± SE, n = 6), and were crossed with temperature treatments of 28.0 ±
0.06 °C and 30.1 ± 0.06 °C (mean ± SE, n = 17) (Table 1). Tanks were maintained at
light and total alkalinity (TA) levels similar to the conditions on the reef where the corals
were collected (~560 µmol quanta m-2s-1 and ~2240 µmol kg-1) (Table 1). The 19 d
incubation period is in accordance with the length of incubation of previous studies
(Edmunds 2011, Edmunds et al., 2012, Comeau et al., 2013b), and was a sufficient
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amount of time to test the effects of the PCO2 and temperature treatments, with some the
taxa exhibiting a clear response to the treatments.

Area-normalized Calcification
Throughout the experiment each replicate organism exhibited positive calcification
except one massive Porites spp. that suffered partial mortality and was not used in the
analysis. One P. meandrina bleached, but as it continued to grow it was not removed
from the analysis. Calcification was affected significantly by the temperature x PCO2 x
taxon interaction (P = 0.006) (Table 2). Massive Porites spp. grew fastest in the HTHCO2 treatment (1.541 ± 0.065 mg cm-2 d-1, mean ± SE) and slowest in the HT-MCO2
treatment (0.791 ± 0.019 mg cm-2 d-1, mean ± SE) (Fig. 1B). A. pulchra grew fastest in
the HT-ACO2 treatment (1.285 ± 0.196 mg cm-2 d-1, mean ± SE) and the slowest at ATACO2 treatment (0.751 ± 0.058 mg cm-2 d-1, mean ± SE) (Fig. 1C). P. meandrina grew
fastest in the HT-ACO2 treatment (0.841 ± 0.037 mg cm-2 d-1, mean ± SE) and slowest in
the HT-HCO2 treatment (0.379 ± 0.017 mg cm-2 d-1, mean ± SE (Fig. 1A). M.
platyphylla grew fastest in the AT-MCO2 treatment (0.626 ± 0.033 mg cm-2 d-1, mean ±
SE) and slowest in the HT-HCO2 treatment (0.384 ± 0.041 mg cm-2 d-1, mean ± SE) (Fig.
1D).

Area-normalized Biomass
Similar to calcification, the temperature x PCO2 x taxon interaction significantly affected
biomass (P = 0.017) (Table 3). For massive Porites spp., mean biomass ranged from
6.597 ± 1.078 mg cm-2 (AT-MCO2) to 1.959 ± 0.267 mg cm-2 (LT-ACO2, both ± SE)
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(Fig. 1F). For A. pulchra, biomass was largest in the HT-MCO2 treatment (1.958 ± 0.204
mg cm-2, mean ± SE) and smallest in the AT-ACO2 treatment (0.906 ± 0.134 mg cm-2,
mean ± SE) (Fig. 1G), and for P. meandrina, biomass ranged from 2.069 ± 0.504 (HTACO2, mean ± SE) to 1.444 ± 0.457 (AT-ACO2, mean ± SE) (Fig. 1E). Biomass in M.
platyphylla ranged from 1.287 ± 0.042 mg cm-2 (HT-MCO2, mean ± SE) to 0.721 ± 0.248
mg cm-2 (AT-HCO2, mean ± SE) (Fig. 1H).

Biomass-normalized Calcification
Biomass-normalized calcification was unaffected by PCO2 and temperature treatments
singularly (P > 0.085) as well as in synergy (P = 0.545). Biomass-normalized
calcification was significantly affected by taxon (P = 0.004), but taxon was not
significant in combination with either PCO2 (P = 0.567) and temperature (P = 0.719)
(Table 4).

Photophysiology
Photophysiological measures of effective (ΔF/Fm') and maximum quantum yield (Fv/Fm)
were unaffected by the PCO2 x Temperature x Species interaction (P = 0.726 & P = 0.110
respectively). ΔF/Fm` and Fv/Fm was significantly different for each species (P < 0.001),
but neither photophysiological measure was affected by temperature (P ≥ 0.055), PCO2 (P
≥ 0.074) or by the PCO2 x temperature interaction (P ≥ 0.346). Relative to ambient PCO2
(400 µatm) at 30.1 °C, ΔF/Fm` for P. meandrina decreased 8% and Fv/Fm increased 18%
at 900 µatm (Fig. 3A). Relative to ambient PCO2 (400 µatm) at 30.1 °C, ΔF/Fm` for
massive Porites spp. decreased 4% at high PCO2 (900 µatm) and 30.1 °C, while Fv/Fm
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decreased 10% at high PCO2 (900 µatm) and 30.1 °C (Fig. 3C). Both ΔF/Fm` and Fv/Fm
for A. pulchra increased 20% and 6% at high PCO2 (900 µatm) and 30.1 °C respectively
(Fig. 3D). Similarly to A. pulchra, both ΔF/Fm` and Fv/Fm for M. platyphylla increased
33% and 5% at high PCO2 (900 µatm) and 30.1 °C respectively (Fig. 3B).

Discussion
This study tested the hypothesis that taxonomically diverse calcifying cnidarians show
differential rates of calcification in response to changes in seawater chemistry caused by
OA. The basis of the hypothesis lies in the possible independent origins of calcification
in these taxa, as well as the varying chemical composition of seawater when each taxon
independently evolved the ability to calcify (Jablonski 2005, Ries 2004, Stanley 2008).
Similar to previous studies (Edmunds 2011, Edmunds et al., 2012, Comeau et al., 2013a
& b), this study showed the effects of OA on cnidarian calcification was taxon-specific,
with scleractinians representing the complexa clade (here Porites spp. and Acropora
pulchra) and the calcifying hydrozoan (here Millepora platyphylla) unaffected by high
PCO2, but the scleractinian representing the robusta clade (here Pocillopora meandrina),
showing a significant reduction in calcification at high PCO2 and 30.1 °C (Fig. 1A-D).
The absence of a response for calcification in the Complexa clade corals and milleporine
hydrocoral, and the decrease in calcification for the Robusta clade coral may be due to
these taxa independently evolving calcification.
Massive Porites spp. showed no difference in calcification between ambient (400
µatm) and high PCO2 (900 µatm) at 28.0 °C (Fig. 1B), and Acropora pulchra showed no
difference in calcification between ambient (400 µatm) and high PCO2 (900 µatm) for both
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28.0 °C at 30.1 °C (Fig. 1C), but both massive Porites spp. and A. pulchra did increase
their biomass as PCO2 increased at 28.0 °C and 30.1 °C (Fig. 1F & 1G). Conversely, the
scleractinian P. meandrina showed a decrease in biomass at high PCO2 and 30.1 °C (Fig.
1E), and was the only taxon to show a reduction in calcification at high PCO2 and 30.1 °C
(Fig. 1A). The absence of a response in calcification with an increase in biomass for A.
pulchra and massive Porites spp. to increasing PCO2 is consistent with previous studies
that have shown scleractinian corals capable of increasing biomass in high PCO2, are
seemingly unaffected by high PCO2 (Edmunds 2011, Comeau et al., 2013a & b). The
response of P. meandrina to PCO2 and temperature treatments is consistent with previous
studies on other scleractinians affected by increased PCO2 and temperature (Edmunds
2011, Edmunds et al., 2012). At ambient PCO2 (408 µatm), calcification in P. meandrina
was stimulated (64%) at high temperature (30.1 °C) compared to ambient temperature
(28.0 °C) (Fig. 1A), but this increase in calcification was depressed 55% as PCO2
increased from ambient (400 µatm) to high PCO2 (900 µatm) at the elevated temperature
(30.1 °C) (Fig. 1A). Edmunds et al. (2012) reported a similar response for Porites rus,
for which ambient PCO2 (416 µatm) and increased temperature (29.3 °C) stimulated
calcification, compared to 25.6 °C, but increased PCO2 (815 µatm) at 29.3 °C suppressed
calcification 36% (Edmunds 2011). While biomass was not measured in Edmunds et al.
(2012), Comeau et al. (2013) showed an increase in biomass for P. rus at high PCO2 (700
µatm) similar to the present study for A. pulchra and massive Porites spp. (Fig. 1G & F).
The present study is in accordance with previous studies that have shown certain
scleractinian corals that show no response in calcification to high PCO2 (900 µatm), (e.g.,
massive Porites spp. and A. Pulchra), may do so through an increase in biomass, creating
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a possible physical buffer against decreased seawater pH (Edmunds 2011, Comeau et al.,
2013), yet the mechanism causing the increase in biomass may differ between massive
Porites spp. and A. pulchra. The two modes of nutrition used by scleractinian corals is
autotrophy and heterotrophy, and while previous studies have shown massive Porites
spp. utilizing an increase in zooplankton to increase biomass at high PCO2 (Edmunds
2011), this study analyzed the effects of PCO2 and temperature on the photophysiological
measurements of effective and maximum quantum yield of PSII. Each taxon responded
differently for effective and maximum quantum yield of PSII (P < 0.001), PCO2 had no
effect on maximum quantum yield of PSII (P = 0.166), but effective quantum yield of
PSII was slightly insignificant (P = 0.074). Massive Porites spp. showed effective
quantum yield of PSII being unaffected by high PCO2 (900 µatm) at both temperature
treatments (Fig. 3C), but A. pulchra showed the trend of increasing effective quantum
yield of PSII as PCO2 increased for both temperature treatments (Fig. 3D). The increase in
effective quantum yield of PSII is an increase in the light absorbed by PSII and
transferred down the electron transport chain by Symbiodinium at maximum irradiance,
but the connection between increased PSII efficiency and carbon fixation is still not
clearly understood (Cosgrove and Borowitzka 2010). We hypothesize that an increase in
PSII efficiency enhances carbon fixation, increasing the photosynthates of Symbiodinium
available for hermatypic coral and hydrocoral daily energy requirements. In the present
study we hypothesize that A. pulchra may be storing the increased photosynthates of
Symbiodinium in biomass as energy reserves, increasing the physical buffer between
external seawater and internal hermatypic coral biological processes (Edmunds 2011,
Comeau et al., 2013a).
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The decrease in calcification and biomass seen in the current study for P.
meandrina (Fig. 1A, E) may be due to an inability of P. meandrina to supplement
nutrition by modulating Symbiodinium photosynthesis or varying heterotrophic feeding.
Previous studies have shown zooplankton capture rates of scleractinians with similar
polyp size to P. meandrina are lower than other scleractinians of smaller polyp sizes
(Palardy et al., 2005). Therefore, P. meandrina may not be able to supplement the
increase in energy required in a high PCO2 environment through an increase in
zooplankton capture to supplement biomass in high PCO2, similar to massive Porites spp.
and P. rus (Edmunds 2011, Comeau et al., 2013b). P. meandrina also showed no
response in effective quantum yield of PSII for the PCO2 x temperature treatments, but
maximum quantum yield showed a trend of increasing as PCO2 increased at 30.1 °C (Fig.
3A). The increase in maximum quantum yield of PSII for P. meandrina as PCO2
increased may be due to an increase in DIC, allowing for an increase in the efficiency of
light harvesting by PSII by increasing electron transport (Cosgrove and Borowitzka
2010). As mentioned above, the connection between rates of maximum quantum yield,
carbon fixation and the products of Symbiodinium photosynthesis to the coral host are
still poorly understood, increases in maximum quantum yield of PSII may be caused by
high PCO2 altering the DIC available for Symbiodinium photosynthesis (Langdon and
Atkinson 2005).
One possible explanation for the inability of Pocillopora meandrina to
supplement biomass with increased Symbiodinium photosynthesis or increased
heterotrophic feeding is the relationship between P. meandrina and the vertebrate and
invertebrate fauna often found living within the branches of this coral (Holbrook et al.,
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2008). Previous studies have shown significant increases in calcification rates of P.
meandrina as the biomass of animals within the branches of P. meandrina increases
(Holbrook et al., 2008). P. meandrina benefits from the association with vertebrates and
invertebrates living within its branches by receiving nutrients through the uptake of
ammonium and phosphates excreted by the infauna (e.g., damselfish, trapezid crabs)
(Castro et al., 2004, Holbrook et al., 2008). While the benefits of increased nutrition
through vertebrates and invertebrates living within the branches of P. meandrina was not
tested in this study, these associations are common in coral reef environments of the
Pacific (Stewart et al., 2006, Holbrook et al., 2008). Therefore, the combined effects of
decreased zooplankton capture rates, characteristic of corals with polyp sizes similar to P.
meandrina, combined with the propensity for vertebrate and invertebrate fauna to supply
ammonium and phosphates to larger colonies of P. meandrina in the natural reef
environment, we suggest that P. meandrina is unable to increase biomass with
heterotrophy alone in high PCO2.
Interestingly in this study, the scleractinians that increased their biomass as a
response to reduced Ω and high PCO2, represented the complexa clade of corals (A.
pulchra and massive Porites spp.) (Romano and Palumbi 1996). Conversely, the
scleractinian that decreased biomass and calcification in response to a reduction in Ω and
high PCO2, represents the robusta clade of corals (P. meandrina) (Romano and Palumbi
1996). While differences in the response of hermatypic coral calcification between
complexa and robusta corals could possibly be explained by differences in the ability to
supplement biomass in high PCO2 (Edmunds 2011, Comeau et al., 2013), an alternative
hypothesis may be differences between how complexa and robusta clade corals construct
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their corallite walls (Romano and Palumbi 1996). The dense skeleton created by solid
corallite walls characteristic of robusta clade corals, (P. meandrina in this study), may be
more susceptible to the consequences of reduced calcification rates at low Ω caused by
high PCO2. Complexa clade corals, (A. pulchra and massive Porites spp.) are
characterized by less heavily calcified skeletons and more porous corallite walls than
robusta clade corals (Romano and Palumbi 1996), with these corals unaffected by the
reduced aragonite saturation state (Ω).
A growing number of studies have been conducted on the relationship between
high PCO2 and calcification rates of scleractinians (Langdon and Atkinson 2005, HoeghGuldberg et al., 2007, Anthony et al., 2008, Edmunds 2011, 2012, Edmunds et al., 2012,
Comeau et al., 2012, 2013a & b), yet no studies have analyzed how high PCO2 affects
calcifying hydrozoans. The present study demonstrates that calcification for Millepora
platyphylla was unaffected by PCO2 levels increased to 750 and 900 µatm (Fig. 1D), but
in contrast to the two scleractinians unaffected by high PCO2 (A. pulchra and massive
Porites spp.), M. platyphylla biomass did not increase upon exposure to high PCO2 (Fig.
1H). Although area-normalized calcification for both M. platyphylla and the unaffected
scleractinians was unaffected by high PCO2 (Fig. 1B-D), the scleractinians differed from
M. platyphylla by increasing biomass at high PCO2 (Fig. 1F-H). The increase in biomass
resulted in a decrease in the calcification rates per unit biomass at high PCO2 (Fig. 1J-L).
One hypothesis that might explain these differences in the response of biomass to PCO2
are differences in seawater chemistry when each taxon acquired the ability to calcify
(Ries 2004, Stanley 2008). Scleractinians evolved calcification during a period favoring
the deposition of CaCO3 in the form of aragonite (Mg/Ca > 3) (Ries 2004), yet
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milleporine hydrocorals evolved calcification during a period favoring CaCO3 deposition
in the form of calcite (Ries 2004). Acquiring calcification during a period when
depositing CaCO3 in the form of aragonite was not favored may have better equipped
milleporine hydrocorals to changes in seawater chemistry associated with OA.
Evolutionary differences between scleractinians and milleporine hydrocorals might
explain how Millepora spp. maintained rates of calcification in the present study when
exposed to high PCO2, and moreover achieved this without changes to biomass or
effective quantum yield of PSII.
The present study analyzed the effects of high PCO2 on calcifying cnidarians from
three different clades of calcifying cnidarians, the complexa, robusta, and Milleporidae,
revealing that the effects of high PCO2 are taxon-specific. While recent studies have
shown a diverse range of responses of hermatypic corals to increases of PCO2 in seawater
(Edmunds 2011, 2012, Comeau et al., 2013a & b), the biological significance of the
present study lies in the taxonomically diverse range of calcifying taxa employed, and the
differing modes by each taxon to alleviate the effects of high PCO2. While the differing
modes used by scleractinian corals is critical in our understanding of how high PCO2 will
affect the community composition of future tropical reefs, one intriguing aspect of the
current study is the ability of Millepora spp. to maintain calcification in a high PCO2
environment, without changes to biomass or aspects of the photosynthetic process. The
present results show that the aspects of the biology of Millepora spp. are different from
the Scleractinia, but although without replication of species within the genus Millepora, it
is impossible to distinguish these effects from simple taxon-specific effects.
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Figures
Figure 1. Bar graphs displaying area-normalized calcification (mg cm-2 d-1), area
normalized biomass (mg cm-2) and biomass normalized calcification (mg mg-1) for
Pocillopora meandrina (A, E & I), massive Porites spp. (B, F & J), Acropora pulchra (C,
G & K) and Millepora platyphylla (D, H & L), as a function of the three PCO2 levels of
ambient (400 µatm) (white bars), elevated (750 µatm) (grey bars) and high (900 µatm)
(black bars) and two temperature treatments ambient (28.0 °C) and elevated (30.1 °C).
Error bars are SE (n = 2). Refer to Tables 2, 3 and 4 for statistical contrasts.

Figure 2.
Bar graph displaying effective quantum yield (ΔF/Fm`) and maximum quantum yield
(Fv/Fm) for the two temperature treatments of ambient (28.0 °C, grey bars) and elevated
(30.1 °C, black bars) as a function of the three PCO2 levels of amb (400 µatm), mid (750
µatm) and high (900 µatm). Error bars are SE (n = 4). Refer to Tables 5 and 6 for
statistical contrasts.
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HT-HCO2

HT-MCO2

HT-ACO2

AT-HCO2

30.1 ± 0.1 (17)
30.1 ± 0.1 (17)

4

30.1 ± 0.1 (17)

10

30.1 ± 0.1 (17)

8

30.0 ± 0.1 (17)

7

12

30.2 ± 0.1 (17)

28.0 ± 0.1 (17)

11

3

28.1 ± 0.1 (17)

28.0 ± 0.1 (17)

6

9

28.0 ± 0.1 (17)

5

27.9 ± 0.1 (17)

2

AT-MCO2

28.0 ± 0.1 (17)

1

AT-ACO2

Temp
(°C ±SE)

Tank

Treatment

± SE (n).

936 ± 31 (6)

934 ± 56 (6)

739 ± 35 (6)

720 ± 35 (6)

406 ± 12 (6)

395 ± 16 (6)

863 ± 49 (6)

869 ± 35 (6)

774 ± 35 (6)

738 ± 28 (6)

407 ± 15 (6)

426 ± 15 (6)

PCO2
(µatm ±SE)

2258 ± 16 (6)

2307 ± 26 (6)

2270 ± 8 (6)

2289 ± 5 (6)

2274 ± 16 (6)

2257 ± 20 (6)

2245 ± 16 (6)

2179 ± 23 (6)

2247 ± 38 (6)

2181 ± 9 (6)

2192 ± 43 (6)

2192 ± 44 (6)

TA
(µmol kg-1±SE)

1.64E-03±3.74E-05
1.81E-03±1.69E-05
1.87E-03±3.59E-05
1.85E-03±1.55E-05
1.90E-03±2.22E-05

8.08 ± 0.02 (6)
7.84 ± 0.02 (6)
7.84 ± 0.02 (6)
7.79 ± 0.02 (6)
7.80 ± 0.02 (6)

1.67E-03±6.44E-05
1.85E-03±3.17E-05
1.82E-03±2.19E-05
1.93E-03±2.60E-05
1.89E-03±2.20E-05

8.09 ± 0.02 (6)
7.88 ± 0.03 (6)
7.90 ± 0.01 (6)
7.82 ± 0.02 (6)
7.80 ± 0.01 (6)

1.59E-03±1.45E-05

1.65E-03±2.72E-05

8.07 ± 0.02 (6)

8.11 ± 0.01 (6)

HCO3(µmol kg-1±SE)

pHt

1.48E-04±2.88E-06

1.56E-04±7.22E-06

1.82E-04±7.64E-06

1.79E-04±1.38E-05

2.46E-04±2.28E-05

2.69E-04±6.43E-06

1.42E-04±9.96E-06

1.35E-04±5.62E-06

1.53E-04±6.94-06

1.51E-04±4.30E-06

2.24E-04±7.01E-06

2.19E-04±8.90E-06

CO32(µmol kg-1±SE)

2.11 ± 0.04 (5)

2.33 ± 0.14 (5)

2.55 ± 0.11 (5)

2.66 ± 0.13 (5)

3.76 ± 0.13 (5)

3.81 ± 0.16 (5)

2.08 ± 0.15 (5)

2.02 ± 0.07 (5)

2.26 ± 0.12 (5)

2.22 ± 0.07 (5)

3.37 ± 0.15 (5)

3.29 ± 0.16 (5)

Ω(Arag)

= high temperature-ambient CO2, HT-MCO2 = high temperature-mid CO2 and HT-HCO2 = high temperature-high CO2. Mean

temperature-ambient CO2, AT-MCO2 = ambient temperature-mid CO2, AT-HCO2 = ambient temperature-high CO2, HT-ACO2

Table 1. Summary of conditions in the 12 tanks assigned randomly to create 6 treatments of AT-ACO2 = ambient

Dependent variable
Area-normalized
calcification
(mg cm-2 day-1)

the analysis.

Within Plots

Source
Between plots

48#

Effect
Temp
PCO2
Temp x PCO2
Taxon
Taxon x Temp
Taxon x PCO2
Taxon x Temp x PCO2
Tank(Temp x PCO2)
Taxon x Tank(Temp x PCO2)
Error

SS
0.051
0.086
0.446
7.712
0.320
0.814
1.216
0.186
0.820
0.723

df
1
2
2
3
3
6
6
6
18
47

MS
0.051
0.043
0.223
2.571
0.107
0.136
0.203
0.031
0.046
0.015

F
1.645
1.387
7.194
55.891
2.326
2.957
4.413
2.019
2.961

P
0.247
0.320
0.025
<0.001
0.109
0.035
0.006
0.082
0.001

Tank(Temp x PCO2) as the F-ratio denominator. One massive Porites spp. that suffered partial mortality and was not used in

Tank(Temp x PCO2) effects as the F-ratio denominator and F-ratios for within-plots factors were calculated using Taxon x

x PCO2) effect and 0.001 for the Taxon x Tank(Temp x PCO2) effect, F-ratios for between-plot factors were calculated using

plot effect. Tanks were nested within each combination of temperature and PCO2. Due to P-values of 0.082 for the Tank(Temp

the effects of temperature and PCO2, which were treated as between-plot fixed effects, and Taxon that was treated as a within-

Results of the ANOVA comparing area-normalized calcification (mg cm-2 d-1) using a 3-way mixed model ANOVA to analyze

Table 2.

Dependent variable
Area-normalized
biomass
(mg cm-2)

denominator.

Within Plots

Source
Between plots

49#

Effect
Temp
PCO2
Temp x PCO2
Taxon
Taxon x Temp
Taxon x PCO2
Taxon x Temp x PCO2
Tank(Temp x PCO2)
Taxon x Tank(Temp x PCO2)
Error

SS
0.161
11.388
10.685
67.155
1.714
16.770
28.085
6.691
23.796
33.185

df
1
2
2
3
3
6
6
6
18
43

MS
0.161
5.694
5.342
22.385
0.571
2.795
4.681
1.115
1.322
0.772

F
0.144
5.107
4.791
16.933
0.432
2.114
3.541
1.445
0.075

P
0.717
0.051
0.057
<0.001
0.733
0.192
0.017
0.220
0.075

F-ratio denominator and F-ratios for within-plots factors were calculated using Taxon x Tank(Temp x PCO2) as the F-ratio

Taxon x Tank(Temp x PCO2) effect, F-ratios for between-plot factors were calculated using Tank(Temp x PCO2) effects as the

within each combination of temperature and PCO2. Due to P-values of 0.220 for the Tank(Temp x PCO2) and 0.075 for the

analyze the between-plots effects of temperature and PCO2 and the within-plots effect of Taxon on biomass. Tanks were nested

Table 3. Results of the ANOVA comparing area-normalized biomass (mg cm-2) using a 3-way mixed model ANOVA to

Dependent variable
Area-normalized
biomass
(mg cm-2)
Within Plots

Source
Between plots

50#

Effect
Temp
PCO2
Temp x PCO2
Taxon
Taxon x Temp
Taxon x PCO2
Taxon x Temp x PCO2
Tank(Temp x PCO2)
Taxon x Tank(Temp x PCO2)
Error

using Taxon x Tank(Temp x PCO2) as the F-ratio denominator.

SS
0.318
1.023
0.008
2.534
0.167
0.614
0.634
0.801
2.226
3.969

df
1
2
2
3
3
6
6
6
18
44

MS
0.318
0.511
0.004
0.845
0.056
0.102
0.106
0.134
0.124
0.090

F
2.373
3.813
0.030
6.814
0.451
0.822
0.854
1.480
1.371

P
0.174
0.085
0.971
0.003
0.719
0.567
0.545
0.207
0.194

calculated using Tank(Temp x PCO2) effects as the F-ratio denominator and F-ratios for within-plots factors were calculated

Tank(Temp x PCO2) effect and 0.194 for the Taxon x Tank(Temp x PCO2) effect, F-ratios for between-plot factors were

to analyze the effects of temperature and PCO2 on biomass-normalized calcification. Due to the P-values of 0.207 for the

Table 4. Results of the ANOVA comparing biomass-normalized calcification (mg mg-1) using a 3-way mixed model ANOVA

Dependent variable
Effective quantum yield
(Fv/Fm)
Within Plots

Source
Between plots

Effect
Temp
PCO2
Temp x PCO2
Taxon
Taxon x Temp
Taxon x PCO2
Taxon x Temp x PCO2
Error

51#

SS
0.046
0.065
0.026
0.595
0.019
0.056
0.044
0.869

were removed from the analysis and pooled with the residual.

df
1
2
2
3
3
6
6
72

MS
0.046
0.033
0.013
0.198
0.006
0.009
0.007
0.012

F
3.790
2.704
1.076
16.436
0.529
0.774
0.604

P
0.055
0.074
0.346
<0.001
0.664
0.593
0.726

and PCO2. Nested factors Tank(Temp x PCO2) and Taxon x Tank(Temp x PCO2) were not found to be significant (P >0.250), and

the effects of temperature and PCO2 on effective quantum yield. Tanks were nested within each combination of temperature

Table 5. Results of the ANOVA comparing effective quantum yield (ΔF/Fm`) using a 3-way mixed model ANOVA to analyze

Dependent variable
Maximum Quantum
Yield (ΔF/Fm`)

Effect
Temp
PCO2
Temp x PCO2
Taxon
Taxon x Temp
Taxon x PCO2
Taxon x Temp x PCO2
Tank(Temp x PCO2)
Error

Source
Between plots

Within Plots

52#

0.382
0.014
0.043
0.092
0.080
0.556

SS
0.028
0.063
0.009

calculated using Tank(Temp x PCO2) as the F-ratio denominator.

3
3
6
6
6
66

df
1
2
2
0.127
0.005
0.007
0.015
0.013
0.008

MS
0.028
0.032
0.004

F
2.153
2.461
0.307
15.14
4
0.567
0.857
1.812
1.586

<0.001
0.639
0.531
0.110
0.165

P
0.193
0.166
0.746

analysis and pooled with the residual. Due to the significant Tank(Temp x PCO2) effect, F-ratios for between-plot factor

and PCO2. The nested factor Taxon x Tank(Temp x PCO2) was not found to be significant (P >0.250), so was removed from the

the effects of temperature and PCO2 on maximum quantum yield. Tanks were nested within each combination of temperature

Table 6. Results of the ANOVA comparing maximum quantum yield (Fv/Fm) using a 3-way mixed model ANOVA to analyze

Figure 1.
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Figure 2.
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Chapter 3
Effects of Heterotrophy on Calcification of Taxonomically Diverse Calcifying
Cnidarians in an Increasingly Acidic Ocean

Introduction
Tropical reefs are one of the most diverse ecosystems of the planet, but due to recent
disturbances, both local and global, coral cover has been declining (Hoegh-Guldberg et
al., 2007). One of the greater global risks to tropical reefs is a decrease in seawater pH
created by the hydration of atmospheric CO2 following dissolution in seawater (Sabine et
al., 2004), a process known as ocean acidification (OA). Current atmospheric CO2
emission scenarios predict increases in seawater PCO2 by the year 2100 from the current
level of 380 µatm to 490 µatm based on conservative models and pessimistic models
predict an increase from 380 µatm to 1370 µatm PCO2 by 2100 (van Vuuren et al., 2011).
Tropical reefs are particularly susceptible to increased seawater PCO2 due to the
propensity of the CaCO3 skeletons deposited by hermatypic corals and hydrocorals to
dissolve at low pH (Sabine et al., 2004). The architectural complexity created by the
deposition of the hermatypic coral and hydrocoral CaCO3 skeleton is indirectly
responsible for much of the biodiversity found in the tropical reef environment (AlvarezFilip et al., 2009), and a increase in seawater PCO2 may reduce this architectural
complexity, causing a reduction in tropical reef biodiversity.
Changes to seawater chemistry, caused by OA, affect biomineralization rates of
marine calcifiers (e.g., hermatypic corals and hydrocorals) by altering the aragonite
saturation state (Ωarag) of seawater (Kleypas and Yates 2009). Current studies have shown
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community-level calcification rates of coral reefs are correlated strongly with the
aragonite saturation state (Ωarag) of seawater (Kleypas and Yates 2009), with decreases in
Ωarag corresponding with decreases in calcification (Kleypas and Yates 2009). However,
hermatypic coral calcification at the taxon level is taxon-specific (Edmunds et al., 2012,
Comeau et al., 2013a), with certain taxa unaffected by OA (Edmunds et al., 2012,
Comeau et al., 2013a). OA creates a thermodynamically challenging environment for
marine calcifiers by lowering the Ωarag of seawater, however, calcification by hermatypic
corals and hydrocorals occurs internally and is controlled biologically. Taxa capable of
maintaining high Ωarag at the site of calcification through physiological processes may be
less affected by OA (McCulloch et al., 2012).
The number of studies focused on the effects of OA on calcification of
hermatypic corals has increased greatly over the past 10 years (Langdon and Atkinson
2005, Hoegh-Guldberg et al., 2007, Anthony et al., 2008, Edmunds 2011, 2012, Edmunds
et al., 2012, Comeau et al., 2012, 2013a & b), but only one study has tested the effects of
OA on calcification in hydrocorals (Chapter 2 of this study). Recent studies focused on
the effects of OA on hermatypic corals show the consequences for calcification to be
taxon-specific (Edmunds 2011, Edmunds et al., 2012, Comeau et al., 2013a & b).
Current studies hypothesize that taxa capable of increasing their biomass as a physical
buffer against increased PCO2, appear to be less affected by OA (Edmunds 2011, Comeau
et al., 2013b), than hermatypic corals that have a reduced capacity to increase their
biomass when exposed to high PCO2 (Comeau et al., 2013a). Recent studies also have
examined the effects of OA on other physiological processes in hermatypic corals,
including for example, photophysiological performance (Edmunds 2012), bleaching
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(Anthony et al., 2008) and holobiont respiration (Edmunds 2012). Few studies, however,
have investigated the role of increased nutrition achieved through a greater use of
heterotrophy, and evaluated how this may supplement the energy required to maintain
calcification rates and affect coral biomass under high PCO2 (Edmunds 2011, Comeau et
al., 2013b). Results reported in Chapter 2 of this thesis found the hydrocoral Millepora
platyphylla unaffected by increased PCO2 (~900 µatm), but in contrast to hermatypic
corals unaffected by OA, the biomass of M. platyphylla did not increase with increasing
PCO2 (Edmunds 2011, Comeau et al., 2013b). Since energy for calcification in
hermatypic corals and hydrocorals is thought to be supplied largely by autotrophy
(Muscatine and Cernichiari 1969, Falkowski et al., 1984, Edmunds and Davies 1986,
1989), originating from the photosynthetic dinoflagellates Symbiodinium spp. (Muscatine
and Cernichiari 1969), differences in the response of hermatypic corals and hydrocorals
to OA may be due to differential use of heterotrophic modes of nutrition (Edmunds 2011,
Comeau et al., 2013b).
Hermatypic corals and hydrocorals acquire energy and nutrients for calcification,
as well as other metabolic processes, through autotrophy and heterotrophy (Muscatine
and Cernichiari 1969, Banaszak et al., 2006, Houlbreque and Ferrier-Pages 2009).
Autotrophy is achieved through a symbiosis with the photosynthetic dinoflagellate
Symbiodinium spp. found primarily in the oral endodermal layer of hermatypic corals and
hydrocorals (Muscatine and Cernichiari 1969, Falkowski et al., 1984). The functional
basis of this symbiosis is based on Symbiodinium spp. receiving protection from
phytoplanktivorous predators, access to ammonium, phosphorous and amino acids
excreted by the host coral or hydrocoral and CO2 from coral respiration (Muscatine and
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Cernichiari 1969). In return, the host receives energy from the products of Symbiodinium
spp. photosynthesis (Falkowski et al., 1984), plus recycling of NH4+ and amino acids
(Muscatine and Cernichiari 1969). The supply of energy from Symbiodinium
photosynthesis to the host is dependent on the clade of Symbiodinium (Stat and Gates
2011), as well as the energetic demands of the host. Some studies show that
Symbiodinium spp. photosynthesis accounts for >80% of the daily energy expenditure by
the host (Edmunds and Davies 1986, 1989), increasing calcification in hermatypic corals
and hydrocorals 2-3 times greater than dark calcification rates through light-enhanced
calcification (LEC) (Chalker and Taylor 1975). LEC greatly accelerates the formation of
massive wave resistant coral skeletons that build tropical reef environments.
LEC largely is responsible for the formation of tropical reef environments, but
heterotrophy also is important in providing nutrition and trace elements not acquired from
Symbiodinium photosynthesis (Houlbreque and Ferrier-Pages 2009). Heterotrophy is
achieved by capturing organic material (Houlbreque and Ferrier-Pages 2009), either by
trapping particles in their tentacles or nematocysts, or by adhesion to coral mucus. The
importance of heterotrophic input to coral calcification recently has been tested, with
some corals capable of alleviating the detrimental effects of OA in the presence of
increased nutrients (Langdon and Atkinson 2005, Holcomb et al., 2010, Chauvin et al.,
2011) or zooplankton availability (Edmunds 2011, Comeau et al., 2013b).
Due to differences in the response of hermatypic corals and hydrocorals to OA
(Chapter 2 of this study), the present study tested the hypothesis that the hermatypic
coral, Pocillopora meandrina, and the hydrocoral, Millepora platyphylla, respond
differently to PCO2 due to differential utilization of particulate food. To test this
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hypothesis, samples of P. meandrina and M. platyphylla were collected from the shallow
lagoon of Moorea, French Polynesia, and placed in a 12-tank mesocosm with PCO2
treatments of 380 µatm and 710 µatm crossed with zooplankton treatments created
through the supply of unfiltered seawater (control-zooplankton), filtered seawater (lowzooplankton), or seawater enriched with natural zooplankton (high-zooplankton). The
independent variables used to measure the effects of PCO2 and zooplankton availability
treatments were net calcification and biomass.

Materials and methods
Study Organisms and Coral Collection
This study was conducted in Moorea, French Polynesia at the Richard B. Gump South
Pacific Research Station during April and May 2012. Samples of the hermatypic coral
Pocillopora meandrina and hydrocoral Millepora platyphylla were collected from the
shallow lagoon (<5-m depth) on the north shore of Moorea. To acquire genetically
diverse coral samples, no more than 2 samples per adult were used for Pocillopora
meandrina and Millepora platyphylla, with ≤ 4 samples per bag to minimize damage
through abrasion, and transported to the research station in buckets of seawater. Samples
were placed in seawater tables with recirculating seawater (pumped from Cooks Bay),
where they were fixed to PVC pipe with underwater epoxy (Z-spar #A788) to create coral
nubbins (Birkeland 1976). Care was taken to cover freshly fractured skeleton with epoxy
and avoid damaging coral tissue.
Once the epoxy hardened, coral nubbins were placed in tanks (Aqualogic, San
Diego, CA), where they were allowed to acclimatize to conditions similar to the shallow
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lagoon where samples were collected. Temperature was maintained at 28.0 °C, a PCO2 of
380 µatm, and an irradiance of ~700 µmol quanta m2 s1 for 5 d to allow the pieces of
coral to recover from the sampling and acclimate to tank conditions.
Pocillopora meandrina and Millepora platyphylla nubbins were used in a partly
nested ANOVA design with between-plots effects of PCO2 and zooplankton availability,
and a within-plot effect of taxon. Tanks served as plots, and duplicate tanks were a
nested factor in each combination of PCO2 and zooplankton availability. To determine
how P. meandrina and M. platyphylla responded to treatments, area-normalized
calcification and biomass, were measured as dependent variables.

Experimental Conditions and Maintenance
Treatments were created in a 12-tank mesocosm, 150 L per tank (Aqua Logic, San Diego,
CA), with temperature, flow (10 L min -1, measured as water flowing through the tank)
and light maintained individually in each tank. Seawater was supplied from Cook’s Bay
and filtered through a 50-µm filter with flow in each tank provided by a submersible
pump (Rio 8HF, 2,082 L h-1). Light was provided by 75-W LED modules (Sol White
LED Module, Aquaillumination) fitted above each tank to create an irradiance of ~700
µmol quanta m-2s-1 in the range of photosynthetically active radiation (PAR) range (400700 nm). The light regime in the tanks simulated a natural light cycle by gradually
increasing linearly from 0 to 100% power from 06:00 to 10:00 hrs, staying at maximum
power from 10:00 to 14:00hrs, then decreasing linearly in power gradually from 100-0%
from 14:00 to 18:00hrs. Temperature was maintained at 28.0 °C for all PCO2 and
zooplankton treatments, with this temperature corresponding to the mean temperature for
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the north shore lagoon (2-4 m depth) of Moorea during April and May when the study
was competed (Putnam and Edmunds 2011).

Independent Variables
PCO2 treatments chosen for the experiment were ambient (380 µatm) and elevated (700
µatm), with the elevated treatment simulating a middle of the road representative
concentration pathway (RCP) scenario estimated to occur within the next 100y (RCP4.5,
van Vuuren et al., 2011). To test for differences in how P. meandrina and M. platyphylla
utilize zooplankton when exposed to high PCO2, three zooplankton treatments were
created. The 3 zooplankton treatments consisted of a “control plankton seawater”, “low
plankton seawater” and a “high plankton seawater”. “Control plankton seawater” was
created by filtering seawater through sand, which excluded particulate materials >100 µm
diameter, but not microplankton (flagellates & ciliates) and other organic particulate
(bacteria, cyanobacteria, etc.) “Low plankton seawater” was obtained by filtering
seawater through the aforementioned sand filter, and then through 20 µm and 2 µm filters
that removed particulates >2 µm and created seawater depleted of virtually all plankton.
The 20 µm and 2 µm filters were replaced every 5-6 d to ensure consistent filtration.
“High plankton seawater” was created by adding freshly collected plankton to seawater.
Zooplankton was collected at dusk from Cook’s Bay by towing a 50 µm-mesh plankton
net at 5-m depth for ~ 7-8 minutes. Four tows were completed for each sampling, and
microscopic analysis of subsamples of each plankton sample used to measure densities of
zooplankton. These counts revealed that densities of crustaceans (e.g., copepods),
mollusks (e.g., pteropods), and gelatinous organisms (e.g., comb jellies) were similar
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throughout the study. Small tanks (~20 L) were filled with zooplankton and seawater
decanted from treatments tanks to ensure temperature and PCO2 were maintained at the
same levels as the mesocosms. Flow in the feeding tanks was provided by a small pump
to keep plankton in suspension. Coral nubbins were placed in the ~20 L zooplankton
treatments for ~2 hours to allow for feeding, before being returned to their mesocosms.
The zooplankton and PCO2 levels in each tank created 6 treatment combinations:
control zooplankton-ambient PCO2 (CZ-ACO2), low zooplankton-ambient PCO2 (LZACO2), high zooplankton-ambient PCO2 (HZ-ACO2), control zooplankton-high PCO2 (CZHCO2), low zooplankton-high PCO2 (LZ-HCO2), high zooplankton-high PCO2 (HZ-HCO2).

Treatment Maintenance
Daily temperature measurements were conducted at 8:00, 12:00 18:00 hrs, using a Fisher
Scientific digital thermometer (model #15-077, ±0.1 °C). Light was measured daily
below the seawater surface at 12:00 hrs using a LiCor 4π quantum sensor (LI-193) and a
LiCor LI-1400 meter. PCO2 treatments were created by bubbling either ambient air or a
mixture of ambient air and pure CO2 that was used to create known concentrations of
CO2-enriched air as measured using an infrared gas analyzer (IRGA model S151, Qubit).
A solenoid-controlled gas regulation system (Model A352, Qubit Systems, Ontario,
Canada) was used to regulate the flow of pure CO2 and ambient air creating the desired
mixtures. Output PCO2 was logged on a PC running LabPro software (Vemier Software
and Technology). The ambient PCO2 and 2 elevated PCO2 mixtures were then supplied to
treatment tanks using pumps (Gast pump DOA-P704-AA) supplying air at ~ 10-15 L
min-1 (Edmunds 2012).
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Carbonate Chemistry and pH Analysis
pH was measured twice daily to evaluate PCO2 levels, with incoming seawater and air
flow adjusted to compensate for deviations from targeted values. pH was measured using
an open-cell potentiometric titrator (Model T50, Mettler-Toledo), calibrated with Tris
buffer supplied by A. Dickson (Scripps Institution of Oceanography). Total alkalinity
(At) and salinity was measured every day during the first week of incubation to ensure
that conditions were stable. Once stable, At and salinity was measured every other day
for the rest of the experiment. At was measured in seawater samples collections between
7:00-9:00 am in glass bottles that were placed in the lab and allowed to equilibrate to
room temperature (25.0 °C) for 1 hour. At was determined using an open cell
potentiometric titrator (Model T50, Mettler-Toledo, Columbus, OH) fitted with a DG115SC pH probe (Mettler-Toledo, Columbus, OH), which was used to perform gran titrations
using standard operating procedure 3 (SOP) of Dickson et al. (2007). Titration and
salinity (YSI 3100 conductivity meter) were used to calculate TA, PCO2, HCO3-, CO32-,
and aragonite saturation state (Ω) for each tank using the R package seacarb (Lavigne and
Gattuso 2011).

Incubation and Dependent Variables
Corals were buoyant weighed (Davies 1989) and placed randomly in the 12-tank
mesocosm, with 4 replicates of both Millepora platyphylla and Pocillopora meandrina in
each tank. Over the following 24 h, tanks corresponding with the elevated PCO2 level of
700 µatm were adjusted gradually to their desired PCO2. Corals remained in their
treatments for 22 d, and were moved randomly within the tank daily to eliminate position
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effects, an incubation period similar to previous studies (Edmunds 2011, Comeau et al.,
2013b). Additionally, algae were cleaned from the racks, PVC coral holders, and tank
walls every 5 d. At the end of the 22 d incubation, corals again were buoyant weighed,
and the calcification of each coral calculated using the density of the coral skeleton (after
Davies [1989]) and the density of seawater (after Davies [1989]). Area of each coral
nubbin was calculated using the aluminum foil (Marsh 1970), which allowed other
dependent variables to be recorded afterwards (e.g., biomass).
Biomass was calculated for half of the P. meandrina and M. platyphylla nubbins,
selected at random, with the other half used for other analyses. Biomass was measured
by fixing corals in ~10% formalin for 24 h, and then decalcifying in ~10% HCl. Once
decalcified, the tunics of tissue were rinsed in de-ionized water to remove HCl, and
endolithic organisms removed using forceps. The tunic was homogenized in deionized
water using an ultrasonic dismembrator (model 15-338-550, Fisher; fitted with a 3.2mm
diameter probe, Fisher 15-338-67) and aliquots of the slurry dried to a constant weight at
60 °C. To analyze the effects of treatments on growth of the coral nubbins, calcification
and biomass were normalized to area. Calcification also was normalized to biomass to
test for the interactive effects of PCO2 and zooplankton on calcification rates normalized
by area of tissue.

Statistical Analysis
Using Systat 11 software, a 3-way model II ANOVA with PCO2 and zooplankton as
between plot factors and taxon as a within plot factor, was used to analyze the effects of
treatments on calcification and biomass. Assumptions of normality and homoscedasticity

64#

were analyzed through graphical analysis of the residuals. Tank effects were dropped
from the analysis if they were not significant at P > 0.25 (Quinn & Keough 2002).

Results
Treatments
PCO2 was maintained at 378 ± 5 and 710 ± 16 µatm (mean ± SE, n = 6) for the tanks used
in the experiment. Temperature was maintained at 28.0 ± 0.1 ºC (mean ± SE, n = 12) and
maximum light intensities during the period of maximum illumination (12:00) within the
tanks reached 1,015 ± 74 µmol photons m-2 s-1 (mean ± SE, n = 12). Total alkalinity
(TA) was measured throughout the experiment to ensure levels similar to conditions
found on the reef where the corals were collected (~2330 ± 2 µmol kg-1) (mean ± SE, n =
12). Plankton tows used to create increased zooplankton treatments yielded 33,420 ±
4,200 animals tow-1 (mean ± SE, n = 10) and were comprised of crustaceans (73%),
mollusks (16%) and gelatinous taxa (11%). When creating zooplankton treatments,
plankton was placed in small tanks (~20 L) with fresh seawater resulting in 812 ± 85 L-1
crustaceans, 180 ± 35 molluscs L-1 and 122 ± 38 L-1 gelatinous taxa (mean ± SE, n = 10).
Polyp capture rates were not taken on any of the coral nubbins in any of the zooplankton
density treatments, but visual inspection did show increased polyp capture for M.
platyphylla but not for P. meandrina.

Area-normalized Calcification
All P. meandrina and M. platyphylla nubbins appeared healthy in each PCO2 and
zooplankton treatment, except for the high PCO2 and low-zooplankton treatment where P.
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meandrina appeared to be pale compared to P. meandrina nubbins in other treatments.
Visual inspection showed that all corals expanded polyps and captured zooplankton
during feeding trials.
All P. meandrina and M. platyphylla nubbins calcified throughout the experiment.
P. meandrina and M. platyphylla calcification was significantly affected by the
zooplankton treatments (P = 0.006), and but there was no effect of the species x PCO2 x
zooplankton interaction on calcification (P = 0.188) (Table 2). P. meandrina grew
fastest in the HZ-ACO2 treatment (0.600 ± 0.071 mg cm-2 d-1, mean ± SE) and the
slowest in the LZ–HCO2 treatment (0.272 ± 0.057 mg cm-2 d-1, mean ± SE) (Fig. 1B). M.
platyphylla grew fastest in the HZ-HCO2 treatment (1.065 ± 0.048 mg cm-2 d-1, mean ±
SE) and the slowest in the CZ–HCO2 treatment (0.523 ± 0.028 mg cm-2 d-1, mean ± SE)
(Fig. 1A).

Area-normalized Biomass
Area-normalized biomass was unaffected by the individual effects of species (P = 0.986),
PCO2 (P = 0.350) and zooplankton (P = 0.881) as well as the species x PCO2 x zooplankton
interaction (P = 0.289) (Table 3). Biomass for M. platyphylla ranged from 1.863 ± 0.298
mg cm-2 (mean ± SE, CZ-ACO2) to 3.526 ± 0.712 mg cm-2 (mean ± SE, LZ-ACO2) (Fig.
1C). P. meandrina biomass ranged from 2.297 ± 0.314 mg cm-2 (mean ± SE, LZ-ACO2)
to 3.176 ± 0.428 mg cm-2 (mean ± SE, CZ-HCO2) (Fig. 1D).
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Biomass-normalized Calcification
Biomass-normalized calcification was unaffected by the species x PCO2 x zooplankton
interaction (P = 0.733), as well as PCO2 individually (P = 0.400) and in synergy with the
zooplankton treatment (P = 0.393), however, it was affected individually by the
zooplankton treatment (P < 0.001) (Table 4). The response of biomass-normalized
calcification differed between taxa (P < 0.001), both in combination with the zooplankton
treatment (P < 0.001) and PCO2 (P = 0.033) (Table 4). Biomass-normalized calcification
ranged from 0.047 ± 0.008 mg mg-1 day-1 (mean ± SE, LZ-HCO2) to 0.096 ± 0.019 mg
mg-2 day-1 (mean ± SE, LZ-ACO2) for P. meandrina (Fig. 1F). In contrast to P.
meandrina, biomass-normalized calcification in M. platyphylla increased greatly with
access to zooplankton, ranging from 0.088 ± 0.009 mg mg-1 day-1 (mean ± SE, CZHCO2) to 0.313 ± 0.019 mg mg-1 day-1 for HZ-HCO2 (mean ± SE), to 0.137 ± 0.045 mg
mg-1 day-1 for CZ-ACO2 (mean ± SE) and 0.262 ± 0.035 mg mg-1 day-1 for HZ-ACO2
(mean ± SE) to (Fig. 1E).

Discussion
Motivated by the increasing number of studies focused on the species-specific response
of ocean acidification on the calcification of hermatypic coral (Langdon and Atkinson
2005, Hoegh-Guldberg et al., 2007, Anthony et al., 2008, Edmunds 2011, 2012, Edmunds
et al., 2012, Comeau et al., 2012, 2013a & b), the present study tested the hypothesis that
the hermatypic coral, Pocillopora meandrina, and the hydrocoral, Millepora platyphylla,
respond differently to increased PCO2 due to differential utilization of particulate food.
This hypothesis addressed the role of heterotrophic nutrition, achieved through utilization
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of increased zooplankton densities, on the species-specific responses of calcifying
cnidarians to OA (Edmunds 2011, Edmunds et al., 2012, Comeau et al., 2013a). The
outcome of the analyses revealed that M. platyphylla and P. meandrina area-normalized
calcification and area-normalized biomass was unaffected by the elevated PCO2 (700
µatm) used in this study, as well as the species x zooplankton x PCO2 interaction, but
increased zooplankton abundance did significantly increase area-normalized calcification
for P. meandrina and M. platyphylla (Fig. 1B & 1A).
Decreases in seawater pH, created by high PCO2, cause a decrease in the Ωarag and
create an environment in which the deposition of CaCO3 by scleractinians becomes
increasingly difficult (Sabine et al., 2004). While decreases in Ωarag affect
biomineralization in a wide variety of marine calcifiers (Kleypas and Yates 2009), the
response is species-specific for scleractinians (Edmunds 2011, Comeau et al., 2012,
2013). Previous studies have shown some scleractinians seemingly are unaffected by
PCO2 in relatively short mesocosm studies (e.g., massive Porites spp., Pocillopora
damicornis) (Edmunds et al., 2012, Comeau et al, 2013), while others show reductions in
calcification as PCO2 increased (e.g., Porites rus) (Edmunds et al., 2012). Differences in
the response of hermatypic corals to high PCO2 may reflect the ability of certain taxa to
biologically control Ωarag at the site of calcification beneath the tissue and within the
subcalicoblastic space (McCulloch et al., 2012). The spatial separation created by
increased biomass can provide a physical buffer between the seawater and the site of
mineralization (Edmunds 2011). While calcification for M. platyphylla was unaffected
by PCO2 at 700 µatm (Fig. 1A), dissimilar to previous studies on the scleractinian
response to high PCO2 (Edmunds et al., 2012, Comeau et al., 2013), M. platyphylla
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biomass showed no response to high PCO2 (Fig. 1C). Differences in the way that M.
platyphylla and P. meandrina respond to increased zooplankton abundance may reflect
different zooplankton capture rates between species, and this in turn, may play a role in
how these calcifying cnidarians with separate evolutionary histories respond to increased
PCO2.
Nutrition for both M. platyphylla and P. meandrina is achieved through the
translocation of photosynthetically fixed carbon from the photosynthesis of
Symbiodinium, and heterotrophy. Both taxa have the potential to capture a wide variety
of particulate material including zooplankton ~500-700 µm in length (Houlbreque and
Ferrier-Pages 2009) that are captured by tentacles and nematocysts, or uptake of picoand nanoplankton (<100 µm long) through the production of mucus nets to which
particles adhere (Houlbreque and Ferrier-Pages 2009). While autotrophy can account for
the majority (>80%) of the daily energy requirements of some hermatypic corals
(Edmunds and Davies 1986, 1989), photosynthates translocated from the Symbiodinium
to the animal host generally are deficient in nitrogen, phosphorous and amino acids
(Houlbreque and Ferrier-Pages 2009), which are essential nutrients for the growth of
cnidarian tissue (Houlbreque et al., 2003, 2004). For hermatypic corals and hydrocorals,
nitrogen, phosphorous and amino acids are supplied mainly through external food sources
acquired through heterotrophy (Houlbreque and Ferrier-Pages 2009). In the present
study, calcification rates of M. platyphylla increased when they were exposed
periodically to elevated zooplankton densities, which they capture (Fig. 1A), and
therefore it is possible that calcification was accentuated directly by enhanced nutrition.
Increased calcification of M. platyphylla without a concomitant response in biomass,
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culminates in a large increase in biomass-normalized calcification of this species (Fig.
1E). These results suggest an increase in zooplankton abundance increases metabolic
efficiency (defined here as biomass-normalized calcification (Houlbreque and FerrierPages 2009)) of M. platyphylla, thereby increasing calcification rates. Potentially, this
effect is analogous to the well-known role of high light intensity in enhancing
calcification through photosynthesis by Symbiodinium (Yonge 1973).
Previous studies have noted that the nutrition gained from increased heterotrophy
can augment the proteins and lipid content of tissue, thereby enhancing the size of tissue
reserves, and increasing Symbiodinium density, chlorophyll a and c2 concentration
(Edmunds 2011, Comeau et al., 2013). Houlbreque et al., 2003 showed Symbiodinium
density, the content of chlorophyll a and c2, as well as the rates of photosynthesis, all
increased in the hermatypic coral Stylophora pistillata exposed to increased abundances
of zooplankton versus seawater deficient in zooplankton. In the present study, the
increase in calcification seen for M. platyphylla between ambient (380 µatm) and high
(700 µatm) PCO2 (Fig. 1A) may be explained by increased rates of photosynthesis of
Symbiodinium as a result of increased Symbiodinium density, Chl a and Chl c
concentration (Edmunds 2011), similar to the results found by Langdon and Atkinson
(2005) for Porites compressa and Montipora verrucosa. High PCO2 increases densities of
Symbiodinium in Porites rus (Edmunds 2011) and increased concentrations of Chl a and
Chl c2 in S. pistillata (Houlbreque et al., 2003, 2004) through increased heterotrophy.
Therefore, I suggest that the increase in calcification between ambient (380 µatm) and
high (700 µatm) PCO2 for M. platyphylla (Fig. 1A) may be due to an increase in
Symbiodinium photosynthesis, as a result of increased heterotrophy increasing
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Symbiodinium density and Chl a and c2 concentration, and may result in an increase in
photosynthates translocated from Symbiodinium to the host.
The present study analyzed the effects of PCO2 and zooplankton abundance on the
calcification and biomass of a hermatypic coral and a hydrocoral. It revealed that M.
platyphylla and P. meandrina calcification and biomass was unaffected by the species x
PCO2 x zooplankton interaction. One of the interesting findings of this study is the
doubling in calcification for M. platyphylla in high zooplankton abundance, with no
difference in biomass observed. These results are in contrast to previous studies that
have shown scleractinian coral calcification and biomass increase in high zooplankton
abundance (Comeau et al., 2013b). While this study was unable to determine why M.
platyphylla biomass is unaffected by high PCO2 and increased zooplankton abundance,
this may be the result of differences in how CaCO3 is deposited by hermatypic corals and
hydrocorals. Further studies are needed to understand how increases in heterotrophy are
utilized by the differing mechanisms of calcification between hermatypic corals and
hydrocorals. Testing of heterotrophic input on hermatypic coral and hydrocoral
calcification in high PCO2 may increase the understanding of how global climate change
will affect future tropical reef systems.
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Legends
Figure 1. Bar graphs displaying area-normalized calcification (mg cm-2 d-1) (A&B),
area-normalized biomass (mg cm-2) (C&D) and biomass-normalized calcification (mg
mg-1day-1) (E&F) for Millepora platyphylla and Pocillopora meandrina. PCO2 was
maintained at ambient (380 µatm, white bars) and high (700 µatm, black bars) partial
pressures, and 3-zooplankton treatments of control, low and high. Error bars are ±SE (n
= 4). Refer to Tables 2, 3 and 4 for statistical contrasts.
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Tables
Table 1. Summary of conditions in the 12 tanks assigned randomly to create 6
treatments of CZ-CCO2 = control zooplankton-ambient CO2, LZ-ACO2 = low
zooplankton-ambient CO2, HZ-ACO2 = high zooplankton-ambient CO2, CZ-HCO2 =
control zooplankton-high CO2, LZ-HCO2 = low zooplankton-high CO2 and HZ-HCO2 =
high zooplankton-high CO2. Mean ± SE (n=20).
Treatment
CZ-ACO2
LZ-ACO2
HZ-ACO2
CZ-HCO2
LZ-HCO2
HZ-HCO2

Tank
3
4
6
10
1
7
11
12
5
9
2
8

Temperature °C
28.1±0.1
28.1±0.1
28.1±0.1
27.8±0.1
28.2±0.1
28.0±0.1
27.9±0.1
28.1±0.1
28.1±0.1
27.9±0.1
28.1±0.1
27.8±0.1

pH
8.07±0.01
8.07±0.01
8.05±0.01
8.06±0.01
8.06±0.01
8.07±0.01
7.83±0.01
7.83±0.01
7.84±0.01
7.84±0.01
7.84±0.01
7.84±0.01
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PCO2
374±4
370±5
387±5
386±6
384±7
368±5
720±14
720±15
700±16
714±17
703±16
703±17

TA
2338±3
2336±2
2330±3
2338±3
2330±2
2337±3
2334±2
2334±2
2334±3
2327±3
2335±3
2325±2

HCO31726±4
1718±5
1734±5
1737±5
1730±7
1719±5
1933±6
1934±6
1923±6
1924±6
1926±7
1916±7

CO32249±2
251±2
242±2
244±2
244±2
251±2
163±2
163±3
168±3
164±3
167±3
167±3

Ω arag
3.98±0.03
4.01±0.03
3.86±0.03
3.90±0.04
3.90±0.04
4.01±0.03
2.61±0.04
2.61±0.04
2.68±0.04
2.62±0.04
2.66±0.04
2.66±0.05

Table 2. Results of ANOVA comparing area-normalized calcification (mg cm-2 d-1)
among zooplankton and PCO2 treatments using a 3-way model II ANOVA. Zooplankton
and PCO2 treatments were considered between-plot fixed effects with species as a withinplot effect. Tanks were nested within each combination of zooplankton and PCO2. Since
tanks nested within PCO2 and zooplankton were not significant (P > 0.250) they were
pooled with the residual and between plot effects were tested over the error term. Due to
a significant interaction between species and tanks nested within PCO2 and zooplankton (P
= 0.029), all within plot effects were calculated using Species x Tank(PCO2 x
zooplankton) mean square as the denominator when calculating F-values.

Dependent
variable

Source

Area-normalized

Between plots

calcification
-2

-1

(mg cm d )
Within Plots

Effect

SS

df

MS

F

P

Zooplankton

2.054

2

1.027

88.584

0.001

PCO2

0.035

1

0.035

3.038

0.085

PCO2 x Zooplankton

0.001

2

0.001

0.040

0.961

Species

1.658

1

1.658

57.172

0.001

Species x Zooplankton

0.765

2

0.383

13.207

0.006

Species x PCO2

0.088

1

0.088

3.034

0.132

Species x Zooplankton x PCO2

0.130

2

0.065

2.241

0.188

Species x Tank(PCO2 x Zooplankton)

0.174

6

0.029

2.501

0.029

Error

0.881
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Table 3. Results of the ANOVA comparing area-normalized biomass (mg cm-2) using a
3-way model II ANOVA to analyze the effects of zooplankton and PCO2, which were
treated as between-plot fixed affects, and species treated as a within-plot effect. Tanks
were nested within each combination of zooplankton and PCO2. Since the species x tanks
nested within PCO2 and zooplankton was not significant (P > 0.250), they were pooled
with the residual and within plot effects were tested over the error term, but due to a
significant interaction between the tanks nested within PCO2 and zooplankton (P = 0.148),
all within plot effects were calculated using the Tank(PCO2 x zooplankton) mean square as
the denominator when calculating F-values.

Dependent variable

Source

Area-normalized

Between plots

calcification
-2

-1

(mg cm d )
Within Plots

Effect

SS

df

MS

F

P

Zooplankton

0.321

2

0.160

0.129

0.881

PCO2

1.277

1

1.277

1.028

0.350

PCO2 x Zooplankton

0.737

2

0.368

0.296

0.754

Species

0.001

1

0.001

0.001

0.986

Species x Zooplankton

4.237

2

2.118

2.954

0.067

Species x PCO2

0.397

1

0.397

0.554

0.463

Species x Zooplankton x PCO2

1.858

2

0.929

1.296

0.289

Tank(PCO2 x Zooplankton)

7.454

6

1.242

1.733

0.148

Error

21.510

30

0.717
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Table 4. Results of the ANOVA comparing biomass-normalized calcification (mg mg-1
day-1) using a 3-way model II ANOVA to analyze the effects of zooplankton and PCO2,
which were treated as between-plot fixed affects, and species that was treated as a withinplot effect. Tanks were nested within each combination of zooplankton and PCO2. Tank
effects were removed from the statistical model when not significant (P > 0.250) and
were pooled with the residual.

Dependent variable
Source
Biomass
normalized
Between plots

SS

df

MS

F

P

Zooplankton

0.105

2

0.052

51.020

0.001

calcification

PCO2

0.001

1

0.001

0.727

0.400

(mg mg-1 d-1)

PCO2 x Zooplankton

0.002

2

0.001

0.960

0.393

Species

0.078

1

0.078

76.016

0.001

Species x Zooplankton

0.102

2

0.051

49.603

0.001

Species x PCO2

0.005

1

0.005

4.927

0.033

Species x Zooplankton x PCO2

0.001

2

0.001

0.313

0.733

Error

0.034

33

0.001

Within Plots

Effect
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Chapter 4
Conclusion
Coral reefs are important marine habitats that have the highest biodiversity of any marine
habitat (Connell 1978, Bellwood et al., 2004), but changes to seawater chemistry caused
by global climate change (Sabine et al., 2004) may lower coral reef biodiversity
(Alvarez-Filip et al., 2009). Global climate change may cause reductions in reef
biodiversity by reducing the architecturally complex structures, created by hermatypic
coral and hydrocorals, that indirectly are responsible for the high biodiversity of coral
reefs (Hoegh-Guldberg et al., 2007, Alvarez-Filip et al., 2009). Global climate change
alters the chemical composition of seawater by altering the equilibrium of DIC in
seawater, causing a decrease in pH known as ocean acidification (OA) (Sabine et al.,
2004). Tropical reefs are created by hermatypic coral calcification, and while many
studies have tested the effects of OA on hermatypic coral calcification (Langdon and
Atkinson 2005, Anthony et al., 2008, Kleypas and Yates 2009, Edmunds 2011, 2012,
Kleypas et al., 2011, Edmunds et al., 2012, Comeau et al., 2012, 2013a, 2013b), to date
no studies have been conducted on the reef-building hydrocoral Millepora spp. The first
part of this study examined how differences between the two lineages of calcification in
hermatypic corals, as well as the calcification clade Millepora may be explained by the
differences observed in their respective responses to PCO2. The second part of this study
analyzed how differential utilization of organic particulates, in the form of zooplankton,
may be explained by differences observed between hermatypic coral species and
hydrocorals in high PCO2.
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Previous studies have shown the response of hermatypic corals to PCO2 is species
specific (Edmunds 2011, 2012, Edmunds et al., 2012, Comeau et al., 2012, 2013a,
2013b), with some hermatypic corals unaffected by PCO2 increasing their biomass in high
PCO2 (Edmunds et al., 2012, Comeau et al., 2013a, 2013b). The increase in biomass
thickness may increase the physical barrier between the low pH of external seawater and
the high pH at the calicoblastic layer, allowing hermatypic corals to maintain a high Ωarag
at the site of calcification (McCulloch et al., 2012). The present study found the
hermatypic corals unaffected by PCO2 (massive Porites spp. and Acropora pulchra)
increased biomass at high PCO2, similar to previous studies (Edmunds et al., 2012,
Comeau et al., 2013a & b), while the hermatypic coral that decreased calcification at high
PCO2 (Pocillopora meandrina) showed no increase in biomass at high PCO2. Similar to the
hermatypic corals unaffected by PCO2 in this study (massive Porites spp. and A. pulchra)
the hydrocoral Millepora platyphylla was unaffected by PCO2, but in contrast to massive
Porites spp. and A. pulchra, biomass showed no response to PCO2. One hypothesis that
might explain the differences seen between the hermatypic corals (massive Porites spp.
and A. pulchra) and hydrocoral (M. platyphylla) unaffected by PCO2, and the hermatypic
coral that was affected by PCO2 (P. meandrina) may be differences in the phylogenetic
histories of calcification for each group.
Calcification in hermatypic corals evolved ~240 My, with molecular data
suggesting calcification in hermatypic corals evolving from two independent lineages, the
robusta and complexa (Romano and Palumbi 1996). In this study, calcification in
hermatypic corals representing complexa clade corals (massive Porites spp. and A.
pulchra) was unaffected by PCO2, while calcification in the hermatypic coral representing

84#

the robusta clade (P. meandrina) was reduced by high PCO2. These results suggest the
response of hermatypic corals to PCO2 may be in part due to the differences how
complexa and robusta clade hermatypic corals deposit their CaCO3 skeletons (Romano
and Palumbi 1996).
Similar to complexa clade hermatypic corals, M. platyphylla was unaffected by
PCO2, but the characteristic increase in biomass seen in complexa clade corals exposed to
high PCO2 was not seen in M. platyphylla. One striking difference between hermatypic
coral and hydrocoral calcification is the chemical composition of seawater when each of
these taxa acquired the ability to calcify (Ries 2004, Stanley 2008). Hermatypic corals
acquired calcification ~240 My (Romano and Palumbi 1996), a period in time when the
deposition of CaCO3 in the form of aragonite was favorable (Mg/Ca>3) (Stanley 2008),
while hydrocorals acquired calcification ~150 My (Jablonski 2005), a period when the
deposition of CaCO3 in the form of aragonite was unfavorable (Mg/Ca<1) (Ries 2004)
(explained in greater detail in chapter 1 of this study). OA alters the chemical
composition of seawater (Sabine et al., 2004), and the present study shows the response
of hermatypic corals and hydrocorals to changes in seawater chemistry differed among
calcification clade. While further replication of robusta clade hermatypic corals and
Millepora spp. is needed, I suggest differences between lineages of calcification may
explain some of the variation in the response of these taxonomically diverse range of
calcifying taxa to OA.
Hermatypic corals and hydrocorals acquire energy for calcification through
autotrophy and heterotrophy (Muscatine and Cernichiari 1969, Edmunds and Davies
1986, Houlbreque and Ferrier-Pages 2009). The second part of the present study tested
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whether differences in the response of the hermatypic coral Pocillopora meandrina and
the hydrocoral Millepora platyphylla to OA may be due partially to differential utilization
of particulate organic material in the form of zooplankton. The present study found
calcification for P. meandrina and M. platyphylla was unaffected by PCO2 (700 µatm), but
heterotrophy did significantly increase calcification for both taxa. The increased nutrition
from increased zooplankton abundance was most notably seen in calcification for M.
platyphylla, increasing 2-fold. Interestingly, the biomass for P. meandrina and M.
platyphylla did respond differently to PCO2, and similar to the first part of the present
study (Ch. 2), no increase in biomass was seen for M. platyphylla. Previous studies on
calcification of hermatypic corals exposed to increased zooplankton and high PCO2 have
shown an increase in biomass (Edmunds 2011, Comeau et al., 2013b), similar to the
increase seen in the first part of the present study (Ch.2). The absence of a response in
biomass for M. platyphylla exposed to increased zooplankton, further suggests this taxa
may have a different mechanism of calcification from hermatypic corals.
The present study analyzed the effects of high PCO2 and increased zooplankton
abundance on calcifying cnidarians from three different clades, the complexa, robusta,
and Milleporidae, revealing that the effects of high PCO2 are taxon-specific. The
biological significance of the present study lies in the taxonomically diverse range of
calcifying taxa employed, and the differing modes used by each taxon to alleviate the
effects of high PCO2. More studies are needed on the effects of OA on calcifying
cnidarians, to increase our understanding of how global climate change will affect the
community composition of future tropical reefs.
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