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Abstract 

 

Ocean acidification, as a result of increased atmospheric CO2, has the potential to adversely affect 

the larval stages of many marine organisms and hence have profound effects on marine 

ecosystems.  This is the first study of its kind to investigate the effects of ocean acidification on 

the early life-history stages of three echinoderms species, two asteroids and one irregular 

echinoid.  Potential latitudinal variations on the effects of ocean acidification were also 

investigated by selecting a polar species (Odontaster validus), a temperate species (Patiriella 

regularis), and a tropical species (Arachnoides placenta).  The effects of reduced seawater pH 

levels on the fertilization of gametes, larval survival and morphometrics on the aforementioned 

species were evaluated under experimental conditions.  The pH levels considered for this research 

include ambient seawater (pH 8.1 or pH 8.2), levels predicted for 2100 (pH 7.7 and pH 7.6) and 

the extreme pH of 7.0, adjusted by bubbling CO2 gas into filtered seawater.   

 

Fertilization for Odontaster validus and Patiriella regularis for the predicted scenarios for 2100 

was robust, whereas fertilization was significantly reduced in Arachnoides placenta.  Larval 

survival was robust for the three species at pH 7.8, but numbers declined when pH dropped below 

7.6.  Normal A. placenta larvae developed in pH 7.8, whereas smaller larvae were observed for O. 

validus and P. regularis under the same pH treatment.  Seawater pH levels below 7.6 resulted in 

smaller and underdeveloped larvae for all three species.  The greatest effects were expected for 

the Antarctic asteroid O. validus but overall the tropical sand dollar A. placenta was the most 

affected by the reduction in seawater pH.   

 

The effects of ocean acidification on the asteroids O. validus and P. regulars, and the sand dollar 

A. placenta are species-specific.  Several parameters, such as taxonomic differences, physiology, 

genetic makeup and the population’s evolutionary history may have contributed to this 

variability.  This study highlights the vulnerability of the early developmental stages and the 

complexity of ocean acidification.  However, future research is needed to understand the effects 

at individual, community and ecosystem levels.   
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"On the one hand we are our planet’s greatest nightmare, on the 

other hand we are our planet’s greatest hope" 

— Sylvia Earle 
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Chapter 1.  General Introduction 

 

 

1.1 Ocean Acidification 

 

For the past 10 million years the atmospheric partial pressure of carbon dioxide (CO2) 

has remained below 300 μatm and fluctuated between 180 μatm in glacial and 300 

μatm in interglacial times over the last 800 000 years (Petit et al., 1999, Rost et al., 2008, 

Fabry et al., 2008, Zachos et al., 2008).  Since the Industrial Revolution human activities 

such as fossil-fuel combustion coupled with agriculture, cement production and 

deforestation have led to a substantial production of carbon dioxide (CO2) (Falkowski et 

al., 2000, Raven et al., 2005, Chen et al., 2006, Doney, 2010).  The present CO2 

atmospheric concentrations are higher than any time during the last million years (Rost et 

al., 2008) and CO2 has reached 380 μatm (280 μatm, prior to the Industrial 

Revolution) and rising at a rate of 0.5% per year (Fabry et al., 2008) with an expected 

concentration of 750 μatm to 1000 μatm by the end of this century (Figure 1) (Miles et 

al., 2007, Rost et al., 2008, Pörtner, 2008).  The acelerating rate of this change is 100 

times faster than any other change observed during the past 800 000 years (Miles et al., 

2007, Fabry et al., 2008). 

 

Reconstruction and modelling of historical atmospheric CO2 concentrations have 

revealed that less than half of these emissions remain in the atmosphere with 20% 

absorbed by the terrestrial biosphere and 30% by the oceans (Guinotte and Fabry, 2008, 

Fabry et al., 2008).  Data from the World Ocean Circulation Experiment (WOCE) and 

the Joint Global Ocean Flux Study (JGOFS) estimated a global anthropogenic CO2 sink 

of about 440 gigatons of carcon (Gt C) for the period from 1800 to 1994 (Sabine et al., 

2004, Pörtner, 2008).  Without this oceanic uptake, atmospheric CO2 would be about 55 

μatm higher than what is currently observed today (380 μatm) (Sabine et al., 2004, Fabry 

et al., 2008).   
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Figure 1.  Predicted changes in the surface ocean carbonate system in response to changes in 

atmospheric CO2.  As the concentration of atmospheric CO2 increases, the concentration of 

dissolved inorganic carbon (DIC) will also increase.  Conversely, seawater pH and the 

concentration of carbonate ions will decrease (from Rost et.al., 2008, pg 228, Figure 1).   

 

 

 

The physiochemical conditions and seawater chemistry of the world’s oceans are 

changing as a result of the addition of CO2 to the atmosphere (Guinotte et al., 2006, Rost 

et al., 2008).  CO2 is exchanged between the atmosphere and ocean via equilibration of 

gaseous CO2(g) and aqueous CO2(aq) (Equation 1).  As CO2(g) dissolves in the surface 

ocean it reacts with water to form carbonic acid (H2CO3
-
) (Equation 2), which dissociates 

into bicarbonate (HCO3
-
), carbonate ions (CO3

2-
), and hydrogen ions (H

+
) (Equation 3 

and 4) (Raven et al., 2005, Rost et al., 2008, Gledhill et al., 2008).  The sum of all these 

carbon compounds is known as dissolved inorganic carbon (DIC).  Currently, less than 

1% of DIC remains in the form of dissolved CO2 while 90% is in the form of HCO3
-
 and 
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9% in the form of CO3
2-

 (Pörtner, 2008, Rost et al., 2008, Doney et al., 2009).  The 

increasing concentrations of atmospheric CO2(g) will change the equilibrium of this 

carbonate system producing higher concentrations of CO2(aq) and HCO3
-
, while CO3

2-
 

concentrations and pH will decrease by almost 60% (Figure 1) (Kleypas et al., 1999, 

Feely et al., 2004, Rost et al., 2008).  These changes in the ocean’s carbonate system are 

known as ‘Ocean Acidification’.  

 

CO2(g)  CO2(aq) 

CO2(aq) + H2O  H2CO3  

H2CO3 HCO3
-
 + H

+
  

HCO3
-
   2H

+
 + CO3

2- 

(Doney et al., 2009) 

 

The DIC (CO2(aq), HCO3
-
 and CO3

2-
) system is one of the most important chemical 

processes in the ocean and is largely responsible for controlling seawater pH (Fabry et 

al., 2008).  The system operates as a natural buffer where the net effect of adding CO2 to 

seawater increases the concentrations of H2CO3, HCO3
-
 and H

+
 and decreases the 

concentration of CO3
2-

 while lowering the pH (pH = -logH
+
) (Raven et al., 2005, Fabry 

et al., 2008).  Surface ocean pH has already decreased by approximately 0.11 units from 

its pre-industrial average value of 8.2 to a present-day average of 8.1 (Guinotte et al., 

2006, Tyrrell, 2008, Doney et al., 2009, Hoegh-Guldberg and Bruno, 2010).  This 

reduction seems small, but it is equivalent to a 30% increase in the concentration of H
+
 

(Raven et al., 2005, Tyrrell, 2008).  The ocean pH will decrease further if fossil-fuel 

emissions and carbon-sequestration efforts continue at the present rate (Caldeira and 

Wickett, 2003, Tyrrell, 2008).  Predictions suggest that ocean pH will decrease a further 

0.3 – 0.5 units by 2100 (Caldeira and Wickett, 2003), while a maximum reduction of 0.77 

units is expected by 2300 (Tyrrell, 2008).   

 

 

(1) 

(2) 

(3) 

(4) 
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1.2 Calcium carbonate saturation 

 

Many marine invertebrates such as molluscs, crustaceans and echinoderms take up 

calcium (Ca
2+

),
 
magnesium (Mg

2+
) and carbonate ions (CO3

2-
) in order to synthesize 

magnesium calcite skeletons and shells (Fabry et al., 2008, Clark et al., 2009).  

Increasing CO2 concentrations in the atmosphere, and thus the surface ocean are 

decreasing seawater pH and the carbonate ion concentration CO3
2-
.  As more CO3

2-
is 

being converted into HCO3
-
 in order to balance for the excess H

+
, fewer ions are reacting 

with Ca
+ 

 found in seawater enhancing calcium carbonate (CaCO3) dissolution (Raven et 

al., 2005, Wood et al., 2008, Kleypas and Yates, 2009). 

 

The extent to which marine organisms, including plankton and coralline algae are 

affected depends largely upon the CaCO3 saturation state (),  

 

 

 

 

which is the product of the concentrations of Ca
+
 and CO3

2-
, divided by the 

stoichiometric solubility product (Ksp) of both ions at saturation ( = 1) (Equation 5) 

(Kleypas et al., 2005, Tyrrell, 2008, Fabry et al., 2008, Doney et al., 2009).   is 

sensitive to pressure, temperature, salinity and other factors (Tyrrell, 2008, Doney et al., 

2009), where sensitivity to pressure is particularly strong, leading to differences between 

surface and deep waters (Zeebe and Wolf-Gladrow, 2001).  Since Ca
2+
 is closely 

proportional to salinity,  is largely determined by variations in the ratio of  CO3
2
 

(Feely et al., 2004, Doney et al., 2009).  In regions with high saturation levels for CaCO3 

(  1) the formation of skeletons and shells is favoured (Raven et al., 2005, Doney et 

al., 2009), compared to regions with low saturation levels ( < 1) where seawater is 

corrosive to CaCO3 and dissolution takes place (Equation 6) (Fabry et al., 2008).   

 

 

   =   [CO3
2-

]  [Ca
2+

] 

       Ksp 

 

(5) 
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 Mineral formation 

CaCO3  Ca
2+

] +  CO3
2
 

 Dissolution 

(Raven et al., 2005) 

 

There are two main polymorphs of CaCO3 used by organisms: calcite, predominantly 

found in coccolithophores, foraminifera, echinoderms and molluscs, and aragonite, found 

in some molluscs, algae and corals (Tyrrell, 2008, Guinotte and Fabry, 2008, Kleypas and 

Yates, 2009).  Calcite may also contain some magnesium carbonate (Mg-calcite) and it is 

found in many bryozoans, echinoderms, brachiopods and molluscs (Politi et al., 2004, 

Kralj et al., 2004).  The solubility of CaCO3 increases with decreasing temperature and 

increasing pressure, consequently the saturation state of calcite (cal) and aragonite 

(arag) decreases with temperature and depth (Ridgwell and Zeebe, 2005, Fabry et al., 

2008, Doney, 2010).  Currently, surface waters are supersaturated with cal and arag     

(  1) (Kleypas and Yates, 2009); however, the arag has lower values than those for 

calcite (calc), since aragonite is approximately 50% more soluble in seawater (Tyrrell, 

2008) .  Additionally, the solubility of Mg-calcite (MgCO3) is greater than the solubility 

of aragonite and calcite, and the saturation state of Mg-calcite (mag) also decreases with 

temperature and depth.  Thus it is likely that calcifying organisms that depend on Mg-

calcite, such as some echinoderm species, will be the most affected by ocean acidification 

(Andersson et al., 2008). 

 

Tropical/subtropical surface seawater has a cal of 5.5 and a arag of 3.6; temperate 

surface seawater has a cal of 3.7 and a arag of 2.3; whereas high latitude surface 

seawater has a cal of 2.6 and a arag of 1.6 (Ridgwell and Zeebe, 2005, Andersson et al., 

2008).  Below the saturation horizon depth or lysocline (the limit between undersaturated 

and supersaturated) ( < 1) carbonate starts to dissolve (Ridgwell and Zeebe, 2005).  Due 

to the increasing atmospheric CO2, the calcite and aragonite lysocline in the world’s 

(6) 
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ocean is moving to shallower depths at a rate of 1-2 m per year (Guinotte and Fabry, 

2008) (Figure 2).  Estimates of calcite and aragonite saturation state for the year 2100 

indicate that portions of the North Pacific and all of the Southern Ocean will become 

undersaturated with respect to aragonite, with less pronounced changes for the calcite 

saturation state (Orr et al., 2005, Fabry et al., 2008, Guinotte and Fabry, 2008, 

McClintock et al., 2009).  In the North Pacific the aragonite saturation horizon depth will 

shoal from 140 m to the surface; in the North Atlantic from 2600 m to 115 m and from 

730 m to the surface in the Southern Ocean (Orr et al., 2005, Fabry et al., 2008).  

Estimates for the tropical/subtropical and temperate regions indicate that surface seawater 

will remain supersaturated with respect to calcite and aragonite (Orr et al., 2005, 

Andersson et al., 2008).  Sea surface in all climatic regions will be undersaturated with 

respect to 12, 15 and 18% Mg-calcite by the year 2100 (Andersson et al., 2008), with 

detrimental consequences for echinoderms (Figure 3). 

 

 

1.3 Biological effects of Ocean Acidification 

 

It is clear that human-induced changes in the atmospheric CO2 concentration are altering 

the ocean’s chemistry.  Many areas, where changes in seawater pH are predicted to occur 

by 2100 represent productive areas containing many commercially and ecologically 

important marine species (Guinotte and Fabry, 2008, Cooley and Doney, 2009).  As 

seawater becomes undersaturated with respect to CaCO3 ( < 1), shells and skeletons of 

many marine invertebrates are prone to dissolution (Dupont et al., 2008).  Furthermore, a 

decrease in ocean pH and increased CO2 (hypercapnia) can cause metabolic depression 

(Wood et al., 2008, Melzner et al., 2009) and alter the acid-base balance within their cells 

(Cao and Caldeira, 2008).  The scale and pace of these changes could have a profound 

effect on marine ecosystems and potentially reduce species richness and biodiversity 

(Hoegh-Guldberg and Bruno, 2010).  Several studies have shown both positive and 

negative effects of ocean acidification on marine species (Blackford and Gilbert, 2007, 

Ericson et al., 2010, Dupont et al., 2010b); however, it is critically important that we 

understand how vulnerable a single species is to a reduced oceanic pH and carbonate ion 
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concentration in order to determine their physiological capacity to cope and compensate 

for these changes (Wood et al., 2008, Todgham and Hofmann, 2009, Dixson et al., 2010).   

 

 

 

 

Figure 2.  Distribution of (A) aragonite and (B) calcite saturation depth ( = 1) in the global 

oceans (from Freely et.al., 2004, pg. 363).  
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Figure 3.  Surface seawater CO2 (partial pressure of CO2 and  (carbonate saturation state) with 

respect to calcite, aragonite and 12, 15 and 18% mol Mg-calcite for a typical A. 

tropical/subtropical, B. temperate and C. high latitude ocean environment during the 21
st
 century.  

Diagrams follow the IS92a CO2 emissions scenario (modified from Andersson et al., 2008, pg. 

269, Figure 2).   
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Many studies have identified detrimental effects of low seawater pH across a range of 

taxonomic groups: echinoderms (Kurihara and Shirayama, 2004, Miles et al., 2007, 

Kurihara, 2008, Dupont et al., 2008, Wood et al., 2008, Clark et al., 2009, Ericson et al., 

2010); molluscs (Raven et al., 2005, Bibby et al., 2007, Kuffner et al., 2007, Comeau et 

al., 2009), pteropods (Orr et al., 2005, Fabry et al., 2008, McNeil and Matear, 2008), 

crustaceans (Spicer et al., 2007, Widdicombe and Spicer, 2008), cnidarians (Doney et al., 

2009), coccolithophores (Riebesell et al., 2007, Tyrrell, 2008), phytoplankton (Rost et 

al., 2008) foraminifera (Guinotte and Fabry, 2008), and vertebrates (Ishimatsu et al., 

2005, Ishimatsu et al., 2008, Munday et al., 2009c, Munday et al., 2009b, Munday et al., 

2009a, Dixson et al., 2010).  Some of the effects of reduced pH and increased CO2 

(hypercapnia) include metabolic depression, with altered gene expression and protein 

synthesis; reduced functional capacity of heart, muscles and brain, delay in reproduction 

success; and reduced growth, survival and calcification rates (Figure 4) (Ishimatsu et al., 

2008, Melzner et al., 2009, Dupont et al., 2010b).  While most effects to elevated CO2 

are negative, some positive responses have also been recorded for some marine species.  

For example, the crab Callinectes sapidus and the shrimp  Penaeus plebejus exhibit 

elevated calcification rates under intermediate or high levels of CO2 (Ries et al., 2009), 

whereas the ophiuroid Amphiura filiformis exhibited increased metabolic and 

calcification rates under reduced oceanic pH levels (pH 8.1, 7.7, 7.3 and 6.8) (Wood et 

al., 2008).  Other examples include larvae of the sea bass Atractoscion nobilis that 

resulted in significantly larger otoliths (Checkley Jr et al., 2009).   

 

Differences in the ability to cope and compensate for reduced pH and increased CO2 

(hypercapnia) will vary with depth (Caldeira and Wickett, 2003), latitude (Orr et al., 

2005) and species (Wood et al., 2008), with greater impacts expected in polar regions 

(Clark et al., 2009, Ericson et al., 2010).  Early developmental stages (eggs, sperm, 

fertilization, larvae, juveniles) are believed to be the most vulnerable to elevated levels of 

CO2 because they lack or have little extracellular fluid specialized in ion-regulation 

(Pörtner et al., 2005, Dupont et al., 2008, Melzner et al., 2009).  Across a variety of taxa, 

several studies have demonstrated mixed effects on the early developmental stages (Table 

1), juveniles and adults (Dupont et al., 2010b, Byrne, 2010).  Although responses are 
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complex and species-specific, it is necessary to understand the effects of ocean 

acidification at organism, population and ecosystem levels (Hofmann and Todgham, 

2010, Doney, 2010) in order to provide accurate information to policymakers that will 

help mitigate future CO2 emissions (Metz et al., 2007, Doney et al., 2009).    

 

 

 

 

Figure 4.  Overview of processes and mechanisms affected by CO2 in a generalized water-

breathing animal, emphasizing a key role for extracellular pH in defining sensitivity to ocean 

hypercapnia and acidification.  Dark shaded areas indicate processes involved in changing energy 

budget.  Grey arrows indicate signalling through water or body fluid physiochemistry, with a key 

role for intra- and extracellular H
+
 or other factors like adenosine, K

+
, Na

+
, or Cl

-
.   quantifies 

the saturation state of calcite or aragonite.  Also shown, early developmental stages that are 

potentially affected in different manners by ocean acidification (modified from Pörtner, 2008, pg. 

208, Fig. 2).   
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Table 1.  Representative examples of the effects of reduced seawater pH levels on the early 

developmental stages of marine invertebrates.  Effects on tropical, temperate and polar species 

are described.  Information is derived from experimental manipulation studies.   

 

Phylum/Species pH Response Reference 

Tropical 

MOLLUSCA    

Strombus luhuanus 7.8 Reduced survival (Shirayama and Thornton, 2005) 

ECHINODERMATA    

Echinometra mathaei 7.7 

7.4 

Reduced fertilization rate and 

pluteus size 

(Kurihara and Shirayama, 2004) 

Tripneustes gratilla 7.0 Reduced survival and larval size (Clark et al., 2009) 

Haliotis coccoradiata 7.8, 7.6 Normal fertilization rates  (Byrne et al., 2010b) 

Temperate 

MOLLUSCA    

Perna canaliculus 7.3, 7.0 Reduced shell length and thickness (Ericson, 2010) 

Mytilus edulis 7.7, 7.5 Reduced calcification rates (Gazeau et al., 2007) 

Crassostrea gigas 7.4 Development and survival (Kurihara et al., 2007) 

ECHINODERMATA    

Pseudechinus huttoni 7.0 Degradation in larval skeleton (Clark et al., 2009) 

Evechinus chloroticus 7.0 Degradation in larval skeleton  

Patiriella regularis 7.6 Normal fertilization rate (Byrne et al., 2010b) 

Polar 

ECHINODERMATA    

Sterechinus neumayeri 7.7, Normal fertilization (Ericson et al., 2010) 

 7.3 Reduced fertilization rate  

 7.0 Reduced fertilization rate and 

cleavage 

 

 7.0 Normal calcification and size (Clark et al., 2009) 

NEMERTEA    

Parborlasia corrugatus    7.7, 7.3,   

7.0 

Normal fertilization rate (Ericson et al., 2010) 

 7.0 Reduced cleavage  
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1.4 Study Aims and Hypotheses 

 

The aim of this study is to examine the effects of reduced seawater pH on the fertilization 

of gametes, larval survival and morphometrics of three ecologically important species of 

echinoderms: two asteroids and one echinoid.  The pH levels considered for this research 

include ambient seawater (pH 8.1 or pH 8.2), two ecologically relevant pH levels 

predicted for 2100 (pH 7.7 and pH 7.6) and the experimental pH of 7.0 to anchor 

responses.  In order to assess any latitudinal differences in the effects of ocean 

acidification, the species chosen for this research belong to tropical, temperate and polar 

regions.  The hypotheses for the present study are as follows:  

 

Hypothesis 1:  The CO2-driven ocean acidification predicted for 2100 will have 

deleterious effects on the fertilization of gametes, larval survival and morphology 

on the echinoderm species chosen for this study.  

 

Hypothesis 2:  Responses to a CO2-driven ocean acidification will vary as a 

function of latitude and will be species-specific, with greater effects observed in 

the polar species.   

 

 

Based on these hypotheses, the remaining chapters include the following:  

 

CHAPTER 2.  Odontaster validus and Patiriella regularis 

Reports the experimental results of seawater pH levels predicted for 2100 (pH 7.8 and pH 

7.6) and the extreme pH of 7.0 by evaluating changes in fertilization success, larval 

survival and morphometrics on the early developmental stages of the Antarctic sea star 

Odontaster validus and the temperate sea star Patiriella regularis.   
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CHAPTER 3. Arachnoides placenta 

Reports the experimental results of seawater pH levels predicted for 2100 (pH 7.8 and pH 

7.6) and the extreme pH of 7.0 by evaluating changes in fertilization success, larval 

survival and morphometrics on the early developmental stages of the tropical sand dollar 

Arachnoides placenta.   

 

CHAPTER 4. General Discussion and Conclusion 

Discusses the overall findings and conclusions for this study.  Additionally, a discussion 

on the synergistic effects of other climate stressors and the ecological implications of 

these changes are also included in this chapter.   
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Chapter 2.  Odontaster validus and Patiriella regularis  

 

 

2.1 Introduction 

 

2.1.1 Echinoderms and pH  

 

Echinoderms are exclusively marine animals, although a few species are known to 

tolerate brackish water (Boolootian and Alender, 1966, Barker and Russell, 2008, Dupont 

et al., 2010b).  They are among the most familiar and abundant organisms distributed in 

all oceans and depths with approximately 7000 extant species subdivided in five classes: 

crinoids (sea lilies and feather stars), asteroids (sea stars), ophiuroids (brittle stars), 

echinoids (sea urchins and sand dollars) and holothuroids (sea cucumbers).   

 

Many benthic echinoderms act as keystone species, ecosystem engineers, bioturbators 

and remineralizers; many sub-littoral sea stars and sea urchins are important grazers and 

some species of sea urchins and sea cucumbers are commercially exploited for food 

(Raven et al., 2005, Shirayama and Thornton, 2005, Dupont et al., 2008, Kurihara, 2008, 

Dupont et al., 2010b).  Early reproductive and developmental phases in echinoderms 

commonly consist of pelagic larvae that can spend hours to months in the water column 

before settling into benthic adults (Dupont et al., 2010b).  Larvae are sensitive to 

environmental changes and survival at this stage can be correlated with food availability 

and optimal abiotic variables, such as oxygen and pH (Dupont and Thorndyke, 2009).  

Echinoderms are heavily calcified with two episodes of skeletogenesis, one in the larval 

phase and another in the adult phase.  Larval skeletal rods and test, teeth and spines in 

adults are formed from magnesium calcite, which is 30 times more soluble than normal 

calcite (Boolootian and Alender, 1966, Politi et al., 2004, Wood et al., 2008, Dupont et 

al., 2010b).  However, it should be noted that skeletal rods are present in the larval stages 

of ophiuroids and echinoids but largely absent in larval stages of asteroids, crinoids and 

holothuroids (Pennington and Strathmann, 1990, Smith, 1997, Dupont et al., 2010b).   
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Their ecological relevance and high sensitivity to environmental change (Candia et al., 

2001, Candia Carnevali, 2005, Bellas, 2008, Dupont et al., 2010b); their distinct 

plasticity in their developmental trajectories (Todgham and Hofmann, 2009); their 

magnesium calcite skeleton and body forms (Wood et al., 2008); and their well described 

spawning, culture methods, development, physiology and genetics (Todgham and 

Hofmann, 2009) make echinoderms ideal organisms to address studies about biological 

effects of ocean acidification (Gooding et al., 2009).  The negative effects of reduced 

seawater pH levels on echinoderms have been investigated in a small number of studies 

(Guinotte and Fabry, 2008) focusing mostly on species with a calcifying larval stage 

(echinoids and ophiuroids) (Kurihara, 2008, Dupont et al., 2008, Clark et al., 2009, 

Byrne, 2010, Ericson et al., 2010).  Conversely, fewer studies have included echinoderms 

species with non-calcifying larvae, such as asteroids as their models (Byrne et al., 2010b, 

Dupont et al., 2010a).   

 

In general, most impacts on echinoderm larvae are uncertain, but it is likely that because 

of their particular physiological attributes, the effects of ocean acidification will be 

inclined mostly towards calcifying echinoderms (Dupont et al., 2010b).  Decreased 

calcification could lead to changes in community structure, where non-calcifying 

echinoderm species may be favoured, leading to shifts in species composition and 

dominant organisms (Raven et al., 2005, Fabry et al., 2008, Clark et al., 2009).   

 

 

2.1.2 Antarctic sea star Odontaster validus  

 

The common circumpolar Antarctic sea star Odontaster validus (Family: Odontasteridae) 

is widely distributed throughout the Southern Ocean from South Georgia (54°S) to the 

highest marine latitudes at McMurdo Sound (78°S) (Stanwell-Smith and Clarke, 1998) in 

near-shore benthic environments -shallow subtidal to 940 m, but mostly 15 – 200 m 

depth (Pearse, 1969, McClintock et al., 2008) (Figure 5A).  Densities of 2.7 individuals 

m
-2

 have been reported in McMurdo Sound, but much higher densities may occur in this 
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region and elsewhere (10 m
-2

) (McClintock et al., 2008).  O. validus displays a 

remarkable array of opportunistic feeding behaviours that include detrital feeding, 

herbivory, carnivory (including spongivory and echinodermivory), scavenging and 

necrophagy (McClintock et al., 2008).  In particular, it feeds on sponges and predates 

large sea stars such as Acodontaster conspicuous (McClintock et al., 1988).  The 

diversity of feeding habits ensures both direct and indirect roles in regulating Antarctic 

sponge-dominated communities.  As a keystone species, the impact of O. validus on the 

community extends well beyond that predicted by its biomass or abundance (McClintock 

et al., 2008)  

 

O. validus is a broadcast spawner, releasing large numbers of small oocytes (170 to 190  

m in diameter) that develop into feeding larvae (Stanwell-Smith and Clarke, 1998).  The 

larvae are pelagic and planktotrophic that develop into bipinnaria about 1000 m long 

(Figure 5B).  Odontaster spawning occurs during the Antarctic winter (June-September) 

and larvae are present for six months or longer  in the water column (Lamare, 2010, pers. 

comm.), usually under the sea-ice where little phytoplankton is present (0.01 g 

chlorophyll a l
-1

) (Shilling and Manahan, 1994, Stanwell-Smith and Peck, 1998).   

 

 

2.1.3 Temperate Sea Star Patiriella regularis 

 

Patiriella regularis (Family: Asterinidae), also known as the New Zealand common 

cushion star, is a member of the Patiriella genus of which there are eleven species in the 

Australia – New Zealand region (Byrne and Barker, 1991).  It is found in a wide range of 

coastal habitats, from the intertidal zone to 100 m depth and is abundant in shallow 

waters around both main islands, and also occurs on Steward Island, the Chatham Islands 

and Tasmania (possibly introduced from New Zealand) (Crump, 1971).  P. regularis 

exhibits considerable variation in colour ranging from blue, through green, brown and 

orange (Crump, 1971) and is considered to be the largest Patiriella species with an 

average of 80 mm of diameter (Figure 6A) (Byrne and Barker, 1991, Byrne et al., 2001, 

O Loughlin et al., 2002).  Patiriella regularis is an important benthic echinoderm noted 
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for its feeding behaviour being at best described as a generalist - opportunistic feeder 

(Byrne, 2011, pers. comm.).   

 

P. regularis is a broadcast spawner releasing a large number of oocytes (150 m 

diameter) into the water column that develop into pelagic and planktrotropic bipinnaria 

larvae about 1000 m long (Figure 6B) (Byrne and Barker, 1991).  Larvae are present for 

9 – 10 weeks in the water column before they are competent to metamorphose (Byrne et 

al., 2001).  Spawning occurs during the summer months from November – January 

(Crump, 1971, Byrne and Barker, 1991).   

 

 

 

2.2 Aims 

 

Both Odonster validus and Patiriella regularis are important benthic echinoderms 

because of their feeding behaviours.  If exposure to low oceanic pH levels and 

hypercapnia have negative effects on these asteroid species, the Antarctic and temperate 

benthic communities may experience large scale changes, affecting the overall 

community structure.  This section investigates the effects of the predicted oceanic pH 

levels for the year 2100 (pH 7.7 and pH 7.6) plus an extreme pH of 7.0 by evaluating 

changes in fertilization success, larval survival and morphometrics on the Antarctic 

asteroid O. validus and the temperate asteroid P. regularis.  Species from polar and 

temperate latitudes were examined in order to determine any latitudinal differences in 

their response to ocean acidification.  
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Figure 5.  A. Adult Odontaster validus (Family: Odontasteridae), scale bar = 1 cm,  B. O. validus 

bipinnaria larvae, 38 days old, scale bar = 100 m (Source for A.  Stefano Schiaparelli, 

http://www.scarmarbin.be/). 

 

 

 

 

Figure 6.  A. Adult Patiriella regularis (Family: Asterinidae), scale bar = 1 cm,  B. P. regularis 

bipinnaria larvae, 22 days old, scale bar = 100 m (Source for A.  Ryan Photographic, 

http://wwwryanphotographic.com/ateroidea.htm). 

 

 

http://www.scarmarbin.be/
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2.3 Materials and methods 

 

2.3.1 Collection, spawning and larval culture 

 

Adult Odontaster validus were collected from McMurdo Sound, Antarctica 

(77.06°S/164.42°E) in April 2009 and adult Patiriella regularis were collected from 

Otago Harbour, New Zealand (45.41°S/176.93°E) in November 2009.  Spawning and 

experimentation were carried out when each species was ripe (Table 2).  For O. validus 

spawning was induced by an inter-coelomic injection of 2 ml of the ovulatory hormone 1-

methyladenine (10
-3

 molar) using techniques reported by Shirai and Kanatani (1973) and 

Selvakumaraswamy and Byrne (2000).  P. regularis gametes were removed by dissecting 

the sea stars, extracting the gonads and submerging them in 5 ml of 10
-3

 molar of 1-

methyladenine.  All experiments were carried out using filtered seawater (1 µm) and 

experimental temperatures were maintained by using a controlled temperature cabinet 

and room (Table 2).  Seventeen sea stars were used for the Antarctic experiments, and the 

eggs of five females and the sperm of three males were pooled prior to fertilization.  Six 

females and five males were dissected for the temperate experiment.  Multiple females 

and males were used to avoid maternal and paternal effects.  Throughout the experiments, 

all larvae were fed every three to four days with Dunaliella spp. algae at a concentration 

of 4000 – 6000 cells ml
-1

. 

 

 

2.3.2 Adjustment of sea water pH and Alkalinity 

 

As for predictions for future ocean pH, the pH treatments defined for this investigation 

are as follows: pH 8.1 (ambient), pH 7.8 and pH 7.6.  Additionally, pH 7.0 was used as 

an extreme.  Seawater pH was adjusted by bubbling CO2 gas into plastic 10 L buckets 

containing filtered seawater.  Gas was bubbled at a rate of 5 L min
-1

 for approximately    

2-3 seconds.  pH was checked using a pH meter (pH- Meter CG 837) calibrated to buffers 

4.0 at 20°C and 7.0 at 20°C (Proanalysis).  Checks were made three to four times until 

the desired pH value was obtained.  Values with ± 0.05 units of the target seawater pH 
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were accepted for use.  Buckets were then sealed to prevent re-equilibrilisation with the 

atmosphere.  Ambient seawater pH at each site was measured over the experimental 

period and the mean pH was found to be 8.1 (± 0.1) in both McMurdo Sound, Antarctica 

and in Otago Harbour, New Zealand.   

 

Water samples from each treatment (four pH levels) were fixed with saturated mercuric 

chloride (HgCl2) and sent to the Chemistry Department in the University of Otago for 

alkalinity analysis.  Dr. Kim Currie (NIWA, University of Otago) analysed the samples 

using a closed cell potentiometric titration (Dickson et al., 2007), and analysed the data 

with a least squares linear optimisation technique.  A quality control was done based on 

the CO2 Certified Reference Material supplied by AG Dickson, Scripps Institution of 

Oceanography.  Partial pressure of CO2 (CO2) and the saturation values for calcite (C) 

and aragonite (A) were calculated using the computer program SWCO2 

(http://neon.otago.ac.nz/research/mfc/people/keith_hunter/software/swco2/).  Seawater 

properties were determined using the CO2 equilibrium constants given by Mehrbach et 

al., (1973) (refit by Dickson and Millero, 1987) as recommended by Wanninkhof et al., 

(1999).   

 

 

 

Table 2.  Information on the location site, local ambient conditions and experimental period for 

two species of asteroids, Odontaster validus and Patiriella regularis, examined in this study.  

 

Species Odontaster validus Patiriella regularis 

Location McMurdo Sound, Antarctica  Otago Harbour, New Zealand 

Latitude/Longitude 77.06°S/164.42°E 45.41°S/176.93°E 

Experimental period 30 June-28 August 2009 27 January-20 February 2010 

Temperature (°C) -0.5 ± 1 15 ± 1 

Ambient salinity (PSU) 35 ± 0.5 35 ± 0.5 

Ambient pH 8.10 8.12 

 

 

http://neon.otago.ac.nz/research/mfc/people/keith_hunter/software/swco2/
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Addition of CO2 to seawater may change dissolved oxygen concentrations and larvae 

might be exposed to hypoxic conditions.  According to Clark et al., (2009), dissolved 

oxygen concentrations (mg ml
-1

) decrease by 10% with reduced pH levels but 

concentrations appear to be stable across time.  To keep an optimum dissolved oxygen 

concentrations and a stable seawater pH throughout the larval survival and morphology 

experiments, water was changed every four days for the O. validus experiments and 

every three days for the P. regularis.  Old water was filtered using a 30 m or 50 m 

sieve to prevent larval loss and was filled with new 1m-filtered seawater adjusted with 

the appropriate pH for each treatment (pH ± 0.05).   

 

 

2.3.3 Fertilization Success 

 

Odontaster validus 

 

Spawning was induced on July 25
th

, 2010.  Eggs from five females and sperm from three 

males were pooled into separate beakers filled with the corresponding seawater pH for 

preconditioning prior to fertilization (25 minutes).  Total number of eggs was measured 

from a 100 ml suspension and determined through ten counts of 100 l subsamples using 

a compound microscope.  Sperm concentration was determined using a haemocytometer.  

A combination of 4 pH × 3 replicates using a 12-well dish was used for experiments.  

Sperm was diluted to achieve sperm to egg ratios of 5600:1; 1500:1, 350:1 and 35:1.  A 

total of 250 eggs were used for each replicate, giving a final egg density of 63.5 eggs    

ml
-1

.   

 

The 12-well dishes were covered with a lid with no air-space to prevent re-

equilibrilisation and experiments were maintained at 1°C ± 1 in a controlled temperature 

cabinet.  After 17 hours, samples were fixed with 500 l of 5% formalin.  Fertilization 

was identified by the presence of a fertilization membrane plus cleavage (Figure 7).  An 

average of 412 (± 10) embryos was scored from each well using a compound microscope.   
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Patiriella regularis 

 

Spawning was induced on December 10
th

, 2009.  Eggs from six females and sperm from 

five males were pooled into separate beakers filled with the corresponding seawater pH 

for preconditioning prior to fertilization (20 minutes).  Sperm concentration was 

determined from haemocytometer counts.  Eggs were counted from a 150 ml suspension 

through counts of 50 l subsamples using a compound microscope.  A combination of 4 

pH × 3 replicates using a 12-well dish was used for experiments.  A total of 250 eggs 

were used for each replicate, giving a final egg density of 63.5 eggs ml
-1

.  Sperm was 

diluted to achieve sperm to egg ratios of 4500:1; 1500:1, 300:1 and 30:1.  

 

The 12-well dishes were covered with a lid with no air-space to prevent re-

equilibrilisation and were maintained at 15°C ± 1 in a controlled temperature room.  

After 30 minutes samples were fixed with 500 l of 5% formalin.  Fertilization was 

identified by the presence of a fertilization membrane plus cleavage (Figure 7).  An 

average of 352 (± 15) embryos was scored from each well using a compound microscope.   

 

 

2.3.4 Larval Survival 

 

Odontaster validus and Patiriella regularis 

 

Air-tight 500 ml containers were used to monitor the survival of larvae over time.  Larvae 

were kept at an average density of 10 (± 1) larvae ml
-1

.  Seawater pH was adjusted by 

bubbling CO2 gas into 10L buckets and then transferred to each container.  Four pH 

treatments were used - pH 8.1, pH, 7.8, pH 7.6 and pH 7.0 - and each treatment had four 

replicates, for a total of 16 containers.  The Antarctic experiment ran for 58 days and the 

New Zealand experiment ran for 24 days.  Both experiments ceased due to time 

constraints.  Change in larval density was used as a proxy to measure survival and 

obtained by counting 10 random 1 ml well-mixed subsamples from each container.   
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Figure 7.  A. Egg shortly after fertilization with an elevated fertilization membrane (FM), 

followed by a B. two-cell stage, C. four-cell stage and D. morula.  Scale bar = 50 m.   

 

 

 

2.3.5 Morphometrics 

 

Odontaster validus and Patiriella regularis 

 

To determine changes in larval morphometrics, five body components were established 

as proxies to identify changes in morphology throughout the experimental period.  The 

measured body components were: body length (BL), body width (BW), stomach width 

(SW), stomach length (SL), and mouth width (MW).  Photographs of 16 and 24 larvae for 

O.validus and P. regularis, respectively were taken from each treatment (pH 8.1, pH 7.8, 

pH 7.6 and pH 7.0) from the survival experiment described above (Section 2.3.4).  For O. 

validus photos were taken from day 21 to day 58 and for P. regularis from day 4 to day 

24 (Figure 8A, O. validus, Figure 8B, P. regularis).  Larval measurements were made 

using Image J software Version 1.42q.  
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Figure 8.  Photograph of A. Odontaster validus and B. Patiriella regularis bipinnaria larvae 

under normal light.  Five body components were used as indicators of changes in size and shape: 

body length (BL), body width (BW), stomach width (SW), stomach length (SL), and mouth width 

(MW).  Scale bar = 100 m.   

 

 

 

2.3.6 Statistical analysis 

 

Fertilization Success  

 

The proportion of eggs fertilized was arcsine transformed prior to analysis.  Fertilization 

success data were analysed by a two-way ANOVA (P < 0.05) to determine the effects of 

the fixed factors: sperm concentration and pH.  Due to significant interaction, one-way 

ANOVA, with Tukey’s HSD post-hoc was performed within each sperm to egg ratio in 

order to identify significant (P < 0.05) differences among pH treatments within each 

sperm concentration.  ANOVA assumptions were examined through a visual examination 

of the Normal Quantile Plots of the standard deviation () and a Bartlett test (P < 0.05) 

confirmed homogeneity of variance.  Statistical analyses were carried out using 

MINITAB 15.1.0
®
 (2007, Minitab Inc., USA) and JMP

®
 7.0 (2007, SAS Institute Inc., 

USA).  
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Larval Survival 

 

The proportion of larval densities was arcsine transformed prior to analysis to meet 

ANOVA assumptions.  Univariate repeated-measured analysis (ANOVA) was used to 

identity significant differences in larval density over time.  Tests for sphericity were 

made using the Mauchly’s sphericity test (W) (Mauchly, 1940).  Departures from the 

assumption of sphericity were corrected using the Greenhouse-Geisser correction () 

(Gurevitch and Scheiner, 1993).  To identify significant (P < 0.05) differences in the 

survival rate among pH treatments at the end of the larval rearing (58 days for O. validus 

and 24 days for P. regularis), a one-way ANOVA was performed, with Tukey’s HSD 

post-hoc test to identify significant (P < 0.05) differences among pH treatments.  

ANOVA assumptions were examined through a visual examination of the Normal 

Quantile Plots of the standard deviation () and a Bartlett test confirmed homogeneity of 

variance.  Heterogeneous variances were compared using Welch ANOVA testing for 

equal means, allowing for unequal variances.  Statistical analyses were carried out using 

MINITAB 15.1.0
®
 (2007, Minitab Inc., USA) and JMP

®
 7.0 (2007, SAS Institute Inc., 

USA). 

 

 

Morphology 

 

Permutational multivariate analysis of variance (PERMANOVA) was used to identify 

significant differences among body components of larvae reared under different seawater 

pH treatments.  The data set compromised 96 observations for O. validus and 192 

observations for P. regularis × 5 variables body components: body length (BL), body 

width (BW), stomach width (SW), stomach length (SL), and mouth width (MW).  The 

design for O. validus and P. regularis included two fixed factors: pH and day, and 

analyses were based on Euclidean distances of previously normalized data, using 9999 

random permutations.  A PERMANOVA pair-wise comparison test was performed in 

order to identify significant differences among pH treatments (P < 0.05) within body 
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components and days.  In the situations where not enough permutations were achieved 

(unique permutations < 100), Monte Carlo P-values were used.  Non-metric multi-

dimensional scaling (MDS) on the Euclidean resemblance of normalized data was 

performed in order to visualize similarities or differences among pH treatments in larval 

morphometrics at the first and last day of sampling.  All analyses were generated with 

PRIMER-E Ltd
®
 (2008, UK).   
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2.4 Results 

 

2.4.1 Seawater parameters 

 

The carbonate chemistry of ambient and treated seawater was calculated using pH and 

total alkalinity (AT) measurements.  Both pH and AT values were used as input 

parameters in the program SWCO2 to determine partial pressure of CO2 (CO2) and 

calcite and aragonite saturation state.  For the Odontaster experiment the CO2 was    

326.6 atm under ambient conditions.  For treated seawater, a 2-fold increase was 

recorded in pH 7.8, 3-fold increase in pH 7.6 and a 15-fold increase in pH 7.0.  Calcite 

and aragonite were saturated under ambient conditions (C = 2.60 and A = 1.64) and for 

pH 7.8 only calcite appears to be saturated (C = 1.38) while aragonite is undersaturated 

(A = 0.87).  For pH 7.6 (C = 0.89 and A = 0.57) and pH 7.0 (C = 0.23 and A = 

0.15) both calcite and aragonite were undersaturated (Table 3).   

 

For the Patiriella experiments, a CO2 of 337.45 atm was recorded for ambient 

seawater.  For treated seawater, a 2-fold increase was recorded in pH 7.8, 4-fold increase 

in pH 7.6 and a 15-fold increase in pH 7.0.  Calcite and aragonite were saturated for 

ambient seawater (C = 4.26 and A = 2.74).  For both pH 7.8 (C = 2.36 and A = 

1.52) and pH 7.6 (C = 1.55 and A = 0.99) calcite and aragonite were saturated, while 

undersaturated for pH 7.0 (C = 0.41 and A = 0.26) (Table 3).   

 

A decrease in the saturation levels for calcite and aragonite was observed with increasing 

latitudes.  The saturation states for calcite and aragonite in Antarctic waters were lower 

than concentrations for the temperate region.   

 

 

 

 



28 

 

Table 3.  Temperature (°C), salinity (PSU), pH (NBS scale), total alkalinity (µmol kg – 

soln
-1

), partial pressure of CO2 (CO2), CaCO3 saturation value omega for calcite (C) 

and CaCO3 saturation value omega for aragonite (A) for ambient (pH 8.1) and treated 

seawater (pH 7.8, 7.6 and 7.0), during the Odontaster validus and Patiriella regularis 

experiments.  

 

Odontaster Experiments    

Temperature (°C) -0.5 (± 0.5)    

Salinity (PSU) 35 (± 0.5)    

pH NBS  8.1 7.8 7.6 7.0 

Alkalinity (AT) 2,274.2 2,266.6 2,281.3 2,262.3 

CO2 (µatm) 326.6 691.2 1129.6 4604.1 

C 2.60 1.38 0.89 0.23 

A 1.64 0.87 0.57 0.15 

Patiriella Experiments    

Temperature (°C) 15 (± 0.5)    

Salinity (PSU) 35 (± 0.5)    

pH NBS  8.1 7.8 7.6 7.0 

Alkalinity (AT) 2,304.1 2,304.7 2,305.9 2,309.3 

CO2 (µatm) 337.4 744.9 1229.5 5173.1 

C 4.26 2.36 1.55 0.41 

A 2.74 1.52 0.99 0.26 

 

 

 

2.4.2 Fertilization success 

 

Odontaster validus 

 

Fertilization rate ranged from 90% to 98% in pH 8.1 among the sperm to egg ratios and 

from 5% to 90% in pH 7.0 (Figure 9, Appendix 1).  A two-way ANOVA indicated 

significant effects of pH (F(3, 32) = 45.07, P = < 0.0001*) and sperm concentration       



29 

 

(F(3, 32) = 25.00, P = < 0.0001*) on the fertilization rate.  In addition, the interaction effect 

of pH and sperm concentration was significant (F(9, 32) = 3.70, P = 0.0029*) (Table 4), 

indicating that the effect of pH on fertilization was dependent on the concentration of 

sperm used.  Furthermore, there was an apparent reduction on the fertilization rate within 

each sperm concentration with a decreasing pH level.  One-way ANOVA of the effect of 

pH on fertilization success for the first three sperm concentrations indicated significant 

differences among pH treatments (Sperm to egg: 35:1; F(3, 8) = 9.89, P = < 0.0046*;  

350:1; F(3, 8) = 17.13, P = < 0.0008*; and 1500:1; F(3, 8) = 29.09, P = < 0.0001*) 

(Appendix 3).  Post-hoc Tukey’s comparisons indicated that for the lowest sperm 

concentration (35:1) significant differences were due to the reduced number of eggs 

fertilized in pH 7.8, pH 7.6 and pH 7.0 compared to ambient seawater.  For the sperm 

concentrations of 350:1 and 1500:1 significant differences were due to the reduced 

fertilization rate in pH 7.0 compared to the rest of the pH treatments.  For the highest 

sperm to egg ratio (5600:1) no significant differences were found among pH treatments 

(F(3, 11) = 2.24, P = < 0.1605) (Figure 9, Appendix 4). 

 

 

Patiriella regularis 

 

For Patiriella, fertilization rate ranged from 76% to 94% in pH 8.1 among the sperm to 

egg ratios and from 33% to 74% in pH 7.0 (Figure 10, Appendix 2).  The overall trend 

observed for the four sperm concentrations examined was a reduction in fertilization with 

decreasing seawater pH levels.  A two-way ANOVA indicated significant effects of pH 

(F(3, 48) = 231.74, P = < 0.0001*) and sperm concentration (F(3, 32) = 137.06, P = < 

0.0001*) on the fertilization rate.  Additionally, there was a significant interaction effect 

between factors (F(9, 48) = 2.19, P =  < 0.0393*) (Table 5) indicating that the effect of pH 

was dependent on the concentration of sperm used.  Differences among pH treatments 

were identified using one-way ANOVA for each sperm to egg ratio.  Significant 

differences across all sperm to egg ratios were found (Sperm to egg: 30:1; F(3, 12) = 95.87, 

P = < 0.0001*; 300:1; F(3, 12) = 56.26, P = < 0.0001*; 1500:1; F(3, 12) = 139.89,                 

P = < 0.0001*; and 4500:1; F(3, 12) = 24.06, P = < 0.0001*) (Appendix 5).  Post-hoc 
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Tukey’s comparisons indicated that the significant differences were due to the reduced 

fertilization rates in pH 7.0 (Figure 10, Appendix 6).   

 

 

Table 4.  Two-way ANOVA of the effects of sperm concentration and seawater pH on the 

percentage of eggs fertilized in Odontaster validus.  All data were arcsine transformed prior to 

analysis and N =3.  

 

Source DF Sum of squares F – ratio P 

Sperm concentration 3 2.56 25.00 < 0.0001* 

pH 3 4.62 45.07 < 0.0001* 

Sperm concentration  ×  pH 9 1.14 3.70 0.0029* 

Error 32 1.09   

 

 

 

 

Figure 9.  Mean percentage of fertilization in Odontaster validus under ambient and reduced 

seawater pH levels across a range of sperm to egg ratios.  Error bars are ± standard error 

and for each sperm dilution and pH treatment: N = 3.  Significant differences among pH 

treatments within each sperm concentration are indicated by columns not sharing the 

same letter.   

35:1 350:1 1500:1 5600:1 

Sperm : Egg ratio 
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Table 5.  Two-way ANOVA of the effects of sperm concentration and seawater pH on the 

percentage of eggs fertilized in Patiriella regularis.  All data was arcsine transformed prior to 

analysis and N = 4. 

 

Source DF Sum of squares F – ratio P 

Sperm concentration 3 1.24 137.06 < 0.001* 

pH 3 2.10 231.74 < 0.001* 

Sperm concentration  ×  pH 9 0.06 2.19 0.0393* 

Error 48 0.15   

 

 

 

 

 

 

Figure 10.  Mean percentage of fertilization in Patiriella regularis under ambient and 

reduced seawater pH levels across a range of sperm to egg ratios.  Error bars are ± 

standard error and for each sperm dilution and pH treatment: N = 4.  Significant 

differences among pH treatments within each sperm concentration are indicated by 

columns not sharing the same letter.   

 

35:1 350:1 1500:1 5600:1 30:1 300:1 1500:1 5600:1 

Sperm : Egg ratio 
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2.4.3 Larval survival 

 

Odontaster validus 

 

After 58 days, the proportion of larvae surviving varied among pH treatments and ranged 

from 0.08– 0.85 (Table 6, Figure 11).  Univariate repeated-measures analysis (ANOVA) 

indicated that larval survival was significantly dependent on seawater pH and varied over 

time (pH × Days, F = 3.74, P = < 0.0004*) (Table 8).  Differences in the survival rate 

among pH treatments were identified using one-way ANOVA for the last day of 

experiments (day 58).  Significant differences in the survival rate were found among pH 

treatments (F = 9.77, P = 0.0015*) (Table 9).  A Tukey’s HDS post-hoc indicated that the 

differences were due to the lower larval survival in pH treatments 7.6 and 7.0 (Appendix 

7).   

 

 

Patiriella regularis 

 

At the conclusion of the experiment (24 days), the proportion of larvae surviving varied 

among the pH treatments and ranged from 0.03– 0.68 (Table 7, Figure 12).  Univariate 

repeated-measures analysis (ANOVA) indicated that larval survival changed over the 

experimental period and was significantly dependent on seawater pH (pH × Days,           

F = 6.32, P = < 0.0001*) (Table 10).  One-way ANOVA was used to identify differences 

in the survival rate during the final day of experiments (day 24) among each pH 

treatment.  Significant differences in the survival rate were found among pH treatments 

(F = 115.79, P = < 0.0001*) (Table 11).  According to the Tukey’s post-hoc significant 

differences among pH treatments were due to the reduced number of larvae in pH 

treatments 7.6 and 7.0 (Appendix 8). 
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Table 6.  Changes over the experimental period (58 days) in the mean proportion of Odontaster validus larvae surviving under ambient (pH 8.1) 

and reduced seawater pH (pH 7.8, pH 7.6 and pH 7.0) (± SE).  Each pH treatment had N = 3 from which ten larvae were counted every 

sampling day.   

 

pH 8.1 

          Day 1 3 6 9 14 21 23 30 36 48 58 

Proportion 1.03 1.00 1.05 1.00 1.03 0.98 0.95 0.93 0.85 0.85 0.85 

SE (±) 0.75 0 0.29 0.41 0.25 0.25 0.29 0.25 0.5 0.65 0.645 

pH 7.8 

          Day 1 3 6 9 14 21 23 30 36 48 58 

Proportion 0.98 1.03 0.98 1.00 0.93 0.83 0.83 0.80 0.73 0.73 0.75 

SE (±) 0.49 0.25 0.25 0 0.48 0.48 0.63 0.71 0.48 0.25 1.190 

pH 7.6 

          Day 1 3 6 9 14 21 23 30 36 48 58 

Proportion 1.05 1.08 0.98 0.83 0.85 0.75 0.63 0.55 0.53 0.58 0.45 

SE (±) 0.29 0.25 0.25 0.25 0.28 0.29 0.25 0.29 0.25 0.49 0.289 

pH  7.0 

          Day 1 3 6 9 14 21 23 30 36 48 58 

Proportion 1.03 0.98 0.95 0.75 0.65 0.60 0.58 0.40 0.35 0.25 0.08 

SE (±) 0.25 0.63 0.5 0.65 0.5 0.86 0.25 0 0.29 0.65 0.479 
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Table 7.  Changes over the experimental period (24 days) in the mean proportion of Patiriella regularis larvae surviving under ambient (pH 8.1) 

and reduced seawater pH (pH 7.8, pH 7.6 and pH 7.0) (± SE).  Each pH treatment had N = 3 from which ten larvae were counted every 

sampling day.   

 

pH 8.1 

          Day 1 3 4 6 8 10 13 14 16 20 24 

Proportion  0.98 0.98 0.90 0.88 0.85 0.83 0.80 0.70 0.73 0.70 0.68 

SE (±) 0.25 0.25 0.41 0.25 0.29 0.25 0.41 0.41 0.48 0.41 0.25 

pH 7.8 

          Day 1 3 4 6 8 10 13 14 16 20 24 

Proportion 0.90 0.85 0.88 0.83 0.73 0.70 0.65 0.68 0.68 0.68 0.65 

SE (±) 0 0.29 0.25 0.48 0.48 0 0.65 0.48 0.25 0.25 0.29 

pH 7.6 

          Day 1 3 4 6 8 10 13 14 16 20 24 

Proportion  1.00 0.60 0.55 0.48 0.40 0.45 0.43 0.40 0.35 0.38 0.38 

SE (±) 0.41 1.08 0.29 0.25 0.41 0.29 0.25 0.41 0.29 0.25 0.25 

pH  7.0 

          Day 1 3 4 6 8 10 13 14 16 20 24 

Proportion 1.03 0.60 0.45 0.45 0.13 0.13 0.15 0.18 0.15 0.13 0.03 

SE(±) 0.25 0.41 0.5 0.65 0.48 0.25 0.29 0.48 0.29 0.25 0.25 
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Table 8.  Univariate repeated measures analysis (ANOVA) of changes over the experimental 

period (58 days) in larval density (number of larvae ml
-1

) of Odontaster validus reared under four 

different pH treatments (ambient pH 8.1, pH 7.8, pH 7.6 and pH 7.0).  Data were arcsine 

transformed prior to analysis and tests for sphericity were made using the Mauchly’s sphericity 

test.   

 

Source of variation F(DF) P 

Between-subjects   

pH 54.27(3. 12) < 0.0001* 

Within-subjects    

Day
a 

45.82(4, 51) < 0.0001* 

pH × Day
a 

3.74(12, 51) < 0.0004* 

Mauchly Criterion = 0.214, df = 54, P = 0.0125 
a
Degrees of freedom and P-value adjusted by Greenhouse-Geisser  = 0.4268 

 

 

 

 

Figure 11.  Change over the experimental period in the average density of Odontaster 

validus larvae experimentally reared in a range of sea water pH treatments.  Sampling 

period 58 days. Error bars excluded for clarity, please refer to Table 6.  N = 10 for each 

data point. 
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Table 9.  One-way ANOVA of the proportion of larvae of Odontaster validus surviving after 

being reared for 58 days in a range of seawater pH treatments.  Data were arcsine transformed 

prior to analysis and homogeneity of variance was checked using the Bartlett test.  Variances 

were heterogeneous so comparisons were made using Welch ANOVA testing for equal means, 

allowing unequal variances.  

 

Analysis of Variance     

Source SS DF MS F-ratio P 

pH 2.65 3 0.884 9.77 0.0015* 

Error 1.09 12 0.091   

Barlett test for homogeneity of variance (F = 3.6416, P = 0.0121*) 

Welch ANOVA testing equal means (F(3, 12, 15) = 19.1722, P = 0.0019*) 

 

 

 

 

Table 10.  Univariate repeated measures analysis (ANOVA) of changes over the experimental 

period (24 days) in larval density (number of larvae ml
-1

) of Patiriella regularis reared under four 

different pH treatments (ambient pH 8.1, pH 7.8, pH 7.6 and pH 7.0).  Data were arcsine 

transformed prior to analysis and tests for sphericity were made using the Mauchly’s sphericity 

test.   

 

Source of variation F(DF) P 

Between-subjects   

pH 825.23 (3. 12) < 0.0001* 

Within-subjects    

Day
a 

75.38 (4, 45) < 0.0001* 

pH × Day
a 

 6.32(11, 45) < 0.0001* 

Mauchly Criterion = 0.146, df = 54, P = 0.0057 
a
Degrees of freedom and P-value adjusted by Greenhouse-Geisser  = 0.3775 
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Figure 12.  Change over the experimental period in the average density of Patiriella 

regularis larvae reared in a range of sea water pH treatments.  Sampling period 24 days. 

Error bars excluded for clarity, please refer to Table 7.  N = 10 for each data point. 

 

 

 

 

Table 11.  One-way ANOVA of the proportion of larvae of Patiriella regularis surviving after 

being reared for 24 days in a range of seawater pH treatments.  Data were arcsine transformed 

prior to analysis and homogeneity of variance was checked using the Bartlett test.   

 

Analysis of Variance     

Source SS DF MS F-ratio P 

pH 1.35 3 0.45 115.79 < 0.0001* 

Error 0.047 12 0.0039   

Barlett test for homogeneity of variance (F = 0.1975, P = 0.8981) 
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2.4.4 Morphology 

 

Odontaster validus 

 

Differences in larval morphology were observed with decreasing seawater pH (Figure 13, 

Table 12, and Appendix 9).  In the multivariate PERMANOVA, the interaction effect of 

pH and day was significant (F(15, 95) = 3.43, P = 0.0001*), suggesting that the 

development of each body component over the experimental period (58 days) was 

dependent on seawater pH (Table 13).  PERMANOVA pair-wise comparisons identified 

significant differences in all body components among pH treatments, with the exception 

of stomach length.  Most differences were due to the apparent smaller size of all body 

components in pH 7.6 and pH 7.0 (Table 14).  Some individual differences were 

observed within each day of treatment and differences in larval morphometrics varied 

among pH treatments throughout the experimental period.  However, at the end of the 

experiment (day 58) significant differences were found among all pH treatments (Table 

15).   An MDS plot was performed on the morphometric parameters in order to assess 

individual variation within pH treatments at Day 21 and Day 58.  At Day 21, all the 

larvae from the four pH treatments were clustered together indicating similar body 

proportions.  At Day 58, larvae from all pH treatments were discriminated into individual 

groups indicating significant differences (Figure 14).  
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Figure 13.  Representative photographs of Odontaster validus larvae reared under a range of 

seawater pH levels (pH 8.1, pH 7.8, 7.6 and pH 7.0) over a period of 58 days.  Scale bars = 

200m. 
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Table 12.  Mean length (m) of body components in Odontaster validus larvae grown in 

different pH treatments (pH 8.1, pH 7.8, pH 7.6 and pH 7.0).  Values represent the last day (day 

58) of larval rearing and standard errors (±) are shown in parenthesis.   

 

pH Body Length Body Width Stomach Width Stomach Length Mouth Width 

8.1 1069.74 539.59 269.19 216.17 198.27 

 

(±21.01) (±30.11) (±17.74) (±8.91) (±9.79) 

7.8 1189.49 563.03 215.37 316.79 195.18 

 

(±15.24) (±5.73) (±4.98) (±9.64) (±13.51) 

7.6 1032.59 462.63 204.09 300.6275 175.85 

 

(±53.23) (±11.46) (±5.97) (±17.18) (±8.49) 

7.0 966.40 425.78 151.93 256.19 154.02 

 

(±57.21) (±12.80) (±5.49) (±7.98) (±14.72) 

 

 

 

Table 13.  Multivariate PERMANOVA of the effects of pH and Day on the morphology of 

Odontaster validus larvae reared under four different pH treatments (pH 8.1, pH 7.8, pH 7.6 and 

pH 7.0).  Analysis was based on Euclidean distances of previously normalized data, using 9999 

random permutations.  P-values in bold indicate significant differences.  

 

Source SS DF MS F P Unique 

perms 

pH 96.6 3 32.3 23.21 0.0001 9923 

Day 207.06 5 41.41 29.85 0.0001 9939 

pH × Day 71.44 15 4.76 3.43 0.0001 9882 

Residual 99.90 72 1.39    

Total 475 95     

     Unique perms = Unique PERMANOVAS 
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Table 14.  PERMANOVA using pair-wise comparisons among pH treatments (8.1, 7.8, 7.6 and 

7.0) in order to identify significant differences among the body components body length (BL), 

body width (BW), stomach width (SW), stomach length (SL), and mouth width (MW) of 

Odontaster validus larvae.  Analysis was based on Euclidean distances of previously normalized 

data, using 9999 random permutations.  Values in bold indicate significant differences between 

groups (P < 0.05).   

 

Variable Groups (pH levels) t P 

Body Length 8.1 – 7.8 0.75 0.4848 

 8.1 – 7.6 1.43 0.1765 

 8.1 – 7.0 2.54 0.0407 

 7.8 – 7.6 0.44 0.6712 

 7.8 – 7.0 1.28 0.2473 

 7.6 – 7.0 0.94 0.3774 

Body Width 8.1 – 7.8 1.63 0.1343 

 8.1 – 7.6 2.40 0.0481 

 8.1 – 7.0 3.86 0.0101 

 7.8 – 7.6 0.55 0.5937 

 7.8 – 7.0 1.54 0.1575 

 7.6 – 7.0 1.01 0.3472 

Stomach Width 8.1 – 7.8 0.85 0.4707 

 8.1 – 7.6 1.44 0.1806 

 8.1 – 7.0 3.23 0.0022 

 7.8 – 7.6 0.97 0.3526 

 7.8 – 7.0 4.18 0.0018 

 7.6 – 7.0 2.67 0.152 

Stomach Length 8.1 – 7.8 0.27 0.8937 

 8.1 – 7.6 0.41 0.7523 

 8.1 – 7.0 1.23 0.2465 

 7.8 – 7.6 0.06 0.9226 

 7.8 – 7.0 0.44 0.711 

 7.6 – 7.0 0.40 0.7141 

Mouth Width 8.1 – 7.8 0.87 0.3872 

 8.1 – 7.6 1.87 0.1398 

 8.1 – 7.0 2.69 0.0260 

 7.8 – 7.6 0.62 0.5425 

 7.8 – 7.0 1.71 0.1202 

 7.6 – 7.0 1.24 0.2566 
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Table 15.  PERMANOVA Pair-wise comparison test to identify significant differences among 

pH treatments (pH 8.1, pH 7.8, pH 7.6 and pH 7.0) for each day of the experimental period for 

Odontaster validus.  Analysis was based on Euclidean distances of previously normalized data, 

using 9999 random permutations.  Monte Carlo P-values in bold indicate significant differences.  

 

Day 21 

   

 Day 23 

   Groups t P (MC) Unique perms  Groups t P (MC) Unique perms 

8.1 - 7.8 1.32 0.2045 35  8.1 - 7.8 1.51 0.1269 35 

8.1 - 7.6 2.59 0.023 35  8.1 - 7.6 1.67 0.0855 35 

8.1 - 7.0 4.92 0.0013 35  8.1 - 7.0 2.83 0.0061 35 

7.8 - 7.6 1.79 0.0899 35  7.8 - 7.6 0.74 0.5509 35 

7.8 - 7.0 4.25 0.0018 35  7.8 - 7.0 1.57 0.1388 35 

7.6 - 7.0 2.31 0.0204 35  7.6 - 7.0 1.70 0.0971 35 

    

 

    Day 30 

   

 Day 36 

   Groups t P (MC) Unique perms  Groups t P (MC) Unique perms 

8.1 - 7.8 1.36 0.1922 35  8.1 - 7.8 1.97 0.0557 35 

8.1 - 7.6 2.68 0.0063 35  8.1 - 7.6 4.86 0.0005 35 

8.1 - 7.0 3.58 0.0009 35  8.1 - 7.0 4.26 0.0022 35 

7.8 - 7.6 2.48 0.0103 35  7.8 - 7.6 1.73 0.1071 35 

7.8 - 7.0 2.91 0.0057 35  7.8 - 7.0 1.65 0.1224 35 

7.6 - 7.0 2.16 0.0221 35  7.6 - 7.0 1.59 0.1116 35 

    

 

    Day 48 

   

 Day 58 

   Groups t P (MC) Unique perms  Groups t P (MC) Unique perms 

8.1 - 7.8 3.6222 0.0028 35  8.1 - 7.8 3.54 0.0025 35 

8.1 - 7.6 1.9452 0.0461 35  8.1 - 7.6 3.13 0.003 35 

8.1 - 7.0 4.2467 0.0013 35  8.1 - 7.0 4.07 0.0007 35 

7.8 - 7.6 1.9843 0.0472 35  7.8 - 7.6 2.11 0.0449 35 

7.8 - 7.0 1.7604 0.0765 35  7.8 - 7.0 4.17 0.0012 35 

7.6 - 7.0 2.5245 0.0204 35  7.6 - 7.0 2.22 0.0284 35 
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Figure 14.  MDS plot of the morphometrics of Odontaster validus larvae at day 21 and day 58 

among pH treatments.  All pH treatments are clustered together in day 21, whereas all pH 

treatments in day 58 are clustered separately.   
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Patiriella regularis 

 

Larval morphometrics varied between pH treatments and a reduction was apparent with 

reduced seawater pH (Figure 15, Table 16, Appendix 10).  Multivariate PERMANOVA 

analysis resulted in a significant interaction effect for pH and day (F(21, 191) = 2.50,           

P = 0.0001*), suggesting that the development of each body component over the 

experimental period (24 days) was dependent on seawater pH (Table 17).  

PERMANOVA pair-wise comparisons identified significant differences in all body 

components among pH treatments, with the exception of stomach width, stomach length 

and mouth width.  Most differences were due to the apparent smaller size of all body 

components in pH 7.6 and pH 7.0 (Table 18).  Some individual differences were 

observed within each day of treatment and differences in larval morphometrics varied 

among pH treatments throughout the experimental period.  However, at the end of the 

experiment (day 24) significant differences were found among pH treatments for body 

length and body width (Table 19).   An MDS plot was performed on the morphometric 

parameters in order to assess individual variation within pH treatments at Day 4 and Day 

24.  At Day 4, all the larvae from pH 8.1 and 7.8 and the larvae from pH 7.6 and 7.0 were 

clustered together indicating similarity in body proportions.  At Day 24 discrimination 

among pH treatments is not that apparent indicating a subtle change in larval 

morphometrics.  However, larvae raised at pH 8.1 are somehowdiscriminated from the 

remaining pH treatments (Figure 16).   
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Figure 15.  Representative photographs of Patiriella regularis larvae reared under a range of 

seawater pH levels (pH 8.1, pH 7.8, 7.6 and pH 7.0) over a period of 24 days.  Scale bars = 

200m. 
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Table 16.  Mean length (m) of body components in Patiriella regularis larvae grown in 

different pH treatments (pH 8.1, pH 7.8, pH 7.6 and pH 7.0).  Values represent the last day (day 

24) of larval rearing and standard errors (±) are shown in parenthesis.   

 

pH Body Length Body Width Stomach Width Stomach Length Mouth Width 

8.1 994.66 428.603 137.13 272.11 151.57 

 

(±49.03) (±15.95) (±12.01) (±11.52) (±8.72) 

7.8 791.32 418.23 129.83 209.74 131.34 

 

(±73.81) (±25.86) (±9.98) (±15.46) (±8.28) 

7.6 768.86 424.94 114.28 215.09 141.48 

 

(±48.14) (±26.37) (±10.68) (±15.30) (±3.28) 

7.0 768.94 434.62 122.79 191.55 134.16 

 

(±66.25) (±27.81) (±7.73) (±15.53) (±4.71) 

 

 

 

Table 17.  Multivariate PERMANOVA of the effects of pH and Day on the morphology of 

Patiriella regularis larvae reared under four different pH treatments (pH 8.1, pH 7.8, pH 7.6 and 

pH 7.0).  Analysis was based on Euclidean distances of previously normalized data, using 9999 

random permutations.  P-values in bold indicate significant differences.  

 

Source SS DF MS F P Unique 

perms 

pH 75.31 3 25.10 15.26 0.0001 9935 

Day 531.21 7 75.89 46.13 0.0001 9923 

pH × Day 86.24 21 4.11 2.50 0.0001 9876 

Residual 263.23 160 1.65    

Total 955 191     

     Unique perms = Unique PERMANOVAS 
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Table 18.  PERMANOVA using pair-wise comparisons among pH treatments (8.1, 7.8, 7.6 and 

7.0) in order to identify significant differences among the body components body length (BL), 

body width (BW), stomach width (SW), stomach length (SL), and mouth width (MW) of 

Patiriella regularis larvae.  Analysis was based on Euclidean distances of previously normalized 

data, using 9999 random permutations.  Values in bold indicate significant differences between 

groups (P < 0.05).   

 

Variable Groups (pH levels) t P 

Body Length 8.1 – 7.8 1.03 0.3128 

 8.1 – 7.6 3.38 0.0234 

 8.1 – 7.0 4.12 0.0008 

 7.8 – 7.6 1.64 0.1196 

 7.8 – 7.0 3.46 0.0009 

 7.6 – 7.0 1.18 0.2648 

Body Width 8.1 – 7.8 0.08 0.9427 

 8.1 – 7.6 0.95 0.3514 

 8.1 – 7.0 2.14 0.0545 

 7.8 – 7.6 0.87 0.4002 

 7.8 – 7.0 1.69 0.1254 

 7.6 – 7.0 0.70 0.4950 

Stomach Width 8.1 – 7.8 0.41 0.6961 

 8.1 – 7.6 0.99 0.3417 

 8.1 – 7.0 1.00 0.3225 

 7.8 – 7.6 0.58 0.5601 

 7.8 – 7.0 0.62 0.5444 

 7.6 – 7.0 0.08 0.9370 

Stomach Length 8.1 – 7.8 0.69 0.5114 

 8.1 – 7.6 0.95 0.3711 

 8.1 – 7.0 1.41 0.1838 

 7.8 – 7.6 0.20 0.8518 

 7.8 – 7.0 0.68 0.5096 

 7.6 – 7.0 0.54 0.5839 

Mouth Width 8.1 – 7.8 0.23 0.6305 

 8.1 – 7.6 0.27 0.666 

 8.1 – 7.0 0.43 0.5723 

 7.8 – 7.6 0.08 0.9490 

 7.8 – 7.0 0.19 0.6775 

 7.6 – 7.0 0.15 0.8228 
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Table 19.  PERMANOVA Pair-wise comparison test to identify significant differences among 

pH treatments (pH 8.1, pH 7.8, pH 7.6 and pH 7.0) for each day of the experimental period for 

Patiriella regularis.  Analysis was based on Euclidean distances of previously normalized data, 

using 9999 random permutations.  Monte Carlo P-values in bold indicate significant differences.  

 

Day 4 

    

 Day 6 

   Groups t P Unique perms 

 

 Groups t P Unique perms 

8.1 - 7.8 0.4 0.8489 462 

 

 8.1 - 7.8 1.25 0.1391 461 

8.1 - 7.6 4.31 0.0015 462 

 

 8.1 - 7.6 3.69 0.0031 462 

8.1 - 7.0 3.48 0.0023 462 

 

 8.1 - 7.0 3.5 0.0053 462 

7.8 - 7.6 4.11 0.0017 462 

 

 7.8 - 7.6 1.12 0.1724 462 

7.8 - 7.0 3.38 0.0022 462 

 

 7.8 - 7.0 1.17 0.1529 461 

7.6 - 7.0 0.89 0.4217 461 

 

 7.6 - 7.0 2.5 0.0022 462 

     

 

    Day 8 

    

 Day 10 

   Groups t P Unique perms 

 

 Groups t P Unique perms 

8.1 - 7.8 0.74 0.5708 462 

 

 8.1 - 7.8 1.89 0.0543 462 

8.1 - 7.6 1.17 0.2506 462 

 

 8.1 - 7.6 1.42 0.1729 179 

8.1 - 7.0 1.98 0.0394 462 

 

 8.1 - 7.0 1.67 0.1096 1714 

7.8 - 7.6 1.15 0.2962 462 

 

 7.8 - 7.6 3.21 0.0026 179 

7.8 - 7.0 1.92 0.0338 462 

 

 7.8 - 7.0 0.66 0.5882 1707 

7.6 - 7.0 0.32 0.9726 462 

 

 7.6 - 7.0 2.37 0.0292 673 

     

 

    Day 14 

    

 Day 16 

   Groups t P Unique perms 

 

 Groups t P Unique perms 

8.1 - 7.8 0.49 0.7678 462 

 

 8.1 - 7.8 2.41 0.0154 462 

8.1 - 7.6 2.03 0.0562 462 

 

 8.1 - 7.6 0.98 0.4038 462 

8.1 - 7.0 2.75 0.0213 462 

 

 8.1 - 7.0 1.24 0.2371 461 

7.8 - 7.6 1.76 0.0895 462 

 

 7.8 - 7.6 2.85 0.0048 462 

7.8 - 7.0 2.42 0.0361 462 

 

 7.8 - 7.0 3.01 0.0033 462 

7.6 - 7.0 1.19 0.2479 462 

 

 7.6 - 7.0 0.74 0.5664 462 
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Day 20 

    

 Day 24 

   Groups t P (MC) Unique perms 

 

 Groups t P (MC) Unique perms 

8.1 - 7.8 4.14 0.0024 462 

 

 8.1 - 7.8 2.32 0.0272 462 

8.1 - 7.6 4.79 0.0023 461 

 

 8.1 - 7.6 2.89 0.0122 462 

8.1 - 7.0 4.40 0.0023 462 

 

 8.1 - 7.0 2.74 0.0168 462 

7.8 - 7.6 0.92 0.5339 462 

 

 7.8 - 7.6 0.50 0.7325 462 

7.8 - 7.0 1.83 0.051 462 

 

 7.8 - 7.0 0.45 0.7825 462 

7.6 - 7.0 2.16 0.0028 462 

 

 7.6 - 7.0 0.45 0.7834 462 

 

 

 

 

 

Figure 16.  MDS plot of the morphometrics of Patiriella regularis larvae at day 21 and day 58 in 

order to identify differences among pH treatments.  Two clear groups are identified in day 4 and 

two day 24.  In day 4, pH 8.1 and pH 7.8 are clustered together, whereas pH 8.1 is separated from 

the rest of pH treatments in day 24, with some overlapping from the remaining pH treatments.   
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2.5 Discussion 

 

The aim of this study was to evaluate the effects of ocean acidification, through reduced 

seawater pH treatments, on the fertilization of gametes, larval survival and morphology 

of two ecologically important benthic asteroids (Echinodermata).  The pH levels 

considered for this study included ambient seawater (pH 8.1), predictions for 2100 (pH 

7.8 and pH 7.6) (Caldeira and Wickett, 2003) as well as an extreme pH of 7.0.  

Additionally, in order to start to identify any latitudinal differences in the effects of ocean 

acidification, the Antarctic asteroid Odontaster validus (Family: Odontasteridae) and the 

temperate asteroid Patiriella regularis (Family: Asterinidae) were chosen as models.  

Both species occupy keystone positions (Dupont et al., 2010b), and detrimental effects of 

ocean acidification may affect the overall community structure in polar and temperate 

regions.   

 

 

2.5.1 Fertilization success 

 

The process of fertilization, particularly in free spawning invertebrates like sea stars, is of 

great importance for the reproductive success and survival of many marine organisms 

(Llodra, 2002).  Fertilization in the two asteroid species investigated exhibited a broad 

tolerance to near-future ocean acidification under a range of sperm concentrations.  

Fertilization was not impaired by the projected oceanic conditions for the year 2100 (pH 

7.8 and pH 7.6), although a reduction was observed for the extreme pH of 7.0 across all 

sperm concentrations.   

 

Fertilization for Odontaster validus was sensitive to acidification (pH 7.8 and pH 7.6) but 

only at the lowest sperm to egg ratio of 35:1.  In this case, fertilization was reduced to a 

40% success for both pH 7.8 and pH 7.6 and only 15% success for pH 7.0, compared to 

ambient conditions (pH 8.1) where 90% of the gametes were fertilized.  Results for O. 

validus fertilization are consistent with those found by Reuter et al., (2011) for the red 

sea urchin Strongylocentrotus franciscanus where fertilization was impaired at a pH of 



51 

 

7.4 – 7.0 with low sperm concentration and those found by Ericson et al., (2010) for the 

Antarctic sea urchin Sterechinus neumayeri where fertilization was impaired at pH 7.3.   

 

Fertilization in Patiriella regularis was sensitive to acidification but only for the extreme 

pH of 7.0 across all sperm concentrations and the predicted scenarios for 2100 did not 

affect fertilization success.  Although not significant, fertilization at the lowest sperm to 

egg ratio of 30:1 was lower than for the rest of sperm concentrations.  In this case, 

fertilization was reduced to a mean of 73% success for pH 8.1, pH 7.8 and pH 7.6, 

compared to a mean of 89% success for pH 8.1, pH 7.8 and pH 7.6 for the rest of sperm 

concentrations.  Results for P. regularis concur with those found by Byrne (2010) where 

fertilization was not impaired at pH 8.2, pH 7.8 and pH 7.6.  Findings are also consistent 

with those found for many species of sea urchins (Kurihara and Shirayama, 2004, Byrne 

et al., 2009, Ericson et al., 2010, Reuter et al., 2011) and bivalves (Byrne et al., 2009, 

Ericson, 2010) where fertilization is robust despite the acidic conditions.   

 

The gonads (eggs and spermatozoa) of many marine invertebrates are stored for months 

prior to spawning (Trimmer and Vacquier, 1986).  The inactive state of these cells is 

maintained by a low intracellular pH (pHi) ranging from 7.1-7.2, which keeps respiration 

rates, motility and energy levels repressed prior to activation (Trimmer and Vacquier, 

1986, Darszon et al., 2008, Byrne et al., 2010b).  Upon release into the water column, 

large Na
+
-dependent acid-extrusion occurs, where much of the acid is in the form of H

+
 

elevating the pHi by 0.4-0.5 units to a pHi of 7.5-7.6, resulting in the initiation of protein 

synthesis, mitotic activity and motility (Trimmer and Vacquier, 1986, Loh et al., 2002).  

These features may have contributed to the tolerance of Odontaster validus and Patiriella 

regularis to the reduced oceanic pH levels predicted for 2100 (pH 7.8 and pH 7.6).  

However, as external seawater pH is lowered beyond pH 7.6 the rapid diffusion through 

the cell membrane may reduce the pHi affecting the initiation of these processes resulting 

in low fertilization rates (Trimmer and Vacquier, 1986, Darszon et al., 2008, Kurihara, 

2008).  Havenhand et al. (2008) found that sperm speed and motility for the sea urchin 

Heliocidaris erythrogramma were decreased by 11.7% and 16.3%, respectively, in a pH 

0.4 units below ambient, and although measurements of the chemical properties of 
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gonads and sperm speed and motility were beyond the scope of this study, the low 

fertilization reported for Odontaster validus and Patiriella regularis reared at a pH 7.0 

and elevated concentrations of CO2 ( 4000 atm) may be explained as a result in 

changes in the pHi of both eggs and sperm.   

 

Effects of reduced fertilization rates with decreasing pH levels have also been observed 

in a wider range of taxa.  For the Australian rock oyster Saccostrea glomerata 

fertilization significantly decreased with decreasing pH levels (HCl was to reduce 

seawater pH) (Parker et al., 2009), whereas for the gravid coral colonies of Acropora 

digitifera and the sea cucumber Holothuria spp., only 20% and 30%, respectively, of the 

sperm were motile at pH 7.7 (Morita et al., 2010).  Kurihara and Shirayama (2004) found 

a trend of decreasing fertilization with reducing seawater pH in the tropical sea urchins 

Hemicentrotus pulcherrimus and Echinometra mathaei, with significantly lower 

fertilization rates below pH 7.2 and 6.8, respectively.   

 

Resilience of fertilization in the benthic asteroids Odontaster validus and Patiriella 

regularis may reflect adaptations to biological processes and physical conditions that 

fluctuate in short time scales, where environmental pH can range from 7.0-10.1 (Wootton 

et al., 2008, Byrne et al., 2010b).  Fertilization for both species to the projected scenarios 

for the year 2100 was robust and sensitivity to acidification increased with the reduction 

of pH and sperm concentrations.  Evidently, sperm concentration plays an important role 

in fertilization and the effects of pH on sperm mobility could be masked by the high 

concentration of sperm used in the experiments, where polyspermy may have occurred 

(Ericson et al., 2010).  Interestingly, fertilization for the Antarctic species indicated a 

higher sensitivity, whereas the temperate counterpart was more resistant.  Cold polar sea 

temperatures (as low as -1.9°C) can reduce swimming speed of sperm and increase 

seawater viscosity (1.9cP) (Ericson et al., 2010).  These are important considerations 

given that fertilization is already delayed under ambient conditions and the added 

environmental stressor of reduced seawater pH may cause even further reductions in 

fertilization success for many polar species.   
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2.5.3 Larval survival 

 

A reduction of 0.5 units in seawater pH will have dramatic impacts on the survival of 

both Odontaster validus and Patiriella regularis.  For O. validus numbers started to 

decline in pH 7.6 and pH 7.0 after nine days with a 20% decrease in larval numbers. At 

the end of the experimental period (58 days), pH 7.6 resulted in 48% mortality, whereas 

pH 7.0 resulted in 92% mortality.  Conversely, for pH 8.1 and pH 7.8 17% and 23%, 

respectively, were recorded.  For P. regularis after three days of experiments, pH 7.6 and 

pH 7.0 showed a 30% decrease in larval numbers, and at the end of the experimental 

period (24 days), pH 7.6 resulted in 62% mortality, while larvae in pH 7.0 had 97% 

mortality.  These results imply that a reduction of 0.5 units in the oceanic pH predicted 

for 2100, and the extreme pH of 7.0 will have a detrimental effect on the survival of O. 

validus and P. regularis larvae, with little potential for acclimation or adaptation.  Similar 

results were reported for the brittle star Ophiothrix fragilis with a 100% mortality for pH 

7.9 and pH 7.7 after eight days of experiments (Dupont et al., 2008).  In contrast, Clark et 

al. (2009) found that larval survival for the sea urchins, Tripneustes gratilla, Evechinus 

chloroticus, Pseudechinus huttoni and Sterechinus neumayeri was not significantly 

affected until pH levels dropped below pH 7.0.  Additionally, a study of two copepods 

Acartia steuri and Acartia erythraea found that larval survival was only affected at pH 

7.0 and pH 6.8 (Kurihara et al., 2004).   

 

Effects of increased atmospheric CO2 on the survival of the gastropod Strombus luhuanus 

and two sea urchins, Hemicentrotus pulcherrimus and Echinometra mathaei started to 

appear after 8 to 20 weeks of exposure to pH 7.9 and pH 7.8 (Shirayama and Thornton, 

2005).  Similar results were reported for the marine shrimp Palaemon pacificus where 

mortality became significant for pH 7.6 and pH 7.9 after 7 to 18 weeks of exposure, 

respectively (Kurihara et al., 2008).  The present studies concluded after 100% mortality 

was found in pH 7.0.  Had the experiments lasted longer, it is possible that lethal effects 

for pH 7.8 may have occurred.   
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The acid-base physiology of many marine organisms is known to be sensitive to 

hypercapnia (Miles et al., 2007, Gutowska et al., 2010).  Many echinoderms have a direct 

connection with their surroundings through the madreporite (Shirayama and Thornton, 

2005) and are not good acid-base regulators because of their inability to normalize 

changes in their internal body conditions (Boolootian and Alender, 1966, Spicer et al., 

1988, Todgham and Hofmann, 2009).  Recently, two studies have investigated the effects 

of ocean acidification on gene expression (see review by Dupont et al., 2010b).  After 

exposure to near-future pH conditions, larvae of the sea urchin Stongylocentrotus 

franciscanus developed reduced gene expression (by 50%) of the protein hs70 involved 

with responses to acute environmental stressors (O’Donnell et al., 2009, Dupont et al., 

2010b).  In another study, larvae of the sea urchin Strongylocentrotus purpuratus exposed 

to near-future pH conditions showed down-regulation of 178 genes out of 1057 

(Todgham and Hofmann, 2009, Dupont et al., 2010b).  The high mortality rates for O. 

validus and P. regularis larvae reared under reduced seawater pH levels (pH 7.6 and pH 

7.0) may be associated with intracellular and extracellular acidosis resulting in metabolic 

depression (Lamare et al., 2010, unpublished data) and changes in gene expression 

(Todgham and Hofmann, 2009)   

 

 

2.5.4 Morphometrics 

 

Significant differences in the body component for both Odontaster validus and Patiriella 

regularis suggest deleterious impacts of ocean acidification under experimental 

conditions.  O. validus seemed the most affected by reduced seawater pH since all of the 

body components, with the exception of stomach length, were significantly different 

among pH treatments.  Conversely, for P. regularis stomach width, stomach length and 

mouth width were not significantly different among pH treatments.  For both species, 

these results suggest a slower growth or smaller larvae post fertilization in lower pH 

treatments since abnormalities or asymmetries were not obvious.  Similar results were 

found for the larvae of two species of sea urchins Hemicentrotus pulcherrimus and 

Echinometra mathaei where delayed development was observed in reduced oceanic pH 
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levels only a few hours after fertilization (Kurihara and Shirayama, 2004).  For larvae of 

the brittlestar Ophiothrix fragilis after two days, 25% and 32% of normal larvae (i.e. no 

abnormalities) were asymmetric at pH 7.9 and pH 7.7, respectively, and a high proportion 

of the larvae raised at low pH were either abnormal or unable to develop into normal 

pluteus larvae (Dupont et al., 2008).  Ericson (2010) also observed a decrease in shell 

length in the green lipped mussel Perna canaliculus reared under acidic conditions, 

whereas Parker et al., (2009) found a significant effect in the embryonic development of 

the rock oyster Saccostrea glomerata with increasing CO2 just 24 hours after 

fertilization. 

 

Most larval developmental studies on the impacts of ocean acidification have been 

performed in calcifying species, where calcite and aragonite structures have been 

proposed to confer several adaptive developmental benefits including maintenance of 

body shape, aiding with feeding and protection against predators (Pennington and 

Strathmann, 1990, Michaelidis et al., 2005, Dupont et al., 2008).  As a result, species 

with larval stages where skeletal rods are largely absent have been completely 

overlooked.  An exception is a study on the impacts of near-future ocean acidification on 

the larval development from fertilization to metamorphosis, of the lecithotrophic sea star 

Crossaster papposus (Dupont et al., 2010a).  Contrary to my results, Dupont et al. 

(2010a) found that in C. papposus larvae and juveniles raised at low pH grow and 

develop faster with no negative effect on survival or skeletogenesis within 38 days of 

experiments.  This is also supported by data found for the lecithotropic larvae for the 

cephalopod Sepia officinalis that can successfully develop and calcify under low pH 

conditions (Gutowska et al., 2010).  It is important to note, that C. papposus and S. 

officinalis have lecithotrophic larvae whereas O. validus and P. regularis have a 

planktotrophic larval stage.   

 

Echinoderms with different life-history strategies (e.g. planktotrophy vs. lecithotrophy) 

may have a different tolerance to environmental stressors such as ocean acidification 

(Dupont et al., 2010a).  Planktotrophic species such as O. validus and P. regularis have a 

synchrony with food and optimal environmental conditions in order to have a normal 
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development.  A delayed development for O. validus and P. regularis as a result of 

reduced seawater pH could result in a mismatch between food and consumer and delayed 

settlement can expose larvae to a higher risk of predation (Dupont et al., 2010b).  

 

Results found in this study might be associated with hypercapnia-induced metabolic 

depression arising from intracellular and extracellular acidosis (Lamare et al., 2010, 

unpublished data).  As mentioned earlier, many echinoderms are poor acid–base 

compensators when exposed to acidified seawater (0.5 – 1.5 pH unit decrease) (Todgham 

and Hofmann, 2009).  Although I did not measure changes in the pHi and extracellular 

pH (pHe), it is feasible that the ion regulatory pathways for the acid-base regulation 

necessary for a normal larval development in O. validus and P. regularis are affected by 

a 0.5 – 1.1 unit decrease in the oceanic pH levels.   

 

 

2.5.5 Conclusions  

 

 Results suggest that the early life-history stages of two important benthic 

echinoderms reared under experimental conditions will be impacted by the 

seawater pH levels predicted for 2100.   

 Fertilization was the only larval stage that exhibited a broad tolerance and was 

very robust to near-future ocean acidification.   

 Mortality levels were high (55% for pH 7.6 and 95% for pH 7.0, for both O. 

validus and P. regularis) when the oceanic pH level dropped below 7.8. 

 Morphometrics for O. validus and P. regularis were affected by reduced seawater 

pH and smaller larvae were observed in pH 7.8, pH 7.6 and pH 7.0 compared to 

ambient.   

 This study, for the first time, showed negative effects of reduced oceanic pH 

levels on the early developmental stages of the Antarctic Odontaster validus and 

the temperate Patiriella regularis.   
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Chapter 3.  Arachnoides placenta 

 

 

3.1 Introduction 

 

3.1.1 Irregular Echinoids: Sand Dollars 

 

Echinoids are one of the most diverse and successful echinoderm groups.  Currently there 

are more than 1000 valid extant species in the world oceans (Pawson, 2007, Kroh, 2010).  

Echinoids come in a variety of shapes, representing adaptations to a specific habitat and 

feeding strategies.  Sea urchins, with a globose form and covered with long spines are 

often referred to as regular urchins.  They have a five-part radial symmetry in which the 

anus is located at the aboral surface, whereas most species live along rocky shores and 

benthic environments.  In contrast, irregular echinoids are commonly the most abundant 

macro-organisms on sandy intertidal or subtidal subtrata (Salsman and Tolbert, 1965, Fu-

Shiang, 1969, Haycock, 2004) exhibiting a bilateral symmetry superimposed upon the 

radial symmetry with the anus migrating from the aboral surface towards the posterior 

end of the animal (Saucede et al., 2007).  Irregular echinoids play an important role in 

reworking the sandy shore sediments and recycling nutrients (Bell and Frey, 1969, 

Haycock, 2004).  The spines are miniaturized to form a dense felt which facilitates 

locomotion and burrowing, as well as feeding (Saucede et al., 2007, Kroh, 2010).  This 

group includes the disc-shaped Clypeasteroida (sand dollars and sea biscuits) and the 

heart-shaped Spatangoida (heart urchins) (Kroh, 2010, Shepherd, 2011).   

 

Irregular echinoids are abundant in littoral and sublittoral sandy substrates and many 

species have considerable paleontological, paleoecological, and sedimentological 

significance (Bell and Frey, 1969).  Despite their relative abundance and ecological 

importance this group has received less attention, and research has focused on only a 

handful of species.   
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3.1.2 Arachnoides placenta (Linnaeus, 1758) 

 

The sand dollar Arachnoides placenta (Family: Clypeasteridae) is an intertidal species 

located just below the surface at low tide.  The periphery of the test is thin and adapted to 

easily burrow into thixotropic sediments (Haycock, 2004).  The periproct and anus are 

within the posterior ambulacrum and the aboral surface also bears petaloids that contain 

specialized tube feet for gas exchange (Figure 17A) (Boolootian and Alender, 1966, 

Haycock, 2004).  

 

Arachnoides placenta (Linnaeus, 1758) was first listed in Systema Naturae as Echinus 

placenta (Aung, 1975).  Since then, the taxonomic characters, the nomenclature and 

occurrence of the species has been discussed and today is finally known as Arachnoides 

placenta.  With only three species, the genus Arachnoides belongs to the order 

Clypeasteroida and family Clypeasteridae (Kroh, 2010).  This species is widely 

distributed in the tropical waters of the Indo-West Pacific region, where Amoy, South 

China (24°30’N) is probably the extreme northern limit distribution and Port Curtis 

(Gladstone, Queensland, Australia, 23°52’S) is the extreme southern limit distribution 

(Aung, 1975, Haycock, 2004).   

 

The first documented research on the species was by Feliciano (1933), who investigated 

the early developmental stages in the Philippines, followed by Hines and Kenny (1967) 

who studied the growth rate of A. placenta at Lucinda, North Queensland.  Aung (1975) 

investigated the reproductive biology of the species in Pallarenda Beach, Townsville, and 

Chia (1977) described the structure and function of the genital papillae.  In the last twenty 

years, Crossland et al (1993) covered the parasitism of the eulimid mollusc Hypermastus 

placentae on A. placenta, while Chen and Chen (1992) described the effects of 

temperature on larval development and metamorphosis on A. placenta, Dittman (1995) 

included A. placenta as part of the tidal flats in Australia, and Lawrence et al. (1998) 

described the bilateral symmetry of petaloids in A. placenta.  Most recently, Haycocok 

(2004) investigated the reproduction and recruitment of A. placenta on the North 

Queensland Coast, Australia.   
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3.1.3 Reproductive biology of Arachnoides placenta 

 

Extensive literature documents the early developmental stages of many species of regular 

echinoids (Strathmann, 1971, Strathmann, 1987, Strathmann, 1990) and only a 

comparatively small number have focused on irregular echinoids (Chen and Chen, 1992, 

Eckert, 1995, George et al., 1997, Collin, 1997).  Most documentation on the breeding 

cycles of echinoids point to a predominant role of food availability, temperature and other 

abiotic factors such as oxygen and pH in the regulation of gametogenesis, reproduction 

and larval development (Aung, 1975, Haycock, 2004).  Arachnoides placenta reaches 

sexual maturity at a size of 15 – 20 mm test diameter and has a synchronised annual 

reproductive pattern (Aung, 1975).  The factor that triggers the release of gametes in A. 

placenta is unknown (Haycock, 2004), but successful spawning has taken place in 

September (Chen and Chen, 1992) and April (this study).   

 

A. placenta is a broadcast spawner, releasing a large number of small oocytes (140 m 

in diameter) into the water column.  Once an egg is fertilized, the mature ova can range 

from 100 m – 200 m in diameter (Aung, 1975), followed by the development into a 

pelagic planktotrophic echinopluteus larva characterized by arms that are supported by 

calcareous skeletal rods (Figure 17B) (Boolootian and Alender, 1966, Chen and Chen, 

1992, Haycock, 2004).  Larvae spend approximately two weeks in the water column 

feeding on microscopic algae and once the larvae settle on the substratum, 

metamorphosis into the adult stage takes place (Aung, 1975, Chen and Chen, 1992, 

Haycock, 2004).   

 

 

3.1.4 Aims 

 

Arachnoides placenta is an important irregular echinoid reworking and recycling 

nutrients in many sandy shores across the Indo-West Pacific region.  The ocean 

conditions are changing due to the increased concentrations of atmospheric CO2.  If 
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exposure to a low ocean pH level and hypercapnia has detrimental effects on A. placenta, 

many beaches across that region could experience changes in their community structure.   

With this in mind, this study investigated the effects of the predicted oceanic pH levels 

for the year 2100 (pH 7.7 and pH 7.6) plus an extreme pH of 7.0 by evaluating changes in 

fertilization success, larval survival and morphometrics of the irregular echinoid 

Arachnoides placenta.  This is the first study of its kind for an important irregular 

echinoid.   

 

 

 

 

Figure 17.  A. Adult Arachnoides placenta (Family: Clypeasteridae) collected from Pallarenda 

Beach, Townsville, Australia.  B. A. placenta echinopluteus larvae, 4 days old, scale bar = 100 

m.  
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3.2 Methods 

 

3.2.1 Collection, spawning and larval culture 

 

Adult Arachnoides placenta were collected from Pallarenda Beach in Townsville, 

Australia (19.20°S/146.77°E) in April 2010 (Table 20).  When ripe, spawning was 

induced by an inter-coelomic injection of 2 ml of KCl (0.5 M) (Clark et al., 2009, Lamare 

et al., 2006).  All experiments were carried out using filtered seawater (1 µm) and 

experimental temperature was maintained by using a temperature controlled room at 

25°C.  A total of ten sand dollars were injected and the eggs of three females and sperm 

of five males were pooled prior to fertilization.  Larvae were not fed during the 

experimental period due to the short experimental period (four days).   

 

 

Table 20.  Information on the collection site, local ambient conditions and experimental period 

for the sand dollar Arachnoides placenta, examined in this study.  

 

Species Arachnoides placenta 

Location Townsville, Australia 

Latitude/Longitude 19.20°S/146.77°E 

Experimental period 19 April – 23 April 2010  

Temperature (°C) 26 ± 1 

Ambient salinity (PSU) 34.3 ± 1 

Ambient pH 8.2 ± 0.5 
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3.2.2 Adjustment of seawater pH and Alkalinity  

 

The pH treatments defined for this investigation were based on the IPCC predictions for 

the year 2050 and 2100 and are as follow: pH 8.2 (ambient), pH 7.8, pH 7.6 and pH 7.0.  

The lowest pH level was added to determine the effect of extreme scenarios in the larval 

stages.  Seawater pH was adjusted by bubbling CO2 gas into plastic 10 L buckets 

containing filtered seawater.  Gas was bubbled at a rate of 5L min
-1

 for approximately 2-3 

seconds.  pH was checked using a pH meter (pH- Meter CG 837) calibrated to buffers 4.0 

at 20°C and 7.0 at 20°C (Proanalysis).  Values with ± 0.05 units of the target seawater pH 

were accepted for use.   

 

Water samples of ambient seawater (pH 8.2) were fixed with saturated mercuric chloride 

(HgCl2).  Alkalinity was determined by a closed cell potentiometric titration (Dickson et 

al., 2007) by Dr. Maria Byrne (Sydney University, Australia).  Alkalinity was assumed to 

be the same for the remaining pH treatments (pH 7.8, pH 7.6 and pH 7.0) because CO2 

gas bubbling was the method used to alter pH (Gattuso and Lavigne, 2009), which should 

not affect alkalinity.  Partial pressure of CO2 (CO2) and the saturation values for calcite 

(C) and aragonite (A) were calculated using the computer program SWCO2 

(http://neon.otago.ac.nz/research/mfc/people/keith_hunter/software/swco2/).  Seawater 

properties were determined using the CO2 equilibrium constants given by Mehrbach et 

al., (1973) (refit by Dickson and Millero, 1987) as recommended by Wanninkhof et al., 

(1999).   

 

 

3.2.3 Fertilization Success 

 

Spawning was induced on April 19
th

, 2010.  Eggs from three females and sperm from 

five males were pooled into separate beakers filled with the corresponding seawater pH 

for preconditioning prior to fertilization (25 minutes).  The total number of eggs was 

measured from a 50 ml suspension and determined through ten counts of 100 l 

subsamples using a compound microscope.  Sperm was counted using a hemocytometer.  

http://neon.otago.ac.nz/research/mfc/people/keith_hunter/software/swco2/
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Experiments were undertaken in 12-well dishes containing 4 ml of seawater (4 pH 

treatments × 3 replicates).  Sperm was diluted to achieve the following sperm to egg 

ratios: 4000:1, 400:1, 40:1 and 4:1.  A total of 150 eggs were used for each replicate, 

giving a final egg density of 37.5 eggs ml
-1

.   

 

The 12-well dish was covered with a lid with no air-space to prevent re-equilibrilisation 

and kept at 26°C in a controlled temperature room.  After two hours, samples were fixed 

with 600 l of 5% formalin.  Fertilization was determined by the presence of a 

fertilization membrane plus cleavage (Figure 7).  An average of 100 (± 10) embryos was 

scored from each well using a compound microscope.   

 

 

3.2.4 Larval Survival 

 

Air-tight 500 ml containers were used to monitor the survival of larvae over time.  Larvae 

were kept at an average density of 7 (± 1) larvae ml
-1

,.  Four pH treatments were used, pH 

8.2, pH, 7.8, pH 7.6 and pH 7.0, and each treatment had four replicates.  The experiment 

ran for four days and changes in larval density were used as proxies to measure survival.  

Proportional change over time in the density of larvae was obtained by counting fifteen 1 

ml well-mixed subsamples from each container. 

 

 

3.2.5 Morphometrics 

 

Photographs of fifteen larvae from each replicate of the survival experiment (described 

above, Section 3.2.4) were used to determine changes in larval morphometrics under the 

range of pH treatments.  For each larva the length of eight body components was 

measured using the program Image J software Version 1.42q.  The body components 

included total length (TL), total width (TW), gut length (GL), gut width (GW), postoral 

arm (POA), anterolateral arm (ALA), posterodorsal arm (PDA), and preoral arm (PEA) 

(Figure 18).  Photographs were taken daily over a period of 4 days. 
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Figure 18.  Four-days old Arachnoides placenta larva under normal light.  Eight body 

components were used as indicators of changes in size and shape: body length (BL), body width 

(BW), gut length (GL), gut width (GW), postoral arm (POA), anterolateral arm (ALA), 

posterodorsal arm (PDA), and  preoral arm (PEA).  Scale bar = 100 m.   

 

 

 

3.2.6 Statistical Analysis 

 

Fertilization Success  

 

Fertilization success data were analysed by a two-way ANOVA to determine the effects 

of the fixed factors sperm concentration and seawater pH.  Data from the proportion of 

eggs fertilized were arcsine square-root transformed prior to analysis.  For each sperm to 

egg ratio a one-way ANOVA with Tukey’s HSD post-hoc was used to identify 

significant differences among pH treatments within each sperm concentration.  ANOVA 

assumptions were examined through a visual examination of the Normal Quantile Plots 
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of the standard deviation ().  Bartlett test (P < 0.05) confirmed homogeneity of variance.  

Statistical analyses were carried out using MINITAB 15.1.0
®
 (2007, Minitab Inc., USA) 

and JMP
®
 7.0 (2007, SAS Institute Inc., USA).  

 

 

Larval Survival 

 

Proportion of larval densities was arcsine square-root transformed prior to analysis in 

order to meet ANOVA assumptions.  Univariate repeated-measured analysis (ANOVA) 

was used to identify significant differences in larval density among pH treatments.  Tests 

for sphericity were made using the Mauchly’s sphericity test (W) (Mauchly, 1940).  

Departures from the assumption of sphericity were corrected using the Greenhouse-

Geisser correction () (Gurevitch and Scheiner, 1993).  Significant differences among pH 

treatments (P < 0.05) at the end of the experimental period (Day 4) were identified using 

a one-way ANOVA followed by a Tukey’s HSD post-hoc.  ANOVA assumptions were 

examined through a visual examination of the Normal Quantile Plots of the standard 

deviation () and a Bartlett test confirmed homogeneity of variance.  Statistical analyses 

were carried out using MINITAB 15.1.0
®
 (2007, Minitab Inc., USA) and JMP

®
 7.0 

(2007, SAS Institute Inc., USA). 

 

 

Morphology 

 

Permutational multivariate analysis of variance (PERMANOVA) was used to identify 

significant differences among body components of larvae reared under different oceanic 

pH levels.  The data set compromised 240 observations × 8 variables body components: 

total length (TL), total width (TW), gut length (GL), gut width (GW), postoral arm 

(POA), anterolateral arm (ALA), posterodorsal arm (PDA), and preoral arm (PEA).  The 

design included two fixed factors: pH and day and analyses were based on Euclidean 

distances of previously normalized data, using 9999 random permutations.  A 

PERMANOVA pair-wise comparison test was performed in order to identify significant 
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differences among pH treatments (P < 0.05) within body components and days.  In the 

situations where not enough permutations were achieved (unique permutations <100), 

Monte Carlo P-values were used.  Non-metric multi-dimensional scaling (MDS) on the 

Euclidean resemblance of normalized data was performed in order to visualize 

similarities or differences among pH treatments in larval morphometrics at the first and 

last day of sampling.  All analyses were generated with PRIMER-E Ltd
®
 (2008, UK). 

 

 



67 

 

3.3 Results  

 

3.3.1 Seawater parameters 

 

Alkalinity and seawater pH were used as input parameters in the program SWCO2 to 

determine partial pressure of CO2 (CO2) and calcite and aragonite saturation state in 

each pH treatment (Table 21).  The CO2 obtained for ambient seawater was 390.2 µatm, 

a 2-fold increase was recorded for pH 7.8, 4-fold increase in pH 7.6 and 15-fold increase 

for the lowest pH level (7.0).  Saturated states for calcite and aragonite were recorded for 

ambient seawater (C = 4.93 and A = 3.16), for pH 7.8 (C = 2.72 and A = 1.75) and 

for pH 7.6 (C = 1.79 and A = 1.15).  Undersaturated values for calcite and aragonite 

were recorded for the lowest pH level (pH 7.0) (C = 0.47 and A = 0.30) (Table 21).   

 

 

 

Table 21.  Temperature (°C), salinity (PSU), pH (NBS scale), estimated total alkalinity (µmol kg 

– soln
-1

), partial pressure of CO2 (CO2), CaCO3 saturation value omega for calcite (C) and 

CaCO3 saturation value omega for aragonite (A) for ambient (pH 8.2) and treated seawater (pH 

7.8, 7.6 and 7.0).  Alkalinity was assumed to be the same for each pH treatment because gas 

bubbling was the method used to alter pH (Gattuso and Lavigne, 2009).   

 

TROPICAL Experiments    

Temperature (°C) 26    

Salinity (PSU) 34.3    

pH NBS  8.1 7.8 7.6 7.0 

Alkalinity (AT) 2651 2651 2651 2651 

CO2 (µatm) 390.2 859.1 1416.0 5941.2 

C 4.93 2.72 1.79 0.47 

A 3.16 1.75 1.15 0.30 
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3.3.2 Fertilization Success 

 

An apparent reduction on the fertilization success with decreasing sperm concentration 

and seawater pH level was observed.  The mean percentage fertilization for pH 8.1 across 

all the sperm concentrations was  40%,  19% for pH 7.8 and pH 7.6 and only 9% for 

pH 7.0.  For the highest sperm to egg ratio (4000:1) a successful fertilization of 84% in 

fertilization was achieved for pH 8.2, 58% for pH 7.8, 55% for pH 7.6 and 23% for pH 

7.0 (Figure 19, Appendix 11).  A significant interaction between pH and sperm 

concentration (F(9, 32) = 3.70, P = 0.0029*) was obtained through the two-way ANOVA 

(Table 22), suggesting that the effect of pH was dependent on sperm concentration.  

Significant differences of the effect of pH on fertilization were found across all sperm 

concentrations (sperm to egg: 4:1; F(3, 8) = 21.68, P = 0.0003*;  40:1; F(3, 8) = 5.23, P = 

0.0273*; 400:1; F(3, 8) = 54.95, P = < 0.001*; 4000:1; F(3, 8) = 13.43, P = 0.0017*) 

(Appendix 12).  Post-hoc Tukey’s comparisons for the sperm to egg ratio of 4:1 and 40:1 

indicated that significant differences were due to the reduced fertilization rate in pH 7.8, 

pH 7.6 and pH 7.0.  For the sperm to egg ratio of 400:1 significant differences were due 

to the reduced fertilization rate in pH 7.6 and pH 7.0, while for the 4000:1 ratio 

differences were due to the reduced fertilization rate in pH 7.0 (Appendix 13).   

 

 

 

Table 22.  Two-way ANOVA of the effects of sperm to egg ratio and seawater pH on the 

percentage of fertilization of Arachnoides placenta.  All data were arcsine square-root 

transformed prior to analysis.   

 

Source df Sum of squares F – ratio P 

Sperm concentration 3 2.60 133.7038 < 0.0001* 

pH 3 0.83 42.9449 < 0.0001* 

Sperm concentration  ×  pH 9 0.15 2.5596 0.0242* 

Error 72 4.95   
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Figure 19.  Mean percentage of fertilization in Arachnoides placenta under ambient and 

reduced seawater pH levels across a range of sperm to egg ratios.  Error bars are ± 

standard error and for each sperm dilution and pH treatment; N = 4 for each data point.  

Significant differences among pH treatments within each pH treatment are indicated by 

columns not sharing the same letter.   

 

 

 

 

4:1 40:1 400:1 4000:1 

Sperm : Egg ratio 
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3.3.3 Larval Survival 

 

After four days, the proportion of larvae surviving varied among pH treatments and 

ranged from 0.16– 0.67 (Table 23, Figure 20).  Univariate repeated-measures analysis 

(ANOVA) indicated that larval survival over the experimental period (4 days) was not 

significantly dependent on seawater pH (F = 7.12, P = 0.0053*) (Table 24).  Significant 

differences in the survival rate for the last day of experiments (day 4), using a one-way 

ANOVA were found among pH treatments (F = 3.628, P = 0.0179*) (Table 25).  Tukey’s 

HDS post-hoc indicated that the differences were due to the reduced larval survival in pH 

treatments 7.6 and 7.0 (Appendix 14).   

 

 

Table 23.  Changes over the experimental period (4 days) in the mean proportion of Arachnoides 

placenta larvae surviving under ambient (pH 8.2) and reduced seawater pH (pH 7.8, pH 7.6 

and pH 7.0).  Standard error for each data point is also shown.  Each pH treatment had N = 3 

from which ten larvae were counted every sampling day.   

 

pH 8.2 

   Day 1 2 3 4 

Proportion 0.98 0.96 0.69 0.67 

SE (±) 0.57 0.30 0.72 0.11 

pH 7.8 

   Day 1 2 3 4 

Proportion 0.93 1.02 0.68 0.72 

SE (±) 0.34 0.68 0.63 1.14 

pH 7.6 

   Day 1 2 3 4 

Proportion 1.01 0.91 0.58 0.44 

SE (±) 0.48 0.12 1.01 0.86 

pH 7.0 

   Day 1 2 3 4 

Proportion 0.95 0.76 0.39 0.16 

SE (±) 0.16 0.53 0.56 0.12 
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Table 24.  Univariate repeated measures analysis (ANOVA) of changes over the experimental 

period (4 days) in larval density (number of larvae ml
-1

) of Arachnoides placenta reared under 

four different pH treatments (ambient pH 8.2, pH 7.8, pH 7.6 and pH 7.0).  Data were arcsine 

square root transformed prior to analysis and tests for sphericity were made using the Mauchly’s 

sphericity test.  

 

Source of variation F(DF) P 

Between-subjects   

pH 7.12(3. 12) 0.0053* 

Within-subjects    

Day 5.13(3, 10) 0.0003* 

pH × Day 0.38(9, 24.49) 0.2746 

Mauchly Criterion = 0.4557, df = 5, P = 0.1342 

 

 

 

Figure 20.  Change over the experimental period in the average density of Arachnoides 

placenta larvae experimentally reared in a range of sea water pH treatments.  Sampling 

period 4 days. Error bars excluded for clarity, please refer to Table 25.  N = 10 for each 

data point. 
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Table 25.  One-way ANOVA of the proportion of larvae of Arachnoides placenta surviving after 

being reared for 4 days in a range of seawater pH treatments.  Data were arcsine square root 

transformed prior to analysis and homogeneity of variance was checked using the Bartlett test.   

 

Analysis of Variance     

Source SS DF MS F-ratio P 

pH 0.502 3 0.167 3.628 0.0179* 

Error 2.767 60 0.046   

Bartlett test for homogeneity of variance (F = 1.2848, P = 0.2776) 

 

 

 

3.3.4 Morphology 

 

Larval morphometrics varied between pH treatments and a reduction in size was obvious 

with reduced seawater pH.  A delay in development was observed in larvae reared in pH 

7.6 while the larvae from pH 7.0 did not develop at all.  Conversely, differences in 

morphology were not obvious between pH 7.8 and ambient seawater (pH 8.2) (Figure 21, 

Table 26, Appendix 15).  Results from the multivariate PERMANOVA analysis found a 

significant interaction between pH and day (F(9, 239) = 30.80, P = 0.0001*), indicating that 

the development of each body component over the experimental period (4 days) was 

dependent on seawater pH (Table 27).  PERMANOVA pair-wise comparisons identified 

significant differences in all body components among pH treatments.  Most differences 

were due to the apparent smaller size for all body components in pH 7.6 and the 

underdeveloped larvae in pH 7.0 (Table 28).  Individual differences were observed within 

each day of treatment and differences in larval morphometrics varied among pH 

treatments throughout the experimental period.  However, at the end of the experiment 

(day 4) significant differences were found among pH treatments, except between pH 8.2 

and pH 7.8 (Table 29).  An MDS plot was performed on the morphometric parameters in 

order to assess individual variation within pH treatments at Day 1 and Day 4.  At Day 1, 

all the larvae from all pH treatments, except pH 7.0, were clustered together indicating 

similarity in body proportions.  At Day 4, pH 8.2 and pH 7.8 are clustered together, 

whereas pH 7.6 and pH 7.0 are discriminated from the rest (Figure 22).   
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Figure 21.  Representative photographs of Arachnoides placenta larvae reared under a range of 

seawater pH levels (pH 8.2, pH 7.8, 7.6 and pH 7.0) over a period of 4 days.  Scale bars = 200m. 
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Table 26.  Mean length (m) of body components in Arachnoides placenta larvae grown in 

different pH treatments.  Values represent the last day (day 4) of larval rearing and standard 

errors (±) are shown in parenthesis.  

 

pH 

Total 

Length 

Total 

Width 

Gut 

Length 

Gut 

Width 

Postoral 

Arm 

Anterolateral 

Arm 

Posterodorsal 

Arm 

Preoral 

Arm 

8.2 1779.55 1212.38 370.78 254.24 1387.41 657.67 918.24 146.87 

 

(±32.48) (±42.80) (±8.69) (±7.26) (±43.80) (±28.25) (±41.87) (±17.48) 

7.8 1806.53 1178.62 398.74 267.81 1353.01 765.41 974.60 239.53 

 

(±39.47) (±36.51) (±10.13) (±9.57) (±51.44) (±44.83) (±43.00) (±20.97) 

7.6 814.16 556.57 184.90 131.67 623.17 349.68 475.28 83.93 

 

(±29.56) (±23.23) (±10.86) (±8.40) (±30.37) (±25.66) (±17.19) (±13.53) 

7.0 290.33 222.48 118.14 117.43 0 0 0 0 

 

(±15.18) (±6.61) (±6.72) (±6.72) (±0) (±0) (±0) (±0) 

 

 

 

Table 27.  Multivariate PERMANOVA of the effects of pH and Days on the morphology of 

Arachnoides placenta larvae reared under four different pH treatments (pH 8.2, pH 7.8, pH 7.6 

and pH 7.0).  Analysis was based on Euclidean distances of previously normalized data, using 

9999 random permutations.  P-values in bold indicate significant differences.  

 

 

Source SS DF MS F P Unique 

perms 

pH 743.24 3 247.75 263.58 0.0001 9946 

Days 697.71 3 232.57 247.44 0.0001 9934 

pH × Days 260.51 9 28.95 30.80 0.0001 9904 

Residual 210.54 224 0.94    

Total 1912 239     

     Unique perms = Unique PERMANOVAS 
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Table 28.  PERMANOVA using pair-wise comparisons among pH treatments (8.1, 7.8, 7.6 and 

7.0) in order to identify significant differences among the body components total length (TL), 

total width (TW), gut length (GL), gut width (GW), postoral arm (POA), anterolateral arm 

(ALA), posterodorsal arm (PDA), and preoral arm (PEA) of Arachnoides placenta larvae.  

Analysis was based on Euclidean distances of previously normalized data, using 9999 random 

permutations.  Values in bold indicate significant differences between groups (P < 0.05).   

 

Variable Groups (pH levels) t P 

Body Length 8.1 – 7.8 0.03 0.7082 

 8.1 – 7.6 0.87 0.3385 

 8.1 – 7.0 3.48 0.0167 

 7.8 – 7.6 0.90 0.264 

 7.8 – 7.0 3.50 0.0299 

 7.6 – 7.0 2.31 0.0892 

Body Width 8.1 – 7.8 0.02 0.9144 

 8.1 – 7.6 0.99 0.2566 

 8.1 – 7.0 3.46 0.0461 

 7.8 – 7.6 0.97 0.2584 

 7.8 – 7.0 3.45 0.0355 

 7.6 – 7.0 3.03 0.0114 

Gut Length 8.1 – 7.8 0.27 0.4588 

 8.1 – 7.6 0.52 0.8854 

 8.1 – 7.0 2.05 0.0087 

 7.8 – 7.6 0.76 0.3130 

 7.8 – 7.0 2.26 0.0078 

 7.6 – 7.0 1.37 0.0257 

Gut Width 8.1 – 7.8 0.24 0.5987 

 8.1 – 7.6 0.36 1 

 8.1 – 7.0 1.06 0.0160 

 7.8 – 7.6 0.56 0.7147 

 7.8 – 7.0 1.22 0.0192 

 7.6 – 7.0 0.60 0.0514 
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Postoral Arm 8.1 – 7.8 0.03 0.9161 

 8.1 – 7.6 0.87 0.0341 

 8.1 – 7.0 4.68 0.0289 

 7.8 – 7.6 0.91 0.2844 

 7.8 – 7.0 4.73 0.0268 

 7.6 – 7.0 3.49 0.0268 

Anterolateral Arm 8.1 – 7.8 0.27 0.7107 

 8.1 – 7.6 0.84 0.4079 

 8.1 – 7.0 4.10 0.0287 

 7.8 – 7.6 1.10 0.2625 

 7.8 – 7.0 4.13 0.0298 

 7.6 – 7.0 3.99 0.0270 

Posterodorsal Arm 8.1 – 7.8 0.08 1 

 8.1 – 7.6 0.70 0.5168 

 8.1 – 7.0 2.90 0.0140 

 7.8 – 7.6 0.73 0.5192 

 7.8 – 7.0 2.86 0.0145 

 7.6 – 7.0 2.89 0.0182 

Preoral Arm 8.1 – 7.8 0.57 0.6584 

 8.1 – 7.6 0.62 0.4616 

 8.1 – 7.0 2.70 0.0122 

 7.8 – 7.6 1.03 0.4287 

 7.8 – 7.0 2.26 0.0137 

 7.6 – 7.0 2.88 0.0442 

 

 

 

 

 

 

 



77 

 

 

Table 29.  Pair-wise comparison test to identify significant differences among pH treatments (pH 

8.2, pH 7.8, pH 7.6 and pH 7.0) for each day of the experimental period for Arachnoides 

placenta.  Analysis was based on Euclidean distances of previously normalized data, using 9999 

random permutations.  Monte Carlo P-values in bold indicate significant differences.  

 

Day 1 

    

 Day 2 

   Groups t P Unique perms 

 

 Groups t P Unique perms 

8.2 - 7.8 0.76 0.5901 9947 

 

 8.2 - 7.8 1.93 0.0952 9945 

8.2 - 7.6 3.06 0.0001 9954 

 

 8.2 - 7.6 2.35 0.0021 9932 

8.2 - 7.0 7.05 0.0001 9938 

 

 8.2 - 7.0 13.08 0.0001 9922 

7.8 - 7.6 3.53 0.0002 9950 

 

 7.8 - 7.6 3.16 0.0001 9938 

7.8 - 7.0 7.79 0.0001 9948 

 

 7.8 - 7.0 15.02 0.0001 9882 

7.6 - 7.0 6.24 0.0001 9948 

 

 7.6 - 7.0 9.93 0.0001 9946 

     

 

    Day 3 

    

 Day 4 

   Groups t P Unique perms 

 

 Groups t P Unique perms 

8.2 - 7.8 2.0 0.4109 9930 

 

 8.2 - 7.8 2.61 0.0622 9949 

8.2 - 7.6 1.9 0.0132 9947 

 

 8.2 - 7.6 9.12 0.0001 9935 

8.2 - 7.0 12.7 0.0001 9915 

 

 8.2 - 7.0 17.82 0.0001 9898 

7.8 - 7.6 2.5 0.0016 9946 

 

 7.8 - 7.6 9.66 0.0001 9941 

7.8 - 7.0 13.2 0.0001 9911 

 

 7.8 - 7.0 17.10 0.0001 9929 

7.6 - 7.0 9.6 0.0001 9926 

 

 7.6 - 7.0 8.90 0.0001 9937 
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Figure 22.  MDS plot of the morphometrics of Arachnides placenta larvae at day 1 and day 4 in 

order to identify differences among pH treatments.  For day 1, pH 8.1, 7.8 and 7.6 are clustered 

together indicating similarities in the size of all body components.  For day 4, pH 8.1 and pH 7.8 

are clustered together and pH 7.6 is clustered separately.  For pH 7.0 there was no difference in 

the larval size for day 1 and day 4.   
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3.4 Discussion 

 

Arachnoides placenta (Family: Clypeasteridae) is an important irregular echinoid 

reworking and recycling nutrients in many sandy shores across the Indo-West Pacific 

region.  The aim of this study was to evaluate the effects of ocean acidification, through 

reduced seawater pH levels, on the fertilization of gametes, larval survival and 

morphology of this important echinoid.  The pH levels considered for this study included 

ambient seawater (pH 8.2), predictions for 2100 (pH 7.8 and pH 7.6) (Caldeira and 

Wickett, 2003) and the extreme pH of 7.0.  These findings have important ecological 

implications and understanding the vulnerabilities of this species will help understand the 

effects of ocean acidification on many sandy shores.   

 

 

3.4.1 Fertilization  

 

The predicted scenarios for 2100 and the extreme pH of 7.0, coupled with low sperm 

concentrations, have the potential to cause detrimental effects on the fertilization success 

of the sand dollar Arachnoides placenta, with little potential for acclimation or 

adaptation.  Results show that for pH 7.8 only 55% and 2% of the gametes were fertilized 

at the highest and lowest sperm to egg concentrations (4000:1 and 4:1, sperm to egg 

ratio), respectively.  Similar results to those found in this study are reported by Ericson et 

al. (2010) for the sea urchin Sterechinus neumayeri where fertilization was impaired at 

pH 7.3 – 7.0 with low sperm concentration and by Reuter et al. (2011) for the red sea 

urchin Strongylocentrotus franciscanus where as CO2, increased, higher sperm 

concentrations were necessary to achieve high fertilization rates.  Conversely, 

fertilization results for A. placenta contrast those found by Byrne et al. (2010b) for 

several species of sea urchins (Strongylocentrotus purpuratus, Hemicentrotus 

pulcherrimus, Arbacia punctulata, Echinometra mathaei, Heliocidaris erythrogramma, 

and Heliocidaris tuberculata) that exhibited a broad tolerance to near-future ocean 

acidification with oceanic pH treatments ranging from pH 7.4 – 8.3. 
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Fertilization success is dependent on the concentration of eggs and sperm, and the quality 

of the egg and sperm (Levitan and Petersen, 1995).  Fertilization decreases with 

increasing water flow due to the rapid dilution of sperm (Levitan et al., 1992), and for 

some echinoid species in situ fertilization studies have resulted in 80% success in slack 

water (Yund, 1990), 20 – 40% in gentle wave surge (< 0.01 m/s) (Levitan et al., 1991), 

20% at current velocities (< 0.2 m/s) and 5% at higher current velocities ( 0.2 m/s) 

(Pennington, 1985).  Moreover, eggs have a thick fibrous extracellular matrix surrounded 

by the egg jelly layer in which the cytoplasm is maintained at pH 6.8 keeping the egg in 

a dormant state prior to activation.  The spermatozoa are also kept in a dormant state with 

a pHi of 7.2 which keeps motility and respiration suppressed (Trimmer and Vacquier, 

1986, Darszon et al., 2008, Byrne et al., 2010b).  Upon release into the water column an 

immediate Na
+
/H

+
 exchange occurs which alkalinizes the cell by 0.4-0.5 pH units 

resulting in an pHi of 7.6, causing the initiation of protein synthesis, mitotic activity and 

sperm motility (Trimmer and Vacquier, 1986, Vacquier, 1986).   

 

Once the eggs and sperm are activated in the water column the introduction of raised 

CO2 and reduced seawater pH can affect the activation of the enzyme dynein ATPase 

necessary for active sperm motility (Vacquier, 1986).  Recent work by Havenhand et al., 

(2008) found that both sperm swimming speed and sperm motility were significantly 

lower in acidified seawater for the sea urchin Heliocidaris erythrogramma.  Similarly, 

Morita et al., (2010) found that only 20% of the sperm was motile for the coral Acropora 

digitifera and only 30% for the sea cucumber Holothuria spp. at pH 7.7.  The reduced 

concentration of sperm and the effect of seawater pH on sperm activity and egg quality 

could explain the results for Arachnoides placenta of decreased fertilization rates at pH 

levels below pH 7.8.   
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3.4.2 Larval Survival 

 

A future drop of 0.5 units in seawater pH will have detrimental effects on the survival of 

Arachnoides placenta larvae.  After four days of experiments, pH 7.6 resulted in a 36% 

decrease in larval numbers.  The increased mortality rates of embryos for many marine 

invertebrates have been associated with intracellular and extracellular acidosis usually 

linked to reduced metabolic rates under environmental hypercapnic conditions (Miles et 

al., 2007, Gutowska et al., 2010).  Small changes in seawater pH can cause irreversible 

disruptions in the pHi altering the acid-base balance and elicit a reduction in respiration 

rates (Miles et al., 2007, Melzner et al., 2009).  Lamare et al. (2010, unpublished data) 

noted that with a drop of 0.4 units in seawater pH, the respiration rates for A. placenta 

dropped 31.60% and 18.94% in the six-armed and eight-armed pluteus larvae, 

respectively, compared to the control.  Similar reductions in respiration rates were noted 

for the embryos and larvae of six more echinoderm species (Sterechinus neumayeri, 

Evechinus chloroticus, Tripneustes gratilla, Coscinasterias muricata, Odontaster validus 

and Patiriella regularis) (Lamare et al., 2010, unpublished data).   

 

Comparative studies show that the most dramatic impact has been observed in the 

brittlestar Ophiothrix fragilis where acidification by just 0.2 units induced 100% larval 

mortality in just eight days of experiments (Dupont et al., 2008).  Exposure of the 

abalone Haliotis coccoradiata and the sea urchin Heliocidaris erythrogramma to reduced 

seawater pH treatments (pH 7.6–7.8) resulted in unshelled larvae and abnormal juveniles, 

respectively (Byrne et al., 2010a), reflecting similar results to those found for A. 

placenta.  Contrasting results have been found for many species of copepods and sea 

urchins, which seem resilient to ocean acidification.  Kurihara et.al. (2004) found that 

mortality rates for the copepods Acartia steuri and Acartia erythraea were significant 

until pH dropped below pH 7.0, whereas Clark et.al. (2009) reported larval survival for 

the sea urchins Tripneustes gratilla, Evechinus chloroticus, Pseudechinus huttoni and 

Sterechinus neumayeri was not significantly affected until pH levels dropped below pH 

7.0   
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The high survival rate of Arachnoides placenta larvae at pH 7.8 is interesting since a 

study by Todgham and Hofmann (2009) of the transcriptomic response of larvae of the 

sea urchin Stongylocentrotus purpuratus found that of the 1057 genes, 83 had statistically 

significant changes in mRNA transcript levels in response to reduced seawater pH (pH 

7.95 ± 0.01) and gene expression was altered for pH 7.9 ± 0.01 and pH 7.88 ± 0.02.  

Physiologically, these results suggest that elevated concentrations of CO2 could cause 

down-regulation of genes involved in calcification, metabolisms and cell stress response 

and could culminate in abnormal development and death.   

 

 

3.4.4 Morphology 

 

Data from this study indicate that seawater pH alters morphology and development of 

Arachnoides placenta.  The reduction of 0.5 units in pH predicted for the year 2100 and 

the extreme reduction of 1.1 units resulted in significantly smaller and completely 

undeveloped larvae, respectively.  The sizes of all the body components measured in 

larvae reared in pH 7.6 were significantly smaller than those reared in pH 7.8 and pH 8.2.  

Similar results were found for the brittlestar Ophiothrix fragilis, where after just two days 

of experiments, 25% and 32% of normal larvae (i.e. no abnormalities) were asymmetric 

at pH 7.9 and pH 7.7, respectively, and a high proportion of the larvae raised at low pH 

was either abnormal or unable to develop into normal pluteus larvae (Dupont et al., 

2008).  Abnormalities were also observed in reduced oceanic pH levels for two species of 

sea urchins Hemicentrotus pulcherrimus and Echinometra mathaei (Kurihara and 

Shirayama, 2004).  Previous observations have also confirmed that a reduction in 

seawater pH below pH 7.5 is harmful for shelled molluscs.  Parker et.al. (2009) found a 

significant effect in the embryonic development of the rock oyster Saccostrea glomerata 

in seawater with pH reduced by the addition of mineral acid just 24 h after fertilization, 

whereas Ericson (2010) also observed a decrease in shell length in the green lipped 

mussel Perna canaliculus reared in reduced pH conditions (pH 7.7 and pH 7.3).  
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Biomineral formations are regulated by secreted proteins occluded within the sea urchin 

endoskeleton and these proteins play an important role in regulating growth and normal 

development (Pennington and Strathmann, 1990, Livingston et al., 2006).  Genes 

encoding these occluded proteins constitute a small family of sixteen echinoderm-specific 

genes (Livingston et al., 2006).  As new research has shown hypercapnia can cause 

down-regulation of genes involved in calcification, metabolisms and cell stress response 

(Todgham and Hofmann, 2009).  Todgham and Hofmann (2009) found that of the 1057 

genes, 83 had statistically significant fold changes in mRNA transcript levels in response 

to reduced seawater pH (pH 7.95 ± 0.01) and gene expression was altered for pH 7.9 ± 

0.01 and pH 7.88 ± 0.02 in the sea urchin larvae Stongylocentrotus purpuratus.   

 

Experimental seawater parameters for this study indicate that both calcite (C = 1.79) and 

aragonite (A = 1.15) are saturated at pH 7.6.  Results of this study suggest that despite 

having saturated states for the polymorphs of CaCO3 this is not the only mechanism 

behind a normal development.  Several studies have demonstrated that the membrane 

hyperpolarization produced by the localized activity of the H
+
/K

+
-ATPase plays a critical 

role in a symmetric and normal development in many echinoderm species (Levin, 2003, 

Hibino et al., 2006).  Hypercapnia has been acknowledged in recent reviews as a 

common response for delayed larval growth (Dupont et al., 2010b, Byrne, 2010).  Some 

examples include reduced growth and calcification performance in the mussel Mytilus 

galloprovincialis with a reduction of 0.8 units in seawater pH (Michaelidis et al., 2005).  

For the benthic sipunculid worm Sipunculus nudus, hypercapnia caused a 30% reduction 

in the pHe (Pörtner and Zielinski, 1998), and a range of tropical, temperate and polar 

species of echinoderms experienced lower respiration rates with a 0.4 unit reduction in 

ocean pH (Lamare et.al, 2010, unpublished data).  It is likely that responses such as 

altered gene expression coupled with reduced activity of the Na
+
/H

+
-ATPase as a result 

of hypercapnia, have the potential to cause delayed development such as found in A. 

placenta at pH 7.6.   
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3.4.5 Conclusions  

 

 The predicted scenarios for 2100 and the extreme pH of 7.0, coupled with low 

sperm concentrations, have the potential to cause detrimental effects in the 

fertilization success of the sand dollar Arachnoides placenta. 

 Survival and development appear robust at pH 8.2 (ambient) and pH 7.8, while 

higher mortality rates and smaller and abnormal larvae were common in pH 7.6 

and pH 7.0, respectively. 

 Although it was beyond the scope of this study to measure metabolic and 

calcification rates, observations for A. placenta at reduced pH levels may be the 

result of intracellular and extracellular acidosis coupled with altered 

skeletogenesis and gene expression.   

 This study, for the first time, evaluates the effects of an acidic ocean on an 

irregular echinoid and shows that experimental near-future scenarios will reduce 

fitness and survival, and could potentially eradicate A. placenta from many sandy 

shores across the Indo-West Pacific region.   
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Chapter 4.  General Discussion and Conclusions 

 

 

4.1 Summary of results  

 

This study is the first to examine the effects of ocean acidification on the larval stages of 

two important benthic asteroids, the Antarctic Odontaster validus and the temperate 

Patiriella regularis, and the irregular echinoid Arachnoides placenta.  The effects of 

reduced oceanic pH levels on the fertilization of gametes, larval survival and 

morphometrics on the aforementioned species were evaluated under experimental 

conditions.  The pH levels considered for this research included ambient seawater (pH 

8.1 or pH 8.2), the levels predicted for the year 2100 (pH 7.7 and pH 7.6) and the extreme 

pH of 7.0.  Fertilization success for all species was quantified in different seawater pH 

levels (pH 8.1 or pH 8.2, 7.8, 7.6 and the extreme pH of 7.0) using a range of sperm to 

egg ratios.  For the polar experiments the sperm concentrations used were 35:1, 350:1, 

1500:1 and 5600:1.  For the temperate experiments the sperm concentrations used were 

30:1, 300:1, 1500:1 and 4500:1.  For the tropical experiments the sperm concentrations 

used were 4:1, 40:1, 400:1 and 4000:1.  O. validus and P. regularis larvae were reared in 

a range of pH treatments (pH 8.1, 7.8, 7.6 and the extreme pH of 7.0) to examine the 

effects of reduced seawater pH on larval survival and morphometrics.  For A. Placenta, 

larval survival and morphometrics were evaluated in ambient (pH 8.2) and acidified 

seawater (pH 7.8, 7.6 and the extreme pH of 7.0).  Experimental findings on the effects of 

ocean acidification on the three species evaluated are summarized in Table 30.   

 

The two working hypotheses for this study were (1) that a CO2-driven ocean acidification 

predicted for 2100 will have deleterious effects on the fertilization of gametes, larval 

survival and morphology of the echinoderm species chosen for this study, and (2) that 

responses will vary as a function of latitude and will be species-specific, with greater 

effects observed in the polar species.  Both hypotheses were true for some aspects of the 

development, but responses varied between species and life stages.  Fertilization for 
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Odontaster validus and Patiriella regularis for the predicted scenarios for 2100 was 

robust, whereas fertilization was significantly reduced in Arachnoides placenta.  Larval 

survival was robust for the three species at pH 7.8, but numbers declined when pH 

dropped below 7.6.  Normal A. placenta larvae developed in pH 7.8, whereas smaller 

larvae were scored for O. validus and P.regularis under the same pH treatment.  Seawater 

pH levels below 7.6 resulted in smaller and underdeveloped larvae for the three species 

(Table 30).  The greatest effects were expected for the Antarctic asteroid Odontaster 

validus, since the sequestration rate of CO2 in cold water is higher than in temperate and 

tropical regions, and polar species have a slower development, but surprisingly the 

tropical sand dollar Arachnoides placenta was the most affected by the reduction in 

seawater pH.   

 

 

Table 30.  Summary of responses of Odontaster validus, Patiriella regularis and Arachnoides 

placenta to reduced oceanic pH levels, under experimental conditions.  pH levels correspond to 

those predicted for the year 2100 and the extreme pH of 7.0.  Effects are shown with the 

following symbols: Negative (-) and No effect (0) compared to the ambient treatment (pH 8.1 for 

the Antarctic and temperate experiments) and pH 8.2 (for the tropical experiments). 

 

Species Biological process pH 7.8 pH 7.6 pH 7.0 

Odontaster validus Fertilization 0 0 - 

 Larval survival 0 - - 

 Morphology - - - 

     

Patiriella regularis Fertilization 0 0 - 

 Larval survival 0 - - 

 Morphology - - - 

     

Arachnoides placenta Fertilization - - - 

 Larval survival 0 - - 

 Morphology 0 - - 
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An accumulating body of research suggests that many taxonomic groups are likely to be 

impacted, with effects ranging from fertilization (Havenhand et al., 2008) survival and 

development (Kurihara et al., 2004, Dupont et al., 2008, Parker et al., 2009, Kurihara et 

al., 2007, Byrne et al., 2010a), calcification (Clark et al., 2009, Ericson, 2010, Ericson et 

al., 2010) and metabolism (Michaelidis et al., 2005, Pörtner et al., 2005, Pörtner and 

Zielinski, 1998, Gutowska and Melzner, 2009).  Responses to near-future ocean 

acidification are species-specific (Dupont et al., 2010b), and several parameters, such as 

taxonomical differences, physiology, life stage, environment and the population’s 

evolutionary history can contribute to this variability.   

 

 

4.2 Experimental conditions  

 

Seawater pH was adjusted by bubbling CO2 gas into plastic 10 L buckets containing 

filtered seawater, and pH was lowered 0.3, 0.5 and 1.1 units (NBS scale) below the 

ambient seawater of pH 8.1.  Our estimates for partial pressure of CO2 (CO2) for 

untreated seawater were 326.6 atm and 337.4 atm for the Antarctic and temperate 

regions, respectively.  Results for this study are consistent with other studies that 

calculated a CO2 of 410 atm for the Southern Ocean (Takahashi et al., 2002) and a  

CO2 of 353 atm for temperate regions (Currie and Hunter, 1998).  However, seasonal 

amplitudes (differences between maximum and minimum) of CO2 in surface waters 

exist and are governed by the biological utilization of CO2 and temperature.  Variations 

in the polar regions could be as large as ± 215 atm and ± 120 atm in the temperate 

regions (Takahashi et al., 2002), highlighting the importance of high-latitude oceans in 

the regulation of gaseous CO2.   

 

For the Odontaster experiment, estimates of CO2 for the year 2100 scenarios increased 

from 691.2 atm (pH 7.8) to 1129.6 atm (pH 7.6).  A value of 4604.0 atm was 

recorded for the extreme pH of 7.0.  Calcite (C) became undersaturated for pH 7.6 and 

pH 7.0, while still saturated for pH 7.8.  Aragonite (A) became undersaturated for pH 
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7.8, pH 7.6 and pH 7.0.  For the Patiriella experiments, estimates of CO2 for the 

predicted scenarios for 2100 increased from 744.9 atm (pH 7.8) to 1229.5 atm (pH 

7.6).  A CO2 of 5173.1 atm was recorded for pH 7.0.  For all seawater pH levels, both 

calcite (C) and aragonite (A) remained saturated, except for the lowest pH of 7.0, 

where both became undersaturated.  Estimates for C and A in the Antarctic and 

temperate regions are consistent with predictions for 2100, where all the Southern Ocean 

will become undersaturated with respect to aragonite, with less pronounced changes for 

calcite, and temperate regions will remain saturated (Orr et al., 2005, Fabry et al., 2008, 

Guinotte and Fabry, 2008, McClintock et al., 2009).   

 

For A. placenta, all experiments were conducted in freshly collected filtered seawater, 

with a mean pH of 8.2.  Total alkalinity was determined by potentiometric titration and 

this value was used to determine CO2 for the remaining pH treatments, given that the 

method used to adjust seawater pH was by bubbling CO2 gas.  The ambient CO2 was 

390.21 atm, 859.14 atm for pH 7.8, 1416.01 atm for pH 7.6, and 5941.22 atm for 

pH 7.0.  The estimated CO2 values for all pH treatments are consistent with proposed 

values for other studies including tropical/subtropical species (Leclercq et al., 2000, 

Takahashi et al., 2002, Reynaud et al., 2003).  Calculations for the saturation state of 

calcite (C = 4.93) and aragonite (A = 3.16) at pH 8.2 (ambient) concur with predictions 

by Ridgwell and Zeebe (2005) and Andersson et al. (2008) where surface waters in the 

tropical/subtropical region have a C of 5.5 and a A of 3.6.  For all oceanic pH 

treatments, both calcite (C) and aragonite (A) remain saturated, except for the lowest 

pH of 7.0 where both became undersaturated.  Estimates for C and A are consistent 

with predictions by Fabry et al. (2008) for 2100, where both CaCO3 polymorphs remain 

saturated, C and A = 2 – 3 despite the acidic conditions.  
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4.3 Synergistic effects of other climate stressors  

 

Ocean acidification is intimately connected with other environmental stressors such as 

climate change (Pörtner, 2008, O’Donnell et al., 2009, Hofmann and Todgham, 2010), 

UV radiation (Harley et al., 2006), sea ice melt (Yamamoto-Kawai et al., 2009), sea level 

rise (Harley et al., 2006, Hoegh-Guldberg et al., 2007) and hypoxia events (Pörtner, 

2008).  During the 20
th

 century, the increasing greenhouse gas concentrations decreased 

the surface ocean pH by about 0.1 units from its pre-industrial value of 8.2 (Guinotte et 

al., 2006, Tyrrell, 2008, Doney et al., 2009, Hoegh-Guldberg and Bruno, 2010) and have 

also driven an increase in the ocean’s average temperature by 0.74°C coupled with a sea 

level rise of 17 cm (Harley et al., 2006, Hoegh-Guldberg et al., 2007). For many 

organisms, slight changes in single environmental stressors will not be enough to cause 

detrimental damage (O’Donnell et al., 2009).  However, the interaction of a variety of 

environmental stressors can act simultaneously and expose them to different 

environmental conditions in a relatively short period of time (Harley et al., 2006, 

O’Donnell et al., 2009).  

 

Increased temperatures are known to affect physiological processes such as protein 

synthesis and acid-base balance (Nally et al., 2001, Whiteley et al., 2001) and can also 

affect the early developmental stages of many broadcast spawners (Harley et al., 2006).  

Studies considering the synergistic effects of temperature and elevated concentrations of 

CO2 have shown that when the sea urchin Heliocidaris erythrogramma was exposed to 

high temperatures (+ 6°C) a significant decrease in normal gastrulation occurred, while 

low pH (up to – 0.6 pH units) had no effect at a given temperature (Byrne et al., 2009).  

Additionally, the scleractinian coral Stylophora pistillata under normal temperature 

(25°C) and increased CO2 (460 atm and 760 atm) resulted in normal calcification 

rates, but these decreased by nearly 50% when temperature (28°C) and CO2 (460 atm 

and 760 atm) were both elevated (Reynaud et al., 2003).   

 

Tropical species (e.g. Arachnoides placenta) are more heat tolerant than temperate 

species (e.g. P. regularis) (Somero, 2010).  But at the same time, the most heat-tolerant 
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species are, in general, the most threatened by global warming since they live very close 

to their upper-thermal tolerance (Harley et al., 2006, Somero, 2010), and their ability to 

acclimate to further changes is fairly small.  Similarly, polar species, especially those 

living at constant near-freezing temperatures (e.g. O. validus), have a high vulnerability 

to climate change, and many endemic species of the Southern Ocean die of acute heat 

death at temperatures only a few degrees above their normal habitat temperatures (-1.9°C 

to approximately +1.8°C, reaching a maximum of +7.5°C) (Peck et al., 2008, Somero, 

2010) .  Synergistic effects of increased ocean temperatures and ocean acidification can 

desynchronize ecological processes (Dupont et al., 2010b, Somero, 2010).  For example, 

the release of larvae into the water column coincides with spring blooms and a delay in 

development can result in a mismatch between food and consumer (Dupont et al., 

2010b).  Moreover, several studies have highlighted that anthropogenic-induced 

hypercapnia combined with elevated temperatures can exacerbate metabolic depression 

(Pörtner et al., 2005, Rosa and Seibel, 2008). 

 

The responses of O. validus, P. regularis and A. placenta to reduced pH levels during 

early developmental stages may also be affected or exacerbated by rises in sea 

temperature.  Responses to climate change will be species-specific and it is likely that 

some will be affected by pH (Kurihara, 2008), others by temperatures (Byrne et al., 2009) 

and others by both pH and temperature (Byrne et al., 2010a).  It is important to note that 

in order to draw realistic conclusions about the potential impacts of climate change in 

future oceans, an integrative approach of multiple environmental stressors (e.g. 

temperature) and parameters (e.g. food availability) is necessary.   

 

 

4.4 Ecological considerations  

 

Reduced seawater pH levels will have implications for the ecology of O. validus, P. 

regularis and A. placenta larvae.  Although fertilization was robust for O. validus and P. 

regularis, survival (with a 0.5 units reduction in seawater pH) and development 

(reduction of 0.3 – 0.5 units in seawater pH) were compromised as a result of reduced 
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seawater pH.  In addition, A. placenta will be greatly compromised by a reduction of 0.5 

units in seawater pH.  Under natural conditions, a delay in development will result in 

higher mortality rates and will increase the chance of predation.  For example, a two day 

delayed in development over a 23 day developmental period will double mortality rates 

(Dupont et al., 2010b).  Moreover, many ecological processes are synchronized, and 

delayed development can result in a mismatch between food and consumer.  Delayed 

growth will ultimately decrease the number of larvae completing development and fewer 

will settle into adults.   

 

The calcite rods in many echinoderms have been shown to maintain body shape, keep a 

passive vertical orientation and protect against predators (Pennington and Strathmann, 

1990).  In species such as A. placenta, a smaller skeleton as a result of a decrease of 0.5 

units in seawater pH will have implications for the function of the skeleton and, if 

weakness persists after settlement, juveniles and adults may be prone to higher predation 

rates.  Additionally, O. validus, P. regularis and A. placenta are important benthic 

echinoderms that often act as keystone species.  If exposure to low seawater pH levels 

and hypercapnia has negative effects on these species, the Antarctic, temperate and 

tropical benthic communities may experience large-scale changes, affecting the overall 

community structure.   

 

 

4.5 Limitations and future research 

 

This study was carried out over a short period of time due to time constraints, but long-

term experiments that include all aspects of the life cycle are highly recommended in 

order to accurately quantify the proportion of larvae that are likely to be recruited into 

adult populations.  As in many other experiments a closed system was used for larval 

culture (Kurihara et al., 2007, Clark et al., 2009, Ericson et al., 2010), but a constant 

seawater flow that automatically adjusts pH (e.g. see Reynaud et al., 2003) will better 

simulate open ocean conditions and improve future experiments.   
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It is important to include measurements of physiological mechanisms, such as 

metabolism, acid-base regulation and respiration rates.  An emerging developmental tool 

is to also include responses in gene expression patterns that have the potential to identify 

‘weak links’ in physiological functions that will ultimately determine an organism’s 

capacity to tolerate future ocean conditions (Todgham and Hofmann, 2009).  A growing 

number of studies are demonstrating that simple studies between a single stressor and a 

single species are inadequate in predicting many important aspects for future 

environmental changes.  A reduction in seawater pH levels is only one of many 

potentially interactive climatic stressors that will drive future ecological changes in 

marine ecosystems (Harley et al., 2006).  Synergistic studies (e.g. pH and temperature) 

are recommended for future research in order to understand the species-specific 

responses to climate change.   

 

Of critical importance is to understand the vulnerability of marine organisms to these 

changes and to determine whether particular species currently possess the physiological 

capacity to compensate or adjust to the deleterious effects of ocean acidification (Pörtner 

et al., 2005, Todgham and Hofmann, 2009).  Understanding how climate change will 

affect our planet is critical, and future studies should incorporate a range of 

environmental variables in order to understand the effects at individual, community and 

ecosystem levels.   

 

 

4.6 Conclusions  

 

 Findings for the three species of echinoderms evaluated in this study were similar, 

with subtle differences in responses to elevated concentrations of CO2 and 

reduced seawater pH.   

 Fertilization was robust at pH 7.8 and pH 7.6 for O. validus and P. regularis 

across a range of sperm concentrations, with significant differences in the lowest 

pH level (pH 7.0) and sperm concentration.   
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 Fertilization was reduced at pH 7.8, pH 7.6 and pH 7.0 for A. placenta across a 

range of sperm concentrations.   

 Larval survival was only significantly affected when pH levels dropped below 

7.6.  

 Body components were smaller in O. validus and P. regularis at pH levels below 

7.8.   

 Body components were similar in A. placenta at pH between ambient pH (pH 8.2) 

and pH 7.8.  Significant differences among body components were found when 

pH levels dropped below 7.6.  

 The polar O. validus did not appear to be more vulnerable to the effects of ocean 

acidification; conversely, the tropical A. placenta seemed to be the most impacted.   

 Differences among O. validus, P. regularis and A. placenta indicate species-

specific responses that could reflect differences in metabolic activity, capacities to 

regulate intracellular and extracellular pH, and habitat.   

 This study, for the first time, shows negative effects of reduced seawater pH 

levels on the Antarctic Odontaster validus, the temperate Patiriella regularis and 

the tropical Arachnoides placenta.   
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Appendices  

 

 

Appendix 1.  Mean of the fertilization rate (%) of Odontaster validus with four different sperm 

concentrations and pH treatments (pH 8.1, 7.8, 7.6 and 7.0).  Values are shown with (±) standard 

error.   

 

Sperm concentration pH Fertilization (%) SE 

35 8.1 90 (±6.534) 

 

7.8 61 (±9.734) 

 

7.6 60 (±14.830) 

 

7.0 5 (±2.739) 

350 8.1 95 (±2.646) 

 

7.8 89 (±5.527) 

 

7.6 81 (±4.607) 

 

7.0 19 (±6.001) 

1500 8.1 98 (±0.882) 

 

7.8 93 (±2.075) 

 

7.6 95 (±2.918) 

 

7.0 44 (±4.498) 

5600 8.1 98 (±0.577) 

 

7.8 96 (±1.029) 

 

7.6 94 (±2.535) 

 

7.0 90 (±3.843) 
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Appendix 2.  Mean of the fertilization rate (%) of Patiriella regularis with four different sperm 

concentrations and pH treatments (pH 8.1, 7.8, 7.6 and 7.0).  Values are shown with (±) standard 

error.   

 

 

Sperm concentration pH Fertilization (%) SE 

30 8.1 76 (±2.267) 

 

7.8 75 (±2.101) 

 

7.6 70 (±1.158) 

 

7.0 33 (±0.760) 

300 8.1 91 (±1.725) 

 

7.8 87 (±1.109) 

 

7.6 84 (±1.190) 

 

7.0 63 (±1.477) 

1500 8.1 93 (±0.896) 

 

7.8 87 (±0.743) 

 

7.6 87 (±0.800) 

 

7.0 64 (±1.027) 

4500 8.1 94 (±1.781) 

 

7.8 91 (±1.323) 

 

7.6 89 (±0.289) 

 

7.0 74 (±1.041) 
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Appendix 3.  One-way ANOVA for each sperm to egg concentration in Odontaster validus to 

identify significant differences among pH treatments.  Data were arcsine transformed and Bartlett 

test for homogeneity of variance was performed.   

 

Analysis of Variance 

35:1 sperm to egg ratio 

    

Source SS DF MS F-ratio P 

pH 1.86 3 0.62 9.89 0.0046* 

Error 0.50 8 0.0630   

Bartlett test for homogeneity of variance (F = 1.5267, P = 0.2052) 

      

Analysis of Variance 

350:1 sperm to egg ratio 

   

Source SS DF MS F-ratio P 

pH 2.17 3 0.72 17.13 0.0008* 

Error 0.34 8 0.042   

Bartlett test for homogeneity of variance (F = 0.8807, P = 0.4502) 

      

Analysis of Variance 

1500:1 sperm to egg ratio 

    

Source SS DF MS F-ratio P 

pH 1.64 3 0.55 29.09 0.0001* 

Error 0.15 8 0.019   

Bartlett test for homogeneity of variance (F = 0.9662, P = 0.4075) 

      

Analysis of Variance 

5600:1 sperm to egg ratio 

    

Source SS DF MS F-ratio P 

pH 0.088 3 0.029 2.24 0.1605 

Error 0.013 8 0.013   

Bartlett test for homogeneity of variance (F = 0.8927, P = 0.4439) 
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Appendix 4.  Tukey’s HSD post-hoc results for each sperm to egg concentration in Odontaster 

validus fertilization success.  Test identifies significant differences among pH treatments. 

 

35:1 sperm to egg ratio    

Level    Mean 

8.1 A   1.1634422 

7.6  B  0.6762143 

7.8  B  0.6669041 

7.0   C 0.0533517 

     

350:1 sperm to egg ratio    

Level    Mean 

8.1 A   1.2786767 

7.8 A   1.1862467 

7.6 A   0.9529833 

7.0  B  0.1969167 

     

1500:1 sperm to egg ratio    

Level    Mean 

8.1 A   1.3622400 

7.6 A   1.3294500 

7.8 A   1.1955200 

7.0  B  0.4536330 

     

5600:1 sperm to egg ratio    

Level    Mean 

8.1 A   1.5708000 

7.8 A   1.4591667 

7.6 A   1.3301867 

7.0 A   1.1391600 
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Appendix 5.  One-way ANOVA for each sperm to egg concentration in Patiriella regularis to 

identify significant differences among pH treatments.  Data was arcsine transformed and Bartlett 

test for homogeneity of variance was performed, N = 3. 

 

Analysis of Variance     

30:1 sperm to egg ratio     

Source SS DF MS F-ratio P 

pH 0.75 3 0.25 95.87 < 0.0001* 

Error 0.031 12 0.003   

Bartlett test for homogeneity of variance (F = 1.8721, P = 0.1318) 

      

Analysis of Variance     

300:1 sperm to egg ratio     

Source SS DF MS F-ratio P 

pH 0.48 3 0.16 56.26 < 0.0001* 

Error 0.034 12 0.003   

Bartlett test for homogeneity of variance (F = 0.57.81, P = 0.6293) 

      

Analysis of Variance     

1500:1 sperm to egg ratio     

Source SS DF MS F-ratio P 

pH 0.54 3 0.181 139.89 < 0.0001* 

Error 0.016 12 0.0013   

Bartlett test for homogeneity of variance (F = 0.3940, P = 0.7573) 

      

Analysis of Variance     

4500:1 sperm to egg ratio     

Source SS DF MS F-ratio P 

pH 0.38 3 0.128 24.06 < 0.0001* 

Error 0.064 12 0.005   

Bartlett test for homogeneity of variance (F = 3.1564, P = 0.0644) 
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Appendix 6.  Tukey’s HSD post-hoc results for each sperm to egg concentration in Patiriella 

regularis fertilization success.  Test identifies significant differences among pH treatments. 

 

30:1 sperm to egg ratio   

Level   Mean 

8.1 A  0.86439538 

7.8 A  0.84226919 

7.6 A  0.77460642 

7.0  B 0.33244952 

    

300:1 sperm to egg ratio   

Level   Mean 

8.1 A  1.1435783 

7.8 A  1.0617217 

7.6 A  0.9892045 

7.0  B 0.6835813 

    

1500:1 sperm to egg ratio   

Level   Mean 

8.1 A  1.1871010 

7.8 A  1.0543785 

7.6 A  1.0480021 

7.0  B 0.6903942 

    

4500:1 sperm to egg ratio   

Level   Mean 

8.1 A  1.2498987 

7.8 A  1.1343663 

7.6 A  1.0866037 

7.0  B 0.8260509 
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Appendix 7.  Tukey’s HSD post-hoc results for the one-way ANOVA for Odontaster validus for 

the last day (day 58) of the larval survival experiment.  Test identifies significant differences 

among pH treatments, N = 10 for each treatment.  

 

Level   Mean 

8.1 A  1.0983146 

7.8 A  0.9644164 

7.6 A B 0.4675578 

7.0  B 0.0753813 

 

 

 

 

Appendix 8.  Tukey’s HSD post-hoc results for the one-way ANOVA for Patiriella regularis for 

the last day (day 24) of the larval survival experiment.  Test identifies significant differences 

among pH treatments, N = 10 for each treatment.  

 

Level    Mean 

8.1 A   0.74242340 

7.8 A   0.70944930 

7.6  B  0.38481080 

7.0   C 0.02504186 
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Appendix 9.  Mean length (m) of all body components: body length (BL), body width (BW), stomach width (SW), stomach length (SL), and 

mouth width (MW) in Odontaster validus reared in a range of seawater pH treatments (pH 8.1, pH 7.8, pH 7.6 and pH 7.0) over a period of 58 

days.  Values in parenthesis correspond to ± standard error.  N = 10. 

 

pH 8.1 

 

7.8 

 

7.6 

 

7.0 

 Day 14 
        Body Length 745.4878 (±17.94) 738.6793 (±32.17) 634.3605 (±33.50) 618.7448 (±19.92) 

Body Width 418.1233 (±13.23) 380.9123 (±13.07) 328.24 (±22.84) 277.3568 (±8.91) 

Stomach Width 159.0453 (±4.96) 163.1085 (±10.13) 151.6238 (±5.80) 117.3855 (±5.47) 

Stomach Length 221.4318 (±14.49) 194.6028 (±9.46) 175.7123 (±8.96) 170.618 (±8.49) 

Mouth Width 124.3908 (±4.16) 134.8833 (±5.36) 114.0118 (±8.36) 86.05925 (±2.90) 

Day 21 
        Body Length 932.9463 (±36.85) 852.9333 (±50.68) 881.9803 (±6.29) 751.4358 (±33.96) 

Body Width 436.7153 (±19.24) 315.972 (±49.12) 331.7118 (±16.90) 318.1308 (±17.41) 

Stomach Width 173.0283 (±13.92) 189.6958 (±36.13) 159.4005 (±8.40) 140.2635 (±5.61) 

Stomach Length 228.7878 (±7.00) 180.2005 (±17.90) 199.3085 (±23.63) 235.631 (±4.92) 

Mouth Width 126.6148 (±10.80) 95.6315 (±8.28) 110.5588 (±7.43) 111.4603 (±5.54) 

Day 30 
        Body Length 874.7482 (±19.28) 800.1888 (±26.61) 782.4111 (±45.04) 599.8239 (±24.27) 

Body Width 492.9734 (±7.60) 481.6831 (±10.31) 359.0376 (±10.91) 378.9736 (±28.00) 

Stomach Width 193.4414 (±9.42) 181.0476 (±8.45) 192.0964 (±6.46) 157.3111 (±16.89) 

Stomach Length 233.7006 (±6.24) 218.3751 (±2.99) 229.2154 (±12.79) 200.3373 (±11.14) 

Mouth Width 155.4714 (±9.48) 147.3949 (±4.99) 130.8369 (±4.27) 103.9368 (±10.02) 

Day 36 
        Body Length 893.2305 (±14.76) 784.5448 (±48.48) 698.2639 (±7.63) 692.5407 (±8.50) 

Body Width 515.8581 (±12.90) 409.0413 (±26.65) 396.0395 (±10.02) 314.8454 (±21.96) 

Stomach Width 209.9377 (±10.19) 176.0589 (±13.51) 152.0823 (±7.61) 151.7101 (±7.14) 
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Stomach Length 217.0186 (±14.63) 219.133 (±13.18) 199.2104 (±4.77) 202.6885 (±14.59) 

Mouth Width 193.0611 (±11.08) 160.5038 (±14.22) 125.4637 (±1.97) 138.608 (±9.76) 

pH 8.1 

 

7.8 

 

7.6 

 

7.0 

 Day 48 
        Body Length 944.455 (±23.53) 723.0265 (±34.03) 816.642 (±36.09) 772.7973 (±19.24) 

Body Width 566.2845 (±16.50) 404.6583 (±13.76) 521.913 (±8.54) 434.5228 (±26.48) 

Stomach Width 180.707 (±8.38) 170.1853 (±7.00) 167.8468 (±12.26) 135.8583 (±9.70) 

Stomach Length 233.8128 (±8.85) 187.7655 (±12.65) 201.9148 (±12.00) 187.2258 (±6.48) 

Mouth Width 181.3543 (±11.37) 147.2938 (±11.89) 160.6445 (±4.09) 116.4215 (±9.62) 

         Day 58 
        Body Length 1069.74 (±21.01) 1189.494 (±15.24) 1032.592 (±53.23) 966.4003 (±57.21) 

Body Width 539.5894 (±30.11) 563.0343 (±5.73) 462.6318 (±11.46) 425.784 (±12.80) 

Stomach Width 269.1939 (±17.74) 215.3694 (±4.98) 204.0963 (±5.97) 151.9308 (±5.49) 

Stomach Length 216.1702 (±8.91) 316.7922 (±9.64) 300.6275 (±17.18) 256.1908 (±7.98) 

Mouth Width 198.2694 (±9.79) 195.18 (±13.51) 175.8518 (±8.49) 154.0178 (±14.72) 
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Appendix 10.  Mean length (m) of all body components: body length (BL), body width (BW), stomach width (SW), stomach length (SL), and 

mouth width (MW) in Patiriella regularis reared in a range of seawater pH treatments (pH 8.1, pH 7.8, pH 7.6 and pH 7.0) over a period of 24 

days.  Values in parenthesis correspond to ± standard error.  N = 20. 

 

pH 8.1 

 

7.8 

 

7.6 

 

7.0 

 Day 6 

        Body Length 834.5601 (±36.26) 834.8429 (±12.92) 612.5282 (±26.19) 606.933 (±17.64) 

Body Width 834.5601 (±18.40) 454.8004 (±17.70) 404.2758 (±9.51) 414.0987 (±7.72) 

Stomach Width 452.8654 (±11.01) 260.6674 (±20.29) 227.6089 (±15.96) 242.8855 (±30.74) 

Stomach Length 273.2014 (±21.97) 515.251 (±19.55) 415.0186 (±16.87) 364.1311 (±39.48) 

Mouth Width 517.1651 0 0 0 0 0 0 0 

Day 8 

        Body Length 819.0687 (±29.91) 873.5808 (±50.82) 823.6982 (±35.91) 749.0993 (±22.13) 

Body Width 383.2805 (±7.76) 385.817 (±11.34) 331.5982 (±9.87) 386.2222 (±8.20) 

Stomach Width 245.2439 (±13.93) 214.434 (±59.14) 172.1125 (±3.28) 177.3785 (±10.47) 

Stomach Length 486.9236 (±26.45) 366.3308 (±53.37) 397.8188 (±22.35) 411.2168 (±11.76) 

Mouth Width 0 0 0 0 0 0 0 0 

Day 10 

        Body Length 835.8005 (±40.72) 870.455 (±33.73) 811.0642 (±57.55) 788.857 (±7.04) 

Body Width 392.6112 (±26.44) 377.629 (±27.01) 335.6387 (±36.11) 327.137 (±2.17) 

Stomach Width 161.7933 (±11.02) 179.7948 (±13.71) 154.356 (±8.19) 151.8813 (±10.46) 

Stomach Length 234.2 (±11.04) 245.2263 (±19.99) 234.8473 (±17.45) 222.4905 (±6.66) 

Mouth Width 136.3198 (±5.14) 132.3657 (±10.86) 122.4947 (±15.58) 130.5695 (±7.30) 

Day 13 

        Body Length 942.5792 (±39.65) 868.0635 (±25.30) 954.032 (±28.74) 829.475 (±62.44) 

Body Width 460.0292 (±14.23) 408.2883 (±19.59) 498.036 (±15.60) 411.2657 (±48.53) 

Stomach Width 180.9252 (±11.22) 168.1693 (±9.27) 204.2227 (±3.67) 194.9188 (±14.71) 

Stomach Length 276.142 (±14.12) 243.2413 (±16.65) 292.9347 (±13.04) 239.1753 (±18.67) 
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Mouth Width 161.082 (±10.44) 149.0925 (±15.63) 173.8847 (±17.70) 134.2088 (±17.31) 

Day 14 

        Body Length 990.5408 (±82.34) 963.0228 (±97.95) 823.4865 (±73.37) 729.1267 (±77.15) 

Body Width 503.6935 (±33.73) 539.8045 (±54.60) 444.1367 (±28.34) 394.6375 (±39.36) 

Stomach Width 164.6598 (±12.71) 159.508 (±16.39) 126.0973 (±6.54) 132.3142 (±7.95) 

Stomach Length 267.9898 (±14.46) 262.7908 (±21.21) 212.2828 (±17.12) 196.6922 (±13.18) 

Mouth Width 155.47 (±9.60) 155.7298 (±18.59) 119.9953 (±4.36) 140.7357 (±9.21) 

Day 16 

        Body Length 886.8313 (±72.67) 984.421 (±33.67) 869.572 (±33.38) 827.6522 (±43.40) 

Body Width 444.5552 (±18.41) 539.68 (±18.44) 460.0978 (±17.63) 449.42 (±28.75) 

Stomach Width 149.4993 (±18.15) 122.1972 (±7.88) 126.4952 (±10.81) 116.5572 (±9.30) 

Stomach Length 265.6977 (±20.13) 227.195 (±16.51) 215.6215 (±11.81) 206.42 (±13.05) 

Mouth Width 132.2258 (±10.87) 130.3865 (±6.92) 135.886 (±8.75) 124.4945 (±5.28) 

Day 20 

        Body Length 1014.802 (±26.28) 830.139 (±15.46) 808.5313 (±17.64) 770.756 (±63.87) 

Body Width 480.52 (±14.03) 439.2362 (±11.25) 451.9737 (±5.13) 394.3985 (±18.42) 

Stomach Width 123.3892 (±7.85) 118.5827 (±9.31) 121.5028 (±5.34) 92.681 (±6.81) 

Stomach Length 260.342 (±12.42) 207.8947 (±12.93) 218.3223 (±6.62) 182.9392 (±12.87) 

Mouth Width 147.9712 (±10.68) 123.7352 (±5.81) 119.185 (±7.12) 109.8943 (±1.98) 

Day 24 

        Body Length 994.663 (±49.03) 791.322 (±73.81) 768.8648 (±48.14) 768.938 (±66.25) 

Body Width 428.603 (±15.95) 418.225 (±25.86) 424.9413 (±26.37) 434.6217 (±27.81) 

Stomach Width 137.1283 (±12.01) 129.8313 (±9.98) 114.2823 (±10.68) 122.7965 (±7.73) 

Stomach Length 272.1158 (±11.52) 209.742 (±15.46) 215.0968 (±15.30) 191.5522 (±15.53) 

Mouth Width 151.5715 (±8.72) 131.3372 (±8.28) 141.4832 (±3.28) 134.1578 (±4.71) 
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Appendix 11.  Mean of the fertilization rate (%) of Arachnoides placenta with four different 

sperm concentrations and pH treatments (pH 8.2, 7.8, 7.6 and 7.0).  Values are shown with (±) 

standard error.   

 

Sperm concentration pH Fertilization (%)  SE 

4:1 8.2 9 (±1.644) 

 

7.6 2 (±0.052) 

 

7.8 2 (±0.490) 

 

7.0 1 (±0.321) 

40:1 8.2 21 (±8.258) 

 

7.6 2 (±0.693) 

 

7.8 3 (±0.902) 

 

7.0 2 (±1.371) 

400:1 8.2 47 (±2.159) 

 

7.6 18 (±2.001) 

 

7.8 12 (±2.512) 

 

7.0 8 (±1.019) 

4000:1 8.2 84 (±6.988) 

 

7.6 55 (±11.797) 

 

7.8 58 (±2.564) 

 

7.0 23 (±1.747) 
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Appendix 12.  One-way ANOVA for each sperm to egg concentration in Arachnoides placenta 

to identify significant differences among pH treatments.  Data was arcsine square root 

transformed prior to analysis and Bartlett test for homogeneity of variance was performed.   

 

Analysis of Variance 

4:1 sperm to egg ratio 

    

Source SS DF MS F-ratio P 

pH 0.062 3 0.0206 21.68 0.0003* 

Error 0.008 8 0.0009   

Bartlett test for homogeneity of variance (F = 2.2826, P = 0.0769) 

      

Analysis of Variance 

40:1 sperm to egg ratio 

   

Source SS DF MS F-ratio P 

pH 0.200 3 0.067 5.23 0.0273* 

Error 0.102 8 0.012   

Bartlett test for homogeneity of variance (F = 1.6202, P = 0.1823) 

      

Analysis of Variance 

400:1 sperm to egg ratio 

    

Source SS DF MS F-ratio P 

pH 0.305 3 0.102 54.95 < 0.001* 

Error 0.015 8 0.002   

Bartlett test for homogeneity of variance (F = 0.3841, P = 0.7645) 

      

Analysis of Variance 

4000:1 sperm to egg ratio 

    

Source SS DF MS F-ratio P 

pH 0.417 3 0.139 13.43 0.0017* 

Error 0.082 8 0.010   

Bartlett test for homogeneity of variance (F = 1.8308., P = 0.1391) 
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Appendix 13.  Tukey’s HSD post-hoc results for each sperm to egg concentration in Arachnoides 

placenta fertilization success.  Test identifies significant differences among pH treatments. 

 

4:1 sperm to egg ratio    

Level    Mean 

8.2 A   0.29740212 

7.6  B  0.15392628 

7.8  B  0.13139771 

7.0  B  0.11787537 

     

40:1 sperm to egg ratio    

Level    Mean 

8.2 A   0.43241279 

7.6  B  0.15884455 

7.8  B  0.14856733 

7.0  B  0.10564454 

     

400:1 sperm to egg ratio    

Level    Mean 

8.2 A   0.69536243 

7.8  B  0.42768459 

7.6  B C 0.33868126 

7.0   C 0.27861136 

     

4000:1 sperm to egg ratio    

Level    Mean 

8.2 A   1.0069807 

7.6  B  0.7901430 

7.8  B  0.7590370 

7.0   C 0.4821642 
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Appendix 14.  Tukey’s HSD post-hoc results for the one-way ANOVA for Arachnoides placenta 

for the last day (day 4) of the larval survival experiment.  Test identifies significant differences 

among pH treatments, N = 10 for each treatment.  

 

Level   Mean 

7.8 A  0.92377015 

8.2 A  0.91098888 

7.6 A B 0.83860004 

7.0  B 0.70087503 
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Appendix 15.  Mean length (m) of all body components: total length (TL), total width (TW), gut length (GL), gut width (GW), postoral arm 

(POA), anterolateral arm (ALA), posterodorsal arm (PDA), and preoral arm (PEA) in Arachnoides placenta reared in a range of seawater pH 

treatments (pH 8.2, pH 7.8, pH 7.6 and pH 7.0) over a period of 4 days.  Values in parenthesis correspond to ± standard error and N = 35. 

 

pH 8.2 

 

7.8 

 

7.6 

 

7.0 

 Day 1 

        Total Length 631.11 (±12.35) 638.8445 (±22.33) 503.3796 (±17.69) 328.2649 (±5.47) 

Total Width 539.235 (±13.50) 542.3499 (±24.18) 412.1592 (±17.40) 259.0292 (±2.80) 

Gut Length 138.1227 (±5.64) 147.6968 (±4.88) 145.2537 (±4.33) 128.7798 (±9.95) 

Gut Width 117.639 (±7.93) 114.8889 (±5.69) 132.1009 (±3.00) 114.3337 (±5.86) 

Postoral Arm 422.1818 (±13.82) 437.2229 (±22.26) 281.2841 (±18.32) 0 (±0) 

Anterolateral Arm 222.6766 (±10.02) 257.1439 (±9.78) 217.0059 (±12.83) 0 (±0) 

Posterodorsal Arm 0 (±0) 0 (±0) 0 (±0) 0 (±0) 

Preoral Arm 0 (±0) 0 (±0) 0 (±0) 0 (±0) 

Day 2 

        Total Length 1789.644 (±53.51) 1818.516 (±24.24) 1613.837 (±56.25) 633.1789 (±12.54) 

Total Width 1336.934 (±33.71) 1312.02 (±35.45) 1224.402 (±45.04) 546.8574 (±15.87) 

Gut Length 352.9799 (±11.31) 396.9864 (±9.92) 370.9771 (±16.54) 247.4723 (±15.35) 

Gut Width 256.1241 (±8.95) 283.1578 (±7.47) 266.9369 (±10.52) 240.4419 (±17.08) 

Postoral Arm 1385.476 (±48.78) 1444.826 (±28.49) 1241.064 (±52.30) 0 (±0) 

Anterolateral Arm 984.6978 (±43.74) 1104.872 (±35.49) 736.8036 (±49.76) 0 (±0) 

Posterodorsal Arm 663.5072 (±29.34) 659.8833 (±15.42) 534.3439 (±36.00) 0 (±0) 

Preoral Arm 89.49213 (±5.58) 74.954 (±7.14) 63.2552 (±5.43) 0 (±0) 
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         pH 8.2 

 

7.8 

 

7.6 

 

7.0 

 Day 3 

        Total Length 1863.726 (±58.15) 1859.603 (±38.66) 1684.333 (±47.61) 544.5235 (±18.63) 

Total Width 1332.633 3(±2.15) 1364.179 (±48.57) 1124.131 (±47.21) 509.5433 (±12.45) 

Gut Length 364.4455 (±12.63) 371.4262 (±10.32) 358.0608 (±18.12) 204.1772 (±18.85) 

Gut Width 242.3063 (±9.20) 253.5901 (±9.19) 265.6517 (±11.36) 203.4619 (±17.67) 

Postoral Arm 1483.3 (±49.56) 1492.867 (±30.83) 1305.787 (±63.39) 0 (±0) 

Anterolateral Arm 756.1418 (±39.35) 753.6373 (±28.14) 642.1673 (±44.93) 0 (±0) 

Posterodorsal Arm 798.7949 (±34.95) 794.3093 (±40.56) 664.3411 (±43.88) 0 (±0) 

Preoral Arm 91.29247 (±7.37) 148.94 (±11.32) 89.43567 (±12.21) 0 (±0) 

Day 4 

        Total Length 1779.549 (±32.48) 1806.534 (±39.47) 814.1565 (±29.56) 290.3269 (±15.18) 

Total Width 1212.383 (±42.80) 1178.626 (±36.51) 556.5741 (±23.23) 222.4788 (±6.61) 

Gut Length 370.7797 (±8.69) 398.7443 (±10.13) 184.8971 (±10.86) 118.1413 (±6.72) 

Gut Width 254.2481 (±7.26) 267.8121 (±9.57) 131.6717 (±8.40) 117.4314 (±6.72) 

Postoral Arm 1387.413 (±43.80) 1353.014 (±51.44) 623.1675 (±30.37) 0 (±0) 

Anterolateral Arm 657.6745 (±28.25) 765.4134 (±44.83) 349.6851 (±25.66) 0 (±0) 

Posterodorsal Arm 918.2375 (±41.87) 974.6027 (±43.00) 475.2791 (±17.19) 0 (±0) 

Preoral Arm 146.8751 (±17.48) 239.5294 (±20.97) 83.9288 (±13.53) 0 (±0) 

 

 

 


