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Abstract

Ocean acidification is the alteration of seawater carbonate chemistry due to the
sequestration of atmospheric carbon dioxide (C02) into the ocean. An increase in dissolved
C02 (pC02 (aq)) in surface waters has caused a decrease in present day ocean surface pH by
approximately 0.1 pH units since the industrial revolution. Atmospheric C02 levels are
rising annually by 0.5% and if emissions are not mediated, ocean surface pH is predicted
to decrease by 0.3 - 0.5 pH units by the year 2100 and 0.7 - 0.77 pH units by the year 2300.

This MSc research examined the effects of ocean acidification on fertilisation and early
development in two polar organisms; the nemertean worm Parborlasia corrugatus and sea
urchin Sterechinus neumayeri, and the temperate mussel Perna canaliculus. Fertilisation
success and embryological development were observed in P.corrugatus and S.neumayeri
gametes and embryos exposed to ambient pH seawater (8.0), seawater pH predicted for the
years 2100 (pH 7.7) and 2300 (pH 7.3) and an extreme pH (pH 7.0), adjusted through
direct addition of C02 into seawater. Fertilisation, larval growth, survival, calcification and
skeletal morphology are described for P.canaliculus larvae reared in ambient seawater (pH
8.0), and acidified seawater (pH 7.7 and 7.3). An additional treatment of pH 8.3 (pre
industrial ocean pH) examined whether P.canaliculus is already being affected by a drop
in pH from pre-industriallevels.

Fertilisation success was not affected by pH in P.corrugatus but declined significantly in
S.neumayeri in pH 7.0 and 7.3 seawater at low sperm concentrations. Fertilisation in
P.canaliculus decreased significantly in pH 7.3, 7.7 and 8.3 seawater in a number of trials,
but not in others. Early cell division in both s.neumayeri and P.corrugatus were robust to
pH changes with a negative effect detected in P.corrugatus only when seawater pH was
lowered to 7.0. Sterechinus neumayeri gastrula development was abnormal in pH 7.0
seawater, while there were more abnormal P.corrugatus embryos in pH 7.0 at the blastula
stage, and also in pH 7.3 during coeloblastulation. Perna canaliculus survival, calcification
and skeletal morphology were not affected by ocean acidification. Shell length and
thickness in P.canaliculus larvae significantly decreased in pH 7.3 and pH 7.7 seawater
indicating that growth is delayed during hypercapnia. Alkalisation of seawater (pH 8.3)
had no effect on P.canaliculus growth, survival, calcification or skeletogenesis.

This study found that negative effects of acidification increased with development and
responses were species-specific, suggesting that a range of physiological and
environmental factors play key roles in determining an organism's response to reduced pH.
Effects of lowered seawater pH on organism function are complex and it is uncertain what
effect ocean acidification will have on temperate and polar organisms over the coming
centuries. However, no positive responses to acidification were seen during any studied
life stages in P.canaliculus, S.neumayeri or P.corrugatus and acclimation to decreasing pH
over short time scales is unlikely. Further studies are crucial to understand what effects
anthropogenic emissions will have on marine invertebrates at individual, community and
ecosystem levels.
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"The survival of the fittest is the ageless law of nature, but the fittest are rarely the strong.

The fittest are those endowed with the qualifications for adaptation, the ability to accept

the inevitable and conform to the unavoidable, to harmonize with existing or changing

conditions. "

- Dave E. Smalley
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Chapter 1. General Introduction

1.1 Atmospheric Carbon Dioxide and Ocean pH - Past, Present & Future

Fifty five million years ago a major climate event termed the Paleocene-Eocene Thermal

Maximum (PETM) occurred on Earth (Cowie, 2007; Kerr, 2010; Zachos, et al., 2005).

Atmospheric carbon dioxide (C02) levels soared due to a massive release of 2000 x 109

tonnes of carbon from an unknown methane source, possibly methane hydrates or volcanic

activity (Cowie, 2007; Kerr, 2010). Atmospheric CO2 concentrations rose by 1000 parts

per million (ppm) over 2 - 3 million years (Pearson & Palmer, 2000), and a rapid 5 - 9°C

increase in sea surface temperatures occurred over a short geologic time scale of 10,000

years (Zachos, et aI., 2005). The magnitude of temperature increase was so high that in

some areas, temperatures of deep bottom water rose by 4 - 5°C (Cowie, 2007). A rapid

acidification of the oceans was coupled with this rise in seawater temperature as

sequestration of CO2 into surface waters lowered ocean pH (Zachos, et aI., 2005). Boron

isotope analyses reveal that as the partial pressure of carbon dioxide (PC02) increased,

seawater pH dropped 0.25 pH units over 2 - 3 million years, and ocean pH during the

PETM is estimated to have been between pH 7.4 - 7.5 (Pearson & Palmer, 2000). As

seawater was acidified, large areas of ocean become under-saturated with carbonate,

making it difficult for calcifying organisms such as foraminiferans to build their calcareous

shells (Zachos, et aI., 2005). As a result, a mass extinction of 30 - 40% of benthic marine

foraminifera occurred (Cowie, 2007) and diversity of Antarctic Foraminifera dropped by

72% in less than 3000 years (Kennett & Stott, 1991). Ocean chemistry gradually returned

to approximately pH 7.95 through chemical weathering on the seafloor and the release of

carbonates back into the ocean (Pearson & Palmer, 2000; Zachos, et aI., 2005), but it

wasn't until a few million years later that calcareous Foraminifera returned to the sea in

abundance (Cowie, 2007).

Average seawater pH and atmospheric CO2 have remained stable over the last 20 million

years, ranging from approximately pH 8.0 - 8.3 and 120 - 340 ppm respectively (Pearson

& Palmer, 2000). Since the industrial revolution (ea. 1850), anthropogenic fossil fuel

emissions have increased atmospheric CO2 at a rate ten times higher than what has

occurred for millions of years (Doney & Schimel, 2007) and today's levels are higher than
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they have been in the past 20 million years (Pearson & Palmer, 2000). Over the past 200

years, concentrations of atmospheric COz have increased by over 100 ppm (Feely, et al.,

2004) with present levels at::::: 380 ppm and rising annually by 0.5% (Fabry, et al., 2008;

Forster, et al., 2007). Measurements taken at the Mauna Loa Observatory in Hawaii have

found that in the last 50 years, atmospheric COz has increased by 69 ppm (Keeling, et al.,

2009). These increases in atmospheric COz are also correlated with decadal increases in

average global temperature by O.BoC since 1956 (IPCC, 2007).

In an analogous situation to the PETM, increases in atmospheric pCOz over the coming

centuries are expected to lower ocean surface pH as COz is sequestered across the ocean

atmosphere interface. This phenomenon is termed 'ocean acidification' because seawater

pH approaches the acidic end of the pH spectrum as COz is dissolved in seawater. Average

seawater pH is currently between pH 8.0 - 8.2, varying latitudinally and seasonally (Clark,

et al., 2009; Haugan & Drange, 1996). Elevations in atmospheric COz since the industrial

revolution are correlated with a 0.1 unit drop in ocean surface pH (Brewer, 2009; Doney,

et al., 2009; Hoegh-Guldberg & Bruno, 2010), and this is predicted to drop by another

0.3 - 0.5 pH units by the year 2100 and 0.7 - 0.77 pH units by 2300 if anthropogenic

emissions are not mediated (Fig. 1.1.) (Caldeira & Wickett, 2003; IPCC, 2007). Surface

seawater pH in the North Pacific Ocean near Hawaii has already decreased by 0.019 units

per decade since 1992 (Dore, et al., 2009).

When the current rate of atmospheric COz increase is considered, near-future perturbations

to Earth's climate and ocean chemistry could be far more severe than the PETM event

(Cowie, 2007; Zachos, et al., 2005). Between 1000 - 2000 Gt of carbon were released into

the atmosphere over a 30 - 40,000 year time scale at the onset of the PETM (Cowie, 2007),

while human fossil fuel emissions are expected to release 2000 Gt into the atmosphere

over the coming century (Cowie, 2007).
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Figure 1.1. The relationship between increasing atmospheric pC02 and decreasing ocean
surface pH. Actual values are shown for pre-industrial times (ea. 1850) and the present
(2010). Predictions are shown for the years 2050, 2100 and 2300 based on data from Feely
et al. (2004) and Orr et al. (2005)

1.2 Seawater Chemistry and Calcium Carbonate Saturation

The ocean absorbs one third of anthropogenic CO2 emissions (Doney, et al., 2009 ; Hoegh

Guldberg & Bruno, 2010; Sabine, et al., 2004) and can store up to 50 times more carbon

than the atmosphere (Falkowski, et al., 2000). A series of chemical reactions cause the

reduction in ocean surface pH as atmospheric CO2reacts with seawater at the air/ocean

interface. Carbon dioxide reacts with H20 to form carbonic acid (H2C03) , which further

dissociates into bicarbonate (HC03-) and carbonate (CO{) ions. This process releases

hydrogen ions (H+), lowering seawater pH:

CO2 (atmos) +--+ CO2(aq) + H20 +--+ H2C03 +--+ H++ HC03- +--+ 2W + col- (Doney et al. 2009).

(eq 1.)

As C02 is sequestered into seawater and H+ concentrations increase, a net decrease of

C03
2- ions occurs in the water column (Bozlee, et al., 2008). This occurs because as the

concentrations ofH+ increase, excess H' reacts with col- to form HC03- (Bozlee, et al.,

2008; Doney, et al., 2009; Orr, et al., 2005). Therefore, the net effect of ocean CO2
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sequestration is an increase in seawater pC02, a decrease in ocean pH and carbonate ions,

and an increase in bicarbonate ions.

The net reduction of carbonate ions during acidification may have consequences for

phytoplankton, invertebrates and fish that use calcium carbonate (CaC03) to build

structures such as shells and otoliths (Fabry, et aI., 2008). Calcium carbonate is deposited

as calcite or aragonite crystals and many calcareous structures contain a combination of

these (Chateigner, et al., 2000; Kobayashi & Samata, 2006; Weiss, et al., 2002). Aragonite

is the primary mineral found in the skeletons of algae, corals, molluscs (Doney, et al.,

2009) while calcite is predominantly found in the skeletons of coccolithophorids and

foraminifera (Andersson, et aI., 2008; Feely, et aI., 2004). Calcite may also contain up to

22% magnesium carbonate (Lowenstam & Weiner, 1989; Smith, et al., 2006) and

magnesium calcite is found in the shells and skeletons of many bryozoans, echinoderms,

brachiopod and molluscs (Andersson, et aI., 2008).

Calcium carbonate is formed from calcium ions (Ca2+) and C032-ions in seawater:

(eq.2)

Because Ca2
+ concentrations are closely coupled with salinity and do not vary by more

than 1.5% (Feely, et aI., 2004), the formation of CaC03 is usually limited by col
concentrations (Doney, et al., 2009). Concentrations of cot and Ca2

+ ions available in

the water column can be determined by quantifying the saturation state (n) of the ions:

n = [Ca2+] [Cot] I K'sp. (eq. 3)

K'sp is the solubility of the ions and varies with temperature, salinity and pressure (Doney,

et al., 2009; Mucci, 1983). The K'sp also differs between the mineral phases of calcite and

aragonite; the solubility of magnesium calcite is most unstable, followed by aragonite and

then calcite (Andersson, et aI., 2008). High saturation levels of col- and Ca2
+ (n > 1.0)

indicate there are adequate quantities of the ions available to build calcareous structures,

whereas low saturation levels (n < 1.0) are likely to cause dissolution of these structures or

inhibit their formation (Doney, et al., 2009; Fabry, et al., 2008).
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The solubility of CaC03 increases with increasing pressure, therefore the saturation of

aragonite (QA) and calcite (Qc) decreases with depth (Hawley & Pytkowicz, 1969; Orr, et

al., 2005). Saturation horizons and values of QA and Qc also vary latitudinally because

calcium carbonate saturation decreases with decreasing seawater temperature (Fig. 1.2). As

oceanic CO2 sequestration increases over time, QA and Qc are expected to decrease in

shallower waters as the saturation horizon shoals upwards (Fabry, et al., 2008; Orr, et aI.,

2005).

At the present time, surface waters in most regions of the world are supersaturated with Q A

and Qc, and seawater is supersaturated with aragonite down to 3000m depths in the North

Atlantic Ocean (Fig. 1.2A) (Andersson, et al., 2008; Orr, et al., 2005). Tropical, temperate

and polar surface waters currently have average Qc values of 5.5, 3.7 and 2.6 and QA

values of3.6, 2.3 and 1.6 respectively (Fig. 1.2B) (Andersson, et al., 2008). However, even

if CO2 emissions are stabilised (506 ppm in the year 2100; IPCC, 2007), only the surface

60 m of the water column in the Southern Ocean will be saturated with aragonite by the

year 2100 (Orr, et al., 2005). If emissions are not stabilised (788 ppm in the year 2100;

IPCC, 2007), the entire water column in the Southern Ocean and regions of the Subarctic

Pacific may be undersaturated with aragonite by 2100 (Orr, et al., 2005). Approximately

40% of anthropogenic CO2 emissions are sequestered into temperate and polar oceans

located below 400S (Fabry, et al., 2009), and some models predict that large areas of

temperate and polar surface waters are already undersaturated with magnesium calcite

(Andersson, et aI., 2008). McNeil and Matear (2008) predict that during winter, the

Southern Ocean may be under-saturated with respect to aragonite by the years 2030 - 2038.

By the year 2100, sea surface concentrations of carbonate ions (COl-) in the Southern

Ocean may have decreased by 40 - 50% from current levels (McNeil & Matear, 2008).

Ocean pH and aragonite saturation in the Arctic Ocean are also decreasing due to intense

summer primary productivity which draws CO2down into the water column (Fabry, et al.,

2009). In tropical, subtropical and temperate regions above SooN, ocean surface Q A will

remain above 1.0, but the saturation horizon may still shoal upwards by up to :::::: 2500 m if

CO2emissions continue to increase (Orr, et al., 2005).

The impact of climate change on global QA and Qc is difficult to predict, as increases in

sea surface temperature by up to 4°C over the coming century may buffer the effect of C02

sequestration on QA and Qc saturation (Andersson, et al., 2008). However, synergistic
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effects between temperature and acidification are likely to be complex and nsmg

temperatures may only have a minor buffering effect (Orr, et al., 2005).

1.3 Effects of Ocean Acidification on Marine Invertebrates

Changes in sea surface carbonate chemistry may induce a range of biological responses in

marine organisms. This includes hypercapnic responses to elevated pC02(aq) such as

metabolic depression (Reipschlager & Partner, 1996) and altered intra- and extra-cellular

acid-base regulation (Melzner, et al., 2009). As mentioned in section 1.2, lower

concentrations of carbonate species (HC03-, CO{) and reduced seawater pH may also

result in less energetically favourable conditions for calcification through increased

solubility of aragonite and calcite (Orr, et aI., 2005). These processes might have profound

effects on marine ecosystems by reducing species richness and benthic biodiversity

(Hoegh-Guldberg & Bruno, 2010; Widdicombe & Spicer, 2008) and compromising

commercial fisheries (Cooley & Doney, 2009); therefore, identifying the specific effects of

reduced seawater pH on marine organisms is of considerable interest.

Previous experiments exposing marine species to lowered pH seawater have yielded a

range of outcomes for the organisms, both positive and negative. Examples include

deleterious effects in coccolithophorids (Riebesell, et al., 2000), molluscs (Fabry, et al.,

2008; Gazeau, et al., 2007; Kurihara, et al., 2009; Kurihara, et al., 2007; Michaelidis, et al.,

2005; Watson, et al., 2009), barnacles (McDonald, et al., 2009) copepods (Kurihara, et al.,

2004), pteropods (Comeau, et al., 2010) and echinoderms (Clark, et al., 2009; Dupont, et

al., 2008; Hofmann & Todgham, 2010; Kurihara & Shirayama, 2004; O'Donnell, et al.,

2010). These deleterious effects occur at a number oflevels, where lowered pH can result

in altered gene expression patterns, morphological changes, reduced calcification and

growth rates, and mortality. A reduction in shell growth and calcification can be especially

detrimental for calcareous organisms as the shell provides protection from predators and

the physical environment, and facilitates feeding and buoyancy (Simkiss & Wilbur, 1989).

Positive responses to increases in pC02 include increased calcification rates in some

species of crabs, lobsters and shrimps (Ries, et al., 2009), while otolith size in larvae of the

sea bass Atractoscion nobilis increases with increasing seawater pC02from ambient (380

uatm ofpC02) to 993 uatm and 2558 uatm ofpC02 (Checkley, et al., 2009).
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The range of responses reported in marine organisms are consistent with observations by

Melzner et al. (2009) that the physiology of an organism will mediate its tolerance to high

environmental CO2. In particular, they noted that hypometabolic organisms (i.e. bivalves

and echinoderms) will be more susceptible to reductions in seawater pH compared to those

with a higher metabolic rate and efficient physiological mechanisms of CO2 excretion (i.e.

teleosts, crustaceans, cephalopods). Melzner et al. (2009) also noted that those organisms

and life stages without extracellular fluids (i.e. unicellular organisms and gametes) will be

more vulnerable to elevated levels of pC02. Therefore, a critical aspect of understanding

future impacts of ocean acidification is to determine how gametes, embryos and larvae

respond to elevated peo2 during early development (Dupont, et al., 2010b; Kurihara,

2008). Examples of biological processes which might be affected by low seawater pH

during early development are shown in Figure 1.3.

Ferti lisation Embryogenesis

- Fertilisation success
- Sperm motility

t
Spawning adults-

__~. - Cleavage speed
- Embryo morphology
- Embryo size

Larval development

Survival
Growth
Calcification
Respiration

Skeletal morphology

Figure 1.3. Biological processes perhaps affected by altered seawater pH during the early
development of marine invertebrates. *Image of adult mussels taken from: nabis.govt.nz
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The effect of lowered seawater pH on fertilisation has been examined in a limited number

of studies (Byrne, et al., 2009; Byrne, et al., 201Oa; Byrne, et al., 2010b; Havenhand, et al.,

2008; Havenhand & Schlegel, 2009; Parker, et al., 2009), which have found a range of

responses and vulnerabilities between species and individuals. Near future levels of ocean

pH do not have a negative effect on some species (Byrne, et al., 2009; Byrne, et al., 2010a),

but fertilisation drops rapidly in most species when seawater pH is lowered 1.0 units below

ambient (Kurihara & Shirayama, 2004). Previous studies have also demonstrated an effect

of pH on embryogenesis where cleavage rates in echinoderms (Havenhand, et al., 2008;

Kurihara & Shirayama, 2004) and egg viability and embryo activity in gastropods (Ellis, et

al., 2009) have been shown to decrease with acidification.

To date, the majority of studies on ocean acidification and early development have focused

on the larval stages of calcifying organisms, and a selection of these are summarised in

Table 1.1. Previous studies clearly indicate that effects of ocean acidification on early

development are diverse, species-specific and difficult to predict. In response to this,

recent review articles have called for research on a range of taxonomic groups to establish

which organisms will be 'winners and losers' in an acidifying ocean (Doney, et al., 2009;

Guinotte & Fabry, 2008; Somero, 2010). Furthermore, invertebrates of economic value

and species from polar regions have been specifically identified as target organisms for

future research (see Cooley & Doney, 2009; Fabry, et aI., 2009; Fabry, et aI., 2008;

Gazeau, et aI., 2007; Orr, et aI., 2005).
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Table 1.1. Effects of lowered seawater pH on the larval development of marine
invertebrates from a range of latitudes. Trp = tropical, Tmp = temperate, PIr = polar.
Responses to various pH treatments are shown where (-) = a negative effect, (+) = a
positive effect and (0) = no effect. References are entered as footnotes.

Phylum/Species Latitude Parameter Response pH

CNIDARIA
Acropora spp. I Trp Survival 0 7.3,7.6
CRUSTACEA
Amphibalanus amphitrite '2 Tmp Growth 0 7.4

Growth - 7.7
Semibalanus balanoides 3 Plr Biomineralisation 0 7.7

Survival 0 7.7
ECHINODERMATA

Growth + 7.7
Crossaster paposus 4 Tmp Skeletogenesis 0 7.7

Survival 0 7.7
Survival - <7.0

Pseudechinus huttoni 5 Tmp
Growth 0 7.7
Calcification - 7.7
Skeletogenesis - 7.7
Survival - < 7.0

Evechinus chloroticus 5 Tmp
Growth - 7.7
Calcification - 7.7
Skeletogenesis - 7.7
Survival - <7.0

Tripneustes gratilla 5 Trp
Growth - 7.8
Calcification - 7.8
Skeletogenesis 0 7.8
Survival - <7.0

Sterechinus neumayeri 5 Plr
Growth - 7.6
Calcification 0 7.6
Skeletogenesis 0 7.6

Hemicentrotus pulcherrimus 6 Tmp Growth - 6.8 -7.8
Lvtechinus pictus 7 Tmp Growth - 7.8

Survival - 7.7,7.9
Ophiothrix fragilis 8 Tmp Growth - 7.7,7.9

Skeletozenesis - 7.7,7.9
MOLLUSCA

Growth - 7.6,7.8
Saccostrea glomerata 9 Tmp Skeletogenesis - 7.6,7.8

Survival - 7.6,7.8

Argopecten irradians 10 Tmp
Growth - 7.5,7.8
Survival - 7.5,7.8

Crassostrea virginica 10
Growth - 7.5,7.8

Tmp
Survival -,0 7.5,7.8

Mercenaria mercenaria 10 Tmp
Growth - 7.5,7.8
Survival - 7.5,7.8

Mytilus galloprovincialis 11 Tmp
Growth - 7.4
Skeletogenesis - 7.4

Crassostrea gigas 12
Growth - 7.4

Tmp
Biomineralisation - 7.4

1(Suwa et al. 2010),2 (McDonald et al. 2009),3 (Findlay et al. 2010),4 (Dupont et al. 2010a),
5 (Clark et al. 2009),6 (Kurihara & Shirayama 2004), 7 (O'Donnell et al. 2010),8 (Dupont et al. 2008),
9 (Watson et al. 2009), 10 (Talmage & Gobler, 2009), 11 (Kurihara et al. 2009), 12 (Kurihara et al. 2007).
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1.4. Study Aims and Hypotheses

The aim of this MSc research is to investigate the effects of ocean acidification on

fertilisation and early development in economically and ecologically important marine

invertebrates. Species from polar and temperate latitudes will be studied in order to gather

preliminary information on any latitudinal differences in the response to ocean

acidification. The overarching hypotheses of this MSc research are:

Hypothesis 1: Decreases in seawater pHpredictedfor the next 100 - 300 years will have

deleterious effects on marine invertebrate fertilisation, embryogenesis and larval

development.

Hypothesis 2: Responses to altered seawaterpH will differ among species (i.e. they will be

species-specific) and the greatest effects will be observed in the polar study organisms.

With these hypotheses in mind, the remaining chapters encompass the following:

Chapter 2: Parborlasia corrugatus and Sterechinus neumayeri

Presents experimental results on fertilisation success and embryological development in

two ecologically important Antarctic invertebrates; the nemertean worm Parborlasia

corrugatus and sea urchin Sterechinus neumayeri, exposed to seawater pH 8.0 (ambient),

pH 7.7 and pH 7.3 (seawater pH levels predicted for the years 2100 and 2300, respectively)

and pH 7.0 (included to establish the approximate pH threshold of the study organisms).

Chapter 3: Perna canaliculus

Presents experimental results on fertilisation success and larval growth, survival,

calcification and skeletogenesis in the ecologically and economically important temperate

mussel Perna canaliculus exposed to pH 8.0 (ambient), pH 7.7 and pH 7.3 (seawater pH

levels predicted for the years 2100 and 2300, respectively) and pH 8.3 (pre-industrial

seawater pH to examine whether P.canaliculus is already being affected by a drop in pH

from pre-industriallevels).

Chapter 4: General Discussion and Conclusions

Discusses the overall findings and conclusions of this MSc research, and the physiological

drivers which determine organismal responses to altered seawater pH. A discussion of the

findings in the wider context of climate change, and recommendations for future research

are also included in this chapter.
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Chapter 2. Parborlasia corrugatus & Sterechinus neumayeri

2.1 Introduction

2.1.1 Ocean Acidification in the Southern Ocean

The Southern Ocean is located below 600S latitude and is one of the most extreme

environments on Earth. Freezing seawater temperatures (-1.9°C around the Antarctic

coastline) combined with strong currents, reduced food availability and seasonal light

variations (Pearse, et al., 1991) make survival in the water column challenging for marine

life. Polar organisms have evolved a unique suite of adaptations to overcome the

environmental and physiological challenges that threaten survival (Clarke, et al., 2007),

but many species are living at the edge of their thermal limits (Peck, 2005b; Portner, et al.,

2007).

Because of their small size and limited protection from the environment, planktonic

organisms such as invertebrate embryos and larvae are among the most vulnerable

organisms in the Southern Ocean. In order to avoid the hazardous pelagic environment (e.g.

low food concentrations and high predation rates), polar marine invertebrates are predicted

to have either non-pelagic larvae which develop inside the parent and are released into

seawater at the juvenile stage (Pearse, et aI., 1991; Thorson, 1950), or pelagic

lecithotrophic larvae which feed on maternal yolk reserves derived from the egg (Stanwell

Smith, et al., 1999; Thorson, 1950). However, many Antarctic invertebrates have pelagic

'planktotrophic' larvae which develop in the water column and feed on planktonic

organisms (Pearse, et aI., 1991). The slow metabolic rates (Shilling & Manahan, 1994) and

development rates of polar larvae and embryos in cold seawater (at least 2 times slower

than temperate species; Bosch et al. 1987; Peck, 1993) prolong the planktonic stage and

increase their susceptibility to predation and stressors such as temperature, salinity, anoxia

and DV radiation (Pechenik, 1999).

An additional stressor that polar marine invertebrates will be exposed to in the future is

decreasing seawater pH or 'ocean acidification' (Fabry, et aI., 2009). Because the rate of

C02 sequestration into seawater increases with decreasing temperatures (see section 1.2),

the effects of ocean acidification may appear first in the Southern and Arctic oceans (Fabry,
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et al., 2009; McNeil & Matear, 2008; Orr, et al., 2005) and studies on high latitude

acidification may act as predictors for future effects in other regions (Fabry, et al., 2009).

Therefore, there is an increasing need for research on ocean acidification and its effects on

polar fauna (Fabry, et al., 2009; Orr, et al., 2005).

To date, the majority of research on polar organisms has focused on the adult stages of

calcifying invertebrates. McClintock et al. (2009) examined the empty shells of Antarctic

limpets, bivalves and brachiopods after 63 days exposure to acidified pH 7.4 and ambient

pH 8.2 seawater. It was found that shells in the acidified treatment had undergone

significant dissolution and shell surfaces had eroded to reveal the prismatic structure

beneath. Similar processes are seen in live organisms as calcification decreases by 28% in

the Arctic pteropod Limacina helicina when reared in acidified pH 7.78 seawater

(Comeau, et al., 2009) and shell dissolution is observed in the subarctic pteropod Clio

pyramidata when exposed to seawater under-saturated with aragonite (Orr, et al., 2005).

The effect of ocean acidification on the larval stages of polar invertebrates has also been

examined in a limited number of studies. Clark et al. (2009) examined the effect of

lowered seawater pH on survival, growth, calcification and skeletogenesis in the Antarctic

sea urchin Sterechinus neumayeri exposed to acidified seawater during the larval stages.

Survival significantly decreased in pH levels below pH 6.5, and growth was slightly

reduced in pH 7.6. Seawater pH had no effect on calcification or fine structure of the larval

skeleton (Clark, et al., 2009). In another Antarctic echinoderm Odontaster validus, larval

survival is not significantly reduced when larvae are exposed to pH 7.6 and pH 7.8

seawater, but declines significantly in pH 7.0 (M.Gonzalez-Bemat, pers. comm.).

Experiments focusing solely on the larval stages of invertebrates are informative, however

the quantification of effects at earlier embryological stages is important. Fertilisation and

embryogenesis are the foundation stages of development and negative effects at these

levels may prevent an organism from reaching the larval stage (Byme, et al., 20 1Ob). The

effect of lowered seawater pH on fertilisation has been examined in a number of studies on

temperate and tropical organisms (Byme, et al., 2009; Byrne, et al., 201Oa; Byme, et al.,

20l0b; Havenhand, et al., 2008; Havenhand & Schlegel, 2009; Parker, et al., 2009) which

have found a range of responses and vulnerabilities between species and individuals. In the

sea urchin Heliocidaris erythrogramma, Havenhand et al. (2008) found that fertilisation
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success was reduced under a 0.4 pH unit decrease in seawater pH, while Byrne et al.

(2009; 201Oa) showed no effect of reduced pH on fertilisation in the same species.

Variable responses to pH have been observed in two tropical sympatric species

Echinometra mathaei and Hemicentrotus pulcherrimus collected from the same rocky

shore, where fertilisation in Emathaei was more negatively affected than H.pulcherrimus

as pH decreased (Kurihara & Shirayama, 2004). Fertilisation in the oyster Saccostrea

glomerata decreases with decreasing pH (adjusted using hydrochloric acid) and in

temperatures above and below ambient (Parker, et al., 2009). The response of Crassostrea

gigas sperm in pH 7.8 seawater varied significantly between individuals in a study on the

oyster (Havenhand & Schlegel, 2009) and sperm motility significantly decreases at pH 7.7

in the sea cucumber Holothuria spp. and the coral Acropora digitifera (Morita, et al.,

2009).

The effects of acidification on embryogenesis in temperate species have also been studied.

Ellis et al. (2009) carried out an extensive study on the activity, viability and hatching

success of Littorina obtusata embryos in pH 7.6 seawater. They found that egg viability,

embryonic development, swimming and spinning activity all decreased in pH 7.6

compared with ambient pH 8.1. Previous research on sea urchins has found either no effect

of pH on early embryonic cell division, (Byrne, et al., 2009), an effect but at low pH

treatments such as pH 6.8 (Kurihara & Shirayama, 2004), or an effect at pH decreases (0.4

pH units) within those predicted for the year 2100 (Havenhand, et al., 2008). Byrne et al.

(2009) reviewed data for a number of sea urchins, and concluded that early embryonic

development in echinoids is relatively robust.

Only one known study to date has investigated the effects of ocean acidification on

fertilisation in an Antarctic invertebrate, and found that fertilisation success in the starfish

Odontaster validus is reduced in pH levels 0.3 - 1.1 pH units below ambient (M.Gonzalez

Bernat, pers. comm.). Fertilisation is already delayed under ambient conditions in the

Antarctic sea urchin Sterechinus neumayeri compared with temperate species (Stokes, et

al., 1996) due to the high viscosity of cold Southern Ocean seawater (::::;1.9 cP) which

impairs sperm motility (Vogel, 1994). High seawater viscosity and increased rates of CO2

sequestration at low seawater temperatures could significantly lower fertilisation success

in polar species, and effects on these organisms may be seen within decades rather than

centuries (Orr, et al., 2005).
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This study aimed to examine the effects of elevated peo2 and lowered sea water pH on

fertilisation and embryogenesis in the polar mollusc Adamussium colbecki (to compare the

effects of ocean acidification on mollusc species from different latitudes); however, only

three individuals could be collected and attempts to spawn them were unsuccessful.

Therefore, two other ecologically important organisms at the study sites were chosen; the

sea urchin Sterechinus neumayeri (Meissner, 1900) and the nemertean worm Parborlasia

corrugatus (McIntosch, 1876). It is important to understand the degree to which species

living within the same environment may differ in their responses to reduced pH, as

understanding such differences will provide greater insight into the mechanisms that

lowered pH affects marine species (i.e. the role of fertilisation, embryogenesis and larval

development), and the future outcomes of ocean acidification at the community level

(Hoegh-Guldberg & Bruno, 2010; Kuffner, et al., 2008).

2.1.2 Sterechinus neumayeri and Parborlasia corrugatus

The sea urchin S.neumayeri and nemertean worm P.corrugatus (Fig. 2.1) are abundant on

the seafloor surrounding the Antarctic continent (Bosch, et al., 1987). Adult Sineumayeri

are dioecious, 40 - 60mm in size and are broadcast spawners, releasing gametes during

late spring or early summer (Brey, et al., 1995). Fertilisation occurs in the water column

and embryos are very slow growing, taking 115 days to develop from fertilised eggs to

juveniles (Bosch, et al., 1987). Sterechinus neumayeri has pluteus larvae which are

planktotrophic and feed on algae during summer phytoplankton blooms in McMurdo

Sound (Bosch, et aI., 1987). These larvae develop 2 - 5 times slower than temperate

echinoderms (Bosch, et al., 1987).

Parborlasia corrugatus is also dioecious and a broadcast spawner with planktotrophic

larvae (Heine, et al., 1991; Peck, 1993). In contrast to S.neumayeri which has been well

studied, few studies have been conducted on P.corrugatus (e.g. Berne, et al., 2003;

Davison & Franklin, 2002; Heine, et al., 1991). Adults display gigantism and can grow

over a metre in length (Peck, 1993).
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Figure 2.1. The Antarctic sea urchin Sterechinus

neumayeri and nemertean worm Parborlasia corrugatus.

Parborlasia corrugatus secretes large quantities of toxic mucus (pH 3.5) that it stores

within its body wall (Heine, et al., 1991). The mucus contains a cytolytic protein termed

'parborlysin' (Berne, et al., 2003) and is thought to act as a defence against predators who

rarely approach the nemertean (e.g. the Antarctic fish Dissostichus mawsoni and

Trematomus bernachii violently reject P. corrugatus as an offered food source; Heine et

al. 1991). The qualities of this mucus may be of particular relevance when assessing the

effects of low pH on P.corrugatus gametes, as the release of gametes in nemerteans is via

rupturing of the body wall, a time when gametes may be exposed to the low pH mucus.

Only one known study has been carried out on P.corrugatus larval development (Peck,

1993). Parborlasia corrugatus have pilidium larvae which feed on algae and particulate

organic matter (Peck, 1993). It takes 25 - 29 days for P.corrugatus to grow from a

fertilised egg into a larva and a further 25 days to reach the juvenile stage (Peck, 1993).

This rate of development is up to 20 times slower than temperate nemerteans (Peck, 1993).

Both S.neumayeri and P.corrugatus play an important trophic role in the Antarctic food

web (Brey, et al., 1995; Peck, 1993). The diet of adult S.neumayeri consists of a wide

range of foods including diatoms, seal faeces, bryozoans, scallops, algae and meat bait

(McClintock, 1994). Sterechinus neumayeri is estimated to consume up to 30 percent of

benthic microalgae in some areas, making it a dominant consumer of benthic food (Brey,

et al., 1995). Parborlasia corrugatus is a voracious scavenger and its prey includes fish,
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diatoms, polychaetes, amphipods, sponges and seal skin (Heine, et al., 1991). Because

P.corrugatus spawns year round and is rarely a target for predators, it is one of the most

abundant organisms on the Antarctic sea floor (Heine, et al., 1991). If ocean acidification

is to negatively affect the survival and development of these dominant predators, there

may large scale changes to the Antarctic benthic environment. Such changes have occurred

in other regions of the world where sea urchin mortality or removal has resulted in rapid

algal growth (Scheibling, 1986) and decreases in community diversity (Vance, 1979).

2.1.3 Aims

This study investigates the effects of ocean acidification on fertilisation and embryogenesis

in P.corrugatus and S.neumayeri under a range of seawater pH levels; ambient pH 8.0, pH

7.7 and pH 7.3 (seawater pH predicted for the years 2100 and 2300,IPCC, 2007). A pH 7.0

treatment is added to gain a wider understanding of the tolerance and response of

fertilisation and embryology under extreme pH conditions. The examination of fertilisation

rate with pH is undertaken over a range of sperm concentrations. Embryos are reared

through to coelo-blastulation in P.corrugatus and gastrulation in Sineumayeri.
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2.2 Materials and Methods

2.2.1 Organisms and Spawning Procedure

Adult Sterechinus neumayeri were collected at a depth of 18 to 23 m from Cape Evans

(77.057°S, 164.416°E) and Winter Quarters Bay (77°83.3'S, 166°66.7'E) in McMurdo

Sound, Antarctica by either SCUBA or remotely operated vehicle (Seabotix LBV 150).

Parborlasia corrugatus adults were collected at a depth of 23 m from Winter Quarters Bay

using SCUBA. Animals were kept in -1.0°C to - 0.5°C seawater in a flow through

aquarium at Scott Base, Antarctica (77.789°S, 166.535°E). Spawning of Sineumayeri was

induced in the laboratory by injection of 1 to 2 ml of a 0.5 M KCl solution into the coelom.

Gametes were released into beakers of filtered seawater at ambient pH (8.0) and

temperature (-0.5°C ±0.5). Parborlasia corrugatus gametes were removed by dissecting

the worms and extracting eggs and sperm from the gonad using a glass pipette. For an

experiment, eggs from a number of females were pooled, while sperm was obtained from

one male. Eggs were stored in 50 ml containers of filtered seawater at ambient pH and

temperature prior to use.

2.2.2 Adjustment of Seawater pH and Measurement of Seawater Parameters

Seawater supplied continually to the laboratory at ambient pH (:=:::: 8.0) and temperature (

1.5°C) was filtered through a l um filter and transferred to 400 ml sealed containers, then

adjusted to pH 7.0, pH 7.3 and pH 7.7 through direct bubbling of C02 gas into the

seawater. Gas was bubbled for approximately 1 - 2 seconds (depending on the target pH)

at a flow rate of 5 L/min, before being divided into replicate aliquots. Seawater pH was

measured using a Mettler Toledo MP220 pH meter fitted with a Mettler Toledo InLab®

413 temperature compensating pH probe. Calibration of the probe was made with NBS

buffers pH 4.0, pH 7.0 and pH 9.18 (Labserv Proanalys, Biolab New Zealand). Seawater

pH values within 0.05 pH units of the target pH were accepted for use in experimental

treatments. Experimental chambers were void of any air space and we sealed during the

course of the experiments.
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To test for the stability of experimental pH conditions within the experimental chambers

without disturbing or contaminating experimental cultures, pH was measured in culture

chambers that replicated conditions and duration of the each experiment. The pH within

the replicated chambers were relatively stable over time in ambient pH and pH 7.7, but

there were some increases in seawater pH within the pH 7.3 and 7.0 treatments of 0.01 

0.11 and 0.12 - 0.24 pH units respectively (Appendix 1). These controls did not contain

sperm, eggs or embryos, but it is assumed that the small biomass to volume ratio and the

hypometabolic rates typically found in Antarctic embryos (i.e. Shilling & Manahan, 1994;

Strathmann, et al., 2006) meant that COz production (and pH decreases) due to respiration

were negligible.

Seawater in McMurdo Sound is very stable in terms of temperature and salinity, therefore

salinity (PSU) was obtained from CTD measurements taken at Cape Armitage during

recent studies (Clark, et aI., 2009) and combined with measures of sea temperature.

Measurements of total alkalinity (AT) were not possible so were estimated using known

salinity and temperature (Lee, et al., 2006). The algorithm used to calculate total alkalinity

does not account for small-scale spatial variation caused by biological activity, although it

is estimated that such effects should be minimal as biomass of phytoplankton and

zooplankton were extremely low in McMurdo Sound during the study period. Alkalinity

was assumed to be the same for each pH treatment because gas bubbling was the method

used to alter pH (Gattuso & Lavigne, 2009). Saturation omega values for calcite (Qc) and

aragonite (QA) and the partial pressure of COz (PCOz) were calculated using the computer

programme SWCOz (http://neon.otago.ac.nz/research/mfc/people/keith_hunter/software/

swco2/) which formulates these variables from specified pH(NBs), total alkalinity and

temperature values. Seawater properties were determined using COz equilibrium constants

given by Mehrbach et al., (1973) (modified in Dickson & Millero, 1987) as recommended

by Wanninkhof et al., (1999). Oxygen saturation of seawater treatments was measured

using a dissolved oxygen meter (YSI 550A).
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2.2.3 Fertilisation Success

Sterechinus neumayeri

Two female and one male Smeumayeri were spawned and eggs and sperm were counted

under a compound microscope and checked for quality and density before fertilisation.

Conical tubes (15 ml) were filled with ambient seawater (pH 8.0) or seawater adjusted to

pH 7.7, pH 7.3 and pH 7.0 and 150 eggs (final concentration of 10 eggs ml") were added

to each conical tube. This represented a 10 minute pre-conditioning of eggs at the desired

experimental pH prior to fertilisation. Sperm was diluted to concentrations of 1.5 x 104
, 7.5

X 103 and 5 x 102 sperm ml", which corresponded to a sperm to egg ratios of 1500:1, 750:1

and 50:1 respectively. Eggs were fertilised in the conical tubes through the addition of

sperm with a pipette. Three replicate tubes were used for each pH treatment and sperm

dilution, with the fertilised eggs held in a flow through water bath -0.5°C for the duration

of the experiment. After seven hours, a 1 ml sample was taken from each replicate and

transferred to tissue culture dish (TCD) wells where they were fixed with 25 ul of 7%

formalin (0.36% final concentration). An average of 60 eggs (± 24) in each well were

counted under a compound microscope and recorded as fertilised or unfertilised.

Fertilisation rate was expressed as the average percentage of eggs which were fertilised (as

indicated by the presence ofa fertilisation membrane or egg cleavage).

Parborlasia corrugatus

Two female and one male P.corrugatus were spawned and gametes were examined and

checked for quality and density under a compound microscope prior to fertilisation. TCD

wells were filled with 4 ml of seawater at pH 8.0, pH 7.7, pH 7.3 and pH 7.0. Four

hundred and fifty eggs were added to each TCD well (giving a final egg density of ::::112

eggs ml") followed by sperm diluted to concentrations of 1.9 x 105,4.5
X 104 and 1.1 x 104

sperm ml" which corresponded to ratios of 1700:1, 400:1 and 100:1 sperm: egg. Sperm

counts were made after fertilisation; therefore, dilutions could not be matched exactly to

those used for s.neumayeri in previous experiments. This was because sperm became

immobilized in the nermertean's undiluted pH 3.5 mucus if it was not used immediately.

Three replicates were used for each seawater pH and sperm dilution. Fertilised eggs were

held in a -0.5°C water bath for 24 hours before 100-120 eggs were removed from each
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replicate well and counted under a compound microscope. Fertilisation rate was calculated

as the average percentage of eggs which were fertilised (as indicated by the presence of a

fertilisation membrane or egg cleavage). A further experiment was carried out using a

single sperm dilution of 2.2 x 103 sperm ml" (20 sperm per egg) using different

individuals but the same experimental methods as described above.

2.2.4 Embryogenesis

Sterechinus neumayeri

Two female and one male S. neumayeri were spawned, and eggs were pooled and fertilised

with a drop of concentrated sperm in 100 ml of seawater at ambient pH and temperature.

To isolate the effect of pH during embryogenesis (avoiding any confounding effects of pH

altered fertilisation), fertilisation was undertaken in ambient pH seawater. Two hours after

fertilisation, 200 III of egg solution was added to 3 ml of ambient pH seawater (pH 8.0)

and 3 ml of seawater acidified to pH 7.0, pH 7.3 and pH 7.7. Twelve replicates per pH

treatment were used and kept in a -1.0°C water bath for the duration of the experiment. A

10 III sample was taken from each pH replicate I and 2 days after fertilisation and 10 - 15

eggs were photographed under a compound microscope using a PixeLINK® digital camera.

Photographs were analysed to record the percentage of eggs in each treatment which were

I cell, cleaved or abnormal on Day I and the percentage of blastulae, coeloblastulae and

abnormal embryos on Day 2.

A separate experiment was carried out for S. neumayeri to establish the effects of lowered

pH on gastrulation. One female and one male Sineumayeri were spawned through injection

(described in section 2.2.1). Eggs were fertilised with a drop of concentrated sperm in 100

ml of seawater at ambient pH and temperature. Four hours after fertilisation, 100 eggs

were transferred to 15 ml conical tubes filled with ambient seawater (pH 8.0) or seawater

adjusted to pH 7.7, pH 7.3 and pH 7.0 (four replicates per pH treatment) and kept in a 

0.5°C water bath for the duration of the experiment. Six days after fertilisation, a 10 III

sample was taken from each conical tube and twenty embryos in each sample were

photographed under a compound microscope using a PixeLINK® digital camera.

Photographs were analysed later to establish the percentage of eggs in each treatment
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which had reached gastrulation or were abnormal. Embryos with an increased mass of

primary mesenchyme cells within the blastocoel and embryos which did not have a

thickening at the vegetal end of the gastrula were considered abnormal (Fig. 2.4, Appendix

2). The length from the vegetal pole to the animal pole of 10 embryos from each pH

replicate was measured from photographs using ImageJ Software (Version 1.42,

NIHimage, USA).

Parborlasia corrugatus

One female and one male P.corrugatus were spawned and eggs were fertilised with a drop

of concentrated sperm in 100 ml of seawater at ambient pH and temperature. Two hours

after fertilisation, 1 ml of fertilised gametes was transferred to 40 ml of seawater at pH 8.0,

pH 7.7, pH 7.3 and pH 7.0 with four replicates per treatment. Containers were floated in a

water bath at -0.6°C for eight days. On days 1,3 and 8 of the experiment a sample of eggs

was collected from each replicate and 10 eggs were photographed under a compound

microscope using a PixeLINK® digital camera (Pixelink Inc, Canada). Photographs were

analysed to record the percentage of embryos at each developmental stage, and the

percentage of embryos which were abnormal in each treatment. Embryos with an unusual

shape, irregularly sized blastomeres and an absence of cilia (at the coeloblastula stage)

were considered abnormal (Fig. 2.6, Appendix 3).

2.2.5 Statistical Analyses

To normalise percentage data on fertilisation success and embryo development, data were

arcsine square root transformed. Measurements of S. neumayeri gastrula length were log

transformed. All data was analysed using general linear models (GLM). When there was a

significant interaction between sperm concentration and pH on fertilisation rate, one-way

ANOVA among pH treatments was undertaken within each sperm concentration. Tukey's

post-hoc tests were carried out to examine differences among pH levels. Assumptions of

normality and homogeneity of variances were tested through visual examination of the

residuals. All statistical analyses were carried out using the computer software Minitab®15

(Minitab Inc.).
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2.3 Results

2.3.1 Seawater Parameters

The carbonate chemistry of ambient and CO2 treated seawater was calculated from

recorded pH, temperature, and salinity and a calculated total alkalinity of ambient seawater

(Table 2.1). Total alkalinity was calculated as 2330 umol kg soln", which gave a partial

pressure of CO2 in the ambient and treated seawater ranging 10-fold (from 527.6 uatm in

ambient seawater to 5806.0 uatm in pH 7.0 treated seawater). Calcite and aragonite were

saturated in ambient seawater, but undersaturated in all CO2 treated seawater. The addition

of C02 to seawater did not affect dissolved oxygen concentrations, with concentrations in

treated seawater (85.3 to 87%) similar to that measured in the ambient seawater (87.8%).

Table 2.1. Temperature (OC), salinity (PSU), estimated total alkalinity (AT), oxygen

saturation of seawater (%), partial pressure of CO2 (PC0 2) , calcite saturation (Qc) and

aragonite saturation ('lA) of seawater used in acidification experiments.

Temperature (OC) -0.5 (± 0.5)

Salinity (PSU) 34.6

Total alkalinity (AT) 2330 umol kg soln-1

pHNBs pH 8.0 pH 7.7 pH 7.3 pH 7.0

pC02 (uatm) 527.6 1121.6 2886.3 5806.0

Qc 1.71 0.87 0.36 0.18

'lA 1.08 0.55 0.22 0.11

O2 saturation (%) 87.8 87.0 85.3 86.0
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2.3.2 Fertilisation Success

Sterechinus neumayeri

Average fertilisation rates in S. neumayeri ranged from 10.9 to 95.8% depending on sperm

concentration and pH treatment (Fig. 2.2A). There was a significant effect of seawater pH

(F(3, 35) = 19.8, p = <0.001) and sperm concentration (F(2, 35) = 31.1, P = <0.001) on the

fertilisation rate. In addition, there was a significant interaction between pH and sperm

dilution (F(6, 35) = 5.16, P = 0.002), indicating that the effect of pH was dependent on the

concentration of sperm used. Within each sperm concentration, there was a trend of

decreasing fertilisation rates with decreasing pH; however, the effect was only significant

at the lowest sperm concentration. In this respect, one-way ANOVA ofthe effect of pH on

fertilisation within each sperm concentration indicated that the rate of fertilisation was not

significantly different among seawater pH (F(3. 11) = 2.027, P = 0.188) at the optimum

sperm to egg ratio of750:l, or at a ratio of 1500:1 (F(3.11)= 1.868, P = 0.213). At a ratio of

50:1, fertilisation rates were significantly different among pH treatments (F(3. 11) = 84.277,

P < 0.001). Post-hoc Tukeys comparisons indicated that fertilisation rates were

significantly reduced in pH 7.0 compared with the remaining pH levels, and reduced in pH

7.3 compared with pH 7.7 and pH 8.0 (Fig. 2.2A).

Parborlasia corrugatus

Greater than 92% of P. corrugatus eggs were fertilised in all pH treatments and sperm

ratios of 1700:1, 400:1 and 100:1(Fig. 2.2B). Neither sperm concentration or pH had a

significant effect on fertilisation success in P.corrugatus (pH treatment F(3. 34) = 0.566, P =

0.642; sperm concentration F(2,34) = 2.107, P = 0.143). When the sperm: egg ratio was

lowered to 20 sperm per egg (in a separate experiment), between 50 - 60% of eggs were

fertilised in all pH treatments (Fig. 2.2B). There was also no significant effect of pH on

fertilisation success with a low sperm to egg ratio of20:l (F3,15 = 1.09,p = 0.389).
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Figure 2.2. The relationship between seawater pH, sperm dilution and fertilisation success
in (A) Sterechinus neumayeri and (B) Parborlasia corrugatus. *Data from the 20: 1 sperm
dilution was collected in a separate experiment. Significant differences among pH
treatments are indicated by columns which do not share lower case letters. For each pH
treatment and sperm dilution, n=3 for the S.neumayeri experiment and n=4 for the
P.corrugatus experiment.
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2.3.3 Embryogenesis

Sterechinus neumayeri

One-day post-fertilisation (Fig. 2.3A), 76.6 % to 89.9% of eggs had undergone cleavage,

with no significant difference in the number of divided (F(3, 47) = 1.713, P = 0.178) or

abnormal cells (F(3, 47) = 2.697, P = 0.057) among pH treatments (Fig. 2.3A). Two-days

post-fertilisation (Fig. 2.3B), the rate of embryonic development up to the blastula and

coeloblastula stages was not significantly different among seawater pH levels (i.e. there

was no significant difference (F(3, 47) = 1.088, P = 0.363) in the percentage coeloblastula at

Day 2 (30.2 to 42.8%)), nor was the percentage of abnormal embryos (15.7 to 17.8%)

significantly (F(3, 47) = 0.246, P = 0.863) different among pH treatments (Fig. 2.3B). Visual

examination of the embryos among the pH treatments (Fig. 2.4) indicated that there was no

apparent difference in the patterns and rates of cell division, or in the formation of the

blastocoel up to the coeloblastula stage.

At the gastrula stage (Day 6), the percentage of abnormal gastrulae developing was

significantly different (F(3, 15) = 93.2, p <0.001) among seawater pH levels (Table 2.2).

Post-hoc analyses indicated that the differences lay between the pH 7.0 treatment, where

no larvae developed normally, and the remaining three treatments that were not

significantly different from each other.

Table 2.2. The percentage of abnormal Sterechinus neumayeri and average gastrula length
in 6-day old embryos raised in pH 7.0, 7.3, 7.7 and 8.0 seawater. Percentage abnormality
was calculated from four replicate cultures. The number of gastrula length measurements
for each of the four replicate cultures was 40. Lower case letters indicate significant
differences among treatments.

pH Treatment Percentage abnormality (±SE) Average length (±SE)

7.0 100±0.0 % a 173.6 (± 2.13) a

7.3 16.3 ± 4.9 % b 207.8 (± 1.69) b

7.7 6.2 ± 3.6 % b 213.3 (± 1.53) b

8.0 7.3 ± 3.7 % b 210.8 (± 2.52) b
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There was a significant (F(3, 159) == 87.3,p == <0.001) effect of pH on gastrula length (Tab le

2.2) where embryo length was shorter in pH 7.0 (ea. 20% shorter) compared with the

remaining pH treatments. Gastrula length did not differ significantly among embryos

raised in pH 7.3, pH 7.7 and pH 8.0. In contrast to the earlier developmental stages, there

were visual differences among gastrula from the different pH treatments (Fig. 2.4,

Appendix 2). Gastrula in ambient pH 8.0 and pH 7.7 displayed obvious thickening of the

gastrula wall at the vegetal pole, and an accumulation of primary mesenchyme cells at the

posterior end. In pH 7.3 and 7.0, gastrula generally showed delayed development, little or

no differentiation of the animal-vegetal axis, and the blastocoel was either partially or

wholly filled with primary mesenchyme cells. In pH 7.0 there was also obvious rupturing

of the gastrula epithelium, and gastrula often had an irregular and asymmetric appearance.
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Figure 2.3. Development of Sterechinus neumayeri embryos in seawater adjusted to pH
7.0. 7.3, 7.7 and ambient (8.0). The percentage of uncleaved eggs, cleaved eggs and

abnormal eggs l-day post-fertilisation (A), and the percentage blastula, coeloblastula and

abnormal embryos 2-days post-fertilisation (B) are shown. n == 12 for each pH treatment.
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Figure 2.4. Sterechinus neumayeri embryos reared in pH 8.0, pH 7.7, pH 7.3 and pH 7.0

treatments and photographed under a compound microscope. The ferti lisation membrane

(FM) is shown in the 1 cell embryos, indicating that ferti lisation had occurred. Labe ls
indicating criter ia for abnormality and embryo measurements are also shown where Be ==

Blastocoel, PM == Primary mesenchyme cells, V == Vegetal pole, A == Animal pole.
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Parborlasia corrugatus

There was a significant difference in the early development of Picorrugatus embryos

among pH treatments (Fig. 2.5). One day after fertilisation, egg cleavage rate was

significantly (F(3, 15) = 25.12, p = <0.001) slower (i.e. fewer divided cells) in the pH 7.0

treatment compared to the remaining pH treatments, which in turn, where not significantly

different from one another (Fig. 2.5A). After one day, on average 10.7 % of embryos

were abnormal in the pH 7.0 treatment compared, with no abnormalities in pH 7.3, pH 7.7

and pH 8.0 (Fig. 2.5A). Three days after fertilisation (Fig. 2.5B), pH 7.0 seawater

contained significantly (F(3, 15) = 14.388, P = <0.001) fewer normal blastula than pH 7.3,

pH 7.7 and pH 8.0. Eight days post-fertilisation (Fig. 2.5e), there were significantly (F(3,

15) = 26.145, P = <0.001) less normally developing coeloblastula in pH 7.0 seawater

compared with the three higher pH treatments. Within these treatments, there were

significantly more normally developed coeloblastula in the pH 8.0 treatment than the pH

7.3 treated seawater.

Visual inspection of developing embryos among the pH treatments (Fig. 2.6, Appendix 3)

showed that abnormal development occurred as early as the first cell division in pH 7.0,

with dividing cells being irregular in shape. Later embryos in pH 7.0 had irregular cell

division, lacked an obvious blastocoel, and there was a rupturing of the blastulae and

coeloblastulae wall. Abnormal embryos in pH 7.3 appeared by the coe1oblastula stage,

with an irregularly formed coeloblast wall and poorly defined blastocoel. Development up

to the coeloblastula was not apparently different in embryos raised in pH 7.7 and 8.0.
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Figure 2.5. Development of Parborlasia corrugatus embryos in seawater adjusted to pH
7.0. 7.3, 7.7 and ambient (8.0). The percentage of undivided eggs, cleaved eggs and
abnormal eggs one day after fertilisation (A), the percentage of normal blastula 3-days
post-fertilisation (B), and the percentage normal coeloblastula 8-days post-fertilisation (C)
are shown. Significant differences among pH treatments are indicated by columns not
sharing letters.
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Figure 2.6. Examples of typical Parborlasia corrugatus embryos reared in pH 8.0, 7.7, 7.3
and 7.0 seawater. The polar body (PB) is shown in the I-cell embryos, indicating
fertilisation has occurred. Labels indicating criteria for normality are shown (Be ==
blastocoel, C== cilia).
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2.4 Discussion

The main objective of this study was to examme the effects of near-future ocean

acidification (seawater pH levels of 7.7 and 7.3 predicted for the years 2100 and 2300,

respectively) on fertilisation and early development of two Antarctic invertebrates;

Sterechinus neumayeri and Parborlasia corrugatus. Fertilisation success was examined

under a range of pH levels (pH 8.0, pH 7.7, pH 7.3, pH 7.0) and sperm: egg ratios (ranging

from 1700:I to 20:I). Embryological development was observed in P.corrugatus embryos

reared to the coeloblastula stage and in Smeumayeri embryos reared to gastrulation (in the

pH treatments above). Both species were chosen because they are dominant benthic

predators in the Southern Ocean, and the response of these organisms to decreased pH will

have consequences for benthic community structure around the Antarctic coastline.

2.4.1 Fertilisation Success

Elevated peo2 and reduced seawater pH had no effect on fertilisation in S.neumayeri at

pH levels predicted for the year 2100 (i.e. :::::; pH 0.3 reduction) and was only influential at

reduced seawater pH predicted for 2300 (i.e. :::::; pH 0.7 reduction) at the lowest sperm

concentration. These observations concur with Byme et al. (2009; 2010a; 2010b) who

found no effect of pH (ranging from 7.6 to 8.2) on fertilisation in four sea urchin species,

and in Heliocidaris erythrogramma under a range of sperm concentrations and

temperatures. Within these pH ranges, fertilisation rate is also not affected in the tropical

urchins Hemicentrotus pulcherrimus and Echinometra mathaeii (Kurihara & Shirayama,

2004). Reductions in fertilisation in response to reduced pH have been observed in sea

urchins. For example, Havenhand et al. (2008) noted a reduction in fertilisation rate in

H.erythrogramma at pH 7.7 (0.4 units lower than ambient), while Kurihara and Shirayama

(2004) found a trend of decreasing fertilisation with reducing seawater pH in

H.pulcherrimus and E.mathaeii, with significantly lower fertilisation rates below pH 7.2

and 6.8, respectively. It is generally thought that sea urchin fertilisation is robust to

reduced seawater pH (Byme, 2010; Dupont, et al., 2010b). It therefore remains unclear

whether the intra- and inter-specific responses of fertilisation rates to reduced pH is real, or

reflects differences in experimental techniques (see also section 3.4.1). Evidently, sperm

concentration plays an important role in the fertilisation outcome, as it does in other
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responses to the environment (Hollows, et al., 2007), but this has only been assessed in

one previous study (Byrne, et al., 2010a).

An effect of pH on fertilisation processes has been observed in a wider range of taxa.

Fertilisation in the oyster Saccostrea glomerata decreases with decreasing pH (Parker, et

aI., 2009), while sperm motility significantly decreases at pH 7.7 in the sea cucumber

Holothuria spp. and the coral Acropora digitifera (Morita, et aI., 2009). Detecting a

reduction in fertilisation in response to elevated seawater pCOz would be consistent with

previous observations on the effect of lowered seawater pH on sperm activity. The

intracellular pH (pHi) of sea urchin sperm is pH 7.2 - 7.3 (Hamamah & Gatti, 1998).

Sperm is immotile in the gonad until motility and metabolism are activated on release into

seawater (Hamamah & Gatti, 1998; Morita, et al., 2009). If the pH of external seawater is

lowered below pH 8.0, sperm pHi is also lowered through rapid diffusion of COz across

the cell membrane and changes in the membrane potential (Christen, et al., 1982; Kurihara,

2008; Morita, et al., 2009). As the pHi of Strongylocentrotus purpuratus sperm is

decreased, motility and respiration are inhibited but become fully functional once external

pH is elevated back to ambient (Christen, et aI., 1982). The enzyme that controls the

beating of sperm flagella is nearly inactive at pH 7.2 but flagella activity increases between

pH 7.4 and pH 8.0 (Christen, et aI., 1982). Recent work by Havenhand et al. (2008) found

that sperm swimming speed and motility in H.erythrogramma were significantly reduced

by 11.7% to 16.3% in pH 7.7 seawater.

These processes would explain observations of a decrease in fertilisation success in

Sineumayeri at pH levels below pH 7.3, and would also be consistent with the observed

significant interaction between sperm concentration and pH, where the effects of sperm

immobilisation could be masked by a high number of sperm used in the two higher sperm:

egg ratios. Polyspermy may also have occurred at the highest sperm concentrations (Styan,

1998; Styan & Butler, 2000), and this may have masked an effect of reduced seawater pH.

Sperm concentration will clearly be important when determining the effects of seawater

pH on fertilisation in situ. This is an important consideration given that sperm

concentration effects fertilisation rates under natural conditions (Levitan, 1995), and that

sperm concentrations are likely to be low in situ due to high dilution (Levitan, et al., 1991).
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In contrast to Sineumayeri, fertilisation in P.corrugatus showed no response to lowered pH

under the sperm concentrations used. During spawning, P.corrugatus gametes are likely to

be exposed to its acidic mucous which has a pH of 3.5 (Heine, et a1., 1991). This mucus

can be cytotoxic with, for example, mortality occurring in Sineumayeri spermatozoa

exposed to a 3% aqueous extract of P.corrugatus body tissues (Heine, et aI., 1991). The

absence of a pH effect on P.corrugatus gametes may reflect resilience to the pH mediated

self-cytotoxic effects of the adult's mucus. Indeed, P.corrugatus gametes have a noted

resilience and sperm have been recorded as active for a further 150 hours after fertilisation

(Peck, 1993).

2.4.2 Embryogenesis

A reduction in seawater pH within the range predicted over the next 300 years (i.e. pH 0.7

decrease) had no effect on initial egg cleavage or development to I-day in either

S.neumayeri or P.corrugatus. For Sineumayeri, this was also the case across all pH

treatments (down to 7.0). Parborlasia corrugatus early embryogenesis was also relatively

robust to pH changes, with a significant effect only detected when the seawater pH was

decreased to 7.0. Previous research has found either no effect of pH on early cell division

in sea urchin embryos (Byrne, et al., 2009), an effect but at lower pH treatments such as

pH 6.8 (Kurihara & Shirayama, 2004),or an effect at pH decreases (0.4 pH units) within

those predicted for the year 2100 (Havenhand, et aI., 2008). Byrne et al. (2009) reviewed

data for a number of sea urchins and concluded that early embryonic development in sea

urchins is relatively robust. The observations of this study support this conclusion, which

is interesting given that the gametes are directly exposed to higher pCOz in seawater

(Melzner, et a1., 2009), where COz will readily diffuse across the cell membrane. Byrne

(2010) suggests that this may reflect the low pH conditions associated with sea urchin

reproduction, and tolerance to a range of seawater pH levels naturally occurring in many

shallow water habitats.

Later development of P.corrugatus and Sineumayeri embryos through to the blastula and

gastrula stages were not affected by a decrease in pH levels predicted for 2100, nor were

pH levels predicted for 2300 influential on the development of Sineumayeri gastrula. Both

species had significantly higher rates of abnormal later-staged embryos on exposure to pH

7.0. These results suggest that the development of later-stage embryos are robust to pH
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changes predicted over the next 100 - 300 years, however, it is also important to note that

exposure to the lower pH treatments (7.3 and 7.0) had an apparently greater effect as

development proceeded (e.g. for P.corrugatus, a decrease in pH of 0.7 units resulted in

significantly more abnormal coeloblastula). Hamdoun and Epel (2007) note that eggs and

early embryos are well defended against detrimental environmental influences, as they are

maternally invested with a suite of cellular defences (called innate defences). In contrast,

later embryonic stages may be more responsive to environmental stress using diapase,

delay or alternative developmental pathways (called induced defences or adaptive

responses). This process is consistent with the observation that abnormalities became

more apparent at later developmental stages in both species.

The decreased resilience of P.corrugatus embryos to extreme pH reductions (compared

with their gametes) is a compelling finding. Because P.corrugatus embryos develop in the

water column and are not exposed to the adult's acidic mucus, they may not be armed with

the same pH defences as the gametes. Further studies are needed to establish why

P.corrugatus gametes are so resilient to pH compared with later life stages. Beyond the

gastrula stage, pH has been shown to have an effect on larvae. In echinoid pluteus larvae

for example, lowered pH can cause a reduction in larval growth and development rates,

morphology, skeletogenesis and calcification rates (Clark:, et al., 2009; Dupont, et al.,

2008; Kurihara & Shirayama, 2004; O'Donnell, et al., 2010).

2.4.3 Experimental Conditions

Research into the response of fertilisation and embryogenesis to ocean acidification has

employed a range of experimental techniques in regard to treating gametes (see review in

Byme, 2010; Dupont, et al., 201Ob) and such differences could affect their outcome. It is

important therefore, that consideration of methods be made when interpreting laboratory

observations and extrapolating these to the natural system. For fertilisation trials in this

research, eggs were preconditioned in experimental pH seawater prior to the addition of

sperm that were, in turn, initially activated in ambient seawater pH prior to treatment with

low pH. While this approach is not unique (i.e. Kurihara, et al., 2007; Parker, et al., 2009),

the fact that sperm were only exposed to lowered pH seawater when presented to the eggs

(and not during activation) could result in some underestimation of the response of

fertilisation to reduced pH. This would certainly be the case if the activation and initial
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behaviour of the sperm influence its later ability to fertilise eggs, although this remains

unclear. For example, elevated seawater pC02 and reduced pH has been shown to lower

sperm mobility and swimming in some species (Havenhand, et a1., 2008; Morita, et a1.,

2009; Parker, et a1., 2009) but not in others (Havenhand & Schlegel, 2009). The fact that

most studies however, (including this study), have found little or no effect of near-future

seawater pH on fertilisation (see reviews by Byrne, 2010; Dupont, et al., 2010b) suggests

that differences in experimental protocol may not yield greatly contrasting results.

For embryogenesis, fertilisation was undertaken in ambient seawater prior to treatment.

While this approach is often employed in studies on sea urchin embryos (i.e. Clark, et al.,

2009; Kurihara, et al., 2007; O'Donnell, et al., 2010; Todgham & Hofmann, 2009) this

MSc research may underestimate any effect of reduced pH on later embryogenesis if

developmental processes are significantly influenced by pH between the time of

fertilisation and prior to cell division. This study deliberately choose to avoid such

confounding effects in an attempt to isolate the effects of pH on embryogenesis (i.e. egg

cleavage through to gastrulation), but it is acknowledged that such approaches may further

limit extrapolation of laboratory findings to the natural world.

2.4.4 Conclusions

This study found, as in a number of previous studies, that gametes appeared relatively

robust to pH change, especially to changes within the range predicted for the near future

(i.e. a decrease of 0.3 to 0.7 pH units). The findings also suggest that fertilisation and

embryology of the two polar species varied, but were no more affected by lowered pH

compared with temperate and tropical counterparts (as shown for later stage sea urchin

larval development, Clark et al. 2009). Early embryology in Sineumayeri and P.corrugatus

may not be directly affected by pH levels in the range predicted for seawater over the next

century (pH 7.7), although negative effects on both organisms increased during

development in pH 7.0 and 7.3 seawater, causing morphological abnormalities during

blastulation and gastrulation. These observations may reflect differences between innate

and adaptive defences found among gametes, embryos and eggs (Hamdoun & Epel, 2007).

The degree to which these innate and adaptive responses can protect embryos from rapid

future decreases in seawater pH in a greater range of marine species is of considerable

interest.
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Chapter 3.

3.1 Introduction

3.1.1 Effects of Ocean acidification on Bivalve Molluscs

Perna canaliculus

Molluscs are among the most abundant taxa on Earth with approximately 100,000

described species, most of which are marine (Ruppert, et al., 2004). In addition to their

abundance, marine molluscs are often 'ecosystem engineers' as they maintain ecosystem

health by increasing food availability, reducing flow velocity, and decreasing

physiological and physical stress in other species (Bruno & Bertness, 2001; Gutierrez, et

al., 2003). In some cases, an organism is unable to inhabit an area if a specific ecosystem

engineer is absent from a benthic community (Bruno & Bertness, 2001; Gutierrez, et aI.,

2003). In addition to their importance as habitat modifying organisms, molluscs are farmed

globally as an aquaculture species. Aquaculture is a highly valuable ecosystem service

which humans rely on for nutrition and employment (Cooley, et al., 2009). In 2006, global

aquaculture production was 51.7 million tonnes with molluscs contributing to 27% of this

production (FAO, 2009). Therefore, any negative effects of ocean acidification on

molluscs may have devastating ecological and economical consequences.

Physiological and morphological changes induced by lowered seawater pH are a concern

for aquaculture industries that rely on high larval yields to meet demand. Nevertheless, few

studies have investigated the effects of ocean acidification on commercially important

molluscs (Gazeau, et al., 2007; Havenhand & Schlegel, 2009; Kurihara, et al., 2007;

Parker, et al., 2009; Watson, et al., 2009). The Sydney rock oyster Saccostrea glomerata is

endemic to Australia and New Zealand. It is not farmed in New Zealand, but is an

important commercial species on the Australian aquaculture market where it generates

AUD $34.5 million annually (Watson et al. 2009). Saccostrea glomerata larvae are highly

sensitive to changes in seawater pH and temperature (Parker et al. 2009; Watson et al.

2009). Significant decreases in fertilisation success, increases in larval abnormalities and

decreases in D-veliger size are seen with decreasing pH and in sub-optimal temperatures

(Parker et al. 2009). Increased mortality, developmental abnormalities and pitting of the

larval shell are also seen at seawater pH levels between pH 7.6 - pH 7.8 (Watson et al.

2009). Crassostrea gigas is another commercially important oyster and the most well
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studied aquaculture species in ocean acidification research (Gazeau et al. 2007, Kurihara et

al. 2007, Havenhand and Schlegel, 2009). Interestingly, the response of this species to

ocean acidification differs between life stages. When seawater pH is lowered from ambient

pH 8.15 to pH 7.8, fertilisation rates and sperm motility are not affected (Havenhand and

Schlegel, 2009). Embryogenesis is also unaffected in acidified pH 7.4 seawater but

negative effects are seen during larval development where shell mineralisation and growth

are severely reduced (Kurihara et al., 2007).

Negative effects of ocean acidification are also seen in a variety of commercially important

mussel species. In adult mussels, calcification rates of the edible mussel Mytilus edulis

decrease by 25% in pH 7.7 seawater and the shell begins to dissolve in seawater between

pH 7.5 and 7.6 (Gazeau, et al., 2007). Specific stages of bivalve early development are also

affected by seawater acidification (Kurihara, et al., 2009). No effect of pH is seen in

Mytilus galloprovinicialis up to the trochophore stage, but negative effects become evident

as the larval shell is secreted with shell malformations and size reductions in larvae reared

in pH 7.4 (Kurihara, et al., 2009). Talmage and Gobler (2009) compared the effects of

ocean acidification on larval stages of three commercially important bivalves; the clam

Mercenaria mercenaria, scallop Argopecten irradians and oyster Crassostrea virginica.

Growth of A.irradians was most negatively affected by lowered pH where larvae in

acidified treatments (pH 7.5 and pH 7.8) were half the size of those reared in ambient

seawater (pH 8.05). Shell lengths were 50 - 100llm smaller in Mmercenaria and

C.virginica larvae reared in acidified seawater compared with ambient seawater. Delayed

metamorphosis occurred in all three species in pH 7.5 and 7.8, while survival was reduced

in A.irradians and Mmercenaria at pH 7.8 and in all species at pH 7.5 (Talmage & Gobler,

2009).

To date, C.gigas is the only known New Zealand cultured aquaculture species to have been

studied in ocean acidification experiments (e.g. Havenhand & Schlegel, 2009; Kurihara, et

al., 2007), and research on ocean acidification and other non-commercial fauna is in its

infancy. Only one study has been published on pluteus larvae of the sea urchins Evechinus

chloroticus and Pseudechinus huttoni (Clark et al., 2009). Near future levels of ocean

acidification (pH 7.7) did not affect survival in these species, but calcification was reduced

and fine scale skeletal abnormalities were observed in scanning electron microscopy (SEM)

images (Clark et al., 2009). Smith (2009) notes that the response of New Zealand's
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bryozoan fauna to ocean acidification is likely to be determined by skeletal morphology

and mineralogy. Robust colonies with skeletons formed primarily of soluble aragonite may

be more resistant to acidification than delicate bryozoan skeletons made predominantly of

stronger calcite (Smith, 2009).

It is evident that an increasing number of ocean acidification studies are needed to predict

the future consequences of acidification on New Zealand's native species and

economically important taxa. This study examined the effects of altered seawater pH on

the temperate mussel Perna canaliculus (Gmelin 1791), an ecologically and economically

important mytilid endemic to New Zealand.

3.1.2 Ecology and Larval Development of Perna canaliculus

Perna canaliculus (commonly known as the Greenshell" mussel), is a temperate bivalve

mollusc found in New Zealand's intertidal and sub-tidal areas, and is distinguishable by its

green and brown outer shell (Fig. 3.1D). This filter feeding bivalve consumes

phytoplankton and grows rapidly in optimal nutrient conditions where shell length can

reach 50 mm during the first year of development (Buchanan, 1999; Hickman, 1979).

Perna canaliculus is dioecious and is a broadcast spawner, releasing gametes into the

water column twice annually during late winter and summer (Petes, et al., 2007). Females

release eggs which are « 60 um in size (Fig. 3.1A), while sperm are « 54 urn in total length

(Buchanan, 1999; Redfeam, et al., 1986). Fertilisation success in marine invertebrates

depends on a number of biological and environmental factors such as sperm concentration

(Styan, 1998), gamete age (Williams & Bentley, 2002), numbers of spawning adults and

current velocity (Levitan & Petersen, 1995; Levitan, et al., 1992). The fertilisation kinetics

of P.canaliculus have been studied previously under ambient seawater conditions.

Buchanan (1999) found that low sperm concentrations (500 - 5000 sperm/ml") and sperm:

egg ratios (l - 10 sperm per egg), increasing sperm age and polyspermy all significantly

decrease fertilisation success in P.canaliculus. Fertilisation rates above 90% can be

achieved at sperm concentrations of 50,000 - 100,000 sperm/ml" and egg densities ::::;1000

eggs/ml" in optimal seawater temperatures between 10 - 12°C (Buchanan, 1999).
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Between 24 - 48 hours after fertilisation, P.canaliculus gametes have undergone

embryogenesis to become shelled larvae with a straight hinge measuring ~ 75/lm in length

(Redfeam et al., 1986). These early shelled larvae are referred to as 'D-stage' larvae, as

their shells have a distinctive 'D' shape (Fig. 3.IB). Perna canaliculus larvae grow

between 6 - 9/lm per day, and after ~15 - 20 days they develop a protruding umbone

(rounding of the shell hinge) at a length of 135 - 150 urn (Fig. 3.1C)(Buchanan 1999,

Redfeam et al. 1986). After approximately 30 - 40 days the larvae metamorphose into a

juvenile form (called a pediveliger) and settle at a length of 220 - 250 urn (Buchanan,

1999; Petrone, et al., 2008; Redfearn, et al., 1986). Larvae will settle providing that they

find a suitable substratum, which they attach to using a byssal thread (Petrone, et al., 2008).

Little is known about the microstructure of the P.canaliculus larval shell. Mollusc shell

synthesis is complex and numerous types of shell microstructures and crystal

morphologies are seen in bivalves (Chateigner, et al., 2000; Simkiss & Wilbur, 1989).

These include prismatic, nacreous and crossed lamellar microstructures which can be

divided into three classifications; the nacreous, foliated and crossed lamellar groups

(Kobayashi & Samata, 2006; Simkiss & Wilbur, 1989). Marine molluscs build their shells

using calcium (Ca2+) and carbonate (COl-) ions in the extrapallial fluid which has a pH of

7.4 - 8.3 (Simkiss & Wilbur, 1989; Wilbur, 1972). Carbonate ions are transported through

ion channels to the extrapallial fluid from seawater (Simkiss & Wilbur, 1989). This fluid

is found between the mantle epithelium and the inner shell, so new aragonite and calcite

crystals are deposited on the inner surface of the shell (Simkiss & Wilbur, 1989). Crystals

are formed only when the saturation of Ca2
+ and col- in the extrapallial fluid is higher

than the solubility products of the ions (Simkiss & Wilbur, 1989). Mineralisation of the

Picanaliculus shell begins during the trochophore stage, which occurs approximately 20

hours after fertilisation (Weiss, et al., 2002). This early shell is called the prodissoconch I

and later develops into the prodissoconch 11 when the trochophore develops into aD-larva

with two shell hinges (Weiss, et al., 2002). The shell is made up of both nacreous aragonite

and prismatic calcite (the crystalline forms of CaC03) embedded in an organic matrix

(Petrone et al. 2008). Aragonite and calcite are deposited as layers and an organic

periostracum protects these underlying crystalline layers from dissolution (Ruppert et al.

2004). The larval shell may also contain amorphous calcium carbonate (ACC) which later

begins to transform into aragonite around day nine of development (Weiss et al. 2002).
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Petrone et al. (2008) found that the composition of calcite and aragonite varies temporally

in the shells of P.canaliculus at the pediveliger stage. Calcite is more predominant after 18

days of development, while a stronger aragonite component was observed in shells of 25

day old larvae.

Figure 3.1. The Greenshell" mussel Perna canaliculus. Digital micrographs of (A) a
Perna canaliculus egg, (B) a 3-day old D-Iarva and (C) a 12-day old larva with a

protruding umbone, and (D) Adult Perna canaliculus colonising a rope.
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3.1.3 Environmental Sensitivity and Aquaculture of Perna canaliculus

Perna canaliculus is an important aquaculture species in New Zealand where it has high

ecological and economic value (Redfeam et al. 1986). At the present time, it is New

Zealand's most lucrative exported seafood (MacAvoy, et al., 2008). The Glenhaven

Aquaculture Centre Ltd operates an extensive P.canaliculus breeding programme which

supplies large quantities of mussels for export. Optimal production of P.canaliculus is

sporadic and the reasons for this are not always clear (N. Ragg, pers. comm.) Because of

these uncertainties and the need to improve current protocol, numerous studies have been

carried out on gamete cryopreservation (Adams, et al., 2009), settling behaviour (Petrone

et al. 2008), larval husbandry, and broodstock management (Buchanan, 1999) to gain a

better understanding ofP.canaliculus ecology.

Adult P.canaliculus are sensitive to environmental stress where high temperatures and

desiccation can be lethal (Petes, et a1., 2007). Growth rates and gonadosomatic indices are

decreased in mussels found in the exposed high intertidal zone and mortality may occur in

high summer temperatures (Petes, et a1., 2007). When compared with a coexisting mussel

species Mytilus galloprovincialis, P.canaliculus is much less eurythermal (Petes, et a1.,

2007). Buchanan (1999) found that P.canaliculus is also sensitive to environmental

conditions during hatchery culture. In particular, larval rearing temperature can

significantly affect survival and growth. The optimal seawater temperature for survival is

16°C (Buchanan, 1999). Survival decreases by 23% at BOC and 19°C, with a 65%

decrease in survival at 24°C. Larvae reared in 19°C seawater are significantly larger than

at BOC, 16°C, and 24°C (Buchanan, 1999).

Perna canaliculus larvae are also sensitive to feed concentrations where low

concentrations (1 algal cell/ul) limit growth and survival and high concentrations (>160

cells/ ul) result in malformed growth and mortality (Buchanan, 1999). Mortality may be

caused by an excess of decaying algal cells which drop out of suspension and reduce water

quality. Larval production also declines with increasing larval densities above 10

larvae/nil" and in salinities above or below 35 ppt (Buchanan, 1999).
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Because P.canaliculus is sensitive to environmental perturbations, reductions in seawater

pH predicted over the coming centuries are likely to have a deleterious effect on its early

development. Survival during the larval stage of P.canaliculus is vital for recruitment into

the adult population, and because larval mortality in the open ocean is high (0.1 - 0.2 day 

1) even in ambient conditions (Lamare & Barker, 1999; Widdows, 1991), additional

stressors such as ocean acidification may influence population size, community structure

and commercial productivity. This could have far reaching implications for wild stocks

and hatchery yields although to date, no studies have investigated the potential effects of

ocean acidification on P.canaliculus. Ongoing research into the responses of larvae to

changing seawater chemistry is a priority to assess future impacts on economically and

ecologically important species (Cooley & Doney, 2009).

3.1.4 Aims

This study examines the effects of ocean acidification on fertilisation success and larval

development in P.canaliculus. Fertilisation success is observed under a range of pH

conditions and sperm dilutions. Larval survival, growth, calcification and skeletal

morphology are also monitored during a 13 day larval rearing experiment. Seawater pH

levels used in these experiments are pH 8.0 (ambient), pH 7.7 (seawater pH predicted for

the year 2100) and pH 7.3 (seawater pH predicted for the year 2300). An alkalised

treatment (pH 8.3) is also added to assess whether beneficial effects on survival, growth,

calcification and skeletogenesis are seen in larvae reared in simulated pre-industrial

seawater pH.
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3.2 Materials and Methods

3.2.1 Organisms and Spawning Procedure

Laboratory experiments were conducted on Perna canaliculus at the Glenhaven

Aquaculture Centre Ltd, Nelson, New Zealand (41.528°S, 173.945°E) during July 2009.

Experimental adult mussels were either hatchery broodstock or 'wild' mussels collected

from Pelorus Sound (41.093°S, 173.909°E). Adult mussels were kept in flow-through

seawater aquaria at 6 - 10°C until needed for experiments. Adult P.canaliculus were

spawned using thermal cycling (Adams et al. 2009). Mussels were held in 18°C filtered

seawater for 2 -3 hours prior to a cold rinse with 7- 8°C filtered seawater to induce

spawning. If spawning did not occur this process was repeated until the mussels began

spawning usually within 5 hours of the first cold rinse. Adults which had begun spawning

were removed from the spawning tray and placed in individual 2 L plastic containers with

7- 8°C seawater where they continued to release gametes. After approximately 15 minutes,

eggs were discarded from the female's containers to ensure that fertilisation had not

already taken place. Females were rinsed with freshwater and returned to the 2 L

containers to continue releasing eggs. Pooled eggs and sperm were placed in separate 50

ml plastic containers and stored at 4 - 5°C until needed for fertilisation experiments. In

some instances the method used to spawn P.canaliculus varied according to the

experiment being undertaken; this is explained in more detail in the following sections.

3.2.2 Adjustment of Seawater pH and Measurement of Seawater Parameters

For fertilisation experiments, 10 L sealed containers were filled with ambient pH seawater

(8.02 ± 0.10) at 11.8°C (± 0.71). This is within the optimal temperature range for

fertilisation in P.canaliculus as found in previous studies (Buchanan, 1999). For acidified

treatments (pH 6.2, 7.3 and 7.7), seawater in separate 10 L containers was adjusted through

direct bubbling of CO2 gas into the seawater. Seawater for pH 8.3 treatments was adjusted

through addition of 1650 ul of IM NaOH into 10 L of ambient pH seawater. An additional

container of seawater was unadjusted and used for the control treatment. Seawater in the

10 L containers was transferred to air-tight replicate aquaria for experimental use.

Fertilisation experiments were run over short time periods (4 -7 hours), therefore pH and

temperature were measured only once at the beginning of the experiments. Seawater pH
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was measured using a Mettler Toledo MP220 pH meter calibrated with NBS buffers pH

4.0, pH 7.0 and pH 10.0 (Labserv Proanalyst, Biolab New Zealand). Seawater pH values

within 0.05 pH units of the target pH were accepted for use in both the fertilisation and

larval rearing experiments. The partial pressure of CO2 (PC02) of seawater used in

fertilisation experiments was calculated from direct measurements of pH during the

fertilisation trials, and measurements of total alkalinity (AT) during the larval rearing

experiment, using the SWC02 computer programme (http://neon.otago.ac.nz/research/mfc

/people/keith_hunter /software/swcoz/).

For larval rearing experiments, three 150 L tanks were filled with filtered seawater at

ambient pH (8.03 ± 0.07) and temperature (18°C ± 0.5). This is the optimal temperature

for larval rearing as found in previous experiments (Buchanan, 1998). Two of these 150 L

tanks were adjusted to pH 7.3 and pH 7.7 through direct bubbling of CO2 gas into the

seawater, while the third tank was not adjusted and used for the control treatment.

Acidified seawater and ambient seawater was then transferred to sealed replicate aquaria.

To create alkalised seawater for the pH 8.3 treatments, 1650 III of IM NaOH was added to

10 L of filtered seawater used for each of the four replicate aquaria.

During the larval rearing experiment, seawater pH and temperature in each aquaria was

recorded twice daily. Seawater temperature over the rearing period was also measured

using a data logger in an additional replicate bucket placed beside the experimental

aquaria. Total alkalinity (AT) was measured using closed cell potentiometric titration

(Dickson et al., 2007). The partial pressure of CO2(PC02) and saturation omega values for

aragonite (QA) and calcite (Qc) were calculated from measured temperature, pH and total

alkalinity and known salinity (35.0 ppt; D.McCall, pers. comm.) using the SWC02

computer programme. Seawater properties for fertilisation trials and the larval rearing

experiment were determined using CO2 equilibrium constants given by Mehrbach et al.

(1973) (modified in Dickson & Millero, 1987) as recommended by Wanninkhof et al.,

(1999).
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3.2.3 Fertilisation Success

Trial One; Eggs spawned into ambient pH seawater only

Gametes were taken from three females and one male. Once females began spawning they

were transferred to a container with ambient seawater (pH 8.0) to continue releasing

gametes. Eggs were discarded after 15 minutes and eggs released subsequently were

pooled and stored at 4 - 5°C. Three 15 III samples from the egg pool were counted under a

compound microscope to estimate the total number of eggs. A sperm count was

undertaken using a haemocytometer. Eggs were added to sealed 100 ml vessels containing

either pH 8.0, pH 8.3, pH 7.7 or pH 7.3 seawater at densities of 1000 eggs/ml with four

replicates per treatment. Sperm were then added to replicates using a pipette at densities of

500,000 sperm/ml (500 sperm per egg) to begin fertilisation. After 30 minutes, gametes in

the 100 ml vessels were transferred to 700 ml vessels filled with experimental pH seawater.

This was done to eliminate confounding effects of containers which may reduce

fertilisation success if space is limited. Four 1 ml samples were taken from each replicate

after 6.5 hours and fixed with 38 III of 10% formalin (0.38% final concentration). The

fertilisation rate in each treatment was calculated by enumeration of 165 (± 29) eggs in

each 1 ml sample which were categorised as fertilised or unfertilised. Eggs with polar

bodies and cleaved eggs were considered fertilised in this trial. Fertilisation success was

expressed as the percentage of total eggs in a sample which were fertilised.

Trial Two; Eggs spawned into altered and ambient pHseawater

Gametes were taken from three females and one male. Once females began spawning they

were transferred to a container with unaltered seawater (pH 8.0) to continue releasing

gametes. Eggs were discarded after 15 minutes and eggs released subsequently were

pooled and stored at 4 - 5°C. Females were then transferred to containers with altered

seawater (pH 7.7 and pH 7.3) to release gametes which were also stored at 4 - 5°C. The

male was dry-spawned in order to maximise viability of the sperm. Three 15 III samples of

eggs from each treatment were counted under a compound microscope to estimate the total

number of eggs in each 50 ml container. A sperm count was undertaken using a

haemocytometer. Eggs were added to sealed 100 ml vessels containing either pH 8.0, pH

8.3, pH 7.7 or pH 7.3 seawater at densities of 1000 eggs/ml with four replicates per
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treatment. Sperm was then added the replicates at densities of 500,000 sperm/ml (500

sperm per egg). After 25 minutes, gametes in the 100 ml vessels were transferred to 700

ml vessels filled with experimental pH seawater. Four 1 ml samples were taken from each

replicate after four hours and fixed with 40 III of 10% formalin (0.40% final concentration).

The fertilisation rate in each treatment was calculated by enumeration of 118 (± 12) eggs

in each 1 ml sample which were categorised as fertilised or unfertilised. Only cleaved eggs

were considered fertilised in this trial. Fertilisation success was expressed as the

percentage of total eggs in a sample which were fertilised.

Trial Three; pH and sperm density effects

Gametes were taken from 6 females and 3 males. Female mussels were spawned into

ambient pH seawater. Eggs were pooled at a density of 26,666 eggs per ml and put into a

refrigerator at 4 - 5°C. Males were dry-spawned in order to keep the sperm viable. Three

ml tissue culture dish (TCD) wells were filled with 2950 III seawater set to pH 6.2, pH 7.3,

pH 7.7, pH 8.0 and pH 8.3 with 12 replicate wells per pH treatment. Seawater treatments

were made up with 0.1% bovine serum albumin (Albumax I Lipid Rich BSA, GibcoTM

Invitrogen Corporation, New Zealand). Bovine serum albumin (BSA) reduces the

'stickiness' of sperm to surfaces and prevents experimental artefacts which can occur if

sperm adhere to edges of the small TCD wells. Six hundred eggs (200 eggs/ml") were

added to each well along with 30 III of sperm at three concentrations of 103,104 and 105

sperm/ml. This corresponded to 5, 50 and 500 sperm per egg. Four replicate TCD wells

were used for each sperm concentration. TCD trays were floated in water baths at 11°C

and wells were fixed with 125 III of 10% formalin (1.25% final concentration) after five

hours. The fertilisation rate in each treatment was calculated by randomly counting 100

eggs in each 3 ml well. Cleaved eggs and eggs with polar bodies were considered fertilised.

Fertilisation success is expressed as the percentage of 100 eggs in a sample which were

fertilised.
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3.2.4 Larval Rearing Protocol

Adult P.canaliculus were spawned using the method described in section 3.2.1. Larvae

were held in 5000 L tanks of filtered ambient pH seawater for two days until they had

reached the D-larval stage. D-stage P.canaliculus larvae were transferred to sealed 10 L

aquaria containing unaltered seawater (pH 8.0) or seawater adjusted to pH 7.3, pH 7.7, pH

8.3 (using the methods described in section 3.2.2). Four replicate aquaria were used for

each pH treatment. The 16 aquaria were organised in a random order to eliminate any

experimental artefacts created by placement of aquaria. Larvae were added to the aquaria

at densities of 6.9 larvae per mr! and reared for 13 days (Days 0 - 12). Seawater in the

aquaria was changed every two days to maintain high water quality. The larvae were fed a

mixed macroalgal diet of 66% Chaetocerous calcitrans and 33% Isochrysis galbana every

day for the duration of the experiment. The feeding regime was based on standard feeding

protocol used at the Glenhaven Aquaculture Centre Ltd.

3.2.5 Larval Survival

Measurements of larval survival were taken on Days 2, 4, 6, 8, 10 and 12 of the larval

rearing experiment. Larvae from each replicate 10 L aquarium were washed onto a 45 urn

mesh and transferred to a beaker in 900 ml of seawater using a hose and funnel. A larval

plunger was used to plunge the seawater in the beaker 30 times in order to re-suspend any

sinking larvae into the water column. Three 1 ml samples were taken from the beaker and

transferred to separate wells in a 12 well TCD. Two drops of lugols iodine were added to

each well to kill the larvae and enable them to be counted accurately. The number of larvae

in each sample was counted under an inverted compound microscope and recorded. This

number was divided by 11.1 to obtain the number of larvae per ml in each 10,000 ml

aquarium (10,000 ml / 900 ml = 11.1). Larvae remaining in the 900 ml beaker were re

washed onto the 45 urn mesh and transferred back into their replicate aquaria filled with

new ambient or adjusted pH seawater. Larvae were washed off the mesh and back into the

aquaria using seawater with the same pH as the treatment to ensure the aquarium pH was

not altered during transfer.
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3.2.6 Larval Growth

Samples for larval growth were taken on days 2, 4, 6, 8, 10 and 12 at the same instance as

the survival samples described in section 3.2.5. After larvae in the 900 ml beaker had been

suspended in the water column through plunging, a 1.5 ml sample was transferred from the

beaker into a TCD well and viewed under a compound microscope. Digital photographs of

larvae in the TCD well were taken using a camera attached to the microscope. Larval shell

lengths (urn) were measured from the photographs using a macro in Image J (Version 1.42,

NIHimage, USA) which calculates the shell length of each individual larva at a known

magnification. The shell lengths of 321 (± 82) larvae were measured in each treatment on

each sampling day.

3.2.7 Larval Calcification

Larval calcification was determined by finding the inorganic dry weight of larval samples

from different pH treatments. On completion of the larval rearing experiment, concentrated

1.5 ml samples of larvae were collected from each pH replicate and stored in eppendorf

tubes (1.5 ml). Salt was removed from the samples by washing each sample in Milli-Q

water and spinning it in a centrifuge to concentrate larvae at the base of the tube before

freezing. Larvae were defrosted at a later date and dried for three days in a 45°C oven. The

dry weight of each sample was recorded, then samples were placed in tin foil containers

and ashed in a muffle furnace at 550°C for four hours (Baker & Wolff, 1987). Empty tin

foil containers were also placed in the muffle furnace as a proxy to measure the amount of

weight lost by the foil during ashing. Larval samples were re-weighed after ashing and the

calcification index was obtained using the following equation:

Calcification Index = Ash Weight of Larvae and Foil- (Initial Foil Weight x P) *100

where P was the percentage decrease in the standard foil weight after ashing.

(eq.4)

This equation gave the calcification index of P.canaliculus larvae by calculating the

percentage of larval dry weight which was inorganic (CaC03) .
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3.2.8' Larval Skeletogenesis

On completion of the larval rearing experiment, concentrated 1.5 ml samples of larvae

were collected from each pH replicate and stored in eppendorf tubes (1.5 ml). Salt was

removed from the samples by washing them in Milli-Q water and spinning them in a

centrifuge to concentrate larvae at the base of the tube before removing water with a

pipette. Larval samples were frozen and defrosted at a later date, then dried for three days

in a 45°C oven. To examine the skeletal morphology of these 13 day old larvae,

photographs of the larvae from each pH treatment were taken using a Jeol JSM-6700F

Fuelled Emission Scanning Electron Microscope (JEOL Ltd, Tokyo, Japan), using an

accelerating voltage of 5kV. In preparation for scanning electron microscopy (SEM),

samples were mounted on 10 mm aluminium stubs using carbon tape, and coated with

15nm gold palladium in an Emitech K575X Peltier-cooled high resolution sputter coater

(EM Technologies Ltd, Kent, England). Five photographs of intact larvae were taken for

each pH treatment at 350 - 550x magnification to elucidate any differences between shell

surface structure. Internal shell structure was examined by taking photographs of shell

cross sections at 10,000 - 30,000x magnification. Seven photographs were taken for each

pH treatment and sections were selected randomly from the prodissoconch I and

prodissoconch 11 parts of the shells. Shell thickness was measured across the widest part of

the photographed cross sections using Image J software (Version 1.42, NIHimage, USA).

3.2.9 Statistical Analyses

To normalise percentage data on fertilisation success and survival, data were arcsine

square root transformed. Measurements of P.canaliculus shell length and calcification

were normally distributed and not transformed. Measurements of shell thickness were

square root transformed. Survival data was analysed using a Repeated Measures

MANOVA and sphericity was tested using Mauchly Criterion. All remaining data was

analysed using general linear models (GLM) and Tukey's post-hoc tests were carried out

to examine differences among pH levels and sperm dilutions. Assumptions of normality

and homogeneity of variances were tested through visual examination of the residuals.

Data analysis was carried out using MINITAB 15® (Minitab Inc., USA) and lMP (SAS

Institute Inc., USA).
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3.3 Results

3.3.1 Seawater Parameters

Seawater pH and temperature (OC) measurements, and calculated pC02 for seawater used

in Perna canaliculus fertilisation trials are shown in Table 3.1. The pH of all altered

seawater treatments (6.2, 7.3, 7.7, 8.3) was within 0.04 units of the target pH, while the pH

of ambient seawater ranged from pH 7.93 - 8.12. Measurements of seawater parameters

for the larval rearing experiment are shown in Table 3.2. Seawater pH fluctuated by 0.07 

0.1 pH units over the experimental period due to gas equilibration with the atmosphere and

biological activities (e.g. respiration and algal photosynthesis). Daily seawater

temperatures were 17.9 - 18.1 °C (± 0.5°C). Calculated partial pressures of CO2 (PC02)

increased twofold with each 0.3 - 0.4 unit drop in pH from pH 8.3 - 7.3. As expected,

measured total alkalinity (AT) was stable within pH 7.3, pH 7.7 and pH 8.0 treatments with

a mean of 2284 (± 9.8) umol kg soln", while AT in pH 8.3 was considerably higher at

2445.2 umol kg soln" due to NaOH addition. All treatments were oversaturated with

respect to aragonite and calcite except for the pH 7.3 treatment.

Table 3.1. Measurements of pH and temperature COC), and calculated pC02 of seawater
used in Perna canaliculus fertilisation trials.

Trial One pH 6.2 pH 7.3 pH 7.7 pH 8.0 pH 8.3

pH 7.34 7.67 8.10 8.32

Temperature COC) 12.3 12.1 11.9 12.2

pC02 2984.6 1355.6 454.8 271.1

Trial Two

pH 7.29 7.67 7.93

Temperature COC) 11.2 11.2 11.0

pC02 3317.6 1343.2 698.8

Trial Three

pH 6.20 7.29 7.70 8.12 8.33

Temperature COC) 13.1 13.4 12.8 12.4 13.1

pC02 n/a 3400.4 1268.8 433.0 264.8
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Table 3.2. Average seawater pH, average temperature (QC), partial pressure of CO2

(PC02), total alkalinity (AT), aragonite saturation (nA) and calcite saturation (nc) of
seawater used in the 13 day Perna canaliculus larval rearing experiment. n = 4 for all
treatments.

Treatment Temperature (OC) pCOz (uatm)
Alkalinity

OA OepH
(umol kg soln")

pH 7.3 7.34 (±0.1) 18.1 (±0.5) 3178.1 2284.6 0.47 0.73

pH 7.7 7.72 (±0.1) 18.1 (±0.5) 1270.7 2293.0 1.09 1.69

pH 8.0 8.03 (±0.07) 17.9 (±0.5) 570.9 2274.0 2.03 3.15

pH 8.3 8.32 (±0.07) 17.9 (±0.5) 278.0 2445.2 3.76 5.82

3.3.2 Fertilisation Success

Trial One; Eggs spawned into ambient pH seawater only

An average of 74% - 93% of eggs were fertilised (polar bodies were present or eggs had

cleaved) in all treatments (Fig. 3.2A). Seawater pH had a highly significant effect on

fertilisation success (F(3,63) = 19.89, P <0.001). Tukey's post-hoc tests indicated that

fertilisation success in ambient pH 8.0 seawater was significantly higher than all altered

treatments; pH 7.3 (T= 6.52, p <0.001), pH 7.7 (T= 6.78, p = <0.001) and pH 8.3 (T= 5.10,

p <0.001). Fertilisation success did not differ among altered pH treatments (T<1.68, p >

0.343).

Trial Two; Eggs spawned into ambient pH and acidified seawater

An average of 10% - 34% of eggs were fertilised (had undergone cleavage) in all

treatments (Fig. 3.2B). Seawater pH significantly affected fertilisation success (F(2,47) =

103.3, p <0.001). Tukey's post-hoc tests revealed that fertilisation success declined with

decreasing pH with fertilisation in pH 7.3 significantly reduced compared with pH 7.7 (T=

10.71, p <0.001) and pH 8.0 (T= 13.66, p <0.001). Fertilisation was also significantly

reduced in pH 7.7 compared with pH 8.0 (T= 2.94,p = 0.014).
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Figure 3.2. Perna canaliculus fertilisation success within ambient (pH 8.0) and altered
(pH 7.3, 7.7, 8.3) seawater in (A) Trial one and (B) Trial two. Significant differences
between treatments are denoted by columns which do not share lower case letters. n = 4
for all treatments.
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Trial Three; pH and sperm density effects

This trial had the highest range of fertilisation success (5 - 99%) across treatments (Fig.

3.3). Two-way ANOVA indicated that fertilisation success was significantly affected by

pH (F(4,59) =432.5, p <0.001) and sperm dilution (F(2,59) = 140.1, P <0.001). There was

also an interaction effect between pH and sperm dilution (F(8,59) = 8.0, P <0.001). Tukey's

post-hoc tests were conducted to compare a) fertilisation rates within pH treatments and

among different sperm dilutions, and b) fertilisation rates among pH treatments within

individual sperm dilutions. Results are summarised in Tables 3.3 and 3.4.

The sperm: egg ratio of 5:1 resulted in significantly reduced fertilisation at all pH levels,

indicating that this sperm density is below the optimum level for fertilisation in

P.canaliculus. In pH 6.2 and pH 7.7 seawater, fertilisation rates were significantly lower in

the 50:1 sperm dilution compared with the 500:1 dilution (Table 3.3). In pH 7.3, pH 8.0

and pH 8.3 seawater, fertilisation rates were not different between 50:1 and 500:1 sperm

dilutions (Table 3.3).

Fertilisation rates were significantly reduced in pH 6.2 compared with all other pH levels

within all sperm dilutions, whereas fertilisation success did not differ among pH 7.3, pH

7.7 and pH 8.0 seawater within any of the three dilutions used (Table 3.4). Alkalised

seawater (pH 8.3) had lower fertilisation rates in the 5:1 sperm dilution compared with pH

7.3, 7.7 and 8.0 treatments, but fertilisation rates did not differ among these treatments

within the 50:1 dilution (Table 3.4). Fertilisation in pH 8.3 was lower than pH 7.7 and no

different to pH 7.3 and pH 8.0 in the 500:1 dilution (Table 3.4).

Table 3.3. Results of Tukeys post-hoc tests comparing fertilisation rates In Perna

canaliculus among sperm dilutions. n = 4 for each sperm dilution.

Sperm : egg ratio Fertilisation rate Seawater pH T P

5:1 < 50:1,500:1 All pH levels >3.02 <0.035

50:1 < 500:1 6.2, 7.7 >3.24 <0.025

500:1 No difference to 50:1 7.3,8.0,8.3 <2.24 >0.118
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Table 3.4. Results of Tukeys post-hoc tests comparing fertilisation rates In Perna
canaliculus among pH treatments. n == 4 for each pH treatment.

Seawater pH Fertilisation rate Sperm : egg ratio T p

6.2 < pH 7.3, 7.7, 8.0, 8.3 All ratios >11.93 <0.001

7.3, 7.7,8.0 No difference All ratios <2.82 >0.082

7.3, 7.7, 8.0 8.3 No difference 50:1 <1.72 >0.454

7.3, 8.0, 8.3 No difference 500:1 <0.94 >0.876

8.3 < pH 7.3, 7.7, 8.0 5:1 >7.15 <0.001

8.3 < pH 7.7 500:1 3.33 0.032
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Figure 3.3. Fertilisation rate (% ± SE) of Perna canaliculus eggs in seawater adjusted to
pH 6.2, 7.3, 7.7, 8.3 and ambient (pH 8.0) at three sperm: egg ratios . Significant
differences between treatments are denoted by columns which do not share lower case
letters . n == 4 for each pH treatment and sperm dilution.
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3.3.3 Larval Survival

On completion of the larval rearing experiment (Day 12), proportions of larvae surviving

from the initial stock ranged from 0.54 - 0.75 (Table 3.5, Fig. 3.4). Repeated measures

MANOVA analysis indicated that survival decreased significantly over time (F4,13 = 11.56,

p <0.001), but proportions of larvae surviving were not different among pH treatments

(F3,15 = 0.67,p = 0.584). Survival rates decreased similarly over time in all pH treatments

and there was no significant pH*time interaction (Wilks' Lambda = 0.23, F12,24 =1.48, p =

0.197).

Table 3.5. Larval survival (%), shell length (um), shell CaC03 (%) ± SE and the
percentage of Perna canaliculus larvae at settling size on day 12 in different seawater pH
treatments. Significant differences between treatments are denoted by columns which do
not share lower case letters.

Treatment
Larvae Surviving

Shell Length (pm) Shell CaC03 (%)
Larvae reaching

(proportion) settling size (%)

pH 7.3 0.67 (± 0.01) a 182.9 (± 1.36) a 85.0 (± 0.86) a 26.7

pH 7.7 0.75 (± 0.02) a 188.5 (± 1.72) b 86.3 (± 0.44) a 33.9

pH 8.0 0.54 (± 0.04) a 203.0 (± 1.75) c 88.3 (± 1.38) a 60.5

pH 8.3 0.67 (± 0.02) a 203.9 (± 1.62) c 86.7 (± 0.52) a 55.7

3.3.4 Larval Growth

Perna canaliculus larvae grew by an average of 87.9 - 108.9/lm over the thirteen day

rearing period. Larval shell length significantly decreased with decreasing seawater pH

(F(3,906) = 44.3, P = <O.OO1)(Fig. 3.5, Table 3.5). Larvae reared in the most acidified

treatment (pH 7.3) had significantly smaller shells than larvae in pH 7.7 (T = 2.60, p =

0.046) pH 8.0 (T= 8.69,p = <0.001) and pH 8.3 (T= 9.68,p <0.001). Larvae reared in pH

7.7 had significantly smaller shells than pH 8.0 (T= 5.97,p <0.001) and pH 8.3 (T= 6.72,

p <0.001). Shell lengths in larvae rearing in pH 8.0 and pH 8.3 were not significantly

different (T = 0.37, p = 0.983). The percentage of larvae reaching settling size (shell

length >200/lm) was highest in ambient pH 8.0 (60.5%) and this decreased to 55.7% in pH

8.3,33.9% in pH 7.7 and 26.7% in pH 7.3 seawater (Table 3.5).
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Figure 3.5. Growth of Perna canaliculus larvae over thirteen days of a larval rearing
experiment (days 0 - 12) indicated by shell length measurements (urn ± SE) taken from
larvae reared in seawater at ambient pH (pH 8.0), and seawater adjusted to pH 7.3, pH 7.7
and pH 8.3.
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3.3.5 Larval Calcification

The calcification index of P.canaliculus larvae ranged from 85.0 - 88.3 % (Fig. 3.6, Table

3.5). The percentage of inorganic material (CaC03) in larvae decreased in seawater pH

levels above and below ambient (Fig. 3.6, Table 3.5), although one-way ANOVA

indicated that differences among pH treatments were not statistically significant (F(3,15) ==

2.44, p == 0.114).
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Figure 3.6. The calcification index (% ± SE) of Perna canaliculus shells from larvae
reared in ambient pH seawater (pH 8.0) and seawater adjusted to pH 7.3, pH 7.7 and pH
8.3. n == 4 for each pH treatment.

3.3.6 Larval Skeletogenesis

On visual inspection of SEM photographs, shell surface structure did not differ among pH

treatments. Each larval shell examined had regular growth bands and none of the shells

displayed obvious pitting on the outer layer (Fig. 3.7). The internal shell was composed of

homogeneous and crossed lamellar microstructures within the prodissoconch I (Fig. 3.8),

and homogenous microstructures within the prodissoconch 11 (Fig. 3.9). The organisation
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of these microstructures within the shell did not differ between treatments, however larval

shell thickness decreased with decreasing pH (Fig. 3.10). Compared with larvae in the

ambient pH treatment, shell thickness of larvae in pH 7.3 and pH 7.7 decreased by 32.5%

and 20.1% respectively. Shell thickness in pH 8.3 increased by 31.6% compared with the

control treatment. There was a statistically significant difference in shell thickness among

pH treatments (F(3,27) = 11.0, P = <0.001). Tukey's post-hoc tests revealed that shells were

significantly thinner in pH 7.3 compared with pH 8.0 and pH 8.3 (T <5.45, P <0.035), but

not significantly different to pH 7.7 (T = 1.30, p == 0.573). Shell thickness was not

significantly different between pH 7.7 and pH 8.0 (T == 1.62, p == 0.385) but shells in pH

8.3 were thicker than pH 7.7 (T == 4.15, p == 0.002). There was no difference in shell

thickness between larvae raised in pH 8.0 and pH 8.3 (T== 2.53,p == 0.081).

Figure 3.7. SEM micrograph samples of Perna canaliculus larvae reared in pH 7.3, pH 7.7,
pH 8.0 and pH 8.3 seawater. Black arrows identify growth bands on each larva. PI ==

Prodissoconch I, PII = Prodissoconch 11.
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(a) Perna canaliculus Larvae-- (b) Prodissoconch I Cross Sections

Figure 3.8. SEM micrograph samples showing Prodissoconch I shell structure and thickness
in Perna canacilulus larvae reared in pH 7.3, pH 7.7, pH 8.0 and pH 8.3 seawater. Red
squares indicate the areas on the shell where the corresponding cross sections are located.
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(a) Perna canaliculus Larvae (b) Prodissoconch 11 Cross Sections

Figure 3.9. SEM micrograph samples showing Prodissoconch 11 shell structure and thickness
in Perna canacilulus larvae reared in pH 7.3, pH 7.7, pH 8.0 and pH 8.3 seawater. Red
squares indicate the areas on the shell where the corresnondinz cross sections are located.
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3.4 Discussion

The primary objective of this research was to examine the potential effects of near-future

ocean acidification (seawater pH levels of 7.7 and 7.3 predicted for the years 2100 and

2300, respectively) on fertilisation and larval development in Perna canaliculus. This was

quantified by measuring fertilisation success using a range of methods, and by monitoring

growth, survival, calcification and skeletal morphology of larvae reared in ambient (pH 8.0)

and acidified seawater over a 13 day experiment. A secondary aim of this research was to

investigate whether P.canaliculus is already being affected by a drop in ocean surface pH

since the industrial revolution. With this in mind, P.canaliculus fertilisation success and

larval development were also examined in seawater alkalised to pH 8.3 using NaOH.

These findings will have implications for the future success of this ecologically important

mussel in the ocean, and aid in predicting the consequences for aquaculture facilities that

culture this economically important species.

3.4.1 Fertilisation Success

The range of fertilisation responses observed in P.canaliculus indicate that the effects of

ocean acidification on fertilisation will be difficult to predict. In one trial, P.canaliculus

was able to maintain fertilisation rates at 84 - 99% in pH 7.3, pH 7.7 and pH 8.0

treatments even when sperm concentrations were lowered to 5 sperm/egg". In other trials

which used optimal sperm concentrations, P.canaliculus fertilisation success was

significantly lower in seawater pH levels predicted for 2100 and 2300 (7.7 and 7.3) and in

pre-industrial pH 8.3. Other studies have also found different fertilisation responses in the

same species exposed to acidification. Byrne et al. (2009; 201Oa; 201Ob) found that

fertilisation was not affected by pH 7.6 - 7.9 in the urchin Heliocidaris erythrogramma,

whilst Havenhand et al. (2008) found that fertilisation decreased in seawater acidified to

pH 7.7. Byrne et al. (201Oa; 201Ob) and Dupont et al. (201Ob) suggest that the contrasting

responses observed in H.erythrogramma are due to the different numbers of males used in

the studies. The diverse responses seen in the P.canaliculus fertilisation trials may also be

due to the different numbers of males used among trials. It is also important to note that

different mussels were used for each trial, and the range of responses seen in P.canaliculus

may therefore reflect the different capabilities of individuals to cope with pH stressors.

Distinct maternal and paternal effects are known to influence fertilisation rates (Byrne, et
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al., 201Ob) and sperm motility varies among individual Crassostrea gigas exposed to

acidified seawater (Havenhand & Schlegel, 2009). If individual P.canaliculus differ in

their ability to tolerate pH fluctuations, the strength of individual effects on fertilisation

would have been diminished in trial three (where sperm from multiple males was used)

and this would explain the high fertilisation rates observed in this trial. Indeed, polyandry

is known to increase fertilisation success in some organisms (Byme, et al., 201Ob; Evans

& Marshall, 2005) and this could also explain the contrasting fertilisation responses seen

in H.erythrogramma, where Byme et al. (2009) used sperm from multiple males and

Havenhand et al. (2008) used single males.

Altered sperm function is likely to be the cause of decreased fertilisation success in

P.canaliculus in pH 7.3 and pH 7.7 seawater. The pHi of sperm decreases when seawater

is acidified, reducing sperm motility, speed and flagella function (see section 2.4.1). This

study also found that differences in fertilisation rates among treatments were larger when

eggs were both spawned and fertilised in acidified seawater. In the open ocean gametes

will be exposed to acidified conditions as soon as they are released; therefore, this closely

mimics natural processes and suggests that an additional pH stressor during spawning may

reduce egg quality and fertilisation. Seawater pH is known to affect the acid-base balance

of invertebrate eggs (Baltz, et al., 1995). In sea urchin eggs, the pll, is increased from pH

6.8 to 7.3 approximately 4 - 6 minutes after the egg has been fertilised, a process which

activates protein and DNA synthesis, and is vital to egg development (Baltz, et al., 1995;

Grainger, et al., 1979). If the pH of external seawater is lowered, net transport of H+across

the egg membrane may prevent an increase in pHi, inhibit fertilisation, and result in

delayed or abnormal development of eggs.

Altered seawater pH has been shown to affect fertilisation in other mollusc species. Near

future levels of seawater pH (0.3 - 0.4 units below ambient) reduce fertilisation in the

oyster Saccostrea glomerata but have no overall effect on fertilisation in another oyster,

Crassostrea gigas (Havenhand & Schlegel, 2009). In the scallop Placopecten

magellanicus, fertilisation success decreases in pH 7.5 and 7.0, while early egg cleavage is

slightly delayed in acidified seawater treatments (Desrosiers, et al., 1996). Incidences of

polyspermy also increase with decreasing pH in Pimagellanicus (Desrosiers, et al., 1996).

Decreases in fertilisation success seen at pH 7.7 in some P.canaliculus trials is unusual as

seawater pH must be lowered below 7.4 to have any effect on fertilisation in most
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organisms (Byrne, et al., 201Ob; Kurihara & Shirayama, 2004). A decrease in

P.canaliculus fertilisation in pH 8.3 seawater is also uncommon, as fertilisation success is

increased in some molluscs such as scallops (Desrosiers, et aI., 1996) and clams

(Alvarado-Alvarez, et al., 1996) in elevated pH 8.5. Seawater alkalisation is also carried

out to enhance mollusc fertilisation in some aquaculture facilities, as hydroxyl ions can

facilitate oocyte maturation (Aquino De Souza, et al., 2009). It is possible that

P.canaliculus has already begun to adapt to the drop in seawater pH since the industrial

revolution, and therefore pre-industrial seawater conditions are no longer favourable for

fertilisation. Gienapp et al. (2008) note that organisms may adapt to climate change by

adjusting to conditions using phenotypic plasticity (acclimation without genetic changes).

In rare events, organisms may also adapt through 'microevolution' where genetic changes

in response to a stressor are seen over short time scales (Gienapp, et al., 2008). Further

studies are needed to address whether it is possible for organisms such as P.canaliculus to

acclimatise to acidification over one hundred year periods. This might explain the decrease

in P.canaliculus fertilisation seen in pH 8.3 and have implications for acclimation over the

coming centuries.

3.4.2 Larval Survival

The observation that pH did not affect the rate of survival in P.canaliculus is not unusual,

as a number of studies have found that reductions in pH between 7.3 - 7.7 do not increase

larval mortality (Clark, et al., 2009; Dupont, et al., 201Oa; Findlay, et al., 2010; Kurihara,

et al., 2004; Suwa, et al., 2010). However, other studies report negative effects oflowered

pH on larval survival (Clark, et al., 2009; Dupont, et al., 2008; Talmage & Gobler, 2009;

Watson, et al., 2009) and two studies have found that survival is higher in larval urchins

reared in seawater 0.4 pH units below ambient (Dupont & Thomdyke, 2008; Wren, et al.,

2008).

Kurihara et al. (2004) suggest that seawater pH predicted for the years 2100 and 2300 may

only be sub-lethal to larvae, as developmental delays and skeletal abnormalities (induced

by acidification) are deleterious to organisms but may not directly result in death.

Therefore, a neutral effect of pH on survival during short term studies may be misleading,

as negative effects of pH on processes such as growth and calcification may prove lethal

later in development (Dupont, et al., 2010a). Perna canaliculus may have maintained
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survival rates in altered seawater through metabolic down-regulation, a stress response

which allows energy to be allocated to survival, but often at the expense of other processes

(e.g. growth, see section 3.4.3). In the short term, this trade off between growth and

survival may be advantageous; however, depressed growth may cause morality during

later developmental stages. These results indicate that short term exposure to near future

levels of seawater pH will not increase mortality in P.canaliculus larvae, but lowered pH

may cause increased mortality over a longer period of exposure.

3.4.3 Larval Growth

Significant decreases in shell length and percentages of larvae reaching settling size were

seen in P.canaliculus larvae reared in seawater pH predicted for the years 2100 - 2300.

This indicates that lowered pH inhibits normal growth and agrees with previous studies

reporting reduced growth in mollusc larvae at pH levels predicted for the coming centuries

(Gazeau, et al., 2010; Kurihara, et al., 2009; Kurihara, et al., 2007; Talmage & Gobler,

2009; Watson, et al., 2009). In this study and others, growth appears to be the process

most negatively affected by acidification (see Table 1.1) even when neutral or positive

effects of acidification are seen during other biological processes (e.g. Clark, et al., 2009;

Findlay, et al., 2010; Marshall, et al., 2008). While negative effects are almost always seen

at pH levels below pH 7.5 (Kurihara, 2008; Michaelidis, et al., 2005), the reduced growth

ofP.canaliculus in pH 7.7 seawater is less common.

Although pH 7.7 seawater was saturated with respect to nA and nc, larvae in this

treatment still had significantly smaller shell lengths than the ambient treatment,

suggesting that carbonate saturation is not the only mechanism controlling shell growth.

Previous studies have also found that larval growth is reduced in the urchin Evechinus

chloroticus (Clark, et aI., 2009) and the barnacle Semibalanus balanoides (Findlay, et aI.,

2010) when reared in pH 7.7 seawater saturated with calcite. Contrastingly, other studies

have observed increased growth in the starfish Crossaster papposus (Dupont, et al., 2010a)

in pH 7.7 seawater saturated with calcite, and neutral growth in the oyster Crassostrea

ariakensis (Miller, et al., 2009) in seawater undersaturated with aragonite.
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Lowered seawater pH can affect growth in a variety of ways and the mechanisms

operating to reduce or inhibit growth are often difficult to discern (Dupont, et al., 201Ob).

One explanation is that lowered pH may cause dissolution of a previously synthesised shell.

Shell dissolution occurs when an organism attempts to regulate extracellular pH by

dissolving its shell and releasing bicarbonate ions into the haemolymph (Marshall, et aI.,

2008; Michaelidis, et aI., 2005). This process also lowers the organism's metabolic rate,

which further impairs growth (Michaelidis, et aI., 2005). Perna canaliculus larvae were

exposed to acidified seawater after the prodissoconch I had already been laid down,

therefore shell dissolution of the prodissoconch I may have occurred after exposure, and

pitting of the shell may have occurred during prodissoconch II formation. However, there

was no evidence for increased shell dissolution when P.canaliculus reared in acidified

seawater were viewed under SEM (see section 3.4.5), nor was there a significant decrease

in calcification in low pH seawater (see section 3.4.4). This finding suggests that delayed

development in low pH seawater, and not shell dissolution, was predominantly responsible

for smaller larval sizes in P.canaliculus.

Delayed larval growth has been acknowledged in recent reviews as a common response to

hypercapnia associated with ocean acidification (Dupont, et al., 20lOb; Dupont &

Thorndyke, 2009). A developmental delay would certainly be expected if the metabolic

rate of P.canaliculus larvae was lowered as they attempted to regulate intracellular pH

(Michaelidis, et aI., 2005). Metabolic depression does occur in numerous invertebrates in

response to environmental stressors (Guppy & Withers, 1999). Lowered metabolism has

been previously reported in the mussel Mytilus galloprovinicalis (Michaelidis, et aI., 2005),

peanut worm Sipunculus nudus (Portner, et al., 1998), and a range of temperate, tropical

and polar echinoderms (M.D. Lamare, unpublished data) on exposure to acidified seawater

(see also section 4.2).

Depressed growth rates in P.canaliculus will have deleterious consequences for wild

mussel populations. Decreases in the percentage of larvae reaching settling size in

acidified seawater (26.6% and 33.8% decreases in pH 7.7 and pH 7.3, respectively)

suggest that ocean acidification could significantly reduce settlement rates. Settlement is

vital for recruitment of post-larval mussels into adult populations and increased time spent

in the planktonic stage increases the risk of predation and decreases chances of survival

(Dupont & Thorndyke, 2009; Morgan, 1995). The late-winter spawning of Perna
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canaliculus also suggests that spawning is timed with spring algal blooms when food is

readily available in the water column. Any delay in development and settlement may affect

this synchrony and result in widespread mortality (Dupont & Thomdyke, 2009).

When Perna canaliculus larvae were raised in alkalised pH 8.3 seawater, they did not

grow significantly larger than larvae in ambient pH seawater. This finding is unusual as the

seawater in pH 8.3 was super-saturated with aragonite and calcite (nearly double that of the

control treatment) and a significant increase in growth might be expected. Increased

growth has been observed in larvae of the oyster Ostrea edulis reared in pH 8.47 (pH of

glacial and prehistoric seawater; Oettmeier, 2007). Oettmeier (2007) suggests that

increased Oiedulis growth in pH 8.47 occurred because the pH of ambient seawater is

already low enough to be unfavourable for growth. The alkalised treatment used for

P.canaliculus was 0.1 units higher than pre-industrial pH values compared with the

alkalised treatment used for Oiedulis which was 0.27 units higher. It is possible that the

elevated pH used in this study was not high enough to elicit major increases in larval

growth as in Oiedulis. The response of bivalves to elevated pH is also likely to differ

between species (see Calabrese & Davis, 1966). Larvae of the estuarine clam Mercenaria

mercenaria experience most rapid growth in seawater 0 - 0.5 pH units above ambient,

whereas the oyster Crassostrea virginica displays optimal larval growth in seawater 0.6 

0.8 units above ambient (Calabrese & Davis, 1966).

3.4.4 Larval Calcification

Calcification is an important process in molluscs as the larval shell protects the organism

from predators and the physical environment (Simkiss & Wilbur, 1989). The results of this

study suggest that altered seawater pH may not affect calcification in P.canaliculus larvae.

Previous studies have found that in adults, the effect of pH on calcification is species

specific (Gazeau, et al., 2007; Ries, et al., 2009; Wood, et al., 2008). Ries et al. (2009)

reported the effects of ocean acidification on calcification in adults of eighteen

invertebrates. Calcification rates decreased with decreasing pH in a range of molluscs,

corals and echinoderms. Four species of limpets, urchins and algae showed increased

calcification rates in predicted near future values of pC02 while three species of

crustaceans showed increased calcification rates in the highest pC02 treatment (2856 ppm).
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Increased calcification in acidified seawater has also been found III the brittlestar

Amphiurafiliform is (Wood, et aI., 2008).

A range of responses to acidified seawater have also been demonstrated during the larval

stages. In the oyster Crassostrea gigas, calcification rates decreased markedly in pH 7.4

(Kurihara, et al., 2007). Mixed calcification responses have also been observed in oyster

larvae from the same genus (Miller, et aI., 2009). Calcification in Crassostrea virginica

larvae decreased in seawater between pH 7.8 - 7.9 but was not affected by the same pH

range in Crassostrea ariakensis (Miller, et aI., 2009). Clark et al. (2009) calculated

calcification rates in urchin larvae using similar methods as this study. They found that in

seawater 0.4 pH units below ambient, calcification rates decreased in Evechinus

chloroticus, Pseudechinus huttoni and Tripneustes gratilla while no effect was detected in

Sterechinus neumayeri.

Seawater pH may have no effect on calcification if an organism is able to actively maintain

calcification in a low pH environment. The cuttlefish Sepia officinalis is able to

compensate for low pH and increase calcification in pH 7.1 seawater (Gutowska, et al.,

2010). It achieves this through elevating extracellular (haemolymph) HC03- which

increases CaC03 in the area surrounding the cuttlebone (Gutowska, et al., 2010). A similar

process increases calcification in otoliths of the larval sea bass Atractoscion nobilis

(Checkley, et aI., 2009). Gutowska et al. (2010) suggest that active molluscs (such as the

cuttlefish) have the ability to regulate calcification in this way due to their high levels of

activity. During physical activity, increased levels of O2 passing through the body during

respiration are coupled with almost equal exchanges of C02 out of the haemolymph

(Melzner, et aI., 2009). Thus, active animals are able to increase the flux of O2and CO2

through the body and tightly control levels of haemolymph pC02 (Melzner, et aI., 2009).

This finely tuned process explains the increases in calcification seen in some hyper

metabolic organisms in low pH environments, with no apparent cost to any other life

processes (Gutowska, et al., 2008; Melzner, et al., 2009).

Molluscs with low metabolic rates (e.g. bivalves and echinoderms) may be less able to

regulate calcification without any additional cost to their physiology (Gutowska, et al.,

2010; Melzner, et al., 2009). For example, the echinoderm Amphiurafiliformis is able to

increase calcification and metabolic rates in pH 6.8 -7.7 seawater, but the muscle mass of
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its arms decreases, indicating a trade-off between calcification and normal growth (Wood,

et aI., 2008). Miller et al. (2009) also suggests that larvae may sacrifice energy reserves

and inhibit growth in favour of calcification. The shell length of Picanaliculus larvae

declined linearly with decreasing pH, while only a minor non-significant effect on

calcification was detected. Therefore, Pxanaliculus may be able to maintain calcification

in acidified seawater, but at a physiological cost as in some other species (Miller, et aI.,

2009; Wood, et aI., 2008).

The finding that calcification was not increased in larvae reared in pH 8.3 had also been in

observed in other studies on P.canaliculus where calcification does not increase in

seawater up to pH 8.5 (Pers. obs., 2009, Appendix 4). Seawater in the pH 8.3 treatment

was supersaturated with aragonite and calcite, therefore you would expect to see increased

calcification. A significant increase in calcification with increasing pH has been

demonstrated in corals (Gattuso, et al., 1998; Langdon, et al., 2000) and coralline algae

(Semesi, et al., 2009). However, calcification rates of the coral Stylophora pistillata

increases when aragonite saturation in seawater is elevated to 426% ('lA = 4.26), plateaus

between saturation states of 426% - 585% ('lA = 5.85) and decreases above 585% (Gattuso,

et aI., 1998). These findings suggest that a saturation threshold is reached where

calcification does not continue to increase. Gattuso et al. (1998) state that calcification is

unlikely to increase in seawater with an aragonite saturation similar to that of seawater in

the last glacial cycle (pH 8.29, 'lA = 5.66). Indeed, Oettmeier, (2007) found that

calcification rates in Ostrea edulis larvae were not significantly higher than ambient in pH

8.47. In this study, 'lA and nc in pH 8.3 seawater were 3.76 and 5.82 respectively, and the

pH 8.3 treatment may have been too supersaturated with carbonate to cause any additional

increases in P.canaliculus calcification.

3.4.5 Larval Skeletogenesis

Scanning electron micrographs of P canaliculus larval shells indicate that the early shell is

made up of homogeneous and crossed lamellar microstructures. The crossed lamellar

structure is composed of elongated rectangular aragonite rods which lie parallel to one

another (Kobayashi & Samata, 2006). The homogeneous structure is also made of

aragonite. It is a random arrangement of globular granules which differ in size and shape

(Kobayashi & Samata, 2006). The appearance of the P.canaliculus shell surface did not
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differ among pH treatments in this study. This finding is unusual, as other studies have

found pitting around the shell valve in oyster larvae (Watson, et aI., 2009) and within the

skeletal rods of temperate sea urchin larvae (Clark, et aI., 2009) in pH 7.6 - 7.8 seawater.

However, Clark et al. (2009) also found that skeletal structure was not altered in the polar

urchin Sterechinus neumayeri at pH 7.5, and the tropical urchin Tripneustes gratilla at pH

7.8.

SEM micrographs indicate that in P.canaliculus larvae, crossed lamellar and homogeneous

structures are laid down in the prodissoconch I shell, while the prodissoconch 11 is

primarily homogeneous. Seawater pH did not appear to affect shell structure and

minerology, however a significant decrease in shell thickness was seen in pH 7.3. A

decrease in shell thickness with decreasing pH has been observed in other studies (Bibby,

et al., 2007; Gazeau, et al., 2010; Tunnicliffe, et al., 2009). Larval shell thickness of the

blue mussel Mytilus edulis (also measured using SEM micrographs) decreased by 12.0 ±

5.4% in pH 7.78 seawater compared with ambient pH 8.03 (Gazeau, et aI., 2010). Shell

thickness of larval oysters raised in pH 7.8, 7.9, 8.1 and 8.2 seawater has also been

estimated using shell area, with no difference in shell thickness found between treatments

(Miller, et aI., 2009). The stepwise trend of decreasing shell thickness with decreasing pH

is similar to the relationship between shell length and pH in P.canaliculus. This reduction

in thickness could be attributed to the decrease in aragonite and calcite available for shell

formation, and the higher metabolic stress associated with acidification (see section 4.2).

There are ecological consequences for invertebrates that are unable to synthesise a robust

shell, including an increased vulnerability to predation. Shell thickness has been measured

in the mussel Bathymodiolus brevior living in seawater pH levels that fluctuate between

pH 5.36 - 7.29 close to hydrothermal vents, and in B.brevior living in pH 7.86 - 8.42

seawater at two other locations (Tunnicliffe, et aI., 2009). It was found that mussel shells

are approximately 50% thinner in B.brevior located in low pH areas compared with

B.brevior growing in seawater above pH 7.8 (Tunnicliffe, et aI., 2009). Tunnicliffe et al.

(2009) postulate that although B.brevior is able to survive in the vent environment,

mussels with thinner shells are likely to be at a high risk of predation. Bibby et al. (2007)

found that lowered seawater pH may also increase the risk of predation in the gastropod

Littorina littorea. This organism is able to increase its shell thickness in the presence of
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predators, but this defence mechanism is inhibited in pH 6.45 seawater (Bibby, et aI.,

2007).

3.4.6 Implications for Aquaculture of Perna canaliculus

This study has shown that P.canaliculus is able to carry out normal calcification, survival

and skeletogenesis under low pH conditions, but at the expense of shell growth which is

depressed. These results are similar to those found for other commercially important

molluscs such as Mytilus edulis (Gazeau, et aI., 2010), Mercenaria mercenaria and

Crassostrea virginica (Talmage & Gobler, 2009). The early life stages of P.canaliculus are

also less susceptible to ocean acidification than other commercial species such as

Argopecten irradians (Talmage & Gobler, 2009) and Saccostrea glomerata (Watson, et aI.,

2009). It is clear that the effect of ocean acidification on global aquaculture will depend on

the vulnerability of target species. These results suggest that aquaculture facilities which

rear P.canaliculus larvae are unlikely to experience widespread larval mortality in the

event of ocean acidification; however, they may experience reductions in mussel growth

and delays in development if seawater used for production is not alkali sed. Alkalisation of

pH 8.0 seawater using NaOH does not increase P.canaliculus larval shell length, survival

or calcification however shell lengths of larvae in pH 8.3 seawater were similar to larvae in

ambient pH seawater. This suggests that with increasing ocean acidification, seawater in

aquaculture facilities could be supplemented with NaOH to elevate seawater pH back to

ambient (::::: pH 8.0) and maintain larval health. Addition of NaOH may not benefit all life

stages however, as fertilisation was negatively affected by alkalisation in this study.

Despite the detrimental effects that ocean acidification will have on commercial species,

aquaculture facilities may benefit if management strategies and protocols are initiated to

deal with the threat (Warren, 2009). Artificial alkalisation of low pH seawater may have a

positive effect on growth in P.canaliculus, and mediate the effects of ocean acidification

on the commercial culture of this species.

3.4.7 Experimental Conditions

Overall, the methodologies used in this study were robust and closely followed those used

in previous research. Nevertheless, it is important to mention aspects of the methods which

could be improved in future studies. Because results on fertilisation success differed
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between trials, it is important to note the role of bovine serum albumin (BSA) in trial three.

BSA prevents gametes from sticking to surfaces of containers, and is often used in

fertilisation and sperm motility assays (Adams, et al., 2009; Babcock, et al., 1983). The

lower overall fertilisation success in trials one and two may have been caused by sperm

sticking to the sides of the containers, as BSA was not used in these experiments. In trials

one and two, gametes were fertilised in 100 ml containers and fertilisation rates of up to 93%

were obtained in pH 8.0 seawater. Buchanan (1999) also fertilised P.canaliculus gametes

in 100 ml of ambient pH seawater (without BSA) using a sperm: egg ratio of 100:1, and

obtained 87% fertilisation rates. This suggests that 100 ml containers are sufficient for

fertilisation assays (without addition of BSA), and differences between trials were caused

by biological factors such as the numbers of males used, and capacities of different

gametes to withstand pH decreases (see section 3.4.1).

Measurements of larval length were robust in this study due to large sample sizes and

computer software able to make highly accurate measurements of shell length. Future

studies should investigate ways to measure additional dimensions of the shell (e.g. width,

area and density) to create a complete picture of shell development. It is possible that

P.canaliculus shell shape may be altered by seawater pH. Settlement rates in larger larvae

should be quantified to assess whether pH induced size reductions result in significantly

lower levels of settlement.

The non-significant trend of decreased P.canaliculus calcification in altered seawater is

another factor to consider. The ability to detect an effect of pH on calcification may

depend on the methods or the amount of replication used. For example, in Ries et al.

(2009), calcification was not affected by pH in the blue mussel Mytilus edulis, but

decreased with decreasing pH in Gazeau et al. (2007). Similarly, calcification in the

coccolithophore Emiliania huxleyi decreased with decreasing pH in one study (Riebesell,

et al., 2000) and increased in the same species in another study (Iglesias-Rodriguez, et al.,

2008) under the same pCOz conditions. The furnace temperature used in this research

(550°C) is recommended in the literature as standard protocol (Baker & Wolff, 1987),

therefore the ability to detect any significant effect of pH on calcification may have been

limited by inadequate replication. It is recommended that a higher level of replication is

used in future studies, as this may reveal a significant effect of pH on calcification index.

If larger sample sizes are used, other methods can be used to calculate the mineralogy of
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calcified shells such as ATR-IR spectroscopic analysis (Petrone, et aI., 2008), X-Ray

diffractometry, and mineral staining (Gray & Smith, 2004).

3.4.8 Conclusions

A wide range of responses to pH were observed during the early development stages of

P.canaliculus. The growth response seen in P.canaliculus is consistent with a meta

analysis of ocean acidification studies (see Hendriks, et al., 2010) which found that bivalve

growth is usually suppressed in seawater with a pC02 between 477 - 2000 ppm, however

survival and calcification in P.canaliculus differ from the overall response of bivalves

included in the analysis. This highlights the overarching message of this study that

responses to ocean acidification are species-specific and differ between biological

processes. Hendriks et al. (20I0) also note that bivalves appear to be particularly

vulnerable to ocean acidification. This MSc study supports this statement and highlights

the need for future research. Additional physiological processes which should be studied in

future experiments are discussed in the following chapter.
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Chapter 4.

4.1 Summary of Results

General Discussion and Conclusions

The main objective of this research was to examine the effects of future ocean acidification

(seawater 0.3-0.7 pH units below ambient) on fertilisation and early development in two

polar invertebrates (the nemertean worm Parborlasia corrugatus and sea urchin

Sterechinus neumayeri) and a temperate invertebrate (the mussel Perna canaliculus).

Fertilisation rates in the polar species were quantified in different seawater pH levels (pH

7.0, 7.3, 7.7 and 8.0) and sperm: egg ratios (ranging from 20:1 - 1700:1). Fertilisation in

P.canaliculus was examined in ambient (pH 8.0), acidified (pH 6.2, 7.3 and 7.7) and

alkalised (pH 8.3) using a range of sperm: egg ratios (5:1, 50:1 and 500:1). Parborlasia

corrugatus and Sineumayeri embryos were reared in different pH treatments (pH 8.0, 7.7,

7.3 and 7.0) to examine the effects of reduced pH on embryogenesis. Larval survival,

growth, calcification and skeletogenesis were examined in P.canaliculus in ambient (pH

8.0), acidified (pH 7.7 and 7.3) and alkalised (pH 8.3) seawater to assess the effects of

future acidification and past acidification (pH decrease since the industrial revolution) on

larval development. Experimental findings for the pH levels predicted to occur over the

next 100 - 300 years (pH 7.7 and 7.3) are summarised in Table 4.1.

The primary hypothesis of this MSc research was that decreases in seawater pH predicted

for the next 100 - 300 years will have deleterious effects on marine invertebrate

fertilisation, embryogenesis and larval development. This was true for some aspects of

development; however, the responses of P.corrugatus, S.neumayeri and P.canaliculus did

vary between species and life stages, where negative effects of ocean acidification were

seen in S.neumayeri during fertilisation, P.corrugatus during coelo-blastulation and

P.canaliculus during fertilisation and larval growth (Table 4.1). A range of biological

processes were not affected by near-future levels of ocean acidification (Table 4.1).

A secondary hypothesis was that the greatest effects of ocean acidification would be

observed in the Antarctic organisms (due to the increased rate of C02 sequestration in cold

seawater, and the slow development rates of polar species). Unexpectedly, the temperate

mussel P.canaliculus responded most negatively to reductions in seawater pH as

deleterious effects were observed in pH 7.7 and pH 7.3 during fertilisation and growth.
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All studied life stages in both S.neumayeri and P.corrugatus were resilient to pH decreases

predicted by the year 2100, and many processes were also unaffected by pH levels

predicted for the year 2300 (Table 4.1).

Table 4.1. Responses of Parborlasia corrugatus, Sterechinus neumayeri and Perna
canaliculus to seawater pH levels predicted for the years 2100 (pH 7.7) and 2300 (pH 7.3).
(0) = no effect observed compared with ambient pH 8.0, (-) = negative effect observed
compared with ambient pH 8.0.

Biological Process

Fertilisation success

Early embryogenesis

Blastulation

Coelo-blastulation

Gastrulation

Larval Survival

Larval Growth

Larval Calcification

Larval Skeletogenesis

Larval Shell Thickness

Species
P.corrugatus

S.neumayeri

P.canaliculus

P.corrugatus

S.neumayeri

P.corrugatus

S.neumayeri

P.corrugatus

S.neumayeri

S.neumayeri

P.canaliculus

P.canaliculus

P.canaliculus

P.canaliculus

P.canaliculus

pH 7.3
o

o
o
o
o

o
o
o

o
o

pH 7.7

o
o

o
o
o
o
o
o
o
o

o
o
o

Laboratory based acidification studies such as the ones carried out for this MSc research

are invaluable, as they allow controlled experimentation of one variable (e.g. pH) in the

absence of confounding effects experienced in the field (Riebesell, et al., 20 I0).

Nevertheless, laboratory conditions are dissimilar to those experienced in the natural world,

and results need to be interpreted in the context of the open ocean. This involves

consideration of synergistic environmental effects and interactions between the study

species and other organisms. The results of this study support the findings of previous

studies that organismal responses to elevated peoz are species-specific (Fabry, et al., 2008;

Langer, et al., 2006; Ries, et al., 2009), controlled by complex interactions between

organism physiology and life stage, and the environment (Doney, et al., 2009; Portner,
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2008). The following sections discuss how these factors may control the species-specific

responses observed in this MSc research, and the final section suggests improvements for

future studies.

4.2 Physiological Factors Controlling Species-Specific Responses to

Ocean Acidification

Because the response to ocean acidification differs markedly between species and

taxonomic groups, it is important to identify the physiological factors that may drive

species-specific responses observed in this study and others. An organism's physiological

characteristics are likely to govern their response to hypercapnia and influence their

capacity for enantiostasis (Melzner, et al., 2009; Portner, et al., 2005; Portner, et al., 2004).

Sessile benthic invertebrates are more vulnerable to acidification than their active

counterparts and depress their metabolism under lower levels of hypercapnia than

vertebrates (Portner, et al., 2005). But what are the drivers causing differential responses

within sessile invertebrate taxa such as the ones studied in this MSc research?

An organism's ability to regulate intra- and extracellular pH (pll, and pHe, respectively)

depends largely on their capacity to control H+ transport through trans-membrane ion

exchange (Portner & Bock, 2000). Under ambient seawater pH conditions, acid-base

regulation predominantly occurs through the Na+fK+-ATPase ion exchanger (Fig.

4.1)(Portner & Bock, 2000). This mechanism of ion transport expends energy, and

accounts for a large percentage of metabolic O2 consumption in sea urchin larvae (Leong

& Manahan, 1997, 1999). Approximately 50% of total Na+fK+-ATPase reserves are

utilised, and the remaining 50% are used during environmental perturbations which alter

the Na+ ion gradient across intra- and extracellular spaces (Leong & Manahan, 1997).

Ocean acidification is one such example of an environmental perturbation that affects the

Na+ion gradient through increases in seawater H+ concentrations (Michaelidis, et al., 2005;

Portner, 2008). As H+ concentrations increase in the extracellular space (i.e. seawater for

gametes, embryos and larvae), ion regulation through the Na+/H+ exchanger is inhibited

(Fig. 4.1). This causes an increase in the activity of the more energy efficient, albeit slower

Na+/HC03-/H+/Cr exchanger and a reduction in the activity of Na+/K+-ATPase (Fig. 4.1).
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Therefore, ocean acidification alters acid-base balance (and decreases pll.) by depressing

the activity of Na+/K+-ATPase, a dominant mechanism used to control plI, and plI; An

organism's ability to compensate for this down-regulation in Na+/K+-ATPase activity may

depend on its metabolic rate. Eurytherms (such as P.canaliculus) have a high metabolic

scope and can regulate pl-l, through metabolic depression and a switch to Na+/HC03

/H+/CI- ion exchangers in response to a pH stressor (Fig. 4.1)(portner, et al., 2000).

Stenotherms (such as P.corrugatus and S.neumayeri) have low resting metabolic rates and

must use predominantly passive mechanisms of ion transport even under ambient

conditions (e.g. Na+/HC03-/H+/Cr exchangers, Fig. 4.1)(Partner & Bock, 2000).

x

., "..*

H20....--~-CO2

In racellular space H ·1 xtracellular space 'pH

Figure 4.1. Modification of ion regulation in invertebrate embryos and larvae with ocean
acidification. As H+ concentrations increase in the extracellular space (seawater), ion

regulation through the Na+/H+ exchanger is inhibited (X). This causes an increase in the

activity of the more energy efficient Na+/HC03-/H+/Cr exchanger (+) and a reduction in

the activity of Na+/K+-ATPase ( ~). The consequences of this alteration to ion regulation

and metabolism are different for eurythermal and stenothermal organisms (see text).

Figure modified from Reipschlager and Partner (1996) and Partner et al. (2005).
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Polar organisms may actually be pre-adapted to cope with this inhibition of Na+/K+

ATPase in reduced seawater pH conditions because they use Na+/HC03-/H+ICr exchange

as their primary mode of ion regulation under ambient conditions. A reduction in seawater

pH may not require the same levels of metabolic depression in polar stenotherms (e.g.

S.neumayeri and P.corrugatus) as it does in temperate eurytherms (e.g. P.canaliculus) who

must switch from Na+fK+-ATPase ion exchange to Na+/HC03-/H+ICr exchange during

acidosis. Indeed, Leong and Manahan (1999) report that Na+fK+-ATPase activity is up to

2.6-times lower in Sineumayeri compared with the temperate echinoids Lytechinus pictus

and Strongylocentrotus purpuratus in ambient pH seawater (Fig 4.2). The percentage of

respiration rate accounted for by Na+/K+-ATPase activity is also much lower in

Sineumayeri than the temperate echinoids (Table 4.2), indicating that the metabolic

demand ofNa+/K+-ATPase is reduced in polar species (Leong & Manahan, 1999).

Leong and Manahan (1999) surmise that reduced Na+/K+-ATPase activity in s.neumayeri

can be explained by unique physiological attributes of Antarctic species such as reduced

numbers of membrane Na+ pumps. The predominant use of more energy efficient

Na+/HC03-/H+ICr transporters in polar species is another likely explanation for low

Na+fK+-ATPase activity (see Portner & Bock, 2000). The differential mechanisms of ion

exchange employed by polar and temperate species may play a central role in determining

their response to hypercapnia. Furthermore, if P.corrugatus and s.neumayeri are pre

adapted to cope with acid-base disturbances, this would explain the high resilience of these

species to decreased pH in this study.

An additional trend observed in Figure 4.2. is that Na+fK+-ATPase activity increases as

early development progresses in both temperate and polar echinoids, reaching a peak

during larval development (Leong & Manahan, 1997, 1999). The activity of this enzyme

increases due to a demand for increased ion pumping as new cells are formed during

embryogenesis (Marsh, et al., 2000). Acidification-induced inhibition of Na+/K+-ATPase

activity during embryonic and larval development may have been responsible for the

increase in abnormalities with development in s.neumayeri and P.corrugatus, and the

depressed larval growth in P.canaliculus. The up-regulation of active Na+/K+-ATPase

transport during gastrulation and the larval stages (that is inhibited in acidified seawater)

also suggests that negative effects of ocean acidification may be seen in the polar species

during larval development. However, effects on larval growth are likely to be similar to or

79



less severe than what was observed in P.canaliculus due to the decreased importance of

Na+/K+-ATPase in polar organisms. Clark et al. (2009) have demonstrated that growth is

depressed in S.neumayeri pluteus larvae in pH 7.6 seawater, but calcification and

skeletogenesis are not different from ambient pH 8.0; a response similar to the one

observed in P.canaliculus in this study.
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Figure 4.2. Average Na+/K+-ATPase activity (umol Pi mg" protein h-1) ± SE during early
development stages of the temperate echinoids Lytechinus pictus and Strongylocentrotus
purpuratus, and the polar echinoid Sterechinus neumayeri. Developmental stages are
denoted as (A) morula, (B) hatching blastula, (C) gastrula, (D) prism embryo (E) pluteus
larva. Data taken from Table 1. in Leong and Manahan (1999). Embryo images taken from
www.swarthmore.edu.
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eree tnus neumayert a en om eong an ana an

Lyteehinus Strongyloeentrotus Stereehin us
pietus purpuratus neumayeri

(temperate) (temperate) (polar)

Hatching blastula 67 23 10
Early gastrula 58 70 12
Prism embryo 80 72 16

Early pluteus 78 77 20

Table 4.2. The percentage of respiration rate accounted for by Na+/K+-ATPase activity
during stages of embryogenesis and larval development in two temperate echinoids;
Lyteehinus pietus and Strongyloeentrotus purpuratus, and a polar echinoid Stereehinus
neumayeri. Data for temperate species taken from Leong and Manahan (1997). Data for
St hi . t k fr L d M h (1999)

The tolerance of different species to ocean acidification may also depend on their ability to

buffer decreases in pHi and pll., Adult invertebrates in the same taxonomic groups as

P.eanalieulus, S.neumayeri and P.eorrugatus have been identified as organisms with a

reduced ability to regulate pHi and pHe• The mussel Mytilus galloprovincialis (Michaelidis,

et aI., 2005), sea urchin Psammeehinus miliaris (Miles, et al., 2007), and sipunculid worm

Sipuneulus nudus (Portner, et al., 1998) can only partially compensate for acid-base

disturbances caused by acidification. When seawater pH is lowered 0.6 - 1.0 units below

ambient, Mgalloprovincialis, P.miliaris and S.nudus attempt to buffer decreases in pHi

and pfl, through the transport of HC03- into the extra- and intracellular spaces

(Michaelidis, et al., 2005; Miles, et al., 2007; Portner, et al., 1998). In all three species,

pfl, is only partially increased through HC03- compensation, and Mgalloproviniealis and

S.nudus exhibit a significant drop in metabolic rate (Portner, et aI., 2005).

The degree to which these invertebrates can compensate for extracellular acidosis on

exposure to acidified seawater not only depends on the magnitude of metabolic depression,

but also the mechanism by which they transport HC03- into the extracellular space. There

is an additional cost of hypercapnia to the calcifying organisms Mgalloprovincialis and

P.miliaris as they increase HC03- levels in tissues and fluids predominantly through

dissolution of their CaC03 shells (Michaelidis, et aI., 2005; Miles, et aI., 2007).

Conversely, the non-calcifying S.nudus sources all of its HC03- ions from the physical

environment (Miles, et al., 2007; Portner, et al., 1998). Because P.eanalieulus and

Sineumayeri are calcifying organisms, they may be more vulnerable to ocean acidification

during the larval stages compared with the non-calcifying P.eorrugatus. On the other hand,
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minor non-lethal shell dissolution (in response to small changes in ocean pH) may be an

advantage of these organisms over P.corrugatus, who lacks the ability to buffer pHi and

pll, through this process.

Gene expression may also be affected by ocean acidification during early development, as

hypercapnic conditions in acidified seawater induce significant alterations of gene

expression (Todgham & Hofmann, 2009). In a recent study by Todgham and Hofmann

(2009), transcriptomic responses of the sea urchin Strongylocentrotus purpuratus were

examined in embryos exposed to pC02 levels within the range predicted for the year 2100.

On exposure to hypercapnic conditions they observed a down-regulation of genes involved

in calcification, metabolism, cell stress response, apoptosis and down regulation of the

gene regulatory network. Notably, the genes which control elongation and growth of the

larval skeleton and termination of abnormal cells were suppressed. This suppression may

cause a reduction in embryo and larval lengths, as well as an increase in abnormal cell

growth as seen in P.canaliculus, Sineumayeri and P.corrugatus in acidified seawater. If the

ability to regulate gene expression differs between the organisms in this study, this may

also partially explain the diverse responses seen between P.canaliculus, S.neumayeri and

P.corrugatus. This research by Todgham and Hofmann (2009) suggests that an

environmental stressor (such as an increase in pC02) may reduce the ability of some

organisms to up-regulate the expression of specific genes in response to stress.

Another ground-breaking study has found that two stressors may act synergistically to

influence gene expression (O'Donnell, et al., 2009). Expression of the gene which controls

heat shock proteins (hsp70) was examined in larvae of the urchin Strongylocentrotus

franciscanus reared in acidified seawater (pH 7.8 and pH 7.9) and exposed to a one hour

temperature shock at temperatures 1 - BOC above ambient (O'Donnell, et al., 2009). The

ability to express the hsp70 gene decreased at the highest temperatures in larvae reared in

acidified seawater, indicating that their ability to respond to extreme thermal stress was

compromised in acidified conditions (O'Donnell, et al., 2009).

The response of organisms to ocean acidification will depend on their ability to regulate

the processes mentioned above, namely ion exchange, metabolism and gene expression.

Portner et al. (2005) note that the fate of different species will also depend on their ability

to regulate these processes over long time scales. Reductions in metabolism enable
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invertebrates such as P.canaliculus, Sineumayeri and P.corrugatus to cope with

hypercapnic stress, and may have caused depressed growth and development seen in this

research. A recent study has demonstrated that during the blastula and gastrula stages,

Smeumayeri embryos decrease their respiration rates by 26 - 36% when exposed to pH 7.7

seawater (M.D. Lamare, unpublished data), although the specific processes responsible for

this metabolic depression have not been elucidated. Metabolic down-regulation may not be

lethal during short term experiments such as the ones carried out in this MSc research.

However, sustained metabolic depression over long time scales results in the loss of

organism function and has deleterious effects on reproduction, growth and behaviour with

mortality as a likely endpoint (Partner, et al., 2005). The observation that negative effects

on development worsened with time and life stage in P.canaliculus, Sineumayeri and

P.corrugatus even in this short term research indicates that these organisms and others

may lose the capacity to tolerate acidification over longer time scales.

The above study by O'Donnell et al. (2009) highlights the importance of the relationship

between organism physiology, gene expression and ocean acidification. Most importantly,

it also considers the synergistic effect of two variables associated with climate change. The

following section discusses the potential impacts of ocean acidification when combined

with a range of other climate change stressors.

4.3. Synergistic Effects of pH and Other Climate Change Stressors

Increasing anthropogenic CO2 emissions are predicted to cause a range of perturbations to

the marine environment in addition to lowered seawater pH (Fig. 4.3)(see Harley, et al.,

2006; Hoegh-Guldberg & Bruno, 2010; IPCC, 2007). The consideration of these additional

stressors in future ocean acidification research is of fundamental importance, as a

combination of stressors may induce a negative response even when a single stressor

acting in isolation does not (Harley, et al., 2006; Hendriks, et al., 2010; Hoegh-Gu1dberg &

Bruno, 2010).
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Figure 4.3. Atmospheric and oceanic perturbations caused by anthropogenic CO2

emissions (human activities). Synergistic effects of increased ocean pC02 (aq) and other
stressors are difficult to predict and it is uncertain what cascading effects might occur
within marine communities. Figure taken from Harley et al. (2006).

Developmental delays and abnormalities seen in P.canaliculus, S.neumayeri and

P.corrugatus in pH 7.3 seawater are a major concern when combined with other effects of

climate change predicted for the coming centuries. These additional stressors include

ocean warming (Harley, et al., 2006; Hofmann & Todgham, 2010; O'Donnell, et al., 2009;

Portner, et al., 2005; Somero, 2010), increased DV absorption into surface waters (Harley,

et aI., 2006), sea ice melt (Yamamoto-Kawai, et al., 2009), ocean hypoxia (Portner, et aI.,

2005), increased offshore advection and sea level rise (Harley, et aI., 2006). Many

biological processes in marine invertebrates (e.g. ontogeny and spawning, Harley et al.

2006) are controlled by temperature. Synergistic effects of increased ocean temperature

and acidification on development may desynchronise the timing of the larval stage with

food sources such as phytoplankton blooms, if the timing of spawning and embryology is

altered (Harley, et al., 2006; Philippart, et al., 2003). Furthermore, a recent study suggests

that levels of seawater pC02 predicted for the year 2100 may decrease primary

productivity and increase bacterial biomass in parts of the Southern Ocean, limiting food

concentrations available for marine organisms (P.Thomson, pers. comm.)
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Somero (2010) suggests that low and mid latitude intertidal invertebrates (e.g.

P.canaliculus) and polar invertebrates are likely to be most vulnerable to rises in sea

temperature because they are already at the edge of their temperature limits. Moreover,

synergistic effects of acidification and temperature may decrease the upper temperature

limits of an organism and reduce their range of thermal tolerance (Metzger, et al., 2007;

Portner, 2008; Walther, et al., 2009) or induce a down-regulation of metabolism which is

exacerbated at higher temperatures (Rosa & Seibel, 2008). Larval development in

P.canaliculus (Buchanan, 1999) and egg viability in Sineumayeri (Stanwell-Smith & Peck,

1998) are sensitive to temperature increases, suggesting that synergistic effects of lowered

pH and increased temperature could negatively affect development in these species.

The response of P.corrugatus, S.neumayeri and P.corrugatus to acidification during

fertilisation may also be altered by rises in sea temperature. Increasing ocean temperatures

have the potential to increase fertilisation success and buffer effects of lowered pH through

the reduction of seawater viscosity and facilitation of the acrosome reaction in sperm

(Byrne, et al., 20l0b). Again, the response is likely to vary between species as fertilisation

in some organisms is not affected by pH and temperature (Byrne, et al., 2010b), negatively

affected by temperature increases only (Byrne, et aI., 2009) or negatively affected by both

pH and temperature (Parker, et aI., 2009).

Changes in sea ice extent predicted for polar regions may increase the vulnerability of

S.neumayeri and P.corrugatus to acidification. Reductions in sea ice increase the area of

ocean exposed directly to the atmosphere and may increase the amount of C02 sequestered

into seawater (Yamamoto-Kawai, et aI., 2009). Melting of sea ice has also decreased

seawater alkalinity in the Arctic (Yamamoto-Kawai, et aI., 2009) and if this occurs in the

Antarctic there may be negative consequences for calcifying organisms such as

S.neumayeri.

Synergistic effects of pH and other processes associated with climate change increase the

complexity of ocean acidification as a stressor. It is not known whether processes such as

sea temperature rise will moderate the sequestration of C02 into the oceans, or whether

combined effects of pH and other stressors will have more severe consequences for marine

species than pH alone.
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4.4 Future Directions and Conclusions

The ability to accurately quantify the effects of ocean acidification on marine invertebrate

development is imperative and the need for rigorous methodology has been identified in

recent publications which recommend standard protocols for experiments (Dickson, et al.,

2007; Riebesell, et al., 2010).The closed system used to rear P.canaliculus larvae and

S.neumayeri and P.corrugatus embryos in these experiments has been used in numerous

other acidification studies (Clark, et al., 2009; Kurihara, et al., 2009; Kurihara, et al., 2007;

Mayor, et al., 2007). However, a flow-through seawater system which automatically

adjusts pH may improve future experiments (e.g. see Grippo, 1997), as this would more

closely mimic open ocean conditions.

This study did not examine the effects of acidification on the entire range of early life

stages for each species (due to time constraints and the slow development rates of polar

species), but it is recommended that future studies quantify the effects of lowered seawater

pH from fertilisation right up to settlement. Longer term studies would also allow

experimenters to quantify the proportion of larvae which are likely to be recruited into the

adult population. It is also recommended that studies expose organisms to pH treatments

for the duration of all life stages. Developmental stages in this study were divided into

experimental pH seawater after some development had already taken place (e.g.

P.canaliculus larvae were transferred into pH treatments two days after fertilisation and for

Sineumayeri and P.corrugatus embryology, fertilisation was undertaken in ambient

seawater prior to treatment). Future experiments should both spawn and fertilise gametes

directly into seawater treatments (as in P.canaliculus trial three).

The inclusion of temperature as an additional stressor is recommended for future research

as global average sea temperatures are predicted to rise by 2°C by the end of the century

(Peck, 2005a). For temperate organisms such as P.canaliculus, temperatures within the

range used in Buchanan (1999) would be appropriate. For polar organisms, a range of

temperatures up to 4°C could be used, as this is just below the lethal limit of many

Antarctic marine invertebrates (Peck, 2005b).
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Measurements of metabolism and acid-base regulation in larvae must be included in future

studies to elucidate the causes of reduced growth seen in this research. Acid-base

regulation in larvae can be measured using a fluorescent probe which measures differences

between intracellular and extracellular pH (see Riebesell, et al., 2010). An organism's

respiration rate is directly proportional to its metabolic rate and a microrespirometer can be

used to measure the aerobic capacity of larvae under different pH stressors (Riebesell, et

al., 2010). The consideration of genetic factors is also essential to establish whether some

individuals of a species are more resilient than others to acidification. In an aquaculture

setting, selective breeding could be used to establish whether some families of

P.canaliculus are genetically equipped to cope with pH stressors. Gene expression should

also be investigated in future studies to establish the specific genes affected by

acidification and predict the capacity of a species for acclimation or micro-evolution.

This MSc research highlights the complexity of ocean acidification as a stressor on early

development, and the range of species-specific responses in this study make it difficult to

predict the effects that ocean acidification will have over the coming centuries. However,

no positive responses to acidification were seen during any studied life stages in

P.canaliculus, S.neumayeri or P.corrugatus and acclimation to decreasing pH over 100

year time scales is unlikely. Further studies incorporating a range of variables are crucial if

scientists are to understand what effect anthropogenic emissions will have on marine

invertebrates at individual, community and ecosystem levels.
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Appendices

Appendix 1. Measurements of seawater pH in replicate experimental chambers used

during fertilisation and embryological culture.

A. 4ml TCD chambers (n = 4)

Initial Day 1
pH Max-Min Max-Min

Average (±SD) Average (±SD)

8.0 8.1 8.03 (± 0.008) 8.02 - 8.04

7.7 7.69 7.80 (± 0.026) 7.77 -7.84

7.3 7.31 7.41 (± 0.041) 7.36 -7.46

7.0 6.97 7.26 (± 0.067) 7.18-7.36

B. 15 ml chambers (n = 4)

Initial Day 1
Day 6

pH Max-Min Max-Min Average Max-Min
Average (±SD) Average (±SD)

(±SD)

8.0 8.02 (± 0.005) 8.03 - 8.02 8.09 (± 0.01) 8.1 - 8.08 8.09 (± 0.023) 8.10- 8.05

7.7 7.72 (± 0.009) 7.73 -7.71 7.69 (± 0.005) 7.70 -7.69 7.73 (± 0.005) 7.73 -7.72

7.3 7.32 (± 0.012) 7.33 -7.30 7.32 (± 0.017) 7.38-7.34 7.41 (± 0.015) 7.43 -7.40

7.0 6.96 (± 0.022) 6.99 - 6.94 7.07 (± 0.028) 7.10 -7.03 7.18 (± 0.022) 7.18 -7.13

C. 40 ml chambers (n = 4)

Initial Day 8
pH Max-Min Max-Min

Average (±SD) Average (±SD)

8.0 8.02 (± 0.02) 8.05 - 8.00 8.01 (± 0.03) 8.04 -7.98

7.7 7.68 (± 0.009) 7.69 -7.67 7.63 (± 0.026) 7.65 -7.60

7.3 7.32 (± 0.01) 7.34 -7.32 7.32 (± 0.014) 7.38 -7.35

7.0 6.96 (± 0.019) 6.98 - 6.94 7.07 (± 0.005) 7.08 -7.07
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Appendix 2. Sterechinus neumayeri gastrulae reared in pH 8.0, pH 7.7, pH 7.3 and pH

7.0 treatments and photographed under a compound microscope. pH 8.0, 7.7 and 7.3:
Gastrulae are predominantly normal with a clearly defined gastrocoel and an obvious
differentiation of the animaVvegetal pole. Primary mesenchyme cells are restricted to the
vegetal end of the coelom, with the coelom clear of cells or cell debris. Gastrulae have a
symmetrical shape and a smooth outer wall. Abnormalities in these pH treatments include
a uniform thickening of the gastrula wall, the accumulation of cells throughout the coelom,
and a more circular shape without a clearly defined animal/vegetal orientation. pH 7.0:
Most obvious abnormalities include an irregular shape, thickening of the gastrula wall, the
lack of a well defined coelom, and rupturing of the gastrula wall. Gastrula also have an
irregular shape without a clearly defined animal/vegetal axis. Labels indicating criteria for
abnormality and embryo measurements are also shown where PM == Primary mesenchyme
cells, GW == Gastrula wall, V == Vegetal pole, A == Animal pole.

v

pH 8.0 pH 7.7

_ SOlJm
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Appendix 3. The effects of lowered seawater pH on blastulation in Parborlasia

corrugatus. pH 8.0: Blastulae predominantly have a spherical shape and evenly sized
blastomeres. In the coeloblastula, embryos are a spherical shape and smaller blastomeres
are still even in size. One abnormal blastula (bottom right) has some irregular sized
blastomeres and an irregular oblong shape. The coeloblastula at the bottom right has an
irregular shape and a few blastomeres are protruding from the epithelial surface. pH 7.7:
Blastulae still predominantly have evenly sized blastomeres however some embryos are
showing signs of deformities with larger blastomeres on the outer surface. In the
coeloblastula, smaller blastomeres are still even in size with a spherical shape. The
coeloblastula on the bottom right has an irregular shape and a few blastomeres are
protruding from the epithelial surface. pH 7.3: Blastulae are mostly irregular in shape.
Some blastulae have larger blastomeres and fewer blastomeres in total. This is caused by a
reduction in the rate of cell division.Some coeloblastula have an irregular shape and
protruding blastomeres. pH 7.0: Blastulae are almost all irregular. Blastomeres are large
and cell organisation is quite disrupted with little evidence of normal cell division.
Although cell division is still proceeding at the coeloblastula stage, irregularities are
present in almost every embryo. The size of blastomeres is variable and some cells are
showing blebbing. Budding off of blastomeres is also occurring. Labels denote
abnormalities where Bl*= an abnormal blastomere (Following page).
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Appendix 4. Calcification indices of 13 day old Perna canaliculus larvae reared in pH

7.7,8.0 and 8.5 seawater during a March 2009 pilot experiment.

pH replicate Calcification Index (%) Average (± SE)
7.7 (1) 73.31
7.7 (2) 74.02 73.39 (± 0.34)
7.7 (3)

.
72.85

8.0 (1) 74.05
8.0 (2) 74.90 76.23 (± 1.77)
8.0 (3) 79.74
8.5 (1) 75.67
8.5 (2) 76.35 76.10 (± 0.21)
8.5 (3) 76.28
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