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Abstract 

Two of the major climate change factors expected to effect marine life, in the near 

future are changes in seawater temperature and pH. The Intergovernmental Panel on 

Climate Change, IPCC, assessment report from 2013 predicts a pH drop between 0.14 

and 0.35 pH units from the current average of 8.1 in the next century, which is significant 

over that time period. The IPCC also predicts a global average increase in sea surface 

temperature of 1oC to 3oC. Many studies of these future changes have been shown to 

negatively impact marine invertebrates, especially calcifying organisms, through their 

survival, calcification, abundance, growth, and development. Echinoderm larvae are 

among the organisms most negatively impacted by ocean acidification. Though many 

single stressor studies have been preformed on a wide range of organisms, and 

echinoderm species, much less is know about the effects of multiple stressors. Here, two 

closely related echinoid species, one tropical Arachnoides placenta, and one temperate 

Fellaster zelandiae, are tested under the combine stressors of reduced pH and increased 

temperature. This study found that fertilisation was impacted by an interaction between 

the two stressors, and embryological and larval morphometrics are likely to be impacted 

by near future warming, with a negative interactive effect with pH to A. placenta, and 

possible beneficial effect for the F. zelandiae population studied. Both survival and 

embryological development are not likely to be negatively impacted by future changes in 

pH and temperature. Finally, both A. placenta and F. zelandiae have the potential to 

acclimate to moderate increases in sea surface temperature, as long as evidence of 

acclimation is observed among current populations residing in thermally variant habitats. 
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Chapter 1                                                                    Introduction 
 

 

This thesis will examine the response of two closely related, but latitudinally 

separated species of echinoderms, Arachnoides placenta and Fellaster zelandiae to the 

combined stressors of reduced seawater pH and increased sea temperature corresponding 

to futures climate change scenarios. Responses examined include fertilisation, 

embryology, and larval development. 

 

1.1. Ocean pH and Ocean Acidification 

 

Oceans are a large sink for anthropogenic carbon dioxide, CO2, emitted into the 

atmosphere. Together the oceans take up approximately 30% to 50% of current emissions 

(Sabine et al. 2004). As CO2 dissolves into the oceans a series of carbonate reactions take 

place.  

CO2 + H2O ⇔ H2CO3 ⇔ H+ + HCO3
- ⇔ H+ + CO3

2- (q.1) 

 

Dissolved CO2 reacts with H2O, creating carbonic acid H2CO3 , which dissociates into 

bicarbonate, HCO3, and hydrogen ions, H+. The resulting increase in hydrogen reacts 

with carbonate ions, CO3
2-, to form HCO3

-, leaving less CO3
2- ions and less alkaline 

conditions. Ocean acidity increases first at the surface where the CO2 from the 

atmosphere enters the ocean, in fact the majority of dissolved atmospheric CO2 is found 

in the top 200 meters of the oceans. The increase in CO2 will eventually penetrated to 

greater depth, reducing ocean pH with depth. The depth to which the effect of dissolved 
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atmospheric CO2 penetrates depends on how quickly accumulations of CO2 can dissolve 

into the water. Ocean mixing also plays a role in bringing water with more dissolved CO2 

and higher acidity to the depths of the oceans. (Sabine et al. 2004). 

The ocean’s pH is more sensitive to the amount of CO2 dissolving into the ocean 

when the amount of CO2 in the atmosphere changes quickly, i.e. over centuries, 

compared to when changes in CO2 in the atmosphere occur over geological time scales. 

This is due to the buffering of carbonate minerals in the ocean over long time scales that 

reduces the sensitivity to pH changes. (Caldeira and Wickett 2003). The 

Intergovernmental Panel on Climate Change, IPCC, assessment report from 2013 cites a 

decrease of an average of 0.1 pH units since 1750 and predicts a pH drop between 0.14 

and 0.35 pH units from the current average ocean pH of 8.1 in the next century. (Note: all 

pH values in this work are given using the NBS pH scale.) Over the past 300 million 

years ocean pH was not lower than 0.6 units below current levels. This provides a 

perspective on the rate of change that is predicted for the immediate future. A drop of 

0.14 to 0.35 is significant over the time period of one century (Caldeira and Wickett 

2003).  The rapid change in pH to more acidic conditions due to CO2 dissolving into the 

oceans leaves calcifying organisms open to a range of possible negative effects (IPCC 

2013).  

Ocean acidification changes the saturation state of calcium carbonate, which is 

biomineralized by many organisms to produce hard skeletal elements such as shells and 

larval skeletons. There will be a lower saturation state due to less CO3
2-. This is because 

the uptake of CO2 is facilitated by processes that increase the total alkalinity of the 

oceans. Dissolution of marine carbonates like biogenic magnesiam calcites, aragonite, 
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and calcium neutralizes anthropogenic CO2 and adds total alkalinity to the ocean though 

this reaction: 

CO2 + CaCO3 + H2O ⇔ 2HCO3
- + Ca2+ (q.2) 

 

Organisms with carbonate shells are contributors to this reaction. Aragonite and calcite 

under-saturation is expected to occur first in the high latitude cold waters of the poles 

within the next 50 years. Since the ocean surface waters are currently supersaturated with 

all phases of CaCO3 the carbonate chemistry of the water has not been a limiting factor in 

growth of calcifying organisms (Feely et al. 2004). 

 
 

1.2 Ocean Temperature  

Change and Ecological Implications 

 

The Fifth Assessment Report by the IPCC (2013) stated that it is very likely that 

the global average sea surface temperature will be higher for the years 2016-2035 

compared to 1986-2005. In all scenarios examined the sea surface temperature will 

increase over the 21st century, and by 2100 the top hundred meters of ocean will be 

between an average of 1oC to 3oC warmer than present day. The greatest warming will 

occur in tropical and subtropical regions. This is significant as temperature is a key driver 

of metabolic processes in marine ectotherms. Growth may change in response to 

increasing temperature, where initial increases in temperature elevating metabolic rates 

and increasing fitness up to the temperature where the thermal tolerance of the organism 

is reached, after which negative effects will may take place (Byrne et al. 2013). 
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Temperature effects the distribution of marine species through its effect on 

growth and development (Chen and Chen 1992). The distribution of marine ectothermic 

species is related to their thermal tolerance limits at all life stages. Changing ocean 

temperatures will drive the redistribution of species as they shift to stay within their 

thermal tolerance range. These shifts in the distribution of marine species may gradually 

move poleward as temperatures rise, and contract in size as the range of appropriate 

temperatures shrink (Jones et al. 2009, Sunday et al. 2012). The shifts in species 

distribution that will be observed in the future will represent those species’ responses to 

temporal changes, and the successful recruitment and growth of coastal organisms will 

likely be effected by continued ocean warming. The patterns of species diversity and 

species functions within ecosystems will also be shaped by temporal changes. Changes in 

ocean temperature will effect the ability of a species to persist in its original distribution 

and colonize new areas. (Wernberg et al. 2011).  

 

 

1.3 Impacts of Climate Change on Marine Invertebrates 

 

 When examining the impacts of ocean acidification on a variety of taxonomic 

groups patterns in responses immerge. Analysis synthesizing 228 studies (Kroeker et al. 

2013) found that decreased survival, calcification, abundance, growth, and development 

were seen across a broad range of taxonomic groups including molluscs, crustaceans, 

echinoderms, corals, and cocolithophores which suggests that the impacts of ocean 

acidification will be widespread across a diverse range of marine organisms. There was 
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also lower survival, growth, and development across the different taxonomic groups in 

association with increased seawater temperature. However, the magnitude of the negative 

impacts varied among taxonomic groups (Kroeker et al. 2013). Significant reductions in 

survival have been observed for molluscs while reduction in survival was not significant 

for echinoderms. Corals and molluscs have shown the greatest reduction in their 

calcification, while echinoderms and crustaceans did not suffer significantly reduced 

calcification. All taxa have shown reduced growth in relation to ocean acidification, but 

the effect was only significant for molluscs and echinoderms. Generally, calcifying algae, 

corals, molluscs, and the larval stages of echinoderms are the organisms most negatively 

impacted by ocean acidification (Kroeker et al. 2013). 

 

 

1.4 Climate Change and Echinoderm Early Development 

  

Echinoderms, and especially echinoids (sea urchins and sand dollars) are often 

studied to assess the effects of ocean acidification on calcifying marine invertebrates. 

Many echinoderms, such as sea urchins, are a keystone species in their ecosystems and 

can be found inhabiting a wide range of environments from polar to tropical regions. 

Their significant effect on the ecosystem, through bioturbation and predation, make 

echinoids an organism of interest when looking toward future ecological changes due 

ocean acidification (Dupont et al. 2010). 

Echinoids are also studied in regard to climate change because of the nature of 

their life cycle. Most sea urchins and sand dollars have a free-living larval stage where 
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larvae spend days to months in the plankton as they develop. This larval stage 

experiences a different environment from the adult, leaving this stage of its life open to 

different impacts on survival (Dupont et al. 2010). The early life stages of many marine 

invertebrates are the most vulnerable to impacts of climate changes (Przeslawski et al. 

2008).  

 

 

Climate Change and Echinoderm Early Development: Ocean Acidification 

 

 One important aspect of understanding how populations of marine species will 

change over the next century, and the corresponding increase in dissolved CO2 in the 

ocean, lies in their early development and the free-living larval stage (Brierley and 

Kingsford 2009, Byrne 2011). Larvae are more sensitive, and vulnerable to their 

environment than their adult counterparts due to their small size and comparatively large 

surface area (Melzner et al. 2009). Echinoderm larvae have slow metabolism and lack 

extracellular fluids, and both of these factors make them more vulnerable to the negative 

effects of ocean acidification (Melzner et al. 2009). Larvae have also been observed to 

grow their skeletons more slowly under ocean acidification conditions leading to smaller 

larval sizes and extended time in the planktonic state, which may increase vulnerability to 

predation, or lead to reduced survival and recruitment (Byrne et al. 2013). The larval 

stage is also a driving factor in the distribution and population dynamics of the species 

(Uthicke et al. 2009).  
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 The impact of ocean acidification on echinoid development varies by stage. 

Fertilisation in echinoderms has been observed to be largely robust to decreased pH 

corresponding to the projected conditions through the next century (Dupont et al. 2010, 

Byrne 2011).  In contrast, larval developmental stages have proved to be more vulnerable 

to ocean acidification (Dupont et al. 2010). Larvae reared to the pluteus stage, in pH 

treatments reduced to near-future acidification conditions, have been observed to be 

smaller, have reduced growth rates, and weaker skeletons, although the response may be 

species-specific and larval survival was not effected (Dupont et al. 2010, Byrne 2011). 

pCO2 has been identified to have a strong influence on larval growth over a range of 

species (Byrne et al. 2013). For the polar echinoid Sterechinus neumayeri, fertilisation 

was only negatively effected at pH below 7.3 when low sperm concentrations were used 

to fertilise the eggs (Ericson et al. 2010). Lowered pH did not effect cleavage or normal 

development of embryos, but effected later development at the gastrula stage. The results 

suggest that near future pH may not have an effect on this species but long-term change 

in pH may (Ericson et al. 2010). The temperate species Pseudechinus huttoni and the 

tropical species Tripneustes gratilla both produced smaller larvae, though shape was not 

effected, when reared at pH below 7.0 and also had decreased rates of survival (Clark et 

al. 2009). 
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Climate Change and Echinoderm Early Development: Ocean Temperature 

  

When considering ocean temperature in terms of invertebrate reproduction and 

early development, Andronikov's hypothesis is important to note. Andronikov (1975) 

found that the thermal tolerance of the gametes of a marine species is fixed for that 

species. The temperature in the environment where that species lives determines when it 

will spawn, and through that temperature limits the geographical distribution of that 

species. If temperature at the time of spawning is the limiting factor in a species ability to 

inhabit an area, any changes in temperature in a species habitat over the coming decades 

could limit its ability to reproduce successfully.   

Fertilisation has been studied in varied temperatures for many species of 

echinoderms, and other broadcast spawners such as corals and molluscs (Byrne 2011).  

High rates of fertilisation success were observed over wide temperature ranges spanning 

the increase in temperature projected for the near future, and even at temperatures beyond 

the predicted increase (Byrne 2011). Increased seawater temperature decreases seawater 

viscosity, and may lead to increased fertilisation success through stimulated sperm 

metabolism and increased swimming speed. (Byrne 2011).  

Beyond fertilisation it is important to understand how the proceeding 

developmental stages can be impacted by temperature given that the early development 

of echinoids is temperature-dependent. The cleavage rate of embryonic cells is affected 

by temperature directly, while the later development of more complex body shapes is 

both directly and indirectly effected by temperature (Chen and Chen 1992). In a review 

by Byrne (2011) many species of echinoids were found to be tolerant over their life 
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history stages up to a 4oC increase from current sea surface temperatures (Byrne 2011). 

At higher temperatures, up to 4oC above current sea surface temperatures, embryos 

showed reduced fitness (Byrne 2011). It has been observed that the thermal window of 

successful development for a species can shift. For example, in looking at two 

populations of Centrostephanus rodgersii, the upper thermal limit of fertilisation and 

embryonic developmental has shifted by 1oC lower for the population found in New 

Zealand compared to that in New South Wales population where sea temperatures are 

warmer (Pecorino et al. 2013).  

With changing ocean temperature there is evidence that species may shift their 

geographic ranges as more available habitats present themselves. For example, the sea 

urchin species Centrostephanus rodgersii has extended its range poleward over the past 

40 years, as sea temperatures increase with the extension of the East Australia Current, 

from New South Whales to Tasmania, in Australia (Johnson et al. 2011). In this case, C. 

rodgersii became a common, and even dominant species in places it did not previously 

inhabit as it expanded its range poleward (Johnson et al. 2011). 

 

Climate Change and Echinoderm Early Development: Combined stressors 

 

The changes in the ocean’s temperature and pH will occur simultaneously, and 

any impact that they have on the development and survival of marine organisms will not 

be independent (Byrne et al. 2009). Any environmental stressors on an organism are 

likely to interact with each other (Przeslawski et al. 2008).  There is currently a gap in 

understanding what the interactive effects of decreased pH and increased sea temperature 
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will be on the different life stages of calcifying organisms (Byrne et al. 2009), and there 

is a poor understanding of the interactive effect of ocean warming and acidification on 

the development of echinoids and other marine invertebrates (Byrne 2011).  

 Previous combined stressor studies have taken into account echinoids from polar 

to tropical environments. The species Heliocidaris erythrogramma, a sea urchin found in 

eastern Australia, was shown to have normal larval development in reduced pH 

conditions, but reduced normal development rates at high temperature. Embryos of this 

species reared at high temperatures did not reach the stage at which they start developing 

skeletons, suggesting that the temperature increase predicted for the near future may be 

more serious for the development of this species than the predicted drop in pH (Byrne et 

al. 2009). However, fertilisation was not effected by increased temperature or decreased 

pH when both stressors were applied at once for four different echinoderm species 

(Byrne et al. 2009, Byrne et al. 2010b). The four species examined were found in 

intertidal and subtidal habitats. Their robustness to change in temperature and pH may 

reflect an adaptation to the temperature and pH variability of their habitats (Byrne et al. 

2010b). 

 For the Antarctic echinoid Sterechinus neumayeri, however, there was a negative 

interaction between temperature and pH on fertilisation at increased temperature. Both 

fertilisation and development through the blastula stage were found to be unaffected by 

levels of temperature increase and pH reduction predicted for the next few decades. 

However, for the conditions predicted for 2100 and beyond, negative interactive effects 

of temperature and pH are expected (Ericson et al. 2012).  
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Climate Change and Echinoderm Early Development: Latitudinal Differences 

 

Thirteen species of echinoids from different habitats across a range of latitudes 

spanning the tropics to the poles, were examined under near future ocean acidification 

conditions and a significant reduction in arm length and skeletal rods was observed, as 

well as smaller larval size and altered body morphometry (Byrne et al. 2013). Reduced 

arm length may impact feeding, swimming, and protection from predation. The greatest 

reduction in growth was seen in tropical species, with polar species appearing to be better 

able to calcify successfully compared to their temperate and tropical counterparts under 

reduced saturation states. Tropical larval species were more sensitive to calcium 

carbonate saturation than temperate species (Byrne et al. 2013). 
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1.5 Study Aims 

 

Based on this background, this thesis examines the response of two related 

species of echinoderms, Arachnoides placenta (Family: Clypeasteridae) and Fellaster 

zelandiae (Family: Clypeasteridae) to climate change including the combined stressors of 

ocean acidification and increased sea surface temperature. Arachnoides placenta is found 

in the tropical Australian region while Fellaster zelandiae is found in the temperate 

waters of New Zealand, thus examining both closely related species provides insight into 

responses across different latitudes without the confounding effect of phylogeny. The 

hypothesis that both species will respond to climate change stressors similarly will be 

tested. Compared to one another, it is hypothesized that A. placenta will be tolerant of 

higher temperatures than F. zelandiae due to their difference in current ranges.  

Chapter 2 examines the response of the tropical species A. placenta to reduced pH 

and elevated temperature. A. placenta’s response to climate changes in regards to 

fertilisation is tested using an experiment incorporating a range of sperm concentration, 

examined at pH levels, and seawater temperatures corresponding to future conditions. A. 

placenta will also be exposed to reduced pH and increased temperature to examine the 

response of embryological and larval stages in regards to development and 

morphometrics. Lastly the survival of A. placenta will be tested under conditions of 

reduced pH and increased temperature.  

Chapter 3 examines the response of the temperate species F. zelandiae to reduced 

pH and elevated temperature. F. zelandiae will be used in experiments paralleling those 

done with A. placenta so that the responses of the two species can be compared. The 
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fertilisation of F. zelandiae will be tested using the same range of sperm concentrations, 

and pH and temperature treatments adjusted to future changes projected to the relevant 

region. F. zelandiae will also be exposed to reduced pH and increased temperature to 

examine the response of embryological and larval stages in regards to development and 

morphometrics, as well as larval survival. Lastly, F. zelandiae fertilisation and early 

larval development will be tested in a thermal block over a wide range of temperatures to 

determine the thermal window of this species. The thermal window of A. placenta is 

already known, and will be compared to F. zelandiae to determine the difference in the 

two species’ thermal tolerances. 

Chapters 2 and 3 will each conclude with a brief discussion highlighting the key 

findings for the given species. The Chapter 3 discussion will focus on the thermal block 

experiments in comparison to the work previously done on A. placenta. The main 

discussion will be carried out in Chapter 4, where the two species will be compared in 

regards to acclimation, latitudinal differences, and future populations. 

The data gathered through these experiments will be used to add to the 

understanding of combined effects of ocean acidification and temperature on the early 

stages of echinoid life history. The data will also assist in determining how on the 

responses of these two related species differs across latitudes, and whether their 

responses to future changes in ocean temperature and pH will negatively impact their 

ability to persist in their current environments, and whether they may be able to shift into 

new territory. 
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Chapter 2                                                      Arachnoides placenta 
 

 

2.1 Introduction 

2.1.2 Sea Surface Temperature in Australia  

 

Australia is considered a climate change hot spot, and sea surface temperatures 

have undergone significant warming since the early 1900’s (Lough et al. 2012). Sea 

surface temperature around Australia has warmed more per decade in the last 60 years 

than it has over the last 100 years. The rate of warming per decade from 1910 to 2011 

was 0.08oC, and was 0.11oC per decade from 1950 to 2011. Fifteen of the 20 warmest 

years in the Australian region, out of the last 102 years on record, occurred over the past 

20 years. (Lough et al. 2012). 

The increases in sea surface temperature varies seasonally and regionally 

throughout the country. The greatest warming is occurring off the southeast Coast of New 

South Wales, and the east coast of Victoria during the summer months. There is a 

predicted average of 1oC of warming of sea surface temperature by 2030, and 1.5oC to 

3oC of warming by the year 2070. The greatest warming is predicted to be greater than 

3oC off the southeast coast by the end of the century (Lough et al. 2012). 
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2.1.3 Arachnoides placenta 

  

Arachnoides placenta (Family: Clypeasteridae) is a tropical species of sand dollar 

with a wide distribution ranging from Taiwan to Western Australia. Sand dollars are also 

known as cake urchins, or sea biscuits, and are disc shaped individuals that are flat on the 

bottom and convex on top. A. placenta is locally dominant in Eastern Australia, 

specifically in Northern Queensland, Australia where it is broadly distributed. Individuals 

can be found abundantly in the top layers of the intertidal zone of sheltered, sandy bottom 

beaches. The adults are mobile and spawn in autumn, from April to June. A. placenta 

produces planktonic larvae, which spend 7-14 days developing in the plankton before 

settling (Chen and Chen 1992, Hall and Golding 1998, Gonzalez-Bernat et al. 2013, 

Hardy et al. 2014).  

 

Arachnoides placenta and Varied pH 

 

The tolerance of Arachnoides placenta has been studied in regards to reduced 

seawater pH (Gonzalez-Bernat et al. 2013) and varying temperature separately (Chen and 

Chen 1992, Hardy et al. 2014). The fertilization, larval development, and survival of A. 

placenta were examined under conditions of reduced pH, and reduced fertilization rates 

were observed in seawater with pH lower than the ambient 8.1. The decrease in 

fertilization success with decreased pH was intensified when decreased sperm 

concentrations were also used (Gonzalez-Bernat et al. 2013). As A. placenta is an 

intertidal species it can be hypothesized that fertilization would not be negatively effected 
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by pH because A. placenta comes from an environment of varying pH and could 

acclimate to pH stress as seen with Paracentrotus lividus (Moulin et al. 2011). However, 

there was no evidence of this adaptation to pH stress seen in A, placenta in regards to 

fertilization (Gonzalez-Bernat et al. 2013). 

Seawater pH also had an effect on larval development. Larval development of A. 

placenta was arrested when larvae were reared at the reduced pH of 7.12, and slower 

development observed at pH 7.65 than observed at higher pHs. Larval size was effected 

by reduced pH but larval shape was not directly effected. The survival of A. placenta 

larvae did not reduce in lowered pH conditions (Gonzalez-Bernat et al. 2013). 

 

Arachnoides placenta and Varied Temperature 

 

When examined as a single stressor temperature also had an impact on the larval 

development of A. placenta. Chen and Chen (1992) found that high temperatures caused 

significant abnormality in both the embryos and larvae of A. placenta. Larvae reared at 

high temperatures were also smaller and produced smaller juveniles. Larvae reared at a 

temperature greater than 31oC did not produce as many successfully metamorphosing 

larvae that successfully produced juveniles than when reared at 28oC and lower. (Chen 

and Chen 1992) 

The ambient seawater temperature for A. placenta, found in Australia, was 24oC 

during the spawning season. The development of A. placenta has been examined over a 

range of temperatures from 14oC to 37oC to find its upper and lower thermal limits 

(Hardy et al. 2014). Here larvae reared between 17oC and 31oC showed a greater than 
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80% normal developed rate, while larvae reared at 14oC, 35oC, and 37oC showed no 

normal development, thus the range of thermal tolerance for A. placenta ranges from 

17oC to 31oC (Hardy et al. 2014). 

 

2.1.4 Chapter Aims 

 This chapter contains the experimental work on Arachnoides placenta. The aim is 

to determine the response of Arachnoides placenta to reduced pH and increased 

temperature in regards to fertilisation, embryological and larval development and 

morphometrics, and larval survival. First the methods used in each of the four 

experiments will be outlined in Section 2.2, followed by the results in section 2.3. The 

results will then be discussed in Section 2.4. 

 

 

2.2 Methods 

2.2.1 Collection and spawning 

 

 Arachnoides placenta individuals were collected from Pallarenda Beach in 

Queensland, Australia on the 13 of May 2013. Adult individuals were found in the lower 

intertidal covered with a 1-5mm layer of sand (Gonzalez-Bernat 2012). Individuals were 

collected by hand at low tide and transported in fresh sand and seawater to the Australian 

Institute of Marine Sciences located at Cape Fergussen in Queensland where they were 

stored with the sand they were collected in, in open flow through tanks at the ambient 

seawater temperature of 25oC. 
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 Arachnoides placenta individuals were induced to spawn through an 

intercoelomic injection 0.5 M KCl through the mouth. For each experiment separate 

individuals were used, with all experiments taking place between 14 May 2013 and 23 

May 2013. After being injected with the 0.5 M KCl individuals were placed upside down 

on top of separate 250ml beakers filled to the brim with ambient filtered seawater 

(filtered through a 0.22µm mesh) as displayed in Figure 2.2.1.1. This top down 

positioning was to enable the collection of the gametes as they accumulated on the 

bottom of the beakers. Male and female gametes can be identified with the naked eye. 

From the time of injection individuals would begin to spawn within 10 minutes and were 

left to continue spawning for approximately another 15 minutes until the release of 

gametes slowed considerably or stopped. Each experiment used multiple males and 

females. 

 

 

Figure 2.2.1.1. Spawning of Arachnoides placenta after intercoelomic injection of 0.5 M 

KCl. Yellow eggs are visible collecting on the bottom on the middle individual.  
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 Once spawning was completed the eggs from multiple females were combined in 

a 500 ml beaker. Arachnoides placenta secretes a mucous during spawning so any excess 

mucous in the beaker was carefully removed. The eggs were then rinsed through partial 

water changes before being combined in the 500ml beaker. The sperm of multiple males 

was also combined. Any excess mucous was removed before the sperm was collected 

using a pipette and combined in a 25ml falcon tube. If the sperm concentration was too 

high it was diluted with ambient filtered seawater.  

 

2.2.2 Adjustment of Seawater pH 

 

The treatments included ambient seawater, with a pH of 8.1, and treated seawater 

at pH 7.7, and 7.5. These two pHs were selected to cover the range of predicted pH for 

the year 2100 as established by the Intergovernmental Panel on Climate Change (IPCC 

2007). Ambient seawater flowing into the Australian Institute of Marine Science was 

treated through direct bubbling of CO2 gas in two separate tanks. The tanks were fitted 

with pH monitors that controlled CO2 canisters to release CO2 and constantly maintain 

the seawater at the desired pH. The controlled CO2 bubbling altered the chemistry of the 

seawater and reduced the pH to 7.7 ± 0.05 and 7.5 ± 0.05 pH units and maintained it 

constantly. The carbonate chemistry details can be seen in Table 2.2.2.1. All water used 

in the experiments was taken from the tanks and filtered with a 0.2µm filter before being 

sealed in the appropriate test container. 
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Table 2.2.2.1. Temperature (°C), salinity (PSU), pH(NBS), total alkalinity (µmol kg soln-1), 

partial pressure of CO2 (pCO2), CaCO3 saturation value omega for calcite (ΩC) and 

CaCO3 saturation value omega for aragonite (ΩA) for pH treatments 8.1, 7.7 and 7.5 at 

23oC, 25oC, and 27oC taken from average values during experiments. 
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2.2.3 Adjustment of Seawater Temperature 

 

 Three temperatures were used in all experiments. The ambient seawater 

temperature was 25oC, the high was 27oC, and the low was 23oC. All experiments were 

conducted in a temperature-controlled room using water baths to control the temperatures 

of the gametes and larvae during experiments. The room was maintained at 25oC to 

maintain a standing control water bath at 25oC.  A second water bath was connected to a 

cooling system and maintained at 23oC, and the third water bath was connected to a 

heating system set to 27oC. The temperatures of the water baths were measured manually 

three to five times each day while experiments were running. Both of the water baths set 

to 23oC and 27oC had displays showing the current water temperature, and the room had 

a display showing the current air temperature. This provided another way to check the 

stability of the temperature for all three treatments throughout the experiments. 

 All seawater, ambient and treated, used in the experiments was sealed in 500 ml 

jars thee hours before the beginning of any experiment and placed in the water baths so 

that the temperature of the seawater could be adjusted. All experiments were conducted 

in covered tissue culture dishes or sealed jars. For the duration of all experiments the jars 

or dishes were floated in the appropriate water bath to maintain the internal seawater 

temperature. 
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2.2.4 Fertilisation 

 

Fertilisation was tested under combinations of three different temperatures, 23oC, 

25oC, and 27oC, and three different pHs, 7.5, 7.7, and 8.1. After the eggs were collected 

and combined from 3 females and the initial stock concentration was determined, the 

eggs were conditioned in nine separate 50 ml falcon tubes, one in each of the nine 

different treatments combining all temperatures and pHs. The eggs were left to condition 

for one hour and fifteen minutes before fertilisation. After the conditioning period the egg 

solutions were transferred into the experimental 12 well tissue culture dishes as 

previously done by Gonzalez-Bernat et al. (2013). Each well contained 4 ml of egg 

solution at 40 eggs per ml yielding 160 eggs per well. Each treatment of combined 

temperature and pH had four replicates. Once the eggs and treatment seawater were 

combine in the wells, the tissue culture dishes were covered and floated in the appropriate 

water baths to maintain temperature.  

Sperm was collected and combine from 4 males. A hemocytometer was used to 

calculate the concentration of sperm in the initial solution. Under 20 times magnification 

sperm were counted in five 0.25 mm squares corresponding to the set volume of 

0.00625µl. The five counts were averaged and concentration calculated at 12.6 sperm per 

µl or 50,285,714 sperm per ml. This experiment tested the fertilisation success of 

different sperm to egg ratios under varying temperature and pH. Four sperm to egg ratios 

were tested including 4:1, 40:1, 100:1, and 400:1. These ratios correspond to 

concentrations of sperm used in sea urchin fertilisation experiments (Levitan et al. 1991). 

Since the number of eggs in each well was known, and the concentration of sperm in the 
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initial solution was known, different sperm to egg ratios for fertilisation were achieved by 

adding different volumes of the initial sperm solution to the wells. Each sperm to egg 

ratio in each treatment was replicated four times.  

Eggs were fertilised after the one hour and fifteen minute conditioning period. 0.5 

µl of sperm solution were added to the eggs for the 4:1 sperm to egg ration, 4.6 µl added 

for 40:1, 11.5 µl added for 100:1, and 45.8 µl added for 400:1. One hour after fertilisation 

samples were taken from the control wells and checked for high fertilisation success. 

Once this was confirmed all wells were fixed with 500µl of 5% formalin. Fertilisation 

was determined by the presence of the fertilisation envelope or divided cells. 100 eggs 

were scored from each well, counting the number of fertilised, unfertilised, and divided 

cells. The fixed eggs were examined under 10 times magnification. 

 Statistical analysis was done within each sperm concentration. A two-way 

ANOVA, and a Tukey’s post hoc test were conducted so any significant difference in 

fertilisation success due to temperature or pH treatment could be seen. Fertilisation 

success data, displayed as percent successful fertilisation, was arcsine transformed before 

analysis to fulfill the assumption of normally distributed data. A three way ANOVA was 

done on the entire data set to see the effect of sperm concentration on fertilisation 

success, as well as any interactions between the treatments and sperm concentration. 

 

 

 

 

 



 24 

2.2.5 Embryology 

  

 Three females and three males were spawned for use in an embryology 

experiment. All fertilisation was done at ambient temperature and pH prior to adding the 

fertilised eggs to the treatments due to low fertilisation success in lowered pH. Once 

fertilisation success and the concentration of fertilised eggs in the initial solution were 

determined the fertilised eggs were added to the treatments in six well tissue culture 

dishes.  The temperatures and pH treatments used were, 23oC, 25oC, and 27oC, and 8.1, 

7.7, and 7.5, with three replicates for each treatment. Fertilised eggs were added to the 8 

ml wells resulting in a concentration of 30 eggs per ml of treatment seawater. The tissue 

culture dishes were then covered and floated in the water baths to maintain the 

appropriate temperature.   

 One 1 ml sample was taken from each well at 2, 6, 10, and 24 hours after 

fertilisation. The samples were fixed with 5% formalin and stored in 1.5 ml ependorf 

tubes. All samples were taken within 15 minutes of each other and fixed within 10 

minutes of each other. After fixing 10 embryos from each sample were photographed 

under normal light at 10 times magnification and 30 embryos were scored for 

abnormality and developmental stage.  

 The embryos in the photographs were measured using Image J software version 

1.46r. The measurements made varied depending on the stage of development the embryo 

has reached, as seen in Figure 2.2.5.1. The samples taken 2 hours post fertilisation were 

mostly cleaved cells and morula and were measured for the total width and total length. 

The samples taken 6 and 10 hours post fertilisation were mainly blastula and early 
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gastrula and were measured for total width, total length, the wall width, and greatest wall 

width. The samples taken 25 hours post fertilisation were mainly at the 4-armed pluteus 

stage and were measured for total width, total length, gut width, gut length, anterolateral 

arm, and posterodorsal arm. 

 

A.  B.  

C.  D.  
 

Figure 2.2.5.1. Morphological measurements made on Arachnoides placenta at stages A. 

morula B. blastula C. Gastrula and C. 4-armed pluteus, TL= total length, TW= total 

width, WW= wall width, GWW= greatest wall width, GL= gut length, GW= gut width, 

POA= posterodorsal arm, ALA= anterolateral arm. All larvae were reared in ambient 

seawater at pH 8.1 and temperature 25oC. All scale bars are 100 µm. 
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 Statistical analysis was done on the percent of abnormally developed larvae 

observed over the experiment. Data was first arcsine transformed to fulfill the assumption 

of normal distribution. The data was analyzed within each temperature treatment. A 

repeated measures ANOVA and Tukey’s post hoc test were conducted to reveal any 

significant differences in the amount of abnormal development due to pH treatment. A 

two-way ANOVA was also conducted on the amount of abnormal development at each 

sample time point. 

 Analysis was also done on larval shape. The total larval length and width of all 

larvae were grouped first by pH treatment to examine any difference in larval shape due 

to temperature treatment, and then grouped by temperature treatment to examine any 

difference due to pH treatment. An ANCOVA was conducted to test for any significant 

difference between the regression lines representing the relationship between larval 

length and width. 
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2.2.6 Larval Morphometrics 

 

Three males and three females were spawned for a four day long experiment on 

larval morphometrics. All eggs were fertilised in ambient seawater prior to being added 

to treatments. Fertilised eggs were added to the treatment seawater in 200 ml jars at a 

concentration of 28 eggs per ml. Jars were filled to the brim and sealed to prevent 

dissolved CO2 in treated seawater from reentering the atmosphere. As seen previously in 

Ericson et al. (2010) and Clark et al. (2009), pH remained stable over the course of the 

treatment within sealed containers. The jars were then floated in the water baths for the 

duration of the experiment to maintain the appropriate temperature. Each of the nine 

treatments had three replicates. 

Samples were taken at 24, 48, 72, and 96 hours post fertilisation. One 1 ml sample 

was taken from each jar and preserved with 5% formalin in 1.5 ml ependorf tubes. All 

samples were taken within 15 minutes of each other and fixed within 10 minutes. Due to 

the length of this experiment 1 ml of the correctly treated seawater was added to the jars 

after samples were taken to top them up before being resealed and preplaced in the water 

bath.  

Ten larvae from each sample were photographed under 10 times magnification 

under normal light. The photographs of each intact larvae were used to make 

morphometric measurements using Image J software version 1.46r. Measurements 

included total larval length, total larval width, gut length, gut width, postoral arm, 

anterolateral arm, and posterodorsal arm, as seen in Figure 2.2.6.1 (Gonzalez-Bernat et 

al. 2012, Clark et al. 2009).  
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Figure 2.2.6.1. Morphometric measurements made on each Arachnoides placenta larvae 

at 24, 48, 72, and 96 house post fertilisation, TL= total larval length, TW= total larval 

width, SL= gut length, SW= gut width, POA= postoral arm, ALA= anterolateral arm, and 

PDA= posterodorsal arm. The larvae pictured was reared in seawater of pH 8.1 at 25oC. 

 

 

Statistical analysis was done on the relationship between larval length and larval 

width. Larval length and width of all larvae were grouped first by pH treatment to 

examine any difference in larval shape due to temperature treatment, and then grouped by 

temperature treatment to examine and difference due to pH. An ANCOVA was 
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conducted to test for significant difference between the regression lines representing the 

relationship between larval length and width.  

 

2.2.7 Survival 

 

 Survival over the four-day period of the larval morphology experiment was also 

calculated in nine treatments combining pH 8.1, 7.7, and 7.5 with temperatures 23oC, 

25oC, and 27oC. Change in larval density was used as a proxy to measure survival 

(Gonzalez-Bernat 2013). Each day after the morphometric samples were taken five 1 ml 

samples were taken from each jar and the number of larvae present were counted. The 

average of these counts was used for statistical analysis. The total concentration was 

calculated allowing for removal of seawater.  

 Statistical analysis was conducted on the percent of larvae remaining alive at the 

conclusion of the experiment. Data was first arcsine transformed to fulfill the assumption 

of normal distribution. Within each temperature treatment a repeated measures ANOVA 

was conducted to reveal any significant difference in survival due to pH treatment for the 

final sample time.  
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2.3 Results 

2.3.1 Fertilisation 

The fertilisation success of Arachnoides placenta was tested in a combination of 

three pH treatments, 8.1, 7.7, and 7.5, and three temperature treatments, 23oC, 25oC, and 

27oC, at four different sperm concentrations. Fertilisation success was compared within 

each sperm concentration examined for any significant difference between any of the 

temperature or pH treatments. A combination of significant differences between pH and 

temperature treatments were seen in all four sperm concentration treatments. 

 

Figure 2.3.1.1. Average percent of fertilised Arachnoides placenta eggs each calculated 

from 4 replicates (n=100 eggs per replicate) and fitted with standard error bars. Eggs 

were fertilised with a sperm to egg ratio of 4:1. Letters a, and b represent significant 

differences in fertilisation success among temperature treatments, and among pH  

treatments. The same letter denotes no significant difference in fertilisation success 

between the given treatments. 
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Fertilisation at the sperm to egg ratio of 4:1 was low overall. The highest 

fertilisation success seen was 2.02% for eggs fertilised at 25oC and pH 8.1. Fertilisation 

success was 0.51% for eggs at 27oC and pH 8.1, while all other treatments had 0% 

fertilisation success. Fertilisation success was significantly higher (F= 9.9, p= 0.001, 

Table 2.3.1.1) for eggs fertilised at 25oC, and significantly higher (F= 24.4, p< 0.001, 

Table 2.3.1.1) for eggs fertilised in pH 8.1. (Figure 1.1). 

 

Table 2.3.1.1. Two-way ANOVA testing for a significant effect of pH and temperature 

on the fertilisation success of Arachnoides placenta eggs fertilised at a 4:1 sperm:egg 

ratio. Significance < 0.05. Data was arcsine transformed. 

Tests of Between-Subjects Effects 

Dependent Variable: fertilisation 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Partial Eta 

Squared 

Corrected Model 225.883a 8 28.235 13.543 <.001 .801 

Intercept 50.897 1 50.897 24.413 <.001 .475 

temp 41.363 2 20.682 9.920 .001 .424 

pH 101.793 2 50.897 24.413 <.001 .644 

temp * pH 82.726 4 20.682 9.920 <.001 .595 

Error 56.289 27 2.085    
Total 333.069 36     
Corrected Total 282.172 35     

a. R Squared = .801 (Adjusted R Squared = .741) 

 

 
Fertilisation success was higher for the 40:1 sperm:egg ratio. A fertilisation success rate 

of 7.07% was seen for eggs fertilised at 27oC in pH 8.1(Figure 2.3.1.2). However there 

was no significant difference (F= 0.9, p= 0.44, Table 2.3.1.2) between any of the 

temperature treatments at this sperm to egg ratio. Eggs fertilised at pH 8.1 had 

significantly higher (F= 4.4, p=0.023, Table 2.3.1.2) fertilisation rates than eggs fertilised 
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in the two tower pH treatments. Fertilisation success was 0% for eggs fertilised at pH 7.7 

and 7.5 in all three temperature treatments (Figure 2.3.1.2). 

 

 

 

Figure 2.3.1.2. The average percent of fertilised Arachnoides placenta eggs each 

calculated from 4 replicates (n=100 eggs per replicate) and fitted with standard error bars. 

Eggs were fertilised with a sperm to egg ratio of 40:1. Letters a and b represent 

significant differences in fertilisation success among temperature treatments, and among 

pH treatments. The same letter denotes no significant difference in fertilisation success 

between the given treatments. 
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Table 2.3.1.2. Two-way ANOVA testing for a significant effect of pH and temperature 

on the fertilisation success of Arachnoides placenta eggs fertilised at a 40:1 sperm:egg 

ratio. Significance < 0.05. Data was arcsine transformed. 

Tests of Between-Subjects Effects 

Dependent Variable:fertilisation 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Partial Eta 

Squared 

Corrected Model 524.929a 8 65.616 1.728 .137 .339 

Intercept 165.609 1 165.609 4.362 .046 .139 

temp 64.570 2 32.285 .850 .438 .059 

pH 331.218 2 165.609 4.362 .023 .244 

temp * pH 129.140 4 32.285 .850 .506 .112 

Error 1025.207 27 37.971    
Total 1715.745 36     
Corrected Total 1550.136 35     

 

 

 

Fertilisation success in the 100:1 sperm to egg ratio treatment ranged from 9.36% 

to 19.85% for eggs fertilised at pH 8.1. While fertilisation rates at pH 7.7 and 7.5 ranged 

from 0% to 0.28% (Figure 2.3.1.3). Fertilisation success was significantly higher (F=4.1, 

p<0.001, Table 2.3.1.3) for eggs fertilised at pH 8.1. There was no significant difference 

(F= 0.76, p=0.48, Table 2.3.1.3) in fertilisation success between any of the temperature 

treatments (Figure 2.3.1.3). 
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Figure 2.3.1.3. The average percent of fertilised Arachnoides placenta eggs each 

calculated from 4 replicates (n=100 eggs per replicate) and fitted with standard error bars. 

Eggs were fertilised with a sperm to egg ratio of 100:1. Letters a and b represent 

significant differences in fertilisation success among temperature treatments, and among 

pH treatments. The same letter denotes no significant difference in fertilisation success 

between the given treatments. 
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Table 2.3.1.3. Two-way ANOVA testing for a significant effect of pH and temperature 

on the fertilisation success of Arachnoides placenta eggs fertilised at a 100:1 sperm:egg 

ratio. Significance < 0.05. Data was arcsine transformed. 

Tests of Between-Subjects Effects 

Dependent Variable:fertilisation 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Partial Eta 

Squared 

Corrected Model 4003.411a 8 500.426 11.824 <.001 .778 

Intercept 1998.640 1 1998.640 47.224 <.001 .636 

temp 64.095 2 32.048 .757 .479 .053 

pH 3729.947 2 1864.974 4.065 <.001 .765 

temp * pH 209.368 4 52.342 1.237 .319 .155 

Error 1142.720 27 42.323    
Total 7144.771 36     
Corrected Total 5146.131 35     
a. R Squared = .778 (Adjusted R Squared = .712) 

 
 

The highest fertilisation success at the sperm to egg ratio of 400:1 was 53.32% for 

eggs fertilised at 25oC and pH 8.1. All eggs fertilised at pH 8.1 had the highest 

fertilisation success ranging from 14.39% to 53.32% (Figure 2.3.1.4). Fertilisation 

success was also higher for eggs fertilised at pH 7.7 across all temperature treatments 

ranging from 0.77% to 7.04% (Figure 2.3.1.4). Fertilisation success for pH 7.5 ranged 

from 0% to 2.07% (Figure 2.3.1.4). Fertilisation success was significantly higher (F= 

30.1, p < 0.001, Table 2.3.1.4) for eggs fertilised at pH 8.1, with no significant difference 

between fertilisation success at pH 7.7 and 7.5. Eggs fertilised at 25oC had significantly 

higher (F= 4.4, p= 0.023, Table 2.3.1.4) fertilisation success than eggs fertilised at 23oC 

and 27oC. 

 



 36 

Figure 2.3.1.4. The average percent of fertilised Arachnoides placenta eggs each 

calculated from 4 replicates (n=100 eggs per replicate) and fitted with standard error bars. 

Eggs were fertilised with a sperm to egg ratio of 400:1. Letters a and b represent 

significant differences in fertilisation success among temperature treatments, and among 

pH treatments. The same letter denotes no significant difference in fertilisation success 

between the given treatments. 

 

The sperm concentration used during fertilisation had a significant effect (F= 
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temperature treatments. Fertilisation success rates were significantly lower for the 

sperm:egg ratios of 4:1 and 40:1 compared to the success rates at 100:1 and 400:1 (Figure 

2.3.1.1 and 2.3.1.2.) There was also a significant interaction between sperm concentration 

and  pH treatment (F= 8.5, p< 0.001, Table 2.3.1.5), where there was no fertilisation 

success at pH 7.7 or 7.5 across all temperatures at sperm:egg ratios of 4:1 and 4:1. There 
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was also a significant interaction between sperm concentration and temperature treatment 

(F=2.7, p= 0.009, Table 1.5.) 

 

Table 2.3.1.4. Two-way ANOVA testing for a significant effect of pH and temperature 

on the fertilisation success of Arachnoides placenta eggs fertilised at a 400:1 sperm:egg 

ratio. Significance < 0.05. Data was arcsine transformed. 

Tests of Between-Subjects Effects 

Dependent Variable:fertilisation 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Partial Eta 

Squared 

Corrected Model 7634.851a 8 954.356 10.821 <.001 .762 

Intercept 8990.473 1 8990.473 101.938 <.001 .791 

temp 767.871 2 383.935 4.353 .023 .244 

pH 5304.395 2 2652.197 30.072 <.001 .690 

temp * pH 1562.586 4 390.646 4.429 .007 .396 

Error 2381.272 27 88.195    
Total 19006.597 36     
Corrected Total 10016.123 35     
a. R Squared = .762 (Adjusted R Squared = .692) 

 
 

 

Table 2.3.1.5. Three-way ANOVA testing significant difference in Fertilisation rate 

among pH, temperature, and sperm concentration treatments of Arachnoides placenta 

eggs. Significance < 0.05. All data arcsine transformed.  
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2.3.2 Embryology 

 

The embryological development of Arachnoides placenta was first examined by 

looking at the amount of abnormal development in each treatment group. The effect of 

pH on normal larval development was examined within each of the three temperature 

groups using a repeated measures ANOVA. The percent of abnormally developed  

 

Figure 2.3.2.1. Percent abnormally developed Arachnoides placenta embryos from 2 to 

24 hours after fertilisation in seawater at 23oC in three pH treatments, 8.1, 7.7, and 7.5. 

Point are the average of 4 replicates each with sample size n=40 larvae scored for normal 

vs. abnormal growth and fitted with standard error bars. The letters a and b represent 

significant differences between the amount of abnormal development seen between the 

given pHs, the same letter represents no significant difference. 
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embryos from the 23oC treatment was significantly lower (F= 20.8, p= 0.002, Table 

2.3.2.1) for the embryos reared in pH 8.1 than in pH 7.7 and 7.5 (Figure 2.3.2.1). The 

percentage of abnormally developed embryos reared at 23oC in pH 8.1 ranged from 

33.9% to 6.7% over the 24-hour period. Abnormal development in the pH 7.7 and 7.5 

treatments ranged from 71.4% to 17.4%. (Figure 2.3.2.1). 

Embryos reared at 25oC did not have any significant difference (F= 0.86, p= 

0.468, Table 2.3.2.1) in abnormal development due to pH treatment. Abnormal 

development 2 hours after fertilisation was 20.5% in pH 8.1, 60.3% in pH 7.7, and 51.1% 

in pH 7.5. At the end of the experiment, 24 hours after fertilisation, abnormal 

development rates were 18.`% in pH 8.1, 14.8% in pH 7.7, and 4.2% in pH 7.5. (Figure 

2.3.2.2). 

 

Table 2.3.2.1. Repeated Measures ANOVA results for the effect of pH on the normal 

development of Arachnoides placenta over 24 hours for temperature treatments 23oC, 

25oC, and 27oC, depicted in Figures 2.3.2.1-2.3.2.3. All Data was arcsine transformed. 

 

 

 

Embryos reared at 27oC did not have any significant difference (F= 2.54, p= 

0.158, Table 2.3.2.1) in abnormal development among pH treatments. Abnormal 

development rates for larvae reared at pH 8.1 ranged from 27% to 7.8% over the 24-hour  
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period. Abnormal development rates for pH 7.7 ranged from 17% to 33.9%, and 

abnormal development rates for pH 7.5 ranged from 19.5% to 65% over 24 hours. 

(Figure 2.3.2.3). 

 

 

Figure 2.3.2.2. Percent abnormally developed Arachnoides placenta embryos from 2 to 

24 hours after fertilisation in seawater at 25oC in three pH treatments, 8.1, 7.7, and 7.5. 

Point are the average of 4 replicates each with sample size n=40 larvae scored for normal 

vs. abnormal growth and fitted with standard error bars. The letters a and b represent 

significant differences between the amount of abnormal development seen between the 

given pHs, the same letter represents no significant difference. 
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Figure 2.3.2.3. Percent abnormally developed Arachnoides placenta embryos from 2 to 

24 hours after fertilisation in seawater at 27oC in three pH treatments, 8.1, 7.7, and 7.5. 

Point are the average of 4 replicates each with sample size n=40 larvae scored for normal 

vs. abnormal growth and fitted with standard error bars. The letters a next to the given 

pHs represents no significant difference between the amount of abnormal development 

observed. 

 

Differences among rates of abnormal development due to either temperature or 

pH were examined within each sample time point using a two-way ANOVA. Two hours 

after fertilisation pH displayed a significant effect (F= 14.6, p= 0.00) on the rate of 
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the rate of abnormal development while pH did not (F= 1.57, p= 0.235, Table 2.3.2.5). 

Ten hours after fertilisation pH displayed a significant effect (F= 18.7, p= 0.000) on the 

rate of abnormal development while temperature did not (F= 3.23, p= 0.063, Table 

2.3.2.6). Finally 24 hours after fertilisation there was no significant difference between 

abnormal development rates of the embryos due to either pH (F= 1.65, p= 0.22) or 

temperature (F= 0.15, p= 0.865, Table 2.3.2.7). 

 

 
 

Table 2.3.2.4. Two way ANOVA testing for the significant effect of pH and temperature 

on the abnormal growth of Arachnoides placenta embryos 2 hours after fertilisation. 

Significance < 0.01. Data were arcsine transformed.  
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Table 2.3.2.5. Two way ANOVA testing for the significant effect of pH and temperature 

on the abnormal growth of Arachnoides placenta embryos 6 hours after fertilisation. 

Significance < 0.01. Data were arcsine transformed. 

Tests of Between-Subjects Effects 

Dependent Variable:Abnormal 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Partial Eta 

Squared 

Corrected Model 2871.696a 8 358.962 3.571 .012 .613 

Intercept 22683.549 1 22683.549 225.684 .000 .926 

Temp 2216.020 2 1108.010 11.024 .001 .551 

pH 316.123 2 158.062 1.573 .235 .149 

Temp * pH 339.553 4 84.888 .845 .515 .158 

Error 1809.184 18 100.510    
Total 27364.429 27     
Corrected Total 4680.881 26     
a. R Squared = .613 (Adjusted R Squared = .442) 

 
 
 
Table 2.3.2.6. Two way ANOVA testing for the significant effect of pH and temperature 

on the abnormal growth of Arachnoides placenta embryos 10 hours after fertilisation. 

Significance < 0.01. Data were arcsine transformed. 
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Table 2.3.2.7. Two way ANOVA testing for the significant effect of pH and temperature 

on the abnormal growth of Arachnoides placenta embryos 24 hours after fertilisation. 

Significance < 0.01. Data were arcsine transformed. 

Tests of Between-Subjects Effects 

Dependent Variable:Abnormal 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Partial Eta 

Squared 

Corrected Model 1079.786a 8 134.973 1.106 .404 .330 

Intercept 9971.676 1 9971.676 81.720 .000 .819 

Temp 35.544 2 17.772 .146 .865 .016 

pH 402.236 2 201.118 1.648 .220 .155 

Temp * pH 642.005 4 160.501 1.315 .302 .226 

Error 2196.395 18 122.022    
Total 13247.857 27     
Corrected Total 3276.181 26     
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Embryological Morphometrics 

Embryological morphometrics were also examined over the 24-hour embryology 

experiment. Total larval length versus total larval width were both measured between 2 

and 24 hours to examine the effect of temperature within each pH treatment on 

embryological shape (Figure 2.3.2.4 – 2.3.2.6). A separate set of plots were used to  

 

Figure 2.3.2.4. Total larval length verse total larval width measured from all samples of 

Arachnoides placenta for each temperature reared in pH 8.1 at 2, 6, 10, and 24 hours and 

fitted with linear regression lines. Regression line equations: 23oC y=0.79x+16.2, 25oC 

y=0.85x+6.4, and 27oC y=0.69x+25.6. ANCOVA results are represented as letters a and 

b, and denote a significant difference between regression lines for the given temperatures, 

the same letters on two temperatures represent no significant difference. 
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examine the effect of pH within each temperature treatment (Figure 2.3.2.7 – 2.3.2.9). 

For embryos reared at pH 8.1 the relationship represented by the fitted regression lines, 

between larval length and width was significantly different (F= 3.19, p= 0.042) form 

those reared at 27oC compared to 23oC and 25oC (Figure 2.3.2.4). 

 

Figure 2.3.2.5. Total larval length verse total larval width measured from all samples of 

Arachnoides placenta for each temperature reared in pH 7.7 at 2, 6, 10, and 24 hours and 

fitted with linear regression lines. Regression line equations: 23oC y=0.71x+31.7, 25oC 

y=0.82x+6.9, and 27oC y=0.24x+96.5. ANCOVA results are represented as letters a and 

b, and denote a significant difference between regression lines for the given temperatures, 

the same letters on two temperatures represent no significant difference. 
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Embryos reared at 23oC and 25oC had a wider range of sizes while all the larvae reared at 

27oC were smaller in length and width (Figure 2.3.2.4). The same result is seen for 

embryos reared at pH 7.7 (Figure 2.3.2.5) and pH 7.5 (Figure 2.3.2.6). Embryos reared at 

pH 7.7 and a temperature of 27oC were significantly different in shape (F= 12, p= 4.4E-

06) from those reared at 23oC and 25oC (Figure 2.3.2.5). The embryos reared at 27oC in 

pH 7.7 again had a smaller range of sizes  

 

Figure 2.3.2.6. Total larval length verse total larval width measured from all samples of 

Arachnoides placenta for each temperature reared in pH 7.5 at 2, 6, 10, and 24 hours and 

fitted with linear regression lines. Regression line equations: 23oC y=0.7x+27.8, 25oC 

y=0.83x+8.5, and 27oC y=0.4x+71.6. ANCOVA results are represented as letters a and b, 

and denote a significant difference between regression lines for the given temperatures, 

the same letters on two temperatures represent no significant difference. 
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than those reared at the lower temperatures (Figure 2.3.2.5). Figure 2.3.2.6 shows a 

significant difference (F= 3.6, p= 0.029) in the morphometric relationship between larval 

length and width for embryos reared at 27oC and both 23oC and 25oC. As seen in the two 

previous pH treatments the larvae reared at 27oC had a smaller range of larval length and 

width over the 24 hour period (Figure 2.3.2.6).  

Figure 2.3.2.7 displays the relationship between larval length and width for all 

embryos reared at 23oC. Here there is no significant difference (F=1.16, p= 0.31) between  

 

Figure 2.3.2.7. Total larval length verse total larval width measured from all samples of 

Arachnoides placenta for each pH reared in 23oC at 2, 6, 10, and 24 hours and fitted with 

linear regression lines. Regression line equations: 8.1 y=0.79x+16.2, 7.7 y=0.71x+31.7, 

and 7.5 y=0.7x+27.7. ANCOVA results are represented as letter a, representing no 

significant difference between regression lines for the given pHs. 
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the larval shape between any of the pH treatments (Figure 2.3.2.7). Embryos reared at 

25oC displayed the same result. There was so significant difference (F= 0.5, p=0.61) in 

the relationship between larval length and width among any of the pH treatments (Figure 

2.3.2.8). For Embryos reared at 27oC there was a significant difference (F= 7.7, p= 

0.0006) between the relationship of larval length and width for all three pH treatments 

(Figure 2.3.2.9).  

 

Figure 2.3.2.8.Total larval length verse total larval width measured from all samples of 

Arachnoides placenta for each pH reared in 25oC at 2, 6, 10, and 24 hours and fitted with 

linear regression lines. Regression line equations: 8.1 y=0.85x+6.4, 7.7 y=0.82x+6.9, and 

7.5 y=0.83x+8.5. ANCOVA results are represented as letter a, representing no significant 

difference between regression lines for the given pHs. 
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Figure 2.3.2.9. Total larval length verse total larval width measured from all samples of 

Arachnoides placenta for each pH reared in 27oC at 2, 6, 10, and 24 hours and fitted with 

linear regression lines. 8.1 y=0.69x+25.6, 7.7 y=0.24x+96.5, and 7.5 y=0.40x+71.6. 

ANCOVA results are represented as letters a, b, and c and denote a significant difference 

between regression lines for the given pHs, the same letters on two pHs represent no 

significant difference. 
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2.3.3 Larval Morphometrics 

Larval Morphometrics were examined over the 96-hour experiment. Total larval 

length and width were both measured and plotted to examine the effect of temperature 

among each pH treatment on larval shape (Figure 2.3.3.1 – 2.3.3.3). A separate set of 

plots were used to examine the effect of pH within each temperature treatment (Figure  

 

Figure 2.3.3.1. Total larval length verse total larval width measured from all samples of 

Arachnoides placenta for each pH reared in 23oC at 24, 48, 72, and 96 hours and fitted 

with linear regression lines. ANCOVA results are represented as letters a and b, and 

denote a significant difference between regression lines for the given pHs, the same 

letters on two pHs represent no significant difference. Regression line equations: 8.1 

y=0.58x+96.9, 7.7 y=0.57x+83.3, and 7.5 y=0.67x+57.5. 
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2.3.3.4 – 2.3.3.6). For larvae reared at 23oC the relationship represented by the fitted 

regression lines, between larval length and width, was significantly different (F= 3.15, p= 

0.044) for those reared at pH 7.5 compared to those reared at pH 7.7 and 8.1 (Figure 

2.3.3.1). Larvae reared at 23oC in pH 7.5 were narrower compared to the smaller larvae  

 

Figure 2.3.3.2. Total larval length verse total larval width measured from all samples of 

Arachnoides placenta for each pH reared in 25oC at 24, 48, 72, and 96 hours and fitted 

with linear regression lines. ANCOVA results are represented as letters a, b, and c, and 

denote a significant difference between regression lines for the given pHs, the same 

letters on two pHs represent no significant difference.  Regression line equations: 8.1 

y=0.57x+94.3, 7.7 y=0.73x+49.1, and 7.5 y=1.1x+30.1.  
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reared at the other two pHs, and wider compared to the larger larvae reared at the other 

two pHs (Figure 2.3.3.1).The larvae reared at 25oC the larval shape, represented by the 

relationship between larval length and width, was significantly different (F= 13, p= 3.6E-

06) for all three pH treatments (Figure 2.3.3.2). Larvae reared at pH 7.5 were most 

smaller than larvae reared at pH 7.7 and 7.8 (Figure 2.3.3.2). For larvae reared at 27oC  

 

Figure 2.3.3.3. Total larval length verse total larval width measured from all samples of 

Arachnoides placenta for each pH reared in 27oC at 24, 48, 72, and 96 hours and fitted 

with linear regression lines. ANCOVA results are represented as letters a and b, and 

denote a significant difference between regression lines for the given pHs, the same 

letters on two pHs represent no significant difference. Regression line equations: 8.1 

y=0.27x+184.6, 7.7 y=0.47x+108.2, and 7.5 0.55x+96.8.  
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there was a significant difference (F= 5.14, p= 0.006) in larval shape between larvae 

reared at pH 8.1 and both pH 7.7 and 7.5 (Figure 2.3.3.3). Larvae reared at pH 7.7 and 

7.5 were mainly smaller in both length and width than larvae reared at pH 8.1 (Figure 

2.3.3.3). 

Figure 2.3.3.4 displays larvae reared at pH 8.1 in all three temperatures. Here the  

 

Figure 2.3.3.4. Total larval length verse total larval width measured from all samples of 

Arachnoides placenta for each temperature reared in pH 8.1 at 24, 48, 72, and 96 hours 

and fitted with linear regression lines. ANCOVA results are represented as letters a and b, 

and denote a significant difference between regression lines for the given temperatures, 

the same letters on two temperatures represent no significant difference. Regression line 

equations: 23oC y=0.58x+68.9, 25oC y=0.59x+91.1, and 27oC y=0.27x+184.6. 
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shape of the larvae was significantly different (F= 7.7, p= 0.0005) between those reared 

at 27oC and both 25oC and 23oC. Most larvae reared at 27oC had a mid-range length and  

width, and were not as wide overall compared to the larvae reared at the other two 

temperatures (Figure 2.3.3.4). For the larvae reared at pH 7.7 those also reared at 27oC 

were again significantly different (F= 4.7, p= 0.009) in shape compared to those reared in  

  

 

Figure 2.3.3.5. Total larval length verse total larval width measured from all samples of 

Arachnoides placenta for each temperature reared in pH 7.7 at 24, 48, 72, and 96 hours 

and fitted with linear regression lines. ANCOVA results are represented as letters a and b, 

and denote a significant difference between regression lines for the given temperatures, 

the same letters on two temperatures represent no significant difference. Regression line 

equations: 23oC y=0.57x+83.3, 25oC y=0.73x+49.1, and 27oC y=0.4x+136. 
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23oC and 25oC Figure 2.3.3.5). Larvae reared at 27oC were not as wide as those reared at 

the two lower temperatures. For larvae reared at pH 7.5 there was a significant difference 

(F= 9.3, p= 0.0001) in larval shape among all three temperature treatments (Figure 

2.3.3.6). Most of the difference in shape was seen in the larger, more developed larvae. 

Larvae reared at 23oC and 27oC were not as wide as those reared at 25oC. 

 

Figure 2.3.3.6. Total larval length verse total larval width measured from all samples of 

Arachnoides placenta for each temperature reared in pH 7.5 at 24, 48, 72, and 96 hours 

and fitted with linear regression lines. ANCOVA results are represented as letters a, b, 

and c, and denote a significant difference between regression lines for the given 

temperatures, the same letters on two temperatures represent no significant difference. 

Regression line equations: 23oC y=1.1x+30.1, 25oC y=0.67x+57.5, and 27oC 

y=0.55x+96.8 
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2.3.4 Survival 

 

The survival of Arachnoides placenta larvae was measured over 96 hours in nine 

combined temperature and pH treatments. There was no significant difference (F= 0.41, 

p= 0.66) in survival among pH treatments overall, but there was a significant difference 

(F= 5.3, p= 0.007) in survival due to temperature treatments. For larvae reared at pH 8.1 

there was no significant difference among temperature treatments (F= 0.98, p= 0.427,  

 

Figure 2.3.4.1. Percentage of initial concentration of Arachnoides placenta larvae reared 

at pH 8.1 sampled at 24, 48, 72, and 96 hours from fertilisation.  Each point is percent of 

the initial concentration of larvae per ml calculated from 4 replicates (n=5 counts per 

replicate) in proportion to the original concentration of 10 larvae ml-1, and fitted with 

standard error bars. The letter a denotes no significant difference in survival between the 

given temperatures. 
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Table 2.3.4.1. Repeated Measures ANOVA results for the effect of temperature on the 

survival of Arachnoides placenta over 96 hours for pH treatments 8.1, 7.7, and 7.5, 

depicted in Figures 2.3.4.1-2.3.4.3. All Data was arcsine transformed. 

 

 

Table 2.3.4.1) as seen in Figure 4.1. Survival at 27oC ranged from 69% to 32% over the 

96 hours, and survival at 23oC ranged from 66% to 63% (Figure 2.3.4.1). For larvae 

reared at pH 7.7 there was again no significant difference (F= 0.41, p= 0.681, Table 

2.3.4.1) in survival among the temperature treatments, as seen in Figure 2.3.4.2. Survival 

at 23oC ranged from 79% to 58% over the 96 hours, and survival for 25oC and 27oC 

ranged from 93% to 36%. For larvae reared at pH 7.5 there was a significant difference 

(F= 7.02, p= 0.027) in survival among temperature treatments. Survival was significantly 

higher for larvae reared at 23oC compared to both 25oC and 27oC (Figure 2.3.4.3). 

Survival for larvae at 23oC ranged from 79% to 57% while survival for the two higher 

temperatures ranged from 89% to 34% over the 96 hour experiment (Figure 2.3.4.3). 
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Figure 2.3.4.2. Percentage of initial concentration of Arachnoides placenta larvae reared 

at pH 7.7 sampled at 24, 48, 72, and 96 hours from fertilisation.  Each point is percent of 

the initial concentration of larvae per ml calculated from 4 replicates (n=5 counts per 

replicate) in proportion to the original concentration of 10 larvae ml-1, and fitted with 

standard error bars. The letter a denotes no significant difference in survival between the 

given temperatures. 
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Figure 2.3.4.3. Percentage of initial concentration of Arachnoides placenta larvae reared 

at pH 7.5 sampled at 24, 48, 72, and 96 hours from fertilisation.  Each point is percent of 

the initial concentration of larvae per ml calculated from 4 replicates (n=5 counts per 

replicate) in proportion to the original concentration of 10 larvae ml-1, and fitted with 

standard error bars. The letters a, and b denote significant differences in survival between 

the given temperatures, the same letters represent no significant difference. 
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2.4 Discussion and Key Findings  

2.4.1. Fertilisation 

  

Several factors influenced the fertilisation success of A. placenta. Fertilisation 

success was significantly related to sperm concentration, and there was also an 

interaction between sperm concentration and pH, as well as a significant interaction 

between sperm concentration and temperature treatment. The pH treatment altered 

fertilisation success rates at all temperatures and concentrations, with reduced fertilisation 

success at the lower seawater pHs. Temperature only produced a significant effect on 

fertilisation success at the highest and lowest sperm concentrations.  

In this study decrease fertilisation success was seen at reduced pH when low 

sperm concentrations were used for A. placenta. Decreased fertilisation success was 

previously seen for A. placenta when reduced pH was combined with lower sperm 

concentration (Gonzalez-Bernat et al. 2012). Decreased pH has been observed to effect 

the percentage of motile echinoid sperm, seen for example in a drop of 20% in 

Acanthaster planci (Uthicke et al. 2013), because sperm require elevated pH to be 

activated, and this activation generally comes from the pH of the surrounding seawater 

(Reuter et al. 2011, Uthicke et al. 2013). Reduced sperm swimming motility associated 

with reduced pH has also been seen in the tubeworm Galeolaria caespitosa (Schlegel et 

al. 2014) and sea urchin Heliocidaris erythrogramma (Havenhand et al. 2008). Lowered 

sperm concentration may produce poorer fertilisation success, compared to higher sperm 

concentrations, because the number of motile sperm will be greatly reduced at lower 

concentrations when only a percentage of the sperm are activated at reduced pH. Even 
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though only a percentage of the sperm present at low pH, and high sperm concentration, 

will also be active, there would still be a greater number of active sperm present, which 

would likely increase fertilisation success with the use of higher sperm concentrations 

(Uthicke et al. 2013). 

In a review examining 23 studies involving fertilisation at reduced seawater pH 

results have proved ambiguous, with findings in contrast with one another (Byrne 2012). 

Previously, negative effects of decreased pH on fertilisation success have not been seen at 

pH 7.7 and pH 7.5. Most species studied have been robust to decreased pH associated 

with climate change over the next century (Byrne 2011). For A. placenta, pH had an 

effect across all sperm concentrations. Ericson et al. (2010) found that fertilisation 

success was negatively impacted by reduced pH only at the lowest sperm concentrations 

used, and at a pH lower than 7.3. These results suggest that near future changes in pH 

will negatively impact A. placenta’s fertilisation success.  

In previous studies 16 species of echinoderms have shown robustness to increased 

temperature in regards to fertilisation success (Byrne 2011). As seawater temperature 

increases its viscosity decreases, which may lead to higher fertilisation success through 

stimulated sperm metabolism and increased swimming speed (Kupriyanova and 

Havenhand 2005). Here, for A. placenta, temperature was observed to effect fertilisation 

success at the highest and lowest sperm concentrations used.  
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2.4.2 Embryological Development 

 

The percent abnormal development of A. placenta embryos was not significantly 

effected by temperature, and pH did not impact development for embryos reared at 25oC 

and 27oC. At 23oC, embryos reared at pH 7.7 and 7.5 had higher rates of abnormality 

than those reared at pH 8.1. Previous observations show the development of A. placenta 

to be sensitive to pH though varied temperature was not considered (Gonzalez-Bernat et 

al. 2012). At a pH of 7.65 embryo size was reduced and at pH 7.12 embryos exhibited 

abnormal and arrested development (Gonzalez-Bernat et al. 2012).  

The interactive effect of increased sea temperature and reduced pH on 

embryology is poorly understood, as impacts associated with the single stressors often 

counter one another (Byrne 2011). The effect of higher temperatures on development is a 

balance between the increase in temperature facilitating growth, and the organism’s upper 

thermal limit of successful development (Byrne 2011). In this case it appears that A. 

placenta reared at 27oC is not so close to it’s upper thermal limit of development for 

temperature to have a negative effect on normal embryological development. This agrees 

with the findings of Hardy et al. (2013) where the thermal window of development for 

this species has been reported to lie between 17oC and 31oC. Therefore over the next 

century the normal embryological development of A. placenta is not likely to be effected, 

with predicted sea surface temperature rises in the Australian region of 1.5oC to 3oC 

(Lough et al. 2012). Increased temperature combine with reduced pH did not produce 

negative effects for A. placenta. 
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2.4.3 Embryological and Larval Morphometrics 

 

In terms of morphometrics, A. placenta embryos reared at 27oC had significantly 

different shapes, and were smaller than embryos reared at 23oC and 25oC. Within the 

temperature treatment of 27oC pH had a significant effect on embryonic shape as well. 

However, there was no significant effect of pH on embryonic shape at the lower 

temperature treatments, 23oC and 25oC. 

The pH only effected the embryonic morphology of A. placenta at 27oC, which 

suggests that as temperatures rise pH may have more of an impact. As predictions for 

future ocean conditions incorporate higher temperatures and reduced pH, this interaction 

could mean A. placenta may experience negatively impacted development in the coming 

century. The increased temperature of 27oC falls within the predicted increase in sea 

surface temperature (between 1.5oC and 3oC) to occur by the year 2070 in the Australian 

region (Lough et al. 2012). Smaller larvae may be the result of delayed development 

rather than altered morphology (Dupont et al. 2010), a result observed for A. placenta by 

Gonzalez-Bernat et al. (2013). This delayed development may extended the time larvae 

spend in the planktonic state, which may increase vulnerability to predation, or lead to 

reduced survival and recruitment (Byrne et al. 2013). 

Larvae reared to the plutues stage at 27oC had significantly different shapes than 

those reared at 23oC and 25oC. There was an interactive effect between temperature and 

pH, with larvae reared at pH 8.1 at 27oC having significantly different shape than those 

reared at pH 7.7 and 7.5. Here, reduced pH also effected larval shape across all 

temperature treatments. The later development of more complex body shapes in A. 
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placenta has also been observed to be directly and indirectly effected by temperature by 

Chen and Chen (1992). Developmental differences associated with reduced pH may be 

the result of redistribution of energy use within the larvae. For example, Stumpp et al.  

(2011) found that larvae reared at reduced pH spent 35% to 38% less energy on growth 

than larvae reared at ambient pH. Previously, when A. placenta was exposed to reduced 

pH without increased temperature, larval morphology was significantly different for only 

the larval gut of larvae reared at a pH of 7.65 compared to 7.79 and 8.14 (Gonzalez-

Bernat et al.  2013). The combination of acidification and warming have also been 

observed to have negative effects on Sterechinus neumayeri normal development and 

larval shape (Byrne et al. 2013b) as well as Patiriella regularis larval development 

(Byrne et al. 2013a). 

Given the negative interactive impact of decreased pH and increased temperature, 

also observed for larval shape, A. placenta may be significantly effected over the next 

century. Both the increased temperature and decreased pH tested here fall within the 

predictions for the next century, with pH predicted to drop to values between 7.96 and 

7.75 (IPCC 2013). Therefore we might expect the larval shape of A. placenta to change in 

the near future.  
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2.4.4 Survival 

  

There was no significant difference in survival among the three temperature 

treatments at pH 8.1 or 7.7. However, survival was significantly lower for larvae reared at 

25oC and 27oC compared to 23oC, within the pH 7.5 treatment. Although survival was 

lower at 25oC and 27oC when combined with the pH of 7.5, survival was no lower at 

27oC than it was at the current sea surface temperature of 25oC. This suggests that larval 

survival may be robust to a 2oC increase in temperature and reduced pH. 

However, compared to current sea surface temperatures the survival of A. 

placenta may not be negatively effected by warming and ocean acidification. The 

survival of A. placenta was previously examined by Gonzalez-Bernat et al. (2012), who 

found that survival was robust to moderate pH reductions to 7.79, and significant 

reduction in survival observed at a pH of 7.65, and a pH of 7.12 showed toxic effects to 

development. The robustness observed to moderate reduction in pH has also been 

observed in other echinoderm species (Dupont et al. 2010, Byrne 2011) and the seastar 

Odontaster validus (Gonzalez-Bernat et al. 2013b). 
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Chapter 3                                                           Fellaster zelandiae 
 

 

3.1 Introduction 

 

3.1.2 Sea Surface Temperature in New Zealand 

 

The National Institute of Water and Atmosphere (NIWA) has outlined future 

climate change scenarios for the New Zealand region. The predictions were made using 

downscaling of the models used by the IPCC in their 2007 Assessment Report. It is 

predicted that by the year 2040 sea surface temperature around New Zealand will 

increase by an average of 0.9oC, and by the year 2090 it will have increased by an 

average of 2.1oC. These changes in temperature will occur close to the coast, and will be 

impacted by changing winds, upwelling, and ocean currents (Ministry for the 

Environment, 2008). 

 
 

 

3.1.3 Fellaster zelandiae 

  

Fellaster zelandiae (Family: Clypeasteridae) can be found on the shores of both 

the North (Nipper et al. 1998, Grange et al. 1979) and South Islands of New Zealand. F. 

zelandiae is a benthic sand dollar that can be found through the subtidal zone 

(Bunckenburg 2002), and is commonly found in the fine sand that occurs within the 
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entrance to sheltered harbours (Hall and Golding 1998). This species spawns over 

summer and into the beginning of autumn, between December and March, to produce 

planktonic larvae that spend several weeks in the plankton before settling into juveniles, 

(Bunckenburg 2002). F. zelandiae has been repeatedly used in toxicology tests, as it is 

cited as a reliable and abundant species throughout New Zealand (Nipper et al. 1997, 

Hall and Golding 1998). 

F. zelandiae has not been research as extensively as A. placenta, however the two 

species are closely related. There is no published work on F. zelandiae’s response to 

increased temperature or reduced pH, and the thermal widow of successful development 

for F. zelandiae has not been determined. To examine its thermal biology of the larvae, 

and how the developmental stages may respond to climate change all of these points need 

to be addressed.  

 

3.1.4 Chapter Aims 

 

This chapter contains the experimental work on Fellaster zelandiae. The aim is to 

determine the response of Fellaster zelandiae to reduced pH and increased temperature in 

regards to fertilisation, embryological and larval development and morphometrics, and 

larval survival, as well as to determine the thermal window of successful fertilisation and 

development for this species. First the methods used in each of the five experiments will 

be outlined in Section 3.2, followed by the results in section 3.3. The results will then be 

discussed in Section 3.4. 
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3.2 Methods 

3.2.1 Collection and Spawning 

 

 Fellaster zelandiae individuals were collected approximately 500 meters off the 

coast of Timaru, New Zealand on the 13th of February 2013 and the 11th of December 

2014. A trawl, 70cm wide, 70 cm deep, and 25 cm tall, with a 5 cm mesh, was deployed 

from a small vessel to drag along the surface of the sandy bottom. The trawl was 

manually raised and Fellaster zelandiae was transferred into cooler bins with fresh 

seawater. The individuals were then transferred to Portobello Marine Laboratory in 

Dunedin, New Zealand where they were stored in open flow through tanks at the ambient 

seawater temperature of 17.5oC. 

 Fellaster zelandiae individuals were induced to spawn through an intercoelomic 

injection of 0.5 M KCl through the mouth. Following the injection individuals were 

placed upside down on top of 250ml beakers filled with filtered seawater (filtered 

through a 0.22µm mesh) at ambient temperature. Released gametes were accumulated on 

the bottom of the beakers, male and female gametes could be identified by the naked eye. 

From the time of injection, individuals would commence spawning within 10 minutes 

and were left to continue spawning for approximately 20 to 30 minutes or until the 

release of gametes slowed considerably or ceased. Separate individuals were spawned for 

each experiment, all of which took place between 18 February and 22 March 2013, 

except for the temperature block experiments, which took place in mid-December 2013. 

For each experiment the gametes of at least 2 males and 2 females were used.  
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 Once spawning was complete the eggs from all females were cleaned by serial 

washes with filtered seawater and combined in a 500 ml beaker. Fellaster zelandiae 

secretes a mucous when injected with KCL, and care was taken to remove any from the 

egg batches. Sperm from the males was collected with a glass pipette, careful to avoid 

any mucous, and combined in freshly filtered seawater. All gametes were kept at ambient 

sea temperature until being introduced to experimental treatments for fertilisation. 

 

 

3.2.2 Adjustment of Seawater pH 

  

 The pH treatments used for Fellaster zelandiae experiments were an ambient 

seawater pH of 8.1, and treated seawater at 7.8, and 7.6 pH units. The adjusted pH 

treatments were selected to cover the range of predicted seawater pH for the year 2100 as 

established by the Intergovernmental Panel on Climate Change (IPCC 2013). Ambient 

seawater flowing into the Portobello Marine Laboratory was treated in two separate tanks 

by the direct bubbling of CO2 gas. The tanks were fitted with pH monitors that controlled 

CO2 canisters to release CO2 and constantly maintain the seawater at the desired pH. 

Controlled CO2 bubbling altered the chemistry of the seawater and reduced the pH to 7.8 

± 0.05 and 7.6 ± 0.05 pH units, the carbonate chemistry details can be seen in Table 

3.2.2.1. All water used in the experiments was taken from the tanks and filtered with a 

0.2µm filter before being sealed in the appropriate test container. 
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Table 3.2.2.1. Temperature (°C), salinity (PSU), pH(NBS), total alkalinity (µmol kg soln-1), 

partial pressure of CO2 (pCO2), CaCO3 saturation value omega for calcite (ΩC) and 

CaCO3 saturation value omega for aragonite (ΩA) for pH treatments 7.8, 8.1, and 7.6 at 

20oC and 16oC. Samples taken at 18oC were unusable. 

 

 

3.2.3 Adjustment of Seawater Temperature 

 

 Three temperatures were used in the experiments. An ambient sea temperature of 

18oC was used as it was the temperature measured at the collection site taken during the 

spawning season. Temperature was maintained throughout the experiments through a 

series of water baths. The ambient temperature was controlled by placing all sealed test 

containers in a flow through water bath that was fed seawater from outside the Portobello 

Marine Lab. The altered temperatures of 16oC and 20oC were maintained through 

electronically temperature controlled water baths. All temperatures were also manually 
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checked with a hand held thermometer through the duration of the experiments, and were 

maintained at the correct temperature ± 0.5. 

  

3.2.4 Fertilisation 

 

 Fertilisation experiments were carried out in nine treatments combining pH 7.6, 

7.8, and 8.1, and temperatures 16oC, 18oC, and 20oC. Within each treatment four sperm 

concentrations were tested including sperm to egg ratios of 4:1, 40:1, 100:1, and 400:1 

which correspond to concentrations of sperm used in sea urchin fertilisation experiments 

(Levitan et al. 1991). Every sperm concentration tested had four replicates in each 

treatment. All fertilisations took place in the 4 ml wells of 12 well tissue culture dishes 

(TCD). Each individual 12 well TCD held treatments fertilised with a single sperm 

concentration in the three different pH treatments.  

 Eggs were collected from three different females and combined into an initial 

stock from which ten, 20µl samples were taken to determine the egg concentration. Once 

the initial concentration of eggs was determined they were divided and transferred into 

the three pH treatments for conditioning. 20ml of the stock solution was added to 386 ml 

of each filtered pH treated seawater yielding 406 ml of egg solution with 350 eggs per ml 

in each pH. The eggs were then conditioned for 1 hour in 9 separate 50ml falcon tubes, 

placing 1 tube of each pH treatment in each temperature bath. After conditioning in the 

correct temperature and pH treatment 4ml of the conditioned eggs were transferred into 

each well of the wells in the tissue culture dishes. The TCDs were covered to prevent 
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CO2 from reentering the air and floated in the water baths to maintain the correct 

temperature for the remainder of the experiment. 

 While the eggs were conditioning the sperm from the 3 males was collected using 

a glass pipette and combined in ambient filtered seawater. Under 20 times magnification 

sperm samples were counted using a hemocytometer in five 0.25mm squares 

corresponding to the set volume of 0.00625µl. The five sperm counts were averaged and 

concentration calculated at 137 sperm per 0.00625µl or 21,920,000 sperm per ml. Since 

the number of eggs in each well was known, and the concentration of sperm in the initial 

solution was known, different sperm to egg ratios for fertilisation were achieved by 

adding different volumes of the initial sperm solution to the wells. For the sperm to egg 

ratio 4:1 0.29µl of sperm were added to the 4ml TCD well of eggs, for 40:1 2.9µl, for 

100:1 7.3µl, and for 400:1 29µl of sperm solution were added. 

 Two hours after fertilisation a sample from three of the ambient replicates, 18oC 

pH 8.1, fertilised with 400 sperm per egg was checked for fertilisation success. 

Fertilisation success was determined by the presence of the fertilisation envelope, clearly 

visible under 4 times magnification. The TCDs were removed from the water baths and 

each well fixed with 500µl of 5% formalin. The fixed eggs were then examined through 

an inverted microscope at 4 times magnification. From each well 100 eggs were counted 

and scored for fertilisation success. 

 Statistical analysis was done within each sperm concentration. A two-way 

ANOVA, and a Tukey’s post hoc test were conducted so any significant difference in 

fertilisation success due to temperature or pH treatment could be seen. A three-way 

ANOVA was also conducted on the entire data set to reveal any significant difference in 
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fertilisation due to sperm concentration, and to reveal any interactions between sperm 

concentration and pH or Temperature. Fertilisation success data, displayed as percent 

successful fertilisation, was arcsine transformed before analysis to fulfill the assumption 

of normally distributed data. 

 

3.2.5 Embryological Development 

 

 Embryological development was examined over a 46-hour period in treatments 

combing the temperatures 16oC, 18oC, and 20oC, and the pHs 7.6, 7.8, and 8.1. Before 

spawning treated seawater of all 3 pHs were collected and sealed in nine 500ml jars and 

brought to the correct experimental temperature by placing a jar of each pH in each 

temperature controlled water bath. Several individuals were then spawned resulting in 

gametes from four females and three males. The eggs from the four females were 

combined in a 500 ml beaker, from which ten 20 µl samples were counted to determine 

the initial egg concentration. There was an average of 330 eggs per 20 µl resulting in 

6600 eggs per ml. Once the initial concentration was determined the eggs were 

transferred into the conditioned treatment seawater in 27 airtight falcon tubes giving three 

replicates per treatment. To achieve an egg concentration of 10 eggs per ml in each falcon 

tube 1.5 µl of the original egg solution was added to each vial of treatment seawater. The 

eggs were left to condition in the treatment seawater for 30 minutes at the appropriate 

experimental temperature prior to fertilisation. 

 The sperm from three males was combined in ambient filtered seawater before 

being added to the conditioned eggs. One hour after fertilisation samples from each 
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temperature were taken to confirm fertilisation success. Five sample times were taken 

over a 46-hour period to cover the range of  early developmental stages of Fellaster 

zelandiae (Bunckenburg 2002). Samples were taken 4.5 hours after fertilisation to 

capture the morula stage, 19 hours for the hatched blastula stage, 24 for the gastrula 

stage, 29 hours for the 2-armed pluteus, and 46 hours for the early 4-armed pluteus stage. 

The times for each development stage used were as demonstrated by Bunckenburg 

(2002). Samples were taken from each falcon tube using a glass pipette, after they had 

been inverted to mix swimming and non-swimming embryos. Samples were transferred 

to 1.5ml epindorf tubes and fixed with 5% formalin. At any given sample time all 

samples were taken within 20 minutes and fixed within a further 10 minutes. 

 Ten embryos from each fixed sample were then photographed under 10 times 

magnification. As the photographs were being taken the embryos were scored for 

developmental stage and abnormal growth. The photographs were then used to make a 

series of morphometric measurements using Image J software version 1.46r. The exact 

measurements made varied depending on the developmental stage of the embryo. The 

morula were measured for total width and total length, the blastula and early gastrula 

were measured for total width, total length, the wall width, and greatest wall width, the 2-

armed pluteus were measured for total width, total length, gut width, gut length, and arm 

length, and 4-armed pluteus were measured for total width, total length, gut width, gut 

length, postoral arm, posterodorsal arm as seen in Figure 3.2.5.1. 
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 A. B. 

C.  D. 

E. 

Figure 3.2.5.1. Morphometric measurement made on the five developmental stages of Fellaster 

zelandiae observed over 46 hours are: A. morula:  TL= total larval length, TW= total larval 

width, B. Blastula: TL, TW, WW= wall width, GWW= greatest wall width, C. Early Gastrula: TL 

TW, WW, GWW, D. 2-armed pluteus: TL, TW, GL= gut length, GW= gut width, AL= arm 

length, and E. 4-armed pluteus: TL, TW, GL, GW, POA= postoral arm, PDA= posterodorsal arm. 

All photographs were taken of larvae reared at 18oC, and pH 8.1. 
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 Statistical analysis was done on the percent of abnormally developed larvae 

observed over the experiment. Data was first arcsine transformed to fulfill the assumption 

of normal distribution. The data was analyzed within each temperature treatment. A 

repeated measures ANOVA and Tukey’s post hoc test were conducted to reveal any 

significant differences in the amount of abnormal development due to pH treatment. A 

two-way ANOVA was also conducted on the amount of abnormal development at each 

sample time point. 

 Analysis was also done on larval shape. The total larval length and width of all 

larvae were grouped first by temperature treatment to examine any difference in larval 

shape due to pH treatment, and then grouped by pH treatment to examine any difference 

due to temperature treatment. An ANCOVA was conducted to test for any significant 

difference between the regression lines representing the relationship between larval 

length and width. 

 

 

3.2.6 Survival 

 

 The survival of developing Fellaster zelandiae embryos was examined over a 4-

day period. Two males and 4 females were spawned, and the eggs of the females 

combined into an initial solution of 6000 eggs per ml. The eggs were then transferred into 

27, 50 ml falcon tubes at a concentration of 10 eggs per ml. 40µl of the initial egg 

solution was added to the 50ml of filtered ambient, pH 8.1, or pH, 7.6 and 7.8, seawater. 

Nine tubes, 3 of each treatment, were then placed in each water bath set to a temperature 
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of 16oC, 18oC, or 20oC, and left to condition for 30 minutes. After conditioning the eggs 

were fertilised and left in the water baths for 1 hour and then checked for fertilisation 

success.  

Every 24 hours, for four days five 1 ml samples were taken from each falcon tube 

after it had been inverted twice for consistent mixing. Each sample was immediately 

examined under a dissecting microscope and scored for normal or abnormal 

development, unfertilised eggs, and dead larvae. After each sample was taken the falcon 

tube was topped off with freshly filtered and treated seawater. Since the initial 

concentration changed slightly after every sample period the initial concentration used in 

analysis was recalculated for each sample time. For example the initial concentration at 

the beginning of the experiment was 10 larvae per ml with 50 ml yielding 500 larvae per 

tube, and by the last sample after 3 separate 5 ml additions to each tube the concentration 

with 100% survival would be 7 larvae per ml after adjusting for the seawater added over 

the experiment. After each sample was scored the percent of normally developed living 

larvae was calculated.  As seen previously in Ericson et al. (2010) and Clark et al. (2009), 

pH remained stable over the course of the treatment within sealed containers. 

 Statistical analysis was conducted on the percent of larvae remaining alive at the 

conclusion of the experiment. Data was first arcsine transformed to fulfill the assumption 

of normal distribution. Within each temperature treatment a repeated measures ANOVA 

was conducted to reveal any significant difference in survival due to pH treatment for the 

final sample time. 
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3.2.7 Thermal Block 

 

 To determine the thermal window of normal development for Fellaster zelandiae 

larvae were grown in 12 different temperatures over a temperature gradient from 8.3 to 

26.1oC ± 0.5oC. The ambient seawater temperature at the collection site was measured at 

17.5oC. A stable temperature gradient was achieved by using an aluminum block, length 

of 784 mm, width of 170 mm, and height of 60 mm, attached to two water baths on either 

end. Each water bath was maintained at either a high or low temperature and circulated 

through one end of the aluminum block. Across the length of the block were four rows of 

12 holes, diameter = 31 mm, depth = 54 mm, in which glass vials could be placed. The 

layout is represented in Figure 3.2.7.1. Any seawater in the vials would be insulated by 

the aluminum block and maintained at a specific temperature. The temperatures measured 

in the vials along the temperature gradient were 8.3, 10.5, 12.3, 14.1, 15.7, 17.2, 18.6, 

19.8, 21.5, 22.9, 24.5, 26.1oC. Temperatures were measured using a hand held electric 

thermometer by placing the probe in the vials. The temperatures in all replicates were 

measured to assure consistency. Within each replicate the temperature in the vials varied 

within ± 0.1oC across the four replicates. The temperature of any treatment did not vary 

more than 0.5oC over the time of the experiments.  
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Figure 3.2.7.1. A representation from bird’s eye view of the aluminum heat block (not 

shown height 60 mm), with water flow from the 2 water baths, maintained at 5 and 29oC, 

through the block represented by arrows, and the holes holding glass vials represented by 

ovals with a depth of 54 mm.  

 

 Fertilisation success was tested along the temperature gradient. Two females and 

three males were spawned in filtered seawater. The eggs from each female were rinsed of 

mucous separately and then combined in fresh filtered seawater. The sperm of the three 

males were combined by pipetting concentrated sperm into fresh filtered seawater. All 48 

of the 40ml glass vials were filled with filtered seawater and left to sit in the aluminum 

temperature block for an hour to allow the water to reach the correct temperatures. Once 

the sand dollars were spawned and the eggs combined they were added to the 40ml vials 

at 20 eggs per ml. The eggs were left in the vials for 45 minutes for conditioning at the 

treatment temperature before they were fertilised. The sperm to egg ratio used for 

fertilisation was 1,000:1 to ensure good fertilisataion. The sperm was pipetted directly 

into the conditioned vials.  

Thirty minutes after fertilisation samples from the mid temperature of 17.2oC 

were taken and checked for fertilisation success, determined by the presence of the 
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fertilisation envelope. After success was determined a sample was taken from each 

replicate and fixed with 500 µl of 5% formalin in a 1.5ml epindorf tube. All samples 

were taken within 20 minutes and fixed within a further 10 minutes. The fixed samples 

were examined through an inverted photographic microscope. One hundred eggs from 

each sample were examined and scored for fertilisation success.   

The embryological development of Fellaster zelandiae over the temperature 

gradient was then examined in a second experiment. Three females and 3 males were 

spawned for this experiment. The gametes of each sex were combined as described 

previously. The 40ml glass vials were filled with fresh filtered seawater and to 35ml and 

left to condition in the aluminum block. The eggs were fertilised in ambient temperature 

seawater before being added to the experimental treatments. Thirty minutes after 

fertilisation the eggs were checked for fertilisation success by the presence of the 

fertilisation envelope. Once success was determined 2ml of the egg solution was added to 

each 40ml vial yielding an egg concentration of approximately 17 eggs per ml.  

The first sample was taken 4.5 hours after fertilisation with further samples at 7.5, 

24, 48, and 72 hours. Each vial was inverted twice to mix the embryos so no dead, 

unfertilised, or non-swimming ones would be excluded from sampling. Sampled embryos 

were stored and fixed with 50 µl of 5% formalin in 1.5ml epindorf tubes. All samples 

were taken within 15 minutes of each other and fixed within another 10 minutes. The 

samples were all examined under an inverted photographic microscope. Photos were 

taken of all larvae samples with at least 40 larvae per sample. The larvae in the 

photographs were scored for developmental stage and abnormal growth. The latest stage 

of development observed over the experiment was the 4-armed pluteus.  
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Statistical analysis was first done on the percent of fertilised eggs. The data was 

arcsine transformed to fulfill the assumption of random distribution, then a one-way 

ANOVA and Tukey’s post hoc test was conducted to show any significant difference in 

fertilisation success due to temperature treatment. Analysis on the second experiment was 

conducted on the percent of normally developed larvae, after arcsine transformation. A 

one-way ANOVA and Tukey’s post hoc test was conducted for each sample time over 

the 72-hour period to reveal any significant difference in normal development rates 

between temperature treatments.   
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3.3 Results 

3.3.1 Fertilisation 

 

 The fertilisation success of Fellaster zelandiae was tested in nine treatments 

combining three pH (8.1, 7.8, and 7.6) and three temperature (16, 18, and 20oC) 

treatments with four levels of sperm concentration (4:1, 40:1, 100:1, and 400:1.) To 

examine the effect of the treatments on fertilisation success statistical analyses were 

conducted within each sperm concentration group to reveal any significant effect of pH 

or temperature. Fertilisation success was significantly different among temperature 

treatments, but not pH treatments, within the three lower sperm concentrations. There 

was also no significant interaction between pH and temperature at any level of sperm 

concentration. (Table 3.3.1.1 – Table 3.3.1.4) 

The 4:1 sperm to egg ratio fertilisation success was significantly lower (F= 6.57, 

p= 0.005, Table 3.3.1.1) at 16oC, with fertilisation rates ranging from 14.7% to 22.5%, 

than at 18oC and 20oC, with fertilisation success ranging from 24% to 33% and 15.8% to 

32% respectively (Figure 3.3.1.1). The fertilisation success did not differ significantly 

among pH treatments seen in Table 3.3.1.1 (F= 3.21, p= 0.056). 

At the sperm to egg ratio of 40:1 fertilisation success was significantly lower (F= 

4.58, p= 0.022, Table 3.3.1.2) at 16oC, ranging from 0% to 57% fertilisation success, than 

it was for 20oC, with fertilisation success ranging from 53.4% to 67.1% (Figure 3.3.1.2). 

No data is available for pH 8.1 or 7.6 at 18oC due to disintegration of the eggs before 

fertilisation rates could be recorded so 18oC was excluded from analysis. The fertilisation 

success did not significantly differ between pH treatments (F= 1.84, p= 0.18). 
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Figure 3.3.1.1. The average percent of fertilised Fellaster zelandiae eggs each calculated 

from 4 replicates (n=100) and fitted with standard error bars. Eggs were fertilised with a 

sperm to egg ratio of 4:1 within treatments. Significant differences between the 

fertilisation success of different temperature treatments, as per Tukey’s post hoc test, are 

noted with letters a, and b. 
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Table 3.3.1.1. Two-way ANOVA testing for a significant difference in Fertilisation rate 

among pH and temperature treatments of Fellaster zelandiae eggs fertilised at a 4:1 

sperm to egg ratio. Significance < 0.05. All data arcsine transformed. 

Tests of Between-Subjects Effects 

Dependent Variable:fertilisation 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Partial Eta 

Squared 

Corrected Model 868.154a 8 108.519 3.610 .006 .517 

Intercept 30789.628 1 30789.628 1024.201 .000 .974 

temp 395.236 2 197.618 6.574 .005 .327 

pH 193.231 2 96.616 3.214 .056 .192 

temp * pH 279.686 4 69.922 2.326 .082 .256 

Error 811.676 27 30.062    
Total 32469.458 36     
Corrected Total 1679.830 35     
a. R Squared = .517 (Adjusted R Squared = .374) 
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Figure 3.3.1.2. The average percent of fertilised Fellaster zelandiae eggs, each calculated 

from 4 replicates (n=100) and fitted with standard error bars. Eggs were fertilised with a 

sperm to egg ration of 40:1 within treatments. Significant differences between the 

fertilisation success of different temperature treatments, as per Tukey’s post hoc test, are 

noted with letters a, and b. The same letter notes no significant difference, different 

letters note a significant difference. 
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Table 3.3.1.2. Two-way ANOVA testing for a significant difference in Fertilisation rate 

among pH and temperature treatments of Fellaster zelandiae eggs fertilised at a 40:1 

sperm to egg ratio. Significance < 0.05. All data arcsine transformed. 

Tests of Between-Subjects Effects 

Dependent Variable:fertilisation 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Partial Eta 

Squared 

Corrected Model 1270.843a 6 211.807 2.554 .051 .422 

Intercept 48780.593 1 48780.593 588.314 .000 .966 

temp 758.614 2 379.307 4.575 .022 .303 

pH 305.400 2 152.700 1.842 .183 .149 

temp * pH 155.276 2 77.638 .936 .408 .082 

Error 1741.235 21 82.916    
Total 60914.559 28     
Corrected Total 3012.078 27     
a. R Squared = .422 (Adjusted R Squared = .257) 

 
 

Fertilisation success was higher at the 100:1 sperm to egg ratio ranging from 

70.9% – 94.5% over all treatment groups. However, fertilisation success was 

significantly higher (F= 11.1, p=0.000, Table 3.3.1.3) at 18oC, with fertilisation rates of 

86.1% - 94.5%, than it was at either 16oC or 20oC where the range of fertilisation success 

was between 70.9% and 79.2% (Figure 3.3.1.3). Fertilisation success did not significantly 

differ between pH treatments (F= 0.15, p=0.86). 

The highest rate of fertilisation success, 98.7%, was seen at the 400:1 sperm to 

egg ratio at 18oC (Figure 3.3.1.4). Fertilisation success was significantly different among 

all three temperature treatments (F= 23.75, p=0.000, Table 3.3.1.4). At this sperm to egg 

ratio there was a significant difference among pH treatments. The lowest fertilisation 

success rate seen was 75.9% at 16oC (Figure 3.3.1.4).  



 88 

 

Figure 3.3.1.3. The average percent of fertilised Fellaster zelandiae eggs each calculated 

from 4 replicates (n=100) and fitted with standard error bars. Eggs were fertilised with a 

sperm to egg ration of 100:1 within treatments. Significant differences between the 

fertilisation success of different temperature treatments, as per Tukey’s post hoc test, are 

noted with letters a, and b. The same letter notes no significant difference, different 

letters note a significant difference. 
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Table 3.3.1.3. Two-way ANOVA testing for a significant difference in Fertilisation rate 

among pH and temperature treatments of Fellaster zelandiae eggs fertilised at a 100:1 

sperm to egg ratio. Significance < 0.05. All data arcsine transformed. 

Tests of Between-Subjects Effects 

Dependent Variable:fertilisation 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Partial Eta 

Squared 

Corrected Model 1324.315a 8 165.539 3.149 .012 .483 

Intercept 154989.268 1 154989.268 2948.632 .000 .991 

temp 1171.093 2 585.546 11.140 .000 .452 

pH 16.034 2 8.017 .153 .859 .011 

temp * pH 137.189 4 34.297 .652 .630 .088 

Error 1419.204 27 52.563    
Total 157732.787 36     
Corrected Total 2743.519 35     
a. R Squared = .483 (Adjusted R Squared = .329) 

 
 

 

 The sperm concentration used during fertilisation also had a significant effect   

(F= 341.5, p< 0.001, Table 3.3.1.5) on the rate of fertilisation success seen in all pH and 

temperature treatments. Fertilisation success rates were significantly lower for the 

sperm:egg ratios of 4:1 and 40:1 compared to the success rates at 100:1 and 400:1 (Figure 

3.3.1.1 and 3.3.1.2.) There was also a significant interaction between sperm concentration 

and  pH treatment (F= 5.7, p< 0.001, Table 3.3.1.5), as well as between sperm 

concentration and temperature treatment (F=42.3, p< 0.001, Table 3.3.1.5.)  
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Figure 3.3.1.4. The average percent of fertilised Fellaster zelandiae eggs each calculated 

from 4 replicates (n=100) and fitted with standard error bars. Eggs were fertilised with a 

sperm to egg ration of 400:1 within treatments. Significant differences between the 

fertilisation success of different temperature treatments, as per Tukey’s post hoc test, are 

noted with letters a, and b. The same letter notes no significant difference, different 

letters note a significant difference. 
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Table 3.3.1.4. Two-way ANOVA testing for a significant difference in Fertilisation rate 

among pH and temperature treatments of Fellaster zelandiae eggs fertilised at a 400:1 

sperm to egg ratio. Significance < 0.05. All data arcsine transformed. 

Tests of Between-Subjects Effects 

Dependent Variable:fertilisation 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Partial Eta 

Squared 

Corrected Model 1791.707a 8 223.963 8.093 .000 .706 

Intercept 195065.438 1 195065.438 7048.510 .000 .996 

temp 1314.791 2 657.395 23.754 .000 .638 

pH 418.624 2 209.312 7.563 .002 .359 

temp * pH 58.293 4 14.573 .527 .717 .072 

Error 747.217 27 27.675    
Total 197604.362 36     
Corrected Total 2538.924 35     
a. R Squared = .706 (Adjusted R Squared = .618) 

 
 

Table 3.3.1.5. Three-way ANOVA testing significant difference in Fertilisation rate 

among pH, temperature, and sperm concentration treatments of Fellaster zelandiae eggs. 

Significance < 0.05. All data arcsine transformed.  
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3.3.2 Embryological and Larval Development 

Normal and Abnormal Development 

 

There was a significant (F= 27.1, p< 0.001) difference among pH treatments in 

the percentage of abnormally developed larvae over a 46-hour period (Table 3.3.2.1). 

There was no significant difference between the percentage of abnormally developed 

larvae between temperature treatments (Table 3.3.2.1). The differences in the percentage 

of abnormally developed larvae between pH treatments were examined within each 

temperature treatment. At 16oC the percentage of abnormally developed larvae was 

significantly lower (F= 8.47, p=0.018, Table 3.3.2.2) at pH 8.1 than pH treatments 7.8 

and 7.6 (Figure 3.3.2.1). At the conclusion of the experiment 14.4% of the larvae in pH  

 

Table 3.3.2.1.  Two-way ANOVA testing for a significant effect of both pH, 8.1, 7.8, 7.6, 

and temperature, 16, 18, 20oC, on the abnormal development of Fellaster zelandiae 

larvae reared over 46 hours in all 9 treatments with significance < 0.05.  
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Figure 3.3.2.1. Percent of abnormally developed Fellaster zelandiae larvae from 4.5 to 46 

hours after fertilisation in seawater at 16oC in three pH treatments, 8.1, 7.8, and 7.6. 

Points are the average of 4 replicates each with sample size n=40 larvae scored for 

normal vs. abnormal growth and fitted with standard error bars. Letters, a, b, and c on the 

legend represent significant differences between pH treatments with different letters 

noting a significant difference and the same letter noting no significant difference. 

 

 
8.1 were abnormally developed, while 25% and 28.8% were abnormally developed in pH 

7.8 and 7.6, respectively. For larvae reared at 18oC, the percentage of abnormally 

developed larvae was not significantly different (F= 2.02, p=0.213, Table 3.3.2.2) among 

pH treatments (Figure 3.3.2.2). However, the percentage of abnormally developed larvae 

was lower in pH 8.1 over the first four sample time raging from 13.1% to 23%  
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abnormally developed larvae (Figure 3.3.2.2). Finally, for the larvae reared at 20oC the 

percentage of abnormally developed larvae was significantly different (F= 5.6, p=0.042, 

Table 3.3.2.2) in pH 8.1 from pH 7.8 and 7.6 (Figure 3.3.2.3). At the conclusion of the 

experiment 14.4% of the larvae reared in pH 8.1 were abnormally developed, while 

33.9% and 36.1% abnormally developed larvae were seen in treatments 7.8 and 7.6 

respectively. 

 

Table 3.3.2.2. Repeated Measures ANOVA results for the effect of pH on the normal 

development of Arachnoides placenta over 46 hours for temperature treatments 16oC, 

18oC, and 20oC, depicted in Figures 3.3.21-3.3.2.3. All Data was arcsine transformed. 
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Figure 3.3.2.2. Percent abnormally developed Fellaster zelandiae larvae from 4.5 to 46 

hours after fertilisation in seawater at 18oC in three pH treatments, 8.1, 7.8, and 7.6. Point 

are the average of 4 replicates each with sample size n=40 larvae scored for normal vs. 

abnormal growth and fitted with standard error bars. Letters, a and b on the legend 

represent significant differences between pH treatments with different letters noting a 

significant difference and the same letter noting no significant difference. 
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Figure 3.3.2.3. Percent abnormally developed Fellaster zelandiae larvae from 4.5 to 46 

hours after fertilisation in seawater at 20oC in three pH treatments, 8.1, 7.8, and 7.6. Point 

are the average of 4 replicates each with sample size n=40 larvae scored for normal vs. 

abnormal growth and fitted with standard error bars. Letters, a and b on the legend 

represent significant differences between pH treatments with different letters noting a 

significant difference and the same letter noting no significant difference. 
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To compare the difference in abnormal development over time with both pH and 

temperature a two way ANOVA was conducted for each sample time (Table 3.3.2.3). At 

4.5 hours after fertilisation both temperature (F= 6.6, p= 0.007) and pH (F= 10.9, p= 

0.001) were showing a significant effect on abnormal growth (Table 3.3.2.3), while at 19 

hours after fertilisation temperature (F= 5.9, p= 0.011) and pH (F= 22.7, p< 0.001) also 

had a significant effect on abnormal growth (Table 3.3.2.3). At 24 hours after fertilisation 

there was only a significant difference (F= 26.7, p< 0.001) in abnormal growth rates 

among pH treatments, and not temperature (Table 3.3.2.3). At the fourth sample time, 29 

hours after fertilisation, neither pH nor temperature showed a significant effect on 

abnormal larval growth (Table 3.3.2.3). At the fifth sample time, 46 hours from 

fertilisation, there was a significant difference between abnormal growth rates among the 

pH treatments (F= 3.8, p= 0.041) but not temperature treatments (Table 3.3.2.3).  

 

Table 3.3.2.3. Two-way ANOVA results testing for significant effect of temperature and 

pH treatments on the abnormal growth of Fellaster zelandiae larvae 4.5, 19, 24, 29, and 

46 hours post fertilisation. All data was arcsine transformed. 
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Larval morphology 

 

Larval morphometrics were examined over the 46-hour embryology experiment. 

Total larval length versus total larval width were both measured and plotted to examine 

the effect of pH within each temperature treatment on larval shape (Figure 3.3.2.4 – 

3.3.2.6). A separate set of plots were used to examine the effect of temperature within  

 

 

Figure 3.3.2.4. Total larval length versus total larval width measured from all samples of 

Fellaster zelandiae for three pH treatments reared in 16oC from 4.5 to 46 hours and fitted 

with linear regression lines. Regression line equations: pH 8.1, y=0.4x+124.5, pH 7.8, 

y=0.3x+158.8, pH 7.6, y=0.4x+127. ANCOVA results are represented as the letter a, and 

signifies no significant difference between the regression lines for any given pH. 
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each pH treatment (Figure 3.3.2.6 – 3.3.2.8). For larvae reared at 16oC there was no 

significant difference (F= 2.11, p= 0.12) between the regression lines fitted to each pH 

treatment meaning there was no significant difference in larval shape among pH 

treatments (Figure 3.3.2.4). For larvae reared at 18oC the relationship between larval 

length and width was significantly different (F= 6.8, p= 0.001) for those reared at pH 7.8  

 

Figure 3.3.2.5. Total larval length versus total larval width measured from all samples of 

Fellaster zelandiae for three pH treatments reared in 18oC from 4.5 to 46 hours and fitted 

with linear regression lines. Regression line equations: pH 8.1, y=0.3x+156, pH 7.8, 

y=0.5x+93.2, pH 7.6, y=0.4x+139.8. ANCOVA results are represented as letters a and b, 

and signify significant differences between the regression lines for the given pHs, the 

same latters denote no significant difference. 
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compared to pH 8.1and 7.6 (Figure 3.3.2.5). Larvae reared in pH 7.8 had a greater range 

in size than the other two treatments, while there was a greater number shorter and less 

wide larvae in pH 7.8. For larvae reared at 20oC there was no significant difference (F= 

1.4, p= 0.25) in larval shape among pH treatments (Figure 3.3.2.6). 

 

 

Figure 3.3.2.6. Total larval length versus total larval width measured from all samples of 

Fellaster zelandiae for three pH treatments reared in 20oC from 4.5 to 46 hours and fitted 

with linear regression lines. Regression line equations: pH 8.1, y=0.6x+483.9, pH 7.8, 

y=0.67x+59.9, pH7.6, y=0.63x+73.3. ANCOVA results are represented as letter a, and 

signifies no significant difference between the regression lines for any given pH. 
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At pH 8.1 there there was a significant difference (F= 3.8, p= 0.02) between the 

larval shape of those larvae reared at 20oC and the other two treatments 16oC and 18oC 

(Figure 3.3.2.7.) The larvae reared at 20oC were significantly longer than larvae reared at 

16oC and 18oC, and wider than larvae reared at 18oC (Figure 3.3.2.7). The larvae that 

were reared in pH 7.8 had significantly different (F= 11.3, p= 1.7E-05) shapes among 

  

 

Figure 3.3.2.7. Total larval length plotted versus total larval width measured from all 

samples of Fellaster zelandiae for three temperature treatments reared in pH 8.1 from 4.5 

to 46 hours and fitted with linear regression lines. Regression line equations: 16oC, 

y=0.17x+182.5, 18oC, y=0.25x+156, 20oC, y=0.6x+84. ANCOVA results are represented 

as letters a, b, and c signify significant differences between the regression lines for the 

given temperatures, the same latters denote no significant difference. 
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all three temperature treatments (Figure 3.3.2.8). The larvae reared at 18oC varied the 

least in shape with most having a mid length and width. The larvae reared at 16oC had 

more variation in size including wider larvae, and larvae reared at 20oC had the greatest 

range of size and included larvae that were both longer and wider than those reared at 

lower temperatures. 

 

 

Figure 3.3.2.8. Total larval length versus total larval width measured from all samples of 

Fellaster zelandiae for three temperature treatments reared in pH 7.8 from 4.5 to 46 hours 

and fitted with linear regression lines. Regression line equations: 16oC, y=0.3x+158, 

18oC, y=0.41x+120, 20oC, y=0.67x+59.9. ANCOVA results are represented as letters a, 

b, and c signify significant differences between the regression lines for the given 

temperatures, the same latters denote no significant difference. 
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 (Figure 3.3.2.8.) The larvae that were reared in pH 7.6 at of 20oC had significantly 

different (F= 3.7, p= 0.03) shapes than the larvae reared at 16oC and 18oC (Figure 

3.3.2.9). The larvae reared at 20oC were longer and wider than larvae in the other two 

temperature treatments (Figure 3.3.2.9). 

 

 

Figure 3.3.2.9. Total larval length versus total larval width measured from all samples of 

Fellaster zelandiae for three temperatures reared in pH 7.6 from 4.5 to 46 hours and 

fitted with linear regression lines. Regression line equations: 16oC, y=0.39x+127, 18oC, 

y=0.35x+140, 20oC, y=0.63x+73. ANCOVA results are represented as letters a and b 

signify significant differences between the regression lines for the given temperatures, the 

same latters denote no significant difference. 
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3.3.3 Larval Survival 

  

The survival of Fellaster zelandiae larvae was measured over 96 hours in nine 

combined temperature and pH treatments. For larvae reared at 16oC survival was 

significantly higher for larvae reared at pH 8.1 than the two lower pH treatments, 7.8 and 

7.6 (F=17.35, p= 0.003, Table 3.3.3.1). Survival rates at pH 8.1 ranged from 82%  

 

 

Figure 3.3.3.1. Percentage of initial concentration of Fellaster zelandiae larvae reared at 

16oC sampled at 24, 48, 72, and 96 hours after fertilization. Each point is percent of the 

initial concentration of larvae per ml calculated from 4 replicates (n=5 counts per 

replicate) in proportion to the original concentration of 10 larvae ml-1, and fitted with 

standard error bars. The letter a denotes no significant difference in survival between the 

given pH treatments. 
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survival 24 hours after fertilisation, to 50% survival 96 hours after fertilisation. Survival 

for larvae in pH 7.8 and 7.6 ranged from 67% 24 hours post fertilisation, to 5.3% 96 

hours after fertilisation (Figure 3.3.3.1). 

 

Table 3.3.3.1. Repeated Measures ANOVA results for the effect of pH on the survival of 

Fellaster zelandiae over 96 hours for temperature treatments 16oC, 18oC, and 20oC, 

depicted in Figures 3.3.3.1-3.3.3.3. All Data was arcsine transformed. 

 

 

Survival rates of larvae reared at 18oC were not significantly different (F= 3.51, 

p= 0.97) among pH treatments. However, at the conclusion of the 96 hours there was 

55% survival in pH 8.1 and 33% to 38% survival in pH 7.6 and 7.8 respectively (Figure 

3.3.3.2). Survival for larvae reared at 20oC also did not vary significantly (F= 0.41, 

p=0.681, Table 3.3.3.1) between pH treatments over the 96 hour experiment. At the 

conclusion of the experiment all three treatments were showing between 0.4% and 5% 

survival rates (Figure 3.3.3.3). 
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Figure 3.3.3.2. Percentage of initial concentration of Fellaster zelandiae larvae reared at 

18oC sampled at 24, 48, 72, and 96 hours after fertilization. Each point is percent of the 

initial concentration of larvae per ml calculated from 4 replicates (n=5 counts per 

replicate) in proportion to the original concentration of 10 larvae ml-1, and fitted with 

standard error bars. The letter a denotes no significant difference in survival between the 

given pH treatments. 
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Figure 3.3.3.3. Percentage of initial concentration of Fellaster zelandiae larvae reared at 

20oC sampled at 24, 48, 72, and 96 hours after fertilization. Each point is percent of the 

initial concentration of larvae per ml calculated from 4 replicates (n=5 counts per 

replicate) in proportion to the original concentration of 10 larvae ml-1, and fitted with 

standard error bars. The letter a denotes no significant difference in survival between the 

given pH treatments. 
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3.3.4 Thermal Block Experiments 

Fertilisation 

 

 Fertilisation success was determined by the percent of eggs fertilised across 12 

temperature treatments. Fertilisation success was consistently high through the midrange 

of temperatures, 15.7oC through 24.5oC, with fertilisation success ranging from 88.2% to 

94.3% (Figure 3.3.4.1) but decreased to 74.2% at 26.1oC and 42.6% to 52.9% at 8.3oC 

and 10.5oC respectively. There was a significant effect (F= 23.7, p=0.000) of temperature 

on fertilisation success (Table 3.3.4.1). As indicated by the Tukey’s post hoc test, 

fertilisation success between 15.7oC and 24.5oC was significantly higher than warmer and 

cooler temperature treatments, but did not vary significantly with in the 15.7oC to 24.5oC 

range. Fertilisation success was significantly lower at 8.3oC and 10.5oC than any of the 

warmer treatment temperatures. (Figure 3.3.4.1.) 
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Figure 3.3.4.1. The average percent of fertilised Fellaster zelandiae eggs calculated from 

4 replicates (n=100 eggs) with the standard error bars. All eggs were fertilised in 

seawater with a pH of 8.1 in a range of temperatures maintained by an aluminum heat 

block. Tukey’s post hoc test results are represented by letters a – d, and denote significant 

differences between fertilisation success at the given temperatures, different letters 

represent significant differences and the same letters represent no significant difference. 

 

Table 3.3.4.1. One-way ANOVA on fertilisation success of Fellaster zelandiae between 

the 12 different temperature groups ranging from 8.3 to 26.1oC with significance < 0.05. 

All data was arcsine transformed. 
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Embryonic and Larval Development 

 

The embryology of Fellaster zelandiae was examined in a second experiment 

using the aluminum temperature block. Normal and abnormal larval development were 

compared over a 72-hour period with five separate samples taken at 4.5, 7.5, 24, 48, and 

72 hours post fertilisation. Examples of the normally and abnormally developed larvae 

observed in the samples are given in Figure 3.3.4.2.  

At 4.5 hours post fertilisation normal development rates were between 87% and 

96.4% for all temperatures ranging from 8.3oC to 21.5oC, and has significantly higher  

(p< 0.001) normal development than all higher temperatures (Figure 3.3.4.3). By 7.5 

hours normal development began to drop off for 8.3oC and 10.5oC to 55% and 59% 

respectively (Figure 3.3.4.4) and significantly higher (p< 0.001) normal development was 

seen between 12.3oC and 21.5oC. By sample three, at 24 hours, normal development had 

decreased further for 8.3oC and 10.5oC to 43% to 62%, and dropped off for 21.5oC to 

70.6%, with the range of highest normal development (p< 0.001) falling between 12.3oC 

and 19.8oC (Figure 3.3.4.5). At 48 hours post fertilization, 24.5oC and 26.1oC treatments 

both had 0% normally developed larvae and 8.3oC had below 10% normal development 

(Figure 4.6). At the final 72 hour sample 8.3oC had also reached 0% normal development, 

but significantly higher (p< 0.001) normal development rates, from 61.7% to 97.7%, 

were seen in all other treatments ranging from 10.5oC to 22.9oC (Figure 3.3.4.7.) 
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      Normal Development              Abnormal Development 

 

Figure 3.3.4.2. Fellaster zelandiae larvae A, C, E, G were reared in ambient seawater, pH 8.1 and 

18.6oC, and larvae B, D, F, H were reared in seawater pH 8.1 at 22.9oC. Photos A and B represent 

were taken 4.5 hours from fertilisation.  Photos C and D were taken 7.5 hours. Photos E and F 

were taken 24 hours, and photos G and H were taken 72 hours from fertilisation. All scale bars 

represent 200 µm. 
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 The temperature of the seawater the larvae were reared in as well as the length of 

time that larvae had been developing in that seawater both had significant effects on the 

amount of abnormal development observed (F=24, p=0.000, F=23, p=0.000) (Table 

3.3.4.3). The thermal window for normal development became clear 

 

 

Figure 3.3.4.3. Proportion of normal larval development of Fellaster zelandiae in 

seawater, pH 8.1, over the thermal gradient of the aluminum heat block. Points are the 

average of 4 replicates fitted with standard error bars. All samples were taken 4.5 hours 

from fertilisation. Tukey’s post hoc test results are represented by letters a – d, which 

denote significant differences between normal development at the given temperatures, 

different letters represent significant differences and the same letters represent no 

significant difference. 
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throughout the experiment. Normally developed larvae were significantly fewer for 

treatments 22.9oC to 26.1oC at all sample times (Figures 3.3.4.3 to 3.3.4.7). At the 

conclusion of the 72 hour experiment temperature treatments 12.3oC to 21.5oC had the  

 

 

Figure 3.3.4.4. Proportion of normal larval development of Fellaster zelandiae in 

seawater, pH 8.1, over the thermal gradient of the aluminum heat block. Plotted points 

are the average of 4 replicates fitted with standard error bars. All samples were taken 7.5 

hours from fertilisation. Tukey’s post hoc test results are represented by letters a – c, 

which denote significant differences between normal development at the given 

temperatures, different letters represent significant differences and the same letters 

represent no significant difference. 
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significantly higher rates of normally developed larvae, at 74.1% to 97.7%, than 8.3oC, 

24.5oC, and 26.1oC (Figure 3.3.4.7). Normal development rates at 10.5oC and 22.9oC 

were significantly higher than normal development at 8.3oC, 24.5oC, and 26.1oC, but was 

only significantly lower than normal development rates at 17.2oC and 18.6oC. 

 

 

Figure 3.3.4.5. Proportion of normal larval development of Fellaster zelandiae in 

seawater, pH 8.1, over the thermal gradient of the aluminum heat block. Plotted points 

are the average of 4 replicates fitted with standard error bars. All samples were taken 24 

hours from fertilisation. Tukey’s post hoc test results are represented by letters a and b, 

which denote significant differences between normal development at the given 

temperatures, different letters represent significant differences and the same letters 

represent no significant difference. 
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Figure 3.3.4.6. Proportion of normal larval development of Fellaster zelandiae in 

seawater, pH 8.1, over the thermal gradient of the aluminum heat block. Plotted points 

are the average of 4 replicates fitted with standard error bars. All samples were taken 48 

hours from fertilisation. Tukey’s post hoc test results are represented by letters a – c, 

which denote significant differences between normal development at the given 

temperatures, different letters represent significant differences and the same letters 

represent no significant difference. 

 

0#

10#

20#

30#

40#

50#

60#

70#

80#

90#

100#

8.3# 10.5# 12.3# 14.1# 15.7# 17.2# 18.6# 19.8# 21.5# 22.9# 24.5# 26.1#

%
 N

or
m

al
 D

ev
el

op
m

en
t 

Temperature oC 

a a#########a#

b#
b

b#c#

c
c c #c#########c# c#



 116 

 

Figure 3.3.4.7. Proportion of normal larval development of Fellaster zelandiae in 

seawater, pH 8.1, over the thermal gradient of the aluminum heat block. Plotted points 

are the average of 4 replicates fitted with standard error bars. All samples were taken 72 

hours from fertilisation. Tukey’s post hoc test results are represented by letters a – d, 

which denote significant differences between normal development at the given 

temperatures, different letters represent significant differences and the same letters 

represent no significant difference. 
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Table 3.3.4.3. Repeated measures ANOVA showing the effect of temperature and time 

on the abnormal development rates of Fellaster zelandiae reared in seawater, pH 8.1, in 

12 temperatures ranging from 8.3 to 26.1oC over 72 hours in an aluminum heat block.  

Tests of Between-Subjects Effects 

Dependent Variable: abnormal development 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Partial Eta 

Squared 

Corrected Model 273783.676a 59 4640.401 52.898 <.001 .945 

Intercept 285502.980 1 285502.980 3254.551 <.001 .948 

temperature 239354.526 11 21759.502 24.044 <.001 .938 

time 8341.243 4 2085.311 23.771 <.001 .346 

temperature * time 26087.906 44 592.907 6.759 <.001 .623 

Error 15790.360 180 87.724    
Total 575077.015 240     
Corrected Total 289574.036 239     
a. R Squared = .945 (Adjusted R Squared = .928) 
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3.4 Discussion and Key Findings  

3.4.1 Fertilisation 

 

Several factors influenced fertilisation success of F. zelandiae including sperm 

concentration. There was a significant interaction between sperm concentration and pH, 

and sperm concentration and temperature. There was only a significant difference among 

pH treatments at the highest and lowest sperm concentrations used, with pH treatment 8.1 

producing higher fertilisation success than the pH 7.6 and 7.8 treatments. Temperature 

and pH both significantly changed fertilisation success at the lowest sperm concentration 

used. Results at low sperm concentrations are particularly relevant as sperm dilutes 

rapidly within a few meters of the sperm source or spawning individual in the natural 

environment, making low sperm concentrations relevant in natural fertilisation situations 

(Levitan et al. 1991). Naturally low sperm concentrations and their associated decreased 

fertilisation success (Levitan et al. 1991) may be further reduced with reduced pH. 

Reduced pH can negatively impact fertilisation success at high sperm 

concentrations. In this case the decreased pH would reduce the efficiency of the fast 

sperm block that prevents polyspermia (Reuter et al. 2011, Uthicke et al. 2013, Sewell et 

al. 2014). This is a possible explanation for the reduction in fertilisation success observed 

for F. zelandiae at the highest sperm concentration used. Decrease fertilisation success 

was also seen at reduced pH when low sperm concentrations were used for both A. 

placenta and F. zelandiae. For F. zelandiae, reduced pH treatments 7.6 and 7.8 produced 

poorer fertilisation success than pH 8.1 at this level, therefore fertilisation success could 

be reduced by ocean acidification over the next century as this reduction in pH falls 
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within predicted changes (IPCC 2013). Increased temperature, however, did not 

negatively impact fertilisation in any of the pH treatments, but the cooler temperature of 

16oC produced lower overall fertilisation success than the other temperature treatments. 

The thermal block experiment resulted in a lower thermal limit of 15.7oC for fertilisation, 

which corresponds to the result of lower fertilisation success seen here at 16oC, as it is 

near to the lowest thermal tolerance for fertilisation for this species observed in the 

thermal window experiment. Over F. zelandiae’s current geographic range, populations 

residing in Southern waters are currently living close to the lower thermal limit for 

fertilisation success.   

 

 

3.4.2 Embryological and Larval Development  

Normal and Abnormal Development 

 

Temperature did not significantly effect the rate of abnormal embryonic 

development in F. zelandiae across all pH treatments. However, temperature and 

seawater pH did have an interactive effect on abnormal development rates. At 16oC larval 

reared at a pH of 8.1 had less abnormal development than those reared in reduced pH 

treatments 7.8 and 7.6. At the ambient temperature of 18oC pH did not impact abnormal 

development, and at 20oC there was again lower abnormal development at pH 8.1. 

An increase in temperature from 18oC to 20oC during the spawning season of F. 

zelandiae population in Timaru, the site of collection in this study, falls within the 

predicted increase in sea surface temperature, an average of 2.1oC, for the New Zealand 
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region over the next century (Ministry for the Environment, 2008) but still lies within F. 

zelandiae’s thermal window. Therefore, even though the increase in temperature alone 

would not negatively impact normal development, its combined effect with a drop in pH 

may negatively effect the normal development of F. zelandiae as seen in this study. It has 

been observed that embryos are less thermal tolerant than gametes, possibly due to 

maternal protective factors associate with eggs (Byrne 2011), which reflects the results 

observed for F. zelandiae when combine with reduced pH.  

 

Larval Morphology 

 

 Larval morphology was significantly effected by an interaction between 

temperature and pH. The larval morphology of F. zelandiae was only significantly effect 

by pH at the ambient temperature, 18oC. However, across all pH treatments larvae reared 

at 20oC had significantly different shapes, and were larger than those reared at lower 

temperatures. 

The morphological results of F. zelandiae contrast with those of A. placenta. 

Larger larvae produced at increased temperature, as seen with F. zelandiae rather than the 

smaller larvae seen with A. placenta, may be a result of potential beneficial effects 

observed with slight ocean warming. Benefits include faster growth, a shorter planktonic 

stage, and larger larval size. Pervious echinoderm studies have shown species to exhibit 

beneficial effects when reared in moderately warmer sea temperatures (Byrne 2011). For 

example, Sterechinus neumayeri showed a quickening in larval growth was observed 

when warming and reduced pH were combined leading to larger larvae compared to 
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larvae reared in reduced pH alone (Byrne et al. 2013) . If F. zelandiae larvae are not 

currently developing near their upper thermal limit, then it is possible slight warming 

could have some beneficial effects on the species’ lifecycle. In previous studies the 

greatest reduction in larval growth associated with reduced pH has been seen in tropical 

species compared to species from higher latitudes (Byrne et al. 2013). This difference, 

also observed here between A. placenta and F. zelandiae, may be due to the fact that 

tropical larval species may live near their upper thermal limits already, and are more 

sensitive to calcium carbonate saturation than temperate species, and thus do no far as 

well under ocean acidification conditions (Byrne et al. 2013). 
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3.4.3 Larval Survival 

 

Temperature did not have a significant effect on larval survival, and pH only 

significantly effected survival at 16oC, where survival was higher at pH 8.1 than in the 

7.8 and 7.6 treatments. This suggests that the changes predicted in ocean pH and 

temperature for next century may not to negatively impact F. zelandiae larval survival. 

The effect of pH seen at 16oC may be related to the fact that 16oC is close to F. 

zelandiae’s lower thermal limit of successful development. A temperature on the brink of 

thermal tolerance combined with the stress of reduced pH may have more of an effect 

than either single stressor. 

For F. zelandiae when reduced pH 7.6 was combined with temperatures 18oC and 

20oC survival was lower than it was at 16oC. Previous studies have also shown that larvae 

reared to the pluteus stage, in pH treatments reduced to near-future acidification 

conditions, have been robust in term of survival rates (Dupont et al. 2010, Byrne 2011). 

Decreased rates of survival in reduced pH conditions have been previously observed, but 

in pH treatments lower than what is predicted to occur in the ocean over the next century 

(Clark et al. 2009).  
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3.4.4 Thermal Block Experiments 

 

As sea surface temperatures increase marine species will likely show changes in 

their development. For instance warmer sea temperatures may lead to faster larval 

development up to their point of thermal tolerance, as seen with the species Arachnoides 

placenta (Hardy et al. 2013) and Centrostephanus rodgersii (Pecorino et al. 2013). The 

thermal window of fertilisation success (greater than 70% fertilisation) for F. zelandiae 

ranges from 15.7oC to 24.5oC. The current sea surface temperature at the time F. 

zelandiae spawns in the Timaru region of New Zealand, where we collected out sand 

dollars, is between 15oC 18oC (Greig et al. 1998). Given this observation it appears that 

F. zelandiae does not currently live close to its upper thermal limit in regards to 

fertilisation at this location, but does live close to its lower thermal limit. Based on these 

observations the predicted increase in sea surface temperature around New Zealand, of 

2.1oC may not directly negatively effect the fertilisation success of F. zelandiae 

populations in the South Island of New Zealand. However, for populations in the North 

Island, where temperatures can currently be around 21oC in summer a 2.1oC increase may 

bring F. zelandiae close to its upper thermal limit, and may impact fertilisation success. 

The thermal window of normal development for F. zelandiae ranges from 12.3oC 

to 22.9oC. The embryonic and larval stages of F. zelandiae have a thermal window that is 

shifted about 2oC lower at bother the high and low ends compared to the window of 

successful fertilisation. Even with this shift in thermal tolerance to slightly lower 

temperatures F. zelandiae larval development, in the population studied in Timaru, is not 

likely to be negatively effected over the next century as sea surface temperatures rise by 
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2.1oC. However, if the upper thermal limit for larval development is also around 22.9oC, 

if populations in the North Island see an increase of 2.1oC, sea surface temperature may 

reach the species’ thermal limit. This may lead to a poleward range contraction or shift in 

the distribution of F. zelandiae as has been proposed for a number of species. This 

thermal window of development could also allow the geographic range that F. zelandiae 

currently inhabits to shift into areas of cooler temperatures.  

A difference in thermal tolerance between fertilisation and early embryos, and 

larval development has been seen in A. placenta and Centrostephanus rodgersii, a 

temperate echinoid, who’s larvae have narrower thermal ranges than fertilisation (Hardy 

et al. 2013). This broader thermal range is a feature seen in echinoid embryos, possibly 

due to maternal protective factors (Hamdoun and Epel 2007).  

In comparison, for A. placenta the upper thermal limit of normal larval 

development is 31oC, and is higher than temperatures currently experienced in its present 

habitat of 24oC to 25oC at the time of spawning (Hardy et al. 2013).  Given the 7oC 

difference between the current sea surface temperatures and A. placenta’s upper thermal 

limit, ocean warming over the next century may not be deleterious for this species (Hardy 

et al. 2013) and equator-ward range contractions may not be expected for A. placenta 

over the next century. The low thermal window limit of A. placenta also extends 7oC 

below ambient temperatures, thus the species is not limited by temperature in regards to 

southern migration, at least at its larval stage (Hardy et al. 2013).  

The thermal window of A. placenta is similar to other tropical echinoids (Hardy et 

al. 2013). The thermal window of development was also studied with an A. placenta 

population from Taiwan where some larval development was seen at 34oC and 37oC 
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(Chen and Chen 1992) while no development was seen at these temperatures in the A. 

placenta study undertaken in Australia (Hardy et al. 2012). The difference seen between 

these two populations’ thermal tolerances can most likely be accounted for by 

acclimatisation. The population in Taiwan experiences sea surface temperatures about 

4oC warmer than the population in Queensland, Australia, thus A. placenta lives closer to 

its upper thermal limit in Taiwan (Hardy et al. 2013). However, the difference between 

these two populations suggests that this species has potential resilience by acclimation to 

ocean warming of at least 4oC (Hardy at al. 2013). Although the larval stage A. placenta 

is predicted to be robust to near future ocean warming the predicted increase in sea 

surface temperature will put the species closer to their present day thermal limit (Hardy et 

al. 2013).  

A. placenta has not undergone a poleward range expansion based in its thermal 

window. A. placenta could potentially expand its range up to 1,600 km South of its 

current range to Southeastern Australia were it would reach its cool thermal tolerance 

limit of 17oC (Hardy et al. 2013).  The reason for this smaller range may lay in habitat 

availability, or the thermal tolerance of later stage larvae, or that of the juveniles and 

adults (Hardy et al. 2013). 

One way A. placenta and F. zelandiae may adjust to ocean warming is a shift in 

spawning time, as many species have a relationship between spawning time and sea 

surface temperature to correspond to optimal temperature conditions for the larvae 

(Byrne 2011). If this shift occurs for A. placenta the spawning period may shift to late 

autumn or winter in northern Australia, and there may also be a change in the length of 
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the spawning season (Hardy et al. 2013). If this shift occurs for F. zelandiae the 

spawning season may shift from summer to autumn as sea surface temperatures warm.  

 
 

 

 

 



 118 

3.4 Discussion and Key Findings  

3.4.1 Fertilisation 

 

Several factors influenced fertilisation success of F. zelandiae including sperm 

concentration. There was a significant interaction between sperm concentration and pH, 

and sperm concentration and temperature. There was only a significant difference among 

pH treatments at the highest and lowest sperm concentrations used, with pH treatment 8.1 

producing higher fertilisation success than the pH 7.6 and 7.8 treatments. Temperature 

and pH both significantly changed fertilisation success at the lowest sperm concentration 

used. Results at low sperm concentrations are particularly relevant as sperm dilutes 

rapidly within a few meters of the sperm source or spawning individual in the natural 

environment, making low sperm concentrations relevant in natural fertilisation situations 

(Levitan et al. 1991). Naturally low sperm concentrations and their associated decreased 

fertilisation success (Levitan et al. 1991) may be further reduced with reduced pH. 

Reduced pH can negatively impact fertilisation success at high sperm 

concentrations. In this case the decreased pH would reduce the efficiency of the fast 

sperm block that prevents polyspermia (Reuter et al. 2011, Uthicke et al. 2013, Sewell et 

al. 2014). This is a possible explanation for the reduction in fertilisation success observed 

for F. zelandiae at the highest sperm concentration used. Decrease fertilisation success 

was also seen at reduced pH when low sperm concentrations were used for both A. 

placenta and F. zelandiae. For F. zelandiae, reduced pH treatments 7.6 and 7.8 produced 

poorer fertilisation success than pH 8.1 at this level, therefore fertilisation success could 

be reduced by ocean acidification over the next century as this reduction in pH falls 
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within predicted changes (IPCC 2013). Increased temperature, however, did not 

negatively impact fertilisation in any of the pH treatments, but the cooler temperature of 

16oC produced lower overall fertilisation success than the other temperature treatments. 

The thermal block experiment resulted in a lower thermal limit of 15.7oC for fertilisation, 

which corresponds to the result of lower fertilisation success seen here at 16oC, as it is 

near to the lowest thermal tolerance for fertilisation for this species observed in the 

thermal window experiment. Over F. zelandiae’s current geographic range, populations 

residing in Southern waters are currently living close to the lower thermal limit for 

fertilisation success.   

 

 

3.4.2 Embryological and Larval Development  

Normal and Abnormal Development 

 

Temperature did not significantly effect the rate of abnormal embryonic 

development in F. zelandiae across all pH treatments. However, temperature and 

seawater pH did have an interactive effect on abnormal development rates. At 16oC larval 

reared at a pH of 8.1 had less abnormal development than those reared in reduced pH 

treatments 7.8 and 7.6. At the ambient temperature of 18oC pH did not impact abnormal 

development, and at 20oC there was again lower abnormal development at pH 8.1. 

An increase in temperature from 18oC to 20oC during the spawning season of F. 

zelandiae population in Timaru, the site of collection in this study, falls within the 

predicted increase in sea surface temperature, an average of 2.1oC, for the New Zealand 
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region over the next century (Ministry for the Environment, 2008) but still lies within F. 

zelandiae’s thermal window. Therefore, even though the increase in temperature alone 

would not negatively impact normal development, its combined effect with a drop in pH 

may negatively effect the normal development of F. zelandiae as seen in this study. It has 

been observed that embryos are less thermal tolerant than gametes, possibly due to 

maternal protective factors associate with eggs (Byrne 2011), which reflects the results 

observed for F. zelandiae when combine with reduced pH.  

 

Larval Morphology 

 

 Larval morphology was significantly effected by an interaction between 

temperature and pH. The larval morphology of F. zelandiae was only significantly affect 

by pH at the ambient temperature, 18oC. However, across all pH treatments larvae reared 

at 20oC had significantly different shapes, and were larger than those reared at lower 

temperatures. 

The morphological results of F. zelandiae contrast with those of A. placenta. 

Larger larvae produced at increased temperature, as seen with F. zelandiae rather than the 

smaller larvae seen with A. placenta, may be a result of potential beneficial effects 

observed with slight ocean warming. Benefits include faster growth, a shorter planktonic 

stage, and larger larval size. Pervious echinoderm studies have shown species to exhibit 

beneficial effects when reared in moderately warmer sea temperatures (Byrne 2011). For 

example, Sterechinus neumayeri showed a quickening in larval growth was observed 

when warming and reduced pH were combined leading to larger larvae compared to 
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larvae reared in reduced pH alone (Byrne et al. 2013) . If F. zelandiae larvae are not 

currently developing near their upper thermal limit, then it is possible slight warming 

could have some beneficial effects on the species’ lifecycle. In previous studies the 

greatest reduction in larval growth associated with reduced pH has been seen in tropical 

species compared to species from higher latitudes (Byrne et al. 2013). This difference, 

also observed here between A. placenta and F. zelandiae, may be due to the fact that 

tropical larval species may live near their upper thermal limits already, and are more 

sensitive to calcium carbonate saturation than temperate species, and thus do not fare as 

well under ocean acidification conditions (Byrne et al. 2013). 
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3.4.3 Larval Survival 

 

Temperature did not have a significant effect on larval survival, and pH only 

significantly effected survival at 16oC, where survival was higher at pH 8.1 than in the 

7.8 and 7.6 treatments. This suggests that the changes predicted in ocean pH and 

temperature for next century may not negatively impact F. zelandiae larval survival. The 

effect of pH seen at 16oC may be related to the fact that 16oC is close to F. zelandiae’s 

lower thermal limit of successful development. A temperature on the brink of thermal 

tolerance combined with the stress of reduced pH may have more of an effect than either 

single stressor. 

For F. zelandiae reduced pH combined with temperatures 18oC and 20oC did not 

have a significant effect on survival compared to ambient pH. Previous studies have also 

shown that larvae reared to the pluteus stage, in pH treatments reduced to near-future 

acidification conditions, have been robust in term of survival rates (Dupont et al. 2010, 

Byrne 2011). Decreased rates of survival in reduced pH conditions have been previously 

observed, but in pH treatments lower than what is predicted to occur in the ocean over the 

next century (Clark et al. 2009).  
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3.4.4 Thermal Block Experiments 

 

As sea surface temperatures increase marine species will likely show changes in 

their development. For instance warmer sea temperatures may lead to faster larval 

development up to their point of thermal tolerance, as seen with the species Arachnoides 

placenta (Hardy et al. 2013) and Centrostephanus rodgersii (Pecorino et al. 2013). The 

thermal window of fertilisation success (greater than 70% fertilisation) for F. zelandiae 

ranges from 15.7oC to 24.5oC. The current sea surface temperature at the time F. 

zelandiae spawns in the Timaru region of New Zealand, where we collected out sand 

dollars, is between 15oC to 18oC (Greig et al. 1998). Given this observation it appears 

that F. zelandiae does not currently live close to its upper thermal limit in regards to 

fertilisation at this location, but does live close to its lower thermal limit. Based on these 

observations the predicted increase in sea surface temperature around New Zealand, of 

2.1oC may not directly negatively effect the fertilisation success of F. zelandiae 

populations in the South Island of New Zealand. However, for populations in the North 

Island, where temperatures can currently be around 21oC in summer a 2.1oC increase may 

bring F. zelandiae close to its upper thermal limit, and may impact fertilisation success. 

The thermal window of normal development for F. zelandiae ranges from 12.3oC 

to 22.9oC. The embryonic and larval stages of F. zelandiae have a thermal window that is 

shifted about 2oC lower at bother the high and low ends compared to the window of 

successful fertilisation. Even with this shift in thermal tolerance to slightly lower 

temperatures F. zelandiae larval development, in the population studied in Timaru, is not 

likely to be negatively effected over the next century as sea surface temperatures rise by 
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2.1oC. However, if the upper thermal limit for larval development is also around 22.9oC, 

if populations in the North Island see an increase of 2.1oC, sea surface temperature may 

reach the species’ thermal limit. This may lead to a poleward range contraction or shift in 

the distribution of F. zelandiae as has been proposed for a number of species. This 

thermal window of development could also allow the geographic range that F. zelandiae 

currently inhabits to shift into areas of cooler temperatures.  

A difference in thermal tolerance between fertilisation and early embryos, and 

larval development has been seen in A. placenta and Centrostephanus rodgersii, a 

temperate echinoid, who’s larvae have narrower thermal ranges than fertilisation (Hardy 

et al. 2013). This broader thermal range is a feature seen in echinoid embryos, possibly 

due to maternal protective factors (Hamdoun and Epel 2007).  

In comparison, for A. placenta the upper thermal limit of normal larval 

development is 31oC, and is higher than temperatures currently experienced in its present 

habitat of 24oC to 25oC at the time of spawning (Hardy et al. 2013).  Given the 7oC 

difference between the current sea surface temperatures and A. placenta’s upper thermal 

limit, ocean warming over the next century may not be deleterious for this species (Hardy 

et al. 2013) and equator-ward range contractions may not be expected for A. placenta 

over the next century. The low thermal window limit of A. placenta also extends 7oC 

below ambient temperatures, thus the species is not limited by temperature in regards to 

southern migration, at least at its larval stage (Hardy et al. 2013).  

The thermal window of A. placenta is similar to other tropical echinoids (Hardy et 

al. 2013). The thermal window of development was also studied with an A. placenta 

population from Taiwan where some larval development was seen at 34oC and 37oC 
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(Chen and Chen 1992) while no development was seen at these temperatures in the A. 

placenta study undertaken in Australia (Hardy et al. 2012). The difference seen between 

these two populations’ thermal tolerances can most likely be accounted for by 

acclimatisation. The population in Taiwan experiences sea surface temperatures about 

4oC warmer than the population in Queensland, Australia, thus A. placenta lives closer to 

its upper thermal limit in Taiwan (Hardy et al. 2013). However, the difference between 

these two populations suggests that this species has potential resilience by acclimation to 

ocean warming of at least 4oC (Hardy at al. 2013). Although the larval stage A. placenta 

is predicted to be robust to near future ocean warming the predicted increase in sea 

surface temperature will put the species closer to their present day thermal limit (Hardy et 

al. 2013).  

A. placenta has not undergone a poleward range expansion based in its thermal 

window. A. placenta could potentially expand its range up to 1,600 km South of its 

current range to Southeastern Australia were it would reach its cool thermal tolerance 

limit of 17oC (Hardy et al. 2013).  The reason for this smaller range may lay in habitat 

availability, or the thermal tolerance of later stage larvae, or that of the juveniles and 

adults (Hardy et al. 2013). 

One way A. placenta and F. zelandiae may adjust to ocean warming is a shift in 

spawning time, as many species have a relationship between spawning time and sea 

surface temperature to correspond to optimal temperature conditions for the larvae 

(Byrne 2011). If this shift occurs for A. placenta the spawning period may shift to late 

autumn or winter in northern Australia, and there may also be a change in the length of 
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the spawning season (Hardy et al. 2013). If this shift occurs for F. zelandiae the 

spawning season may shift from summer to autumn as sea surface temperatures warm.  
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Chapter 4                                                          General Discussion 

 

  

Given the observations previously discussed at the ends of Chapter 2 and Chapter 

3, A. placenta and F. zelandiae will be compared and discussed in relation to potential 

acclimatisation, latitudinal variation, and future populations. 

 

4.1 Acclimatisation 

 

Marine species may have the potential to acclimatise to warming sea surface 

temperatures, and evidence of this can be seen in the differences among the thermal 

tolerance of different populations within a species. The crown-of-thorns sea star, 

Acanthaster planci, occurs around Australia in temperatures spanning from 25oC to 31oC, 

falling within the species’ thermal window though not utilizing cooler temperatures also 

within its thermal range (Lamare et al. 2014). There is evidence that this species 

distribution may be influenced by its acclimatisation to warmer temperatures (Lamare et 

al. 2014). Larvae from two different locations have responded differently to temperature 

treatments, with those from a warmer location having a warmer thermal window 

(Johnson and Babcock 1994). This supports the hypothesis that this species has the scope 

for adaptation to increased temperature (Johnson and Babcock 1994). Acclimatisation 

also appears to occur within populations as sea temperatures change seasonally. Johnson 

and Babcock (1994) observed that larvae from A. placenta collected earlier in the season 

were less tolerant of warmer temperatures than larvae collected later in the season when 
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sea temperatures were 1.5oC warmer. Seasonal and spatial variations have also been 

observed in Evechinus chloroticus spawning throughout the species range in New 

Zealand (Mcshane et al. 2010). 

Another example of acclimatisation comes from the sea urchin Centrostephanus 

rodgersii (Pecorino et al. 2013). This species inhabits a range of temperatures spanning 

Australia and New Zealand, and there is evidence that populations in New Zealand have 

shifted their thermal tolerance 1oC toward cooler temperatures in comparison to 

populations in Australia (Pecorino et al. 2013). Evidence of the potential to acclimatise 

can also been seen in A. placenta through variation in thermal tolerance between 

populations in different regions, with populations residing in warmer seawater having 

slightly higher thermal tolerances (Chen and Chen 1992, Hardy et al. 2013). F. zelandiae 

may also show potential to acclimatise, if it proves that populations residing in warmer 

water, in Northern New Zealand, also have a shift in thermal tolerance. However, more 

research is needed before this conclusion can be reached. 

Within a species’ geographic range, responses to stressors can vary by latitude. 

For example, the present day sea surface temperature, over the summer spawning season 

of F. zelandiae, around New Zealand can be seen in Figure 4.1.1. Over F. zelandiae’s 

current geographic range there is an 8oC difference in sea surface temperature from an 

average of 15oC in the South to 22oC in the North. The populations of F. zelandiae 

studied here did not reside at the higher end of this species’ range on temperature, and it 

is possible that populations living farther north may have different thermal tolerance 

limits associated with a warmer range.  
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Figure 4.1.1. Average summer sea surface temperatures over December, January, and 

February around the New Zealand region from 2000 to 2010 as recorded by the SST 

probe of the Terra MODIS satellite at a resolution of 4km. For further detail on methods 

see Pecorino et al. (2013). 
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4.2 Latitudinal Differences 

 

 Differences observed between other echinoderm species from varying latitudes 

have also been reflected in this study. The trend of broader thermal tolerance ranges for 

tropical echinoderms compared to species from higher latitudes (Sunday et al. 2011) is 

seen in the difference between the 14oC span between 17oC and 31oC for A. placenta, and 

the 10oC thermal span from 12.3oC to 22.9oC for F. zelandiae. Temperature is one of the 

main environmental factors driving invertebrate development and distribution (Chen and 

Chen 1992, Byrne 2011). When comparing A. placenta and F. zelandiae embryological 

development under combined stressors A. placenta is not likely to be effected in the near 

future while F. zelandiae is. A difference in development, associated with reduced pH, 

between tropical and temperate species, attributed to differences in sensitivity to calcium 

carbonate saturation (Byrne et al. 2013) was also observed in the differences between A. 

placenta and F. zelandiae. F. zelandiae embryological and larval development may 

experience beneficial effects of climate change, while A. placenta may experience 

negative effects due to their difference in sensitivity to calcium carbonate saturation. 

 This difference in thermal tolerance, associated with different populations of a 

single species, has been seen with Centrostephanus rodgersii who’s upper thermal limit 

of fertilisation and embryonic developmental is shifted 1oC cooler in the population 

residing in New Zealand compared to the population in New South Wales, Australia 

where sea temperatures are warmer (Pecorino et al. 2013). Further study of F. zelandiae 

populations is needed to discern any difference in thermal tolerance over the species’ 

current range in New Zealand. 
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4.3 Future Populations 

 

 Figure 4.3.1 represents a simplistic view of sea surface temperatures predicted for 

the New Zealand region in 2100 by simply adding 2oC to the present day temperatures. 

The population of F. zelandiae used in this study will fall within the 16oC to 22oC range, 

however population residing in the north may experience sea surface temperatures 

between 24oC and 28oC. While southern populations will not be negatively impacted by 

the temperature increase, northern populations may be based on my direct observations. 

To understand how future populations of F. zelandiae will respond to climate change the 

thermal window of the current northern population must be studied. If current northern 

populations show evidence that the species can acclimatise to warmer temperatures, as 

seen in populations of A. placenta (Chen and Chen 1992, Hardy et al. 2013), then it is 

possible that F. zelandiae populations of the future may cope with the increase to 24oC or 

28oC through a shift in thermal tolerance.  

 Future populations of A. placenta may be able to acclimatise to changing 

conditions. However, the present study shows that this species is more likely to 

experience negative effects to development though combined stressors due to tropical 

species’ predilection to calcium carbonate saturation sensitivity (Byrne et al. 2013). The 

future populations of A. placenta and F. zelandiae may respond to reduced pH in 

different ways.  A. placenta has been observed to be more sensitive to reductions in pH 

than F. zelandiae. pH was observed to effect both species, and larvae in future 
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populations may experience slower growth rates, or delayed development, and smaller 

larval size as a result. This may lead extended time in the planktonic state, which may 

increase vulnerability to predation, or lead to reduced survival and recruitment (Byrne et 

al. 2013). 

 

  



 133 

 

Figure 4.3.1. Projected average summer sea surface temperatures over December, 

January, and February for 2100 around the New Zealand region, predictions made using 

data collected by the SST probe of the Terra MODIS satellite, and modified according to 

IPCC (2013) predictions with the addition of 2oC. 
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4.4 Main Conclusions 

 

- Fertilisation was impacted by an interaction between sperm concentration and 

both decreased pH, and increased temperature, for A. placenta and F. zelandiae. 

 

- Embryological development is not likely to be impacted by near future climate 

change for either of the populations studied. However, for F. zelandiae 

populations currently residing in warmer waters that are currently near their upper 

thermal limit of 22.9oC, warming may result in a shifting of its range if 

acclimatisation in not evident. 

 

- Embryological and larval morphometrics are likely to be impacted by near future 

warming, with a negative interactive effect with pH to A. placenta, and possible 

beneficial effect for the F. zelandiae population studied. 

 

- The combined stressors of increased temperature and reduced pH predicted for 

the near future are not likely to effect the larval survival of A. placenta or F. 

zelandiae directly.  

 

- As seen previously with tropical species in comparison to temperate species, A. 

placenta has a broader thermal tolerance range, and is more sensitive to reduced 

pH, than F. zelandiae. 
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- Latitudinal responses to stressors can vary within a species, as populations are 

exposed to different conditions, as well as between different regions such as 

tropical and temperate environments. 

 

- Both A. placenta and F. zelandiae have the potential to acclimatise to moderate 

increases in sea surface temperature, as long as evidence of acclimatisation is 

observed among current populations residing in thermally variant habitats. 

 

- Future research should focus on gaining an understanding of the thermal range of 

these two species over different life history stages, namely juveniles and adults, 

and among different populations throughout the species’ range. This will help 

gain a greater understanding of the impacts of climate change to these species, 

and how their distribution may change over the coming century. It would also be 

interesting to note whether the thermal window of tolerance range of these two 

species changes when tested with reduced pH.  
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Appendix 

A) Arachnoides placenta 

A.1 Fertilisation 

Table A.1.1. Tukey’s post hoc test for any significant difference between fertilisation 

success of Arachnoides placenta eggs fertilised at a 4:1 sperm to egg ratio due to 

temperature. Corresponding to Figure 2.3.1.1, Chapter 2. 

 

Dependent Variable: fertilisation 

(I) temp (J) temp 

Mean 

Difference (I-

J) Std. Error Sig.a 

95% Confidence Interval for 

Differencea 

Lower Bound Upper Bound 

23 25 -2.598* .589 .000 -3.807 -1.388 

27 -.969 .589 .112 -2.179 .240 

25 23 2.598* .589 .000 1.388 3.807 

27 1.629* .589 .010 .419 2.838 

27 23 .969 .589 .112 -.240 2.179 

25 -1.629* .589 .010 -2.838 -.419 

 

Table A.1.2. Tukey’s post hoc test for any significant difference between fertilisation 

success of Arachnoides placenta eggs fertilised at a 4:1 sperm to egg ratio due to pH. 

Corresponding to Figure 2.3.1.1, Chapter 2. 
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Table A.1.3. Tukey’s post hoc test for any significant difference between fertilisation 

success of Arachnoides placenta eggs fertilised at a 40:1 sperm to egg ratio due to 

temperature. Corresponding to Figure 2.3.1.2, Chapter 2. 

 

Dependent Variable:fertilisation 

(I) temp (J) temp 

Mean 

Difference (I-J) Std. Error Sig.a 

95% Confidence Interval for 

Differencea 

Lower Bound Upper Bound 

23 25 1.674 2.516 .511 -3.488 6.836 

27 -1.606 2.516 .529 -6.768 3.556 

25 23 -1.674 2.516 .511 -6.836 3.488 

27 -3.280 2.516 .203 -8.442 1.881 

27 23 1.606 2.516 .529 -3.556 6.768 

25 3.280 2.516 .203 -1.881 8.442 

 

Table A.1.4. Tukey’s post hoc test for any significant difference between fertilisation 

success of Arachnoides placenta eggs fertilised at a 40:1 sperm to egg ratio due to pH. 

Corresponding to Figure 2.3.1.2, Chapter 2. 

 

Dependent Variable:fertilisation 

(I) pH (J) pH 

Mean 

Difference (I-J) Std. Error Sig.a 

95% Confidence Interval for 

Differencea 

Lower Bound Upper Bound 

7.5 7.7 2.960E-16 2.516 1.000 -5.162 5.162 

8.1 -6.434* 2.516 .016 -11.596 -1.273 

7.7 7.5 -2.960E-16 2.516 1.000 -5.162 5.162 

8.1 -6.434* 2.516 .016 -11.596 -1.273 

8.1 7.5 6.434* 2.516 .016 1.273 11.596 

7.7 6.434* 2.516 .016 1.273 11.596 
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Table A.1.5. Tukey’s post hoc test for any significant difference between fertilisation 

success of Arachnoides placenta eggs fertilised at a 100:1 sperm to egg ratio due to 

temperature. Corresponding to Figure 2.3.1.3, Chapter 2. 

 

Dependent Variable:fertilisation 

(I) temp (J) temp 

Mean 

Difference (I-J) Std. Error Sig.a 

95% Confidence Interval for 

Differencea 

Lower Bound Upper Bound 

23 25 2.594 2.656 .337 -2.856 8.043 

27 -.425 2.656 .874 -5.875 5.024 

25 23 -2.594 2.656 .337 -8.043 2.856 

27 -3.019 2.656 .266 -8.469 2.430 

27 23 .425 2.656 .874 -5.024 5.875 

25 3.019 2.656 .266 -2.430 8.469 

 

Table A.1.6. Tukey’s post hoc test for any significant difference between fertilisation 

success of Arachnoides placenta eggs fertilised at a 100:1 sperm to egg ratio due to pH. 

Corresponding to Figure 2.3.1.3, Chapter 2 

 

Dependent Variable:fertilisation 

(I) pH (J) pH 

Mean 

Difference (I-J) Std. Error Sig.a 

95% Confidence Interval for 

Differencea 

Lower Bound Upper Bound 

7.5 7.7 -.510 2.656 .849 -5.959 4.940 

8.1 -21.843* 2.656 .000 -27.293 -16.394 

7.7 7.5 .510 2.656 .849 -4.940 5.959 

8.1 -21.333* 2.656 .000 -26.783 -15.884 

8.1 7.5 21.843* 2.656 .000 16.394 27.293 

7.7 21.333* 2.656 .000 15.884 26.783 
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Table A.1.5. Tukey’s post hoc test for any significant difference between fertilisation 

success of Arachnoides placenta eggs fertilised at a 400:1 sperm to egg ratio due to 

temperature. Corresponding to Figure 2.3.1.4, Chapter 2. 

 

Pairwise Comparisons 

Dependent Variable:fertilisation 

(I) temp (J) temp 

Mean 

Difference (I-J) Std. Error Sig.a 

95% Confidence Interval for 

Differencea 

Lower Bound Upper Bound 

23 25 -10.156* 3.834 .013 -18.022 -2.289 

27 -.762 3.834 .844 -8.629 7.105 

25 23 10.156* 3.834 .013 2.289 18.022 

27 9.394* 3.834 .021 1.527 17.261 

27 23 .762 3.834 .844 -7.105 8.629 

25 -9.394* 3.834 .021 -17.261 -1.527 

 

Table A.1.6. Tukey’s post hoc test for any significant difference between fertilisation 

success of Arachnoides placenta eggs fertilised at a 400:1 sperm to egg ratio due to pH. 

Corresponding to Figure 2.3.1.4, Chapter 2. 

 

Dependent Variable:fertilisation 

(I) pH (J) pH 

Mean 

Difference (I-J) Std. Error Sig.a 

95% Confidence Interval for 

Differencea 

Lower Bound Upper Bound 

7.5 7.7 -5.845 3.834 .139 -13.712 2.021 

8.1 -28.170* 3.834 .000 -36.037 -20.303 

7.7 7.5 5.845 3.834 .139 -2.021 13.712 

8.1 -22.325* 3.834 .000 -30.191 -14.458 

8.1 7.5 28.170* 3.834 .000 20.303 36.037 

7.7 22.325* 3.834 .000 14.458 30.191 
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A.2 Embryology 

Table A.2.1. Tukey’s post hoc test for any significant difference among the three pH 

treatments 8.1, 7.7, and 7.5 at 23oC for significant difference between the abnormally 

developed Arachnoides placenta larvae over 24 hours. Significance < 0.05. 

Corresponding to Figure 2.3.2.1, Chapter 2. 

 

Dependent Variable:abnormality 

(I) pH (J) pH 

Mean 

Difference (I-J) Std. Error Sig.a 

95% Confidence Interval for 

Differencea 

Lower Bound Upper Bound 

7.5 7.7 7.877 4.982 .123 -2.260 18.013 

8.1 17.011* 4.982 .002 6.874 27.147 

7.7 7.5 -7.877 4.982 .123 -18.013 2.260 

8.1 9.134 4.982 .076 -1.003 19.271 

8.1 7.5 -17.011* 4.982 .002 -27.147 -6.874 

7.7 -9.134 4.982 .076 -19.271 1.003 

 

Table A.2.2. Tukey’s post hoc test for any significant difference among the three pH 

treatments 8.1, 7.7, and 7.5 at 25oC for significant difference between the abnormally 

developed Arachnoides placenta larvae over 24 hours. Significance < 0.05. 

Corresponding to Figure 2.3.2.2, Chapter 2. 

(I) pH (J) pH 

Mean 

Difference (I-J) Std. Error Sig.a 

95% Confidence Interval for 

Differencea 

Lower Bound Upper Bound 

7.5 7.7 -4.466 5.351 .410 -15.353 6.422 

8.1 3.365 5.351 .534 -7.522 14.253 

7.7 7.5 4.466 5.351 .410 -6.422 15.353 

8.1 7.831 5.351 .153 -3.057 18.719 

8.1 7.5 -3.365 5.351 .534 -14.253 7.522 

7.7 -7.831 5.351 .153 -18.719 3.057 
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Table A.2.3. Tukey’s post hoc test for any significant difference among the three pH 

treatments 8.1, 7.7, and 7.5 at 27oC for significant difference between the abnormally 

developed Arachnoides placenta larvae over 24 hours. Significance < 0.05. 

Corresponding to Figure 2.3.2.3, Chapter 2. 

 

Dependent Variable:abnormality 

(I) pH (J) pH 

Mean 

Difference (I-J) Std. Error Sig.a 

95% Confidence Interval for 

Differencea 

Lower Bound Upper Bound 

7.5 7.7 2.308 5.975 .702 -9.848 14.465 

8.1 8.104 5.975 .184 -4.053 20.260 

7.7 7.5 -2.308 5.975 .702 -14.465 9.848 

8.1 5.796 5.975 .339 -6.361 17.952 

8.1 7.5 -8.104 5.975 .184 -20.260 4.053 

7.7 -5.796 5.975 .339 -17.952 6.361 

 

A.3 Embryological Morphometrics 

Table A.3.1. One way ANCOVAs to determine any significant difference between 

regression lines from Figure 2.3.2.4, Chapter 2. 
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Table A.3.2. One way ANCOVAs to determine any significant difference between 

regression lines from Figure 2.3.2.5, Chapter 2. 

 

 

 

Table A.3.3. One way ANCOVAs to determine any significant difference between 

regression lines from Figure 2.3.2.6, Chapter 2. 
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Table A.3.4. One way ANCOVA to determine any significant difference between 

regression lines from Figure 2.3.2.7, Chapter 2. 

 

 

Table A.3.5. One way ANCOVA to determine any significant difference between 

regression lines from Figure 2.3.2.8, Chapter 2. 
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Table A.3.6. One way ANCOVAs to determine any significant difference between 

regression lines from Figure 2.3.2.9, Chapter 2. 

 

 

 

 

A.4 Larval Morphometrics 

Table A.4.1. One way ANCOVAs to determine any significant difference between 

regression lines from Figure 2.3.3.1, Chapter 2. 
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Table A.4.2. One way ANCOVAs to determine any significant difference between 

regression lines from Figure 2.3.3.2, Chapter 2. 

 

 

 

 

Table A.4.3. One way ANCOVAs to determine any significant difference between 

regression lines from Figure 2.3.3.3, Chapter 2. 
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Table A.4.4. One way ANCOVAs to determine any significant difference between 

regression lines from Figure 2.3.3.4, Chapter 2. 

 

 

 

Table A.4.5. One way ANCOVAs to determine any significant difference between 

regression lines from Figure 2.3.3.5, Chapter 2. 
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Table A.4.6. One way ANCOVAs to determine any significant difference between 

regression lines from Figure 2.3.3.6, Chapter 2. 
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B. Fellaster zelandea 

 

B.1. Fertilisation 

Table B.1.1. Tukey Post Hoc tests for any significant difference between the fertilisation 

success of Fellaster zelandiae eggs due to temperature and pH when fertilised at a 4:1 

sperm to egg ratio. Values correspond to significant differences noted in Figure 3.3.1.1, 

Chapter 3. 

(I) temp (J) temp 

Mean 

Difference (I-J) Std. Error Sig.a 

95% Confidence Interval for 

Differencea 

Lower Bound Upper Bound 

16 18 -7.969* 2.238 .001 -12.562 -3.376 

20 -5.316* 2.238 .025 -9.909 -.723 

18 16 7.969* 2.238 .001 3.376 12.562 

20 2.653 2.238 .246 -1.940 7.246 

20 16 5.316* 2.238 .025 .723 9.909 

18 -2.653 2.238 .246 -7.246 1.940 

 

(I) pH (J) pH 

Mean 

Difference (I-J) Std. Error Sig.a 

95% Confidence Interval for 

Differencea 

Lower Bound Upper Bound 

7.6 7.8 -1.949 2.238 .392 -6.542 2.644 

8.1 -5.590* 2.238 .019 -10.183 -.997 

7.8 7.6 1.949 2.238 .392 -2.644 6.542 

8.1 -3.641 2.238 .115 -8.234 .952 

8.1 7.6 5.590* 2.238 .019 .997 10.183 

7.8 3.641 2.238 .115 -.952 8.234 
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Table B.1.2. Tukey Post Hoc tests for any significant difference between the fertilisation 

success of Fellaster zelandiae eggs due to temperature and pH when fertilised at a 40:1 

sperm to egg ratio. Values correspond to significant differences noted in Figure 3.3.1.2, 

Chapter 3. 

(I) temp (J) temp 

Mean 

Difference (I-J) Std. Error Sig.b 

95% Confidence Interval for 

Differenceb 

Lower Bound Upper Bound 

16 18 10.278a 5.257 .064 -.655 21.211 

20 -5.912 3.717 .127 -13.643 1.819 

18 16 -10.278c 5.257 .064 -21.211 .655 

20 -16.190c,* 5.257 .006 -27.123 -5.257 

20 16 5.912 3.717 .127 -1.819 13.643 

18 16.190a,* 5.257 .006 5.257 27.123 

 

(I) pH (J) pH 

Mean 

Difference (I-J) Std. Error Sig.b 

95% Confidence Interval for 

Differenceb 

Lower Bound Upper Bound 

7.6 7.8 -1.149a 4.156 .785 -9.792 7.495 

8.1 -8.522a,c 4.553 .075 -17.991 .946 

7.8 7.6 1.149c 4.156 .785 -7.495 9.792 

8.1 -7.374c 4.156 .091 -16.017 1.270 

8.1 7.6 8.522a,c 4.553 .075 -.946 17.991 

7.8 7.374a 4.156 .091 -1.270 16.017 
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Table B.1.3. Tukey Post Hoc tests for any significant difference between the fertilisation 

success of Fellaster zelandiae eggs due to temperature and pH when fertilised at a 100:1 

sperm to egg ratio. Values correspond to significant differences noted in Figure 3.3.1.3, 

Chapter 3. 

(I) temp (J) temp 

Mean 

Difference (I-J) Std. Error Sig.a 

95% Confidence Interval for 

Differencea 

Lower Bound Upper Bound 

16 18 -12.902* 2.960 .000 -18.975 -6.829 

20 -1.809 2.960 .546 -7.882 4.264 

18 16 12.902* 2.960 .000 6.829 18.975 

20 11.093* 2.960 .001 5.020 17.166 

20 16 1.809 2.960 .546 -4.264 7.882 

18 -11.093* 2.960 .001 -17.166 -5.020 

 

(I) pH (J) pH 

Mean 

Difference (I-J) Std. Error Sig.a 

95% Confidence Interval for 

Differencea 

Lower Bound Upper Bound 

7.6 7.8 1.137 2.960 .704 -4.936 7.210 

8.1 -.449 2.960 .881 -6.522 5.624 

7.8 7.6 -1.137 2.960 .704 -7.210 4.936 

8.1 -1.586 2.960 .597 -7.659 4.487 

8.1 7.6 .449 2.960 .881 -5.624 6.522 

7.8 1.586 2.960 .597 -4.487 7.659 
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Table B.1.4. Tukey Post Hoc tests for any significant difference between the fertilisation 

success of Fellaster zelandiae eggs due to temperature and pH when fertilised at a 400:1 

sperm to egg ratio. Values correspond to significant differences noted in Figure 3.3.1.4, 

Chapter 3. 

 

(I) pH (J) pH 

Mean 

Difference (I-J) Std. Error Sig.a 

95% Confidence Interval for Differencea 

Lower Bound Upper Bound 

7.6 7.8 .093 2.148 .966 -4.313 4.500 

8.1 -7.187* 2.148 .002 -11.593 -2.780 

7.8 7.6 -.093 2.148 .966 -4.500 4.313 

8.1 -7.280* 2.148 .002 -11.687 -2.873 

8.1 7.6 7.187* 2.148 .002 2.780 11.593 

7.8 7.280* 2.148 .002 2.873 11.687 
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B.2 Embryological Development 

Table B.2.1. Tukey’s post hoc test among three pH treatments (8.1, 7.8, and 7.6) at 16oC 

for significant difference in the rate of abnormally developed Fellaster zelandiae larvae 

over 46 hours. Significance < 0.05. Corresponding to Figure 3.3.2.1, Chapter 3. 

(I) pH (J) pH 

Mean 

Difference (I-J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

7.60 7.80 4.6951 2.18066 .091 -.6028 9.9930 

8.10 10.5621* 2.18066 .000 5.2642 15.8600 

7.80 7.60 -4.6951 2.18066 .091 -9.9930 .6028 

8.10 5.8670* 2.18066 .027 .5691 11.1649 

8.10 7.60 -10.5621* 2.18066 .000 -15.8600 -5.2642 

7.80 -5.8670* 2.18066 .027 -11.1649 -.5691 

 

  
Table B.2.2. Tukey’s post hoc test among three pH treatments (8.1, 7.8, and 7.6) at 18oC for 

significant difference in the rate of abnormally developed Fellaster zelandiae larvae over 46 

hours. Significance < 0.05. Corresponding to Figure 3.3.2.2, Chapter 3. 

(I) pH (J) pH 

Mean 

Difference (I-J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

7.60 7.80 1.4349 1.92698 .738 -3.2467 6.1165 

8.10 8.9134* 1.92698 .000 4.2319 13.5950 

7.80 7.60 -1.4349 1.92698 .738 -6.1165 3.2467 

8.10 7.4785* 1.92698 .001 2.7970 12.1601 

8.10 7.60 -8.9134* 1.92698 .000 -13.5950 -4.2319 

7.80 -7.4785* 1.92698 .001 -12.1601 -2.7970 
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Table B.2.3. Tukey’s post hoc test among three pH treatments (8.1, 7.8, and 7.6) at 20oC 

for significant difference in the rate of abnormally developed Fellaster zelandiae larvae 

over 46 hours. Significance < 0.05. Corresponding to Figure 3.3.2.3, Chapter 2. 

(I) pH (J) pH 

Mean 

Difference (I-J) Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

7.60 7.80 -.9044 2.81824 .945 -7.7513 5.9425 

8.10 8.6049* 2.81824 .011 1.7580 15.4518 

7.80 7.60 .9044 2.81824 .945 -5.9425 7.7513 

8.10 9.5093* 2.81824 .004 2.6624 16.3562 

8.10 7.60 -8.6049* 2.81824 .011 -15.4518 -1.7580 

7.80 -9.5093* 2.81824 .004 -16.3562 -2.6624 

 

 

 

B.3 Larval Morphology 

Table B.3.1. One way ANCOVA to determine any significant difference between 

regression lines from Figure 3.3.2.4 in Chapter 3. 
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Table B.3.2 One-way ANCOVA to determine any significant difference between 

regression lines from Figure 3.3.2.5 in Chapter 3. 

 

 

Table B.3.3. One-way ANCOVAs testing difference in regression (from Figure 3.3.2.5. 

Chapter 3) between each pair of pHs, 8.1, 7.8, 7.6, for Fellaster zelandiae larvae grown at 

18oC. Significant < 0.05 
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Table B.3.4. One way ANCOVA to determine any significant difference between 

regression lines from Figure 3.3.2.6 in Chapter 3. Significant < 0.05 

 

 

Table B.3.5. One-way ANCOVA to determine any significant difference between 

regression lines from Figure 3.3.2.7 in Chapter 3. Significant < 0.05 

 

 

Table B.3.6. One-way ANCOVA to determine any significant difference between 

regression lines from Figure 3.3.2.8 Chapter 3.3. Significant < 0.05 
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Table B.3.7 One-way ANCOVA to determine any significant difference between 

regression lines from Figure 3.3.2.9, Chapter 3. Significant < 0.05 

 

 


