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General abstract 
 

Anthropogenic emissions of carbon dioxide (CO2) are causing the global climate to change. 

In the ocean, the average sea surface temperature has increasing by ~0.5°C since the 1950s 

and is projected to increase 2-4°C by the end of the century. Additionally, marine 

heatwaves (MHWs), while not a new phenomenon, have been occurring more frequently 

and intensely, and are predicted to become even more widespread and extreme as climate 

change advances. Increasing atmospheric CO2 is also affecting the chemistry of the world’s 

oceans in the form of ocean acidification. Since the industrial revolution, the uptake of 

additional CO2 from the atmosphere has caused the average pH of the ocean to decrease 

by 0.1 pH units and is predicted to decrease a further by 0.3-0.4 units by the end of the 

century. These rapid changes in CO2 and pH, and the increased frequency and intensity of 

MHWs pose a significant threat to marine life. 

The early life stages of marine organisms are especially sensitive to environmental 

change because they typically have high energetic demands while simultaneously having 

low energetic reserves. Small increases in water temperature have a range of significant 

effects on larval fishes, including changes in growth rate and mortality. Similarly, increased 

environmental CO2 levels are thought to increase the energy required to maintain pH 

homeostasis, which could affect the energy available for other important physiological and 

life history functions. Most marine fish are broadcast spawners, but the difficulty of 

breeding and rearing the early life stages of these species in the laboratory has limited 

experimental research into the effects of elevated temperature and CO2 levels on their 

populations. A key trophic group of fishes on coral and rocky reefs are the intermediate-

sized mesopredators, which prey on smaller fish, but are themselves prey to larger 
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predatory fishes. The majority of mesopredatory reef fishes are broadcast spawners, which 

has limited experimental studies into the effects of climate change impacts on their early 

life stages, due to inadequate knowledge and capacity for completing the life cycle in 

captivity. This thesis set out to investigate how predicted future climate change scenarios 

affect the growth and physiology of reef mesopredators, primarily focusing on the early life 

stages.  

Two species were used to investigate the questions in this thesis. Firstly, a 

temperate reef mesopredator, Australasian snapper (Chrysophrys auratus), was used in 

Chapters 2 and 3 to investigate the effects of temperature and CO2 on the larval and 

juvenile stages of a mesopredator. Being a commercially important species the husbandry 

techniques for spawning and larval rearing have been established, which makes them a 

prime candidate for early life history experiments. In contrast, the life cycle has not been 

closed in captivity for the majority of coral reef mesopredators. Therefore, the husbandry 

techniques used in Chapters 2 and 3 were modified and transferred to the Spanish flag 

snapper (Lutjanus carponotatus), in order to close their life cycle in captivity and use them 

as a model species for the questions surrounding thermal sensitivity in Chapters 4 and 5.  

Rising water temperature and ocean acidification are especially relevant for species 

that utilize nearshore environments, where the magnitude of environmental change and 

extreme events is predicted to be greatest. In Chapter 2 I investigated how elevated 

temperature and CO2 levels relevant to climate change and MHWs in coastal waters (+4°C: 

22°C & ~1000 pCO2) affect the growth and survival of larval Australasian snapper, 

Chrysophrys auratus. Elevated temperature was found to have a strong effect on larval 

growth rate, but elevated CO2 did not. At 1 day post hatch (dph) larvae in the elevated 

temperature treatments were longer and had deeper muscle blocks. Conversely, these fish 
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had smaller amounts of yolk and oil suggesting an accelerated use of their endogenous 

reserves. This trend held at 16 dph where larvae in the elevated temperate treatment were 

larger in all morphometric measurements, while elevated CO2 had no effect. By contrast, 

larvae had higher survivorship in the elevated CO2 treatment compared with control. These 

findings suggest that C. auratus may not be currently living close to their thermal maximum 

and could possibly see beneficial effects from elevated water temperature and CO2; 

however, this would need to be weighed against negative effects that higher temperature 

and CO2 might possibly have on other physiological traits.  

 MHWs and high pCO2 in coastal habitats have the potential to impact the early life 

stages of reef fishes as they transition from pelagic larvae to benthic juveniles in coastal 

habitats. Therefore, Chapter 3 investigated how a simulated heatwave (+4oC) and elevated 

pCO2 (1000 µatm) effected the aerobic physiology and swimming performance of juvenile 

Australasian snapper during the ontogenetic stage when they settle to coastal habitats. 

Elevated temperature and CO2 increased resting metabolic rate of juvenile snapper by 

~22% and ~10% respectively. Maximum metabolic rate was similarly affected by elevated 

temperature, with an increase of ~17%, but elevated CO2 decreased maximum metabolic 

rate by ~15%. Maximum sustained swimming speed also increased with elevated 

temperature and decreased with elevated CO2, matching the results for maximum 

metabolic rate. These findings suggest that elevated CO2 could have greater impact than 

MHWs on the metabolic rates and swimming performance of juvenile snapper. This has the 

potential to reduce their overall performance and potentially have negative flow on effects 

to the population.  

 How MHWs affect the early life stages of broadcast spawning coral reef fishes is 

largely unknown, because of the challenges in completing the life cycle under experimental 
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conditions. I used knowledge gained in my research with Australasian snapper to develop 

and refine methods for breeding a common mesopredatory coral reef fish, the Spanish flag 

snapper (Lutjanidae), Lutjanus carponotatus. In Chapter 4 I set out to investigate how 

elevated temperatures, similar to recent MWHs, effect the energy utilization, growth, and 

survival of larval Spanish flag snapper. Elevated temperatures (+1.5°C: 30°C and +3°C: 

31.5°C) nearly doubled the rate at which endogenous reserves were depleted, compared 

with control fish (28.5°C). By 14 dph all growth metrics were 55-90% larger in both elevated 

temperature treatments, however, survival in these treatments was significantly lower. 

This chapter highlights the sensitivity of Spanish flag snapper larvae to MWHs. While there 

may be some benefits, such as increased growth rate, ultimately MHWs may push larvae 

past their physiological limits, causing increased mortality, with potential implications for 

juvenile recruitment.  

 The adult spawning stage, which is energetically demanding, has been identified as 

a thermal bottleneck in the life cycle of marine fishes. Yet little is known about how 

breeding populations of coral reef fish will cope with MWHs which typically occur during, 

or soon after, the breeding season. Therefore, in Chapter 5 I investigated how simulated 

MWH conditions affected the physiological performance of reproductively mature Lutjanus 

carponotatus. Spawning adults were exposed to MWH intensities of +1°C (29.5°C) and +2°C 

(30.5°C) and the effects on their physiological performance tested after two and four weeks 

exposure, and again at two weeks post-exposure. The MHW treatments increased 

metabolic rate, stress recovery time, blood lactate, and haemoglobin levels. Interestingly, 

the aerobic physiological costs of simulated fishing catch-and-return were not increased by 

the MHW treatments, but lactate levels were significantly higher, suggesting that anaerobic 

energy production is increased to meet the energy demands in MHWs. Further, post-MHW 



xi 
 

exposure individuals from MHW treatments had a higher aerobic cost during the capture 

events and lower lactate levels, which indicates that their aerobic capacity, or efficiency, 

for aerobic energy production had increased. These findings show that MWHs place 

significant physiological costs on coral reef mesopredators, however they appear to 

possess the ability to alter their physiology processes to maintain homeostasis. 

 This research is among the first to test the effects of climate change scenarios and 

MHWs on rocky reef and coral reef mesopredatory fishes. The results demonstrate that 

while there may be some early life history traits that may benefit from higher temperature 

and CO2 levels, other traits are negatively affected. Although this indicates that the overall 

effect of climate change may be negative to these species it also highlights the complexity 

of understanding exactly how larval fish are likely to fare under different climate change 

scenarios. Similarly, the findings of how short-term temperature increases affect adult 

spawning fish sheds new insight into the physiological costs and residual effects of MWHs. 

These new findings further our understanding of how reef mesopredators will cope with 

climate change and MHWs and allow us to better manage populations of these ecologically 

and economically important fishes into the future.  
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Chapter 1: General introduction 
 

 

1.1 Climate change and our oceans 
 
The Earth is experiencing an anthropogenic driven change in climatic conditions due to a 

buildup of carbon dioxide (CO2) in the atmosphere. Atmospheric CO2 has risen from ~280 

ppm to over 400 ppm since the industrial revolution (Solomon et al., 2009; NOAA, 2021), 

higher than any point in at least the last 800,000 years (Luthi et al., 2008). Projected CO2 

levels by the end of the century range from anywhere between 500 to 1000 ppm, 

depending on the action taken to reduce emissions (Meinshausen et al., 2011; Pörtner et 

al., 2019). Increasing atmospheric CO2 has caused a range of climate change effects in our 

oceans including warming (Levitus et al., 2001; Wernberg et al. 2011), sea level rise (Cahoon 

& Guntenspergen, 2010; Nerem et al., 2018), changes in storm (Michener et al. 1997; 

Bromirski et al. 2003) and precipitation patterns (Dore, 2005; Trenberth, 2011), altered 

ocean currents (Rahmstorf et al., 2015; Voosen, 2020), and the acidification of seawater 

(Doney et al. 2009; Hönisch et al. 2012). However, ocean warming and acidification are 

thought to be of primary concern for marine ecosystems due to their wide geographical 

impact (Brierley & Kingsford, 2009; Hoegh-Guldberg & Bruno, 2010; Doney et al. 2012).  

The increased CO2 in the atmosphere enhances the greenhouse effect and as a 

result the temperature of the atmosphere has increase by ~1°C over the last 150 years 

(IPCC, 2014; NOAA, 2020). This temperature increase would be much greater except that 

the oceans act as a heat sink that absorbs heat from the atmosphere (Trenberth & 

Solomon, 1994; Pörtner et al., 2019). The average sea surface temperature (SST) has 
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increased by 0.5°C since the 1950s (Rhein et al., 2013), with the rate of warming doubling 

in the past 30 years (Gleckler et al., 2016; Hoegh-Guldberg et al., 2018). If the present rate 

of anthropogenic CO2 emission is maintained, average SST is projected to increase by 

approximately 4oC by the end of the century (Sheppard & Rioja-Nieto 2005; Collins et al., 

2013; Hoegh-Guldberg et al., 2018). However, if global communities are able to sufficiently 

reduce emissions and meet agreed targets, such as those in UNFCC’s Paris Agreement, is it 

possible that global warming could be kept below 2oC (Rogelj et al., 2018).  

 In addition to ocean warming, higher atmospheric CO2 concentrations increase the 

CO2 content of seawater by increasing the uptake of CO2 at the ocean’s surface (Doney et 

al., 2009). It is estimated that the ocean absorbs between 25-30% of the anthropogenic 

CO2 released into the atmosphere (Calderia & Wickett, 2003; Gruber et al., 2019). The 

increased uptake of CO2 causes a number of chemical reactions in seawater which 

ultimately leads to a decrease in seawater pH and a change in the relative abundance of 

carbonate and bicarbonate ion (Doney et al., 2009; Zeebe et al., 2016). This process is 

referred to as ocean acidification. Since the industrial revolution the average ocean pH has 

decreased by 0.1 units and, depending on emissions scenarios, ocean pH could be further 

decreased by 0.3-0.4 pH units (Calderia & Wickett, 2003; Collins et al., 2013). However, in 

coastal habitats this additional CO2 exacerbates periods of high pCO2 and low pH seawater 

that already occur in some nearshore environments due to upwelling of CO2-rich water and 

nutrient inputs that stimulate biological activity (Feely et al., 2008, Hofmann et al., 2011; 

Green and Zeldis, 2015). Consequently, coastal habitats may already be subjected to 

episodes of high CO2 that exceed predictions for the open ocean by the end of the century 

and these episodes may be further exacerbated by the ongoing uptake of CO2 from the 
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atmosphere (Shaw et al., 2013; Hoegh-Guldberg et al., 2014; Waldbusser & Salisbury, 

2014). 

In addition to steady changes in average ocean temperature, global warming is also 

causing an increase in short-term extreme shifts in environmental conditions (e.g. marine 

heatwaves: MHWs). Specifically, MWHs have been defined as anonymously warm events, 

exceeding the 90th percentile of a 30 year average that lasts for at least 5 days (Hobday et 

al., 2016). MHWs are caused by a combination of processes, with common drivers including 

persistent high-pressure systems, and ocean currents, which can create a build-up of warm 

water, and air-sea heat flux which is the transfer of atmospheric heat into the sea surface 

(Hobday et al., 2016; Holbrook et al., 2019; Gupta et al., 2020). Abnormal temperatures are 

already experienced in many locations with up to 30% of the world’s coastlines 

experiencing temperature spikes and heatwaves (Lima & Wethey, 2012). Of particular 

concern is the fact that over the last century MWHs have increased in both frequency (by 

34%) and duration (17%), increasing the number of marine heatwave days by 54% (Oliver 

et al., 2018). The frequency, intensity, and duration of MHWs are expected to further 

increase as anthropogenic climate change continues, even if SST warming is kept below 2oC 

(King et al., 2016; Frölicher et al., 2018). As the majority of marine organisms are 

ectotherms, a sudden increase in water temperature can result in thermal stress, with 

potential flow on affects to individual performance (Nguyen et al., 2011; Kingsolver et al., 

2013; Pinsky et al., 2019). Consequently, MHWs are a more imminent threat to marine 

species and populations than the average increase of sea surface temperate. 

MHWs have been shown to have a range of effects on marine ecosystems, including 

increased mortalities in invertebrates (Garrabou et al., 2009), loss of seagrass meadows 
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(Marba & Duarte, 2010), mass bleaching and mortality in corals (Hughes et al., 2017), and 

reductions in fish population biomass (Cheung & Frolicher, 2019). Due to the wide range of 

organisms effected by MWHs they have the capacity to significantly alter the structure of 

marine ecosystems (Wernberg et al., 2013; Cavole et al., 2016; Smale et al., 2019). 

Generally, the effects of MHWs have been more acutely observed in tropical systems, like 

coral reefs, with coral bleaching and mortality due to anomalous temperatures seen in 

many locations, including Hawaii (1996, 2002, 2004, 2015), Okinawa (1998, 2001, 2007, 

2016), Maldives (2016), Western Australia (1999, 2011), and on the Great Barrier Reef 

(1980, 1982, 1992, 1998, 2002, 2006, 2016, 2017, 2020). The high thermal sensitivity of 

corals results in a break-down of the symbiotic relationship between photosynthetic 

symbionts and the host coral, leading to the symbionts being expelled from the host coral, 

turning the corals pale, and ultimately causing mortality of the coral host if the bleaching is 

severe or prolonged (Baird et al., 2002; Baker et al., 2008). During recent MWHs on the 

Great Barrier Reef a number of reefs have experienced sustained temperatures in the range 

of +1-2°C above the summer average for several weeks (AIMS, 2017; Spinks et al., 2019) 

however the effects of MHWs on other marine organisms, such as fish, are less well 

understood. 

Generally, tropical marine species are expected to be highly sensitive to extreme 

temperatures because they have evolved in thermally stable environments and, therefore, 

are predicted to have a narrower thermal tolerance range compared with species from 

higher latitudes (Deutsch et al., 2008; Tewksbury et al., 2008; Rummer et al., 2014). Indeed, 

recent comparative analyses indicate that tropical marine species are living closer to their 

upper thermal maximum than similar species in temperate waters which makes them at 

greater risk from ocean warming and MHWs (Sunday et al., 2014; Sunday et al., 2019). 
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However, while temperate species may have a wider thermal tolerance they are still 

threatened by MWHs. Previous MHWs have been shown to change fish community 

structure (Freedman et al., 2020), exceed cardiac thermal limits of adult fish (van der Walt 

et al. 2021), and shift species distributions (Smith et al. 2019). These events show that while 

tropical species may be more sensitive to thermal changes MHWs may pose significant 

threats to both tropical and temperate fish species. 

 

1.2 Fish in a changing ocean 
 
Since most marine organisms are ectothermic, environmental warming potentially means 

they will have to endure conditions that fall outside their optimal physiological range, 

which has ramifications for physiological performance, survival, and population 

sustainability (Mora & Maya, 2006; Peck et al., 2009; Pörtner, 2012; Paaijmans et al., 2013). 

Temperature is one of the most important physical factors in any biochemical reaction as 

it generally increases the rate of reaction and because cellular processes tend to be 

optimised to certain temperature ranges (Gillooly et al., 2001; Pörtner et al., 2006; 

Angilletta, 2009). High temperature can affect a range of physiochemical mechanisms 

within an individual and disrupt homeostasis (Reynolds & Casterlin, 1980). Increasing water 

temperature has an array of effects on the physiology of fish, from the direct 

thermodynamic effect on biochemical reaction rates (Somero, 2004) and increased 

metabolic rate (Clarke & Johnston, 1999; Gillooly et al., 2001), through to whole organism 

traits such as swimming performance (Johansen & Jones, 2011; Little et al., 2020). For 

instance, the mitochondria, which plays a central role in all ATP production, becomes less 

efficient above the optimal temperature, compromising its ability to meet energy demands 
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(Brand & Nicholls, 2011; O’Brien et al., 2018). Reduced mitochondrial efficiency at high 

temperature can flow on to affect whole organism traits such as metabolic rate, growth 

rate and swimming performance (Pörtner, 2010; Salin et al., 2019).  

Thermal sensitivity can vary greatly between taxonomically related species 

(Edwards & Richardson, 2004; Peck et al., 2012) and differ across locations for the same 

species (Gardiner et al., 2010; Rummer et al., 2014; Donelson & Munday, 2012). Current 

knowledge suggests that thermal sensitivity of ectotherms is related to the range of 

thermal conditions experienced, with those species or populations that experience a 

narrow thermal range being more sensitive to warming above normal conditions 

(Tewksbury et al., 2008; Rummer et al., 2014). Sensitivity also differs between life stages, 

with reproductive adults and early life stages generally the most sensitive to temperatures 

outside the optimal range (Hofman & Todgeham, 2010; Pörtner & Farrell, 2008; Melzner et 

al., 2009a). Due to the potential sensitivity of reproductive and early life stages to higher 

temperature, ocean warming is predicted to have significant effects on marine fishes (Perry 

et al., 2005; Munday et al., 2008; Cheung et al., 2009), with shifts in species distributions, 

change in timing of life history events and alterations to population sizes. Many of these 

ecological effects have already been observed in response to warming that has occurred 

since 1960 (Parmesan & Yohe, 2003; Poloczanska et al., 2013) and are predicted to increase 

as the rate of climate change intensifies towards the end of the century (IPCC, 2014). 

 In addition to warming, increased atmospheric CO2 is being absorbed into the 

surface ocean representing a concurrent challenge for marine organisms as climate change 

progresses. High seawater pCO2 can affect physiological functions of marine organisms 

because it raises plasma pCO2, which in turn acts to acidify the organism’s blood and tissue 
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(Pörtner et al., 2004). As most cellular processes function optimally within a narrow pH 

range, many marine organisms actively regulate their acid-base balance to prevent acidosis 

in high CO2 conditions (Pörtner et al., 2005; Heuer & Grosell, 2014). While the process of 

ion exchange to maintain a stable pH can be energetically costly (Melzner et al., 2009b; 

Heuer & Grosell, 2016) early physiological studies on adult fishes found they were able to 

fully compensate sudden pH changes in relatively short periods (hours to days), even at 

extremely high levels (up to 10,000 pCO2), without significant effects on survival (Cameron, 

1978; Claiborne et al., 2002; Heuer & Grosell, 2014). This pioneering physiological research 

demonstrated that marine fish are efficient acid-base regulators and possessed a broad 

CO2 tolerance range (Kroeker et al., 2010; Melzner et al., 2009). However, this research was 

done on adults which are more robust to environmental changes and possess larger energy 

reserves, than the sensitive early life stages of marine fishes.  

 

1.3 Early life history and environmental change 
 
Embryonic development is one of the most thermally sensitive periods in the life cycle of 

fish.  Most temperate species have a tolerance window of only ±3oC from the temperature 

of fertilization (Rombough, 1997) and, while tropical species are thought to have a smaller 

tolerance window, it remains to be tested. Even within the embryonic phase, the earlier 

stages (cleavage, gastrulation, and blastopore closure) tend to be more sensitive than later 

stages due to the thermal sensitivity of mitotic division (Kazuyuki et al., 1988). 

Developmental rates increase with rising temperature, which significantly reduces 

embryonic duration (Houde, 1989; O’Connor et al., 2007). For example, Lesser Sandeel eggs 

hatched up to 17 days earlier at 11oC, compared to 6oC, almost halving the incubation time 
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(Regnier et al., 2018). In contrast, for the tropical spiny chromis damselfish a 3oC 

temperature increase resulted in only a 1.5-day reduction in embryogenesis time 

(Donelson et al., 2010). This potentially suggests that embryonic duration of temperate 

species may be more sensitive to temperature increases: however, embryonic 

development in temperate species tends to be longer than in tropical species (Pauly & 

Pullin, 1988). Alteration of metabolic and development rate can flow on to the size and 

condition of newly hatched larvae. Specifically, elevated temperature can both increase 

(Gillooly et al., 2002; Martell et al., 2005) or decrease (Laurel et al., 2008) standard length, 

increase the usage of yolk reserves (Rombough, 1997; Fuiman et al., 1998; Ojanguren et 

al., 1999), and increase developmental deformations (Abdel et al., 2004; Georgakopoulou 

et al., 2010; Pimentel et al., 2014). The challenge in drawing general conclusions on the 

likely impact of ocean warming during embryogenesis is that the current literature is 

limited regarding the total number of studies and the variety of species investigated, with 

commercially valuable species making up the majority, and of these most are temperate 

species. Tropical species have significantly fewer studies examining the effects of 

temperature on the embryonic phase, and conversely most of the studied species are 

demersal spawners, which leaves tropical broadcasting species underrepresented in the 

literature. However, the known effects of elevated temperature during embryogenesis can 

alter the fitness of individuals at hatching, which can have flow on effects into the larval 

stages warranting further research attention. 

As in the embryonic phase, rising water temperature increases the development 

rate for larval fish, accelerating growth and reducing the time to metamorphosis (Green & 

Fisher 2004; O’Connor 2007). For benthic marine fishes, the pelagic larval duration (PLD), 

which is the period from hatching to metamorphosis and settlement, can range from 7 to 
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~174 days (Leis, 1991; Shanks, 2009). Typically, there is a clear relationship between 

temperature increase and reduced PLD, with similar trends in tropical, temperate, 

demersal, and broadcast spawning species (McCormick & Molony, 1995; Green & Fisher, 

2004; Sponaugle et al., 2006; Laurel et al., 2014). The length of the PLD and the 

developmental transitions that occur during the period can be important in determining 

survival (Armsworth, 2002; Paris & Cowen, 2004; Leis, 2007). For example, the 

developmental timing of critical swimming transitions, such as flexion where larvae 

transition from passive to active swimmers, is important as it enables larvae to modify their 

dispersal trajectory (Leis, 2015), increase their ability to avoid predators (Hunter, 1981; Yin 

& Blaxter, 1987), and increase foraging ability to secure energetic resources (Munk & 

Kiorboe, 1985). While increased developmental rates might not be inherently negative, 

rising water temperature can increase larval mortality, regardless of latitude and 

reproductive strategy (Houde, 1989; Pepin, 1991). Furthermore, in an analysis of PLD and 

larval growth rate across latitudes, McLeod et al., (2015) observed that lower latitude 

populations may already be at, or possibly beyond, their thermal optimum. This suggests 

that larval development is optimized to present-day thermal conditions for equatorial and 

low latitude populations and that future warming could have negative impacts to this life 

stage.   

Larval developmental is energetically demanding and is a period associated with 

exceptionally high mortality (Post & Parkinson, 2001; Stallings et al., 2010). As with the 

embryonic phase, the larval stages are highly sensitive to environmental temperature 

(Pörtner & Peck, 2010; Dahlke et al., 2020). The growth and developmental rate of larval 

fish is typically seen to increase as temperature rises (Pepin, 1991; Steinarsson & Bjornsson, 

1999; Dou et al., 2005) however increased mortality has also been seen at higher 
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temperatures (Houde, 1989; Pope et al., 2014; Watson et al., 2018). The heightened 

thermal sensitivity during larval development is partially attributed to the fact that larval 

fish have limited energetic reserves with which to buffer effects of higher temperature 

(Hoar et al., 1983; Blaxter, 1991). Another reason for heightened sensitivity to 

environmental change during larval development is because larvae have incomplete 

morphological and physiological development, and thus may be less capable of dealing 

with environmental stressors compared with fully developed juveniles and adults (Pörtner 

et al., 2006; Miller & Kendal 2009). In combination with high thermal sensitivity, early life 

stages have the highest metabolism and growth rates in addition to limited energetic 

reserves compared to later life stages (Cunha et al., 2007; Killen et al., 2007). As water 

temperature increases there could be a shift in the energy distribution within an individual, 

potentially limiting available energy for growth, as more critical basic energy demands are 

prioritized (Stallings et al., 2010; Mogensen & Post, 2012). Yet ecologically, many fish 

species may not see temperatures high enough to reduce larval growth rates, as the 

literature shows positive correlation between growth and temperature for many species 

(Houde, 1989; Blaxter, 1991; Pepin, 1991). However, several lower latitude species have 

shown reductions in growth under ecologically relevant, elevated temperatures (McLeod 

et al., 2015). The impact of temperature on larval growth can flow on to later juvenile 

stages, where larger juveniles, or those in better condition have a greater chance of survival 

(McCormick et al., 1995; Shima & Findlay, 2002; Almany & Webster, 2006)  

 Although adult fish have well developed acid-base regulation (Janssen & Randall, 

1975; Claiborne et al., 2002), larval fishes are more sensitive to elevated CO2 as their 

regulatory mechanisms are still developing (Ishimatsu et al., 2008; Melzner et al., 2009; 

Brauner et al., 2019). Nevertheless, there appears to be considerable variation among 
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species in the sensitivity of early life stages to elevated CO2 (Munday et al., 2019; Bauman, 

2019).  In laboratory experiments, larval growth rate has been observed to increase 

(Munday et al., 2009; Chambers et al., 2014; Bignami et al., 2014), decrease (Murray et al., 

2014; Silva et al., 2016) or be unaffected (Hurst et al., 2013; Pope et al., 2014) by elevated 

CO2. Larval survivorship has typically been found to be unaffected by elevated CO2 

(Frommel et al., 2013; Hurst et al., 2013), however, some species have exhibited increased 

(Pope et al., 2013) and decreased survivorship (Baumann et al., 2012; Pimentel et al., 2014; 

Murray et al., 2019) at CO2 levels predicted to occur in the ocean by the end of this century. 

Such effects have the potential to significantly impact population sustainability. For 

example, Stiasny and colleagues (2016) estimated that decreased survival of cod larvae 

under projected future CO2 levels could reduce recruitment to adult populations to just 8-

30% of current day levels. While the exact mechanisms responsible for these variable 

responses to elevated CO2 are still unknown, they highlight that some species could 

potentially benefit from projected future CO2 conditions, whereas others will be negatively 

affected. The performance of early life stages influences the dynamics of most fish 

populations (Caley et al., 1996; Jones & McCormick, 2002; Petitgas et al., 2013); therefore, 

any effects that elevated CO2, or elevated temperature, have on the growth, survival and 

individual performance of larvae could impact population abundance and biomass. 

 Marine habitats are dynamic environments and we can expect multiple 

environmental parameters to change simultaneously as climate change progresses. Water 

temperature and CO2 levels are two important parameters expected to change in many 

marine habitats as climate change progresses (Doney et al. 2012; Henson et al., 2017). 

Therefore it is important to understand how these simultaneous changes could impact 

marine species as there is the possibility for additive, synergistic, or antagonistic effects 
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(Côté et al., 2016). Larval fish are likely to be the most susceptible to these environmental 

changes, as they have relatively low physiological buffering capacity (Pörtner & Farrell 

2008; Wittman & Pörtner, 2013), however few studies have looked at the combined effects 

of elevated temperature and CO2 on larval fish (Lefevre, 2016). Research to date has found 

that elevated temperature and CO2 can have varying effects on the early life stages of fish 

depending on whether they occur individually or simultaneously. For instance, the survival 

of European bass larvae was increased when exposed to either elevated temperatures or 

elevated CO2, but there was no change in survival when they occurred together (Pope et al. 

2014). Additionally, there is evidence for interactive effects of elevated temperature and 

CO2 on behaviour (Nowicki et al. 2012) and growth (Sswat et al. 2018) during the early life 

stages of marine fish. However, these same attributes appear to be robust and unaffected 

by the combination of elevated temperature and CO2 in other species (Bignami et al. 2017), 

which highlights how species may be differentially effected as climate change progresses. 

With this in mind, it will be important to incorporate both elevated temperature and CO2 

into future experiments, where ecologically appropriate, to identify any interactive effects 

that they may have on the early life stages of marine fish.  

 

1.4 Marine heatwaves and adult reef fish 
 
While adult fish are generally not as sensitive to temperature changes as the early life 

stages, physiological processes are still influenced by temperature change. Specifically, 

increasing water temperature has a direct thermodynamic effect on biochemical reaction 

rates and enzymatic processes (King et al., 2003; Pankhurst & Munday, 2011; Miranda et 

al., 2013), which can flow on to whole organism traits such as growth, swimming 
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performance, and reproduction (Pörtner et al., 2001; Neuheimer et al., 2011; Little et al., 

2020). For instance, since metabolic rates in fish increases with temperature (Gillooly et al., 

2001; Neuheimer et al., 2011), fish will require more energy to sustain the basic costs of 

cellular maintenance (Pörtner et al., 2004; Melzner et al., 2009; Heuer & Grosell, 2016) 

potentially limiting energy available for other activities (Melzner et al., 2009; Pedersen et 

al., 2014). Studies have shown that increases in water temperature above summer 

averages can reduce aerobic capacity (Nilsson et al., 2009; Sandblom et al., 2014; Rummer 

et al., 2014), increase mortality rate (Genin et al., 2020), and reduce swimming 

performance and general activity of adult fishes (Johansen & Jones, 2011; Johansen et al., 

2014). Reproduction is one of the most energetically expensive activities for adult fishes 

and thus may be especially sensitive to changes in energy allocation. Reproduction occurs 

within a narrow window of the overall thermal tolerance range of most marine fishes and 

is therefore especially sensitive to ocean warming. (Pankhurst & Munday, 2011). Indeed, a 

recent meta-analysis of observational, experimental, and phylogenetic data has predicted 

that elevated temperatures may present a thermal bottleneck for up to 60% of marine fish 

populations by 2100 (Dalke et al., 2020).  

To date, the vast majority of the research into the effects of ocean warming on coral 

reef fishes has focused on smaller bodied, site-attached species, with larger bodied, more 

mobile fish receiving less attention (exceptions on coral trout: Johansen et al 2014; 

Johansen et al., 2015; Messmer et al., 2017; Pratchett et al., 2017). While larger mobile 

species may be able to partially mitigate the effect of short-term warming events, like 

MWHs, by moving to deeper and/or cooler waters, many are dependent on the reefs for 

food and shelter, meaning that thermal avoidance may still affect individual performance, 

condition and survival (du Plessis et al., 2012: Kleckova et al., 2014). Therefore, to further 
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our understanding of how reef systems will fare under future MHWs it is important to 

understand how larger and more mobile reef fish with be affected. In addition, there has 

been evidence that MWHs can have indirect effects on coral reef fish by making them more 

susceptible to fishing efforts (Brown et al., 2020). This is thought to be due a number of 

factors elicited by warmer waters including elevated metabolic demands resulting in 

increased feeding rates (Johansen et al., 2015), reduced swimming ability (Johansen et al., 

2014), and smaller home ranges (Scott et al., 2019). The direct and indirect effects of MWHs 

on fish are likely to have negative effects on individuals and populations where 

temperatures are pushed above optima. However, we know little about whether the 

physiological effects and the rate of recovery following MHWs differ depending on the 

magnitude and duration. Understanding these aspects would greatly increase our ability to 

predict the consequences of stronger and longer MHWs in the future. 

 

1.5 Reef mesopredators 
 
To date, the effects of elevated water temperature and CO2 levels on marine fish has 

predominantly considered either small benthic species, such as damselfish (Domenici et al., 

2011; Donelson et al., 2014) and anemonefish (Nilsson et al., 2012; Miller et al., 2013) due 

to the ease maintaining them in a laboratory setting, or larger pelagic species such as 

kingfish (Munday et al., 2015), cobia (Bignami et al., 2013) and dolphinfish (Pimentel et al., 

2014) due to their commercial importance. These focused efforts on lower and higher 

trophic species have left a gap in our understanding in how the intermediate trophic levels 

will be affected by climate change. Mesopredatory fishes have an important ecological role 

in connecting energy transition between the lower and upper trophic levels (Polovina et 
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al., 1984; Link et al., 2005). They are predators that prey on many smaller fishes and 

invertebrates but are themselves preyed on by larger predatory fishes. Mesopredators are 

diverse and abundant in most temperate and tropical reef fish assemblages and are critical 

to food web functioning. Due to this, and their intermediate trophic position, shifts in the 

abundance of mesopredators have the potential to cause significant changes to ecosystem 

health and function (Estes & Palmisano, 1974; Prugh et al., 2009). For example, 

introduction of a coral reef mesopredator to patch reefs has been shown to alter the fish 

assemblage (Hempson et al., 2018), and changes in the predatory behaviour of 

mesopredators (e.g. from apex predation) can alter the abundance and behavior of prey 

species (Palacios et al., 2016). In addition to being ecologically important to rocky and coral 

reef ecosystems, many mesopredatory fishes, such as species from the Sparidae, 

Lutjanidae and Serranidae, are important to recreational and commercial fishing (MPI 

2013; GBRMPA, 2014). Although mesopredators are ecologically and commercially 

important they remain substantially understudied in respect to the impacts of climate 

change.  

 

1.6 Study species 
 
In this thesis I investigate the effects of elevated temperature and ocean acidification on 

two reef mesopredators, the Australasian snapper, Chrysophrys auratus (Fig.1.1), from 

temperate and subtropical rocky reefs and the Spanish Flag snapper, Lutjanus 

carponotatus, from tropical corals reefs. Chrysophrys auratus, supports important 

commercial and recreational fisheries in New Zealand and Australia (MPI, 2013; Wortmann 

et al., 2018). They have a wide geographic range from sub-tropical to temperate waters, 
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with different populations experiencing summer temperatures between 18-26°C (Scott & 

Pankhurst, 1992; Sheaves, 2006; Wakefield, 2010).  Spawning occurs at temperatures 

between 18-21°C, depending on the population, and juveniles settle to nearshore habitats 

at ~30 dph (Saunders et al., 2012; Parsons et al., 2016; Lohrer et al., 2018). As the species 

is commercially valuable there have been significant efforts to close the life cycle in 

captivity and refine husbandry techniques to make them an economically viable species for 

aquaculture. Consequently, C. auratus is a prime candidate for research into the effects of 

ocean warming and acidification on the early life stages of reef mesopredators as they can 

be successfully reared under laboratory conditions.  

 

Figure 1.1 Chrysophrys auratus, Australasian snapper, adult. Image from New Zealand 
Geographic.  

  

The Spanish Flag snapper, Lutjanus carponotatus (Fig.1.2), is a tropical 

mesopredator that inhabits coral reefs throughout the Great Barrier Reef (GBR) and Indo-

Pacific region (Allen, 1985).  They are gonochoristic serial spawners with the peak spawning 

for the GBR population occurring between October and December (Kritzer, 2004). The 
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larvae have a pelagic duration that can last 33-38 days where they are found relatively close 

to the surface (Quéré & Leis, 2010), after which they settle to benthic reef habitat. As L. 

carponotatus are often abundant on coral reefs, commercially important, and closely reef 

associated they make a promising candidate for a model coral reef mesopredator in which 

to test the effects of ocean warming and acidification. However, it has been historically 

challenging to rear the larvae of most coral reef fishes due to limited capacity and 

knowledge of reproductive requirements and the environmental requirements of the 

sensitive pelagic larval stage. This has inhibited experimental research on the early life 

stages of coral reef fishes, with the exception of demersal spawning anemonefishes and 

the direct developing spiny chromis damselfish, which are easily reared in captivity. Yet, 

there are similarities in the ontogenetic development of early life stages of tropical and 

temperate perciform fishes (Blaxter, 1988; Miller & Kendall, 2009), and consequently, there 

should be several transferable aquaculture and husbandry practices. Therefore, this thesis 

aimed to take the practical skills and knowledge of C. auratus aquaculture to close the 

lifecycle of L. carponotatus and utilize them for experimental research into the effects of 

climate change on coral reef mesopredators.  

 

Figure 1.2 Lutjanus carponotatus, Spanish Flag snapper, adult. Image from the Government 
of Western Australia.  
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1.7 Aims and thesis outline 
 

This thesis focuses on how temperate rocky reef and coral reef mesopredator fishes 

are affected by ocean warming and acidification with an emphasis on the early life stages. 

While there is increasing understanding of how some reef fish will fare under predicted 

climate change scenarios, the majority of the research to date has focused on smaller 

bodied, demersal species. Consequently, there is a major knowledge gap in understanding 

how larger reef fish, such as mesopredators, and broadcast spawning species will be 

affected by climate change. The primary reason for the absence of literature on the effects 

of climate change on reproduction and the early life stages of tropical mesopredators fishes 

is that it has proven difficult to breed and rear them in captivity. However, there are some 

ecologically similar temperate water species, such as C. auratus, which have had their 

lifecycle closed in captivity, making them good candidates for this research and well suited 

to knowledge transfer for experiments with tropical reef mesopredators. Specifically, this 

thesis investigates how elevated temperatures and pCO2 levels, similar to projected climate 

change scenarios, including marine heatwaves, affect the growth, physiology and 

swimming performance of two common reef mesopredators.  

Chapter 2 tests the effects of elevated temperature and CO2 on the growth and 

survival of larval C. auratus, a temperate and subtropical reef mesopredator. This study 

used current summer averages relevant for the population (18°C and 400 pCO2) and 

projected future climate change scenario levels (+4°C and 1000 pCO2) in a fully-crossed 

experiment to determine the independent and interactive effects of elevated temperature 

and elevated CO2 on the early life history traits of larval snapper. The elevated temperature 
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and CO2 treatment used is projected to occur as the normal summer conditions by the end 

of the century, but will likely also occur intermittently during present-day summers when 

anomalous climate and oceanographic events occur (Feely et al., 2008; Green & Zeldis, 

2015; NIWA, 2018). Following this, Chapter 3 investigates how elevated CO2 and thermal 

conditions affect the aerobic and swimming performance of juvenile C. auratus. This study 

tested whether aerobic metabolic traits (oxygen consumption) and swimming capacity 

were affected by early development in elevated temperature and CO2 conditions for a 

temperate reef mesopredator. The traits measured in both Chapters 2 and 3 are 

fundamental to the individual performance and fitness of marine fishes and have been 

predicted to be impacted by both ocean warming and acidification.  

The skills gained from the successful experiments on the temperate snapper C. 

auratus allowed me to break new ground in this research field by completing the life cycle 

in captivity for the coral reef mesopredator, L. carponotatus. In turn, this allowed me in 

Chapter 4 to investigate how the earliest life stages of L. carponotatus are affected by 

elevated temperatures. The study tested how MHWs (+1.5°C and +3°C above the summer 

average, 28.5°C) affected energy utilization, growth, and development of a larval coral reef 

snapper from fertilization to 14 days post hatching.   

Finally, Chapter 5 explores how the physiology of reproductively mature L. 

carponotatus is affected by MHWs during the summer spawning season. In this chapter I 

put adults through two heatwave treatments (+1°C and +2°C above the summer average 

28.5°C) and tested how their metabolic rates, capture swimming costs, and blood 

chemistry were affected by two and four weeks exposure to the MHW conditions and, at 

two weeks post-exposure.  
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This thesis addressed key knowledge gaps and advances understanding of how the 

early life stages, and sensitive adult stages, of reef mesopredators may be affected by 

climate change, including extreme events like MHWs that are already occurring in many 

marine ecosystems. Understanding the sensitivity of the reproductive and early life stages 

to environmental change is critical for predicting the possible effects of ocean warming, 

ocean acidification, and heatwaves on fish populations. The knowledge gained in this thesis 

will enable better management of these functionally, socially, and economically important 

species and their role in both temperate and tropical marine ecosystems.
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Chapter 2: Elevated temperature and CO2 have positive 
effects on the growth and survival of larval Australasian 

snapper 
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2.1 Abstract  
 
Rising water temperature and increased uptake of CO2 by the ocean are predicted to have 

widespread impacts on marine species. However, the effects are likely to vary, depending 

on a species’ sensitivity and the geographical location of the population. Here, I 

investigated the potential effects of elevated temperature and pCO2 on larval growth and 

survival in a New Zealand population of the Australasian snapper, Chrysophrys auratus. 

Eggs and larvae were reared in a fully cross-factored experiment (18oC and 22oC / pCO2 440 

and 1040 µatm) to 16 days post hatch (dph). Morphologies at 1 dph and 16 dph were 

significantly affected by temperature, but not CO2. At 1 dph, larvae at 22oC were longer 

(7%) and had larger muscle depth at vent (14%) but had reduced yolk (65%) and oil globule 

size (16%). Reduced yolk reserves in recently hatched larvae suggests higher metabolic 

demands in warmer water. At 16 dph, larvae at elevated temperature were longer (12%) 

and muscle depth at vent was larger (64%). Conversely, survival was primarily affected by 

CO2 rather than temperature. Survivorship at 1 dph and 16 dph was 24% and 54% higher, 

respectively, under elevated CO2 compared with ambient conditions. Elevated 

temperature increased survival (24%) at 1 dph, but not at 16 dph. These results suggest 

https://www.sciencedirect.com/science/article/pii/S0141113620301719#!
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that projected climate change scenarios may have an overall positive effect on early life 

history growth and survival in this population of C. auratus. This could benefit recruitment 

success but needs to be weighed against negative effects of elevated CO2 on metabolic 

rates and swimming performance observed in other studies on the same population.  

 

2.2 Introduction 
 
Global warming has increased the average surface temperature of the oceans by 0.5°C 

since the 1950s (Rhein et al., 2013), with the rate of warming doubling in the past 30 years 

(Gleckler et al., 2016; Hoegh-Guldberg et al., 2018). Extreme temperatures are also 

occurring with increased frequency and intensity. Since the 1980s over a third of the 

world’s coastal environments have experienced heatwave conditions, characterised by 

anomalously high water temperature (Lima & Wethey, 2012). Such heatwaves are 

expected to increase in frequency and intensity as climate change advances (Frolicher et 

al., 2018; Hoegh-Guldberg et al., 2018). Additionally, increased concentrations of 

atmospheric CO2 have led to the increased uptake of CO2 at the ocean’s surface, which has 

caused a decline in the oceans pH (Doney et al., 2009). Without significant reduction in the 

rate of anthropogenic CO2 emission, average sea surface temperature could increase by 2-

4°C (Collins et al., 2013) and pCO2 at the ocean’s surface could regularly exceed 900 µatm 

(McNeil & Sasse, 2016; McNeil & Matsumoto, 2019) by the end of the century. These 

changes will directly affect marine organisms and alter the structure and productivity of 

marine ecosystems (Bell et al., 2013; Wittmann & Pörtner 2013; Hoegh-Guldberg et al., 

2018).  
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While there is abundant observational evidence that marine organisms are already 

being affected by environmental changes occurring in the ocean (Edwards & Richardson, 

2004; Hoegh-Guldberg & Bruno, 2010; Poloczanska et al., 2016), and experimental 

evidence indicates they can be negatively affected by predicted future ocean warming and 

acidification (Kroeker et al., 2013; Cattano et al., 2018), not all marine species are equally 

sensitive (Somero, 2010; Kroeker et al., 2013; Wittmann & Pörtner, 2013). Differences in 

sensitivity to environmental change can be linked to the natural variation experienced by 

the population or species. For example, tropical species on average are thought to be more 

sensitive to increasing temperature compared to temperate species (Deutsch et al., 2008; 

Tewksbury et al., 2008; Huey et al., 2009), because they have evolved in more thermally 

stable conditions. In fact, in some locations temperate species are currently living below 

their thermal optimum and might even benefit from the same amount of warming that is 

detrimental to tropical species (Tewksbury et al., 2008). Differences in thermal sensitivity 

can also occur among populations of the same species, with thermal tolerance ranges 

typically increasing towards higher latitudes (Sunday et al., 2014; Rodgers et al., 2018). 

Consequently, the impacts of climate change are expected to vary geographically 

(Poloczanska et al., 2016; Hoegh-Guldberg et al., 2018). 

The early life stages of marine fish are sensitive to thermal change (Blaxter 1991; 

Pörtner & Peck 2010; Llopiz et al., 2014). Growth rates of larval fish typically increase with 

rising temperature, for both temperate (Pepin, 1991; Steinarsson & Bjornsson, 1999; Dou 

et al., 2005) and tropical species (Munday et al., 2008), with increased growth maintained 

far closer to lethal thermal thresholds than observed in adults (Houde, 1989). As water 

temperature rises, survival has been found to increase for some species (Pope et al., 2014) 

and decrease in others (Sswat et al., 2018; Watson et al., 2018). Similarly, a positive 
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correlation between temperature and survival has been observed for some wild 

populations, with higher recruitment following warmer spawning seasons (Fowler & 

Jennings, 2003; Cheal et al., 2007), but not in others (Lo-Yat et al, 2011), and even opposite 

effects for different stocks of the same species (Ottersen et al., 2013). This variation in the 

effects of temperature on growth and survival could be associated with species specific 

differences in thermal tolerance, or the thermal safety margin of the population tested, 

with some populations living further from their thermal limits than others (Sunday et al., 

2014; McLeod et al., 2015; Rodgers et al., 2018).  

The early life history of fishes is also the stage most sensitive to elevated CO2 

(Cattano et al., 2018), but there appears to be considerable variation in species sensitivity 

(Munday et al., 2019; Bauman, 2019). Under elevated CO2 conditions in laboratory 

experiments, larval growth rate has been observed to increase (Munday et al., 2009; 

Chambers et al., 2014; Bignami et al., 2014), decrease (Baumann et al., 2012; Silva et al., 

2016; Murray et al., 2019) or be unaffected (Miller et al., 2013; Hurst et al., 2013; Pope et 

al., 2014). Larval survivorship has typically been unaffected by elevated CO2 (Frommel et 

al., 2013; Hurst et al., 2013), however, some species have exhibited increased (Pope et al., 

2014) or decreased survivorship (Baumann et al., 2012; Pimentel et al., 2016; Murray et al., 

2019). While the exact mechanisms that are responsible for these different responses to 

elevated CO2 are still uncertain, they highlight that some species could potentially benefit 

from projected future CO2 conditions, whereas others will be negatively impacted.  

Multiple drivers, such as warming and elevated CO2, may have additive, synergistic, 

or antagonistic effects (Côté et al., 2016). To date, few studies have investigated the 

combined effects of elevated temperature and CO2 on larval fishes, yet they have 

highlighted the importance of considering both drivers in combination (Baumann, 2019). 
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For example, survival of larval European bass (Dicentrarchus labrax) increased at higher 

temperature and in elevated CO2, but there was no change in survivorship when they both 

occurred together, suggesting an antagonistic effect (Pope et al., 2014). Conversely, 

survival of larval Senegalese sole (Solea senegalensis) was reduced by higher temperature 

and in elevated CO2, and decreased further when both drivers were present, suggesting an 

additive effect (Pimentel et al., 2014).  These results indicate that the combined effects of 

elevated temperature and CO2 can vary markedly among species, but as yet the underlying 

reasons for such variation are unknown.  

In this study I tested the independent and combined effects of elevated 

temperature and elevated CO2 on the early life stages of the Australasian snapper, 

Chrysophrys auratus, from northern New Zealand. The study population experiences mean 

water temperature of 18oC during the peak spawning period of November and December 

(Evans and Atkins, 2013; NIWA 2018). I used elevated temperatures (+4oC) and CO2 levels 

(~1040 µatm) consistent with model projection for 2100 under IPCC’s Representative 

concentration pathway (RCP) 8.5 (IPCC, 2014). These elevated temperature and CO2 levels 

are also consistent with heatwave conditions and extreme CO2 events that can occur within 

coastal embayments in northern New Zealand (Law et al., 2018; McMahon et al., 2020), 

and which are predicted to increase in frequency and duration in the future (Frolicher et 

al., 2018; Hoegh-Guldberg et al., 2018). Specifically, I used a cross-factored experiment with 

four treatments: 1) current-day average temperature during peak spawning (18oC) and 

ambient CO2 (432 µatm), 2) current-day average temperature during peak spawning (18oC) 

and elevated CO2 (1035 µatm), 3) projected future warming of +4oC (22oC) and ambient 

CO2 (457 µatm), and 4) projected future warming of +4oC (22oC) and elevated CO2 (1043 

µatm) (Table 2.1). Eggs and larvae were reared in these treatments to investigate how 
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growth and survival were affected by elevated temperature and CO2 at 1 and 16 days post-

hatching (dph), as they are key fitness-associated metrics and important parameters in 

population-dynamics models. 
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2.3 Materials and methods 
 

2.3.1 Study species 
 

The Australasian snapper, Chrysophrys auratus, supports important commercial 

and recreational fisheries in New Zealand and Australia (MPI, 2013; Wortmann et al., 2018). 

They have a wide geographic range from sub-tropical to cool temperate waters, with 

different populations experiencing summer temperatures between 18-26°C (Scott & 

Pankhurst, 1992; Sheaves, 2006; Wakefield, 2010).  Spawning occurs at temperatures 

between 18-21°C, depending on the population, and juveniles settle to nearshore habitats 

at ~30 dph (Saunders et al., 2012; Parsons et al., 2016; Lohrer et al., 2018). A recent study 

found that metabolic rates and swimming performance of juveniles from northern New 

Zealand were negatively affected by elevated CO2 (McMahon et al., 2020), but whether 

there are corresponding effects on growth rates and survival at elevated CO2, and possible 

interacting effects with elevated temperature, are unknown.  

 

2.3.1 Breeding and larval rearing 
 
This study was conducted at the National Institute of Water and Atmospheric Research 

Northland Marine Research Centre (NMRC), in Ruakaka, New Zealand. Adult brood stock C. 

auratus (n=39) were captured from the wild population by longline fishing in Bream Bay, 

adjacent to the NMRC, during May of 2017. Adults were split between two 20 m3 circular 

tanks at the ambient temperature when they were collected (c. 16°C). Each tank was 

supplied with 130 L min−1 ambient seawater, filtered to 10 µm and UV sterilized, and 

followed the natural temperature increase up to the summer average (18˚C), at which point 
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it was maintained for spawning (Table 2.1). Spawning was induced during January 2018 by 

implanting slow release GnRH pellets at 200 ug/kg (Galvin et al., 2003). Two spawns, from 

consecutive days, were used in this experiment. To maximize genetic variation in the 

experiment, eggs were collected from both brood stock tanks in even proportions. Eggs 

were collected using an external egg collector as described by Moran et al., (2007), with a 

500 µm mesh net to retain eggs from the surface overflow of each tank. An equal 

proportion of floating eggs from both contributing tanks were mixed, rinsed with 

oxygenated sea water for 5 min, and disinfected with Tosylchloramide (chloramine-T) at 50 

ppm for 15 min. Eggs were then rinsed with seawater and evenly distributed between 

sixteen 400 L conical hatching tanks. Each tank was stocked with approximately 50,000 

fertilized eggs and received flow-through seawater at ambient temperature (18˚C) at a flow 

rate of 4 L min−1. Incoming water was filtered to 5 µm and UV sterilized. Immediately after 

eggs were stocked the incoming water flow to each tank was changed to one of the four 

water treatments and allowed to slowly adjust over 12 hours.  Photoperiod was maintained 

at 14 h light: 10 h dark.  

Snapper eggs hatch in 24-48 hours at ambient summer temperatures at Bream Bay. 

Newly hatched larvae remained in the conical rearing tanks until 1 dph. Larvae were not 

fed during this period as they rely on their endogenous reserves (Battaglene & Talbot, 

1992). Any dead eggs, larvae, and egg shells were removed daily by draining from an outlet 

at the bottom of the rearing tank. At 1 dph larvae from each tank were transferred to a 

reciprocal 200 L rearing tank located in the same facility for grow-out. From 2 dph green-

water treatment was used at a concentration of ~230,000 cells per ml (Nano 3600, Reed 

Mariculture) and larvae were fed enriched rotifers (INVE, Selco S.Presso) three times a day 

(0800, 1200, and 1600).  



Chapter: 2 

29 
 

 

Table 2.1 Mean (± 1 SD) of seawater chemistry parameters for Australasian snapper 
(Chrysophrys auratus) brood stock tank and larval treatments. Brood stock tanks were 
measured during the week of spawning at the start, middle, and end of the week. 
Temperature and pHtotal were measured daily in each rearing tank over the experiment. 
Total alkalinity and salinity were measured at the start of the experiment and then every 4 
days from 1 day post hatching. pCO2 was estimated from these parameters in CO2SYS.  

Treatment Salinity  
(ppt) 

Temperature 
(oC) 

Total 
Alkalinity 

(mmol/kgSW) 

pH  
(Total) 

pCO2 
(µatm) 

Brood stock  35.60 ±0.05 18.03 ±0.04 2154 ±6 7.88 ±0.01 583 ±14 

Ambient Temperature 
Ambient CO2 

35.39 ±0.29 18.12 ±0.18 2310 ±7 8.02 ±0.02 432 ±26 

Ambient Temperature 
Elevated CO2 

35.27 ±0.28 18.14 ±0.23 2317 ±8 7.68 ±0.01 1035 ±37 

Elevated Temperature 
Ambient CO2 

35.34±0.21 21.95 ±0.23 2317 ±9 8.00 ±0.02 457 ±21 

Elevated Temperature  
Elevated CO2 

35.29 ±0.16 21.92 ±0.20 2319 ±9 7.69 ±0.01 1043 ±31 

 
 
 

2.3.3 Experimental design 
 
Eggs and larval fish were reared in a 2 x 2 experimental design comprising two temperature 

and two CO2 treatments. The temperatures used were 18°C, which is the temperature 

where spawning is at its peak for this species (Scott & Pankhurst, 1992; Wakefield, 2010) 

and 22°C, which is close to the maximum sea surface temperature (SST) recorded in the 

region during heatwave events (Evans & Atkins, 2013; NIWA, 2018) and also the 

approximate average SST (+4°C) projected for the region under RCP8.5. The CO2 treatments 

were an unmanipulated ambient of 430-460 µatm and an elevated treatment of 1030-1050 

µatm (Table 2.1). The elevated CO2 treatment is consistent with the upper range of pCO2 

that can occur in embayments inhabited by larval and juvenile snapper in northern New 
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Zealand (Law et al., 2018) and pCO2 levels projected to become frequent in the open ocean 

by 2100 under RCP8.5 (McNeil & Sasse, 2016). Temperature was controlled by 1 Kw bar 

heaters in 8 x 200 L sumps tanks and maintained to ±0.1oC. Each sump contained two 

submerged pumps, one for delivery of treatment water to the rearing tanks and one to mix 

the water in the sump to maintain homogenous temperature. The second pump also 

served as the location for CO2 dosing in the elevated CO2 treatment. The desired pCO2 was 

achieved by dosing CO2 gas to maintain the appropriate pH set point. CO2 dosing was 

regulated by a pH computer (Aquamedic) connected to a pH probe and a solenoid valve, 

which slowly dosed CO2 through a needle value into the inlet of the submerged pump 

whenever pH deviated above the set point. The pump immediately dissolved the CO2 and 

circulated it evenly throughout the sump. Each treatment was duplicated (i.e. 4 treatments 

each with 2 sumps). Treatment water from each of the 8 sumps was supplied to 2 egg 

hatching tanks, and subsequently to 2 larval rearing tanks, at a flow rate of 4 L min-1. 

Consequently, the experimental design consisted of 4 tanks per treatment (2 tanks per 

duplicate system), with fish transferred from hatching to larval rearing tanks at 1 dph.  

 The pH on the total hydrogen scale (pHtotal) of each rearing tank was measured daily 

by spectrophotometry (Hach, DR3900) with cresol purple dye (Clayton & Bryne, 1993). 

Temperature was measured daily with a digital thermometer (Comark C22). Water samples 

were taken from each tank at the start of the experiment and then every 4 days from 1 dph 

(i.e. 1, 4, 8, 16 dph) for total alkalinity (TA) analysis. Water samples were immediately 

poisoned with a saturated solution of mercuric chloride (0.05% of the sample volume) and 

later analysed at the University of Otago Research Centre for Oceanography, Dunedin, New 

Zealand. Alkalinity was determined by potentiometric titration in a closed cell (Dickson et 

al., 2007) using a Metrohm Dosimat burette (model 765, Metrohm, Switzerland), a Fluke 
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model 8846A voltmeter, and with 0.2M HCl (nominal concentration, fortified with NaCl to 

the ionic strength of seawater) added in 0.1 mL steps. Samples were water-jacketed at 

25°C.  TA was determined from the titration data using a least squares minimisation 

technique and calibrated with certified reference material (Prof. A.G. Dickson, Scripps 

Institution of Oceanography, U.S.). The salinity of each sample was measured with a YSI 

Pro30 salinity probe. The daily pCO2 of each rearing tank was then calculated in CO2SYS 

(Pierrot et al., 2006) from the measured values of pHtotal, temperature, TA and salinity and 

using the constants of Mehrbach et al., (1973), refit by Dickson & Millero (1987) (Table 2.1). 

 

2.3.4 Sampling protocols for life history traits 
 
The numbers of eggs stocked at the start of the experiment and the numbers of larvae 

present in each tank at 1 dph and 16 dph were estimated to calculate survivorship. At each 

time point, five 500 ml water samples were taken from each tank, strained, screened on 

200 (eggs) or 500 µm mesh (larvae) and the number of eggs or larvae counted. To ensure 

accurate sampling, each tank was mixed with gentle aeration and mechanical mixing before 

sampling. The average of the five counts was used to estimate number of eggs or larvae in 

each tank, using sample volume to tank volume ratio. Samples were not returned to tanks. 

Survival was calculated for 1 dph by using the proportion of eggs at stocking to larvae at 1 

dph, while survival at 16 dph was calculated by the proportion of larvae from 1 dph to 16 

dph. For morphometric traits, a subset of 30 random fish were collected from each tank at 

1 dph and 16 dph, sedated with Aqui-S and individually photographed using a Leica DFC 

420 camera fitted to a Leica MZ7.5 stereo microscope.  
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A range of metamorphic traits, that are indicators of growth and performance 

(Watson et al., 2018), were measured from the photographs: standard length (SL), total 

length (TL), body length (BL), muscle depth at vent (MDV), fin depth at vent (FDV), eye 

diameter (ED), mandible length (ML), yolk area (YA), oil globule diameter (OGD), oil 

globule length (OGL), head length (HL), head depth (HD) (Fig. 2.1). An observer, who was 

blinded to the treatments, recorded the morphological data from the images using 

Image-J software and a high resolution screen. 

 

 
 
Figure 2.1. Morphological traits measured from larval Chrysophrys auratus at (a) 1 dph and 
(b) 16 dph. Scale bars represent 1mm. Standard length (SL), total length (TL), body length 
(BL), muscle depth at vent (MDV), fin depth at vent (FDV), eye diameter (ED), mandible 
length (ML), yolk area (YA), oil globule diameter (OGD), oil globule length (OGL), head 
length (HL), head depth (HD). 
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2.3.5 Statistical analysis 
 
Separate Principle Component Analyses (PCA) were conducted on the morphological data 

from larvae at 1 dph and 16 dph. As growth metrics can be highly correlated the PCA was 

conducted to reduce the complexity of multivariate data and to identify the variables that 

accounted for the largest variation. The traits used in the PCA for 1 dph were BL, SL, TL, HL, 

FDV, MDV, OGL, OGD, and YA. In the PCA for 16 dph the traits used were BL, SL, TL, HL, 

MDV, FDV, ML, ED, HD, and SBA. For both 1 dph and 16 dph only two principle components 

were required to explain over 70% of the variation. Following the PCA, linear mixed effects 

models (LME) were used to test for significant effects of temperature and CO2 on PC1 and 

PC2. Temperature and CO2 were treated as fixed factors, and rearing tank was included as 

a random factor. In addition to the LME on PC scores, each morphological trait was tested 

separately as a dependent variable to further explore the potential effects of temperature 

or CO2 on specific morphometric traits.  A generalised linear model (GLM) was used to 

compare survival data among treatments. Temperature and CO2 were fixed factors. 

Stocking density was used as a weight in the model, where numbers of eggs stocked in each 

tank were used for survival at 1 dph and numbers of individuals at 1 dph transfer were used 

for survival at 16dph. Survival at 1 dph and from 16 dph were tested as dependant 

variables. A Gaussian distribution was used for both GLMs. All analysis was conducted in R 

(R Core Team, 2014) using the LME4 package (Bates et al., 2015) for the LMEs and the GLM 

package was used for the GLMs. All models met the assumptions of the relevant tests. This 

was confirmed by accessing the residuals, goodness of fit, and checking dispersion.  
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2.4 Results 
 

2.4.1 Morphology 
 
Temperature was the primary driver of morphological differences at 1 dph (Fig. 2.2). There 

was a clear separation in individuals reared at either 18oC or 22oC, but no division related 

to CO2 treatment. The division between temperatures was seen on the PC1 axis 

(t12=11.527, P=<0.001), which described 65% of the variation. By viewing both the vectors, 

and the individual LMEs per traits, it was observed that fish reared at 22oC were larger in 

TL, HL, SL, MDV and FDV, but were smaller in BL, OGL, OGD and YA compared to fish reared 

at 18oC. Specifically, SL was 7% longer, but body length was 5% shorter, in elevated 

temperature. Elevated temperature also produced increases in MDV (14%), HL (12%), and 

FDV (11%). Conversely, there were decreases in YA (65%) and OGL (16%) at elevated 

temperature (See Table A2.1 for complete statistical results). 

At 16 dph morphological differences between larval fish were only observed 

depending on water temperature (Fig. 2.2). Over 81% of the variation could be explained 

on the PC1 axis (t12=-7.887, P=<0.001). By viewing both the vectors, and the individual LMEs 

per traits, it was observed that fish reared at 22oC were larger in every trait measured. 

Specifically, SL and TL were 12% longer. All other traits (MD, ML, ED, FDV, BL, HL, and SBA) 

were 21-24% larger with the exception of MDV, which was 63% larger, and HD, which was 

35% larger. Elevated CO2 had no significant effects on morphological traits and there were 

no significant interactions between CO2 and temperature (See Table A2.2 for complete 

statistical results). 

 



Chapter: 2 

35 
 

 
Figure 2.2 PCA of morphometric data for larval Chrysophrys auratus at (A) 1 dph and (B) 16 
dph. Rings represent 95% confidence that data fall with for 18oC (green), 22oC (orange), 
400 pCO2 (solid black), and 1000 pCO2 (dashed black). Morphological traits are indicated by 
arrows. Standard length (SL), total length (TL), body length (BL), muscle depth at vent 
(MDV), fin depth at vent (FDV), eye diameter (ED), mandible length (ML), yolk area (YA), oil 
globule diameter (OGD), oil globule length (OGL), head length (HL), head depth (HD) 
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2.4.2 Survival 
 
Survival of larvae was significantly affected by elevated CO2 at both 1 dph (F1,11=5.845, 

P=0.034) and 16 dph (F1,11=6.791, P=0.024) (Fig.2.3). Survivorship was increased by 27% 

and 56% in elevated CO2 at 1 dph and 16 dph, respectively. Survivorship was not 

significantly affected by elevated temperature at either 1 dph or 16 dph, nor were there 

any significant interactions (See Table A2.3 for complete statistical results). 

 
Figure 2.3 Proportional survival of Chrysophrys auratus from hatching to 1 dph (A) and 
from 1 dph to 16 dph (B) depending on water temperature and CO2.  
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2.5 Discussion 
 
As climate change advances, the sensitive early life stages of fish will likely be the first to 

be affected (Houde, 1989; Pankhurst &Munday, 2011), and these effects could flow 

through and influence the dynamics of adult populations (Rijnsdorp et al., 2009; Pörtner 

&Peck, 2010; Petitgas et al., 2013). I found that elevated temperature significantly 

increased the growth of larval snapper in the first 16 days post-hatching, whereas elevated 

CO2 had no detectable effects on morphological development. Conversely, elevated CO2 

significantly increased the survival of larval snapper, at both 1 dph and 16 dph, while 

elevated temperature had no significant effects. These results highlight how these two 

environmental drivers can affect different fitness-associated traits during early life, and 

that the effects of higher temperature and elevated CO2 need not be detrimental. For this 

population of C. auratus, it seems that exposure to predicted future temperatures and CO2 

levels could have positive effects on individual fitness, at least under experimental 

conditions, with increased growth at elevated temperature and positive effects on survival 

under elevated CO2.  

Elevated temperature has been shown to have a range of effects on larval fish. 

Typically, the growth rate of larvae increases in warmer water (Houde, 1989; Pepin, 1991) 

due to faster rates of chemical reactions and metabolism. This is reflected in our findings 

where elevated temperature produced larger individuals at both 1 and 16 dph. Reduced 

yolk area and oil globule size in 1 dph larvae at elevated temperature indicate that this 

increased growth rate is initially fuelled by endogenous reserves. Presumably, increased 

growth is supported by a higher feeding rate at elevated temperature once endogenous 

reserves are exhausted. Interestingly, while elevated temperature increased overall length 
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in 1 dph larvae, they had a significantly shorter body length (BL). This may be due to a 

change in energy allocation (Stallings et al., 2010; Mogensen & Post, 2012), where caudal 

peduncle development is prioritised in elevated temperature, or it could also be due to yolk 

consumption bringing forward the measurement landmark (anus); however, I cannot 

distinguish between these alternatives.   

In this study I found that a relatively large increase in temperature, modelled off a 

“worst case” climate change scenario of +4oC, had a positive effect on larval growth. This 

accelerated growth would reduce the time spent in the most vulnerable stages and 

potentially reduce predation pressure (Almany & Webster, 2006), as well as expanding 

their prey diversity and ability to compete for habitat (Shulman, 1985; Clifton, 1990; 

McCormick & Weaver, 2012). However, a caveat is that larvae in this experiment had 

unlimited access to food, which would unlikely be experienced in the wild. Higher 

metabolic rate (McMahon et al., 2020) and higher growth rates must be fuelled by 

additional food resources, which for larval fishes (e.g. zooplankton) in nature are patchy in 

space and time (Owen, 1989; MacKenzie & Leggett, 1991). Therefore, faster growing larvae 

may also be more susceptible to starvation if they cannot locate sufficient food (Munday 

et al., 2009). Whether faster growth would lead to higher survivorship (escape from 

predation) or lower survivorship (risk of starvation) will depend on how the distribution 

and abundance of food resources for larval fishes are affected by elevated temperature. 

Nevertheless, these results suggest that elevated temperature, up to +4oC above the 

average summer temperature, is not necessarily detrimental to larval growth and 

development in this population of C. auratus.  

Elevated CO2 had a significant effect on the survival of larvae, but no effect on 

morphological traits. These results are consistent with previous research where similar 
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elevated CO2 levels had no effect on the growth of larval fish (Bignami et al., 2013; Frommel 

et al., 2012; Hurst et al 2013; Munday et al., 2015) and induced increased survival (Pope et 

al., 2013, Sswatt et al., 2018). However, there is a wide variety of responses to elevated 

CO2 and not all early life stages of marine organisms respond positively as I found here 

(Baumann et al., 2012; Pimentel et al., 2014; Stiasny et al., 2016; Murray et al., 2019). One 

potential reason why elevated CO2 could have a positive or benign effect on C. auratus is 

that this species tends to spawn in inshore waters and live around rocky reefs, which may 

naturally see wide environmental fluctuations in pH (Law et al., 2018). Indeed, careful 

experimentation has shown that survivorship of larval Atlantic silverside (Menidia menidia) 

under elevated CO2 conditions depends on the spawning conditions experienced by adults, 

with larvae resilient to elevated CO2 when adults spawn at periods of high environmental 

CO2 (Murray et al., 2014; Bauman et al., 2018). Regardless of the reason why survivorship 

was higher in larval snapper, an increase of 25 to 55% (at 1 dph and 16 dph respectively) in 

the elevated CO2 treatment is important because shifts in larval survival can have a direct 

effect on the rate of recruitment to the adult population. A potential caveat for our results 

is that larvae in this experiment had unlimited access to food, which could potentially offset 

any increase in the energetic cost of developing in a high CO2 environment, and might thus 

influence survivorship under laboratory conditions. 

While we are beginning to develop our understanding of the effects that warming 

and ocean acidification have on fish early life stages, the reality is that these drivers will 

occur simultaneously. Here, both drivers produced positive effects, but on different traits. 

Growth rate was higher under elevated temperature and survivorship was higher under 

elevated CO2, which would likely have additive effects on the overall fitness of larvae. 

Different outcomes have been observed for other traits. For example, elevated 
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temperature (+4oC) increases the swimming ability of larval C. auratus, but elevated CO2 

(1000 µatm) decreased swimming ability by a similar amount (McMahon et al., 2020). In 

another example, larval cod mortality was ~3 times higher in elevated CO2 treatments, but 

this was reversed when temperature was also increased (Kunz et al., 2016). This highlights 

the importance of investigating the effects of multiple environmental changes in order to 

better understand how climate change may affect marine organisms. For larval C. auratus, 

the positive effects on both growth and survival from these two environmental drivers 

would likely translate to higher individual fitness and possibly flow on to benefit population 

recruitment.  

This study found primarily positive effects on larval growth and survival under a 

strong climate change scenario (RCP8.5: +4oC temperature and >1000 µatm CO2) in a 

northern New Zealand population of C. auratus. Growth increased in the elevated 

temperature treatment, which would likely translate to increased survival in the wild as 

they would pass through the most vulnerable life stages faster. Additionally, survival 

increased by 55% at 16 dph under elevated CO2, which would have a positive effect on 

recruitment to the adult population. Other populations of C. auratus in New Zealand, at 

higher latitudes, experience cooler average temperatures than those in the far north of the 

North Island. Therefore, they may be equally tolerant to elevated temperature, especially 

as thermal tolerance ranges typically increase towards higher latitudes (Sunday et al., 

2014).  Although larvae may tolerate warmer conditions, it should be noted that C. auratus 

typically spawn in spring-summer between 18-20°C (Scott & Pankhurst, 1992; Francis, 

1994; Wakefield, 2010), suggesting that the timing of spawning may be more sensitive to 

temperature increases than the larval stage of this species. On the east coast of Australia, 

the timing of C. auratus spawning is tightly linked to temperature, with the lowest latitude 
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populations spawning in the coolest part of the year, whereas higher latitude populations 

spawn later in the year at a similar temperature (Sheaves, 2006). Consequently, it is likely 

that the timing of snapper spawning in New Zealand will shift towards the cooler months, 

earlier in the year, as the ocean continues to warm. This information, combined with the 

specific knowledge about how elevated temperature and CO2 affect larval C. auratus, 

gained from this study will help inform population-dynamics models to more accurately 

predict how this economically and ecologically important species will cope as climate 

change advances.  
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Chapter 3:  Elevated CO2 and heatwave conditions affect the 
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3.1 Abstract 
 
As climate change advances, coastal marine ecosystems are predicted to experience 

increasingly frequent and intense heatwaves. At the same time, already variable CO2 levels 

in coastal habitats will be exacerbated by ocean acidification. High temperature and 

elevated CO2 levels can be stressful to marine organisms, especially during critical early life 

stages. Here, I used a fully cross-factored experiment to test the effects of simulated 

heatwave conditions (+4°C) and elevated CO2 (1000 µatm) on the aerobic physiology and 

swimming performance of juvenile Australasian snapper, Chrysophrys auratus, an 

ecologically and economically important mesopredatory fish. Both elevated temperature 

and elevated CO2 increased resting metabolic rate of juvenile snapper, by 21-22% and 9-

10% respectively. By contrast, maximum metabolic rate was increased by elevated 

temperature (16-17%) and decreased by elevated CO2 (14-15%). The differential effects of 

elevated temperature and elevated CO2 on maximum metabolic rate resulted in aerobic 

scope being reduced only in the elevated CO2 treatment. Critical swimming speed also 

increased with elevated temperature and decreased with elevated CO2, matching the 

results for maximum metabolic rate. Periods of elevated CO2 already occur in the coastal 

https://www.sciencedirect.com/science/article/pii/S0141113620301719#!
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habitats occupied by juvenile snapper, and these events will be exacerbated by ongoing 

ocean acidification. Our results show that elevated CO2 has a greater effect on metabolic 

rates and swimming performance than heatwave conditions for juvenile snapper and could 

reduce their overall performance and potentially have negative consequences for 

population recruitment. 

 

3.2 Introduction 
 
Accumulation of anthropogenic carbon dioxide in the atmosphere is causing rapid warming 

at the earth’s surface. In the oceans, average sea surface temperature has increased by 

~0.5˚C since the 1950’s (Rhein et al., 2013) and is projected to increase up to 4˚C by the 

end of the century (Collins et al., 2013). Climate change is also increasing the frequency, 

intensity, and duration of marine heatwaves, which are defined as prolonged periods of 

anomalously high sea surface temperature (Oliver et al., 2018). Thirty five percent of 

coastal marine environments have already experienced more intense and frequent 

extreme temperatures since the start of the 20th century (Lima and Wethey 2012), with 

heatwaves expected to further increase in severity and frequency as climate change 

advances (King et al., 2016; Frölicher et al., 2018). In addition to causing rapid warming, 

higher atmospheric CO2 concentrations increase the CO2 content of seawater, by increasing 

the uptake of CO2 at the ocean’s surface (Doney et al., 2009). In coastal habitats, this 

additional CO2 exacerbates periods of high pCO2 and low pH seawater that already occur in 

some nearshore environments due to upwelling of CO2-rich water and nutrient inputs that 

stimulate biological activity (Feely et al., 2008, Hofmann et al., 2011; Green & Zeldis, 2015). 

Consequently, marine organisms in coastal habitats may already be subjected to episodes 

of high CO2 that exceed predictions for the open ocean by the end of the century, and which 
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will be exacerbated by the ongoing uptake of CO2 from the atmosphere (Shaw et al., 2013; 

Hoegh-Guldberg et al., 2014; Waldbusser & Sailsbury 2014).   

 Most marine organisms are ectotherms, whose physiological functions are affected 

by temperature change, especially when outside the range usually experienced. Higher 

temperature increases biochemical reactions and cellular processes, and consequently 

increases metabolic rate (Gillooly et al 2001; Schulte, 2015). High seawater pCO2 can also 

affect physiological functions of marine organisms because it raises plasma pCO2, which 

acts to acidify the organism’s blood and tissue (Pörtner et al., 2004). As most cellular 

processes function optimally within a narrow pH range, many marine organisms actively 

regulate their acid-base balance to prevent acidosis in high CO2 conditions (Pörtner et al., 

2004; Heuer & Grosell, 2014). However, the process of ion exchange to maintain a stable 

pH can be energetically costly (Melzner et al., 2009b; Heuer & Grosell, 2016). Therefore, 

high temperature and elevated CO2 have the potential to increase the basal energy 

requirements an organism needs to survive (Pörtner & Farrell 2008; Enzor et al., 2013).  

 Understanding how environmental stressors, such as elevated temperature and 

CO2, affect the metabolic rates of marine organisms is key to determining the impact of 

climate change on their populations (Pörtner & Knust, 2007; Rijnsdorp et al., 2009; Pörtner 

& Peck, 2010). As metabolism is difficult to directly measure, the rate of oxygen 

consumption is commonly used as a proxy for metabolic rate (Roche et al., 2013; Rummer 

et al., 2016). Typically, resting metabolic rate (RMR) of an organism is estimated by 

measuring resting oxygen consumption (MO2rest) and the maximum metabolic rate (MMR) 

is estimated by measuring maximum oxygen consumption (MO2max). The difference 

between maximum and minimum oxygen consumption is used to calculate aerobic scope 

(MO2max - MO2rest = absolute aerobic scope). Aerobic scope is a proxy for an individual’s 
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capacity to undertake aerobic activities, such a swimming and foraging, therefore 

reductions in aerobic scope can reduce physical performance (Priede, 1985; Pörtner & 

Farrell, 2008; Johansen & Jones, 2011). For example, aerobic scope in salmon was positively 

correlated with swimming performance needed during migration to natal spawning sites 

(Eliason et al., 2011). Generally, increased water temperature raises MO2rest, whereas 

MO2max increases to an optimal temperature and then declines at higher temperatures as 

the cardiovascular system is no longer able meet oxygen demands (Pörtner & Knust, 2007; 

Pörtner, 2010). Therefore, aerobic scope may initially increase with rising temperature, but 

then declines above the optimum temperature for MO2max (Farrell et al., 2008; Eliason et 

al., 2013). On the other hand, elevated CO2 has displayed variable effects on MO2rest, 

MO2max and aerobic scope. While there appears to be no overall effect of elevated CO2 on 

aerobic scope when all studies are considered together (Lefevre, 2016; Cattano et al., 

2018), different studies have reported increases (MO2rest: Enzor et al., 2013; Laubenstein et 

al., 2018; MO2max: Silva et al., 2016; Aerobic Scope: Rummer et al., 2013; Grans et al., 2014), 

decreases (MO2rest: Rummer et al., 2013; Pimental et al., 2014; Aerobic Scope: Munday et 

al., 2009), and no effect (MO2rest: Strobel et al., 2012; Couturier et al., 2013; MO2max: Pope 

et al., 2013; Aerobic Scope: Laubenstein et al., 2018) on MO2rest , MO2max and aerobic scope. 

Thus, it seems that the effects of elevated CO2 on fish metabolic rates can be species-

specific.   

 Coastal habitats are more susceptible to heatwaves and elevated CO2 events than 

the open ocean (Hoegh-Guldberg et al., 2014). Additionally, nearshore environments are 

expected to experience more severe and frequent heatwaves in the future, even under the 

most conservative CO2 emission scenarios (King et al., 2016; Frölicher et al., 2018). In the 

Indo-Pacific region, notable heatwaves have occurred on Ningaloo Reef, Western Australia 
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in 2011 (+3oC average over five weeks) (Pearce & Feng, 2013), the northeast Pacific in 2013-

2015 (reaching +2.5oC, February 2014) (Di Lorenzo & Mantua, 2016) and across northern 

Australia in 2016-2017 (reaching +2oC and lasting for 3 months) (Benthuysen et al., 2018). 

The 2016-2017 heatwave caused unprecedented back-to-back mass coral bleaching and 

mortality on the Great Barrier Reef (+1-2oC for over 4 weeks) (Hughes et al., 2017; Spinks 

et al., 2019). In the summer of 2017/2018, New Zealand recorded one of the most 

pronounced and extensive marine heatwaves on record, with water temperatures up to 

4oC higher than average during three distinct peaks, each lasting more than 5 days, and an 

average 2oC higher temperature throughout January and February (NIWA, 2018; Salinger 

et al., 2019). Importantly, these heatwave events are becoming more frequent during the 

critical recruitment times for many fish species (Caley et al., 1996), which could have 

serious consequences for the replenishment of fish populations.  

 In contrast to the open ocean, some coastal habitats experience substantial 

fluctuations in pH, often reaching levels equivalent to worst case climate change scenarios 

(Hofmann et al., 2011; Price et al., 2012; Law et al., 2018). These fluctuations can be caused 

by upwelling of CO2 rich seawater (Feely et al., 2008; Fassbender et al., 2011), nutrient input 

that enhances biological activity and respiration (Borgesa & Gypensb, 2010; Cai et al., 2011; 

Duarte et al., 2013) and limited water exchange in bays and shallow habitats (Middelboe & 

Hansen, 2007; Feely et al., 2010; Challener et al., 2016). For example, pH (total hydrogen 

scale pHtotal) may range between 7.6-8.4 (~100-1200 µatm pCO2) over 24 hours in some 

shallow reef environments (Shaw et al., 2012) and can range between 7.7-8.3 (~200-1000 

µatm pCO2) in bays and estuaries with low pH events lasting for weeks and, in some cases, 

becoming persistent over multiple months (Hofmann et al., 2011, Law et al., 2018). The 

fluctuation in pH and pCO2 of coastal habitats are also expected to be exacerbated as 
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climate change advances due to the change in the buffering capacity of seawater as it takes 

up additional CO2 from the atmosphere (Shaw et al., 2013; McNeil & Sasse, 2016). 

Therefore, marine organisms recruiting into these coastal habitats are expected to be 

confronted with significantly more extreme pH and pCO2 in the future.  

The Australasian snapper, Chrysophrys auratus, is a commercially and recreationally 

important reef mesopredator found in Australian and New Zealand waters (MPI 2013; 

GBRMPA, 2014). It inhabits nearshore and estuarine environments during its early life 

stages, utilizing complex habitat structure for protection (Parsons et al., 2016; Lohrer et al., 

2018). Early life stages of fish are generally more sensitive to environmental stressors than 

adults as the demands of growth and maintenance are highest during this stage (Post & 

Parkinson 2001; Stallings et al., 2010). Additionally, the early juvenile stage is a time when 

aerobic performance and swimming ability are critically important for migrating to 

settlement habitat and avoiding predators (Dudley et al., 2000; Almany & Webster, 2006). 

Since juvenile snapper use nearshore and estuarine environments there is a high chance 

that they will increasingly be exposed to high temperature and elevated pCO2 levels in the 

future.  

 This study aimed to determine how the aerobic capacity and swimming 

performance of juvenile C. auratus is affected by elevated temperature and CO2 levels that 

are already occurring in some coastal habitats, and which are predicted to become more 

frequent and extreme as climate change progresses. For example, the Firth of Thames is a 

major recruitment habitat for juvenile snapper in northern New Zealand (Parsons et al., 

2014). Average summer water temperature is approximately 18oC in this region but can 

reach 22oC under extreme conditions (Evans & Atkins, 2013; NIWA, 2018). Seawater pH in 

the Firth of Thames varies from a high around 8.3 down to at least 7.7 (Law et al., 2018), 
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equivalent to a pCO2 range of approximately 200-1000 µatm. Importantly, while elevated 

temperature or CO2 can each affect fish performance, they can have additive, synergistic, 

or antagonistic effects when they occur together (Côté et al., 2016). Therefore, I used a 

fully crossed 2 x 2 experiment where I exposed juvenile snapper from the northern New 

Zealand population to current-day average summer conditions (18oC and 400 µatm CO2) 

and levels possible in near-shore environments during a heatwave (22oC and 1000 µatm 

CO2) for 21 days, from 21-42 days post hatching (dph). The exposure period was chosen to 

start from 21 dph as this is when juveniles being to settle from the pelagic environment 

into near-shore habitats (Parsons et al., 2014).  I then tested the metabolic performance of 

juveniles, by measuring oxygen consumption as a proxy for RMR, MMR and absolute 

aerobic scope. Metabolic rates indicate the energy requirements of an individual that can 

underpin a number of fitness related traits (Burton et al., 2011). For instance, swimming 

performance is positively correlated with MO2max and aerobic scope in a range of fishes 

(Brett et al., 1964; Eliason et al., 2011; Johansen and Jones, 2011). Therefore, I also tested 

the maximum swimming performance of juveniles, using a Ucrit test, to determine whether 

any effects on aerobic performance affected key aspects of the fish’s physical performance.  
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3.3 Methods 
 

3.3.1 Aquarium setup  
 
This study was conducted at the National Institute of Water and Atmospheric Research 

Northland Marine Research Centre (NMRC), in Ruakaka, New Zealand. Brood stock fish 

(n=39) were captured from the wild population of C. auratus by longline fishing in Bream 

Bay, adjacent to the NMRC, during September of 2017. The brood stock were split between 

two 20 m3 circular tanks at the ambient temperature when they were collected (~16°C). 

Each tank was supplied with 130 L min−1 ambient seawater, filtered to 10 µm, and followed 

the natural temperature increase up to the summer average (18˚C), at which point it was 

maintained for spawning (Table 3.1). Spawning occurred naturally within brood stock tanks 

during January, 2018. To maximize genetic variation in the experiment, eggs were collected 

from both brood stock tanks in even proportions. Eggs were collected using an external egg 

collector as described by Moran et al., (2007), with a 500 µm mesh net to retain eggs from 

the surface overflow of each tank. An equal proportion of floating eggs from both 

contributing tanks were mixed, rinsed with oxygenated sea water for 5 min, and disinfected 

with Tosylchloramide (chloramine-T) at 50 ppm for 15 min. Eggs were then rinsed with 

seawater and evenly distributed between two 400 L conical hatching tank. Each tank was 

stocked with approximately 100,000 fertilized eggs and received flow-through seawater at 

ambient temperature (18˚C) at a flow rate of 4 L min−1. Photoperiod was maintained at 14 

h light 10 h dark. Snapper eggs hatch in 24-48 hours at ambient summer temperatures at 

Bream Bay. Newly hatched larvae remained in the conical rearing tanks until 2 days post-

hatching (dph). Larvae were not fed during this period as they rely on their endogenous 
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reserves (Battaglene & Talbot, 1992). Any dead eggs, larvae, and egg shells were removed 

daily by draining from an outlet at the bottom of the rearing tank. At 2 dph larvae were 

transferred to two 1500 L tanks located in the same facility for grow-out. These tanks 

received flow-through ambient seawater (18˚C, 400 µatmCO2) at a maximum flow of 20 L 

min-1 per tank. Larvae were grown out at ambient conditions until 21 dph, at which point 

they were transferred to the experimental treatments. Larvae were fed enriched rotifers 

(INVE, Selco S.Presso) three times a day (0800, 1200, and 1600) from 2dph. Larvae were 

transitioned onto enriched artemia between 20-26dph with feeding twice a day (0800 and 

1600) until 42dph. 

 

Table 3.1 Mean (± SD) of experimental seawater chemistry parameters for Australasian 
snapper (Chrysophrys auratus) brood stock tank and juvenile treatments. Brood stock tanks 
were measured during the week of spawning at the start, middle, and end of the week. 
Temperature and pHtotal were measured daily in each rearing tank over the 21 day 
experiments. Total alkalinity and salinity were measured at the start of the experiment and 
then every 7 days. pCO2 was estimated from these parameters in CO2SYS.  

Treatment Salinity  
(ppt) 

Temperature 
(oC) 

Total 
Alkalinity 

(mmol/kgSW) 

pH  
(Total) 

pCO2 
(µatm) 

Brood stock  35.60 ±0.05 18.03 ±0.04 2154 ±6 7.88 ±0.01 583 ±14 

Ambient Temperature  
Ambient CO2 

35.39 ±0.29 18.05 ±0.06 2299 ±9 8.02 ±0.02 425 ±19 

Ambient Temperature 
Elevated CO2 

35.27 ±0.28 18.05 ±0.07 2308 ±8 7.69 ±0.02 1011 ±47 

Elevated Temperature 
Ambient CO2 

35.34±0.21 22.03 ±0.07 2313 ±9 7.99 ±0.02 465 ±26 

Elevated Temperature  
Elevated CO2 

35.29 ±0.16 21.96 ±0.20 2316 ±10 7.69 ±0.01 1027 ±32 
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3.3.2 Experimental design 
 
At 21 dph larval fish were transferred into a fully crossed experimental design with 2 x 

temperatures and 2 x CO2 levels. The temperature treatments were 18°C, which is the 

temperature where spawning is at its peak for this species (Scott & Pankhurst, 1992; 

Sheaves, 2006; Wakefield, 2010) and 22°C, which is close to the maximum temperature 

recorded in the region (Evans & Atkins, 2013) and matching heatwave conditions in 

2017/2018 (NIWA, 2018). The CO2 treatments were an unmanipulated ambient of ~400 

µatm and an elevated treatment of ~1000 µatm, which is within the current range of pH 

fluctuations in habitats used by juvenile C. auratus in New Zealand (Law et al., 2018). 

Treatments were duplicated (four treatments each with two replicate rearing tanks) and 

each rearing tank had independent temperature and CO2 control as per best practice 

(Cornwall & Hurd, 2016). Temperature was controlled by 1Kw bar heaters in 200 L sumps 

tanks, mixed with recirculating submersible pumps, and maintained to ±0.1oC. The elevated 

~1000 µatm treatment was achieved by dosing CO2 to the appropriate pH set point in the 

same 200 L sump tanks. CO2 dosing was regulated by a pH computer (Aquamedic) 

connected to a pH probe and a solenoid valve, which maintained the desired pH by slowly 

dosing CO2 when pH deviated above the set point. Water was delivered at 4 L min-1 from 

the sump tank to the respective rearing tank.  

 Approximately 1000 larval snapper (21 dph) were stocked to each rearing tank at 

ambient conditions. The high temperature and CO2 treatments were then turned on to 

produce a gradual change over a 24 hour period. Larvae were held under these treatments 

for a further 21 days to 42 dph, during which they metamorphose into juveniles, at which 

point they underwent physiological assays. The pHtotal of each rearing tank was measured 

daily by spectrophotometry (Hach, DR3900) with cresol purple dye (Clayton & Bryne, 1993). 
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Temperature was measured daily with a digital thermometer (Comark C22). Water samples 

were taken from each tank at the start of the experiment and then every seven days 

throughout the experiment (21, 28, 35, 42dph) for total alkalinity (TA) analysis. Water 

samples were immediately poisoned with a saturated solution of mercuric chloride (0.05 % 

of the sample volume) and later analysed at the University of Otago Research Centre for 

Oceanography, Dunedin, New Zealand. Alkalinity was determined by potentiometric 

titration in a closed cell (Dickson et al., 2007) using a Metrohm Dosimat burette (model 

765, Metrohm, Switzerland), a Fluke model 8846A voltmeter, and with 0.2M HCl (nominal 

concentration, fortified with NaCl to the ionic strength of seawater) added in 0.1 mL steps. 

Samples were water-jacketed at 25 °C.  TA was determined from the titration data using a 

least squares minimisation technique and calibrated with certified reference material (Prof. 

A.G. Dickson, Scripps Institution of Oceanography, U.S.). The salinity of each sample was 

measured with a YSI Pro30 salinity probe. The daily pCO2 of each rearing tank was then 

calculated in CO2SYS (Pierrot et al., 2006) from the measured values of pHtotal, temperature, 

TA and salinity and using the constants of Mehrbach et al., (1973), refit by Dickson and 

Millero (1987) (Table 3.1).  

 

3.3.3 Respirometry 
 
Aerobic performance was measured using intermittent flow respirometry (Clark et al., 

2013; Svendsen et al., 2016) in 15 fish from each treatment (60 fish total). Fish were fasted 

for 18 hours before testing and were tested in their respective rearing treatment.  MO2rest 

was used as a proxy for RMR and MO2max was used to estimate MMR, whilst absolute 

aerobic scope was calculated by subtracting MO2rest from MO2max for each fish. 
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Respirometry was conducted in purpose-built intermittent-flow respirometry chambers for 

juvenile fish (between 13 and 14.5 ml per closed system), submerged in aquaria within the 

fish’s respective experimental treatment water. Submersible pumps fitted to each chamber 

supplied a continuous water flow from the surrounding water bath through the chambers. 

Activity was reduced in the respiration chambers by using appropriately sized chambers to 

minimise movement and by shading each chamber from visual simulants. A purpose built 

python program, AquaResp V3.0, was used to control the timing measurement cycle. This 

consisted of a four minute measurement period, two minute flushing period, and a one 

minute wait period, which was repeated over a 4 hour trial duration. The O2 consumption 

rates were measured during the intervals of interrupted water flow with a Firesting Optical 

Oxygen Meter (Pyro Science e. K., Aachen, Germany), which the AquaResp program 

recorded during the measurement periods. The entire measurement period was used to 

calculate MO2 provided that the slope R2 was >0.95. Over 98% for measured slopes across 

all treatments were above this threshold. Immediately before respirometry commenced, 

each fish was swum for 5 minutes at 10 body lengths per second in a swimming flume (see 

below). Five minutes was enough to illicit unsteady swimming and anaerobic muscle use. 

Fish were then placed immediately into respirometry chambers allowing for MO2max to be 

measured immediately following exercise. Fish then remained in the chambers while 

recovering back to MO2rest over 4 hours, with the majority of juveniles reaching stable 

MO2rest within 1-2 hours (Fig A1.1). At the end of each trial, wet mass was taken for each 

individual to adjust the MO2 calculations for the individual’s specific weight. MO2max, 

MO2rest and total aerobic scope of individuals in mg O2 kg−1 h−1 were calculated using the 

equation: 

MO2 = K*V*β / M 
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where K is the linear rate of decline (kPah−1) in the oxygen content over time (h) in the 

respirometer; V is the volume of the respirometer in L, which is adjusted for the volume of 

the fish; β is the solubility of oxygen in water at a specific temperature and salinity (mg O2 

L−1 kPa−1); and M is the body mass of the fish (kg). Blank measurements were taken for each 

chamber at the start and end of each trail to calculate any background respiration. 

Background respiration did not exceed 45 mg O2 kg−1 h−1 in any trail.  Linear regressions 

were then used to calculate background respiration over the trail, which was used to adjust 

the MO2 measurements for each fish. MO2rest was determined by using the mean of the 

lowest normal distribution for MO2 values (Behrens & Steffensen, 2006; Chabot et al., 

2016). 

 

3.3.4 Critical swimming speed 
 
Critical swimming speed (Ucrit) was measured to compare swimming performance among 

treatments. Individual fish (13 fish per treatment, 52 fish total) were swum against a water 

current in a Brett type swimming tunnel (Brett, 1964). Ucrit was measured in different 

individuals to those used in respirometry trials (above). The water was maintained at the 

desired temperature and pCO2 by constant flow-through of the respective treatment water 

of each fish from the main system. A single fish was placed into the swim tunnel and 

allowed 10 minutes to habituate at a water speed of one body length per second (bl s-1). 

Following standard procedure (Brett, 1964), the water flow was then increased by 

increments of ~2 bl s-1 (~3 cm s-1). Each flow speed was maintained for 10 minutes, after 

which the water speed was increased by another 2 bl s-1. These 10 minute intervals, 

increasing by 2 bl s-1 each time, were conducted until the fish was no longer able to 
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maintain its position in the water current. The trial was stopped when an individual rested 

against the rear screen of the flume for 5 seconds, because fish have the potential to rest 

momentarily and then burst back into swimming. After fatiguing the water flow was 

stopped and the fish was allowed 10 minutes to recover before it was removed from the 

swim tunnel. Ucrit was calculated following Brett (1964): 

Ucrit = U + Ui * (t/ti) 

where U is the penultimate speed before the fish stopped swimming; Ui is the flow speed 

increment; t is the time elapsed in the final increment during which the fish stopped 

swimming; and ti is the amount of time individuals were maintained at each speed. 

 

3.3.5 Statistical analysis 
 
Separate linear mixed effects models (LMEs) were used to test for differences in MO2rest, 

MO2max, aerobic scope and Ucrit across the experimental treatments. Temperature and CO2 

were fixed factors in the models. Rearing tank and testing day were included as random 

factors. An additional random factor of respiration chamber was used in MO2rest, MO2max, 

aerobic scope LMEs. Standard length was included as a covariate in the LME for Ucrit. All 

assumptions for the LMEs were met. Statistical analysis was conducted with a statistical 

significance of α = 0.05. Analysis were done in SPSS V.25 (IMB). 
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3.4 Results 
 

3.4.1 Aerobic performance 
 
MO2rest was significantly higher at 22oC compared with 18oC (F1,53=313.01, P=<0.001) (Fig. 

3.1). MO2rest was ~100 mg O2 kg−1 h−1 higher at 22oC, which represented a 21-23% increase 

from 18oC. Elevated CO2 also significantly increased MO2rest (F1,55=68.61, P=<0.001), by ~50 

mg O2 kg−1 h−1 or 9-10% regardless of temperature. There was no interaction between 

temperature and CO2 on MO2rest (F1,55=1.35, P=0.249).  

 MO2max was significantly higher at 22oC compared with 18oC (F1,54=86.43 P=<0.001) 

(Fig. 3.1). MO2max was 148-187 mg O2 kg−1 h−1 higher at 22oC, which represented a 16-18% 

increase at the higher temperature. Conversely, elevated CO2 significantly reduced MO2max 

by 144-183 mg O2 kg−1 h−1 or 14-15% regardless of temperature (F1,55,=80.21, P=<0.001). 

There was no interaction between temperature and CO2 on MO2max (F1,55,=0.11, P=0.739). 

  

 Elevated temperature significantly increased aerobic scope by 35-77 mg O2 kg−1 h−1, 

or 8-13% (F1,53=18.73, P=<0.001). The absolute aerobic scope of juvenile snapper was 

significantly reduced by elevated CO2 with fish in the 400 µatm treatment having an aerobic 

scope of 591-674 mg O2 kg−1 h−1, compared 405-440 mg O2 kg−1 h−1 for fish in the 1000 µatm 

treatment (F1,55=261.36, P=<0.001) (Fig. 3.2). Consequently, there was a 31-35% reduction 

in aerobic scope among fish in the elevated CO2 treatment. There was no interaction 

between temperature and CO2 (F1,55=2.69, P=0.106). 
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Figure 3.1 Oxygen consumption of larval C. auratus maintained at ambient and elevated 
CO2 (400 and 1000 µatm) and temperature conditions (18 and 22˚C) for 21 days (21 to 42 
dph).  
 

 

Figure 3.2 Absolute aerobic scope of larval Chrysophrys auratus maintained under ambient 
and elevated CO2 (400 and 1000 µatm) and temperature conditions (18 and 22˚C) for 21 
days (21 to 42 dph). 
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3.4.2 Critical swimming speed 
 
The Ucrit of juvenile snapper ranged from 14 to 21 cm s-1  (7 to 10 body lengths s-1) and 

speed was dependent on both temperate and CO2, as well as body length (Fig. 3.3) (Table 

A3.1). Specifically, Ucrit significantly increased by 8-12% or 1.2 to 2.1 cm s-1, at 22oC 

compared with 18oC (F1,46=7.12, P=0.010) (Fig. 3.3). Conversely, elevated CO2 significantly 

decreased Ucrit, by 8-11% or 1.3 to 2.1 cm s-1 (F1,46=30.60, P=<0.001). There was no 

interaction between elevated temperature and CO2 (F1,46 =0.67, P=0.414). 

 

 

 
 

Figure 3.3 Ucrit swimming speed of larval Chrysophrys auratus, depending on standard 
length, in fish exposed for 21 days (21 to 42 dph) to ambient and elevated CO2 (400 and 
1000 µatm) and temperature conditions (18 and 22˚C). 
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3.5 Discussion 
 
Coastal environments are critical habitats for the early life stages of marine fish, yet they 

are also susceptible to extreme environmental conditions (Grantham et al., 2004; Hofmann 

et al., 2011; Lima & Wethey, 2012). I found that simulated heatwave temperature and 

elevated CO2 both had significant, but non-interacting, effects on the metabolic rates and 

swimming performance of juvenile Australasian snapper, an iconic fish species of high 

ecological, economic, and social importance. Both high temperature and elevated CO2 

increased MO2rest in juvenile snapper, whereas MO2max was increased by elevated 

temperature and decreased by elevated CO2. Consequently, aerobic scope decreased in 

fish exposed to elevated CO2, but not elevated temperature. Ucrit swimming followed a 

similar trend to MO2max, where it increased at high temperature and decreased in elevated 

CO2. These results suggest that the aerobic capacity and swimming performance of juvenile 

snapper in New Zealand are likely to be more vulnerable to elevated CO2 events (up to 1000 

pCO2) than heatwave events (+4°C above ambient summer temperature). 

 MO2rest is indicative of the daily energy expenditure for basic maintenance. As 

expected, MO2rest increased in the high temperature treatment. MO2rest was also higher in 

elevated CO2, which has implications for juvenile snapper living in locations that naturally 

experience periods of high pCO2, especially if they coincide with heatwave conditions. The 

ramifications of 20% higher MO2rest at 22oC and 10% higher MO2rest in 1000 µatm CO2 would 

be substantial, considering juveniles have limited stored energy available (Post & 

Parkinson, 2001; Stallings et al., 2010) and food resources can be naturally patchy (Link et 

al., 2005; Brown et al., 2010). In cases where both stressors are experienced in tandem, 

acquiring 30% more energetic resources to support daily energetic costs might be difficult 

and could result in reduced growth and survival in nature (Morgensen & Post, 2012). 
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 MO2max also increased at 22oC compared with 18oC, suggesting that 22oC is still 

within the optimal range for maximal aerobic capacity in juvenile C. auratus. This is not 

surprising considering the temperature range experienced by this species across its 

distributional range is from 16-25oC during summer (Sheaves, 2006; Wakefield et al., 2015). 

This result is also consistent with the observation that the thermal niche of temperate 

species is often wider than tropical species, and that populations of many temperate 

ectotherms are not living close to their upper thermal limits (Tewksbury et al., 2008; 

Sunday et al., 2010). Since the increase in MO2max was greater than MO2rest increase, the 

absolute aerobic scope of these juvenile fish was increased by ~11% from 18oC to 22oC. 

However, the decrease in MO2max and increase of MO2rest under elevated CO2 ultimately 

reduced the aerobic scope of juvenile snapper by approximately 30%. Therefore, while an 

increase in aerobic scope at higher temperature may prove beneficial for juvenile fish, any 

positive effects would likely be overshadowed by the effects of elevated CO2 when they 

occur together.  A lower aerobic scope in juvenile fish can potentially affect growth rates, 

dispersal, settlement rates, and survival (Pörtner & Peck, 2010), which would be 

detrimental to the population, even if later life stages of these species are robust to 

elevated CO2. While the link between aerobic scope and fitness-related activities is still 

debated (Grans et al., 2014; Norin et al., 2014; Farrell, 2016; Pörtner et al., 2017), reduced 

MO2max and, thus aerobic scope, could affect swimming performance (see below) and 

foraging ability, and thus have implications for juvenile snapper living in nearshore habitats.  

 Swimming performance can be critical to the success of juvenile fish especially near 

the time of settlement to benthic habitats (May, 1974; Fisher, 2005). As with other traits, 

the effect of any particular temperature on swimming speed will depend on where that 

temperature sits within the thermal performance curve (Wardle, 1980; Green & Fisher, 
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2004; Johansen et al., 2014). Increased swimming performance has been observed in a 

number of temperate fish species at temperatures above their natural ambient conditions 

(Burst swimming: Batty & Blaxter, 1992; Ucrit: Schurmann & Steffensen, 1997; Lee et al., 

2003; Routine swimming: Peck et al., 2006), again suggesting that populations of many 

species may be living below their optimal temperature, at least for maximum swimming 

performance. As the MO2max of an individual plays a pivotal role in determining the 

maximum performance of aerobic activities (Metcalfe et al., 2016; Norin & Clarke, 2016), 

it is unsurprising that the trend for MO2max and Ucrit matched in juvenile snapper. Similarly, 

while increases in aerobic scope do not always represent a benefit to an individual’s overall 

performance (Clarke et al., 2013; Grans et al., 2014), I found that the increase in aerobic 

scope up at 22oC correlated with increased swimming performance for juvenile C. auratus. 

It should be noted that juveniles from the elevated temperature treatment were ~1mm 

longer (7-9%) on average, which also gave them an advantage in swimming performance, 

but this was accounted for by using size as a covariate in the model. Increasing swimming 

ability within the temperature range tested could be beneficial during the juvenile phase, 

as it may increase survival and settlement rates (Letcher et al., 1996; Hamilton et al., 2008). 

However, elevated CO2 reduced swimming performance in juvenile snapper. The decrease 

in Ucrit at 1000 µatm CO2 was of a similar magnitude to the increase in Ucrit from 18-22 

oC; therefore, any benefits of higher temperature on swimming performance would be 

offset by elevated CO2 if both occur simultaneously. Moreover, juvenile snapper may often 

experience periods of high CO2 in their natural habitats, even when water temperature is 

not elevated. Our results suggest that these high CO2 events, or habitats that sustain 

elevated CO2 for long periods of time, such as bay and estuarine systems like the Firth of 
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Thames (Green & Zeldis, 2015; Law et al., 2018), could already reduce the swimming 

performance of juvenile snapper in the wild. 

 Our observation that elevated CO2 increased MO2rest in juvenile snapper differs from 

most previous studies and similarly, our observed reduction of MO2max has only been seen 

in a few other species (reviewed in Lefevre et al., 2016, Cattano et al., 2018). Interestingly, 

previous studies that have detected a decline in MO2max under elevated CO2 have tested 

juvenile stages of pelagic spawning predatory species (Pope et al., 2014; Laubenstein et al., 

2018), akin to this study. In addition, I found that elevated CO2 reduced swimming 

performance in juvenile snapper, which is comparable to studies on larval (Pimentel et al., 

2014) and juvenile (Bignami et al., 2014) dolphin fish, and juvenile yellowtail kingfish 

(Watson et al., 2018). However, other studies have found no effect of elevated CO2 on the 

swimming performance of juvenile fish (Atlantic cod: Melzner et al., 2009a; sand smelt: 

Silva et al., 2016; cobia: Bignami et al., 2017), suggesting that sensitivity to elevated CO2 

may be highly species specific. Indeed, Hamilton et al., (2018) showed that elevated CO2 

reduced the swimming performance and aerobic scope of one species of rockfish (Sebastes 

caurinus) but had no effect on a closely related species (Sebastes mystinus), showing that 

sensitivity to elevated CO2 may differ even between closely related species. 

 Another consideration is the possibility of varying sensitivity to elevated CO2 at 

different life stages. In a meta-analysis of all studies in fish conducted at the time, Lefevre 

(2016) found no overall effect of elevated CO2 on MO2rest, MO2max, or aerobic scope.  

However, when meta-analysis have separated studies into life stages there have been 

varying effects of elevated CO2 depending on the life stage at which they were tested 

(Cattano et al., 2018). This could be due to differences in energetic demands and acid-base 

regulation capacity between particular life stages. The majority of studies that have 
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reported no effects of elevated CO2 on oxygen consumption have used more developed 

stages, from late juveniles to adults, which are better equipped to deal with elevated CO2 

as they have fully developed acid-base regulatory mechanisms (Ishimatsu et al., 2008; 

Melzner et al., 2009b).  There are now a number of species where metabolic rates have 

been found to be affected by elevated CO2 during early life history stages (Miller et al., 

2013; Pimentel et al., 2014; this study), suggesting that this may be a more susceptible 

ontogenetic stage. However, there are also a number of species which are not affected by 

elevated CO2, even during early life (Lefevre, 2016) and the underlying reasons for apparent 

species-specific differences in sensitivity are unknown. 

  Changes in aerobic and swimming performance in response to short-term elevated 

temperature and CO2, such as those reported in this study, have the potential to affect 

population dynamics. Adult populations of most fishes are strongly influenced by patterns 

of growth and mortality in the larval and juvenile phases (Doherty & Williams, 1988; Caley 

et al., 1996; Parsons et al., 2014). I found no interactive effects between temperature and 

CO2 on the traits measured, so in this case their combined effect was predictable from each 

one independently. Additionally, elevated CO2 (1000 µatm) would likely have more 

significant negative ecological effects than high temperature on these juvenile snapper, as 

the higher temperature appeared to be within the optimal performance range for the traits 

measured here. However, further increases in temperature may push this species past their 

optimal range which could add to, or compound, the negative effects of elevated CO2 on 

aerobic scope and swimming performance. It is also important to note that mature C. 

auratus have been shown to have their peak spawning in early summer where SST is 

between 18-20°C, with a marked decline in spawning above this range (Scott & Pankhurst, 

1992; Francis, 1994; Wakefield, 2010), suggesting that snapper reproduction may be 
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susceptible to heatwaves. Therefore, the independent effects of higher temperatures and 

elevated CO2 may be felt on snapper populations during different parts of their life history, 

but with both potentially having a negative effect on long-term viability of snapper 

populations. The next step will be to incorporate our results into numerical population 

models to evaluate how the independent and combined effects of elevated temperature 

and CO2 may influence the dynamics and sustainability of snapper populations. 
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Chapter 4: Effects of elevated temperature on the energy use 
and growth of larval coral reef snapper 

 
This chapter is prepared for submission to Coral Reefs 

 
Authors: Shannon J. McMahon, Philip L. Munday, & Jennifer M. Donelson. 

 
 

4.1 Abstract 
 
The success of individuals during the pelagic larval phase is critical to maintaining healthy 

and viable populations of coral reef fishes, however it is also the most environmentally 

sensitive and energetically demanding life stage. Ocean warming from climate change, 

along with the increasing frequency and intensity of marine heatwaves, could have 

significant effects on the development and survival of fishes during their larval phase. In 

this study I tested how elevated temperatures, similar to those occurring during a 

heatwave, effected the yolk utilization, growth, and survival of larvae of a coral reef 

mesopredator, Lutjanus carponotatus. Eggs and larvae were reared at a current-day 

average summer temperature (28.5°C) and two elevated temperatures (30°C & 31.5°C) 

until 14 days post hatch (dph). Larvae in the elevated temperatures depleted their yolk 

reserves 39% faster than at the control temperature. The standard length of larvae in the 

elevated temperature treatments was 55% (30°C) and 92% (31.5°C) longer than at the 

control temperature at 14 dph. A similar pattern occurred in all other morphological traits 

that were measured. Conversely, survival of larvae was 54% (30°C) and 68% (31.5°C) lower 

at elevated temperatures compared with the control temperature. This study provides new 

insights as to how the early life stages of coral reef fishes could be affected by ocean 

warming and marine heatwaves, with implications for their population dynamics.  
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4.2 Introduction 
 

The viability of a population is dependent on the successful production of offspring via 

reproduction to offset losses of individuals through mortality (Hughes et al., 1990; Caswell, 

2000). Most marine species possess a pelagic larval stage that is important for population 

connectivity, but which tends to have a high and variable rate of mortality (Armsworth, 

2002; Cowen & Sponaugle, 2009; Jones et al., 2009). Consequently, successful recruitment 

into benthic marine populations is heavily dependent on processes occurring during the 

larval phase (Caley et al., 1996). This early life period is typically characterised of rapid 

development, large energy demands, and high sensitivity to environmental conditions 

(biotic and abiotic) (May, 1974; Houde, 1989; Blaxter 1991; Stallings et al., 2010; Post & 

Parkinson, 2001). Thus, any changes in environmental conditions during early development 

can be stressful, energetically costly, and lead to a bottleneck for population replenishment 

(Doherty et al., 2004; Dahlke et al., 2020). As the majority of marine organisms are 

ectotherms, environmental temperature is a critical factor during development, with 

higher temperatures increasing the rates of cellular processes and metabolism (Gillooly et 

al., 2001; Neuheimer et al., 2011; Schulte, 2015). These physiological changes can 

accelerate developmental rate and increase energetic demands (Houde, 1989; Blaxter, 

1991: Pepin, 1991), with implications for the size, condition and number of individuals that 

survive the pelagic larval stage (O’Connor et al., 2007, Munday et al., 2009).  

  The larval phase is the fastest developmental period for marine fish and is the most 

sensitive to environmental conditions (Post & Parkinson, 2001; Stallings et al., 2010). 

However, varying effects of temperature increase during this early life stage have been 

reported. For example, increased larval growth and survivorship have been reported in 
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some studies (Green & Fisher, 2004; Fielder et al., 2005; Sponaugle et al., 2006; O’Conner 

et al., 2007), whereas decreased larval growth and survival have been reported in others 

(McCormick & Molony, 1995; Grorud-Colvert & Sponaugle, 2011; Pope et al., 2014; Watson 

et al., 2018). Much of the diversity in results is attributed to varying thermal sensitivity and 

differences in the optimal temperature range of different populations and species 

(Rummer et al., 2014; McLeod et al., 2015). For instance, numerous species from higher 

latitudes exhibit positive effects in growth (Pepin, 1991; Steinarsson & Bjornsson, 1999; 

Dou et al., 2005) and survival (Fowler & Jennings, 2003; Pope et al., 2014) when cohorts 

experience warmer than normal temperatures. Conversely, tropical reef fish, which have 

evolved in relatively warm and stable temperature at lower latitudes, often experience 

negative effects when they are exposed to higher temperature. For example, an increase 

of just 1-2 °C increased energetic demands (Johansen & Jones, 2011; McLeod et al., 2013; 

McLeod & Clark, 2016), decreased growth rate (Munday et al., 2008; McLeod et al., 2015; 

Spinks et al., 2019), and reduced survivorship (Houde, 1989; Rankin & Sponaugle, 2011), 

during the early life stage of coral reef fishes. However, much of the research to date has 

focused on smaller bodied reef fish, such as damselfish that are frequently caught in light 

traps or easily bred in captivity (McCormick et al., 1995; Munday et al., 2008; Donelson et 

al., 2010; Rankin & Sponaugle, 2011; Spinks et al., 2018). Thus, for most coral reef fishes 

we don’t know whether increased environmental temperatures would benefit or hinder 

early life history development and survival.   

 The majority of coral reef fish spawn in the warmer months, from late spring and 

through summer (Domeier & Colin, 1997; Russell, 2001), which are also when marine 

heatwaves are most likely to occur. Marine environments have seen an increase in 

abnormally warm days of ~50% over the last century (Oliver et al., 2018) and the duration 
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and frequency of these events are expected to increase as climate change progresses (King 

et al., 2016; Frolicher et al., 2018; Hoegh-Guldberg et al., 2018). Moreover, average sea 

surface temperature is projected to increase up to 2-4oC by the end of the century (Collins 

et al., 2013; Hoegh-Guldberg et al., 2018). With the Great Barrier Reef having experienced 

heatwaves in 3 out of the last 5 summers (2016, 2017, and 2020: AIMS, 2017; Hughes et 

al., 2017; BOM, 2020), there is an urgency to understand how extreme temperatures affect 

the early life stages of coral reef fish. In particular, with some notable exceptions (e.g. 

Pratchett et al., 2017) there is a paucity of research on the effects of elevated temperature 

on larger predatory and pelagic spawning species. 

 In this study, I investigated how elevated temperatures, effect the early life history 

of the coral reef snapper, Lutjanus carponotatus, a mesopredatory fish that is ecologically 

important to coral reef ecosystems, and important to recreational and commercial fisheries 

(GBRMPA, 2014). If elevated temperature significantly increases the metabolic rate of 

these larval fish then I would expect individuals to utilise endogenous resources at a faster 

rate and experience accelerated growth. To test this I exposed gametes from fertilization 

to 14 days post hatch (dph) to either 28.5°C (the ambient summer conditions), 30°C or 31.5 

°C. The 30°C and 31.5°C temperatures were chosen as they are projected to be average 

reef temperature in the future (mid and end of century) and because these temperatures 

have already occurred for days to weeks during recent heatwaves (Hughes et al., 2018; 

Spinks et al., 2019). During this experiment I assessed how elevated temperatures: 1) 

effected the utilization of endogenous energetic reserves from 0-51 hours post-hatching 

(hph), 2) influenced growth and development at 1 dph and 14 dph by measuring key 

morphometric and developmental traits, and 3) effected hatching and larval survival at 1 
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dph and 14 dph to better understand the potential impacts of ocean warming on the early 

life of coral reef fishes.  
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4.3 Methods 
 

4.3.1 Study species 
 
The Spanish Flag snapper, Lutjanus carponotatus, is a tropical mesopredator that inhabits 

coral reefs throughout the Great Barrier Reef (GBR) and Indo-Pacific reefs (Allen, 1985).  

They are gonochoristic serial spawners with the peak spawning for the GBR population 

occurring between October and December (Kritzer, 2004). Over this period the upper SST 

range is ~26.5 - 28.5°C for the northern GBR where our broodstock fish were collected 

(AIMS data using Lizard Island and One Tree as a north south range; AIMS, 2017). The larvae 

have a pelagic phase where they are found relatively close to the surface which can last 33-

38 days (Querer & Leis, 2010), after which point they settle to the reef. 

 

4.3.2 Broodstock and spawning 
 
Adult snapper were caught by hand-line fisherman from the northern GBR between 

November 2018 and September 2019 and transported to the Marine and Aquaculture 

Research Facility at James Cook University, Townsville. Between six to eight adult fish (28-

40 cm standard length) were housed together in ten 2,500 L tanks (n=72 adults). The 

temperature cycle for the adults followed a pattern similar to the average monthly 

temperatures for the northern GBR, where the winter and summer temperatures were 

23°C and 28.5°C respectively. Adults were fed daily a mixture of Skretting pellets (Spectra 

SS) and pilchards at ~2% body weight. Spawning was allowed to occur naturally without 

any hormonal stimulus, with spawns for this experiment being produced at 28.5°C. 

Spawning occurred late at night and eggs were collected in an overflow egg collector 
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(Moran et al., 2007). For this experiment 4 adult tanks were used (n=32 adults total), as 

they spawned simultaneously during December-January, 2019. The spawns were mixed 

before being placed into larval rearing tanks to maximize genetic diversity. Spawns 

collected from the same 4 adults tanks a week later were used in the yolk utilization 

experiment.  

 

4.3.3 Experimental design 
 
 The study comprised two experiments, one focused on the yolk utilization of larvae 

between 0-51 hph, and another on larval development from hatching to 14 dph. For both 

the yolk utilization and larval development experiments, the eggs and larvae were reared 

in three stable temperature treatments of 28.5°C, 30°C, and 31.5°C (Table 4.1). At ~6 hours 

(0600) post fertilization, eggs mixed from the 4 adult tanks where spawning occurred were 

transferred to 20 L larval rearing tanks (n=6 per treatment) set at 28.5°C. Larval rearing 

tanks were initially stocked at ~1000 eggs per tank. At this point the two elevated 

temperature treatments (30°C and 31.5°C) were increased gradually over two hours until 

they reached target temperature. Samples were then taken 6 hours after initial stocking 

(1200), by counting the eggs in three 50 ml samples from each tank, to accurately estimate 

the number of eggs per tank and account for any mortality during handling. The average 

stocking density at this point varied between 3-5%. Hatching occurred between ~14-16 

hours post fertilization (1400-1600). The same process was used for the yolk utilization 

experiment, except that tanks were stocked at ~500 eggs for that component.  

 Each tank received water flow of ~100 ml min-1 allowing for a complete water 

volume exchange every ~3 hours. Each temperature treatment received water from a 1000 
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L sump connected by partial exchange to a central 5000 L sump where filtration 

(Mechanical bag filters to 25 micron and 400 L protein skimmer) and UV sterilization 

occurred (Wedeco, B32-PE). Salinity, alkalinity, pH, and oxygen saturation were all 

maintained at natural levels (Table 4.1). Salinity and oxygen (Hach, HD40u), and pH 

(Mettler, Seven2Go Pro) were measured daily. Alkalinity was measured weekly (Metrohm, 

888 Titrando). The photo period was set at 12:12 light/dark (0700-1900) with simulated 

sunrise and sunset through an hour gradual increase from 0-100% (0700-0800) and an hour 

decrease from 100-0% (1900-2000). 

 Standard green-water methodology was used for rearing larval fishes (Palmer et al., 

2007; McMahon et al., 2020). From 1 day post hatching (dph), larval rearing tanks were 

treated with inert algae (Nano 3600, Reed Mariculture) at a concentration of ~230,000 cells 

per ml. Larval were fed enriched rotifers (INVE, Selco S.parkle) three times a day (0800, 

1200, and 1600) from 1 dph. From 7 dph larvae were fed enriched Artemia nauplii (INVE, 

Selco S.presso) at a density of 1 ml-1 once per day (0800). Rotifer feeding and green-water 

treatment were gradually reduced between 9-11 dph. Larvae used for the yolk utilisation 

experiment were reared in green-water, but not fed. 
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Table 4.1 Mean (± SD) of experimental seawater chemistry parameters for larval Spanish 
flag snapper (Lutjanus carponotatus). Temperature and pHnbs were measured daily. Total 
alkalinity and salinity were measured at the start of the experiment and then every 7 days. 

Treatment Salinity  
(ppt) 

Temperature 
(oC) 

Total 
Alkalinity 

(mmol/kgSW) 

pH  
(nbs) 

28.5°C  34.90 ±0.10 28.48 ±0.04 2282 ±35 8.10 ±0.05 

30.0°C 34.93 ±0.25 30.02 ±0.10 2311 ±54 8.14 ±0.02 

31.5°C 35.01 ±0.20 31.55 ±0.23 2278 ±42 8.11 ±0.06 

 

4.3.4 Sampling 
 
In the yolk utilization experiment, eggs were initially sampled from each treatment at 

stocking (n=20). Subsequently, larvae were sampled from each treatment (n=20) at 

hatching (0-1 hph) and then every 12 hours until 51 hph, when endogenous energy reserves 

were depleted. Initial survival, in both experiments, was measured once the vast majority 

of eggs in each tank were either hatched or had died. During the larval development 

experiment, larvae were sampled from the three temperature treatments at 1 dph and 14 

dph. To sample each tank the water was gently stirred to homogenize the larvae and three 

50 ml samples were taken. Larvae in each sample were counted and the total larvae in the 

tank were extrapolated from the samples. Survival was calculated as a percentage using 

the number of individuals in each tank at a sampling point compared to initial stocking.  

Larvae were then placed gently back into the tank with the exception of 10 individuals 

(n=60 per treatment), which were euthanized and photographed using a digital camera 

(Olympus, SC50) fitted to a stereo microscope (Olympus, SZX7). All larvae were euthanized 

and photographed within 30 minutes of sampling.  
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Morphometric data was extracted from digital photographs using ImageJ2 (Rueden 

et al., 2017) by an observer (SJM) who was blind to the treatments. In the yolk utilization 

experiment, standard length (SL), muscle depth (MD), yolk area (YA), and oil globule area 

(OGA) were measured. In the larval development experiment, the larval traits measured 

were: standard length (SL), total length (TL), body length (BL), muscle depth (MD), fin depth 

(FD), eye diameter (ED), mandible length (ML), yolk area (YA), oil globule diameter (OGD), 

head length (HL), head depth (HD) (Fig.4.1). In the larval development experiment, oil 

globule diameter, rather than area, was measured as the oil globule shape changes from 

spherical to asymmetrical during consumption.  

 

Figure 4.1 Morphological traits measured from larval Lutjanus carponotatus at (a) 1 dph 
and (b) 14 dph. Scale bars represent 1mm. Standard length (SL), total length (TL), body 
length (BL), head length (HL), head depth (HD), mandible length (ML), muscle depth (MD), 
fin depth (FD), eye diameter (ED), yolk area (YA), and oil globule diameter (OGD). 
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4.4.4 Statistical analysis 
 
Linear mixed effects models (LME) were conducted on the morphometric data from the 

yolk utilization experiment (standard length & muscle depth). Temperature and hours post 

hatch (hph) were fixed factors, and tank was included as a random effect. An ANOVA was 

used on each model to test whether the fixed effects were statistically significant. A Tukey’s 

post-hoc test was then used to check for significant differences among levels within the 

treatments. To determine if temperature had an effect on the consumption of yolk and oil 

globules (YA and OGA), Kruskal-Wallis tests, followed by Dunn tests, were conducted at 

each time point to determine differences between the temperature treatments. 

Specifically, comparisons of YA were conducted from 0-27 hph due to YA being depleted in 

all fish at 39 hph (i.e. data was all zeros), while comparisons of OGA were conducted from 

0-51 hph.   

Since growth metrics can be highly correlated Principle Component Analyses (PCA) 

were used on the morphological data from larvae at 1 dph and 14 dph.  Using PCA reduced 

the complexity of the multivariate data and identified the variables accounting for the 

largest variation in the data. The PCA for 1 dph larvae included the traits: TL, SL, BL, HL, 

MDV, FD, OGD, and YA. For the PCA of the 14 dph larvae the traits used were: TL, SL, BL, 

HL, HD, ML, ED, MD, and FD. In the 1 dph PCA three principle components were needed to 

explain over 70% of the variation, while in the 14 dph PCA 97% of the variation was 

explained by the first principle component. 

To further examine the effects of temperature on morphological traits, LMEs were 

applied to the first two principle components and to each of the morphological traits 

separately. Temperature was included as a fixed factor and rearing tank was used as a 
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random effect in these LMEs. ANOVAs were used to analyse each of the models and 

significant effects were further analysed using a Tukey’s post-hoc test. Individual 

generalized linear models (GLM) were used to compare the survival of larvae at 1, 7 and 14 

dph between treatments. Initial stocking density was used as a covariate in the model and 

proportional survival was tested as the dependant variable. A post-hoc multiple 

comparison test (Tukey’s Test) was used on significant LMEs to determine the specific 

differences between treatments.  

All analyses was conducted in R (R Core Team, 2014) using the LME4 and GLM 

packages (Bates et al., 2012). Post hoc tests were conducted using ghlt function in 

Multcomp package (Hothorn et al., 2016). All models met the assumptions of the relevant 

tests. This was confirmed by accessing the residuals, goodness of fit, and checking 

dispersion. 
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4.4 Results 

Overall, I found that temperature had strong effects on the early life stages of L. 

carponotatus. Yolk and oil globule reserves were used at a significantly faster rate at 

elevated temperatures when compared to larvae reared in the control temperature. The 

growth of larvae was also significantly increased by elevated temperature at 1 dph, 

however, it was far more pronounced at 14 dph with growth significantly different between 

each temperature treatment. Conversely, survival was found to be reduced by elevated 

temperatures.  

 

4.4.1 Yolk utilization 
 
There was no difference in yolk area among treatments at 0 hph (X2=3.56, p=0.169) and 

yolk reserves were consumed by 39 hph (Fig.4.2a). However, water temperature had a 

significant effect on yolk area from 3 to 27 hph (3 hph: X2=29.95, p<0.001; 15 hph: X2=40.50, 

p<0.001; 27 hph: X2=38.05, p<0.001). Larvae from both warmer treatments had 

significantly less yolk at each time point between 3-27 hph compared with the 28.5°C 

control, and at 27 hph there was a smaller yolk area remaining in the 31.5°C than the 30°C 

larvae (Fig.4.2a; all p=<0.001, Table A4.1). The oil globule of larvae that developed at 28.5°C 

was consumed by 63 hph, whereas larvae from both warmer treatments consumed their 

oil globule by 39 hph (Fig.4.2b). There was a significant effect of temperature on oil globule 

area (Table A4.2), with larvae from the warm treatments using their oil globule ~39% faster 

that the 28.5°C control. Specifically, larvae that developed in 31.5°C had a smaller oil 

globule area at all hph, while the oil globule of larvae in 30°C was smaller at all times except 

3 hph (Fig.4.2b)(Table A4.2).  
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The standard length of larvae in all treatments increased by ~30% between hatching 

and 15 hph, after which time length remained at around 2.8 mm (Fig.4.2c). While standard 

length differed with both temperature (F2,6=17.7, p=0.003) and time (F5,337,=1495.90 

p=<0.001), there was a significant interaction between temperature and hours post-

hatching (F10,337=29.3, p<0.001). This was largely driven by differences between 

temperature treatments at 3 hph (28.5 vs 31.5°C: t=-9.37, p=0.003; 30 vs 31.5°C: t=-8.75, 

p=0.004) and 15 hph (28.5 vs 30°C: t=-8.68, p=0.004; 28.5 vs 31.5°C: t=-11.81, p<0.001), 

where larvae were longer in warmer treatments. After 15 hph there was a trend that 

standard length decreased slightly (~3-5%) in the warmer treatments while the control fish 

did not (Fig.4.2c, 31.5°C 15 hph significant from 31.5°C 27, 39 and 51 hph: t=4.47, t=4.50, 

t=5.44, respectively, p≤0.001 all; 30°C 27 vs 51 hph: t=4.44, p=0.002). There was also a 

significant interaction between temperature and time for muscle depth (F10,337=3.56, 

p=<0.001). This was largely driven by the warmer treatments tending to have greater 

muscle depth at 3-15 hph and reduced muscle depth at 51 hph, however, this did not result 

in any significant temperature differences within a time-point. A general pattern of 

decreased muscle depth from 0 to 3 hph (~20%; 28.5°C 0 vs 3 hph: t=6.80, p<0.001; 30°C 0 

vs 3 hph: t=8.65, p<0.001) followed by an increase of ~30% between 3 and 15 hph (28.5°C 

3 vs 15 hph: t=-15.27, p<0.001; 30°C 3 vs 15 hph: t=-15.13, p<0.001, 31°C 3 vs 15 hph: t=-

14.55, p<0.001) was observed. Muscle depth then steadily decreased by ~10% between 15-

51 hph (Fig.4.2d; 28.5°C 15 vs 51 hph: t=4.04, p=0.008; 30°C 15 vs 51 hph: t=6.37, p<0.001, 

30°C 15 vs 51 hph: t=-8.44, p<0.001).  
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Figure 4.2. The area of Yolk (A) and oil globule (B), the standard length (C), and muscle 
depth (D) of larval Lutjanus carponotatus measured between hatching and 51 hours post 
hatching.  

 

4.4.2 Growth morphometrics 
 
At 1 dph PC1 (46% of total variation) was largely described by differences in all traits 

(standard length, total length, body length, head length, muscle depth, and fin depth) 

except yolk area and oil globule diameter which were associated with the PC2 axis (19%; 

Fig. 4.3a). There was a significant difference between the control and elevated 

temperatures (28.5°C vs 30°C: t=-4.55, p=0.009; 28.5°C vs 31.5°C: t=-5.38, p=0.004), but not 

between the two elevated temperatures (30 vs 31.5°C: t=-0.82, p=0.702). There were 

significant differences between temperatures for PC2 (F2,6=6.12, p=0.036), however, this 

was found to be driven by the difference between the 30°C and 31.5°C treatments (t=3.49, 

p=0.001). The effect of temperature was further supported by the individual analysis of 
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each trait finding that 30°C larvae were significantly larger in total length (8%), standard 

length (7%), body length (9%), and head length (14%) compared to control larvae (Fig. 4a, 

Table 4.3). Larvae from the 31.5°C treatment also were significantly larger in TL (9%), 

standard length (6%), body length (7%), head length (15%), and muscle depth (12%) 

compared with control fish (Fig. 4.4a, Table A4.3). In addition, oil globule diameter was 

significantly smaller (14%) in 31.5°C treated fish than the other two treatments (Fig. 4.4a, 

Table A4.3).  

 At 14 dph there was clear morphological distinction between larvae from 28.5°C 

and the warmer groups, seen by the lack of overlap in 95% confidence ellipses for PC1, 

which described 97% of all trait variation (Fig. 4.3b). All morphometric traits measured, and 

their combination described by PC1, were significantly larger with increasing water 

temperature (Fig. 4.3b; All p=<0.001, Table A4.4). This resulted in all traits being significant 

between all treatment groups (All p=<0.001, Table A4.4). Specifically, standard length, total 

length and body length were ~55% longer in the 30°C treatment and ~92% longer in the 

31.5°C treatment, compared to 28.5°C (Fig.4b). Head depth was 86% bigger in 30°C 

treatment and 146% bigger in the 31.5°C treatment compared to 28.5°C (Fig.4.4b). Muscle 

depth  was 192% bigger in the 30°C treatment and 283% bigger in the 31.5°C treatment 

compared with the 28.5°C control (Fig.4.4b). In addition, at 14 dph all fish in both the 30°C 

and 31.5°C treatments had undergone flexion while no individuals had commenced flexion 

in the 28.5°C control.  
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Figure 4.3 PCA of morphometric data for larval Lutjanus carponotatus at (A) 1 dph and (B) 
14 dph. Rings represent 95% confidence that data fall with for 28.5oC (blue), 30oC (orange) 
and 31.5oC (red). Morphological traits are indicated by arrows. Standard length (SL), total 
length (TL), body length (BL), muscle depth (MD), fin depth (FD), eye diameter (ED), 
mandible length (ML), yolk area (YA), oil globule diameter (OGD), head length (HL), and 
head depth (HD). 
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Figure 4.4 Morphometric data for larval Lutjanus carponotatus at 1 dph (A) and 14 dph (B). 
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4.4.3 Survival 
 
The hatching success of eggs was significantly higher in the 30°C (+10%) and 31.5°C (+9%) 

treatments, compared to the 47% hatching success at 28.5°C (Fig.4.5; 28.5 vs 30°C: z=-

3.586, p=0.010; 28.5 vs 31.5°C: z=-3.478, p=0.015). However, this pattern was reversed in 

larvae at 7 dph, where survival at 28.5°C (39%) which was 3 and 4 times higher than in the 

30°C and 31.5°C treatments, respectively (28.5 vs 30°C: z=9.659, p<0.001; 28.5 vs 31.5°C: 

z=11.147, p<0.001). This pattern was maintained at 14 dph, with 15% survival in the control 

treatment being 2 and 3 times higher than in the 30°C and 31.5°C treatments, respectively 

(28.5 vs 31.5°C: z=3.881, p=0.003).  

 

 

Figure 4.5 Proportional survival of Lutjanus carponotatus from at 1 dph, 7 dph, and 14 dph. 
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4.5 Discussion 
 
Environmental effects on fish larval stages can alter the cohort’s recruitment success, and 

therefore influence variability in the size and demographic structure of the adult 

population.  I found that under elevated temperatures (30 and 31.5°C) consistent with 

climate change projections, and heatwave conditions that are already occurring, larval L. 

carponotatus, had higher hatching success, developed at a faster rate, and grew up to twice 

as large by 14 dph compared to the 28.5°C current-day control conditions. Faster growth 

would normally be expected to enhance survival in a natural setting if larger size provides 

a refuge from predation (Almany & Webster, 2006; Gagliano et al., 2007). However, survival 

during the 14 day experiment was ~50-70% lower in the elevated temperature treatments. 

Larvae in warmer conditions consumed their endogenous energy reserves ~20% faster, 

which could potentially explain reduced survivorship if larvae had a reduced time window 

for which to begin feeding. In this population of L. carponotatus the benefits detected in 

growth and development at elevated temperature may be negated by decreased survival, 

highlighting the complexity of determining the effects of environmental stressors on fish 

early life stages.  

 Elevated water temperature increased the rate of growth and development during 

the first 14 days of life. By 14 dph all morphometric traits measured were larger in larvae 

that developed at 30 and 31.5°C compared to larvae reared at the current-day control 

temperature of 28.5°C. Importantly, it was not just morphological size that was increased, 

but also the rate of development, because all fish in elevated temperatures had undergone 

flexion at 14 dph whereas no fish had entered flexion at 28.5°C. The combination of 

enhanced growth and development indicate that the rate of cellular processes and 

metabolism were increased due to elevated temperature (Fry, 1971; Johnston & Dunn, 
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1987; Angilletta et al., 2004). Furthermore, the consistent response between elevated 

temperature and the change in traits measured (i.e. the increase in 31.5°C larvae was 

approximately 2 times the 30°C response) further support that observed shifts are a direct 

results of cellular metabolism. These findings also suggest that this population of L. 

carponotatus (from the central region of the species range) may be living below its thermal 

optimum for the larval period, and small increases in water temperature (≤3°C) may 

enhance growth and development during early life. However, due to the increased levels 

of mortality observed at elevated temperatures, it is unlikely that ocean warming will be 

entirely beneficial. Interestingly, these findings are in contrast to previous work on 

demersal spawning reef fish where warmer temperatures (>29°C) reduced larval and 

juvenile growth (Zarco-Perello et al. 2012; McLeod et al. 2015) suggesting that broadcast 

spawning species may not be as negatively affected. While the reason to this is unknown it 

is possible that the different spawning strategies (i.e. demersal spawning producing fewer 

but more highly provisioned eggs) are differentially effected as temperature increases. It is 

important to note that in this experiment larvae were provided with ample food to fuel 

increased metabolism and developmental rate at elevated temperatures, whereas this may 

not be available in nature (Owen, 1989; MacKenzie & Leggett, 1991; Hays et al., 2005). 

Limited and/or patchy food supply in nature could limit the benefits of higher temperature 

on larval growth and developmental rate (Munday et al., 2009). It is also possible that the 

enhanced growth observed in the two elevated treatments could be due in part to selection 

for faster growing phenotypes (Meekan & Fortier, 1996). However, this seems unlikely 

from our PCA results at 14 dph with 97% of all variation in morphology described by PC1 

and all trait vectors clustering together, which implies that larvae are following an 

ontogenetic developmental path that is simply accelerated in warmer conditions.  
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Endogenous provisions are critical to the survival of larval fish as they supply the 

energy needed to grow, develop, and successfully start feeding. They are the only energetic 

resources available to larval fish until they can develop the organs and structurers (e.g. 

develop the gut, stomach, jaw, eyes, etc.) to successfully capture and digest their prey 

(Kamler, 2008). Due to this, the amount of endogenous resources provided by mothers, 

and the rate at which larvae consume them, can be critical to successfully surviving through 

the early life pre-feeding stages (Kamler, 2002; Tocher, 2010). I found that warmer 

treatments had a faster rate of yolk utilization from 3 to 27 hph, however, all temperature 

groups consumed their yolk by 39 hpf. I also observed that oil globule was used ~39% faster 

and was exhausted by 39 hpf in the elevated treatments, while control 28.5°C fish 

consumed their oil globules by 63 hpf. This accelerated usage of yolk and oil is likely due to 

the additional costs of cellular chemical reactions and metabolism at higher temperatures, 

therefore resulting in faster consumption of energetic resources (Houde et al., 1993; 

Rombough. 1997; Kamler, 2002). Consequently, it appears that in this species the faster 

usage of energy reserves at elevated temperatures was used to maintain homeostasis, 

since there was no observed increase in growth between temperature treatments over this 

timeframe. In fact, I observed a slight reduction in length and muscle depth for warmer 

treatments at 51 hph, although this was not statistically significant. Interestingly, at ~1 dph 

temperature appeared to have contrasting effects on the standard length of larvae in the 

yolk utilization experiment versus the growth experiment. While the reason for this is 

unknown, it may have been caused by the yolk utilization experiment methods not 

including green water or live feed, or possibly by the use of different spawns, which may 

have been of different quality (growth experiment spawn was prior to yolk utilization) or 

differed slightly in thermal sensitivity. Additionally, the largest change in all growth and 
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development metrics, and between treatments, was seen between 3 and 15 hph, which 

suggests that this window may envelop a key metamorphic milestone for this species 

warranting further investigation. Critically for larvae, elevated temperature and the 

increased consumption rate of energetic reserves would result in a shorter window in 

which to successfully begin feeding, which could reduce survival in a natural setting where 

food availability can be patchy (Owen, 1989; MacKenzie & Leggett, 1991; Hays et al., 2005). 

 Survival during larval development is low for the majority of marine fish, less than 

1% on average (Pepin, 1991; Houde, 1994), and small changes in survival during this life 

stage can impact successful recruitment of different cohorts to the adult population 

(Rijnsdorp et al., 2009; Pörtner & Peck, 2010; Petitgas et al., 2013). The point in larval 

development where endogenous reserves are depleted, and individuals are required to 

successfully acquire energetic resources via feeding, is thought to be a critical period where 

environmental conditions and successful feeding can significantly effect a cohort’s survival 

(Hjort, 1914; May, 1974; Houde, 1997). I observed that elevated water temperature 

significantly reduced the survival of larval L. carponotatus at 7 to 14 dph. Survival in the 

elevated temperature groups declined markedly within the first week of life to just 10-14% 

survival in warm conditions compared to ~40% survival in the current-day control 

temperature. This increase in mortality would coincide with endogenous resources being 

used (observed at 63 hph in this study) and energy having to be acquired through feeding.  

This pattern of mortality is likely due to the additional metabolic costs at elevated 

temperature as larvae begin to feed, resulting in larvae needing to acquire more food at a 

time when they are known to be highly inefficient in food acquisition (China & Holzman, 

2014). Therefore, at elevated temperatures it is possible that the window for successful 

first feeding may be reduced, which in combination with increased metabolic demands 
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would likely reduce larval survival. For the control fish the largest drop in mortality was 

observed from 7 to 14 dph, again likely associated with transition to feeding and this being 

delayed at 28.5°C; however, the reduced survival in elevated temperature treatments was 

still present at 14 dph.  Similar reductions in survival and higher temperatures have been 

observed in the early life stage of other coral reef fishes (Houde 1989; Rankin & Sponaugle, 

2011), suggesting this could be a general pattern. A reduction in survival, as seen in this 

study, could prove to have detrimental effects on a population if these patterns where to 

hold in the natural environment.  

This study found that elevated temperatures consistent with recent heatwave 

conditions on coral reefs and projected to become average summer water temperatures in 

the future, had both positive and negative effects on the early life history of larval L. 

carponotatus. Increased growth, along with accelerated attainment of developmental 

milestones, is typically seen as advantageous, because it means that larvae more quickly 

reach a size where they gain some refuge from predation (Almany & Webster, 2006), 

however, this came at the cost of lower cohort survival. Consequently, there is a potential 

trade-off between more rapid attainment of predatory size thresholds at higher 

temperature and the direct effects of higher temperature on mortality rate. Additionally, 

it seems unlikely that the increased growth observed would occur in all natural settings 

since food availably is often patchy and limited (Owen, 1989; MacKenzie & Leggett, 1991; 

Hays et al., 2005). Additionally, the finding that endogenous energy reserves were used 

faster at elevated temperature, up to 12-24 hours faster, is a considerable change when 

the time window between gut development and feeding can be less than 24 hours in coral 

reef fish (Bagarinao, 1986). However, it is worth noting that natural survival of larvae to 

settlement in most marine fish is typically no greater than 1%, therefore it may be that 
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elevated temperature accelerates the selection of surviving cohort and does not ultimately 

affect the overall number of surviving individuals. Further research focusing the long term 

effects of heatwaves and warming on larval fish, monitoring growth, fitness, and survival 

into the juvenile to sub-adult stages, would benefit our understanding of how ocean 

warming will effect coral reef fish. This study has provided new insights as to how the early 

life stages of a coral reef mesopredator could be affected by a warming ocean, which will 

allow us to better understand how these populations will fare as climate change 

progresses.  
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Chapter 5:  The effects of marine heatwaves on the 
physiology of a coral reef snapper 

 
 

This chapter is prepared for submission to Global Change Biology 
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5.1 Abstract 
 
Marine heatwaves (MHWs) are increasing in frequency and intensity. Coral reefs are 

particularly susceptible to MWHs, which cause mass coral bleaching and mortality. 

However, little is known about how MWHs directly affect the fishes living on coral reefs. In 

this study I investigated how MWH conditions affect the physiology of a coral reef 

mesopredator, Lutjanus carponotatus. Specifically, I exposed mature adults to two 

different MWH intensities, +1°C (29.5°C) and +2°C (30.5°C) and tested how their 

physiological performance was affected at two and four weeks exposure, and recovery at 

two weeks post-exposure. At these time points I measured whole-organism physiological 

attributes (resting and capture oxygen consumption, and recovery time) and associated 

biochemical markers in the blood (baseline lactate, post-capture lactate, glucose, 

haemoglobin levels and haematocrit proportion). I found that two weeks exposure to MWH 

conditions increased resting oxygen consumption (+1°C = 23%, +2°C = 37%), recovery time 

(+1°C = 62%, +2°C = 77%), baseline lactate (+1°C = 27%, +2°C = 28%), post-capture lactate 

(+1°C = 62%, +2°C = 109%) and haemoglobin levels (+1°C = 13%, +2°C = 28%). This pattern 

was maintained at four weeks exposure except for post-capture lactate which was reduced 

(+1°C = -37%, +2°C = -27%), which resulted in only +2°C lactate levels being significantly 

higher than control. In combination, these results suggest that fish had a greater reliance 
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on anaerobic glycolysis to maintain homeostasis in MHW conditions. Some effects were 

observed at two weeks post-exposure, where capture oxygen consumption was 

significantly increased (+1°C = 25%, +2°C = 26%) and haemoglobin was still significantly 

higher (+1°C = 15%, +2°C = 21%) than control fish. These results show that MWH conditions 

have direct physiological costs on adult coral reef snapper and that ecologically relevant 

residual effects can last for at least two weeks afterwards. Nevertheless, the preferential 

temperature of adult L. carponotatus was found to be within the +1°C MHW range used in 

this study, which suggests they are adapted to these temperatures. This provides new 

insight into the effects of MWHs on the physiological performance of coral reef fishes and 

possible interactions with recreational and commercial fishing capture. 

 
 

5.2 Introduction 
 
Continued anthropogenic release of CO2 and enhancement of the greenhouse effect is 

causing Earth’s average temperature to increase and causing an increase in the frequency 

and intensity of extreme climatic events (Meehl et al., 2000; Allen et al., 2018; Hoegh-

Guldberg et al., 2018). The oceans are estimated to have taken up more than 90% of the 

excess heat in the climate system, leading to unabated ocean warming since the 1970s 

(Hoegh-Guldberg et al., 2018). Both the increasing average temperature of the ocean, and 

anomalous warming events called marine heatwaves (MHWs), are of concern to marine 

ecosystems and the biodiversity they support. MHWs are caused by a combination of 

atmospheric and oceanographic processes with common drivers including persistent high-

pressure systems, ocean currents that create a build-up of warm water, and air-sea heat 

flux that transfers atmospheric heat into the sea surface (Hobday et al., 2016; Holbrook et 
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al., 2019; Gupta et al., 2020). Specifically, MWHs have recently been defined as an 

anonymously warm event, exceeding the 90th percentile of a 30 year average that lasts for 

at least 5 days (Hobday et al., 2016). Of particular concern is the fact that over the last 

century MWHs have increased in both frequency (by 34%) and duration (17%) resulting in 

a 54% increase in the number of marine heatwave days (Oliver et al., 2018). The frequency, 

intensity, and duration of MHWs are expected to further increase as anthropogenic climate 

change continues (King et al., 2016; Frölicher et al., 2018). Consequently, MHWs are 

considered a more imminent threat to marine organisms than the more gradual average 

increase of sea surface temperate (Oliver et al., 2019; Smale et al., 2019).  

 Most marine organisms are ectotherms, therefore, an increase in water 

temperature can result in thermal stress when it exceeds their thermal optima (Somero, 

1995; Mora & Maya, 2006; Pinsky et al, 2019). Recent MHWs have caused significant 

mortalities in invertebrates (Garrabou et al., 2009), loss of seagrass meadows (Marba & 

Duarte, 2010), mass bleaching and mortality in corals (Hughes et al., 2017) and are 

predicted to reduce the biomass of some fish populations (Cheung & Frolicher, 2020). 

While many marine ecosystems are affected by MHWs (Wernberg et al., 2013; Cavole et 

al., 2016; Smale et al., 2019) the impacts have been most acutely observed on coral reefs 

where mass coral bleaching and mortality due to anomalous temperatures have been 

observed with increasing frequency, magnitude, and geographical extent over the past 30 

years (Heron et al., 2016; Donner et al., 2017; Le Nohaic et al., 2017; Hughes et al., 2018; 

Dietzel et al., 2020). For example, mass coral bleaching events occurred on the Great 

Barrier Reef in the summers of 2016 and 2017 where coral mortality was estimated to 

exceed 50% when averaged over the entire reef (Hughes et al., 2018; Stuart-Smith et al., 

2018). However, documented effects of MHWs on other coral reef organisms are more 
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restricted (exceptions Spinks et al., 2019; Bernal et al., 2020; Le et al., 2020). Tropical 

marine species are predicted to be more sensitive to extreme temperatures than higher 

latitude species because they have evolved in more thermally stable environments 

(Tewksbury et al., 2008; Sunday et al., 2012; Comte & Olden, 2017) and are often living 

close to their thermal optimum in summer (Rummer et al., 2014, Rodgers at al. 2018). Yet, 

the direct effects of MHWs on most coral reef organisms remains unknown.  

 Increased water temperature can have broad physiological effects on fish from 

direct thermodynamic effects on biochemical reaction rates through to changes in whole 

organism traits such as swimming performance (Clarke & Johnston, 1999; Farrell et al., 

2009; Little et al., 2020). Increasing rates of cellular processes in warmer water results in 

rising basal metabolic rates (Clarke & Johnston, 1999; Gillooly et al., 2001) and elevated 

energetic costs for physical activities (Johansen & Jones, 2011; Hein & Keirsted, 2012), 

resulting in increased recovery time post-exercise (Lee et al., 2003; Nofrizal & Arimoto, 

2009). Furthermore, the additional energy requirement for physical activities may not be 

always possible through aerobic processes. For instance, the mitochondria, which have a 

key role in all ATP production, can decrease in efficiency due to enzyme thermal sensitivity, 

compromising their ability to meet ATP demands when optimal temperatures are 

surpassed (Brand & Nicholls, 2011). When oxidative metabolism is insufficient, individuals 

can increase anaerobic metabolism to meet energetic demands (Jacobs, 1986; Omlin & 

Weber, 2010; Iftikar et al., 2014) but at the cost of accumulation of byproducts like blood 

lactate (Jain & Farrell, 2003; Zakhartsev et al., 2004). Water temperature above the thermal 

optimum can also reduce aerobic capacity (Nilsson et al., 2009; Rummer et al., 2014; 

McMahon et al., 2019) through an inability of the cardio-vascular system to keep pace with 

maximum oxygen demands (Farrell et al., 2009; Pörtner et al., 2017). While research to 
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date provides some understanding of the likely impacts of elevated temperature on 

tropical marine fish (Donelson et al., 2010; Johansen & Jones, 2011; Rummer et al., 2014) 

much of the work has been designed to explore the effects of longer-term increase in 

average water temperature rather, than shorter duration warming events and potential 

recovery trajectories afterwards (Hallowed et al., 2013; Lefevre, 2016).  

 Additionally, the vast majority of research to date on the effects of elevated water 

temperature on coral reef fishes has focused on smaller bodied, site-attached species, 

leaving larger bodied, more mobile fish, relatively understudied. High thermal sensitivity 

has been observed in coral trout, a large predatory coral reef fish, with high water 

temperature affecting both their behavior and physiology (Johansen et al., 2014; Messmer 

et al., 2017; Pratchett et al., 2017). For example, coral trout were found to have decreased 

survivorship, activity, and aerobic scope under elevated temperatures (Pratchett et al., 

2017). Maximal physiological performance is particular important for fisheries species as 

capture stress can lead to mortality in reef fish (Diggles & Ernst, 1997; Frisch & Anderson, 

2010; Sumpton et al. 2010) and wild populations have also been found to be more 

susceptible to fishing efforts during MHWs (Brown et al., 2020). Further research into the 

effects of MHWs on larger coral reef fishes is essential because the expectation they can 

mitigate the negative effects of MHWs by moving to cooler and/or deeper waters may not 

hold for reef associated species. Research into the effects of MHWs on mesopredatory 

fishes, which prey on smaller coral reef organisms, but are also the prey of apex predators, 

is particularly lacking. Tropical snappers from the family Lutjanidae are among the most 

abundant mesopredators on coral reefs (Newman & Williams, 1996), they play an 

important role in ecosystem function (Ritchie & Johnson, 2009; Hixon, 2015; Hempson et 

al., 2017) and are components of both commercial and recreation fishing catches. The 
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Spanish flag snapper, Lutjanus carponotatus is one of the most abundant species of lutjanid 

on coral reefs and is often bycatch from line fishers who are targeting more desirable 

species such as coral trout. While the majority of line bycatch is thrown back alive the 

sudden and intense stress or capture can have significant physiological impacts (Davis, 

2002; Wilson et al., 2014; Raby et al., 2018). Due to this, there could be increased capture 

stress during MHWs and consequently exacerbating the overall effect of MHWs on 

mesopredators. 

 To test the physiological effects of MHWs on a coral reef mesopredator, I subjected 

adult L. carponotatus to two different magnitudes of simulated heatwave conditions, +1°C 

(29.5°C) and +2°C (30.5°C) above summer average, for a period of four weeks. At two weeks 

exposure, four weeks exposure, and two weeks post-exposure I measured resting oxygen 

consumption, capture oxygen consumption, recovery time and associated blood chemistry 

responses (lactate, glucose, haematocrit and haemoglobin). In a subset of fish not exposed 

to the MHW treatments, I explored the thermal preference temperature and avoidance 

temperature to determine how their behavioural thermal optimum range relates to the 

simulated MHWs temperatures. This experimental design allowed me to measure the 

physiological effects of MHW conditions on adult L. carponotatus, both during and 

following the period of elevated temperature, and to determine if the magnitude and 

duration of the warming event have substantive effects as well as investigate potential lag 

effects on capture stress after a MHW.  
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5.3 Methods 
 

5.3.1 Study species and collection  
 
Lutjanus carponotatus, the Spanish Flag snapper, is a mesopredator that lives in coral reef 

habitat throughout the Great Barrier Reef (GBR) and Indo-Pacific region (Allen, 1985). On 

the GBR they are often one of the most abundant and widespread species of Lutjanidae on 

inshore and mid-shelf reefs (Newman & Williams, 1996). They are ecologically important 

to coral reef ecosystems (Polovina, 1984; Hempson et al., 2017), and valuable to 

recreational and commercial fisheries (GBRMPA, 2014). Mature adults for the experiment 

were collected by hook and line from multiple locations in the northern GBR between 

Cairns and Cape Melville from November 2018 to September 2019. The fish were 

transferred from holding facilities in Cairns to the Marine and Aquaculture Research Facility 

at James Cook University, Townsville within 10 days of capture. The average summer SST 

for the northern GBR, where the fish were collected, is approximately 28.5°C, with a 

seasonal range of 24-30°C (AIMS, 2017).  

 

5.3.2 Aquaria and husbandry 
 
Between six to eight adult fish (28-40 cm standard length) were housed together in twelve 

2,500 L tanks (n=80 adults). Each tank was connected to a 10,000 L sump, where water was 

filtered through a 1 m3 sand filter, 25 micron bag filters, and a 400 L protein skimmer. 

Before being delivered to the tanks the water passed through UV sterilization (~250 mJ 

cm3). Dissolved oxygen and salinity were monitored continually with a permanent 

emersion probe and maintained at 6.1-6.6 mg/L. Adults were fed daily a mixture of 
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Skretting pellets (Spectra SS) and pilchards at ~2% body weight. The temperature cycle for 

all tanks followed a pattern similar to the average monthly temperatures for the northern 

GBR, where the winter and summer temperatures were 24°C and 28.5°C respectively. 

 

5.3.3 Heatwave simulation 
 
Average summer SST is approximately 28.5°C on the northern GBR, but periods of warmer 

water, up to 31°C, occur for short periods of time (24-48 hr) in most years (AIMS, 2017). 

Longer episodes of warmer water, lasting longer than five days, are classed as marine 

heatwaves (MWHs; Hobday et al., 2018). To simulate two different intensities of MHW 

conditions I chose treatments of +1°C (29.5°C) and +2°C (30.5°C) for a four week period, 

which similar in magnitude and duration to recent GBR MHWs (Spinks et al. 2019). Control 

water temperature was maintained at 28.5°C with a heat pump (Toyesi, Titan 20 kW) in a 

10,000 L sump. Elevated temperature treatments were achieved with two 5,000 L ballast 

tanks controlled with titanium heat exchangers, one set at 45°C and the other at 13°C. 

These two water sources were mixed to create accurate delivery water temperatures for 

the +1°C (29.5°C) and +2°C (30.5°C) treatments via an automated controller (Innotech, 

Omni). The temperature treatments were automatically monitored and logged for the 

duration of the experiment and individual tank temperatures were checked daily. The 

MHW treatments began in February 2020 after adult fish had spawned. Four tanks were 

allocated to control, +1°C and +2°C treatments (12 tanks in total). The warming rate was 

1°C per 24 hr for both heatwave treatments, which resulted in the +1°C treatment reaching 

the required temperature in 24 hr and the +2°C treatment reaching required temperature 

in 48 hr. Once the MHW treatments were achieved, tanks were maintained at that 
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temperature for four weeks. At the end of the 4 weeks, MHW treatments underwent 

cooling of -1°C per 24 hrs, until they reached 28.5°C.  

 

5.3.4 Experimental design 
 
A range of experimental assays were conducted over this study at 2 weeks exposure, 4 

weeks exposure, and 2 weeks post-exposure (Fig.5.1). At each of these 3 time points there 

were two testing groups per temperature treatment, and all fish were fasted for 24 hrs 

prior to testing. The same individuals were tested at each time point. The first group were 

baseline controls, which comprised of 6 fish per treatment that were caught directly from 

their tank and a blood sample was taken. Blood was drawn from the caudal vein (~150 µl 

blood, <1% total blood volume) using a hypodermic needle pre-coated in lithium heparin 

(21-G, 1 ml syringe). 15 µl of this sample was used to determine baseline blood lactate 

(mmol per ml) with the Accutrend Plus (Roche Diagnostics Australia). These individuals 

were not used in any other subsequent assays for that time point. The second testing group 

was comprised of 12 individuals from each temperature treatment. This testing group was 

put through a simulated capture event, which was immediately followed by blood 

collection (<1% total blood volume), followed by respirometry to collect MO2 over the 

subsequent ~20 hours (details below). Following the 6 week MHW exposure period 

experimental temperatures was brought down from 28.5°C to 26°C, over a four week 

period, at which point 11 individuals from the control treatment were used to determine 

preferential temperature.  
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Figure 5.1 Experimental timeline and assay time points testing the effect of marine 
heatwaves on adult Spanish flag snapper (Lutjanus carponotatus).  

 
 

5.3.5 Simulated capture event 
 
To simulate a hook and line capture event I used a 90 L swim tunnel (Loligo, fitted with a 

TechTop 1 hp, 2880 rpm motor) to elicit sudden burst swimming. Twelve fish from each 

treatment (36 fish total, standard length = 310 mm ± 31 mm, weight= 588 g ± 87 g, mean ± 

SE) were placed in the swimming chamber at a slow water speed of 5 cm/s. Once the 

individual had orientated into the water flow (~5-10 seconds on average) the water speed 

was immediately increased to full speed (from 5 cm/s to 200 cm/s in 5 seconds), equating 

to approximately 6-7 body lengths per second, which elicited bursting and erratic 

swimming. This was sustained for 60 seconds after which point the water flow was stopped 

and the fish removed. As the species are typically found in shallow reef environments 

(<20m depth) a fishing capture event would typically be between 1-2 minutes and the 

species is known to swim intensely for the duration of the event. This simulation is intended 
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to be more ecologically accurate measurement of the upper oxygen consumption for the 

species than using a traditional chase methods. 

  

5.3.6 Blood collection and analysis 
 
Blood was drawn from all fish following the capture stress assay, prior to respirometry 

testing (Wood & Munger, 1994). A minimal amount of blood was drawn from the caudal 

vein (~150 µl blood, <1% total blood volume) using a hypodermic needle pre-coated in 

lithium heparin (21-G, 1 ml syringe). The blood drawing site was cleaned with betadine 

wipes and the procedure took no longer than 60 seconds. Each blood sample was 

immediately used to measure the concentration of lactate (mmol per ml) and glucose (mg 

per L) from 15 µl samples using the Accutrend Plus (Roche Diagnostics Australia). 

Haemoglobin was then calculated by Drabkin’s method (Drabkin & Austin, 1935; 

Balasubramaniam & Malathi, 1992) using a spectrophotometer (Thermo Scientific, 

Spectronic 200) to calculate the haemoglobin (g per L). Finally, haematocrit proportion was 

calculated by centrifuging three micro capillary tubes with ~30 µl of blood for 3 minutes, 

then averaging the proportion of packed red blood cells of the three tubes.  

 

5.3.7 Intermittent flow respirometry 
 
Aerobic performance was measured using intermittent flow respirometry and fish were 

fasted for 24 hrs before respirometry (Clark et al., 2013; Svendsen et al., 2016) (n=12 per 

treatment). Fish were tested at their respective MHW treatments during the exposure 

period and all treatments at control temperature 2 week post-exposure (Figure 1; control: 

28.5°C, +1°C: 29.5°C and +2°C: 30.5°C). Respirometry was conducted in purpose-built 
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intermittent-flow respirometry chambers (35.5 L per closed system), submerged in aquaria 

within the individuals respective experimental treatment water. Submersible pumps fitted 

to each chamber supplied a continuous water flow from the surrounding water bath 

through the chambers. Activity was reduced in the respiration chambers by using 

appropriately sized chambers to minimise movement and by shading each chamber from 

visual simulants. A purpose built python program, AquaResp v3.0, was used to control the 

measurement cycle timing. This consisted of a 10 minute measurement period, 7 minute 

flushing period, and a 1 minute wait period, which was repeated over 24 hr trial duration. 

The O2 consumption rates were measured during the intervals of interrupted water flow 

with a Firesting Optical Oxygen Meter (Pyro Science e. K., Aachen, Germany), which the 

AquaResp program recorded during the measurement periods. The entire measurement 

period was used to calculate MO2 provided that the slope R2 was >0.90. Over 93% of 

measured slopes across all treatments were above this threshold. The 7% of slopes that 

were under 0.90 R2 were not used. Fish were immediately placed into respirometry 

chambers following the capture assay and 1 minute air exposure where blood was drawn 

(<1% total volume) and the fish were weighed. Measurement started once the chamber 

was closed allowing for capture MO2 to be measured. Fish then remained in the chambers 

while recovering back to resting MO2 over 20 hours. 

Capture MO2 and resting MO2 of individuals was calculated in mg O2 kg−1 h−1 using the 

equation: 

MO2 = K*V*β / M 

where K is the linear rate of decline (kPah−1) in the oxygen content over time (h) in the 

respirometer; V is the volume of the respirometer in L, which is adjusted for the volume of 

the fish; β is the solubility of oxygen in water at a specific temperature and salinity (mg O2 
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L−1 kPa−1); and M is the body mass of the fish (kg). Blank measurements were taken for each 

chamber at the start and end of each trail to calculate any background respiration.  

Background respiration did not exceed 5 mg O2 kg−1 h−1 in any trial.  Linear 

regressions were then used to calculate background respiration over the trail, which was 

used to adjust the MO2 measurements for each fish. Capture MO2 was determined from 

the first O2 reading, directly after the capture assay was completed. Resting MO2 was 

determined by using the mean of the lowest normal distribution for MO2 values (Behrens 

& Steffensen, 2007; Chabot et al., 2016). Recovery time was determined by amount of time 

it took for oxygen consumption to decline from capture MO2 to the intercept of the resting 

MO2. Resting MO2 was used as a proxy for resting metabolic rate and capture MO2 was 

used to estimate the metabolic cost of the capture event. 

 

5.3.8 Temperature preference 
 
Thermal preference is expected to indicate the optimal temperature for physiological 

functions (Martin &Huey, 2008; Angilletta, 2009), and in some species has been correlated 

to thermal optima for growth (Killen, 2014). To determine the temperature preference in 

this population of L. carponotatus, I used a custom-built shuttle box arena (Chambers= 

diameter 80 cm/total arena volume of 330 L) in conjunction with commercial tracking 

software and controllers (Loligo, ShuttleSoft), to conduct a preferential temperature test 

(Killen, 2014). All individuals were held at 26°C before the experiment began as it the 

approximate mid-point of this species temperature range. The experiment was automated 

to determine the preferred temperature and avoidance temperature of adult L. 

carponotatus. Before the test an individual (from control treatment only) was placed in the 
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arena at 1600, with one chamber set at 25°C and the other at 27°C. Fish were then allowed 

to habituate to the arena overnight until the preference trial started at 0800. All fish settled 

into the 27°C chamber overnight, consequently the automated system started all trails by 

increasing the temperature of both sides, at a rate no faster than 2°C per hour, while 

maintaining 2°C differential. Avoidance temperature was determined once the individual 

left the warmer side of the arena for sufficient time to start cooling both sides. The 

preferential temperature was determined when the individual positioned itself in the 

thoroughfare between the two sides or swam continuously between both sides, thereby 

stopping any further shift in temperature.  

 

5.3.9 Statistical analysis 
 
Linear mixed effects models (LME) were used for all measured physiological responses to 

identify significant differences between treatments, except for Haematocrit, which was 

analysed with a generalized linear mixed model (GLMM). In all LMEs, and in the GLMM for 

Haematocrit, temperature and exposure time were fixed factors and tank a random effect. 

An ANOVA was then run on each model to test the main effects. Following this, Tukey’s 

post-hoc tests were conducted on any models with significant effects. All analyses were 

conducted in R (R Core Team, 2014) using the LME4 and GLMM packages (Bates et al., 

2015). Tukey’s post-hoc tests were conducted on significant factors while estimated 

marginal means tests, adjusted with Tukey’s. All models met the assumptions of the 

relevant tests. This was confirmed by accessing the residuals, goodness of fit, and checking 

dispersion. 
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5.4 Results 
 

5.4.1 Aerobic performance 
 
Resting oxygen consumption was significantly higher in the MHW treatments (F2,97=66.52, 

p<0.001) compared to the controls, varied between sampling time points (F2,97=18.15, 

p<0.001), and there was an interaction between the effects of temperature differed across 

times (F4,97=7.92,  p<0.001)(Fig. 5.2a). In fish exposed to the +1°C MHW treatment resting 

MO2 increased on average by 22-23% at two (220 mg O2 kg h-1; t=-5.96, p<0.001) and four 

(216 mg O2 kg h-1; t=-5.63, p<0.001) weeks exposure compared to control fish (180 mg O2 

kg h-1)(Fig. 5.2a). A similar pattern was seen in the +2°C MHW treatment where resting MO2 

was significantly increased on average by 31-33% after two (240 mg O2 kg h-1; t=-9.44, 

p<0.001) and four (237 mg O2 kg h-1; t=-7.99, p<0.001) weeks exposure compared to 

control fish (Fig. 5.2a). At two-weeks post-exposure, resting MO2 in both MHW treatments 

was lower than during the warming exposure (12% and 23% reduction in +1°C and +2°C fish 

respectively) and was no longer higher than in control fish (+1°C: t=-2.32, p= 0.337; +2°C: 

t=-1.95, p=0.583). The resting MO2 of control fish remained at approximately 180 mg O2 kg 

h-1 throughout the 6 week experiment (Fig. 5.2a; all p>0.05, Table A5.1).  

The capture MO2 of individuals was effected by MHW treatments (F2,97=6.01,  

p=0.004), heatwave exposure duration (F2,97=6.36, p=0.003), and there was also an 

interaction between warming and sampling time point (F2,97=4.65, p=0.002)(Fig. 5.2b). 

Specifically, capture MO2 was similar across treatments for both two and four weeks 

exposure at ~ 640 mg O2 kg h-1 (all post-hocs p>0.05; Table A5.2). However, at two weeks 

post-exposure capture MO2 was increased by 25% in fish that had experienced the +1°C 
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treatment (~764 mg O2 kg h-1; t93=-4.68, p<0.001) and the +2°C treatment (~765 mg O2 kg 

h-1; t93=-4.70, p<0.001) compared to control fish (~594 mg O2 kg h-1)(Fig. 5.2b).  

Recovery time following the simulated capture event was significantly higher in 

MHW treatments (F2,97=24.27, p<0.001), differed between sampling time points 

(F2,97=33.71,  p<0.001) and there was a significant interaction between MHW exposure and 

time point (F2,97=9.56, p<0.001)(Fig. 5.2c). In the +1°C MWH treatment, recovery time at 

two weeks exposure was approximately 140 minutes longer (77%; t=-5.74, p<0.001) than 

control fish, and remained significantly longer at four weeks exposure (120 min longer, 

66%; t=-4.90, p<0.001). For fish in the +2°C MHW treatment, recovery took approximately 

170 minutes longer at two weeks exposure (94%; t=-6.95, p<0.001) and 120 minutes longer 

at four weeks exposure (64%; t=-4.70, p<0.001) than control fish (Fig. 5.2c). While this was 

a 30% reduction between two and four weeks exposure it was not significantly different 

(t=2.28, p=0.363). At two weeks post-exposure the recovery time for fish that had been 

exposed to both MHW treatments was significantly lower than during the MHW phase, 

with recovery only taking 180 minutes on average (all p<0.001; Table A5.3). Post-exposure 

recovery times were comparable to the control fish (control vs +1°C: t=0.470, p=1.000; 

control vs +2°C: t=0.940, p=0.990). Recovery time was similar between the two MHW 

treatments at each of the exposure timings (all post-hocs p>0.05; Table A5.3). 
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Figure 5.2 Resting oxygen consumption (a) capture oxygen consumption (b), and recovery 
time (c) of adult Lutjanus carponotatus under ambient (28.5°C) conditions and two marine 
heatwave treatments of +1°C (29.5°C) and +2°C (30.5°C). Individuals were tested at 2 weeks 
exposure, 4 weeks exposure and 2 weeks post-exposure.  
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5.4.2 Blood parameters 
 
Baseline blood lactate was significantly affected by MHW treatments (F2,34=7.64, p=0.002) 

and sampling time point (F2,34=3.32, p=0.048)(Fig. 5.3a), but there was no interaction 

between MHW treatments and sampling time point (F4,34=0.65, p=0.628). Baseline lactate 

in control fish was 1.68 µmol ml3 at two weeks (Fig. 5.3a). Baseline blood lactate was 27% 

and 28% higher than control levels in the +1°C and +2°C MHW treatments respectively (Fig. 

5.3a). At four weeks exposure, the baseline blood lactate levels in the MWH treatments 

were 36% (+1°C) and 48% (+2°C) higher than in the control fish (1.66 µmol ml3). At two 

weeks post-exposure the blood lactate of MHW treated fish had reduced to levels closer 

to control fish, albeit still ~15% higher (Fig. 5.3a). This pattern resulted in significant 

differences in blood lactate between both +1°C and +2°C MHW treatments compared with 

control fish (control vs +1°C: t=-3.07, p=0.012; control vs +2°C: t=-3.63, p=0.003) and 

between four weeks exposure and two week post-exposure (t=2.55, p=0.04).  

Post-capture blood lactate was significantly affected by MHW treatment 

(F2,97=26.17, p<0.001), exposure sampling time point (F2,97=32.59, p<0.001) and the 

interaction between temperature and sampling time point (F4,97=5.15, p<0.001)(Fig. 5.3b). 

Specifically, post-capture lactate was higher at two weeks exposure in fish from both the 

+1°C (8.3 mmol L-1, 62% higher; t=-4.12, p=0.002) and the +2°C MHW treatment (10.7 mmol 

L-1, 109% higher; t=-7.26, p<0.001) compared with control fish (5.1 mmol L-1). Post-capture 

blood lactate was significantly lower after four weeks compared with the two week 

sampling point for both the +1°C (5.29 mmol L-1 , 37% reduction; 2 weeks vs 4 weeks: 

t=3.92, p=0.005) and +2°C MHW treatments (7.84 mmol L-1 , 27% reduction; 2 weeks vs 4 

weeks: t=3.76, p=0.009)(Fig.5.3b). This resulted in only the +2 °C MHW treatment fish 
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having higher post-capture lactate than control (t=-4.03, p=0.003) and +1°C MHW fish (t=-

3.29, p=0.036) at the four week sampling point. At two weeks post-exposure, fish from the 

+2°C MHW treatment had reduced post-capture lactate levels compared with the 4 week 

MHW sampling point (38% reduction; t=3.78, p=0.008), such that no treatments were 

different from each other at two weeks post-exposure (28.5°C vs 29.5°C: t=-0.76, p=0.976; 

28.5°C vs 30.5°C: t=-1.22, p=0.949; 29.5°C vs 30.5°C: t=-0.45, p=0.999). Blood glucose levels 

were not significantly affected by MHW treatments (F2,97=2.90, p=0.06), sampling time 

point (F2,97=2.51, p=0.09) and there was no interaction between MHW treatment and time 

point (F4,97=1.83, p=0.129)(Fig. 5.3c).  

MHW treatments significantly increased haemoglobin (F2,97=43.36, p<0.001) and 

haematocrit (X2=139.00, df=2,97, p<0.001) (Fig 5.4). Haematocrit and haemoglobin 

concentration was highest in the +2°C treatment (Haematocrit: 44.5%, Haemoglobin: 114 

g  L-1), followed by the +1°C (Haematocrit: 40.3%, Haemoglobin: 101 g L-1) and lowest in 

control fish (Haematocrit: 35.5%, Haemoglobin: 89 g L-1; all p<0.05, Tables A5.4 & A5.5). On 

average there was ~13% more RBCs for every 1°C temperature increase. Both haematocrit 

and haemoglobin exhibited a pattern of generally decreasing with time, however, this was 

only significant for haematocrit (X2=13.44, df=2,97, p=0.001; Fig. 5.4a) and not for 

haemoglobin (F2,97=2.89, p=0.06; Fig. 5.4b). Furthermore, this difference was only 

significant between two weeks exposure and two weeks post-exposure (t=3.67, p=0.001).  
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Figure 5.3 Baseline lactate (a), post-capture lactate (b), and glucose (c) of adult Lutjanus 
carponotatus under ambient (28.5°C) conditions and two marine heatwave treatments of 
+1°C (29.5°C) and +2°C (30.5°C). Individuals were tested at 2 weeks exposure, 4 weeks 
exposure and 2 weeks post-exposure. 
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Figure 5.4 Haematocrit proportion in whole blood (a) and haemoglobin (b) of adult Lutjanus 
carponotatus under ambient (28.5°C) conditions and two marine heatwave treatments of 
+1°C (29.5°C) and +2°C (30.5°C). Individuals were tested at 2 weeks exposure, 4 weeks 
exposure and 2 weeks post-exposure. 

 

5.4.3 Temperature preference 
 
The preferred temperature of L. carponotatus was found to be 29.81°C ± 0.25 (SE) (range 

28 to 31.2°C). The avoidance temperature was approximately 2°C warmer than the 

preferred temperature at 31.93°C ± 0.22 (range 29.5°C to 33.1°C). All individuals started 

the trial by increasing the arena temperature, by staying in the warmer side, until they 

reached their avoidance temperature at which point, they moved to the cooler side and 

then swam evenly between the warm and cool side to stabilize the arena temperatures. 
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5.5 Discussion 
 
 
The increased frequency and intensity of MWHs pose a significant threat to marine 

organisms, especially those evolved to live in relatively stable thermal environments such 

as coral reefs. I found that adult L. carponotatus displayed a range of physiological 

responses at simulated MHW conditions only +1 and +2°C above the summer average. 

During the MWHs, fish had higher metabolic costs and showed evidence of higher stress 

but mostly recovered within 2 weeks post-exposure. The increased basal cellular costs 

increased recovery time following a capture event and elevated blood lactate indicated 

negative physiological effects of MHW conditions. Depending on the length of a MHW in 

nature this could potentially lead to a decrease in body condition and reduced capacity to 

escape predators or forage for prey (Killen et al., 2015; von Biela et al., 2019; Brown et al., 

2020; Piatt et al., 2020). Interestingly, haemoglobin /haematocrit and capture oxygen 

consumption were still elevated at two weeks post-exposure which, in combination with 

post-capture lactate, indicates evidence for a shift in the relative aerobic vs anaerobic 

energy production. These findings suggest that while some physiological processes may be 

pushed to their limit this species has the capacity to alter its physiology to meet the 

required energy demands.  

Thermal stress was observed in several physiological attributes during MHW 

exposure. Resting oxygen consumption, recovery time, and baseline blood lactate levels 

were all significantly higher in the two MWH treatments during the 4 week exposure 

period, but showed recovery after two weeks back at control temperature (i.e. post-

exposure). Resting oxygen consumption, and consequently basic metabolic costs, are 

generally observed to increase anywhere in the range of 2-14% (Q10: 1.48 – 3.71) for every 
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degree of warming during summer for tropical coral reef fish (Nilsson et al., 2009; Johansen 

& Jones, 2011; Rummer et al., 2014; Messmer et al., 2016; Pratchett et al., 2017). Resting 

MO2 of L. carponotatus increasing by 10-20% per degree Celsius (Q10: 2.86 - 7.93) which 

suggests a high degree of thermally sensitivity compared to other coral reef species but is 

similar to another larger bodied mesopredator, the coral trout (10-14% increase per °C) 

(Messmer et al., 2016; Pratchett et al., 2017). I also observed costs in the time it took for 

fish to reach resting MO2 following simulated capture stress, with recovery time of 

individuals around 2 hours longer in both +1°C and +2°C MHW conditions. Not only is this 

a cost in terms of elevated metabolic rate for the extended period but it could also leave 

them at risk from predators for a longer period due to reduced aerobic escape capacity 

(Killen et al., 2015). Fish from both MHW treatments also had higher baseline lactate levels 

(27-48% higher than controls) suggesting that a greater amount or proportion of energy 

was being produced through anaerobic glycolysis. This is perhaps due to negative thermal 

effects on mitochondrial efficiency or simply an inability to make all the required energy 

aerobically since resting oxygen consumption also increased (Jacobs, 1986; Omlin & Weber, 

2010; Iftikar et al., 2014). There was also a trend that blood lactate, and perhaps stress, 

was accumulating through time in MHW fish due to the general increase (15-20%) in lactate 

between two and four weeks exposure. However, these fish were able to process this 

lactate once temperatures returned to normal.  

During exercise, blood lactate levels can rise quickly when there is increased energy 

demands for swimming (Jones, 1982; Weber et al., 2016). Blood lactate was elevated by 

MHW conditions to a far greater extent due to simulated capture stress (67-109%) relative 

to the baseline elevation (27%) at that same MHW exposure time point. Since capture 

oxygen consumption was the same across all treatments during MHW exposure it is 
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probable that aerobic capacity was insufficient in elevated MHW treatments and therefore 

anaerobic energy production was increased to compensate (Drucker & Jensen, 1996; 

Svendsen et al., 2010). The additional lactate would be a contributor to the longer recovery 

times observed as aerobic metabolism would remain elevated to process lactate from the 

blood via oxidation (Wells et al., 2009; Ohlendieck, 2010). Interestingly, when comparing 

the baseline and post-capture lactate there were slightly different patterns through time. 

Baseline lactate tended to increase at two week exposure and remained high at four weeks, 

while in contrast post-capture lactate decreased between 2 and 4 week exposure. This 

seems to indicate that no physiological mechanisms were induced to compensate the basic 

cellular costs of functioning in the elevated conditions. However, other physiological 

mechanisms not measured directly here may have been initiated and consequently 

resulted in a reduction of lactate following the capture event (e.g. upregulation of lactate 

dehydrogenase; Larios-Soriano et al., 2020).  

 Haemoglobin and haematocrit were elevated during MHW treatments and there 

were residual effects post-exposure. Increased production of red blood cells (RBCs), as 

indicated by increased haematocrit, may have been induced to meet the increased 

respiration and energy demands elicited by elevated temperatures (Gillooly & Zenil-

Ferguson, 2014). Additional RBCs would likely result in greater capacity to transport 

oxygen, and greater efficiency in diffusion at the gills, when dissolved oxygen concentration 

is reduced at higher temperatures (Wells & Baldwin, 1990; Gallaugher & Farrell, 1998). 

Consequently, we might expect to observe a similar shift in aerobic performance, including 

elevated resting and capture respiration. The pattern for resting oxygen consumption 

somewhat followed expectations, with increased oxygen demand during MHW, however, 

there was no increase in oxygen consumption during simulated capture stress despite 



Chapter: 5 

117 
 

additional RBCs. While it is possible that capture swimming cost did not rise with in MHW 

treatments (i.e. if fish were still swimming within their thermal optimal range), the 

increased lactate levels and recovery time indicate an elevated energy demand of 

swimming in MHW temperatures. Therefore, it is more likely that another aspect of 

swimming physiology, not oxygen delivery, was limiting capture oxygen consumption 

(Pörtner, 2010; Pörtner et al., 2017). For example, capture oxygen consumption may 

represent the maximum capacity of aerobic swimming (Johnston & Dunn, 1987; Schulte, 

2015) which is relatively uniform between our three treatments during a MHW. 

Alternatively, our measurements may represent the limit of aerobically produced energy 

(i.e. Krebs cycle: Krebs, 1950). While I am unable to elucidate the physiological mechanism 

within this study, there does appear to be a limit to aerobic capacity that is not influenced 

by MHW treatment.  

While the additional RBCs did not alter capture oxygen consumption during MHW 

conditions, they may have once temperature returned to normal in the two weeks 

following. Capture oxygen consumption was 25% higher than control, and higher than 

these fish during the MHW, in both +1°C and +2°C MHW treatments at two week post-

exposure while haemoglobin and haematocrit remained elevated. The lifespan of a RBC is 

thought to be ~60-120 days (Franco, 2012; Shrestha et al., 2016) and if the initial 

temperature increase induced the production of additional RBCs, they would not be 

destroyed or discarded if healthy. Thus, the elevated proportion of RBCs (haematocrit) 

post-exposure are likely to be a legacy of MHW exposure rather than an active response. 

Interestingly, alongside this elevated aerobic response, higher lactate levels and recovery 

time returned to control levels in MHW fish post-exposure. This suggests that the relative 

production of aerobic to anaerobic energy during swimming capture has shifted, and 
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perhaps the increase in RBC is assisting the increase of aerobic energy production 

(Mairburl, 2013; Saunders et al., 2013).  

Although I observed some persistence of physiological effects post MHW exposure 

the fish generally showed limited stress and costs two weeks post-MWHs. The only 

physiological attribute that suggested a continuing cost was resting oxygen consumption 

(~9% higher) however this was not statistically significant. Baseline lactate and recovery 

time, while significantly higher during the MHW exposure phase, both returned to control 

levels within two weeks of fish returning to control conditions. There may have been other 

energetic or physiological costs associated with MHWs that were not measured here, such 

as the release and replacement of hormones (Iwama et al., 1998; Iwama et al., 1999; 

Alfonso et al., 2020), production of proteins (Foster et al., 1992; Jonassen et al., 1999; 

Johansen et al., 2020), and cell repair from oxidative stress (Lepock, 2005; Lushchak & 

Bagnyukova, 2006; Madeira et al., 2013; Birnie-Gaivin et al., 2017) that may still impose an 

energetic cost on fish following a MWH. It is also probable that I would have observed costs 

in the metrics I investigated had I measured closer to the end of exposure (e.g. 1 week post-

exposure). However, it is encouraging that while L. carponotatus is sensitive to MHWs, 

there is a relatively rapid recovery of the physiological system within two weeks. This 

suggests that MHWs similar to the length and duration used in this study may not have any 

significant, long lasting effects on these fish.  

Physiological changes measured in this study are expected to be a result of thermal 

effect to molecular processes, cellular stress response, and cellular homeostasis response 

(Kültz, 2003; Kültz, 2005). When stressful conditions persist, genes may be up or down 

regulated to adjust cellular and whole organism phenotype in response to the altered 

environmental conditions. Only one study so far has investigated the molecular response 
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of coral reef fish (damselfish and cardinalfish) to a natural MHW (Bernal et al., 2020). 

Interestingly, Bernal and colleagues (2020) found that during a MHW fish exhibited gene 

expression changes that related to metabolic processes, cell damage, and cell repair. At the 

peak of the MHW gene expression differences were associated with processes including 

mitochondrial activity, adenosine triphosphate activity, and cholesterol and fatty acid 

metabolism, which may indicate genomic level effects to the higher-level metabolic 

processes in the present study.  

 The average thermal preference temperature of 29.8°C observed for L. 

carponotatus was similar to the +1°C MHW treatment (29.5°C) used in this study, at which 

I observed indicators of stress (baseline lactate) and increased energetic costs (resting MO2 

and recovery time). This preferred temperature is only slightly warmer than what has been 

recorded for other reef fish species, collected from similar regions of the GBR, including the 

five-lined cardinalfish (29.5°C, Nay et al., 2015) and the blue green damselfish (28.9°C, 

Habary et al., 2017). It is possible that there are other physiological responses, that were 

not measured here (e.g. reproduction, enzyme activity), that may be enhanced in warmer 

conditions and therefore at 29.8°C the overall fitness of this species is optimised. However, 

it is important to remember that preference temperature is not always what the individual 

will select in nature with other aspects of ecology (territory, shelter, food, etc.) influencing 

body temperature (Hugie & Dill, 1994; Lindberg et al., 2006; Eurich et al., 2018). 

Interestingly, this preferred temperature may indicate that shorter warming events than 

tested here (<2 weeks) might not be a physiological challenge for this species, but further 

work would need to explore this. The avoidance temperature for L. carponotatus was found 

to be only 3.4°C above the summer average and only 1.1°C above preference, indicating a 

relatively narrow thermal window. Importantly, GBR reefs have exceeded this avoidance 
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temperature during MHWs in 2016, 2017, 2020 (AIMS, 2017; Hughes et al., 2018; BOM, 

2020), suggesting that existing MHWs have already come close to the thermal limits for this 

species. Alternatively, as this species has evolved in shallow tropical reefs they may simply 

remain in their established home ranges during MHWs and endure the physiological 

responses they elicit. This hypothesis may be supported by the relative speed at which they 

can recover from MWHs. A similar coral reef mesopredator, Plectropomus leopardus, was 

shown to reduce its activity but increase feeding rate as temperature rose above the 

summer average (Scott et al. 2019), which could be a strategy for L. carponotatus. However, 

regardless of which strategy the species employs to maintain homeostasis during MWHs 

there will be energetic requirements that could be difficult to manage.  

 Interestingly, the physiological effects of the two different magnitudes of simulated 

MHW (+1°C and +2°C) was often similar. The temperature increase of +1°C elicited a 

significant response in baseline lactate, post-capture lactate (exception four weeks 

exposure), resting metabolic rate, and recovery time, which was not proportionally 

increased further at +2°C (i.e. there was not an additive effect of each 1°C temperature 

increase in the MHW treatments). This suggests that not all physiological processes will be 

effected linearly by MHWs which supports the hypothesis that tropical species are sensitive 

to relatively small temperature increases and are living close to their thermal optimum 

during summer (Tewksbury et al., 2008; Sunday et al., 2012; Rummer et al., 2014; Comte 

& Olden, 2017; Rodgers et al., 2018). The complexity of these various thermal physiological 

responses indicates the importance of understanding a range of physiological traits when 

investigating the effects of future MHWs on wild populations, as no single metric is 

sufficient to comprehend the whole animal physiological response to elevated 

temperature.  
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The increasing frequency and intensity of MHWs is an immediate concern for 

thermally sensitive marine organisms. This study shows that while short-term (2-4 week) 

exposure to MWHs conditions has significant effects on the physiology of a coral reef 

mesopredator there is a relatively rapid restoration to baseline levels post-exposure. 

Nevertheless, while fish appear able to alter their physiological processes to cope with 

MWHs, the elevated resting metabolic rate suggests that fish still need to obtain about 20% 

more energetic resources to sustain basic maintenance during MHWs. For mesopredators, 

this would ultimately mean increased predation of smaller reef organisms which could flow 

on to affect abundance and assemblage composition of lower trophic levels. Conversely, 

these increased energy demands could be met with a trade-off by decreasing other 

activities like growth or reproduction, which might influence population dynamics of L. 

carponotatus. While individuals may be able to mitigate the effects of MWHs by moving to 

cooler, deeper reefs this will not be possible for all individuals and will have ramifications 

in terms of food availability and predation risk. Additionally, while the thermal preference 

of this species was shown to be in the range of MHWs treatments used, the avoidance 

temperature was only around 1°C warmer than the preferred temperature and within 3-

4°C of the current-day summer temperatures, which suggests that this species is currently 

living close to its thermal maximum in summer. Further research into how the length and 

intensity of MWHs effect the physiology of L. carponotatus, and other coral reef 

mesopredators, would help us identify the physiological limits and costs that future MHWs 

may impose on these fish. Overall, my findings shown that L. carponotatus is negatively 

affected by predicted future MHW conditions but possess capacity to recover within a few 

weeks of these events. 
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Chapter 6: General discussion 
 

Understanding the effect of climate change on mesopredators is important because of their 

essential trophic position and functional role in marine ecosystems. Yet, there is a paucity 

of research on how sensitive life stages of rocky and coral reef mesopredatory fishes will 

cope with warming and acidifying oceans. This thesis investigated how future climate 

change scenarios, including marine heatwaves (MWHs), affect rocky and coral reef 

mesopredatory fish, focusing on the critical early life stages. My findings demonstrated that 

increased water temperatures and elevated CO2 can have potentially beneficial effects on 

some early life history traits, whereas other traits are negatively affected. Similarly, the 

physiology of mature adults exhibited a range of potentially beneficial and detrimental 

effects under MHW scenarios. These new findings further our insight and understanding of 

how two mesopredators will fare under future climate change allowing us to better 

manage these important species.  

 

Ocean warming and larval mesopredators 

In Chapter 2 I found that larvae of rocky reef mesopredator, Chrysophrys auratus, exhibited 

increases in length, muscle depth, head size, and all other measured morphological traits 

when developed at elevated temperature. Additionally, at 1 dph elevated temperature had 

a positive effect on survival but this did not extend to later stages (16 dph). Similarly, in 

Chapter 3 the swimming ability of juveniles was found to be significantly improved by 

elevated temperature which suggests that the net overall effect of elevated temperature 

may be positive for the early life stages of C. auratus. One potential negative outcome, 
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however, was the elevation in metabolic rate. While increasing metabolism with 

temperature is typical of ectotherms (Clarke & Johnston, 1999; Gillooly et al., 2001) this 

has the potential to cause problems for larval fish as it is already the most energetically 

demanding part of the life cycle (Post & Parkinson 2001; Stallings et al., 2010). If individuals 

can obtain sufficient energetic resources, such as they were able to in these laboratory 

experiments in Chapters 2 and 3, then the overall effect of elevated temperature on 

performance could be positive. However, food resources in the wild are usually patchy and 

individuals rarely have an unlimited food supply, therefore the magnitude of positive 

effects may be reduced in a natural setting. Moreover, there is the potential for increased 

patchiness, and changes in prey assemblage, as climate change advances (Behrenfeld et al., 

2006; Hoegh-Guldberg & Bruno 2010) which may exacerbate the effects of increased 

energetic demands from higher metabolic rate.  

 In contrast to Chapter 2, the findings of elevated temperature on coral reef 

mesopredators in Chapter 4 are more complex. While there were positive effects on the 

development of all morphological traits measured, there was a significant decline in 

survival under elevated temperature. The question is, does faster growth and development 

compensate for direct effects on survivorship? For instance, numerical models suggest that 

faster development through the high-mortality larval stage can lead to higher survivorship 

overall (O’Connor, 2007). Being larger at point of settlement is also advantageous and likely 

to translate to increased survival (Shima & Swearer, 2009; Murphy et al., 2014). What 

ultimately needs to be determined is whether the benefits of faster growth and 

development offset the direct effects of higher temperature on survivorship. This is a 

question that would require further research to estimate how these results translate into 

recruitment to the population. Nevertheless, from the findings of Chapter 4, it would 
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appear that elevated temperatures could push larvae of the tropical Lutjanus carponotatus 

past their thermal optimum, which contrasts to the findings for larvae of the temperate C. 

auratus, in Chapter 2. Considering the populations of both species studied were collected 

from the middle of their thermal ranges, my findings support the hypothesis that tropical 

species are currently living closer to their thermal optimums (Deutsch et al., 2008; 

Tewksbury et al., 2008; Rummer et al., 2014). Therefore, while the rocky reef 

mesopredators may see benefits from increasing water temperatures, it is likely that coral 

reef mesopredators will suffer negative effects as water temperatures increase.  

 

Dual climate change stressors and larval mesopredators 

Coastal marine habitats are physically dynamic environments. As climate change 

progresses, we expect to not only see increases in water temperature but also increased 

pCO2 and decreased seawater pH. This is especially relevant for coastal and near shore 

environments that already experience significant variation in pCO2 and pH on a range of 

temporal and spatial scales. In Chapters 2 and 3 elevated temperature and CO2 were used 

in a fully cross factored experiment to assess how these abiotic conditions effected the 

growth and physiology of larval and juvenile Australasian snapper when experienced 

individually and simultaneously. Interestingly, there were a range of effects, positive and 

negative, elicited by each abiotic factor. As previously mentioned above, elevated 

temperature increased growth and development in larval fish, but did not have a significant 

effect on survival. Conversely, elevated CO2 did not affect growth and development, but it 

significantly improved survival. There were no interactions detected, showing that for 

growth, development, and survival both elevated temperature and CO2 had differing but 

positive effects on larval C. auratus. This suggests that this species is still within its physical 
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environmental niche even at temperature and CO2 levels predicted by the end of this 

century.  

 Yet, the physiology and swimming performance of juvenile C. auratus was 

differentially affected by elevated temperature and CO2. In Chapter 3, elevated 

temperature had both positive and negative effects on juveniles. While elevated 

temperature increased resting oxygen consumption (MO2) and therefore increased the 

amount of base energy required, it also increased maximum MO2, thereby maintaining 

aerobic scope. On the other hand, elevated CO2 induced negative effects by increasing 

resting MO2, decreasing maximum MO2, and therefore resulted in reduced aerobic scope. 

Therefore, when experienced together elevated temperature and CO2 increased resting 

metabolic rate to 30% more than that of control fish, and consequently, reduced aerobic 

capacity. The increase in resting metabolic rate is an interesting finding as the majority of 

previous research has found negligible effects of CO2 on metabolic rates (Lefevre, 2016; 

Cattano et al., 2018). This may be due to the fact that much of this previous work has 

focused on more developed juveniles or adult fish, which are more robust and capable of 

handling the additional energetic demands of dealing with elevated CO2 (e.g. acid base 

regulation). The impact on metabolic rate and aerobic scope could have significant 

implications for juvenile fish in respect to settlement, as well as growth and condition if 

energy demands are not met. An example of flow on effects to other attributes of 

performance was seen in swimming ability where, at elevated CO2 individuals had a lower 

sustained swimming speed. In contrast, elevated temperature increased the sustained 

swimming speed of individuals. When experienced together the enhanced swimming 

performance under elevated temperature was essentially cancelled out by the negative 

effect of elevated CO2. Therefore, when experienced simultaneously elevated temperature 
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and CO2 could have an overall negative effect on juvenile C. auratus. This is a novel finding 

because, while previous research has shown improved swimming ability with elevated 

temperature (Wardle, 1980; Dickson et al., 2002; Claireaux et al., 2006). My findings that 

elevated CO2 essentially negates the positive effect of elevated temperature on swimming 

ability implies that these previous findings could be an overestimation when secondary 

environmental factors are included. 

 My results highlight the complexity of estimating the impact of climate change on 

larval fish. There are several positive and negative effects produced under elevated 

temperature and CO2 which reduces clarity in projecting the overall future impacts. 

However, this data is indispensable in broadening our knowledge and can be used in 

population models, along with data for multiple other studies, to help project the overall 

effects of climate change on these species. Indeed, we have been able to do exactly that in 

a population dynamics fisheries model for New Zealand Australasian snapper. Parsons et 

al., (2020), using data from Chapters 2 and 3, found that, depending on the specific climate 

change scenario, C. auratus could see fishery yield decline by 29% or increase by 44%. This 

highlights the sensitivity of this species to multiple stressors and illustrates the difficulty in 

making definitive predictions about the impacts of ocean warming and acidification on 

important fisheries resources.  This also reinforces the importance of the precautionary 

principle in managing fisheries in the face of climate change. Preventative and 

precautionary management changes will allow populations a greater buffer against 

negative impacts, both known and unforeseen, of climate change (Garcia, 1994; Lauck et 

al., 1998). 
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Marine heatwaves and adult coral reef mesopredators 

The increasing frequency and intensity of MHWs in coral reef ecosystems has spawned a 

significant amount of research into how corals will cope with MHWs. However, there has 

been far less focus on how fish may be affected by MWHs, especially large bodied species, 

as they were thought to be more resilient to temperature increases. Yet, the majority of 

this earlier research, and therefore the assumption of thermal resilience, has been 

conducted on temperate species. Another compounding factor is that MHWs typically 

occur during summer months when tropical reef fish are spawning which is a sensitive part 

of the life cycle and therefore likely to be impacted by temperature increase. In Chapter 5 

I found that resting MO2, recovery time, lactate and haemoglobin were all increased under 

the MHW treatments and tended to be higher than control at two weeks post-exposure. 

Interestingly, the increase in resting MO2 is relatively high, even for coral reef fish (Johansen 

& Jones, 2011; Pratchett et al., 2017; Rodgers et al., 2019). Due to this, adult L. 

carponotatus would have to either acquire significantly more energetic resources or alter 

their behaviour and activity to reduce energetic costs (Johansen et al., 2014; Pratchett et 

al., 2017). If able to acquire necessary additional resources then the effects of MHWs may 

be negligible, however, prey assemblages on reefs can be variable (Pratchett et al., 2011; 

Richardson et al., 2018) which could present a problem for this species during MHWs. 

Additionally, the close association of this species with coral reef habitat may limit their 

likelihood of moving to deeper, cooler water to avoid the energetic costs of MHWs.  

 As there is evidence that energy demands will increase during MHWs, how fish are 

able to meet these demands is an aspect that deserves consideration. My results suggest 

L. carponotatus shifts the amount of energy produced by aerobic metabolism towards 

anaerobic metabolism during MHWs. This was indicated by a stable capture MO2 
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consumption across treatments, but far higher blood lactate levels in MHW treatment fish 

following the capture event. The ability to meet energetic demands via two production 

pathways, aerobic and anaerobic, are advantageous during events such as MHWs, but this 

presents two aspects that may have been historically overlooked. One is the narrow focus 

on aerobic metabolism to indicate energetic demands in previous studies. If other species 

previously studied were also increasing the amount of anaerobic energy production, but it 

was not recorded, then previous experiments may have underestimated the demands that 

warming could impose on coral reef fish. Secondly, few studies test recovery time, which 

can be a twofold issue, as it underestimates overall energy demands, and neglects the 

ecological importance of recovery in the health and survival of individuals (Killen et al., 

2015a, 2015b). In future research a greater focus should be on understanding energetic 

demands and production pathways, including incorporating more traits to help describe 

anaerobic energy production, such as lactate levels and recovery time, to better 

comprehend the overall costs MHWs place on these fish.  

 The preferred temperature of L. carponotatus was found to be above the summer 

average and within the MHW range used in the experiments. The fact that the species 

preferred temperature in a range that elicits what would typically be thought of as negative 

effects (e.g. increased metabolic rates, higher blood lactate) highlights a potential 

weakness in physiological experiments. While experiments aim to obtain as much data, and 

as clear a picture of animal physiology, there are undoubtedly metrics that are not 

measured. These unmeasured traits may be enhanced in warmer environments and 

therefore increase an individual’s overall fitness. This highlights the importance of multi-

metric gathering in physiological experiments to try fully capture overall fitness.  
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Concluding remarks 

This thesis demonstrates the sensitivity of larval, juvenile, and spawning adult 

mesopredators to elevated temperature and CO2 and highlights the complexity of their 

physiological responses. By utilizing controlled laboratory experiments this research has 

provided new insights to how the growth, development, and physiology of rocky and coral 

reef mesopredators may be impacted by predicted future climate change. The 

experimental approach used throughout this thesis has enabled a greater understanding 

of the sensitive early life stages of these two mesopredators, which would be incredibly 

difficult, if not impossible, in a natural setting. The reality of increasing water temperature, 

decreasing ocean pH, and more intense and frequent MHWs pose a significant challenge 

for these species. While these abiotic stressors elicited a range of differential responses, 

both positive and negative, it appears that the overall net effect could be negative.  

As future research is conducted in this field, a focus on testing a wider range 

physiological responses would provide us with a better understanding of how 

environmental changes may impact individuals. Additionally, it will be important moving 

forward to incorporate multiple environmental parameters (e.g. temperature, CO2, salinity, 

sediment, nutrient loads, etc.) within laboratory experiments to best mimic the changing 

natural environment and future scenarios. Another interesting avenue of research would 

be to incorporate physiology with research areas such as energetic modeling to give us a 

clearer picture of how wild populations will manage their energetic demands under future 

scenarios. By designing more comprehensive future experiments to best represent a 

changing ocean we will further our understanding of how marine life may cope as climate 

change progresses. 
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The findings from this thesis highlight the challenges we face in trying to predict the 

impact of climate change on fish populations, even for relatively well studied species such 

as C. auratus. The contrasting effects of different environmental drivers on the 

performance of marine fish indicates that there is a wide envelope of possible future 

impacts, which could be overall beneficial or detrimental to the population dynamics of 

these species. This reinforces the need to apply the precautionary principle in managing 

fish populations in order to provide them the best chance at coping with further climate 

change.  
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Appendix 
 
Table A2.1. Linear mixed effects models for morphometric traits for 1 dph Chrysophrsy 
auratus. Larvae were reared in either ambient (18oC) or elevated (22oC) temperature 
cross factored with ambient (400 μatm) or elevated CO2 (1000 μatm). Temperature and 
CO2 were used as fixed effects. Rearing tank was used as a random effect. 

 Temperature CO2 Temperature * CO2 
Trait t  df p t  df p t  df p 
PC1 11.527 12 <0.001 0.101 12 0.921 0.781 12 0.450 
PC2 -4.671 12 <0.001 0.375 12 0.714 2.236 12 0.065 
TL 6.063 12 <0.001 0.449 12 0.661 1.120 12 0.285 
SL 6.027 12 <0.001 0.529 12 0.606 1.050 12 0.314 
BL -12.521 12 <0.001 -0.629 12 0.541 1.791 12 0.098 
FDV 4.543 12 <0.001 0.305 12 0.765 1.976 12 0.071 
MDV 6.767 12 <0.001 -0.734 12 0.477 1.138 12 0.277 
HL 8.440 12 <0.001 1.193 12 0.256 -0.663 12 0.519 
OGL -4.020 12 0.001 1.109 12 0.289 -0.705 12 0.494 
OGD -11.201 12 <0.001 -1.523 12 0.154 1.643 12 0.126 
YA -9.963 12 <0.001 1.058 12 0.310 -0.614 12 0.551 

 
 
 
 
 
Table A2.2. Linear mixed effects models for morphometric traits for 16dph Chrysophrys 
auratus. Larvae were reared in either ambient (18oC) or elevated (22oC) temperature 
cross factored with ambient (400 μatm) or elevated CO2 (1000 μatm). Temperature and 
CO2 were used as fixed effects. Rearing tank was used as a random effect.  
. 

Trait Temperature CO2 Temperature * CO2 
  t  df p t  df p t  df p 

PC1 -7.887 12 <0.001 0.016 12 0.987 0.951 12 0.36 
PC2 -0.444 12 0.665 -0.32 12 0.754 0.43 12 0.967 
TL 4.536 12 <0.001 0.168 12 0.869 -0.64 12 0.535 
SL 4.286 12 0.001 0.078 12 0.939 -0.476 12 0.642 
BL 7.155 12 <0.001 0.275 12 0.788 -0.949 12 0.361 
FDV 6.534 12 <0.001 0.331 12 0.746 -1.187 12 0.258 
MDV 15.616 12 <0.001 0.129 12 0.899 -1.031 12 0.323 
ML 8.023 12 <0.001 -0.136 12 0.894 -1.075 12 0.304 
HD 9.489 12 <0.001 0.105 12 0.918 -0.788 12 0.446 
HL 6.534 12 <0.001 0.115 12 0.910 -0.878 12 0.397 
ED 7.438 12 <0.001 0.018 12 0.986 -0.504 12 0.623 
SBA 9.344 12 <0.001 -0.457 12 0.656 -1.146 12 0.247 
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Table A2.3. Generalised linear models for survival at 1 dph and 16 dph Chrysophrus 
auratus. Larvae were reared in either ambient (18oC) or elevated (22oC) temperature 
cross factored with ambient (400 μatm) or elevated CO2 (1000 μatm). Temperature and 
CO2 were used as fixed effects. Stocking desnity was used as a weight.  

 Temperature CO2 Temperature * CO2 
  f  df p f df p f  df p 

1 dph 0.242 11 0.633 5.8454 11 0.034 2.738 11 0.126 
16 dph 2.460 11 0.145 6.791 11 0.024 0.003 11 0.958 

 
 
 
 
 
 
Table A3.1. Linear mixed effects model for Ucrit of juvenile Chrysophrys auratus. 
Juveniles were reared in either ambient (18oC) or elevated (22oC) temperature cross 
factored with ambient (400 µatm) or elevated CO2 (1000 µatm). Temperature and CO2 
were used as fixed effects. Length was used as a covariate. Testing day and rearing tank 
were used as random effects.  Interactions between length, temperature and CO2 were 
not significant and therefore were not included in the final model. 

Fixed Numerator df Denominator 
df 

F Sig. 

Intercept 1 46 11.654 .001 
Temperature 1 46 7.121 .010 

CO2 1 46 30.606 .000 
Temperature*CO2 1 46 0.678 .414 

Length 1 46 19.747 .000 
 

Random Estimate Std.Error Sig. Redundant 
Residual 1.102 .229 .000 - 

Testing Day .000 .000 - Yes 
Rearing 

tank 
.000 .000 - Yes 
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Table A4.1 Kruskal Wallis, and Dunn tests for Yolk area of larval Lutjanus carponotatus 
between 0-27 hours post hatching. Larvae were held in temperature treatments of either 
28.5°C, 30°C, or 31.5°C 

 Yolk Area 
 Kruskal_Wallis Dunn  

  Chi-Squared df p.value 28.5*30 28.5*31.5 30*31.5 
0 hph 3.555 2 0.169 0.420 0.060 0.290 
3 hph 29.95 2 <0.001 <0.001 <0.001 0.520 
15 hph 40.498 2 <0.001 <0.001 <0.001 0.092 
27 hph 38.05 2 <0.001 0.039 <0.001 <0.001 

 
 
 
 
 
 
 
Table A4.2 Kruskal Wallis, and Dunn tests for oil globule area of larval Lutjanus carponotatus 
between 0-27 hours post hatching. Larvae were held in temperature treatments of either 
28.5°C, 30°C, or 31.5°C 

 Oil Globule Area 

 Kruskal_Wallis Dunn  
  Chi-Squared df p.value 28.5*30 28.5*31.5 30*31.5 
0 hph 10.221 2 0.006 0.008 0.004 0.818 
3 hph 6.217 2 0.044 0.61 0.063 0.018 
15 hph 12.037 2 0.002 0.001 0.007 0.601 
27 hph 7.202 2 0.027 0.042 0.011 0.612 
39 hph 55.904 2 <0.001 <0.001 <0.001 1 
51 hph 52.174 2 <0.001 <0.001 <0.001 1 
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Table A4.3 Linear mixed effect models for the metamorphic traits of 1 day post hatch 
Lutjanus carponotatus. Linear mixed effect models for the metamorphic traits of 14 day 
post hatch Lutjanus carponotatus. Anova were used to test the significance of temeprature 
treatments and those that were significant were further analysied with a Tukey’s post-hoc 
test. Larvae were held in temperature treatments of either 28.5°C, 30°C, or 31.5°C 
Temperature was used as a fixed effects while rearing tank was a random effect. 
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Table A4.4 Linear mixed effect models for the metamorphic traits of 14 day post hatch 
Lutjanus carponotatus. Anova were used to test the significance of temeprature 
treatments and those that were significant were further analysied with a Tukey’s post-hoc 
test. Larvae were held in temperature treatments of either 28.5°C, 30°C, or 31.5°C 
Temperature was used as a fixed effects while rearing tank was a random effect. 
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Table A5.1 Turkey’s contrasts for the Resting oxygen consumption (RMO2) of adult Spanish 
flag snapper (Lutjanus carponotatus). Individuals were held at either 28.5°C (28.5), 29.5°C 
(29.5), or 30.5°C (30.5) and were tested at 2 weeks exposure (2), 4 weeks exposure (4), and 
2 weeks post-exposure (6). 

contrast estimate SE df t ratio p.value 

28.5,2 - 29.5,2 -42.3 7.10 97 -5.96 <0.001 
28.5,2 - 30.5,2 -67.0 7.10 97 -9.44 <0.001 
28.5,2 - 28.5,4 -7.1 7.10 97 -1.00 0.985 
28.5,2 - 29.5,4 -47.1 7.10 97 -6.63 <0.001 
28.5,2 - 30.5,4 -63.8 7.10 97 -8.99 <0.001 
28.5,2 - 28.5,6 -6.5 7.10 97 -0.92 0.991 
28.5,2 - 29.5,6 -23.1 7.10 97 -3.25 0.041 
28.5,2 - 30.5,6 -20.4 7.10 97 -2.87 0.110 
29.5,2 - 30.5,2 -24.7 7.10 97 -3.48 0.021 
29.5,2 - 28.5,4 35.2 7.10 97 4.96 <0.001 
29.5,2 - 29.5,4 -4.7 7.10 97 -0.67 0.999 
29.5,2 - 30.5,4 -21.5 7.10 97 -3.03 0.073 
29.5,2 - 28.5,6 35.8 7.10 97 5.04 <0.001 
29.5,2 - 29.5,6 19.3 7.10 97 2.71 0.157 
29.5,2 - 30.5,6 22.0 7.10 97 3.09 0.062 
30.5,2 - 28.5,4 59.9 7.10 97 8.43 <0.001 
30.5,2 - 29.5,4 19.9 7.10 97 2.81 0.127 
30.5,2 - 30.5,4 3.2 7.10 97 0.45 1.000 
30.5,2 - 28.5,6 60.5 7.10 97 8.52 <0.001 
30.5,2 - 29.5,6 44.0 7.10 97 6.19 <0.001 
30.5,2 - 30.5,6 46.6 7.10 97 6.57 <0.001 
28.5,4 - 29.5,4 -40.0 7.10 97 -5.63 <0.001 
28.5,4 - 30.5,4 -56.7 7.10 97 -7.99 <0.001 
28.5,4 - 28.5,6 0.6 7.10 97 0.08 1.000 
28.5,4 - 29.5,6 -15.9 7.10 97 -2.24 0.386 
28.5,4 - 30.5,6 -13.2 7.10 97 -1.87 0.639 
29.5,4 - 30.5,4 -16.8 7.10 97 -2.36 0.317 
29.5,4 - 28.5,6 40.5 7.10 97 5.71 0.000 
29.5,4 - 29.5,6 24.0 7.10 97 3.38 0.028 
29.5,4 - 30.5,6 26.7 7.10 97 3.76 0.008 
30.5,4 - 28.5,6 57.3 7.10 97 8.07 <0.001 
30.5,4 - 29.5,6 40.8 7.10 97 5.74 <0.001 
30.5,4 - 30.5,6 43.5 7.10 97 6.12 <0.001 
28.5,6 - 29.5,6 -16.5 7.10 97 -2.33 0.337 
28.5,6 - 30.5,6 -13.8 7.10 97 -1.95 0.583 
29.5,6 - 30.5,6 2.7 7.10 97 0.38 1.000 
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Table A5.3 Turkey’s contrasts for the capture oxygen consumption (CMO2) of adult Spanish 
flag snapper (Lutjanus carponotatus). Individuals were held at either 28.5°C (28.5), 29.5°C 
(29.5), or 30.5°C (30.5) and were tested at 2 weeks exposure (2), 4 weeks exposure (4), and 
2 weeks post-exposure (6). 

contrast estimate SE df t ratio p.value 

28.5,2 - 29.5,2 -38.1 36.24 97 -1.05 0.979 
28.5,2 - 30.5,2 -9.4 36.24 97 -0.26 1.000 
28.5,2 - 28.5,4 -33.0 36.24 97 -0.91 0.992 
28.5,2 - 29.5,4 -22.8 36.24 97 -0.63 0.999 
28.5,2 - 30.5,4 -31.1 36.24 97 -0.86 0.995 
28.5,2 - 28.5,6 27.3 36.24 97 0.75 0.998 
28.5,2 - 29.5,6 -142.4 36.24 97 -3.93 0.005 
28.5,2 - 30.5,6 -143.0 36.24 97 -3.95 0.005 
29.5,2 - 30.5,2 28.8 36.24 97 0.79 0.997 
29.5,2 - 28.5,4 5.1 36.24 97 0.14 1.000 
29.5,2 - 29.5,4 15.4 36.24 97 0.42 1.000 
29.5,2 - 30.5,4 7.0 36.24 97 0.19 1.000 
29.5,2 - 28.5,6 65.5 36.24 97 1.81 0.678 
29.5,2 - 29.5,6 -104.2 36.24 97 -2.88 0.108 
29.5,2 - 30.5,6 -104.9 36.24 97 -2.89 0.103 
30.5,2 - 28.5,4 -23.6 36.24 97 -0.65 0.999 
30.5,2 - 29.5,4 -13.4 36.24 97 -0.37 1.000 
30.5,2 - 30.5,4 -21.7 36.24 97 -0.60 1.000 
30.5,2 - 28.5,6 36.7 36.24 97 1.01 0.984 
30.5,2 - 29.5,6 -133.0 36.24 97 -3.67 0.011 
30.5,2 - 30.5,6 -133.6 36.24 97 -3.69 0.011 
28.5,4 - 29.5,4 10.2 36.24 97 0.28 1.000 
28.5,4 - 30.5,4 1.9 36.24 97 0.05 1.000 
28.5,4 - 28.5,6 60.3 36.24 97 1.66 0.766 
28.5,4 - 29.5,6 -109.4 36.24 97 -3.02 0.076 
28.5,4 - 30.5,6 -110.0 36.24 97 -3.04 0.072 
29.5,4 - 30.5,4 -8.3 36.24 97 -0.23 1.000 
29.5,4 - 28.5,6 50.1 36.24 97 1.38 0.902 
29.5,4 - 29.5,6 -119.6 36.24 97 -3.30 0.035 
29.5,4 - 30.5,6 -120.2 36.24 97 -3.32 0.033 
30.5,4 - 28.5,6 58.4 36.24 97 1.61 0.796 
30.5,4 - 29.5,6 -111.3 36.24 97 -3.07 0.066 
30.5,4 - 30.5,6 -111.9 36.24 97 -3.09 0.063 
28.5,6 - 29.5,6 -169.7 36.24 97 -4.68 <0.001 
28.5,6 - 30.5,6 -170.3 36.24 97 -4.70 <0.001 
29.5,6 - 30.5,6 -0.6 36.20 97 -0.02 1.000 
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Table A5.3 Turkey’s contrasts for the recovery time of adult Spanish flag snapper (Lutjanus 
carponotatus). Individuals were held at either 28.5°C (28.5), 29.5°C (29.5), or 30.5°C (30.5) 
and were tested at 2 weeks exposure (2), 4 weeks exposure (4), and 2 weeks post-exposure 
(6). 

contrast estimate SE df t ratio p.value 

28.5,2 - 29.5,2 -142.50 24.82 97 -5.74 <0.001 
28.5,2 - 30.5,2 -172.50 24.82 97 -6.95 <0.001 
28.5,2 - 29.5,4 -120.83 24.82 97 -4.87 <0.001 
28.5,2 - 30.5,4 -115.83 24.82 97 -4.67 <0.001 
28.5,2 - 28.5,6 -4.17 24.82 97 -0.17 1.000 
28.5,2 - 29.5,6 7.50 24.82 97 0.30 1.000 
28.5,2 - 30.5,6 19.17 24.82 97 0.77 0.997 
29.5,2 - 30.5,2 -30.00 24.82 97 -1.21 0.953 
29.5,2 - 28.5,4 143.33 24.82 97 5.77 <0.001 
29.5,2 - 29.5,4 21.67 24.82 97 0.87 0.994 
29.5,2 - 30.5,4 26.67 24.82 97 1.07 0.977 
29.5,2 - 28.5,6 138.33 24.82 97 5.57 <0.001 
29.5,2 - 29.5,6 150.00 24.82 97 6.04 <0.001 
29.5,2 - 30.5,6 161.67 24.82 97 6.51 <0.001 
30.5,2 - 28.5,4 173.33 24.82 97 6.98 <0.001 
30.5,2 - 29.5,4 51.67 24.82 97 2.08 0.492 
30.5,2 - 30.5,4 56.67 24.82 97 2.28 0.363 
30.5,2 - 28.5,6 168.33 24.82 97 6.78 <0.001 
30.5,2 - 29.5,6 180.00 24.82 97 7.25 <0.001 
30.5,2 - 30.5,6 191.67 24.82 97 7.72 <0.001 
28.5,4 - 29.5,4 -121.67 24.82 97 -4.90 <0.001 
28.5,4 - 30.5,4 -116.67 24.82 97 -4.70 <0.001 
28.5,4 - 28.5,6 -5.00 24.82 97 -0.20 1.000 
28.5,4 - 29.5,6 6.67 24.82 97 0.27 1.000 
28.5,4 - 30.5,6 18.33 24.82 97 0.74 0.998 
29.5,4 - 30.5,4 5.00 24.82 97 0.20 1.000 
29.5,4 - 28.5,6 116.67 24.82 97 4.70 <0.001 
29.5,4 - 29.5,6 128.33 24.82 97 5.17 <0.001 
29.5,4 - 30.5,6 140.00 24.82 97 5.64 <0.001 
30.5,4 - 28.5,6 111.67 24.82 97 4.50 <0.001 
30.5,4 - 29.5,6 123.33 24.82 97 4.97 <0.001 
30.5,4 - 30.5,6 135.00 24.82 97 5.44 <0.001 
28.5,6 - 29.5,6 11.67 24.82 97 0.47 1.000 
28.5,6 - 30.5,6 23.33 24.82 97 0.94 0.990 
29.5,6 - 30.5,6 11.67 24.82 97 0.47 1.000 
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Table A5.3 Turkey’s contrasts for the haematocrit levels of adult Spanish flag snapper 
(Lutjanus carponotatus). Individuals were held at either 28.5°C (28.5), 29.5°C (29.5), or 
30.5°C (30.5). 

Contrast Estimate SE t ratio T ratio p value 

28.5-29.5 -4.67 0.697 97 -6.693 <0.001 
28.5-30.5 -8.19 0.697 97 -11.752 <0.001 
29.5-30.5 -3.53 0.697 97 -5.059 <0.001 

 
 
 
 
 
 
 

Table A5.3 Turkey’s contrasts for the Haemoglobin levels of adult Spanish flag snapper 
(Lutjanus carponotatus). Individuals were held at either 28.5°C (28.5), 29.5°C (29.5), or 
30.5°C (30.5). 

Contrast Estimate SE t ratio T ratio p value 

28.5-29.5 -12.27 2.31 97 -5.319 <0.001 
28.5-30.5 -21.41 2.31 97 -9.279 <0.001 
29.5-30.5 -9.14 2.31 97 93.961 <0.001 
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