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Abstract 
 

The ocean has absorbed about one third of the total anthropogenic emissions of CO2 since 

1800 and, consequently, global mean surface ocean pH has decreased of approximately 0.1 

pH unit. This variation of atmospheric CO2 is also correlated with decadal increases in 

average global temperature by 0.13°C since 1956. Atmospheric CO2 levels are rising annually 

of 0.5%, and, if emissions are not reduced, a further decrease of 0.14-0.41 and 0.30-0.7 pH 

units by 2100 and 2300 respectively is expected, in a process called "ocean acidification". A 

concurrent average sea surface temperature increase of 2-4°C is predict by 2100, as another 

aspect of global climate change defined as "global warming". Temperature and pH are known 

to affect physiology and early development of marine invertebrates and, in the case of 

temperature, also geographical distribution. 
 
This thesis examines larval and population biology of the echinoid Centrostephanus rodgersii 

at the Mokohinau Islands, New Zealand, under global climate change. Its growth, population 

size and age structure and gametogenetic cycle in this region were studied and compared to 

populations in mainland Australia and Tasmania. The effects of temperature and pH on early 

life stages of C. rodgersii were compared with those of Evechinus chloroticus and P. huttoni, 

two echinoids endemic to New Zealand, to provide the first overview of the responses of sea 

urchins to global climate change in New Zealand. The effect of these variables on the 

embryos and larvae and the implications of this on the distribution of these species in New 

Zealand in warmer and more acidic future scenarios are then discussed. C. rodgersii at the 

Mokohinau Islands is also compared with a population in Coffs Harbour, New South Wales, 

to assess the potential of this species for early adaptation to a new environment. 
 
C. rodgersii was found to grow at a slightly faster pace than the populations in Tasmania and 

population size and age structure suggest that recruitments occurs regularly. The timing of the 

gametogenetic cycle is similar to a population from Sydney and spawning takes place 

between late July and September. Thermal tolerance of fertilisation was very broad in all the 

species considered, and the process was practically unaffected by temperature. The optimal 

thermal range was similar through the subsequent developmental stages and was ≈16–23°C 

for C. rodgersii at the Mokohinau Islands, ≈17–24°C for C. rodgersii at Coffs Harbour, ≈12–

18°C for E. chloroticus and ≈12–17°C. These thermal tolerances for development of C. 

rodgersii agree closely with its present day distribution in New Zealand, suggesting the 
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distribution range is largely controlled by temperature dependant recruitment in this species. 

Fertilisation was slightly (<10%) reduced in all species by pH conditions predicted by 2100 

and no buffering effect of temperature was found. A 3°C temperature increase was either 

neutral or beneficial for subsequent developmental stages in E. chloroticus and C. rodgersii 

(Mokohinau Islands), it did not affect C. rodgersii (Coffs Harbour) and was neutral or 

negative for P. huttoni. Lowered pH had a general negative effect, which was always minor, 

compared to the effect of increased temperature. Larval morphology was affected by lowered 

pH differently in the three species considered. Pluteus larvae showed either shorter arms (both 

populations of C. rodgersii and E. chloroticus) or smaller larvae with shorter arms and an 

altered global morphology (P. huttoni). 
 
This study found that the effects of increased temperature and decreased pH are species-

specific. It strengthens the idea that temperature is the main stressor of the early life stages 

and that it often contradicts the effects of pH. Global organismal responses are, therefore, 

hard to predict. This study also suggests that embryos and larvae of C. rodgersii in New 

Zealand are, at present, in suboptimal conditions and that a temperature increase could favour 

the extension of its geographical range to other areas, despite the negative effects of lowered 

pH. Further research is needed to detail distribution of C. rodgersii in New Zealand and to 

clarify potential interactions with E. chloroticus. Physiological measurements on embryos and 

larvae reared in near future scenarios are also recommended to highlight sublethal effects. 
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"It is a curious situation that the sea, from which life first arose should now be threatened by 

the activities of one form of that life. But the sea, though changed in a sinister way, will 

continue to exist; the threat is rather to life itself." 

 

Rachel Carson (The Sea around Us, 1951) 

 

 

"Il mare non ha paese nemmen lui, ed è di tutti quelli che lo stanno ad ascoltare, di qua e di là 

dove nasce e muore il sole." 

 

Giovanni Verga (I Malavoglia, 1881) 
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Chapter One. General introduction 
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1.1 Global climate change and its effects on seawater chemistry 

 
Global climate change has been defined as "a change in the state of the climate that can be 

identified (e.g. using statistical tests) by changes in the mean and/or the variability of its 

properties, and that persists for an extended period, typically decades or longer. It refers to 

any change in climate over time, whether due to natural variability or as a result of human 

activity" (IPCC 2007). Another definition exists (UNFCCC 1994), which puts more emphasis 

on the direct and indirect human influence in changing climate properties by altering the 

atmosphere chemical composition. 
 
Since the industrial revolution (1850 ca.), the atmospheric concentration of greenhouse gases, 

and carbon dioxide CO2 in particular, has increased at a rate higher than what has occurred for 

millions of years (Doney and Schimel 2007; IPCC 2007). Today's levels of ≈380 ppm are 

higher than what they have been for the last 20 million years (Pearson and Palmer 2000) and 

they are rising annually of 0.5% (Fabry et al. 2008; Forster et al. 2007). This variation of 

atmospheric CO2 is also related, through the radiative forcing of carbon dioxide, with decadal 

increases in average global temperature by 0.13°C since 1956 (IPCC 2007).  
 
The world's oceans act as a sink for atmospheric CO2, and absorb a third of the anthropogenic 

emissions (Doney et al. 2009; Hoegh- Guldberg and Bruno 2010; Sabine et al. 2004). Since 

pCO2 in the atmosphere and the oceans acts as a controlling force for the ocean's pH through 

the carbonate system, alterations in the atmospheric pCO2 are expected to have an effect on 

the ocean's chemistry. Average seawater pH currently ranges from 8.0 to 8.2 worldwide, and 

it varies with latitude and season (Haugan and Drange 1996). The increase of atmospheric 

pCO2 since the beginning of the industrial revolution is correlated with a 0.1 unit drop in 

ocean surface pH (Brewer 2009; Doney et al. 2009; Hoegh-Guldberg and Bruno 2010), and a 

further decrease of 0.14-0.41 units and 0.30-0.7 units by 2100 and 2300 respectively (Caldeira 

and Wickett 2003; IPCC 2007; Doney et al. 2009) is predicted, as part of a process named 

"ocean acidification". Concurrently, an elevation of sea surface temperature of further 2-4°C 

by 2100 is predicted (IPCC 2007). 
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The chemistry of the carbonate system in the ocean is well known. When carbon dioxide CO2 

dissolves in seawater, it reacts with H2O and forms carbonic acid H2CO3. This acid is very 

short lived, and immediately dissociates into hydrogen H+ and bicarbonate   

€ 

HCO3
−  ions. A 

further dissociation leads to the production of hydrogen H+ and carbonate   

€ 

CO3
2− ions (Eq. 1): 

 

  

€ 

CO2(g) ↔ CO2(aq) + H2O↔ H2CO3 ↔ H+ + HCO3
− ↔ 2H+ + CO3

2−   Eq 1 

 

As CO2 is sequestered in the oceans, the concentration of H+ increases, causing a reduction of 

seawater pH; a further product of increased CO2 sequestration is a lowered concentration of 

  

€ 

CO3
2−, since the excess of H+ reacts with   

€ 

CO3
2− to form   

€ 

HCO3
−  (Orr et al. 2005; Bozlee et al. 

2008; Doney et al. 2009). The net result of increased atmospheric CO2 is, therefore, a 

decrease in seawater pH and an increase in bicarbonate ions. 
 

The reactions described in Eq. 1 take place in the water column and they are connected to the 

sediments and the other solid phases of carbonates (i.e.: skeleton of marine organisms) 

through the reaction (Eq. 2) with calcium ions Ca2-, to produce calcium carbonate CaCO3: 

 

€ 

Ca2+ +CO3
2− ↔ CaCO3      Eq 2 

This reaction depends on the concentrations of both ions involved. Since Ca2+ concentration 

in seawater is tightly connected with salinity and is relatively stable, varying no more than 

1.5% (Feely et al. 2004), deposition of calcium carbonate tends to be limited by the 

concentration of carbonate ions (Doney et al. 2009). Ca2+ and   

€ 

CO3
2− concentrations are used 

to define the saturation state (Eq. 3) of seawater in respect to two calcium carbonate minerals,  

aragonite ΩA and calcite ΩC: 

 

€ 

ΩA =
Ca2+[ ] × CO3

2−[ ]
KspA

  

€ 

ΩC =
Ca2+[ ] × CO3

2−[ ]
KspC

     Eq 3 

where Ksp is the solubility product of the ions; it is the product of their concentrations when 

the water column is saturated; it indicates the solubility of that specific calcium carbonate 

mineral; and varies with temperature, salinity and pressure (Doney et al. 2009; Mucci 1983). 

Solubility is different according to the mineral considered, and it is maximum for magnesian 

calcite, intermediate for aragonite and minimum for calcite (Andresson et al. 2008). When Ω 

> 1, the mineral precipitates and is available to organisms to build calcareous structures; if Ω 
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< 1, the mineral dissolves and biomineralization of calcium carbonate becomes more difficult 

(Fabry et al. 2008; Doney et al. 2009). 
 
The saturation state of aragonite and calcite varies with depth, as solubility of CaCO3 

increases with increasing pressure (Hawley and Pytowicz 1969; Orr et al. 2005). It also varies 

with latitude, as solubility increases with increasing temperature. At present, the saturation 

state of both aragonite and calcite is more than 1 in most regions of the world. As a 

consequence of the 0.14-0.41 units decrease of seawater pH predicted by 2100, many parts of 

the oceans worldwide will have lower solubility products, and the area around the poles could 

be undersaturated in respect to aragonite (Orr et al. 2005). The 4°C predicted temperature 

increase on the same time frame, on the other hand, may be able to buffer the effect of 

atmospheric CO2 on the saturation state of calcium carbonate minerals, since solubility of 

CO2 in seawater decreases with increasing temperature. Synergistic effects of temperature and 

pH, therefore, are probably going to be complex and difficult to predict, especially when 

considering the potential buffering effect of temperature (Orr et al. 2005).  
 

 
Figure 2. Maps modified from Feely et al. (2004). Present day worldwide saturation horizon depth for aragonite and 

calcite. 
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1.2 Effect of global climate change on invertebrate early life stages 

 
Both changes in temperature and seawater pH, the two main aspects of global climate change, 

are known to affect biological processes of marine invertebrates, especially during early life 

stages (reviews Dupont et al. 2010; Byrne 2011).  
 
Acidification is known to cause hypercapnia, due to higher-than-normal pCO2, and this can 

alter acid-base regulation (Michaelidis et al. 2005; Pörtner et al. 2008; Melzner et al. 2009); 

cause metabolic depression and downregulation of gene expression (Todgham and Hofmann 

2009); or have the opposite effect of increasing metabolic rates and stimulating the 

upregulation of genes connected to acid-base balance and metabolism (Stumpp et al. 2011a; 

Stumpp et al. 2011b). It has been shown to contribute to bleaching and to reduce productivity 

and calcification in in corals (Langdon et al. 2000; Leclercq et al. 2000; Anthony et al. 2008; 

Ries et al. 2009); to impair calcification in adult and larval pteropods (Comeau et al. 2009; 

Comeau et al. 2010) and adult molluscs (Gazeau et al. 2007); and to decrease hatching rate in 

copepods (Mayor et al. 2007).  
 
Acidification also negatively affects calcification in larval sea urchins (Kurihara et al. 2004; 

Kurihara and Shirayama 2004; Clark et al. 2009; O'Donnell et al. 2010; Byrne et al. 2011a; 

Doo et al. 2011), leading to the production of dwarfed or abnormal larvae. Conversely, in the 

case of fertilisation in invertebrates results are mixed. Some authors found that it is not 

reduced in response to pH levels predicted for 2100 (Kurihara and Shirayama 2004; Carr et al. 

2006; Kurihara 2008; Rahman et al. 2009; Byrne et al. 2010a; Ericson et al. 2010), although 

reduced fertilisation has been reported in two species of oysters (Parker et al. 2010). 

Contrasting results are, nevertheless, present also in the case of the same species. For 

Heliocidaris erythrogramma, for example, Havenhand et al. (2008) reported a 24% reduction 

of fertilisation success at pH 7.7, while Byrne et al. (2010a) detected no reduction at the same 

pH levels. 
 
Changes in sea surface temperature alter the pace at which physiological processes take place, 

by directly affecting the speed of biochemical reactions (Somero 2002, 2010; Hofmann and 

Todgham 2010; Tomanek 2010); they also cause shifts polewards in the geographical range 

of marine invertebrates (Barry et al. 1995; Southward et al. 1995; Holbrook et al. 1997; 

Sagarin et al. 1999; Smith et al. 1999; Beaugrand et al. 2002; Rivadeneira and Fernàndez 



 31 

2005). Fertilisation in invertebrates has been shown to be quite robust towards temperature 

changes, especially in corals, apart from the species Acropora millepora, (Negri et al. 2007), 

sponges (Whalan et al. 2008) and echinoids (Byrne et al. 2011b). Post-larval development 

time in many organisms is also reduced in corals (Putnam et al. 2008; Heyward and Negri 

2010), sponges (Whalan et al. 2008) and sea urchins (Byrne t al. 2011b). A general nonlinear 

response of invertebrate development to increased temperature is usually present, with small 

increases of temperature being beneficial and larger ones highly deleterious, mostly due to 

protein and enzyme denaturation (Ishida 1936; Rahman et al. 2009). 
 
Since acidification and warming are contemporary stressors on marine invertebrates, 

multifactorial studies considering both have started to be performed. The idea behind these 

studies is that a moderate increase in temperature can potentially buffer deleterious effects of 

lowered pH. The organisms whose early life stages have been investigated so far are mostly 

echinoderms (Byrne et al. 2009, 2010 a, b, 2011; Sheppard Brennand et al. 2011; Nguyen et 

al. 2012), with two oysters (Parker et al. 2010) and one abalone (Byrne et al. 2011a) 

examined. 
 
Fertilisation was found to be basically unaffected by predicted near-future pH levels in 

echinoderms and in one abalone (Byrne et al. 2009, 2010a, b), while in the two oyster species 

at the optimal temperature it was reduced at lowered pH (Parker et al 2010). The subsequent 

developmental stages show differential effects of lowered pH and increased temperature 

according to species, population, developmental stage considered, and, as well, according to 

the methods used in the study.  
 
Byrne et al. (2009) and Nguyen et al. (2012) found that temperature is the major stressor on 

early life stages of echinoderms and causes a reduction in the percentage of cleavage and 

gastrulation in the sea urchin Heliocidaris erythrogramma and a decrease of the percentage of 

gastrulation in the sea star Meridiastra calcar. In sea urchins, as development proceeds to 

plutei, calcification can be reduced at lower pH, as in the case of Tripneustes gratilla 

(Sheppard-Brennand et al. 2010). In the same species, a stimulating effect of temperature on 

calcification was found and it could represent evidence for interactive effects between the two 

stressors and for a buffering effect of increased temperature (Sheppard-Brennand et al. 2010). 

Other studies found that reduced growth of the oysters Saccostrea glomerata and Crassostrea 

gigas at both lowered pH and increased temperature (Parker et al. 2010), and failure to calcify 
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in the veliger larvae of the abalone Haliotis coccoradiata at 2°C above ambient and pH 7.6 

(Byrne et al. 2011a). 
 
Considering such species-specific and within-species variability in the responses, present 

knowledge on the interactive effect of temperature and pH on early life stages of marine 

invertebrates strongly points to the need to perform more studies on species from different 

taxonomic groups, so that recurrent patterns in the responses can be highlighted. Studies on 

different populations of the same species are also valuable, in order to evaluate the potential 

of acclimitazation to different seawater temperature and pH conditions. This is especially 

important in the light of the potential redistribution of the geographical range of marine 

invertebrates, due to global climate change and global warming (Barry et al. 1995; Southward 

et al. 1995; Holbrook et al. 1997; Sagarin et al. 1999; Smith et al. 1999; Beaugrand et al. 

2002; Rivadeneira and Fernàndez 2005). 
 

1.3 Centrostephanus rodgersii and global climate change 

 
The Diadematidae sea urchin Centrostephanus rodgersii (Agassiz 1863) (Figure 1) is a 

subtidal and lower intertidal (0-30 m) species historically distributed along the eastern coast 

of Australia, from northern New South Wales to Victoria. Starting from the 1960s, it was first 

discovered in the Kent Group Islands in the Bass Strait; was found in northeast Tasmania in 

1978, southeastern Tasmania in mid-1980s and southwestern Tasmania in 2005 (Ling et al. 

2008). The first official record in New Zealand is from 1982 at the Poor Knights Islands 

(latitude 35° 30' S) in the northern part of the country (Choat and Schiel 1982). It had, 

nevertheless, already been noted from the 1960s at the same location (Barker pers. comm.) 

and, at present, there is anecdotal evidence for its distribution to go as far south as White 

Island (latitude 37° 31' S), Northland. C. rodgersii is also present at the Norfolk and Lord 

Howe Islands, northeast of New Zealand, and Kermadec Islands (Schiel et al. 1986; Cole et 

al. 1992; Andrew 1993; Andrew 1994; Andrew and Byrne 2007).  
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Figure 3. An adult individual of Centrostephanus rodgersii (total diameter ≈ 100 mm) on a rocky substrate covered in 

encrusting invertebrates. The photograph was taken at Fanal Island (Mokohinau Islands, New Zealand) 

 

The range expansion of C. rodgersii has been attributed to increases in sea surface 

temperatures around both Tasmania and northern New Zealand caused by the deeper 

penetration southward and eastward of the East Australian Current (EAC) (Ridgway 2007; 

Ling et al. 2009). This current splits into two major branches at latitude ≈32° S: one of them 

keeps flowing southward as the Eastern Australian Current and the other one turns eastward 

and flows towards New Zealand (the Tasman Front) (Godfrey et al. 1980). One of the main 

hydrographical features of the Tasman Front is that it is characterized by the periodic 

formation of eddies and by the presence of permanent major gyres (Nilsson and Cresswell 

1981; Tilburg et al. 2001). 

 

The present interest in this species is due to the fact that C. rodgersii is a strong grazer and an 

ecologically important species, which has successfully established at sites in a wide range of 

latitudes, from tropical to cool temperate and oceanic climates. It is able to overgraze 

macroalgal beds and maintain alternative and stable barren habitats at lower biodiversity and 

productivity, varying in size from small non-vegetated patches surrounding a single individual 
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to areas of many hectares (Fletcher 1987; Andrew and Underwood 1989, 1993; Andrew 1991, 

1993; Hill et al. 2003; Johnson et al. 2005; Ling et al. 2009). 

 

The adaptability of the reproductive cycle of C. rodgersii has probably contributed to the 

ecological success of this species. King et al. (1994) and Byrne et al. (1998) studied the 

gametogenetic cycle of C. rodgersii in eastern Australia, and Byrne et al. (1998) showed that 

it proceeds at a different pace at various latitudes. The duration of spawning is  particularly 

influenced, lasting ≈1 month at the northern end of the species range, in northern New South 

Wales, to 5-6 months at the southern end, in southern New South Wales. Fertilisation of the 

eggs, has also been shown to be robust to variations in temperature in a population from 

Sydney, and it occurred unaffected over a range of 18-24°C (Byrne et al. 2010). Information 

is lacking, at present, on the very early life stages up to the prism phase, which was shown to 

develop abnormally to pH levels 0.3 and 0.5 units lower than present day levels (Doo et al. 

2011).  

 
The larvae of C. rodgersii are of the type Echinopluteus transversus (Mortensen 1921), since 

they only have one pair of long postoral arms and one pair of comparatively short 

anterolateral arms. Soars et al. (2009) showed that, in contrast to other species of echinoids, 

the larvae of C. rodgersii lack plastic arm growth, and the length of the postoral arms reduces 

in response to starvation, potentially making this species less able to cope with variatiation in 

the food availability in the water column. A study by Ling et al. (2008) investigated the 

thermal tolerance of the plutei of C. rodgersii, and they found that an average winter 

temperature above 12°C is required for their development to proceed. This information on the 

larval thermal tolerance was fundamental in a subsequent study (Ling et al. 2009), in which 

the authors highlighted that the range expansion southward along the Tasmanian coast was 

clearly associated with an increase of the average winter sea surface temperature above 12°C 

in this region. 
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Figure 4. One adult individual of (a) Evechinus chloroticus (total diameter ≈ 70 mm) and (b) Pseudechinus huttoni 

(total diameter ≈40 mm). The photographs were taken in Deep Cove (Fiordland, New Zealand) 

 
The effects of global climate change scenarios on the larvae of C. rodgersii have only been 

studied, so far, in terms of effect of acidification on larval skeleton calcification. Doo et al. 

(2011) found that the larvae had a significantly shorter mean postoral arm length at pH 7.6, 

while no such effect was present at pH 8.1 and 7.8. Information on the thermal tolerance of 

the larvae is only available for the populations in Tasmania. Similarly, information on the 

relationship between thermal tolerance of larvae with present day distribution and the 

potential of the species to adapt to future higher temperatures is lacking. As for the synergistic 

effects of temperature and pH on the very early life stages up to gastrula, no information is 

available, although they are critical phases to focus on, considering that they are the most 

sensitive developmental stages in a species life cycle, due to their small size and the limited 

ability to buffer environmental changes. 
 
When considering the population of C. rodgersii in northern New Zealand, an additional 

factor of importance is the presence of the abundant sympatric echinoid Evechinus chloroticus 

(Figure 4a). Furthermore, the geographical range of this sea urchin, in turn, partially overlaps 

with that of  Pseudechinus huttoni (Figure 4b). This is in contrast to C. rodgersii in Tasmania, 

where no other echinoids that are major competitors are present. C. rodgersii is already found 

at the same locations as E. chloroticus in the North Island, and the potential competition 

between these two species is possibly affecting present day distribution of C. rodgersii in 

New Zealand and is likely going to have an effect on a potential future range extension to 

other regions. For P. huttoni, no competition is likely to be happening at present with C. 

rodgersii, as the first species is only found around the South Island. P. huttoni is sympatric 
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with E. chloroticus around the South Island, therefore information on how early life stages of 

the two species will react to near future global climate change scenarios is needed to assess 

which species is more susceptible to predicted higher temperatures and lower pH seawater 

conditions. 
 

1.4 Study aims 
 

This thesis investigates the effect of climate change on early life stages of echinoids 

(Centrostephanus rodgersii, Evechinus chloroticus and Pseudechinus huttoni) in New 

Zealand.  
 
First hypothesis – Population biology of Centrostephanus rodgersii in New Zealand 

The first hypothesis is that the newly established population of Centrostephanus rodgersii in 

New Zealand is viable in terms of growth and reproduction. 

 

Second hypothesis – Present day geographical distribution 

The second hypothesis is that present day distribution of C. rodgersii, E. chloroticus and P. 

huttoni is mainly influenced by their larval biology, and especially by the thermal tolerance of 

fertilisation and early life stages. 
 
Third hypothesis – Effect of global climate change on the geographical distribution 

The third hypothesis is that global climate change, and the predicted increase of seawater 

temperatures and decrease of pH that are connected to it, will have an effect on fertilisation 

and larval biology of C. rodgersii, E. chloroticus and P. huttoni. This effect will potentially 

affect the geographical distribution of these species, by influencing their developmental 

processes. 
 
These three broad research questions are addressed in the chapters of the present thesis in the 

following order: 
 
First hypothesis – Population biology of Centrostephanus rodgersii in New Zealand 

Chapter 2: what is the growth rate of Centrostephanus rodgersii in northern New Zealand, 

especially compared to Tasmania, the other newly settled region?  
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Chapter 3: is Centrostephanus rodgersii able to grow gonads, produce gametes and complete 

its reproductive cycle successfully in New Zealand? 

 

Second hypothesis – Present day geographical distribution 

Chapter 4: what is the thermal range of fertilisation and early life stages up to gastrula of  C. 

rodgersii, Evechinus chloroticus and Pseudechinus huttoni in New Zealand and how does it 

contribute to explaining the present day distribution of C. rodgersii in this part of its range? 

What is the thermal tolerance of the same life stages of an Australian population of C. 

rodgersii and how does it compare to the New Zealand population in terms of potential for 

acclimatation to a new thermal regime?  

 

Third hypothesis – Effect of global climate change on geographical distribution 

Chapter 5: what are the synergistic effects of temperature and pH on fertilisation and early 

life stages of the three species considered? Which species shows the highest sensitivity to 

global climate change scenarios predicted for 2100 and 2300? 

Chapter 6: what is the effect of lowered seawater pH on the morphometry of the larvae of 

such species? Which species is going to be the most severely affected by seawater pH levels 

predicted for 2100 and 2300? 

 
The findings of each section are discussed within each chapter and a general discussion of the 

results and their wider implications on the ecology and distribution of each species are 

discussed in Chapter 7. 
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Chapter Two. Growth, morphometrics and size structure 

of the Diadematidae sea urchin Centrostephanus rodgersii 

in northern New Zealand 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
This chapter is based on Pecorino, D., Lamare, M. D., and Barker, M. F. (2012). Growth, 

morphometrics and size structure of the Diadematidae sea urchin Centrostephanus rodgersii in 

northern New Zealand. Marine and Freshwater Research 63, 624–634 (Appendix 1) 
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2.1 Introduction 
 

Centrostephanus rodgersii (Agassiz, 1863) is a large Diadematidae sea urchin that occurs 

intertidally and subtidally (0 to 30 m depth) along the eastern coast of mainland Australia, 

Tasmania, Norfolk and Lord Howe Islands, and northern New Zealand (Andrew 1993; 

Andrew 1994; Andrew and Byrne 2007). It is associated with hard corals in the north of its 

distribution and kelp communities in the south, where it is capable of forming and 

maintaining extensive patches of barrens habitat (Andrew and Underwood 1989, 1993; 

Andrew 1991, 1993; Andrew and Byrne 2001; Hill et al. 2003; Andrew and Byrne 2007; 

Connell and Irving 2008; Ling et al. 2009a). 

 

In the last 5–6 decades, C. rodgersii has expanded its range from south-eastern mainland 

Australia to Tasmania, where it was first recorded in 1978 (Johnson et al. 2005). In the 

subsequent years the southern range expansion continued, and by 2005 the species had 

reached the south-western tip of Tasmania (Ling et al. 2008). There is anecdotal evidence that 

suggests C. rodgersii increased in range into New Zealand at about the same time. It was 

noted to be present in New Zealand at the Poor Knights Islands in 1967 (Barker pers. comm.) 

and later on nearby off-shore islands immediately south, namely the Mokohinau and Great 

Barrier Islands (Choat and Schiel 1982). 

 

The southward range expansion of C. rodgersii has been attributed to a strengthening of the 

Eastern Australian Current (EAC) and its increased southerly extension (Ridgway 2007; Ling 

et al. 2009b). This has, in turn, increased winter sea surface temperatures above 12°C, a 

temperature that allows larvae of C. rodgersii to develop (Ling et al. 2008). For this reason, 

the establishment of a population around the Tasmanian coastline is closely linked to 

increases in winter sea surface temperatures above the 12°C winter threshold (Ling et al. 

2009b). The potential for changes in population size and ranges of C. rodgersii in New 

Zealand as a result of changes in the EAC and increases in sea surface temperatures is 

unknown. 

 

To gain a better understanding of the processes that may affect C. rodgersii populations in 

New Zealand, information on the biology of this species, including growth, morphometrics 

and population structure is required. In the present paper we examine growth in a New 

Zealand population and compare estimates of size-at-age of C. rodgersii with those in 

Tasmania. C. rodgersii is a moderately fast growing sea urchin, reaching 50 mm test diameter 
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(TD) at an age of 4–5 years, and approaching a maximum size of ~114 mm after ~25 to 35 

years, after which, growth slows considerably (Ling et al. 2009b). The species shows a degree 

of spatial variation in growth between environments, with higher growth rates in macroalgal 

boundaries compared with barren grounds (Ling and Johnson 2009). Rates of growth of the 

New Zealand population are unknown, although they may differ given the plasticity of growth 

rates that are known in sea urchin species based on differences in temperature and food 

availability (Ebert et al. 1999). 

 

Quantifying growth in sea urchins requires changes in size at age to be established and that an 

appropriate model of growth is utilised. Growth in sea urchins has been examined using 

several methods including annual growth ring counts (Gage 1992; Brey et al. 1995), tag–

recapture (Ebert and Russell 1992; Lamare and Mladenov 2000; Kirby et al. 2006; Ling et al. 

2009b), laboratory rearing (Lamare and Mladenov 2000), and cohort analysis (Ebert 1968; 

Swan 1958; Raymond and Scheibling 1987). Similarly, a range of growth models have been 

applied to sea urchins including those that assume asymptotic growth such as the Brody–

Bertalanffy (von Bertalanffy 1938; Brody 1945) and Richards functions (Richards 1959), and 

more complex models that allow for continued growth through the life of the animal. The 

advantages of the different approaches and details of the methods have already been widely 

discussed (Dix 1970; Pearse and Pearse 1975; Nelson and Vance 1979; Olson and Newton 

1979; Ebert 1988; Gage 1992; Ebert and Russell 1993; Bureau 1996; Robinson and 

MacIntyre 1997; Ebert et al. 1999; Lamare and Mladenov 2000; Russell and Meredith 2000; 

Duggan and Miller 2001; Rogers-Bennett et al. 2003; Kirby et al. 2006; Pederson and 

Johnson 2008; Ellers and Johnson 2009; Ling and Johnson 2009; Ling et al. 2009b). 

 

We use both tag–recapture and growth line counts to estimate growth in C. rodgersii in a 

population in northern New Zealand, and apply three growth models to our data. At the same 

time we examine morphometrics and size at age distributions in the same population. These 

data allow for the first estimates of growth of the species in New Zealand, and increase our 

understanding of its population biology at this location. Given the significant changes in the 

Tasmanian coastal ecosystems that have been attributed to the expansion of C. rodgersii, the 

implications of our findings for the species in terms of its establishment in New Zealand and 

future ecological interactions are discussed. 
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2.2 Materials and Methods 
 

2.2.1 Study site and collection  

 

Populations of C. rodgersii were examined at two sites located in the Mokohinau Islands, a 

cluster of small islands situated north-east of the northern part of the North Island, New 

Zealand (Figure 4). Site 1 is at North-East Bay of Fanal Island (35°56.146' S, 175°08.922' E), 

and site 2 is on the eastern side of Burgess Island (35°54.117' S, 175°7.143' E). The habitat at 

both sites is characterised by large rock boulders (1 to 2m) and dense macroalgal coverage, 

dominated by the canopy forming brown seaweed Ecklonia radiata. The sea urchin C. 

rodgersii is patchily distributed and occurs sympatrically with the more numerous New 

Zealand endemic echinoid Evechinus chloroticus (Echinometridae). Sea urchins were 

chemically tagged in situ by SCUBA divers on 24 January 2010  and were sampled one year 

later, on 31 January 2011 for the tag– recapture study (see ‘Tetracycline tagging and 

recapture’ for details). Between January 2010 and November 2010, sea urchins were sampled 

on 7 occasions to provide age estimates obtained from growth lines (see ‘Growth lines’ 

paragraph for details). Samples were collected from a depth of 5 to 15 m, with between 10 

and 20 sea urchins collected on each sampling date. The sea urchins that were collected 

included both tagged and untagged individuals because tags were not visible externally. 

 

 
Figure 4. Location of the Mokohinau Islands in New Zealand. The position of Centrostephanus rodgersii sampling and 

tagging sites at Fanal Island and Burgess Island is indicated by the circles 



 42 

 

2.2.2 Morphometrics 

 

The TD of each individual collected between January 2010 and November 2010 (n = 84) was 

measured (to the nearest 0.1 mm) with digital callipers, then they were drained of water and 

coelomic fluid, weighed (0.01 g precision) and dissected. Major body components (Aristotle’s 

lantern and test) were weighed and the genital plates and Aristotle’s lantern were bleached in 

10% NaClO overnight to remove organic matter. Following this, the lantern was disassembled 

and the average length of each demi-pyramid (referred to hereafter as ‘jaws’) measured from 

the oral tip to the epiphysis. Jaw length was plotted against TD to check for its size relatively 

to the diameter. An average lantern index (LI) for the population, defined as the ratio between 

jaw length and test diameter and expressed as a percentage, was then calculated as the average 

of the LI of each individual. 

 

2.2.3 Growth estimates 

  

 Growth lines 

Age lines were counted on the same individuals used for morphometric measurements. 

Bleached genital plates were dried at 60°C for 1 day and subsequently placed into a muffle 

furnace at 500°C for 15 min to make growth lines more visible. At that point, each genital 

plate had the external surface gently sanded with fine sandpaper (P240 grade), rinsed in 96% 

ethanol and air-dried, before being submerged in xylene. To estimate age, the number of lines 

was counted under a dissecting microscope, with one translucent and one opaque growth line 

assumed to represent a 1-year time period.  

 

Marginal increment analysis was used to validate annual growth lines deposition in the genital 

plates (Schuhbauer et al. 2010). For this, one randomly selected genital plate from each aged 

individual was examined under a dissecting microscope, and whether the outermost growth 

region was translucent or opaque was noted. Periodicity of opaque and translucent line 

deposition was determined from the proportion of individuals that exhibited a translucent line 

at the margin of the genital plates on each sampling time. Periodicity of deposition of growth 

lines was also validated by using the genital plates of tagged individuals recollected one year 

after tagging (n=35 individuals that exhibited a fluorescent mark on the genital plates, see 

‘Tetracycline tagging and recapture’ for the marking and reading method) by counting the 
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number of lines visible after the tag and assuming that no more than two growth lines, one 

opaque and one translucent, can be deposited each year, assuming line deposition follows an 

annual pattern. 

 

 Tetracycline tagging and recapture 

On 24 January 2010, 80 C. rodgersii were chemically tagged with an injection of 2–4mL of a 

1% tetracycline solution through the peristomial membrane into the coelomic cavity. 10 

SCUBA divers performed the task using a syringe that automatically refills, with the gauge 

set to deliver 2 mL. One or two injections were administered to each animal according to its 

estimated size (approximately 2mL of tetracycline if TD<70 mm, and approximately 4mL of 

tetracycline if TD>70 mm). On 31 January 2011, the tagging site was revisited and 91 sea 

urchins were collected, returned to the mainland and their TD measured. Each urchin was 

dissected and Aristotle’s lantern and test weighed. The lanterns were cleaned in 10% NaClO 

overnight and the jaws separated and inspected for fluorescent tags under a dissecting 

microscope equipped with an external UV light source. Tetracycline that has been 

incorporated into the skeleton is fluorescent under UV light. The location of the fluorescent 

tag in the jaw represents the length of the jaw at the time of tagging Jt. If a tag was found, the 

total length of the jaw Jt+1 and increment ΔJ at the aboral end (i.e. the length of the portion of 

jaw that was deposited at the aboral end during the 1-year time interval before tagging and 

recapture) were measured and the length of the jaw at the time of tagging Jt was obtained 

(Figure 5). No measurable growth was present at the oral end of the jaws. Twenty-four tagged 

specimens (and jaws) were recovered.  

 

The relationship between jaw length (J) and test diameter (TD) was assessed using the 

following linear equation: 

 

  

€ 

TD = 61.821× ln J −101.61 
 

with jaw length converted to TD at the time of tagging (TDt) and at the time of recapture one 

year later (TDt+1). 
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Figure 5. From left to right (a) a demi-pyramid with measurements for growth modelling indicated and (b) a genital 

plate of a 5 year old individual with growth lines visible. Tetracycline tags appear much brighter to the naked eye 

than what we could obtain by photography. 

 

 

2.2.4 Growth models 

 

Three growth equations were used to model growth of C. rodgersii. The equations used for 

size (TDt) at age (t) were: 

 

Brody–Bertalanffy (von Bertalanffy 1938; Brody 1945) 

 

  

€ 

TDt = TD∞ 1 - be-kt( )  

 

Richards (Richards 1985) 

 

  

€ 

TDt = TD∞ 1− be−kt( )−n
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and Jolicoeur (Jolicoeur 1958) 

 

  

€ 

TDt = TD∞ 1− bt −k( )−1 
 

where TDt is size at time t, TD∞ is the asymptotic size, b is the scaling parameter to adjust for 

size t at time 0, k is the growth constant and n is the shape parameter for the Richards model.  

 

The three growth models were applied to both tetracycline tagged animals and animals aged 

from growth lines. To apply the models to growth-line aged animals, the size versus age (i.e. 

the number of growth lines) for each individual was plotted and the parameters of each 

growth curve estimated by performing an either linear or non-linear regression using the 

Newton method.  

 

To estimate growth rates from the tetracycline tagged animals, the relationship between test 

diameter at time of 10 tagging (TDt) and test diameter at time of recapture, one year after 

marking (TDt+1), was plotted using a Walford plot (Walford 1946) and a non-linear regression 

of the difference equation for each model used to estimate parameters for each growth 

equation (Ebert and Russell 1992; Lamare and Mladenov 2000). The difference equations for 

each growth model are as follows: 

 

Brody-Bertalanffy 

 

  

€ 

TDt +1 = c + mTDt  

 

Richards 

 

  

€ 

TDt +1 = c + mTDt
−
1
n

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 
−n
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and Jolicoeur 

 

  

€ 

TDt +1 =
TD∞

1− b
TDt −TD∞

bTDt

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

−
1
k

+ Δt
⎡ 

⎣ 

⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 

−k  

 

Details on parameter fitting can be found in Ebert and Russell (1992) and Lamare and 

Mladenov (2000). 

 

2.2.5 Instantaneous growth rates 

 

After fitting curves to the data, the derivative of each growth equation with respect to time, 

together with the fitted parameters, were used to plot the instantaneous growth rate (IGR, mm 

year-1) and the age of maximum growth and maximum growth rate (MGR, mm year-1) for 

each curve. 

 

2.2.6 Model comparisons 

 

Growth model fits obtained from growth lines and tag–recapture data were assessed 

considering residuals standard sum of squares error (SSE), distribution of residuals and 

second order Akaike Information Criterion (AICc) paired with the Δi statistic to compensate 

for differences in the number of parameters in each model (Akaike 1974; Burnham and 

Anderson 1998). 

 

2.2.7 Sea surface temperatures 

 

Changes in sea surface temperature (SST) at the Mokohinau Island over the course of the 

study period were obtained from the SST probe of the satellite Terra MODIS 

(http://oceancolor.gsfc.nasa.gov/, data can be accessed through the ‘Level 3 browser’ by 

selecting the appropriate time frame). The SST for the Mokohinau Islands at each time were 

calculated from the average SST for a 9 pixels reticulum (16 km2 each) centred on the 

coordinates of the sampling site. 
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2.2.8 Statistical analyses 

 

All statistical analyses and non-linear were performed using JMP7 (SAS Institute Inc., Cary, 

NC). 
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2.3 Results 
 

2.3.1 Morphometrics 

 

A significant relationship existed between demi-pyramid length and test diameter (R2 = 0.882, 

d.f. = 90, P < 0.001, Figure 6a) and between test wet weight and test diameter (R2 = 0.898, d.f. 

= 90, P < 0.001, Figure 6b). Using jaw length and test diameter for each individual, we 

calculated a mean ± s.e. lantern index for C. rodgersii of LI% = 26.2 ± 2.2 mm, with the 

lantern index found to be independent of test diameter (Figure 6c). 

 

 

 
Figure 6. Relationship between (a) jaw length J and test diameter TD, (b) test wet weight and test diameter TD and (c) 

Lantern index (%) and test diameter TD for Centrostephanus rodgersii, n = 84 

 

2.3.2 Marginal increment analysis 

 

An example of a genital plate with alternating opaque and translucent annular lines can be 

seen in Figure 5b. A plot of the proportion of genital plates with a translucent margin in each 

sampling month (Figure 7a) indicated a peak in the occurrence of individuals with a 
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translucent margin in September (91.7%). By November no individuals had translucent 

marginal bands. The maximum proportion of individuals with translucent margins 

corresponded with the minimum sea surface temperature (14.8 ± 0.1°C, mean ± s.d.) during 

the year (Figure 7b). 

 

 
Figure 7. (a) proportion of translucent margins at the edge of Centrostephanus rodgersii genital plates and (b) mean 

sea surface temperature at the Mokohinau Islands during 2010. 

 

2.3.3 Growth parameter estimates from growth lines 

 

The estimated parameters of the three growth models obtained from fits to the annular lines 

are summarised in Table 1. Maximum test diameter estimates were similar among the three 

models, ranging from 119.1 mm for the Richards model to 126.4 mm for the Jolicoeur 
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function (Table 1). The rate of change in growth was slightly higher for the Jolicoeur curve (k 

= 1.698) and similar for the Brody–Bertalanffy and the Richards curve (k = 0.235 and k = 

0.305 respectively, Table 1). 

 

In terms of model goodness-of-fit, all three models have a similar residual SSE when fitted to 

the annular data (Table 1), the lowest being the Jolicoeur curve (SSE = 6162.6). The Δi also 

indicated that the Jolicoeur model had the highest support (Δi = 0), followed by the Brody–

Bertalanffy function (Δi = 1), and Richards function (Δi = 3), which were also well supported. 

Using the Jolicoeur model, instantaneous growth in C. rodgersii was found to reach a 

maximum rate of 23.8 mm year–1 at an age of 1.4 years, with growth decreasing to ~10 mm 

year–1 by age 5 (Figure 8). Animals reach a size of ~85 mm TD by age 5 (Figure 9), and 

approach an asymptotic size of 126 mm TD between 15 and 20 years (Figure 9). 

 

 

 
Figure 8. Estimated change in instantaneous growth rate with age for Centrostephanus rodgersii using growth line 

counts and tag-recapture methods. 
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Figure 9. Growth curves for Centrostephanus rodgersii using data from (a) growth line counts (n = 84) and (b) tag-

recapture jaw growth estimates (n = 24). 

 

 

2.3.4 Growth parameter estimates from tag-recaptures 

 

The estimated parameters of the three growth models obtained from tag–recapture data are 

summarised in Table 1. Maximum growth rate ranged from 14.3 mm year–1 for the Richards 

function to 20.3 mm year–1 for the Brody–Bertalanffy model. Age of maximum growth rate 

ranged from 2.8 years in the Jolicoeur model to 2.5 years in the Richards model and at 

settlement (age 0) for the Brody–Bertalanffy model, with the rate of change in growth rate 

greatest for the Jolicoeur model (k = 2.322) and least for the Brody–Bertalanffy model (k = 

0.189) (Table 1). Maximum test diameter was estimated at TD∞ = 108.0 mm for Brody–

Bertalanffy, TD∞ = 106.6 mm for Richards and TD∞ = 106.2 mm for Jolicoeur (Table 1). 

 

In terms of model goodness-of-fit, the residual SSE for curves fitted to the tagged individuals 

was lowest for the Jolicoeur model (SEE = 10.574) and highest for the Richards model (SEE 

= 30.387) (Table 1). The AICc gave similar results, with the lowest Δi found in the Jolicoeur 

model (Δi = 0) and the highest value in the Richards model (Δi = 25). All the models, aside 

from Jolicoeur, receive essentially no support from the data when comparing AIC (i.e. Δi > 

10; Burnham and Anderson 1998). Using the Jolicoeur model of growth of the tagged sea 

urchins, instantaneous growth in C. rodgersii was found to reach a maximum rate of 17.7 mm 

year–1 at an age of 2.8 years (Table 1, Figure 8), with growth decreasing to ~13 mm year–1 by 

age 5 (Figure 8). Animals reach a size of ~63 mm TD by age 5, and approach an asymptotic 

size of 106 mm TD between 10 and 15 years (Figure 9). 
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For the Jolicoeur model, the residuals move from negative to positive with increasing size, 

indicating that growth continues even after the asymptotic size has been reached. This was 

also apparent for the Brody–Bertalanffy and Richards models, suggesting that growth is 

continuos in the largest animals. 
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2.4 Discussion 
 

During the past 50 years, the sea urchin C. rodgersii has greatly expanded its southern 

distributional range along the south-eastern Australian and Tasmanian coastlines. This has 

been attributed to an increase in the southward and eastward flow of the East Australian 

Current and a corresponding increase in sea surface temperatures along the SE Australian and 

Tasmanian coasts (Ridgway 2007; Ling et al. 2009b) that has enhanced C. rodgersii larval 

survival and recruitment (Ling et al. 2008). Anecdotal evidence suggests that the changes in 

the East Australian Current may also have allowed for the establishment of this species in 

northern New Zealand. Determining if its occurrence in New Zealand is recent is difficult 

because very little is known on the biology of the species in New Zealand, including aspects 

of its population biology such as growth, morphometrics and recruitment. So as to gather 

information on the population biology of the species in a new environment, growth in a New 

Zealand population of Centrostephanus rodgersii from the Mokohinau Islands was studied. 

 

Growth was estimated using two methods, the first by estimating the age of individuals by 

counting annular lines in the genital plate and assuming that they are related to differences in 

the deposition of the stereom over an annual cycle (Pearse and Pearse 1975). Aging by this 

method has been applied to several echinoderm species (Pearse and Pearse 1975; Gage and 

Tyler 1985; Nichols et al. 1985; Brey et al. 1985; Gebauer and Moreno 1995; Robinson and 

MacIntyre 1997; Schuhbauer et al. 2010). The validity of such a method, however, requires 

knowing at what periodicity the growth lines are added because it has been shown that 

patterns of calcium deposition rates are not always correlated with seasonality, but merely to 

periods of different abundance of food regardless of season (Ebert 1988). Indeed, in the case 

of sea urchins, growth lines have been shown to be unreliable for some species (Ebert 1988; 

Russell and Meredith 2000) and therefore validation is essential. 

 

We validated our aging data by marginal increment analysis (Schuhbauer et al. 2010) to 

quantify the proportion of individuals in each sample of genital plates with opaque lines at 

their margin. Most of the marginal transluscent bands occurred in September samples 

(91.3%), which decreased to 0% in November. This indicates that the deposition of the 

translucent band is rapid, probably lasting only 1–2 months, and is followed by the slow 

deposition of the opaque band that occurs over the remainder of the year. This is consistent 

with a pattern of one translucent and one opaque line deposited annually in C. rodgersii, and 
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with growth occurring during minimum temperatures, which has also been demonstrated for 

the sea urchin Loxechinus albus (Schuhbauer et al. 2010). 

 

We also validated the annual nature of growth lines by examining the number of opaque and 

translucent lines in genital plates deposited in the year following tetracycline tagging. In all 

urchins examined, we observed that no more than one pair of lines (an opaque and a 

translucent one) was deposited beyond the fluorescent tag, although in two very large 

individuals (113.1 and 111.1 mm) there were no lines apparent. This clear deposition pattern 

was most evident in the skeletal elements of smaller specimens in which growth is faster 

compared with larger individuals. It also implies that age estimates conducted using this 

method are more reliable for young individuals in which lines are clear and well spaced, than 

for older individuals, in which the lines corresponding to the latest deposition of calcium 

carbonate tend to overlap. In this case, the age of older animals will be underestimated. 

 

The second method of estimating growth was through tag–recapture of tetracycline marked 

individuals, which, together with the use of other fluorescent tags, has become widely used to 

measure growth in sea urchins (Ebert 1988; Gage 1992; Ebert and Russell 1993; Bureau 

1996; Ebert et al. 1999; Lamare and Mladenov 2000; Rogers-Bennett et al. 2003; Kirby et al. 

2006; Pederson and Johnson 2008; Ellers and Johnson 2009; Ling and Johnson 2009; Ling et 

al. 2009b). The advantage of tagging individuals is that growth is measured directly without 

making assumptions on the growth pattern of the population as a whole (as done using modal 

progressions for example). 

 

For both methods of estimating growth, selecting the appropriate growth model to describe 

size at age is equally important. Our conclusion, on the basis of the analysis of the residuals of 

the models and the values of ∆i, is that the Jolicoeur function fitted using growth line data 

may provide the best current model of growth for C. rodgersii in New Zealand. The Jolicoeur 

model assumes an asymptotic size, which may underestimate growth in older individuals, but 

has been applied to several temperate sea urchin species (Ebert and Russell 1993; Lamare and 

Mladenov 2000; Lau et al. 2011). Using this model, growth of C. rodgersii in northern New 

Zealand shows an initial lag phase over the first year of growth, with a maximum 

instantaneous growth of 23.8 mm year–1 at 1.4 years, when the animals have reached a size of 

26.7 mm. Growth rate decreases beyond this size with an asymptotic size approached at ~10–

15 years. The initial lag in growth likely reflects dietary constraints to growth on smaller 

cryptic individuals when they may not have access to macroalgae in their first year. Initial 
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lags in growth followed by accelerated growth have been described for juvenile sea urchins 

and have been attribute to dietary shifts and movement from cryptic to open habitats 

(Raymond and Scheibling 1987; Rowley 1990; Lamare and Mladenov 2000). The subsequent 

decrease in growth after ~3 years is likely related to the onset of gametogenesis, which causes 

nutrients to be shifted from somatic to gonadic growth. Indeed, gonad production is only 

evident in New Zealand C. rodgersii individuals at a size of 40–50 mm TD (3–4 year old) 

(Pecorino et al. in press) which coincides with the size and age of decreasing somatic growth 

rates. 

 

Modelled growth of C. rodgersii in this New Zealand population was faster than that 

estimated for Tasmanian populations. Comparing growth of C. rodgersii in this New Zealand 

population with the Tasmania population (Figure 10) suggests that, for individuals older than 

1 year, the species has a higher growth rate in New Zealand. Even when the same inverse 

logistic model used by Ling et al. (2009b) is applied to both New Zealand and Tasmanian 

populations, a higher growth rate in New Zealand was observed (Table 2). Estimated growth 

to 1 year was equivalent in both populations (Table 2). The divergence in growth rates after 1 

year would be at an age when fast growth and a shift in diet to macroalgae probably occur, so 

it is possible that the faster growth in New Zealand is related to higher food availability in this 

environment. A larger jaw size (i.e. lantern index) is often used as a proxy for poorer 

nutritional status in sea urchins (Ebert 1980; Black et al. 1982, 1984; Levitan 1991; Hagen 

2008; Lau et al. 2009) and we might, therefore, expect to see differences between the two 

populations if food is limiting growth. A comparison of lantern indices between the New 

Zealand populations with those recorded by Ling et al. (2009b) for the macroalgal habitat in 

Tasmania shows only a small difference, with the latter populations having smaller jaws, 

relative to test diameter (i.e. jaw height of ≈22 mm in New Zealand and ~20 mm in Tasmania 

at a test diameter of 80 mm). There was no difference between the populations in other 

morphometric measurements such as the wet weight of the test, therefore nutritional 

differences between the two populations are only partially supported. 

 

Growth rate may be related to differences in ambient water temperatures. Indeed, the faster 

growth rate of New Zealand populations coincides with a 3°C warmer winter sea surface 

temperature (15°C versus 12°C) and a ≈4°C warmer summer temperature (21°C versus 16–

18°C), which would be consistent with a positive effect of temperature on growth rate. Ebert 

et al. (1999) suggest that temperature does not influence growth rates within a species across a 

range of latitudes, whereas there are several laboratory studies that have shown a direct 
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relationship between growth rate and optimal temperatures when other variables such as food 

are kept constant (Spirlet et al. 2000; Pearce et al. 2005; Watts et al. 2011). Similarly, a field 

study by Duineveld and Jenness (1984) on the echinoid Echinocardium cordatum suggested 

higher growth rates for individuals at higher temperatures. Given that C. rodgersii is a warmer 

water species, and the Tasmanian populations are at the colder end of the species range, it is 

possible that these newly established populations are living in suboptimal temperatures in 

terms of growth. 

 
Table 2. Average estimates of size-at-age for C. rodgersii in New Zealand and Tasmania using similar techniques. * = 

present study; § = Ling et al. 2009b; † = method by Ling et al. 2009b applied to the data of this study. 

Method Average test diameter (mm) 
Age (years) 1 2 3 4 5 6 
Growth lines (New Zealand) 15.00 38.45 58.82 74.15 85.28 93.38 
   Jolicoeur *       
Tag-recapture (New Zealand)       
   Jolicoeur * 3.65 16.03 33.25 49.98 63.60 73.83 
   Inverse logistic † 15.15 25.67 36.15 46.54 56.71 66.35 
Tag-recapture (Tasmania)       
   Inverse logistic § 15.58 26.16 36.60 46.72 56.26 64.79 

 

 

 

 
Figure 10. Comparison of size-at-age plotted using the parameters obtained from the tag-recapture and growth lines 

in New Zealand Centrostephanus rodgersii, and from a tag-recapture study of Centrostephanus rodgersii in Tasmania 

(Ling et al. 2009b). 
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Unlike Tasmanian populations that have colonised regions lacking large heterospecific sea 

urchin populations, C. rodgersii in New Zealand lives sympatrically with the dominant native 

echinoid E. chloroticus, whose strong grazing activity has been shown through removal 

experiments (Villouta et al. 2001). The degree to which the two species interact in terms of 

competition is unknown, although, given the abundance of E. chloroticus (densities of up to 

40 individuals per m2 in northern New Zealand; Choat and Schiel 1982) and the ability of this 

species to form barrens, it could potentially limit C. rodgersii in New Zealand. Indeed, the 

slightly larger lantern indices observed in the New Zealand populations of C. rodgersii may 

reflect some food limitation exerted by a strong competitor. A similar case of interspecific 

competition has already been reported for Paracentrotus lividus and Arbacia lixula in the 

Mediterranean (Privitera et al. 2008), with such competition resulting in food limitation and a 

shift in the trophic niche of P. lividus (from generalist to grazer of non-encrusting 

macrophytes) when A. lixula is present at high population densities. 

 

An important component of the interaction between E. chloroticus and C. rodgersii in New 

Zealand will be differences in the growth between the two species, which could, in turn, affect 

their survival rates through size-specific predation and their ability to dominate resources. 

Growth of E. chloroticus has been well described (McShane and Anderson 1997; Lamare and 

Mladenov 2000) and when compared with C. rodgersii, exhibits a lower maximum growth 

rate (15.1–16.8 mm year–1 for E. chloroticus and 23.8 mm year–1 for C. rodgersii) attained at 

an older age (4.0–4.8 years and 1.4 years respectively). This difference in size and growth rate 

may influence the susceptibility of the two species to predation by, for instance, the rock 

lobster Jasus edwardsii. Andrew and MacDiarmid (1991) showed that this species can predate 

all sizes of E. chloroticus, but that preference is given to smaller sea urchins (<50 mm). The 

same species of rock lobster also predates C. rodgersii, although they tend to target larger 

individuals. Ling et al. (2009b) found that only very large rock lobsters (carapace length >140 

mm) are able to predate C. rodgersii in the field, and smaller sea urchins (<60 mm TD) are 

not targeted due to their cryptic nature. 

 

Crucial to the understanding of future population dynamics of C. rodgersii is information on 

recruitment processes in New Zealand populations. Our data on size distributions (Figure 11a, 

b) show a poly-modal distribution of sizes of C. rodgersii at the Mokohinau Islands 

characteristic of a population with ongoing recruitment and supply of settling larvae. Ling et 

al. (2008) showed that the larvae of C. rodgersii have a thermal threshold of 12°C, below 

which advanced two-arm plutei will not develop. The continuous recruitment events at the 
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Mokohinau Islands, therefore, suggest that larval development is not prevented or hindered at 

sea temperatures presently experienced in the area, which are 15°C, and above the thermal 

threshold for their larvae.  

 

 
Figure 11. (a) Size frequency and (b) age frequency distributions for Centrostephanus rodgersii at the Mokohinau 

Islands between January 20110 and December 2011 (n = 155). 

Whether the long-lived larvae (4 months; Huggett et al. 2005) are originating from local 

populations or are being transported from Australia is unknown. It is clear that the 

populations in New Zealand are undergoing a characteristic annual reproductive cycle and are 

producing viable gametes (Pecorino et al. in press) meaning that local recruitment is possible. 

Equally, genetic evidence indicates that the Australian and New Zealand populations are not 

genetically separate (Banks et al. 2007) so ongoing trans-Tasman transport of larvae can also 

not be discounted. 

 

Centrostephanus rodgersii may be a new arrival to New Zealand, and its ability to compete 

with and displace the existing species is of interest. Quantifying growth rates of this species in 

New Zealand is an important element of understanding how it will interact with close 

competitors such as E. chloroticus, and its wider affect on its habitat. Further research is 

needed to understand the population biology of the species in New Zealand, especially in 

relation to reproduction and recruitment under New Zealand oceanic conditions. 
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Chapter Three. Reproduction of the Diadematidae sea 

urchin Centrostephanus rodgersii in a recently colonized 

area of northern New Zealand 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

This chapter is based on Pecorino, D., Lamare, M. D., and Barker, M. F. (in press). Reproduction of 

the Diadematidae sea urchin Centrostephanus rodgersii in a recently colonized area of northern New 

Zealand. Marine Biology Research http://dx.doi.org/ 10.1080/17451000.2012.708046 (Appendix 2) 
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3.1 Introduction 
 

The diadematidae sea urchin Centrostephanus rodgersii (Agassiz, 1863) is a species 

historically distributed in subtropical and temperate waters off Eastern Australia. It is often 

associated with barren habitats (Andrew and Underwood 1989, 1993; Andrew 1991, 1993; 

Andrew and Byrne 2007; Connell and Irving 2008; Hill et al. 2003; Ling et al. 2009b) with 

low primary productivity (Chapman 1981) and devoid of foliose macroalge (Fletcher 1987). 

In the last 50 to 60 years, it has expanded its range south to Tasmania (Johnson et al. 2005) 

and it was later noted to be present at some off-shore islands in northern New Zealand (Barker 

pers. comm.; Choat and Schiel 1982). The range expansion of C. rodgersii has been linked to 

increases in sea surface temperature as a result of the strengthening of the Eastern Australian 

Current (EAC) and its greater flow southward and eastward (Ridgway 2007; Ling et al. 

2009b). Ling et al. (2009a) showed that C. rogersii is capable of expanding its range in 

response to such increases in sea temperature and that winter sea temperatures above 12°C are 

necessary to allow the larvae to survive. The potential for a similar increase in populations of 

C. rodgersii in New Zealand as a result of changes in the EAC and sea surface temperatures is 

unknown.  Assessing the capacity to reproduce (i.e. gamete production and larval survival) of 

this species in a new part of its range becomes important to evaluate its ability to expand its 

latitudinal range with a consequent increase in abundance. 

 

Reproduction and gametogenesis of echinoderms, and echinoids in particular, are well 

understood. This has been attributed to the ease of access to their gonads for subsequent 

analyses especially determining the reproductive stage of individuals. Knowledge on this 

subject is, therefore, extensive and covers species from both hemispheres and most latitudes 

(review Mercier and Hamel 2009). Gametogenesis in echinoids is influenced by a range of 

environmental factors including photoperiod (Pearse et al. 1986; Bay-Schmith and Pearse 

1987; McClintock and Watts 1990), sea surface temperature (Byrne 1990; Giese and Pearse 

1991; Guillou and Michel 1993) and food availability (Lawrence and Lane 1982; Poorbagher 

et al. 2010a; Poorbagher et al. 2010b). Exogenous factors that influence the timing of gamete 

release and synchronise spawning have been reviewed by Mercier and Hamel (2009), and 

may include changes in day length, sea temperature, lunar period, water movement, and 

phytoplankton abundance. Due to the variability of such environmental factors from year to 

year and from site to site, reproduction, too, has been shown to vary both temporally and 

spatially in response to them (McShane et al. 1996; Byrne et al. 1998; Brewin et al. 2000). 
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Reproduction of C. rodgersii has been thoroughly studied in New South Wales (NSW) and 

results show that spawning occurs in the austral winter, with a peak in July and August (King 

et al. 1994). A subsequent study by Byrne et al. (1998) also demonstrated that the duration of 

spawning varies considerably with latitude, from 5-6 months at Eden (37°06'S; 149°55'E, 

Southern NSW) to 1 month at Solitary Island (30°08'S; 153°14'E, Northern NSW). In 

addition Byrne et al. (1998) noted that short days and lunar conditions coinciding with the 

solstice appeared likely proximate factors that might cue the onset of spawning across its 

range.  Byrne et al. (1998) also showed that the gonad retrieval rate (GRR) was higher in 

fringe habitats compared to the barrens, which was attributed to poorer food conditions in the 

latter.  A similar pattern has been recently shown in the Tasmanian populations of C. 

rodgersii (Ling and Johnson 2009), although the difference in the maximum gonad index (GI) 

was not significant during the peak prior to spawning. 

 

In this study we examined the reproductive cycle of C. rodgersii in northern New Zealand in 

order to assess timing and duration of spawning. We examine whether, in the subtropical 

climate of the northern part of New Zealand, reproductive patterns are more similar to the 

northern end of the Australian distribution of the species compared to Tasmania. We also 

addressed the question of whether larvae can survive through winter sea surface temperatures 

in northern New Zealand. This information will allow us to better determine if the new 

population is potentially self-recruiting. 
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3.2 Materials and Methods  
 

3.2.1 Study site 

 

Reproduction of Centrostephanus rodgersii was investigated at Fanal Island (35° 56.146" S, 

175° 08.922" E) at the Mokohinau Islands, a cluster of small islands off the northeastern coast 

of the North Island, New Zealand (Figure 12). The habitat was characterized by large rock 

boulders (1 to 2 m diameter) with a thick macroalgal coverage dominated by the canopy 

forming brown seaweed Ecklonia radiata. Between 10 and 20 sea urchins were sampled 7 

times by SCUBA divers at a depth between 5 and 15 m at monthly or bimonthly intervals 

between January 2010 and November 2010. 

 

 
Figure 12. Location of the Mokohinau Islands in New Zealand. The position of the Centrostephanus rodgersii sampling 

site at Fanal Island is indicated by the circle. 
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3.2.2 Gonad Index 

 

On 24 January 2010 20 sea urchins were sampled and dissected on the same day. On the other 

sampling occasions 10 to 12 individuals were collected, stored in sealed polystyrene bins with 

ice and sent to the Portobello Marine Laboratory in Dunedin. On each occasion they arrived 

on the day after the collection and were immediately processed.  The transport process 

ensured the animals arrived at the laboratory in good condition, and all animals used in the 

analysis were not leaking gametes on arrival.  

 

For each individual, total diameter (TD) was measured with digital callipers to the nearest 

0.01 mm and total wet weight recorded (0.01 g precision) in animals drained of coelomic 

fluids. Gonads were removed and weighed and a Gonad Index (GI) was calculated as: 

 

  

€ 

GI (%) =  
Gonad wet weight (g)

Total drained wet weight (g)
×100  

 

As there will be an influence of size on the gonad index, we avoided including in the analysis 

immature animals < 60 mm TD lacking a well-developed gonad.  In addition we endeavored 

to collect animals of the same size range (62.9 to 121.0 mm TD) at each sampling time.  In 

this respect, we found that the mean size of animals sampled at each month was not 

significantly different, with the exception of September when the animals were significantly 

smaller (mean in September 78.0 mm TD compared with overall mean of 96.4 mm TD).  The 

gonad index in September was, however, later found not to be significantly different from any 

other month, with the exception of June (noting that the June gonad index was also 

significantly larger than five of the seven months compared).  Furthermore, there was no 

significant relationship (F1,6 = 1.785, p = 0.239) between the size of animals sampled in each 

month and the gonad index for that month (i.e. gonad index was independent of size across 

months). 

 

3.2.3 Gametogenic cycle 

 

One of the gonads of each individual was randomly selected and fixed in 10% formalin. 

Following standard histological techniques, gonads were embedded in paraffin, sectioned at a 

thickness of 7 µm and stained using haematoxylin and eosin to assess sex and reproductive 

stage (King et al. 1994; Byrne et al. 1998). For each female a digital photomicrograph of the 
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thin section was taken and the maximum diameter of each oocyte in the field of view was 

measured using the software ImageJ (Rasband 1997-2011). Measurements for all the females 

on each sampling time were pooled together and data were reported as size-frequency charts. 

 

3.2.4 Sea temperatures and daylength 

 

No continuous measurement of sea surface temperature (SST) are recorded at the study site. 

We therefore used the data from the SST probe of the satellite Terra MODIS at a resolution of 

4 km and calculated the average SST for a 9 pixels reticulum centred on the coordinates of the 

sampling site. These temperature estimates coincided, as nearly as possible, with the dates 

when animals were sampled.  Day lengths were obtained from Land Information New 

Zealand (www.linz.govt.nz/sites/default/files/.../sunrise-set-2011-2012-1.pdf). 

 

3.2.5 Gut Index 

 

On each sampling occasion the digestive tract including stomach contents (Ling and Johnson 

2009) of each individual were removed and weighed (0.01 g precision).  These measurements, 

together with total drained wet weight, were used to calculate a Gut Index as: 

 

  

€ 

Gut Index (%) =  
Gut wet weight (g)

Total drained wet weight (g)
×100  

 

3.2.6 Effect of temperature on larval development to the pluteus stage 

 

To test for the ability of larvae to develop at the temperature regime of northern New Zealand, 

and to define their thermal tolerance, a heat-block with 12 temperature treatments between 

12°C and 28.8°C was used. Each treatment was run in triplicates using 30 ml glass vials. In 

August, at the peak of the spawning season, three males and three females were induced to 

spawn by injecting 1 to 2 ml of 0.5M KCl through their peristomial membrane. Eggs and 

sperm from each individual were pooled and sperm was kept dry and chilled until use. An 

appropriate volume of egg solution was put into each treatment before fertilization in order to 

reach a final concentration of 20 eggs/ml and to let the eggs acclimatise to each temperature 

treatment. An appropriate volume of sperm to achieve sperm:egg ratio of 200:1 was added to 

each treatment and each vial was shaken, to allow equal mixing of gametes. After 72 hours, 1 
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ml samples were taken from each vial and the number of living plutei in the first 50 larvae 

encountered under a dissecting microscope was counted. 

 

3.2.7 Statistical analyses 

 

For statistical analysis, measurements were square-root transformed and a 2-way ANOVA for 

unbalanced designs used to test for differences in the effect of sex and month on gonad and 

gut index. A Tukey's HSD test was used to run post-hoc comparisons between months.  All 

statistical analyses were undertaken using the computer program R (R Development Core 

Team 2010) 
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3.3 Results  
 

3.3.1 Gonad Index 

 

The gonad index in males ranged from 7.6 ± 4.4% to 21.9 ± 3.9% and between 6.8 ± 1.9% 

and 16.1 ± 4.4% for females (Figure 13a). There was no significant difference in GI between 

males and females (Table 3; ANOVA, F1, 7 = 0.0013, p = 0.971), but there was a significant 

difference in GI among months (Table 3; ANOVA, F1, 7 = 5.338, p < 0.001). No significant 

interaction was detected (Table 3; ANOVA, F1, 7 = 0.685, p = 0.684).  A Tukey's HSD test 

showed that the gonad index in June, the month immediately prior to spawning, was 

significantly higher than all other months apart from November. No other pairwise 

comparisons between months were found to be significantly different (Appendix 3). 

 
Figure 13. Mean (± SE) Gonad Index (Fig. 2a) for male and female Centrostephanus rodgersii and (Fig. 2b) mean (± 

SE) Gut Index for individuals (male and female pooled) at Fanal Island (Mokohinau Islands, New Zealand).  

Significant differences in indices among months are indicated by differences in lower case letters.  Average sea surface 

temperature (SST) (Fig. 2c, dashed line) and Day length (Fig. 2c, solid line) at Fanal Island during 2010 calculated 

from a 9-pixel reticulum centred on the island coordinates. 
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Table 3. Two-way ANOVA of the Gonad Index of Centrostephanus rodgersii with sex and month as fixed factors.  

Data were square root transformed for the analysis. Levene's test p=0.195 

Factor SS df F p value 

Sex 0.02 1 0.0013 0.971 

Month 566.11 7 5.3387 <0.001 

Sex x Month 72.73 7 0.6859 0.684 

Residuals 1166.43 77   

 

3.3.2 Gametogenetic stages 

 

Gonad development was variable according to the individual considered and we recorded up 

to three gametogenic stages present at the same time in one month (July for testes). 

Photomicrographs of representative sections for six gametogenic stages taken into 

consideration can be found in Figure 14 and Figure 15 and only a brief description is given 

here. 

 

Recovering. Ovaries acini are filled with nutritive phagocytes (NP) and darkly stained 

previtellogenic oocytes are sparsely present along the germinal epithelium (GE) (Figure 14a). 

Recovering testes (Figure 15a) have the acinal lumen filled with nutritive phagocytes and 

eosinophilic droplets, while the germinal epithelium is lined with basophilic spermatogonia 

and primary spermatocytes.  

 

Growing. Growing ovaries contain eosinophilic early vitellogenic oocytes arranged along the 

acinus wall and nutritive phagocytes filling the lumen (Figure 14b). Growing testes are 

characterized by the presence of basophilic spermatocytes completely lining the acinal wall 

and projecting in columns towards the centre of the lumen, which still contained relatively 

abundant nutritive phagocytes (Figure 15b).  

 

Premature. In premature ovaries the amount of nutritive tissue in the lumen is lower than at 

the growing stage and very few previtellogenic oocytes were found along the acinal wall 

(Figure 14c). Some mature basophilic vitellogenic oocytes can be seen in the lumen. Testes 

can be identified by the accumulation of spermatozoa in the lumen and the presence of a thick 
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layer (≈150µm) of spermatocytes and spermatids connected to the germinal epithelium 

(Figure 15c).  

 

Mature. Mature ovaries are densely packed with mature ova. Few vitellogenic oocytes or 

nutritive phagocytes are present (Figure 14d). The lumen of mature testes is filled with 

spermatozoa and the germinal epithelium is greatly reduced in thickness to a comparatively 

thin layer (<5µm). A layer of spermatocytes and spermatids is still present (Figure 15d).  

 

Partly spawned. Ovaries are not fully packed with oocytes and the empty space is not filled 

with nutritive phagocytes (Figure 14e). All the oocytes present are mature and the acinal wall 

is thin compared to the other gametogenic stages. Testes still have a large amount of sperm, 

but vacant spaces with neither spermatozoa nor spermatocytes or spermatids are present and 

the germinal epithelium is thicker (≈20 µm) compared to mature males, due to the presence of 

nutritive phagocytes (Figure 15e).  

 

Spent. After spawning, ovaries are almost competely devoid of mature gametes and only 

some occasional relict oocytes can be found. The lumen is full of nutritive phagocytes, but 

this tissue is not densely packed (Figure 14f). Spent males have testes mostly empty of 

spermatocytes and spermatozoa, although a small amount can still be found in small 

aggregations in the lumen (Figure 15f). The nutritive layer almost completely fills the lumen. 

 

3.3.3 Temporal variability in gametogenic stages 

 

Recovering females made up 93% of the total in January (sample size, n = 13) and 28% in 

March (n = 7), but were not found during the following months until September and 

November (respectively 33% (n = 7) and 80% (n = 5) of the total).  In January 7% of females 

were in the growing phase, 71% in March and 100% in April (n = 7). Premature females were 

only recorded in June (71% of the total). Mature females were also only recorded in June 

(29%), while partly spawned individuals were only present in July (33%, n = 6). Spent 

females were also found in July, September and November, respectively, 67%, 67% and 20% 

of the total (Figure 16a). 

 

Recovering males made up 100% of the total in January (n = 7) and 66% in April (n = 3), 

while none were found in March (n = 3). No other recovering individuals were collected for 

that reproductive season until September (20%, n = 5), but this stage made up 80% of gonads 



 70 

staged in November (n = 5). Only growing testes were present in March, made up 33% by 

April, and were absent from all other months. Premature males were only found during June 

(100%, n = 4), while mature males were found in July (17%) and September (20%). In July 

50% of males were partly spawned, and had increased to 40% by November. In July 33% of 

males were spent and 60% in September (Figure 16b). 

 

 
Figure 14. Histological sections of ovaries of Centrostephanus rodgersii. The reproductive stages are a. recovery; b. 

growing: c. premature; d. mature; e. partly spawned; f. spent. Legend: GE =  germinal epithelium, NP = nutritive 

phagocytes, PO = previtellogenic oocytes, VO = vitellogenic oocytes, O = oocytes, R = relict oocyte 
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Figure 15. Histological sections of testes of Centrostephanus rodgersii. The reproductive stages are a. recovery; b. 

growing: c. premature; d. mature; e. partly spawned; f. spent. Legend:  GE = germinal epithelium, NP = nutritive 

phagocytes, S = spermatozoa, R = relict sperm 
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Figure 16. Monthly changes in the percentage of (a) female and (b) male Centrostephanus rodgersii in each of the six 

gametogenic stages collected from the Mokohinau Islands, between January and November 2010.  
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3.3.4 Oocytes size distribution 

 

Median oocyte diameter (Figure 17) increased from January (4.1 µm) to June (80.5 µm). In 

July there was a slight decrease to 69.5 µm and a further decrease in September, when the 

median oocyte diameter dropped to 3.2 µm, indicating that most mature oocytes had been 

spawned. Virtually no change in the size distribution was present from September to 

November. In addition to the median size, there was also a difference in the range of sizes 

present each month. In January, September and November the size distribution was very 

narrow, with a maximum oocyte diameter of ≈ 20µm. In March and April, the months when 

most females had growing gonads, the size of oocytes was spread over a big range, from ≈ 5 

µm to ≈ 75 µm, and were distributed as two modes. In March the peaks corresponded to an 

oocyte diameter of ≈ 5µm and 30µm and in April ≈ 5µm and 50µm. June and July had a 

narrower size distribution and most most oocytes were centred around the two median values 

(≈ 80.5 µm and ≈ 69.5 µm respectively).  

 

3.3.5 Sex ratio 

 

The sex ratio calculated on 95 animals was 0.6:1 (males:females) and a chi-squared test 

showed that it deviated significantly from 1:1 (Chi-square test, Χ2 = 5.688, p = 0.017) in 

favour of females. 

 

3.3.6 Gut Index 

 

A pattern similar to the gonad index occurred for the gut index (Figure 13b): the effect of sex 

was not significant (Table 4; ANOVA, F1, 7 = 0.0001, p < 0.994) while the effect of month 

was significant (Table 4; ANOVA, F1, 7 = 16.293, p < 0.001) and no significant interaction 

between the two factors was found (Table 4; ANOVA, F1, 7 = 1.067, p < 0.392). A Tukey's 

HSD test revealed that the gut index in April was significantly lower than all the other months 

aside from November. In November it was significantly different only from September 

(Appendix 3). The gut index was high when sampling commenced in January 2010, dropped 

to the minimum gut index in April (3.1 ± 0.6%) and started increasing after July, the month 

during which mature C. rodgersii were first seen. The maximum value of gut index was 

reached in July (12.0 ± 3.6%). 
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Table 4. Two-way ANOVA of the Gut Index of Centrostephanus rodgersii with sex and month as fixed factors. Data 

were square root transformed for the analysis. Levene's test p=0.243. 

Factor SS df F p value 

Sex 0.00 1 0.0001 0.994 

Month 570.66 7 16.2939 <0.001 

Sex x Month 37.39 7 1.0677 0.392 

Residuals 385.25 77   

 

3.3.7 Effect of temperature on larval development to the pluteus stage 

 

The percentage of plutei at 72 hours after fertilization was at a maximum (>80%) between 

17.2°C and 23.5°C. At temperatures both lower than 17.5°C and higher than 23.5°C the 

reduction in percentage of plutei reduced from > 90% to 44 ± 7% at 16.0°C and 11 ± 12% at 

25.0°C (Fig. 7). An ANOVA performed on the percentage of plutei showed a significant 

effect of temperature (Table 5; ANOVA, F11, 36 = 380.89, p < 0.001). A subsequent Tukey's 

HSD post-hoc comparison (Appendix 3) confirmed that there is no significant difference in 

the percentage of plutei between each pair of temperature treatments included between 17.3°C 

and 23.5°C. The difference was significant between 16.0°C and 17.3°C and between 23.5°C 

and 25.0°C. The percentage of plutei at 16.0°C was significantly higher than all the treatments 

below 16.0°C, while the treatment at 25.0°C was not significantly different from the 

treatments at temperature above 25.0°C. 
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Figure 17. Size distribution of the oocytes of Centrostephanus rodgersii females. The number of females measured in 

each month ranged from 5 to 13, N = 150-1059 is the number of oocytes measured for each sampling time) 
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Figure 18. Percentage of plutei of Centrostephanus rodgersii at 72 hours after fertilization at twelve temperature 

treatments between 12°C and 28.8°C.  Sample size at each temperature is 200 individuals, and error bars indicate 

standard error. 

 
Table 5. One-way ANOVA of the percentage of plutei at 72 hours after fertilisation with temperature as factor. Data 

were square root transformed for the analysis. Levene's test p=0.221 

Factor SS df F  p value 

Temperature 91942 11 380.89 <0.001 

Residuals 790 36   
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3.4 Discussion 
 

Centrostephanus rodgersii has expanded its southern Australian range into Tasmania, a 

process driven by enhanced larval survival. (Ling et al. 2009b).  Anecdotal evidence suggests 

the species may be a relatively new arrival to New Zealand, as a result of the same processes 

enhancing the transport of larvae across the Tasman Sea. Understanding if this process is 

ongoing, or if New Zealand populations are ‘self-recruiting’ requires, among other things, 

information on the reproductive biology of the species in New Zealand. This is the first study 

that examines the reproductive biology of C. rodgersii in New Zealand in which we 

investigate how well the species can grow functional gonads and produce larvae at the eastern 

most extent of its range.  

 

The reproductive biology of C. rodgersii has been well described for New South Wales and 

Tasmania (King et al. 1994; Byrne et al. 1998; Ling and Johnson 2009). King et al. (1994) 

determined that the reproductive period at two Sydney, NSW locations is during the austral 

winter, with a peak in July. Byrne et al. (1998) found a strong influence of latitude in 

reproductive timing and the length of spawning in C. rodgersii along the coast of eastern 

Australia from subtropical northern New South Wales to cool temperate regions of Victoria 

(Table 6).  For example, at Solitary Island (30°08' S; 153°14' E, Northern NSW), the growth 

of a cohort of gametes is highly synchronous and the reproductive season is very brief, lasting 

about one month between June and July. At this location the sea surface temperature during 

spawning was 20.4-21.8°C. At Eden (37°06' S; 149°55' E, Southern NSW) individuals mature 

less synchronously and spawn over 5 to 6 months during winter and spring. In this population, 

some gametes were retained after each spawning event to be released during subsequent 

spawning episodes. Findings on the population in Tasmania contrast with the trend discovered 

in eastern Australia (Table 6), with their reproductive season brief and lasting for 1-2 months 

in July and August (Ling et al. 2008).  Byrne et al. (1998) suggested that photoperiod is most 

likely the factor that controls gametogenesis and spawning in this species, with breeding 

period in C. rodgersii occurring around the shortest day or the year or in the following months 

(Table 6). Byrne et al (1998) also suggested that a lunar influence might be present in the 

northern populations. The New Zealand C. rodgersii population shows a similar pattern of 

breeding, with the spawning period occurring between July and September after the shortest 

day of the year (≈ 10 hours), and when sea temperatures are similar to those observed at 

Australia latitudes between 33 and 37° S (Table 6). 
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Table 6. Spawning period in Centrostephanus rodgersii populations across a range of latitudes in Australia and New 

Zealand.  The sea surface temperatures and daylength at the time of spawning are reported for each location. *SST 

values are the minimum and maximum values recorded between June and July over a 2-year period (1994-1995) by 

Byrne et al. (1998). § Sites in Eastern Tasmania were pooled, as Ling et al. (2008) found no difference between the 

populations in term of the parameters here considered. †At the onset of spawning. 

Population Latitude Breeding 

period 

Daylength 

(hours)† 

SST (°C) 

Solitary Island (Byrne et al. 1998) 30° Jun-Jul ≈10.2 20.4-21.2 * 

Sydney (Byrne et al. 1998) 33° Jun-Sep/Oct ≈10 16.4-18.7 * 

Sydney (King et al. 1994) 34° Jul-Aug ≈10 16-17 

Ulladulla (Byrne et al. 1998) 35° Jun-Sep ≈9.9 14.6-18.2 * 

Mokohinau Islands (Present study) 36° Jul-Sep 10 15.7-16.8 

Eden (Byrne et al. 1998) 37° Jun-Oct/Nov ≈9.7 13.3-17.5 * 

Eastern Tasmania (Ling et al. 2008) § 41°-43° Jul-Aug NA 11-12 

 

In addition to abiotic factors, Byrne et al. (2008) also found that the effect of habitat on 

reproductive output was site dependent and that when a difference was present, it was higher 

in the algal fringe habitat compared to the barren habitat. Similarly, Ling and Johnson (2009) 

showed that differences in trophic conditions also play a role in the Tasmanian population, 

where the gonad index is consistently higher in macroalgal boundary habitats as opposed to 

barren habitats, but the difference was not significant at the time of the pre-spawning peak in 

July. 

 

Our results show that C. rodgersii in northern New Zealand is capable of growing functional 

gonads, completing gametogenesis and spawning. Gametogenesis starts before March, when 

sea surface temperature reaches the highest values of the year (21.3°C) and daylength has just 

started to reduce towards its minimum of 9.7 hrs. Spawning occurs in July, when partly 

spawned individuals can be found in both sexes. Spawning may be asynchronous, as mature 

individuals can be found in different percentages for three months of the year and partially 

spawned males are still present in November. Oocyte size distributions show a drop in 

September, corresponding with the absence of mature oocytes in the gonads as gametes were 

fully released and the gametogenic cycle was complete. The period of greatest reproductive 

activity appears to occur from July to September. 
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The pattern is similar to the populations of C. rodgersii in the warm-temperate coast of New 

South Wales, in particular to the gametogenetic cycle in the fringe habitat in Sydney (Byrne et 

al. 1998). As for the Sydney population, spawning occurs in mid- to late-June and partly 

spawned individuals are still found at both sites up to 4 months after the initial spawning. The 

sea surface temperature is warmer on the Sydney coast throughout the whole year and just 

prior to spawning (i.e. 16.4 to 18.7 °C in Sydney and 15.7 to 16.8 °C at the Mokohinau 

Islands). Photoperiod seemed to be involved in triggering emission of gametes, as, at both 

Sydney and the Mokohinau Islands, spawning happened very close to the winter solstice. 

 

In this study, we observed C. rogersii individuals smaller than ≈ 60 mm test diameter had 

very low gonad indices, indicating that they are probably immature. This is consistent with 

King et al. (1994) who showed that for C. rodgersii in Sydney, only individuals > 60 mm test 

diameter could be induced to spawn and produce viable gametes. They also demonstrated that 

individuals larger than 60 mm could be induced to spawn via injection of KCl and produced 

viable gametes, while smaller individuals, even when spawned, produced eggs and sperm 

which could neither be fertilised, nor fertilise, with gametes of larger mature individuals of 

the opposite sex. Urchins with test diameters < 30 mm failed to spawn in response to a KCl 

injection. Interestingly, studies on the growth of C. rodgersii (Ling and Johnson 2009a; 

Pecorino et al. in press) show that somatic growth slows at a size of ≈ 60 mm, which is 

consistent with a shift of resource allocation away from somatic to gonad growth at that size. 

 

Centrostephanus rodgersii at the Mokohinau Islands lives in a well vegetated macroalgal 

habitat and gonad indices varied between ≈ 5% and ≈ 25% depending on month and size. This 

index is comparable with values found for the population in Tasmania in kelp habitats (Ling 

and Johnson 2009). No direct comparison is possible with the populations located along the 

coast of New South Wales (Byrne et al. 1998), as different methods of measuring gonad 

relative size were used in the two studies. In terms of the seasonal gonad index pattern, 

however, the seasonal cycle of the gonad index in our study is more similar to individuals 

from the fringe habitat in eastern Australia (Byrne et al. 1998). These observations support the 

idea that C. rodgersii in northern New Zealand is not in a condition of food limitation and, as 

shown by our histological data on gametogenesis, can grow functional gonads. The 

suggestion that food is not limiting New Zealand populations is further supported by 

observations of somatic growth, which was similar, if not higher, to populations of C. 

rodgersii in Tasmania (Pecorino et al. 2012). 
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An examination of reproduction allowed us to determine a sex ratio of mature C. rodgersii, 

which was found to be significantly skewed to females by 1.6:1. Such skewed ratios have 

been attributed to a population founder affect, where newly established populations start with 

an unbalanced sex ratio (Fisher 1930; Hamilton 1967). In such populations, a number of 

generations may be required for it to approach a stable even sex ratio. The ratio we observed 

at the Mokohinau Islands could be interpreted as indicating that the population has only 

recently established (potentially in the past 50-60 years), and that a founder effect is most 

likely the cause of the gender structure of the population. This is also consistent with the 

finding that there is no significant genetic differentiation between the pre- and post-range 

expansion populations, including between New Zealand and New South Wales (Banks et al. 

2007), indicating that either the population in New Zealand is newly established from 

Australia, and/or that larval supply is ongoing. 

 

When population densities are low, a skewed sex ratio may affect the ability of sea urchin 

populations to reproduce, and, specifically for successful fertilisation, to occur at optimal 

rates. Several studies (reviewed by Levitan and Petersen 1995) have shown that fertilization 

success in marine invertebrates, especially sea urchins, can be limited by sperm density 

during spawning. A low number of males, such as at the Mokohinau Islands, could act to limit 

fertilization success in situ, which would be accentuated by the low individual densities that 

presently exist in much of the species range in New Zealand (densities ≈ 1-5 ind/m2 

depending on the site, Pecorino pers. obs.). According to theoretical models (Young et al. 

1992; Babcock et al. 1994) a population living subtidally can be subjected to a dramatic 

increase in fertilization success if adult density increases. In the case of C. rodgersii it could 

mean that if the New Zealand populations continue to receive larvae from Australia that 

increase population densities, greater local reproductive success that adds to population 

growth may be one outcome.  

 

The broad age and size structure of C. rodgersii populations at the Mokohinau Islands 

indicate recruitment is occurring (Pecorino et al. 2012). Important in determining if these 

populations are either self-recruiting or if recruitment is maintained by larvae settling from 

Australia, is knowing if the larvae are locally able to complete their development to 

settlement. Our data on the percentage of plutei after 72 hours show that, at the Mokohinau 

Islands, temperatures during spawning (15.7 - 16.8 °C) are at the lower thermal threshold of 

16°C at which plutei are able to develop at a measureable rate. A similar study in Tasmania 

(Ling et al. 2008) observed 12°C to be the thermal threshold below which no plutei develop 
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after 21 days. Even if larvae are able to develop slowly, an increased length of larval duration 

puts individuals at a higher risk of predation that is great for echinoid larvae in the plankton 

(Lamare and Barker 1999) and, hence, survival to settlement may be very low. It is possible 

therefore that larvae produced locally do not contribute to the recruitment under present day 

winter sea temperatures.  

  

Centrostephanus rodgersii at the Mokohinau Islands can grow gonads that are comparable 

with populations in its historical range, and they can produce gametes and larvae that are 

viable. It is less clear, however, if populations in northern New Zealand are self-recruiting. In 

order to clarify this, information on population densities is needed, particularly for 

determining whether a minimum viable population size has been reached or an Allee effect, 

producing a reduction of fitness at low population size, is present (Allee et al. 1949; Stephens 

et al. 1999). In addition fertilization and early life stages tolerance to environmental 

conditions would also enable us to assess if the New Zealand populations are acting as larval 

sinks or sources in the Centrostephanus rodgersii metapopulation. 
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Chapter Four. Thermal tolerance of fertilisation and early 

life stages  
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4.1 Introduction 
 

Temperature is regarded as one of the major factors influencing the physiology and 

distribution of marine invertebrates species (Orton 1920; Gunter 1957; Kinne 1970; 

Andronikov 1975; Pechenik 1987; Hoegh-Guldberg and Pearse 1995; Somero 2002; Brown et 

al. 2004; O'Connor et al. 2007). Through a general effect on metabolic rate (Enquist et al. 

2003; Brown et al. 2004; Allen et al. 2006), it positively affects the speed at which 

biochemical reactions take place, until the thermal threshold of proteins is reached (Somero 

2002, 2010; Hofmann and Todgham 2010; Tomanek 2010). This effect of temperature on 

physiology has widespread outcomes on biological processes, including a reduced scope for 

aerobic performances, anaerobiosis and denaturation of proteins (Pörtner and Farrell 2008; 

Figure 19). These effects vary, according to the life stage of the organism, and can produce a 

change in the geographical distribution of the species, by affecting their tolerance to 

temperature and temperature changes throughout seasons (Figure 19). 

 

A perspective article by Pörtner and Farrell (2008) clearly sums up the general influence of 

temperature on an organism's performances. An optimum temperature is defined, at which 

performances are maximum. By both increasing and decreasing temperature, a pejus 

temperature is reached, at which the organism's ability to function normally starts to turn 

worse. By further decreasing or increasing temperature, metabolism switches for aerobic to 

anerobic and, only if temperature increases more, denaturation of molecules starts to occur 

(Figure 19). 
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Figure 19. Diagram redrawn from Pörtner and Farrell (2008). (a) The thermal window of aerobic performance of an 

organism displays an optimum temperature, a pejus thermal window (in which performances start to decrease), a 

critical temperature (at which anaerobiosis sets in), and a denaturation temperature (at which molecules denature). 

(b) Thermal range of an organism according to the life stages. The window of temperature at which an organism 

performs can vary with troughout the developmental stages and adult life. (c) Aerobic performance and productivity 

of organisms from a polar, a temperate and a warm environment. Acclimitized windows are narrower in stenotherms 

and wider in eurytherms. Sinergistic stressors, like hypoxia, can alter acclimatation (dashed curves) and influence 

biogeography. 

 

The relationship between temperature at which spawning occurs in the field and the 

temperature at which fertilisation and development are completed successfully has been 

examined in a number of marine invertebrate species (Thorson 1950; Andronikov 1975; 

Ushakov 1964; Mita et al. 1984; Fujisawa 1989; Fujisawa and Shigei 1990; Yaroslavtseva et 

al. 1992; Stanwell-Smith and Peck 1998), including a number of sea urchins, such as 

Hemicentrotus pulcherrimus, Anthocidaris crassispina and Hemicentrotus depressus 

(Fujisawa 1989). A classical study by Andronikov (1975) explored thermal tolerance of 

spermatozoa and ova in a range of marine invertebrates, mainly echinoderms and molluscs. 

The author recorded the maximum temperature at which spermatozoa remained mobile and 

fertilised eggs cleaved, and subsequently found a relationship between such temperatures and 

temperatures at which reproduction occurs in the field. He concluded that the thermal 

tolerance of gametes of marine invertebrates is mostly fixed within each species, and that 

temperatures found throughout a whole year in the environment determine the time of 

spawning and set a limit to the geographical distribution of such species. This principle 

became known as "Andronikov's hypothesis" and more concisely states that "temperature at 

the time of spawning is a factor limiting geographical distribution of species". 
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Under global warming processes scenarios, effects of temperature in determining the 

distributional range of marine species has become even more important. A change in species 

ranges has been recorded as temperature rises (Hoegh-Guldberg and Bruno 2010) and larvae 

are transported further along thermal gradients. As new regions enter the thermal tolerance 

range of a species, new populations may establish. An example of this can be found in a study 

by Barry et al. (1995), in which the authors compared abundance and distribution of the 

invertebrate fauna of a rocky shore in Monterey Bay (California, USA) with the data that had 

been collected 60 years before. They found that the abundance of the southern species had 

increased, and that of the northern species had decreased, while average winter and summer 

SST had warmed up of 0.5°C and 2.2°C respectively during a similar time period. 

Cosmopolitan species showed no variation in abundance. The authors interpreted these 

findings as evidence for a shift northward of the geographical range of the species, which is 

consistent with the predictions related to the effect of global warming on the species 

distribution.  

 

Small changes in sea temperatures can also affect interspecific interactions, by modifying 

rates of predation. This was shown in the case of the starfish Pisaster ochraceus using both 

laboratory experiments and field manipulations (Sanford 1999). P. ochraceus responded to 

≈3°C temperature decrease by consuming 29% fewer mussels in the laboratory. In the field, 

during episodes of upwelling that lowered temperature by 3-5°C for up to 14 days, local 

predation was reduced and a smaller number of sea stars were present in each experimental 

plot. Harley (2011) subsequently demonstrated that global warming has also caused the 

mussels species preyed on by P. ochraceus to lower their upper vertical limit on rocky shores, 

due to thermal stress caused by increased average sea surface temperature, while their lower 

vertical limit is still delimited by the presence of their predator sea star. These species have, 

therefore, effectively seen their vertical distribution range compressed by an increase of sea 

surface temperature.  

 

Highly thermotolerant species, such as the sponge Rhopaloeides odorabile (Ettinger-Epstein 

et al. 2007; Whalan et al. 2008) and the sea urchin Echinometra mathaei (Rupp 1973), which 

are able to withstand temperatures 0-10°C above ambient, may be advantaged in warmer 

conditions and, at the same time, other species are likely to disappear from their former 

habitat if they are unable to withstand a higher temperature regime and/or competitive 

interactions with invasive species. Examples of such phenomenon can be found in the 
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northward range extension of the sea urchin Hemicentrotus pulcherrimus in the Japan Sea as a 

consequence of massive recruitment events that happened in the 1990s (Agatsuma and 

Hoshikawa 2007). These events were shown to be correlated with higher sea surface 

temperatures found in Tomari and Oshoro Bay (Hokkaido, Japan) during the 20th century. In 

the pelagic environment a similarly dramatic effect of sea surface temperature occurred in the 

range shift and decrease in abundance that was recorded over a period of 70 years in the 

zooplankton community of southwest Britain and the western English Channel (Southward et 

al. 1995), which coincided with a period of climatic warming from the early 1920s, then a 

cooling to the early 1980s with recent resumption of warming. A similar effect was shown in 

marine caves in the northwest Mediterranean Sea, specifically western Italian and southern 

French coast, where the local cave mysid crustacean (Hemimysis speluncola) populations 

have been replaced by the more thermotolerant species Hemimysis margalefi, previously 

confined to warmer areas in the eastern Mediterranean (Chevaldonné and Lejeusne 2003). 

 

A sea surface temperature increase may cause trigger responses in different parts of the life 

cycle of marine invertebrates, and pre-settlement and post-settlement processes may be 

affected differently. This could potentially create bottlenecks in specific developmental 

phases, effectively making some stages more sensitive to global warming. 

 

Changes in sea temperature are expected to affect more strongly larval stages, as they are 

already exposed to multiple stressors, such as predation, UV radiations and, in case of global 

climate change scenarios, acidification (Staver and Strathmann 2002; Hamdoun and Epel 

2007). For echinoderms, several aspects of reproduction and larval development have been 

examined in terms of thermal tolerance. Fertilisation has already been proven to be relatively 

insensitive to temperature change within temperature changes of 2-4°C associated with 

climate change (IPCC 2007). For all the studied echinoderms, such tolerance encompasses a 

broad spectrum of temperatures far beyond those predicted for near future scenarios (review 

Byrne 2011; Nguyen et al. 2012). When subsequent developmental stages are considered, in 

particular first cleavage, hatching, gastrulation and larvae, results tend to be species-specific 

and, in the case of species with broad latitudinal distribution, site-dependent. (Sewell and 

Young 1999; Byrne et al. 2009; Byrne et al. 2011; Byrne 2011). For example, Sewell and 

Young (1999) showed that the sea urchin Echinometra lucunter is able reach the stage of 

echinopluteus at temperatures well out the range of temperatures occurring throughout a year 

in the Caribbean reef flat. Such an observation would not support Andronikov's hypothesis 

(Andronikov 1975). 
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In contrast, Byrne et al. (2011) found that, for the warm-temperate species Heliocidaris 

erythrogramma, an increase of 3-4°C was enough to cause significant deleterious effects on 

larval development. However, it was noted that the larvae that initially developed through the 

early bottleneck of normal development at increased temperature, later metamorphosed 

successfully, suggesting that H. erythrogramma could potentially adapt to an increased sea 

temperature regime similar to what has been projected to happen by 2100 (Ridgway 2007; 

Poloczanska et al. 2007). The sea star Meridiastra calcar exhibited a similar reaction 

(Nguyen et al. 2012) and gastrulation, normality and normal development were all negatively 

affected by a 2-4°C temperature increase. In the tropical sand dollar Arachnoides placenta, 

higher seawater temperatures were found to increase developmental speed (Chen and Chen 

1992), measured as number of cleavages over time, while, at the same time, decreasing the 

incidence of metamorphosis. A study by Rahman et al. (2009) highlighted that thermal 

tolerance in Tripneustes gratilla is stage dependent and that early larvae can survive acute 

thermal stress for short periods of time (a few hours), an ability that has an adaptive role in 

larvae that may be exposed to heated superficial waters. A similar situation was found in 

Paracentrotus lividus and it was demonstrated that this was due to the production and 

accumulation of heat shock proteins (Sconzo et al. 1986) that, although present for longer 

periods of time after synthesis, lose their effect on thermotolerance after about 3 hours.  

 

Heat shock proteins are molecular chaperones that stabilize the hydrophobic regions of 

proteins exposed during protein synthesis, translocation across membranes, or after exposure 

to protein-denaturing stressors or toxicants (Hartl and Hayer-Hartl 2002). In support of this, 

Giudice et al. (review 1999) pointed out that embryos are most vulnerable between 

fertilisation and blastula formation, as they do not produce heat shock proteins and have to 

rely on the maternal provision contained in the egg. Increases in temperature are more easily 

tolerated at more advanced stages of development, since the production of heat shock proteins 

can occur at any time after hatching (i.e. post-blastula) in most echinoids, as was 

demonstrated for the sea urchins Strongylocentrotus purpuratus (Bédard and Brandhorst 

1986), Lytechinus pictus (Infante et al. 1985) and Paracentrotus lividus (Roccheri et al. 

1981). Interestingly, the genus Arbacia (and the two species A. lixula and A. punctulata) were 

found to be able to produce heat shock proteins already at an earlier stage of 64-128 

blastomeres (Roccheri et al. 1981; Howlett et al. 1983). 
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This research examines pre-settlement processes in echinoids in New Zealand. This country 

has high abundance of sea urchins along its coast, among which Evechinus chloroticus, 

Pseudechinus huttoni and Centrostephanus rodgersii (the latter only around the off shore 

islands of the North Island) are the most represented. No studies have yet been published on 

their thermal tolerance, and no information on the sensitivity of life history stages to changes 

in sea temperatures is available. Responses are likely to be stage- and species-specific, so few 

assumptions can be made on how they will react to higher sea temperatures. In the case of C. 

rodgersii such information is even more relevant, as this species, a strong grazer capable of 

causing phase-shifts from well vegetated habitats to barren grounds (Ling et al. 2009), was 

first recorded in northern New Zealand 50 to 60 years ago (Barker pers. comm.; Choat and 

Schiel 1982). A geographic expansion has already been shown to have occurred from its 

historical range in southern New South Wales to Tasmania and it has been linked to the 

increased sea surface temperatures due to the now deeper penetration southward of the 

Eastern Australian Current. The eastern branch of such current, the Tasman front (Godfrey et 

al. 1980), is also now more influential in New Zealand. It is the only major vector at present 

available for transport of larvae from Australia to New Zealand and it is possible it may have 

driven the introduction of C. rodgersii in the northern part of New Zealand, a region 

characterized by a cooler climate than its original Australian subtropical range. Under global 

warming, temperatures will increase of ≈ 3°C (IPCC 2007) possibly favouring C. rodgersii's 

expansion in northern New Zealand, as this species is adapted to a warmer environment.  

 

In contrast to Tasmanian C. rodgersii populations, that have colonized areas lacking large 

heterospecific sea urchin populations, C. rodgersii in New Zealand is found sympatrically 

with the native echinoid Evechinus chloroticus. This sea urchin is a strong grazer (Villouta et 

al. 2001) and is likely to be the most important competitor to C. rodgersii, albeit the degree to 

which the two species interact is, so far, unknown. If the larval stages and pre-settlement 

processes are important, then understanding which species has the broadest thermal tolerance, 

in terms of fertilisation and early life stages, could help explaining their present day 

distribution and, in a context of global warming, help make predictions on which organism is 

better adapted and a better competitor in end-of-century climate scenarios. E. chloroticus is 

also found in certain areas of New Zealand (Fiordland, Southland) sympatrically with 

Pseudechinus huttoni, a species usually found in deeper waters (≈40m and below), that lives 

at shallower depths in Fiordland. Understanding the thermal tolerance of fertilisation, first 

cleavage, hatching, gastrulation and early plutei of this species, and comparing it with the 
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tolerance of E. chloroticus, could help, in turn, to explain their local distributions, based on 

pre-settlement processes.  

 

With this in mind, I determined the thermal tolerance and threshold for fertilisation, first 

cleavage, hatching, gastrulation and appearance of early plutei in E. chloroticus, P. huttoni 

and C. rodgersii. To assess intraspecific differences and assess acclimatation processes, I also 

conducted the same study on the Coffs Harbour population of C. rodgersii to evaluate the 

degree to which this species can acclimate its physiology to suit new environmental 

conditions, specifically sea temperature. The Coffs Harbour population was chosen as it is 

close to the latitude (≈32°S) at which the Eastern Australian Current splits and the eastern 

branch flowing towards New Zealand originates and it is likely to be the New Zealand 

population originated from. 
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4.2 Materials and Methods 
 

4.2.1 Study sites 

 

Individuals of Evechinus chloroticus were collected in November 2010 from a population at 

Blanket Bay (45° 18' S, 166° 54' E) in Doubtful Sound, Fiordland, in southwestern New 

Zealand (Figure 20), from a depth of 5 to 10 m. The site has a gentle slope from the surface 

until ca. 3 m of depth and then there's a vertical wall where the sea urchins were collected. 

Macroalgal coverage is good and the most conspicuous species is Ecklonia radiata. 

 
Figure 20. The position of Fiordland in the South Island of New Zealand is shown in the small frame in the lower left 

corner. Blanket Bay (45° 18' S, 166° 54' E) is indicated by a circle in the main frame. Evechinus chloroticus was 

collected in November 2010 by SCUBA divers from a depth of 5 to 10 m. 

 

The adult Pseudechinu huttoni used for this study were collected in May 2011 from Deep 

Cove (45° 27' S, 167° 09' E) in Doubtful Sound, Fiordland, in southwestern New Zealand 

(Figure 21) from a depth of 12-15 m. The site is towards the inner side of the fiord and is 

sheltered. The sea urchins were collected from a rock plateau mainly covered in Ulvales and 

encrusting organisms. 



 91 

 

 
Figure 21. The position of Fiordland in the South Island of New Zealand is shown in the small frame in the lower left 

corner. Deep Cove (45° 27' S, 167° 09' E) is indicated by a circle in the large frame. Pseudechinus huttoni was collected 

by SCUBA divers from a depth of 12 to 15 m in May 2011. 

 

The individuals of Centrostephanus rodgersii from the Mokohinau Islands were collected 

from Fanal Island and Burgess Islands. The sites described in details and their position given 

in Chapter 2. The Australian population of C. rodgersii was sampled in Coffs Harbour (New 

South Wales) near the National Marine Science Centre of the Southern Cross University (30° 

27' S, 153° 14E; Figure 22) by skin diving at a depth of 0-5 m; the site is characterized by a 

steep rocky shore that connects with a plateau covered in boulders at a depth of roughly 5 m. 
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Figure 22. The position of Coffs Harbour in New South Wales (Australia) is shown in the small frame in the lower left 

corner. The site of collection of Centrostephanus rodgersii (30° 27' S, 153° 14E) is marked by a circle in the large 

frame. 

 

4.2.2 Spawning and fertilisation 

 

The E. chloroticus and P. huttoni collected were taken to the Portobello Marine Laboratory, 

University of Otago (Dunedin, New Zealand) in buckets with seawater and then placed in 

flow-through seawater tanks at ambient temperature (15°C and 12°C respectively). C. 

rodgersii that were collected at the Mokohinau Islands in August 2011 were placed in a large 

bin filled with seawater immediately after collection. Any sea urchins that started spawning at 

this time was removed and placed back in the sea in order to avoid induction of spawning in 

other individuals. The sea urchins were then taken to the Leigh Marine Laboratory, University 

of Auckland (Leigh , New Zealand) and placed in flow-through seawater tanks at ambient 

temperature (14°C). The C. rodgersii that were collected in Coffs Harbour in August 2011 

(New South Wales, Australia) were taken to the National Marine Science Centre of the 

Southern Cross University and used on the same day for spawning. 
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For each experiment, the sea urchins were spawned a short time after collection (maximum 3 

days) and spawning was induced by an intracoelomic injection of 1-2 ml of 0.5 M KCl, the 

volume depending on the size of each individual. Sperm was collected dry from the aboral 

surface of males, placed on small Petri dishes covered with parafilm and kept chilled until 

needed. Eggs were collected by inverting females over beakers filled with fresh filtered 

seawater (FSW) and eggs released were allowed to sink. Once the females had ceased 

spawning, immature floating eggs were removed by decanting water and the process was 

repeated twice more. The concentration of the eggs was calculated by counting the number of 

eggs present in three 1-ml samples of the egg suspension, and a sample of eggs placed in each 

vial of the experimental treatments. The volume of suspension put into each vial was 

calculated in order to achieve the desired concentration of ≈ 30 eggs/ml for E. chloroticus and 

C. rodgersii and ≈ 60 eggs/ml for P. huttoni. Female gametes were checked under the 

microscope for a spherical shape and sperm for motility, and batches judged unsuitable were 

discarded. 

 

Multiple males and females were used for all the species and their gametes pooled before 

establishing the replicates. For E. chloroticus 3 males and 3 females were spawned; for P. 

huttoni 2 males and 4 females; for C. rodgersii at both the Mokohinau Islands and Coffs 

Harbour 3 males and 3 females were spawned. 

 

4.2.3 Experimental treatments 

 

In order to test thermal tolerance of developmental stages, an alluminium heatblock 

(length=784 mm, height=60 mm, width=170 mm) with holes (diameter=31 mm, depth=54 

mm) drilled into it was used and 30 ml glass vials filled with filtered seawater were placed 

into each hole. Twelve temperature treatments, adjusted to the appropriate thermal range of 

each species (Table 7), were used, with each temperature replicated four times. The heatblock 

was connected through plastic tubes to two waterbaths and the water, heated or cooled 

depending on the side, was circulated through the alluminium block. Heat exchange with the 

air was minimised by encasing the block with polystyrene (thickness=10 mm); the 

temperature of each waterbath was adjusted in order to achieve the desired temperature 

gradient. (Figure 23). Before starting each experiment, the temperature of filtered seawater in 

each vial was measured and the experiment started when each vial had equilibrated with the 

temperature of the heatblock. Temperature fluctuations during the experiments were minimal 
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(±0.2°C). Lids were placed on each vial for the duration of the experiments (maximum 98 

hours in the case of E. chloroticus) to prevent evaporation of seawater. 

 

An effort was made to sample each chosen developmental stages at two or more time points, 

so that temporal delay in developmental could be separated from arrested development and 

death of the embryos. Due to time constraints dictated by the developmental speed of each 

species, sampling in some instances was made at only once for certain developmental stages 

(Table 8). Sampling times varied for each species (Table 8) and adjusted according to 

previously reported information on the development schedule of each organism. 

 

During sampling, each vial was gently mixed by inversion to ensure that the culture was 

evenly mixed, then a 4 ml sample was taken, placed in a 12-well tray and development 

arrested with four drops of 7% borax buffered formalin. Each sample was scored under a 

compound microscope and the number of eggs, embryos and larvae that had undergone 

fertilisation, cleavage, hatching, gastrulation and arm formation (Figure 24) out of the first 50 

recorded. 

 
Table 7. Temperature of each experimental treatment (mean values) for E. chloroticus, P. huttoni and for C. rodgersii 

collected from the Mokohinau Islands (NZ) and Coffs Harbour (NSW) 

 Temperature (°C) 
Treatment E. chloroticus P. huttoni C. rodgersii (NZ) C. rodgersii (NSW) 

1 7.9 7.8 12.0 12.8 
2 9.7 9.7 13.1 14.0 
3 11.2 11.2 14.3 15.6 
4 12.5 12.5 16.0 17.3 
5 13.8 13.8 17.2 19.1 
6 15.1 15.1 18.7 21.0 
7 16.1 16.1 20.1 22.4 
8 17.1 17.1 22.1 24.5 
9 18.2 18.2 23.5 26.1 

10 19.2 19.2 25.0 27.7 
11 20.0 20.0 26.4 29.5 
12 21.0 21.0 28.8 31.5 

Mean 
Temperature 

15.1 15.1 19.8 21.8 
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Table 8. Sampling times for the developmental stages considered in E. chloroticus, P. huttoni and for C. rodgersii 

collected from the Mokohinau Islands (NZ) and Coffs Harbour (NSW) 

 Sampling time (hours after fertilisation) 
Stage E. chloroticus P. huttoni C. rodgersii (NZ) C. rodgersii (NSW) 
Fertilisation A 0.5 0.5 0.5 0.5 
Fertilisation B 1.5 1.5 2 2 
Cleavage A 1.5 3 2 2 
Cleavage B 3 5 NA NA 
Hatching A 26 29 18 18 
Hatching B 50 48 NA NA 
Gastrulation A 50 48 18 18 
Gastrulation B 74 72 40 40 
Gastrulation C 98 NA NA NA 
Pluteus A 50 96 40 40 
Pluteus B 74 NA 72 72 
Pluteus C 98 NA NA NA 
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Figure 23. a) Schematic of the heatblock connected to a lower and a higher temperature water baths (labelled as 

"cold" and "hot"). Water is circulated through the ends of the alluminium block it to generate a temperature 

gradient. b) photograph of the heatblock disconnected from the waterbaths. Scale bar is 50 mm. 

Cold

Hot

21 3 4 5 6 7 8 9 10 11 12

a

b

c

d

Temperature  gradient
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b
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Figure 24. Photographs of representative fertilized eggs and subsequent developmental stages of Evechinus 

chloroticus, Pseudechinus huttoni and Centrostephanus rodgersii.  From left to right: fertilized egg, cleaved embryo, 

hatched blastula, gastrula and early pluteus. Scale bars are 100µm long. 

 

4.2.4 Developmental assays  

 

For the fertilisation assay, an appropriate volume of sperm solution was added to each vial 

(sperm concentration: 6000 cells/ml for E. chloroticus and P. huttoni; 3000 cells/ml for C. 

rodgersii), so that a sperm:egg ratio suitable for each species was achieved (200:1 for E. 

chloroticus, 100:1 for P. huttoni and C. rodgersii). The eggs were fertilized in the 

experimental temperatures. Fertilized eggs were recognized by the presence of a fertilisation 

envelope. The other stages chosen for the experiments were first cleavage, hatching, 

gastrulation and early pluteus. The first cleavage was easily recognizable through the shape of 

the embryos. Hatching was recognised as holoblastulae not surrounded by an envelope and 

not presenting any abnormalities. Gastrulation of the embryos was evident due to the bell 

shape they assume during that stage and the presence of an elongated gastrocoele, while 

larvae were considered plutei when two postoral arms were easily discernible. 
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4.2.5 Sea surface temperature 

 

Average sea surface temperature measurements around New Zealand from July to September 

(July to September represents the major period of spawning of Centrostephanus rodgersii) 

and from December to February over an 11-year time frame (2000-2010) were collected from 

the SST probe of the satellite Terra MODIS (http://oceancolor.gsfc.nasa.gov/) at a resolution 

of 4 km. They were then plotted as a coloured map with highlighted isotherms at 3°C 

intervals. Since the Mokhinau Islands are surrounded by oceanic waters, satellite SST 

measurements were considered representative of the temperature conditions at which C. 

rodgersii reproduces in New Zealand. 

 

For Doubtful Sound, sea temperature measurements were collected at a depth of 15 m, deeper 

than the surface low salinity layer, to make sure data represented actual temperatures at which 

E. chloroticus and P. huttoni reproduce. Data were collected by moorings near Deep Cove 

and Blanket Bay owned by the Cawthron Institute (Nelson, New Zealand) and were reported 

as monthly averages from 2006 to 2012. 

 

4.2.6 Statistical analyses 

 

Data were expressed as percentages of a certain developmental stage at a given time and 

significance of the differences observed was tested via one way ANOVA, with temperature as 

factor and percentage of a given stage as variable. Data were arcsine-squareroot transformed, 

normality was visually checked via normal quantile-quantile plot and homoscedasticity was 

confirmed by Levene's test. Tukey's Honestly Significant Difference (HSD) test was used for 

post hoc analyses. All statistical analyses and charts were realised using R (R Development 

Core Team 2010). 
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4.3 Results 
 

4.3.1 Fertilisation  

 

Evechinus chloroticus 

Percentage of fertilisation (Figure 25) was high across all temperature treatments at both 

sampling times (>80%), apart from the 7.9°C treatment after 0.5 hours. Percentages were very 

similar after 0.5 and 1.5 hours, apart from the treatment at 7.9°C, where percentage of 

fertilisation increased from ≈50% after 0.5 hours to ≈80% after 1.5 hours. At 0.5 hours there 

was a significant effect of temperature (Table 9; F=12.2, p<0.001) and most of the differences 

between treatments (Appendix 4) were not significant. The 7.9°C treatment was significantly 

different from all the others. At 1.5 hours the effect of temperature was significant (Table 9; 

F=4.349, p<0.001) and significant differences were still present between the 7.9°C treatment 

and most of the other treatments (Appendix 4). 

 

Pseudechinus huttoni  

Percentage of fertilisation (Figure 25) was > 75% across all temperature treatments after 0.5 

hours and > 85% after 1.5 hours. The effect of temperature at 0.5 hours was significant (Table 

9; F=3.70, p<0.001), with fertilisation significantly lower in the 19.2°C and 21°C treatments 

compared with the remaining temperatures (Appendix 4). At 1.5 hours after fertilisation, the 

effect of temperature was significant (Table 9; F=3.72, p<0.001) with the percentage of 

fertilisation significantly higher at 16°C than at 9.7, 11.2, 20 and 21°C. 

 

Centrostephanus rodgersii - Mokohinau Islands  

Percentage of fertilisation (Figure 25) was ≥90% after both 0.5 and 2 hours at all temperature 

treatments apart from 28.8°C, where it was ≈70% after 0.5 hours and ≈40% after 2 hours. The 

effect of temperature after 0.5 hours was significant (Table 9; F=8.79, p<0.001), due to the 

percentage of fertilisation at 28°C being significantly lower than the remaining treatments 

(Appendix 4). The effect of temperature on fertilisation after 2 hours was significant (Table 9; 

F=19.47, p<0.001), due to significantly lower fertilisation at 28°C (Appendix 4).  
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Table 9. ANOVA of the percentage of fertilisation among 12 temperature treatments. Levene's test for homogeneity of 

variances p-values for each species and each sampling time are: Evechinus chloroticus 0.105 and 0.091; Pseudechinus 

huttoni 0.169 and 0.263; Centrostephanus rodgersii (Mokohinau Islands) 0.405 and 0.056; Centrostephanus rodgersii 

(Coffs Harbour)  0.312 and 0.074. 

Species (sampling time) Source SS df F p 
E. chloroticus (0.5 hrs) Treatment 5132.1 11 12.2 <0.001 
 Residuals 1376.8 36   
E. chloroticus (1.5 hrs) Treatment 893 11 242.4 <0.001 
 Residuals 672 36   
P. huttoni (0.5 hrs) Treatment 1912.9 11 3.7 <0.01 
 Residuals 1691 36   
P. huttoni (1.5 hrs) Treatment 420.67 11 3.7 <0.01 
 Residuals 370 36   
C. rodgersii - Mokohinau Is. (0.5 hrs) Treatment 2308.2 11 8.8 <0.001 
 Residuals 859 36   
C. rodgersii - Mokohinau Is. (2 hrs) Treatment 11716 11 19.5 <0.001 
 Residuals 1969 36   
C. rodgersii - Coffs Harbour (0.5 hrs) Treatment 18358 11 50.3 <0.001 
 Residuals 1194 36   
C. rodgersii - Coffs Harbour (2 hrs) Treatment 15264 11 59.2 <0.001 
 Residuals 844 36   
 

 

Centrostephanus rodgersii - Coffs Harbour  

The percentage of fertilisation (Figure 25) was ≥80% at both 0.5 hours and 2 hours at all 

temperatures, apart from 31.5°C, where it was ≈20% after both 0.5 and 2 hours. The effect of 

temperature at 0.5 hours was significant (Table 9; F=50.3, p<0.001) and Tukey's HSD test 

(Appendix 4) indicated that the 31.5°C treatment was significantly lower than all the other 

treatments. Temperature also had a significant effect on percentage of fertilisation after 2 

hours (Table 9; F=59.2, p<0.001) and Tukey's HSD test (Appendix 4) confirmed that 

fertilisation was significantly lower at 31.5°C compared to all other treatments. 

 

4.3.2 Cleavage  

 

Evechinus chloroticus  

After 1.5 hours cleavage (Figure 26) only occurred at temperatures higher than 16°C. As 

temperature increased, percentage of cleavage decreased, after spiking to ≈80% at 18.2°C. 

There was a significant effect of temperature on cleavage (Table 10; F=2.424, p<0.001) and 

Tukey's HSD (Appendix 4) showed that percentage of cleavage at 17.1°C was significantly 

different from all other treatments. There was no significant difference between treatments at 
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18.2 and 19.2°C (Appendix 4), but the difference was significant between 19.2 and 20°C and 

between 20°C and 21°C (Appendix 4). Percentage of cleavage after 3 hours was greatest 

between 12.5 and 18.2°C, while it was absent at temperatures lower than 11.2°C. The effect 

of temperature was significant (Table 10; F=238.66, p<0.001) and treatments within the 

optimal range were all significantly different from treatments above and below this optimal 

range (Appendix 4). 

 

Pseudechinus huttoni  

The percentage of cleavage (Figure 26) at 3 hours increased sharply between 7.8 and 9.7°C 

and it was >70% up to 17.1°C. Cleavage decreased at temperatures higher than 16.1°C, until 

it reached ≈5% at 21°C. Temperature had a significant effect (Table 10; F=134.56, p<0.001), 

with significant differences between treatments found throughout the temperature range tested 

(Appendix 4). At 5 hours, the percentage of cleavage was maximum below 17.1°C and then 

decreased steadily, until it reached zero at 21°C. The effect of temperature was significant 

(Table 10; F=173.45, p<0.001) and most of the treatments were significantly different from 

the one-another (Appendix 4). 

 

 

Centrostephanus rodgersii - Mokohinau Islands  

The percentage of cleavage (Figure 26) at 2 hours was greatest (≥80%) between 18.7°C and 

23.5°C, and it dropped to ≈15% at both 17.2°C and 25.0°C. The effect of temperature was 

significant (Table 10; F=907.4, p<0.001) and Tukey's HSD test showed that the percentage of 

cleavage in the optimal range (18.7°C-23.5°C) was significantly greater than in temperatures 

above and below the optimal thermal window (Appendix 4). 

 

 

Centrostephanus rodgersii - Coffs Harbour  

The percentage of cleavage (Figure 26) was greatest (≥90%) between 17.3°C and 24.5°C and 

it dropped sharply at both lower and higher temperatures. The effect of temperature was 

significant (Table 10; F=306.9, p<0.001), with a Tukey's post-hoc comparison (Appendix 4) 

showing that the percentage of cleavage within the optimum thermal range (17.3°C-24.5°C) 

was significantly different from all other treatments. 
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Table 10. ANOVA of the percentage of cleavage among 12 temperature treatment. Levene's test for homogeneity of 

variances p-values for each species and each sampling time are: Evechinus chloroticus 0.332 and 0.402; Pseudechinus 

huttoni 0.065 and 0.093; Centrostephanus rodgersii (Mokohinau Islands) 0.813; Centrostephanus rodgersii (Coffs 

Harbour)  0.318. 

Species (sampling time) Source SS df F p 
E. chloroticus (1.5 hrs) Treatment 40441 11 242.4 <0.001 
 Residuals 546 36   
E. chloroticus (3 hrs) Treatment 68477 11 238.7 <0.001 
 Residuals 939 36   
P. huttoni (3 hrs) Treatment 56041 11 134.6 <0.001 
 Residuals 1363 36   
P. huttoni (5 hrs) Treatment 43937 11 173.5 <0.001 
 Residuals 829 36   
C. rodgersii - Mokohinau Is. (2 hrs) Treatment 85396 11 907.4 <0.001 
 Residuals 308 36   
C. rodgersii - Coffs Harbour (2 hrs) Treatment 80272 11 306.9 <0.001 
 Residuals 856 36   
 

4.3.3 Hatching  

 

Evechinus chloroticus  

Percentage hatching (Figure 27) was greatest between 15.1 and 19.2°C and was zero or very 

low within a window of ≈2°C lower and higher than the extreme of the optimal interval. 

There was a significant effect of temperature on the percentage of hatching (Table 11; 

F=129.73, p<0.001). Most of the temperature treatments within the optimal range were not 

different from one-another and they were all significantly higher than the treatments out of the 

optimal range. 

 

The optimal temperature range for hatching was much broader at 50 hours (Figure 27), 

spanning from 9.7 to 18.2°C. The effect of temperature was significant (Table 11; F=80.34, 

p<0.001) and Tukey's HSD test (Appendix 4) revealed that there was no significant difference 

between treatments within the optimal thermal range, while they were significantly higher 

than the percentage of hatching outside the optimal range. 
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Table 11. ANOVA of the percentage of hatching among 12 temperature treatments. Levene's test for homogeneity of 

variances p-values for each species and each sampling time are: Evechinus chloroticus 0.870 and 0.070; Pseudechinus 

huttoni 0.979 and 0.623; Centrostephanus rodgersii (Mokohinau Islands) 0.069; Centrostephanus rodgersii (Coffs 

Harbour)  0.956. 

Species (sampling time) Source SS df F p 
E. chloroticus (26 hrs) Treatment 61523 11 242.4 <0.001 
 Residuals 1552 36   
E. chloroticus (50 hrs) Treatment 52432 11 238.7 <0.001 
 Residuals 2136 36   
P. huttoni (29 hrs) Treatment 58330 11 342.1 <0.001 
 Residuals 558 36   
P. huttoni (48 hrs) Treatment 57269 11 228.9 <0.001 
 Residuals 819 36   
C. rodgersii - Mokohinau Is. (18 hrs) Treatment 78931 11 181.4 <0.001 
 Residuals 1424 36   
C. rodgersii - Coffs Harbour (18 hrs) Treatment 74786 11 1323 <0.001 
 Residuals 185 36   
 

 

Pseudechinus huttoni  

Percentage hatching (Figure 27) at 29 hours after fertilisation was maximum (≥80%) between 

15.1 and 19.2°C. Between 7.8°C and 13.8°C the percentage of hatching increased from 11.5% 

to 70%, while it decreased above 19.2°C, reaching 0% at 21°C. There was a significant effect 

of temperature (Table 11; F=342.11, p<0.001) and most temperature treatments were different 

in pairs (Appendix 4). 

 

The pattern was similar at 48 hours after fertilisation, with the optimal thermal range for 

hatching between 11.2 and 18.2°C. Percentage of hatching increased between 7.9°C and 

9.7°C from 33.5% to 56.5%. Percentage of hatching decreased at temperatures greater than 

18.2°C and reached zero at 20°C. Temperature had a significant effect on hatching (Table 11; 

F=228.85, p<0.001) and there was a significant difference between hatching at 9.7 and 11.2°C 

and between 18.2 and 19.2°C (Appendix 4). 

 

Centrostephanus rodgersii - Mokohinau Islands  

The percentage of hatching (Figure 27) after 18 hours was ≥80% between 17.2°C and 23.5°C, 

it decreased at temperatures >23.5°C and was zero at 26.4°C. At temperatures lower than 

17.2°C it decreased and reached zero at 13.1°C. The effect of temperature was significant 

(Table 11; F=181.4, p<0.001) and thermal treatments within the optimal thermal range were 

significantly different from the others (Appendix 4).  
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Centrostephanus rodgersii - Coffs Harbour  

Optimal thermal range for hatching (Figure 27) 18 hours after fertilisation was 19.1 to 24.5°C. 

The percentage of hatching steadily decreased at lower temperatures and sharply dropped at 

temperatures higher than 24.5°C. The effect of temperature was significant (Table 11; 

F=350.7, p<0.001) and Tukey's HSD test (Appendix 4) showed that most of the treatments 

were significantly different one from another (Figure 27). 

 

4.3.4 Gastrulation  

 

Evechinus chloroticus  

Optimal thermal range for gastrulation (Figure 28) 50 hours after fertilisation was broad and 

ranged from 12.5 to 19.2°C. Out of this range, the percentage of gastrulation decreased to 

zero at 7.9°C and to 4% at 21°C. The effect of temperature was significant (Table 12; 

F=81.38, p<0.001) and most of the treatments within the optimal thermal range were not 

different one from another (Appendix 4). 

 

The percentage of gastrulation (Figure 28) was similar at 74 hours, although the optimal 

temperature range expanded between 11.2°C and 18.2°C. The effect of temperature was 

significant (Table 12; F=106.98, p<0.001) and a Tukey's HSD test (Appendix 4) showed that 

most of the treatments within the 9.7-18.2°C interval had percentages of gastrulation not 

significantly different. 

 

At 98 hours after fertilisation, the percentage of gastrulation (Figure 28) was greatest (≥85%) 

between 11.2°C and 17.9°C.  Gastrulation decreased at temperatures lower than 11.2°C and 

was 24.5% at 7.9°C. There was a significant effect of temperature (Table 12), while the 

treatments in the 11.2-17.1°C interval were not significantly different one from another. 
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Table 12. ANOVA of the percentage of gastrulation among 12 temperature treatments. Levene's test for homogeneity 

of variances p-values for each species and each sampling time are: Evechinus chloroticus 0.062, 0.130 and 0.776; 

Pseudechinus huttoni 0.108 and 0.515; Centrostephanus rodgersii (Mokohinau Islands) 0.191 and 0.151; 

Centrostephanus rodgersii (Coffs Harbour)  0.347 and 0.947. 

Species (sampling time) Source SS df F p 
E. chloroticus (50 hrs) Treatment 67585 11 81.4 <0.001 
 Residuals 2718 36   
E. chloroticus (74 hrs) Treatment 78352 11 106.9 <0.001 
 Residuals 2397 36   
E. chloroticus (98 hrs) Treatment 72273 11 88.6 <0.001 
 Residuals 2671 36   
P. huttoni (48 hrs) Treatment 73609 11 235.9 <0.05 
 Residuals 1021 36   
P. huttoni (71 hrs) Treatment 65358 11 228.0 <0.001 
 Residuals 938 36   
C. rodgersii - Mokohinau Is. (18 hrs) Treatment 74786 11 1323.0 <0.001 
 Residuals 185 36   
C. rodgersii - Mokohinau Is. (40 hrs) Treatment 89264 11 499.4 <0.001 
 Treatment 585 36   
C. rodgersii - Coffs Harbour (18 hrs) Treatment 61556 11 619.9 <0.001 
 Residuals 325 36   
C. rodgersii - Coffs Harbour (40 hrs) Treatment 81622 11 799.8 <0.001 
 Residuals 334 36   
 

Pseudechinus huttoni  

The optimal temperature range for gastrulation 48 hours after fertilisation (Figure 28) spanned 

from 12.5 to 18.2°C. The percentage of gastrulation out the optimal range reached zero at 

9.7°C and 20.0°C. The effect of temperature was significant (Table 12; F=235.95, p<0.05) 

and a Tukey's HSD test (Appendix 4) confirmed that most of the treatments within the 

optimal range were not significantly different one from another. 

 

Percentage of gastrulation at 72 hours (Figure 28) showed a very different pattern and the 

optimal thermal range broaden up much, compared to the previous sampling time. The warm 

extreme of the interval remained between 17.1 and 18.2°C, while gastrulae were still found at 

tempratures as low as 9.7°C (≈70%). Temperature had a significant effect (Table 12; 

F=228.04, p<0.001) and the difference between gastrulation at 7.8 and 9.7°C and between 

17.1 and 18.2°C was significant (Appendix 4). 

 

Centrostephanus rodgersii - Mokohinau Islands  

The optimal thermal range 19 hours after fertilisation (Figure 28) was very narrow and 

spanned from 20.1 to 23.5°C. Beyond this temperature range the percentage of gastrulation 
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reached zero at 17.2°C and 26.4°C. The effect of temperature was significant (Table 12; 

F=1323, p<0.001) and Tukey's HSD test (Appendix 4) confirmed that the percentage of 

hatching was not different among treatments within the optimal range. 

 

At 40 hours after fertilisation (Figure 28), a very high percentage (≥80%) of gastrulae was 

recorded between 14.3 and 23.5°C and it decreased to zero at 12°C and 26.4°C. The effect of 

temperature was significant (Table 12; F=499.4, p<0.001) and Tukey's HSD test (Appendix 4) 

showed that no significant differences were present between 14.3°C and 23.5°C. 

 

Centrostephanus rodgersii - Coffs Harbour  

Optimal thermal range (percentage of gastrulation ≥80%) for gastrulation at 18 hours after 

fertilisation (Figure 28) was 20.9-24.5°C. Beyond these limits, the percentage of gastrulation 

decreased to zero at 17.3°C and 27.7°C. The effect of temperature was significant (Table 12; 

F=619.9, p<0.001) and Tukey's HSD test (Appendix 4) showed that treatments within the 

optimal range were significantly different from the treatments out of that range.  

 

The optimal temperature at which gastrulation occurred after 40 hours (Figure 28) ranged 

from 15.6 to 24.5°C. Beyond this range percentage of gastrulation decreased to zero at 12.8°C 

and 26.1°C The effect of temperature was significant (Table 12; F=799.8, p<0.001). No 

significant difference was present between treatment in the 15.6-24.5°C temperature range 

(Appendix 4).  

 

4.3.5 Plutei 

 

Evechinus chloroticus  

The percentage of individuals at the  early pluteus stage 50 hours after fertilisation (Figure 29) 

was highest between 16.1 and 18.2°C. The percentage increased from 1% to 95% from 

15.1°C to 16.1°C, while the percentage of larvae decreased from 85% at 18.2°C to 4% at 

21°C. The effect of temperature on the percentage of plutei was significant (Table 13; 

F=44.47, p<0.001) and Tukey's HSD test (Appendix 4) confirmed that no significant 

difference was present among treatments within the optimal range. 

 

The optimal temperature range at which early pluteus larvae were found was broader after 74 

hours (Figure 29) and it spanned from 13.8 to 17.1°C. As with earlier stages, beyond these 

limits, the percentage of early pluteus larvae decreased to zero at 11.2°C and 20°C. The effect 
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of temperature was significant (Table 13; F=176.43, p<0.001) and Tukey's HSD test 

(Appendix 4) indicated that no significant differences were present among treatments in the 

optimal temperature range. 

 

At 98 hours after fertilisation (Figure 29), the pattern was similar, although an increase in the 

number of early plutei at 12.5°C was present. Effect of temperature was significant (Table 13; 

F=95.379, p<0.001) and no significant differences were present between treatments in the 

optimal range (Appendix 4). 

 

Pseudechinus huttoni  

The percentage of early pluteus larvae increased steadily from 7.9°C, where it was zero, to 

12.5°C, where it was 70.5%. It was  ≥70% between 12.5 and 16.1°C and decreased to 61% at 

17.1°C. At higher temperatures the decrease was sharp and it dropped to 9% at 18.2°C and 

then to zero. The effect of temperature was significant (Table 13; F=107.38, p<0.001) and 

Tukey's HSD test (Appendix 4) indicated that the difference among the treatments in the 12.5 

and 17.1°C was not significant. 

 

Centrostephanus rodgersii - Mokohinau Islands  

Larvae at the early pluteus stage at 40 hours after fertilisation were only found in a narrow 

temperature range (20.1-23.5°C). The effect of temperature was significant (Table 13; 

F=412.5, p<0.001) and the percentage of plutei was significantly different between treatments 

within the optimal range and temperature treatments beyond this range (Appendix 4). 

 

The optimal range at 72 hours after fertilisation spanned from 17.3 to 23.5°C, where it was 

≥91%. Beyond this range, it decreased to zero at 14.3°C and 26.4°C. Temperature had a 

significant effect (Table 13; F=380.9, p<0.001) and Tukey's HSD test (Appendix 4) indicated 

that there was no difference among treatments within the optimal range. 
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Table 13. ANOVA of the percentage of plutei among 12 temperature treatments. Levene's test for homogeneity of 

variances p-values for each species and each sampling time are: Evechinus chloroticus 0.121, 0.074 and 0.647; 

Pseudechinus huttoni 0.177; Centrostephanus rodgersii (Mokohinau Islands) 0.255 and 0.324; Centrostephanus 

rodgersii (Coffs Harbour)  0.791 and 0.122. 

Species (sampling time) Source SS df F p 
E. chloroticus (50 hrs) Treatment 68321 11 44.5 <0.001 
 Residuals 5028 36   
E. chloroticus (74 hrs) Treatment 86307 11 176.4 <0.001 
 Residuals 1601 36   
E. chloroticus (98 hrs) Treatment 79591 11 95.4 <0.001 
 Residuals 2731 36   
P. huttoni (96 hrs) Treatment 54172 11 107.4 <0.001 
 Residuals 1651 36   
C. rodgersii - Mokohinau Is. (40 hrs) Treatment 63019 11 412.5 <0.001 
 Residuals 500 36   
C. rodgersii - Mokohinau Is. (72 hrs) Treatment 91942 11 380.9 <0.001 
 Treatment 790 36   
C. rodgersii - Coffs Harbour (40 hrs) Treatment 62295 11 1220.8 <0.001 
 Residuals 167 36   
C. rodgersii - Coffs Harbour (72 hrs) Treatment 86868 11 923.0 <0.001 
 Residuals 308 36   
 

Centrostephanus rodgersii - Coffs Harbour  

Similar to the population at the Mokohinau Islands, the population in Coffs Harbour, 40 hours 

after fertilisation had a thermal window ranging from 20.9 to 24.5°C in which plutei were 

found. Within this temperature range the percentage of plutei was >80%. The effect of 

temperature was significant (Table 13; F=1220.8, p<0.001) and Tukey's HSD test showed that 

no difference was present among the 20.9°C, 22.4°C and the 24.5°C treatments. 

 

The percentage of plutei at 72 hours was greatest (≥80%) between 17.3°C and 24.5°C and it 

was zero at all other treatments. The effect of temperature was significant (Table 13; F=923.0, 

p<0.001) and no significant differences were present among most of the treatments within the 

optimal range. 

 

4.3.6 Sea surface temperature 

 

Sea surface temperature in winter (July-September; Figure 30) from 2000 to 2010 spanned 

from ≈9°C around the southern portion of the South Island to ≈15°C around the northern part 

of the North Island. The Mokohinau Islands, over the same time frame, experienced an 

average winter temperature between 14 and 15°C, as shown by the fact that they are located 
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very close to the 15°C isotherm. North Island and South Island are sharply divided by the 

12°C isotherm, that runs along the West Coast and then through the Cook Strait and east 

towards the Chatam Islands (not shown in the map). 

 

Sea surface temperature in summer (December to February; Figure 31) from 2000 to 2010 

ranged from ≈14 °C around the southern part of the South Island to ≈21°C around most of the 

North Island. 

 

Sea temperature at 15 m depth at Blanket Bay (Figure 32) ranges from 12.2±0.3°C in 

September to 15.2±1.3°C in March and it is ≈13-15°C between December and February, 

when most of the spawning occurs in E. chloroticus in Doubtful Sound (Lamare et al.2002). 

At Deep Cove, sea temperature at 15 m (Figure 32) ranges from 12.3±0.3°C and 12.3±0.2°C 

in September and October, to 14.9±1.2°C and 14.9±1.0°C in March and April. It is ≈14-15°C 

between February and May, when P. huttoni is most actively reproducing (McClary and 

Sewell 2003). 
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Figure 30. Avearge winter (July-September) sea surface temperature around New Zealand from 2000 to 2010 as 

recorded from the SST probe of the satellite Terra MODIS at a resolution of 4 km. Isotherms are at 3°C intervals. 

Austral winter coincides with the yearly period of maximum spawning activity of Centrostephanus rodgesii in New 

Zealand and includes the spawning period of Pseudechinus huttoni. 
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Figure 31. Average summer (December-February) sea surface temperature around New Zealand from 2000 to 2010 

as recorded from the SST probe of the satellite Terra MODIS at a resolution of 4 km. Isotherms are at 3°C intervals. 

Austral summer is the period of major spawning of Evechinus chloroticus. 
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Figure 32. Sea temperature (mean±s.d.) at 15 m depth at Deep Cove and Blanket Bay in Doubtful Sound (Fiordland, 

New Zealand) as recorded by the moorings of the Cawthron Institute between October 2006 and March 2012 

(mean±standard deviation; n=217 for January, May, July, August, September and December; n= 210 for June, 

October and November; n=224 in March; n=198 in February). 
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4.4 Discussion 
 

4.4.1 General discussion 

 

Temperature has been identified as the main factor determining the speed at which 

physiological processes, including development, take place (Somero 2002, 2010; Hofmann 

and Todgham 2010; Tomanek 2010). It also plays a major role in determining the 

geographical range of species (Orton 1920; Gunter 1957; Kinne 1970; Andronikov 1975; 

Pechenik 1987; Somero 2002; Brown et al. 2004; O'Connor et al. 2007), although the realized 

range can often be smaller, due to the interaction of adult thermal tolerance, temperatures 

needed for growth or spawning, or hydrographic features (Gaylord and Gaines 2000) that 

limit larval settlement and juvenile survival (Sewell and Young 1999). In addition, 

populations of the same species located at different latitudes can exhibit shifts in thermal 

tolerance (Byrne et al. 2011) and pre-settlement and post-settlement processes can have a 

different tolerance to temperature (Byrne 2011). 

 

Since the beginning of the industrial revolution, sea surface temperatures have undergone a 

≈0.8°C increase (Mann and Bradley 1999) and they are forecast to increase by 2-4°C by the 

end of 2100 (IPCC 2007). Changes in the thermal regime of a region have already been 

shown to strongly affect the geographical range of marine species, causing migrations 

poleward as temperature increases (Barry et al. 1995; Southward et al. 1995; Holbrook et al. 

1997; Sagarin et al. 1999; Smith et al. 1999; Beaugrand et al. 2002; Rivadeneira and 

Fernàndez 2005). When focusing on explaining the realized distribution of a species, though, 

many authors warn to use caution, as both large and small scale ocean circulation can limit it 

(Scheltema 1966; Gaylord and Gaines 2000; Keith et al. 2011; Zardi et al 2011).  

 

The three species examined in the present study, E. chloroticus, P. huttoni and C. rodgersii, 

have a broad thermal tolerance across fertilisation to early pluteus. The optimal thermal range 

at the pluteus stage was 12.5°C-18.2°C, 12.5°C-17.1°C, and 17.2°C-23.5°C and 17.3°C-

24.5°C for E. chloroticus, P. huttoni and C. rodgersii at the Mokohinau Islands and Coffs 

Harbour respectively, covering a ≈ 5-7°C range for each species. These values fall within the 

range of thermal tolerances found in echinoids from temperate and subtropical latitudes at 

which ≥ 75% fertilisation and normal embryo and larval development occurr (review Byrne 

2011). The case of the irregular sea urchin Dendraster excentricus is remarkable; this 
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species's latitudinal range spans from Alaska to Baja California and the thermal range at 

which embryos and larvae develop normally ranges from 7°C to 20°C, with temperatures at 

least 9°C above ambient required to cause developmental abnormalities (Fujisawa 1993; 

Bingham et al. 1997). Similarly, Sewell and Young (1999) showed that normal embryos and 

larvae of the tropical sea urchin Echinometra lucunter can develop normally up to 10°C 

above ambient temperature and the authors explained this phenomen as a short-term 

adaptation to the very high temperatures that are occasionally found in the shallow waters of 

tropical reefs where the larvae of this species are transported. Most other species of echinoids 

usually show a common upper threshold for normal development ≈ 4-6°C above ambient sea 

temperatures at the time of spawning and larval development. This thermal threshold has been 

found, for example, in Anthocidaris crassispina (optimal thermal range 16°C-26°C; Fujisawa 

1989), Diadema savignyi (optimal thermal range 28°C-31°C; Rupp 1973), Heliocidaris 

tuberculata (optimal thermal range 19°C-24°C; O'Connor and Mulley 1977) and 

Pseudocentrotus depressus (optimal thermal range 9°C-25°C; Fujisawa 1989). 

 

Studies on echinoderm suggest that not all developmental stages are equally resistant to 

thermal stress (review Giudice et al. 1999). In particular, fertilisation is expected to be the 

most robust phase, while first cleavage would be the most sensitive. This research shows that 

fertilisation is generally not affected by temperature range in C. rodgersii (both populations), 

E. chloroticus and P. huttoni, and percentages of fertilisation ≥75% were recorded across all 

temperature treatments (apart from 7.9°C for E. chloroticus, 28.8°C for C. rodgersii at the 

Mokohinau Islands and 31.5°C for C. rodgersii at Coffs Harbour). One explanation for the 

insensitivity of fertilisation across the tested range of temperatures may be in the stimulating 

effect that temperature has on biochemical reactions. An increase of temperature is known to 

facilitate fertilisation by increasing the speed of the acrosomal reaction in sperm, and by 

favouring faster swimming as a consequence of lower viscosity of seawater (Mita et al. 1984; 

Lewis et al. 2002; Kupriyanova and Havenhand 2005). This process, like any biochemical 

reaction, is expected to proceed faster up to a threshold temperature value, beyond which 

proteins denature and metabolism switches from aerobic to anaerobic, causing a generalized 

physiological stress. In C. rodgersii, both the population from the Mokohinau Island and 

Coffs Harbour, a significant drop of the percentage of fertilisation at 28.8°C and 31.5°C was 

found, and this is consistent with the proposed mechanisms and with the existence of an upper 

thermal threshold. No such decrease was found at the upper end of the temperature spectrum 

tested for E. chloroticus and P. huttoni. This could imply that the upper thermal threshold 

above which a physiological stress sets is higher than the temperatures tested. 
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If temperature is having a positive effect on fertilisation by increasing sperm activity, then 

you might expect a decreasing trend of the percentage of fertilisation with decreasing 

temperatures. I detected no such trend in my experiments and, in fact, there was no difference 

in percentage fertilisation among temperature treatments. In the present experiment sperm 

concentrations (6000 cells/ml for E. chloroticus and P. huttoni; 3000 cells/ml for C. 

rodgersii) that are likely to be higher than those found in situ, and with an optimal sperm:egg 

ratio (200:1 for E. chloroticus, 100:1 for P. huttoni and C. rodgersii). In contrast, fertilisation 

in the ocean takes place in an environment where gametes are highly diluted and the chances 

of sperm-egg collisions are lower, compared to laboratory conditions, a phenomen defined 

"sperm limitation" (Denny and Shibata 1989; Levitan et al. 1991a; Levitan and Petersen 

1995). Furthermore, Levitan et al. (1991a) showed that sperm concentration directly affects 

the percentage of fertilisation and that there is a concentration value, between 104 and 106 

spermatozoa/ml, after which eggs get saturated with sperm and fertilization percentage does 

not increase. The concentrations used in the course of this research fall between this range, 

therefore the hypothesis that no decreasing trend with decreasing temperature depended on 

saturation of the eggs with sperm seems supported. It has also been shown by Byrne et al. 

(2010) that very diluted conditions (10:1 sperm:egg) can override the effect of other stressors, 

such as lowered pCO2 and increased temperature, and severely reduce fertilisation rate. The 

high value of fertilisation I measured at lower end of the thermal spectrum of C. rodgersii, E. 

chloroticus and P. huttoni, therefore, could be due to the fact that the experimental treatments 

were saturated with sperm, condition that allowed for high fertilisation success regardless of 

sperm swimming speed and water viscosity. In the field, therefore, fertilisation could be less 

robust to temperature than what my results suggest. 

 

This study showed that first cell cleavage was sensitive to temperature. Thermal optimum for 

the first cleavage was 12.5°C-19.2°C for E. chloroticus (3 hours after fertilisation), 9.7°C-

16.1°C for P. huttoni (5 hours after fertilisation), 18.7°C-23.5°C for C. rodgersii at the 

Mokohinau Islands (2 hours after fertilisation) and 17.3°C-24.5°C for C. rodgersii at Coffs 

Harbour (2 hours after fertilisation). Roccheri et al. (1986) showed that survival in sea urchin 

embryos after heating is dependent on the presence of heat shock proteins (reviews Tomanek 

2008; Hofmann and Todgham 2010). Production of such proteins does not occur until the 

stage of 64-128 cells or after hatching (Giudice et al. 1980; Roccheri et al. 1981a, b, 1982; 

Sconzo et al. 1983; Giudice, 1985), and it has been proposed that this may be partly because 

overexpression of these proteins in embryos inhibits development (Krebs and Feder 1998), 
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possibly by interfering with mitosis or signalling (Isaenko et al. 2002; Nollen and Morimoto 

2002). It is possible, therefore, that the broad thermal range at which the first cleavage occurs 

normally in the sea urchins considered in this study is due to the presence of maternal 

provisions of heat shock proteins in the eggs (Hamdoun and Epel 2007). This would explain 

why cleavage may proceed normally at temperatures above ambient.  

 

At the colder end of the tested thermal range, no intervention of stabilizing proteins is 

necessary, as proteins, and specifically enzymes, do not denature in that case. It is possible, 

therefore, that the lower percentage of cleavage recorded in this study is the result of a delay 

in the process, due to slower biochemical reactions, and not to death or arrested development 

of the embryos. This is further supported by the fact that the percentage of cleavage in E. 

chloroticus and P. huttoni was measured in two occasions, and the second sampling time 

shows higher percentage of cleavage at lower temperatures. This is consistent with a delay in 

this process due to slower biochemical reactions at lower temperatures.  

 

Subsequent developmental stages (hatching, gastrulation and plutei) were sensitive to 

temperature in all the species considered in this study and the optimal thermal range was 

similar from hatching to the pluteus stage and spanned ≈ 5-10°C for all of them. In particular, 

it was ≈ 10°C-18°C for E. chloroticus and P. huttoni, and ≈15°C-23°C for C. rodgersii at the 

Mokohinau Islands. When more than one sampling time for a certain stage was present, it was 

possible to see that the higher thermal threshold tended to be stable over time. The lowest 

temperature at which embryos at a certain stage were found, in contrast, tended to shift 

towards lower temperatures during subsequent sampling times. This can again be interpreted 

as evidence that higher thermal threshold is determined by physiological stress (i.e. 

denaturation of proteins) at that temperature, while development at lower temperatures still 

takes place, albeit at a much slower pace. An early study by Ishida (1936) showed that this 

mechanism is supported in the case of hatching, where the protease that dissolve the egg 

membrane is strongly affected by temperature. A more recent study (Rahman et al. 2009) on 

the sea urchin Tripneustes gratilla confirmed the strong dependence of hatching on 

temperature and the authors proposed that the decrease of the percentage of hatching from 

95% to 45% between 29°C adn 31°C was due to the lack of activity of the hatching enzyme. 

The results of this thesis on hatching are consistent with these observations. I propose that a 

mechanism similar to Ishida (1936) and Rahman et al (2009), implying a strong temperature 

control of enzyme activity and its effects on embryos and larvae development, is the basis for 

the higher thermal threshold found across early development in E. chloroticus, P. huttoni and 



 122 

C. rodgersii. I also propose that the same mechanisms is the basis for the slowed development 

at lower temperatures. 

 

Ambient temperature during spawning is ≈13-15°C for E. chloroticus at Blanket Bay 

(Doubtful Sound; Figure 32), ≈14°C-15°C for P. huttoni at Deep Cove (Doubtful Sound; 

Figure 32), ≈15-16°C for C. rodgersii at the Mokohinau Islands (Figure 30) and ≈20.6°C for 

C. rodgersii at Coffs Harbour (http://www.metoc.gov.au/products/data/aussst.php; Malcom et 

al 2011). Thus, at present, the species studied reproduce at temperatures in the middle of their 

larval development thermal optimum. C. rodgersii at the Mokohinau Islands is an exception 

and ambient temperatures during reproduction are at the lower end of its larval thermal 

tolerance. These results are consistent with Andronikov's hypothesis (Andronikov 1975) that 

thermal tolerance during early life stages limits the distribution of marine invertebrates. 

 

Evechinus chloroticus is known to be distributed along all New Zealand coastline (Pawson 

1965; Dix 1970; Coat and Schiel 1982) and average sea surface temperature during spawning 

around the North Island is ≈18-21°C (Figure 31). These temperatures are at the very edge of 

the upper thermal tolerance of the population of E. chloroticus in Doubtful Sound and, 

according to the results of this study, would cause heavy mortality of embryos and larvae. The 

persistence of E. chloroticus in the northern part of New Zealand, however, is a very strong 

indication that different population of species have a different thermal tolerance. The northern 

populations, according to this hypothesis, are expected to show an embryo and larval thermal 

optimum shifted towards higher temperatures, in accordance to Andronikov's hypothesis 

(Andronikov 1975). Information on this point is, however, lacking and this hypothesis cannot 

be confirmed here. 

 

This study found evidence for the fact that such shifts in thermal tolerance can occur in the 

two populations of C. rodgersii studied. The population at the Mokohinau Islands, a site 

cooler than Coffs Harbour (3-4°C colder throughout the year), has shifted its thermal 

tolerance towards lower temperatures, potentially indicating signs of early adaptation to the 

cooler environment. This was confirmed by the fact that, for fertilisation and each 

developmental stage, C. rodgersii at the Mokohinau Islands showed a thermal tolerance 

consistently shifted by ≈ 1°C towards lower temperatures (Figure 33). A similar situation was 

found by Byrne et al. (2011) in the sea urchin Heliocidaris erythrogramma when comparing 

the population in Sydney and Coffs Harbour. The percentage of cleavage and gastrulation was 

similar in the two populations at 20°C, while it was significantly lower in the Sydney 
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population at 24°C and 26°C, thus showing signs of a thermal tolerance shifted towards lower 

temperatures compared to the Coffs Harbour population.  

 

 

 
Figure 33. Comparison between the percentage of fertilisation and of the various developmental stages between C. 

rodgersii at the Mokohinau Islands (dashed line and triangles) and Coffs Harbour (solid line and circles) (mean±SE). 

 

As no significant genetic difference seems to exist between the two populations of C. 

rodgersii (Banks et al. 2007), the shift in thermal tolerance is likely due to phenotypical 

adaptation. Since the population at the Mokohinau Island lives in a cooler environment, it 

probably lacks acclimatation to higher temperatures. This phenomen of production of heat-
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resistant embryos, when adults are acclimatized to higher temperatures, has already been 

reported in several species of echinoids. For example, populations of the sea urchin 

Hemicentrotus pulcherrimus located in three areas of Japan with different average sea 

temperatures were found to have different optimal thermal ranges for embryonic and larval 

development (Fujisawa 1989). Furthermore, that difference closely corresponded to the 

differences in temperature during spawning at the three sites. A study by Bingham et al. 

(1997) also found that the larvae of a subtidal population of the sand dollar Dendraster 

excentricus were more likely to develop normally at lower temperatures than the larvae of an 

intertidal population, within a common developmental thermal range. For other echinoderms, 

such as asteroids, the percentage of cleaved embryos of Acanthaster plancii at 27°C was 

higher for the populations collected in the warmer part of its range and for those that were 

acclimatized to a similar temperature (Johnson and Babcock 1994).  

 

It is known that warm-acclimatized reproductive females can provide their eggs with 

protective factors, including heat shock proteins, that protect the embryo from heat stress until 

it is able to synthesize its own protective factors (Hamdoun and Epel 2007). This 

physiological mechanism could explain the difference in thermal tolerance, ≈ 1°C shift 

towards higher temperatures, that was found in the Coffs Harbour population of C. rodgersii 

compared to the population in New Zealand. 

 

The capacity for shifting thermal tolerance in C. rodgersii could explain its wide latitudinal 

distribution, which spans from subtropical northern New South Wales to cold temperate 

Tasmania. The optimal thermal range of this species across the developmental stages to 

pluteus is ≈ 17°C-23.5°C, and a lower percentage (≈ 40%) of early plutei after 72 hours was 

found at 16°C. Ling et al. (2009b) found that advanced plutei in Tasmania developed at 

temperatures as low as ≈ 12°C, albeit more slowly. Average SST at the Mokohinau Islands 

during the reproductive season of C. rodgersii is ≈ 15-16°C (Figure 30), suggesting that 

reproduction of C. rodgersii in this region occurs at the lower end of the thermal tolerance of 

this species, possibly with a long planktonic larval development, favoured by larvae that can 

be extremely long-lived (up to ≈ 4 mo.; Huggett et al. 2005). No data on the distribution if C. 

rodgersii in New Zealand are available at the moment, and there is only anecdotal evidence of 

presence in off-shore islands close to the Mokohinau Islands (i.e.: Hens and Chicken Islands, 

Great Barrier Island, Little Barrier Island, Mana Island, White Island). Considered that 

average SST around these islands is similar to the average SST at the Mokohinau Island, the 

presence of C. rodgersii around these sites possibly represents the southernmost part of the 
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geographical range of this species in New Zealand. The presence of C. rodgersii in sites that 

closely match the 15°C isotherm (Figure 30), and in no sites where average winter 

temperatures are lower, also suggest that its present distribution is driven by its larval thermal 

tolerance and that larval biology, not adults, is important for this aspect. 

 

This conclusion is based on the assumption that larval survival in the plankton is very low, 

often ≤1% (Thorson 1950; Morgan 1995), and it decreases exponentially with time, when 

other conditions are constant over the lifespan of the larvae (Thorson 1950; Morgan 1995). A 

study by Lamare and Barker (1999) estimated mortality for a population of the sea urchin E. 

chloroticus to be M=0.16-0.18 d-1, thus quantifying previous estimates. Temperature-wise the 

presence of C. rodgersii in other areas of the North Island is not limited. Nevertheless, a 

further expansion southward of the population of C. rodgersii would require a constant and 

abundant larval supply in order to overcome the negative effects of increased larval mortality 

at lower temperatures. To this end, currents that acted as larval vector from the off-shore 

islands towards the coast would be required. Circulation in this area is complex and 

characterised by the formation of eddies (Nilsson and Cresswell 1981), that could favour the 

larval retention within the population at the Mokohinau Islands. Such retention could also be 

favoured, in future global warming scenarios, by the shorter larval development at higher sea 

temperatures.  

 

In light of the 2-4°C increase in ocean temperatures predicted for the end of 2100 (IPCC 

2007), a future range expansion of C. rodgersii to other parts of the New Zealand coast cannot 

be excluded. The results of this study on the thermal range for development to the pluteus 

stage of C. rodgersii at the Mokohinau Islands show that a temperature increase of that 

magnitude would place this population in the central area of its thermal optimum. In this case, 

embryos and larvae could develop faster, thus reducing mortality associated with a long 

planktonic life. Larval transport along the coast could be affected, too, as oceanic circulation 

would be affected by the same temperature increase. It has already been shown that the 

eastern branch of the Eastern Australian Current has strengthened its penetration southward 

due to an increasing temperature trend (+2.28°C/century; Ridgway 2007); this changes in the 

current strength have been linked to the range extension of C. rodgersii in Tasmania (Ling et 

al. 2009b) through the increase of average winter SST above the 12°C thermal threshold for 

larval development of this population. The eastern branch of the Eastern Australian Current is 

called the Tasman Front and it flows from a latitude ≈32° S to the northern part of the North 

Island, where it bends southwards along the eastern coast (Godfrey et al. 1980). In case the 
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Tasman Front were affected in the same way by the future predicted temperature increase of 

2-4°C (IPCC 2007), it could favour an expansion range of C. rodgersii in the same direction 

by both increasing SST closer to its thermal optimum and by carrying the larvae deeper south. 

 

4.4.2 Conclusions 

 

This study is the first overview on thermal tolerance of fertilisation and early life stages of 

echinoids in New Zealand, with a focus on how it influences the local distribution of C. 

rodgersii. For E. chloroticus, P. huttoni and the Coffs Harbour population of C. rodgersii, it 

has confirmed that spawning and larval development take place during the time of the year 

when ambient temperature is closest to thermal optimum. For C. rodgersii at the Mokohinau 

Islands, however, larval development takes place at the lower thermal limit and this is 

probably due to its still partial acclimatation to this environment. The realized geographical 

range of C. rodgersii in New Zealand and the potential one are similar, suggesting that larval 

thermal tolerance is the main driving factor in determining the distribution if C. rodgersii in 

New Zealand. Robustness of fertilisation against temperature was also confirmed, but further 

experiments are needed to clarify if other factors, such as sperm concentration or lowered pH, 

might affect it. No specific stage of early development has been identified as being more 

sensitive to temperature and more at risk than others in warmer scenarios, so bottleneck in the 

populations are equally likely to happen at any of the phases of embryonic and larval life of E. 

chloroticus, P. huttoni and C. rodgersii. At the light of future predicted warmer sea 

temperatures, the thermal tolerance of C. rodgersii at the Mokohinau Islands would place this 

species in a favourable position, possibly favouring a range expansion to other areas along the 

New Zealand coast. For E. chloroticus, P. huttoni and the population of C. rodgersii in Coffs 

Harbour, the same temperature increase would not have a less strong effect, and their emrbyos 

and larval development would still be within optimal thermal limits.  
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Chapter Five. Interactive effects of temperature and 

acidification on early life stages 
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5.1 Introduction 

 
Ocean warming and ocean acidification are two of the phenoma attributable to increased 

atmospheric   

€ 

CO2 (Brierley and Kingsford 2009; Caldeira and Wickett 2003; Feely et al. 

2004, 2009; Orr et al. 2005; IPCC 2007; Halpern et al. 2008). It has been estimated that 

increased CO2 emissions since 1800 have already led to an average reduction in the pH of 

seawater of 0.1 units (Haugan and Drange 1996). If present day levels of input of 

anthropogenic   

€ 

CO2 into the atmosphere remain constant, an increase in the ocean's carbon 

dioxide partial pressure (  

€ 

pCO2) is expected from present 390 ppm to 700-1000 ppm by 2100 

and to 2000 ppm by 2300. This is forecast to translate in a pH decrease of 0.14-0.41 units and 

0.30-0.7 units in 2100 and 2300 respectively (Caldeira and Wickett 2003; IPCC 2007; Doney 

et al. 2009). A concurrent increase of sea surface temperature (SST) is expected, with the best 

estimates predicting a 2 to 4.5°C increase by 2100 (IPCC 2007). 
 
Both temperature and   

€ 

CO2 are well known to affect physiological processes of marine 

invertebrates, especially in early life stages (Gazeau et al. 2007; Kurihara et al. 2007; Negri et 

al. 2007; Fabry et al. 2008; Widdicombe and Spicer 2008; Whalan et al. 2008; Comeau et al. 

2009, 2010; Doney et al. 2009; Dupont and Thorndyke 2009; Dupont et al. 2010; Byrne 2011; 

Byrne et al. 2011; Storch et al. 2011). Temperature usually acts by increasing the pace at 

which biochemical reactions occur. The effect of   

€ 

CO2 is to lower pH of seawater, thus posing 

a threat to calcifying organisms, and increase   

€ 

pCO2  causing hypercapnia, that has a narcotic 

effect on metabolism (Christensen et al. 2011). 
 
Many of the studies that have been conducted so far on marine invertebrates focus on a single 

stressor. Ocean acidification can contribute to bleaching, reduces productivity and 

calcification in corals (Langdon et al. 2000; Leclercq et al. 2000; Anthony et al. 2008; Ries et 

al. 2009) and it impairs calcification in adult and larval pteropods (Comeau et al. 2009; 

Comeau et al. 2010) and adult molluscs (Gazeau et al. 2007). In larval and adult sea urchins it 

affects both calcification  (Kurihara et al. 2004; Kurihara and Shirayama 2004; Clark et al. 

2009; O'Donnell et al. 2010; Byrne et al. 2011; Doo et al. 2011) and acid/base balance (Miles 

et al. 2007) and it decreases hatching in copepods (Mayor et al. 2007). In most of the 

organisms studied, values of pH predicted for the near future (2100) do not have a strong 

effect on fertilisation (Kurihara and Shirayama 2004; Carr et al. 2006; Kurihara 2008; 

Rahman et al. 2009; Byrne et al. 2010a; Ericson et al. 2010), apart from two species of oysters 
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(Parker et al. 2010), but severely reduces the number of embryos that succesfully develop to 

larva (Ericson et al. 2010). Contrasting results are, nevertheless, present and Havenhand et al. 

(2008) report a 24% reduction of fertilisation success in Tripneustes gratilla, the same species 

in which fertilisation was found to be very robust by Byrne et al. (2010a), who did not report 

any reduction in this process du to acidification. 
 
Thermal tolerance has been investigated for decades and its effect on spawning time, 

fertilisation, developmental pace and recruitment in invertebrates is well documented 

(Farmanfarmaian and Giese 1963; Rupp 1973; Andronikov 1975; Sconzo et al. 1986; 

Pechenik 1987; Fujisawa 1989; Chen and Chen 1992; Roller and Stickle 1993; Hoegh-

Guldberg and Pearse 1995; Stanwell-Smith and Peck 1998; Sewell and Young 1999; Gillooly 

et al. 2002; Staver and Strathmann 2002; McDonald 2004; O’Connor et al. 2007; Putnam et 

al. 2008; Storch et al. 2011). In the context of global climate change, most papers show 

fertilisation to be robust to increased temperature in corals (apart from Acropora millepora) 

(Negri et al. 2007), sponges (Whalan et al. 2008) and sea urchins (Byrne et al. 2011). The 

effect of warming on larval development is, in general, non-linear: at slightly higher 

temperature there is an increase in the metabolic activity of the organisms, but development 

fails if temperature increases the thermal threshold of this process. At temperature levels 

compatible with projections for near future global climate change scenarios, post-larval 

development time of several organisms is reduced. This has been documented, for example, 

for several species of corals (Putnam et al. 2008; Heyward and Negri 2010), the sponge 

Rhopaloedeis odorabile (Whalan et al. 2008) and the sea urchin Heliocidaris erythrogramma 

(Byrne et al. 2011).  
 
As temperature and   

€ 

CO2 generally covary in the ocean, and since increased temperature is 

expected to significantly interact with reduced pH and hypercapnia and partially buffer 

difficulties in calcification by increasing metabolic rate, multifactorial studies focusing on 

early life stages of the organisms considered need to be performed. This has been done under 

the assumption that, if effects of increases in temperature and lowered pH on fertilisation, 

embryos or larvae are severe enough to produce a bottleneck in the population at any of those 

stages, testing the effect of the same stressors on juvenile or adults becomes irrelevant (Byrne 

2011), as organisms are required to succesfully develop through all stages up to adulthood in 

order to become breeders. The vice-versa is also true, as all stages in life-history are potential 

bottlenecks. Few multifactorial studies have been undertaken and most of the organisms 

examined are echinoderms (Byrne et al. 2009, 2010 a, b, 2011; Sheppard-Brennand et al. 
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2011), together with two species of oysters (Parker et al. 2010), one abalone (Byrne et al. 

2011a) and two barnacles (Findlay et al. 2010a, b). Fertilisation, in the case of echinoderms 

and abalones, was not impaired by temperature nor lowered pH and no interaction between 

the two variables was detected (Bryne et al. 2009, 2010a, b); in the case of the two species of 

oysters, fertilisation decreased, at the optimal temperature, at lowered pH (Parker et al. 2010). 
 
When development is considered, results are mixed, species-specific and dependent on the 

developmental stage considered, although temperature always plays a major role in 

influencing early life stages. Percentage of cleavage and gastrulation, for example, are 

reduced by increased temperature in H. erythrogramma (Byrne et al. 2009), while only 

gastrulation is reduced in the sea star Meridiastra calcar (Nguyen et al. 2012); in the case of 

the larvae of Tripneustes gratilla calcification and growth were comparable at lowered pH 

and increased temperature and at ambient conditions (Sheppard-Brennand et al. 2010). For 

juvenile H. erythrogramma both temperature and pH had a negative effect and led to 

abnormal individuals, and an interaction between the two factors was present, with an 

increase in temperature (i. e. +2°C) partially buffering the more acidic environment (Byrne et 

al. 2011a). The oysters Saccostrea glomerata and Crassostrea gigas had stunted development 

at both increased temperature and pH (Parker et al. 2010) and the abalone Haliotis 

coccoradiata failed to calcify almost completely at temperatures 2°C above ambient and pH   

7.6 (Byrne et al. 2011a). The two barnacle species considered, also, had contrasting responses 

to climate change scenarios. In Semibalanus balanoides (Findlay et al. 2010a, b) no effect on 

growth rate was found (measured as diameter of the operculum), but results showed a great 

reduction in calcium content of the shell and survival of post-larvae. In Elminius modestus 

growth rate was reduced under high-  

€ 

CO2 scenarios (Findlay et al. 2010a). These studies show 

that, at present, we lack a firm understanding of how temperature and pH interact in 

influencing fertilisation and early life stages of marine organisms. They also highlight that 

responses are species-specific. 
 
This thesis focuses on the sea urchin Centrostephanus rodgersii, a diadematid sea urchin 

originally found on the eastern coast of Australia and now found in northern New Zealand 

and in Tasmania (Choat and Schiel 1982; Ling et al. 2008; Barker pers. comm.). It has an 

important recological role and it can cause phase shifts from well vegetated ecosystems to 

barren grounds with lower biodiversity and productivity (Fletcher 1987; Andrew and 

Underwood 1989, 1993; Andrew 1991, 1993; Hill et al. 2003; Johnson et al. 2005; Ling et al. 

2009). Its ecological role in New Zealand has not been studied yet and it is likely to be 
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different, due to interactions with the abundant native echinoid Evechinus chloroticus. These 

interactions are most certainly occurring now at the Mokohinau Islands, where the two 

species coexist. Information is also lacking on the larval biology of these species, especially 

under global climate change scenarios of increased temperature and lowered pH. E. 

chloroticus is also sympatric with  Pseudechinus huttoni, whose larval biology under near-

future scenarios has only partially been studied (Clark et al. 2009). Further knowledge would 

allow an initial determination of C. rodgersii's potential to further expand its geographical 

range in New Zealand under global climate change and competition with E. chloroticus. By 

assessing the effects of the same stressors on P. huttoni, we would also have the first 

overview of such phenomenon on the shallow water echinoid fauna of New Zealand. 
 
This thesis investigates the effects of increased temperature and lowered pH on fertilisation 

and early life stages of the sea urchins Evechinus chloroticus, Pseudechinus huttoni and 

Centrostephanus rodgersii in New Zealand and, for the latter, on a population in eastern 

Australia. This study addressed the hypothesis that fertilisation is not reduced by lowered pH 

and increased temperature. The capability of increased temperature in buffering the negative 

effects of reduced pH was tested, together with the chances to lead to a similar percentage of 

cleavage, hatching and gastrulation at ambient pH and temperature and slightly lower pH and 

increased temperature. This study also tested if lowered pH and increased temperature would 

cause a higher percentage of abnormal embryos at gastrulation. The population of C. 

rodgersii in New Zealand lives at temperatures lower than those in its historical ditribution 

range. Therefore, I compared the effects of increased temperatures and lowered pH on a New 

Zealand population and on Australian one (in Coffs Harbour) to find evidence for a positive 

effect of increased temperature on the former and a stronger buffering effect on lowered pH. 

If such effect is present, I expect to detect a similar thermal tolerance range in the two 

populations, with the one relative to the New Zealand population shifted towards higher 

temperatures. 
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5.2 Materials and methods 
 

5.2.1 Study organisms and spawning 

 

Individuals of Centrostephanus rodgersii were collected at the Mokohinau Islands (see 

Chapter 2 for a description of the sites) and Coffs Harbour (NSW; see Chapter 4 for a 

description of the site). Evechinus chloroticus and Pseudechinus huttoni were collected from 

Doubtful Sound, Fiordland (see Chapter 4 for a description of the sites). For E. chloroticus 

and P. huttoni collections from Doubtful Sound were made in August 2010 and February 

2011; they were then taken to the Portobello Marine Laboratory, Dunedin, where they were 

placed in flow-through seawater tanks at ambient temperature. C. rodgersii that were 

collected at the Mokohinau Islands in August 2011 were placed in a large bin filled with 

seawater after collection. They were then taken to the Leigh Marine Laboratory (Northland, 

New Zealand) and placed in flow-through seawater tanks at ambient temperature. The sea 

urchins C. rodgersii that were collected in Coffs Harbour in August 2011 (New South Wales, 

Australia) were transported to the National Marine Science Centre of the Southern Cross 

University and used on the same day for spawning. For all three species spawning was 

induced within  3 days after collection. 

 

Spawning was induced by an intracoelomic injection of 1-2 ml of 0.5 M KCl, the volume 

depending on size of each individual. Sperm was collected dry from the aboral surface of 

males, placed on small Petri dishes covered with parafilm and kept chilled until needed. Eggs 

were collected by inverting females on beakers filled with fresh filtered seawater (FSW) and 

eggs were then left to sink; immature floating eggs were removed by tipping water out of the 

beaker and the process was repeated twice more. An estimate of concentration of the egg 

suspension was made by counting the number of eggs in 5 1-ml replicates, and then eggs were 

split into sealable 400-ml beakers filled with FSW at the experimental temperature and pH (4 

replicates each). The volume of suspension put into each beaker was calculated in order to 

achieve the desired concentration of eggs of ≈ 30 eggs/ml for E. chloroticus and C. rodgersii 

and ≈ 60 eggs/ml for P. huttoni. Eggs were checked for a spherical shape under the 

microscope and sperm for motility; batches judged unsuitable for the experiment were 

discarded. 

 



 133 

Since the experiments aimed at representing the response to stressors at the population level, 

multiple males and females were used and the gametes were pooled prior to fertilisation: for 

E. chloroticus 3 males and 3 females were used; for P. huttoni 5 males and 3 females; for C. 

rodgersii 3 males and 3 females. For detalis on the fertilisation method, see section 6.2.4. 

 
Table 14. Temperature and pH experimental conditions for Evechinus chloroticus, Pseudechinus huttoni and 

Centrostephanus rodgersii at the Mokohinau Islands and Coffs Harbour.  

E. chloroticus P. huttoni C. rodgersii (NZ) C. rodgersii (NSW) 
Temperature 

(°C) 
pH Temperature 

(°C) 
pH Temperature 

(°C) 
pH Temperature 

(°C) 
pH 

12 8.1 12 8.1 14 8.1 21 8.1 
12 7.7 12 7.7 14 7.8 21 7.8 
12 7.4 12 7.4 14 7.6 21 7.6 
12 7.0 12 7.0 14 7.0 21 7.0 
15 8.1 15 8.1 17 8.1 24 8.1 
15 7.7 15 7.7 17 7.8 24 7.8 
15 7.4 15 7.4 17 7.6 24 7.6 
15 7.0 15 7.0 17 7.0 24 7.0 

 

5.2.2 Experimental treatments 

 

I tested the effect of two temperature and four pH levels on fertilisation, cleavage, hatching, 

gastrulation and abnormalities in the embryos at the gastrula stage of each species in a full-

factorial design (Table 14). Temperature and pH treatments were chosen in order to simulate 

field conditions at the time of spawning at the lower end, and compatible with predicted 

values for the years 2070-2100 (IPCC 2007) at the upper end. An extreme value of pH (pH = 

7.00) was also added to act as a control for the reliability of the experimental set up in 

keeping pH stable for the duration of the experiment and to test for responses to extreme 

conditions. 

 

5.2.3 Seawater chemistry 

 

Desired pH was achieved by bubbling 100%   

€ 

CO2 into the 10 L buckets of FSW at an 

approximate flow rate of 5 l/min until target pH was reached. Seawater pH was measured at 

the same time by using total scale in the case of E. chloroticus and P. huttoni, and NBS scale 

for C. rodgersii at both locations. Measurements were taken using a temperature 

compensating pH-meter (Eutech Instruments, P510). Calibration of the pH-meter was made 

using two pH standards (pH 7.0 and 9.2) (Labserv Pronalys, Biolab, New Zealand) kept at the 
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same two temperature of the treatments for each experiment. In the case of total scale, a TRIS 

seawater buffer (Pauling Industries Ltd, New Zealand) was also used to account for the ionic 

strength of seawater. All the experimental jars were free of gas bubbles and remained sealed 

for the duration of the experiments. To test for stability of experimental conditions, seawater 

pH was checked again at the end of each experiment (Table 15) and was confirmed to be 

relatively stable (0.13 units maximum variation), with an overall decreasing trend.  

 

Total alkalinity (TA) was measured via potentiometric titration for all sites, after adding a few 

drops of HgCl2 to each water sample. These measurements were carried out in Dunedin 

(Chemistry Department, University of Otago) in every occasion, apart from C. rodgersii in 

Coffs Harbour (National Marine Science Centre, Southern Cross University), and were used, 

together with salinity, pH and sea surface temperature to calculate the other parameters of the 

carbonate system, namely   

€ 

CO2 partial pressure and saturation state of calcite ΩC and 

aragonite ΩA (Table 16). These calculations were carried out using the "seacarb" package for 

R (R Development Core Team 2010) for E. chloroticus and P. huttoni and, since NBS pH 

scale is not supported by the "seacarb" package, the   

€ 

CO2 System Calculation Program (Lewis 

and Wallace 1998) for C. rodgersii. For P. huttoni and E. chloroticus,  treatments at 12°C and 

pH = 7.4 and 7.0 were undersaturated in respect to both calcite and aragonite. At 15°C 

undersaturated treatments were those at pH = 7.4 and 7.0 for aragonite and pH = 7.0 only for 

calcite. In the case of C. rodgersii at the Mokohinau Islands, at both 14 and 17°C 

undersaturation was present at pH = 7.0 for calcite and pH=7.4 and 7.0 for aragonite. The 

population from Coffs Harbour at 21°C was in undersaturated conditions at pH=7.0 for 

aragonite and calcite and 7.6 for aragonite, while at 24°C undersaturation for both minerals 

was present only at pH=7.0. 

 

5.2.4 Fertilisation assay 

 

For the fertilisation assay, 4 ml of egg suspension were sampled from each beaker and each 

sample was dropped into a single well of a 12-well tissue culture plate. A volume of sperm 

solution to match the sperm:egg ratio suitable for each species (200:1 for E. chloroticus, 

100:1 for P. huttoni and C. rodgersii) was then added to each well (sperm concentration: 6000 

cells/ml for E. chloroticus, P. huttoni and C. rodgersii). By doing so, eggs were conditioned 

to the experimental temperature and pH and sperm was activated at the same conditions. The 

trays were then covered with tight lids and, after 30 minutes, development was arrested by 
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adding a few drops of 7% borax-buffered formalin. The percentage of fertilisation was then 

evaluated by counting the number of fertilised eggs out of the first 50 encountered under the 

microscope by checking for the presence of a fertilisation envelope. 

 
Table 15. Seawater pH measurements for each experimental treatment at the beginning and at the end of the 

experiments. For the fertilisation assay, pH was only measured at the beginning of the experiment and was assume to 

remain stable for the 30 minutes before fixation fo the samples in 7% borax-buffered formalin. Variation was 

calculated as the difference between initial pH and final pH. Reported values are averages (n=12) and standard errors 

are in brackets. 

  
Temperature 

(°C) 
Initial pH 

 
Final pH 

 
Variation 

 
E. chloroticus 12 8.10 8.00 0.10 
 12 7.7  7.68 0.04 
 12 7.42 7.31 0.11 
 12 7.00 6.88 0.13 
 15 8.09 7.98 0.12 
 15 7.71 7.60 0.11 
 15 7.42 7.31 0.11 
 15 6.99 6.87 0.12 
P. huttoni 12 8.11 8.03 0.08 
 12 7.72 7.67 0.05 
 12 7.44 7.31 0.12 
 12 7.05 6.98 0.08 
 15 8.15 8.11 0.04 
 15 7.72 7.60 0.12 
 15 7.44 7.31 0.12 
 15 7.05 6.93 0.12 
C. rodgersii (NZ) 14 8.10 8.01 0.10 
 14 7.80 7.73 0.08 
 14 7.62 7.50 0.12 
 14 7.00 6.88 0.13 
 17 8.10 8.00 0.10 
 17 7.81 7.70 0.11 
 17 7.59 7.51 0.08 
 17 6.99 6.87 0.12 
C. rodgersii (NSW) 21 8.10 8.03 0.08 
 21 7.80 7.74 0.07 
 21 7.60 7.50 0.10 
 21 7.00 6.89 0.12 
 24 8.10 8.08 0.02 
 24 7.80 7.70 0.10 
 24 7.59 7.50 0.09 
  24 7.00 6.88 0.11 
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Table 16. Parameters of the seawater carbonate system of the experiments run on E. chloroticus, P. huttoni and c. 

rodgersii at the Mokohinau Islands and Coffs Harbour. Salinity is shown below the name of each species. 

 T 
(°C) 

pH TA 
(mmol/kg) 

pCO2 
(matm) 

Ω Ca Ω Ar 

E. chloroticus 12 8.10 2224.9  342.944 3.739 2.385 
 12 7.71 2224.9 939.194 1.699 1.084 
S=34.5 12 7.42 2224.9 1905.088 0.907 0.578 
 12 7.00 2224.9 5146.356 0.354 0.226 
 15 8.10 2224.9 302.331 4.079 2.602 
 15 7.71 2224.9 952.056 1.891 1.213 
 15 7.42 2224.9 1939.563 1.013 0.650 
 15 7.00 2224.9 5255.352 0.397 0.255 
P. huttoni 12 8.15 2283.0 307.382 4.219 2.691 
 12 7.72 2283.0 940.429 1.782 1.136 
S=34.5 12 7.44 2283.0 1863.541 0.972 0.620 
 12 7.05 2283.0 4697.386 0.407 0.259 
 15 8.15 2283.0 270.281 4.597 2.932 
 15 7.72 2283.0 953.156 1.982 1.272 
 15 7.44 2283.0 1896.888 1.086 0.697 
 15 7.05 2283.0 4795.809 0.456 0.292 
C. rodgersii  14 8.10 2243.7 468.270 3.257 2.087 
Mokohinau Is. 14 7.80 2243.7 1010.555 1.765 1.131 
S=35 14 7.60 2243.7 1651.575 1.149 0.736 
 14 7.04 2243.7 6237.613 0.329 0.211 
 17 8.10 2243.7 477.823 3.546 2.288 
 17 7.80 2243.7 1038.311 1.936 1.249 
 17 7.60 2243.7 1701.772 1.263 0.815 
 17 7.04 2243.7 6451.499 0.363 0.234 
C. rodgersii  21 8.10 2327.0 505.548 4.120 2.686 
Coffs Harbour 21 7.80 2327.0 1109.218 2.271 1.480 
S=35.2 21 7.60 2327.0 1825.318 1.488 0.970 
 21 7.04 2327.0 6957.144 0.430 0.280 
 24 8.10 2327.0 511.311 4.461 2.933 
 24 7.80 2327.0 1130.574 2.478 1.629 
 24 7.60 2327.0 1866.511 1.628 1.071 
 24 7.04 2327.0 7145.298 0.473 0.311 
	  

5.2.5 Embryos development 

 

Each beaker was split into three 400-ml sealed beakers and eggs ferilised by adding an 

appropriate volume of sperm solution to match the same sperm:egg ratio as for the 

fertilisation assay. The temperature of the treatments was kept constant by submerging the 

sealed beakers in waterbaths maintened at the appropriate experimental temperature. 
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Thereafter, sampling times differed for each species and were chosen according to prior 

information on developmental speed for each one (Table 17). At each sampling time, four 4-

ml samples were taken from each jar, embryo development arrested by adding a few drops of 

7% borax-buffered formalin and the stages of the first 50 embryos observed under the 

microscope assessed. I estimated the percentage of cleavage, hatching, gastrulation and 

abnormal embryos at gastrulation. Cleavage and gastrulation were assessed by looking at the 

shape of embryos. Those holoblastulae that did not have a fertilisation envelope were 

considered hatched and embryos with no internal cavity, that had undergone exogastrulation 

or that presented cellular masses protruding out of the body were considered abnormal. 

 
Table 17. Sampling time for fertilisation and the different developmental stages considered for Evechinus chloroticus, 

Pseudechinus huttoni and Centrostephanus rodgersii at the Mokohinau Islands (NZ) and Coffs Harbour (NSW). 

 Sampling time (hours after fertilisation) 
Stage E. chloroticus P. huttoni C. rodgersii (NZ) C. rodgersii (NSW) 
Fertilisation 0.5 0.5 0.5 0.5 
Cleavage 3 3 4 2 
Hatching 25 25 24 21 
Gastrulation 53 53 44 40 
Abnormal 53 53 44 40 

 
 

5.2.6 Statistical analyses 

 

Results were analyzed via two-way ANOVA using temperature and pH as fixed orthogonal 

factors and percentage of fertilisation, percentage of cleavage, percentage of hatching, 

percentage of gastrulation and percentage of abnormal embryos as response variables for the 

different analyses. All data were square root transformed, normality of the distribution was 

visually checked using normal quantile-quantile plots and homoscedasticity confirmed by 

Levene's test. When significant differences were present, Tukey's Honestly Significant 

Difference (HSD) test was used for post hoc analyses. All statistical analyses and charts were 

realised using R (R Development Core Team 2010). 
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5.3 Results 
 

5.3.1 Fertilisation  

 

Evechinus chloroticus 

The percentage of fertilisation was high (≥85%) across all treatments (Figure 34) except for 

pH=7.0 (70% at 12°C and 74.5% at 15°C). There was no significant effect of temperature on 

percentage of fertilisation (F=1.130, p=0.298), while the effect of pH was significant 

(F=29.104, p<0.001) and percentage of fertilisation was similar at pH 7.9 and 7.7, but both 

were significantly different from pH 8.1 and 7.00 (Appendix 5). No significant interaction 

was present (F=1.034, p=0.395) (Table 18). 

 

Pseudechinus huttoni 

The percentage of fertilisation was high (≥91%) at pH = 8.1 and pH = 7.7 at both 

temperatures (Figure 34), decreased at pH = 7.4 (71.5% at 12°C and 64% at 15°C) and was 

13% and 15% at pH=7.0 (at 12°C and 15°C respectively). There was no significant effect of 

temperature (F=0.001, p=0.970), while the effect of pH was significant (F=169.535, p<0.001) 

and percentage of fertilisation at pH 8.1 and 7.9 was significantly different from percentage of 

fertilisation at pH 7.7 (Appendix 5). No significant interaction was present (F=0.672, 

p=0.578) (Table 18). 

 

Centrostephanus rodgersii - Mokohinau Islands 

The percentage of fertilisation was ≥95.5% at pH = 8.1 and pH = 7.8, it was ≥78% and 

≥87.5% at pH=7.6 (at 14°C and 17°C respectively) and it was ≤30% at pH=7.0 at both 

temperature treatments (Figure 34). There was a significant effect of both temperature 

(F=7.762, p<0.05) and pH (F=366.596, p<0.001), but no significant interaction between the 

two factors (F=2.603, p=0.075) (Table 18). Treatments at both temperature up to pH 7.6 were 

not different, apart from the treatment at pH 7.6 at 14°C, which was significantly lower than 

the others. (Appendix 5) 

 

Centrostephanus rodgersii - Coffs Harbour 

The percentage of fertilisation at pH = 8.1 and 7.8 was ≥80%. It decreased to 67.5% and 

69.5% at pH = 7.6 (at 21°C and 24°C respectively) and was ≤7.5% at pH = 7.0 (Figure 34). 

Temperature did not have a significant effect (F=3.143, p=0.089) on fertilisation, while pH 
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did (F=765.899, p<0.001), and no significant interaction was present (F=0.587, p=0.629) 

(Table 18). The percentage of fertilisation at pH 8.1 and 7.8 was significantly higher than at 

pH 7.6 and 7.0 (Appendix 5). 

 
Figure 34. Percentage of fertilisation (mean ± s.e.; 50 scored eggs for each replicate and 4 replicates each treatment) at 

two temperatures and four pH treatments for Evechinus chloroticus, Pseudechinus huttoni and Centrostephanus 

rodgersii at the Mokohinau Islands and Coffs Harbour. Temperature treatments are 12°C   and 15°C  for 

Evechinus chloroticus and Pseudechinus huttoni; 14°C  and 17°C  for Centrostephanus rodgersii at the 

Mokohinaus Islands; and 21°C   and 24°C  for Centrostephanus rodgersii at Coffs Harbour.  
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Table 18. ANOVA of the effect of temperature and pH (both fixed factors) on percentage of fertilisation of Evechinus 

chloroticus, Pseudechinus huttoni and Centrostephanus rodgersii  at the Mokohinau Islands and Coffs Harbour. 

Levene's test p-values for each species are: 0.452 for E. chloroticus; 0.400 for P. huttoni; 0.095 for C. rodgersii 

(Mokohinau Islands); 0.109 for C. rodgersii (Coffs Harbour). 

Species Source SS df F p 
E. chloroticus Temperature 0.121 1 1.130 0.298 
 pH 9.381 3 29.104 <0.001 
 Temperature:pH 0.333 3 1.034 0.395 
 Residuals 2.579 24   
P. huttoni Temperature 0.001 1 0.001 0.970 
 pH 197.940 3 169.535 <0.001 
 Temperature:pH 0.785 3 0.672 0.578 
 Residuals 9.340 24   
C. rodgersii - Mokohinau Is. Temperature 0.889 1 7.762 <0.01 
 pH 125.903 3 366.596 <0.001 
 Temperature:pH 0.894 3 2.603 0.075 
 Residuals 2.748 24   
C. rodgersii - Coffs Harbour Temperature 0.324 1 3.143 0.089 
 pH 236.498 3 765.899 <0.001 
 Temperature:pH 0.181 3 0.587 0.629 
 Residuals 2.470 24   
 

5.3.2 Cleavage  

 

Evechinus chloroticus 

The percentage of cleavage (Figure 35) was significantly higher at 15°C compared to 12°C. 

At 15°C percentage of cleavage at pH 8.1, 7.7 and 7.4 was not significantly different, while 

every treamnet was significantly different from the others at 12°C (Appendix 5). Cleavage 

was ≥84% at 15°C and ≤75% at 12°C. There was a significant interaction between the two 

factors (F=120.710, p<0.001) (Table 19). 

 

Pseudechinus huttoni 

The percentage of cleavage was ≥80.8% at pH 8.1 and pH 7.7 at both temperatures, and was 

40.2% and 37.7% at pH 7.4 (at 12°C and 15°C respectively) (Figure 35). At pH 7.00 the 

percentage of cleavage was higher at 15°C (28.8%) than at 12°C (9.5%) (Appendix 5). The 

effect of temperature (F=15.315, p<0.001) and pH (F=568.876, p<0.001) was significant, as 

was the interaction between the two factors (F=39.996, p<0.001) (Table 19). 

 

 

 



 141 

Centrostephanus rodgersii - Mokohinau Islands 

The percentage of cleavage (Figure 35) was consistently higher at 17°C than at 14°C and it 

decreased steadily from pH 8.1 to pH 7.0. ANOVA indicates that there was a significant 

effect of both temperature (F=7.762, p≤0.01) and pH (F=355.596, p<0.001), but no significant 

interaction (F=1.059, p=0.075) (Table 19; Appendix 5). 

 

Centrostephanus rodgersii - Coffs Harbour 

The percentage of cleavage was ≥74.8% at pH 8.1 and pH 7.8 at both temperatures (Figure 

35). It was 39.2% and 43.3% at pH 7.6 (at 21°C and 24°C respectively and it was ≤2.3% at 

pH 7.00. There was a significant effect of temperature (F=7.092, p<0.01) and pH 

(F=1038.091, p<0.001) on percentage of cleavage and no significant interaction (F=0.198, 

p=0.898) (Table 19; Appendix 5). 
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Figure 35. Percentage of cleavage (mean ± s.e.; 50 scored embryos for each replicate and 3 replicates each treatment) 

at two temperatures and four pH treatments for Evechinus chloroticus, Pseudechinus huttoni and Centrostephanus 

rodgersii at the Mokohinau Islands and Coffs Harbour. Temperature treatments are 12°C   and 15°C  for 

Evechinus chloroticus and Pseudechinus huttoni; 14°C  and 17°C  for Centrostephanus rodgersii at the 

Mokohinaus Islands; and 21°C   and 24°C  for Centrostephanus rodgersii at Coffs Harbour.  
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Table 19. ANOVA of the effect of temperature and pH (both fixed factors) on percentage of cleavage of Evechinus 

chloroticus, Pseudechinus huttoni and Centrostephanus rodgersii  at the Mokohinau Islands and Coffs Harbour. 

Levene's test p-values for each species are: 0.124 for E. chloroticus; 0.229 for P. huttoni; 0.394 for C. rodgersii 

(Mokohinau Islands); 0.210 for C. rodgersii (Coffs Harbour). 

Species Source SS df F p 
E. chloroticus Temperature 182.470 1 1252.030 <0.001 
 pH 558.850 3 1278.200 <0.001 
 Temperature:pH 52.780 3 120.710 <0.001 
 Residuals 12.830 88   
P. huttoni Temperature 3.900 1 15.315 <0.001 
 pH 434.990 3 568.876 <0.001 
 Temperature:pH 30.580 3 39.996 <0.001 
 Residuals 22.430 88   
C. rodgersii - Mokohinau Is. Temperature 147.870 1 643.768 <0.001 
 pH 346.870 3 503.396 <0.001 
 Temperature:pH 0.730 3 1.059 0.371 
 Residuals 20.210 88   
C. rodgersii - Coffs Harbour Temperature 2.270 1 7.092 <0.01 
 pH 996.100 3 1038.091 <0.001 
 Temperature:pH 0.1900 3 0.198 0.898 
 Residuals 28.150 88   
 

5.3.3 Hatching  

 

Evechinus chloroticus 

The percentage of hatching was consistently higher at 15°C than at 12°C decreasing from pH 

8.1 to pH 7.0 (Figure 36). The interaction between temperature and pH was significant 

(F=21.975, p<0.001), as well the effect of temperature and pH (temperature F=1010.770, 

p<0.001; pH F=383.556, p<0.001) (Table 20). Within each temperature treatment, percentage 

of hatching was not significantly different between pH 8.1 and 7.7; it then significantly 

decreased at pH 7.4 and at pH 7.0 (Appendix 5). 

 

 

 

Pseudechinus huttoni 

The percentage of hatching was ≥72.6% at the two high pH treatments and decreased to 

34.5% at pH 7.4 at both temperature treatments (Figure 36). A significant, effect of 

temperature was present between the two treatments at pH 8.1 and at pH 7.0, where 

percentage of hatching was significantly lower at 15°C than at 12°C (Appendix 5). The 
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effects of temperature (F=17.380, p<0.001), pH (F=1153.159, p<0.001) and the interaction 

between the two factors were significant (F=8.382, p<0.001) (Table 20).  

 

Centrostephanus rodgersii - Mokohinau Islands 

The percentage of hatching was higher at 17°C across all the pH treatments and decreased 

from pH 8.1 to pH 7.0 (Figure 36). The interaction of temperature and pH was significant 

(F=10.011, p<0.001) (Appendix 5). 

 

Centrostephanus rodgersii - Coffs Harbour 

The percentage of hatching decreased from ≈ 80% at pH 8.1 to ≈ 5% at pH 7.0. At pH 7.6, it 

significantly was lower at 21°C than 24°C (Figure 36). There was a significant effect of the 

interaction between temperature and pH (F=9.631, p<0.001) (Table 20; Appendix 5). 
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Figure 36. Percentage of hatching (mean ± s.e.; 50 scored embryos for each replicate and 3 replicates each treatment) 

at two temperatures and four pH treatments for Evechinus chloroticus, Pseudechinus huttoni and Centrostephanus 

rodgersii at the Mokohinau Islands and Coffs Harbour. Temperature treatments are 12°C  and 15°C  for 

Evechinus chloroticus and Pseudechinus huttoni; 14°C  and 17°C  for Centrostephanus rodgersii at the 

Mokohinaus Islands; and 21°C   and 24°C  for Centrostephanus rodgersii at Coffs Harbour.  
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Table 20. ANOVA of the effect of temperature and pH (both fixed factors) on percentage of hatching of Evechinus 

chloroticus, Pseudechinus huttoni and Centrostephanus rodgersii  at the Mokohinau Islands and Coffs Harbour. 

Levene's test p-values for each species are: 0.399 for E. chloroticus; 0.098 for P. huttoni; 0.183 for C. rodgersii 

(Mokohinau Islands); 0.300 for C. rodgersii (Coffs Harbour). 

Species Source SS df F p 
E. chloroticus Temperature 341.330 1 1010.770 <0.001 
 pH 388.570 3 383.556 <0.001 
 Temperature:pH 22.260 3 21.975 <0.001 
 Residuals 29.720 88   
P. huttoni Temperature 2.520 1 17.380 <0.001 
 pH 500.720 3 1153.159 <0.001 
 Temperature:pH 3.640 3 8.382 <0.001 
 Residuals 12.740 88   
C. rodgersii - Mokohinau Is. Temperature 154.820 1 353.304 <0.001 
 pH 427.000 3 324.806 <0.001 
 Temperature:pH 13.160 3 10.011 <0.001 
 Residuals 38.560 88   
C. rodgersii - Coffs Harbour Temperature 3.700 1 13.749 <0.001 
 pH 754.880 3 934.193 <0.001 
 Temperature:pH 7.78 3 9.631 <0.001 
 Residuals 23.70 88   
 

5.3.4 Gastrulation  

 

Evechinus chloroticus 

The percentage of gastrulation (Figure 37) at 12°C was ≥83.2% at pH 8.1 and pH 7.7; it was 

≥89% at 15°C at the same pH treatments. At pH 7.4 there was a decrease to 61.5% and 72.5% 

(at 12°C and 15°C respectively), and at pH 7.0 it was 36.3% and 45.5% (at 12°C and 15°C). 

There was a significant interaction of temperature and pH (F=4.420, p<0.01) (Table 21). 

 

Pseudechinus huttoni 

The percentage of gastrulation (Figure 37) decreased from pH 8.1 to pH 7.0, with the largest 

decrease between pH 7.7 and pH 7.4. At 15°C the percentage of gastrulation was always 

lower than or equal to gastrulation at 12°C (Appendix 5). The effect of the interaction 

between temperature and pH was significant (F=3.273, p<0.05) (Table 21). 

 

Centrostephanus rodgersii - Mokohinau Islands 

The percentage of gastrulation (Figure 37) decreased with reducing pH. At 17°C, it was 

81.2% at pH 8.1, and 21.7% at pH 7.0. It decreased from 76.7% at pH 8.1 to 19.7% at pH 7.0 
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and temperature 14°C and was consistently lower at 14°C than at 17°C. The effect of both 

temperature (F=6.696, p<0.05) and pH (F=451.659, p<0.001) was significant (Table 21). 

 

Centrostephanus rodgersii - Coffs Harbour 

The percentage of gastrulation (Figure 37) decreased with pH and, apart from the 8.1 pH 

treatment, gastrulation at 24°C tended to be lower than at 21°C. ANOVA shows that the 

effect of temperature and pH was significant (F=10.043, p<0.01; F=1730.456, p<0.001) and a 

significant interaction between them (F=4.038, p<0.01) (Table 21; Appendix 5). 
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Figure 37. Percentage of gastrulation (mean ± s.e.; 50 scored larvae for each replicate and 3 replicates each treatment) 

at two temperature and four pH treatments for Evechinus chloroticus, Pseudechinus huttoni and Centrostephanus 

rodgersii at the Mokohinau Islands and Coffs Harbour. Temperature treatments are 12°C  and 15°C  for 

Evechinus chloroticus and Pseudechinus huttoni; 14°C   and 17°C  for Centrostephanus rodgersii at the 

Mokohinaus Islands; and 21°C   and 24°C  for Centrostephanus rodgersii at Coffs Harbour.  
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Table 21. ANOVA of the effect of temperature and pH (both fixed factors) on percentage of gastrulation of Evechinus 

chloroticus, Pseudechinus huttoni and Centrostephanus rodgersii  at the Mokohinau Islands and Coffs Harbour. 

Levene's test p-values for each species are: 0.143 for E. chloroticus; 0.150 for P. huttoni; 0.429 for C. rodgersii 

(Mokohinau Islands); 0.272 for C. rodgersii (Coffs Harbour). 

Species Source SS df F p 
E. chloroticus Temperature 1067.000 1 28.847 <0.001 
 pH 36261.000 3 326.875 <0.001 
 Temperature:pH 490.000 3 4.420 <0.01 
 Residuals 3254.000 88   
P. huttoni Temperature 2.530 1 9.226 <0.01 
 pH 903.070 3 1096.704 <0.001 
 Temperature:pH 2.690 3 3.273 <0.05 
 Residuals 24.150 88   
C. rodgersii - Mokohinau Is. Temperature 1.387 1 6.696 <0.05 
 pH 280.649 3 451.659 <0.001 
 Temperature:pH 0.048 3 0.078 0.972 
 Residuals 18.227 88   
C. rodgersii - Coffs Harbour Temperature 2.200 1 10.043 <0.01 
 pH 1135.420 3 1730.456 <0.001 
 Temperature:pH 2.650 3 4.038 <0.01 
 Residuals 19.250 88   
 

5.3.5 Abnormal embryos  

 

Evechinus chloroticus 

The percentage of abnormal embryos at gastrulation (Figure 38) increased from pH 8.1 to pH 

7.0, with a sharp increase between pH 7.4 and pH 7.0. At pH 8.1 it is also higher at 15°C 

(11.0%) than at 12°C (1.3%) and the difference between the two temperature treatments 

decreased with reducing pH. The effect of temperature (F=46.501, p<0.001) and pH was 

significant (F=138.575, p<0.001), and there was a significant interaction between the two 

factors (F=8.647, p<0.001) (Table 22; Appendix 5).  

 

Pseudechinus huttoni 

The percentage of abnormal embryos (Figure 38) increased from pH 8.1 to pH 7.0. At 

ambient pH abnormality was higher at 15°C, but the difference was not present at pH 7.7 and 

the relationship between the two temperatures is inverted at pH 7.4 and pH 7.0. Results of 

ANOVA show that the effect of temperature (F=4.216, p<0.05) and pH (F=296.516, p<0.001) 

was significant, and that there was a significant interaction between the two factors 

(F=27.460, p<0.001) (Table 22; Appendix 5). 
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Centrostephanus rodgersii - Mokohinau Islands 

The percentage of abnormal embryos (Figure 38) increased from pH 8.1 to pH 7.0 and was 

slightly higher at 17°C than at 14°C. There was a significant effect of both temperature 

(F=12.903, p<0.001) and pH (F=44.510, p<0.001), but there was no significant effect of the 

interaction (Table 22; Appendix 5) 

 

Centrostephanus rodgersii - Coffs Harbour 

The percentage of abnormal embryos (Figure 38) increased steadily from pH = 8.1 to pH = 

7.0 at both temperatures and there was a significant effect of both temperature (F=41.905, 

p<0.001) and pH (F=109.681, p<0.001). No significant interaction was present (F=1.864, 

p=0.228) (Table 22; Appendix 5). 
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Figure 38. Percentage of abnormal embryos (mean ± s.e.; 50 scored embryos for each replicate and 3 replicates each 

treatment) at two temperatures and four pH treatments for Evechinus chloroticus, Pseudechinus huttoni and 

Centrostephanus rodgersii at the Mokohinau Islands and Coffs Harbour. Temperature treatments are 12°C   and 

15°C  for Evechinus chloroticus and Pseudechinus huttoni; 14°C   and 17°C  for Centrostephanus rodgersii 

at the Mokohinaus Islands; and 21°C   and 24°C  for Centrostephanus rodgersii at Coffs Harbour.  

 

 

 

!
"#
$%
&'
(
)*
"+
(
$'
,&
-

!"#$%&'(')*$+, -"#%+))'.*

/"#('012(,**#."/&0&12%)3"4-5 /"#('012(,**#."6&77-"8)'$&3'

98":';):(;%:

!
"#
$%
&'
(
)*
"+
(
$'
,&
-

98":';):(;%:

<5= >5> >5? >5@

@
A@

?@
B@

<@
=@
@

$ ) ) ) ) C

D D

<5= >5> >5? >5@

@
A@

?@
B@

<@
=@
@

) $ $ $

C C

D D

<5= >5< >5B >5@

@
A@

?@
B@

<@
=@
@

) )
$ $ $

C C C C C

<5= >5< >5B >5@

@
A@

?@
B@

<@
=@
@

) $ $ C

C D D D



 152 

Table 22. ANOVA of the effect of temperature and pH (both fixed factors) on percentage of abnormal embryos of 

Evechinus chloroticus, Pseudechinus huttoni and Centrostephanus rodgersii  at the Mokohinau Islands and Coffs 

Harbour. Levene's test p-values for each species are: 0.212 for E. chloroticus; 0.969 for P. huttoni; 0.905 for C. 

rodgersii (Mokohinau Islands); 0.067 for C. rodgersii (Coffs Harbour). 

Species Source SS df F p 
E. chloroticus Temperature 29.941 1 46.501 <0.001 
 pH 267.683 3 138.575 <0.001 
 Temperature:pH 16.704 3 8.647 <0.001 
 Residuals 56.663 88   
P. huttoni Temperature 1.560 1 4.216 0.043 
 pH 329.710 3 296.516 <0.001 
 Temperature:pH 30.530 3 27.460 <0.001 
 Residuals 32.620 88   
C. rodgersii - Mokohinau Is. Temperature 8.978 1 12.903 0.001 
 pH 92.910 3 44.510 <0.001 
 Temperature:pH 0.816 3 0.391 0.760 
 Residuals 61.230 88   
C. rodgersii - Coffs Harbour Temperature 17.685 1 41.905 <0.001 
 pH 138.864 3 109.681 <0.001 
 Temperature:pH 1.864 3 1.472 0.228 
 Residuals 37.138 88   
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5.4 Discussion 

 

5.4.1 Fertilisation 

 
Understanding present day distribution of Centrostephanus rodgersii and its recent range 

expansion to Tasmania and northern New Zealand requires information on the biology and 

ecology of its early life stages. This knowledge becomes even more relevant when 

considering that this sea urchin can radically change well vegetated habitats to barren 

grounds with associated lowered biodiversity (Fletcher 1987; Andrew and Underwood 1989, 

1993; Andrew 1991, 1993; Hill et al. 2003; Johnson et al. 2005; Ling et al. 2009; Strain and 

Johnson 2009). C. rodgersii's range expansion to New Zealand has taken place under global 

climate change, and was possibly due to the effect of increased sea surface temperature on 

regional scale ocean circulation (Ling et al. 2008, 2009). Considered that sea surface 

temperature is still increasing and that it is predicted to increase a further 2-4.5°C by the end 

of the century (IPCC 2007), defining the response of fertilisation and embryos to these 

conditions of temperature can provide an initial assessment of the potential of this species to 

persist in a newly settled area and further spread its range. Another aspect of global climate 

change is the effect of atmospheric CO2 in lowering ocean's pH. Realistic predictions of 

future climate change scenarios, therefore, also have to test the effect of lowered seawater pH 

on fertilisation and early life stages, and require to understand its interaction with increased 

temperature. 
 
Differently from Tasmania, C. rodgersii in New Zealand is sympatric with Evechinus 

chloroticus. Testing for differential responses in fertilisation and early life stages is of 

interest, especially if differences occur in response to climate change. Furthermore, the 

southern part of the geographical range of E. chloroticus overlaps with the range of another 

sea urchin, Pseudechinus huttoni. While C. rodgersii and P. huttoni, at present, are not found 

in the same environment, it is possible that they are both competing with E. chloroticus at the 

two extremes of its range. 
 
The results of this study show that, although a significant effect of pH on fertilisation is 

present, this process is still quite robust towards acidification up to the values predicted for 

2100 (pH = 7.6). Only pH 7.00 caused a large reduction of the percentage of fertilisation in all 
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the species considered, but such a low value of seawater pH is not realistic. A temperature 

increase of 3°C, comparable with predictions for 2100 (IPCC 2007), did not significantly 

affect fertilisation, either.  
 
The percentage of fertilisation of C. rodgersii from the Mokohinau Islands was not different 

between ambient and pH 7.8. At pH 7.6, differently, the percentage of fertilisation at 14°C 

was significantly lower than at 17°C. This could be interpreted as evidence for a buffering 

effect of increased temperature. A similar trend, but without the buffering effect of 

temperature, was recorded on the population of C. rodgersii at Coffs Harbour at both 21°C 

and 24°C. The overall lower fertilisation success recorded in this population could depend on 

lower quality of the gametes, possibly due to spawning unknowningly happening in the field 

before collection of the sea urchins. Variation within each treatment is low, meaning that all 

males and females used for the experiment released gametes of a similar quality, and this is 

consistent with the population having undergone a synchronous episode of spawning in the 

field prior to collection. It is known that C. rodgersii located towards lower latitudes tend to 

spawn their gametes synchronously and in a short (≈1 month) period of time (Byrne et al. 

1998). Reduction of percentage of fertilisation at pH 7.6 was significant at both sites, but still 

amounted at only ≈10% less of the previous treatments, showing that this process, although 

negatively affected, still occurred and was quite robust towards pH changes. At pH 7.00 

reduction of percentage of fertilisation was very large and was likely to prevent the 

production of enough fertilised eggs to start a new generation of larvae that will survive until 

settlement. 
 
This study suggests that fertilisation in E. chloroticus is extremely resilient, with >80% 

fertilised eggs at temperature and pH treatments predicted for 2300. The response of E. 

chloroticus to lowered pH was very similar to that of both populations of C. rodgersii. 

Between pH 8.1 and 7.4, the effect of pH, although occasionally significant, was very small 

and only caused a reduction in the percentage of fertilisation of ≈ 10%. Temperature had a 

very small or no effect on percentage of fertilisation and no evidence for a greater percentage 

of fertilisation at higher temperature was found, in opposition to the possible buffering effect 

recorded in C. rodgersii at the Mokohinau Islands at pH 7.6. If such effects were to be 

confirmed, a slight adavantage for C. rodgersii would be present in future scenarios at higher 

temperature and lower pH. Since the increase in percentage of fertilisation at higher 

temperature is only small (≈10%), such advantage, even if present, would be small. 
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P. huttoni shows, at both temperatures, a larger reduction in the percentage of fertilisation at 

pH 7.4 compared to E. chloroticus. This can be due to higher sensitivity of P. huttoni to 

lowered pH and could be explained in terms of the depth at which this species is found. P. 

huttoni is a subtidal species, differently from E. chloroticus which can be found at both 

intertidal and subtidal sites. Gametes of subtidal species are less likely to meet variable 

seawater conditions and, as consequence, their gametes could have a comparatively narrower 

range of tolerance to environmental variables. The lower percentage of fertilisation of P. 

huttoni eggs compared to E. chloroticus could reflect this lack of adaptation of the gametes to 

conditions other than the stable ones at which adults are found. 
 
The results on C. rogersii of this study only partially agree with what found for the same 

species in Sydney (Byrne et al. 2010b). Also in that case, fertilisation was shown to be very 

resilient, but, in contrast to my results, no significant reduction was found up to pH 7.6, at 18, 

22 and 24°C. Similar results were found for the echinoids Heliocidaris erythrogramma, 

Heliocidaris tuberculata and Tripneustes gratilla; the asteroid Patiriella regularis; and the 

abalone Haliotis coccoradiata (Byrne et al. 2009; Byrne et al. 2010a, b). The main difference 

between these organisms and the results of this study is that they all show no negative effect 

of pH on fertilisation up to pH 7.6, while my results show a small, but significant lower 

percentage of fertilisation at that treatment at both temperatures. The effect, nevertheless, is 

relatively small and the difference in the percentage of fertilisation only amounted to ≈10%. 

A similar finding was reported for Paracentrotus lividus from tidal pools in southern Brittany, 

France (Moulin et al. 2011). Also in this case, the percentage of fertilisation at pH 7.6 was 

significantly lower than at ambient pH, although the difference was only ≈10%. Moulin et al. 

(2011) also showed that individuals of the same species, P. lividus in that case, that 

experienced larger natural variations of pH had a significantly higher percentage of 

fertilisation at lower pH, thus providing evidence for acclimatation (phenotypical adaptation) 

to low pH within the same species. The authors explained that difference by suggesting that 

spermatozoa already subjected to acidified conditions in the gonads could have more or more 

effective proteins for transmembrane transport of H+. 
 
 A decreasing trend of fertilisation with pH has been reported for Hemicentrotus pulcherrimus 

and Echinometra mathaei (Kurihara and Shirayama 2004). Such reduction in pH was 

significant only for pH 6.8, but the trend was present from pH ≤ 7.4. Reuter et al. (2011) 
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reported a 72% reduction in fertilisation efficiency (a measurement which takes into account 

the rate collision constant of sperm contacts with receptor sites and the product of sperm 

swimming speed and egg cross sectional area) at pH 7.81. Havenhand et al. (2008) found  

reduced sperm swimming speed, percent motility and percentage of fertilisation of 

Heliocydaris erythrogramma at pH 7.7, 0.4 units lower than present day levels. These results 

contrast with what Byrne et al. (2010b) reported for the same species. Such difference could 

be at least partly explained considering that Havenhand et al. (2008) used single males, while 

Byrne et al. (2010b) used multiple males, and polyandry is known to increase fertilisation 

success in this species (Evans and Marshall 2005). 
 
One possible explanation for the lowered percentage of fertilisation recorded at lowered pH 

takes into account intracellular pH (pHi) of sea urchin sperm and the way it is affected by 

lowered ambient pH. Sea urchin sperm pHi is 7.2-7.3 (Hamamah and Gatti 1998) and 

spermatozoa are immobile in the gonads until spawned into seawater. At this time pHi quickly 

rises through the expulsion of H+, caused by the difference in pH between intracellular 

environment and seawater, and metabolism and motility of sperm are activated (Hamamah 

and Gatti 1998; Morita et al. 2009). When ambient pH decreases, sperm pHi decreases 

through the diffusion of CO2 through the cellular membrane and a change of the membrane 

potential (Christen et al. 1982; Kurihara 2008; Morita et al. 2009), and sperm motility is 

reduced. If a threshold value of pH 6.5 is reached, the activation of motility in sperm is 

prevented (Christen et al. 1982). Furthermore, a study (Christen et al. 1982) showed that 

sperm motility and flagellar activity increases between pH 7.4 and 8.0, while the enzyme that 

controls flagellar movement is nearly inactive at pH 7.2. This is consistent with the results 

reported in this thesis, that show an overall small decrease of the percentage of fertilisation 

from pH 8.1 to 7.4 in E. chloroticus and P. huttoni, and from pH 8.1 and pH 7.6 in C. 

rodgersii. It is also consistent with the very large drop between pH 7.4 and 7.0 in E. 

chloroticus and P. huttoni, and between pH 7.6 and 7.0 in C. rodgersii. It is also consistent 

with the results reported by Havenhand et al. (2008), that showed a reduction of sperm 

swimming speed (11.7%) and motility  (16.3%) at pH 7.0. 
 
The results here presented are based on experiments run using optimal sperm:egg ratio 

defined on the basis of previous information on each species. These conditions are unlikely to 

occur in the field, due to dilution, (Pennington 1985; Levitan et al. 1991) and, when applying 

these findings to in situ conditions, further caution has to be taken, since sperm concentration 
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is known to affect fertilisation rate (Levitan 1995). Furthermore, it is known that polyspermy 

can happen at high sperm concentration (Styan 1998; Styan and Butler 2000), and Reuter et 

al. (2011) clearly showed that acidified conditions increase the time of egg block to 

ployspermy. Our results, therefore, can have a confounding effect produced by this 

phenomenon. An increase of temperature is also known to facilitate fertilisation by 

accelerating metabolism and acrosomal reaction in sperm, and by lowering viscosity of 

seawater, thus favouring faster swimming (Mita et al. 1984; Lewis et al. 2002; Kupriyanova 

and Havenhand 2005). My results show no difference between the two temperature 

treatments. This, as well, could be due to the sperm:egg ratio and sperm concentrations used 

in this study, which may have provided more than enough sperm to achieve a high percentage 

of fertilisation at ambient temperature. 
 

5.4.2 Early embryos development 

 
Cleavage, hatching and gastrulation in Centrostephanus rodgersii in New Zealand were 

robust to the most extreme seawater pH and temperature conditions predicted for 2100. The 

same is true for C. rodgersii at Coffs Harbour, apart from the case of gastrulation, which, at 

increased temperature, occurred at a significantly lower percentage at pH 0.3 units lower than 

ambient. At ambient temperature, no significant difference was present. At pH 7.6 

percentages of all the stages considered were significantly lower than at ambient pH and 

temperature. For E. chloroticus, as development proceeds through cleavage, temperature 

seems to act as a buffer by keeping relatively high (>80%) percentages of cleaved embryos at 

pH levels predicted for 2300 at 15°C, while, at 12°C, it decreases rapidly with increasing pH. 

This buffering effect disappears during hatching and gastrulation, and both processes seem to 

not be affected by pH levels predicted for 2100, but rapidly decrease at pH 7.4.  For P. 

huttoni, a significant decrease in cleavage was detected at pH levels forecast for 2300, 

differently from E. chloroticus. Increased temperature also had an effect at ambient pH, 

causing a decrease in the percentage of hatching and gastrulation, but this effect disappeared 

at the other pH treatments. This could be due to a more marked negative effect of lowered pH 

at 12°C than at 15°C.  
 
A strong effect of pH was also found in the percentage of abnormal embryos. For C. rodgersii  

at the Mokohinau Islands, a decrease of 0.3 pH units from ambient to pH 7.8 was enough to 

lead to a significant increase in the number of abnormal embryos, while further decrease did 
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not cause any further significant change. This response is similar to that already recorded for 

juvenile H. erythrogramma (Byrne et al. 2011). In that case, going from pH 8.2 to pH 7.8 at 

ambient temperature of 22°C, the percentage of normal juveniles went from >40% to <20%. 
This study shows that, for C. rodgersii from Coffs Harbour, abnormal embryos are present in 

larger numbers the lower the pH, showing a clear negative effect of acidification also at levels 

comparable to near future scenarios. Such negative effect was increased by higher 

temperature: at ambient pH and 24°C, in fact, the number of abnormal embryos is comparable 

to that found at pH=7.8 and 21°C. The same is valid for the treatment at 24°C and pH=7.8 

and the treament at 21°C and pH=7.6. 
 
There was no buffering effect of increased temperature in any developmental stage, apart 

from hatching in the case of C. rodgersii at Coffs Harbour. Percentage of this stage, in fact, 

was not different at ambient pH and temperature and at lowered pH (7.6) and +3°C. This 

shows that a +3°C temperature increase, despite the negative effects of a 0.5 pH decrease, 

could favour hatching and lead to percentages similar to present day ambient conditions. At 

the same pH conditions and ambient temperature, percentage of hatching was significantly 

lower than ambient conditions. Rahman et al. (2009) found similar results in the sea urchin 

Tripneustes gratilla, where increased temperature led to increased hatching rate, within 

temperatures found in the field throughout a whole year, before dropping from ≈90% to ≈50% 

between 29°C and 31°C. The hatching enzyme that controls dissolution of the egg membrane 

is a protease that is strongly affected by temperature (Ishida 1936), and Rahman et al. (2009) 

proposed that the large decrease in hatching rate was due to lack of enzyme activity after that 

thermal threshold. The increased hatching rate found in C. rodgersii at Coffs Harbour could 

be due to the increased enzymatic activity as a consequence of the 3°C temperature increase. 

This response was not present at the Mokohinau Island, where a large increase of the 

percentage of hatching was present at all pH treatments between 14°C and 17°C. It is possible 

that the big increase in the hatching rate between temperature treatments was due to the 3°C 

increase, which brought the hatching enzyme closer to its thermal optimum. This effect was 

strong enough to mask possible other interactive effects between temperature and pH. In 

Coffs Harbour, hatching may already occur at optimal temperatures, in which case a 3°C 

increase would have no effect on enzyme activity at pH treatments up to pH 7.8. 
 
Embryonic development in sea urchins and how it is affected by pH and temperature has 

already been studied and results are mixed. Byrne et al. (2009) found no effect of pH up to 7.6 
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included on the percentage of cleavage and gastrulation of Heliocidaris erythrogramma, but 

they were both reduced from 70-80% at ambient temperature to 30-40% at higher 

temperatures across four pH treaments (+4°C). The embryos of the sea urchin Sterechinus 

neumayeri was also not affected by decreased pH (Ericson et al. 2010). For Hemicentrotus 

pulcherrimus and Echinometra mathaei, cleavage decreased, but at pH levels beyond those 

predicted for 2100 (Kurihara and Shirayama 2004). Havenhand et al. (2008), conversely, 

found lowered cleavage in H. erythrogramma at pH levels within those forecast for 2100. A 

comprehensive review of the effect of acidification and temperature, and their interactive 

effects on sea urchins was made by Byrne (2011) and Dupont et al. (2010), and a general 

robustness of the very early life stages (before pluteus) was found. Byrne (2010) points out 

that this high tolerance could depend on the range of pH and temperatures that sea urchins 

that live in shallow waters naturally encounter.  
 
The differential effects of changes in temperature and pH on embryology in echinoid species 

may be related to the physiological mechanisms underlying acid-base regulation in 

invertebrates. Organisms primarily regulate their intracellular (pHi) and extracellular (pHe) 

pH by controlling the transmembrane transport of H+ through ion exchangers (Pörtner and 

Bock 2000). Under normal conditions, Na+/K+-ATPase are used to generate ionic gradients, 

that in turn activate H+-ATPase and Na+/H+ exchangers, that effectively regulate pHi (Pörtner 

and Block 2000). This mechanism requires energy and sea urchin larvae spend up to 77% of 

their oxygen intake to transport ions through Na+/K+-ATPase (Leong and Manahan 1997, 

1999), thus making this process one of the most energetically expensive during development. 

Being ion regulation through Na+/K+-ATPase such an expensive process, even small changes 

could strongly affect the energetical need of developing embryos. 
 
Leong and Manahan (1997, 1999) showed that Na+/K+-ATPase activity increases with 

developmental stage up to pluteus, and, up to a threshold, with temperature. In the case of 

Strongylocentrotus purpuratus, assays ranging from 11°C to 37°C showed a consistent 

increase in the activity of the enzyme (Leong and Manahan 1997), which was shown to be 

active at a wide range of temperature. Increased temperature, within physiological limits, 

therefore, is expected to have a positive effect on the ability of sea urchin embryos to generate 

the ionic gradient needed to regulate pHi. In the case of organisms that already experience 

temperatures at the edge of their thermal tolerance, a further increase could, instead, lead to 

denaturation and lower enzymatic activity of Na+/K+-ATPase. Temperature also exerts a 
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specific effect on increasing mitotical cycles in sea urchin embryos by increasing the pace at 

which the proteins that control cleavage are produced at each cycle (Mano 1970; Wagenaar 

1983). It also controls the pace at which hatching takes place by increasing the rate of 

secretion of the hatching enzyme and its hydrolitic activity on the egg membrane (Fujisawa 

1989). Since gastrulation depends on the deposition of proteic filopodia that drive movements 

of primary mesenchime cells (Gustafson and Wolpert, 1961, 1967; Gustafson, 1963, 1964), 

also in this case temperature is expected to increase the rate of deposition of filopodia, up to 

their thermal threshold of stability. 
 
Ocean acidification, on the other hand, acts by increasing H+ concentration in seawater. This, 

in turn, slows down H+-mediated transport of Na+ into the cell and Na+/K+-ATPase 

(Michaelidis et al. 2005; Pörtner et al. 2008). As a consequence, an increase in the expulsion 

of H+ through Na+/  

€ 

HCO3
− /H+/  

€ 

Cl− ionic exchangers occurs, since they are less energetically 

expensive, but slower than the Na+/K+-ATPase. By down-regulating the activity of Na+/K+-

ATPase, ocean acidification directly impacts the ability of an organisms to counteract lowered 

external pH and keep pHi within physiological levels. Since sea urchin larvae rely heavily on 

Na+/K+-ATPase to regulate pHi (Leong and Manahan 1997, 1999), they are expected to show 

a reduced ability to buffer pHi in response to ocean acidification. 
 
Ocean acidification also acts at a more basic level by altering gene expression. Todgham and 

Hofmann (2009) explored the transcriptomic response of the larvae of Strongylocentrotus 

purpuratus to lowered pH. They tested pH levels that are within those predicted for 2100 and 

found a decrease in the expression of the genes involved in biomineralization, cellular stress 

response, metabolism and apoptosis. The lowered expression of genes controlling apoptosis 

could be involved in the higher percentage of abnormal embryos in C. rodgersii at lowered 

pH at both sites and across the temperature treatments. A subsequent study by Stumpp et al. 

(2011b) further explored the expression pattern of the larvae of S. purpuratus at acidified 

conditions. The downregulation of calcification-related genes was confirmed at pH 7.7 at day 

4 after fertilisation. On the same day, genes involved in metabolism and, for ion regulation, 

the synthesis of Na+K+-ATPase were upregulated. Levels of expression returned to low levels 

again at day 7. The authors concluded that the increased transcription of the genes that 

regulate metabolism and synthesis of Na+K+-ATPase could be interpreted as a response of the 

larvae to meet the higher energetic demands of lowered pH conditions.  
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Furthermore, another study (O'Donnell et al. 2009) found that, in Strongylocentrotus 

franciscanus, embryos reared at 540 and 970 ppm were unable to express one heat-shock 

protein (hsp70), when exposed to thermal stress, to the same extent as the control. This could 

account for the lower percentage of gastrulation found in C. rodgersii at Coffs Harbour. The 

population at the Mokohinau Islands did not show lowered gastrulation, since they are at the 

lower thermal tolerance of the species (temperature during reproductive season ≈15-16°C; see 

Chapter 4), and an increase of temperature is likely to favour its development. C. rodgersii at 

Coffs Harbour (temperature during reproductive season ≈21°C), instead, could be in stressful 

conditions when exposed to a 3°C increase and, thus, down-regulate the expression of hsp70, 

as in the case of S. franciscanus. This would lead to a higher mortality of the embryos, due to 

protein denaturation and distruption of biochemical paths. 
 
For E. chloroticus, the results here reported apply to the population in Fiordland, in the 

southern part of New Zealand, and the populations at the Mokohinau Islands are likely to be 

acclimatised to warmer water temperatures. They are, therefore, expected to exhibit a similar 

pattern of response to temperature and pH, but shifted towards higher temperatures. 

Responses of E. chloroticus and C. rodgersii to increased temperature and lowered pH in 

New Zealand appear to be similar, with a positive effect of increased temperature in early life 

stages and no or small effect of pH values forecast for 2100. My data do not support the idea 

of a bottleneck in the population during these stages in either of the species, that look equally 

likely to develop at near-future temperature and pH conditions. If other developmental stages 

up to settlement are equally resilient, competition between the two species could take place 

between adults, as they are both grazers and share the same habitats.  
 
This research shows that, at present, the embryos of P. huttoni are developing through the 

phases of cleavage and hatching faster than E. chloroticus, as shown by the higher percentage 

of these two stages at 12°C, a temperature close to the one at which the two species reproduce 

at present in Doubtful Sound (≈13°C for E. chloroticus and ≈12°C for P. huttoni). In the 

scenarios predicted for 2100, the difference between the two species disappears. This could 

lead to more settled larvae and juveniles, thus increasing the adult population of E. 

chloroticus. This thesis also shows temperature seems to drive development in sea urchins 

embryos, rather than pH, whose effect is always smaller than the effect of temperature. 
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Further evidence of the prime role of temperature can be found in the results of this study on 

C. rodgersii. Embryos development of C. rodgersii at the Mokohinau Islands seems to occur, 

at the moment, at temperature conditions that are suboptimal. In near future scenarios (+3°C 

and -0.4 pH units) the strongly positive effect of temperature on development could override 

the slightly negative effect of acidification. The population at Coffs Harbour may already be 

at the upper end of its thermal tolerance, and therefore might not be favoured by a 

temperature increase, while this research shows a small, but significant, deleterious effect of 

pH conditions predicted for 2100 during gastrulation.  
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Chapter Six. Effect of seawater acidification on larval 

morphometry 
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6.1 Introduction 
 

Since the beginning of the industrial revolution, a large amount of CO2 has been released into 

the atmosphere through human-related activities, notably combustion of fossil fuels, 

deforestation and cement production and, as a result, the concentration of carbon dioxide in 

the atmosphere has increased from 280 to 380 ppm and is expected to double by the end of 

the century. The world's oceans are one of the major physical sinks of CO2 (Sabine et al. 

2004). This gas, by dissolving into seawater, generates carbonic acid, which, in turn, gives 

rise to hydrogen and bicarbonate ions first, and carbonate ions later. The net result of this 

process is a decrease in seawater pH, which, at present, is already 0.1 units lower than the pre-

industrial era and is expected to decrease a further 0.14-0.4 units by the end of 2100 and 0.30-

0.7 by 2300 (IPCC 2007). In order to balance the H+ excess generated by CO2 dissolution in 

seawater, carbonate ions are converted to bicarbonate ions. This process causes a decrease of 

the saturation state of CaCO3 and has an overall effect of bringing the saturation horizon of 

carbonate minerals to shallower depths (Feely et al. 2002; Sabine et al. 2002; Chung et al. 

2003, 2004; Feely et al. 2008). 

 

Such a decrease in seawater pH and saturation state is expected to affect marine ecosystems in 

general, and calcifying organisms with a carbonate skeleton in particular. In the case of 

marine invertebrates, calcification is, at present, carried out in the surface layers of the ocean, 

that are supersaturated in CaCO3 (Raven et al. 2005). Consequently with the predicted 

decrease in the depth of the saturation horizon, effects will be predominantly negative, and 

have already been documented in many groups, such as molluscs, bryozoans, cnidarians, 

echinoderms and molluscs (reviews Doney et al. 2009; Dupont et al. 2010; Byrne 2011). 

These groups usually show a reduction in calcification (Gazeau et al. 2007; Kurihara et al. 

2007; Comeau et al. 2010) . In the case of sea urchins, the larval skeleton has been identified 

as one of the most sensitive body structures to acidification. Several studies have shown that 

larvae reared at lower pH have shorter post-oral arms and, in general, a different 

morphometry and smaller size from those at normal pH (Kutihara and Shirayama 2004; 

O'Donnell et al. 2010; Sheppard-Brennand et al. 2010; Doo et al. 2011; Stumpp et al. 2011a, 

b). The plutei of the sea urchin Hemicentrotus pulcherrimus, for example, had shorter post-

oral arms when reared at pH ≤ 7.4 (Kurihara and Shirayama 2004), while Tripneustes gratilla 

was found to be a more sensitive species, with postoral arms significantly shorter at pH 7.8 

(Sheppard-Brennand et al. 2010). O'Donnell et al. (2010) studied the effect of increased pCO2 

on postoral arms length and global morphology of the larvae of Lytechinus pictus. They 



 165 

reported that larvae had shorter arms and that morphometry was different when pCO2 

increased from present-day levels to 540 ppm. Two studies (Martin et al. 2011; Stumpp et al. 

2011a) suggest caution when interpreting the effects of ocean acidification on morphological 

data. Martin et al. (2011) found that morphometry of Paracentrotus lividus was negatively 

impacted by pH levels lower than 7.25. A similar result was found in Strongylocentrotus 

franciscanus (Stumpp et al. 2011a) and in both cases the authors argued that the observed 

differences in shape and morphometry are probably the result of comparing larvae at normal 

pH conditions and larvae at lower pH that, in the latter case, develop normally, but at a slower 

pace. Morphometry, therefore, would not be affected, and the overall effect would be a 

reduction of the developmental speed. One of the most important consequences of having 

shorter arms is that, since echinoid larvae rely on cilia on their arms to generate water currents 

for swimming and convey food particles to the mouth, and on their shape and size for 

protection from predators, abnormal or dwarfed larvae will be more likely to die of starvation 

and predation (Chan et al. 2011). 

 

New Zealand has a diverse echinoid fauna which is dominated, in the tidal and shallow sub-

tidal along the majority of its coast, by the sea urchin Evechinus chloroticus (review Andrew 

1988) and, slightly deeper in the southern regions, by Pseudechinus huttoni (McKnight 1967, 

1969; Dix 1970; Choat and Schiel 1982; Kirby et al. 2006). Approximately 50-60 years ago, 

the Diadematidae Centrostephanus rodgersii was first noted in northern New Zealand (Barker 

pers. comm.; Choat and Schiel 1982), probably representing an increase of its range of 

distribution. This range expansion is probably a consequence of the increased strength of the 

eastern branch of the Eastern Australian Current (Ling et al. 2009), which is known as 

Tasman Front (Godfrey et al. 1980). This current could act as a vector for larvae, as indicated 

by the lack of genetic difference between the Australian and New Zealand populations (Banks 

et al. 2007). This species is a strong grazer in its native environment and, in another newly 

settled part of its geographic range, in Tasmania, it has been shown to be able to completely 

graze the macroalgal cover, generating barren habitats at lower biodiversity (Fletcher 1987; 

Andrew and Underwood 1989, 1993; Andrew 1991, 1993; Hill et al. 2003; Johnson et al. 

2005; Ling et al. 2009). No information is available, at the moment, on the larval biology of 

this species in New Zealand under global climate change. Likewise, since no information is 

available on its chances of further extending its distribution range, consideration needs to be 

given to larval performances of C. rodgersii and potential competitors (E. chloroticus and P. 

huttoni) under near-future change in seawater pH that may be expected in coastal New 

Zealand waters.  
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Information on the response of C. rodgersii, E. chloroticus and P. huttoni to reduced seawater 

pH is already available. Doo et al. (2011) have shown that arm length (defined as the sum of 

the length of both postoral arms of each larva) of larval C. rodgersii in Coffs Harbour (New 

South Wales, Australia) is negatively affected by a decrease in pH. The authors analysed their 

data using a univariate approach, and an ANOVA showed that larval arms were shorter at pH 

7.6, but there was no difference between the treatments at pH 8.1 and 7.8. This difference was 

proposed to be related to decreased calcification due to lowered saturation state of carbonate 

minerals at more acidic conditions. They also found a higher percentage of abnormal or 

delayed larvae at pH 7.8 and 7.6, than at pH 8.1 and concluded that metabolic suppression, 

due to hypercapnic conditions, could be the cause for slowed and abnormal development. 

 

E. chloroticus and P. huttoni were studied by Clark et al. (2009), together with the species 

Tripneustes gratilla and Sterechinus neumayeri. This allowed for a comparison among 

species from a tropical (T. gratilla), a temperate (E. chloroticus and P. huttoni) and a polar 

environment (S. neumayeri). The length of postoral arms was shorter at pH conditions 

expected by 2100 (0.4 pH units below ambient) in all the species, apart from P. huttoni. The 

authors analysed the data through ANOVA and interpreted the lack of an interaction between 

body component and pH treatment as indicating that the general morphology of the larvae 

was unaffected by lower sewater pH. A reduction of the calcification index was found in the 

temperate and tropical species and SEM images revealed eroded spots and pittings in the 

skeleton of E. chloroticus and P. huttoni, but not of T. gratilla. Clark et al. (2009) explained 

their findings as indicating that pH conditions expected by 2100 cause partial dissolution of 

the skeleton of E. chloroticus, P. huttoni and T. gratilla. S. neumayeri was expected to be 

more severely affected by lowered pH, being a polar species and living in an environment 

where seawater is prone to be undersaturated in carbonate ions (Clarke 1983; Orr et al. 2005). 

Nevertheless, this species showed a reduction of the length of the postoral arms, while the 

calcification index and fine skeletal structure were not affected. The authors concluded that S. 

neumayeri might be able to calcify and produce a normal skeleton at acidified conditions, but 

it might do it more slowly, due to metabolic acidosis. 

 

The present research explores the effects of lowered pH, at values expected by 2100 and 

2300, on the larval morphology of Centrostephanus rodgersii, Evechinus chloroticus and 

Pseudechinus huttoni  in New Zealand. Postoral arm length of the larvae is expected to be 

shorter, the lower the pH, because of hindered calcification. At the same time, the global 
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morphology of the larvae is expected to be affected, leading to miniaturized larva at lower 

pH. The pH treatments were chosen so as to represent seawater pH conditions that are 

intermediate between best and worst case scenarios in 2100 and 2300 (IPCC 2007). This 

study was undergone using mixed multivariate and univariate approach for data analyses, as it 

allows for more powerful detection of changes in the general morphology of the larvae, by 

considering contemporary variations in the length of body components. This information will 

be used to compare the morphometry of a tropical species, C. rodgersii, with two native New 

Zealand species, E. chloroticus  and P. huttoni at lower seawater pH. The effects of the same 

stressor on a population of C. rodgersii at Coffs Harbour (New South Wales - Australia) and 

the population in New Zealand was also tested to highlight evidence for a possible different 

sensitivity in the two environments. 
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6.2 Materials and Methods 
 

6.2.1 Study organisms and spawning 

 

Individuals of Centrostephanus rodgersii were collected at the Mokohinau Islands (see 

Chapter 2 for a description of the sites) and Coffs Harbour (NSW; see Chapter 4 for a 

description of the site). Evechinus chloroticus and Pseudechinus huttoni were collected from 

Doubtful Sound, Fiordland (see Chapter 4 for a description of the sites). In the case of E. 

chloroticus and P. huttoni collections took place respectively in January 2010 and May 2011; 

they were then taken to the Portobello Marine Laboratory of the University of Otago in 

Dunedin (Otago, New Zealand) in buckets with seawater and placed in tanks with flowing 

seawater at ambient temperature. Individuals of C. rodgersii in New Zealand were collected 

from the Mokohinau Islands in August 2011 and were immediately placed in plastic bins with 

seawater at ambient temperature. The sea urchins that started to spawn after collection were 

removed from the bins and returned to the ocean, in order to prevent induction of spawning in 

the other individuals. They were then transported to flow-through seawater tanks at ambient 

temperature at the Leigh Marine Laboratory of the University of Auckland in Leigh 

(Northland, New Zealand). The individuals of C. rodgersii in Australia were collected in 

Coffs Harbour in August 2011 and then brought back to the National Marine Science Centre 

of the Southern Cross University, where they were spawned immediately. 

 

On each occasion the sea urchins were spawned a short time after collection (maximum 3 

days), so no feeding was necessary and the sea urchins did not starve before experiments. 

Individuals that showed signs of bad health (i.e. loss of spines or coloured spots on the test) 

were separated from the others and were not used for spawning. 

 

Spawning was induced by an injection of 1-2 ml of KCl, the volume depending on the size of 

the individuals. Eggs and sperm were checked under the microscope for a spherical shape and 

motility, respectively, and batches judged unsuitable were discarded. Sperm was collected dry 

from the aboral surface of males (3 males in total for each species), pooled and placed on 

small Petri dishes covered with parafilm and kept chilled until needed. Eggs were collected by 

inverting females on beakers filled with fresh filtered seawater (FSW) and they were then left 

to sink; immature floating eggs were removed by decanting water out of the beaker and the 

process was repeated twice more. The eggs coming from the 3 females for each species were 
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pooled together and an estimate of the concentration of the eggs was made by counting the 

number of eggs in 5 1-ml replicate subsamples, before dividing them into each of the 4 400-

ml beakers of each experimental treatment. The volume of egg suspension put into each 

beaker was calculated in order to achieve the desired concentration of eggs (≈ 10 eggs/ml for 

E. chloroticus and ≈ 20 eggs/ml for P. huttoni and C. rodgersii). The eggs were placed into 

each beaker and conditioned at the experimental conditions for 30 minutes, before proceeding 

with fertilisation. Three sperm solutions were prepared, each one relative to one pH treatment, 

in order to activate the sperm to the experimental conditions. Fertilisation was carried out into 

each beaker by dropping a volume of sperm solution of an adequate volume to match the 

sperm:egg ratio optimal for the species (200:1 for E. chloroticus, 100:1 for P. huttoni and C. 

rodgersii). After 30 minutes, the seawater into each beaker was changed with other seawater 

at the appropriate pH conditions, in order to rinse the unused sperm and avoid polyspermy of 

the eggs. 

 

6.2.2 Experimental treatments 

 

After fertilisation, embryos were left to develop to the early pluteus stage at the experimental 

pH conditions before starting with sampling (day 4 for E. chloroticus and C. rodgersii, day 5 

for P. huttoni). Three pH levels for each species were considered, one ambient and two near-

future levels, each with four replicate beakers: 

- E. chloroticus  and P. huttoni: 8.1, 7.9 and 7.7; 

- C. rodgersii: 8.1, 7.8 and 7.6. 

Temperature was kept constant for each species during each experiment and it was 12°C for 

E. chloroticus and P. huttoni, 14°C for C. rodgersii at the Mokohinau Islands and 21°C for C. 

rodgersii at Coffs Harbour. 

 

6.2.3 Seawater chemistry 

 

Seawater pH was adjusted by bubbling 100% CO2 into 10 L buckets of FSW at an 

approximate flow rate of 5 l/min until target pH was reached. Seawater pH was measured 

using a temperature compensating pH meter (Eutech Instruments, P510). Total scale was used 

in the case of E. chloroticus and P. huttoni, while NBS scale for C. rodgersii at both 

locations. The pH-meter was calibrated using two pH standards (pH 7.0 and 9.2) (Labserv 
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Pronalys, Biolab, New Zealand) kept at the same temperature of the seawater used for each 

experiment. In the case of total scale, a TRIS seawater buffer (Pauling Industries Ltd, New 

Zealand) was also used to account for the ionic strength of seawater. All the experimental jars 

were free of gas bubbles and remained sealed for the duration of the experiments. 

 

Total alkalinity (TA) was measured via potentiometric titration for all sites, after adding a few 

drops of HgCl2 to each water sample. These measurements were carried out in Dunedin 

(Chemistry Department, University of Otago) in every occasion, apart from C. rodgersii in 

Coffs Harbour (National Marine Science Centre, Southern Cross University), and were used, 

together with salinity, pH and sea temperature to calculate the other parameters of the 

carbonate system, namely CO2 partial pressure and saturation state of calcite ΩC and aragonite 

ΩA (Table 23). These calculations were carried out using the CO2 System Calculation 

Program (Lewis and Wallace 1998). 

 

For E. chloroticus and P. huttoni, no pH treatments was undersaturated in respect to both 

calcite and aragonite. For C. rodgersii at both the Mokohinau Islands and Coffs Harbour, the 

treatment at pH 7.6 was undersaturated in respect to calcite (ΩA=0.736 for C. rodgersii at the 

Mokohinau Islands and ΩA=970 for C. rodgersii at Coffs Harbour). 

 

6.2.4 Larval measurements 

 

In order to keep pH constant in each jar, larval density was kept low (≈ 10 larvae/ml for E. 

chloroticus and ≈ 20 larvae/ml for P. huttoni and C. rodgersii), beakers were sealed with tight 

lids and, for P. huttoni and E. chloroticus, water was changed every third day. Subsamples 

were also taken from each jar at the same time and pH measured. During each interval 

between the seawater changes pH never varied more than 0.1 pH units in each jar. At the 

same time, one 5-ml subsample was taken from each beaker and 10 larvae photographed 

under a compound microscope at variable magnification, according to the size of the 

individuals. Each larva was then measured using the software ImageJ (Rasband 1997-2011). 

For each individual, the following morphological measurements were taken (Figure 39): mid-

body line (MBL), body width (BW), arm width (AW), length of the body rod from the 

posterior tip to the postoral arm (BP). An average of the length of the two postoral arms (PO) 

was also calculated (AvgPO). Sampling continued until day 25 for E. chloroticus and day 20 
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for P. huttoni. For C. rodgersii, both at the Mokohinau Islands and at Coffs Harbour, only the 

sampling on day 4 was performed, due to logistical constraints. 

 

Larvae of E. chloroticus and P. huttoni were fed every third day a 2:1:1 mixture of Dunaliella 

tertiolecta, Isochrysis glabana and Chaetoceros gracilis at a concentration of 6000 cells/ml. 

Cells were concentrated by centrifuging a sample of algal culture, in order to prevent 

alteration of the experimental pH treatment by inoculation of the microalgae in the beakers.  

 
Table 23. Parameters of the seawater carbonate system of the experiments run on E. chloroticus, P. huttoni and c. 

rodgersii at the Mokohinau Islands and Coffs Harbour. Salinity is shown below the name of each species. 

 T 
(°C) 

pH TA 
(mmol/kg) 

pCO2 
(matm) 

Ω Ca Ω Ar 

E. chloroticus 12 8.10 2224.9  342.944 3.739 2.385 
 12 7.88 2224.9 749.675 2.053 1.310 
S=34.5 12 7.71 2224.9 939.194 1.699 1.084 
P. huttoni 12 8.12 2283.0 333.627 3.988 2.544 
 12 7.90 2283.0 596.570 2.589 1.652 
S=34.5 12 7.72 2283.0 940.429 1.782 1.136 
C. rodgersii  14 8.10 2243.7 468.270 3.257 2.087 
Mokohinau Is. 14 7.80 2243.7 1010.555 1.765 1.131 
S=35 14 7.60 2243.7 1651.575 1.149 0.736 
C. rodgersii  21 8.10 2327.0 505.548 4.120 2.686 
Coffs Harbour 21 7.80 2327.0 1109.218 2.271 1.480 
S=35.2 21 7.60 2327.0 1825.318 1.488 0.970 

 

 

 
Figure 39. Photomicrographs of plutei of Evechinus chloroticus (a), Pseudechinus huttoni (b) and Centrostephanus 

rodgersii (c). The black lines are the morphological measurements taken for each individual (PO=postoral arm; 

MBL=mid-body line; BW=body width; AW=arm width; BP= length of the body rod from the posterior tip to the 

postoral arm). The average length of the two postoral arms was used as data point for each individual (AvgPO). The 

plutei shown here are are 10, 11 and 4 days old respectively.  Scale bars are 150 µm. 
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6.2.5 Statistical analyses 

 

Morphological data were analysed using Principal Component Analysis (PCA) to highlight 

differences in global larval morphology for each day of sampling and identify which larval 

body parts contribute more to the difference in shape. A PERMANOVA (permutational 

multivariate analysis of variance) was run on the data, using pH as factor, to test for 

significant differences in larval morphology at each sampling time. When a significant effect 

of pH was found, subsequent pair-wise comparisons were used to determine which pH 

treatments were different. A permutation based approach was preferred over the more usual 

MANOVA (multivariate analysis of variance) mainly due to the lack of assumptions of the 

former. This feature makes the permutational approach highly preferrable, since it leads to a 

more robust analysis. Such ease of use of PERMANOVA strongly contrasts with the five 

assumptions of MANOVA (namely "independent random sampling", "level and measurement 

of the variables", "linearity of dependent variables", "multivariate normality" and 

"multivariate homoscedasticity"), that can be easily breached even after appropriate data 

transformation, thus producing results that are less reliable. These analyses were run using the 

computer program R (R Development Core Team 2010).  

 

Postoral arm length and mid-body line length data for each species and each sampling time 

were pooled and were visually checked for normality using normal q-q plots; 

homoscedasticity was tested with Levene's test; and the significance of the linear relationship 

between postoral arm length and mid-body line length was checked. Homogeneity of the 

slopes of the regression lines was tested and then differences in the average length of postoral 

arms were tested for significance by performing analysis of covariance (ANCOVA) to 

highlight differences in the relative length of the postoral arms over the whole duration of the 

experiments., using the mid-body line length as covariate. When the assumption of 

homogeneity of the slopes was not met, a separate ANCOVA for each pair of regression lines 

was run. 

 

For E. chloroticus and P. huttoni, AvgPO length data were plotted versus sampling day after 

fertilisation, arcsin-square root transformed, their normality visually checked using normal q-

q plots, their homoscedasticity confirmed using Levene's test and a repeated measured 

ANOVA was used to look for differences in AvgPO length as a function of pH treatment and 

time. Assumption of sphericity was tested using Mauchly criterion and Greenhouse-Geisser 

adjusted F (FGG) and p-values (pGG) were used, when the assumption was not met. In case a 
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significant interaction between time and pH was present, multiple one-way ANOVAs and 

Tukey's post hoc pairwise comparisons were used on each sampling day to look for 

differences among pH treatments. Univariate analyses were run using the computer program 

JMP7 (SAS Institute Inc. 1989-2007).  

 

For each species, on the last day of sampling (day 25, day 20 and day 4 for E. chloroticus, P. 

huttoni and both populations of C. rodgersii respectively) larval postoral arm asimmetry was 

calculated as the difference between the longest and the shortest postoral arms and expressed 

as a percentage. Data were square-root transformed, normality checked visually using normal 

qq-plot and homoscedasticity was checked using Leven's test. A one-way ANOVA on the 

percentage asimmetry of each species with pH as factor was performed. Post-hoc analyses 

were run using Tukey's HSD test. 
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6.3 Results 

6.3.1 Evechinus chloroticus 

 

Representative photomicrographs of the larvae of E. chloroticus at pH 8.1, 7.9 and 7.7 for 

each sampling day are in Figure 44. PERMANOVA of the morphometry of the larvae of E. 

chloroticus confirmed the presence of a significant effect of pH in determining larval 

morphometry (Table 24) and a post hoc pairwise comparison showed that morphometry of the 

larvae was significantly different between each pair of pH treatments on every sampling day, 

apart from day 13 (8.1≠7.9=7.7) and day 22 (8.1=7.9≠7.7). 

 

On each sampling day, PCA of the morhometric measurements of the larvae of E. chloroticus 

(Figure 40) showed that the larvae were grouped by pH treatment and were strongly aligned 

to the PC1 axis, which explained, in all cases, ≥80% of the total variance (Appendix 6) and 

was strongly related to the postoral arm length. The position of the larvae in the charts shows 

that theere is a trend according to which the higher the pH the longer the postoral arm length. 

On day 4, 22 and 25 the PC1 axis was also strongly related with the mid-body line length 

(Appendix 6 for factor loading values), showing that larvae at ambient pH had a longer body.  

The PC2 axis explained, at each sampling time, <20% of the total variation and was always 

related to mid-body line length and, on day 3, 22 and 25, was also related to the postoral arm 

length (Appendix 6 for factor loading values). 

 

The slopes of the regression lines of the postoral arm length versus the mid-body line length 

(Figure 41) were not homogeneous, as shown by the significant effect of the interaction 

between pH and the mid-body line length (Table 25; F=7.315, p<0.001). Results of the 

separate ANCOVAs run on each pair of regression lines (Table 26) show that the slope of the 

regression curves at pH 7.9 is significantly different from both pH 8.1 and pH 7.7. (F8.1, 

7.9=12.620,  p8.1, 7.9<0.001; F7.9, 7.7=11.102,  p7.9, 7.7<0.001), while it is not significantly 

different between pH 8.1 and pH 7.7 (F=0.022, p=0.881). The effect of pH between pH 8.1 

and 7.7 is significant (F=808.829, p<0.001), meaning that the postoral arm length of the 

larvae is significantly longer at pH 8.1 than at pH 7.7.  

 

The postoral arm length (average±S.E.) on day 4 after fertilisation was 191±19 µm, 232±22 

µm and 237±23 µm respectively at pH 7.7, 7.9 and 8.1. At the end of the experiment, on day 

25 after fertilisation, it was 403±48 µm, 384±71 µm and 488±112 µm at pH 7.7, 7.9 and 8.1 



 175 

(Figure 42). Repeated measures ANOVA (Table 27) showed that there was a significant 

effect of the interaction between time and pH (FGG=5.5 , pGG<0.001). Subsequent one-way 

ANOVAs (Table 28) showed that the the postoral arm length at pH 8.1 and 7.7 were 

significantly different on every sampling occasion. This means that the larvae at pH 8.1 have 

significantly longer postoral arms starting from the day of their appearance, and the difference 

between the larvae at pH 8.1 and 7.7 is maintained through the experimental time frame of 25 

days. The postoral arm length at pH 7.9 had an intermediate behaviour and was significantly 

different from pH 8.1 and/or 7.7 depending on the sampling day (Figure 42).  

 

The percentage postoral arm asymmetry (Figure 43) was (mean±S.E.) 8.5±1.2 at pH 8.1, 

13.6±1.9 at pH 7.9 and 14.4±1.4 at pH 7.7. The ANOVA performed on the percentage 

postoral arms asimmetry showed that there was a significant effect of pH (Table 29; F=5.6, 

p<0.01). A subsequent Tukey's post hoc comparison (Appendix 7) indicated that the arms of 

the larvae at pH 8.1 and 7.9 were significantly less asymmetrical than the arms of the larvae at 

pH 7.7 (8.1=7.9; 7.9=7.7; 8.1<7.7). 

 
Table 24. PERMANOVA on the morphological measurements of Evechinus chloroticus on day 4, 7, 10, 13, 16, 22, and 

25 after fertilisation and at pH 8.1, 7.9 and 7.7. 

 

Day Source df SS MS pseudo F R2 Pr(>F) 
4 pH 2 0.066 0.033 19.403 0.249 0.001 
 Residuals 117 0.199 0.002  0.751  
 Total 119 0.264   1  
7 pH 2 0.139 0.069 20.640 0.261 0.001 
 Residuals 117 0.391 0.003  0.739  
 Total 119 0.532   1  
10 pH 2 0.075 0.037 12.093 0.171 0.001 
 Residuals 117 0.362 0.003  0.829  
 Total 119 0.437   1  
13 pH 2 0.047 0.023 7.440 0.113 0.001 
 Residuals 117 0.369 0.003  0.887  
 Total 119 0.416   1  
16 pH 2 0.086 0.043 12.955 0.181 0.001 
 Residuals 117 0.388 0.003  0.819  
 Total 119 0.473   1  
22 pH 2 0.074 0.037 7.419 0.113 0.001 
 Residuals 117 0.583 0.005  0.887  
 Total 119 0.657   1  
25 pH 2 0.133 0.067 12.272 0.173 0.001 
 Residuals 117 0.635 0.005  0.827  
 Total 119 0.768   1  
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Figure 40. Principal component analysis on the morphometry of Evechinus chloroticus at day 4 (a), 7 (b), 10 (c), 13 (d), 

16 (e), 22 (f) and 25 (g) after fertilisation and pH 8.1, 7.9 and 7.7. N=40 for each pH treatment. 
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Figure 41. Linear regressions of the postoral arm length AvgPO versus the mid-body line length MBL for Evechinus 

chloroticus for three pH treatment. N=280 for each pH treatment; pH 8.1 p<0.001; pH 7.9 p<0.01; pH 7.7 p<0.01. 

 
Table 25. ANCOVA of the effect of pH on the postoral arm length AvgPO, with the mid-body line length MBL as 

covariate, in Evechinus chloroticus. Levene's test p=0.139 

Source df SS F  Pr(>F) 
pH 2 107819.5 11.426 <0.001 
MBL 1 4233475.3 897.233 <0.001 
pH*MBL 2 69031.0 7.315 <0.001 

 
Table 26. ANCOVA (on each pair of pH treatments) of the effect of pH an the postoral arm length AvgPO, with the 

mid-body line length MBL as covariate, in Evechinus chloroticus. Levene's test p-values: 8.1 vs 7.9 p=0.433; 8.1 vs 7.7 

p=0.192; 7.9 vs 7.7 p=0.277. 

 Source df SS F  Pr(>F) 
8.1 vs 7.9 pH 1 63312 14.401 <0.001 
 MBL 1 2511399 571.245 <0.001 
 pH*MBL 1 55483 12.620 <0.001 
8.1 vs 7.7 pH 1 103700 21.518 <0.001 
 MBL 1 3897884 808.829 <0.001 
 pH*MBL 1 108 0.022 0.881 
7.9 vs 7.7 pH 1 12891 2.629 0.105 
 MBL 1 2302033 469.503 <0.001 
 pH*MBL 1 54438 11.102 <0.001 
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Figure 42. the postoral arm length length (average±S.E.; n=40) for Evechinus chloroticus at pH 8.1, 7.9 and 7.7. 

Measurements were done on day 4, 7, 10, 13, 16, 22 and 25 after fertilisation. Lower case letters indicate treatments 

that are significantly different. 

 

Table 27. Univariate repeated measures ANOVA of the the postoral arm length AvgPO of Evechinus chloroticus 

among seawater pH treatments (8.1, 7.9 and 7.7). Test for sphericity was made using the Mauchly's sphericity test and 

degrees of freedom (df) and p values were adjusted according to Greenhouse-Geisser ε .  

Source F(df) p 
Between-subjects   
   pH 1.25(2, 117) <0.001 
Within-subjects   
   Time 149.33(4.9, 568.7) <0.001 
   pH x Time 5.51(12, 702) <0.001 
Mauchly criterion=0.427, df=20, p<0.001	  

 
 

 

 

 

 

0  

100  

200  

300  

400  

500  

600  

700  

0   5   10   15   20   25  

pH  7.7  

pH  7.9  

a
a
b

a

a

b

b

b

a a

b

ab

a

b
a b

a
a

b

a

b

b

Days  after  fertilisation

Av
gP
O
  le
ng
th
  (µ
m
)

pH  8.1  



 179 

Table 28. ANOVA of the the postoral arm length length of Evechinus chloroticus among seawater pH treatments (8.1, 

7.9 and 7.7). Levene's test p-values for each day are: 0.312 on day 4; 0.570 on day 7; 0.229 on day 10; 0.317 on day 13; 

0.524 on day 16; 0.769 in day 22; 0.611 on day 25. 

Species (sampling time) Source SS df F p 
Day 4 pH 59.9 2 54.4 <0.001 
 Error 64.5 117   
Day 7 pH 262.8 2 24.4 <0.001 
 Error 631.5 117   
Day 10 pH 138.6 2 19.0 <0.001 
 Error 426.4 117   
Day 13 pH 41.6 2 4.7 <0.05 
 Error 512.8 117   
Day 16 pH 28.1 2 4.1 <0.05 
 Error 404.3 117   
Day 22 pH 74.4 2 10.6 <0.001 
 Error 408.7 117   
Day 25 pH 134.1 2 18.7 <0.001 
 Error 420.4 117   

 

 
Figure 43. Bar chart of the percentage postoral arm asymmetry of Evechinus chloroticus at pH 8.1, 7.9 and 7.7. The 

hieght of each bars is the mean value for that pH treatments ± S.E. (n=40). 

 
Table 29. ANOVA of the percentage asymmetry of the postoral arms of Evechinus chloroticus at pH 8.1, 7.9 and 7.7. 

Levene's test p=0.156 

Source SS df F p 
pH 19.7 2 5.6 <0.01 
Residuals 204.9 117   
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Figure 44. Photomicrographs of representative larvae of Evechinus chloroticus at pH 8.1, 7.9 and 7.7 on day 4, 7, 10, 

13, 16, 22 and 25 after fertilisation. Scale bars are 200µm. 
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6.3.2 Pseudechinus huttoni 

 

Representative photomicrographs of the larvae of P. huttoni at pH 8.1, 7.9 and 7.7 for each 

sampling day are in Figure 49. PERMANOVA of the morphometry of the larvae of P. huttoni 

confirmed the presence of a significant effect of pH on larval morphometry at all sampling 

times (Table 30). Subsequent post hoc pairwise comparisons  showed that, from day 11 

onward, morphometry of the larvae was significantly different at pH 8.1 compared to pH 7.9 

and 7.7 (8.1≠7.9=7.7). Results were different on day 5 (8.1≠7.9≠7.7) and day 8 (8.1=7.9≠7.7). 

 

PCAs of morphometric measurement on the larvae of P. huttoni reared at the experimental pH 

conditions on each sampling day show that the larvae reared at the three pH treatments are 

aligned and separated along the PC1 axis (Figure 45). The PC1 axis always explained ≥43% 

of the total variation and was related to the mid-body line length and the postoral arm length 

at all sampling times, apart from day 5, when it was positively related to the mid-body line 

length, body width and the length of the body rod from the posterior tip to the postoral arm 

(Appendix 6 for factor loading values). The larvae reared at ambient pH are located at the part 

of the chart relative to longer postoral arms; when the body width and the length of the body 

rod from the posterior tip to the postoral arm contributed to the PC1 axis, the larvae at 

ambient pH were in the part of the chart corresponding to longer body parts. Some dispersion 

along the PC2 axis is also present within pH treatment groups. The PC2 axis explains 

between 14% (day 8 and 11) and 26% (day 20) of the total variation and is strongly related to 

the mid-body line length, the length of the body rod from the posterior tip to the postoral arm 

and the postoral arm length at all sampling times, apart from day 5 and 8 (not related to the 

postoral arm length) and 11 and 17 (not related to the mid-body line length) (Appendix 6 for 

factor loading values). 

 

The slopes of the regression lines of the postoral arm length versus the mid-body line length 

(Figure 46) were homogeneous, as shown by the effect of the interaction between pH and the 

mid-body line length, which is not significant (Table 31; F=2.217, p=0.110). A subsequent 

Tukey's post hoc comparison showed that, for a certain size, larvae at pH 8.1 have a longer 

postoral arm length than those at pH 7.9 and 7.7 (8.1>7.9=7.7). 

 

The postoral arm length (average±S.E.) on day 5 after fertilisation was 26.1±5.2 µm, 28.1±6.3 

µm and 26.1±5.5 µm at pH 7.7, 7.9 and 8.1 respectively. At the end of the experiment, on day 

20 after fertilisation, it had increased to 121.4±31.9 µm, 110.3±28.5 µm and 143.4±28.8 µm 
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at pH 7.7, 7.9 and 8.1 respectively (Figure 47). Repeated measures ANOVA (Table 32) 

showed that there was a significant effect of the interaction between time and pH (FGG=6.1, 

pGG<0.001). Subsequent one way ANOVAs (Table 33) showed that there was a significant 

effect on the postoral arm length on every day, apart from day 5 (Figure 47). When the effect 

was significant, the postoral arm length at pH 8.1 was significantly longer than the postoral 

arm length at both pH 7.9 and 7.7 (Figure 47). 

The percentage postoral arm asymmetry (Figure 48) was (mean±S.E.) 11.2±1.5 at pH 8.1, 

12.3±1.8 at pH 7.9 and 16.9±1.9 at pH 7.7. The ANOVA performed on the percentage 

postoral arms asimmetry of P. huttoni showed that there was a significant effect of pH (Table 

34; F=4.1, p<0.05). A subsequent Tukey's post hoc comparison (Appendix 7) indicated that 

the arms of the larvae at pH 8.1 and 7.9 were significantly less asymmetrical than the arms of 

the larvae at pH 7.7 (8.1=7.9<7.7). 

 
Table 30. PERMANOVA on the morphological measurements of Pseudechinus huttoni on day 5, 8, 11, 14, 17 and 20 

after fertilisation and at pH 8.1, 7.9 and 7.7. 

 

Day Source df SS MS pseudo F R2 Pr(>F) 
5 pH 2 0.034 0.017 5.865 0.091 0.001 
 Residuals 117 0.342 0.003  0.909  
 Total 119 0.377   1  
8 pH 2 0.058 0.029 7.710 0.116 0.001 
 Residuals 117 0.441 0.004  0.884  
 Total 119 0.499   1  
11 pH 2 0.070 0.035 13.491 0.187 0.001 
 Residuals 117 0.303 0.003  0.813  
 Total 119 0.373   1  
14 pH 2 0.050 0.025 7.321 0.111 0.001 
 Residuals 117 0.398 0.003  0.889  
 Total 119 0.448   1  
17 pH 2 0.040 0.020 7.089 0.108 0.001 
 Residuals 117 0.326 0.003  0.892  
 Total 119 0.366   1  
20 pH 2 0.082 0.041 11.126 0.160 0.001 
 Residuals 117 0.433 0.004  0.840  
 Total 119 0.516   1  
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Figure 45. Principal component analysis PCA on the morphometry of Pseudechinus huttoni 5 (a), 8 (b), 11 (c), 14 (d), 

17 (e) and 20 (f) days after fertilisation. N=40 for each pH treatment. 
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Figure 46. Linear regressions of the postoral arm length AvgPO versus the mid-body line length MBL for 

Pseudechinus huttoni for each pH treatment. N=240 for each pH treatment; pH 8.1 p<0.001 ; pH 7.9 p< 0.001; pH 7.7 

p<0.001 

 
Table 31 ANCOVA of the effect of pH on the postoral arm length AvgPO, with the mid-body line length MBL as 

covariate, in P. huttoni. Levene's test p=0.336 

Source df SS F  Pr(>F) 
pH 2 16984.99 9.589 <0.001 
MBL 1 965211.85 1089.803 <0.001 
pH*MBL 2 3926.49 2.217 0.110 
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Figure 47. Postoral arm length (average±S.E.; n=40) for Pseudechinus huttoni at pH 8.1, 7.9 and 7.7. Measurements 

were done on day 5, 8, 11, 14, 17 and 20 after fertilisation. Lower case letters indicate treatments that are significantly 

different. 

 

Table 32. Univariate repeated measures ANOVA of the the postoral arm length AvgPO of Pseudechinus huttoni 

among seawater pH treatments (8.1, 7.9 and 7.7). Test for sphericity was made using the Mauchly's sphericity test and 

degrees of freedom (df) and p values were adjusted according to Greenhouse-Geisser ε . 

Source F(df) p 
Between-subjects   
   pH 33.8(2, 117) <0.001 
Within-subjects   
   Time 560.9(4.3, 498.6) <0.001 
   pH x Time 6.1(8.6, 498.6) <0.001 
Mauchly criterion=0.576, df=14, p<0.001	  
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Table 33. ANOVA of the the postoral arm length length of Pseudechinus huttoni among seawater pH treatments (8.1, 

7.9 and 7.7). Leven's test p-values for each day are: 0.091 on day 5; 0.363 on day 8; 0.661 on day 11; 0.329 on day 14; 

0.697 in day 17; 0.191 on day 20. 

Species (sampling time) Source SS df F p 
Day 5 pH 0.8 2 1.4 0.260 
 Error 32.4 117   
Day 8 pH 31.8 2 29.3 <0.001 
 Error 1.1 117   
Day 11 pH 81.4 2 31.5 <0.001 
 Error 151.1 117   
Day 14 pH 38.4 2 6.7 <0.01 
 Error 333.6 117   
Day 17 pH 31.7 2 9.6 <0.001 
 Error 194.2 117   
Day 20 pH 39.8 2 8.0 <0.001 
 Error 291.1 117   

 

 
Figure 48. Bar chart of the percentage postoral arm asymmetry of Pseudechinus huttoni at pH 8.1, 7.9 and 7.7. The 

hieght of each bars is the mean value for that pH treatments ± S.E. (n=40). 

 
Table 34. ANOVA of the percentage asymmetry of the postoral arms of Pseudechinus huttoni at pH 8.1, 7.9 and 7.7. 

Leven's test p=0.358 

Source SS df F p 
pH 17.8 2 4.1 <0.05 
Residuals 254.6 117   
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Figure 49. Photomicrographs of representative larvae of Pseudechinus huttoni at pH 8.1, 7.9 and 7.7 on day 5, 8, 11, 

14, 17 and 20 after fertilisation. Scale bars are 100 µm. 
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6.3.3 Centrostephanus rodgersii - Mokohinau Islands 

 

PERMANOVA of the morphometry of the larvae of C. rodgersii at the Mokohinau Isalnds 

shows a significant effect of pH on larval morphology (Table 35; pseudo F=15.243, p<0.001) 

and post hoc analyses show that larvae at pH=8.1 are significantly different from those at 

pH=7.8 and pH=7.6, which are not significantly different one from the other (8.1≠7.8=7.6). 

 

Results of the PCA of the morphometry of the larvae of C. rodgersii at the Mokohinau Islands 

(Figure 50) show that the groups relative to the pH treatments are mostly distributed and 

separated along PC1, which explains 48% of the total variance (Appendix 6) and is strongly 

negatively related with the postoral arm length (PC1 factor loading=-0.989). The higher the 

pH at which the larvae were reared, the further they are placed towards the part of the PC1 

axis relative to longer postoral arms. The larvae within each pH treatment are spread along 

PC2, which explains 26% of the total variance and is highly negatively related to the mid-

body line length (PC2 factor loading=-0.973). This shows that the differences among the 

larvae within each pH treatment are mostly due to them having a shorter or longer body. 

 

Since the slopes of the regression lines of the postoral arm length relative to the mid-body line 

length (Figure 51) were homogeneous (Table 36; F=0.540, p=0.584), results of the ANCOVA 

can be directly interpreted. There was a significant effect of pH (Table 36; F=66.035, 

p<0.001) and Tukey's HSD test showed that, for a certain size, larvae at pH=8.1 have longer 

the postoral arm length than those at pH=7.8 and 7.6 and that there was no difference between 

the latter pH treatments (8.1>7.8=7.6). 

 

The percentage postoral arm asymmetry (Figure 52) was (mean±S.E.) 10.2±1.2 at pH 8.1, 

15.2±1.8 at pH 7.8 and 11.3±1.5 at pH 7.6. The ANOVA performed on the percentage 

postoral arms asymmetry of C. rodgersii at the Mokohinau Islands showed that there was no 

significant effect of pH (Table 37; F=1.9, p=0.145).  

 
Table 35. PERMANOVA on the morphological measurements of Centrostephanus rodgersii at the Mokohinau Islands 

on 3 days after fertilisation and at pH 8.1, 7.8 and 7.6 

Source df SS MS pseudo F R2 Pr(>F) 
pH 2 0.078 0.039 15.243 0.207 0.001 
Residuals 117 0.300 0.003  0.793  
Total 119 0.378   1  
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Figure 50. Principal component analysis PCA on the morphometry of Centrostephanus rodgersii at the Mokohinau 

Islands 3 days after fertilisation. N=40 for each pH treatment. 

 
Figure 51. Linear regressions of the postoral arm length AvgPO versus the mid-body line length MBL for 

Centrostephanus rodgersii at the Mokohinau Islands for each pH treatment. N=240 for each pH treatment; pH 8.1 

p<0.01 ; pH 7.8 p< 0.001; pH 7.6 p<0.01 
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Table 36. ANCOVA of the effect of pH on the postoral arm length AvgPO, with the mid-body line length MBL as 

covariate, in Centrostephanus rodgersii at the Mokohinau Islands. Levene's test p=0.165 

Source df SS F Pr(>F) 
pH 2 48966.805 66.035 <0.001 
MBL 1 470.282 1.268 0.262 
pH*MBL 2 400.471 0.540 0.584 

 

 

 
Figure 52. Bar chart of the percentage postoral arm asymmetry of Centrostephanus rodgersii at the Mokohinau 

Islands at pH 8.1, 7.9 and 7.7. The hieght of each bars is the mean value for that pH treatments ± S.E. (n=40). 

 
Table 37. ANOVA of the percentage asymmetry of the postoral arms of Centrostephanus rodgersii at the Mokohinau 

Islands at pH 8.1, 7.8 and 7.6. Leven's test p=0.120 

Source SS df F p 
pH 7.7 2 1.9 0.145 
Residuals 230.0 117   
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6.3.4 Centrostephanus rodgersii - Coffs Harbour 

 

PERMANOVA of the morphometry of the larvae of C. rodgersii at Coffs Harbour showed 

that there's a significant effect of pH in separating the individuals (Table 38; pseudo 

F=15.435, p<0.001) and post hoc analyses showed that the larvae at pH=8.1 have a 

significantly different shape from those at pH 7.8 and 7.6 (8.1≠7.8=7.6). 

 

Results of the PCA of the morphometry of the larvae of C. rodgersii at Coffs Harbour at pH 

8.1, 7.8 and 7.6 (Figure 53) are different and that the groups relative to the pH treatments are 

mostly distributed along the PC1 axis. This axis explains 46% of the total variance (Appendix 

6) and is highly positively related to average postoral arm length (PC1 factor loading= 0.978). 

PC2, on the other hand, is the axis along which data points are scattered within each pH 

treatment; it explains 27% of the total variance and is highly negatively related to the mid-

body line length (PC2 factor loading=-0.962). The larvae at pH 8.1  

 

Since slope of the regression lines of the postoral arm length relative to the mid-body line 

length (Figure 54) were homogeneous (Table 39; F=1.138, p=0.584), results of ANCOVA 

can be directly  interpreted. Effect of pH was significant (Table 39; F=74.500, p<0.001) and 

Tukey's HSD showed that larvae at pH=8.1 consistently have a longer postoral arm length 

than those at pH=7.8 and 7.6 (8.1>7.8=7.6). 

 

The percentage postoral arm asymmetry (Figure 55) was (mean±S.E.) 10.9±1.1 at pH 8.1, 

13.6±1.7 at pH 7.9 and 10.8±1.7 at pH 7.7. The ANOVA performed on the percentage 

postoral arms asymmetry of C. rodgersii at Coffs Harbourshowed that there was no 

significant effect of pH (Table 40; F=0.9, p=0.394).  

 

 
Table 38. PERMANOVA on the morphological measurements of Centrostephanus rodgersii at Coffs Harbour on 3 

days after fertilisation and at pH 8.1, 7.8 and 7.6 

Source df SS MS pseudo F R2 Pr(>F) 
pH 2 0.080 0.040 15.435 0.209 0.001 
Residuals 117 0.304 0.003  0.791  
Total 119 0.384   1  
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Figure 53. Principal component analysis PCA on the morphometry of Centrostephanus rodgersii at Coffs Harbour 3 

days after fertilisation. N=40 for each pH treatment. 

 

 
Figure 54. Linear regressions of the postoral arm length AvgPO versus the mid-body line length MBL for 

Centrostephanus rodgersii at Coffs Harbour for each pH treatment. N=240 for each pH treatment; pH 8.1 p<0.01 ; pH 

7.9 p< 0.001; pH 7.7 p<0.05 
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Table 39. ANCOVA of the effect of pH on the postoral arm length AvgPO, with the mid-body line length MBL as 

covariate, in Centrostephanus rodgersii at Coffs Harbour. Levene's test p=0.410 

Source df SS F  Pr(>F) 
pH 2 48641.879 74.500 <0.001 
MBL 1 309.080 0.947 0.333 
pH*MBL 2 742.877 1.138 0.324 

 
 

 
Figure 55. Bar chart of the percentage postoral arm asymmetry of Centrostephanus rodgersii at Coffs Harbour at pH 

8.1, 7.9 and 7.7. The hieght of each bars is the mean value for that pH treatments ± S.E. (n=40). 

 
Table 40. ANOVA of the percentage asymmetry of the postoral arms of Centrostephanus rodgersii at Coffs Harbour at 

pH 8.1, 7.8 and 7.6. Leven's test p=0.067 

Source SS df F p 
pH 4.1 2 0.9 0.394 
Residuals 256.1 117   
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6.4 Discussion 
 

Larval size and morphology in echinoids have been shown to be an important factor in 

swimming, avoiding predation and collecting food (Emlet 1990, 1991; Grünbaum and 

Strathmann 2003; Allen 2008; Soars et al. 2009). Postoral arms, in particular, have an 

important role in generating water currents used to drive food particles to the larval mouth 

(Chan et al. 2011), therefore changes in the size of the larvae in response to pH are important.  

 

The shape and size of echinoplutei are determined by their calcite skeleton and, under near-

future seawater pH conditions (0.14-0.4 pH units reduction by 2100 and 0.30-0.7 pH units 

reduction by 2300; IPCC 2007), there is the potential for slower or reduced calcification of 

skeletal parts, which could lead to developmental failure and abnormally shaped or 

miniaturized larvae. These effects have already been shown to occur in invertebrates 

belonging to different taxa, such as molluscs, bryozoans, crustaceans and echinoderms 

(reviews Fabry et al. 2008; Dupont et al. 2010; Byrne 2011). Furthermore, species from 

different latitudes that have a wide geographical range are expected to show different 

reactions to lowered pH, due to the adaptations that they have evolved to cope with natural 

variations of pH across latitudes and on a daily and seasonal cycle. Shallow water 

environments, in fact, have already been shown to experience diel marked variations in pH 

(6.9-10.1) (Truchot and Duhamel-Jouve 1980; Morris and Taylor 1983; Ringwood and 

Keppler 2002; Wootten et al. 2008) that far exceed pH levels predicted as a consequence of 

global climate change. 

 

 It is, therefore, important to conduct studies on a wide suite of echinoids from different 

latitudes, to highlight recurrent patterns in their response to ocean acidification. Information 

on species in New Zealand is, at present, lacking (only one study which includes two New 

Zealand echinoids is available, Clark et al. 2009). Also lacking is information on the newly 

arrived (Choat and Schiel 1984) C. rodgersii in New Zealand, and how its larvae may be 

affected, compared to the native species. In order to fill this gap in knowledge, this study 

tested the effect of predicted seawater pH levels for 2100 and 2300 (IPCC 2007) on 

Evechinus chloroticus, Pseudechinus huttoni  and Centrostephanus rodgersii in New Zealand. 

The same experiments were run on an Australian population of C. rodgersii, to highlight 

evidence for different responses of the species from two locations within its geographical 

range.  
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This study shows that morphometry of E. chloroticus, P. huttoni and C. rodgersii (both 

populations from the Mokohinau Islands and Coffs Harbour) are significantly affected by pH 

levels expected by 2100 and 2300. In E. chloroticus and C. rodgersii such differences in 

morphometry strongly depended on the length of the postoral arms, and individuals reared at 

pH 7.9 and 7.7 (for E. chloroticus and P. huttoni) and 7.8 and 7.6 (for C. rodgersii, both 

populations) had shorter arms compared to those reared at pH 8.1. This difference in shape 

was shown by the PCAs, where larvae reared at lower pH are situated in the part of the chart 

relative to shorter postoral arm length. In E. chloroticus and C. rodgersii, variation within 

each pH treatment was mainly dependent on the length of the mid-body line, meaning that 

larvae of slightly different sizes are present in each pH treatment, but much larger differences 

in the length of the postoral arms are responsible for the separation of the groups relative to 

the pH treatments. In E. chloroticus the higher percentage of arm asymmetry on day 25 at pH 

7.7 also showed that larvae are not only miniaturized, bus also exhibit abnormal development, 

evident in the altered relative length of the postoral arms. This effect is not evident in both C. 

rodgersii populations, where the length of the arms is shorter at lower pH, but they show the 

same level of asymmetry as ambient pH. Since the measurements for C. rodgersii were only 

taken on day 4, it is not possible to assess the effect on older larvae, and it might be possible 

that more severe differences in asymmetry would occur later in the larval development. 

 

In the case of P. huttoni, the larvae reared at a different pH still had a different morphometry, 

but the contribution to defining the larval shape was more equally distributed among all the 

skeletal and body components considered, and especially postoral arm length, mid-body line 

length and the length of the body rod from the posterior tip to the postoral arm. The fact that 

more body parts are involved in explaining the variation present in larval morphometry means 

that the whole shape of the larva is affected and is significantly different at pH 8.1 than at pH 

7.9 and 7.7. The postoral arms of the larvae of P. huttoni on day 20 also show a higher degree 

of percentage arm asymmetry at pH 7.7 than at pH 7.9 and 8.1. This shows that at pH 7.9 the 

larvae of P. huttoni seems to be smaller than those at pH 8.1, but do not exhibit an abnormal 

arm shape. At pH 7.7 the larvae are smaller and have highly asymmetrical arms, possibly due 

to the more deleterious effects of pH 7.7 than 7.9. 

 

The results of this study agree with those found for other species of echinoids from various 

latitudes. The plutei of the tropical echinoid Hemicentrotus pulcherrimus and Echinometra 

mathaei reared at pH 7.8 were reported to be smaller, although of similar shape, compared to 

the control at pH 8.1 (Kurihara and Shirayama 2004). A subsequent study (Kurihara et al. 
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2004) also showed that at pH 7.6 the larvae of the same two species, apart from being smaller 

than the control, also had a different shape, being more triangular, and lacking spicules and 

skeletal parts. The authors suggested that those differences could be explained by the effect of 

low pH in reducing enzyme activity (Hochachka and Somero 2002) and inhibiting protein 

synthesis (Morgan et al. 2001). In the case of the echinoid Lytechinus pictus, differences in 

size and shape were assessed over time, and O'Donnell et al. (2010) found that larvae were 

smaller and had a different shape at higher pCO2 (540 and 970 ppm) compared to the control. 

They also found that the reduced size could depend on the downregulation of some genes 

involved in biomineralization.  

 

In a subsequent study on Strongylocentrotus purpuratus, Stumpp et al. (2011a) found that 

larvae at pH 7.7 reached a certain size after a longer time, compared to those reared at pH 8.1. 

Furthermore, the larvae at pH 7.7 had higher maximum increases in respiration rate than those 

at the control pH, while scope for growth was lower in the first compared to the latter. The 

authors, therefore, concluded that low pH stimulates respiration and metabolic rate, but most 

of the energy is spent to counteract the negative effects of lowered pH, and is subtracted from 

somatic growth. They also warn that these results should be interpreted as a developmental 

delay of the larvae at lower pH conditions, and not as an absolute smaller size, compared to 

control pH treatments. 

 

The results of the present study on E. chloroticus are similar to what found for this species by 

Clark et al. (2010). Despite the different statistical techniques used, in both case it is evident 

that larvae at lowered pH (<7.7 in this study and <7.8 in Clark et al. 2010) have significantly 

shorter arms than those at pH 8.1. For P. huttoni, Clark et al. (2010) found no effect of pH on 

the single skeletal parts, while, in this research, the length of the postoral arms (corrected for 

mid-body line length) was significanly shorter at pH 7.9 and 7.7 than at pH 8.1. This 

difference can be reconciled by considering the results of the PCAs. They show that the whole 

shape of the larval body of P. huttoni is affected at the same time; the ANOVA used by Clark 

et al. (2010), therefore, might not be a sensitive enough statistical technique to detect changes 

in one skeletal part at a time, without correcting for changes in the whole body. 

 

Both the multivariate (PERMANOVA and PCAs) and the univariate (ANCOVA) approach 

used in this study are more sensitive techniques and might have been able to detect changes in 

the whole body shape of larval P. huttoni that passed undetected to Clark et al. (2010). The 

sea urchins used in both studies were collected from the same site (Doubtful Sound, New 
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Zealand), therefore any alternative explanation considering differences in environmental 

conditions to which the individuals were acclimatized does not seems to be supported.  

 

Doo et al. (2011) showed that larvae of C. rodgersii at Coffs Harbour reared at pH 7.6 had a 

significantly shorter arm length (defined as the sum of the length of both postoral arm skeletal 

rods) than the control treatment at pH 8.1. No difference was found between pH=8.1 and 7.8 

and symmetry of larval arms was similar in all treatments. In comparison, this study found 

that the larval morphometry of C. rodgersii at Coffs Harbour was negatively affected by 

lowered pH at pH 7.8. In the study by Doo et al. (2011), a univariate approach was used and 

differences in arm length due to different size of the individual larva were not taken into 

account.  

 

The present study used a multivariate approach, that considers the global morphology of the 

larva, combined with a univariate technique, ANCOVA, that allows for correction of bias in 

the response variable due to a covariate (mid-body line length, in this case). Therefore, the 

results of the present study could be more reliable, as a consequence of the use of more 

sensitive statistical techniques. The response of the larvae to lowered pH were similar at both 

Coffs Harbour and the Mokohinau Islands, and this could mean that C. rodgersii at both sites 

is affected by pH levels predicted by the end of this century. Such an effect will be a different 

general morphology, mostly evident in shorter postoral arms, at lower pH, and can be 

interpreted as a proxy for a lower calcification rate (Doo et al. 2011). The magnitude of the 

effect is similar, therefore no difference is present at the moment between the two populations 

and this could be explained as a consequence of the lack of genetic difference between the 

two populations (Banks et al. 2007). 

 

A comparable situation, in which the plutei sea urchins of the same species acclimatized to 

different environmental conditions exhibit a similar response to lowered pH, was reported by 

Moulin et al. (2011). In this study, adult Paracentrotus lividus were collected from two 

contrasting tide pools, one showing a significant nocturnal pH decrease (lowest pH=7.4), and 

one where pH was more stable (lowest pH=7.8). Their gametes were spawned and the 

percentage of fertilized eggs, the cleavage rate, percentage of normal larvae and the rod length 

of the plutei were measured. All these measurements showed a significant reduction at lower 

pH (pH 7.6 for fertilisation and cleavage, pH 7.4 for abnormal larvae and pH 7.2 for rod 

length); but, while the percentage of fertilisation was significantly higher in the eggs coming 
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from parents from the tide pool with lower nocturnal pH, no significant difference related to 

the origin of the parents was found in the other measurements.  

 

The reduction in length of the body rod, in particular, was the same in larvae from genitors 

from both tide pools. Moulin et al. (2011) suggested that P. lividus is a highly adaptable 

species, tolerant to a wide range of pH levels. They also suggested that the wide latitudinal 

distribution of this species (from Scotland to Morocco) is indicative of such adaptability and 

tolerance. The results on the populations of C. rodgersii reported in this study, and its wide 

latitudinal distribution also suggest that this species is adaptable to a wide range of 

environmental conditions. Global morphometry (Figure 50, Figure 53), nevertheless, shows a 

significant response to pH already at 7.8, a much higher level than 7.2 required to cause a 

significant reduction of the body rod length in P. lividus. This could be evidence for a higher 

sensitivity of C. rodgersii to lowered pH than P. lividus, regardless the common wide 

latitudinal distribution.  

 

Important to understanding the mechanism underlying the reduced size and altered shape of 

E. chloroticus, P. huttoni and C. rodgersii is the physiology of acid-base regulation and 

biomineralization in echinoid larvae. In general, invertebrates regulate their intracellular pH 

(pHi) and extracellular pH (pHe) by controlling the transmembrane transport of H+ ions 

through ions exchangers (Pörtner and Bock 2000). The driving force to transport H+ ions is 

generated by Na+/K+-ATPase, that generate ionic gradients. These in turn, activate H+-

ATPase and Na+/H+ exchangers, that effectively regulate pHi. This mechanism is very 

energetically expensive, and can require up to 77% of an organism's metabolism (Leong and 

Manahan 1997, 1999). Furthermore, the activity of Na+/K+-ATPase increases during 

development up to the pluteus stage (Leong and Manahan 1997, 1999). Since this mechanism 

is so expensive, and considered that pHe, in the case of echinoid larvae, is the pH of seawater, 

the changes in the ocean's pH associated with acidification could lead to severe effects on the 

larval metabolism.  

 

One of the main aspects of ocean acidification is that it increases H+ concentration in 

seawater. Two important studies (Michaelidis et al. 2005; Pörtner 2008) showed that Na+/K+-

ATPase activity and H+-mediated transport of Na+ into the cells are reduced as a consequence 

of increased extracellular H+ concentration. As a consequence, organisms switch to the less 

energetically expensive, but slower, Na+/  

€ 

HCO3
−/H+/  

€ 

Cl− ionic exchangers. By down-

regulating the activity of Na+/K+-ATPase, ocean acidification directly impacts the ability of 
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an organism to counteract lowered external pH and keep pHi within physiological limits. 

Since sea urchin larvae rely heavily on Na+/K+-ATPase to regulate pHi (Leong and Manahan 

1997, 1999), they are expected to show a reduced ability to buffer pHi in response to ocean 

acidification. 
 
In comparison to acid-base regulation, biochemical mechanisms of biomineralisation in 

echinoid larvae are far less understood. The cells involved in the deposition of the skeletal 

spicules have been clearly identified, their embryology elucidated and they have been labelled 

as primary mesenchime cells PMC (Okazaki 1975a, b; Wilt and Ettensohn 2007). PMCs are 

the descendant of the four micromeres that originate after the fourth cell division. During 

gastrulation, a number of them clump in two spots at the vegetal pole of the embryo, where, 

shortly after, tiny spicules of CaCO3 can be seen. Other PMCs move freely in the blastocoel 

and produce slender filopodia that connect them to the PMCs that have produced the two 

granules of CaCO3 and to the body wall. From this point on, skeleton deposition will be 

carried out by groups of PMCs at the tip of the originary spicules, and the shape of the 

skeletal rods will depend on the spatial orientation of PMCs and their filopodia (Gilbert and 

Wilt 2008).  
 
Skeletal parts of sea urchin larvae are made up by carboate crystals, especially calcium and 

magnesium carbonate. Since the calcium used in this process comes from seawater (Okazaki 

1956), Gilbert and Wilt (2008) proposed that PMCs must have very active Ca transporters at 

high capacity and low affinity, but this molecules have not been characterized or identified, 

yet. Furthermore, when CaCO3 is deposited in the skeleton, it is, at first, in the form of 

amorphous calcium carbonate, that then crystallizes as calcite (Beniash et al. 1997). However, 

larval skeletal depostion does not depend only on the mere deposition of carbonate crystals, 

but it has recently been demonstrated that it involves the signalling protein vascular 

endothelial growth factor VEGF (Duloquin et al. 2007). Furthermore, other proteins are 

included in the skeletal matrix, and they have been proposed to contribute in determining 

skeletal rods length and shape, although the mechanism by which this is accomplished and the 

characterization of such proteins are unknown (Wilt et al. 2008).  
 
Although information on these details is lacking, it is clear the biomineralization and 

formation of the skeleton in echinoid larvae are complex and depend on the interplay of 

physical and chemical properties of carbonate crystals, transmembrane ion transporters and 
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skeletal proteins. Ocean acidification, by lowering pHe and affecting acid-base regulation, 

could affect deposition of skeletal rods by changing the saturation state of carbonate crystals, 

thus making crystallization more difficult; by changing the ionic gradients upon which 

transmembrane ion transpot relies; or by denaturing proteins included in the skeleton itself. 

Todgham and Hofmann (2009) also showed that ocean acidification could act in unexpected 

ways and have an indirect effect on biomineralization by decreasing the expression of genes 

involved in this process. The reduced length of the skeletal arms and altered shape this study 

found in E. chloroticus, P. huttoni and C. rodgersii larvae reared at lower pH, therefore, could 

depend on any of these mechanisms, and more research is needed to elucidate this aspect. 

 

Of the species studied in the course of this research, a reduction of the postoral arm length 

was more evident in E. chloroticus and C. rodgersii, while the general morphology of P. 

huttoni was more affected, with most of the skeletal parts, postoral arms included, being 

reduced in size at lowered pH. This could indicate a higher sensitivity of P. huttoni to 

acidified conditions, that translates in a body shape which is affected globally, and that results 

in dwarfed larvae. At the ocean pH conditions predicted by 2100 (0.14-0.4 reduction from 

present-day levels), these larvae could be susceptible to a higher mortality, due to lack of 

protection by size from predation. At the same pH conditions, the larvae of E. chloroticus  

and C. rogdersii (both populations from the Mokohinau Islands and Coffs Harbour) could 

suffer from higher mortality due to lower feeding efficiency, caused by shorter postoral arms 

(Chan et al. 2011). 

 

The two populations of C. rodgersii, at the Mokohinau Islands (New Zealand) and Coffs 

Harbour (Australia), show an almost identical response and, in contrast to what has been 

already described (Doo et al. 2011), a pH of 7.8 already produces a significant effect on larval 

morphometry. The lack of differential response in the two populations could be explained by 

the fact that, at present, there is no genetic difference between them (Banks et al 2007). They 

propably express, therefore, the same versions of proteins and enzymes used in acid-base 

balance and skeletal deposition. This would explain why they react in the same way to the 

same levels of acidification. In order to clarify other possible sublethal effects of acidifcation 

on echinoid larvae, further studies are needed and they should focus on the physiology of 

deposition of the skeleton and how the molecules involved, and the whole process, can be 

affected by predicted near-future seawater pH conditions.  
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Chapter Seven. General discussion 
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7.1 Summary of results 
 

When discussing life history processes of free spawning marine invertebrates, it is important 

to understand the relative contribution of pre- and post-settlement processes in determining 

population dynamics and distribution (Eckman 1996; Gosselin and Qian 1997; Pechenik 

2006). Such information, paired with knowledge on the differential effects of climate change 

stressors on different life stages, can then be used to assess the potential response of marine 

populations to near future scenarios.  

 

Ocean acidification and sea temperature increases, two of the main aspects of global climate 

change, have a significant impact on the biological processes of marine invertebrates. They 

act as independent stressors but can have interactive effects (reviews Dupont et al. 2010; 

Byrne 2011), often as a consequence of the stimulating effect of increased temperature on 

metabolism, until a threshold is reached. It can be argued that the same stressor, temperature 

for example, could cause higher mortality in pre-settlement life stages, due to their relatively 

lower ability to withstand environmental changes, while accelerating juvenile growth and 

increasing their density-dependent survival, thus potentially leading to increased recruitment. 

A similar case where post-settlement processes exert a comparatively higher influence on the 

population dynamics was reported for Strongylocentrotus purpuratus and Strongylocentrotus 

franciscanus (Rowley 1989, 1990). In these studies growth rate and survival of juveniles were 

at least as important as initial settlement densities in determining adult sea urchin densities in 

two habitats. 

 

In contrast, the sea urchin Centrostephanus rodgersii shows how, in other species, pre-

settlement processes are comparatively more important in determining abundance and 

distribution of the adult populations. Ling et al. (2008) showed that the larval development of 

C. rodgersii only occurs at temperatures above 12°C and they demonstrated that new 

populations established in various sites along the Tasmanian coastline only when the average 

August sea temperature at that site was higher than 12°C. Post-settlement processes, in this 

case, seem to play a minor role and, possibly, only cause fluctuations of the adult population 

densities around values determined by the initial larval settlement densities. The potential for 

a similar range expansion of C. rodgersii in New Zealand, where it was first noted five to six 

decades ago (Choat and Schiel 1983; Barker pers. comm.) is, at present, unknown. In order to 

assess this, it is important to gather information on its population biology and pre-settlement 

processes at present day conditions and under global climate change scenarios.  
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When discussing the relative importance of pre- and post-settlement processes in determining 

population structure, nevertheless, caution is recommended. Olafsson et al. (1994), in a 

comprehensive review of the literature that was available on this topic, found that the idea that 

pre-settlement processes were dominant in determining population structure (Thorson 1950), 

is not supported by the data. Conversely, post-settlement processes seem to play a major role, 

especially predation and physical disturbance. A subsequent study (Hunt and Scheibling 

1997) further argued that different factors come into play at different spatial scales. The 

authors pointed out that there is evidence of the effects of both settlement and early post-

settlement mortality on the distribution of some sessile species at small spatial scales, but 

mortality appears to have less influence at larger scales.  

 

Among all the processes and interactions that affect the final population size and structure of 

sea urchins, predation has been studied thoroughly. At the larval level it contributs greatly to 

mortality, which was estimated by Lamare and Barker (1999) to be M=0.16-0.18 d-1 in the 

case of Evechinus chloroticus. As far as adults are concerned, predation often limits the 

population density, as shown by a study by Estes et al. (1998), in which the authors linked the 

increased predation by killer whales on sea otters, to the decreased predation pressure on the 

sea urchin in the north Pacific and the subsequent massive increase in population. Predation 

can also have another effect by selctively removing only individuals of specific sizes, 

therefore shaping the population structure. This has been shown in the case of the sea urchin 

Evechinus chloroticus and the rock lobster Jasus edwardsii, since the latter predates 

preferably on individuals <50 mm (Andrew and MacDiarmid). 

 

Other factors have also been identified, such as disease (Scheibling et al. 1999), food quality 

for both adults (Meidel et al. 1999) and larvae (Bosch et al. 1987), and the effect of 

temperature on larval growth and development (Hart and Scheibling 1988), it is therefore very 

likely that all these complex processes act during both pre- and post-settlement processes and 

one does not exclude the other. 

 

The response of marine invertebrates to climate change is known to be species-specific and 

life stage-specific. While fertilisation appears robust to changes in seawater pH (Kurihara and 

Shirayama 2004; Carr et al. 2006; Kurihara 2008; Rahman et al. 2009; Byrne et al. 2010a; 

Ericson et al. 2010), embryos and larvae are sensitive to pH. A reduction in seawater pH has 

been shown to cause hypercapnia, which, in turn, affects acid-base regulation (Michaelidis et 
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al. 2005; Pörtner et al. 2008; Melzner et al. 2009). It may cause metabolic depression and 

downregulation of gene expression (Todgham and Hofmann 2009) in sea urchin larvae or, 

conversely, have a stimulating effect on metabolism by increasing metabolic rates and 

producing upregulation of genes connected to acid-base balance and metabolism itself 

(Stumpp et al. 2011a; Stumpp et al. 2011b). At pH levels compatible with those predicted for 

2100 and 2300, in the case of echinoderms, morphometry is often altered and dwarfed or 

abnormally shaped larvae were found (Kurihara et al. 2004; Kurihara and Shirayama 2004; 

Clark et al. 2009; O'Donnell et al. 2010; Byrne et al. 2011a; Doo et al. 2011). 
 
Temperature, by controlling the pace at which physiological processes take place (Somero 

2002, 2010; Hofmann and Todgham 2010; Tomanek 2010), influences the developmental rate 

and survival of marine invertebrates (Whalan et al. 2008; Byrne et al. 2009; Rahman et al. 

2009; Byrne et al. 2010; Sheppard-Brennand et al. 2010; Byrne et al. 2011b; Nguyen et al. 

2012). At larger scales a shift in the geographical range of species is possible, as has been 

reported for a number of species (Barry et al. 1995; Southward et al. 1995; Holbrook et al. 

1997; Sagarin et al. 1999; Smith et al. 1999; Beaugrand et al. 2002; Rivadeneira and 

Fernàndez 2005), but it unclear whether it was due to pre- or post-settlement processes. 

 

Synergistic effects of temperature and pH are less understood. The studies undertaken so far, 

most of which are on echinoids, show that fertilisation tends to be resilient to both 

contemporary stressors (Byrne et al. 2009, 2010a, b) and that temperature acts as major 

environmental drive in determining developmental pace in echinoderms in general (Byrne et 

a. 2009; Nguyen et al. 2012). The effects on other developmental stages, such as the first 

cleavage, hatching and gastrulation, tend to be species-specific and dependent on the stage 

considered (review Byrne 2011). Most studies, nevertheless, promote the primary role of 

temperature in determining developmental rate and success (Byrne et al. 2009; Nguyen et al. 

2012). 

 

While the focus of this research was to investigate the basic biology and the effect of global 

climate change on fertilisation, embryonic and larval development of Centrostephanus 

rodgersii in northern New Zealand, it is important to consider that the species is sympatric 

with the native echinoid Evechinus chloroticus. Fertilisation, embryonic and larval 

development of E. chloroticus were, therefore, also investigated under present day and near 

future climate change scenarios. E chloroticus is also sympatric, at the southern end of its 

range, with Pseudechinus huttoni, a species that can be locally abundant and whose biology 
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and ecology are poorly understood. The scope of the project was, therefore, expanded to 

include P. huttoni in order to provide the first overview of the response of New Zealand 

echinoid to global climate change stressors. The potential of C. rodgersii to further extend its 

range in New Zealand relative to other echinoid species was then assessed. 

 

To this end, a growth model of the New Zealand population of C. rodgersii was built and its 

gametogenic cycle determined (Table 41). Thermal tolerance of fertilisation and early life 

stages up to plutei was studied, to elucidate the role of temperature in determining the present-

day distribution of C. rodgersii in New Zealand and, partly, the distribution of E. chloroticus 

and P. huttoni. The effect of near-future warmer and more acidic seawater scenarios on 

fertilisation, cleavage, hatching, gastrulation and presence of abnormal embryos was then 

assessed to test the response of the early life stages of C. rodgersii, E. chloroticus and P. 

huttoni to near-future scenarios under global climate change. Changes to the morphometry of 

the pluteus larvae under acidified conditions were also studied and the effects on the larval 

ecology discussed (Table 42).  

 

To evaluate the potential for a future expansion of the distribution of C. rodgersii in New 

Zealand, information on the adaptability of this species to new environmental conditions was 

needed. To this end, the same fertilisation and larval experiments were run on an Australian 

population of C. rodgersii from Coffs Harbour (New South Wales), and the differences in the 

responses of the two populations assessed. 

 

7.1.1 First hypothesis – Population biology of Centrostephanus rodgersii in New Zealand 

 

The first hypothesis was that the newly established population of Centrostephanus rodgersii 

in New Zealand is viable in terms of growth and reproduction. 

 

  

 Growth, morphometrics and size structure 

Modelled growth of C. rodgersii in the New Zealand population was only slightly faster than 

for the Tasmanian populations. The divergence in growth appears after one year, at an age 

when fast growth and a shift in diet to macroalgae probably occur. It is possible, therefore, 

that the faster growth in New Zealand is related to higher food availability in this 

environment. Further investigations on adult morphometrics (i.e. lantern indices) showed no 

differences between New Zealand and Tasmania, therefore the hypothesis of a different food 
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regime being one of the causes for the different growth rate is only partially supported. The 

size and age structures of the population also suggest that regular recruitment is occurring. 

Whether this recruitment depends on larvae locally produced or carried by the eastern branch 

of the Eastern Australian Current is still uncertain. Since growth rate of C. rodgersii at the 

Mokohinau Islands is higher compared to Evechinus chloroticus, the newly arrived species 

could be favoured in terms of competition and avoidance of predation. 

  

 Reproduction 

This study also showed that Centrostephanus rodgersii at the Mokohinau Islands can grow 

gonads and produce gametes that are released in the water column beween late July and 

September, similarly to the Australian population near Sydney. The larvae here produced are 

viable up to the pluteus stage, but information is still missing on recruitment processes in 

New Zealand. 

 

7.1.2 Second hypothesis – Present day geographical distribution 

 

The second hypothesis was that present day distributions of C. rodgersii, E. chloroticus and 

P. huttoni can be influenced by their larval biology, and especially by the thermal tolerance of 

fertilisation and early life stages. 
 

 Thermal tolerance of fertilisation, embryos and larvae 

Fertilisation was found to be very resilient to temperature changes in all species considered, 

and a significant reduction was only present in both populations of C. rodgersii at the highest 

temperature treatment (28.8°C for the sea urchins from the Mokohinau Islands and 31.5°C for 

the sea urchins from Coffs Harbour). The developmental rates of later embryonic stages and 

larvae were showed to be highly dependent on temperature. The optimal thermal range was 

similar from cleavage to pluteus for all the species (12.5°C-18.2°C, 12.5°C-17.1°C, and 

17.2°C-23.5°C and 17.3°C-24.5°C for E. chloroticus, P. huttoni and C. rodgersii at the 

Mokohinau Islands and Coffs Harbour respectively). 

 

 Thermal tolerance and geographical distribution 

Present day distributions (both confirmed by scientific literature and based on field 

observations and anectodal evidence) of C. rodgersii in New Zealand coincides with the 15°C 

isotherm during winter spawning months. This temperature was found to be the lowest at 

which pluteus larvae were able to develop 72 hours after fertilisation, thus suggesting that 
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larval thermal tolerance could be one of the key factors in determining the distribution of C. 

rodgersii in New Zealand. Furthermore, the population present in this region shows a thermal 

tolerance shifted towards temperatures ≈ 1°C colder than the populations from Coffs Harbour, 

exhibiting signs of early adaptation to a cooler environment.  

 

The present research also suggests that the 2-4°C temperature increase predicted by 2100 

(IPCC 2007) could be beneficial to the New Zealand populations of C. rodgersii by causing a 

shift southward of the 15°C isotherm. This would include new coastal regions within the 

optimal thermal range of the local population of C. rodgersii, thus favouring the expansion of 

its geographical range, similarly to what happened to the Tasmanian population during the 

southward shift of the winter 12°C isotherm (Ling et al. 2008, 2009b). Apart from 

temperature, other factors should be considered, as they can substantially alter the 

connectivity of coastal sites. Among these, information on recruitment and post-recruitment 

processes is, for example, essential to highlight potential bottlenecks. Understanding the 

effect of food concentration on larval survival is also necessary to assess the potential of 

larvae not to starve during when transported through currents from one site to the other across 

off shore regions. This applies to the larvae in the plankton, as well, as they are often food 

limited (Strathmann et al. 1992; Fenaux 1994). A better knowledge of the oceanographic 

features and currents present in northern New Zealand, the periodicity at which eddies form 

and their potential to cause larval retentions would also enable us to confirm what regions are 

more likely to be colonized by individuals of C. rodgersii in the near future.  

 

7.1.3 Third hypothesis – Effect of global climate change on geographical distribution 

 

My third hypothesis was that global climate change, and the predicted increase of seawater 

temperatures and decrease of pH, will have an effect on fertilisation and larval biology of C. 

rodgersii, E. chloroticus and P. huttoni. In addition, if these responses are specie-specific, 

climate change will potentially affect the geographical distribution of these species, by 

influencing their developmental processes. 
 

 Synergistic effects of temperature and pH on fertilisation and larval biology 

For cleavage, hatching and gastrulation temperature was shown to have a greater effect than 

pH, altering biological processes in a stronger way than pH. Lowered pH levels forecast for 

2100 and 2300 caused at times significant reductions in the percentage of cleavage, hatching 

and gastrulation, but such effects were always smaller than the effect of temperature in 
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determining the rate at which those biological processes occurred. This research also shows 

that a 3°C temperature increase could be beneficial to C. rodgersii at the Mokohinau Islands, 

with a positive effect in increasing the percentage of cleavage, hatching and gastrulation at a 

given time after fertilisation. This could override the reduction caused by lowered pH levels 

predicted for the same time frame (2100). A similar effect of temperature, but in an opposite 

direction, was described for Heliocidaris erythrogramma, where the percentage of 

fertilisation, cleavage and gastrulation significantly decreased with increasing temperatures, 

while the effect of lowered pH was minor (Byrne et al. 2009). Nguyen et al. (2012) reported 

similar findings for the sea star Meridiaster calcar, where a reduced percentage of hatching 

was measured with increasing temperature, while the effect of pH was comparatively much 

smaller. 

 
No strong evidence for an interaction of temperature and pH (within limits predicted for 

2300) was found in the case of fertilisation or any of the other early life stages, apart from 

cleavage for E. chloroticus and hatching for C. rodgersii at Coffs Harbour. Fertilisation was 

affected by pH conditions predicted for 2100 (0.4 pH units reduction). The reduction in the 

percentage of fertilised eggs was, nevertheless, very small (<10% than control). More severe 

pH conditions similar to those forecast for 2300 (0.5-0.7 pH units reduction) did not cause 

any further significant reduction in E. chloroticus and C. rodgersii at the Mokohinau Islands, 

while P. huttoni and C. rodgersii at Coffs Harbour showed a further reduced percentage of 

fertilisation. 

 

 Effects of pH on larval morphometry 

Lowered pH levels similar to those predicted by 2100 (IPCC 2007) had a differential effect on 

the larvae of C. rodgersii and E. chloroticus compared to P. huttoni. For both populations of 

C. rodgersii and E. chloroticus, the differences in shape of the larvae at lower pH mainly 

depended on their relatively shorter arms compared to the control, while the size of the larva, 

expressed as mid-bodyline length, was not strongly affected. E. chloroticus larvae also had 

increasingly more asymmetrical arm lengths, with lowered pH treatment. For P. huttoni, the 

overall morphology of the larvae was affected by lowered pH, causing a miniaturization of 

individuals, thus putting them at a higher risk of predation. An increased asymmetry of the 

postoral arms was also present, showing that P. huttoni larvae developed abnormally at 

lowered pH. 
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Table 41. Growth rate and spawning period of Centrostephanus rodgersii across a range of latitudes and New Zealand. 

§ Sites in Eastern Tasmania were pooled, as Ling et al. (2008) found no difference between the populations in term of 

the parameters here considered. 

Population of C. rodgersii Latitude Growth Breeding period 

Solitary Island (Byrne et al. 1998) 30° NA Jun-Jul 

Sydney (Byrne et al. 1998) 33° NA Jun-Sep/Oct 

Sydney (King et al. 1994) 34° NA Jul-Aug 

Ulladulla (Byrne et al. 1998) 35° NA Jun-Sep 

Mokohinau Islands (Present study) 36° Slightly faster  Jul-Sep 

Eden (Byrne et al. 1998) 37° NA Jun-Oct/Nov 

Eastern Tasmania (Ling et al. 2008) § 41°-43° Slightly slower Jul-Aug 

 

 

 



 
21

0 

 T
ab

le
 4

2.
 R

es
po

ns
es

 o
f C

en
tr

os
te

ph
an

us
 r

od
ge

rs
ii 

(M
ok

oh
in

au
 Is

la
nd

s a
nd

 C
of

fs
 H

ar
bo

ur
 p

op
ul

at
io

ns
), 

E
ve

ch
in

us
 c

hl
or

ot
ic

us
 a

nd
 P

se
ud

ec
hi

nu
s 

hu
tto

ni
 to

 d
ec

re
as

ed
 p

H
 a

nd
 in

cr
ea

se
d 

te
m

pe
ra

tu
re

. (
0)

=n
o 

ef
fe

ct
; (

–)
=b

io
lo

gi
ca

l p
ro

ce
ss

 o
r 

fe
at

ur
e 

is
 si

gn
ifi

ca
nt

ly
 d

ec
re

as
ed

; (
+)

=b
io

lo
gi

ca
l p

ro
ce

ss
 o

r 
fe

at
ur

e 
is

 si
gn

ifi
ca

nt
ly

 in
cr

ea
se

d.
  

C
. r

od
ge

rs
ii 

(N
Z

) 
C

. r
od

ge
rs

ii 
(C

of
fs

 
H

ar
bo

ur
) 

E
. c

hl
or

ot
ic

us
 

P.
 h

ut
to

ni
 

B
io

lo
gi

ca
l p

ro
ce

ss
 o

r 
fe

at
ur

e 
pH

 
T

 
pH

 
T

 
pH

 
T

 
pH

 
T

 

Fe
rti

lis
at

io
n 

 

– 
+ 

– 
0 

– 
0 

– 
0 

C
le

av
ag

e 

 

– 
++

 
– 

0 
– 

++
 

– 
0 

H
at

ch
in

g 

 

– 
++

 
– 

+ 
– 

++
 

– 
0 

G
as

tru
la

tio
n 

 

– 
0 

– 
– 

– 
0 

– 
0 

A
bn

or
m

al
 

 

+ 
0 

+ 
++

 
0 

+ 
– 

0 

Pl
ut

eu
s 

 

N
A

 
++

 
N

A
 

0 
N

A
 

0 
N

A
 

0 

Pl
ut

eu
s 

m
or

ph
om

et
ry

 
 

– 
N

A
 

– 
N

A
 

– 
N

A
 

– 
– 

N
A

 



 211 

 

7.2 Complexity of global climate change 

 
The results of this thesis support the findings of previous studies that responses of organisms 

to global climate change stressors, namely temperature and pH, are species-specific (Langer 

et al. 2006; Fabry et al. 2008; Ries et al. 2009; Kroeker et al. 2010; Byrne 2011). They agree 

with the idea that such responses are controlled by complex interactions between 

contemporary stressors, organism physiology and life stage (Pörtner 2008; Doney et al. 2009; 

Byrne 2011). They also provide further evidence for the primary role of temperature at many 

different levels: from determining the pace at which early development occurs to limiting 

species geographical distribution (Andronikov 1975; Byrne 2011). 

  

Considering this complexity, results are difficult to generalize and global predictions, when 

possible, are typically uncertain. Finding which species are more vulnerable to climate change 

stressors is, nevertheless, a necessary starting point for any future research aiming at 

determining global response patterns. The results of this thesis on C. rodgersii, E. chloroticus 

and P. huttoni provide the base line information for understanding the effect of increased 

temperature and lowered pH on fertilisation and early life stages of invertebrates in New 

Zealand and links these results with their present day and future distribution. Some aspects of 

their life cycle, such as recruitment processes and trans-life-cycle effects, were, nevertheless, 

left unexplored. Given their importance, further research in those areas is advisable. 

 

A recent paper by Dupont et al. (2012) found that, when adults Strongylocentrotus 

droebachiensis had been acclimatized to pH 7.7 for 4 months, female fecundity decreased 4.5 

times, significantly less larvae settled and five to nine times fewer offspring reached the 

juvenile stage compared to the control. However, when the adults had been acclimatized for 

16 months to pH 7.7, no differences in female fecundity and larval survival were observed. 

The authors also found that mortality after 3 months was significantly higher in juveniles 

reared from larvae kept at acidified conditions (95%) compared to those at the control pH 

treatment and those reared from larvae at control pH and subsequently placed at pH 7.7 (46% 

to 67% respectively). These results highlight the importance of including pre-conditioning of 

adults to the experimental conditions before running experiments on the effect of ocean 

acidification on sea urchin larvae and juveniles. 
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7.3 Centrostephanus rodgersii in New Zealand under global climate 

change: ecological considerations 
 

The persistence of a species in a certain part of its geographical range depends on its 

developmental success in that region, which, in turn, "requires that all ontogenetic stages are 

completed successfully" (Byrne 2011). It also depends on the ability of this species to tolerate 

or adapt to environmental changes (Peck 2005; Sultan 2007; Visser 2008) and, in the context 

of a world that is highly impacted by human activities, to face the challenges of the increased 

pace at which such changes are taking place (IPCC 2007; Hoegh-Guldberg and Bruno 2010). 

 

Geographical range shifts in marine invertebrates due to global climate change stressors have 

been documented in many species belonging to different taxa, including molluscs (Barry et al. 

1995), echinoderms (Barry et al. 1995) and crustaceans (Barry et al. 1995; Southward et al. 

1995; Beaugrand et al. 2002). A geographical range expansion has been documented, too, for 

the sea urchin Centrostephanus rodgersii from eastern Australia to Tasmania (Johnson et al. 

2005; Ling et al. 2008) and its presence in northern New Zealand from the late sixties (Coat 

and Schiel 1982; Barker pers. comm.) is possibly a consequence of a similar recent range 

shift.  

 

The present study shows that C. rodgersii, a subtropical species, in cooler northern New 

Zealand climate will be favoured by the 2-4°C temperature increase predicted by 2100 (IPCC 

2007). Higher temperatures are likely to bring the species, which at present is in suboptimal 

temperature conditions, closer to its optimal thermal window, thus allowing for shorter larval 

development and subsequent lower mortality in the plankton (Thorson 1959; Morgan 1995). 

This study also shows that a further geographical range expansion is possible as a 

consequence of the southward shift of the 15°C isotherm along the North Island (New 

Zealand) coast, as predicted by future sea temperature increase. Furthermore, C. rodgersii 

appears highly adaptable to different thermal regimes, as demonstrated by the wide latitudinal 

range (subtropical northern New South Wales to southern Tasmania) and by the shift in 

thermal tolerance present between the population at the Mokohinau Islands and Coffs 

Harbour. Such adaptability could further favour the range extension to other regions of New 

Zealand. 

 

The concurrent predicted 0.14–0.4 pH units reduction in seawater pH during the next century 

(IPCC 2007) will probably not significantly impair fertilisation and early development of 
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embryos and larvae of C. rodgersii, as shown by the fact that the effect of lowered pH 

predicted for 2100 was always relatively small. Such an effect is also likely to be overridden 

by a strong positive effect of the 3°C temperature rise in increasing the pace at which 

embryonic development occurs at the Mokohinau Islands. Evechinus chloroticus and 

Pseudechinus huttoni may not be favoured by an increase in temperature. E. chloroticus, 

existing sympatrically with C. rodgersii, could be subject to higher competition pressure, 

which could cause a reduction of its range extension in response to the expansion of the 

geographical range of C. rodgersii. The faster larval development of C. rodgersii could lead 

to a higher number of juveniles and, eventually, adults that could exploit spatial and trophic 

resources, competing with E. chloroticus in the adult phase. P. huttoni, in contrast, is at 

present not sympatric with C. rodgersii, and, thus, is not in direct competition with it.  

 

Studies on the competition between a newly established population of sea urchins and a local 

pre-existing population of another species of echinoid are not presently available. Previous 

research has examined the combined effect of two sympatric species of sea urchins on the 

local algal assemblages (Paine and Vadas 1969; Dean et al. 1984), and such effect was 

occasionally found to be an increase of the local diversity of seaweed species. A few studies 

have found that co-existing species of echinoids are usually able to share their environment as 

a consequence of a trophic niche differentiation (Tegner 2001; Cobb and Lawrence 2005; 

Vasquez 2006; Privitera et al. 2008), and one study showed that Paracentrotus lividus, a 

stronger grazer than the sympatric Arbacia lixula, if present at high densities, can cause a shift 

in the diet of the latter (Privitera et al. 2008). Both C. rodgersii and E. chloroticus are strong 

grazers (Andrew and Choat 1982; Fletcher 1987; Andrew and Underwood 1989, 1993; 

Andrew 1991, 1993; Villouta et al. 2001; Hill et al. 2003; Johnson et al. 2005; Ling et al. 

2009), but information on their feeding behaviour when competing with other sea urchins is 

not presently available. Such information is, nevertheless, necessary to understand the broader 

ecological implications that are at the base of a potential further expansion of geographical 

range by C. rodgersii. 

 
In the ≈50 years time frame during which C. rodgersii has arrived to Tasmania, it has 

expanded its range along the entire eastern coast (Johnson et al. 2005; Ling et al. 2008). Over 

the same time scale, only few sites over the New Zealand northeastern coast have been 

colonized and are typically off shore. Although information on the basic biology and ecology 

of this species across its New Zealand range is unknown, the lack of expansion of the range of 

C. rodgersii to the same extent as what has happened in Tasmania may be evidence for 
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differential responses of this species to the New Zealand and Tasmania environment. Such 

differences could be due to a number of factors, such as the local circulation that might have 

favoured larval retention. Furthermore, no barren grounds generated by C. rodgersii have 

been recorded in New Zealand, in contrast to Tasmania. This could suggest that the critical 

population density above which barren grounds are produced has not been reached, 

potentially due to competition with E. chloroticus or predation by the rock lobster Jasus 

edwardsii. The rock lobster has been shown to be a major predator of C. rodgersii in 

Tasmania, and the appearance of barren grounds has been linked to the increased density of 

C. rodgersii in consequence of the overfishing of J. edwardsii (Ling et al. 2009). Although 

yet to quantify, it is, therefore, possible that the population densities of the rock lobster in 

New Zealand are high enough to keep the population of C. rodgersii at densities lower than 

the critical threshold above which barren grounds are formed.  

 

 

7.4 Future directions  
 

The part of this study relative to the early life stages of Centrostephanus rodgersii, Evechinus 

chloroticus and Pseudechinus huttoni was based on laboratory experiments, which are useful 

in determining the responses of organisms to selected stressors, without the confounding 

effect of co-occurring variables that are present in the field. The synergistic effects of 

increased seawater temperature and reduced pH on fertilisation and early life stage up to 

gastrula were also investigated.  

 

In order to better simulate in situ conditions, further multifactorial experiments on other life-

history stages of C. rodgersii, E. chloroticus and P. huttoni are recommended. Furthermore, 

since the integrative and cumulative effects of stressors across ontogenetic stages are likely to 

influence experimental outcomes, these experiments should include acclimation of adults to 

the experimental conditions (gametes were acclimatised to each experimental treatment in the 

course of the experiments presented here). In order to better evaluate the potential for C. 

rodgersii to further expand its geographic range in New Zealand, basic information on its 

distribution, population structure and density is required. Manipulative experiments in the 

field are also needed to clarify feeding preferences of the adults and their effect on abundance 

of local seaweed and community composition. These would also help in quantifying the effect 

of competition and predation in controlling the population biology of C. rodgersii.  
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Information on local and regional oceanic circulation at a scale compatible with C. rodgersii 

larval transport should be included in predicting possible future range expansions of C. 

rodgersii in New Zealand. This detail is relevant, as the oceanic circulation around the 

northern part of the North Island is characterized by eddies (Nilsson and Cresswell 1981; 

Tilburg et al. 2001) which could favour larval retention, especially in a future warmer 

scenario in which larvae develop faster. Knowing the periodicity at which these eddies form 

and their extension towards the coast of mainland could assist in predicting the chances of 

propaguli of C. rodgersii to reach other suitable environments where new populations may 

establish. 
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Appendix 3. Results of the ANOVA on the Gonad Index, 

Gut Index and percentage of plutei at 72 hours after 

fertilisation of Centrostephanus rodgersii   

 

Gonad Index 

 
Table 1. Two-way ANOVA of the Gonad Index of Centrostephanus rodgersii with sex and month as fixed factors.  

Data were square root transformed for the analysis. Levene's test p=0.195 

Factor SS df F p value 
Sex 0.02 1 0.0013 0.9713 
Month 566.11 7 5.3387 <0.001 
Sex x Month 72.73 7 0.6859 0.6836 
Residuals 1166.43 77   

 
Tukey's HSD 
 
Table 2. Tukey's HSD post hoc comparison of the GI of Centrostephanus rodgersii at the Mokohinau Islands between 

each pair of months. 

 Estimate Std. Error t value Pr(>|t|) 
 January - April 1.72781 1.82464 0.947 0.9853 
 July - April  -1.59107 2.16536 -0.735 0.99725 
 June - April  7.696 2.08041 3.699 0.00972 
 March - April  2.36242 2.08041 1.136 0.95632 
 November - April  5.13127 2.27898 2.252 0.34333 
 September - April  -1.66623 2.16536 -0.769 0.99624 
 July - January  -3.31888 1.92094 -1.728 0.68675 
 June - January  5.96818 1.82464 3.271 0.03326 
 March - January  0.6346 1.82464 0.348 0.99999 
 November - January  3.40345 2.04816 1.662 0.72873 
 September - January  -3.39404 1.92094 -1.767 0.66079 
 June - July  9.28707 2.16536 4.289 0.00128 
 March - July  3.95349 2.16536 1.826 0.62169 
 November - July  6.72234 2.35678 2.852 0.09991 
 September - July  -0.07516 2.2471 -0.033 1 
 March - June  -5.33358 2.08041 -2.564 0.19082 
 November - June  -2.56473 2.27898 -1.125 0.95858 
 September - June  -9.36223 2.16536 -4.324 0.00115 
 November - March  2.76885 2.27898 1.215 0.93668 
 September - March  -4.02865 2.16536 -1.86 0.5975 
 September - Novembe -6.7975 2.35678 -2.884 0.09243 
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Gut Index 

 
Table 3. Two-way ANOVA of the Gut Index of Centrostephanus rodgersii with sex and month as fixed factors. Data 

were square root transformed for the analysis. Levene's test p=0.243 

Factor SS df F p value 
Sex 0.00 1 0.0001 0.9941 
Month 570.66 7 16.2939 <0.001 
Sex x Month 37.39 7 1.0677 0.3923 
Residuals 385.25 77   

 
Tukey's HSD 
 
Table 4. Tukey's HSD post hoc comparison of the Gut Index of Centrostephanus rodgersii at the Mokohinau Islands 

between each pair of months. 

 Estimate Std. Error t value Pr(>|t|) 
 January - April  7.8624 1.0486 7.498 < 0.001 
 July - April  7.9871 1.2444 6.418 < 0.001 
 June - April  4.9603 1.1956 4.149 0.00203 
 March - April  5.0871 1.1956 4.255 0.00139 
 November - April  3.1015 1.3097 2.368 0.26882 
 September - April  7.3577 1.2444 5.912 < 0.001 
 July - January  0.1247 1.104 0.113 1 
 June - January  -2.9022 1.0486 -2.768 0.117 
 March - January  -2.7753 1.0486 -2.647 0.15343 
 November - January  -4.7609 1.1771 -4.045 0.00297 
 September - January  -0.5047 1.104 -0.457 0.99979 
 June - July  -3.0268 1.2444 -2.432 0.23824 
 March - July  -2.9 1.2444 -2.33 0.28739 
 November - July  -4.8856 1.3545 -3.607 0.01205 
 September - July  -0.6294 1.2914 -0.487 0.99968 
 March - June  0.1268 1.1956 0.106 1 
 November - June  -1.8588 1.3097 -1.419 0.84356 
 September - June  2.3975 1.2444 1.927 0.53377 
 November - March  -1.9856 1.3097 -1.516 0.79392 
 September - March  2.2706 1.2444 1.825 0.6019 
 September - November  4.2562 1.3545 3.142 0.04563 
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Percentage of Plutei 72 hours after fertilisation 

 
Table 5. One-way ANOVA of the percentage of plutei at 72 hours after fertilization with temperature as factor. Data 

were square root transformed for the analysis. Levene's test p=0.221 

Factor SS df F  p value 
Temperature 91942 11 380.89 <0.001 
Residuals 790 36   

 
Tukey's HSD 
 
Table 6. Tukey's HSD post hoc comparison of the percentage of plutei of Centrostephanus rodgersii from the 

Mokohinau Islands 72 hours after fertilisation between each pair of temperature treatments. 

 Estimate Std. Error t value Pr(>|t|) 
13.1 - 12   1.06E-13 3.31E+00 3.19E-14 1 
14.2 - 12   1.15E-13 3.31E+00 3.46E-14 1 
16 - 12 4.40E+01 3.31E+00 13.283 <0.001 
17.3 - 12   9.45E+01 3.31E+00 28.529 <0.001 
18.7 - 12   9.15E+01 3.31E+00 27.623 <0.001 
20.1 - 12   9.40E+01 3.31E+00 28.378 <0.001 
22.1 - 12   9.60E+01 3.31E+00 28.982 <0.001 
23.5 - 12   9.10E+01 3.31E+00 27.472 <0.001 
25 - 12 1.10E+01 3.31E+00 3.321 0.0738 
26.4 - 12   6.15E-14 3.31E+00 1.86E-14 1 
28.8 - 12   6.15E-14 3.31E+00 1.86E-14 1 
14.2 - 13.1    9.08E-12 3.31E+00 2.74E-15 1 
16 - 13.1   4.40E+01 3.31E+00 13.283 <0.001 
17.3 - 13.1    9.45E+04 3.31E+00 28.529 <0.001 
18.7 - 13.1    9.15E+04 3.31E+00 27.623 <0.001 
20.1 - 13.1    9.40E+04 3.31E+00 28.378 <0.001 
22.1 - 13.1    9.60E+04 3.31E+00 28.982 <0.001 
23.5 - 13.1    9.10E+04 3.31E+00 27.472 <0.001 
25 - 13.1   1.10E+01 3.31E+00 3.321 0.0748 
26.4 - 13.1    4.40E-11 3.31E+00 -1.3E-14 1 
28.8 - 13.1    4.40E-11 3.31E+00 -1.3E-14 1 
16 - 14.2   4.40E+01 3.31E+00 13.283 <0.001 
17.3 - 14.2    9.45E+04 3.31E+00 28.529 <0.001 
18.7 - 14.2    9.15E+04 3.31E+00 27.623 <0.001 
20.1 - 14.2    9.40E+04 3.31E+00 28.378 <0.001 
22.1 - 14.2    9.60E+04 3.31E+00 28.982 <0.001 
23.5 - 14.2    9.10E+04 3.31E+00 27.472 <0.001 
25 - 14.2   1.10E+01 3.31E+00 3.321 0.0743 
26.4 - 14.2    -5.31E-11 3.31E+00 -1.6E-14 1 
28.8 - 14.2    -5.31E-11 3.31E+00 -1.6E-14 1 
17.3 - 16   5.05E+01 3.31E+00 15.246 <0.001 
18.7 - 16   4.75E+01 3.31E+00 14.34 <0.001 
20.1 - 16   5.00E+01 3.31E+00 15.095 <0.001 



 vi 

22.1 - 16   5.20E+01 3.31E+00 15.698 <0.001 
23.5 - 16   4.70E+01 3.31E+00 14.189 <0.001 
25 - 16   -3.3E+01 3.31E+00 -9.962 <0.001 
26.4 - 16   -4.4E+01 3.31E+00 -13.283 <0.001 
28.8 - 16   -4.4E+01 3.31E+00 -13.283 <0.001 
18.7 - 17.3    -3.0E+03 3.31E+00 -0.906 0.9986 
20.1 - 17.3    -5.0E+02 3.31E+00 -0.151 1 
22.1 - 17.3    1.50E+03 3.31E+00 0.453 1 
23.5 - 17.3    -3.5E+03 3.31E+00 -1.057 0.9948 
25 - 17.3   -8.3E+01 3.31E+00 -25.208 <0.001 
26.4 - 17.3    -9.45E+04 3.31E+00 -28.529 <0.001 
28.8 - 17.3    -9.4E+04 3.31E+00 -28.529 <0.001 
20.1 - 18.7    2.50E+03 3.31E+00 0.755 0.9997 
22.1 - 18.7    4.50E+03 3.31E+00 1.359 0.9641 
23.5 - 18.7    -5.00E+02 3.31E+00 -0.151 1 
25 - 18.7   -8.05E+01 3.31E+00 -24.302 <0.001 
26.4 - 18.7    -9.15E+04 3.31E+00 -27.623 <0.001 
28.8 - 18.7    -9.15E+04 3.31E+00 -27.623 <0.001 
22.1 - 20.1    2.00E+03 3.31E+00 0.604 1 
23.5 - 20.1    -3.00E+03 3.31E+00 -0.906 0.9986 
25 - 20.1   -8.30E+01 3.31E+00 -25.057 <0.001 
26.4 - 20.1    -9.40E+04 3.31E+00 -28.378 <0.001 
28.8 - 20.1    -9.40E+04 3.31E+00 -28.378 <0.001 
23.5 - 22.1    -5.00E+03 3.31E+00 -1.509 0.9279 
25 - 22.1   -8.50E+01 3.31E+00 -25.661 <0.001 
26.4 - 22.1    -9.60E+04 3.31E+00 -28.982 <0.001 
28.8 - 22.1    -9.60E+04 3.31E+00 -28.982 <0.001 
25 - 23.5   -8.00E+01 3.31E+00 -24.151 <0.001 
26.4 - 23.5    -9.10E+04 3.31E+00 -27.472 <0.001 
28.8 - 23.5    -9.10E+04 3.31E+00 -27.472 <0.001 
26.4 - 25   -1.10E+01 3.31E+00 -3.321 0.0752 
28.8 - 25   -1.10E+01 3.31E+00 -3.321 0.0747 
28.8 - 26.4    9.82E-15 3.31E+00 2.97E-18 1 
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Appendix 4. Results of the ANOVA on the effect of 

temperature on fertilisation and other developmental 

stages of Evechinus chloroticus, Pseudechinus huttoni and 

Centrostephanus rodgersii (at the Mokohinau Islands and 

Coffs Harbour) 

 
Note: data were arcsine-square root transformed, normality was checked (quantile-quantile 

plots) and homogeneity of variance (Levene’s test) confirmed. 
 
Fertilisation 

 

Species Source SS df F p 
E. chloroticus A Treatment 5132.1 11 12.2 <0.001 
 Residuals 1376.8 36   
E. chloroticus B Treatment 893 11 242.4 <0.001 
 Residuals 672 36   
P. huttoni A Treatment 1912.9 11 3.7022 <0.01 
 Residuals 1691 36   
P. huttoni B Treatment 420.67 11 3.7209 <0.01 
 Residuals 370 36   
C. rodgersii - Mokohinau Is. A Treatment 2308.2 11 8.7943 <0.001 
 Residuals 859 36   
C. rodgersii - Mokohinau Is. B Treatment 11716 11 19.474 <0.001 
 Residuals 1969 36   
C. rodgersii - Coffs Harbour A Treatment 18358 11 50.318 <0.001 
 Residuals 1194 36   
C. rodgersii - Coffs Harbour B Treatment 15264 11 59.188 <0.001 
 Residuals 844 36   
 
Tukey's HSD 

 

 E. chloroticus - % fertilisation (0.5 hours)  

 Estimate Std. Error t value p 
9.7 - 7.9   2.23E+01 4.37 5.088 <0.01 
11.2 - 7.9   2.65E+01 4.37 6.06 <0.01 
12.5 - 7.9   2.20E+01 4.37 5.031 <0.01 
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13.8 - 7.9   2.90E+01 4.37 6.632 <0.01 
15.1 - 7.9   3.10E+01 4.37 7.089 <0.01 
16.1 - 7.9   3.90E+01 4.37 8.919 <0.01 
17.1 - 7.9   3.70E+01 4.37 8.461 <0.01 
18.2 - 7.9   3.60E+01 4.37 8.233 <0.01 
19.2 - 7.9   3.10E+01 4.37 7.089 <0.01 
20 - 7.9   3.65E+01 4.37 8.347 <0.01 
21 - 7.9   3.70E+01 4.37 8.461 <0.01 
11.2 - 9.7   4.25 4.37 0.972 0.9975 
12.5 - 9.7   -2.50E-01 4.37 -0.057 1 
13.8 - 9.7   6.75 4.37 1.544 0.9176 
15.1 - 9.7   8.75 4.37 2.001 0.69 
16.1 - 9.7   1.68E+01 4.37 3.83 <0.05 
17.1 - 9.7   1.48E+01 4.37 3.373 0.0665 . 
18.2 - 9.7   1.38E+01 4.37 3.144 0.1112 
19.2 - 9.7   8.75 4.37 2.001 0.689 
20 - 9.7   1.43E+01 4.37 3.259 0.0858 . 
21 - 9.7   1.48E+01 4.37 3.373 0.0658 . 
12.5 - 11.2   -4.50 4.37 -1.029 0.9958 
13.8 - 11.2   2.50 4.37 0.572 1 
15.1 - 11.2   4.50 4.37 1.029 0.9958 
16.1 - 11.2   1.25E+01 4.37 2.859 0.1991 
17.1 - 11.2   1.05E+01 4.37 2.401 0.4313 
18.2 - 11.2   9.50 4.37 2.173 0.579 
19.2 - 11.2   4.50 4.37 1.029 0.9958 
20 - 11.2   1.00E+01 4.37 2.287 0.5029 
21 - 11.2   1.05E+01 4.37 2.401 0.4309 
13.8 - 12.5   7.00 4.37 1.601 0.8976 
15.1 - 12.5   9.00 4.37 2.058 0.653 
16.1 - 12.5   1.70E+01 4.37 3.888 0.0183 
17.1 - 12.5   1.50E+01 4.37 3.43 0.0580 
18.2 - 12.5   1.40E+01 4.37 3.202 0.0974 
19.2 - 12.5   9.00 4.37 2.058 0.6533 
20 - 12.5   1.45E+01 4.37 3.316 0.0752 
21 - 12.5   1.50E+01 4.37 3.43 0.0586  
15.1 - 13.8   2.00 4.37 0.457 1 
16.1 - 13.8   1.00E+01 4.37 2.287 0.5029 
17.1 - 13.8   8.00 4.37 1.829 0.7914 
18.2 - 13.8   7.00 4.37 1.601 0.8978 
19.2 - 13.8   2.00 4.37 0.457 1 
20 - 13.8   7.50 4.37 1.715 0.8502 
21 - 13.8   8.00 4.37 1.829 0.7917 
16.1 - 15.1   8.00 4.37 1.829 0.792 
17.1 - 15.1   6.00 4.37 1.372 0.9617 
18.2 - 15.1   5.00 4.37 1.143 0.9901 
19.2 - 15.1   -2.84E-14 4.37 -6.50E-15 1 
20 - 15.1   5.50 4.37 1.258 0.9795 
21 - 15.1   6.00 4.37 1.372 0.9616 
17.1 - 16.1   -2.00 4.37 -0.457 1 
18.2 - 16.1   -3.00 4.37 -0.686 0.9999 
19.2 - 16.1   -8.00 4.37 -1.829 0.7916 
20 - 16.1   -2.50 4.37 -0.572 1 
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21 - 16.1   -2.00 4.37 -0.457 1 
18.2 - 17.1   -1.00 4.37 -0.229 1 
19.2 - 17.1   -6.00 4.37 -1.372 0.9618 
20 - 17.1   -5.00E-01 4.37 -0.114 1 
21 - 17.1   1.42E-14 4.37 3.25E-15 1 
19.2 - 18.2   -5.00 4.37 -1.143 0.9901 
20 - 18.2   5.00E-01 4.37 0.114 1 
21 - 18.2   1.00 4.37 0.229 1 
20 - 19.2   5.50 4.37 1.258 0.9795 
21 - 19.2   6.00 4.37 1.372 0.9619 
21 - 20   5.00E-01 4.37 0.114 1 
 
E. chloroticus - % fertilisation (1.5 hours) 

 Estimate Std. Error t value p 
9.7 - 7.9   8.00 3.06 2.619 0.3071 
11.2 - 7.9   1.05E+01 3.06 3.437 0.0571 
12.5 - 7.9   1.25E+01 3.06 4.092 <0.05 
13.8 - 7.9   1.35E+01 3.06 4.419 <0.01 
15.1 - 7.9   1.50E+01 3.06 4.91 <0.01 
16.1 - 7.9   1.60E+01 3.06 5.237 <0.01 
17.1 - 7.9   1.55E+01 3.06 5.074 <0.01 
18.2 - 7.9   1.40E+01 3.06 4.583 <0.01 
19.2 - 7.9   1.30E+01 3.06 4.255 <0.01 
20 - 7.9   1.60E+01 3.06 5.237 <0.01 
21 - 7.9   1.30E+01 3.06 4.255 <0.01 
11.2 - 9.7   2.50 3.06 0.818 0.9995 
12.5 - 9.7   4.50 3.06 1.473 0.9386 
13.8 - 9.7   5.50 3.06 1.8 0.8073 
15.1 - 9.7   7.00 3.06 2.291 0.5011 
16.1 - 9.7   8.00 3.06 2.619 0.3068 
17.1 - 9.7   7.50 3.06 2.455 0.3988 
18.2 - 9.7   6.00 3.06 1.964 0.713 
19.2 - 9.7   5.00 3.06 1.637 0.8838 
20 - 9.7   8.00 3.06 2.619 0.3067 
21 - 9.7   5.00 3.06 1.637 0.884 
12.5 - 11.2   2.00 3.06 0.655 0.9999 
13.8 - 11.2   3.00 3.06 0.982 0.9972 
15.1 - 11.2   4.50 3.06 1.473 0.9386 
16.1 - 11.2   5.50 3.06 1.8 0.8074 
17.1 - 11.2   5.00 3.06 1.637 0.8837 
18.2 - 11.2   3.50 3.06 1.146 0.99 
19.2 - 11.2   2.50 3.06 0.818 0.9995 
20 - 11.2   5.50 3.06 1.8 0.8074 
21 - 11.2   2.50 3.06 0.818 0.9995 
13.8 - 12.5   1.00 3.06 0.327 1 
15.1 - 12.5   2.50 3.06 0.818 0.9995 
16.1 - 12.5   3.50 3.06 1.146 0.99 
17.1 - 12.5   3.00 3.06 0.982 0.9972 
18.2 - 12.5   1.50 3.06 0.491 1 
19.2 - 12.5   5.00E-01 3.06 0.164 1 
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20 - 12.5   3.50 3.06 1.146 0.99 
21 - 12.5   5.00E-01 3.06 0.164 1 
15.1 - 13.8   1.50 3.06 0.491 1 
16.1 - 13.8   2.50 3.06 0.818 0.9994 
17.1 - 13.8   2.00 3.06 0.655 0.9999 
18.2 - 13.8   5.00E-01 3.06 0.164 1 
19.2 - 13.8   -5.00E-01 3.06 -0.164 1 
20 - 13.8   2.50 3.06 0.818 0.9995 
21 - 13.8   -5.00E-01 3.06 -0.164 1 
16.1 - 15.1   1.00 3.06 0.327 1 
17.1 - 15.1   5.00E-01 3.06 0.164 1 
18.2 - 15.1   -1.00 3.06 -0.327 1 
19.2 - 15.1   -2.00 3.06 -0.655 0.9999 
20 - 15.1   1.00 3.06 0.327 1 
21 - 15.1   -2.00 3.06 -0.655 0.9999 
17.1 - 16.1   -5.00E-01 3.06 -0.164 1 
18.2 - 16.1   -2.00 3.06 -0.655 0.9999 
19.2 - 16.1   -3.00 3.06 -0.982 0.9972 
20 - 16.1   -1.95E-14 3.06 -6.40E-15 1 
21 - 16.1   -3.00 3.06 -0.982 0.9972 
18.2 - 17.1   -1.50 3.06 -0.491 1 
19.2 - 17.1   -2.50 3.06 -0.818 0.9995 
20 - 17.1   5.00E-01 3.06 0.164 1 
21 - 17.1   -2.50 3.06 -0.818 0.9994 
19.2 - 18.2   -1.00 3.06 -0.327 1 
20 - 18.2   2.00 3.06 0.655 0.9999 
21 - 18.2   -1.00 3.06 -0.327 1 
20 - 19.2   3.00 3.06 0.982 0.9972 
21 - 19.2   -1.78E-15 3.06 -5.81E-16 1 
21 - 20   -3.00 3.06 -0.982 0.9972 
 

P. huttoni - % of fertilisation (0.5 hours) 

 Estimate Std. Error t value p 
9.7 - 7.9   -3.73E-14 4.85 -7.70E-15 1 
11.2 - 7.9   5.00 4.85 1.032 0.9957 
12.5 - 7.9   8.50 4.85 1.754 0.8311 
13.8 - 7.9   9.00 4.85 1.857 0.7765 
15.1 - 7.9   1.45E+01 4.85 2.992 0.1521 
16.1 - 7.9   1.20E+01 4.85 2.476 0.3851 
17.1 - 7.9   8.00 4.85 1.651 0.8782 
18.2 - 7.9   8.00 4.85 1.651 0.8777 
19.2 - 7.9   -4.00 4.85 -0.825 0.9994 
20 - 7.9   5.00E-01 4.85 0.103 1 
21 - 7.9   -7.00 4.85 -1.444 0.9458 
11.2 - 9.7   5.00 4.85 1.032 0.9958 
12.5 - 9.7   8.50 4.85 1.754 0.8308 
13.8 - 9.7   9.00 4.85 1.857 0.7767 
15.1 - 9.7   1.45E+01 4.85 2.992 0.1529 
16.1 - 9.7   1.20E+01 4.85 2.476 0.3859 
17.1 - 9.7   8.00 4.85 1.651 0.878 
18.2 - 9.7   8.00 4.85 1.651 0.8781 



 xi 

19.2 - 9.7   -4.00 4.85 -0.825 0.9994 
20 - 9.7   5.00E-01 4.85 0.103 1 
21 - 9.7   -7.00 4.85 -1.444 0.9458 
12.5 - 11.2   3.50 4.85 0.722 0.9998 
13.8 - 11.2   4.00 4.85 0.825 0.9994 
15.1 - 11.2   9.50 4.85 1.96 0.7154 
16.1 - 11.2   7.00 4.85 1.444 0.946 
17.1 - 11.2   3.00 4.85 0.619 1 
18.2 - 11.2   3.00 4.85 0.619 1 
19.2 - 11.2   -9.00 4.85 -1.857 0.7765 
20 - 11.2   -4.50 4.85 -0.929 0.9983 
21 - 11.2   -1.20E+01 4.85 -2.476 0.3849 
13.8 - 12.5   5.00E-01 4.85 0.103 1 
15.1 - 12.5   6.00 4.85 1.238 0.9818 
16.1 - 12.5   3.50 4.85 0.722 0.9998 
17.1 - 12.5   -5.00E-01 4.85 -0.103 1 
18.2 - 12.5   -5.00E-01 4.85 -0.103 1 
19.2 - 12.5   -1.25E+01 4.85 -2.579 0.327 
20 - 12.5   -8.00 4.85 -1.651 0.8781 
21 - 12.5   -1.55E+01 4.85 -3.198 0.0981 
15.1 - 13.8   5.50 4.85 1.135 0.9907 
16.1 - 13.8   3.00 4.85 0.619 1 
17.1 - 13.8   -1.00 4.85 -0.206 1 
18.2 - 13.8   -1.00 4.85 -0.206 1 
19.2 - 13.8   -1.30E+01 4.85 -2.682 0.2746 
20 - 13.8   -8.50 4.85 -1.754 0.8312 
21 - 13.8   -1.60E+01 4.85 -3.302 0.0768 
16.1 - 15.1   -2.50 4.85 -0.516 1 
17.1 - 15.1   -6.50 4.85 -1.341 0.9675 
18.2 - 15.1   -6.50 4.85 -1.341 0.9673 
19.2 - 15.1   -1.85E+01 4.85 -3.817 <0.05 
20 - 15.1   -1.40E+01 4.85 -2.889 0.1881 
21 - 15.1   -2.15E+01 4.85 -4.436 <0.01 
17.1 - 16.1   -4.00 4.85 -0.825 0.9994 
18.2 - 16.1   -4.00 4.85 -0.825 0.9994 
19.2 - 16.1   -1.60E+01 4.85 -3.302 0.0776 
20 - 16.1   -1.15E+01 4.85 -2.373 0.4477 
21 - 16.1   -1.90E+01 4.85 -3.921 <0.05 
18.2 - 17.1   4.44E-15 4.85 9.16E-16 1 
19.2 - 17.1   -1.20E+01 4.85 -2.476 0.3855 
20 - 17.1   -7.50 4.85 -1.548 0.9164 
21 - 17.1   -1.50E+01 4.85 -3.095 0.123 
19.2 - 18.2   -1.20E+01 4.85 -2.476 0.3851 
20 - 18.2   -7.50 4.85 -1.548 0.9164 
21 - 18.2   -1.50E+01 4.85 -3.095 0.123 
20 - 19.2   4.50 4.85 0.929 0.9983 
21 - 19.2   -3.00 4.85 -0.619 1 
21 - 20   -7.50 4.85 -1.548 0.9163 
 

 

 



 xii 

P. huttoni - % fertilisation (1.5 hours) 

 Estimate Std. Error t value p 
9.7 - 7.9   -3.00 2.27 -1.323 0.9703 
11.2 - 7.9   -4.50 2.27 -1.985 0.7 
12.5 - 7.9   -1.00 2.27 -0.441 1 
13.8 - 7.9   -1.50 2.27 -0.662 0.9999 
15.1 - 7.9   1.00 2.27 0.441 1 
16.1 - 7.9   6.00 2.27 2.647 0.2932 
17.1 - 7.9   3.00 2.27 1.323 0.9702 
18.2 - 7.9   -1.50 2.27 -0.662 0.9999 
19.2 - 7.9   -5.00E-01 2.27 -0.221 1 
20 - 7.9   -3.50 2.27 -1.544 0.9176 
21 - 7.9   -4.50 2.27 -1.985 0.6997 
11.2 - 9.7   -1.50 2.27 -0.662 0.9999 
12.5 - 9.7   2.00 2.27 0.882 0.9989 
13.8 - 9.7   1.50 2.27 0.662 0.9999 
15.1 - 9.7   4.00 2.27 1.765 0.8258 
16.1 - 9.7   9.00 2.27 3.97 <0.05 
17.1 - 9.7   6.00 2.27 2.647 0.2931 
18.2 - 9.7   1.50 2.27 0.662 0.9999 
19.2 - 9.7   2.50 2.27 1.103 0.9926 
20 - 9.7   -5.00E-01 2.27 -0.221 1 
21 - 9.7   -1.50 2.27 -0.662 0.9999 
12.5 - 11.2   3.50 2.27 1.544 0.9176 
13.8 - 11.2   3.00 2.27 1.323 0.9703 
15.1 - 11.2   5.50 2.27 2.426 0.4152 
16.1 - 11.2   1.05E+01 2.27 4.632 <0.01 
17.1 - 11.2   7.50 2.27 3.308 0.0767 
18.2 - 11.2   3.00 2.27 1.323 0.9704 
19.2 - 11.2   4.00 2.27 1.765 0.8261 
20 - 11.2   1.00 2.27 0.441 1 
21 - 11.2   -8.88E-16 2.27 -3.92E-16 1 
13.8 - 12.5   -5.00E-01 2.27 -0.221 1 
15.1 - 12.5   2.00 2.27 0.882 0.9989 
16.1 - 12.5   7.00 2.27 3.088 0.1257 
17.1 - 12.5   4.00 2.27 1.765 0.8257 
18.2 - 12.5   -5.00E-01 2.27 -0.221 1 
19.2 - 12.5   5.00E-01 2.27 0.221 1 
20 - 12.5   -2.50 2.27 -1.103 0.9926 
21 - 12.5   -3.50 2.27 -1.544 0.9176 
15.1 - 13.8   2.50 2.27 1.103 0.9926 
16.1 - 13.8   7.50 2.27 3.308 0.0768 
17.1 - 13.8   4.50 2.27 1.985 0.7001 
18.2 - 13.8   -1.55E-15 2.27 -6.86E-16 1 
19.2 - 13.8   1.00 2.27 0.441 1 
20 - 13.8   -2.00 2.27 -0.882 0.9989 
21 - 13.8   -3.00 2.27 -1.323 0.9704 
16.1 - 15.1   5.00 2.27 2.206 0.556 
17.1 - 15.1   2.00 2.27 0.882 0.9989 
18.2 - 15.1   -2.50 2.27 -1.103 0.9926 
19.2 - 15.1   -1.50 2.27 -0.662 0.9999 

20 - 15.1   -4.50 2.27 -1.985 0.6999 
21 - 15.1   -5.50 2.27 -2.426 0.4151 
17.1 - 16.1   -3.00 2.27 -1.323 0.9701 
18.2 - 16.1   -7.50 2.27 -3.308 0.0767 
19.2 - 16.1   -6.50 2.27 -2.867 0.1959 
20 - 16.1   -9.50 2.27 -4.191 <0.01 



 xiii 

 

 

 

 

 

 

 

 

 

C. rodgersii (Mokohinau Islands) - % fertilisation (0.5 hours) 

21 - 16.1   -1.05E+01 2.27 -4.632 <0.01 
18.2 - 17.1   -4.50 2.27 -1.985 0.7 
19.2 - 17.1   -3.50 2.27 -1.544 0.9172 
20 - 17.1   -6.50 2.27 -2.867 0.1958 
21 - 17.1   -7.50 2.27 -3.308 0.0763 
19.2 - 18.2   1.00 2.27 0.441 1 
20 - 18.2   -2.00 2.27 -0.882 0.9989 
21 - 18.2   -3.00 2.27 -1.323 0.9702 
20 - 19.2   -3.00 2.27 -1.323 0.9702 
21 - 19.2   -4.00 2.27 -1.765 0.8258 
21 - 20   -1.00 2.27 -0.441 1 

 Estimate Std. Error t value p 
13.1 - 12   1.00 3.45 0.29 1 
14.2 - 12   -5.00E-01 3.45 -0.145 1 
16-12 -1.50 3.45 -0.434 1 
17.3 - 12   -1.50 3.45 -0.434 1 
18.7 - 12   -2.50 3.45 -0.724 1 
20.1 - 12   -1.00 3.45 -0.29 1 
22.1 - 12   -5.00E-01 3.45 -0.145 1 
23.5 - 12   -3.00 3.45 -0.869 0.999 
25-12 -5.00E-01 3.45 -0.145 1 
26.4 - 12   3.50 3.45 1.013 0.996 
28.8 - 12   -2.50E+01 3.45 -7.238 <0.001 
14.2 - 13.1   -1.50 3.45 -0.434 1 
16 - 13.1   -2.50 3.45 -0.724 1 
17.3 - 13.1   -2.50 3.45 -0.724 1 
18.7 - 13.1   -3.50 3.45 -1.013 0.996 
20.1 - 13.1   -2.00 3.45 -0.579 1 
22.1 - 13.1   -1.50 3.45 -0.434 1 
23.5 - 13.1   -4.00 3.45 -1.158 0.989 
25 - 13.1   -1.50 3.45 -0.434 1 
26.4 - 13.1   2.50 3.45 0.724 1 
28.8 - 13.1   -2.60E+01 3.45 -7.527 <0.001 
16 - 14.2   -1.00 3.45 -0.29 1 
17.3 - 14.2   -1.00 3.45 -0.29 1 
18.7 - 14.2   -2.00 3.45 -0.579 1 
20.1 - 14.2   -5.00E-01 3.45 -0.145 1 
22.1 - 14.2   1.55E-15 3.45 4.50E-16 1 
23.5 - 14.2   -2.50 3.45 -0.724 1 
25 - 14.2   4.89E-15 3.45 1.41E-15 1 
26.4 - 14.2   4.00 3.45 1.158 0.989 
28.8 - 14.2   -2.45E+01 3.45 -7.093 <0.001 
17.3 - 16   -2.67E-15 3.45 -7.71E-16 1 
18.7 - 16   -1.00 3.45 -0.29 1 
20.1 - 16   5.00E-01 3.45 0.145 1 
22.1 - 16   1.00 3.45 0.29 1 
23.5 - 16   -1.50 3.45 -0.434 1 
25 - 16   1.00 3.45 0.29 1 
26.4 - 16   5.00 3.45 1.448 0.945 
28.8 - 16   -2.35E+01 3.45 -6.804 <0.001 
18.7 - 17.3   -1.00 3.45 -0.29 1 
20.1 - 17.3   5.00E-01 3.45 0.145 1 
22.1 - 17.3   1.00 3.45 0.29 1 
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C. rodgersii (Mokohinau Islands) - % fertilisation (2 hours) 

 Estimate Std. Error t value p 
13.1 - 12   5.00 5.23 0.956 0.998 
14.2 - 12   8.50 5.23 1.625 0.888 
16-12 3.50 5.23 0.669 1 
17.3 - 12   7.50 5.23 1.434 0.948 
18.7 - 12   8.50 5.23 1.625 0.888 
20.1 - 12   7.00 5.23 1.339 0.968 
22.1 - 12   4.50 5.23 0.861 0.999 
23.5 - 12   7.00 5.23 1.339 0.968 
25-12 1.50 5.23 0.287 1 
26.4 - 12   5.00 5.23 0.956 0.998 
28.8 - 12   -5.05E+01 5.23 -9.657 <0.001 
14.2 - 13.1   3.50 5.23 0.669 1 
16 - 13.1   -1.50 5.23 -0.287 1 
17.3 - 13.1   2.50 5.23 0.478 1 
18.7 - 13.1   3.50 5.23 0.669 1 
20.1 - 13.1   2.00 5.23 0.382 1 
22.1 - 13.1   -5.00E-01 5.23 -0.096 1 
23.5 - 13.1   2.00 5.23 0.382 1 
25 - 13.1   -3.50 5.23 -0.669 1 
26.4 - 13.1   -5.33E-15 5.23 -1.02E-15 1 
28.8 - 13.1   -5.55E+01 5.23 -10.613 <0.001 
16 - 14.2   -5.00 5.23 -0.956 0.998 

23.5 - 17.3   -1.50 3.45 -0.434 1 
25 - 17.3   1.00 3.45 0.29 1 
26.4 - 17.3   5.00 3.45 1.448 0.945 
28.8 - 17.3   -2.35E+01 3.45 -6.804 <0.001 
20.1 - 18.7   1.50 3.45 0.434 1 
22.1 - 18.7   2.00 3.45 0.579 1 
23.5 - 18.7   -5.00E-01 3.45 -0.145 1 
25 - 18.7   2.00 3.45 0.579 1 
26.4 - 18.7   6.00 3.45 1.737 0.839 
28.8 - 18.7   -2.25E+01 3.45 -6.514 <0.001 
22.1 - 20.1   5.00E-01 3.45 0.145 1 
23.5 - 20.1   -2.00 3.45 -0.579 1 
25 - 20.1   5.00E-01 3.45 0.145 1 
26.4 - 20.1   4.50 3.45 1.303 0.973 
28.8 - 20.1   -2.40E+01 3.45 -6.948 <0.001 
23.5 - 22.1   -2.50 3.45 -0.724 1 
25 - 22.1   3.33E-15 3.45 9.64E-16 1 
26.4 - 22.1   4.00 3.45 1.158 0.989 
28.8 - 22.1   -2.45E+01 3.45 -7.093 <0.001 
25 - 23.5   2.50 3.45 0.724 1 
26.4 - 23.5   6.50 3.45 1.882 0.762 
28.8 - 23.5   -2.20E+01 3.45 -6.369 <0.001 
26.4 - 25   4.00 3.45 1.158 0.989 
28.8 - 25   -2.45E+01 3.45 -7.093 <0.001 
28.8 - 26.4   -2.85E+01 3.45 -8.251 <0.001 



 xv 

17.3 - 14.2   -1.00 5.23 -0.191 1 
18.7 - 14.2   1.07E-14 5.23 2.04E-15 1 
20.1 - 14.2   -1.50 5.23 -0.287 1 
22.1 - 14.2   -4.00 5.23 -0.765 1 
23.5 - 14.2   -1.50 5.23 -0.287 1 
25 - 14.2   -7.00 5.23 -1.339 0.968 
26.4 - 14.2   -3.50 5.23 -0.669 1 
28.8 - 14.2   -5.90E+01 5.23 -11.282 <0.001 
17.3 - 16   4.00 5.23 0.765 1 
18.7 - 16   5.00 5.23 0.956 0.998 
20.1 - 16   3.50 5.23 0.669 1 
22.1 - 16   1.00 5.23 0.191 1 
23.5 - 16   3.50 5.23 0.669 1 
25 - 16   -2.00 5.23 -0.382 1 
26.4 - 16   1.50 5.23 0.287 1 
28.8 - 16   -5.40E+01 5.23 -10.326 <0.001 
18.7 - 17.3   1.00 5.23 0.191 1 
20.1 - 17.3   -5.00E-01 5.23 -0.096 1 
22.1 - 17.3   -3.00 5.23 -0.574 1 
23.5 - 17.3   -5.00E-01 5.23 -0.096 1 
25 - 17.3   -6.00 5.23 -1.147 0.99 
26.4 - 17.3   -2.50 5.23 -0.478 1 
28.8 - 17.3   -5.80E+01 5.23 -11.091 <0.001 
20.1 - 18.7   -1.50 5.23 -0.287 1 
22.1 - 18.7   -4.00 5.23 -0.765 1 
23.5 - 18.7   -1.50 5.23 -0.287 1 
25 - 18.7   -7.00 5.23 -1.339 0.968 
26.4 - 18.7   -3.50 5.23 -0.669 1 
28.8 - 18.7   -5.90E+01 5.23 -11.282 <0.001 
22.1 - 20.1   -2.50 5.23 -0.478 1 
23.5 - 20.1   -5.33E-15 5.23 -1.02E-15 1 
25 - 20.1   -5.50 5.23 -1.052 0.995 
26.4 - 20.1   -2.00 5.23 -0.382 1 
28.8 - 20.1   -5.75E+01 5.23 -10.995 <0.001 
23.5 - 22.1   2.50 5.23 0.478 1 
25 - 22.1   -3.00 5.23 -0.574 1 
26.4 - 22.1   5.00E-01 5.23 0.096 1 
28.8 - 22.1   -5.50E+01 5.23 -10.517 <0.001 
25 - 23.5   -5.50 5.23 -1.052 0.995 
26.4 - 23.5   -2.00 5.23 -0.382 1 
28.8 - 23.5   -5.75E+01 5.23 -10.995 <0.001 
26.4 - 25   3.50 5.23 0.669 1 
28.8 - 25   -5.20E+01 5.23 -9.944 <0.001 
28.8 - 26.4   -5.55E+01 5.23 -10.613 <0.001 
 

C. rodgersii (Coffs Harbour) - % fertilisation (0.5 hours) 

 Estimate Std. Error t value p 
13.9 - 12.8   -2.00 4.07 -0.491 1 
15.6 - 12.8   -4.50 4.07 -1.105 0.9925 
17.3 - 12.8   -6.00 4.07 -1.473 0.9384 



 xvi 

19.1 - 12.8   -7.50 4.07 -1.842 0.7848 
20.9 - 12.8   -6.00 4.07 -1.473 0.9382 
22.4 - 12.8   1.00 4.07 0.246 1 
24.5 - 12.8   -1.50 4.07 -0.368 1 
26.1 - 12.8   -9.50 4.07 -2.333 0.4735 
27.7 - 12.8   -1.50E+01 4.07 -3.683 <0.05 
29.5 - 12.8   -1.15E+01 4.07 -2.824 0.2133 
31.5 - 12.8   -7.45E+01 4.07 -18.294 <0.01 
15.6 - 13.9   -2.50 4.07 -0.614 1 
17.3 - 13.9   -4.00 4.07 -0.982 0.9972 
19.1 - 13.9   -5.50 4.07 -1.351 0.9656 
20.9 - 13.9   -4.00 4.07 -0.982 0.9972 
22.4 - 13.9   3.00 4.07 0.737 0.9998 
24.5 - 13.9   5.00E-01 4.07 0.123 1 
26.1 - 13.9   -7.50 4.07 -1.842 0.7847 
27.7 - 13.9   -1.30E+01 4.07 -3.192 0.1 
29.5 - 13.9   -9.50 4.07 -2.333 0.4729 
31.5 - 13.9   -7.25E+01 4.07 -17.803 <0.01 
17.3 - 15.6   -1.50 4.07 -0.368 1 
19.1 - 15.6   -3.00 4.07 -0.737 0.9998 
20.9 - 15.6   -1.50 4.07 -0.368 1 
22.4 - 15.6   5.50 4.07 1.351 0.9656 
24.5 - 15.6   3.00 4.07 0.737 0.9998 
26.1 - 15.6   -5.00 4.07 -1.228 0.9828 
27.7 - 15.6   -1.05E+01 4.07 -2.578 0.3277 
29.5 - 15.6   -7.00 4.07 -1.719 0.8478 
31.5 - 15.6   -7.00E+01 4.07 -17.189 <0.01 
19.1 - 17.3   -1.50 4.07 -0.368 1 
20.9 - 17.3   5.33E-15 4.07 1.31E-15 1 
22.4 - 17.3   7.00 4.07 1.719 0.848 
24.5 - 17.3   4.50 4.07 1.105 0.9925 
26.1 - 17.3   -3.50 4.07 -0.859 0.9991 
27.7 - 17.3   -9.00 4.07 -2.21 0.5531 
29.5 - 17.3   -5.50 4.07 -1.351 0.9657 
31.5 - 17.3   -6.85E+01 4.07 -16.821 <0.01 
20.9 - 19.1   1.50 4.07 0.368 1 
22.4 - 19.1   8.50 4.07 2.087 0.6346 
24.5 - 19.1   6.00 4.07 1.473 0.9384 
26.1 - 19.1   -2.00 4.07 -0.491 1 
27.7 - 19.1   -7.50 4.07 -1.842 0.7851 
29.5 - 19.1   -4.00 4.07 -0.982 0.9972 
31.5 - 19.1   -6.70E+01 4.07 -16.453 <0.01 
22.4 - 20.9   7.00 4.07 1.719 0.848 
24.5 - 20.9   4.50 4.07 1.105 0.9925 
26.1 - 20.9   -3.50 4.07 -0.859 0.9991 
27.7 - 20.9   -9.00 4.07 -2.21 0.5531 
29.5 - 20.9   -5.50 4.07 -1.351 0.9657 
31.5 - 20.9   -6.85E+01 4.07 -16.821 <0.01 
24.5 - 22.4   -2.50 4.07 -0.614 1 
26.1 - 22.4   -1.05E+01 4.07 -2.578 0.328 
27.7 - 22.4   -1.60E+01 4.07 -3.929 <0.05 
29.5 - 22.4   -1.25E+01 4.07 -3.07 0.129 



 xvii 

31.5 - 22.4   -7.55E+01 4.07 -18.54 <0.01 
26.1 - 24.5   -8.00 4.07 -1.965 0.7125 
27.7 - 24.5   -1.35E+01 4.07 -3.315 0.0753 
29.5 - 24.5   -1.00E+01 4.07 -2.456 0.3977 
31.5 - 24.5   -7.30E+01 4.07 -17.926 <0.01 
27.7 - 26.1   -5.50 4.07 -1.351 0.9657 
29.5 - 26.1   -2.00 4.07 -0.491 1 
31.5 - 26.1   -6.50E+01 4.07 -15.962 <0.01 
29.5 - 27.7   3.50 4.07 0.859 0.9991 
31.5 - 27.7   -5.95E+01 4.07 -14.611 <0.01 
31.5 - 29.5   -6.30E+01 4.07 -15.471 <0.01 
 

C. rodgersii (Coffs Harbour) - % fertilisation (2 hours) 

 Estimate Std. Error t value p 
13.9 - 12.8   1.50 3.42 0.438 1 
15.6 - 12.8   7.00 3.42 2.045 0.662 
17.3 - 12.8   5.00 3.42 1.46 0.9418 
19.1 - 12.8   -1.50 3.42 -0.438 1 
20.9 - 12.8   -1.50 3.42 -0.438 1 
22.4 - 12.8   -5.56E-14 3.42 -1.62E-14 1 
24.5 - 12.8   -1.00 3.42 -0.292 1 
26.1 - 12.8   5.00E-01 3.42 0.146 1 
27.7 - 12.8   -8.00 3.42 -2.337 0.5714 
29.5 - 12.8   1.00 3.42 0.292 1 
31.5 - 12.8   -6.30E+01 3.42 -18.401 <0.01 
15.6 - 13.9   5.50 3.42 1.606 0.895 
17.3 - 13.9   3.50 3.42 1.022 0.9961 
19.1 - 13.9   -3.00 3.42 -0.876 0.999 
20.9 - 13.9   -3.00 3.42 -0.876 0.999 
22.4 - 13.9   -1.50 3.42 -0.438 1 
24.5 - 13.9   -2.50 3.42 -0.73 0.9998 
26.1 - 13.9   -1.00 3.42 -0.292 1 
27.7 - 13.9   -9.50 3.42 -2.775 0.2333 
29.5 - 13.9   -5.00E-01 3.42 -0.146 1 
31.5 - 13.9   -6.45E+01 3.42 -18.839 <0.01 
17.3 - 15.6   -2.00 3.42 -0.584 1 
19.1 - 15.6   -8.50 3.42 -2.483 0.3815 
20.9 - 15.6   -8.50 3.42 -2.483 0.3816 
22.4 - 15.6   -7.00 3.42 -2.045 0.6621 
24.5 - 15.6   -8.00 3.42 -2.337 0.4709 
26.1 - 15.6   -6.50 3.42 -1.898 0.7524 
27.7 - 15.6   -1.50E+01 3.42 -4.381 <0.01 
29.5 - 15.6   -6.00 3.42 -1.752 0.832 
31.5 - 15.6   -7.00E+01 3.42 -20.445 <0.01 
19.1 - 17.3   -6.50 3.42 -1.898 0.7519 
20.9 - 17.3   -6.50 3.42 -1.898 0.7523 
22.4 - 17.3   -5.00 3.42 -1.46 0.9419 
24.5 - 17.3   -6.00 3.42 -1.752 0.8312 
26.1 - 17.3   -4.50 3.42 -1.314 0.9718 
27.7 - 17.3   -1.30E+01 3.42 -3.797 <0.05 
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29.5 - 17.3   -4.00 3.42 -1.168 0.9883 
31.5 - 17.3   -6.80E+01 3.42 -19.861 <0.01 
20.9 - 19.1   3.55E-15 3.42 1.04E-15 1 
22.4 - 19.1   1.50 3.42 0.438 1 
24.5 - 19.1   5.00E-01 3.42 0.146 1 
26.1 - 19.1   2.00 3.42 0.584 1 
27.7 - 19.1   -6.50 3.42 -1.898 0.7528 
29.5 - 19.1   2.50 3.42 0.73 0.9998 
31.5 - 19.1   -6.15E+01 3.42 -17.963 <0.01 
22.4 - 20.9   1.50 3.42 0.438 1 
24.5 - 20.9   5.00E-01 3.42 0.146 1 
26.1 - 20.9   2.00 3.42 0.584 1 
27.7 - 20.9   -6.50 3.42 -1.898 0.7525 
29.5 - 20.9   2.50 3.42 0.73 0.9998 
31.5 - 20.9   -6.15E+01 3.42 -17.963 <0.01 
24.5 - 22.4   -1.00 3.42 -0.292 1 
26.1 - 22.4   5.00E-01 3.42 0.146 1 
27.7 - 22.4   -8.00 3.42 -2.337 0.4707 
29.5 - 22.4   1.00 3.42 0.292 1 
31.5 - 22.4   -6.30E+01 3.42 -18.401 <0.01 
26.1 - 24.5   1.50 3.42 0.438 1 
27.7 - 24.5   -7.00 3.42 -2.045 0.662 
29.5 - 24.5   2.00 3.42 0.584 1 
31.5 - 24.5   -6.20E+01 3.42 -18.109 <0.01 
27.7 - 26.1   -8.50 3.42 -2.483 0.3816 
29.5 - 26.1   5.00E-01 3.42 0.146 1 
31.5 - 26.1   -6.35E+01 3.42 -18.547 <0.01 
29.5 - 27.7   9.00 3.42 2.629 0.3013 
31.5 - 27.7   -5.50E+01 3.42 -16.064 <0.01 
31.5 - 29.5   -6.40E+01 3.42 -18.693 <0.01 
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Cleavage 

 

Species Source SS df F p 
E. chloroticus A Treatment 40441 11 242.4 <0.001 
 Residuals 546 36   
E. chloroticus B Treatment 68477 11 238.66 <0.001 
 Residuals 939 36   
P. huttoni A Treatment 56041 11 134.56 <0.001 
 Residuals 1363 36   
P. huttoni B Treatment 43937 11 173.45 <0.001 
 Residuals 829 36   
C. rodgersii - Mokohinau Is. A Treatment 85396 11 907.4 <0.001 
 Residuals 308 36   
C. rodgersii - Coffs Harbour A Treatment 80272 11 306.9 <0.001 
 Residuals 856 36   
 

Tukey's HSD 

 

E. chloroticus - % of cleavage (1.5 hours) 

 Estimate Std. Error t value p 
9.7 - 7.9   1.43E-14 2.75 5.20E-15 1 
11.2 - 7.9   1.27E-14 2.75 4.59E-15 1 
12.5 - 7.9   6.32E-15 2.75 2.29E-15 1 
13.8 - 7.9   -3.20E-16 2.75 -1.16E-16 1 
15.1 - 7.9   -8.05E-15 2.75 -2.92E-15 1 
16.1 - 7.9   1.68E-14 2.75 6.10E-15 1 
17.1 - 7.9   1.75E+01 2.75 6.355 <0.01 
18.2 - 7.9   7.70E+01 2.75 27.962 <0.01 
19.2 - 7.9   6.90E+01 2.75 25.056 <0.01 
20 - 7.9   5.50E+01 2.75 19.973 <0.01 
21 - 7.9   4.15E+01 2.75 15.07 <0.01 
11.2 - 9.7   -1.67E-15 2.75 -6.05E-16 1 
12.5 - 9.7   -8.00E-15 2.75 -2.90E-15 1 
13.8 - 9.7   -1.46E-14 2.75 -5.32E-15 1 
15.1 - 9.7   -2.24E-14 2.75 -8.12E-15 1 
16.1 - 9.7   2.47E-15 2.75 8.97E-16 1 
17.1 - 9.7   1.75E+01 2.75 6.355 <0.01 
18.2 - 9.7   7.70E+01 2.75 27.962 <0.01 
19.2 - 9.7   6.90E+01 2.75 25.056 <0.01 
20 - 9.7   5.50E+01 2.75 19.973 <0.01 
21 - 9.7   4.15E+01 2.75 15.07 <0.01 
12.5 - 11.2   -6.33E-15 2.75 -2.30E-15 1 
13.8 - 11.2   -1.30E-14 2.75 -4.71E-15 1 
15.1 - 11.2   -2.07E-14 2.75 -7.52E-15 1 
16.1 - 11.2   4.14E-15 2.75 1.50E-15 1 
17.1 - 11.2   1.75E+01 2.75 6.355 <0.01 
18.2 - 11.2   7.70E+01 2.75 27.962 <0.01 
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19.2 - 11.2   6.90E+01 2.75 25.056 <0.01 
20 - 11.2   5.50E+01 2.75 19.973 <0.01 
21 - 11.2   4.15E+01 2.75 15.07 <0.01 
13.8 - 12.5   -6.64E-15 2.75 -2.41E-15 1 
15.1 - 12.5   -1.44E-14 2.75 -5.22E-15 1 
16.1 - 12.5   1.05E-14 2.75 3.80E-15 1 
17.1 - 12.5   1.75E+01 2.75 6.355 <0.01 
18.2 - 12.5   7.70E+01 2.75 27.962 <0.01 
19.2 - 12.5   6.90E+01 2.75 25.056 <0.01 
20 - 12.5   5.50E+01 2.75 19.973 <0.01 
21 - 12.5   4.15E+01 2.75 15.07 <0.01 
15.1 - 13.8   -7.73E-15 2.75 -2.81E-15 1 
16.1 - 13.8   1.71E-14 2.75 6.21E-15 1 
17.1 - 13.8   1.75E+01 2.75 6.355 <0.01 
18.2 - 13.8   7.70E+01 2.75 27.962 <0.01 
19.2 - 13.8   6.90E+01 2.75 25.056 <0.01 
20 - 13.8   5.50E+01 2.75 19.973 <0.01 
21 - 13.8   4.15E+01 2.75 15.07 <0.01 
16.1 - 15.1   2.48E-14 2.75 9.02E-15 1 
17.1 - 15.1   1.75E+01 2.75 6.355 <0.01 
18.2 - 15.1   7.70E+01 2.75 27.962 <0.01 
19.2 - 15.1   6.90E+01 2.75 25.056 <0.01 
20 - 15.1   5.50E+01 2.75 19.973 <0.01 
21 - 15.1   4.15E+01 2.75 15.07 <0.01 
17.1 - 16.1   1.75E+01 2.75 6.355 <0.01 
18.2 - 16.1   7.70E+01 2.75 27.962 <0.01 
19.2 - 16.1   6.90E+01 2.75 25.056 <0.01 
20 - 16.1   5.50E+01 2.75 19.973 <0.01 
21 - 16.1   4.15E+01 2.75 15.07 <0.01 
18.2 - 17.1   5.95E+01 2.75 21.607 <0.01 
19.2 - 17.1   5.15E+01 2.75 18.702 <0.01 
20 - 17.1   3.75E+01 2.75 13.618 <0.01 
21 - 17.1   2.40E+01 2.75 8.715 <0.01 
19.2 - 18.2   -8.00 2.75 -2.905 0.182 
20 - 18.2   -2.20E+01 2.75 -7.989 <0.01 
21 - 18.2   -3.55E+01 2.75 -12.891 <0.01 
20 - 19.2   -1.40E+01 2.75 -5.084 <0.01 
21 - 19.2   -2.75E+01 2.75 -9.986 <0.01 
21 - 20   -1.35E+01 2.75 -4.902 <0.01 
 

E. chloroticus - % of cleavage (3 hours) 

 Estimate Std. Error t value p 
9.7 - 7.9   1.00 3.61 0.277 1 
11.2 - 7.9   3.00 3.61 0.831 0.99938 
12.5 - 7.9   8.90E+01 3.61 24.645 <0.001 
13.8 - 7.9   9.35E+01 3.61 25.891 <0.001 
15.1 - 7.9   9.25E+01 3.61 25.614 <0.001 
16.1 - 7.9   9.20E+01 3.61 25.475 <0.001 
17.1 - 7.9   9.25E+01 3.61 25.614 <0.001 
18.2 - 7.9   9.45E+01 3.61 26.168 <0.001 
19.2 - 7.9   7.50E+01 3.61 20.768 <0.001 
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20 - 7.9   6.45E+01 3.61 17.86 <0.001 
21 - 7.9   4.30E+01 3.61 11.907 <0.001 
11.2 - 9.7   2.00 3.61 0.554 0.99999 
12.5 - 9.7   8.80E+01 3.61 24.368 <0.001 
13.8 - 9.7   9.25E+01 3.61 25.614 <0.001 
15.1 - 9.7   9.15E+01 3.61 25.337 <0.001 
16.1 - 9.7   9.10E+01 3.61 25.199 <0.001 
17.1 - 9.7   9.15E+01 3.61 25.337 <0.001 
18.2 - 9.7   9.35E+01 3.61 25.891 <0.001 
19.2 - 9.7   7.40E+01 3.61 20.491 <0.001 
20 - 9.7   6.35E+01 3.61 17.584 <0.001 
21 - 9.7   4.20E+01 3.61 11.63 <0.001 
12.5 - 11.2   8.60E+01 3.61 23.814 <0.001 
13.8 - 11.2   9.05E+01 3.61 25.06 <0.001 
15.1 - 11.2   8.95E+01 3.61 24.783 <0.001 
16.1 - 11.2   8.90E+01 3.61 24.645 <0.001 
17.1 - 11.2   8.95E+01 3.61 24.783 <0.001 
18.2 - 11.2   9.15E+01 3.61 25.337 <0.001 
19.2 - 11.2   7.20E+01 3.61 19.937 <0.001 
20 - 11.2   6.15E+01 3.61 17.03 <0.001 
21 - 11.2   4.00E+01 3.61 11.076 <0.001 
13.8 - 12.5   4.50 3.61 1.246 0.98083 
15.1 - 12.5   3.50 3.61 0.969 0.99749 
16.1 - 12.5   3.00 3.61 0.831 0.99938 
17.1 - 12.5   3.50 3.61 0.969 0.9975 
18.2 - 12.5   5.50 3.61 1.523 0.9241 
19.2 - 12.5   -1.40E+01 3.61 -3.877 <0.05 
20 - 12.5   -2.45E+01 3.61 -6.784 <0.001 
21 - 12.5   -4.60E+01 3.61 -12.738 <0.001 
15.1 - 13.8   -1.00 3.61 -0.277 1 
16.1 - 13.8   -1.50 3.61 -0.415 1 
17.1 - 13.8   -1.00 3.61 -0.277 1 
18.2 - 13.8   1.00 3.61 0.277 1 
19.2 - 13.8   -1.85E+01 3.61 -5.123 <0.001 
20 - 13.8   -2.90E+01 3.61 -8.03 <0.001 
21 - 13.8   -5.05E+01 3.61 -13.984 <0.001 
16.1 - 15.1   -5.00E-01 3.61 -0.138 1 
17.1 - 15.1   -1.28E-13 3.61 -3.54E-14 1 
18.2 - 15.1   2.00 3.61 0.554 0.99999 
19.2 - 15.1   -1.75E+01 3.61 -4.846 <0.01 
20 - 15.1   -2.80E+01 3.61 -7.753 <0.001 
21 - 15.1   -4.95E+01 3.61 -13.707 <0.001 
17.1 - 16.1   5.00E-01 3.61 0.138 1 
18.2 - 16.1   2.50 3.61 0.692 0.99989 
19.2 - 16.1   -1.70E+01 3.61 -4.707 <0.01 
20 - 16.1   -2.75E+01 3.61 -7.615 <0.001 
21 - 16.1   -4.90E+01 3.61 -13.568 <0.001 
18.2 - 17.1   2.00 3.61 0.554 0.99999 
19.2 - 17.1   -1.75E+01 3.61 -4.846 <0.01 
20 - 17.1   -2.80E+01 3.61 -7.753 <0.001 
21 - 17.1   -4.95E+01 3.61 -13.707 <0.001 
19.2 - 18.2   -1.95E+01 3.61 -5.4 <0.001 
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20 - 18.2   -3.00E+01 3.61 -8.307 <0.001 
21 - 18.2   -5.15E+01 3.61 -14.261 <0.001 
20 - 19.2   -1.05E+01 3.61 -2.908 0.18068 
21 - 19.2   -3.20E+01 3.61 -8.861 <0.001 
21 - 20   -2.15E+01 3.61 -5.953 <0.001 
 

P. huttoni - % of cleavage (3 hours) 

 Estimate Std. Error t value p 
9.7 - 7.9   67 4.351 15.399 <0.01 
11.2 - 7.9   90 4.351 20.685 <0.01 
12.5 - 7.9   94.5 4.351 21.72 <0.01 
13.8 - 7.9   91.5 4.351 21.03 <0.01 
15.1 - 7.9   80 4.351 18.387 <0.01 
16.1 - 7.9   69 4.351 15.859 <0.01 
17.1 - 7.9   63.5 4.351 14.595 <0.01 
18.2 - 7.9   43 4.351 9.883 <0.01 
19.2 - 7.9   25.5 4.351 5.861 <0.01 
20 - 7.9   8.5 4.351 1.954 0.7188 
21 - 7.9   3 4.351 0.69 0.9999 
11.2 - 9.7   23 4.351 5.286 <0.01 
12.5 - 9.7   27.5 4.351 6.32 <0.01 
13.8 - 9.7   24.5 4.351 5.631 <0.01 
15.1 - 9.7   13 4.351 2.988 0.1536 
16.1 - 9.7   2 4.351 0.46 1 
17.1 - 9.7   -3.5 4.351 -0.804 0.9995 
18.2 - 9.7   -24 4.351 -5.516 <0.01 
19.2 - 9.7   -41.5 4.351 -9.538 <0.01 
20 - 9.7   -58.5 4.351 -13.445 <0.01 
21 - 9.7   -64 4.351 -14.71 <0.01 
12.5 - 11.2   4.5 4.351 1.034 0.9957 
13.8 - 11.2   1.5 4.351 0.345 1 
15.1 - 11.2   -10 4.351 -2.298 0.4955 
16.1 - 11.2   -21 4.351 -4.827 <0.01 
17.1 - 11.2   -26.5 4.351 -6.091 <0.01 
18.2 - 11.2   -47 4.351 -10.802 <0.01 
19.2 - 11.2   -64.5 4.351 -14.824 <0.01 
20 - 11.2   -81.5 4.351 -18.732 <0.01 
21 - 11.2   -87 4.351 -19.996 <0.01 
13.8 - 12.5   -3 4.351 -0.69 0.9999 
15.1 - 12.5   -14.5 4.351 -3.333 0.0732 
16.1 - 12.5   -25.5 4.351 -5.861 <0.01 
17.1 - 12.5   -31 4.351 -7.125 <0.01 
18.2 - 12.5   -51.5 4.351 -11.837 <0.01 
19.2 - 12.5   -69 4.351 -15.859 <0.01 
20 - 12.5   -86 4.351 -19.766 <0.01 
21 - 12.5   -91.5 4.351 -21.03 <0.01 
15.1 - 13.8   -11.5 4.351 -2.643 0.295 
16.1 - 13.8   -22.5 4.351 -5.171 <0.01 
17.1 - 13.8   -28 4.351 -6.435 <0.01 
18.2 - 13.8   -48.5 4.351 -11.147 <0.01 
19.2 - 13.8   -66 4.351 -15.169 <0.01 
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20 - 13.8   -83 4.351 -19.076 <0.01 
21 - 13.8   -88.5 4.351 -20.34 <0.01 
16.1 - 15.1   -11 4.351 -2.528 0.3561 
17.1 - 15.1   -16.5 4.351 -3.792 <0.05 
18.2 - 15.1   -37 4.351 -8.504 <0.01 
19.2 - 15.1   -54.5 4.351 -12.526 <0.01 
20 - 15.1   -71.5 4.351 -16.433 <0.01 
21 - 15.1   -77 4.351 -17.697 <0.01 
17.1 - 16.1   -5.5 4.351 -1.264 0.9787 
18.2 - 16.1   -26 4.351 -5.976 <0.01 
19.2 - 16.1   -43.5 4.351 -9.998 <0.01 
20 - 16.1   -60.5 4.351 -13.905 <0.01 
21 - 16.1   -66 4.351 -15.169 <0.01 
18.2 - 17.1   -20.5 4.351 -4.712 <0.01 
19.2 - 17.1   -38 4.351 -8.734 <0.01 
20 - 17.1   -55 4.351 -12.641 <0.01 
21 - 17.1   -60.5 4.351 -13.905 <0.01 
19.2 - 18.2   -17.5 4.351 -4.022 <0.05 
20 - 18.2   -34.5 4.351 -7.929 <0.01 
21 - 18.2   -40 4.351 -9.193 <0.01 
20 - 19.2   -17 4.351 -3.907 <0.05 
21 - 19.2   -22.5 4.351 -5.171 <0.01 
21 - 20   -5.5 4.351 -1.264 0.9786 
 

P. huttoni - % of cleavage (5 hours) 

 Estimate Std. Error t value p 
9.7 - 7.9   1.00E+01 3.39 2.947 0.1676 
11.2 - 7.9   1.10E+01 3.39 3.242 0.0884 
12.5 - 7.9   2.50E+01 3.39 7.368 <0.01 
13.8 - 7.9   2.80E+01 3.39 8.252 <0.01 
15.1 - 7.9   1.75E+01 3.39 5.157 <0.01 
16.1 - 7.9   1.95E+01 3.39 5.747 <0.01 
17.1 - 7.9   -1.87E-14 3.39 -5.52E-15 1 
18.2 - 7.9   -9.50 3.39 -2.8 0.2227 
19.2 - 7.9   -4.15E+01 3.39 -12.23 <0.01 
20 - 7.9   -5.75E+01 3.39 -16.946 <0.01 
21 - 7.9   -6.20E+01 3.39 -18.272 <0.01 
11.2 - 9.7   1.00 3.39 0.295 1 
12.5 - 9.7   1.50E+01 3.39 4.421 <0.01 
13.8 - 9.7   1.80E+01 3.39 5.305 <0.01 
15.1 - 9.7   7.50 3.39 2.21 0.5535 
16.1 - 9.7   9.50 3.39 2.8 0.2216 
17.1 - 9.7   -1.00E+01 3.39 -2.947 0.1666 
18.2 - 9.7   -1.95E+01 3.39 -5.747 <0.01 
19.2 - 9.7   -5.15E+01 3.39 -15.177 <0.01 
20 - 9.7   -6.75E+01 3.39 -19.893 <0.01 
21 - 9.7   -7.20E+01 3.39 -21.219 <0.01 
12.5 - 11.2   1.40E+01 3.39 4.126 <0.01 
13.8 - 11.2   1.70E+01 3.39 5.01 <0.01 
15.1 - 11.2   6.50 3.39 1.916 0.7419 
16.1 - 11.2   8.50 3.39 2.505 0.3692 
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17.1 - 11.2   -1.10E+01 3.39 -3.242 0.0905 
18.2 - 11.2   -2.05E+01 3.39 -6.041 <0.01 
19.2 - 11.2   -5.25E+01 3.39 -15.472 <0.01 
20 - 11.2   -6.85E+01 3.39 -20.187 <0.01 
21 - 11.2   -7.30E+01 3.39 -21.514 <0.01 
13.8 - 12.5   3.00 3.39 0.884 0.9989 
15.1 - 12.5   -7.50 3.39 -2.21 0.5526 
16.1 - 12.5   -5.50 3.39 -1.621 0.8896 
17.1 - 12.5   -2.50E+01 3.39 -7.368 <0.01 
18.2 - 12.5   -3.45E+01 3.39 -10.167 <0.01 
19.2 - 12.5   -6.65E+01 3.39 -19.598 <0.01 
20 - 12.5   -8.25E+01 3.39 -24.313 <0.01 
21 - 12.5   -8.70E+01 3.39 -25.639 <0.01 
15.1 - 13.8   -1.05E+01 3.39 -3.094 0.123 
16.1 - 13.8   -8.50 3.39 -2.505 0.3684 
17.1 - 13.8   -2.80E+01 3.39 -8.252 <0.01 
18.2 - 13.8   -3.75E+01 3.39 -11.051 <0.01 
19.2 - 13.8   -6.95E+01 3.39 -20.482 <0.01 
20 - 13.8   -8.55E+01 3.39 -25.197 <0.01 
21 - 13.8   -9.00E+01 3.39 -26.524 <0.01 
16.1 - 15.1   2.00 3.39 0.589 1 
17.1 - 15.1   -1.75E+01 3.39 -5.157 <0.01 
18.2 - 15.1   -2.70E+01 3.39 -7.957 <0.01 
19.2 - 15.1   -5.90E+01 3.39 -17.388 <0.01 
20 - 15.1   -7.50E+01 3.39 -22.103 <0.01 
21 - 15.1   -7.95E+01 3.39 -23.429 <0.01 
17.1 - 16.1   -1.95E+01 3.39 -5.747 <0.01 
18.2 - 16.1   -2.90E+01 3.39 -8.546 <0.01 
19.2 - 16.1   -6.10E+01 3.39 -17.977 <0.01 
20 - 16.1   -7.70E+01 3.39 -22.692 <0.01 
21 - 16.1   -8.15E+01 3.39 -24.019 <0.01 
18.2 - 17.1   -9.50 3.39 -2.8 0.2227 
19.2 - 17.1   -4.15E+01 3.39 -12.23 <0.01 
20 - 17.1   -5.75E+01 3.39 -16.946 <0.01 
21 - 17.1   -6.20E+01 3.39 -18.272 <0.01 
19.2 - 18.2   -3.20E+01 3.39 -9.431 <0.01 
20 - 18.2   -4.80E+01 3.39 -14.146 <0.01 
21 - 18.2   -5.25E+01 3.39 -15.472 <0.01 
20 - 19.2   -1.60E+01 3.39 -4.715 <0.01 
21 - 19.2   -2.05E+01 3.39 -6.041 <0.01 
21 - 20   -4.50 3.39 -1.326 0.9697 
 

C. rodgersii (Mokohinau Islands) - % of cleavage (2 hours) 

 Estimate Std. Error t value p 
13.1 - 12   7.26E-14 2.07 3.51E-14 1 
14.2 - 12   7.35E-14 2.07 3.56E-14 1 
16-12 3.00 2.07 1.45 0.9443 
17.3 - 12   1.35E+01 2.07 6.527 <0.01 
18.7 - 12   8.75E+01 2.07 42.306 <0.01 
20.1 - 12   9.25E+01 2.07 44.723 <0.01 
22.1 - 12   9.35E+01 2.07 45.207 <0.01 
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23.5 - 12   9.60E+01 2.07 46.415 <0.01 
25-12 1.10E+01 2.07 5.318 <0.01 
26.4 - 12   3.95E-14 2.07 1.91E-14 1 
28.8 - 12   3.95E-14 2.07 1.91E-14 1 
14.2 - 13.1   9.25E-16 2.07 4.47E-16 1 
16 - 13.1   3.00 2.07 1.45 0.9441 
17.3 - 13.1   1.35E+01 2.07 6.527 <0.01 
18.7 - 13.1   8.75E+01 2.07 42.306 <0.01 
20.1 - 13.1   9.25E+01 2.07 44.723 <0.01 
22.1 - 13.1   9.35E+01 2.07 45.207 <0.01 
23.5 - 13.1   9.60E+01 2.07 46.415 <0.01 
25 - 13.1   1.10E+01 2.07 5.318 <0.01 
26.4 - 13.1   -3.31E-14 2.07 -1.60E-14 1 
28.8 - 13.1   -3.31E-14 2.07 -1.60E-14 1 
16 - 14.2   3.00 2.07 1.45 0.9443 
17.3 - 14.2   1.35E+01 2.07 6.527 <0.01 
18.7 - 14.2   8.75E+01 2.07 42.306 <0.01 
20.1 - 14.2   9.25E+01 2.07 44.723 <0.01 
22.1 - 14.2   9.35E+01 2.07 45.207 <0.01 
23.5 - 14.2   9.60E+01 2.07 46.415 <0.01 
25 - 14.2   1.10E+01 2.07 5.318 <0.01 
26.4 - 14.2   -3.40E-14 2.07 -1.65E-14 1 
28.8 - 14.2   -3.41E-14 2.07 -1.65E-14 1 
17.3 - 16   1.05E+01 2.07 5.077 <0.01 
18.7 - 16   8.45E+01 2.07 40.855 <0.01 
20.1 - 16   8.95E+01 2.07 43.273 <0.01 
22.1 - 16   9.05E+01 2.07 43.756 <0.01 
23.5 - 16   9.30E+01 2.07 44.965 <0.01 
25 - 16   8.00 2.07 3.868 <0.01 
26.4 - 16   -3.00 2.07 -1.45 0.9444 
28.8 - 16   -3.00 2.07 -1.45 0.9443 
18.7 - 17.3   7.40E+01 2.07 35.779 <0.01 
20.1 - 17.3   7.90E+01 2.07 38.196 <0.01 
22.1 - 17.3   8.00E+01 2.07 38.68 <0.01 
23.5 - 17.3   8.25E+01 2.07 39.888 <0.01 
25 - 17.3   -2.50 2.07 -1.209 0.9848 
26.4 - 17.3   -1.35E+01 2.07 -6.527 <0.01 
28.8 - 17.3   -1.35E+01 2.07 -6.527 <0.01 
20.1 - 18.7   5.00 2.07 2.417 0.4201 
22.1 - 18.7   6.00 2.07 2.901 0.1837 
23.5 - 18.7   8.50 2.07 4.11 0.0102 
25 - 18.7   -7.65E+01 2.07 -36.987 <0.01 
26.4 - 18.7   -8.75E+01 2.07 -42.306 <0.01 
28.8 - 18.7   -8.75E+01 2.07 -42.306 <0.01 
22.1 - 20.1   1.00 2.07 0.483 1 
23.5 - 20.1   3.50 2.07 1.692 0.8606 
25 - 20.1   -8.15E+01 2.07 -39.405 <0.01 
26.4 - 20.1   -9.25E+01 2.07 -44.723 <0.01 
28.8 - 20.1   -9.25E+01 2.07 -44.723 <0.01 
23.5 - 22.1   2.50 2.07 1.209 0.9848 
25 - 22.1   -8.25E+01 2.07 -39.888 <0.01 
26.4 - 22.1   -9.35E+01 2.07 -45.207 <0.01 
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28.8 - 22.1   -9.35E+01 2.07 -45.207 <0.01 
25 - 23.5   -8.50E+01 2.07 -41.097 <0.01 
26.4 - 23.5   -9.60E+01 2.07 -46.415 <0.01 
28.8 - 23.5   -9.60E+01 2.07 -46.415 <0.01 
26.4 - 25   -1.10E+01 2.07 -5.318 <0.01 
28.8 - 25   -1.10E+01 2.07 -5.318 <0.01 
28.8 - 26.4   -3.13E-17 2.07 -1.51E-17 1 
 

C. rodgersii (Coffs Harbour) - % of cleavage (2 hours) 

 Estimate Std. Error t value p 
13.9 - 12.8   3.00 3.45 0.87 0.99905 
15.6 - 12.8   5.35E+01 3.45 15.516 <0.001 
17.3 - 12.8   9.10E+01 3.45 26.392 <0.001 
19.1 - 12.8   8.80E+01 3.45 25.522 <0.001 
20.9 - 12.8   8.80E+01 3.45 25.522 <0.001 
22.4 - 12.8   8.95E+01 3.45 25.957 <0.001 
24.5 - 12.8   8.75E+01 3.45 25.377 <0.001 
26.1 - 12.8   1.95E+01 3.45 5.655 <0.001 
27.7 - 12.8   1.00 3.45 0.29 1 
29.5 - 12.8   -8.47E-16 3.45 -2.46E-16 1 
31.5 - 12.8   1.57E-15 3.45 4.55E-16 1 
15.6 - 13.9   5.05E+01 3.45 14.646 <0.001 
17.3 - 13.9   8.80E+01 3.45 25.522 <0.001 
19.1 - 13.9   8.50E+01 3.45 24.652 <0.001 
20.9 - 13.9   8.50E+01 3.45 24.652 <0.001 
22.4 - 13.9   8.65E+01 3.45 25.087 <0.001 
24.5 - 13.9   8.45E+01 3.45 24.507 <0.001 
26.1 - 13.9   1.65E+01 3.45 4.785 <0.01 
27.7 - 13.9   -2.00 3.45 -0.58 0.99998 
29.5 - 13.9   -3.00 3.45 -0.87 0.99904 
31.5 - 13.9   -3.00 3.45 -0.87 0.99905 
17.3 - 15.6   3.75E+01 3.45 10.876 <0.001 
19.1 - 15.6   3.45E+01 3.45 10.006 <0.001 
20.9 - 15.6   3.45E+01 3.45 10.006 <0.001 
22.4 - 15.6   3.60E+01 3.45 10.441 <0.001 
24.5 - 15.6   3.40E+01 3.45 9.861 <0.001 
26.1 - 15.6   -3.40E+01 3.45 -9.861 <0.001 
27.7 - 15.6   -5.25E+01 3.45 -15.226 <0.001 
29.5 - 15.6   -5.35E+01 3.45 -15.516 <0.001 
31.5 - 15.6   -5.35E+01 3.45 -15.516 <0.001 
19.1 - 17.3   -3.00 3.45 -0.87 0.99905 
20.9 - 17.3   -3.00 3.45 -0.87 0.99905 
22.4 - 17.3   -1.50 3.45 -0.435 1 
24.5 - 17.3   -3.50 3.45 -1.015 0.99629 
26.1 - 17.3   -7.15E+01 3.45 -20.736 <0.001 
27.7 - 17.3   -9.00E+01 3.45 -26.102 <0.001 
29.5 - 17.3   -9.10E+01 3.45 -26.392 <0.001 
31.5 - 17.3   -9.10E+01 3.45 -26.392 <0.001 
20.9 - 19.1   1.42E-14 3.45 4.12E-15 1 
22.4 - 19.1   1.50 3.45 0.435 1 
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24.5 - 19.1   -5.00E-01 3.45 -0.145 1 
26.1 - 19.1   -6.85E+01 3.45 -19.866 <0.001 
27.7 - 19.1   -8.70E+01 3.45 -25.232 <0.001 
29.5 - 19.1   -8.80E+01 3.45 -25.522 <0.001 
31.5 - 19.1   -8.80E+01 3.45 -25.522 <0.001 
22.4 - 20.9   1.50 3.45 0.435 1 
24.5 - 20.9   -5.00E-01 3.45 -0.145 1 
26.1 - 20.9   -6.85E+01 3.45 -19.866 <0.001 
27.7 - 20.9   -8.70E+01 3.45 -25.232 <0.001 
29.5 - 20.9   -8.80E+01 3.45 -25.522 <0.001 
31.5 - 20.9   -8.80E+01 3.45 -25.522 <0.001 
24.5 - 22.4   -2.00 3.45 -0.58 0.99998 
26.1 - 22.4   -7.00E+01 3.45 -20.301 <0.001 
27.7 - 22.4   -8.85E+01 3.45 -25.667 <0.001 
29.5 - 22.4   -8.95E+01 3.45 -25.957 <0.001 
31.5 - 22.4   -8.95E+01 3.45 -25.957 <0.001 
26.1 - 24.5   -6.80E+01 3.45 -19.721 <0.001 
27.7 - 24.5   -8.65E+01 3.45 -25.087 <0.001 
29.5 - 24.5   -8.75E+01 3.45 -25.377 <0.001 
31.5 - 24.5   -8.75E+01 3.45 -25.377 <0.001 
27.7 - 26.1   -1.85E+01 3.45 -5.365 <0.001 
29.5 - 26.1   -1.95E+01 3.45 -5.655 <0.001 
31.5 - 26.1   -1.95E+01 3.45 -5.655 <0.001 
29.5 - 27.7   -1.00 3.45 -0.29 1 
31.5 - 27.7   -1.00 3.45 -0.29 1 
31.5 - 29.5   2.42E-15 3.45 7.01E-16 1 
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Hatching 

 

Species Source SS df F p 
E. chloroticus A Treatment 61523 11 242.4 <0.001 
 Residuals 1552 36   
E. chloroticus B Treatment 52432 11 238.66 <0.001 
 Residuals 2136 36   
P. huttoni A Treatment 58330 11 342.11 <0.001 
 Residuals 558 36   
P. huttoni B Treatment 57269 11 228.85 <0.001 
 Residuals 819 36   
C. rodgersii - Mokohinau Is. A Treatment 78931 11 181.4 <0.001 
 Residuals 1424 36   
C. rodgersii - Coffs Harbour A Treatment 74786 11 1323 <0.001 
 Residuals 185 36   
 

Tukey's HSD 
 

E. chloroticus - % of hatching (26 hours) 

 Estimate Std. Error t value p 
9.7 - 7.9   3.77E-14 4.64 8.12E-15 1 
11.2 - 7.9   3.33E-14 4.64 7.17E-15 1 
12.5 - 7.9   2.00 4.64 0.431 1 
13.8 - 7.9   2.85E+01 4.64 6.139 <0.01 
15.1 - 7.9   8.30E+01 4.64 17.877 <0.01 
16.1 - 7.9   8.80E+01 4.64 18.954 <0.01 
17.1 - 7.9   8.60E+01 4.64 18.523 <0.01 
18.2 - 7.9   8.00E+01 4.64 17.231 <0.01 
19.2 - 7.9   6.85E+01 4.64 14.754 <0.01 
20 - 7.9   3.85E+01 4.64 8.292 <0.01 
21 - 7.9   2.15E+01 4.64 4.631 <0.01 
11.2 - 9.7   -4.42E-15 4.64 -9.53E-16 1 
12.5 - 9.7   2.00 4.64 0.431 1 
13.8 - 9.7   2.85E+01 4.64 6.139 <0.01 
15.1 - 9.7   8.30E+01 4.64 17.877 <0.01 
16.1 - 9.7   8.80E+01 4.64 18.954 <0.01 
17.1 - 9.7   8.60E+01 4.64 18.523 <0.01 
18.2 - 9.7   8.00E+01 4.64 17.231 <0.01 
19.2 - 9.7   6.85E+01 4.64 14.754 <0.01 
20 - 9.7   3.85E+01 4.64 8.292 <0.01 
21 - 9.7   2.15E+01 4.64 4.631 <0.01 
12.5 - 11.2   2.00 4.64 0.431 1 
13.8 - 11.2   2.85E+01 4.64 6.139 <0.01 
15.1 - 11.2   8.30E+01 4.64 17.877 <0.01 
16.1 - 11.2   8.80E+01 4.64 18.954 <0.01 
17.1 - 11.2   8.60E+01 4.64 18.523 <0.01 
18.2 - 11.2   8.00E+01 4.64 17.231 <0.01 
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19.2 - 11.2   6.85E+01 4.64 14.754 <0.01 
20 - 11.2   3.85E+01 4.64 8.292 <0.01 
21 - 11.2   2.15E+01 4.64 4.631 <0.01 
13.8 - 12.5   2.65E+01 4.64 5.708 <0.01 
15.1 - 12.5   8.10E+01 4.64 17.446 <0.01 
16.1 - 12.5   8.60E+01 4.64 18.523 <0.01 
17.1 - 12.5   8.40E+01 4.64 18.093 <0.01 
18.2 - 12.5   7.80E+01 4.64 16.8 <0.01 
19.2 - 12.5   6.65E+01 4.64 14.323 <0.01 
20 - 12.5   3.65E+01 4.64 7.862 <0.01 
21 - 12.5   1.95E+01 4.64 4.2 <0.01 
15.1 - 13.8   5.45E+01 4.64 11.739 <0.01 
16.1 - 13.8   5.95E+01 4.64 12.816 <0.01 
17.1 - 13.8   5.75E+01 4.64 12.385 <0.01 
18.2 - 13.8   5.15E+01 4.64 11.092 <0.01 
19.2 - 13.8   4.00E+01 4.64 8.615 <0.01 
20 - 13.8   1.00E+01 4.64 2.154 0.5911 
21 - 13.8   -7.00 4.64 -1.508 0.9286 
16.1 - 15.1   5.00 4.64 1.077 0.9939 
17.1 - 15.1   3.00 4.64 0.646 0.9999 
18.2 - 15.1   -3.00 4.64 -0.646 0.9999 
19.2 - 15.1   -1.45E+01 4.64 -3.123 0.1154 
20 - 15.1   -4.45E+01 4.64 -9.585 <0.01 
21 - 15.1   -6.15E+01 4.64 -13.246 <0.01 
17.1 - 16.1   -2.00 4.64 -0.431 1 
18.2 - 16.1   -8.00 4.64 -1.723 0.846 
19.2 - 16.1   -1.95E+01 4.64 -4.2 <0.01 
20 - 16.1   -4.95E+01 4.64 -10.662 <0.01 
21 - 16.1   -6.65E+01 4.64 -14.323 <0.01 
18.2 - 17.1   -6.00 4.64 -1.292 0.975 
19.2 - 17.1   -1.75E+01 4.64 -3.769 <0.05 
20 - 17.1   -4.75E+01 4.64 -10.231 <0.01 
21 - 17.1   -6.45E+01 4.64 -13.892 <0.01 
19.2 - 18.2   -1.15E+01 4.64 -2.477 0.3851 
20 - 18.2   -4.15E+01 4.64 -8.939 <0.01 
21 - 18.2   -5.85E+01 4.64 -12.6 <0.01 
20 - 19.2   -3.00E+01 4.64 -6.462 <0.01 
21 - 19.2   -4.70E+01 4.64 -10.123 <0.01 
21 - 20   -1.70E+01 4.64 -3.662 <0.05 
 

E. chloroticus - % of hatching (50 hours) 

 Estimate Std. Error t value p 
9.7 - 7.9   84.5 5.447 15.514 <0.01 
11.2 - 7.9   80 5.447 14.688 <0.01 
12.5 - 7.9   76.5 5.447 14.045 <0.01 
13.8 - 7.9   86 5.447 15.789 <0.01 
15.1 - 7.9   90.5 5.447 16.616 <0.01 
16.1 - 7.9   93.5 5.447 17.166 <0.01 
17.1 - 7.9   89.5 5.447 16.432 <0.01 
18.2 - 7.9   82 5.447 15.055 <0.01 
19.2 - 7.9   66.5 5.447 12.209 <0.01 
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20 - 7.9   30.5 5.447 5.6 <0.01 
21 - 7.9   0.5 5.447 0.092 1 
11.2 - 9.7   -4.5 5.447 -0.826 0.9994 
12.5 - 9.7   -8 5.447 -1.469 0.94 
13.8 - 9.7   1.5 5.447 0.275 1 
15.1 - 9.7   6 5.447 1.102 0.9927 
16.1 - 9.7   9 5.447 1.652 0.8771 
17.1 - 9.7   5 5.447 0.918 0.9985 
18.2 - 9.7   -2.5 5.447 -0.459 1 
19.2 - 9.7   -18 5.447 -3.305 0.0773 
20 - 9.7   -54 5.447 -9.914 <0.01 
21 - 9.7   -84 5.447 -15.422 <0.01 
12.5 - 11.2   -3.5 5.447 -0.643 0.9999 
13.8 - 11.2   6 5.447 1.102 0.9927 
15.1 - 11.2   10.5 5.447 1.928 0.7353 
16.1 - 11.2   13.5 5.447 2.479 0.3837 
17.1 - 11.2   9.5 5.447 1.744 0.8357 
18.2 - 11.2   2 5.447 0.367 1 
19.2 - 11.2   -13.5 5.447 -2.479 0.3839 
20 - 11.2   -49.5 5.447 -9.088 <0.01 
21 - 11.2   -79.5 5.447 -14.596 <0.01 
13.8 - 12.5   9.5 5.447 1.744 0.836 
15.1 - 12.5   14 5.447 2.57 0.3329 
16.1 - 12.5   17 5.447 3.121 0.1161 
17.1 - 12.5   13 5.447 2.387 0.4393 
18.2 - 12.5   5.5 5.447 1.01 0.9965 
19.2 - 12.5   -10 5.447 -1.836 0.7872 
20 - 12.5   -46 5.447 -8.445 <0.01 
21 - 12.5   -76 5.447 -13.953 <0.01 
15.1 - 13.8   4.5 5.447 0.826 0.9994 
16.1 - 13.8   7.5 5.447 1.377 0.9609 
17.1 - 13.8   3.5 5.447 0.643 0.9999 
18.2 - 13.8   -4 5.447 -0.734 0.9998 
19.2 - 13.8   -19.5 5.447 -3.58 <0.05 
20 - 13.8   -55.5 5.447 -10.19 <0.01 
21 - 13.8   -85.5 5.447 -15.698 <0.01 
16.1 - 15.1   3 5.447 0.551 1 
17.1 - 15.1   -1 5.447 -0.184 1 
18.2 - 15.1   -8.5 5.447 -1.561 0.9121 
19.2 - 15.1   -24 5.447 -4.406 <0.01 
20 - 15.1   -60 5.447 -11.016 <0.01 
21 - 15.1   -90 5.447 -16.524 <0.01 
17.1 - 16.1   -4 5.447 -0.734 0.9998 
18.2 - 16.1   -11.5 5.447 -2.111 0.6189 
19.2 - 16.1   -27 5.447 -4.957 <0.01 
20 - 16.1   -63 5.447 -11.567 <0.01 
21 - 16.1   -93 5.447 -17.075 <0.01 
18.2 - 17.1   -7.5 5.447 -1.377 0.9608 
19.2 - 17.1   -23 5.447 -4.223 <0.01 
20 - 17.1   -59 5.447 -10.832 <0.01 
21 - 17.1   -89 5.447 -16.34 <0.01 
19.2 - 18.2   -15.5 5.447 -2.846 0.2045 
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20 - 18.2   -51.5 5.447 -9.455 <0.01 
21 - 18.2   -81.5 5.447 -14.963 <0.01 
20 - 19.2   -36 5.447 -6.609 <0.01 
21 - 19.2   -66 5.447 -12.117 <0.01 
21 - 20   -30 5.447 -5.508 <0.01 
 

P. huttoni - % of hatching (29 hours) 

 Estimate Std. Error t value p 
9.7 - 7.9   6 2.784 2.155 0.58979 
11.2 - 7.9   46.5 2.784 16.703 < 0.001 
12.5 - 7.9   54 2.784 19.397 < 0.001 
13.8 - 7.9   59.5 2.784 21.373 < 0.001 
15.1 - 7.9   76.5 2.784 27.48 < 0.001 
16.1 - 7.9   79 2.784 28.378 < 0.001 
17.1 - 7.9   83 2.784 29.814 < 0.001 
18.2 - 7.9   73 2.784 26.222 < 0.001 
19.2 - 7.9   63.5 2.784 22.81 < 0.001 
20 - 7.9   -8.5 2.784 -3.053 0.13443 
21 - 7.9   -11.5 2.784 -4.131 <0.01 
11.2 - 9.7   40.5 2.784 14.548 < 0.001 
12.5 - 9.7   48 2.784 17.242 < 0.001 
13.8 - 9.7   53.5 2.784 19.218 < 0.001 
15.1 - 9.7   70.5 2.784 25.324 < 0.001 
16.1 - 9.7   73 2.784 26.222 < 0.001 
17.1 - 9.7   77 2.784 27.659 < 0.001 
18.2 - 9.7   67 2.784 24.067 < 0.001 
19.2 - 9.7   57.5 2.784 20.655 < 0.001 
20 - 9.7   -14.5 2.784 -5.209 < 0.001 
21 - 9.7   -17.5 2.784 -6.286 < 0.001 
12.5 - 11.2   7.5 2.784 2.694 0.26985 
13.8 - 11.2   13 2.784 4.67 <0.01 
15.1 - 11.2   30 2.784 10.776 < 0.001 
16.1 - 11.2   32.5 2.784 11.674 < 0.001 
17.1 - 11.2   36.5 2.784 13.111 < 0.001 
18.2 - 11.2   26.5 2.784 9.519 < 0.001 
19.2 - 11.2   17 2.784 6.107 < 0.001 
20 - 11.2   -55 2.784 -19.757 < 0.001 
21 - 11.2   -58 2.784 -20.834 < 0.001 
13.8 - 12.5   5.5 2.784 1.976 0.70609 
15.1 - 12.5   22.5 2.784 8.082 < 0.001 
16.1 - 12.5   25 2.784 8.98 < 0.001 
17.1 - 12.5   29 2.784 10.417 < 0.001 
18.2 - 12.5   19 2.784 6.825 < 0.001 
19.2 - 12.5   9.5 2.784 3.413 0.05997 . 
20 - 12.5   -62.5 2.784 -22.451 < 0.001 
21 - 12.5   -65.5 2.784 -23.528 < 0.001 
15.1 - 13.8   17 2.784 6.107 < 0.001 
16.1 - 13.8   19.5 2.784 7.005 < 0.001 
17.1 - 13.8   23.5 2.784 8.441 < 0.001 
18.2 - 13.8   13.5 2.784 4.849 <0.01 
19.2 - 13.8   4 2.784 1.437 0.94766 
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20 - 13.8   -68 2.784 -24.426 < 0.001 
21 - 13.8   -71 2.784 -25.504 < 0.001 
16.1 - 15.1   2.5 2.784 0.898 0.99872 
17.1 - 15.1   6.5 2.784 2.335 0.4714 
18.2 - 15.1   -3.5 2.784 -1.257 0.97948 
19.2 - 15.1   -13 2.784 -4.67 <0.01 
20 - 15.1   -85 2.784 -30.533 < 0.001 
21 - 15.1   -88 2.784 -31.611 < 0.001 
17.1 - 16.1   4 2.784 1.437 0.94782 
18.2 - 16.1   -6 2.784 -2.155 0.58969 
19.2 - 16.1   -15.5 2.784 -5.568 < 0.001 
20 - 16.1   -87.5 2.784 -31.431 < 0.001 
21 - 16.1   -90.5 2.784 -32.509 < 0.001 
18.2 - 17.1   -10 2.784 -3.592 <0.05 
19.2 - 17.1   -19.5 2.784 -7.005 < 0.001 
20 - 17.1   -91.5 2.784 -32.868 < 0.001 
21 - 17.1   -94.5 2.784 -33.945 < 0.001 
19.2 - 18.2   -9.5 2.784 -3.413 0.06010 
20 - 18.2   -81.5 2.784 -29.276 < 0.001 
21 - 18.2   -84.5 2.784 -30.353 < 0.001 
20 - 19.2   -72 2.784 -25.863 < 0.001 
21 - 19.2   -75 2.784 -26.941 < 0.001 
21 - 20   -3 2.784 -1.078 0.99388 
 

P. huttoni - % of hatching (48 hours) 

 Estimate Std. Error t value p 
9.7 - 7.9   2.30E+01 3.37 6.819 <0.01 
11.2 - 7.9   4.85E+01 3.37 14.38 <0.01 
12.5 - 7.9   4.95E+01 3.37 14.677 <0.01 
13.8 - 7.9   6.25E+01 3.37 18.531 <0.01 
15.1 - 7.9   5.40E+01 3.37 16.011 <0.01 
16.1 - 7.9   4.85E+01 3.37 14.38 <0.01 
17.1 - 7.9   5.90E+01 3.37 17.493 <0.01 
18.2 - 7.9   4.10E+01 3.37 12.156 <0.01 
19.2 - 7.9   -1.35E+01 3.37 -4.003 <0.05 
20 - 7.9   -3.35E+01 3.37 -9.933 <0.01 
21 - 7.9   -3.35E+01 3.37 -9.933 <0.01 
11.2 - 9.7   2.55E+01 3.37 7.561 <0.01 
12.5 - 9.7   2.65E+01 3.37 7.857 <0.01 
13.8 - 9.7   3.95E+01 3.37 11.712 <0.01 
15.1 - 9.7   3.10E+01 3.37 9.191 <0.01 
16.1 - 9.7   2.55E+01 3.37 7.561 <0.01 
17.1 - 9.7   3.60E+01 3.37 10.674 <0.01 
18.2 - 9.7   1.80E+01 3.37 5.337 <0.01 
19.2 - 9.7   -3.65E+01 3.37 -10.822 <0.01 
20 - 9.7   -5.65E+01 3.37 -16.752 <0.01 
21 - 9.7   -5.65E+01 3.37 -16.752 <0.01 
12.5 - 11.2   1.00 3.37 0.296 1 
13.8 - 11.2   1.40E+01 3.37 4.151 <0.01 
15.1 - 11.2   5.50 3.37 1.631 0.8863 
16.1 - 11.2   5.68E-14 3.37 1.69E-14 1 
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17.1 - 11.2   1.05E+01 3.37 3.113 0.1184 
18.2 - 11.2   -7.50 3.37 -2.224 0.5444 
19.2 - 11.2   -6.20E+01 3.37 -18.383 <0.01 
20 - 11.2   -8.20E+01 3.37 -24.313 <0.01 
21 - 11.2   -8.20E+01 3.37 -24.313 <0.01 
13.8 - 12.5   1.30E+01 3.37 3.854 <0.05 
15.1 - 12.5   4.50 3.37 1.334 0.9685 
16.1 - 12.5   -1.00 3.37 -0.296 1 
17.1 - 12.5   9.50 3.37 2.817 0.2153 
18.2 - 12.5   -8.50 3.37 -2.52 0.3603 
19.2 - 12.5   -6.30E+01 3.37 -18.679 <0.01 
20 - 12.5   -8.30E+01 3.37 -24.609 <0.01 
21 - 12.5   -8.30E+01 3.37 -24.609 <0.01 
15.1 - 13.8   -8.50 3.37 -2.52 0.3599 
16.1 - 13.8   -1.40E+01 3.37 -4.151 <0.01 
17.1 - 13.8   -3.50 3.37 -1.038 0.9955 
18.2 - 13.8   -2.15E+01 3.37 -6.375 <0.01 
19.2 - 13.8   -7.60E+01 3.37 -22.534 <0.01 
20 - 13.8   -9.60E+01 3.37 -28.464 <0.01 
21 - 13.8   -9.60E+01 3.37 -28.464 <0.01 
16.1 - 15.1   -5.50 3.37 -1.631 0.8863 
17.1 - 15.1   5.00 3.37 1.482 0.936 
18.2 - 15.1   -1.30E+01 3.37 -3.854 <0.05 
19.2 - 15.1   -6.75E+01 3.37 -20.014 <0.01 
20 - 15.1   -8.75E+01 3.37 -25.944 <0.01 
21 - 15.1   -8.75E+01 3.37 -25.944 <0.01 
17.1 - 16.1   1.05E+01 3.37 3.113 0.1188 
18.2 - 16.1   -7.50 3.37 -2.224 0.5443 
19.2 - 16.1   -6.20E+01 3.37 -18.383 <0.01 
20 - 16.1   -8.20E+01 3.37 -24.313 <0.01 
21 - 16.1   -8.20E+01 3.37 -24.313 <0.01 
18.2 - 17.1   -1.80E+01 3.37 -5.337 <0.01 
19.2 - 17.1   -7.25E+01 3.37 -21.496 <0.01 
20 - 17.1   -9.25E+01 3.37 -27.426 <0.01 
21 - 17.1   -9.25E+01 3.37 -27.426 <0.01 
19.2 - 18.2   -5.45E+01 3.37 -16.159 <0.01 
20 - 18.2   -7.45E+01 3.37 -22.089 <0.01 
21 - 18.2   -7.45E+01 3.37 -22.089 <0.01 
20 - 19.2   -2.00E+01 3.37 -5.93 <0.01 
21 - 19.2   -2.00E+01 3.37 -5.93 <0.01 
21 - 20   7.11E-15 3.37 2.11E-15 1 
 

C. rodgersii (Mokohinau Islands) - % of hatching (18 hours) 

 Estimate Std. Error t value p 
13.1 - 12   6.96E-14 4.45 1.56E-14 1 
14.2 - 12   3.10E+01 4.45 6.971 <0.01 
16-12 4.05E+01 4.45 9.107 <0.01 
17.3 - 12   8.05E+01 4.45 18.101 <0.01 
18.7 - 12   8.95E+01 4.45 20.125 <0.01 
20.1 - 12   9.25E+01 4.45 20.8 <0.01 
22.1 - 12   9.10E+01 4.45 20.462 <0.01 
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23.5 - 12   9.30E+01 4.45 20.912 <0.01 
25-12 6.00 4.45 1.349 0.966 
26.4 - 12   3.20E-14 4.45 7.20E-15 1 
28.8 - 12   3.14E-14 4.45 7.06E-15 1 
14.2 - 13.1   3.10E+01 4.45 6.971 <0.01 
16 - 13.1   4.05E+01 4.45 9.107 <0.01 
17.3 - 13.1   8.05E+01 4.45 18.101 <0.01 
18.7 - 13.1   8.95E+01 4.45 20.125 <0.01 
20.1 - 13.1   9.25E+01 4.45 20.8 <0.01 
22.1 - 13.1   9.10E+01 4.45 20.462 <0.01 
23.5 - 13.1   9.30E+01 4.45 20.912 <0.01 
25 - 13.1   6.00 4.45 1.349 0.966 
26.4 - 13.1   -3.76E-14 4.45 -8.45E-15 1 
28.8 - 13.1   -3.82E-14 4.45 -8.58E-15 1 
16 - 14.2   9.50 4.45 2.136 0.602 
17.3 - 14.2   4.95E+01 4.45 11.131 <0.01 
18.7 - 14.2   5.85E+01 4.45 13.154 <0.01 
20.1 - 14.2   6.15E+01 4.45 13.829 <0.01 
22.1 - 14.2   6.00E+01 4.45 13.492 <0.01 
23.5 - 14.2   6.20E+01 4.45 13.941 <0.01 
25 - 14.2   -2.50E+01 4.45 -5.621 <0.01 
26.4 - 14.2   -3.10E+01 4.45 -6.971 <0.01 
28.8 - 14.2   -3.10E+01 4.45 -6.971 <0.01 
17.3 - 16   4.00E+01 4.45 8.994 <0.01 
18.7 - 16   4.90E+01 4.45 11.018 <0.01 
20.1 - 16   5.20E+01 4.45 11.693 <0.01 
22.1 - 16   5.05E+01 4.45 11.355 <0.01 
23.5 - 16   5.25E+01 4.45 11.805 <0.01 
25 - 16   -3.45E+01 4.45 -7.758 <0.01 
26.4 - 16   -4.05E+01 4.45 -9.107 <0.01 
28.8 - 16   -4.05E+01 4.45 -9.107 <0.01 
18.7 - 17.3   9.00 4.45 2.024 0.675 
20.1 - 17.3   1.20E+01 4.45 2.698 0.268 
22.1 - 17.3   1.05E+01 4.45 2.361 0.455 
23.5 - 17.3   1.25E+01 4.45 2.811 0.217 
25 - 17.3   -7.45E+01 4.45 -16.752 <0.01 
26.4 - 17.3   -8.05E+01 4.45 -18.101 <0.01 
28.8 - 17.3   -8.05E+01 4.45 -18.101 <0.01 
20.1 - 18.7   3.00 4.45 0.675 1 
22.1 - 18.7   1.50 4.45 0.337 1 
23.5 - 18.7   3.50 4.45 0.787 1 
25 - 18.7   -8.35E+01 4.45 -18.776 <0.01 
26.4 - 18.7   -8.95E+01 4.45 -20.125 <0.01 
28.8 - 18.7   -8.95E+01 4.45 -20.125 <0.01 
22.1 - 20.1   -1.50 4.45 -0.337 1 
23.5 - 20.1   5.00E-01 4.45 0.112 1 
25 - 20.1   -8.65E+01 4.45 -19.45 <0.01 
26.4 - 20.1   -9.25E+01 4.45 -20.8 <0.01 
28.8 - 20.1   -9.25E+01 4.45 -20.8 <0.01 
23.5 - 22.1   2.00 4.45 0.45 1 
25 - 22.1   -8.50E+01 4.45 -19.113 <0.01 
26.4 - 22.1   -9.10E+01 4.45 -20.462 <0.01 
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28.8 - 22.1   -9.10E+01 4.45 -20.462 <0.01 
25 - 23.5   -8.70E+01 4.45 -19.563 <0.01 
26.4 - 23.5   -9.30E+01 4.45 -20.912 <0.01 
28.8 - 23.5   -9.30E+01 4.45 -20.912 <0.01 
26.4 - 25   -6.00 4.45 -1.349 0.966 
28.8 - 25   -6.00 4.45 -1.349 0.966 
28.8 - 26.4   -6.16E-16 4.45 -1.39E-16 1 
 

C. rodgersii (Coffs Harbour) - % of hatching (18 hours) 

 Estimate Std. Error t value p 
13.9 - 12.8   1.15E+01 2.88 4 <0.05 
15.6 - 12.8   4.75E+01 2.88 16.523 <0.01 
17.3 - 12.8   5.20E+01 2.88 18.089 <0.01 
19.1 - 12.8   7.20E+01 2.88 25.046 <0.01 
20.9 - 12.8   8.15E+01 2.88 28.351 <0.01 
22.4 - 12.8   9.30E+01 2.88 32.351 <0.01 
24.5 - 12.8   7.95E+01 2.88 27.655 <0.01 
26.1 - 12.8   5.00E-01 2.88 0.174 1 
27.7 - 12.8   2.59E-14 2.88 9.00E-15 1 
29.5 - 12.8   2.73E-14 2.88 9.48E-15 1 
31.5 - 12.8   2.73E-14 2.88 9.50E-15 1 
15.6 - 13.9   3.60E+01 2.88 12.523 <0.01 
17.3 - 13.9   4.05E+01 2.88 14.088 <0.01 
19.1 - 13.9   6.05E+01 2.88 21.046 <0.01 
20.9 - 13.9   7.00E+01 2.88 24.35 <0.01 
22.4 - 13.9   8.15E+01 2.88 28.351 <0.01 
24.5 - 13.9   6.80E+01 2.88 23.655 <0.01 
26.1 - 13.9   -1.10E+01 2.88 -3.826 <0.05 
27.7 - 13.9   -1.15E+01 2.88 -4 <0.05 
29.5 - 13.9   -1.15E+01 2.88 -4 <0.05 
31.5 - 13.9   -1.15E+01 2.88 -4 <0.05 
17.3 - 15.6   4.50 2.88 1.565 0.9104 
19.1 - 15.6   2.45E+01 2.88 8.523 <0.01 
20.9 - 15.6   3.40E+01 2.88 11.827 <0.01 
22.4 - 15.6   4.55E+01 2.88 15.828 <0.01 
24.5 - 15.6   3.20E+01 2.88 11.132 <0.01 
26.1 - 15.6   -4.70E+01 2.88 -16.35 <0.01 
27.7 - 15.6   -4.75E+01 2.88 -16.523 <0.01 
29.5 - 15.6   -4.75E+01 2.88 -16.523 <0.01 
31.5 - 15.6   -4.75E+01 2.88 -16.523 <0.01 
19.1 - 17.3   2.00E+01 2.88 6.957 <0.01 
20.9 - 17.3   2.95E+01 2.88 10.262 <0.01 
22.4 - 17.3   4.10E+01 2.88 14.262 <0.01 
24.5 - 17.3   2.75E+01 2.88 9.566 <0.01 
26.1 - 17.3   -5.15E+01 2.88 -17.915 <0.01 
27.7 - 17.3   -5.20E+01 2.88 -18.089 <0.01 
29.5 - 17.3   -5.20E+01 2.88 -18.089 <0.01 
31.5 - 17.3   -5.20E+01 2.88 -18.089 <0.01 
20.9 - 19.1   9.50 2.88 3.305 0.0769 
22.4 - 19.1   2.10E+01 2.88 7.305 <0.01 
24.5 - 19.1   7.50 2.88 2.609 0.3123 
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26.1 - 19.1   -7.15E+01 2.88 -24.872 <0.01 
27.7 - 19.1   -7.20E+01 2.88 -25.046 <0.01 
29.5 - 19.1   -7.20E+01 2.88 -25.046 <0.01 
31.5 - 19.1   -7.20E+01 2.88 -25.046 <0.01 
22.4 - 20.9   1.15E+01 2.88 4 <0.05 
24.5 - 20.9   -2.00 2.88 -0.696 0.9999 
26.1 - 20.9   -8.10E+01 2.88 -28.177 <0.01 
27.7 - 20.9   -8.15E+01 2.88 -28.351 <0.01 
29.5 - 20.9   -8.15E+01 2.88 -28.351 <0.01 
31.5 - 20.9   -8.15E+01 2.88 -28.351 <0.01 
24.5 - 22.4   -1.35E+01 2.88 -4.696 <0.01 
26.1 - 22.4   -9.25E+01 2.88 -32.177 <0.01 
27.7 - 22.4   -9.30E+01 2.88 -32.351 <0.01 
29.5 - 22.4   -9.30E+01 2.88 -32.351 <0.01 
31.5 - 22.4   -9.30E+01 2.88 -32.351 <0.01 
26.1 - 24.5   -7.90E+01 2.88 -27.481 <0.01 
27.7 - 24.5   -7.95E+01 2.88 -27.655 <0.01 
29.5 - 24.5   -7.95E+01 2.88 -27.655 <0.01 
31.5 - 24.5   -7.95E+01 2.88 -27.655 <0.01 
27.7 - 26.1   -5.00E-01 2.88 -0.174 1 
29.5 - 26.1   -5.00E-01 2.88 -0.174 1 
31.5 - 26.1   -5.00E-01 2.88 -0.174 1 
29.5 - 27.7   1.37E-15 2.88 4.78E-16 1 
31.5 - 27.7   1.44E-15 2.88 4.99E-16 1 
31.5 - 29.5   6.24E-17 2.88 2.17E-17 1 
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Gastrulation 

 

Species Source SS df F p 
E. chloroticus A Treatment 67585 11 81.378 <0.001 
 Residuals 2718 36   
E. chloroticus B Treatment 78352 11 106.98 <0.001 
 Residuals 2397 36   
E. chloroticus C Treatment 72273 11 88.555 <0.001 
 Residuals 2671 36   
P. huttoni A Treatment 73609 11 235.95 <0.05 
 Residuals 1021 36   
P. huttoni B Treatment 65358 11 228.04 <0.001 
 Residuals 938 36   
C. rodgersii - Mokohinau Is. A Treatment 74786 11 1323 <0.001 
 Residuals 185 36   
C. rodgersii - Mokohinau Is. B Treatment 89264 11 499.38 <0.001 
 Treatment 585 36   
C. rodgersii - Coffs Harbour A Treatment 61556 11 619.87 <0.001 
 Residuals 325 36   
C. rodgersii - Coffs Harbour B Treatment 81622 11 799.78 <0.001 
 Residuals 334 36   
 

Tukey's HSD 

 

E. chloroticus - % of gastrulation (50 hours) 

 Estimate Std. Error t value p 
9.7 - 7.9   3 6.144 0.488 1 
11.2 - 7.9   51 6.144 8.301 <0.01 
12.5 - 7.9   73.5 6.144 11.963 <0.01 
13.8 - 7.9   89.5 6.144 14.567 <0.01 
15.1 - 7.9   94.5 6.144 15.381 <0.01 
16.1 - 7.9   97.5 6.144 15.869 <0.01 
17.1 - 7.9   93.5 6.144 15.218 <0.01 
18.2 - 7.9   86 6.144 13.997 <0.01 
19.2 - 7.9   70.5 6.144 11.474 <0.01 
20 - 7.9   23 6.144 3.743 <0.05 
21 - 7.9   4 6.144 0.651 0.9999 
11.2 - 9.7   48 6.144 7.812 <0.01 
12.5 - 9.7   70.5 6.144 11.474 <0.01 
13.8 - 9.7   86.5 6.144 14.079 <0.01 
15.1 - 9.7   91.5 6.144 14.892 <0.01 
16.1 - 9.7   94.5 6.144 15.381 <0.01 
17.1 - 9.7   90.5 6.144 14.73 <0.01 
18.2 - 9.7   83 6.144 13.509 <0.01 
19.2 - 9.7   67.5 6.144 10.986 <0.01 
20 - 9.7   20 6.144 3.255 0.0863 
21 - 9.7   1 6.144 0.163 1 



 xxxviii 

12.5 - 11.2   22.5 6.144 3.662 <0.05 
13.8 - 11.2   38.5 6.144 6.266 <0.01 
15.1 - 11.2   43.5 6.144 7.08 <0.01 
16.1 - 11.2   46.5 6.144 7.568 <0.01 
17.1 - 11.2   42.5 6.144 6.917 <0.01 
18.2 - 11.2   35 6.144 5.697 <0.01 
19.2 - 11.2   19.5 6.144 3.174 0.1035 
20 - 11.2   -28 6.144 -4.557 <0.01 
21 - 11.2   -47 6.144 -7.65 <0.01 
13.8 - 12.5   16 6.144 2.604 0.3136 
15.1 - 12.5   21 6.144 3.418 0.0599 
16.1 - 12.5   24 6.144 3.906 <0.05 
17.1 - 12.5   20 6.144 3.255 0.0864 
18.2 - 12.5   12.5 6.144 2.034 0.6687 
19.2 - 12.5   -3 6.144 -0.488 1 
20 - 12.5   -50.5 6.144 -8.219 <0.01 
21 - 12.5   -69.5 6.144 -11.312 <0.01 
15.1 - 13.8   5 6.144 0.814 0.9995 
16.1 - 13.8   8 6.144 1.302 0.9736 
17.1 - 13.8   4 6.144 0.651 0.9999 
18.2 - 13.8   -3.5 6.144 -0.57 1 
19.2 - 13.8   -19 6.144 -3.092 0.1239 
20 - 13.8   -66.5 6.144 -10.823 <0.01 
21 - 13.8   -85.5 6.144 -13.916 <0.01 
16.1 - 15.1   3 6.144 0.488 1 
17.1 - 15.1   -1 6.144 -0.163 1 
18.2 - 15.1   -8.5 6.144 -1.383 0.9594 
19.2 - 15.1   -24 6.144 -3.906 <0.05 
20 - 15.1   -71.5 6.144 -11.637 <0.01 
21 - 15.1   -90.5 6.144 -14.73 <0.01 
17.1 - 16.1   -4 6.144 -0.651 0.9999 
18.2 - 16.1   -11.5 6.144 -1.872 0.7681 
19.2 - 16.1   -27 6.144 -4.394 <0.01 
20 - 16.1   -74.5 6.144 -12.125 <0.01 
21 - 16.1   -93.5 6.144 -15.218 <0.01 
18.2 - 17.1   -7.5 6.144 -1.221 0.9836 
19.2 - 17.1   -23 6.144 -3.743 <0.05 
20 - 17.1   -70.5 6.144 -11.474 <0.01 
21 - 17.1   -89.5 6.144 -14.567 <0.01 
19.2 - 18.2   -15.5 6.144 -2.523 0.3585 
20 - 18.2   -63 6.144 -10.254 <0.01 
21 - 18.2   -82 6.144 -13.346 <0.01 
20 - 19.2   -47.5 6.144 -7.731 <0.01 
21 - 19.2   -66.5 6.144 -10.823 <0.01 
21 - 20   -19 6.144 -3.092 0.1241 
 

E. chloroticus - % of gastrulation (74 hours) 

 Estimate Std. Error t value p 
9.7 - 7.9   6.10E+01 5.77 10.572 <0.001 
11.2 - 7.9   7.95E+01 5.77 13.778 <0.001 
12.5 - 7.9   9.15E+01 5.77 15.858 <0.001 
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13.8 - 7.9   9.30E+01 5.77 16.118 <0.001 
15.1 - 7.9   9.05E+01 5.77 15.685 <0.001 
16.1 - 7.9   9.20E+01 5.77 15.945 <0.001 
17.1 - 7.9   9.30E+01 5.77 16.118 <0.001 
18.2 - 7.9   7.20E+01 5.77 12.479 <0.001 
19.2 - 7.9   1.20E+01 5.77 2.08 0.639 
20 - 7.9   -4.00 5.77 -0.693 0.9999 
21 - 7.9   -4.00 5.77 -0.693 0.9999 
11.2 - 9.7   1.85E+01 5.77 3.206 0.0968 
12.5 - 9.7   3.05E+01 5.77 5.286 <0.001 
13.8 - 9.7   3.20E+01 5.77 5.546 <0.001 
15.1 - 9.7   2.95E+01 5.77 5.113 <0.001 
16.1 - 9.7   3.10E+01 5.77 5.373 <0.001 
17.1 - 9.7   3.20E+01 5.77 5.546 <0.001 
18.2 - 9.7   1.10E+01 5.77 1.906 0.7476 
19.2 - 9.7   -4.90E+01 5.77 -8.492 <0.001 
20 - 9.7   -6.50E+01 5.77 -11.265 <0.001 
21 - 9.7   -6.50E+01 5.77 -11.265 <0.001 
12.5 - 11.2   1.20E+01 5.77 2.08 0.639 
13.8 - 11.2   1.35E+01 5.77 2.34 0.4691 
15.1 - 11.2   1.10E+01 5.77 1.906 0.7478 
16.1 - 11.2   1.25E+01 5.77 2.166 0.5824 
17.1 - 11.2   1.35E+01 5.77 2.34 0.4694 
18.2 - 11.2   -7.50 5.77 -1.3 0.9739 
19.2 - 11.2   -6.75E+01 5.77 -11.699 <0.001 
20 - 11.2   -8.35E+01 5.77 -14.472 <0.001 
21 - 11.2   -8.35E+01 5.77 -14.472 <0.001 
13.8 - 12.5   1.50 5.77 0.26 1 
15.1 - 12.5   -1.00 5.77 -0.173 1 
16.1 - 12.5   5.00E-01 5.77 0.087 1 
17.1 - 12.5   1.50 5.77 0.26 1 
18.2 - 12.5   -1.95E+01 5.77 -3.38 0.0653 . 
19.2 - 12.5   -7.95E+01 5.77 -13.778 <0.001 
20 - 12.5   -9.55E+01 5.77 -16.551 <0.001 
21 - 12.5   -9.55E+01 5.77 -16.551 <0.001 
15.1 - 13.8   -2.50 5.77 -0.433 1 
16.1 - 13.8   -1.00 5.77 -0.173 1 
17.1 - 13.8   -2.27E-13 5.77 -3.94E-14 1 
18.2 - 13.8   -2.10E+01 5.77 -3.64 <0.05 
19.2 - 13.8   -8.10E+01 5.77 -14.038 <0.001 
20 - 13.8   -9.70E+01 5.77 -16.811 <0.001 
21 - 13.8   -9.70E+01 5.77 -16.811 <0.001 
16.1 - 15.1   1.50 5.77 0.26 1 
17.1 - 15.1   2.50 5.77 0.433 1 
18.2 - 15.1   -1.85E+01 5.77 -3.206 0.0964 . 
19.2 - 15.1   -7.85E+01 5.77 -13.605 <0.001 
20 - 15.1   -9.45E+01 5.77 -16.378 <0.001 
21 - 15.1   -9.45E+01 5.77 -16.378 <0.001 
17.1 - 16.1   1.00 5.77 0.173 1 
18.2 - 16.1   -2.00E+01 5.77 -3.466 0.0526 . 
19.2 - 16.1   -8.00E+01 5.77 -13.865 <0.001 
20 - 16.1   -9.60E+01 5.77 -16.638 <0.001 
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21 - 16.1   -9.60E+01 5.77 -16.638 <0.001 
18.2 - 17.1   -2.10E+01 5.77 -3.64 <0.05 
19.2 - 17.1   -8.10E+01 5.77 -14.038 <0.001 
20 - 17.1   -9.70E+01 5.77 -16.811 <0.001 
21 - 17.1   -9.70E+01 5.77 -16.811 <0.001 
19.2 - 18.2   -6.00E+01 5.77 -10.399 <0.001 
20 - 18.2   -7.60E+01 5.77 -13.172 <0.001 
21 - 18.2   -7.60E+01 5.77 -13.172 <0.001 
20 - 19.2   -1.60E+01 5.77 -2.773 0.2341 
21 - 19.2   -1.60E+01 5.77 -2.773 0.2334 
21 - 20   0.00 5.77 0 1 
 

E. chloroticus - % of gastrulation (98 hours) 

 Estimate Std. Error t value p 
9.7 - 7.9   3.40E+01 6.09 5.582 <0.001 
11.2 - 7.9   6.85E+01 6.09 11.247 <0.001 
12.5 - 7.9   6.65E+01 6.09 10.918 <0.001 
13.8 - 7.9   6.15E+01 6.09 10.097 <0.001 
15.1 - 7.9   7.25E+01 6.09 11.903 <0.001 
16.1 - 7.9   6.50E+01 6.09 10.672 <0.001 
17.1 - 7.9   6.00E+01 6.09 9.851 <0.001 
18.2 - 7.9   -2.00 6.09 -0.328 1 
19.2 - 7.9   -1.95E+01 6.09 -3.202 0.09707 
20 - 7.9   -2.45E+01 6.09 -4.022 <0.05 
21 - 7.9   -2.45E+01 6.09 -4.022 <0.05 
11.2 - 9.7   3.45E+01 6.09 5.664 <0.001 
12.5 - 9.7   3.25E+01 6.09 5.336 <0.001 
13.8 - 9.7   2.75E+01 6.09 4.515 <0.01 
15.1 - 9.7   3.85E+01 6.09 6.321 <0.001 
16.1 - 9.7   3.10E+01 6.09 5.09 <0.001 
17.1 - 9.7   2.60E+01 6.09 4.269 <0.01 
18.2 - 9.7   -3.60E+01 6.09 -5.911 <0.001 
19.2 - 9.7   -5.35E+01 6.09 -8.784 <0.001 
20 - 9.7   -5.85E+01 6.09 -9.605 <0.001 
21 - 9.7   -5.85E+01 6.09 -9.605 <0.001 
12.5 - 11.2   -2.00 6.09 -0.328 1 
13.8 - 11.2   -7.00 6.09 -1.149 0.98977 
15.1 - 11.2   4.00 6.09 0.657 0.99993 
16.1 - 11.2   -3.50 6.09 -0.575 0.99998 
17.1 - 11.2   -8.50 6.09 -1.396 0.957 
18.2 - 11.2   -7.05E+01 6.09 -11.575 <0.001 
19.2 - 11.2   -8.80E+01 6.09 -14.448 <0.001 
20 - 11.2   -9.30E+01 6.09 -15.269 <0.001 
21 - 11.2   -9.30E+01 6.09 -15.269 <0.001 
13.8 - 12.5   -5.00 6.09 -0.821 0.99944 
15.1 - 12.5   6.00 6.09 0.985 0.99715 
16.1 - 12.5   -1.50 6.09 -0.246 1 
17.1 - 12.5   -6.50 6.09 -1.067 0.99434 
18.2 - 12.5   -6.85E+01 6.09 -11.247 <0.001 
19.2 - 12.5   -8.60E+01 6.09 -14.12 <0.001 
20 - 12.5   -9.10E+01 6.09 -14.941 <0.001 
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21 - 12.5   -9.10E+01 6.09 -14.941 <0.001 
15.1 - 13.8   1.10E+01 6.09 1.806 0.80407 
16.1 - 13.8   3.50 6.09 0.575 0.99998 
17.1 - 13.8   -1.50 6.09 -0.246 1 
18.2 - 13.8   -6.35E+01 6.09 -10.426 <0.001 
19.2 - 13.8   -8.10E+01 6.09 -13.299 <0.001 
20 - 13.8   -8.60E+01 6.09 -14.12 <0.001 
21 - 13.8   -8.60E+01 6.09 -14.12 <0.001 
16.1 - 15.1   -7.50 6.09 -1.231 0.98242 
17.1 - 15.1   -1.25E+01 6.09 -2.052 0.65747 
18.2 - 15.1   -7.45E+01 6.09 -12.232 <0.001 
19.2 - 15.1   -9.20E+01 6.09 -15.105 <0.001 
20 - 15.1   -9.70E+01 6.09 -15.926 <0.001 
21 - 15.1   -9.70E+01 6.09 -15.926 <0.001 
17.1 - 16.1   -5.00 6.09 -0.821 0.99944 
18.2 - 16.1   -6.70E+01 6.09 -11 <0.001 
19.2 - 16.1   -8.45E+01 6.09 -13.873 <0.001 
20 - 16.1   -8.95E+01 6.09 -14.694 <0.001 
21 - 16.1   -8.95E+01 6.09 -14.694 <0.001 
18.2 - 17.1   -6.20E+01 6.09 -10.179 <0.001 
19.2 - 17.1   -7.95E+01 6.09 -13.053 <0.001 
20 - 17.1   -8.45E+01 6.09 -13.873 <0.001 
21 - 17.1   -8.45E+01 6.09 -13.873 <0.001 
19.2 - 18.2   -1.75E+01 6.09 -2.873 0.19354 
20 - 18.2   -2.25E+01 6.09 -3.694 <0.05 
21 - 18.2   -2.25E+01 6.09 -3.694 <0.05 
20 - 19.2   -5.00 6.09 -0.821 0.99944 
21 - 19.2   -5.00 6.09 -0.821 0.99944 
21 - 20   7.11E-15 6.09 1.17E-15 1 
 

P. huttoni - % of gastrulation (48 hours) 

 Estimate Std. Error t value p 
9.7 - 7.9   5.00E-01 3.77 0.133 1 
11.2 - 7.9   4.70E+01 3.77 12.481 <0.001 
12.5 - 7.9   8.05E+01 3.77 21.377 <0.001 
13.8 - 7.9   9.60E+01 3.77 25.493 <0.001 
15.1 - 7.9   8.75E+01 3.77 23.236 <0.001 
16.1 - 7.9   8.20E+01 3.77 21.775 <0.001 
17.1 - 7.9   9.20E+01 3.77 24.431 <0.001 
18.2 - 7.9   6.60E+01 3.77 17.527 <0.001 
19.2 - 7.9   1.80E+01 3.77 4.78 <0.01** 
20 - 7.9   1.27E-14 3.77 3.38E-15 1 
21 - 7.9   1.13E-14 3.77 3.00E-15 1 
11.2 - 9.7   4.65E+01 3.77 12.348 <0.001 
12.5 - 9.7   8.00E+01 3.77 21.244 <0.001 
13.8 - 9.7   9.55E+01 3.77 25.36 <0.001 
15.1 - 9.7   8.70E+01 3.77 23.103 <0.001 
16.1 - 9.7   8.15E+01 3.77 21.643 <0.001 
17.1 - 9.7   9.15E+01 3.77 24.298 <0.001 
18.2 - 9.7   6.55E+01 3.77 17.394 <0.001 
19.2 - 9.7   1.75E+01 3.77 4.647 <0.01 



 xlii 

20 - 9.7   -5.00E-01 3.77 -0.133 1 
21 - 9.7   -5.00E-01 3.77 -0.133 1 
12.5 - 11.2   3.35E+01 3.77 8.896 <0.001 
13.8 - 11.2   4.90E+01 3.77 13.012 <0.001 
15.1 - 11.2   4.05E+01 3.77 10.755 <0.001 
16.1 - 11.2   3.50E+01 3.77 9.294 <0.001 
17.1 - 11.2   4.50E+01 3.77 11.95 <0.001 
18.2 - 11.2   1.90E+01 3.77 5.046 <0.001 
19.2 - 11.2   -2.90E+01 3.77 -7.701 <0.001 
20 - 11.2   -4.70E+01 3.77 -12.481 <0.001 
21 - 11.2   -4.70E+01 3.77 -12.481 <0.001 
13.8 - 12.5   1.55E+01 3.77 4.116 <0.05 
15.1 - 12.5   7.00 3.77 1.859 0.77498 
16.1 - 12.5   1.50 3.77 0.398 1 
17.1 - 12.5   1.15E+01 3.77 3.054 0.13452 
18.2 - 12.5   -1.45E+01 3.77 -3.851 <0.05 
19.2 - 12.5   -6.25E+01 3.77 -16.597 <0.001 
20 - 12.5   -8.05E+01 3.77 -21.377 <0.001 
21 - 12.5   -8.05E+01 3.77 -21.377 <0.001 
15.1 - 13.8   -8.50 3.77 -2.257 0.52262 
16.1 - 13.8   -1.40E+01 3.77 -3.718 <0.05 
17.1 - 13.8   -4.00 3.77 -1.062 0.99457 
18.2 - 13.8   -3.00E+01 3.77 -7.967 <0.001 
19.2 - 13.8   -7.80E+01 3.77 -20.713 <0.001 
20 - 13.8   -9.60E+01 3.77 -25.493 <0.001 
21 - 13.8   -9.60E+01 3.77 -25.493 <0.001 
16.1 - 15.1   -5.50 3.77 -1.461 0.94165 
17.1 - 15.1   4.50 3.77 1.195 0.986 
18.2 - 15.1   -2.15E+01 3.77 -5.709 <0.001 
19.2 - 15.1   -6.95E+01 3.77 -18.456 <0.001 
20 - 15.1   -8.75E+01 3.77 -23.236 <0.001 
21 - 15.1   -8.75E+01 3.77 -23.236 <0.001 
17.1 - 16.1   1.00E+01 3.77 2.656 0.28804 
18.2 - 16.1   -1.60E+01 3.77 -4.249 <0.05 
19.2 - 16.1   -6.40E+01 3.77 -16.995 <0.001 
20 - 16.1   -8.20E+01 3.77 -21.775 <0.001 
21 - 16.1   -8.20E+01 3.77 -21.775 <0.001 
18.2 - 17.1   -2.60E+01 3.77 -6.904 <0.001 
19.2 - 17.1   -7.40E+01 3.77 -19.651 <0.001 
20 - 17.1   -9.20E+01 3.77 -24.431 <0.001 
21 - 17.1   -9.20E+01 3.77 -24.431 <0.001 
19.2 - 18.2   -4.80E+01 3.77 -12.747 <0.001 
20 - 18.2   -6.60E+01 3.77 -17.527 <0.001 
21 - 18.2   -6.60E+01 3.77 -17.527 <0.001 
20 - 19.2   -1.80E+01 3.77 -4.78 <0.01 
21 - 19.2   -1.80E+01 3.77 -4.78 <0.01 
21 - 20   -1.42E-15 3.77 -3.77E-16 1 
 

P. huttoni - % of hatching (72 hours) 

 Estimate Std. Error t value p 
9.7 - 7.9   45 3.609 12.467 <0.01 
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11.2 - 7.9   56 3.609 15.515 <0.01 
12.5 - 7.9   59.5 3.609 16.485 <0.01 
13.8 - 7.9   63.5 3.609 17.593 <0.01 
15.1 - 7.9   69.5 3.609 19.255 <0.01 
16.1 - 7.9   68.5 3.609 18.978 <0.01 
17.1 - 7.9   71.5 3.609 19.809 <0.01 
18.2 - 7.9   25 3.609 6.926 <0.01 
19.2 - 7.9   -19.5 3.609 -5.403 <0.01 
20 - 7.9   -22 3.609 -6.095 <0.01 
21 - 7.9   -22 3.609 -6.095 <0.01 
11.2 - 9.7   11 3.609 3.048 0.1364 
12.5 - 9.7   14.5 3.609 4.017 <0.05 
13.8 - 9.7   18.5 3.609 5.126 <0.01 
15.1 - 9.7   24.5 3.609 6.788 <0.01 
16.1 - 9.7   23.5 3.609 6.511 <0.01 
17.1 - 9.7   26.5 3.609 7.342 <0.01 
18.2 - 9.7   -20 3.609 -5.541 <0.01 
19.2 - 9.7   -64.5 3.609 -17.87 <0.01 
20 - 9.7   -67 3.609 -18.563 <0.01 
21 - 9.7   -67 3.609 -18.563 <0.01 
12.5 - 11.2   3.5 3.609 0.97 0.9975 
13.8 - 11.2   7.5 3.609 2.078 0.6403 
15.1 - 11.2   13.5 3.609 3.74 <0.05 
16.1 - 11.2   12.5 3.609 3.463 0.0536 
17.1 - 11.2   15.5 3.609 4.294 <0.01 
18.2 - 11.2   -31 3.609 -8.589 <0.01 
19.2 - 11.2   -75.5 3.609 -20.918 <0.01 
20 - 11.2   -78 3.609 -21.61 <0.01 
21 - 11.2   -78 3.609 -21.61 <0.01 
13.8 - 12.5   4 3.609 1.108 0.9923 
15.1 - 12.5   10 3.609 2.771 0.235 
16.1 - 12.5   9 3.609 2.493 0.3754 
17.1 - 12.5   12 3.609 3.325 0.0736 
18.2 - 12.5   -34.5 3.609 -9.558 <0.01 
19.2 - 12.5   -79 3.609 -21.887 <0.01 
20 - 12.5   -81.5 3.609 -22.58 <0.01 
21 - 12.5   -81.5 3.609 -22.58 <0.01 
15.1 - 13.8   6 3.609 1.662 0.8733 
16.1 - 13.8   5 3.609 1.385 0.9591 
17.1 - 13.8   8 3.609 2.216 0.5489 
18.2 - 13.8   -38.5 3.609 -10.667 <0.01 
19.2 - 13.8   -83 3.609 -22.996 <0.01 
20 - 13.8   -85.5 3.609 -23.688 <0.01 
21 - 13.8   -85.5 3.609 -23.688 <0.01 
16.1 - 15.1   -1 3.609 -0.277 1 
17.1 - 15.1   2 3.609 0.554 1 
18.2 - 15.1   -44.5 3.609 -12.329 <0.01 
19.2 - 15.1   -89 3.609 -24.658 <0.01 
20 - 15.1   -91.5 3.609 -25.35 <0.01 
21 - 15.1   -91.5 3.609 -25.35 <0.01 
17.1 - 16.1   3 3.609 0.831 0.9994 
18.2 - 16.1   -43.5 3.609 -12.052 <0.01 
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19.2 - 16.1   -88 3.609 -24.381 <0.01 
20 - 16.1   -90.5 3.609 -25.073 <0.01 
21 - 16.1   -90.5 3.609 -25.073 <0.01 
18.2 - 17.1   -46.5 3.609 -12.883 <0.01 
19.2 - 17.1   -91 3.609 -25.212 <0.01 
20 - 17.1   -93.5 3.609 -25.905 <0.01 
21 - 17.1   -93.5 3.609 -25.905 <0.01 
19.2 - 18.2   -44.5 3.609 -12.329 <0.01 
20 - 18.2   -47 3.609 -13.022 <0.01 
21 - 18.2   -47 3.609 -13.022 <0.01 
20 - 19.2   -2.5 3.609 -0.693 0.9999 
21 - 19.2   -2.5 3.609 -0.693 0.9999 
21 - 20   0 3.609 0 1 
 

C. rodgersii (Mokohinau Islands) - % of gastrulation (18 hours) 

 Estimate Std. Error t value p 
13.1 - 12   3.10E-14 1.60 1.93E-14 1 
14.2 - 12   1.36E-14 1.60 8.46E-15 1 

16-12 1.03E-15 1.60 6.40E-16 1 
17.3 - 12   7.65E-15 1.60 4.78E-15 1 
18.7 - 12   4.50 1.60 2.807 0.2184 
20.1 - 12   9.25E+01 1.60 57.706 <0.01 
22.1 - 12   9.10E+01 1.60 56.77 <0.01 
23.5 - 12   9.30E+01 1.60 58.018 <0.01 

25-12 5.50 1.60 3.431 0.0577 
26.4 - 12   1.63E-14 1.60 1.02E-14 1 
28.8 - 12   1.63E-14 1.60 1.02E-14 1 
14.2 - 13.1   -1.75E-14 1.60 -1.09E-14 1 
16 - 13.1   -3.00E-14 1.60 -1.87E-14 1 
17.3 - 13.1   -2.34E-14 1.60 -1.46E-14 1 
18.7 - 13.1   4.50 1.60 2.807 0.2197 
20.1 - 13.1   9.25E+01 1.60 57.706 <0.01 
22.1 - 13.1   9.10E+01 1.60 56.77 <0.01 
23.5 - 13.1   9.30E+01 1.60 58.018 <0.01 
25 - 13.1   5.50 1.60 3.431 0.0578 
26.4 - 13.1   -1.47E-14 1.60 -9.18E-15 1 
28.8 - 13.1   -1.47E-14 1.60 -9.16E-15 1 
16 - 14.2   -1.25E-14 1.60 -7.82E-15 1 
17.3 - 14.2   -5.91E-15 1.60 -3.68E-15 1 
18.7 - 14.2   4.50 1.60 2.807 0.2196 
20.1 - 14.2   9.25E+01 1.60 57.706 <0.01 
22.1 - 14.2   9.10E+01 1.60 56.77 <0.01 
23.5 - 14.2   9.30E+01 1.60 58.018 <0.01 
25 - 14.2   5.50 1.60 3.431 0.0576 
26.4 - 14.2   2.74E-15 1.60 1.71E-15 1 
28.8 - 14.2   2.77E-15 1.60 1.73E-15 1 
17.3 - 16   6.63E-15 1.60 4.13E-15 1 
18.7 - 16   4.50 1.60 2.807 0.2194 
20.1 - 16   9.25E+01 1.60 57.706 <0.01 
22.1 - 16   9.10E+01 1.60 56.77 <0.01 
23.5 - 16   9.30E+01 1.60 58.018 <0.01 
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25 - 16   5.50 1.60 3.431 0.0573 
26.4 - 16   1.53E-14 1.60 9.53E-15 1 
28.8 - 16   1.53E-14 1.60 9.55E-15 1 
18.7 - 17.3   4.50 1.60 2.807 0.2189 
20.1 - 17.3   9.25E+01 1.60 57.706 <0.01 
22.1 - 17.3   9.10E+01 1.60 56.77 <0.01 
23.5 - 17.3   9.30E+01 1.60 58.018 <0.01 
25 - 17.3   5.50 1.60 3.431 0.0569 
26.4 - 17.3   8.65E-15 1.60 5.39E-15 1 
28.8 - 17.3   8.68E-15 1.60 5.41E-15 1 
20.1 - 18.7   8.80E+01 1.60 54.899 <0.01 
22.1 - 18.7   8.65E+01 1.60 53.963 <0.01 
23.5 - 18.7   8.85E+01 1.60 55.211 <0.01 
25 - 18.7   1.00 1.60 0.624 1 
26.4 - 18.7   -4.50 1.60 -2.807 0.2201 
28.8 - 18.7   -4.50 1.60 -2.807 0.2193 
22.1 - 20.1   -1.50 1.60 -0.936 0.9982 
23.5 - 20.1   5.00E-01 1.60 0.312 1 
25 - 20.1   -8.70E+01 1.60 -54.275 <0.01 
26.4 - 20.1   -9.25E+01 1.60 -57.706 <0.01 
28.8 - 20.1   -9.25E+01 1.60 -57.706 <0.01 
23.5 - 22.1   2.00 1.60 1.248 0.9808 
25 - 22.1   -8.55E+01 1.60 -53.339 <0.01 
26.4 - 22.1   -9.10E+01 1.60 -56.77 <0.01 
28.8 - 22.1   -9.10E+01 1.60 -56.77 <0.01 
25 - 23.5   -8.75E+01 1.60 -54.587 <0.01 
26.4 - 23.5   -9.30E+01 1.60 -58.018 <0.01 
28.8 - 23.5   -9.30E+01 1.60 -58.018 <0.01 
26.4 - 25   -5.50 1.60 -3.431 0.0571 
28.8 - 25   -5.50 1.60 -3.431 0.0576 
28.8 - 26.4   3.21E-17 1.60 2.00E-17 1 
 

C. rodgersii (Mokohinau Islands) - % of gastrulation (40 hours) 

 Estimate Std. Error t value p 
13.1 - 12   4.45E+01 2.85 15.612 <0.001 
14.2 - 12   8.50E+01 2.85 29.82 <0.001 
16-12 9.60E+01 2.85 33.679 <0.001 
17.3 - 12   9.60E+01 2.85 33.679 <0.001 
18.7 - 12   9.50E+01 2.85 33.328 <0.001 
20.1 - 12   9.50E+01 2.85 33.328 <0.001 
22.1 - 12   9.55E+01 2.85 33.504 <0.001 
23.5 - 12   9.35E+01 2.85 32.802 <0.001 
25-12 3.00 2.85 1.052 0.995 
26.4 - 12   5.09E-14 2.85 1.79E-14 1 
28.8 - 12   4.96E-14 2.85 1.74E-14 1 
14.2 - 13.1   4.05E+01 2.85 14.208 <0.001 
16 - 13.1   5.15E+01 2.85 18.067 <0.001 
17.3 - 13.1   5.15E+01 2.85 18.067 <0.001 
18.7 - 13.1   5.05E+01 2.85 17.717 <0.001 
20.1 - 13.1   5.05E+01 2.85 17.717 <0.001 
22.1 - 13.1   5.10E+01 2.85 17.892 <0.001 
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23.5 - 13.1   4.90E+01 2.85 17.19 <0.001 
25 - 13.1   -4.15E+01 2.85 -14.559 <0.001 
26.4 - 13.1   -4.45E+01 2.85 -15.612 <0.001 
28.8 - 13.1   -4.45E+01 2.85 -15.612 <0.001 
16 - 14.2   1.10E+01 2.85 3.859 <0.05 
17.3 - 14.2   1.10E+01 2.85 3.859 <0.05 
18.7 - 14.2   1.00E+01 2.85 3.508 0.0473 
20.1 - 14.2   1.00E+01 2.85 3.508 0.0480 
22.1 - 14.2   1.05E+01 2.85 3.684 <0.05 
23.5 - 14.2   8.50 2.85 2.982 0.1556 
25 - 14.2   -8.20E+01 2.85 -28.768 <0.001 
26.4 - 14.2   -8.50E+01 2.85 -29.82 <0.001 
28.8 - 14.2   -8.50E+01 2.85 -29.82 <0.001 
17.3 - 16   8.53E-14 2.85 2.99E-14 1 
18.7 - 16   -1.00 2.85 -0.351 1 
20.1 - 16   -1.00 2.85 -0.351 1 
22.1 - 16   -5.00E-01 2.85 -0.175 1 
23.5 - 16   -2.50 2.85 -0.877 0.999 
25 - 16   -9.30E+01 2.85 -32.627 <0.001 
26.4 - 16   -9.60E+01 2.85 -33.679 <0.001 
28.8 - 16   -9.60E+01 2.85 -33.679 <0.001 
18.7 - 17.3   -1.00 2.85 -0.351 1 
20.1 - 17.3   -1.00 2.85 -0.351 1 
22.1 - 17.3   -5.00E-01 2.85 -0.175 1 
23.5 - 17.3   -2.50 2.85 -0.877 0.999 
25 - 17.3   -9.30E+01 2.85 -32.627 <0.001 
26.4 - 17.3   -9.60E+01 2.85 -33.679 <0.001 
28.8 - 17.3   -9.60E+01 2.85 -33.679 <0.001 
20.1 - 18.7   -4.26E-14 2.85 -1.50E-14 1 
22.1 - 18.7   5.00E-01 2.85 0.175 1 
23.5 - 18.7   -1.50 2.85 -0.526 1 
25 - 18.7   -9.20E+01 2.85 -32.276 <0.001 
26.4 - 18.7   -9.50E+01 2.85 -33.328 <0.001 
28.8 - 18.7   -9.50E+01 2.85 -33.328 <0.001 
22.1 - 20.1   5.00E-01 2.85 0.175 1 
23.5 - 20.1   -1.50 2.85 -0.526 1 
25 - 20.1   -9.20E+01 2.85 -32.276 <0.001 
26.4 - 20.1   -9.50E+01 2.85 -33.328 <0.001 
28.8 - 20.1   -9.50E+01 2.85 -33.328 <0.001 
23.5 - 22.1   -2.00 2.85 -0.702 0.9999 
25 - 22.1   -9.25E+01 2.85 -32.451 <0.001 
26.4 - 22.1   -9.55E+01 2.85 -33.504 <0.001 
28.8 - 22.1   -9.55E+01 2.85 -33.504 <0.001 
25 - 23.5   -9.05E+01 2.85 -31.75 <0.001 
26.4 - 23.5   -9.35E+01 2.85 -32.802 <0.001 
28.8 - 23.5   -9.35E+01 2.85 -32.802 <0.001 
26.4 - 25   -3.00 2.85 -1.052 0.995 
28.8 - 25   -3.00 2.85 -1.052 0.995 
28.8 - 26.4   -1.30E-15 2.85 -4.56E-16 1 
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C. rodgersii (Coffs Harbour) - % of gastrulation (18 hours) 

 Estimate Std. Error t value p 
13.9 - 12.8   5.77E-14 2.13 2.71E-14 1 
15.6 - 12.8   3.75E-14 2.13 1.76E-14 1 
17.3 - 12.8   2.00E+01 2.13 9.414 <0.001 
19.1 - 12.8   7.85E+01 2.13 36.948 <0.001 
20.9 - 12.8   9.30E+01 2.13 43.773 <0.001 
22.4 - 12.8   7.95E+01 2.13 37.419 <0.001 
24.5 - 12.8   5.00E-01 2.13 0.235 1 
26.1 - 12.8   2.36E-14 2.13 1.11E-14 1 
27.7 - 12.8   2.36E-14 2.13 1.11E-14 1 
29.5 - 12.8   2.36E-14 2.13 1.11E-14 1 
31.5 - 12.8   2.36E-14 2.13 1.11E-14 1 
15.6 - 13.9   -2.02E-14 2.13 -9.50E-15 1 
17.3 - 13.9   2.00E+01 2.13 9.414 <0.001 
19.1 - 13.9   7.85E+01 2.13 36.948 <0.001 
20.9 - 13.9   9.30E+01 2.13 43.773 <0.001 
22.4 - 13.9   7.95E+01 2.13 37.419 <0.001 
24.5 - 13.9   5.00E-01 2.13 0.235 1 
26.1 - 13.9   -3.41E-14 2.13 -1.60E-14 1 
27.7 - 13.9   -3.41E-14 2.13 -1.61E-14 1 
29.5 - 13.9   -3.41E-14 2.13 -1.61E-14 1 
31.5 - 13.9   -3.41E-14 2.13 -1.60E-14 1 
17.3 - 15.6   2.00E+01 2.13 9.414 <0.001 
19.1 - 15.6   7.85E+01 2.13 36.948 <0.001 
20.9 - 15.6   9.30E+01 2.13 43.773 <0.001 
22.4 - 15.6   7.95E+01 2.13 37.419 <0.001 
24.5 - 15.6   5.00E-01 2.13 0.235 1 
26.1 - 15.6   -1.39E-14 2.13 -6.55E-15 1 
27.7 - 15.6   -1.39E-14 2.13 -6.56E-15 1 
29.5 - 15.6   -1.39E-14 2.13 -6.56E-15 1 
31.5 - 15.6   -1.39E-14 2.13 -6.54E-15 1 
19.1 - 17.3   5.85E+01 2.13 27.535 <0.001 
20.9 - 17.3   7.30E+01 2.13 34.36 <0.001 
22.4 - 17.3   5.95E+01 2.13 28.005 <0.001 
24.5 - 17.3   -1.95E+01 2.13 -9.178 <0.001 
26.1 - 17.3   -2.00E+01 2.13 -9.414 <0.001 
27.7 - 17.3   -2.00E+01 2.13 -9.414 <0.001 
29.5 - 17.3   -2.00E+01 2.13 -9.414 <0.001 
31.5 - 17.3   -2.00E+01 2.13 -9.414 <0.001 
20.9 - 19.1   1.45E+01 2.13 6.825 <0.001 
22.4 - 19.1   1.00 2.13 0.471 1 
24.5 - 19.1   -7.80E+01 2.13 -36.713 <0.001 
26.1 - 19.1   -7.85E+01 2.13 -36.948 <0.001 
27.7 - 19.1   -7.85E+01 2.13 -36.948 <0.001 
29.5 - 19.1   -7.85E+01 2.13 -36.948 <0.001 
31.5 - 19.1   -7.85E+01 2.13 -36.948 <0.001 
22.4 - 20.9   -1.35E+01 2.13 -6.354 <0.001 
24.5 - 20.9   -9.25E+01 2.13 -43.538 <0.001 
26.1 - 20.9   -9.30E+01 2.13 -43.773 <0.001 
27.7 - 20.9   -9.30E+01 2.13 -43.773 <0.001 
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29.5 - 20.9   -9.30E+01 2.13 -43.773 <0.001 
31.5 - 20.9   -9.30E+01 2.13 -43.773 <0.001 
24.5 - 22.4   -7.90E+01 2.13 -37.184 <0.001 
26.1 - 22.4   -7.95E+01 2.13 -37.419 <0.001 
27.7 - 22.4   -7.95E+01 2.13 -37.419 <0.001 
29.5 - 22.4   -7.95E+01 2.13 -37.419 <0.001 
31.5 - 22.4   -7.95E+01 2.13 -37.419 <0.001 
26.1 - 24.5   -5.00E-01 2.13 -0.235 1 
27.7 - 24.5   -5.00E-01 2.13 -0.235 1 
29.5 - 24.5   -5.00E-01 2.13 -0.235 1 
31.5 - 24.5   -5.00E-01 2.13 -0.235 1 
27.7 - 26.1   -2.32E-17 2.13 -1.09E-17 1 
29.5 - 26.1   -3.17E-17 2.13 -1.49E-17 1 
31.5 - 26.1   1.05E-17 2.13 4.95E-18 1 
29.5 - 27.7   -8.45E-18 2.13 -3.98E-18 1 
31.5 - 27.7   3.37E-17 2.13 1.59E-17 1 
31.5 - 29.5   4.22E-17 2.13 1.98E-17 1 
 

C. rodgersii (Coffs Harbour) - % of gastrulation (40 hours) 

 Estimate Std. Error t value p 
13.9 - 12.8   6.90E+01 2.15 32.036 <0.001 
15.6 - 12.8   8.45E+01 2.15 39.233 <0.001 
17.3 - 12.8   8.75E+01 2.15 40.626 <0.001 
19.1 - 12.8   8.50E+01 2.15 39.465 <0.001 
20.9 - 12.8   8.70E+01 2.15 40.394 <0.001 
22.4 - 12.8   8.50E+01 2.15 39.465 <0.001 
24.5 - 12.8   8.40E+01 2.15 39.001 <0.001 
26.1 - 12.8   -5.03E-15 2.15 -2.34E-15 1 
27.7 - 12.8   -4.31E-15 2.15 -2.00E-15 1 
29.5 - 12.8   -5.46E-15 2.15 -2.54E-15 1 
31.5 - 12.8   -4.40E-15 2.15 -2.04E-15 1 
15.6 - 13.9   1.55E+01 2.15 7.197 <0.001 
17.3 - 13.9   1.85E+01 2.15 8.589 <0.001 
19.1 - 13.9   1.60E+01 2.15 7.429 <0.001 
20.9 - 13.9   1.80E+01 2.15 8.357 <0.001 
22.4 - 13.9   1.60E+01 2.15 7.429 <0.001 
24.5 - 13.9   1.50E+01 2.15 6.964 <0.001 
26.1 - 13.9   -6.90E+01 2.15 -32.036 <0.001 
27.7 - 13.9   -6.90E+01 2.15 -32.036 <0.001 
29.5 - 13.9   -6.90E+01 2.15 -32.036 <0.001 
31.5 - 13.9   -6.90E+01 2.15 -32.036 <0.001 
17.3 - 15.6   3.00 2.15 1.393 0.958 
19.1 - 15.6   5.00E-01 2.15 0.232 1 
20.9 - 15.6   2.50 2.15 1.161 0.989 
22.4 - 15.6   5.00E-01 2.15 0.232 1 
24.5 - 15.6   -5.00E-01 2.15 -0.232 1 
26.1 - 15.6   -8.45E+01 2.15 -39.233 <0.001 
27.7 - 15.6   -8.45E+01 2.15 -39.233 <0.001 
29.5 - 15.6   -8.45E+01 2.15 -39.233 <0.001 
31.5 - 15.6   -8.45E+01 2.15 -39.233 <0.001 
19.1 - 17.3   -2.50 2.15 -1.161 0.989 
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20.9 - 17.3   -5.00E-01 2.15 -0.232 1 
22.4 - 17.3   -2.50 2.15 -1.161 0.989 
24.5 - 17.3   -3.50 2.15 -1.625 0.888 
26.1 - 17.3   -8.75E+01 2.15 -40.626 <0.001 
27.7 - 17.3   -8.75E+01 2.15 -40.626 <0.001 
29.5 - 17.3   -8.75E+01 2.15 -40.626 <0.001 
31.5 - 17.3   -8.75E+01 2.15 -40.626 <0.001 
20.9 - 19.1   2.00 2.15 0.929 0.998 
22.4 - 19.1   -1.28E-13 2.15 -5.94E-14 1 
24.5 - 19.1   -1.00 2.15 -0.464 1 
26.1 - 19.1   -8.50E+01 2.15 -39.465 <0.001 
27.7 - 19.1   -8.50E+01 2.15 -39.465 <0.001 
29.5 - 19.1   -8.50E+01 2.15 -39.465 <0.001 
31.5 - 19.1   -8.50E+01 2.15 -39.465 <0.001 
22.4 - 20.9   -2.00 2.15 -0.929 0.998 
24.5 - 20.9   -3.00 2.15 -1.393 0.958 
26.1 - 20.9   -8.70E+01 2.15 -40.394 <0.001 
27.7 - 20.9   -8.70E+01 2.15 -40.394 <0.001 
29.5 - 20.9   -8.70E+01 2.15 -40.394 <0.001 
31.5 - 20.9   -8.70E+01 2.15 -40.394 <0.001 
24.5 - 22.4   -1.00 2.15 -0.464 1 
26.1 - 22.4   -8.50E+01 2.15 -39.465 <0.001 
27.7 - 22.4   -8.50E+01 2.15 -39.465 <0.001 
29.5 - 22.4   -8.50E+01 2.15 -39.465 <0.001 
31.5 - 22.4   -8.50E+01 2.15 -39.465 <0.001 
26.1 - 24.5   -8.40E+01 2.15 -39.001 <0.001 
27.7 - 24.5   -8.40E+01 2.15 -39.001 <0.001 
29.5 - 24.5   -8.40E+01 2.15 -39.001 <0.001 
31.5 - 24.5   -8.40E+01 2.15 -39.001 <0.001 
27.7 - 26.1   7.20E-16 2.15 3.34E-16 1 
29.5 - 26.1   -4.30E-16 2.15 -1.99E-16 1 
31.5 - 26.1   6.36E-16 2.15 2.95E-16 1 
29.5 - 27.7   -1.15E-15 2.15 -5.34E-16 1 
31.5 - 27.7   -8.48E-17 2.15 -3.94E-17 1 
31.5 - 29.5   1.07E-15 2.15 4.95E-16 1 
 



 l 

Plutei 

 

Species Source SS df F p 
E. chloroticus A Treatment 68321 11 44.47 <0.001 
 Residuals 5028 36   
E. chloroticus B Treatment 86307 11 176.43 <0.001 
 Residuals 1601 36   
E. chloroticus C Treatment 79591 11 95.379 <0.001 
 Residuals 2731 36   
P. huttoni A Treatment 54172 11 107.38 <0.001 
 Residuals 1651 36   
C. rodgersii - Mokohinau Is. A Treatment 63019 11 412.49 <0.001 
 Residuals 500 36   
C. rodgersii - Mokohinau Is. B Treatment 91942 11 380.89 <0.001 
 Treatment 790 36   
C. rodgersii - Coffs Harbour A Treatment 62295 11 1220.8 <0.001 
 Residuals 167 36   
C. rodgersii - Coffs Harbour B Treatment 86868 11 923.03 <0.001 
 Residuals 308 36   
 

Tukey's HSD 

 

E. chloroticus - % of plutei (50 hours) 

 Estimate Std. Error t value p 
9.7 - 7.9   6.84E-14 8.36 8.18E-15 1 
11.2 - 7.9   4.08E-14 8.36 4.88E-15 1 
12.5 - 7.9   2.44E-14 8.36 2.92E-15 1 
13.8 - 7.9   4.36E-14 8.36 5.22E-15 1 
15.1 - 7.9   1.00 8.36 0.12 1 
16.1 - 7.9   9.15E+01 8.36 10.949 <0.001 
17.1 - 7.9   9.15E+01 8.36 10.949 <0.001 
18.2 - 7.9   8.50E+01 8.36 10.172 <0.001 
19.2 - 7.9   5.05E+01 8.36 6.043 <0.001 
20 - 7.9   2.15E+01 8.36 2.573 0.33128 
21 - 7.9   4.00 8.36 0.479 1 
11.2 - 9.7   -2.76E-14 8.36 -3.31E-15 1 
12.5 - 9.7   -4.40E-14 8.36 -5.26E-15 1 
13.8 - 9.7   -2.48E-14 8.36 -2.96E-15 1 
15.1 - 9.7   1.00 8.36 0.12 1 
16.1 - 9.7   9.15E+01 8.36 10.949 <0.001 
17.1 - 9.7   9.15E+01 8.36 10.949 <0.001 
18.2 - 9.7   8.50E+01 8.36 10.172 <0.001 
19.2 - 9.7   5.05E+01 8.36 6.043 <0.001 
20 - 9.7   2.15E+01 8.36 2.573 0.33151 
21 - 9.7   4.00 8.36 0.479 1 
12.5 - 11.2   -1.63E-14 8.36 -1.96E-15 1 
13.8 - 11.2   2.87E-15 8.36 3.43E-16 1 



 li 

15.1 - 11.2   1.00 8.36 0.12 1 
16.1 - 11.2   9.15E+01 8.36 10.949 <0.001 
17.1 - 11.2   9.15E+01 8.36 10.949 <0.001 
18.2 - 11.2   8.50E+01 8.36 10.172 <0.001 
19.2 - 11.2   5.05E+01 8.36 6.043 <0.001 
20 - 11.2   2.15E+01 8.36 2.573 0.33142 
21 - 11.2   4.00 8.36 0.479 1 
13.8 - 12.5   1.92E-14 8.36 2.30E-15 1 
15.1 - 12.5   1.00 8.36 0.12 1 
16.1 - 12.5   9.15E+01 8.36 10.949 <0.001 
17.1 - 12.5   9.15E+01 8.36 10.949 <0.001 
18.2 - 12.5   8.50E+01 8.36 10.172 <0.001 
19.2 - 12.5   5.05E+01 8.36 6.043 <0.001 
20 - 12.5   2.15E+01 8.36 2.573 0.33159 
21 - 12.5   4.00 8.36 0.479 1 
15.1 - 13.8   1.00 8.36 0.12 1 
16.1 - 13.8   9.15E+01 8.36 10.949 <0.001 
17.1 - 13.8   9.15E+01 8.36 10.949 <0.001 
18.2 - 13.8   8.50E+01 8.36 10.172 <0.001 
19.2 - 13.8   5.05E+01 8.36 6.043 <0.001 
20 - 13.8   2.15E+01 8.36 2.573 0.33122 
21 - 13.8   4.00 8.36 0.479 1 
16.1 - 15.1   9.05E+01 8.36 10.83 <0.001 
17.1 - 15.1   9.05E+01 8.36 10.83 <0.001 
18.2 - 15.1   8.40E+01 8.36 10.052 <0.001 
19.2 - 15.1   4.95E+01 8.36 5.923 <0.001 
20 - 15.1   2.05E+01 8.36 2.453 0.39917 
21 - 15.1   3.00 8.36 0.359 1 
17.1 - 16.1   -7.11E-14 8.36 -8.50E-15 1 
18.2 - 16.1   -6.50 8.36 -0.778 0.99967 
19.2 - 16.1   -4.10E+01 8.36 -4.906 <0.01 
20 - 16.1   -7.00E+01 8.36 -8.377 <0.001 
21 - 16.1   -8.75E+01 8.36 -10.471 <0.001 
18.2 - 17.1   -6.50 8.36 -0.778 0.99966 
19.2 - 17.1   -4.10E+01 8.36 -4.906 <0.001 
20 - 17.1   -7.00E+01 8.36 -8.377 <0.001 
21 - 17.1   -8.75E+01 8.36 -10.471 <0.001 
19.2 - 18.2   -3.45E+01 8.36 -4.128 <0.01 
20 - 18.2   -6.35E+01 8.36 -7.599 <0.001 
21 - 18.2   -8.10E+01 8.36 -9.693 <0.001 
20 - 19.2   -2.90E+01 8.36 -3.47 0.05247  
21 - 19.2   -4.65E+01 8.36 -5.564 <0.001 
21 - 20   -1.75E+01 8.36 -2.094 0.62952 
 

E. chloroticus - % of plutei (74 hours) 

 Estimate Std. Error t value p 
9.7 - 7.9   3.05E-14 4.72 6.47E-15 1 
11.2 - 7.9   2.42E-14 4.72 5.14E-15 1 
12.5 - 7.9   4.20E+01 4.72 8.907 <0.01 
13.8 - 7.9   9.55E+01 4.72 20.252 <0.01 
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15.1 - 7.9   9.45E+01 4.72 20.04 <0.01 
16.1 - 7.9   9.60E+01 4.72 20.358 <0.01 
17.1 - 7.9   9.55E+01 4.72 20.252 <0.01 
18.2 - 7.9   6.60E+01 4.72 13.996 <0.01 
19.2 - 7.9   1.40E+01 4.72 2.969 0.161 
20 - 7.9   7.65E-15 4.72 1.62E-15 1 
21 - 7.9   7.72E-15 4.72 1.64E-15 1 
11.2 - 9.7   -6.28E-15 4.72 -1.33E-15 1 
12.5 - 9.7   4.20E+01 4.72 8.907 <0.01 
13.8 - 9.7   9.55E+01 4.72 20.252 <0.01 
15.1 - 9.7   9.45E+01 4.72 20.04 <0.01 
16.1 - 9.7   9.60E+01 4.72 20.358 <0.01 
17.1 - 9.7   9.55E+01 4.72 20.252 <0.01 
18.2 - 9.7   6.60E+01 4.72 13.996 <0.01 
19.2 - 9.7   1.40E+01 4.72 2.969 0.16 
20 - 9.7   -2.29E-14 4.72 -4.85E-15 1 
21 - 9.7   -2.28E-14 4.72 -4.83E-15 1 
12.5 - 11.2   4.20E+01 4.72 8.907 <0.01 
13.8 - 11.2   9.55E+01 4.72 20.252 <0.01 
15.1 - 11.2   9.45E+01 4.72 20.04 <0.01 
16.1 - 11.2   9.60E+01 4.72 20.358 <0.01 
17.1 - 11.2   9.55E+01 4.72 20.252 <0.01 
18.2 - 11.2   6.60E+01 4.72 13.996 <0.01 
19.2 - 11.2   1.40E+01 4.72 2.969 0.16 
20 - 11.2   -1.66E-14 4.72 -3.51E-15 1 
21 - 11.2   -1.65E-14 4.72 -3.50E-15 1 
13.8 - 12.5   5.35E+01 4.72 11.346 <0.01 
15.1 - 12.5   5.25E+01 4.72 11.133 <0.01 
16.1 - 12.5   5.40E+01 4.72 11.452 <0.01 
17.1 - 12.5   5.35E+01 4.72 11.346 <0.01 
18.2 - 12.5   2.40E+01 4.72 5.09 <0.01 
19.2 - 12.5   -2.80E+01 4.72 -5.938 <0.01 
20 - 12.5   -4.20E+01 4.72 -8.907 <0.01 
21 - 12.5   -4.20E+01 4.72 -8.907 <0.01 
15.1 - 13.8   -1.00 4.72 -0.212 1 
16.1 - 13.8   5.00E-01 4.72 0.106 1 
17.1 - 13.8   -1.28E-13 4.72 -2.71E-14 1 
18.2 - 13.8   -2.95E+01 4.72 -6.256 <0.01 
19.2 - 13.8   -8.15E+01 4.72 -17.283 <0.01 
20 - 13.8   -9.55E+01 4.72 -20.252 <0.01 
21 - 13.8   -9.55E+01 4.72 -20.252 <0.01 
16.1 - 15.1   1.50 4.72 0.318 1 
17.1 - 15.1   1.00 4.72 0.212 1 
18.2 - 15.1   -2.85E+01 4.72 -6.044 <0.01 
19.2 - 15.1   -8.05E+01 4.72 -17.071 <0.01 
20 - 15.1   -9.45E+01 4.72 -20.04 <0.01 
21 - 15.1   -9.45E+01 4.72 -20.04 <0.01 
17.1 - 16.1   -5.00E-01 4.72 -0.106 1 
18.2 - 16.1   -3.00E+01 4.72 -6.362 <0.01 
19.2 - 16.1   -8.20E+01 4.72 -17.389 <0.01 
20 - 16.1   -9.60E+01 4.72 -20.358 <0.01 
21 - 16.1   -9.60E+01 4.72 -20.358 <0.01 
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18.2 - 17.1   -2.95E+01 4.72 -6.256 <0.01 
19.2 - 17.1   -8.15E+01 4.72 -17.283 <0.01 
20 - 17.1   -9.55E+01 4.72 -20.252 <0.01 
21 - 17.1   -9.55E+01 4.72 -20.252 <0.01 
19.2 - 18.2   -5.20E+01 4.72 -11.027 <0.01 
20 - 18.2   -6.60E+01 4.72 -13.996 <0.01 
21 - 18.2   -6.60E+01 4.72 -13.996 <0.01 
20 - 19.2   -1.40E+01 4.72 -2.969 0.161 
21 - 19.2   -1.40E+01 4.72 -2.969 0.16 
21 - 20   7.05E-17 4.72 1.50E-17 1 
 

E. chloroticus - % of plutei (98 hours) 

 Estimate Std. Error t value p 
9.7 - 7.9   1.86E-14 6.16 3.01E-15 1 
11.2 - 7.9   5.80E+01 6.16 9.417 <0.01 
12.5 - 7.9   8.65E+01 6.16 14.045 <0.01 
13.8 - 7.9   8.60E+01 6.16 13.964 <0.01 
15.1 - 7.9   9.70E+01 6.16 15.75 <0.01 
16.1 - 7.9   8.95E+01 6.16 14.532 <0.01 
17.1 - 7.9   8.45E+01 6.16 13.72 <0.01 
18.2 - 7.9   2.25E+01 6.16 3.653 <0.05 
19.2 - 7.9   6.50 6.16 1.055 0.9949 
20 - 7.9   4.52E-15 6.16 7.34E-16 1 
21 - 7.9   2.51E-15 6.16 4.08E-16 1 
11.2 - 9.7   5.80E+01 6.16 9.417 <0.01 
12.5 - 9.7   8.65E+01 6.16 14.045 <0.01 
13.8 - 9.7   8.60E+01 6.16 13.964 <0.01 
15.1 - 9.7   9.70E+01 6.16 15.75 <0.01 
16.1 - 9.7   8.95E+01 6.16 14.532 <0.01 
17.1 - 9.7   8.45E+01 6.16 13.72 <0.01 
18.2 - 9.7   2.25E+01 6.16 3.653 <0.05 
19.2 - 9.7   6.50 6.16 1.055 0.9948 
20 - 9.7   -1.40E-14 6.16 -2.28E-15 1 
21 - 9.7   -1.60E-14 6.16 -2.60E-15 1 
12.5 - 11.2   2.85E+01 6.16 4.628 <0.01 
13.8 - 11.2   2.80E+01 6.16 4.546 <0.01 
15.1 - 11.2   3.90E+01 6.16 6.332 <0.01 
16.1 - 11.2   3.15E+01 6.16 5.115 <0.01 
17.1 - 11.2   2.65E+01 6.16 4.303 <0.01 
18.2 - 11.2   -3.55E+01 6.16 -5.764 <0.01 
19.2 - 11.2   -5.15E+01 6.16 -8.362 <0.01 
20 - 11.2   -5.80E+01 6.16 -9.417 <0.01 
21 - 11.2   -5.80E+01 6.16 -9.417 <0.01 
13.8 - 12.5   -5.00E-01 6.16 -0.081 1 
15.1 - 12.5   1.05E+01 6.16 1.705 0.8546 
16.1 - 12.5   3.00 6.16 0.487 1 
17.1 - 12.5   -2.00 6.16 -0.325 1 
18.2 - 12.5   -6.40E+01 6.16 -10.392 <0.01 
19.2 - 12.5   -8.00E+01 6.16 -12.99 <0.01 
20 - 12.5   -8.65E+01 6.16 -14.045 <0.01 
21 - 12.5   -8.65E+01 6.16 -14.045 <0.01 
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15.1 - 13.8   1.10E+01 6.16 1.786 0.8143 
16.1 - 13.8   3.50 6.16 0.568 1 
17.1 - 13.8   -1.50 6.16 -0.244 1 
18.2 - 13.8   -6.35E+01 6.16 -10.31 <0.01 
19.2 - 13.8   -7.95E+01 6.16 -12.908 <0.01 
20 - 13.8   -8.60E+01 6.16 -13.964 <0.01 
21 - 13.8   -8.60E+01 6.16 -13.964 <0.01 
16.1 - 15.1   -7.50 6.16 -1.218 0.9839 
17.1 - 15.1   -1.25E+01 6.16 -2.03 0.6716 
18.2 - 15.1   -7.45E+01 6.16 -12.097 <0.01 
19.2 - 15.1   -9.05E+01 6.16 -14.694 <0.01 
20 - 15.1   -9.70E+01 6.16 -15.75 <0.01 
21 - 15.1   -9.70E+01 6.16 -15.75 <0.01 
17.1 - 16.1   -5.00 6.16 -0.812 0.9995 
18.2 - 16.1   -6.70E+01 6.16 -10.879 <0.01 
19.2 - 16.1   -8.30E+01 6.16 -13.477 <0.01 
20 - 16.1   -8.95E+01 6.16 -14.532 <0.01 
21 - 16.1   -8.95E+01 6.16 -14.532 <0.01 
18.2 - 17.1   -6.20E+01 6.16 -10.067 <0.01 
19.2 - 17.1   -7.80E+01 6.16 -12.665 <0.01 
20 - 17.1   -8.45E+01 6.16 -13.72 <0.01 
21 - 17.1   -8.45E+01 6.16 -13.72 <0.01 
19.2 - 18.2   -1.60E+01 6.16 -2.598 0.3184 
20 - 18.2   -2.25E+01 6.16 -3.653 <0.05 
21 - 18.2   -2.25E+01 6.16 -3.653 <0.05 
20 - 19.2   -6.50 6.16 -1.055 0.9948 
21 - 19.2   -6.50 6.16 -1.055 0.9949 
21 - 20   -2.01E-15 6.16 -3.26E-16 1 
 

P. huttoni - % of plutei (96 hours) 

 Estimate Std. Error t value p 
9.7 - 7.9   1.90E+01 4.79 3.968 <0.05 
11.2 - 7.9   4.85E+01 4.79 10.128 <0.01 
12.5 - 7.9   7.05E+01 4.79 14.723 <0.01 
13.8 - 7.9   7.95E+01 4.79 16.602 <0.01 
15.1 - 7.9   8.20E+01 4.79 17.124 <0.01 
16.1 - 7.9   7.45E+01 4.79 15.558 <0.01 
17.1 - 7.9   6.10E+01 4.79 12.739 <0.01 
18.2 - 7.9   9.00 4.79 1.879 0.7631 
19.2 - 7.9   1.50 4.79 0.313 1 
20 - 7.9   -8.27E-16 4.79 -1.73E-16 1 
21 - 7.9   -2.20E-15 4.79 -4.59E-16 1 
11.2 - 9.7   2.95E+01 4.79 6.16 <0.01 
12.5 - 9.7   5.15E+01 4.79 10.755 <0.01 
13.8 - 9.7   6.05E+01 4.79 12.634 <0.01 
15.1 - 9.7   6.30E+01 4.79 13.156 <0.01 
16.1 - 9.7   5.55E+01 4.79 11.59 <0.01 
17.1 - 9.7   4.20E+01 4.79 8.771 <0.01 
18.2 - 9.7   -1.00E+01 4.79 -2.088 0.6331 
19.2 - 9.7   -1.75E+01 4.79 -3.655 <0.05 
20 - 9.7   -1.90E+01 4.79 -3.968 <0.05 
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21 - 9.7   -1.90E+01 4.79 -3.968 <0.05 
12.5 - 11.2   2.20E+01 4.79 4.594 <0.01 
13.8 - 11.2   3.10E+01 4.79 6.474 <0.01 
15.1 - 11.2   3.35E+01 4.79 6.996 <0.01 
16.1 - 11.2   2.60E+01 4.79 5.43 <0.01 
17.1 - 11.2   1.25E+01 4.79 2.61 0.3113 
18.2 - 11.2   -3.95E+01 4.79 -8.249 <0.01 
19.2 - 11.2   -4.70E+01 4.79 -9.815 <0.01 
20 - 11.2   -4.85E+01 4.79 -10.128 <0.01 
21 - 11.2   -4.85E+01 4.79 -10.128 <0.01 
13.8 - 12.5   9.00 4.79 1.879 0.7637 
15.1 - 12.5   1.15E+01 4.79 2.402 0.4312 
16.1 - 12.5   4.00 4.79 0.835 0.9993 
17.1 - 12.5   -9.50 4.79 -1.984 0.7008 
18.2 - 12.5   -6.15E+01 4.79 -12.843 <0.01 
19.2 - 12.5   -6.90E+01 4.79 -14.409 <0.01 
20 - 12.5   -7.05E+01 4.79 -14.723 <0.01 
21 - 12.5   -7.05E+01 4.79 -14.723 <0.01 
15.1 - 13.8   2.50 4.79 0.522 1 
16.1 - 13.8   -5.00 4.79 -1.044 0.9953 
17.1 - 13.8   -1.85E+01 4.79 -3.863 <0.05 
18.2 - 13.8   -7.05E+01 4.79 -14.723 <0.01 
19.2 - 13.8   -7.80E+01 4.79 -16.289 <0.01 
20 - 13.8   -7.95E+01 4.79 -16.602 <0.01 
21 - 13.8   -7.95E+01 4.79 -16.602 <0.01 
16.1 - 15.1   -7.50 4.79 -1.566 0.9101 
17.1 - 15.1   -2.10E+01 4.79 -4.385 <0.01 
18.2 - 15.1   -7.30E+01 4.79 -15.245 <0.01 
19.2 - 15.1   -8.05E+01 4.79 -16.811 <0.01 
20 - 15.1   -8.20E+01 4.79 -17.124 <0.01 
21 - 15.1   -8.20E+01 4.79 -17.124 <0.01 
17.1 - 16.1   -1.35E+01 4.79 -2.819 0.2154 
18.2 - 16.1   -6.55E+01 4.79 -13.678 <0.01 
19.2 - 16.1   -7.30E+01 4.79 -15.245 <0.01 
20 - 16.1   -7.45E+01 4.79 -15.558 <0.01 
21 - 16.1   -7.45E+01 4.79 -15.558 <0.01 
18.2 - 17.1   -5.20E+01 4.79 -10.859 <0.01 
19.2 - 17.1   -5.95E+01 4.79 -12.425 <0.01 
20 - 17.1   -6.10E+01 4.79 -12.739 <0.01 
21 - 17.1   -6.10E+01 4.79 -12.739 <0.01 
19.2 - 18.2   -7.50 4.79 -1.566 0.9099 
20 - 18.2   -9.00 4.79 -1.879 0.7635 
21 - 18.2   -9.00 4.79 -1.879 0.7634 
20 - 19.2   -1.50 4.79 -0.313 1 
21 - 19.2   -1.50 4.79 -0.313 1 
21 - 20   -1.37E-15 4.79 -2.86E-16 1 
 

C. rodgersii (Mokohinau Islands) - % of plutei (40 hours) 

 Estimate Std. Error t value p 
13.1 - 12   5.00E-14 2.64 1.90E-14 1 
14.2 - 12   5.03E-14 2.64 1.91E-14 1 
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16-12 2.73E-14 2.64 1.04E-14 1 
17.3 - 12   3.24E-14 2.64 1.23E-14 1 
18.7 - 12   1.50 2.64 0.569 1 
20.1 - 12   6.20E+01 2.64 23.527 <0.001 
22.1 - 12   9.15E+01 2.64 34.722 <0.001 
23.5 - 12   9.35E+01 2.64 35.481 <0.001 
25-12 1.50 2.64 0.569 1 
26.4 - 12   1.05E-14 2.64 3.98E-15 1 
28.8 - 12   1.06E-14 2.64 4.01E-15 1 
14.2 - 13.1   2.17E-16 2.64 8.22E-17 1 
16 - 13.1   -2.27E-14 2.64 -8.62E-15 1 
17.3 - 13.1   -1.76E-14 2.64 -6.69E-15 1 
18.7 - 13.1   1.50 2.64 0.569 1 
20.1 - 13.1   6.20E+01 2.64 23.527 <0.001 
22.1 - 13.1   9.15E+01 2.64 34.722 <0.001 
23.5 - 13.1   9.35E+01 2.64 35.481 <0.001 
25 - 13.1   1.50 2.64 0.569 1 
26.4 - 13.1   -3.96E-14 2.64 -1.50E-14 1 
28.8 - 13.1   -3.95E-14 2.64 -1.50E-14 1 
16 - 14.2   -2.29E-14 2.64 -8.70E-15 1 
17.3 - 14.2   -1.78E-14 2.64 -6.77E-15 1 
18.7 - 14.2   1.50 2.64 0.569 1 
20.1 - 14.2   6.20E+01 2.64 23.527 <0.001 
22.1 - 14.2   9.15E+01 2.64 34.722 <0.001 
23.5 - 14.2   9.35E+01 2.64 35.481 <0.001 
25 - 14.2   1.50 2.64 0.569 1 
26.4 - 14.2   -3.98E-14 2.64 -1.51E-14 1 
28.8 - 14.2   -3.97E-14 2.64 -1.51E-14 1 
17.3 - 16   5.08E-15 2.64 1.93E-15 1 
18.7 - 16   1.50 2.64 0.569 1 
20.1 - 16   6.20E+01 2.64 23.527 <0.001 
22.1 - 16   9.15E+01 2.64 34.722 <0.001 
23.5 - 16   9.35E+01 2.64 35.481 <0.001 
25 - 16   1.50 2.64 0.569 1 
26.4 - 16   -1.68E-14 2.64 -6.39E-15 1 
28.8 - 16   -1.68E-14 2.64 -6.37E-15 1 
18.7 - 17.3   1.50 2.64 0.569 1 
20.1 - 17.3   6.20E+01 2.64 23.527 <0.001 
22.1 - 17.3   9.15E+01 2.64 34.722 <0.001 
23.5 - 17.3   9.35E+01 2.64 35.481 <0.001 
25 - 17.3   1.50 2.64 0.569 1 
26.4 - 17.3   -2.19E-14 2.64 -8.32E-15 1 
28.8 - 17.3   -2.19E-14 2.64 -8.29E-15 1 
20.1 - 18.7   6.05E+01 2.64 22.958 <0.001 
22.1 - 18.7   9.00E+01 2.64 34.153 <0.001 
23.5 - 18.7   9.20E+01 2.64 34.912 <0.001 
25 - 18.7   -3.09E-14 2.64 -1.17E-14 1 
26.4 - 18.7   -1.50 2.64 -0.569 1 
28.8 - 18.7   -1.50 2.64 -0.569 1 
22.1 - 20.1   2.95E+01 2.64 11.194 <0.001 
23.5 - 20.1   3.15E+01 2.64 11.953 <0.001 
25 - 20.1   -6.05E+01 2.64 -22.958 <0.001 
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26.4 - 20.1   -6.20E+01 2.64 -23.527 <0.001 
28.8 - 20.1   -6.20E+01 2.64 -23.527 <0.001 
23.5 - 22.1   2.00 2.64 0.759 1 
25 - 22.1   -9.00E+01 2.64 -34.153 <0.001 
26.4 - 22.1   -9.15E+01 2.64 -34.722 <0.001 
28.8 - 22.1   -9.15E+01 2.64 -34.722 <0.001 
25 - 23.5   -9.20E+01 2.64 -34.912 <0.001 
26.4 - 23.5   -9.35E+01 2.64 -35.481 <0.001 
28.8 - 23.5   -9.35E+01 2.64 -35.481 <0.001 
26.4 - 25   -1.50 2.64 -0.569 1 
28.8 - 25   -1.50 2.64 -0.569 1 
28.8 - 26.4   6.75E-17 2.64 2.56E-17 1 
 

C. rodgersii (Mokohinau Islands) - % of plutei (72 hours) 

 Estimate Std. Error t value p 
13.1 - 12   1.06E-13 3.31 3.19E-14 1 
14.2 - 12   1.15E-13 3.31 3.46E-14 1 
16-12 4.40E+01 3.31 13.283 <0.01 
17.3 - 12   9.45E+01 3.31 28.529 <0.01 
18.7 - 12   9.15E+01 3.31 27.623 <0.01 
20.1 - 12   9.40E+01 3.31 28.378 <0.01 
22.1 - 12   9.60E+01 3.31 28.982 <0.01 
23.5 - 12   9.10E+01 3.31 27.472 <0.01 
25-12 1.10E+01 3.31 3.321 0.0752 
26.4 - 12   6.15E-14 3.31 1.86E-14 1 
28.8 - 12   6.15E-14 3.31 1.86E-14 1 
14.2 - 13.1   9.08E-15 3.31 2.74E-15 1 
16 - 13.1   4.40E+01 3.31 13.283 <0.01 
17.3 - 13.1   9.45E+01 3.31 28.529 <0.01 
18.7 - 13.1   9.15E+01 3.31 27.623 <0.01 
20.1 - 13.1   9.40E+01 3.31 28.378 <0.01 
22.1 - 13.1   9.60E+01 3.31 28.982 <0.01 
23.5 - 13.1   9.10E+01 3.31 27.472 <0.01 
25 - 13.1   1.10E+01 3.31 3.321 0.0745 
26.4 - 13.1   -4.40E-14 3.31 -1.33E-14 1 
28.8 - 13.1   -4.40E-14 3.31 -1.33E-14 1 
16 - 14.2   4.40E+01 3.31 13.283 <0.01 
17.3 - 14.2   9.45E+01 3.31 28.529 <0.01 
18.7 - 14.2   9.15E+01 3.31 27.623 <0.01 
20.1 - 14.2   9.40E+01 3.31 28.378 <0.01 
22.1 - 14.2   9.60E+01 3.31 28.982 <0.01 
23.5 - 14.2   9.10E+01 3.31 27.472 <0.01 
25 - 14.2   1.10E+01 3.31 3.321 0.0740 
26.4 - 14.2   -5.31E-14 3.31 -1.60E-14 1 
28.8 - 14.2   -5.31E-14 3.31 -1.60E-14 1 
17.3 - 16   5.05E+01 3.31 15.246 <0.01 
18.7 - 16   4.75E+01 3.31 14.34 <0.01 
20.1 - 16   5.00E+01 3.31 15.095 <0.01 
22.1 - 16   5.20E+01 3.31 15.698 <0.01 
23.5 - 16   4.70E+01 3.31 14.189 <0.01 
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25 - 16   -3.30E+01 3.31 -9.962 <0.01 
26.4 - 16   -4.40E+01 3.31 -13.283 <0.01 
28.8 - 16   -4.40E+01 3.31 -13.283 <0.01 
18.7 - 17.3   -3.00 3.31 -0.906 0.9986 
20.1 - 17.3   -5.00E-01 3.31 -0.151 1 
22.1 - 17.3   1.50 3.31 0.453 1 
23.5 - 17.3   -3.50 3.31 -1.057 0.9948 
25 - 17.3   -8.35E+01 3.31 -25.208 <0.01 
26.4 - 17.3   -9.45E+01 3.31 -28.529 <0.01 
28.8 - 17.3   -9.45E+01 3.31 -28.529 <0.01 
20.1 - 18.7   2.50 3.31 0.755 0.9997 
22.1 - 18.7   4.50 3.31 1.359 0.9643 
23.5 - 18.7   -5.00E-01 3.31 -0.151 1 
25 - 18.7   -8.05E+01 3.31 -24.302 <0.01 
26.4 - 18.7   -9.15E+01 3.31 -27.623 <0.01 
28.8 - 18.7   -9.15E+01 3.31 -27.623 <0.01 
22.1 - 20.1   2.00 3.31 0.604 1 
23.5 - 20.1   -3.00 3.31 -0.906 0.9986 
25 - 20.1   -8.30E+01 3.31 -25.057 <0.01 
26.4 - 20.1   -9.40E+01 3.31 -28.378 <0.01 
28.8 - 20.1   -9.40E+01 3.31 -28.378 <0.01 
23.5 - 22.1   -5.00 3.31 -1.509 0.9285 
25 - 22.1   -8.50E+01 3.31 -25.661 <0.01 
26.4 - 22.1   -9.60E+01 3.31 -28.982 <0.01 
28.8 - 22.1   -9.60E+01 3.31 -28.982 <0.01 
25 - 23.5   -8.00E+01 3.31 -24.151 <0.01 
26.4 - 23.5   -9.10E+01 3.31 -27.472 <0.01 
28.8 - 23.5   -9.10E+01 3.31 -27.472 <0.01 
26.4 - 25   -1.10E+01 3.31 -3.321 0.0745 
28.8 - 25   -1.10E+01 3.31 -3.321 0.0746 
28.8 - 26.4   9.82E-18 3.31 2.97E-18 1 
 

C. rodgersii (Coffs Harbour) - % of plutei (40 hours) 

 Estimate Std. Error t value p 
13.9 - 12.8   1.67E-14 1.52 1.10E-14 1 
15.6 - 12.8   1.96E-14 1.52 1.29E-14 1 
17.3 - 12.8   2.54E-14 1.52 1.67E-14 1 
19.1 - 12.8   7.73E-14 1.52 5.07E-14 1 
20.9 - 12.8   8.05E+01 1.52 52.857 <0.01 
22.4 - 12.8   8.50E+01 1.52 55.812 <0.01 
24.5 - 12.8   8.40E+01 1.52 55.155 <0.01 
26.1 - 12.8   1.83E-14 1.52 1.20E-14 1 
27.7 - 12.8   1.83E-14 1.52 1.20E-14 1 
29.5 - 12.8   1.83E-14 1.52 1.20E-14 1 
31.5 - 12.8   1.83E-14 1.52 1.20E-14 1 
15.6 - 13.9   2.90E-15 1.52 1.91E-15 1 
17.3 - 13.9   8.75E-15 1.52 5.75E-15 1 
19.1 - 13.9   6.06E-14 1.52 3.98E-14 1 
20.9 - 13.9   8.05E+01 1.52 52.857 <0.01 
22.4 - 13.9   8.50E+01 1.52 55.812 <0.01 
24.5 - 13.9   8.40E+01 1.52 55.155 <0.01 
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26.1 - 13.9   1.62E-15 1.52 1.07E-15 1 
27.7 - 13.9   1.62E-15 1.52 1.07E-15 1 
29.5 - 13.9   1.63E-15 1.52 1.07E-15 1 
31.5 - 13.9   1.63E-15 1.52 1.07E-15 1 
17.3 - 15.6   5.85E-15 1.52 3.84E-15 1 
19.1 - 15.6   5.77E-14 1.52 3.79E-14 1 
20.9 - 15.6   8.05E+01 1.52 52.857 <0.01 
22.4 - 15.6   8.50E+01 1.52 55.812 <0.01 
24.5 - 15.6   8.40E+01 1.52 55.155 <0.01 
26.1 - 15.6   -1.28E-15 1.52 -8.40E-16 1 
27.7 - 15.6   -1.28E-15 1.52 -8.40E-16 1 
29.5 - 15.6   -1.27E-15 1.52 -8.33E-16 1 
31.5 - 15.6   -1.27E-15 1.52 -8.35E-16 1 
19.1 - 17.3   5.18E-14 1.52 3.40E-14 1 
20.9 - 17.3   8.05E+01 1.52 52.857 <0.01 
22.4 - 17.3   8.50E+01 1.52 55.812 <0.01 
24.5 - 17.3   8.40E+01 1.52 55.155 <0.01 
26.1 - 17.3   -7.13E-15 1.52 -4.68E-15 1 
27.7 - 17.3   -7.13E-15 1.52 -4.68E-15 1 
29.5 - 17.3   -7.12E-15 1.52 -4.68E-15 1 
31.5 - 17.3   -7.12E-15 1.52 -4.68E-15 1 
20.9 - 19.1   8.05E+01 1.52 52.857 <0.01 
22.4 - 19.1   8.50E+01 1.52 55.812 <0.01 
24.5 - 19.1   8.40E+01 1.52 55.155 <0.01 
26.1 - 19.1   -5.89E-14 1.52 -3.87E-14 1 
27.7 - 19.1   -5.89E-14 1.52 -3.87E-14 1 
29.5 - 19.1   -5.89E-14 1.52 -3.87E-14 1 
31.5 - 19.1   -5.89E-14 1.52 -3.87E-14 1 
22.4 - 20.9   4.50 1.52 2.955 0.165 
24.5 - 20.9   3.50 1.52 2.298 0.496 
26.1 - 20.9   -8.05E+01 1.52 -52.857 <0.01 
27.7 - 20.9   -8.05E+01 1.52 -52.857 <0.01 
29.5 - 20.9   -8.05E+01 1.52 -52.857 <0.01 
31.5 - 20.9   -8.05E+01 1.52 -52.857 <0.01 
24.5 - 22.4   -1.00 1.52 -0.657 1 
26.1 - 22.4   -8.50E+01 1.52 -55.812 <0.01 
27.7 - 22.4   -8.50E+01 1.52 -55.812 <0.01 
29.5 - 22.4   -8.50E+01 1.52 -55.812 <0.01 
31.5 - 22.4   -8.50E+01 1.52 -55.812 <0.01 
26.1 - 24.5   -8.40E+01 1.52 -55.155 <0.01 
27.7 - 24.5   -8.40E+01 1.52 -55.155 <0.01 
29.5 - 24.5   -8.40E+01 1.52 -55.155 <0.01 
31.5 - 24.5   -8.40E+01 1.52 -55.155 <0.01 
27.7 - 26.1   -6.94E-19 1.52 -4.55E-19 1 
29.5 - 26.1   9.78E-18 1.52 6.42E-18 1 
31.5 - 26.1   6.72E-18 1.52 4.41E-18 1 
29.5 - 27.7   1.05E-17 1.52 6.87E-18 1 
31.5 - 27.7   7.41E-18 1.52 4.87E-18 1 
31.5 - 29.5   -3.06E-18 1.52 -2.01E-18 1 
 

  



 lx 

C. rodgersii (Coffs Harbour) - % of plutei (72 hours) 

 Estimate Std. Error t value p 
13.9 - 12.8   4.45E-14 2.07 2.15E-14 1 
15.6 - 12.8   9.13E-14 2.07 4.41E-14 1 
17.3 - 12.8   8.20E+01 2.07 39.646 <0.01 
19.1 - 12.8   8.55E+01 2.07 41.339 <0.01 
20.9 - 12.8   8.85E+01 2.07 42.789 <0.01 
22.4 - 12.8   9.05E+01 2.07 43.756 <0.01 
24.5 - 12.8   8.45E+01 2.07 40.855 <0.01 
26.1 - 12.8   4.07E-14 2.07 1.97E-14 1 
27.7 - 12.8   4.07E-14 2.07 1.97E-14 1 
29.5 - 12.8   4.07E-14 2.07 1.97E-14 1 
31.5 - 12.8   4.07E-14 2.07 1.97E-14 1 
15.6 - 13.9   4.68E-14 2.07 2.26E-14 1 
17.3 - 13.9   8.20E+01 2.07 39.646 <0.01 
19.1 - 13.9   8.55E+01 2.07 41.339 <0.01 
20.9 - 13.9   8.85E+01 2.07 42.789 <0.01 
22.4 - 13.9   9.05E+01 2.07 43.756 <0.01 
24.5 - 13.9   8.45E+01 2.07 40.855 <0.01 
26.1 - 13.9   -3.79E-15 2.07 -1.83E-15 1 
27.7 - 13.9   -3.76E-15 2.07 -1.82E-15 1 
29.5 - 13.9   -3.75E-15 2.07 -1.81E-15 1 
31.5 - 13.9   -3.74E-15 2.07 -1.81E-15 1 
17.3 - 15.6   8.20E+01 2.07 39.646 <0.01 
19.1 - 15.6   8.55E+01 2.07 41.339 <0.01 
20.9 - 15.6   8.85E+01 2.07 42.789 <0.01 
22.4 - 15.6   9.05E+01 2.07 43.756 <0.01 
24.5 - 15.6   8.45E+01 2.07 40.855 <0.01 
26.1 - 15.6   -5.06E-14 2.07 -2.45E-14 1 
27.7 - 15.6   -5.06E-14 2.07 -2.45E-14 1 
29.5 - 15.6   -5.06E-14 2.07 -2.44E-14 1 
31.5 - 15.6   -5.06E-14 2.07 -2.44E-14 1 
19.1 - 17.3   3.50 2.07 1.692 0.8603 
20.9 - 17.3   6.50 2.07 3.143 0.1107 
22.4 - 17.3   8.50 2.07 4.11 <0.05 
24.5 - 17.3   2.50 2.07 1.209 0.9848 
26.1 - 17.3   -8.20E+01 2.07 -39.646 <0.01 
27.7 - 17.3   -8.20E+01 2.07 -39.646 <0.01 
29.5 - 17.3   -8.20E+01 2.07 -39.646 <0.01 
31.5 - 17.3   -8.20E+01 2.07 -39.646 <0.01 
20.9 - 19.1   3.00 2.07 1.45 0.9444 
22.4 - 19.1   5.00 2.07 2.417 0.4212 
24.5 - 19.1   -1.00 2.07 -0.483 1 
26.1 - 19.1   -8.55E+01 2.07 -41.339 <0.01 
27.7 - 19.1   -8.55E+01 2.07 -41.339 <0.01 
29.5 - 19.1   -8.55E+01 2.07 -41.339 <0.01 
31.5 - 19.1   -8.55E+01 2.07 -41.339 <0.01 
22.4 - 20.9   2.00 2.07 0.967 0.9975 
24.5 - 20.9   -4.00 2.07 -1.934 0.7311 
26.1 - 20.9   -8.85E+01 2.07 -42.789 <0.01 
27.7 - 20.9   -8.85E+01 2.07 -42.789 <0.01 
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29.5 - 20.9   -8.85E+01 2.07 -42.789 <0.01 
31.5 - 20.9   -8.85E+01 2.07 -42.789 <0.01 
24.5 - 22.4   -6.00 2.07 -2.901 0.1834 
26.1 - 22.4   -9.05E+01 2.07 -43.756 <0.01 
27.7 - 22.4   -9.05E+01 2.07 -43.756 <0.01 
29.5 - 22.4   -9.05E+01 2.07 -43.756 <0.01 
31.5 - 22.4   -9.05E+01 2.07 -43.756 <0.01 
26.1 - 24.5   -8.45E+01 2.07 -40.855 <0.01 
27.7 - 24.5   -8.45E+01 2.07 -40.855 <0.01 
29.5 - 24.5   -8.45E+01 2.07 -40.855 <0.01 
31.5 - 24.5   -8.45E+01 2.07 -40.855 <0.01 
27.7 - 26.1   2.42E-17 2.07 1.17E-17 1 
29.5 - 26.1   3.31E-17 2.07 1.60E-17 1 
31.5 - 26.1   4.63E-17 2.07 2.24E-17 1 
29.5 - 27.7   8.88E-18 2.07 4.29E-18 1 
31.5 - 27.7   2.21E-17 2.07 1.07E-17 1 
31.5 - 29.5   1.32E-17 2.07 6.40E-18 1 
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Appendix 5. Results of the 2-way ANOVA on the effect of 

temperature on fertilization, other developmental stages 

and abnormalities of Evechinus chloroticus, Pseudechinus 

huttoni and Centrostephanus rodgersii (at the Mokohinau 

Islands and Coffs Harbour) 
 

Note: all data were square root transformed and then normality (quantile-quantile plot) and 

homogeneity of variances (Levene's test) confirmed 

 

Fertilization 

Species Source SS df F p 
E. chloroticus Temperature 0.121 1 1.130 0.298 
 pH 9.381 3 29.104 <0.001 
 Temperature:pH 0.333 3 1.034 0.395 
 Residuals 2.579 24   
P. huttoni Temperature 0.001 1 0.001 0.970 
 pH 197.940 3 169.535 <0.001 
 Temperature:pH 0.785 3 0.672 0.578 
 Residuals 9.340 24   
C. rodgersii - Mokohinau Is. Temperature 0.889 1 7.762 <0.01 
 pH 125.903 3 366.596 <0.001 
 Temperature:pH 0.894 3 2.603 0.075 
 Residuals 2.748 24   
C. rodgersii - Coffs Harbour Temperature 0.324 1 3.143 0.089 
 pH 236.498 3 765.899 <0.001 
 Temperature:pH 0.181 3 0.587 0.629 
 Residuals 2.470 24   

 

Tukey's HSD 

 

E. chloroticus 

pH 

 

  diff lwr upr p adj 
7.42-7 0.912 0.460 1.364 <0.001 
7.71-7 1.178 0.726 1.630 <0.001 
8.1-7 1.436 0.983 1.888 <0.001 
7.71-7.42 0.266 -0.186 0.718 0.386 
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8.1-7.42 0.523 0.071 0.976 0.019 
8.1-7.71 0.258 -0.194 0.710 0.412 
 

 

P. huttoni 

pH 

 

  diff lwr upr p adj 
7.44-7.05 4.601 3.741 5.461 <0.001 
7.72-7.05 5.963 5.102 6.823 <0.001 
8.15-7.05 6.159 5.298 7.019 <0.001 
7.72-7.44 1.362 0.501 2.222 <0.001 
8.15-7.44 1.558 0.697 2.418 <0.001 
8.15-7.72 0.196 -0.665 1.056 0.922 
 

C. rodgersii - Mokohinau Islands 

Temperature 

 

  diff lwr upr p adj 
17-14 0.333 0.086 0.580 0.010 
 

 

pH 

 

  diff lwr upr p adj 
7.6-7.04 4.022 3.555 4.489 <0.001 
7.8-7.04 4.731 4.264 5.198 <0.001 
8.1-7.04 4.821 4.354 5.288 <0.001 
7.8-7.6 0.709 0.243 1.176 <0.001 
8.1-7.6 0.799 0.333 1.266 <0.001 
8.1-7.8 0.090 -0.377 0.557 0.950 
 

 

C. rodgersii - Coffs Harbour 

pH 

 

  diff lwr upr p adj 
7.6-7.04 5.661 5.218 6.103 <0.001 
7.8-7.04 6.346 5.904 6.789 <0.001 
8.1-7.04 6.660 6.218 7.103 <0.001 
7.8-7.6 0.685 0.243 1.128 0.001 
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8.1-7.6 0.999 0.557 1.442 <0.001 
8.1-7.8 0.314 -0.128 0.757 0.231 
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Cleavage 

Species Source SS df F p 
E. chloroticus Temperature 182.470 1 1252.030 <0.001 
 pH 558.850 3 1278.200 <0.001 
 Temperature:pH 52.780 3 120.710 <0.001 
 Residuals 12.830 88   
P. huttoni Temperature 3.900 1 15.315 <0.001 
 pH 434.990 3 568.876 <0.001 
 Temperature:pH 30.580 3 39.996 <0.001 
 Residuals 22.430 88   
C. rodgersii - Mokohinau Is. Temperature 147.870 1 643.768 <0.001 
 pH 346.870 3 503.396 <0.001 
 Temperature:pH 0.730 3 1.059 0.371 
 Residuals 20.210 88   
C. rodgersii - Coffs Harbour Temperature 2.270 1 7.092 <0.01 
 pH 996.100 3 1038.091 <0.001 
 Temperature:pH 0.1900 3 0.198 0.898 
 Residuals 28.150 88   
 
Tukey's HSD 

 

E. chloroticus 

Temperature 

 

  diff lwr upr p adj 
15-12 2.757 2.602 2.912 <0.001 

 

pH 

 

  diff lwr upr p adj 
7.42-7 3.849 3.561 4.138 <0.001 
7.71-7 5.563 5.274 5.852 <0.001 
8.1-7 6.204 5.915 6.492 <0.001 
7.71-7.42 1.714 1.425 2.002 <0.001 
8.1-7.42 2.354 2.066 2.643 <0.001 
8.1-7.71 0.641 0.352 0.929 <0.001 
 

Temperature X pH 

 

    diff lwr upr p adj 
15:7-12:7 3.191 2.707 3.675 <0.001 
12:7.42-12:7 3.003 2.519 3.487 <0.001 
15:7.42-12:7 7.886 7.402 8.370 <0.001 
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12:7.71-12:7 6.100 5.616 6.583 <0.001 
15:7.71-12:7 8.217 7.733 8.701 <0.001 
12:8.1-12:7 7.380 6.896 7.864 <0.001 
15:8.1-12:7 8.218 7.734 8.702 <0.001 
12:7.42-15:7 -0.187 -0.671 0.297 0.929 
15:7.42-15:7 4.695 4.211 5.179 <0.001 
12:7.71-15:7 2.909 2.425 3.393 <0.001 
15:7.71-15:7 5.026 4.542 5.510 <0.001 
12:8.1-15:7 4.189 3.705 4.673 <0.001 
15:8.1-15:7 5.028 4.544 5.512 <0.001 
15:7.42-12:7.42 4.883 4.399 5.367 <0.001 
12:7.71-12:7.42 3.096 2.612 3.580 <0.001 
15:7.71-12:7.42 5.214 4.730 5.698 <0.001 
12:8.1-12:7.42 4.377 3.893 4.860 <0.001 
15:8.1-12:7.42 5.215 4.731 5.699 <0.001 
12:7.71-15:7.42 -1.786 -2.270 -1.303 <0.001 
15:7.71-15:7.42 0.331 -0.153 0.815 0.408 
12:8.1-15:7.42 -0.506 -0.990 -0.022 0.034 
15:8.1-15:7.42 0.332 -0.152 0.816 0.403 
15:7.71-12:7.71 2.117 1.634 2.601 <0.001 
12:8.1-12:7.71 1.280 0.796 1.764 <0.001 
15:8.1-12:7.71 2.119 1.635 2.603 <0.001 
12:8.1-15:7.71 -0.837 -1.321 -0.353 <0.001 
15:8.1-15:7.71 0.001 -0.483 0.485 1.000 
15:8.1-12:8.1 0.839 0.355 1.322 <0.001 

 

P. huttoni 

Temperature 

 

  diff lwr upr p adj 
15-12 0.403 0.198 0.608 <0.001 

 

pH 

 

  diff lwr upr p adj 
7.44-7.05 2.061 1.679 2.443 <0.001 
7.72-7.05 4.945 4.563 5.326 <0.001 
8.15-7.05 5.113 4.731 5.495 <0.001 
7.72-7.44 2.884 2.502 3.265 <0.001 
8.15-7.44 3.052 2.670 3.434 <0.001 
8.15-7.72 0.168 -0.213 0.550 0.656 
 

Temperature X pH 

 

  diff lwr upr p adj 



 lxvii 

15:7.05-12:7.05 2.358 1.718 2.998 <0.001 
12:7.44-12:7.05 3.353 2.714 3.993 <0.001 
15:7.44-12:7.05 3.126 2.486 3.766 <0.001 
12:7.72-12:7.05 6.233 5.593 6.873 <0.001 
15:7.72-12:7.05 6.014 5.374 6.654 <0.001 
12:8.15-12:7.05 6.441 5.801 7.081 <0.001 
15:8.15-12:7.05 6.143 5.503 6.783 <0.001 
12:7.44-15:7.05 0.996 0.356 1.636 <0.001 
15:7.44-15:7.05 0.768 0.128 1.408 0.008 
12:7.72-15:7.05 3.875 3.235 4.515 <0.001 
15:7.72-15:7.05 3.656 3.016 4.296 <0.001 
12:8.15-15:7.05 4.083 3.443 4.723 <0.001 
15:8.15-15:7.05 3.785 3.145 4.425 <0.001 
15:7.44-12:7.44 -0.228 -0.868 0.412 0.954 
12:7.72-12:7.44 2.879 2.239 3.519 <0.001 
15:7.72-12:7.44 2.661 2.021 3.301 <0.001 
12:8.15-12:7.44 3.088 2.448 3.728 <0.001 
15:8.15-12:7.44 2.789 2.149 3.429 <0.001 
12:7.72-15:7.44 3.107 2.467 3.747 <0.001 
15:7.72-15:7.44 2.888 2.248 3.528 <0.001 
12:8.15-15:7.44 3.315 2.675 3.955 <0.001 
15:8.15-15:7.44 3.017 2.377 3.657 <0.001 
15:7.72-12:7.72 -0.218 -0.858 0.421 0.963 
12:8.15-12:7.72 0.208 -0.432 0.848 0.972 
15:8.15-12:7.72 -0.090 -0.730 0.550 1.000 
12:8.15-15:7.72 0.427 -0.213 1.067 0.441 
15:8.15-15:7.72 0.128 -0.512 0.768 0.998 
15:8.15-12:8.15 -0.299 -0.939 0.341 0.832 
 

C. rodgersii - Mokohinau Islands 

Temperature 

 

  diff lwr upr p adj 
17-14 2.482 2.288 2.677 0.000 
 

pH 

 

  diff lwr upr p adj 
7.6-7.04 2.694 2.332 3.056 <0.001 
7.8-7.04 4.363 4.001 4.726 <0.001 
8.1-7.04 4.871 4.509 5.234 <0.001 
7.8-7.6 1.669 1.307 2.032 <0.001 
8.1-7.6 2.177 1.815 2.539 <0.001 
8.1-7.8 0.508 0.145 0.870 0.002 
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C. rodgersii - Coffs Harbour 

Temperature 

 

  diff lwr upr p adj 
24-21 0.307 0.078 0.537 0.009 
 

pH 

 

  diff lwr upr p adj 
7.6-7.04 5.411 4.984 5.839 <0.001 
7.8-7.04 7.792 7.365 8.220 <0.001 
8.1-7.04 7.981 7.554 8.409 <0.001 
7.8-7.6 2.381 1.954 2.809 <0.001 
8.1-7.6 2.570 2.143 2.998 <0.001 
8.1-7.8 0.189 -0.239 0.616 0.656 
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Hatching 

Species Source SS df F p 
E. chloroticus Temperature 341.330 1 1010.770 <0.001 
 pH 388.570 3 383.556 <0.001 
 Temperature:pH 22.260 3 21.975 <0.001 
 Residuals 29.720 88   
P. huttoni Temperature 2.520 1 17.380 <0.001 
 pH 500.720 3 1153.159 <0.001 
 Temperature:pH 3.640 3 8.382 <0.001 
 Residuals 12.740 88   
C. rodgersii - Mokohinau Is. Temperature 154.820 1 353.304 <0.001 
 pH 427.000 3 324.806 <0.001 
 Temperature:pH 13.160 3 10.011 <0.001 
 Residuals 38.560 88   
C. rodgersii - Coffs Harbour Temperature 3.700 1 13.749 <0.001 
 pH 754.880 3 934.193 <0.001 
 Temperature:pH 7.78 3 9.631 <0.001 
 Residuals 23.70 88   
 
Tukey's HSD 

 

E. chloroticus 

Temperature 

 

  diff lwr upr p adj 
15-12 3.771 3.535 4.007 0.000 

 

pH 

 

  diff lwr upr p adj 
7.42-7 3.269 2.829 3.708 <0.001 
7.71-7 4.709 4.269 5.148 <0.001 
8.1-7 5.122 4.682 5.561 <0.001 
7.71-7.42 1.440 1.001 1.879 <0.001 
8.1-7.42 1.853 1.414 2.292 <0.001 
8.1-7.71 0.413 -0.026 0.852 0.073 
 

Temperature X pH 

 

  diff lwr upr p adj 
15:7-12:7 2.181 1.444 2.917 <0.001 
12:7.42-12:7 2.430 1.693 3.166 <0.001 
15:7.42-12:7 6.288 5.552 7.025 <0.001 
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12:7.71-12:7 3.464 2.727 4.200 <0.001 
15:7.71-12:7 8.134 7.398 8.871 <0.001 
12:8.1-12:7 4.024 3.288 4.761 <0.001 
15:8.1-12:7 8.399 7.663 9.136 <0.001 
12:7.42-15:7 0.249 -0.488 0.986 0.965 
15:7.42-15:7 4.107 3.371 4.844 <0.001 
12:7.71-15:7 1.283 0.546 2.020 <0.001 
15:7.71-15:7 5.953 5.217 6.690 <0.001 
12:8.1-15:7 1.844 1.107 2.580 <0.001 
15:8.1-15:7 6.219 5.482 6.955 <0.001 
15:7.42-12:7.42 3.858 3.122 4.595 <0.001 
12:7.71-12:7.42 1.034 0.297 1.771 <0.001 
15:7.71-12:7.42 5.704 4.968 6.441 <0.001 
12:8.1-12:7.42 1.595 0.858 2.331 <0.001 
15:8.1-12:7.42 5.970 5.233 6.706 <0.001 
12:7.71-15:7.42 -2.824 -3.561 -2.088 <0.001 
15:7.71-15:7.42 1.846 1.109 2.583 <0.001 
12:8.1-15:7.42 -2.264 -3.000 -1.527 <0.001 
15:8.1-15:7.42 2.111 1.375 2.848 <0.001 
15:7.71-12:7.71 4.670 3.934 5.407 <0.001 
12:8.1-12:7.71 0.561 -0.176 1.297 0.273 
15:8.1-12:7.71 4.936 4.199 5.672 <0.001 
12:8.1-15:7.71 -4.110 -4.846 -3.373 <0.001 
15:8.1-15:7.71 0.265 -0.471 1.002 0.951 
15:8.1-12:8.1 4.375 3.638 5.112 <0.001 
 

P. huttoni 

Temperature 

 

  diff lwr upr p adj 
15-12 -0.324 -0.478 -0.169 <0.001 

 

pH 

 

  diff lwr upr p adj 
7.44-7.05 2.479 2.192 2.767 <0.001 
7.72-7.05 5.542 5.254 5.830 <0.001 
8.15-7.05 5.369 5.082 5.657 <0.001 
7.72-7.44 3.063 2.775 3.350 <0.001 
8.15-7.44 2.890 2.602 3.178 <0.001 
8.15-7.72 -0.173 -0.460 0.115 0.399 
 

Temperature X pH 

 

  diff lwr upr p adj 
15:7.05-12:7.05 -0.883 -1.365 -0.401 <0.001 
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12:7.44-12:7.05 2.052 1.570 2.535 <0.001 
15:7.44-12:7.05 2.023 1.541 2.505 <0.001 
12:7.72-12:7.05 5.050 4.567 5.532 <0.001 
15:7.72-12:7.05 5.151 4.669 5.634 <0.001 
12:8.15-12:7.05 5.170 4.688 5.652 <0.001 
15:8.15-12:7.05 4.686 4.203 5.168 <0.001 
12:7.44-15:7.05 2.936 2.453 3.418 <0.001 
15:7.44-15:7.05 2.906 2.424 3.389 <0.001 
12:7.72-15:7.05 5.933 5.450 6.415 <0.001 
15:7.72-15:7.05 6.035 5.552 6.517 <0.001 
12:8.15-15:7.05 6.053 5.571 6.535 <0.001 
15:8.15-15:7.05 5.569 5.086 6.051 <0.001 
15:7.44-12:7.44 -0.029 -0.512 0.453 1.000 
12:7.72-12:7.44 2.997 2.515 3.479 <0.001 
15:7.72-12:7.44 3.099 2.617 3.581 <0.001 
12:8.15-12:7.44 3.117 2.635 3.600 <0.001 
15:8.15-12:7.44 2.633 2.151 3.115 <0.001 
12:7.72-15:7.44 3.026 2.544 3.509 <0.001 
15:7.72-15:7.44 3.128 2.646 3.611 <0.001 
12:8.15-15:7.44 3.147 2.664 3.629 <0.001 
15:8.15-15:7.44 2.662 2.180 3.145 <0.001 
15:7.72-12:7.72 0.102 -0.380 0.584 0.998 
12:8.15-12:7.72 0.120 -0.362 0.603 0.994 
15:8.15-12:7.72 -0.364 -0.846 0.118 0.282 
12:8.15-15:7.72 0.018 -0.464 0.501 1.000 
15:8.15-15:7.72 -0.466 -0.948 0.016 0.066 
15:8.15-12:8.15 -0.484 -0.967 -0.002 0.048 

 

C. rodgersii - Mokohinau Islands 

Temperature 

 

  diff lwr upr p adj 
17-14 2.540 2.271 2.808 <0.001 
 

pH 

 

  diff lwr upr p adj 
7.6-7.04 4.209 3.708 4.709 <0.001 
7.8-7.04 4.860 4.359 5.360 <0.001 
8.1-7.04 5.296 4.795 5.796 <0.001 
7.8-7.6 0.651 0.151 1.151 0.005 
8.1-7.6 1.087 0.586 1.587 <0.001 
8.1-7.8 0.436 -0.065 0.936 0.110 
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Temperature X pH 

 

  diff lwr upr p adj 
17:7.04-14:7.04 1.273 0.434 2.112 <0.001 
14:7.6-14:7.04 3.313 2.474 4.152 <0.001 
17:7.6-14:7.04 6.377 5.538 7.216 <0.001 
14:7.8-14:7.04 4.109 3.270 4.948 <0.001 
17:7.8-14:7.04 6.883 6.044 7.722 <0.001 
14:8.1-14:7.04 4.408 3.569 5.247 <0.001 
17:8.1-14:7.04 7.456 6.617 8.295 <0.001 
14:7.6-17:7.04 2.040 1.201 2.880 <0.001 
17:7.6-17:7.04 5.104 4.265 5.943 <0.001 
14:7.8-17:7.04 2.836 1.997 3.675 <0.001 
17:7.8-17:7.04 5.610 4.771 6.449 <0.001 
14:8.1-17:7.04 3.135 2.296 3.974 <0.001 
17:8.1-17:7.04 6.183 5.344 7.023 <0.001 
17:7.6-14:7.6 3.064 2.225 3.903 <0.001 
14:7.8-14:7.6 0.796 -0.043 1.635 0.076 
17:7.8-14:7.6 3.570 2.731 4.409 <0.001 
14:8.1-14:7.6 1.094 0.255 1.934 0.003 
17:8.1-14:7.6 4.143 3.304 4.982 <0.001 
14:7.8-17:7.6 -2.268 -3.107 -1.429 <0.001 
17:7.8-17:7.6 0.506 -0.333 1.345 0.573 
14:8.1-17:7.6 -1.969 -2.808 -1.130 <0.001 
17:8.1-17:7.6 1.079 0.240 1.918 0.003 
17:7.8-14:7.8 2.774 1.935 3.613 <0.001 
14:8.1-14:7.8 0.299 -0.540 1.138 0.954 
17:8.1-14:7.8 3.347 2.508 4.186 <0.001 
14:8.1-17:7.8 -2.476 -3.315 -1.636 <0.001 
17:8.1-17:7.8 0.573 -0.266 1.412 0.410 
17:8.1-14:8.1 3.049 2.210 3.888 <0.001 
 

C. rodgersii - Coffs Harbour 

Temperature 

 

  diff lwr upr p adj 
24-21 0.393 0.182 0.603 <0.001 
 

pH 

 

  diff lwr upr p adj 
7.6-7.04 5.565 5.172 5.957 <0.001 
7.8-7.04 6.516 6.123 6.908 <0.001 
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8.1-7.04 7.011 6.619 7.403 <0.001 
7.8-7.6 0.951 0.558 1.343 <0.001 
8.1-7.6 1.446 1.054 1.839 <0.001 
8.1-7.8 0.495 0.103 0.888 0.007 
 

Temperature X pH 

 

    diff lwr upr p adj 
24:7.04-21:7.04 -0.039 -0.697 0.619 1.000 
21:7.6-21:7.04 4.865 4.207 5.523 <0.001 
24:7.6-21:7.04 6.226 5.568 6.883 <0.001 
21:7.8-21:7.04 6.373 5.715 7.031 <0.001 
24:7.8-21:7.04 6.619 5.961 7.277 <0.001 
21:8.1-21:7.04 6.990 6.332 7.648 <0.001 
24:8.1-21:7.04 6.993 6.335 7.651 <0.001 
21:7.6-24:7.04 4.904 4.246 5.562 <0.001 
24:7.6-24:7.04 6.265 5.607 6.923 <0.001 
21:7.8-24:7.04 6.412 5.754 7.070 <0.001 
24:7.8-24:7.04 6.658 6.001 7.316 <0.001 
21:8.1-24:7.04 7.029 6.371 7.687 <0.001 
24:8.1-24:7.04 7.032 6.374 7.690 <0.001 
24:7.6-21:7.6 1.361 0.703 2.019 <0.001 
21:7.8-21:7.6 1.508 0.850 2.166 <0.001 
24:7.8-21:7.6 1.755 1.097 2.412 <0.001 
21:8.1-21:7.6 2.125 1.467 2.783 <0.001 
24:8.1-21:7.6 2.128 1.470 2.786 <0.001 
21:7.8-24:7.6 0.147 -0.511 0.805 0.997 
24:7.8-24:7.6 0.394 -0.264 1.052 0.583 
21:8.1-24:7.6 0.764 0.106 1.422 0.012 
24:8.1-24:7.6 0.767 0.109 1.425 0.011 
24:7.8-21:7.8 0.247 -0.411 0.904 0.940 
21:8.1-21:7.8 0.617 -0.041 1.275 0.082 
24:8.1-21:7.8 0.620 -0.038 1.278 0.079 
21:8.1-24:7.8 0.371 -0.287 1.029 0.655 
24:8.1-24:7.8 0.374 -0.284 1.032 0.646 
24:8.1-21:8.1 0.003 -0.655 0.661 1.000 
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Gastrulation 

Species Source SS df F p 
E. chloroticus Temperature 1067.000 1 28.847 <0.001 
 pH 36261.000 3 326.875 <0.001 
 Temperature:pH 490.000 3 4.420 <0.01 
 Residuals 3254.000 88   
P. huttoni Temperature 2.530 1 9.226 <0.01 
 pH 903.070 3 1096.704 <0.001 
 Temperature:pH 2.690 3 3.273 <0.05 
 Residuals 24.150 88   
C. rodgersii - Mokohinau Is. Temperature 1.387 1 6.696 <0.05 
 pH 280.649 3 451.659 <0.001 
 Temperature:pH 0.048 3 0.078 0.972 
 Residuals 18.227 88   
C. rodgersii - Coffs Harbour Temperature 2.200 1 10.043 <0.01 
 pH 1135.420 3 1730.456 <0.001 
 Temperature:pH 2.650 3 4.038 <0.01 
 Residuals 19.250 88   
 
Tukey's HSD 

 

E. chloroticus 

Temperature 

 

  diff lwr upr p adj 
15-12 6.667 4.200 9.133 <0.001 

 

pH 

 

  diff lwr upr p adj 
7.42-7 26.083 21.486 30.680 <0.001 
7.71-7 45.917 41.320 50.514 <0.001 
8.1-7 48.500 43.903 53.097 <0.001 
7.71-7.42 19.833 15.236 24.430 <0.001 
8.1-7.42 22.417 17.820 27.014 <0.001 
8.1-7.71 2.583 -2.014 7.180 0.459 
 

Temperature X pH 

 

  diff lwr upr p adj 
15:7-12:7 9.167 1.458 16.875 0.009 
12:7.42-12:7 25.167 17.458 32.875 <0.001 
15:7.42-12:7 36.167 28.458 43.875 <0.001 
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12:7.71-12:7 46.833 39.125 54.542 <0.001 
15:7.71-12:7 54.167 46.458 61.875 <0.001 
12:8.1-12:7 53.500 45.792 61.208 <0.001 
15:8.1-12:7 52.667 44.958 60.375 <0.001 
12:7.42-15:7 16.000 8.292 23.708 <0.001 
15:7.42-15:7 27.000 19.292 34.708 <0.001 
12:7.71-15:7 37.667 29.958 45.375 <0.001 
15:7.71-15:7 45.000 37.292 52.708 <0.001 
12:8.1-15:7 44.333 36.625 52.042 <0.001 
15:8.1-15:7 43.500 35.792 51.208 <0.001 
15:7.42-12:7.42 11.000 3.292 18.708 <0.001 
12:7.71-12:7.42 21.667 13.958 29.375 <0.001 
15:7.71-12:7.42 29.000 21.292 36.708 <0.001 
12:8.1-12:7.42 28.333 20.625 36.042 <0.001 
15:8.1-12:7.42 27.500 19.792 35.208 <0.001 
12:7.71-15:7.42 10.667 2.958 18.375 0.001 
15:7.71-15:7.42 18.000 10.292 25.708 <0.001 
12:8.1-15:7.42 17.333 9.625 25.042 <0.001 
15:8.1-15:7.42 16.500 8.792 24.208 <0.001 
15:7.71-12:7.71 7.333 -0.375 15.042 0.074 
12:8.1-12:7.71 6.667 -1.042 14.375 0.141 
15:8.1-12:7.71 5.833 -1.875 13.542 0.279 
12:8.1-15:7.71 -0.667 -8.375 7.042 1.000 
15:8.1-15:7.71 -1.500 -9.208 6.208 0.999 
15:8.1-12:8.1 -0.833 -8.542 6.875 1.000 
 
P. huttoni 

Temperature 

 

  diff lwr upr p adj 
15-12 -0.325 -0.537 -0.112 0.003 

 

pH 

 

  diff lwr upr p adj 
7.44-7.05 3.662 3.265 4.058 <0.001 
7.72-7.05 7.306 6.910 7.702 <0.001 
8.15-7.05 7.475 7.079 7.871 <0.001 
7.72-7.44 3.644 3.248 4.040 <0.001 
8.15-7.44 3.814 3.418 4.210 <0.001 
8.15-7.72 0.169 -0.227 0.566 0.678 
 

Temperature X pH 

    diff lwr upr p adj 
15:7.05-12:7.05 0.058 -0.606 0.722 1.000 
12:7.44-12:7.05 3.951 3.287 4.615 <0.001 
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15:7.44-12:7.05 3.430 2.766 4.094 <0.001 
12:7.72-12:7.05 7.368 6.704 8.032 <0.001 
15:7.72-12:7.05 7.301 6.637 7.965 <0.001 
12:8.15-12:7.05 7.889 7.225 8.553 <0.001 
15:8.15-12:7.05 7.119 6.455 7.783 <0.001 
12:7.44-15:7.05 3.893 3.229 4.557 <0.001 
15:7.44-15:7.05 3.372 2.708 4.036 <0.001 
12:7.72-15:7.05 7.310 6.646 7.974 <0.001 
15:7.72-15:7.05 7.244 6.579 7.908 <0.001 
12:8.15-15:7.05 7.831 7.167 8.495 <0.001 
15:8.15-15:7.05 7.062 6.397 7.726 <0.001 
15:7.44-12:7.44 -0.521 -1.185 0.143 0.238 
12:7.72-12:7.44 3.417 2.753 4.081 <0.001 
15:7.72-12:7.44 3.350 2.686 4.015 <0.001 
12:8.15-12:7.44 3.938 3.274 4.602 <0.001 
15:8.15-12:7.44 3.168 2.504 3.833 <0.001 
12:7.72-15:7.44 3.938 3.274 4.602 <0.001 
15:7.72-15:7.44 3.871 3.207 4.535 <0.001 
12:8.15-15:7.44 4.459 3.795 5.123 <0.001 
15:8.15-15:7.44 3.689 3.025 4.353 <0.001 
15:7.72-12:7.72 -0.067 -0.731 0.597 1.000 
12:8.15-12:7.72 0.521 -0.143 1.185 0.238 
15:8.15-12:7.72 -0.249 -0.913 0.415 0.940 
12:8.15-15:7.72 0.588 -0.077 1.252 0.123 
15:8.15-15:7.72 -0.182 -0.846 0.482 0.989 
15:8.15-12:8.15 -0.770 -1.434 -0.105 0.012 
 

C. rodgersii - Mokohinau Islands 

Temperature 

 

  diff lwr upr p adj 
17-14 0.240 0.056 0.425 0.011 
 

pH 

 

  diff lwr upr p adj 
7.6-7.04 3.247 2.903 3.591 <0.001 
7.8-7.04 3.902 3.558 4.246 <0.001 
8.1-7.04 4.370 4.026 4.714 <0.001 
7.8-7.6 0.655 0.311 0.999 <0.001 
8.1-7.6 1.123 0.779 1.467 <0.001 
8.1-7.8 0.468 0.124 0.812 <0.05 
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C. rodgersii - Coffs Harbour 

Temperature 

 

  diff lwr upr p adj 
24-21 -0.303 -0.492 -0.113 0.002 
 

pH 

 

  diff lwr upr p adj 
7.6-7.04 6.866 6.513 7.220 <0.001 
7.8-7.04 7.944 7.591 8.298 <0.001 
8.1-7.04 8.619 8.266 8.973 <0.001 
7.8-7.6 1.078 0.724 1.432 <0.001 
8.1-7.6 1.753 1.399 2.106 <0.001 
8.1-7.8 0.675 0.321 1.028 <0.001 
 

Temperature X pH 

 

    diff lwr upr p adj 
24:7.04-21:7.04 -0.285 -0.877 0.308 0.811 
21:7.6-21:7.04 7.097 6.504 7.690 <0.001 
24:7.6-21:7.04 6.351 5.758 6.944 <0.001 
21:7.8-21:7.04 7.986 7.393 8.579 <0.001 
24:7.8-21:7.04 7.618 7.025 8.211 <0.001 
21:8.1-21:7.04 8.383 7.790 8.976 <0.001 
24:8.1-21:7.04 8.571 7.978 9.164 <0.001 
21:7.6-24:7.04 7.382 6.789 7.974 <0.001 
24:7.6-24:7.04 6.636 6.043 7.228 <0.001 
21:7.8-24:7.04 8.270 7.677 8.863 <0.001 
24:7.8-24:7.04 7.903 7.310 8.496 <0.001 
21:8.1-24:7.04 8.667 8.075 9.260 <0.001 
24:8.1-24:7.04 8.855 8.262 9.448 <0.001 
24:7.6-21:7.6 -0.746 -1.339 -0.153 <0.01 
21:7.8-21:7.6 0.889 0.296 1.482 <0.001 
24:7.8-21:7.6 0.521 -0.072 1.114 0.127 
21:8.1-21:7.6 1.286 0.693 1.879 <0.001 
24:8.1-21:7.6 1.474 0.881 2.067 <0.001 
21:7.8-24:7.6 1.635 1.042 2.227 <0.001 
24:7.8-24:7.6 1.267 0.674 1.860 <0.001 
21:8.1-24:7.6 2.032 1.439 2.625 <0.001 
24:8.1-24:7.6 2.220 1.627 2.812 <0.001 
24:7.8-21:7.8 -0.367 -0.960 0.225 0.538 
21:8.1-21:7.8 0.397 -0.196 0.990 0.436 
24:8.1-21:7.8 0.585 -0.008 1.178 0.056 
21:8.1-24:7.8 0.765 0.172 1.358 <0.01 
24:8.1-24:7.8 0.952 0.360 1.545 <0.001 
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24:8.1-21:8.1 0.188 -0.405 0.781 0.976 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 lxxix 

Abnormal embryos 

Species Source SS df F p 
E. chloroticus Temperature 29.941 1 46.501 <0.001 
 pH 267.683 3 138.575 <0.001 
 Temperature:pH 16.704 3 8.647 <0.001 
 Residuals 56.663 88   
P. huttoni Temperature 1.560 1 4.216 0.043 
 pH 329.710 3 296.516 <0.001 
 Temperature:pH 30.530 3 27.460 <0.001 
 Residuals 32.620 88   
C. rodgersii - Mokohinau Is. Temperature 8.978 1 12.903 0.001 
 pH 92.910 3 44.510 <0.001 
 Temperature:pH 0.816 3 0.391 0.760 
 Residuals 61.230 88   
C. rodgersii - Coffs Harbour Temperature 17.685 1 41.905 <0.001 
 pH 138.864 3 109.681 <0.001 
 Temperature:pH 1.864 3 1.472 0.228 
 Residuals 37.138 88   
 

Tukey's HSD 

 

E. chloroticus 

Temperature 

 

  diff lwr upr p adj 
15-12 1.117 0.791 1.442 <0.001 
 

pH 

 

  diff lwr upr p adj 
7.42-7 -2.446 -3.052 -1.839 <0.001 
7.71-7 -3.815 -4.421 -3.208 <0.001 
8.1-7 -4.303 -4.910 -3.697 <0.001 
7.71-7.42 -1.369 -1.975 -0.762 <0.001 
8.1-7.42 -1.858 -2.464 -1.251 <0.001 
8.1-7.71 -0.489 -1.095 0.118 0.158 
 

Temperature X pH 

 

    diff lwr upr p adj 
15:7-12:7 0.049 -0.968 1.066 1.000 
12:7.42-12:7 -2.999 -4.016 -1.982 <0.001 
15:7.42-12:7 -1.843 -2.861 -0.826 <0.001 
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12:7.71-12:7 -4.233 -5.250 -3.216 <0.001 
15:7.71-12:7 -3.347 -4.364 -2.330 <0.001 
12:8.1-12:7 -5.467 -6.485 -4.450 <0.001 
15:8.1-12:7 -3.090 -4.107 -2.073 <0.001 
12:7.42-15:7 -3.048 -4.065 -2.031 <0.001 
15:7.42-15:7 -1.892 -2.910 -0.875 <0.001 
12:7.71-15:7 -4.282 -5.299 -3.265 <0.001 
15:7.71-15:7 -3.396 -4.413 -2.379 <0.001 
12:8.1-15:7 -5.516 -6.534 -4.499 <0.001 
15:8.1-15:7 -3.139 -4.156 -2.122 <0.001 
15:7.42-12:7.42 1.156 0.138 2.173 <0.05 
12:7.71-12:7.42 -1.234 -2.251 -0.217 0.007 
15:7.71-12:7.42 -0.348 -1.365 0.669 0.963 
12:8.1-12:7.42 -2.468 -3.486 -1.451 <0.001 
15:8.1-12:7.42 -0.091 -1.108 0.926 1.000 
12:7.71-15:7.42 -2.390 -3.407 -1.372 <0.001 
15:7.71-15:7.42 -1.504 -2.521 -0.486 <0.001 
12:8.1-15:7.42 -3.624 -4.641 -2.607 <0.001 
15:8.1-15:7.42 -1.247 -2.264 -0.230 <0.01 
15:7.71-12:7.71 0.886 -0.131 1.903 0.135 
12:8.1-12:7.71 -1.234 -2.252 -0.217 0.007 
15:8.1-12:7.71 1.143 0.126 2.160 0.017 
12:8.1-15:7.71 -2.120 -3.138 -1.103 <0.001 
15:8.1-15:7.71 0.257 -0.760 1.274 0.994 
15:8.1-12:8.1 2.377 1.360 3.394 <0.001 
 

P. huttoni 

Temperature 

 

  diff lwr upr p adj 
15-12 0.255 0.008 0.502 0.043 
 

pH 

 

  diff lwr upr p adj 
7.44-7.05 -1.150 -1.610 -0.690 <0.001 
7.72-7.05 -3.932 -4.392 -3.472 <0.001 
8.15-7.05 -4.418 -4.878 -3.958 <0.001 
7.72-7.44 -2.782 -3.242 -2.321 <0.001 
8.15-7.44 -3.268 -3.728 -2.807 <0.001 
8.15-7.72 -0.486 -0.946 -0.026 0.034 
 

Temperature X pH 

  diff lwr upr p adj 
15:7.05-12:7.05 -0.451 -1.223 0.320 0.611 
12:7.44-12:7.05 -1.020 -1.792 -0.248 <0.01 
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15:7.44-12:7.05 -1.732 -2.503 -0.960 <0.001 
12:7.72-12:7.05 -4.173 -4.944 -3.401 <0.001 
15:7.72-12:7.05 -4.142 -4.914 -3.371 <0.001 
12:8.15-12:7.05 -5.720 -6.492 -4.949 <0.001 
15:8.15-12:7.05 -3.567 -4.338 -2.795 <0.001 
12:7.44-15:7.05 -0.569 -1.340 0.203 0.312 
15:7.44-15:7.05 -1.280 -2.052 -0.509 <0.001 
12:7.72-15:7.05 -3.721 -4.493 -2.949 <0.001 
15:7.72-15:7.05 -3.691 -4.463 -2.919 <0.001 
12:8.15-15:7.05 -5.269 -6.041 -4.497 <0.001 
15:8.15-15:7.05 -3.115 -3.887 -2.344 <0.001 
15:7.44-12:7.44 -0.712 -1.484 0.060 0.093 
12:7.72-12:7.44 -3.153 -3.924 -2.381 <0.001 
15:7.72-12:7.44 -3.123 -3.894 -2.351 <0.001 
12:8.15-12:7.44 -4.700 -5.472 -3.929 <0.001 
15:8.15-12:7.44 -2.547 -3.319 -1.775 <0.001 
12:7.72-15:7.44 -2.441 -3.213 -1.669 <0.001 
15:7.72-15:7.44 -2.411 -3.182 -1.639 <0.001 
12:8.15-15:7.44 -3.989 -4.760 -3.217 <0.001 
15:8.15-15:7.44 -1.835 -2.607 -1.063 <0.001 
15:7.72-12:7.72 0.030 -0.742 0.802 1.000 
12:8.15-12:7.72 -1.548 -2.320 -0.776 <0.001 
15:8.15-12:7.72 0.606 -0.166 1.378 0.237 
12:8.15-15:7.72 -1.578 -2.350 -0.806 <0.001 
15:8.15-15:7.72 0.576 -0.196 1.347 0.297 
15:8.15-12:8.15 2.154 1.382 2.925 <0.001 

 

C. rodgersii - Mokohinau Islands 

Temperature 

 

  diff lwr upr p adj 
17-14 0.612 0.273 0.950 0.001 
 

pH 

 

  diff lwr upr p adj 
7.6-7.04 -0.023 -0.654 0.608 1.000 
7.8-7.04 -1.017 -1.648 -0.386 <0.001 
8.1-7.04 -2.411 -3.042 -1.781 <0.001 
7.8-7.6 -0.994 -1.625 -0.363 <0.001 
8.1-7.6 -2.388 -3.019 -1.758 <0.001 
8.1-7.8 -1.394 -2.025 -0.764 <0.001 
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C. rodgersii - Coffs Harbour 

Temperature 

 

  diff lwr upr p adj 
24-21 0.858 0.595 1.122 <0.001 
 

pH 

 

  diff lwr upr p adj 
7.6-7.04 -0.879 -1.370 -0.388 <0.001 
7.8-7.04 -2.007 -2.498 -1.516 <0.001 
8.1-7.04 -3.202 -3.693 -2.711 <0.001 
7.8-7.6 -1.128 -1.619 -0.636 <0.001 
8.1-7.6 -2.323 -2.814 -1.831 <0.001 
8.1-7.8 -1.195 -1.686 -0.704 <0.001 
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Appendix 6. Eigenvalues and Factor Loading Values of the 

PCA on the larval morphometry of Evechinus chloroticus, 

Pseudechinus huttoni and Centrostephanus rodgersii (at the 

Mokohinau Islands and Coffs Harbour) 
 

Evechinus chloroticus 
 

Day 4  

PC1 PC2 PC3 PC4 PC5 PC6 PC7 
1067.58 370.10 191.75 116.07 84.45 48.03 32.37 
Table 7. Eigenvalues of the PCA relative to E. chloroticus 4 days after fertilization 

 PC1 PC2 PC3 PC4 PC5 PC6 PC7 
MBL 0.420 0.890 -0.073 0.132 -0.071 0.005 -0.057 
SH 0.145 -0.012 0.488 0.370 0.327 -0.130 0.694 
SW 0.084 -0.098 0.567 0.446 0.061 0.047 -0.676 
BW 0.002 0.040 0.500 -0.332 -0.724 -0.320 0.107 
AW 0.031 -0.040 0.108 0.098 -0.344 0.905 0.197 
BP 0.174 0.087 0.376 -0.726 0.480 0.234 -0.095 
AvgPO 0.874 -0.432 -0.180 -0.026 -0.108 -0.064 -0.011 
Table 8. Factor loadings of the PCA relative to E. chloroticus 4 days after fertilization 

Day 7 

PC1 PC2 PC3 PC4 PC5 PC6 PC7 
8175.22 560.41 197.46 144.21 82.70 54.38 38.54 
Table 9. Eigenvalues of the PCA relative to E. chloroticus 7 days after fertilization 

 PC1 PC2 PC3 PC4 PC5 PC6 PC7 
MBL -0.095 -0.914 0.197 -0.220 0.221 -0.096 0.094 
SH -0.066 -0.288 0.053 0.537 -0.319 0.306 -0.653 
SW -0.023 -0.187 -0.175 0.539 -0.436 -0.150 0.657 
BW 0.018 -0.066 -0.628 0.344 0.553 -0.377 -0.187 
AW 0.060 -0.009 -0.061 0.199 0.458 0.805 0.309 
BP -0.008 -0.171 -0.727 -0.464 -0.375 0.289 -0.045 
AvgPO -0.991 0.111 -0.027 -0.005 0.051 0.032 0.035 
Table 10. Factor loadings of the PCA relative to E. chloroticus 7 days after fertilization 

Day 10 

PC1 PC2 PC3 PC4 PC5 PC6 PC7 
5882.55 527.78 244.22 164.32 95.89 72.74 57.72 
Table 11. Eigenvalues of the PCA relative to E. chloroticus 10 days after fertilization 
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 PC1 PC2 PC3 PC4 PC5 PC6 PC7 
MBL 0.131 -0.716 -0.672 0.080 -0.024 0.080 -0.075 
SH 0.066 -0.398 0.414 0.534 0.401 -0.208 0.421 
SW 0.038 -0.375 0.538 0.049 -0.238 0.554 -0.451 
BW 0.024 -0.312 0.224 -0.421 -0.617 -0.282 0.462 
AW 0.007 -0.194 0.165 -0.177 0.146 -0.712 -0.612 
BP 0.080 -0.169 0.100 -0.705 0.615 0.236 0.156 
AvgPO 0.985 0.159 0.026 0.020 -0.050 -0.026 -0.021 
Table 12. Factor loadings of the PCA relative to E. chloroticus 10 days after fertilization 

Day 13 

PC1 PC2 PC3 PC4 PC5 PC6 PC7 
6549.50 842.59 232.07 175.22 73.94 51.68 41.98 
Table 13. Eigenvalues of the PCA relative to E. chloroticus 13 days after fertilization 

 PC1 PC2 PC3 PC4 PC5 PC6 PC7 
MBL 0.109 0.902 -0.289 -0.110 -0.267 0.004 -0.091 
SH 0.023 0.346 0.500 -0.276 0.628 -0.169 0.360 
SW 0.024 0.108 0.721 0.262 -0.395 -0.326 -0.371 
BW 0.007 0.181 0.223 0.579 0.101 0.745 0.134 
AW 0.006 -0.007 -0.041 0.300 -0.383 -0.313 0.814 
BP 0.051 0.094 -0.308 0.646 0.471 -0.460 -0.208 
AvgPO 0.992 -0.116 0.017 -0.027 0.002 0.032 0.016 
Table 14. Factor loadings of the PCA relative to E. chloroticus 13 days after fertilization 

Day 16 

PC1 PC2 PC3 PC4 PC5 PC6 PC7 
5591.21 1429.06 472.65 225.02 128.50 95.53 75.81 
Table 15. Eigenvalues of the PCA relative to E. chloroticus 16 days after fertilization 

 PC1 PC2 PC3 PC4 PC5 PC6 PC7 
MBL 0.109 0.902 -0.289 -0.110 -0.267 0.004 -0.091 
SH 0.023 0.346 0.500 -0.276 0.628 -0.169 0.360 
SW 0.024 0.108 0.721 0.262 -0.395 -0.326 -0.371 
BW 0.007 0.181 0.223 0.579 0.101 0.745 0.134 
AW 0.006 -0.007 -0.041 0.300 -0.383 -0.313 0.814 
BP 0.051 0.094 -0.308 0.646 0.471 -0.460 -0.208 
AvgPO 0.992 -0.116 0.017 -0.027 0.002 0.032 0.016 
Table 16. Factor loadings of the PCA relative to E. chloroticus 16 days after fertilization 

Day 22 

PC1 PC2 PC3 PC4 PC5 PC6 PC7 
10222.95 1340.25 413.14 262.28 156.36 101.95 77.24 
Table 17. Eigenvalues of the PCA relative to E. chloroticus 22 days after fertilization 

 PC1 PC2 PC3 PC4 PC5 PC6 PC7 
MBL -0.441 -0.736 0.448 0.169 0.159 -0.086 0.052 
SH -0.213 -0.296 -0.237 -0.561 -0.539 0.014 -0.453 
SW -0.151 -0.088 -0.207 -0.578 0.180 0.098 0.742 
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BW -0.191 -0.162 -0.735 0.215 0.351 -0.461 -0.120 
AW -0.071 -0.018 -0.078 -0.172 0.610 0.650 -0.406 
BP -0.142 -0.168 -0.379 0.494 -0.393 0.589 0.248 
AvgPO -0.822 0.556 0.103 0.040 -0.045 -0.027 -0.027 
Table 18. Factor loadings of the PCA relative to E. chloroticus 22 days after fertilization 

Day 25 

PC1 PC2 PC3 PC4 PC5 PC6 PC7 
10222.95 1340.25 413.14 262.28 156.36 101.95 77.24 
Table 19. Eigenvalues of the PCA relative to E. chloroticus 25 days after fertilization 

 PC1 PC2 PC3 PC4 PC5 PC6 PC7 
MBL -0.452 0.630 -0.590 -0.195 -0.086 0.067 0.037 
SH -0.225 0.257 0.154 0.502 0.337 -0.702 0.031 
SW -0.193 0.222 0.248 0.521 0.285 0.705 -0.052 
BW -0.190 0.281 0.545 0.040 -0.757 -0.047 0.102 
AW -0.055 0.025 0.014 0.000 -0.096 -0.061 -0.992 
BP -0.187 0.213 0.519 -0.661 0.462 -0.001 -0.022 
AvgPO -0.796 -0.603 -0.022 -0.012 -0.036 0.005 0.031 
Table 20. Factor loadings of the PCA relative to E. chloroticus 25 days after fertilization 

Day 4 and 25 

PC1 PC2 PC3 PC4 PC5 PC6 PC7 
24387.96 1116.31 612.78 235.24 130.08 77.29 67.79 
Table 21. Eigenvalues of the PCA relative to E. chloroticus 4 and 25 days after fertilization 

 

 PC1 PC2 PC3 PC4 PC5 PC6 PC7 
MBL 0.537 0.670 0.334 -0.369 0.024 0.113 0.043 
SH 0.241 0.234 -0.072 0.496 0.338 -0.690 -0.214 
SW 0.132 0.176 -0.327 0.461 0.444 0.618 0.228 
BW 0.158 0.253 -0.327 0.354 -0.813 -0.009 0.134 
AW 0.054 0.020 -0.020 0.081 -0.098 0.327 -0.934 
BP 0.012 0.136 -0.815 -0.520 0.133 -0.147 -0.090 
AvgPO 0.780 -0.619 -0.072 -0.047 -0.027 0.012 0.037 
Table 22. Factor loadings of the PCA relative to E. chloroticus 4 and 25 days after fertilization 
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Pseudechinus huttoni 
 

Day 5 

PC1 PC2 PC3 PC4 PC5 PC6 PC7 
429.46 156.65 122.78 95.04 31.33 21.52 16.75 
Table 23. Eigenvalues of the PCA relative to P. huttoni 5 days after fertilization 

 PC1 PC2 PC3 PC4 PC5 PC6 PC7 
MBL 0.566 -0.484 -0.661 -0.009 0.049 0.073 -0.018 
SH 0.123 -0.153 0.148 -0.587 0.074 -0.765 -0.061 
SW 0.145 -0.093 0.287 -0.618 0.352 0.591 0.181 
BW 0.585 -0.227 0.652 0.420 -0.009 -0.060 0.032 
AW 0.072 -0.042 0.109 -0.205 -0.432 0.223 -0.838 
BP 0.542 0.822 -0.141 -0.096 -0.009 -0.032 0.007 
AvgPO 0.056 -0.067 0.033 -0.213 -0.825 0.072 0.509 
Table 24. Factor loadings of the PCA relative to P. huttoni 5 days after fertilization 

Day 8 

PC1 PC2 PC3 PC4 PC5 PC6 PC7 
1742.42 391.92 295.81 253.45 112.25 37.62 26.37 
Table 25. Eigenvalues of the PCA relative to P. huttoni 8 days after fertilization 

 PC1 PC2 PC3 PC4 PC5 PC6 PC7 
MBL -0.697 0.474 0.476 0.237 -0.070 0.004 -0.033 
SH -0.184 -0.121 -0.083 -0.268 -0.729 -0.009 0.585 
SW -0.116 -0.098 -0.057 -0.289 -0.484 0.138 -0.798 
BW -0.139 -0.084 0.342 -0.805 0.385 0.222 0.103 
AW -0.066 0.001 0.027 -0.237 0.036 -0.964 -0.095 
BP -0.440 -0.845 0.088 0.257 0.134 -0.025 -0.016 
AvgPO -0.499 0.173 -0.799 -0.135 0.250 0.053 0.015 
Table 26. Factor loadings of the PCA relative to P. huttoni 8 days after fertilization 

Day 11 

PC1 PC2 PC3 PC4 PC5 PC6 PC7 
1809.83 433.97 400.64 168.91 109.54 63.52 21.33 
Table 27. Eigenvalues of the PCA relative to P. huttoni 5 days after fertilization 

 PC1 PC2 PC3 PC4 PC5 PC6 PC7 
MBL 0.620 -0.173 0.749 0.131 -0.077 0.022 -0.030 
SH 0.120 -0.084 -0.158 0.052 -0.634 -0.227 0.705 
SW 0.080 -0.115 -0.203 0.059 -0.687 0.048 -0.679 
BW 0.133 0.328 -0.176 0.899 0.113 -0.146 -0.034 
AW 0.067 -0.054 -0.121 0.156 -0.060 0.955 0.196 
BP 0.206 0.906 0.073 -0.312 -0.164 0.088 -0.007 
AvgPO 0.728 -0.137 -0.567 -0.216 0.278 -0.072 -0.026 
Table 28. Factor loadings of the PCA relative to P. huttoni 11 days after fertilization 
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Day 14 

PC1 PC2 PC3 PC4 PC5 PC6 PC7 
2167.33 713.10 369.72 301.56 108.18 79.27 37.39 
Table 29. Eigenvalues of the PCA relative to P. huttoni 14 days after fertilization 

 PC1 PC2 PC3 PC4 PC5 PC6 PC7 
MBL -0.466 0.731 -0.469 0.148 -0.033 -0.025 0.071 
SH -0.137 0.034 0.076 -0.204 -0.728 0.173 -0.611 
SW -0.119 -0.058 0.120 -0.199 -0.559 0.043 0.783 
BW -0.087 0.245 0.159 -0.893 0.325 0.063 -0.018 
AW -0.027 -0.015 0.017 -0.114 -0.131 -0.981 -0.076 
BP -0.126 0.409 0.853 0.293 0.050 -0.028 -0.008 
AvgPO -0.852 -0.483 0.084 0.032 0.177 0.009 -0.044 
Table 30. Factor loadings of the PCA relative to P. huttoni 14 days after fertilization 

Day 17 

PC1 PC2 PC3 PC4 PC5 PC6 PC7 
1203.89 680.80 491.83 196.69 106.14 75.64 51.59 
Table 31. Eigenvalues of the PCA relative to P. huttoni 17 days after fertilization 

 PC1 PC2 PC3 PC4 PC5 PC6 PC7 
MBL -0.466 0.731 -0.469 0.148 -0.033 -0.025 0.071 
SH -0.137 0.034 0.076 -0.204 -0.728 0.173 -0.611 
SW -0.119 -0.058 0.120 -0.199 -0.559 0.043 0.783 
BW -0.087 0.245 0.159 -0.893 0.325 0.063 -0.018 
AW -0.027 -0.015 0.017 -0.114 -0.131 -0.981 -0.076 
BP -0.126 0.409 0.853 0.293 0.050 -0.028 -0.008 
AvgPO -0.852 -0.483 0.084 0.032 0.177 0.009 -0.044 
Table 32. Factor loadings of the PCA relative to P. huttoni 17 days after fertilization 

Day 20 

PC1 PC2 PC3 PC4 PC5 PC6 PC7 
2260.73 1128.95 428.24 293.00 165.75 92.65 51.25 
Table 33. Eigenvalues of the PCA relative to P. huttoni 20 days after fertilization 

 PC1 PC2 PC3 PC4 PC5 PC6 PC7 
MBL 0.665 -0.551 0.503 -0.012 0.016 0.017 -0.002 
SH 0.147 0.042 -0.136 -0.277 -0.618 0.093 0.700 
SW 0.127 0.064 -0.090 -0.288 -0.612 0.074 -0.713 
BW 0.190 -0.203 -0.502 -0.695 0.430 -0.050 -0.014 
AW 0.058 0.068 -0.038 0.041 0.141 0.984 -0.014 
BP 0.251 -0.335 -0.681 0.587 -0.121 -0.026 -0.035 
AvgPO 0.646 0.729 -0.054 0.105 0.153 -0.117 0.002 
Table 34. Factor loadings of the PCA relative to P. huttoni 20 days after fertilization 
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Day 5 and 20 

 

PC1 PC2 PC3 PC4 PC5 PC6 PC7 
13561.19 644.63 306.20 218.52 124.69 61.04 37.39 
Table 35. Eigenvalues of the PCA relative to P. huttoni 4 and 20 days after fertilization 

 PC1 PC2 PC3 PC4 PC5 PC6 PC7 
MBL 0.777 -0.343 -0.523 -0.049 0.040 -0.020 -0.027 
SH 0.156 0.079 0.116 -0.216 -0.633 -0.027 0.713 
SW 0.119 0.093 0.127 -0.244 -0.640 -0.041 -0.701 
BW 0.204 -0.201 0.528 -0.706 0.374 -0.025 0.009 
AW 0.093 0.072 0.051 0.002 -0.014 0.992 -0.012 
BP 0.327 -0.317 0.633 0.620 -0.074 -0.043 -0.018 
AvgPO 0.448 0.850 0.121 0.092 0.207 -0.107 -0.004 
Table 36. Factor loadings of the PCA relative to P. huttoni 4 and 20 days after fertilization 

 

Centrostephanus rodgersii - Mokohinau Islands 
 

Day 3 

PC1 PC2 PC3 PC4 PC5 PC6 PC7 
782.09 424.57 174.92 103.53 71.37 59.93 30.83 
Table 37. Eigenvalues of the PCA relative to C. rodgersii 3 days after fertilization 

 PC1 PC2 PC3 PC4 PC5 PC6 PC7 
MBL 0.118 -0.973 0.120 -0.144 0.030 0.037 0.048 
SH 0.061 -0.074 0.243 0.556 -0.036 0.238 -0.751 
SW 0.068 -0.012 0.299 0.656 -0.013 0.210 0.656 
BW -0.011 0.171 0.787 -0.388 0.411 0.176 -0.014 
AW -0.008 0.055 0.045 -0.290 -0.672 0.677 0.041 
BP -0.004 0.012 0.463 0.003 -0.614 -0.639 -0.022 
AvgPO -0.989 -0.124 0.039 0.068 0.003 0.028 0.005 
Table 38. Factor loadings of the PCA relative to C. rodgersii at the Mokohinau Islands 3 days after fertilization 

 

Centrostephanus rodgersii - Coffs Harbour 
 

Day 3 

PC1 PC2 PC3 PC4 PC5 PC6 PC7 
747.51 443.59 160.76 137.79 72.99 55.24 27.54 
Table 39. Eigenvalues of the PCA relative to C. rodgersii 3 days after fertilization 

 

 



 lxxxix 

 PC1 PC2 PC3 PC4 PC5 PC6 PC7 
MBL -0.184 -0.962 0.052 -0.136 0.034 -0.135 0.035 
SH -0.047 -0.104 0.217 0.537 -0.354 0.069 -0.722 
SW -0.084 -0.019 0.327 0.670 -0.093 -0.156 0.636 
BW 0.005 0.132 0.783 -0.232 0.393 -0.357 -0.183 
AW -0.034 0.092 0.162 -0.389 -0.829 -0.333 0.122 
BP -0.004 -0.066 0.449 -0.192 -0.146 0.844 0.154 
AvgPO 0.978 -0.185 0.052 0.045 -0.050 -0.042 0.033 
Table 40. Factor loadings of the PCA relative to C. rodgersii at Coffs Harbour 3 days after fertilization 
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Appendix 7. ANOVA and Tukey's HSD test of the larval 

postoral arm asimmetry of Evechinus chloroticus, 

Pseudechinus huttoni and Centrostephanus rodgersii (at the 

Mokohinau Islands and Coffs Harbour) 
 

Evechinus chloroticus 
 

Source SS df F p 
pH 19.7 2 5.6 <0.01 
Residuals 204.9 117   
 

Tukey's HSD 
 

      diff                 lwr              upr                 p adj 
 7.9-7.7  -0.268  -0.971  0.433 0.636 
 8.1-7.7  -0.962  -1.66  -0.260 0.004 
 8.1-7.9  -0.693  -1.396  0.008  0.053 
 

 

Pseudechinus huttoni 
 

Source SS df F p 
pH 17.8 2 4.1 <0.05 
Residuals 254.6 117   
 

Tukey's HSD 
 

 diff          lwr        upr      p adj 
7.9-7.7  0.863  0.080  1.646  0.026 
8.1-7.7   0.765  -0.017  1.548  0.056 
8.1-7.9  -0.098  -0.880  0.684  0.952 
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Centrostephanus rodgersii - Mokohinau Islands 
 

Source SS df F p 
pH 7.7 2 1.9 0.145 
Residuals 230.0 117   
 

 

Centrostephanus rodgersii - Coffs Harbour 
 

Source SS df F p 
pH 4.1 2 0.9 0.394 
Residuals 256.1 117   
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