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Abstract
Ocean acidification, the reduction in ocean pH as a result of the uptake of anthropogenic
atmospheric carbon dioxide (CO2) by surface waters, has emerged over recent years as a
foremost area of research in environmental physiology, molecular biology, ecology and
marine science. Due to the evident sensitivity of the early life history stages of marine
organisms, it is important to recognize the effects of ocean acidification during embryo and
larval development. These stages are considerably important to recruitment, and are able to
directly influence population dynamics and can impose negative latent effects later in an
organism’s life history. Subsequently, the deleterious effects of ocean acidification are likely
to have profound broad-scale impacts on marine ecosystems. This is the first study to
investigate the effects of ocean acidification on the physiological responses of the early life
history stages of three key echinoderm species, two temperate echinoids (Evechinus
chloroticus and Pseudechinus huttoni) and one polar asteroid (Odontaster validus). The
effects of experimentally reduced seawater pH levels on embryo and larval morphometrics
and the activity of the important ion-transporter Na+/K+-ATPase was evaluated. Furthermore,
the effects on aerobic respiration and the genetic expression of the α-subunit of Na+/K+ATPase were additionally assessed in E. chloroticus. The CO2-adjusted pH levels considered
for this investigation includes ambient (pH 8.1) and levels predicted for 2100 (pH 7.8) and
2250 (pH 7.6).
Morphology of the early life history stages of E. chloroticus and P. huttoni are negatively
impacted by reduced seawater pH/hypercapnia, with larvae being significantly smaller, and
developing heterogeneously. Conversely, the development of the polar O. validus appeared
robust to the effects of near-future ocean acidification which may be attributed to preadaptation. There were no significant differences in the activity of Na+/K+-ATPase for all
three species. Moreover, the mRNA transcript abundance for Na+/K+-ATPase decreased
significantly early in development (fertilisation to two days) in E. chloroticus cultivated at pH
7.8 and pH 7.6. However, this trend was not sustained, such that, later in development (foursix days) there was an increase in Na+/K+-ATPase expression when qPCR data was
normalized using copy number over wet weight. There was a significant increase in larval
aerobic respiration in E. chloroticus cultivated in pH 7.6.
Based on the impacts on the physiology and genetics in the two temperate echinoids (E.
chloroticus and P. huttoni) and the polar asteroid (O. validus), chronic exposure to elevated
ii

pCO2 and reduced pH could result in marked physiological changes in larvae during their
pelagic stage. Nonetheless, the physiological mechanisms responding to ocean acidification
are species specific, and may be attributed to taxonomic differences, such as evolutionary
history, physiology and genetic make-up. The implications for these key life-history stages
are likely to be substantial in terms of the distribution, abundance and population dynamics
for the three echinoderm species.
Further research is necessary in order to evaluate the physiological responses of marine
invertebrates to multiple climate stressors. Moreover, in order to assess ecosystem wide
impacts, additional investigations that involve the quantification of responses of complex
ecosystems processes are required.
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“The climate crisis is the greatest challenge humanity has ever faced.
From not only the warming of the earth with higher global temperatures,
but also from strengthening storms and expanding droughts to melting ice
and rising seas, the costs of carbon pollution are already being felt by
governments, corporations, taxpayers and families around the world. The
climate crisis will affect everything that we love and alter the course of our
future.
Now, more than ever, we must come together to solve this global crisis. We
must act decisively, rise to the occasion and solve this monumental
challenge.”
- Al Gore

“Only when the last tree is cut, only when the last river is polluted, only
when the last fish is caught, will they realise that you can't eat money.”
- Native American proverb

“Life is sacred, that is to say, it is the supreme value to which all other
values are subordinate”
- Albert Einstein
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Chapter 1
General introduction
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1.1

Introduction to thesis

Ocean acidification, the reduction in ocean pH as a result of the uptake of atmospheric carbon
dioxide (CO2) by surface waters, has emerged over recent years as a foremost area of research
in environmental physiology, molecular biology, ecology and marine science. Over the past
15 years, there has been an exponential increase in manipulative and observational work
examining the effects of altered seawater carbonate chemistry, such as increased pCO2,
reduced pH and decreased calcite and aragonite (important skeletal precursors) saturation, on
marine organisms (Hofmann et al., 2010). Currently, these effects are anticipated to fashion
broad-scale changes in ecosystem functioning, population dynamics and individual survival
(Dupont et al., 2010). Due to the evident sensitivity of the early life history stages of marine
organisms, it is important to recognize the effects of ocean acidification during embryo and
larval development. These stages are considerably important to recruitment, and are able to
directly influence population dynamics and can impose negative latent effects later in an
organisms life history (Kurihara, 2008, Albright et al., 2010, Kroeker et al., 2013)
The aim of this thesis is to evaluate the responses of the early life history stages of key marine
invertebrates at the organismal level to reduced seawater pH, with the intent of extending the
observations to develop a mechanistic approach of how marine organisms may react to near
future ocean acidification.

1.2

Introduction to ocean acidification

Anthropogenic carbon (CO2) emissions, since the beginning of the industrial revolution (circa
1750), have increased exponentially from 280 ppm (pre-industrial) to more than 400 ppm in
2013 (Fabry et al., 2008, Widdicombe and Spicer, 2008); www.nws.noaa.gov). Due to their
large volume, and unparalleled ability to buffer CO2, the world’s oceans have absorbed nearly
half of all anthropogenic CO2 emitted into the atmosphere, equating to 440 Gt of CO2 over the
last 200 years (Sabine et al., 2004). As atmospheric CO2 diffuses into oceanic surface waters
and reacts to form carbonic acid, it dissociates into hydrogen ions (H+) and bicarbonate
(HCO3-), and subsequently, carbonate ions (CO32-) (Box 1).
The production of H+ would generally cause the pH of the ocean to fall dramatically (ie.
acidifying the ocean) if it were not for the carbonate/bicarbonate buffering system (Box 1).
This system has permitted the pH of the ocean to remain relatively stable (between 8.0- 8.3
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pH units) over the last 25 million years, despite atmospheric CO2 oscillating substantially
(Widdicombe and Spicer, 2008).
Box 1. The series of chemical reactions that govern water carbonate chemistry.

CO2(atmos) ↔ CO2(aq) + H2O
↔ H2CO3 ↔ H+ + HCO3↔ 2H+ + CO32Air-sea gas exchange equilibrates surface water CO2 to those in atmospheric levels. Once in
seawater, CO2 reacts with water to form carbonic acid (H2CO3) which is able to dissociate
into bicarbonate (HCO3-) and one free hydrogen ion (H+). Bicarbonate can further dissociate,
producing carbonate ions (CO32-) and one more free hydrogen ion. The carbonate within the
system acts like a buffer. When there are excess free hydrogen ions, the reaction proceeds
towards the left, producing bicarbonate. Subsequently, seawater is resistant to net changes in
pH (Widdicombe and Spicer, 2008).

Scientists initially believed that the carbonate buffering system would maintain oceanic pH
levels at moderately consistent levels. In 2003, these assumptions were challenged. Calderia
and Wickett (2003) revealed that oceanic surface waters had in fact decreased in pH by at
least 0.1 units reflecting an increase in overall H+ concentration by 30% (Figure 1).
Additionally, the authors verified that surface water pH could fall by up to 0.4 units before
2100 and by 0.7 units by 2250 (Caldeira and Wickett, 2003). Such extrapolations have been
subsequently corroborated (IPCC, 2007). This phenomenon is now widely recognized across
both academic and public sectors, and is often denoted as ‘ocean acidification’. It is currently
recognized that ocean acidification is not essentially instigated by the elevation in
atmospheric CO2 but the rate of its progression (Blackford and Gilbert, 2007).
Aforementioned, the carbonate buffer system acts to equilibrate H+ ions through a convoluted
reaction with CO3-, creating HCO3- (Box 1). Unfortunately, the supply of CO3- is vastly
dependent on Earth’s geological processes. Due to this, an increase in levels of dissolved CO3in the oceans may require several hundreds of years. Consequently, the rate of H+ increase
cannot be compensated for by the rate of CO3- supply, thus creating H+ surplus, producing the
declining oceanic pH (Widdicombe and Spicer, 2008).
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Figure 1. Present CO2 emissions, historical CO2 levels and the predicted CO2 emissions obtained from
Calderia and Wickett (2003) emissions scenario. Corresponding changes in oceanic pH with time are
depicted, based on globally averaged carbonate chemistry. Modified from Calderia, K., and Wickett, M.
E. (2003). Anthropogenic carbon and ocean pH. Nature. 425: page 365 with permission.
Ocean acidification has been identified as one of the most menacing anthropogenic threats to
marine ecosystems, with changes in water chemistry resulting in hypercapnia (elevated levels
of CO2), and the undersaturation of the two main skeletal CaCO3 polymorphs; calcite and
aragonite.
As aforementioned, the increase in free hydrogen ions in seawater will result in the production
of bicarbonate. This results in a reduction in the carbonic acid available to react with calcium
ions to produce CaCO3, resulting in a reduction in the saturation of calcite and aragonite (Box
2).Calcite and aragonite are both abundant in organisms, however, due to its trigonal
structure, calcite is less soluble (Fabry et al., 2009).
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Box 2. Changes in carbonate chemistry driving reduced CaCO3 levels.
← Mineral formation
CaCO3 ↔ [Ca2+] + [CO32-]
Dissolution →

Changes in carbonate chemistry results in insufficient CO32- available to organisms to make
CaCO3 structures, hence, there is a reduction in CaCO3 saturation levels. Subsequently, this
results in seawater which is corrosive to CaCO3 and dissolution to Ca2+ and CO32- occurs.
Conversely, when there is excess Ca2+ and CO32-, the saturation level for CaCO3 is high,
favouring calcification and skeletogenesis (Fabry et al., 2009)

Physiologically, the projected changes in carbonate chemistry will have enormous impacts on
the calcification, growth, reproduction, and overall functioning of marine invertebrates (Fabry
et al., 2009). Nevertheless, it is extensively disputed whether the anticipated intensification of
oceanic CO2 will genuinely create any detrimental consequences on marine invertebrates
whatsoever (Hendriks et al., 2010). Recently, literature suggests that hypercapnic effects vary
based on ontogeny, life-history, environment and physiology, with calcifying organisms
within the early life-history stages the most vulnerable (Fabry et al., 2009, Dupont et al.,
2010, Kroeker et al., 2013, Kroeker et al., 2010). Particularly, Antarctica is acknowledged as
being one of the most susceptible regions in the world to ocean acidification. This is a result
of Antarctica’s augmented CO2 solubility and highly sensitive acid-base dissolution
coefficients, ensuing in rapid pH decline and aragonite undersaturation within its surface
waters (Feely et al., 2004, Orr et al., 2005).
Presently, two major questions about the impacts of ocean acidification are evident: 1) How
does ocean acidification affect marine invertebrates? And, 2) Through what mechanisms do
marine invertebrates respond to ocean acidification?

1.3

General impacts of ocean acidification in marine species

Many marine organisms, from phytoplankton to fish, are expected to be affected by changing
water carbonate chemistry; nonetheless, each organism differs broadly in its response to ocean
acidification (Table 1; Appendix 1). Such differences are mediated by multifaceted abiotic
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(region, habitat, daily pH, CO2 exposure) and biotic (ontogeny, taxonomy, life history)
factors, making it difficult for scientists to envisage how marine ecosystems will respond to
ocean acidification (Kroeker et al., 2010). Several generalisations have been proposed with
the intention to explain the variation in the biological effects mediated by ocean acidification,
including 1) Organisms which have calcium carbonate (or aragonite) structures will be more
vulnerable than organisms which do not, with those that possess the more soluble mineral
(aragonite) the most vulnerable; 2) Early life-history stages will be more susceptible than
mature stages; 3) Organisms that reside in regions where pH and/or CO2 oscillate frequently
will be more resilient that those in a homogeneous habitat; 4) Finally, those that are more
metabolically active will be superior at compensating hypercapnia than those with sessile life
histories (Kroeker et al., 2013, Kroeker et al., 2010).

1.3.1 Calcification

Meta-analyses, such as those by Fabry et al (2009), Dupont et al. (2010), Hendricks et al.
(2010) and Kroeker et al., (2013), are an effective approach to establish the validity of the
hypothesized generalisations discussed above. These investigations have ascertained that
there are significant negative effects from ocean acidification on marine organisms, especially
in consideration of calcification, growth, and survival (Dupont et al., 2010, Kroeker et al.,
2013) (Figure 2). Evidently, calcification was the most sensitive physiological process
evaluated in this context to date (Fabry et al., 2009, Dupont et al., 2010, Kroeker et al., 2013,
Kroeker et al., 2010, Hendriks et al., 2010). It is postulated that the reduction in skeletal mass
is mediated through external dissolution, or internally by the breakdown of calcite structures,
creating an accumulation of HCO3- (Beniash et al., 2010, Hofmann and Todgham, 2010,
Kroeker et al., 2013, Kroeker et al., 2010).
Using novel techniques, Clark et al., (2009) were able to robustly evaluate the impact of pCO2
– mediated pH decline on skeletal growth, calcification index, development and fine-scale
skeletal morphology in the early life history stages of echinoids from across different
latitudes. The authors ascertained that lowered pH results in reduced size with an associated
reduction in calcification (13.8-36.9%) in temperate and tropical species. Moreover, the
authors established that there was a degradation of larval skeletons in Pseudechinus huttoni
and Evechinus chloroticus (Clark et al., 2009). Studies on marine invertebrate larvae, corals,
echinoderms and gastropods all corroborate the conclusions by Clark et al., (2009), indicating
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that there is generally a reduction in net CaCO3 precipitation in response to a decline in pH
(Table 1; Appendix 1) (Hofmann and Todgham, 2010, Catarino et al., 2012, Beniash et al.,
2010). Several investigations indicate that, the overall 25% decline in biological calcification
at elevated carbon dioxide tensions (731-759 ppm), likely represents the upper tolerance limit
for these organisms (Hendriks et al., 2010). It is expected that, due to the gradual increase in
oceanic CO2, adaptive and/or selective processes shall operate such that impacts to
calcification will be negligible (Pespeni et al., 2013, Hendriks et al., 2010). Such hypotheses
are often contradicted throughout literature; nevertheless, current research is reaching similar
conclusions when organisms are subjected to chronic (>15 days), rather than acute (several
days), pH or hypercapnic stressors (Hofmann and Todgham, 2010, Comeau et al., 2010).

Figure 2. Mean effect size of near future ocean acidification on seven major response
variables reported from marine organisms. N = given within the parentheses on figure.
Significant differences from zero are indicated by an asterisk (* significant at p < 0.05). As
taken from Kroeker, K. J., Kordas, R. L., et al. (2013). Impacts of ocean acidification on
marine organisms: quantifying sensitivities and interaction with warming. Global Change
Biology. 19(6): 1888 with permission.

1.3.2 Response in early life history stages
Several recent reports have identified that the larval stages of marine invertebrates are the
most critical in an animal’s life history, as they are considerably more sensitive than adults to
changes in environmental conditions. This has been ascertained to be particularly prominent
in mollusks and echinoderms (Figure 3). Essentially, the sensitivity of an organism to
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environmental permutations decreases as an organism develops, thus, mature stages are
anticipated to be less vulnerable to ocean acidification than embryos or larvae (Widdicombe
and Spicer, 2008). In regard to benthic calcifiers, there are several disparate life history
stages, which are all affected differently in regard to hypercapnia or reduced pH (Kurihara,
2008). Such stages include fertilization, cleavage, planktonic larval stages, settlement,
metamorphosis, juveniles and reproductively mature adults. Within echinoderms, the
deposition of skeletal structures generally occurs within larval stages, making them
particularly vulnerable to dissolution.

Figure 3. Variation in the effects of acidification among taxa for development. Means are
weighted, random effects meta-analysis and are shown with bias-corrected bootstrapped 95%
confidence intervals. N = given within the parentheses on figure. Significant differences from
zero are indicated by an asterisk (* significant at p < 0.05). Modified from Kroeker, K. J.,
Kordas, R. L., et al. (2013). Impacts of ocean acidification on marine organisms: quantifying
sensitivities and interaction with warming. Global Change Biology. 19(6): 1889 with
permission.
Recognizing the effects of ocean acidification during larval development is essential as it can
influence both population dynamics and physiological processes in later life-history stages
(Kurihara, 2008, Albright et al., 2010, Kroeker et al., 2013). Kurihara and Shirayama (2004)
verified that fertilization rates of the sea urchins Hemicentrotus pulcherrimus and
Echinometra mathaei decrease concomitantly with pH. Additionally, several investigations
attribute reduced fertilization success to a decrease in sperm motility (Christen et al., 1983),
swimming speed (Havenhand et al., 2008) and an increase in polyspermic events (Kobayashi,
1971). On the other hand, we must note that despite various invertebrate species
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demonstrating diminished reproductive capacities, the majority of investigations ascertain no
significant effects from either hypercapnia or acidification (Hendriks et al., 2010).

The deleterious impact of ocean acidification, particularly within fertilization, cleavage and
larval development, influences the distribution, abundance and community structure of marine
invertebrates. Subsequently, ocean acidification often amounts to the endangerment of the
population and the species as a whole (Albright et al., 2010).
The impact of ocean acidification on larval development is of utmost significance, especially
in regard to the influence of hypercapnia and/or pH on growth, survival and calcification. The
larval development of several calcifiers is affected by hypercapnia and pH (Stumpp et al.,
2011b, Kurihara and Shirayama, 2004). Pluteus larvae of both sea urchins H. pulcherrimus
and E. mathaei reared under various CO2 regimes experienced significant reductions in body
and rod size, paralleled with serious skeletal malformations (Kurihara and Shirayama, 2004).
Comparably, the larval shells of Crassostrea gigas and Mytilus galloprovincialis were
negatively affected by hypercapnia (Kurihara, 2008). Once more, it is stressed that these
outcomes were dependent on both taxonomy and abiotic conditions, with an array of
investigations ascertaining neither skeletal reductions nor abnormalities, especially if the pH
oscillates substantially in the species natural environment (Catarino et al., 2012).
With regard to overall population dynamics, an elegant study by Albright et al. (2010)
demonstrated that ocean acidification impacts multiple and sequential early life-history stages.
Ocean acidification was found to compromise both recruitment and resilience of the coral
Acropora palmate. The adverse effects of reduced pH equated to a 52-73% reduction in the
number of A. palmate settlers on the residing reef system. The authors suggested that the
overall impact on recruitment is likely to be even greater, given that depressed post-settlement
growth (39-50% decline in linear extension rates of juveniles) will increase post-settlement
mortality (Albright et al., 2010).

In conclusion, the impacts of ocean acidification on fertilization success, and the larval and
juvenile stages of marine invertebrates will likely have profound and irreversible ecological
implications for many populations, compromising recruitment ability and population
resilience.
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1.3.3 Influence of metabolic activity and habitat
It is hypothesized that highly mobile organisms are more resilient towards ocean acidification
compared to their sessile counterparts (Melzner et al., 2009). Kroeker et al. (2010, 2013) and
Melzner et al. (2009) confirm this suggestion, ascertaining that mobile organisms have
superior intracellular/extracellular regulatory mechanisms (particularly through resistant
respiratory pigments) making them more resilient to ocean acidification.

Interestingly,

brachyuran crustaceans, which have well developed pH regulation systems, were not
adversely affected by changes in carbonate chemistry; in fact, there were significant increases
in their calcification, with no impact on growth (Kroeker et al., 2010, Kroeker et al., 2013).
Such decoupling of calcification and growth is explained by changes in energy allocation,
with more energy being utilized to maintain calcification than growth (Kroeker et al., 2013,
Kroeker et al., 2010). Conversely, these decoupling capabilities are absent in sessile
organisms, where ocean acidification is more likely to negatively impact both somatic growth
and calcification processes.
Marine organisms often experience broad fluctuations in oceanic CO2 concentration and pH in
both diel and annual time scales (Hendriks et al., 2010), contradicting the smooth acceleration
in oceanic CO2 (pH decline) as observed in many climate models. For example, coastal
ecosystems can experience >0.5 unit diel variation in pH, as detected within seagrass
communities (Miles et al., 2007, Hofmann, 2013, Invers et al., 1997). Comparably, recent
high frequency observations of pH fluctuations under the sea ice in the Ross Sea propose low
to moderate changes in pH (0.043-0.144 units) on a time scale of hours to days (Matson et al.,
2011). Additionally, Matson et al. (2011) found strong seasonal shifts in surface water pH by
0.3-0.5 units (Matson et al., 2011). The fluctuations in pH already experienced in coastal and
Antarctic communities are outside the range predicted for ocean acidification within the 21st
century. Coincidentally, these fluctuations do offer opportunities for acclimation and/or
adaptation for those organisms affected. Pre-adaptation has already been documented in
echinoderms residing in intertidal, coastal and at high-latitude habitats

with organisms

exhibiting neither metabolic depression nor adversities in survival, growth or calcification
when exposed to pH levels anticipated for anthropogenically induced ocean acidification
(Miles et al., 2007, Clark et al., 2009, Hofmann, 2013, Pespeni et al., 2013).
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1.3.4 Impact of ocean acidification on Antarctic invertebrates
All marine ecosystems across the globe are impacted by ocean acidification and the associated
changes in CO2 concentration (Sewell and Hofmann, 2011). The impacts are anticipated to be
especially negative within the Southern Ocean, where a manifested shallowing of both the
aragonite and calcite saturation horizons is expected (McNeil et al., 2010, McNeil et al.,
2011). Subsequently, benthic and pelagic calcifying invertebrates are likely to be deleteriously
affected. Experimental and distributional investigations ascertain that polar pteropods,
echinoderms, and gastropods have difficulties in maintaining or secreting skeletal structures
due to changes in aragonite and calcite saturation (Fabry et al., 2009, McClintock et al.,
2008a). Additionally, Melzner et al. (2009) suggested that the relatively low metabolic rates
which typify polar marine ectotherms may hamper resilience capabilities to ocean
acidification. When compared to lower-latitude species, polar marine invertebrates have
delayed development and growth, prolonging planktotrophic life histories (Shilling and
Manahan, 1994, Marsh et al., 1999). Coincidentally, fewer generations will have the
opportunity for successful acclimation/adaptation to sea water, which is progressively
becoming more acidified.

Recent research has discovered that echinoderms are particularly vulnerable to predicted
saturation regimes (Hofmann et al., 2010). Although they have an internalized skeleton, it is
protected by a thin layer of epithelial tissue which is highly permeable. Recent experimental
manipulations have established that under hypercapnic exposure, adult sea urchins have
thinner tests, reduced growth rates and up to 80% mortality in species residing at low depths
(Shirayama and Thornton, 2005, Miles et al., 2007, Barry et al., 2002). In contrast,
developmental investigations on the sea urchin Sterechinus neumayeri determined that
calcification rates in pluteus larvae were not significantly reduced when subjected to acidic
conditions. Moreover, skeletal formations in S. neumayeri larvae were homogeneous to that in
tropical and temperate species (Clark et al., 2009). Such results may represent potential preadaptations (as additionally described in Strongylocentrotus. purpuratus; Pespeni et al.
(2013)).
Due to the Southern Ocean already exhibiting a decline in pH and calcite/aragonite saturation
horizons, it is likely that Antarctic species have in-fact already adapted to these conditions.
Subsequently, it is suggested that Antarctic echinoids have acquired superior mechanistic
control over the chemistry of extracellular spaces surrounding the sites of skeletal
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precipitation in developing larvae compared to temperate and tropical species (Hofmann et
al., 2010, Ries et al., 2009).
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Table 1. Representative examples of the responses to reduced seawater pH and/or increased pCO2 in echinoderms. The responses from tropical,
temperate and polar species are described. Information derived from published manipulative experiments only

Class

Origin

Ontogeny Species

Treatment

Responses

Reference

Echinoidea

Tropical

Early life
history

pH 7.82-6.79

Decreased fertilisation, cleavage,
developmental speed and pluteus larval
development

Kurihara and
Shirayama (2004)

pH 7.9 (pCO2 =
560ppm)

Reduced growth

pH 7.8-6.0

Reduced survival, reduced size, develop
isometrically, no difference in skeletal fine
structure

Clark et al. (2009)

pH 7.8-7.6

Reduced larval calcification, reduced
skeletal length

Sheppard
Brennand et al.
(2010)

pH 7.6

Reduced growth, increased abnormalities

Doo et al. (2012)

pH 7.8-7.6

Reduced cleavage stage embryos, sire and
dam origin influences tolerance levels of
offspring

Foo et al. (2012)

pH 7.6-7.4

Reduced fertilisation and cleavage, reduced
larval development

Moulin et al.
(2011)

Reduced larval growth, developmental
delay, upregulation in development and
biomineralisation genes

Martin et al.
(2011)

Echinometra mathaei

Adult

Tropical

Early life
history

Tripneustes gratilla

Early life
history

Tropical-temperate
(NZ - Pecorino et
al. (2013)

Early life
history

Centrostephanus
rodgersii

Early life
history
Temperate

Early life
history
Early life
history

Paracentrotus lividus

pH 7.9-7.0

Shirayama and
Thornton (2005)

Temperate

Adult

Psammechinus
miliaris

pH 7.44-6.16

Increased mortality rate, test dissolution

Miles et al. (2007)

Temperate

Early life
history

Evechinus chloroticus

pH 7.8-6.0

Reduced survival, reduced size, reduced
calcification, increased fine-scale skeletal
degradation

Clark et al. (2009)

Temperate

Early life
history

Pseudechinus huttoni

pH 7.8-6.0

Reduced survival, reduced size, reduced
calcification, increased fine-scale skeletal
degradation

Clark et al. (2009)

Temperate

Early life
history

Strongylocentrotus
purpuratus

pCO2 = 10301450 mu atm

Reduced larval growth, re-partitioning of
endogenous resources

Matson et al.
(2012)

pH 7.96, pH 7.88

Downregulation in genes involved in:
biomineralisation, cellular stress response,
metabolism, apoptosis

Todgham and
Hofmann (2009)

Early life
history

pH 7.7

Upregulation in metabolic genes, increase in
expression of Na+/K+-ATPase, decrease in
calcification gene expression

Early life
history

pCO2 = 1271 mu
atm

Developmental delay, increased
metabolism, re-partitioning of energetic
resources

Early life
history

pCO2 >700µatm

Induced a high frequency of budding in
>50% of the population

Chan et al. (2012)

pCO2 = 540ppm,
970ppm

Reduced Hsp70 response. i.e. reduced
thermal stress response

O'Donnell et al.
(2009)

Early life
history

Temperate

14

Early life
history

Strongylocentrotus
franciscanus

Stumpp et al.
(2011a)

Stumpp et al.
(2011b)

Early life
history

Temperate

Early life
history

Hemicentrotus
pulcherrimus

Early life
history
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pCO2 = 800-1800
ppm

Increased sperm limitation, reduced fastblock polyspermy efficiency

Reuter et al. (2011)

pH 7.77-6.83

Decreased fertilisation, cleavage,
developmental speed and pluteus larval
development

Kurihara and
Shirayama (2004)

pH 7.9 (pCO2 =
560ppm)

Reduced growth

Shirayama and
Thornton (2005)

Temperate

Early life
history

Lytechinus pictus

pCO2 = 540970ppm

Negatively impacted size and shape.
Downregulation of metabolic and
biomineralization genes

O'Donnell et al.
(2010)

Temperate

Early life
history

Dendraster
excentricus

pCO2 = 1000ppm

Narrower bodies at 4-6 arm stage, reduced
larval size and stomach size

Chan et al. (2011a)

Polar

Early life
history

Arbacia dufresnei

pH 7.4

Developmental delay

Catarino et al.
(2012)

Polar

Adult

Strongylocentrotus
droebachiensis

pCO2 = 1275 mu
atm

Increased total number of coelomytes,
decrease in number of vibratile cells,
decreased immune response

Dupont and
Thorndyke (2012)

Adult

pCO2 = 10073800 mu atm

Early life
history

pH 7.6-7.2

Shift in energy budget, reduced somatic
growth and reproduction, increase in protein
metabolism

Reduction in gastric pH, decrease in
digestive enzyme efficiency, parallels
reduction in size

Stumpp et al.
(2012b)

Stumpp et al.
(2013)

Polar

Early life
history

Sterenchinus
neumayeri

Early life
history

pH 7.8-6.0

16

Decline in fertilisation at low sperm
concentration, increased blastula, gastrula
and coeloblastula abnormally developed

No evident effect on calcification/ no
reduction in size

Ericson et al.
(2010)

Clark et al. (2009)

Byrne et al.
(2013b)

pH 7.8-7.6

Reduced size of post-oral rods and body
length. Development asymmetric.
Teratogenic effect.

Early life
history

pH 7.7-7.5

Reduced percentage of fertilisation. Effects
offset when combined with elevated
temperature

510µatm 730µatm pCO2

Delay in hatching process. Elongating arm
rod spicules were significantly shorter.
Reduced size. Reduced rod length.

Yu et al. (2013)

Early life
history

Early life
history

Asteroidea

pH 7.7- 7.0

Ericson et al.
(2012)

Temperate

Adults

Asterias rubens

pCO2 = 650-3500
mu atm

Reduced feeding and growth rates

Appelhans et al.
(2012)

Temperate

Early life
history

Patiriella regularis

pH 7.8, 7.6

Increased mortality, smaller larval size

Byrne et al.
(2013a)

Polar

Early life
history

Odontaster validus

pH 7.8, 7.6, 7.0

Reduced fertilisation at low sperm
concentrations, reduced survival, abnormal
development

Gonzalez-Bernat et
al. (2013)

Polar

Adult

Leptasterias poliaris

pCO2 = 1275 mu
atm

Extracellular acidosis uncompensated

Dupont and
Thorndyke (2012)

Ophiuroidea Tropical-temperate

Adult

Ophionereis schayeri

pH 7.4- 7.8

At pH 7.8- narcotic effect

Christensen et al.
(2011)

At pH7.6-7.4- increased oxygen
consumption (i.e. RMR), increased stress
response and reduced thermal tolerance
Temperate
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Adult

Amphiura filiformis

pH 7.7-6.8

Increased metabolism, increased
calcification

Wood et al. (2008)

1.4

Maintenance of cellular acid-base homeostasis

Environmental stressors affect organisms in particular by driving them outside a window of
specific tolerance. Consequently, this alters the cost of several metabolic and physiological
processes, modifying overall developmental trajectories and reproductive capacity (Hofmann
and Todgham, 2010, Stumpp et al., 2011b). Fundamental to the understanding of such changes
in development and reproduction is how physiological mechanisms are impacted by such
stressors. Ultimately, environmental stressors are able to alter physiological mechanisms. This
mediates changes in developmental, reproductive and physiological performance (Hofmann
and Todgham, 2010, Stumpp et al., 2011b). Hofmann and Todgham (2010) proposed four
general possibilities for animals faced with ocean acidification: 1) Migrate to more hospitable
habitats; 2) Phenotypic and physiological plasticity will allow species to tolerate
environmental changes (acclimatization/adaptation); 3) Adapt to new conditions via genetic
changes; 4) No response to the new conditions resulting in extinction of the population and/or
species. Out of all the possibilities, plasticity in phenotype and/or physiology is imperative to
the survival of species, as it mediates an increase in the capacity of pH/CO2 tolerance (in the
present context) in a short period of time (Hofmann and Todgham, 2010).
The maintenance of cellular acid-base homeostasis is central to the tolerance of many marine
organisms when confronted with acidosis/hypercapnia. The sensitivity of marine animals to
hypercapnia may be typified by the efficiency of transepithelial ion and acid-base regulation
(Portner, 2008). Likewise, marine invertebrate cell and tissue functioning is extremely
sensitive to acid-base parameters within both intra- and extracellular compartments (Portner
and Bock, 2000, Langenbuch and Portner, 2002). Various in vivo and in vitro investigations
reveal that chronic declines in intracellular and extracellular pH negatively impact cell
functioning, causing metabolic depression, diminished growth and calcification, changes in the
rate of protein synthesis and ionic pump activity, and a reduction in both mitochondrial
respiration and membrane proton leak (Bishop and Brand, 2000, Guppy et al., 2000,
Langenbuch and Portner, 2002, Berner et al., 2009, Deigweiher et al., 2010).
Within the marine environment, CO2 is able to diffuse into an organism across cellular
membranes, accumulating in intra- and extracellular compartments. Accruing CO2 results in a
reduction in intracellular pH and extracellular pH, creating a state of intra- and extracellular
acidosis (Portner, 2008). The mechanisms through which intra- and extracellular spaces
respond to increased CO2, are comprehensively conserved across a wide variety of marine
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invertebrates (Portner, 2008) (processes are shown in Figure 4). Initially, acidosis within
intracellular compartments is fully compensated by an increase in [HCO3-], acting as an
acidosis buffer, convalescing cellular CO2 tensions and reinstating the initial, or new steadystate, intracellular pH. Supply of HCO3- is principally mediated by the break-down of calcified
structures, the catabolism (breakdown) of specific amino acids, monoamines and decarboxylic
acids (Langenbuch and Portner, 2002), or through direct ionic exchange with external
seawater (Portner and Bock, 2000, Langenbuch and Portner, 2002). The source of HCO3differs considerably both intra- and interspecifically, depending on the taxonomy, ontogeny
and habitat of each organism. Nevertheless, it is evident that the supply of HCO3-, by either the
breakdown of internal skeletal structures, or proteins, has detrimental impacts on either
calcification, growth or both (Hofmann and Todgham, 2010).
In most circumstances, intracellular pH decline can be fully compensated within 24-48 hours
of exposure. Unfortunately, in the majority of invertebrates, such as Psammechinus milaris
(Miles et al., 2007) and Chionoecetes tanneri (Pane and Barry, 2007), there is often no, or
incomplete compensation of extracellular acidosis. Accordingly, species which have poor
ability to ion regulate are less likely to compensate such acid-base disturbances; this appears to
be accurate for most echinoderm species (Hofmann and Todgham, 2010). Extracellular pH is
not only interconnected with intracellular pH, but has extreme implications for the oxygen
affinity of respiratory pigments within many animals, of which echinoderms (excluding one
species (Farmanfarmaian, 1966)) are deficient, reinforcing their inability to compensate a
reduction in extracellular pH.
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Cellular and Organism level

Ecosystem and Organism
level

Intracellular
acidosis

Increased
oceanic CO2

Intracellular
level
HCO3increase:
skeletal
dissolution,
catabolism of
monoamines
and
decarboxylic
acids, ion
exchange with
external
seawater
Increase in
activity of ion
transporters

Intra- and
extracellular
CO2
increase

Extracellular
acidosis

Little or no
HCO3increase: little
to no buffering
of acidosis

Metabolic
depression:
reduced protein
synthesis,
reduction in
activity of
expensive ion
transporters
(Na+/K+-ATPase)
Increase in
metabolism:
Increase in the
energy
partitioned to ion
regulation by
energetically
expensive
transporters,
reduction in
somatic growth
and calcification

Organism
effects:
developmental
delays, reduced
calcification,
growth,
reproduction
and survival

Process of the possible physiological events attempting to maintain
acid-base homeostasis which is disrupted by the changes in
carbonate chemistry and pH
Figure 4. A schematic of how intra- and extracellular compartments respond to
hypercapnia/acidosis in marine invertebrates. Marine invertebrates are able to compensate
intracellular acidosis through increasing HCO3- concentration. Such species are unable to fully
compensate extracellular acidosis, resulting in either an increase or depression in metabolism,
and adverse cellular and organism effects. Colours refer to different acid-base homeostatic
processes: purple- causes of acidosis at organism level, red- intracellular mechanisms and
consequences, blue- possible extracellular mechanisms, green- consequences to individual
organisms as a whole.
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1.4.1 Effects of uncompensated extracellular acidosis
No or partial compensation of extracellular pH has negative consequences for the metabolic
physiology of marine invertebrates. Metabolic depression, which is an organism’s short-term
physiological response to unfavourable environmental conditions, is often depicted as an
acclimatization or adaptive strategy utilised to survive hypercapnia when extracellular pH
cannot be compensated (Guppy et al., 2000). Such decline in energy turnover might lead to a
reduction in protein synthesis, a switch in the type of protein which is utilized, and a change in
the energy allocated to several other physiological processes. Consequently, metabolic
depression in marine invertebrates leads to developmental delays, reduced growth and
calcification, and membrane re-modelling (Guppy et al., 2000, Portner and Bock, 2000,
Portner et al., 2000, Berner et al., 2009, Stumpp et al., 2012a). Chronic hypercapnic exposure
in the mussel Mytilus galloprovincialis results in elevated HCO3- concentration within
intracellular compartments, compensating intracellular pH (Michaelidis et al., 2005).
However, partial compensation of extracellular pH causes a decline in somatic growth and
calcification, and an increase in nitrogen excretion, indicating a net degradation of proteins.
This reduction in protein synthesis likely mediates the reduction in both calcification and
somatic growth in this species (Michaelidis et al., 2005, Langenbuch et al., 2006). Moreover,
Langenbuch and Portner (2002) ascertained that in hypercapnia-subjected cephalopod
Sipunculus nudus there is a large increase in the amount of the energy provided by protein
catabolism. The catabolism of amino acids contributed to nearly all aerobic energy demands
required under metabolic depression (Langenbuch and Portner, 2002).
Reductions in calcification and protein synthesis are mediated by cellular acidosis and
metabolic depression respectively, and are frequently substantiated throughout the literature,
particularly when marine invertebrates are of concern (Hofmann and Todgham, 2010, Stumpp
et al., 2012a). Additionally, Deigweiher et al. (2010) found large shifts in branchial energy
budgets in Antarctic notothenoids exposed to hypercapnic conditions. Despite a predicted two
to three fold increase in energy costs, tissue oxygen demands remained constant. The authors
suggested that this shit was caused by a down-regulation in residual processes such as proton
leak, mediated through modifications in membrane structure (Bishop and Brand, 2000,
Deigweiher et al., 2010). There is extensive evidence, including transcriptomic investigations,
to support a reformation in energy budgets within marine organisms (Todgham and Hofmann,
2009, O'Donnell et al., 2010, Zippay and Hofmann, 2010).
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O'Donnell et al. (2010) demonstrated that genes central to thermal survival, metabolism,
calcification, and some ion transport were significantly down-regulated within sea urchin
Lytechinus pictus pluteus larvae raised under elevated pCO2 (O'Donnell et al., 2010). It was
proposed that the down-regulation of metabolic and calcification genes facilitates the decline
in energy turnover required for survival via metabolic depression (O'Donnell et al., 2010).

1.4.2 Na+/K+-ATPase
The maintenance of Na+ and K+ ion gradients is one of the most important, albeit energetically
demanding, processes of an organism’s physiology. Generally, the cells of most animals
expend a considerable proportion of their total metabolic budget (20-30%) on a single integral
membrane protein, Na+/K+-ATPase (Marsh et al., 2000). Na+/K+-ATPase, found in all higher
eukaryotes (Skou, 1957), transports Na+ and K+ across the plasma membrane in order to
maintain specific ionic gradients. Such gradients facilitate other, secondary-active, transport
systems such as Na+/ amino acid and Na+/ glucose co-transport (Wright and Manahan, 1989);
however, this physiological process comes at a considerable metabolic cost (Leong and
Manahan, 1999, Marsh et al., 2000). For some marine organisms, 30% to 80% of their total
metabolic budget can be expended on Na+/K+-ATPase (Leong and Manahan, 1997, Leong and
Manahan, 1999, Marsh et al., 2000, Portner et al., 2000, Pace and Manahan, 2007, Stumpp et
al., 2011b). As described by Leong and Manahan (1997), the requirements for ion regulation
changes rapidly throughout embryonic and larval development in marine invertebrates. This is
mediated by the increase in cellular-membrane surface area resulting in the production of more
Na+/K+-ATPase to regulate the intracellular ion flux (Leong and Manahan, 1997, Marsh et al.,
2000). Consequently, the physiological importance of this transmembrane protein during
embryo and larval development has significant implications for the amount of energy which is
consumed during development in marine invertebrates (Marsh et al., 2000).
As aforementioned, ocean acidification is likely to impact ion homeostasis in marine
organisms, particularly in the early life history stages of marine invertebrates, including
echinoderms. Subsequently, these organisms are able to respond to reduced oceanic pH and
hypercapnia in one of two ways. Firstly, the maintenance of intracellular pH, ion gradients and
cellular homeostasis will require the up-regulation and activation of an increased number of
Na+/K+-ATPase pumps. Subsequently, this increase in activity will necessitate additional
energy to be partitioned towards ion-homeostasis. In turn, this will cause an elevation in the
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metabolic rate (Deigweiher et al., 2010, Thomsen and Melzner, 2010, Stumpp et al., 2011b).
Conversely, as mentioned in Section 1.4.1, the extended reduction in intracellular and
extracellular pH may mediate a depression in aerobic metabolism, ensuing in a reduction in
Na+/K+-ATPase, in order to reduce energetic costs (Reipschlager and Portner, 1996, Portner et
al., 1998, Portner et al., 2000). In this case, it is likely that marine invertebrates shift from
ATP-consuming ion pumps to more energy efficient pumps, such as the electroneutral Na+dependent Cl-/HCO3- exchanger (Portner et al., 2000, O'Donnell et al., 2010).
As mentioned in Section 1.3, ocean acidification is able to impact calcification, somatic
growth and developmental rates in marine invertebrates (see Dupont et al. (2010) for review).
Are these effects mediated by an increase in energy demands for ion homeostasis, or due to a
reduction in the aerobic metabolism? In order to ascertain how marine invertebrates respond to
ocean acidification, and the physiological processes underlying the associated responses, it is
necessary to evaluate the changes in activity and mRNA transcript abundance of the important
transmembrane protein, Na+/K+-ATPase.

1.5

Conclusion

Although the responses to ocean acidification are highly complex, and are both species- and
habitat-specific, the negative impacts of ocean acidification are substantial. These effects are
anticipated to create broad-scale ecosystem changes, ranging from local population extinctions
to reductions in overall ecosystem functioning (Dupont et al. (2010) and references therein).
Subsequently, it is necessary to understand the effects of ocean acidification at the
physiological level. Moreover, it would be of benefit to complete a global comparative
investigation on the early life history stages of key marine invertebrates. This comparison will
enable us to ascertain the influence of latitude on the impacts of predicted near-future ocean
acidification and hypercapnia.

1.6

Study species

As the impacts of ocean acidification are multifaceted, it is important to focus on multiple
experimental end-points to ascertain the likely physiological response of the early life history
stages of marine invertebrates. Moreover, as these responses are also dependent on latitude, it
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is important to compare species from across the globe to establish any latitudinal differences
in physiological response. Accordingly, the following three (two temperate and one polar)
ecologically important echinoderms were selected for the current investigation.

1.6.1 Temperate Sea Urchin Evechinus chloroticus
The common sea urchin Evechinus chloroticus (Figure 5) is endemic to New Zealand. E.
chloroticus is found in a wide variety of coastal habitats at shallow depths (<12-14m) off
mainland New Zealand, as well as several off shore islands (Dix, 1970). This includes Three
Kings Islands (34°10′S) (Dix, 1970), Snares Island (47°60′S) and Chatham Island (Fell, 1960,
Pawson, 1965). The abundance of E. chloroticus has been correlated with wave action and
high densities of herbivorous gastropods, as well as kelp forests (Dix, 1970, Choat and Schiel,
1982). E. chloroticus are selective herbivores and are able to determine the condition of
shallow subtidal rocky reefs. Hence, this echinoid is an important keystone species in rockysubtidal ecosystems, greatly impacting the abundance of brown algae, and consequently, other
invertebrate herbivores (Andrew, 1988).
This species exhibits an annual breeding cycle, spawning in the austral summer, generally
from November to February (Dix, 1970, Delorme and Sewell, 2013). Lamare et al. (2002)
ascertained that the gametogenic cycle in Fiordland populations is synchronous between
females and males (Barker, 2001, Delorme and Sewell, 2013). This may be the result of a
dependence on local cues in these habitats (Barker, 2001, Delorme and Sewell, 2013).
E. chloroticus are broadcast spawners, releasing a large number of eggs into the water column
which, once fertilized, develop into planktotrophic echinopluteus larvae (Figure 5, B). The
larvae remain in the water column for up to 6 weeks, until they metamorphose into juveniles
(Dix, 1969, Lamare and Barker, 1999).
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Figure 5. A. Adult Evechinus chloroticus (Family: Echinometridae), scale bar ~ 10cm. B. E.
chloroticus echinoplutei larvae, 5 days old, scale bar ~ 100µm. Credit for image A.
http://www.ryanphotographic.com with permission.

1.6.2 Temperate sea urchin Pseudechinus huttoni
The Pseudechinus genus consists of eleven species which are restricted to the Southern
hemisphere. Furthermore, six of the eleven species are endemic to New Zealand, including
Pseudechinus huttoni (Figure 6) (McKnight, 1969, Kirby et al., 2006, Poorbagher et al.,
2010a). P. huttoni (Benham, 1908) typically inhabits New Zealand’s continental shelf from 30
m to 550 m. Contrastingly, they also reside in fjordic habitats in depths as shallow as 9 m
(McClary and Sewell, 2003, Kirby et al., 2006, Poorbagher et al., 2010a). This deep-water
ascent is relatively common in New Zealand fjords, and is attributed to the low levels of light,
low water motion and low sedimentation found at shallow depths (<40m) (Kirby et al., 2006).
The species is found on coarse-grained sediments, however, can also live on rocky substrates,
which is especially evident in the fjords (McClary and Sewell, 2003, Kirby et al., 2006,
Poorbagher et al., 2010a).
Reproduction generally follows a distinct annual cycle, which mature ova reach approximately
70-100µm (McClary and Barker, 1998, Barker, 2001). Akin to E. chloroticus, P. huttoni are
broadcast spawners and exhibit indirect lifecycles where larvae develop into planktotrotrophic
echinoplutei (Figure 6, B) (McEdward and Miner, 2001, Poorbagher et al., 2010b).
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Figure 6. A. Adult Pseudechinus huttoni (Family: Temnopleuroidae), scale bar ~ 5cm. B. P.
huttoni echinoplutei larvae, 7 days old, scale bar ~ 100µm. Credit for image A.
http://www.ryanphotographic.com with permission.

1.6.3 Antarctic sea star Odontaster validus
The abundant, circumpolar sea star, Odontaster validus Koehler (Family Odontasteridae), is
widely distributed in the shallow benthic environments surrounding the Antarctic continent
(Pearse, 1969, Mcclintock et al., 1988). O. validus (Figure 7) has been found throughout the
Southern Ocean, from South Georgia (54oS) to the most southern parts of McMurdo Sound
(78oS) (Clarke, 1983, Mcclintock et al., 1988, Stanwell-Smith and Clarke, 1998). The
bathymetric range of this asteroid is large and spans from the lower intertidal through to 940 m
depth. Nonetheless, O. validus is most commonly located at a depth between 15m and 200m
(Mcclintock et al., 1988).
O. validus exhibits an opportunistic feeding behaviour, with an extremely varied diet. In
general, O. validus is a suspension feeder, herbivore, scavenger, exhibits necrophagy and
predates on various benthic invertebrates (including sponges and echinoderms) (Pearse, 1966,
Stanwell-Smith and Clarke, 1998, McClintock et al., 2008b). Due to its various feeding
modes, wide distribution and dominant abundance in the benthic community, O. validus is
extremely important ecologically throughout the Southern Ocean ecosystem (Mcclintock et
al., 1988, Stanwell-Smith and Clarke, 1998). Dayton et al. (1974) ascertained that O. validus is
a keystone species. This was due to its role as a “larval filter”, controlling the settlement of
sympatric predator sea star species. The diversity of feeding habits of O. validus is therefore
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important, with O. validus acting both directly and indirectly in regulating Antarctic spongedominated communities (Dayton et al., 1974, McClintock et al., 2008a).
O. validus, a broadcast spawner, releases a large number of gametes (eggs 170-190

m

diameter) in May and June (adults ripe April-May and gastrulae are first present in May;
Stanwell-Smith and Clarke (1998)) (Pearse, 1962, Pearse, 1966, Stanwell-Smith and Clarke,
1998). Feeding, demersal larvae (Figure 7, B) develop in the water column, albeit slowly, and
are present in the plankton for up to six months prior to settling (Pearse, 1962, Pearse and
Giese, 1966, Pearse, 1969, Mcclintock et al., 1988, Stanwell-Smith and Clarke, 1998). This
prolonged developmental period contributes to the relatively high larval mortality and low
settlement rates, nevertheless, ensures widespread dispersal (Pearse and Bosch, 1986,
Mcclintock et al., 1988).

B
A

Figure 7. A. Adult Odontaster validus (Family: Odontasteridae), scale bar ~ 10cm. B. O.
validus bipinnaria larvae, 50 days old, scale bar ~ 200µm.

1.7

Study aims and hypotheses

The aim of this study was to examine the physiological mechanisms which underlie the
response of larval marine invertebrates to ocean acidification. In order to address this, I
quantified the effects of reduced seawater pH and elevated pCO2 on the development,
metabolism, and changes in the activity and mRNA transcript abundance of the membrane
transporter Na+/K+-ATPase, in the early life history stages of three key-stone echinoderm
species (see Section 1.6). The pH levels considered for this investigation include ambient (pH
8.1) and those which reflect the CO2 emission and ocean acidification scenarios predicted by
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the Intergovernmental Panel on Climate Change (IPCC, 2007) for the years 2100 (pH 7.8) and
2250 (pH 7.6). The hypotheses of the current investigation were as follows:
Hypothesis 1:
Experimentally cultivating embryos and larvae in CO2- acidified predicted for the years 2100
(pH 7.8) and 2250 (pH 7.6) will deleteriously impact the development and metabolism in all
three echinoderm species selected for this research.
Hypothesis 2:
Reduced seawater pH and elevated pCO2 will primarily impact the energetic budget of the
embryonic and larval stages of all three echinoderm species, mediating a reduction in larval
size. This is a result of more energy being partitioned towards ion-regulation and cellular
homeostasis, rather than somatic growth. Subsequently, it is anticipated that the activity and
mRNA transcript abundance (α-subunit) of the membrane transporter, Na+/K+-ATPase, will
increase in embryos and larvae cultivated in lowered seawater pH. Those reared in pH levels
predicted for 2250 will have the highest increase in activity and gene expression.
Hypothesis 3:
The physiological mechanisms underlying the response to ocean acidification will not be
species-specific. However, the magnitude of the morphological effects will depend on the
region of origin and species, with greater effects observed in the temperate species.
Based on these hypotheses, the remaining chapters will include the following:
CHAPTER 2. General methods and materials
Chapter 2 outlines the method and materials involved in the measurement of seawater
parameters, pH incubations of the early life history stages of the study species, the collection
and the spawning of the two E. chloroticus, one P. huttoni and one O. validus experiments.
CHAPTER 3. The effects of lowered seawater pH on carbonate chemistry, morphology
and metabolism
Chapter 3 examines the impact of predicted near-future pH on the morphology of E.
chloroticus, P. huttoni and O. validus by culturing newly fertilised embryos in seawater
predicted for 2100 (pH 7.8) and 2250 (pH 7.6). Moreover, this chapter reports the impact of
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seawater pH predicted for 2250 on the aerobic metabolism of the early life history stages of E.
chloroticus.
CHAPTER 4. Effects of lowered seawater pH on the activity of Na+/K+-ATPase
Chapter 4 examines the impact of predicted near-future pH on the activity of the important
transmembrane protein, Na+/K+-ATPase, in the early life history stages of E. chloroticus, P.
huttoni and O. validus cultivated in seawater predicted for 2100 (pH 7.8) and 2250 (pH 7.8).
Additionally, this chapter outlines a novel assay to measure fine-scale changes in Na+/K+ATPase activity in embryos and larvae.
CHAPTER 5. Effects of lowered seawater pH on the expression of the α-subunit of
Na+/K+-ATPase in the early life history stages of Evechinus chloroticus
Chapter 5 examines the impact of predicted near-future ocean acidification on the changes in
the mRNA transcript abundance of the α-subunit of Na+/K+-ATPase in the early life history
stages of E. chloroticus cultivated in seawater predicted for 2100 (pH 7.8) and 2250 (pH 7.6).
CHAPTER 6. General discussion
Chapter 6 summarizes the findings and conclusions from the three experimental chapters.
Moreover, a discussion on the mechanistic response of early life history stages of E.
chloroticus, P. huttoni and O. validus to predicted near-future ocean acidification, the
ecological implications of these changes, and future directions are also included.
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General methods and materials
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2.1

Animal collection

2.1.1 Evechinus chloroticus
Adult Evechinus chloroticus were collected from Blanket Bay, Doubtful Sound (GPS: 42o
50’S, 170o 56’E, average seawater pH: 8.1 ± 0.02) during the summer months (DecemberJanuary) of 2012/2013 for Experiment One and from Shag Point, Moeraki (GPS: 45o 46’ S
170o 83’ E average sea water pH: 8.1 ± 0.02) on the 9th of November 2013 for Experiment
Two via SCUBA diving. Following collection, adult animals were transported to a flow
through aquarium system at Portobello, Otago Harbour, Dunedin, and maintained in seawater
at pH 8.1 and 15oC ±1oC. Adult E. chloroticus were maintained in captivity for either one
month or overnight for Experiment One and Two respectively. During this time, sea urchins
were fed common kelp (Ecklonia radiate) ad libitum.

2.1.2 Pseudechinus huttoni
Adult Pseudechinus huttoni were collected from Hall Arm, Doubtful Sound (GPS: 42o 25’S,
170o 56’E, average seawater pH: 8.1 ± 0.02) during the month of July 2013 via SCUBA
diving. Following collection, adult animals were transported to the flow through aquarium
system at Portobello and maintained in seawater at pH 8.1 and 12oC ±1oC. Adult P. huttoni
were maintained in captivity for one and a half months. During this time, sea urchins were fed
cockles (Austrovenus stutchbuyri) ad libitum.

2.1.3 Odontaster validus
Adult Odontaster validus were kindly collected from Cape Evans, McMurdo Sound,
Antarctica (GPS: 77o 64’ S, 166o 40’E, average seawater pH 8.01 ± 0.01) on the 30th of
October 2012. Following collection, adult animals were transported to the aquarium system at
Portobello and maintained in controlled temperature cabinets in seawater at pH 8.1 and -0.5oC
±1oC. Adult P. huttoni were maintained in captivity for eight months. During this time, sea
stars were fed cockles (A. stutchbuyri) every four weeks.

31

2.2

Induction of spawning

2.2.1 Evechinus chloroticus
2.2.1.1 Experiment One: Effects of pH on morphology
Three females and one male were induced to spawn during their natural spawning season via a
2-6ml intracoelomic injection of 0.5 mol l-1 KCl (Figure 8, A) on the 21st January 2013 for
Trial one, and on the 18th February 2013 for Trial two (Table 2). Eggs and sperm were
spawned into separate beakers of filtered seawater. Gamete quality from each individual was
examined microscopically (eggs: shape, sperm: motility). Only gametes of good quality were
used. Eggs from each female were transferred to a 1 L beaker with filtered seawater (filtered at
1 µm, 15oC ± 1oC, pH 8.1 ± 0.02), the density of eggs was estimated from counts in ten
replicate 10µl aliquots. Eggs were left for up to 15 minutes from the time spawning was
induced to acclimate before the addition of sperm (Lamare et al., 2006). On the addition of
sperm, eggs were resusupended to form a homogeneous layer. Several drops of diluted sperm
were added. After 20-30 minutes, the presence of fertilization was checked, with the
fertilization rate exceeding 95%. Fertilised eggs were rinsed with fresh filtered seawater to
remove excess sperm, resuspended in fresh experimental (see Section 2.3) seawater in closed
culture vessels. All experimental cultures were maintained at 15oC ±1oC using a controlled
temperature cabinet.

2.2.1.2 Experiment Two: Effects of pH on Na+/K+-ATPase activity and mRNA
expression

Three females and five males were induced to spawn via a 1-5ml intracoelomic injection of
0.5 mol l-1 KCl on the 10th of November 2013 (Table 2). Gamete collection, examination and
fertilisation and culturing were conducted using the same protocol as described for Experiment
One (Section 2.2.1.1).

2.2.2 Pseudechinus huttoni
Twelve females and seventeen males were induced to spawn via a 1-3ml intracoelomic
injection of 0.5 mol l-1 KCl during their natural spawning season on the 12th September 2013
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(Table 2). Gamete collection, examination and fertilisation were conducted using the same
procedure from E. chloroticus (refer to Section 2.2.1.1). Fertilised eggs were maintained at
12oC ±1oC using a controlled temperature cabinet.

2.2.3 Odontaster validus
One male and five females were induced to spawn via an intracoelomic injection of 2 ml of the
ovulatory hormone l-methyladenine (10-3 M) as per protocols previously published by Shirai
et al. (1972) and Selvakumaraswamy and Byrne (2000) (Figure 8, B). Spawning was induced
during the natural spawning season on the 10th of June 2013 (Table 2). Gamete collection,
examination, pooling of sperm and fertilisation were conducted using the same procedure as
described for E. chloroticus and P. huttoni (refer to Section 2.2.1.1 and 2.2.2) where eggs from
each female were transferred to a 1 L beaker with filtered seawater (filtered at 1µm, -0.5oC,
pH 8.1). All experimental cultures were maintained at -0.5oC ±1oC using a controlled
temperature cabinet.

Figure 8. A. An intracoelomic injection of 0.5 mol l-1 KCl in adult Evechinus chloroticus
during their natural spawning regime in the austral summer months of January and February,
2013. B. An intracoelomic injection of ovulatory hormone 1-methyladenine in adult
Odontaster validus during their natural spawning regime in the austral winter month of June,
2013.
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Table 2. Information on the location site, local ambient conditions and experimental period for
the four species of echinoderms, Evechinus chloroticus, Pseudechinus huttoni, and Odontaster
validus, examined in the current investigation.

Species

Location

Latitude/Longitude

Experimental
period

Temperature
(oC)

E.
chloroticus

Exp 1
Trial 1 and
2:
Blanket
Bay,
Doubtful
Sound,
New
Zealand
Exp 2:
Shag point,
Moeraki,
Otago,
New
Zealand
Hall arm,
Doubtful
Sound,
New
Zealand
Cape
Evans,
McMurdo
Sound,
Antarctica

Exp 1 Trial 1 and 2:
42o 50’S, 170o 56’E

Exp 1, Trial
1: 21st Jan –
1stFeb 2013

P. huttoni

O. validus
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Ambient
pH (NIST)

15oC ±1oC

Ambient
Salinity
(PSU)
35 ± 0.5

8.1 ± 0.02

Exp 1, Trial :
18thFeb – 26th
Feb 2013

Exp 2:
45.46°S 170.83oE

Exp 2: 10th
Nov-16th Nov
2013

42o 25’S, 170o 56’E

12th Sep – 19th
Sep 2013

12oC±1oC

35 ± 0.5

8.1 ± 0.02

77o 64’ S, 166o 40’E

10th June –
30th July 2013

-0.5oC ±1oC

35 ± 0.5

8.1 ± 0.01

2.3

Experimental conditions

Embryos/ larvae were cultured in seawater bubbled with various concentrations of CO2 in
order to produce three different pH conditions. These were chosen as they reflect the CO2
emission and ocean acidification scenarios predicted by the Intergovernmental Panel on
Climate Change (IPCC, 2007) for the years 2100 (pH 7.8) and 2250 (pH 7.6). Samples of
embryos and larvae in each of the culture chambers were taken on days which corresponded to
the: blastula, gastrula, and newly and late formed echinoplutei (E.chloroticus, P. huttoni)/
bipinnera (O. validus) stages of development. Differences in experimental periods between
species represent differences in developmental rates. Larvae were not fed during the
experimental period due to the confounding effects the fed state may have on developmental
rates and ion-transporter activity.
In general, survival for all three species did not change when embryos/larvae were reared in
experimentally reduced pH seawater. This was observed throughout the entire experimental
period (personal observation).

2.3.1 Evechinus chloroticus
2.3.1.1 Experiment One: Effects of pH on morphology
Following fertilisation, embryos were immediately transferred and suspended into one of
twelve two litre culture vessel at a density of approximately 50-100 larvae per ml. These
culture chambers contained one of the three pH treated filtered (1µm) seawater (pH 8.1, pH
7.8, pH 7.6). Altogether there were four replicates in each treatment (N=4). Chambers were
then sealed to prevent gas exchange. All experimental cultures were maintained at 15oC ±1oC
using a controlled temperature cabinet (refer to Figure 9 for overview).
Samples of embryos and larvae in each of the culture chambers were taken at two, four, eight
and eleven days post-fertilisation for Trial one, and at two, four and eight days postfertilisation for Trial two for analyses on morphology (see Chapter 3). Two trials were
conducted to evaluate the consistency of responses to reduced pH in E. chloroticus.
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2.3.1.2 Experiment Two: Effects of pH on Na+/K+-ATPase activity and mRNA
expression
Culturing of newly fertilised embryos was conducted using the same protocol for Experiment
One (Section 2.3.1.1). Samples of embryos and larvae in each of the culture chambers were
taken at zero (2 hours post-transfer), two, four and six days post-fertilisation analyses on
Na+/K+-ATPase activity (see Chapter 4), protein content (see Chapter 4) and the mRNA
transcript abundance of the α-subunit of Na+/K+-ATPase (see Chapter 5).

2.3.2 Pseudechinus huttoni
Culturing of newly fertilised P. huttoni embryos was conducted using the same protocol for E.
chloroticus (refer to Section 2.3.1.1). Altogether there were three replicates in each treatment
(N=3). All experimental cultures were maintained at 12oC ±1oC using a controlled temperature
cabinet. Samples of embryos and larvae in each of the culture chambers were taken at three,
five and seven days post fertilisation for analyses on morphology (see Chapter 3), Na+/K+ATPase activity (see Chapter 4) and protein content (see Chapter 4).

2.3.3 Odontaster validus
Culturing of newly fertilised O. validus embryos was conducted using the same protocol for E.
chloroticus and P. huttoni (refer to Section 2.3.1.1 and 2.3.2). Altogether there were three
replicates in each treatment (N=3). All experimental cultures were maintained at -0.5oC ±1oC
using a controlled temperature cabinet. Samples of embryos and larvae in each of the culture
chambers were taken at four, seven, twenty one and fifty days post fertilisation for analyses on
morphology (see Chapter 3), Na+/K+-ATPase activity (see Chapter 4) and protein content (see
Chapter 4). As a result of culture collapse in all of the pH 7.8 replicates, there is no
morphological, protein or Na+/K+-ATPase activity data available for 50 days post-fertilisation.
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Figure 9. Flow diagram
depicting the methods of
spawning, fertilisation and
culturing of embryos into the
different seawater pH
treatments, using Evechinus
chloroticus as an example.
These methods were applied
to all species in the current
investigation.

Ripe adult specimens

Spawning induced via intracoelomic
injection of 0.5 M KCl or 10-3 M
methyladenine

Gametes from females and males washed
and pooled

Fertilisation of gametes in ambient pH and
temperature
Embryos split evenly and placed into one of
three different pH treated chambers

pH 8.1 (control)
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pH 7.8 (pH
predicted by IPCC
(2007) for the year
2100)

pH 7.6
(predicted by
IPCC (2007)
for the year
predicted
2250)

2.4

Measurement of seawater parameters

Saturation values of calcite (ΩC) and aragonite (ΩA), and the partial pressure of CO2 (pCO2),
of ambient and acidified seawater, were calculated based on measurements of seawater pH
(National Institute of Standards and Technology (NIST) scale) and total alkalinity. pH,
temperature, salinity and total alkalinity were used as primary input parameters in the
computer programme SWCO2
(http://neon.otago.ac.nz/research/mfc/people/keith_hunter/software/swco2/).
The carbonate chemistry and seawater properties were determined using CO2 equilibrium
constants provided by Mehrbach et al. (1973) (altered by Dickson and Millero (1987)) as
suggested by Wanninkhof et al. (1999). Values for sea water total alkalinity, were obtained
from Gonzalez-Bernat et al. (2013). In brief, Gonzalez-Bernat et al. (2013) fixed water
samples using HgCl2 and were sent for analysis using a closed cell potentiometric titration
(Dickson et al., 2007), which was performed by Dr Kim Currie (NIWA, University of Otago).
Additionally, the data was analysed by Dr Currie using a least square linear optimisation
technique.
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Chapter 3
The effects of lowered seawater pH
on carbonate chemistry,
morphology and metabolism
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3.1

Introduction

Under the current hypothesis that calcification is one of the major biological processes
affected by predicted near-future ocean acidification, it is likely that echinoderms will be
negatively impacted (Dupont et al., 2010). Echinoderms are exclusively marine, exhibiting a
broad distribution in both depth and latitude. The ~ 7,000 known species are divided into five
classes, crinoids (sea lilies and feather stars), asteroids (star fish), ophiuroids (brittlestars),
echinoids (sea urchin) and holothuroids (sea cucumbers) (Dupont et al., 2010).
Echinoderms occupy keystone positions in a wide array of ecosystems, from the Southern
Ocean, to temperate and tropical ecosystems (Dupont et al., 2010). In general, benthic
echinoderms are important ecosystem engineers, grazers, and play a major role in the food
chain as prey for carnivorous species, such as fish and crustaceans (Bowmer and Keegan,
1983, Sköld and Rosenberg, 1996, Dupont et al., 2010) . As mentioned in Chapter one,
echinoderms exhibit indirect life cycles, where one life stage(s) occupies an environment
which is different from that inhabited in other stages. Many species exhibit a planktonic larval
stage which can be either feeding (planktotrophic) or non-feeding (lecithotrophic). The period
which larvae spend in the plankton is species-specific, and may depend on several
biotic/abiotic factors, including the timing of phytoplankton blooms, or peak temperature/light
conditions (Kurihara, 2008, Dupont et al., 2010). The rate of planktotrophic development is a
key life-history parameter. Any changes in the timing of development could be detrimental to
subsequent stages (Kurihara, 2008, Dupont et al., 2010). Moreover, due to their reduced ionregulatory capacities, heightened sensitivity to environmental change, and the potential to alter
developmental trajectories, the early life history stages of echinoderms are extremely
vulnerable to ocean acidification (Kurihara, 2008, Dupont et al., 2010).
Beckerman et al. (2002) proposed that the environmental conditions experienced during this
window of critical development can impact the performance of individuals. Overall, this will
influence larval survival, as well as physiological performance in the later stages of life,
altering the dynamics (abundance and distribution) of the population (Beckerman et al., 2002,
Kurihara, 2008). Consequently, in light of the role of echinoderms in the environment,
predicted near-future ocean acidification has the potential to change the functioning of
ecosystems (Kurihara, 2008). Accordingly, in order to understand the effects of ocean
acidification at a population level, it is imperative to focus on these stages of development.
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3.2

Chapter aims

E. chloroticus, P. huttoni, and O. validus, due to their keystone roles in the trophic food web,
are important members in rocky-subtidal and benthic ecosystems. Consequently, pH and
hypercapnia mediated changes in the recruitment, physiological performance and population
dynamics of these species likely fashion broad-scale changes in community structure and
ecosystem functioning. This chapter aimed to investigate the impact of predicted near-future
pH on the development of early life history stages of E. chloroticus, P. huttoni and O.validus.
This was achieved by cultivating newly fertilised embryos in predicted near-future ocean pH
levels for the years 2100 (pH 7.8) and 2250 (pH 7.6) and evaluating the associated effects on
embryo and larval morphology. Additionally, to ascertain whether there are any associated
changes in embryo/larval metabolic rate, I examined the influence of reduced pH on the
respiration rates of embryo and larval E. chloroticus using a high-resolution polyographic
oxygen sensor.

3.3

Methods and materials

3.3.1 Sea water chemistry
pH, temperature, salinity and total alkalinity were used as primary input parameters in the
computer programme SWCO2
(http://neon.otago.ac.nz/research/mfc/people/keith_hunter/software/swco2/) in order to
calculate the saturation values of calcite (ΩC) and aragonite (ΩA), and the partial pressure of
CO2 (pCO2), of ambient and treated seawater. For a comprehensive description of the methods
used for the determination of seawater chemical parameters, see Chapter 2 (Section 2.1).

3.3.2 Evechinus chloroticus morphology
To determine the effects of increased pCO2 and lowered pH on the morphology of blastula,
gastrula and four-arm echinoplutei stages, between fifteen to twenty five E. chloroticus larvae
from Experiment One: trial 1 and 2 were sampled randomly from each culture vessel and
mounted on glass slides. The mounted larvae were photographed under normal light (Olympus
BX51). Morphological indices were measured using Image J™ software version 1.42r and
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included body length (BL), body width (BW), blastocoel width (Blas) and post-oral rod length
(POR-L) (Figure 10).

A

B

BW

BL
POR-L

Figure 10. Photographs and associated morphometric measurements of Evechinus chloroticus
A) echinoplutiei larvae and B) blastula under normal light. Measurements made are the body
length (BL), body width (BW), post-oral rod length (POR-L) and blastocoel width (Blas).
Scale bars ~ A) 100µm and B) 50µm

3.3.3 Pseudechinus huttoni morphology
Between fifteen to twenty five P. huttoni embryos/larvae were sampled, mounted and
photographed using

the same procedures as outlined for E. chloroticus (Olympus BX51).

Morphological indices were measured using Image J™ software version 1.42r and included
body length (BL), body width (BW), blastocoel width (Blas) (for blastula diagram refer to
Figure 10) and post-oral rod length (POR-L) (Figure 11).
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BW

BL

POR-L

Figure 11. Photograph and associated morphometric measurements of Pseudechinus huttoni
echinoplutei larvae. Measurements made are the body length (BL), body width (BW) and postoral rod length (POR-L). Scale bars ~100µm

3.3.4 Odontaster validus morphology
To determine the effects of increased pCO2 and lowered pH on the morphology of blastula,
gastrula and early/late bipinnaria larval stages, between fifteen to twenty five O. validus
embryos/larvae were sampled, mounted and photographed as outlined for E. chloroticus
(Section 3.3.2). Morphological indices were measured using Image J™ software version 1.42r
and included body length (BL), body width (BW), stomach width (SW) and stomach length
(SL) (Figure 12).

43

BW
SW

SL

BL

Figure 12. Photograph and associated morphometric measurements of Odonaster validus
bipinnaria larvae under normal light. Measurements made are the body length (BL), body
width (BW), stomach width (SW) and stomach length (SL). Scale bars ~ 200µm

3.3.5 Evechinus chloroticus metabolic rate
Due to time constraints, larval respiration experiments for E. chloroticus embryos/larvae were
conducted independently from Experiment One: Trial One and Two and Experiment Two as
described in Chapter two (Section 2.2.1). One male and two female E. chloroticus were
collected from Blanket Bay, Doubtful Sound (GPS: 42o 50’S, 170o 56’E, average seawater pH:
8.1 ± 0.02) in the summer months (November-December) of 2011 and were induced to spawn
in December 2011. Pooled and washed eggs were fertilised using the same protocol as
previously described (Chapter two, Sections 2.2 and 2.3). Fertilised eggs were transferred
immediately into one of eight two litre culture vessels, containing either seawater at pH 8.1 or
pH 7.6 (N=4) and maintained at 15oC ±0.1oC.
Respiration experiments were conducted every day according to Higgins et al. (2012), with
several modifications. Respiration vials with volumes of approximately 400µl were placed in a
water bath at 15oC and filled with filtered seawater (1µm) at pH 8.1 or pH 7.6. Between 5 and
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90 larvae were placed into one vial. For replication, ten vials were used for larvae of the same
pH treatment. Larvae taken for respiration analyses were randomly selected from the four
culture vessels for each treatment. Different numbers of larvae were placed into the vials in
order to assess the effect of density on larval respiration rate, as according to Marsh and
Manahan (1999). No density effects were detected on larval respiration (Appendix 2). Closed
vials were incubated horizontally submerged in the water-bath for a minimum of one hour and
a maximum of two hours. Continuous pO2 measurements were taken during the incubation
period, and the decline in pO2 was measured. Larvae were counted subsequent to oxygen
consumption measurements.

3.3.6 Statistical analyses
A two-way ANOVA was used to test for any significant (∂ <0.05) effects of days postfertilisation, pH treatment and the interactive effect of both days post-fertilisation and pH
treatment, on the body length, body width, blastocoel width and post-oral rod length in E.
chloroticus and P. huttoni, and the body length, body width, stomach width and stomach
length in O. validus. If a significant interactive effect (∂ <0.05) was determined between days
post-fertilisation and pH treatment, morphological parameters were tested for significance
using one-way ANOVA in order to discern the effect of pH treatment per days postfertilisation. In both one-way and two-way ANOVA analyses, post hoc pair-wise comparisons
(∂ <0.05) was used to determine the differences between days and/or pH treatments.
Analysis of co-variance (ANCOVA) was used to identify significant effects of pH on
development by comparing the relationship (regression) between body width and body length
(∂ <0.05). The data set consisted of 198 observations for E. chloroticus (Experiment One:
Trial one); 351 observations for E. chloroticus (Experiment One: Trial Two); 256 observations
for P.huttoni; and 203 observations for O. validus. The body width was then plotted against
body length to determine whether the strength of relationship (regression) between these
morphological parameters changed against the dependent variable, pH treatment, whilst
controlling for covariates, such as days post-fertilisation.
Non-metric multidimensional scaling (MDS) ordination was performed in order to visually
analyse the similarities or differences in larval morphometrics among pH treatments. BrayCurtis dissimilarity coefficients were applied to normalized data in order to consider the
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different morphological parameters and pH treatments. The double-root transformed data was
then run through MDS analyses using SPSS 21 for Windows, generating 2D plots for clear
interpretation.
A two-way ANOVA and post hoc pairwise comparisons (∂ <0.05) were used to test for
significant differences in E. chloroticus embryo/larval respiration rate between pH treatment
and days post-fertilisation.
The Shapiro-Wilk test (Shapiro and Wilk, 1965) was used to check that the data were
normally distributed, and the Levene test/Bartlett test was used to check that variances were
homogeneous. If necessary, data was log transformed prior to statistical analysis. All statistical
analyses, excluding MDS ordination, were performed using CRAN R version 2.15.2 (29-022012) for windows (Auckland, New Zealand).

3.4

Results

3.4.1 Measurement of seawater carbonate parameters
3.4.2.1 Evechinus chloroticus: Experiment One: Trial one
The pCO2 in ambient was 346.93 µatm; this increased two- and three- fold respectively in pH
7.8 (891.57 µatm) and pH 7.6 (1060.84 µatm) seawater. Both calcite and aragonite was
saturated in all seawater treatments (i.e. Ω > 1) (Table 3).
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Table 3. Temperature (oC), salinity (PSU), pH (NIST), total alkalinity (µmol kg soln -1), partial
pressure of CO2 (pCO2), CaCO3 saturation state for calcite (Ωc) and CaCO3 saturation state for
aragonite (ΩA) for ambient (pH 8.1) and acidified seawater (pH 7.8 and pH 7.6).
Temperature (OC)

15 ± 1

Salinity (PSU)

35 ± 0.5

pH (NIST)

8.1 ± 0.01

7.7 ± 0.02

7.6 ± 0.01

Total alkalinity ( µmol kg soln-1)*

2,274.2

2,266.6

2,262.3

pCO2 (µatm)

346.93

891.57

1060.84

ΩC

4.36

2.14

1.84

ΩA

2.80

1.37

1.18

*Values for total alkalinity were obtained from Gonzalez-Bernat et al. (2013).

3.4.2.2 Evechinus chloroticus: Experiment One: Trial Two
The pCO2 in ambient was 376.73 µatm; this increased two- and two and a half- fold
respectively in pH 7.8 (746.15 µatm) and pH 7.6 (1009.1 µatm) (Table 4). Both calcite and
aragonite were saturated in all seawater treatments (i.e. Ω > 1).
Table 4. Temperature (oC), salinity (PSU), pH (NIST), total alkalinity (µmol kg soln-1), partial
pressure of CO2 (pCO2), CaCO3 saturation state for calcite (Ωc) and CaCO3 saturation state for
aragonite (ΩA) for ambient (pH 8.1) and acidified seawater (pH 7.8 and pH 7.6)
Temperature (OC)

15 ± 1

Salinity (PSU)

35 ± 0.5

pH (NIST)

8.1 ± 0.02

7.8 ± 0.01

7.6 ± 0.02

Total alkalinity ( µmol kg soln-1)*

2,274.2

2,266.6

2,262.3

pCO2 (µatm)

376.73

746.15

1009.1

ΩC

4.13

2.47

1.92

ΩA

2.65

1.58

1.23

*Values for total alkalinity were obtained from Gonzalez-Bernat et al. (2013).
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3.4.2.3

Evechinus chloroticus: Experiment Two

The pCO2 in ambient seawater was 322.66 µatm; akin to Experiment One, this increased more
than two- and three-fold for pH 7.8 and pH 7.6 respectively. Additionally, both aragonite and
calcite remained saturated within all pH seawater treatments (Table 5).

Table 5. Temperature (oC), salinity (PSU), pH (NIST), total alkalinity (µmol kg soln -1), partial
pressure of CO2 (pCO2), CaCO3 saturation state for calcite (Ωc) and CaCO3 saturation state for
aragonite (ΩA) for ambient (pH 8.1) and acidified seawater (pH 7.8 and pH 7.6)

Temperature (OC)

15 ± 1

Salinity (PSU)

35 ± 0.5

pH (NIST)

8.1 ± 0.02

7.8 ± 0.06

7.6 ± 0.06

Total alkalinity ( µmol kg soln-1)*

2,274.2

2,266.6

2,262.3

pCO2 (µatm)

322.66

711.41

1088.79

ΩC

4.29

2.38

1.66

ΩA

2.75

1.53

1.01

*Values for total alkalinity were obtained from Gonzalez-Bernat et al. (2013).

3.4.2.4 Pseudechinus huttoni

The pCO2 in ambient was 340.9 µatm; this increased two- and two and a half- fold
respectively in pH 7.8 (722.62 µatm) and pH 7.6 (997.9 µatm) (Table 6). Both calcite and
aragonite were saturated in all seawater treatments (i.e. Ω > 1).
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Table 6. Temperature (oC), salinity (PSU), pH (NIST), total alkalinity (µmol kg soln -1), partial
pressure of CO2 (pCO2), CaCO3 saturation state for calcite (Ωc) and CaCO3 saturation state for
aragonite (ΩA) for ambient (pH 8.1) and acidified seawater (pH 7.8 and pH 7.6)

Temperature (OC)

12 ± 1

Salinity (PSU)

35 ± 0.5

pH (NIST)

8.1 ± 0.01

7.8 ± 0.02

7.6 ± 0.03

Total alkalinity ( µmol kg soln-1)*

2,274.2

2,266.6

2,262.3

pCO2 (µatm)

340.90

722.62

997.90

ΩC

3.68

2.10

1.59

ΩA

2.35

1.34

1.01

*Values for total alkalinity were obtained from Gonzalez-Bernat et al. (2013).

3.4.2.5 Odontaster validus
Calcite and aragonite were saturated (i.e. Ω > 1) when seawater pH were maintained at pH 8.1.
Calcite remained at saturated levels when seawater was acidified to pH 7.8; however,
aragonite was undersaturated (i.e. Ω < 1). Furthermore, when seawater pH was lowered to 7.6,
both aragonite and calcite were undersaturated (Table 7).
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Table 7. Temperature (oC), salinity (PSU), pH (NIST), total alkalinity (µmol kg soln -1), partial
pressure of CO2 (pCO2), CaCO3 saturation state for calcite (Ωc) and CaCO3 saturation state for
aragonite (ΩA) for ambient (pH 8.1) and acidified seawater (pH 7.8 and pH 7.6)
Temperature (OC)

-0.5 ± 1

Salinity (PSU)

35 ± 0.5

pH (NIST)

8.1 ± 0.01

7.8 ± 0.01

7.6 ± 0.01

Total alkalinity ( µmol kg soln-1)*

2,274.2

2,266.6

2,262.3

pCO2 (µatm)

278.82

607.30

961.92

ΩC

2.77

1.45

0.96

ΩA

1.74

0.91

0.60

*Values for total alkalinity were obtained from Gonzalez-Bernat et al. (2013).

3.4.2 Evechinus chloroticus Morphometrics
3.4.2.1 Experiment One: Trial one

There was a significant pH treatment (F(2, 186) =9.88, p <0.001), day (F(3, 186) = 64.23, p <
0.001) and pH treatment x day (F(6, 186) = 26.79, p <0.001) effect on the body length of larvae
cultivated in either pH 8.1, pH 7.8 or pH 7.6 (Figure 13; Appendix 3). Subsequent one-way
ANOVA and pair-wise comparisons revealed that, generally, larvae reared in ambient
conditions were significantly longer compared to those reared in pH 7.8. At two days postfertilisation, embryos cultivated in pH 7.8 were significantly longer (285.66 ± 3.05 µm) than
those reared in ambient (218.28 ± 2.70 µm) or pH 7.6 (215.25 ± 11.19 µm) (Appendix 4). This
phenomenon was lost with age with larvae maintained in pH 7.8 generally becoming
significantly smaller than larvae in either of the control or pH 7.6 treatment groups (Figure
13).
There was significant pH treatment (F(2,

186)

= 22.69, p = <0.001), day (F(3,

186)

=88.89, p

<0.001) and pH treatment x day (F(6, 186) = 19.56, p <0.001 ) effect on the overall width of
embryos/larvae from two to eleven days post-fertilisation (Figure 13; Appendix 4). Two-days
post-fertilisation embryos maintained in the pH 7.8 treatments were significantly wider

50

(275.34 ± 4.53 µm) than either pH 8.1 (219.98 ± 2.49 µm) or pH 7.6 (203.60 ± 8.83 µm)
embryos. This trend however was not evident in any of the later stages of development. Larvae
cultivated in ambient conditions were significantly wider than larvae maintained in pH 7.8 and
pH 7.6 from four days until experimental termination at day eleven (Appendix 5).
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Figure 13. Larval body length A), body width B) (µm) at 2, 4 8 and 11 days post-fertilisation
in Evechinus chloroticus embryos and larvae reared in either ambient (pH 8.1) pH 7.8 or pH
7.6. N= 4; values are means ± S.E.M. Significant differences within each sampling time are
represented by asterisks overlaying the bars (* significant at p < 0.05, ** significant at p <
0.01, *** significant at p < 0.001).

There was a significant effect of pH treatment on the blastocoel width at two-days postfertilisation (F(2, 44) = 33.68, p <0.001), with embryos reared in all three pH treatments having
significantly differing blastocoel widths (Figure 14; Appendix 4). Embryos reared in the
lowest pH had significantly smaller blastocoels (102.70 ± 6.14 µm) compared to those
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cultivated in both ambient and pH 7.8 conditions. Contrastingly, embryos reared in the mid pH
treatment had the widest blastocoels compared to the control and low pH treatment groups, at
134.10 ± 1.63 µm.
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Figure 14. Width of blastocoel (µm) in Evechinus chloroticus embryos reared in either
ambient pH 7.8 or pH 7.6 at two days post-fertilisation. N= 4; values are means ± S.E.M.
Significant differences are represented by different letters overlaying the bars (∂<0.05).

As early as four days post-fertilisation, there was an evident difference in the length of the
post-oral rods in pH 8.1 larvae compared to treatment larvae (Figure 15; Appendices 3 and 4).
In general, over the entire experimental period, pH 8.1 larvae had significantly longer postoral rods compared to larvae in either pH treatment. Moreover, larvae cultivated in the lowest
pH treatment had significantly smaller post-oral rods compared to those in pH 7.8 (F(2, 142) =
74.84, p<0.001). There was also a significant day effect on post-oral rod length, such that,
length increased significantly from four days to eight days post-ferilisation (F(2, 142)=200.89, p
< 0.001). There was no evidence, as indicated from the two-way ANOVA, of an interactive
effect on post-oral rod length between day and pH treatment (Appendix 3).
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Figure 15. Larval post-oral rod length (µm) at 4, 8 and 11 days post-fertilisation in Evechinus
chloroticus embryos and larvae reared in either ambient (pH 8.1) pH 7.8 or pH 7.6. N= 4;
values are means ± S.E.M. Significant differences within each sampling time are represented
by asterisks overlaying the bars (* significant at p < 0.05, ** significant at p < 0.01, ***
significant at p < 0.001).

Analysis of co-variance (ANCOVA) of body length versus body width for larvae reared in
ambient, pH 7.8 and pH 7.6 indicates that development for larvae cultivated in pH 7.8 is no
longer homogeneous compared to larvae from ambient and pH 7.6 (Figure 16; Table 8). The
slopes for regression lines for larvae cultivated in pH 7.8 differed significantly compared to
pH 8.1 and pH 7.6. The regression slopes for larval width and length for pH 8.1 and pH 7.6 are
homogeneous. Subsequently, larvae reared in pH 7.8 seemed to exhibit heterogeneous growth.
Growth appears to remain homogeneous in larvae exposed to the lowest pH treatment.
Table 8. Results of the analysis of co-variance (ANCOVA) of body length versus body width
in Evechinus chloroticus larvae reared under control (pH 8.1) and lowered pH conditions (pH
7.8, pH 7.6).
Slope difference R2
(t-value)

P-value

pH 8.1 versus pH 7.8
pH 8.1 versus pH 7.6

Intercept
difference
(t-value)
4.98
0.637

4.730
0.670

0.730
0.300

<0.001
0.522

pH 7.8 versus pH 7.6

3.24

2.867

0.670

0.002
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A
pH 8.1
L = 117.87+0.43W

pH 7.6
L = 97.44+0.53W

pH 7.8
L = 8.59+0.96W
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L = 117.87+0.43W

C
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L = 97.44+0.53W
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L = 8.59+0.96W

Figure 16. Scatter plot and associated regression lines for morphometric parameters, body
length against body width for Evechinus chloroticus for each of the three analyses of covariance (ANCOVA) comparisons, pH 8.1 versus pH 7.8 (A), pH 8.1 versus pH 7.6 (B) and
pH 7.8 versus pH 7.6 (C). L = larval body length; W = larval body width.

Multivariate analyses of embryo and larval morphology, through non-parametric multidimensional scaling, indicated that variation in larval morphology within pH treatments was
high throughout the entire experimental period. No definitive clusters between pH treatments
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were discernible. This result indicates that morphologically, embryos and larvae are
comparable during this stage of development, despite pH treatment (Figure 17).

Figure 17. Non-parametric multi-dimensional scaling plot of the morphometrics of Evechinus
chloroticus larvae at A) 2 days post-fertilisation, B) 4 days post-fertilisation, C) 8 days postfertilisation and D) 11 days post-fertilisation between pH treatments. All pH treatments cluster
together across all sampling days of the eleven day experimental period. Colours correspond
to pH treatment: blue : pH 8.1; green: pH 7.8 and red: pH 7.6.

3.4.2.2 Experiment One: Trial two
There was a significant pH treatment (F(2,

306)

= 46.18, p<0.001), day (F(2,

306)

= 93.86,

p<0.001) and an interactive pH treatment x day (F(4, 306) =8.025, p <0.001) effect on the body
length of larvae cultivated in either ambient, pH 7.8 or pH 7.6 conditions, over the eight day
experimental period (Figure 18; Appendix 6). Larvae reared in both pH 7.8 and pH 7.6
seawater were significantly smaller than those reared at pH 8.1. This trend was most evident
two and four days post-fertilisation. By day 8, length increased in pH 7.8 (197.03 ± 4.45 µm),
making them comparable to control larvae (200.10 ± 3.62 µm) (Appendix 7).
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Two-way ANOVA analysis of width data revealed a significant pH treatment (F(2, 303) = 5.4,
p= 0.004), day (F(2, 303) = 187.85, p<0.001) and an interactive pH treatment x day (F(4, 363) =
4.64, p=0.001) effect on the body width of larvae from two to eight days post-fertilisation
(Figure 18; Appendix 6). In general, across the eight day experimental period, larvae
cultivated in pH 7.8 differed significantly in width compared to larvae in pH 8.1. The
differences in width are most evident two days post-fertilisation when larvae reared in pH 7.8
(107.25 ± 6.39 µm) and pH 7.6 (125.58 ± 4.94 µm) were significantly narrower compared to
pH 8.1 larvae (145.65 ± 3.36 µm) (Appendix 8). By day four, larvae reared at pH 7.6 and pH
7.8 are not significantly different in length compared to pH 8.1 larvae (Appendix 7).
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Figure 18. Larval body length A) and body width B), (µm) at 2, 4 and 8 days post-fertilisation
in Evechinus chloroticus embryos and larvae reared in either ambient, pH 7.8 or pH 7.6. N=
4; values are means ± S.E.M. Significant differences are represented by asterisks overlaying
the bars (* significant at p < 0.05, ** significant at p < 0.01, *** significant at p < 0.001).
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Blastocoel width at two days post-fertilisation differed significantly between embryos
cultivated in pH 7.8 and pH 7.6 (Figure 19; Appendix 7). Embryos cultivated at pH 7.8 had
significantly smaller blastocoels (45.79 ± 4.65µm) compared to those reared in pH 7.6 (56.32
± 2.72µm). Embryos reared in pH 7.8 and pH 7.6 were, however, comparable to those reared
in pH 8.1 (49.52 ± 1.43µm) (Appendix 8).
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Figure 19. Width of blastocoel (µm) in Evechinus chloroticus embryos reared in pH 7.8 or pH
7.6 at two days post-fertilisation. N= 4; values are means ± S.E.M. Significant differences are
represented by different letters overlaying the bars (∂<0.05).

As early as four days post-fertilisation, there was a significant difference in the post-oral rod
length between larvae cultivated in ambient, pH 7.8 or pH 7.6. A two-way ANOVA indicated
that there was a significant pH treatment (F(2, 247) = 49.43, p<0.001), day (F(1, 247) = 307.05, p <
0.001) and pH treatment x day (F(2,

247)

= 17.97, p <0.001) effect on post-oral rod length

(Appendix 6). As ascertained from subsequent one-way ANOVA and pair-wise comparisons,
all pH treatment and control larvae differ significantly over the experimental period (Figure
20; Appendix 7). Four day old larvae reared at pH 7.8 had the shortest post-oral rods (133.01 ±
5.42 µm). This trend, however, was no longer evident at eight days post-fertilisation when
larvae reared at pH 7.6 had the shortest post-oral rods (214.61 ± 6.20 µm). Larvae cultivated in
pH 8.1 had the longest post-oral rods throughout the experimental period (Appendix 8).
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Figure 20. Larval post-oral rod length (µm) at 4 and 8 days post-fertilisation in Evechinus
chloroticus larvae reared in either ambient pH 7.8 or pH 7.6 acidified seawater. N= 4; values
are means ± S.E.M. Significant differences are represented by asterisks overlaying the bars (*
significant at p < 0.05, ** significant at p < 0.01, *** significant at p < 0.001).

ANCOVA analysis of width and length data indicated that larvae cultivated in pH 7.8 and 7.6
treatments develops in a homogeneous fashion compared to pH 8.1 larvae. (Figure 21; Table
9).
Table 9. Results of the analysis of co-variance (ANCOVA) of body length versus body width
in Evechinus chloroticus larvae reared under control (pH 8.1) and lowered pH conditions (pH
7.8, pH 7.6) relative to time post-fertilisation.
Intercept
difference
(t-value)

Slope difference R2
(t-value)

p-value

pH 8.1 versus pH 7.8

1.44

0.830

0.330

0.543

pH 8.1 versus pH 7.6

1.79

0.363

0.360

0.75

pH 7.8 versus pH 7.6

0.262

0.440

0.370

0.689
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Figure 21. Scatter plot and associated regression lines for morphometric parameters, body
length against body width for Evechinus chloroticus for each of the three analyses of covariance (ANCOVA) comparisons, pH 8.1 versus pH 7.8 (A), pH 8.1 versus pH 7.6 (B) and
pH 7.8 versus pH 7.6 (C). L = larval body length; W = larval body width.

Non-parametric multi-dimensional scaling indicated that variation in larval morphology within
treatments was high throughout the entire experimental period, with the embryos/larvae
grouping together and not by pH treatment. This result indicates that morphologically,
embryos and larvae reared in the three pH treatments develop homogeneously (Figure 22).
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Figure 22. Non-parametric multi-dimensional scaling plot of the morphometrics of Evechinus
chloroticus larvae at A) 2 days post-fertilisation, B) 4 days post-fertilisation and C) 8 days postfertilisation between pH treatments. All pH treatments cluster together for 2, 4 and 8 days postfertilisation. Colours correspond to pH treatment: blue: pH 8.1; green: pH 7.8 and red: pH 7.6.

3.4.3 Pseudechinus huttoni morphometrics
Larval body length was significantly different with pH treatment (F(2, 247) = 12.44, p<0.001),
day (F(2, 247) = 275.53, p<0.001) and day x pH treatment (F(4, 247) = 4.88, p<0.001) (Figure 23;
Appendix 9). One-way ANOVA and pairwise comparisons revealed that larvae cultivated in
ambient pH were significantly longer at seven days post-fertilisation (270.41 ± 17.27 µm)
compared to larvae in the two pH treatments (pH 7.8: 242.39 ± 14.06µm; pH 7.6: 233.65 ±
17.45µm) (Appendix 10).
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Body width of larvae differed with days post-fertilisation (F(2, 247) =52.76, p<0.001) There was
no significant pH effect. Subsequent analyses of body width through one-way ANOVA and
pairwise comparisons indicated that, at three days, larvae reared in ambient conditions are
significantly wider than those in pH 7.8 or pH 7.6 (Appendix 10).
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Figure 23. Larval body length A) and body width B) (µm) at 3, 5 and 7 days post-fertilisation
in Pseudechinus huttoni embryos and larvae reared in either ambient, pH 7.8 or pH 7.6. N= 3;
values are means ± S.E.M. Significant differences are represented by asterisks overlaying the
bars (* significant at p < 0.05, ** significant at p < 0.01, *** significant at p < 0.001).

One way ANOVA and pairwise comparisons indicated a significant pH treatment effect on
blastocoel width three days post-fertilisation (F(2,

84)

= 10.27, p<0.001) (Appendix 10).

Embryos cultivated in pH 8.1 had a significantly wider blastocoel (103.29±7.46) than those
reared in either the pH 7.8 (93.41 ± 8.06 µm) and pH 7.6 (87.9 ± 7.79 µm) treatments (Figure
24). Embryos cultivated in pH 7.8 or pH 7.6 had comparable blastocoel widths.
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Figure 24. Width of blastocoel (µm) in Pseudechinus huttoni embryos reared in either
ambient (pH 8.1), mid (pH7.8) or low (pH 7.6) acidified seawater at two days postfertilisation. N= 3; values are means ± S.E.M. Significant differences are represented by
different letters overlaying the bars (∂<0.05).

Post-oral rod length was significantly affected by pH treatment (F(2, 163) = 39.77, p<0.001),
days post-fertilisation (F(1, 163) = 161.92, p<0.001) and the interaction between pH treatment
and days post-fertilisation (F(2, 163) = 8.80, p <0.001) (Figure 25; Appendix 9). Larvae at three
and seven days, which were cultivated in ambient conditions, had significantly longer postoral rods compared to those in either pH treatment (Appendix 10). Additionally, at seven days,
larvae in the pH 7.6 treatment had significantly longer post-oral rods (127.10 ± 15.31 µm)
compared to those in pH 7.8 (102.45 ± 12.03 µm) (Appendix 11).
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Figure 25. Larval post-oral rod length (µm) at 5 and 7 days post-fertilisation in Pseudechinus
huttoni larvae reared in either ambient (pH 8.1), mid (pH7.8) or low (pH 7.6) acidified
seawater. N= 3; values are means ± S.E.M. Significant differences are represented by asterisks
overlaying the bars (* significant at p < 0.05, ** significant at p < 0.01, *** significant at p <
0.001).

It was ascertained from ANCOVA analyses of body width and body length that larvae from
pH 7.8 developed significantly differently to those from pH 7.6 (Table 10). Larvae cultivated
in pH 7.8 were shorter and wider than those reared in pH 7.6 (Figure 26). Contrastingly, there
is no evidence to suggest that there was a significant difference in development in larvae in pH
8.1 compared to either pH 7.8 or pH 7.6.

Table 10. Results of the analysis of co-variance (ANCOVA) of body length versus body width
in Pseudechinus huttoni larvae reared under control (pH 8.1) and lowered pH conditions (pH
7.8, pH 7.6) relative to time post-fertilisation.

pH 8.1 versus pH 7.8
pH 8.1 versus pH 7.6
pH 7.8 versus pH 7.6
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Intercept
difference
(t-value)
1.480
0.170
1.950

Slope difference R2
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P-value
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0.410
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Figure 26. Scatter plot and associated regression lines for morphometric parameters, body length
against body width for Pseudechinus huttoni for each of the three analyses of co-variance
(ANCOVA) comparisons, pH 8.1 versus pH 7.8 (A), pH 8.1 versus pH 7.6 (B) and pH 7.8 versus
pH 7.6 (C). L = larval body length; W = larval body width.
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Analysis of morphometric data through non-parametric multi-dimensional scaling reveals that
variation was high three days post-fertilisation for larvae reared pH 7.8. Conversely, larvae
reared in pH 8.1 and pH 7.6 at this stage of development cluster independently, suggesting that
those in the control and lowest pH treatment are morphologically different. At both five and
seven days post-fertilisation, larvae from each of the three pH treatments differentiate into
separate clusters. This result suggests that larvae at both of these stages of development are
morphologically distinct (Figure 27).

Figure 4. Scatter plot and associated
regression lines for morphometric parameters,
total body length against total body width for
each of the three Analyses of co-variance
(ANCOVA) comparisons, A) pH 8.1 versus pH
7.6, B) pH 8.1 versus pH 7.8 and C) pH 7.8
versus pH 7.6.

Figure 27. Non-parametric multi-dimensional scaling plot of the morphometrics of
Pseudechinus huttoni larvae at A) 3 days post-fertilisation, B) 5 days post-fertilisation and C)
7 days post-fertilisation between pH treatments. Larvae cultivated at pH 8.1 and pH 7.6
visually cluster independently pH 7.8 at 3 days post-fertilisation. At 5 and 7 days postfertilisation, all treatments visually cluster separately from each other. Colours correspond to
pH treatment: blue : pH 8.1; green: pH 7.8 and red: pH 7.6.
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3.4.4 Odontaster validus morphometrics
There was a significant pH treatment (F(2,

192)=

8.32, p <0.001), day (F(3,

192)

= 199.10, p

<0.001) and an interactive pH treatment x day (F(5, 192) =3.917, p = 0.002) effect on the overall
body length of larvae cultivated in reduced seawater pH, as determined through the two-way
ANOVA (Figure 28; Appendix 12). Pairwise comparisons indicated that larva length
significantly increased at each sampling point throughout the experimental period (Figure 28).
Larvae reared in pH 7.8 and pH 7.6 were significantly larger than control larvae at four and
seven days post-fertilisation. Larvae in pH 7.8 were initially the longest at four days (245.64 ±
10.96 µm), however, this trend was not observed in the succeeding days, with larval length no
longer significantly different to control at 21 days. Larvae reared in the lowest pH treatment
were significantly longer than controls throughout the entire experimental period, up to 50
days post-fertilisation (Appendix 12). As a result of culture collapse in all of the pH 7.8
replicates, there are no morphological data available for 50 days post-fertilisation.
Two way ANOVA and pair-wise comparisons indicated that embryos reared in pH 7.8 were
significantly wider at four days (257.38 ± 7.55 µm), compared to embryos reared in either
control (204.97 ± 4.16 µm) or pH 7.6 (209.70 ± 4.74 µm) (Appendix 12). This affect was no
longer discernible beyond four days post-fertilisation (Figure 28; Appendix 13).
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Figure 28. Larval body length A) and body width B) (µm) at 4, 7, 21 and 50 days postfertilisation in Odontaster validus embryos and larvae reared in either ambient, pH 7. 8 or pH
7.6. N= 3; values are means ± S.E.M. Significant differences are represented by asterisks
overlaying the bars (* significant at p < 0.05, ** significant at p < 0.01, *** significant at p <
0.001).

There was a significant difference in stomach length with days post-fertilisation (F(2, 136) =
33.52, p< 0.001) and treatment (F(2, 136) = 2.92, p= 0.037) throughout the experimental period.
Pair-wise comparisons indicated that larvae reared in pH 7.8 (97.72 ± 3.15 µm) had a
significantly longer stomach compared to those in pH 8.1 (73.80 ± 4.28 µm) and pH 7.6 (81.17
± 5.30 µm) at seven days post-fertilisation (Figure 29; Appendix 13). This trend was no longer
evident at 21 days post-fertilisation whereby the length of the stomach was comparable to that
in pH 7.6 (Appendix 14). Stomach lengths of larvae reared in ambient were significantly
longer compared to those in both pH 7.8 and pH 7.6 21 days post-fertilisation. At 50 days
post-fertilisation, stomach length was however comparable to those in pH 7.6 (Appendix 13).
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Figure 29. Stomach length (µm) at 4, 7, 21 and 50 days post-fertilisation in Odontaster validus
embryos and larvae reared in either ambient, pH 7.8 or pH 7.6. N= 3; values are means ±
S.E.M. Significant differences are represented by asterisks overlaying the bars (* significant at
p < 0.05, ** significant at p < 0.01, *** significant at p < 0.001).

There was a statistically significant day (F(2, 136) =6.09, p = 0.002) and day x pH treatment
interaction effect on the width of larval stomachs (F(3, 136) = 3.32, p = 0.022). (Figure 30;
Appendix 12). One-way ANOVA and pairwise comparisons indicated that larvae reared in
acidified conditions did not differ in stomach width compared to those cultivated in ambient
pH (Appendix 13).
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Figure 30. Stomach width (µm) at 7, 21 and 50 days post-fertilisation in Odontaster validus
embryos and larvae reared in either ambient, pH 7.8 or pH 7.6. N= 3; values are means ±
S.E.M. Significant differences are represented by asterisks overlaying the bars (* significant at
p < 0.05, ** significant at p < 0.01, *** significant at p < 0.001).

ANCOVA analysis of width and length data indicated that larvae cultivated in both reduced
seawater pH treatments exhibit a heterogeneous relationship compared to pH 8.1 (Table 11).
Regression plots of length and width indicated larvae cultivated in pH 7.8 and pH 7.8 are both
shorter and wider compared to larvae reared in ambient seawater conditions (Figure 31).

Table 11. Results of the analysis of co-variance (ANCOVA) of body length versus body width
in Odontaster validus larvae reared under control (pH 8.1) and lowered pH conditions (pH 7.8,
pH 7.6) relative to time post-fertilisation.

pH 8.1 versus pH 7.8
pH 8.1 versus pH 7.6
pH 7.8 versus pH 7.6
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Intercept
difference
(t-value)
3.11
1.835
0.116

Slope difference R2
(t-value)

P-value

3.090
2.176
0.697

0.002
0.032
0.941
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Figure 31. Scatter plot and associated regression lines for morphometric parameters, body
length against body width for Odontaster validus each of the three analyses of covariance (ANCOVA) comparisons, pH 8.1 versus pH 7.8 (A), pH 8.1 versus pH 7.6 (B)
and pH 7.8 versus pH 7.6 (C). L = larval body length; W = larval body width.

Non-parametric multi-dimensional scaling indicated that variation in larval morphology within
pH treatments was high from seven to 50 days post-fertilisation as indicated by larvae
grouping together. This trend indicates that morphologically, larvae are comparable during this
period of development. Conversely, at four days post-fertilisation, embryos from pH 7.8 and
pH 7.6 were differentiated into individual clusters, representative of differences in morphology
(Figure 32).
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Figure 32. Non-parametric multi-dimensional scaling plot of the morphometrics of Odontaster
validus larvae at A) 4 days post-fertilisation, B) 7 days post-fertilisation, C) 21 days postfertilisation and D) 50 days post-fertilisation between pH treatments. All pH treatments cluster
together for 7, 21 and 50 days post-fertilisation. At 4 days post-fertilisation all pH 7.8 and pH
7.6 visually cluster separately. Colours correspond to pH treatment: blue: pH 8.1; green: pH
7.8 and red: pH 7.6.

3.4.5 Evechinus chloroticus metabolism
There were significant differences in the respiration rate of larvae reared in pH 8.1 compared
to pH 7.6 (F(1, 48)= 38.79, p< 0.001) (Appendix 15). There was a significant peak in oxygen
consumption at three days post-fertilisation in larvae reared in pH 7.6, where respiration rate
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reached 833 ± 98 pmol O2 mg protein-1hr-1, which coincides with gastrulation (F(5, 48) = 11.49,
p < 0.001) (Appendix 16). This rate is considerably larger than the peak in observed three days
post-fertilisation in larvae cultivated in pH 8.1 (Figure 33). Post-gastrulation, the rate of
oxygen consumption decreases to a level which is comparable to those in embryos
immediately following fertilisation in both pH 8.1 treatments.
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Figure 33. Respiration rate (pmol O2 mg protein-1 hr-1) of Evechinus chloroticus larvae
cultivated under ambient (pH 8.1) and low (pH 7.6) seawater over 6 days post-fertilisation.
N=4; values are means ± S. E. M. Significant differences are represented by asterisks
overlaying the bars (* significant at p < 0.05, ** significant at p < 0.01, *** significant at p <
0.001).

3.5

Discussion

There is a growing body of research which suggests that the drop in oceanic pH predicted for
the near-future will affect the physiology of a wide array of organisms (Portner et al., 2008;
Chan et al., 2011) and, consequently, impact ecological functions and ecosystems processes
(Widdicombe and Spicer, 2008; Chan et al., 2011). It is suggested that the larval stages of
echinoderms are likely to be highly sensitive to the changes in oceanic pH, with experimental
observations demonstrating that reduced pH can have sub-lethal effects, such as decreased
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larval growth, calcification and changes in gene expression (Kurihara and Shirayama, 2004;
Clark et al., 2009; Todgham and Hofmann, 2009; O’Donnell et al., 2010; Chan et al., 2011).
As suggested by Chan et al. (2011), in order to predict the ecological responses of marine
communities to predicted near-future ocean acidification, investigations focusing on what
mediate these sub-lethal responses in embryo and larval stages are required.
The present investigation has allowed me to evaluate the changes in development and
metabolism during environmental CO2-driven seawater acidification in the early life history
stages of three key echinoderm species. I hypothesized that all three echinoderm species will
be deleteriously impacted by the reduction in pH predicted for 2100 and 2250; however, the
magnitude of this response will be species specific, with the greatest effects observed in the
two temperate echinoids, E. chloroticus and P. huttoni. The results from the current study
substantiate these hypotheses.

3.5.1 Experimental conditions

Seawater pH was adjusted by bubbling CO2 gas into each culture chamber, and was lowered to
a total of 0.3 and 0.5 pH units (NIST scale) below the control seawater pH of 8.1. The
estimates for the partial pressure of (CO2) for untreated seawater ranged from 322.66 to
376.73 µatm for the two temperate species, E. chloroticus and P. huttoni. For the Antarctic O.
validus, the estimated untreated pCO2 was 278.22 µatm. The results from the present
investigation corroborate estimates of pCO2 from other studies. For temperate regions,
Gonzalez-Bernat (2011) and Lamare et al. (unpublished) calculated pCO2 values of 337.4
µatm and 398.3 µatm respectively. Furthermore, for the Southern Ocean, Gonzalez-Bernat et
al. (2013) calculated a pCO2 of 326.6 µatm. Nonetheless, it is evident that pCO2 amplitude
(differences in maximum and minimum) in surface waters varies across both a diel and
seasonal scale, and is dependent on the biological utilization of CO2 and temperature
(Gonzalez-Bernat, 2011). As highlighted by Takahashi et al. (2002), variations in pCO2 in
polar and temperate regions can be as large as ± 215µatm and ±120 µatm respectively.
For the E. chloroticus experiments, pCO2 estimates for both the pH 7.8 and pH 7.6 treated
seawater increased two- and three-fold respectively, and ranged from 711.41 µatm to 891.57
µatm for pH 7.8 and 1009.1 µatm to 1088.79 µatm for pH 7.6. For all seawater pH treatments,
both calcite (Ωc) and aragonite (ΩA) remained saturated. The estimated pCO2 values for P.
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huttoni was consistent with the values calculated for E. chloroticus, where there was a twofold (722.62 µatm) and a three-fold (997.9 µatm) increase in pCO2 for pH 7.8 and pH 7.6
respectively. Additionally, Ωc and ΩA remain saturated for all seawater pH levels.
For the O. validus experiment, estimates of pCO2 for pH 7.8 and pH 7.6 treated seawater
increased to 607.3 µtm and 961.92 µatm respectively. Both ΩC and ΩA became undersaturated
for pH 7.6, however remained saturated at pH 7.8. The estimates for ΩC and ΩA in all
experiments are consistent with the predictions for 2100 and 2250, where aragonite and calcite
are anticipated to be undersaturated in the Southern Ocean, with less pronounced changes in
ΩC and ΩA in temperate regions {Orr, 2005 #646;Fabry, 2008 #147)

3.5.2 Impact of pH on body parameters in the developmental stages of echinoderms
3.5.2.1 Embryo development
In the first E. chloroticus experimental trial, the blastocoel was significantly wider in pH 7.8
compared to control or pH 7.6 reared embryos. Conversely, there was a significant reduction
in blastocoel width in the second E. chloroticus experimental trial. This reduction was
corroborated in the decline in blastocoel widths in P. huttoni embryos cultivated in pH 7.8 and
pH 7.6. Such disparity in blastocoel size suggests that the blastula stages of development are
highly plastic, and are influenced by exogenous signals such as pH or pCO2.
There is considerable paucity in research on the implications of acidification on blastula
development. Nonetheless, it has been hypothesized that pH uncouples cell to cell
communication during embryogenesis. It is likely that this results in an alteration in signal
transduction networks {Turin and Warner, 1977, 1980; Duncan, 1984). Cell to cell
communication is dependent on both H+ and Ca2+ concentration. It is known that H+ and Ca2+
can independently decrease junctional conductance. However, it has been ascertained that H+
is about 10000 times more effective than Ca2+ (Duncan, 1984). As intracellular pH decreases,
there is a shift in the distribution of membrane channels towards a more closed state,
modulating the position of junctional conductance in relation to membrane potential (Duncan,
1984). This implies that even a small number of H+ can act to close the gap junction through a
conformational change in channel proteins (Epel et al., 1974, Duncan, 1984). Furthermore, it
has been established that an increase or decrease in the intracellular pH in the salivary glands
of Chironomus spp. causes an elevation in intracellular Ca2+, decoupling the cells (Duncan,
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1984). Collectively, these support the hypothesis that intracellular pH is able to regulate cell to
cell communication, hence, the sequence of cell division in embryos (Turin and Warner, 1977,
Turin and Warner, 1980, Duncan, 1984). Evidence from Xenopus embryos suggest that
reduced intracellular pH or elevated pCO2, act either directly or indirectly to facilitate cell
uncoupling (Turin and Warner, 1977, Turin and Warner, 1980, Duncan, 1984). In general,
reducing cell commination via changes in intracellular pH interferes with integrated cell
division, ultimately resulting in abnormal embryogenesis.
It is also probable that intracellular pH and pCO2-mediated cell uncoupling alters signal
transduction pathways. A change in gene expression during these critical stages of
development is likely to impact regional expression of particular genes in later stages
(Yankura et al., 2010). This illustrates that, if gene expression is interrupted during the
development of the blastula and gastrula, embryogenesis and larval development may be
delayed or abnormal. Additionally, this disruption may impose latent effects on the future
development of the larvae (Hettinger et al., 2013).

3.5.2.2 Larval development

For E. chloroticus, body length and width in larvae cultivated in acidified conditions were
consistently smaller than those reared in pH 8.1. P. huttoni generally exhibited a significant
reduction in body size. At seven days post-fertilisation a significant reduction in body length
in larvae reared in pH 7.8 and pH 7.6. Moreover, a decrease in body width only occurred at
three days post-fertilisation. Non-parametric multi-dimensional scaling (MDS) does suggest
that the morphology of larvae significantly differs. This is especially prominent five and seven
days post-fertilisation. For E. choloticus, post-oral rod length decreased in a pH-dependent
manner in both trials. This is corroborated by the decline in post-oral rod length in P. huttoni,
whereby there was a significant reduction in the post-oral rods in larvae reared in pH 7.8 and
pH 7.6.
The differences in body width and length for embryos/larvae cultivated in reduced pH sweater
of the polar asteroid, O. validus, were only evident early in development, between four and
seven days post-fertilisation. This trend suggests that the development of larval O. validus are
robust to the changes in seawater chemistry predicted for 2100- 2250.
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3.5.2.2.1 Physiological mechanisms

There is a mounting body of evidence, across a range of taxa, to suggest that ocean
acidification impacts larval growth (Michaelidis et al., 2005, Shirayama and Thornton, 2005),
calcification (Kurihara and Shirayama, 2004, Michaelidis et al., 2005, Spicer et al., 2007,
Beniash et al., 2010, Comeau et al., 2010, O'Donnell et al., 2010) and developmental rates
(Kurihara and Shirayama, 2004, Kurihara, 2008, Todgham and Hofmann, 2009). This effect
seems to be especially so in planktotrophic species, whereby larval stages are smaller at a
given point of time post-fertilisation (Stumpp et al., 2011b, Dupont et al., 2010).
In general there are several hypotheses for the reduction in larval size identified in the current
investigation: 1) There may be a decline in the energy allocated for somatic growth and
calcification due to more energetic resources partitioned to maintain ion homeostasis
(Deigweiher et al., 2010) and there may be a decline in the energy allocated for somatic
growth and calcification due to more energetic resources partitioned to maintain ion
homeostasis (Deigweiher et al., 2010); 2) for E. chloroticus and P. huttoni, it is possible that
there is an increase in the costs for skeletal calcification in acidified seawater (Stumpp et al.,
2011b, Stumpp et al., 2012a) and 3) the majority of species often react to a disturbance in
acid-base homeostasis through the passive accumulation of bicarbonate, Mg2+, Ca2+ and
proteins, and is often referred to as “acidosis buffering”. It is evident that in most calcifying
species HCO3-, Mg2+and Ca2+ is usually supplied through the dissolution of skeletal structures
(Michaelidis et al., 2005, Spicer et al., 2007, Miles et al., 2007, Hofmann and Todgham,
2010).

Re-partitioning of energetic budgets
It is probable that a reformation in energy partitioning reduces the scope for somatic growth in
larvae reared in pH 7.8 and pH 7.6 in the current investigation. This reduction is due to
increased energy allocated towards the maintenance of ion homeostasis. This re-partitioning of
energy would be consistent with the reduction in larval body length and width in E.
chloroticus, P. huttoni and, to a certain degree O. validus. This suggestion is additionally
supported by the increase in respiration rate in pH 7.6 reared larval E. chloroticus found in the
current investigation.
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Increased costs of calcification
The associated cost of biomineralisation is substantially higher with declining pH, changing
the calcium carbonate assimilation efficiency (Stumpp et al., 2011a, Stumpp et al., 2012a).
Generally, this change in calcium carbonate efficiency impacts calcification at a cellular level.
Decreased extracellular pH and increased hydrogen ion concentrations in the compartments
where skeletogenesis occurs, results in an unfavourable ion gradient for proton-equivalent ion
exchange. For example, pH decline mediates the reduction in both CO2 hydration and
carbonate ion formation, ultimately, ensuing in a decline in calcification (Stumpp et al.,
2012a).
Calcification is nonetheless an active process, where biota can regulate intracellular
concentrations and are able to actively expel Ca2+ through the Ca2+-ATPase pump. This
process increases the calcite saturation state near the cellular membranes, facilitating
skeletogenesis (Stumpp et al., 2011b, Stumpp et al., 2012a). Calcification is an energetically
costly mechanism however, and in the face of acid-base disturbance, is often down-regulated
due to the reallocation of energy to processes which maintain ion homeostasis (Stumpp et al.,
2012a). This is corroborated in several investigations, where there are notable decreases in
skeleton development, growth and maintenance (Kurihara and Shirayama, 2004, Michaelidis
et al., 2005, Comeau et al., 2010, Beniash et al., 2010, O'Donnell et al., 2010, Bignami et al.,
2013, Clark et al., 2009). Furthermore, genomic studies have revealed that Ca2+-ATPase
decreases in expression during acidosis stress (Todgham and Hofmann, 2009). Consequently,
it is likely that such reduction in expression and activity of biomineralisation enzymes
mediates some of the decline in larval size in pH exposed E. chloroticus and P. huttoni larvae
in the current investigation. This down-regulation of biomineralization enzymes is consistent
with the findings by Clark et al. (2009), who ascertained that calcification in the larval
skeleton decreased 13.8-36.9% in larval E. chloroticus, P. huttoni and Tripneustes gratilla
reared under reduced seawater pH.

Passive buffering
Passive buffering, via the accumulation of HCO3-, Ca2+, Mg2+ and proteins, is a common
mechanism to compensate intra and extracellular acidosis (review by Portner et al. (2004)). It
is suggested that, in the current investigation, acidosis compensation may occur via passive
buffering. This is corroborated by the significant reduction in body length and width in larvae
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reared in acidified conditions. An array of studies reveal that the dissolution of skeletal
structures is the predominant source of HCO3-, Mg2+ and Ca2+ for buffering in both larval and
adult marine invertebrates, such as echinoderms, bivalves and crustaceans (Portner et al.,
1998, Portner et al., 2004, Michaelidis et al., 2005, Miles et al., 2007, Spicer et al., 2007,
Lindinger et al., 1984). Lindinger et al. (1984) were one of the first to validate that a reduction
in test mass was a result of internal dissolution for bicarbonate buffering. Under acidified
conditions, adult M. edulis exhibited a marked reduction in test mass and size. Ultimately,
these authors ascertain that internal test dissolution supplies approximately 70 to 80% of the
bicarbonate required for the buffering of acidosis.
It is possible that in E. chloroticus and P. huttoni, skeletal structures are acting as the primary
source for bicarbonate and cation accumulation, in order to raise intra and extracellular pH
back to original values. If this is so, in turn, it reduces skeletogenesis, decreasing larval body
length and width (Clark et al., 2009).

Alternative hypotheses
In addition to the three hypotheses outline above, it has been recently suggested that larval
budding may provide an alternative, yet less robust, explanation for the pH-mediated reduction
in larval size observed in this investigation (Chan et al., 2012). Larval cloning is associated
with either fission (division and regeneration of an intact larva into two larvae) or budding
(constriction and release of a blastula particle) (Chan et al., 2012). Chan et al. (2012) ascertain
that S. purpuratus larvae underwent high frequency budding when exposed to highly elevated
pCO2 levels (>700µatm). In this case, it is suggested that larvae may respond to the acidosis
and hypercapnic stress through spontaneous budding, of which, may mediate the reduction in
larval size seen in pH 7.8 and pH 7.6 cultivated E. chloroticus and P. huttoni larvae.
Nevertheless, future research focusing on the effects of ocean acidification on spontaneous
budding needs to be undergone to confirm that this is a viable mechanism to mediate reduced
larval sizes in echinoderms.

Feeding, swimming and digestion
In the current investigation, there is a significant reduction in larval post-oral rod length in E.
chloroticus and P. huttoni, and stomach length in O. validus, with pH. It is plausible that
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larvae reared in lowered pH reduce the size of their post-oral rods and stomach in order to
conserve energetic costs. Subsequently, this reduction will result in reduced energetic
expenditure towards stability and digestion, facilitating energy allocation for ion homeostasis
(Kurihara and Shirayama, 2004, Chan et al., 2011b, Chan et al., 2011a, Appelhans et al.,
2012). Investigations focusing on the influence of seawater acidification on the feeding
behaviour of invertebrates confirm these postulations, suggesting that there is a reduction in
energy available for digestion and assimilation (Chan et al., 2011b, Chan et al., 2011a,
Appelhans et al., 2012). Appelhans et al. (2012) propose that the decrease in feeding
behaviour in high pCO2 exposed adult Asterias rubens is a result of decreased energy available
for digestion and nutrient assimilation (Appelhans et al., 2012). This suggestion is somewhat
supported by the work recently conducted by Stumpp et al. (2013), whereby they revealed that
the reduction in seawater pH actually mediates a decrease in the proteolytic activity of larval
digestive systems, decreasing the digestive efficiency.

Intra-specific differences
As ascertained from the two experimental trials conducted on E. chloroticus, there are
substantial intraspecific differences in the responses towards reduced seawater pH. Such
differences in physiological response are likely mediated by the maternity and paternity of the
embryos and larvae. Maternal and sire origin influences the ability for larvae to compensate
acid-base disturbance through genetics and maternal resources. As established by Carter et al.
(2013) and Ceballos-Osuna et al. (2013), the response to ocean acidification varies
considerably among female Petrolisthes cinctipes, with the variation strongest at the early
developmental stages. This suggests that there are substantial maternal and/or paternal effects
on physiological responses to acidosis and hypercapnia. Moreover, they propose that the
differences between females are related to microenvironment variation. If females are exposed
to diverse conditions (such as food availability, salinity, light, pH oxygen concentrations)
during gametogenesis or embryogenesis, this could result in the variation in genetic
(epigenetic) or the amount of energy allocated towards reproduction (by means of maternal
resource into the developing oocytes), altering the resilience of offspring to environmental
change (Carter et al., 2013, Ceballos-Osuna et al., 2013).
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This suggestion is consistent with results by Foo et al. (2012) who quantified that the genetic
identity of sire and dam impacted gastrulation rates when offspring are exposed to
acidification and/or warming (Foo et al., 2012).

3.5.2.2.2 Morphological resilience of O. validus
The apparent morphological resilience of O. validus embryos and larvae to predicted nearfuture ocean acidification may be a result of their potentially greater physiological capacity to
tolerate lowered seawater pH. The need to evolve in an environment which has a historically
higher pCO2, with an associated decline in pH, would have required inhabitants to adapt to
these conditions (Clark et al., 2009, Moulin et al., 2011). Subsequently, it is likely that O.
validus is somewhat pre-adapted to near-future ocean acidification. Such potential preadaptation has been previously confirmed in both O. validus and S. neumayeri (Clark et al.,
2009)Gonzalez-Bernat et al. 2013).
It is possible that the limited developmental/morphological response in the non-calcifying
bippinaria O. validus is attributable to the absence of the need to produce skeletal structures
during development. Although reduced calcite/aragonite saturation undeniably contributes to
the reduction in larval size, other investigations involving polar echinoderms (S. neumayeri,
(Byrne et al., 2013b); O. validus, (Gonzalez-Bernat et al., 2013)), suggest that it is more likely
that high pCO2 (hypercapnic) suppression of metabolism, and/or the re-partitioning of energy
to ion-homeostasis, are the predominating mechanisms which drives the changes in
development and morphology (Byrne et al., 2013a, Byrne et al., 2013b). Accordingly, the
limited morphological response observed in O. validus is likely associated with the
considerably large amount of energy which is already used in polar echinoderm larvae in acidbase homeostasis, through Na+/K+-ATPase, and protein synthesis (~87% in S. neumayeri,
(Pace and Manahan, 2007)). As a substantial amount of the total metabolic rate is already used
by Na+/K+-ATPase, it is likely that there is very little reduction in the scope for growth when
larval O. validus are reared under reduced pH conditions. Subsequently, this likely limits any
morphological responses to pH decline, as observed in the current investigation.
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3.5.3 Impacts of pH decline on metabolic rate

Under reduced pH conditions, respiration rates for larval E. chloroticus increased significantly
from three days post-fertilisation, compared to larvae reared at ambient pH. This result is
corroborated by Stumpp et al. (2011 a, b) who ascertained that aerobic metabolism, and the
genes associated with metabolism, in unfed larvae increased significantly when
embryos/larvae were cultivated in acidified conditions. Nonetheless, several investigations
focusing on a range of marine invertebrates determined that aerobic metabolism decreases
during development when early life history stages are exposed to near-future levels of pH
decline (Lamare et al., Unpublished). Moreover, research focusing on the triggers of metabolic
depression suggest that uncompensated extracellular pH decline may mediate these reductions.
(Langenbuch and Portner, 2002, Portner et al., 2004, Michaelidis et al., 2005). Despite this,
several studies do suggest that metabolism may remain unchanged, or is elevated, regardless
of uncompensated extracellular pH decline, corroborating the results attained in the present
investigation (Stumpp et al., 2011a, Stumpp et al., 2011b, Gutowska et al., 2010, Wood et al.,
2008, Comeau et al., 2010, Thomsen and Melzner, 2010).

3.6 Conclusions
 The results suggest that the early life history stages of three ecologically important
benthic echinoderms, cultivated under experimental conditions, will be deleteriously
impacted by seawater pH predicted for 2100 and 2250.


The body parameters for the early life history stages of both E. chloroticus and P.
huttoni are negatively impacted by reduced seawater pH, with larvae generally being
significantly smaller and/or developing differently when cultivated in pH 7.8 or pH
7.6. It is likely this is related to the increased costs of calcification and skeletal
maintenance, internal dissolution of skeletal components due to passive buffering
(accumulation of HCO3-, Ca+, Mg+ and proteins) processes, and/or the re-allocation of
energy from somatic growth and skeletogenesis towards the maintenance of ionhomeostasis.



Post-oral rod length in E. chloroticus, P. huttoni and stomach size O. validus decreased
significantly when larvae were reared in seawater with pH lowered to pH 7.8 and pH
7.6. This suggests that larvae may be attempting to reduce costs associated with
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swimming and digestion for the reallocation of additional energy towards ionhomeostasis.


For the first time in all three species examined, the morphological results from
embryos suggest that reduced seawater pH/hypercapnia may impact the development
of the blastocoel. Moreover, it is suggested that pH decline and hypercapnia may have
latent effects in later developmental stages in E. chloroticus, P. huttoni and O. validus.
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Chapter 4
Effects of lowered seawater pH
+
+
on the activity of Na /K -ATPase
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4.1

Introduction

The establishment and preservation of sodium ion (Na+) and potassium ion (K+) gradients
across the cell membrane is essential for the maintenance of a cell’s osmotic balance and
resting membrane potential (Morth et al., 2007). These electrochemical gradients are required
for electrical excitability, cellular uptake of ions, nutrients and neurotransmitters, the
regulation of cell volume and intracellular pH (Lingrel and Kuntzweiler, 1994, Portner et al.,
2000, Marsh et al., 2000, Morth et al., 2007). The maintenance of electrochemical gradients
constitutes a considerably large fraction of cellular energy consumption in most organisms,
including echinoderm larvae (Leong and Manahan, 1997, Leong and Manahan, 1999, Marsh et
al., 2000, Portner et al., 2000, Pace and Manahan, 2007, Galarza-Munoz et al., 2011, Stumpp
et al., 2011b). In general, one of the most important and energetically costly components of
ion regulation is the sodium pump, Na+/K+-ATPase. (Leong and Manahan, 1997, Leong and
Manahan, 1999, Marsh et al., 2000, Portner et al., 2000, Pace and Manahan, 2007, GalarzaMunoz et al., 2011, Stumpp et al., 2011b).
Na+/K+-ATPase, originally described in 1957 (Skou, 1957), is an integral membrane protein
found in the cells of all higher eukaryotes and is a member of the P-type class of ATPases,
which includes Ca2+-ATPase (Lingrel and Kuntzweiler, 1994, Morth et al., 2007).
Using energy obtained from ATP hydrolysis, Na+/K+-ATPase is able to generate
electrochemical gradients for Na+ and K+. The transport of these ions is accomplished by a
conformational change in the enzyme between two states, E1 and E2, where three Na+ and two
K+ ions are selectively bound, occluded and released into the extracellular compartment or the
cytoplasm consecutively (Figure 34) (Post et al., 1972, Morth et al., 2007). Na+/K+-ATPase
contains three subunits, α-, β and γ (Figure 34). Although the β- and γ- subunits have
important roles in regulating sodium pump number in the plasma membrane, whereby pretranslational up-regulation of this sub-unit alone can increase pump abundance (McDonough
et al., 1990), and the maintenance of steady-state activity of the sodium pump (Therien et al.,
2001), the α-subunit is the main unit involved with the transport of Na+ and K+ ions across the
cell membrane (Morth et al., 2007). The α-subunit consists of two major regions, a
transmembrane region containing ten α-helices and a cytoplasmic region comprising three
domains, the N-domain (nucleotide binding region), A-domain (activator region) and the Pdomain (phosphorylation region) (Morth et al., 2007). All three domains are used in ATP
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binding and the structural conformation of the enzyme that is required for the transport of ions
across transmembrane regions (refer to figure 34 for more detail) (Morth et al., 2007).
The total ATP turnover required to maintain cellular ion gradients through Na+/K+-ATPase has
been shown to depend on the stage of development, the species, the environment (such as
pCO2, pH, temperature, food abundance) and the amount of energy allocated to other
physiological processes (Leong and Manahan, 1997, Leong and Manahan, 1999, Marsh et al.,
2000, Portner et al., 2000, Pace and Manahan, 2007, Stumpp et al., 2011b).
As embryonic and larval development progresses, the increase in cell number necessitates the
up-regulation and enhanced activity of Na+/K+-ATPase (Marsh et al., 2000). Evaluation of the
in vivo activity of Na+/K+-ATPase throughout the development of the sea urchin S. purpuratus
indicated that activity increases considerably from non-detectable levels at fertilisation, to
40% of the total energy budget when at the echinoplutei stage (72 hours) (Leong and
Manahan, 1997). Additionally, Leong and Manahan (1999) ascertained that the amount of
energy partitioned to Na+/K+-ATPase in the polar sea urchin S. neumayeri echinoplutei
exceeds 84% of the total energy budget. Mitsunaga-Nakatsubo et al. (1992a,b) corroborate this
effect of ontogeny, establishing that the activity and gene expression of the sodium pump
increased during gastrulation for embryo H. pulcherrimus. Collectively, these studies confirm
that the activity of Na+/K+-ATPase varies with ontogeny and species.
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Figure 34. Architecture and transport processes of Na+/K+-ATPase. A). The architecture of
Na+/K+-ATPase αβγ complex is shown in the middle panel. The α-, β- and γ-subunits are
coloured blue, wheat and red respectively. The transmembrane helices are represented by
cylinders. The small C-terminal helix (S, for switch) is coloured light red. Mg2+, MgF42- and
Rb+ ions are grey, orange and pink respectively. The flow diagram depicts the step wise
process of the key phases of conformational change, binding, occlusion and release in Na+
and K+ of Na+/K+-ATPase. The bordering arrows indicate what conformation (E1, red; E2,
black) Na+/K+-ATPase is in during the transport processes. The architecture of Na+/K+ATPase was adapted from Morth et al. (2007). Crystal structure of the sodium-potassium
pump. Nature. 450: 1044, with permission.
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There are two conflicting hypotheses regarding the response of echinoderm larvae to reduced
pH and hypercapnia. Firstly, the calcification of the larval skeleton may be more energetically
costly due to low extracellular pH and hypercapnia. Moreover, the maintenance of
intracellular pH and cellular homeostasis requires additional energy (Deigweiher et al., 2010,
Stumpp et al., 2011b). It is evident that Na+/K+-ATPase is extremely important during
development in the early life history stages of echinoderms. Subsequently, it is likely that the
increased activity during these stages has profound implications for metabolic energy
consumption during development (Marsh et al., 2000). Consequently, growth reductions in
the early life history stages of echinoderms might be a result of the indirect effects of a change
in the partitioning of the energy budget, such that, there is more energy allocated towards ion
regulation (i.e. Na+/K+-ATPase) and cellular homeostasis (Stumpp et al., 2011b, Stumpp et al.,
2011a, Stumpp et al., 2013). This hypothesis was corroborated by Thomsen and Melzner
(2010) who demonstrated that high pCO2 acclimated M. edulis had elevated metabolic rates
and a reduced rate of calcification and somatic growth. Contrastingly, it has been suggested
that a reduction in extracellular and intracellular pH induces a depression in aerobic
metabolism (Reipschlager and Portner, 1996, Portner et al., 1998, Portner et al., 2000). Full
intracellular pH compensation during extracellular acidosis suggests that acid-base regulation
can be maintained despite the reduced extracellular pH (Portner et al., 1998). From this,
Portner et al. (1998) proposed that the reduction in metabolic rate could be mediated by a
decrease in the energy demand for ionic pH regulation. This could be achieved by a shift from
less ATP-efficient to more ATP-efficient ion transporters (Portner et al., 1998, Portner et al.,
2000).
The different transport systems which are used to maintain intracellular pH differ based on the
stoichiometry of ATP molecules which are hydrolysed per acid-base equivalent transported
(Portner et al., 2000). As aforementioned, the activity of Na+/K+-ATPase (and the secondarily
active Na+/H+ exchanger) is notably costly (0.33 ATP per H+ extruded), much more so than
the electroneutral Na+-dependent Cl-/HCO3- exchanger, which indirectly uses 0.17 ATP per
acid-base equivalent. The energetic efficiencies between these two transport methods differ by
up to three fold. Subsequently, there is potential for energetic savings by shifting from Na+/K+ATPase mediated ion regulation to more energy efficient transporters (Portner et al., 2000).
Ocean acidification is predicted to have significant effects on benthic marine invertebrates, in
particular, their early developmental stages (Martin et al., 2011). As echinoderm larvae could
be particularly vulnerable to decreased pH, as demonstrated for development in the present
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investigation (Chapter 3), it is imperative to uncover the physiological mechanisms which
allow these organisms to respond to predicted near-future ocean acidification. In order to
determine the role of Na+/K+-ATPase in response to lowered pH, further investigations,
particularly those focusing on pH-mediated changes in Na+/K+-ATPase activity, are required.

4.2

Chapter Aims

The aim of this chapter was to examine whether there is a change in the activity of Na+/K+ATPase occurring in the early life history stages of echinoderms in response to predicted nearfuture ocean acidification. By developing and expanding on enzymatic assays described by
Leong and Manahan (1997), I was able to estimate the total (maximum potential) Na+/K+ATPase activity throughout early development of two temperate sea urchin (E. chloroticus and
P. huttoni) and one polar sea star (O. validus) species which were cultivated in seawater with
pH levels predicted for the years 2100 (pH 7.8) and 2250 (pH 7.6).

4.3

Methods and materials

4.3.1 Experimental design

Following fertilisation, embryos were immediately transferred and suspended into one of nine
(P. huttoni, O. vallidus) to twelve (E. chloroticus) two litre culture chambers which contained
one of three control or pH treated seawater environments (pH 8.1, pH 7.8, pH 7.6). Altogether
there were three (P. huttoni, O. vallidus) to four (E. chloroticus) replicates in each treatment
(N=3-4). These were maintained at a species relevant temperature (E. chloroticus 15oC ±1oC;
P. huttoni 12oC ±1oC; O. validus -0.5oC ±1oC) (refer to Chapter two, Section 2.3.1.2).
One sample of embryos/larvae from each culture chamber was taken through filtering on
50µm mesh on days which corresponded to: blastula, gastrula, newly and late formed
echinoplutei (E.chloroticus, P. huttoni)/ bipinnaria (O. validus) stages of development.
Embryos/ larvae were placed in 1.5 ml microcentrifuge tubes and pelleted via centrifugation at
10 000g (Mini Spin™, Ependorff). Excess seawater was removed via aspiration. Samples were
snap frozen using dry ice and stored at -80oC for subsequent enzyme analysis.
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4.3.2 Measurement of total Na+/K+-ATPase activity assay
The total (potential) Na+/K+-ATPase activity was measured following a protocol similar to that
published by Leong and Manahan (1997). The total activity was defined as the ouabainsensitive rate of release of inorganic phosphate (Leong and Manahan, 1997).
For analyses, samples were thawed and resuspended in buffer solution (10% sucrose and
5mmol-1 histidine at a pH of 8) to a final wet weight concentration of 33mg mL-1. The
resulting suspension was homogenized at 25oC (Bullet Blender ™, Next Advance) until animal
tissue was no longer visible.
Subsamples of homogenate were taken for the total Na+/K+-ATPase assay and for
quantification of protein content using the Bradford assay (1976) with bovine serum albumin
as a standard. Homogenate (100µl) was added to a 450µl reaction mixture containing 130
mmol l-1 NaCl, 20 mmol l-1 KCl, 4 mmol l-1 MgCl2, 3 mmol l-1 ATP, 30 mmol l -1 histidine at a
final pH of 8.0 in either the presence, or absence, of ouabain.
Based on personal observation (data not shown), complete inhibition of Na+/K+-ATPase
activity was achieved at 15 mmol l-1. Subsequently, a total of 100µl of 12 mmol l-1 ouabain
was added to achieve full inhibition of the ouabain-sensitive Na+/K+-ATPase activity. The
final reaction volume for the assay was 650µl.
As determined by Leong and Manahan, (1997; 1999) the optimal pH for enzyme activity is
broad, ranging from pH 7.12 to pH 8.12 for S. purpuratus (Leong and Manahan, 1997) and S.
neumayeri (Leong and Manahan, 1999), subsequently, all assays were performed at pH 8.0.
Moreover, as optimal temperature was determined by Leong and Manahan (1997) for
enzymatic assays at 25oC all enzymatic assays were conducted at 25oC.
After a one hour incubation period at 25oC (for incubation time optimization, refer to
Appendix 17), the reaction was terminated by incubating the samples at 96oC for five minutes.
Leong and Manahan (1997) ascertained that pre-incubation with alamethicin resulted in an
increase in Na+/K+-ATPase activity in sea urchin tissue homogenates; however, the effect was
dependent on the stage of larval development. Alamethicin acts to spontaneously cause units
of the cell to create a hydrophobic pore, allowing a non-specific efflux of ions from the cell
(Bechinger, 1997). Nonetheless, the addition of alamethicin did not equally result in an
increase in Na+/K+-ATPase activity when compared to incubation with standard buffer
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solution (personal observation, data not shown). Subsequently, this reagent was removed from
the total Na+/K+-ATPase activity protocol in all experimental enzymatic assays.

4.3.3 Determination of phosphate
Estimation of Na+/K+-ATPase activity was inferred from the determination of phosphate based
on the molybdenum blue method, modified from Murphy and Riley (1962). Briefly, this
involves the quantification of phosphate using a single solution reagent, which consists of an
acidified solution of ammonium molybdate containing ascorbic acid, and a small amount of
antimony. This reagent reacts rapidly with phosphate ions, yielding a blue-purple compound
containing antimony and phosphorous in a 1:1 atomic ration (Murphy and Riley, 1962).
Primary reagents (refer to Appendix 18) were made weekly and were stable at 4oC.
Mixed reagent was made fresh preceding each assay. Mixed reagent consisted of combining
the primary reagents, ammonium molybdate solution and ascorbic acid solution, in a 1:1 ratio.
This was then maintained at room temperature for use in phosphate assay.
Standards (concentration: 0, 0.01, 0.05, 0.1, 0.2, 0.5, 1, 2 ppm of phosphate) and samples (100
µl) were added to a 96-well microplate followed by 100 µl of mixed reagent. Validation
experiments confirmed that the active reagents used in the Na+/K+-ATPase assay
homogenising buffer and reaction solution did not interfere with the determination of
phosphate (Appendix 19 and Appendix 20).
The microplates were continuously vortexed on a microplate shaker during the 15 minute
reaction time. Absorbance was quantified at 820 nm (FLUROstar Omega™ spectrometer,
BMG LABTECH) at 25oC.

4.3.4 Assay validation
The protocol outlined in Sections 4.3.1 and 4.3.2 was evaluated for reproducibility, reliability,
precision and the interaction between active reagents from the Na+/K+-ATPase and
molybdenium blue assays by assessing 1) intra- and inter-assay coeffecients of variation; 2)
standard curve linearity; 3) spike recovery tests involving all buffer solutions individually as
well as in combination; 4) dilution linearity test; 5) comparing phosphate concentrations
90

quantified to those obtained automatically through a commercially avaliable autoanalyser
which has been specifically modified for fine-scale analyses of inorganic chemicals in
biological samples (Sans Plus Segmented Flow Analyser, Skalar Analytical ©); and finally 6)
comparing Na+/K+-ATPase activity quantified in the present investigation to values previously
ascertained for the temperate S. purpuratus and S. neumayeri (Leong and Manahan, 1997,
1999). Due to time and monetary constraints, the determination of phosphate concentration in
the present investigation could not be specifically carried out using the autoanalyser.

4.3.5 Statistical analyses
A two-way ANOVA was used to test for any significant (∂ <0.05) effects of days postfertilisation, pH treatment and the interactive effect of both days post-fertilisation and pH
treatment, on total Na+/K+-ATPase activity. If a significant interactive effect was determined
between days post-fertilisation and pH treatment, Na+/K+-ATPase activity was tested for
significance using one-way ANOVA in order to discern the effect of pH treatment. Post hoc
pair-wise comparisons (∂ <0.05) were used to determine the differences between days and pH
treatments. The Shapiro-Wilk test (Shapiro and Wilk, 1965) was used to check that the data
were normally distributed, and the Levene test was used to check that variances were
homogeneous. If necessary, data were log-transformed prior to statistical analysis.
All statistical analyses were performed using CRAN R version 2.15.2 (29-02-2012) for
windows (Auckland, New Zealand).

4.4

Results

4.4.1 Method validation
The variability in the estimation of total Na+/K+-ATPase activity, as determined from the
change in phosphate, was evaluated for each species by calculating the intra- and inter-assay
coefficient of variance (CV). Results for each species are shown in Table 12. The variation
within assays was high in all species investigated, with the calculated intra-assay CV above
20%. In contrast, the variation between assays (inter-assay CV) was much lower in E.
chloroticus and P. huttoni, with CV values below 20%.
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Table 12. Intra- and Inter-assay variability of the Na+/K+-ATPase assay. The intra-specific
coefficient of variance was calculated from five replicate samples (N=5) and the inter-specific
coefficient of variance was calculated from three replicate samples (N=3).
Species

Intra-assay coefficient of

Inter-assay coefficient of

variance

variance

Evechinus chloroticus

24.69

14.97

Pseudechinus huttoni

26.81

16.77

Odontaster validus

23.64

34.95

As demonstrated from the example of an average standard curve shown in Figure 35, the
relationship between absorbance and the concentration of phosphate is highly linear (R 2 =
0.99).
Table 13 provides a summary of the results of a spike recovery test when all active reagents
from the Na+/K+-ATPase assay were supplemented with either 20 ppb or 200ppb of phosphate.

0.6
R² = 0.9918

Absorbance (820 nm)

0.5
0.4
0.3
0.2
0.1
0
0
-0.1

0.5

1

1.5

2

2.5

Phosphate concentration (ppm)

Figure 35. An example standard curve for the detection of phosphate using the modified
molybdenum blue method. Measurements were made at 25OC.
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Table 13. Spike recovery test. Amount of phosphate detected through the modified
molybdenum blue phosphate assay after supplementing active reagents with either 20 ppb or
200 ppb of phosphate. Enzyme measurements were made at 25OC. N=2; values are means ±
S.E.M.
Spiked

Amount detected (ppb)

20 ppb

18.54 ± 10.16

200ppb

190.47 ± 17.79

When a sample of E. chloroticus homogenate was diluted 2-fold, the resulting phosphate
concentration detected is linear (R2 = 0.96). Nonetheless, at the lowest fold dilution, the
phosphate concentration quantified is negative (Figure 36).
The concentration of phosphate detected through the modified molybdenum blue assay is
slightly over-estimated when compared to the amount detected automatically through a
commercially available autoanalyser (Sans Plus Segmented Flow Analyser, Skalar Analytical
©), although, this is insignificant (p = 0.1793) (Table 14).
Total Na+/K+-ATPase activity quantified for E. chloroticus, P. huttoni and O. validus in the
present investigation were lower than those reported in previous investigation s by Leong and
Manahan (1997, 1999) for S. purpuratus and S. neumayeri (Table 15).
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Figure 36. Linear dilution test. Total concentration of phosphate, as detected through modified
molybdenum blue method, for Evechinus chloroticus embryos cultivated in pH 8.1 at zero
days post-fertilisation, whereby homogenate which was diluted two-fold two times (to produce
samples at 0.25, 0.5 and 1.0 dilution) incubated in the total Na+/K+-ATPase activity assay for
one hour. Enzyme measurements were made at 25OC. N=2; values are means ± S.E.M.

Table 14. Total phosphate for two samples detected through the modified molybdenum blue
phosphate assay or through a commercially available autoanalyser (Sans Plus Segmented Flow
Analyser, Skalar Analytical ©) after incubation in the total Na+/K+-ATPase activity assay for
one hour. Enzyme measurements were made at 25OC. N=2; values are means ± S.E.M.

Sample type

Concentration of phosphate
detected through the
modified molybdenum
method (ppb)

Concentration of phosphate
detected through a
commerical autoanalyser
(ppb)

Sample one with Ouabain

204.23 ± 22.34

149.621

Sample one without Ouabain
Sample two with Ouabain
Sample two without Ouabain

216.03 ± 15.30
408.31 20.45
439.45 ± 19.89

154.18
303.47
303.39

Sample homogenate without
buffers

288.38 ± 18.41

205
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Table. 15. A comparison of the total Na+/K+-ATPase activity quantified for Evechinus
chloroticus, Pseudechinus huttoni, and Odontaster validus to activity quantified by Leong and
Manahan (1997, 1999) for Strongylocentrotus purpuratus and Sterechinus neumayeri.

Species

Habitat

Strongylocentrotus

Temperate

Total in vitro Na+/K+ATPase activity
(nmol Pi mg protein-1
hr-1)
1000-3000

purpuratus
Sterechinus

Leong and
Manahan (1997)

Polar

200-400

neumayeri
Evechinus

Reference

Leong and
Manahan (1999)

Temperate

30-230

chloroticus

Current
investigation

Pseudechinus huttoni Temperate

30-160

Current
investigation

Odontaster validus

Polar

10-80

Current
investigation

4.4.2 Total Na+/K+-ATPase activity
4.4.2.1 Evechinus chloroticus
The total Na+/K+-ATPase activity (for protein content see Appendices 21, 22 and 23) did not
significantly differ between larvae cultured in acidified or ambient seawater conditions (F(2, 80)
= 0.62, p = 0.54 (Figure 37 Appendix 26). Nonetheless, a decreasing trend in activity was
evident in larvae cultivated in pH 7.8 and pH 7.6. This trend was detectable from two to six
days post-fertilisation (Figure 37). Only immediately after fertilisation does there appear to be
a trend of a pH-dependent increase in total Na+/K+-ATPase activity in embryos exposed to pH
7.8 and pH 7.6 seawater. There was a significant difference in activity with days postfertilisation (F(3, 80) = 4.03, p = 0.01), whereby there is a marked peak in activity at six days.
There was no interactive pH and day effect on activity (F(6, 80) = 0.62, p = 0.54).
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Figure 37. Total Na+/K+-ATPase activity, as inferred from the production of phosphate per mg
protein, in embryos and larvae of Evechinus chloroticus reared in either ambient (pH 8.1), mid
(pH 7.8) or low (pH 7.6) pH seawater. Enzyme measurements were made at 25OC. N=4;
values are means ± S.E.M.

4.4.2.2 Pseudechinus huttoni
There were no significant differences in the total Na+/K+-ATPase activity (for protein content
see Appendices 21, 22 and 24) between larvae cultivated in either pH 7.8 and pH 7.6 seawater,
compared to pH 8.1 (F(2,

32)

= 1.19, p = 0.32) (Appendix 27). Nonetheless, there was a

significant difference in activity levels with days post-fertilisation, with levels peaking at three
days post-fertilisation regardless of pH treatment (F(2, 32) = 8.89, p <0.001) (Figure 38). There
was no interactive effect of pH and day on activity (F(4, 32) = 0.43, p = 0.78). At five days, there
was a marked reduction in activity in all three pH treatments. Moreover, from five to seven
days, there was little discernible difference in activity levels in larvae cultivated in ambient pH
or pH 7.8, nonetheless, there was a trend of activity being slightly elevated in larvae cultivated
at pH 7.6 (Figure 38).
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Figure 38. Total Na+/K+-ATPase activity, as inferred from the production of phosphate per mg
protein, in embryos and larvae of Pseudechinus.huttoni reared in either ambient (pH 8.1), mid
(pH 7.8) or low (pH 7.6) pH seawater. Enzyme measurements were made at 25OC. N=3;
values are means ± S.E.M.

4.4.2.3 Odontaster validus
Na+/K+-ATPase activity (for protein content see Appendices 21, 22 and 25) did not
significantly differ between larvae cultured in acidified seawater or at pH 8.1 (F(2, 32) = 1.19, p
= 0.32) (Figure 39; Appendix 28). In general, larvae reared in pH 7.8 and pH 7.6 exhibited a
trend of a greater increase in activity compared to those reared in pH 8.1 at seven days postfertilisation. The effect of days post-fertilisation on Na+/K+-ATPase activity was statistically
significant (F(3, 96) = 7.61, p <0.001). Nonetheless, this significant effect was not evident in
post-hoc pairwise comparisons. There was no interactive effect of pH and day on activity (F(4,
96)

= 0.25, p = 0.91). There was a reduction in Na+/K+-ATPase activity at 21 days post-

fertilisation in larvae cultivated in pH 8.1 and pH 7.8. Conversely, there was a slight trend for
an elevation in activity in larvae reared in the lowest pH treatment at 21 days post-fertilisation.
Activity remained insignificantly elevated in these larvae at 50 days post-fertilisation (Figure
39).
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Figure 39. Total Na+/K+-ATPase activity, as inferred from the production of phosphate per mg
protein, in embryos and larvae of O. validus reared in either ambient (pH 8.1), mid (pH 7.8) or
low (pH 7.6) pH seawater. Enzyme measurements were made at 25OC. N=3; values are means
± S.E.M.

4.5

Discussion

4.5.1 Assay conditions for the measurement of Na+/K+-ATPase activity

Na+/K+-ATPase is a transmembrane protein which transports Na+ and K+ across the plasma
membrane to maintain ionic gradients (Leong and Manahan, 1997). These gradients are
needed to facilitate other secondary active transport systems, including Na+/amino acid and
Na+/glucose co-transport (Wright and Manahan, 1989, Leong and Manahan, 1997).
Nonetheless, this physiological process is considerably costly, and can account for up to 80%
of the energy expended in some organisms (Stumpp et al., 2011b).
In the present investigation, I measured the activity of Na+/K+-ATPase during the development
of three echinoderms, E. chloroticus, P. huttoni, and O. validus whilst exposed to predicted
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near-future seawater pH conditions. The total Na+/K+-ATPase activity was quantified in vitro
following a similar protocol to that published by Leong and Manahan (1997).
As determined by the intra- and inter-assay coefficients in the current study, there was some
variation within each assay (intra-assay CV). This variation was considerably lower between
assays (inter-assay CV) for E. chloroticus and P. huttoni. Intra-assay CV is heavily influenced
by the consistency of the assayer’s pipetting technique, such that, fluctuations in the way
samples are pipetted into the microcentrifuge tubes, as well as plate wells, or the imprecise
handling of the pipette itself, will increase the intra-assay CV. Moreover, as observed by
Harmon-Jones and Beer (2012), if the analyte is not evenly distributed throughout a sample,
there is a considerable increase in the intra-assay CV. It should also be noted that the intraassay CV tends to exaggerate the lack of reliability at lower concentrations, as differences
between samples at the lower range of the assay yields a higher CV than at higher
concentrations. Despite the high intra-assay CV calculated in the present investigation, it is
likely that this is exacerbated through the small concentrations calculated, which likely
attributes to the variation quantified for the Na+/K+-ATPase assays in the present investigation
(Harmon-Jones and Beer, 2012).
The spike recovery test is an important technique for assessing the accuracy of analytical
methods to detect particular sample types. The concentrations denote the spike recovered. If
the spike differs, this suggests that particular reagents are interacting with the detection of the
analyte, and adjustments in the protocol need to be made thereafter. The results of the spike
recovery used to test the interaction between active reagents from the Na +/K+-ATPase assay,
on the detection of phosphate through the modified molybdenum blue assay, is described in
Appendices 19 and 20. It is evident from the amount recovered (Table 13) that there was no
interaction between the active reagents used in the total Na+/K+-ATPase assay with the
determination of phosphate. This was further corroborated by the linear dilution test, which
suggests that that the active reagents in the Na+/K+-ATPase assay do not impact the
quantification of phosphate in a given sample. Nonetheless, the phosphate concentration
quantified at the lowest dilution step was negative. It is probable that the amount of phosphate
is lower than the minimum detection limit of the molybdenum blue phosphate assay in the
present investigation. The change in the concentration of phosphate quantified through the
modified molybdenum blue method in the current study did not differ significantly from the
concentrations quantified automatically through a commercially available autoanalyser. This
suggests that the molybdenum blue assay is a relatively precise method for the detection of
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phosphate produced through the Na+/K+-ATPase activity assay; nonetheless, one must be
conscious that there is a certain degree of overestimation involved.
The activity quantified in the present investigation for E. chloroticus, P. huttoni and O. validus
were lower than those previously described for the temperate S. purpuratus (Leong and
Manahan, 1997) and the polar S. neumayeri (Leong and Manahan, 1997). Due to the reliable
analytical measure of phosphate in the present investigation, it is likely that the inconsistencies
between values established from the present investigation and those by Leong and Manahan
(1997, 1999) can be explain by species-specific differences in total Na+/K+-ATPase activity.

4.5.2 Na+/K+-ATPase activity

As discussed by Leong and Manahan (1997), Na+/K+-ATPase activity can potentially be a
substantial metabolic component during the development of echinoderms, including sea
urchins. Changes in the activity of Na+/K+-ATPase will impact the amount of energy that is
partitioned to other associated physiological processes such as calcification, somatic growth,
protein synthesis and development (Leong and Manahan, 1997, Leong and Manahan, 1999,
Marsh et al., 2000, Portner et al., 2000, Stumpp et al., 2011b). The associated impacts are
anticipated to cause latent effects in later life history stages (O'Donnell et al., 2009, Stumpp et
al., 2011a, Stumpp et al., 2011b, Stumpp et al., 2012b).
The present investigation has allowed me to ascertain the changes in the activity of Na+/K+ATPase occurring during CO2-driven seawater acidification in the early life history stages of
three key echinoderm species. I hypothesized that the activity for Na+/K+-ATPase will
increase in embryos/larvae cultivated in pH conditions predicted for 2100 and 2250. The
results from the current investigation are not consistent with this hypothesis.
In general, for O. validus, P. huttoni and E. chloroticus, there were no significant differences
in the activity of Na+/K+-ATPase among larvae cultivated in pH 8.1 or either pH treatment.
This suggests that the early life history stages of these three key marine invertebrates are not
significantly increasing the activity of this important ion-transporter to maintain ionhomeostasis. These results are comparable to those attained by Martin et al. (2011), who found
a decrease, albeit insignificant, in Na+/K+-ATPase expression in pH stressed larval
Paracentrotus lividus. Nonetheless, it was evident from the present investigation that there
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was a trend of increasing activity in larval P. huttoni and O. validus cultivated in lowered
seawater pH (see Section 4.5.2.3). In contrast, larval E. chloroticus exhibited a trend of
decreasing activity with decreasing pH (see Section 4.5.2.2). There were some significant
differences in Na+/K+-ATPase activity with days post-fertilisation for embryo/larval E.
chloroticus and P. huttoni.

4.5.2.1 Changes in Na+/K+-ATPase activity with days post-fertilisation

Notably, for O. validus the current investigation showed that there was an insignificant rise in
Na+/K+-ATPase activity in larvae reared in pH 7.8 and pH 7.6 seawater several days following
fertilisation. This represents the stages that gastrulation is occurring (personal observation).
For P. huttoni, it is evident from the present investigation that activity peaks significantly three
days post-fertilisation, the stage at which gastrulation occurs, and decreases thereafter.
Previous investigations have determined that the expression and activity of Na+/K+-ATPase
increases during gastrulation (Mitsunaga-Nakatsubo et al., 1992a, Mitsunaga-Nakatsubo et al.,
1992b, Marsh et al., 2000, Martin et al., 2011). As established by Marsh et al. (2000),
transcript abundance (α-subunit) and activity for Na+/K+-ATPase (activity:~1.2 mmol Pi mg
protein-1 hr-1) peak concurrently at gastrulation in the purple sea urchin S. purpuratus.
The statistically significant increase in activity levels at six days post-fertilisation in larval E.
chloroticus likely represents the increase in the activity levels which occur following the onset
of feeding (Marsh et al., 2000).

4.5.2.2 Na+/K+-ATPase activity in E. chloroticus

In the current investigation, Na+/K+-ATPase activity for the early life history stages of E.
chloroticus differed significantly across the six day experimental period. There were no
significant differences in activity detected for pH.
This result suggests that despite an evident acid-base disturbance, indicated through changes in
morphology and metabolism (Chapter 3), there was no compensatory increase in Na+/K+ATPase activity to maintain ion homeostasis. These results are comparable to those attained
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by Martin et al. (2011), who found a decrease, albeit insignificant, in Na+/K+-ATPase
expression in pH stressed larval P. lividus.
Despite no evident changes in Na+/K+-ATPase activity in E. chloroticus, there is an associated
increase in respiration rate in larvae cultivated in pH 7.6 (Chapter 3, Section 3.5.7).
Consequently, it is apparent that the early life history stages of E. chloroticus are using other
mechanisms in order to maintain ion-homeostasis. It is likely that acid-base homeostasis is
alternatively regulated via the passive rise in bicarbonates, Mg2+, Ca2+, proteins, or through the
up-regulation in activity of other ion pumps, such as H+-ATPase.
The use of additional mechanisms of ion-homeostasis is substantiated from earlier research on
the influence of pH decline on marine invertebrates.

The majority of species studied

counteract intra- and extracellular acidosis via the accumulation of HCO3- via skeletal
dissolution (Michaelidis et al., 2005, Miles et al., 2007, Spicer et al., 2007, Hofmann and
Todgham, 2010). For example, S. nudus compensates intracellular acidosis rapidly through
HCO3- and protein buffering. The latter mechanism is not often employed until the bicarbonate
concentration has reached upper threshold limits without adequate intracellular pH
compensation (Portner et al., 1998, Portner and Bock, 2000, Langenbuch and Portner, 2002).
Nonetheless, compensation of extracellular acidosis is considerably more demanding,
comprising the involvement of several other physiological mechanisms.
As aforementioned, pH regulation can be achieved via ion exchange between the intra-and
extracellular compartments (Reipschlager and Portner, 1996, Portner et al., 2000, Portner and
Bock, 2000, Langenbuch and Portner, 2002). The transport systems that continuously extrude
protons from the cell operate against electrochemical gradients. The two more common ATPconsuming transport systems are Na+/K+-ATPase (0.33 ATP units per proton) and H+-ATPase
(0.5 ATP units per proton) (Portner et al., 2000). As there was no significant difference in
Na+/K+-ATPase in larvae reared in pH 7.8 and pH 7.6, albeit a rise in metabolic rate, it is
possible that the other predominant ATP-consuming transport system, H+-ATPase, is being
preferentially used in response to reduced pH in larval E. chloroticus in the current
investigation. The use of H+-ATPase when larval E. chloroticus is reared under reduced
seawater pH is supported in the current investigation by the increase of the routine metabolic
rate, despite a no significant difference in the activity of Na+/K+-ATPase.
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4.5.2.3 Na+/K+-ATPase activity in P. huttoni and O. validus

Comparable to E. chloroticus, there were no statistically significant changes in the activity of
Na+/K+-ATPase with pH. Overall, P. huttoni and O. validus larvae reared in pH 7.6 exhibited
insignificantly elevated Na+/K+-ATPase activity. In general, activity was somewhat higher
than larvae reared in pH 8.1 or sea water acidified to pH 7.8. This, to an extent, suggests that
these larvae are responding to the acid-base disturbance (i.e. reduced extracellular pH or
intracellular pH) by employing more Na+/K+-ATPase pumps to compensate the acidosis stress.
Activation of Na+/K+-ATPase in the face of acid-base disturbance is a likely mechanism in the
attempt to compensate acidosis, this may be especially so in pH 7.6 reared larvae (Stumpp et
al., 2011b, Deigweiher et al., 2010). In contrast, larvae cultivated in pH 7.8, may experience
an acid-base disturbance to a smaller scale (Marsh et al., 2000, Martin et al., 2011).
In the current investigation, it is probable that P. huttoni and O. validus larvae cultivated in
seawater conditions predicted for 2100 and 2250 are reallocating energy from other
physiological processes, including somatic growth, in order to partition more energy towards
ion-regulation through Na+/K+-ATPase. The metabolic results attained from previous
unpublished investigations, focusing on echinoderm species across several latitudes,
corroborate this (Lamare et al., Unpublished). Lamare et al. (unpublished) ascertained that O.
validus bipinneria larvae cultivated in pH 7.6 exhibited a metabolic depression of 50.93%.
Moreover, the authors suggested that there is a general decrease in the routine metabolic rate
of other larval echinoderms by up to a third (Lamare et al., Unpublished). Considering this, it
suggests that the additional energy which is being utilized by Na+/K+-ATPase in larval P.
huttoni and O. validus is being re-partitioned from other physiological processes, as no
additional energy is being created through an increase in metabolism, in order to meet the
higher ion-regulatory demands. Furthermore, the reallocation of energetic resources towards
ion-regulation is additionally supported in the current investigation by a reduction in the size
of larval body components and post-oral rods in P. huttoni, and the reduction in stomach size
in O. validus.
The reformation of energetic budgets in order to favour ion-regulation through Na+/K+ATPase is not a novel phenomenon. In 2010, Deigweiher and colleagues ascertained that the
Antarctic notothenoids, Notothenia coriiceps and Gobionotothen gibberifrons, were increasing
the amount of energy which was partitioned to ion-regulatory processes when adults were
exposed to hypercapnic conditions. Despite there being no evident changes in the metabolic
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rate of these individuals, there was an increase in the energy partitioned to Na+/K+-ATPase.
Subsequently, Deigweiher et al. (2010) established that the fraction of energy which was being
exploited by residual processes, such as proton leak, was halved. This suggests that despite
there being no change in the overall energetic demand, rearrangements in the energetic budget
occurs such that to match the new requirements for acid-base regulation. An increase in
Na+/K+-ATPase activity has been further ascertained in other teleost species, such as the
eelpout (Gill tissue (Deigweiher et al., 2008)); as well as an up-regulation in the transcription
and translation of ion channels and transporter proteins in the gill tissue of rainbow trout
(Ivanis et al., 2008, Perry et al., 2000).

4.6

Conclusions


Using novel assay techniques, I ascertained that the early life history stages of E.
chloroticus experimentally reared in seawater acidified to that predicted for 2100 and
2250 exhibited no significant changes in Na+/K+-ATPase activity.



E. chloroticus may increase the involvement of other ion transporters, such as H+ATPase, or passive mechanisms, such as HCO3-, Mg2+, Ca2+ and protein accumulation
to maintain ion homeostasis



The early life history stages of P. huttoni and O. validus experimentally reared under
seawater conditions predicted for 2100 and 2250 do not exhibit any significant changes
in the activity of Na+/K+-ATPase. Nonetheless, there was a trend of increased activity
when embryos/larvae are cultivated in acidified conditions.



P. huttoni and O. validus may reallocate energy from other physiological processes,
such as skeletogenesis and somatic growth, towards ion-homeostasis.
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Chapter 5
Effects of lowered seawater pH
on the expression of the α-subunit
of Na+/K+-ATPase in the early life
history stages of Evechinus
chloroticus
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5.1

Introduction

As described by Todgham and Hofmann (2009), gene expression studies are an accurate and
vigorous approach towards understanding the physiological responses to ocean acidification
by marine organisms, which are initiated at a molecular level. Ultimately, this type of data can
provide information on the resilience, tolerance and adaptive ability of present day populations
to future climate change (Todgham and Hofmann, 2009).
Recently, there are several reports which have been published on marine invertebrates, looking
at

the impact of lowered pH and increased pCO2 on genes responsible for metabolism

(Todgham and Hofmann, 2009, Stumpp et al., 2011a, Hüning et al., 2012), the stress response
(Todgham and Hofmann, 2009, O'Donnell et al., 2009, O'Donnell et al., 2010), calcification
(Todgham and Hofmann, 2009, Zippay and Hofmann, 2010, Stumpp et al., 2011a), protein
synthesis (Todgham and Hofmann, 2009), apoptosis (Todgham and Hofmann, 2009) and ionregulation (Todgham and Hofmann, 2009, Martin et al., 2011, Stumpp et al., 2011a).One of
the pioneering transcriptome investigations was that of Todgham and Hofmann (2009). They
determined that, when sea urchin S. purpuratus larvae were exposed to acidified conditions,
the expression of more than 80 genes related to calcification, metabolism, ion regulation and
the stress response decreased. Nonetheless, there was an elevation in the expression of several
genes, including ATP-synthase. This is somewhat corroborated by findings by Stumpp et al.
(2011a), who established that genes related to metabolism (such as ATP-synthase) increased,
while calcification related genes (such as Ca2+-ATPase) were down-regulated.
Nevertheless, there is still considerable debate as to the actual mechanisms which respond to
acidosis and hypercapnia. The conclusions made by Todgham and Hofmann (2009) and
Stumpp et al., (2011a) are contrasting. Todgham and Hofmann (2009) suggested that, as there
is an evident reduction in metabolic genes, such as those involved in the tricarboxylic acid
cycle and electron transport chain, there is a reduced capacity to generate ATP. Additionally,
they reported a decrease in the expression of genes related to protein synthesis and several
ATPases, including Na+/K+-ATPase. Subsequently, Todgham and Hofmann (2009) concluded
that the early life history stages of sea urchins may be undergoing metabolic depression in
response to lowered seawater pH. This is likely mediated through the reduction in
energetically costly processes, such as ion-regulation through Na+/K+-ATPase (Todgham and
Hofmann, 2009). Conversely, Stumpp et al., (2011a,b)

proposed that sea urchin larvae

respond to lowered pH and hypercapnia by increasing the energy partitioned to ion regulation,
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increasing their aerobic metabolic rate. This is supported by the upregulation in genes related
to metabolism and Na+/K+-ATPase (Stumpp et al., 2011a).
It is evident that in order to resolve the current discrepancies which exist in the literature about
the physiological mechanisms which respond to ocean acidification, further molecular studies
are needed. This is especially so when regarding the potential changes in ion-regulation in the
early developmental stages of marine invertebrates.
There is a wide variety of mechanisms that can be employed by an organism to regulate
cellular pathways in response to an environmental stressor, such as allosteric modulation (the
regulation of an enzyme by an effector molecule) through G- protein coupled receptors (May
et al., 2007) and integrins (Hynes, 2002). However, the most rapid and flexible of these is gene
expression regulation. At present, there are a large number of sensitive genetic techniques to
investigate the molecular response of cellular pathways to stressors, including reduced
seawater pH and high pCO2 (Todgham and Hofmann, 2009). One of the most notable and
mainstream is real-time quantitative PCR (qPCR). The recent accumulation of papers using
qPCR supports the transformation of this technique from an experimental tool, to scientific
mainstream (Ginzinger, 2002). The general applications of qPCR are numerous, including
messenger (mRNA) expression studies, measurements of DNA copy number, transgene copy
number and the validation of microarray and transcriptome data (Ginzinger, 2002). This
method has been shown to be relatively cost efficient. This is attributable to the expansion of
low cost instrumentation, reagents and custom-made oligonucleotides (primers).
Ultimately, real-time qPCR is a modification of the standard PCR technique whereby cDNA is
quantified. This is generally through the detection of a fluorescent signal after each round of
amplification (Ginzinger, 2002, Hofmann et al., 2008),which allows the determination of the
relative starting quantity of messenger RNA (mRNA) (Ginzinger, 2002, Hofmann et al.,
2008).Through this, the researcher is able to measure the relative gene expression in a cell or
tissue type at a particular point in time, with high resolution and precision (Hofmann et al.,
2008). The method generally only focuses on one gene target at a time, making this a more
specific and robust approach than microarrays, allowing scientists to recognize mechanisms,
or, define what is occurring in a particular biochemical/molecular pathway (Hofmann et al.,
2008). Unfortunately, only genes with sufficient sequence information are assessed using this
method, as gene-specific primers are required for the amplification of gene targets.
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5.2

Chapter aims

The aim of this chapter was to investigate whether there is an increase in mRNA transcript
abundance of the α-subunit of the Na+/K+-ATPase occurring in response to predicted nearfuture ocean acidification. By using real-time quantitative PCR, I was able to determine
whether the early life history stages of E. chloroticus responded by changing the expression
levels for the energetically costly membrane transporter Na+/K+-ATPase.

5.3

Methods and Materials

5.3.1 Experimental design
Spawning and embryo preparation are described in Chapter 2 (Section 2.3). Following
fertilisation, embryos were immediately transferred and suspended into one of twelve two litre
culture vessels which contained one of three pHs (pH 8.1, pH 7.8, pH 7.6). Altogether there
were four replicates in each pH treatment (N=4). These were maintained at 15oC ±1oC.
One sample (40mg wet weight) of embryos/larvae from each culture chamber was taken via
filtering on 50µm mesh at zero (2 hours post-transfer), two, four and six days postfertilisation. Embryos/ larvae were placed in 1.5 ml microcentrifuge tubes and pelleted by
centrifugation at 10 000g (Mini Spin™, Ependorff). Excess seawater was removed by
aspiration. Samples were snap frozen using dry ice and stored at -80oC for the isolation of
partial Na+/K+-ATPase cDNA and real-time PCR.

5.3.2 Preparation of partial cDNA encoding E. chloroticus Na+/K+-ATPase α-subunit
Total RNA was extracted from the embryos/larvae of E. chloroticus in accordance with the
Trizol® protocol (Invitrogen). Complementary DNA was generated from 1µg of total TURBO
DNase free™ (Ambion® Life technologies) treated total RNA using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems) keeping with the manufacturers protocol. An
E. chloroticus Na+/K+-ATPase α-subunit fragment was amplified by PCR using primers
designed around sequence of previously published echinoid (S. purpuratus (Tu et al., 2012);
National centre of Biotechnology Information (NCBI): NM_001123510.1) Na+/K+-ATPase αsubunit (LOC404637). Primer parameters, including reverse and forward sequence, length,
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annealing temperature, GC% and amplicon length is described in Table 16. The PCR protocol
consisted of denaturing for 5 minutes at 94oC and 35 cycles of 30 seconds at 94oC, 30 seconds
at 60oC, 45 seconds at 72oC, with a final extension at 1 minute at 72oC, and was performed
using BioTaq™ Red DNA polymerase (Bioline) and the associated Bioline reagents. The
amplified PCR product was extracted from an agarose gel (0.8%) with Nucleospin™ Gel and
PCR Clean up Kit (Macherey-Nagel) and sent for sequencing at Genetic Analysis Services,
University of Otago, Dunedin, New Zealand. The identity of a 384 bp cDNA (Appendix 29)
was confirmed (Basic Local Alignment Search Tool (BLAST) alignment, NCBI,
http://blast.ncbi.nlm.nih.gov/). The isolated Na+/K+-ATPase sequence was used to design
primers for the qPCR assay (primers are shown in Table 16).
Table 16. Oligonucleotide primers, and associated primer information, used for the preparation
of Evechinus chloroticus Na+/K+-ATPase cDNA or for quantitative real-time PCR.
Application

Primer

Sequence (5’→3’)

Length Annealing

type

GC% Amplicon

temperature

size (bp)

PCR

Forward

GGACGACAAGGCAGTTCTGA

20

59.97

55

384

PCR

Reverse

GGGTTAGGAGCTCAGGAGGA

20

60.03

60

384

qPCR

Forward

CTGGGACGACAAGGC

15

53.28

66.7

135

qPCR

Reverse

CGTCCAGGTTTAGGGC

16

53.66

62.5

135

5.3.3 q PCR assay
cDNA was generated using total RNA extracted and treated using the same protocol as
described in Section 5.3.1. QPCR primers (Table 16) were based on the partial Na+/K+ATPase α-subunit fragment isolated from embryos/larvae of E. chloroticus (Section 5.3.1).
QPCR reactions consisted of 0.53µM of each primer (10nM concentration), 5.3ng cDNA
template and 2X SYBR® Premix Ex Taq™ II (Tli RNaseH plus) (Takara BIO INC, Japan),
the resultant total reaction volume was 6.2µl. Reactions were carried out on a Stratagene
Mx3000P (Stratagene, LaJolla, Ca, USA) thermal cycler under the following standard reaction
conditions: 30 seconds at 95oC, followed by 40 cycles of 5 seconds at 95oC and 45 seconds at
63oC. A standard curve was generated by serial 10-fold dilutions of amplified qPCR product,
containing cDNA for E. chloroticus Na+/K+-ATPase α-subunit, extracted from agarose gel
(0.8%) using the Nucleospin™ Gel and PCR Clean up Kit (Macherey-Nagel). Concentrations
of qPCR standards used in the assays, in addition to the associated amplification efficiency,
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are show in Table 17. The target gene was assayed in duplicate, with two no-template controls.
To confirm that only one PCR product was amplified, the dissociation curve of amplified
products were analysed at the end of the last amplification cycle.
Table 17. qPCR standard concentrations and amplification efficiencies for quantitative PCR
assay for Na+/K+-ATPase.
Target

PCR standards used in

Amplification efficiency %

assay per µl
Na+/K+-ATPase

10-1-10-6

95.3

5.3.4 Statistical analyses
Normalizing qPCR data over reference genes was not possible in the current investigation as I
was unable to isolate partial sequences for the internal control gene, β-actin (Todgham and
Hofmann, 2009). Subsequently, significant differences in Na+/K+-ATPase messenger RNA
levels were evaluated using three different normalization methods: 1) ng/µg total RNA; 2)
relative copy number per mg wet weight, as described by Divers et al. (2010); and 3) the
relative starting concentration as derived from log-linear calculations obtained automatically
from LinRegPCR (Ramakers et al., 2003, Ruijter et al., 2009).
When employing normalization by LinRegPCR outliers were removed and raw florescence
data were exported to the programme LinRegPCR (Version 11.0; 24-01-2009 (Ruijter et al.,
2009)) to determine the PCR amplification efficiency and starting concentrations of Na+/K+ATPase. The individual PCR efficiency and CT values were used to calculate a relative
Na+/K+-ATPase expression value, according to the equation E∆Ct(Ct Min-Ct sample), where E
refers to PCR efficiency, Ct Min denotes the lowest Ct value and Ct sample is the Ct value for
each amplification (Ramakers et al., 2003).
A two-way ANOVA was used to test for any significant (∂ <0.05) effects of days postfertilisation, pH treatment and the interactive effect of both days post-fertilisation and pH
treatment, on the mRNA levels of Na+/K+-ATPase. If a significant interactive effect was
determined between days post-fertilisation and pH treatment, Na+/K+-ATPase expression was
tested for significance using one-way ANOVA in order to discern the effect of pH treatment.
Post hoc pair-wise comparisons (∂ <0.05) were used to determine the differences between
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days and pH treatments. The Shapiro-Wilk test (Shapiro and Wilk, 1965) was used to check
that the data were normally distributed, and the Levene test/Bartlett test was used to check that
variances were homogeneous. If necessary, data was log transformed prior to statistical
analysis.
All statistical analyses were performed using CRAN R version 2.15.2 (29-02-2012) for
windows (Auckland, New Zealand).

5.4

Results

5.4.1 Normalization methods
The intra- and inter-assay (two runs) variability was evaluated for each normalization method,
results for each method are shown in Table 18. The lowest CV were obtained when qPCR data
was normalized using total RNA and when the relative copy number was normalized over mg
wet weight. The highest CV was attained when using LinRegPCR with individual
amplification efficiencies (Table 18). Based on the results obtained for the intra- and interassay CV, data normalized over µg total RNA was used for the remainder of the analyses and
discussion of this chapter. Results for mRNA transcript abundance normalized using copy
number over the total wet weight, and automatically through LinRegCR are shown in
Appendices 30-32.
Table 18. Intra- and Inter-assay variability of the three indicated normalization methods.
Coefficients of variation are calculated from three replicate PCR reactions (N=3).
Normalization method

Intra-assay CV

Inter-assay CV

ng/µg total RNA

0.635

0.431

Relative copy number per

1.788

0.431

62.585

116.50

mg wet weight
LinRegPCR

5.4.2 Change in E. chloroticus Na+/K+-ATPase mRNA levels with pH treatment

There was a decrease in transcript abundance in larvae reared in pH 7.8 and pH 7.6. This was
especially marked immediately following fertilisation, where by there is a significant effect of
days on transcript abundance (F(3, 64) = 3.48, p = 0.02). The Na+/K+-ATPase transcript levels
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were significantly lower for embryos/larvae reared in pH 7.6 compared to ambient pH (Figure
40) (F(2, 64) = 3.514, p = 0.04). Post-hoc pair-wise comparisons reveal that mRNA transcript
abundance was significantly reduced in pH 7.6 embryos at 0 days post-fertilisation. There was
no effect of the interaction between days and pH treatment on mRNA transcript abundance
(F(6, 64) = 1.55, p = 0.18).
This is consistent with the results obtained when data was normalized over the relative copy
number per wet weight (F(2, 60) = 6.99, p = 0.002; Appendices 30-32). Moreover, using this
normalization method, post-hoc pairwise comparisons reveal there is a statistically significant
increase in Na+/K+-ATPase mRNA levels from four days in larvae from pH 7.8 and pH 7.6. In
contrast to data normalized over µg of total RNA, a significant interactive effect of days and
pH treatment on mRNA transcript abundance was detected when normalizing qPCR using

Relative Na+/K+-ATPase mRNA abundance
(ng/ µg total RNA)

copy number of mg wet weight (F(6, 60) = 8.47, p = 0.001) (Appendices 30-32).

180

175

*

170
pH 8.1
pH 7.8

165

pH 7.6
160

155
0

2
4
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Figure 40. Changes in mRNA levels of the α-subunit of Na+/K+-ATPase of Evechinus
chloroticus embryos and larvae reared in either ambient (pH 8.1), mid (pH 7.8) or low (pH
7.6) acidified seawater. All data were normalized over µg total RNA. N=4; values are means ±
S.E.M. Significant differences are represented by asterisks overlaying the bars (* significant at
p < 0.05, ** significant at p < 0.01, *** significant at p < 0.001).
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5.5

Discussion

5.5.1 pH-mediated changes in Na+/K+-ATPase mRNA levels in E. chloroticus
Essential to our ability to predict how ocean acidification will impact marine organisms is to
understand the underlying physiological mechanisms which allow marine organisms to
tolerate the associated changes in seawater carbonate chemistry (Todgham and Hofmann,
2009) The present investigation has allowed me to ascertain the changes in the mRNA
transcript abundance of the α-subunit of Na+/K+-ATPase in response to CO2-driven seawater
acidification in the early life history stages of E. chloroticus.
I hypothesized that mRNA levels for the α-subunit of Na+/K+-ATPase will increase in E.
chloroticus embryos/larvae cultivated in pH conditions predicted for 2100 and 2250. The
results from the current investigation do not support this hypothesis.
The primary method of ion regulation relies predominately on proton (H+) and bicarbonate
(HCO3-) transport. This is commonly through active ion-transporters and/or passive HCO3accumulation. Consequently, a positive relationship exists between the capacity of a species to
ion-regulate and subsequent intra- and extracellular pH compensation (Heisler, 1982,
Todgham and Hofmann, 2009). Although I did not measure the associated changes in
extracellular and intracellular pH in the different compartments within the embryos and larvae,
the changes in the abundance of Na+/K+-ATPase suggests that this ion-regulatory pathway is
being impacted by the reduction in seawater pH and/or hypercapnia.
It is apparent in the present investigation that Na+/K+-ATPase transcript abundance decreased
following fertilisation in embryos/larvae cultivated in pH 7.6. This trend is consistent to the
results ascertained by Todgham and Hofmann (2009) and O'Donnell et al. (2009), who
established that there ws a decrease in the expression of a number ATPases (H+-ATPase and
Na+/K+-ATPase) when larval S. purpuratus (Todgham and Hofmann, 2009) and L. pictus
(O’Donnell et al. 2009) were cultivated in reduced pH seawater. The reduction in Na+/K+ATPase transcript abundance early in development in embryos/larvae reared in pH reduced
seawater in the current investigation, and those from Todgham and Hofmann (2009) and
O'Donnell et al. (2009), suggests that larval sea urchins may respond to acid-base disturbance
through reducing the amount of energy which is partitioned to Na+/K+-ATPase, one of the
most energy consuming biological processes in developing larvae (Leong and Manahan,
1997). This energy is likely to be reallocated to other ion-regulatory transport systems. As
suggested from the increase in aerobic metabolism in larvae reared in pH 7.6 (Chapter 3,
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Section 3.5.7), it is possible that the energy is partitioned towards other ATP consuming
transport systems, such as H+-ATPase. Nonetheless, as suggested by Todgham and Hofmann
(2009) and Portner et al. (2000), it is probable that a considerable fraction of the energy is used
by other, more energy efficient systems, such as Na+/H+ and Cl-/HCO3- exchangers or other
physiological processes.
In contrast to the earlier stages of development, from four days, larvae reared in pH 7.8 and
pH 7.6 exhibited an increase in the expression of Na+/K+-ATPase compared to larvae from pH
8.1. Nonetheless, this was only statistically significant when relative copy number was
normalized per mg wet weight (Appendixes 30-32). The upregulation of Na+/K+-ATPase
transcripts in larvae reared in reduced seawater pH in the current investigation is supported by
the results by Stumpp et al. (2011a).
Leong and Manahan (1997) ascertained that only half of the total Na+/K+-ATPase activity is in
reserve, and can be rapidly activated when required, this includes supporting for the increase
in cellular ion regulatory demand under acidified conditions. This suggests that the abundance
of Na+/K+-ATPase is highly plastic to environmental conditions, and is able to change rapidly
depending on the requirements of homeostasis.
It is evident from the current investigation that the upregulation of Na+/K+-ATPase is stagespecific, such that an increase in transcript abundance is only apparent from four days postfertilisation. It is possible that the early life history stages of E. chloroticus respond differently
to reduced pH in accordance to the profile of their energetic budgets. Early in development,
more energy may need to be partitioned for cell proliferation and the necessary physiological
processes associated with embryo development, however, once the echinopluteus stage has
been achieved, there is likely a shift in the energetic budget, such that, more can be partitioned
towards ion-homeostasis. This may explain the difference in the abundance of Na+/K+-ATPase
in developmental time in E. chloroticus. Nevertheless, further physiological investigations
focusing on the effect of ontogeny on the mechanisms employed for ion-homeostasis are
required to confirm this hypothesis.
Alternatively, as described by Mitsunaga-Nakatsubo et al. (1992b), the rise in Na+/K+-ATPase
transcript abundance may be a result of gastrulation. These authors ascertained that during
gastrulation, there is a significant increase in the expression of Na+/K+-ATPase. Consequently,
this would suggest that the increase in Na+/K+-ATPase expression in the current investigation
may be an artefact of the rapid increase in cell number, whereby, there is an increase in mRNA
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translation, producing the increase in the Na+/K+-ATPase, which is necessary component for
the proliferating cells (Mitsunaga-Nakatsubo et al., 1992b, Martin et al., 2011). This is further
supported by the gastrulation related increase in Na+/K+-ATPase activity in the current
investigation (Chapter 4), and the increase in Na+/K+-ATPase expression by Marsh et al.
(2000). Nonetheless, further research needs to be performed on the genetic and protein
regulation of Na+/K+-ATPase before this hypothesis can be confirmed (Martin et al., 2011).

5.5.2 Effect of normalization on Na+/K+-ATPase mRNA levels
As discussed by Huggett et al. (2005), while qPCR is widely used for the quantification of
mRNA levels, there are a number of problems related with its use. This includes the variability
of extraction protocols, difference reverse transcription and PCR efficiencies, and the inherent
variability of RNA (Bustin and Nolan, 2004, Huggett et al., 2005). Accordingly, it is essential
that the technique used to normalize qPCR data is accurate in order to control this error.
Nonetheless, it is evident that normalization remains one of the most difficult problems in
qPCR (Huggett et al., 2005). There are several methods of normalization, ranging from using
an internal reference gene, total RNA or automatic normalization programs, such as
LinRegPCR.
In the current investigation, qPCR data was normalized using three different methods.
Although the trends produced by each method were somewhat similar, there was considerable
variability in the relative starting quantity of mRNA predicted between each method. This was
especially prominent in qPCR data normalized using LinRegPCR.

5.5.2.1 Normalization using total RNA and the relative copy number per mg wet weight
The accuracy of gene expression quantification is influenced by both the quantity and quality
of starting RNA. Normalization using total RNA is useful, as it ensures similar reverse
transcriptase input (Huggett et al., 2005). Nonetheless, this method does not control for error
which is introduced at reverse transcription (Huggett et al., 2005).
Normalizing copy number per mg of tissue weight is a good method to establish the relative
abundance of a target gene, especially when comparing two or more tissue types (Tichopad et
al., 2003). Moreover, it was an accurate method of normalization when cokmparing relative
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abundance across time, this is especially so when the target tissue itself is significantly
changing in mass (Divers et al., 2010).
In the present investigation, normalizing qPCR data over total RNA yielded trends in relative
mRNA levels which were consistent to those when the relative copy number was normalized
per mg wet weight. Moreover, when qPCR data is normalized using both methods, the relative
starting concentrations appear to be quite stable. The reproducibility, inferred through intraand inter-assay variation, for these normalization methods was high, with both methods
generating the lowest coefficients of variation. This further corroborates normalizing qPCR
data over total µg RNA and relative copy number over mg wet weight as the most reliable
methods.

5.5.2.2 Normalization using LinRegPCR
As described by Ramakers et al. (2003), most qPCR data analysis procedures, such as the
comparative Ct method, assumes that the PCR efficiency for the amplicon of interest is
constant or even. It has been reported that in the case of the Ct method, the PCR efficiencies
can vary over a range of 1.8-2.0 from the assumed efficiency (equal to 2). When this variation
is incorporated into the analysis, the end-point value is able to vary over a ten-fold range.
Subsequently, this can lead to a calculated value ranging from 0.7 to 210. This suggests that
the Ct method is extremely sensitive to variations in PCR efficiencies (Ramakers et al., 2003).
Moreover, the authors scrutinize the use of a standard curve, suggesting that the chance exists
for contamination of the cDNA sample used for serial dilutions. This contamination will
reduce the PCR-efficiency, additionally; dilution of this sample will result in a decrease in the
impact on the PCR efficiency, causing it the efficiency to increase with each dilution step.
This results with each sample in the standard curve having varying PCR efficiencies, which
deviates from the standard-curve-derived efficiency (Ramakers et al., 2003). Subsequently,
based on the evidence provided by Ramakers et al. (2003), and to by-pass the assumption that
the PCR efficiency for each sample for each amplicon is constant, the qPCR data was analysed
using a method which uses the florescence measured per cycle to calculate the starting
concentration and the PCR efficiency in each individual sample (Ramakers et al., 2003). This
was performed automatically using the program LinRegPCR (Ruijter et al., 2009).
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In contrast to the total RNA or copy number over mg wet weight, when the qPCR data was
normalized automatically using LinRegPCR, the data is considerably variable, despite the
removal of outliers. It is likely that this reflects the use of individual amplification efficiencies
for each sample, rather than using the average for the log-linear calculations. This is
corroborated by the findings by Cikos et al. (2007). These authors compared the performance
of six normalization techniques by testing their accuracy at quantifying samples with known
relative amounts of target mRNAs. Overall, Cikos et al. (2007) ascertained that the best results
were obtained with the relative standard curve method, the comparative Ct method, and
DART-PCR and LinRegPCR when the average amplification efficiency was used in the
associated calculations. They established that the worst results were obtained with the methods
which use individual efficiency values, such as that used in the present investigation with
LinRegPCR. Moreover, it was evident that the techniques which use the individual
efficiencies also have the lowest reliability (Cikos et al., 2007). This is further corroborated by
the intra- and inter-assay coefficients of variance determined in the current investigation
(Table 18).
Based on the suggestions by Ramakers et al. (2003), correcting for individual sample
efficiency should improve the accuracy and reproducibility of quantification. Nonetheless, it is
apparent from the results attained in the current study, and those from Cikos et al. (2007), that
the use of individual efficiency values impairs the calculation of relative starting
concentrations. Cikos et al. (2007) suggest that, as the negative effects of using individual
efficiencies were evident despite the calculation method, the impact on quantification is
connected with the limited precision of individual data. In contrast to using individual
efficiency, the average efficiency value obtained from the group of amplifications eliminates
individual imprecisions, providing a reliable value of amplification efficiency (Cikos et al.,
2007). This explains the highly variable results obtained in the present investigation when
qPCR data was normalized using log-linear calculations based on individual amplification
efficiencies in LinRegPCR (Ramakers et al., 2003, Ruijter et al., 2009).

5.6

Conclusions


For the first time, it was ascertained that the mRNA transcript abundance for the αsubunit of Na+/K+-ATPase decreased significantly early in development (fertilisation
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to two days post-fertilisation) in embryo/larval E. chloroticus cultivated in seawater
conditions predicted for 2100 and 2250.


Na+/K+-ATPase transcript abundance increased later in development (four to six days
post-fertilisation), in larvae reared in pCO2 - acidified conditions, although, this was
only statistically significant when relative copy number is normalized per mg wet
weight.



Results suggest that the molecular response of the early life history stages of E.
chloroticus is somewhat plastic and may depend on ontogeny.



There is evidence to suggest that Na+/K+-ATPase may be up-regulated in response to
reduced pH. Nonetheless, this is only evident from four days post-fertilisation



Further research needs to be conducted on the molecular response of early life history
stages to confirm the role of Na+/K+-ATPase, and the impact of ontogeny, on the ionregulatory mechanisms which respond to near-future ocean acidification.
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Chapter 6
General discussion
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Ocean acidification has emerged over recent years as a major area of research in marine
science (Hofmann et al., 2010). The exponential increase in experimental work focusing on
the effects of altered seawater carbonate chemistry has ascertained that there will be broadscale deleterious effects on the physiology and survival of many marine species from across
the globe. Although the responses to ocean acidification are highly complex, and are both
species- and habitat-specific, these negative effects are substantial. It is anticipated that the
associated deleterious impacts will fashion broad-scale changes in the ecosystem, ranging
from local population extinctions to a reduction in overall ecosystem functioning (Dupont et
al. (2010) and references therein).
Due to the evident sensitivity of the early life history stages of marine organisms, it is
important to recognize the effects of ocean acidification during embryo and larval
development. These stages are considerably important to recruitment, and are able to directly
influence population dynamics and the physiological processes which occur later in an
organism’s life history (Kurihara, 2008, Albright et al., 2010, Kroeker et al., 2013).
Subsequently, it is necessary to understand the effects of ocean acidification on the early life
history stages of key marine invertebrates in order to ascertain potential impacts at the
individual, population and ecosystem level.
This raises one pertinent question; what physiological mechanisms do the early life history
stages of these key marine invertebrates use to respond to ocean acidification? With this in
mind, the aim of this investigation was to evaluate the responses of the early life history stages
of key marine invertebrates at the organismal level, with the intent of extending the
observations to develop a mechanistic approach of how marine organisms may react to
predicted near future ocean acidification. I hypothesized that:
1) The CO2-driven ocean acidification will deleteriously impact the development and
metabolism of the early life history stages of the three echinoderm species selected for this
study.
2) Reduced seawater pH and elevated pCO2 will primarily impact the energetic budget of the
embryonic and larval stages of all three echinoderm species, mediating a reduction in larval
size. This is a result of more energy being partitioned towards ion-regulation and cellular
homeostasis, rather than somatic growth. In particular, there will be an increase in the activity
and mRNA transcript abundance of the important, although ATP-consuming, transmembrane
protein, Na+/K+-ATPase.
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3) The physiological mechanisms underlying the responses to ocean acidification will not vary
as a function of latitude and will not be species-specific. However, the magnitude of the
morphological and metabolic effects will depend on the region of origin and species, with
greater effects observed in the temperate species.
In order to explore these hypotheses, I quantified the effects of reduced seawater pH and
elevated pCO2 on development, metabolism, and changes in the activity and mRNA transcript
abundance of the ion-transporter Na+/K+-ATPase, in the early life history stages of three
ecologically important echinoderm (two echinoids and one asteroid) species. The pH levels
considered for this investigation include ambient (pH 8.1) and those which reflect the CO 2
emission and ocean acidification scenarios predicted by the Intergovernmental Panel on
Climate Change (IPCC, 2007) for the years 2100 (pH 7.8) and 2250 (pH 7.6). To ascertain
whether there were any latitudinal differences in the response to ocean acidification, one polar
and two temperate species were chosen for this study.

6.1

Summary of results

The results presented in Chapter 3 expand on the morphometric research conducted by Clark
et al. (2009), suggesting that both temperate echinoids, E. chloroticus and P. huttoni, will be
deleteriously impacted by seawater pH predicted for 2100 and 2250. The body length, body
width and post-oral rod length were negatively impacted by reduced seawater pH, with larvae
being significantly smaller, and developing differently. The magnitude of this response was
somewhat pH dependent. Generally, the length of the post-oral rods were the most plastic,
with the decrease in size associated with pH. Contrastingly, it was evident that the polar
asteroid, O. validus, was somewhat tolerant to a decrease in pH, with no change in body length
or body width. Nonetheless, it was apparent that there was a pH-related decrease in stomach
length in this species. In terms of aerobic metabolism, I ascertained that E. chloroticus
embryos/larvae cultivated in seawater acidified to that predicted for 2250 (pH 7.6) increased
their aerobic metabolism in response to acidosis/hypercapnia.
These results both corroborate (morphological results for E. chloroticus and P. huttoni) and
refute (morphological results for O. validus and response of aerobic metabolism in E.
chloroticus) the first hypothesis of this study; cultivating the early life history stages of these
key marine invertebrates will deleteriously impact development and metabolism. Furthermore,
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I ascertained in all three key marine invertebrates examined, that reduced pH may act as a
teratogen in embryos, impacting blastocoel development.
Chapter 4 provides, for the first time, evidence that the early life history stages of all three
species examined do not significantly change the activity of Na+/K+-ATPase in response to
seawater pH predicted for 2100 and 2250. Moreover, the results from Chapter 5 suggest that
there was a significant difference in the mRNA levels of Na+/K+-ATPase in larvae cultivated
in pH 7.8 and pH 7.6. It was apparent that transcript abundance for Na+/K+-ATPase increased
following fertilisation until two - days post-fertilisation. Nonetheless, this trend was no longer
evident from four days post-fertilisation, where there was an increase in the mRNA levels. Of
note however, this was only statistically significant when qPCR data was normalized using
relative copy number per mg wet weight.
These results refute the hypothesis that the early life history stages of the three key
echinoderm species will respond to near-future ocean acidification by increasing ionregulation through an increase in the activity of the important, albeit energetically costly,
Na+/K+-ATPase.
Refer to Table 19 for a complete summary of the results obtained in Chapters 3, 4 and 5.
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Table 19. Summary of responses of Evechinus chloroticus, Pseudechinus huttoni and
Odontaster validus to near-future oceanic pH levels, under experimental conditions. pH levels
correspond to those predicted by IPCC (2007) ((IPCC, 2007) for the years 2100 (pH 7.8) and
2250 (pH 7.6). Effects are shown with the following symbols: Negative (-), no change (O) and
positive (+) compared to larvae cultivated in ambient (pH 8.1).
Species

Biological process

pH 7.8

pH 7.6

Evechinus

Body morphology

-

-

chloroticus

Post-oral rod length

-

-

Na+/K+-ATPase activity

O

O

Na+/K+-ATPase expression

O

O

Aerobic Metabolism

+

Pseudechinus

Body morphology

O/-

O/-

huttoni

Post-oral rod length

-

-

Na+/K+-ATPase activity

O

O

Odontaster

Body morphology

O/+

O/+

validus

Stomach length

-

-

Stomach width

O

O

Na+/K+-ATPase activity

O

O

6.2

Impact of predicted near-future ocean acidification at the individual level

There have been several physiological mechanisms proposed which describe how the early life
history stages of echinoderms respond to predicted near-future ocean acidification. Currently,
the two prevailing hypotheses are that: 1) as a result of acid-base disturbance, the maintenance
of intracellular pH and cellular homeostasis requires additional energy. This results in reduced
growth of developing larvae due to the indirect effects of a change in the partitioning of
energetic budget, such that, more energy is partitioned towards ion-homeostasis (Deigweiher
et al., 2010, Thomsen and Melzner, 2010, Stumpp et al., 2011b). Alternatively 2) the reduction
in extracellular and intracellular pH induces a depression in aerobic metabolism, this is

123

achieved by reducing the amount of energy involved in ion-regulation via a shift to more ATPefficient ion-transporters (Portner et al., 1998, Portner et al., 2000).
It is evident from the results of Chapters 3, 4 and 5 that the early life history stages of the
three key marine invertebrates respond to near-future ocean acidification through changes in
energetic budgets. However, there are some differences in mechanisms which underlie the
reallocation of energy, and what physiological processes are favoured when embryos/larvae of
these species are cultivated in seawater pH predicted for 2100 and 2250.
In the current investigation, the physiological response and changes in the mRNA transcript
abundance of the α-subunit of Na+/K+-ATPase in the embryos/larvae of E. chloroticus were
robustly evaluated with the intent to establish a mechanistic response against which P. huttoni
and O. validus could be compared. The current results suggest that both P. huttoni and O.
validus respond to near-future ocean acidification by altering the amount of energy allocated
to processes such as calcification and somatic growth, such that, more energy can be allocated
to ion-homeostasis. This is through slightly increasing the activity of Na+/K+-ATPase.
Comparably, E. chloroticus also respond to the acidosis/hypercapnic stress through repartitioning energy. However, it is possible that this energy is allocated to other ATP-costly
ion-transporters, such as H+-ATPase. Additionally, this was reflected in the elevation in
respiration rates, despite no significant changes in Na+/K+-ATPase activity. The mRNA
transcript abundance for Na+/K+-ATPase somewhat corroborates this. Following fertilisation,
to two days post-fertilisation, there was a significant decline in Na+/K+-ATPase expression
when embryos/ larvae are cultivated in pH 7.6. Nonetheless, Na+/K+-ATPase expression does
increase, albeit only significantly when relative copy number is normalized per mg wet
weight, at four post-fertilisation. This may reflect the increase in demand for Na+/K+-ATPase
to compensate the associated acid-base disturbance at this stage of development. Nevertheless,
it is possible that the rise in Na+/K+-ATPase expression may be the result of gastrulation
occurring at this stage of development. Comparably, it is likely that all three species
additionally compensate the associated acidosis and hypercapnic stress, to a certain degree,
through the passive accumulation of HCO3-, Ca2+, Mg2+ and proteins.
In conclusion, although it was established that P. huttoni and O. validus respond similarly to
mpredicted near-future ocean acidification, the early life history stages of E. chloroticus may
use contrasting mechanisms to compensate for the associated acidosis/hypercapnic stress.
Subsequently, this refutes the current hypothesis that the early life history stages of all three
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key marine invertebrates will use comparable physiological mechanisms to respond to
seawater acidified to that predicted for 2100 and 2250.

6.3

Impact of predicted near-future ocean acidification at the population level

Reduced pH will have implications for the ecology of E. chloroticus, P. huttoni and O.
validus. In E. chloroticus and P. huttoni, development, as inferred from morphology, is
severely compromised as a result of reduced seawater pH predicted for the years 2100 and
2250. Although development was robust in O. validus, stomach length was deleteriously
impacted by the reduction in seawater pH. As described by Dupont et al. (2010) a delay in
development will result in an increased chance of predation, ensuing in higher mortality.
Overall, this will result in a reduction in recruitment to the population. From their review,
Dupont et al. (2010) made it evident that changes in important physiological processes and
life-cycle bottlenecks, such as that driven by a change in developmental processes, is able to
drive whole species responses.
Despite the short duration of this investigation, based on the impacts on the physiology and
mRNA transcript abundance (E. chloroticus), chronic exposure to elevated pCO2 and reduced
pH could result in marked physiological changes in larvae during their pelagic stage.
Ultimately, this will have latent effects on the development, growth, thermal and stress
tolerance, settlement and reproduction (Todgham and Hofmann, 2009). Considering the
synergistic impacts of ocean acidification and warming, combined with the predictions that
habitats residing in high latitudes are expected to experience the impacts of ocean acidification
within this century, the implications for these key life-history stages is likely to be substantial
for the distribution, abundance and population dynamics for the two temperate echinoids and
one polar asteroid investigated (Fabry et al., 2008, Orr et al., 2005, Todgham and Hofmann,
2009).

6.4

Impact of predicted near-future ocean acidification at the ecosystem level

Due to the apparent vulnerability of embryos/larvae of the species examined in the current
investigation, there is a large potential for ecosystem mismatches, such that, ecological
processes involving these species become asynchronous. This will likely drive ecosystem wide
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implications, and may result in a change or loss in ecosystem functioning (Dupont et al., 2010,
Hofmann and Todgham, 2010). This is especially so considering that all three species act as
keystone components in their respected ecosystems. Dupont et al. (2010) determine that,
although echinoderms may appear somewhat robust to a decline in oceanic pH when the data
is considered at the individual level, when specific ecological processes and potential lifecycle bottlenecks are reflected together with ecological feedbacks, impacts on echinoderms are
likely to create negative consequences to the ecosystem. For instance, under predicted ocean
acidification scenarios, the brittle star Ophiothrix fragilis is anticipated to be eradicated by the
year 2050. This dominant keystone species is able to high densities (up to 7,000 individuals
per m-2) creating physically intricate beds, facilitating the creation of complex ecosystems
(Davoult and Migné, 2000). From this, Dupont et al. (2010) conclude that the decline in such
an essential species will likely drive major changes in many key ecosystems.
Since all three species investigated in the current study have key roles within both pelagic and
benthic ecosystems, it is anticipated that any potential declines in population abundance and/or
distribution will have far-reaching ecosystem effects, deleteriously impacting ecosystem
functioning and resulting in ecosystem shifts. This will be especially evident for both E.
chloroticus and O.validus which both regulate the abundance of dominating algal and sponge
communities respectively.

6.5 Future directions
Despite the mounting interest in acclimation and adaptation to ocean acidification (Evans and
Hofmann, 2012), there is still little knowledge regarding the definitive processes involved in
acclimatization and adaptation in marine organisms. While there are currently a large number
of short-term experiments which have ascertained the high variability in physiological
responses of marine organisms to near-future ocean acidification, there are very few longduration experiments. As discussed by Kroeker et al. (2013), additional experiments which run
for extended periods are required in order to understand the effects which ocean acidification
has on important physiological processes, such as calcification, growth, reproduction and
survival. It is evident that the potential for acclimation and/or adaptation to ocean acidification
could lessen the effects on marine invertebrates, and, as recommended by Kroeker et al.
(2013), remains a critical area for future research. As suggested by the current investigation,
there is considerable variation in the physiological responses to near-future pH decline within
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taxonomic groups, species and life history stages. Understanding whether this variation is
attributed to biological differences among species, local adaptation between populations,
acclamatory capacities, ontogenetic differences in physiology, or simply, an artefact of
experimental error, remains open to further research (Kroeker et al., 2013).
Marine organisms will not be subjected to ocean acidification in isolation, but rather, will be
impacted by several climate stressors at once. This includes, but is not limited to, ocean
warming, sea level rise, and increased UV radiation (Fabry et al., 2008, Kroeker et al., 2013).
In many organisms even the slight change in a single environmental stressor may have
detrimental impacts on organism function. This is corroborated from the present investigation.
Nonetheless, the interaction of several environmental stressors acting simultaneously is able to
fashion broad scale changes in individual physiology, population dynamics, and ultimately,
ecosystem functioning (Griffith et al., 2012). Subsequently, further research is necessary in
order to evaluate the physiological responses of marine invertebrates to multiple climate
stressors. Moreover, in order to assess ecosystem wide impacts, additional investigations
which involve the quantification of complex ecosystem processes are required. This can
achieved be through further empirical investigations, which also combine regional and global
scale modelling (Fabry et al., 2008).

6.6 Conclusions


Findings suggest that the early life history stages of the three ecologically important
benthic echinoderms investigated will be deleteriously impacted by seawater pH
predicted for 2100 and 2250.



Body parameters for the early life history stages of both E. chloroticus and P. huttoni
are negatively impacted by reduced seawater pH, with larvae being significantly
smaller, and developing heterogeneously. It is likely this is related to the increased
costs of calcification and skeletal maintenance, internal dissolution of skeletal
components due to passive buffering (accumulation of HCO3-, Ca+, Mg+ and proteins)
processes, and/or the reallocation of energy from somatic growth and skeletogenesis
towards the maintenance of ion-homeostasis.



The development of the polar O. validus appeared to be relatively robust to the effects
of predicted near-future ocean acidification which may be attributed to pre-adaptation.
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Using novel assay techniques, it was established that the early life history stages of P.
huttoni and O. validus respond to reduced pH by slightly increasing, albeit
insignificantly, the activity of the important ion-transporter Na+/K+-ATPase.
Contrastingly, the early life history stages of E. chloroticus exhibit an insignificant
trend of decreasing Na+/K+-ATPase activity.



mRNA transcript abundance for the α-subunit of Na+/K+-ATPase decreased
significantly early in development (fertilisation to two days post-fertilisation) in
embryo/larval E. chloroticus cultivated in seawater conditions predicted for 2100 and
2250. However, this trend was not sustained, such that, later in development (four- six
days post-fertilisation) there is an increase in Na+/K+-ATPase expression.
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8 Appendices
Appendix 1. Table of representative examples of the responses of reduced seawater pH and/or increased pCO2 in marine organisms. The
responses from tropical, temperate and polar species are described. Information derived from published manipulative experiments only.

Class
Gastropoda

Origin

Ontogeny

Species

Treatment

Responses

Reference

Tropical

Adults

Strombus luhanus

Reduced growth

Temperate

Early life
history
Early life
history
Adult

Haliotis discus

pH 7.9 (pCO2 =
560ppm)
pCO2 1650-2150
mu atm
pH 7.87
pH 7.3

Shell dissolution, decrease metabolism and
growth, degradation of proteins
Reduced survival, increased shell abnormality

Shirayama and
Thornton (2005)
Kimura et al.
(2011)
Zippay and
Hofmann (2010)
Michaelidis et
al. (2005)
Crim et al.
(2011)
Bibby et al.
(2008)
Melzner et al.
(2011)

Temperate
Temperate
Temperate
Temperate

Early life
history
Adult

Haliotis rufescens
Mytilus
galloprovincialis
Haliotis kamtschatkana
Mytilus edulis

pCO2 = 800,
1800 ppm
pH 7.7-6.7

Decreased fertilisation and hatching rate,
decreased shell length, increased abnormalities
Reduced thermal tolerance

Disruption of immune system

Adult

pCO2 = 240, 450
Pa

Dissolution of internal nacreous layers of shell

Adult

pCO2 = 3854000 mu atm
pCO2 = 3701100ppm
pCO2 = 2801080 mu atm
pH 7.5 (pCO2 =
3500 mu atm)

Shell length and growth decreased

pH 7.39

Reduced larval shell growth, reduced survival

Polartemperate
Polar

Adult

Limacina retroversa

Adult

Limacina helicina

Bivalvia

Tropical

Juvenile, adult

Crassostrea virginica

147

TropicalTemperate

Early life
history

2

Argopecten
irradians

Reduced shell mass
Reduced precipitation of CaCO3
Increased juvenile mortality, inhibited shell and
somatic growth, increased RMR, reduced shell
hardness and fracture toughness

Thomsen and
Melzner (2010)
Manno et al.
(2012)
Comeau et al.
(2010)
Beniash et al.
(2010)

White et al.
(2013)

Appendix 1. Continued
Decapoda

Temperate

Adults

Carcinus maenas

Adults

pCO2 = 6503500 mu atm

Reduced feeding and growth rates

pH 7.7

Negatively impacts closer-muscle length and
claw strength increment
Reduced O2 partial pressure, reduced aerobic
scope, reduced thermal window
Reduced coral recruitment by cumulative
negative effect on fertilisation and settlement.
Post-settlement linear elongation rate decreased
Increased extracellular bicarbonate
concentration- otherwise little physiological
changes

Appelhans et al.
(2012)
Landes and
Zimmer (2012)

Malacostraca

Temperate

Adult

Cancer pagurus

1% CO2 (air)

Anthozoa

Tropical

Acropora palmate

pCO2 = 560-800
mu atm

Cephalopoda

Tropical

Early life
history,
juvenile
Adult

Sepia officinalis

pCO2 = 6000 pa

Tropical

Adult

Dosidicus gigas

pH 7.62

Reduced metabolism, reduced locomotor activity

Anopla

Polar

Early life
history

3

pH 7.7-7.0

Increased blastula, gastrula and coeloblastula
abnormally developed

Sipunculidea

Global

Adult

pH 6.7

Increased net protein degradation. Reduced
aerobic metabolism, shift in amino acids used
and a reduction in overall amino acid catabolism

Langenbuch and
Portner (2002)
Langenbuch et
al. (2006)

1% CO2 (air)

Change metabolic mode and rate. i.e. metabolic
depression.

Portner et al.
(1998)

Altered energy budgets – increased fractional
energy for physiological processes

Deigweiher et
al. (2010)

Resistant to pH effects on somatic growth,
swimming speed, swimming ability,
development to 2100µatm – beyond this a
reduction in larval size and developmental delay
Changes in microbial community composition of
dominate microbes

Bignami et al.
(2013)

Parabolasia
corrugatus
Sipunculus nudus

Adult

Actinopterygii

Polar

Florideophyceae Tropical

148

Adult

Gobinotothen
gibberifrons,
Notothenia coriiceps

pCO2 =
10000ppm

Early life
history

Rachycentron canadum

800-5400µatm

Mature

Crustose coralline
algae

pH 7.9-7.5

Metzger et al.
(2007)
Albright et al.
(2010)
Gutowska et al.
(2010)

Rosa and Seibel
(2008)
Ericson et al.
(2010)

Webster et al.
(2013)

Appendix 2. Respiration rate (pmol O2 mg protein-1 hr-1) of Evechinus chloroticus larvae
cultivated under ambient (pH 8.1) seawater conditions. There were no significant differences
in the respiration rates of larvae when oxygen rate was assessed in varying densities (5-90) of
larvae (F(1,57) = 2.857 p=0.096).

Oxygen consumption (pmol O2 mg
protein -1 hr-1)

1200
1000
800
600
400

R² = 0.119

200
0
0

20

40
60
Number of larvae

80

100

Figure A1. Respiration rate (pmol O2 mg protein-1 hr-1) of Evechinus chloroticus larvae
cultivated under ambient (pH 8.1) and low (pH 7.6) seawater over 6 days post-fertilisation.
N=4; values are means ± S. E. M.
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Appendix 3. Two-way ANOVA of the effects of pH and Day on various morphological
parameters of Evechinus chloroticus larvae reared under three different pH treatments (pH
8.1, pH 7.8, and pH 7.6). Analysis was based on normalized data. P-values in bold indicate
significant differences.
Morphological Source
variable
Body Length
Day
Treatment
Treatment
x Day
Residual
Body width
Day
Treatment
Treatment
x Day
Residual
Post-oral rod
Day
length
Treatment
Treatment
x Day
Residual

DF

SS

MS

F

P

3
2
6

122634
12579
102279

40878
6290
17046

64.24
4.88
26.79

<0.001
<0.001
<0.001

186
3
2
6

1183670
114723
29467
76214

636
38241
14734
12704

58.89
22.69
79.56

<0.001
<0.001
<0.001

186
2

120794
845097

636
42248

200.89

<0.001

2
4

314845
31347

157422
7837

74.84
3.726

<0.001
0.006
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Appendix 4. One-way ANOVA of the effects of pH on various morphological parameters of
Evechinus chloroticus larvae reared under three different pH treatments (pH 8.1, pH 7.8, and
pH 7.6). Analysis was based on normalized data. P-values in bold indicate significant
differences.
Morphological Days postvariable
fertilisation
Body length
2
4
8
11
Body width
2
4
8
11
Post-oral rod
4
length
8
11
Blastocoel
2
Width

150

DF

F

P

2, 44
2, 59
2, 47
2, 36
2, 44
2, 59
2, 47
2, 36
2, 59

37.83
28.39
24.41
5.64
44.23
4.2
25.06
11.7
131

<0.001
<0.001
<0.001
0.07
<0.001
0.02
<0.001
<0.001
<0.001

2, 47
2, 36
2, 44

11.29
21.47
33.68

<0.001
0.006
<0.001

Appendix 5. Mean length ± S.E.M (µm) of body components in Evechinus chloroticus larvae
cultivated in three different pH treatments (pH 8.1, pH 7.8, and pH 7.6). Values represent the
four sampling days throughout out the eleven day experimental period (N = 4).
Days postfertilisation
2

4

8

11

151

Body Length
pH 8.1:
218.28±2.70
pH 7.8:
285.66±3.05
pH 7.6:
215.25±11.19
pH 8.1:
195.2±3.55
pH 7.8:
159.77±3.23
pH 7.6:
207.14±7.93
pH 8.1:
202.23±4.70
pH 7.8:
143.22±7.35
pH 7.6:
165.58±6.04
pH 8.1:
215.90±8.49
pH 7.8:
187.97±9.07
pH 7.6:
176.09±7.58

Body Width

Post-oral rod
length

Blastocoel
width

219.98±2.49

N/A

134.10±1.59

275.34±4.53

N/A

162.33±7.18

203.60±8.83

N/A

102.07±5.92

182.96±4.63

231.83±4.84

N/A

164.98±4.92

145.94±4.11

N/A

164.95±6.67

131.50±5.65

N/A

211.48±7.77

369.08±14.86

N/A

144.58±6.66

316.72±9.78

N/A

166.77±6.25

273.15±17.17

N/A

223.50±8.56

399.18±17.00

N/A

179.50±5.34

342.02±16.67

N/A

177.87±8.76

244.32±15.57

N/A

Appendix 6. Two-way ANOVA of the effects of pH and Day on various morphological
parameters of Evechinus chloroticus larvae reared under three different pH treatments (pH 8.1,
pH 7.8, and pH 7.6). Analysis was based on normalized data. P-values in bold indicate
significant differences.
Morphological
variable
Body Length

Body width

a

Post-oral rod
length

Source

DF

SS

MS

F

P

Day
Treatment
Treatment
x Day
Residual
Day
Treatment
Treatment
x Day
Residual
Day

2
2
4

141504
69612
24198

70752
34808
6050

93.86
46.18
8.03

<0.001
<0.001
<0.001

306
2
2
4

230661
281936
8135
13939

754
140968
4068
3485

187.85
5.40
4.64

<0.001
0.005
0.001

303
1

227376
525397

750
525397

307.05

<0.001

Treatment 2
169171
84586
49.43
<0.001
Treatment 2
61495
30747
17.97
<0.001
x Day
Residual
247
422651
1711
a
One-way ANOVA per day not required as Day x Treatment response had an insignificant
effect on length. Pair-wise comparisons performed among pH treatments notwithstanding days
post-fertilisation.

Appendix 7. One-way ANOVA of the effects of pH on various morphological parameters of
Evechinus chloroticus larvae reared under three different pH treatments (pH 8.1, pH 7.8, and
pH 7.6). Analysis was based on normalized data. P-values in bold indicate significant
differences.
Morphological Days postvariable
fertilisation
Body Length
2
4
8
Body width
2
4
8
Post-oral rod
4
length
8
Blastocoel
2
Width
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DF

F

P

2, 59
2, 140
2, 107
2, 59
2, 140
2, 104
2, 140

7.20
41.02
5.41
14.87
5.55
0.69
26.53

0.002
<0.001
0.006
<0.001
0.005
0.50
<0.001

2, 107
2, 59

36.73
3.66

<0.001
0.032

Appendix 8. Mean length ± S.E.M (µm) of body components in Evechinus chloroticus larvae
cultivated in different pH treatments (pH 8.1, pH 7.8, and pH 7.6). Values represent the three
sampling days throughout out the eight day experimental period (N = 4).
Days postfertilisation
2

4

8

Body Length
pH 8.1:
148.12±3.08
pH 7.8:
128.79±7.45
pH 7.6:
124.39±5.44
pH 8.1:
208.39±5.91
pH 7.8:
160.30±3.31
pH 7.6:
156.43±3.93
pH 8.1:
200.10±3.62
pH 7.8:
197.03±4.45
pH 7.6:
183.46±3.92

Body Width

Post-oral rod
length

Blastocoel
width

145.65±3.36

N/A

49.52±1.40

107.25±6.39

N/A

45.79±4.49

125.58±4.94

N/A

56.93±2.70

169.36±3.42

188.31±5.62

N/A

153.19±3.29

133.01±5.42

N/A

164.77±3.79

167.36±5.11

N/A

208.31±4.22

301.36±8.50

N/A

215.70±4.50

245.81±7.94

N/A

206.03±7.05

214.61±6.20

N/A

Appendix 9. Two-way ANOVA of the effects of pH and Day on various morphological
parameters of Pseudechinus huttoni larvae reared under three different pH treatments (pH 8.1,
pH 7.8, and pH 7.6). Analysis was based on normalized data. P-values in bold indicate
significant differences.
Morphological Source
variable
Body Length
Treatment
Day
Treatment
x Day
Residual
Body width
Treatment
Day
Treatment
x Day
Residual
Post-oral rod
Treatment
length
Day
Treatment
x Day
Residual

153

DF

SS

2
2
4

MS

F

P

327232 163616
14777 7389
11593 2398

275.53
12.44
4.88

<0.001
<0.001
<0.001

247
2
2
4

146677
48183
1186
8954

52.76
1.30
4.90

<0.001
0.275
<0.001

247
1

112784 457
90769 90769

161.92

<0.001

2
2

44586
9926

22293
4963

39.77
8.85

<0.001
<0.001

163

91374

561

594
24092
593
2238

Appendix 10. One-way ANOVA of the effects of pH on various morphological parameters of
Psuedechinus huttoni larvae reared under three different pH treatments (pH 8.1, pH 7.8, and
pH 7.6). Analysis was based on normalized data. P-values in bold indicate significant
differences.
Morphological Days postvariable
fertilisation
Body Length
3
5
7
Body Width
3
5
7
Post-oral rod
5
length
7
Blastocoel
3
Width

DF

F

P

2, 84
2, 77
2, 86
2, 84
2, 77
2, 86
2, 77

0.624
1.554
14.4
9.25
1.59
1.97
6.85

0.53
0.21
<0.001
<0.001
0.21
0.146
0.002

2, 86
2, 84

35.46
10.27

<0.001
<0.001

Appendix 11. Mean length ± S.E.M (µm) of body components in Psuedechinus huttoni larvae
cultivated in different pH treatments (pH 8.1, pH 7.8, and pH 7.6). Values represent the three
sampling days throughout out the seven day experimental period (N = 3).
Days postfertilisation
3

5

7

154

Body Length
pH 8.1:
165.39±6.73
pH 7.8:
160.91±9.48
pH 7.6:
164.52±11.02
pH 8.1:
202.98±14.51
pH 7.8:
189.99±19.55
pH 7.6:
193.55±11.98
pH 8.1:
270.41±17.27
pH 7.8:
242.39±14.06
pH 7.6:
233.65±17.45

Body Width

Post-oral rod
length

Blastocoel
width

158.44±6.93

N/A

103.29±7.46

139.84±16.66

N/A

93.41±8.06

141.31±6.95

N/A

87.9±7.79

157.35±10.75

99.99±14.85

N/A

156.21±15.59

80.22±9.73

N/A

148.64±8.36

82.77±10.61

N/A

171.74±14.47

162.08±16.77

N/A

183.97±15.37

102.45±12.03

N/A

181.28±13.23

127.10±15.31

N/A

Appendix 12. Two-way ANOVA of the effects of pH and Day on various morphological
parameters of Odontaster validus larvae reared under three different pH treatments (pH 8.1,
pH 7.8, and pH 7.6). Analysis was based on normalized data. P-values in bold represent
significant differences

Morphological
variable
Body Length

Body width

Stomach length

Stomach width

155

Source

DF

SS

MS

F

P

Day
Treatment
Treatment x
Day
Residual
Day
Treatment
Treatment x
Day
Residual
Day
Treatment
Treatment x
Day
Residual
Day
Treatment
Treatment x
Day
Residual

3
2
5

1637400
45625
53689

545800
22813
10738

199.1
8.32
3.92

<0.001
<0.001
0.002

192
3
2
5

526326
157152
4953
34754

2741
52384
2466
6951

57.17
2.69
7.59

<0.001
0.07
<0.001

192
2
2
3

175923
36526
3185
18059

916
18262
1592
6020

33.52
2.92
11.05

<0.001
0.04
<0.001

136
2
2
3

7409
4722
197
3866

545
2360.8
508.5
1228.5

6.08
1.31
3.32

0.0029
0.273
0.02

136

52726

388

Appendix 13. One-way ANOVA of the effects of pH on stomach length of Odontaster
validus larvae reared under three different pH treatments (pH 8.1, pH 7.8, and pH 7.6).
Analysis was based on normalized data. P-values in bold indicate significant differences.
Morphological Days postvariable
fertilisation
Body length
4
7
21
50
Body width
4
7
21
50
Stomach length 7
21
50
Stomach width 7
21
50

156

DF

F

P

2, 56
2, 72
2, 44
1, 20
2, 56
2, 72
2, 44
1, 20
2, 72
2, 44
1, 20
2, 72
2, 44
1, 20

165
3.81
1.92
4.01
25.34
0.18
2.91
1.98
33.52
2.92
11.05
6.09
1.31
3.32

<0.001
0.03
0.158
0.06
<0.001
0.84
0.06
0.175
<0.001
<0.001
0.68
0.003
0.27
0.02

Appendix 14. Mean length ± S.E.M (µm) of body components in Odontaster validus larvae
cultivated in different pH treatments (pH 8.1, pH 7.8, and pH 7.6). Values represent the four
sampling days throughout out the fifty day experimental period (N = 3).
Days postfertilisation
4

7

21

50

157

Body Length
pH 8.1:
175.17 8.29
pH 7.8:
245.64±10.96
pH 7.6:
205.00±6.15
pH 8.1:
268.81±9.59
pH 7.8:
302.69±11.20
pH 7.6:
300.68±11.20
pH 8.1:
386.63±15.49
pH 7.8:
361.09±15.46
pH 7.6:
432.29±36.58
pH 8.1:
452.53±13.00
pH 7.6:
520.71±29.02

Body Width

Stomach Width

Stomach
Length

204.97±4.16

N/A

N/A

257.38±7.55

N/A

N/A

209.70±4.74

N/A

N/A

195.37±4.78

73.80±4.28

88.89±4.65

192.67±4.89

97.72±3.15

101.21±3.60

191.13±4.21

81.17±5.30

98.40±3.54

175.90±6.92

144.21±7.08

97.68±6.19

161.53±6.08

111.23±5.96

90.13±4.29

185.53±8.79

106.40±7.59

80.47±5.65

248.66±8.00

105.69±5.60

113.18±5.87

284.31±22.05

110.12±8.25

102.11±5.06

Appendix 15. Two-way ANOVA of the effects of pH and Day on the routine metabolic rate
(inferred through oxygen consumption) of Evechinus chloroticus larvae reared under two
different pH treatments (pH 8.1 and pH 7.6). Analysis was based on normalized data. P-values
in bold represent significant differences

Physiological
variable
Oxygen
consumption

Source

DF

SS

MS

F

P

Day

5

1644992

328998

11.49

<0.001

Treatment
Treatment x
Day
Residual

1
4

1110520
875649

1110520
218912

38.79
7.65

<0.001
<0.001

48

1374061

28626

Appendix 16. Pairwise comparisons of the effects of pH on the routine metabolic rate
(inferred through oxygen consumption) of Evechinus chloroticus larvae reared in pH 8.1 and
pH 7.6. Analysis was based on normalized data. P-values in bold represent significant
differences
Physiological
variable
Oxygen
consumption
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Days post- DF
fertilisation
0
1

T

P

0

1

2
3
4
6

-1.337
-3.965
-2.728
0.755

0.249
0.023
0.071
0.490

4.164
3.362
3.052
4.238

Appendix 17. The total concentration of phosphate, as detected through the modified
molybdenum blue method for Evechinus chloroticus embryos cultivated in pH 8.1 at zero days
post-fertilisation, incubated in the total Na+/K+-ATPase activity assay for either one or two
hours. Incubation of sample homogenate for one hour provides the best results, with an
incubation period at two hours ensuing in the sub-optimal results from the ouabain-limiting
Na+/K+-ATPase assay. This corroborates the proposed incubation period evident in the
protocol published by Leong and Manahan (1997).

Phosphate concentration (ppm)

0.9
0.8
0.7
0.6
0.5
0.4

0.3
0.2
0.1
0
One

1

Two

Time incubated (hours)

Figure A2. Total concentration of phosphate, as detected through modified molybdenum blue
method, for Evechinus chloroticus embryos cultivated in pH 8.1 at zero days post-fertilisation,
incubated in the total Na+/K+-ATPase activity assay for either one or two hours. Enzyme
measurements were made at 25OC. N=2; values are means ± S.E.M.

Appendix 18. The protocol for the primary reagents; Ammonium molybdate solution and
ascorbic acid solution; used for the determination of phosphate modified from the Murphy and
Riley (1962) molybdenum blue method.

1). Ammonium molybdate solution: 230 mg Potassium antimony tartrate was dissolved in 800
mL distilled water. 69.4 mL of cooling Sulfuric acid was added, and the solution carefully
mixed. 6 g Ammonium molybdate was then dissolved and the resultant solution was made up
to 1000ml with distilled water.
2). Ascorbic acid solution: 11g Ascorbic acid was dissolved of 800mL of distilled water.
60mL acetone was added to the solution, the resultant solution was made up to a total of
1000mL with distilled water.
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Appendix 19. Concentration of phosphate detected in reagents of the total Na+/K+-ATPase
which have been supplemented with either 20 or 200 ppb phosphate. Active reagents from
Na+/K+-ATPase assay do not have an interactive effect on the molybdenum blue phosphate
assay.

Concentration of phosphate (ppb)

250

200
Buffer solution
(homogenisation and reaction
solutions)

150

Ouabain (with buffer solutions)
100
Standards (control)

50

0
20

200

Concentration of phosphate supplemented into reagents (ppb)

Figure A3. Total concentration of phosphate, as detected through the modified molybdenum
blue method, of active reagents used in the Na+/K+-ATPase assay which have been
supplemented with either 20 or 200 ppb phosphate compared to the respective control
standards made in distilled water. N=3; values are means ± S.E.M.

Appendix 20. Non-parametric Kruskal-Wallis one-way ANOVA of the effects of the active
Na+/K+-ATPase assay reagents, mixed homogenisation and reaction buffer solution and
ouabain, on the molybdenum blue phosphate assay. Reagents have been supplemented with
either 20 or 200 ppb phosphate, and are compared to standards made in distilled water
(controls). Analysis was based on data with heterogeneous variance, as homogeneity and
normality could not be achieved through transformation.
Concentration of
supplemented phosphate
(ppb)
20
200

160

X2

DF

P

0.1138
2.0522

2
2

0.9447
0.3584

A

B

0.0025

0.18

0.0015
pH 8.1

0.001

pH 7.8
pH 7.6

0.0005

Protein (µg larve -1)

0.16

0.002

0.14

pH 8.1

0.12

pH 7.8

0.1

pH 7.6

0.08
0.06
0.04
0.02

0

0
0

2

4

6

3

Days post-fertilisation

5

7

Days post-fertilisation

C
0.6
Protein (µg larvae -1)

Protein (µg larvae -1)

Appendix 21. Total protein content throughout the early development of Evechinus
chloroticus, Pseudechinus huttoni, and Odontaster validus.

0.5
0.4
pH 8.1

0.3

pH 7.8

0.2

pH 7.6
0.1
0
4

7

21

50

Days post-fertilisation

Figure A4. Total amount of protein per embryo/larvae, as quantified by the standard Bradford
assay (BSA standard), throughout the early life history stages of A) Evechinus chloroticus
(N=4), B) Pseudechinus huttoni (N=3), C) Odontaster validus (N=3), reared in either ambient
(pH 8.1), mid (pH 7.8) or low (pH 7.6) acidified seawater. Values are means ± S.E.M.
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Appendix 22. Two-way ANOVA of the effects of pH and Day on total protein content in
Evechinus chloroticus, Pseudechinus huttoni, Odontaster validus and Sterechinus neumayeri
larvae exposed to three different pH treatments (pH 8.1, pH 7.8, and pH 7.6). Analysis was
based on normalized data. P-values in bold indicate significant differences.
Species
E. chloroticus a

P. huttoni a

O. validus

Source
Treatment
Day
Treatment
x Day
Residual
Treatment
Day
Treatment
x Day
Residual
Treatment
Day

DF
2
3
6

SS
1.2x10-12
5.71x10-

MS
F
6.04x10-13 13.817
1.903x10- 4.35

11

11

1.14x10

-

1.91x10-13 4.36

0.0007

12

80
3
2
3

3.5x10-1
0.152
0.235
0.235

4x1014
0.051
0.117
0.078

4.351
10.09
6.72

0.043
0.006
0.014

8
2
3

0.09301
6.67x10-8
1.812x10-

0.012
3.33x10-8
6.04x10-8

1.825
3.304

0.160
0.023

2.767

0.021

7

Treatment
x Day
Residual

P
7.01x106
<2x10-16

5

2.23x10-7

5.06x10-8

106

1.937x10-

1.828x10-

6

8

a

One-way ANOVA per day not required as Day x Treatment response had an insignificant
effect on length. Pair-wise comparisons performed among pH treatments notwithstanding days
post-fertilisation.

Appendix 23. One-way ANOVA of the effects of pH on the protein content of Evechinus
chloroticus larvae exposed to three different pH treatments (pH 8.1, pH 7.8, and pH 7.6).
Analysis was based on normalized data. P-values in bold indicate significant differences.
Species
E. chloroticus
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Days postfertilisation
0
2
4
6

DF

F

P

2, 21
2, 19
2, 21
2, 19

6.40
1.09
2.93
10.9

0.0068
0.356
0.076
0.0007

Appendix 24. One-way ANOVA of the effects of pH on the protein content of Pseudechinus
huttoni larvae exposed to three different pH treatments (pH 8.1, pH 7.8, and pH 7.6). Analysis
was based on normalized data. P-values in bold indicate significant differences.
Species
P. huttoni

Days postfertilisation
3
5
7

DF

F

P

2, 2
2, 3
2, 3

1.793
7.565
0.228

0.358
0.067
0.809

Appendix 25. One-way ANOVA of the effects of pH on the protein content of Odontaster
validus larvae exposed to three different pH treatments (pH 8.1, pH 7.8, and pH 7.6). Analysis
was based on normalized data. P-values in bold indicate significant differences.
Species
O. validus

Days postfertilisation
4
7
21
50

DF

F

P

2, 45
2, 45
2, 19
1, 19

0.099
2.987
0.021
0.618

0.378
0.061
0.980
0.030

Appendix 26. Two-way ANOVA of the effects of pH and Day on the activity of Na+/K+ATPase of Evechinus chloroticus larvae acutely exposed to three different pH treatments (pH
8.1, pH 7.8, and pH 7.6). Analysis was based on normalized data. P-values in bold indicate
significant differences.
Response
Na+/K+/ATPase
activity a

Source
Day

DF
3

SS
1426

MS
475.2

F
4.031

P
0.010

Treatment
2
146
73.0
0.619
0.541
Treatment
6
589
98.1
0.832
0.549
x Day
Residual
80
9432
117.9
117.9
a
One-way ANOVA per day not required as Day x Treatment response had an insignificant
effect on length. Pair-wise comparisons performed among pH treatments notwithstanding days
post-fertilisation.
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Appendix 27. Two-way ANOVA of the effects of pH and Day on the activity of Na+/K+ATPase of Psuedechinus huttoni larvae acutely exposed to three different pH treatments (pH
8.1, pH 7.8, and pH 7.6). Analysis was based on normalized data. P-values in bold indicate
significant differences.
Response
Na+/K+/ATPase
activity a

Source
Day

DF
2

SS
604.7

MS
302.34

F
8.892

P
0.0008

Treatment
2
81.0
40.49
1.191
0.317
Treatment
4
58.7
14.69
0.432
0.784
x Day
Residual
32
1088.0
34
a
One-way ANOVA per day not required as Day x Treatment response had an insignificant
effect on length. Pair-wise comparisons performed among pH treatments notwithstanding days
post-fertilisation.

Appendix 28. Two-way ANOVA of the effects of pH and Day on the activity of Na+/K+ATPase of Odontaster validus larvae acutely exposed to three different pH treatments (pH 8.1,
pH 7.8, and pH 7.6). Analysis was based on normalized data. P-values in bold indicate
significant differences.
Response
Na+/K+/ATPase
activity a

Source
Day

DF
3

SS
142.1

MS
47.37

F
1.75

P
0.162

Treatment
3
618.4
206.12
7.614
0.0001
Treatment
4
27.3
683
0.252
0.907
x Day
Residual
96
2598.9
27.07
a
One-way ANOVA per day not required as Day x Treatment response had an insignificant
effect on length. Pair-wise comparisons performed among pH treatments notwithstanding days
post-fertilisation.
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Appendix 29. Partial Na+/K+-ATPase α-subunit partial nucleotide sequence isolated from
Evechinus chloroticus.
1 ttaaaattat agtgctactc gtactgtacg acgkatcmgt tctcgttgca ccgccaacta
61 ggcttcagtg tcaatgcgtt atgttcgtat tggtcagtca ttaggcaata atttgacgat
121 acaaatacaa tacaaatttg tctcacactg cctgcctcta cgatgatcsa atagcgaaat
181 cataasaaac ttgacttcka gtttcytctt acsgsacktg asaaaagttc gccttgTCGt
241 cTcGAagact gcgwtgtcgt ccwgacttgw cgwccmrgwc twcsmctgrt raygcsagcw
301 ttgtstcwgc cggtgatgca agttttgcca acacctcaga cgcccaggat cagctcgaag
361 aacagaatcg ccttgtcgtc ccag

Appendix 30. Na+/K+-ATPase mRNA levels of Evechinus chloroticus embryos and larvae
reared in pH 8.1, pH 7.8 or pH 7.6 seawater using two different methods of normalization. At
zero and two days there is an evident decrease in Na+/K+-ATPase transcript abundance in
larvae reared in acidified conditions. Nonetheless levels increase at four and six days postfertilisation, surpassing levels ascertained for larvae reared in ambient.

Log Relative Na+/K+-ATPase mRNA
abundance (copy number/ mg wet
weight)

A

16
***

14
12

*

*

10

3.0

Figure A5. Changes in Na+/K+pH 7.8 ATPase mRNA levels of Evechinus
chloroticus embryos and larvae
pH 7.6
reared in either ambient (pH 8.1),
mid (pH 7.8) or low (pH 7.6)
acidified seawater. A) Data
normalized relative copy number per
mg wet weight; B) Data normalized
using log-linear regression
automatically calculated through
LinRegPCR. N=4; values are means
± S.E.M. Significant differences are
represented by asterisks overlaying
the bars (* significant at p < 0.05, **
pH 8.1
significant at p < 0.01, ***
pH 7.8
significant at p < 0.001).
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Appendix 31. Two-way ANOVA of the effects of pH and Day on the relative mRNA
abundance of Na+/K+-ATPase Evechinus chloroticus larvae exposed to three different pH
treatments (pH 8.1, pH 7.8, and pH 7.6). Analysis was based on normalized data. P-values in
bold indicate significant differences.
Normalization method

Source

DF SS

MS

F

P

LinRegPCR a

Treatment

3

8.3

2.73

0.32

0.81

Day

2

10.5

5.26

0.60

0.55

Treatment x
Day

6

83.8

13.97 1.60

0.17

Residual

42

365.8

8.71

Treatment

3

189

63.01 3.48

0.02

Day

2

127.2

63.59 3.51

0.04

Treatment x
Day

6

168.6

28.1

0.17

Residual

64

11158 18.09

Treatment

3

79.43

26.48 279.58 <0.001

Day

2

1.32

0.60

6.99

0.002

Treatment x
Day

6

4.81

0.80

8.47

<0.001

Residual

60

5.68

0.09

ng/µg total RNAa

Relative copy number/mg wet
weight b

1.55

a

One-way ANOVA per day not required as Day x Treatment response had an insignificant
effect on length. Pair-wise comparisons performed among pH treatments notwithstanding days
post-fertilisation.
b

Data Log transformed to meet specifications of parametric two-way ANOVA analysis
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Appendix 32. One-way ANOVA of the effects of pH on the relative mRNA abundance
(relative copy number/mg wet weight) of Na+/K+-ATPase Evechinus chloroticus larvae
exposed to three different pH treatments (pH 8.1, pH 7.8, and pH 7.6). Analysis was based on
normalized data. P-values in bold indicate significant differences.
Normalization
method

Days postfertilisation

DF

F

P

Relative copy
number/mg wet
weight a

0

2, 17

4.38

0.03

2

2, 12

3.03

0.09

4

2, 13

5.96

0.02

6

2, 18

39.25

<0.001

a

Data Log transformed to meet specifications of parametric one-way ANOVA analysis
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