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Functional response of the Antarctic sea urchin, Sterechinus neumayeri, to 

environmental change and extreme events in the context of a warming climate 

by 

Rebecca de Leij 

Gradual increases in mean ocean temperature are one of many broad-scale changes 

currently experienced in marine systems in response to anthropogenic forcing. Extreme 

climate events, such as marine heatwaves are forecast to escalate in many areas of the 

climate system under future global change scenarios. Species will have varying capacities 

to adapt, persist, and ultimately survive under these scenarios of environmental change. 

The allocation of energy to fundamental biological functions, in addition to the ability to 

acclimate to gradual change and recover from acute change, is key to this capacity. In the 

context of the current climate and that of the future, a better understanding of how 

organisms allocate energy as a response to environmental drivers is needed.  

In this thesis I focus on the common Antarctic sea urchin, Sterechinus neumayeri; a 

representative species for studying environmental change impacts due to its inherent 

thermal sensitivity and overall significance as one of the most functionally important 

Antarctic shallow marine species and the most dominant echinoid in the nearshore 

benthic community. I explore how S. neumayeri allocates energy, in terms of reproductive 

investment and key biological functions, in the current climate, as well as during 

temperature extremes and for the climate predicted for 2100. I use a combination of 

approaches, including a timeseries of field-based observations and laboratory-based 

mesocosm experiments to simulate both gradual and acute extreme warming. My results 

show for the first time that endogenous rhythms against a backdrop of multifactorial shifts 

in the environment are key drivers of energy allocation in terms of reproduction. In 

addition, I show that the onset rate of acute warming is more important than absolute 

temperature in limiting key biological functions, and I provide evidence that a thermally 



sensitive species like S. neumayeri may have an improved ability to cope with acute 

warming following acclimation to gradual temperature increases predicted for 2100.  

Collectively, these results show that within the boundaries of natural variability, it is likely 

that species have the energetic capacity to buffer and cope with changes to the 

environment. However, as our global climate changes over the coming decades, the 

natural variability range of regional temperatures will shift in conjunction with extreme 

events, and as such, energetic investment and functional performance will depend on a 

matrix of factors such as warming onset rate and thermal history. Clearly, even some of 

the most thermally constrained species have the capacity to acclimate and recover from 

thermal stress, and although there will always be an energetic cost to this, the ability to 

acclimate and recover will undoubtedly benefit those who have this capacity in the future.  
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Chapter 1 Introduction  

The Earth’s climate experiences natural variability and we see evidence of this in ice and 

sediment core records (Alley, 2000; Zachos et al. 2001). Natural temperature variability 

can occur as a result of volcanic activity, variation in the Earth’s orbit and in solar 

irradiance (Ahmed et al. 2013). However, since the 1960’s, ocean temperatures have 

risen at a median rate of 0.07°C per decade (Burrows et al. 2011) due to an increase in 

green-house gas (GHG) emissions that emerged as a consequence of the industrial 

revolution (Myrvoll-Nilsen et al. 2019). There has since been a sustained and statistically 

significant warming of the earth’s overall climate (Abram et al. 2016) with conservative 

estimates detecting positive temperature trends for 84% of the earth’s surface (Myrvoll-

Nilsen et al. 2019).  

From 1960 - 2018, the oceans have compensated for ~89% of the additional energy from 

GHG’s (Johnson et al. 2020). This heat is drawn down into the deep ocean, which causes 

ocean heat content to rise and acts to provisionally buffer the extent of global climate 

warming (Abram et al. 2016; Johnson et al. 2020; Levitus et al. 2012a). However, even if 

GHG emissions were stabilised today, the oceans would continue to warm due to time lag 

effects, and hence, most of the impacts of recent GHG emissions are yet to be reflected in 

the temperature of both the atmosphere and oceans (Frölicher & Paynter, 2015; Levitus et 

al. 2012b; Wetherald et al. 2001).  

The rate of warming across the World’s oceans is not ubiquitous, but instead ocean and 

atmospheric circulation and the coupled ocean-atmospheric system influences the 

intensity of warming experienced across different regions (Ahmed et al. 2013; Deser et al. 

2012). For example, changes in regional atmospheric circulation subjected the Western 

Antarctic Peninsula (WAP) and surrounding ocean to rapid regional warming during the 

second half of the 20th century (Meredith & King, 2005), followed by a period of cooling in 

the 21st century (Turner et al. 2016). This extreme natural variability at a regional level 

masks the long term temperature trend caused by anthropogenic signals, making 

detection of region-specific warming against a backdrop of extreme variability, challenging 

(Clem et al. 2020; Turner et al. 2016).  

The mechanisms generating extreme temperature variability can usually be attributed to 

an interaction of local processes that affect ocean mixing (e.g. ocean advection), 

teleconnection processes from remote sources (e.g. Jet stream position), as well as large-

scale climate modes (e.g. El Niño-Southern Oscillation) (Holbrook et al. 2019). For 

example, strengthening of the Leeuwin Current during a La Niña period, combined with 

anomalously high air-sea heat flux was responsible for the marine heat wave (MHW) 

event occurring off Western Australia in summer 2011 (Caputi et al. 2014). Extreme 
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temperature anomalies in the South Pacific and Western Antarctic in 2009/2010 were 

associated with atmospheric circulation changes during an El Niño event (Lee et al. 2010). 

In addition, high sea level pressure and suppression of the air-sea heat flux led to 

warming anomalies in the North Eastern Pacific in 2014 (Nicholas et al. 2015). There is 

also growing consensus that the occurrence of extreme and prolonged warming events 

such as MHW events has, and will continue to increase as a result of the overall warming 

trend in the global climate (Frölicher et al. 2018).  

Previous studies have used a range of metrics to define MHW events, with little 

consensus between studies and often ambiguity in the parameters that are used to define 

a MHW (e.g. Pearce & Feng, 2013, Smale & Wernberg, 2013). However, the approach 

described by Hobday et al. (2016) is now often used in research to define temperature 

thresholds that mark MHW events. By this definition, warming events can be considered 

as a MHW when temperatures exceed the 90th percentile of seasonally varying baseline 

temperatures, for five consecutive days or more. By this definition, the temperature 

thresholds of a MHW are variable depending on the region studied as well as the season 

in which it occurs.  

Already, the number of MHW days has doubled between 1982 and 2016, and as the 

climate warms by a predicted 2oC (Allen et al. 2018), the number of MHW days is 

expected to increase further by a factor of 23, relative to pre-industrial levels (Frölicher et 

al. 2018). By the late 21st century, much of our oceans are predicted to enter a state of 

‘permanent MHW status’ (Frölicher et al. 2018; Oliver et al. 2019) where daily sea surface 

temperatures (SST) will largely fall within the 90th percentile of those currently 

experienced. These predictions pose a significant risk to the marine environment since 

there is already evidence that MHW events can have significant ecological consequences, 

with many species experiencing mass mortalities as temperatures exceed thermal 

capacities (Garrabou et al. 2009). Declines in habitats such as seagrass and kelp forests 

as well as increased prevalence of toxic algae have had subsequent implications for 

community dynamics where food and habitat resources are compromised (Caputi et al. 

2014; Nowicki et al. 2019; Santora et al. 2020).  

The mechanisms underlying a species capacity to tolerate thermal stress can be reflected 

in the thermal history of the animal. For example, ectotherms inhabiting environments with 

variable temperatures have been shown to have a larger thermal tolerance range 

compared to temperature stable environments (Magozzi & Calosi, 2015; Sandoval-Castillo 

et al. 2020). This effect of thermal history is alluded to in the ‘Climate Variability 

Hypothesis’ conceived by Stevens (1989), where the hypothesis states that a larger 

climatic variability gives rise to larger thermal ranges.  

In addition to an animal’s thermal range, generation time will likely be a factor determining 

a species resilience to change, since shorter life-spans allow for transgenerational 
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plasticity and ‘evolutionary rescue’ (sensu Bell, 2017), to rapidly changing environmental 

conditions (Morley et al. 2017; Somero, 2010). There are other factors that have been 

shown to help and also hinder an animal’s ability to tolerate temperature change, such as 

population size and the genetic variation within the population (Peck, 2011; Somero, 

2010), as well as individual body size and activity levels (Peck et al. 2009; Rohr et al. 

2018). For this reason, there will likely be ‘winners’ and ‘losers’ in a warming climate 

scenario, with consequences for ecosystem structure and services.  

Species often considered to be ‘losers’ in a warming climate, are Antarctic ectotherms. 

These species are typically exposed to cold temperatures averaging about 0oC with very 

little seasonal variability, where temperatures range ± 2oC (Clarke et al. 2008). Within this 

characteristically cold marine environment, many endemic species persist, adapted to 

cope with not only freezing temperatures, but also to a light regime that drives highly 

seasonal productivity (Peck, 2005; Peck et al. 2014). Slow growth rates are reported for 

many Antarctic species (Fraser et al. 2007), for example, maximum growth rates of 

encrusting bryozoans have been recorded as 5 – 10 times slower in Antarctica compared 

to their tropical and temperate counterparts (Barnes et al. 2007; Bowden et al. 2006) and 

the Antarctic limpet, Nacella concinna, has the slowest growth rate reported for any limpet 

ranging between 0.059 and 0.323 year−1(Clarke et al. 2004) compared to growth rates 

ranging from 0.400 to 1.661 year−1 for the limpet genus Cellana, which inhabits temperate 

and tropical regions (Henriques et al. 2017). The likely cause of these slow growth rates is 

debated, however it is thought be a combination of low temperature and sporadic food 

supply (Baird & Stark, 2013; Thomas Brey & Clarke, 1993; Peck, 2018). There is also an 

increased cost of growth at cold temperatures due to a reduced efficiency of protein 

synthesis, with large amounts of energy used to make the protein required for growth 

(Peck, 2016, 2018; Rastrick & Whiteley, 2013). In addition to slow growth rates, delayed 

sexual maturity, longevity and low metabolic rates are also features of many Antarctic 

ectotherms (Arntz et al. 1992; Baird & Stark, 2013; Bigatti et al. 2001; Clarke, 1983; Peck, 

2018). These adaptations could have evolved either to limit energy expenditure or else 

been forced as a result of limitations in food supply. 

Antarctica and the Southern Ocean are made unique by their geographic and 

oceanographic isolation (Convey et al. 2009). It is the only continent not linked by its 

continental shelf to another continent, which is drove the formation of the oceanic Polar 

Front 25-35 million years ago (Peck, 2018). This front limits the free exchange of warmer 

waters with the cold waters of the Southern Ocean and it is this distinct temperature divide 

that serves as an important mechanism in delivering nutrient rich waters by the Antarctic 

Circumpolar Current (ACC) around the global ocean (Aronson et al. 2007; Turner et al. 

2014). Cold ocean temperatures around Antarctica enable the Southern Ocean to draw in 

excess heat and carbon dioxide from the atmosphere, leading to a poleward shift of ocean 
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fronts and an overall increase in SST with consequences for sea ice cover and changes in 

physical and chemical properties of the water column (Constable et al. 2014; Rozema et 

al. 2017). These changes have cascading effects on sea level, ocean circulation  and 

nutrient upwelling across the globe (Convey et al. 2009). The vulnerability of the Antarctic 

to anthropogenic climate change is therefore of global significance.  

Our knowledge of the species that inhabit the unique Antarctic marine environment is 

limited by the inaccessibility of the region (Griffiths, 2010). Investigating community 

dynamics, ecosystem structure and functioning as well as species life-histories is key to 

understanding how the environment is regulated and balanced (Kaiser et al. 2013). Since 

most species identified in Antarctica are endemic, there is an urgent need to establish a 

baseline of knowledge for assessing future changes to habitats and species (Convey & 

Peck, 2019).  

Research continues to focus on temperature thresholds and the effects of thermal stress 

on the allocation of energy in different species, whether that be responses to gradual 

change or short-term extreme events. However, it is important to first understand how 

energy is inherently allocated to functions and the seasonal and interannual variability of 

these allocations in the natural environment. From this baseline, we can better identify 

and understand the changes in energy allocation and functioning attributed to 

environmental change. Reproduction is one of the key biological functions as it 

determines the persistence of species and populations. Determining the drivers of 

reproductive periodicities in marine species has been the focus of much research, with 

variables such as photoperiod, temperature change, food availability and lunar cycles all 

shown to regulate gametogenesis and spawning (Emilio et al. 2018; Grange et al. 2004; 

Kelly, 2001; Muthiga & Kawaka, 2008; St.Gelais et al. 2016; Zhadan et al. 2017, 2018). 

However, despite evidence that these environmental factors often act as cues, there is still 

unexplained interannual variability in the reproductive effort of the Antarctic sea urchin 

Sterechinus neumayeri (Brockington et al. 2007), the brittle star Ophionotus victoriae 

(Grange et al. 2004), the brachiopod Liothyrella uva (Meidlinger et al. 1998), and the 

scallop, Adamussium colbecki (Tyler et al. 2003). The underlying drivers of interannual 

variability in these species remain largely unresolved due to the lack of multiyear studies 

observing the relationships between reproductive effort environmental conditions. This 

type of data is especially challenging to collect in a region such as Antarctica due to its 

remoteness and inhospitable environment. Studies across several years would be needed 

to find significant correlations or capture variability of large scale climate metrics such as 

the El Niño Southern Ocean Oscillation (ENSO) or Southern Annular Mode (SAM) 

(Grange et al. 2004).  

Functions can be split into immediately critical for the maintenance of the individual, and 

long-term critical for population continuity. Immediately critical functions play important 
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roles in energetic consumption and delivery, as well as defence from predation (Bailey, 

2001; M. S. Clark et al. 2008; Morley et al. 2009). These functions enable immediate 

persistence and survival of the individual (Peck, 2011). Critical functions for population 

continuity are rooted in reproductive success, where energy is directed to gamete 

development, fecundity, and spawning (Brown et al. 2004). Reproductive effort is 

therefore an important measure of fitness and can be used as a barometer to identify 

changes to energetic demands and allocation (Burger et al. 2019; Charnov et al. 2007). 

Since reproduction is not immediately critical for life, the energy allocated to gamete 

development under stress situations induced by environmental change may be redirected 

to other functions critical for the individual’s survival  (van der Meer, 2006). As such, 

reduced reproductive effort could lead to significant consequences for long-term 

population continuity as a result of environmental stress.  

Functions immediately critical for maintenance and survival, such as oxygen consumption 

and delivery, feeding and food absorption efficiency, play an important role when coping 

with short-term stress or extreme climate events such as MHWs (Fitzgibbon et al. 2017; 

Pörtner et al. 2017). Failure of these functions relating to the acquisition and allocation of 

energy will define a long-term limit to survival where once these functions fail, an animal 

will not be able to sustain life (Peck et al. 2002). By assessing the effect of environmental 

change on biological functioning that is critical for individual survival, in addition to 

population health such as reproductive effort, we can better understand how animals 

respond to stress, allocate energy, and ultimately adapt or recover from stress.  

1.1 Thesis aims and objectives  

This thesis aims to inform our understanding of the effect of environmental change on 

energy demand and allocation in marine ectotherms, using functions including feeding 

and oxygen consumption as indicators of change in energetic demands, and variability in 

reproductive effort as an indicator for change in energy allocation. For this purpose, I 

focus on temperature as an environmental driver and explore the characteristics of 

warming that cause changes to species functioning. I use the Antarctic sea urchin, S. 

neumayeri, as a study species due to its inherent sensitivity as a polar organism to 

temperature.  The key focus points of this thesis are as follows:  

1) If we are to understand how the temperature interacts with fundamental biological 

functions such as reproduction, we first need to identify innate internal rhythms that 

may occur on multiyear to decadal scales, especially for slow-paced species such as 

Antarctic taxa. In Chapter 2 I aim to document the long-term reproductive ecology of 

S. neumayeri, characterising the seasonal and interannual variability observed and the 

key drivers that underpin energy allocation to reproduction. 
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2) Little is known about functional deterioration as a species approaches its thermal limit, 

and in the context of short-term warming like MHWs, animals are likely to experience 

temperatures that compromise functions critical for sustained survival of the individual, 

rather than immediate lethal effects. In Chapter 3 I aim to determine thermal limits to 

these critical functions and understand how these limits change under different onset 

rates of warming. 

 

3) There is now strong evidence in climate models that predict summer ocean 

temperatures will increase by at least 2oC by 2100, and with this shift there will be an 

associated increase in the intensity of MHW events. Experimental work detailed in 

Chapter 4 involves acclimation of S. neumayeri to predicted future climate conditions 

with subsequent exposure to short-term warming events such as those experienced 

previously during MHWs on the WAP. This chapter aims to understand the role of 

acclimation in the functional response of S. neumayeri to short-term warming and 

determine how energy demands change following long-term and short-term exposure.     
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Chapter 2 Multiyear trend in reproduction 

underpins interannual variation in 

gametogenic development of an Antarctic 

urchin 

This chapter has been published as:  

De Leij, R., Peck, L. S., & Grange, L. J. (2021). Multiyear trend in reproduction underpins 

interannual variation in gametogenic development of an Antarctic urchin. Scientific 

Reports, 11(1), 1–13. https://doi.org/10.1038/s41598-021-98444-4 

Abstract 

Ecosystems and their biota operate on cyclic rhythms, often entrained by predictable, 

small-scale changes in their natural environment. Recording and understanding these 

rhythms can detangle the effect of human induced shifts in the climate state from natural 

fluctuations. In this study, I assess long-term patterns of reproductive investment in the 

Antarctic sea urchin, Sterechinus neumayeri, in relation to changes in the environment to 

identify drivers of reproductive processes. Polar marine biota are sensitive to small 

changes in their environment and so serve as a barometer whose responses likely mirror 

effects that will be seen on a wider global scale in future climate change scenarios. My 

results indicate that seasonal reproductive periodicity in the urchin is underpinned by a 

multiyear trend in reproductive investment beyond and in addition to, the previously 

reported 18-24 month gametogenic cycle. The model provides evidence that annual 

reproductive investment could be regulated by an endogenous rhythm since 

environmental factors only accounted for a small proportion of the residual variation in 

gonad index. This research highlights a need for multiyear datasets and the combination 

of biological time series data with large-scale climate metrics that encapsulate multi-

factorial climate state shifts, rather than using single explanatory variables to inform 

changes in biological processes. 

2.1 Introduction  

Reproduction is a fundamental process for all life. Reproductive periodicities are often 

intrinsic rhythms entrained by external cues that aid synchronicity in reproduction, as well 

as timing the arrival of vulnerable early life-stages with favourable conditions (Brockington 

& Clarke, 2001; Takemura et al. 2010). To understand environmental influences on 
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reproductive processes, innate reproductive periodicities must be detangled from 

environmental fluctuations, both for regular seasonal variation and isolated events. 

Seasonal and annual reproductive periodicities have been well documented in marine 

invertebrates. Evidence suggests that local environmental cues including photoperiod 

(Kelly, 2001; Muthiga, 2006), water temperature (Emilio et al. 2018; St.Gelais et al. 2016), 

food availability (Grange et al. 2004; Zhadan et al. 2018), and lunar cycles (Balogh et al. 

2019; St.Gelais et al. 2016; Zhadan et al. 2018), play roles in regulating gametogenesis. 

However, reproductive cycles and their drivers still remain challenging to interpret, since 

they are often regulated by the interplay of multiple climate variables (Stenseth et al. 

2003). 

Changes to the climate state can affect populations at local, regional and global scales 

(La et al. 2019; Turner, 2004; Wood et al. 2016). For example, the large-scale climate 

metric, Southern Oscillation Index (SOI), is most known for its regional impacts on the 

tropical Pacific (Wood et al. 2016; Xuebin & Mcphaden, 2008). However, strong links have 

been found between El Niño- Southern Oscillation (ENSO) and extreme events such a 

heat waves and storms, across the globe (Oliver et al. 2018). SOI and extreme events 

drive ecological processes (Conde & Prado, 2018; Ryan et al. 2017), and more 

specifically, reproductive processes (Santidrián Tomillo et al. 2020; Wilson et al. 2018), 

with some impacts reaching as far as Antarctica (Testa et al. 1991; Welhouse et al. 2016). 

Multi-factorial indices, rather than single variables, instead provide a context for large-

scale oceanographic variation, and hence integrate both locally measured components of 

weather and rarer, infrequent, extreme events (Stenseth et al. 2003). 

Although regulation of gametogenesis, reproductive cycles and synchronisation of 

spawning events are undoubtedly influenced by environmental factors, temporal patterns 

in some species are largely regulated by endogenous rhythms that govern not only 

reproduction, but other developmental and biological functions such as growth and 

seasonal activity (Brown et al. 2013; Román-González et al. 2017). These rhythms may 

be caused by an internal oscillator, allocating energy based on life history requirements on 

seasonal, annual or decadal cycles (Román-González et al. 2017). 

To understand how climate interacts with fundamental biological processes such as 

reproduction, we first need to identify these innate internal rhythms (Ainley et al. 2013; 

Doney et al. 2012), especially for slow paced species, including many Antarctic taxa. 

Antarctic marine invertebrates have adapted in situ over millennia to unique conditions 

characterised by low and stable temperatures and extreme seasonality in light and food 

availability (Peck, 2018). Many species have adapted to control and minimise energy 

expenditure (Brockington & Clarke, 2001; Peck, 2016), and exhibit extended reproductive 
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cycles, where gametogenesis often takes 18-24 months to complete instead of the 6-12 

months characteristic of their temperate counterparts (Brockington et al. 2007; Grange et 

al. 2007). 

The Antarctic sea urchin, Sterechinus neumayeri, is one of the most functionally important 

Antarctic shallow marine species. It has a circumpolar distribution and is the most 

dominant echinoid in the near-shore benthic community, having recorded abundances up 

to 223 individuals m-2 (Brockington, 2001). Sterechinus neumayeri is an important 

predator and grazer. It is also a model research species due to its ease of husbandry, 

including laboratory spawning and larval culture (Bosch et al. 1987; Stanwell-Smith & 

Peck, 1998). The urchin also has an extended 18-24 month gametogenic cycle 

(Brockington et al. 2007). 

This study aims to document the reproductive ecology of S. neumayeri across multiple 

years, characterising seasonal and interannual variability and the key factors underpinning 

reproductive allocation. To this purpose, I investigated the reproductive cycle of S. 

neumayeri over a seven-year period (2012-2018). Seasonal and interannual variations in 

reproductive condition were explored in relation to locally measured environmental 

variables (e.g., temperature, chlorophyll a, etc.) and the regional climate metrics SOI and 

SAM due to their influence in the Southern Ocean and connection with extreme events. 

2.2 Methods 

2.2.1 Study site and sampling 

Sterechinus neumayeri were collected from Hangar Cove (67°33'54.2"S 68°07'13.1"W), 

located near the British Antarctic Survey’s Rothera Research Station on the Western 

Antarctic Peninsula (Figure 2.1). Adult urchins (19-51 mm diameter; n=16) were collected 

monthly (weather permitting) from 2012 to 2018 by SCUBA divers (13-21 m depth), with 

the exception of a 6-month gap from August 2015 to January 2016, when thin ice 

prohibited access to the collection site. Specimens were preserved in 10% buffered 

formalin solution until analysis. 
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2.2.2 Measuring reproductive condition 

Gonad Index (GI), oocyte size and tissue composition in females and maturity stage in 

males were used to describe urchin reproductive condition. Total gonad wet mass was 

measured, and water content and dry gonad mass obtained from subsamples of gonad 

tissue. GI was used instead of direct gonad mass to allow for differences in animal size, 

and was derived by calculating the gonad mass as a proportion of total body size 

according to equation (3), following Bronstein et al. (2016): 

GI = 
Total gonad dry mass (mg)

Test diameter (mm) 
                                        (3) 

A subsample of wet gonad tissue was examined for oocyte size and tissue composition 

for females, or maturity stage for males following standard wax  histology procedures 

(Alturkistani et al. 2015). In brief, tissue was dehydrated in a graded isopropanol series, 

Figure 2.1: Location of Hangar Cove study site at Rothera Point, Adelaide Island, 

Antarctica (67°33'54.2"S 68°07'13.1"W) and insert map showing Rothera Point on 

Western Antarctic Peninsula. Marine environmental data are collected at the site south 

west of Rothera Point as part of the British Antarctic Survey Rothera Time Series 

monitoring programme (RaTS). Large-scale map indicates the position of Rothera 

Research Station on Adelaide Island, on the Western Antarctic Peninsula. Figure modified 

from Grange et al. (2011). 
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cleared in XTF clearing agent, embedded in paraffin wax, sectioned at 7 µm and stained 

with haematoxylin and eosin. 

Individuals were sexed and female tissue sections viewed under a light microscope 

(Olympus BHS (BH-2)) at x10 magnification and photographed using a Nikon D5000 

camera (Appendix A, Figure A6). To obtain oocyte size data, outlines were drawn around 

representative oocytes in images using imaging software, Fiji (image-J v2) (Rueden et al. 

2017; Schindelin et al. 2012). Only oocytes with a visible nucleus or nucleolus were 

measured to ensure oocytes were centrally sectioned and maximum circumferences 

measured. Where possible, at least 5 females were analysed each month and 100 

oocytes measured at random per female. Subsamples of 100 oocytes were used to 

calculate an average oocyte size distribution (Brockington et al. 2007). Oocyte area (A) 

was used to calculate the Equivalent Circular Diameter (ECD) according to equation (4), 

used in previous studies (Lau et al. 2018; Reed et al. 2014) to determine the size of a 

spherical oocyte with an equivalent area. 

ECD=√
4A

π
            (4) 

Male tissue sections observed under light microscope at x10 magnification were staged 

for maturity based on the development of the testes. Testis maturity level (Appendix A, 

Figure A7) was categorised from representative images following Brockington et al. 

(2007): 

Stage 1: Spent/Recovering: Lumen empty. Nutritive phagocyte (NP) tissue lining is of 

variable thickness and possibly a thin layer of spermatogonia on the germinal epithelium. 

Stage 2: Growing: Spermatogonia visible on germinal epithelium; spermatozoa present at 

moderate density in lumen. 

Stage 3: Mature: Lumen densely packed with mature spermatozoa in swirls. Lumen stains 

intense blue. Spermatid production may still be evident. Nutritive tissue generally highly 

reduced. 

To visualise changes in male maturity as a continuous variable, both seasonally and 

across years, the occurrence of each stage was converted to a percentage frequency for 

each month ((number of individuals at given stage / number males sampled in month) 

x100). Percentage frequency of maturity stage was then modelled as a smoothed function 

for month, using the local regression smoother (LOESS) method (Cleveland, 1979). 
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2.2.3 Nutritive phagocytes (NPs) 

Sea urchin gonad tissue serves two functions. Tissues contain both the developing 

gametes and NPs, a storage tissue. Variation in GI is thus a product of variation in both 

tissue types and not limited to maturing gametes. Understanding how the proportions of 

these tissues change seasonally is important to understanding gonad function and 

interpreting seasonal GI variation. Images taken for oocyte size were, therefore, used to 

quantify proportions of NPs to oocytes in female gonads. For this purpose, three females 

from each month were selected at random, where for each, three images of histological 

sections from different areas in the gonad were used to provide a representative 

assessment. The relative areas occupied by germ cells and NPs were calculated using Fiji 

(image-J v2) ‘Area’ tool. This process involved first selecting only NPs as defined by 

specific colour thresholds and converting these areas to a mask. The mask % area 

relative to the image was then calculated. This process was also applied to oocytes. 

Gonad tissue was almost exclusively formed from oocytes and NPs, hence % area of NPs 

and oocytes was calculated relative to the total gonad tissue area in each image. 

To relate NP and oocyte % areas to gonad size and inform how these proportions 

contribute to seasonal GI variation, NP and oocyte proportions in the gonad were 

averaged across individuals for each month using images that were of highest quality from 

across the time-series. Following this, NP and oocyte percentages were scaled to 

represent relative proportions of the corresponding GI (averaged for all females for each 

month). Gonad oocyte and NP proportions were calculated based on % area tissue 

coverage estimates from image analysis according to equation (5). 

(
Ao

Ao+Anp
) =AAo; (

Anp

Ao+Anp
) =AAnp                              (5) 

AAo ̅̅ ̅̅ ̅̅ ̅× GI̅̅ ̅=Oocyte proportion of the gonad 

AAnp ̅̅ ̅̅ ̅̅ ̅̅ × GI̅̅ ̅=Nutritive phagocyte proportion of the gonad 

Where Ao = Percentage area of oocytes; Anp = Percentage area of nutritive phagocytes; 

AAo = adjusted area of oocytes relative to gonad tissue total area; AAnp = adjusted area 

of nutritive phagocytes relative to gonad tissue total area; AAo ̅̅ ̅̅ ̅̅ ̅ = monthly mean of AAo; 

AAnp ̅̅ ̅̅ ̅̅ ̅̅  = monthly mean of AAnp; GI̅̅ ̅= monthly mean of female GI. 

2.2.4 Environmental covariates 

Environmental data were collected weekly from Ryder Bay (67°34'12.0"S 68°13'30.0"W), 

~ 4km west of Hangar Cove. This oceanographic sampling regime is an on-going part of 

the Rothera Oceanographic and Biological Time Series (RaTS) that has run continuously 
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since 1997  (Clarke et al. 2008; Venables et al. 2013). Data from March 2012 to March 

2018 were obtained for physiological drivers including temperature and salinity (at 15m 

depth), as well as sea-ice extent and chlorophyll-a (Chl-a) concentration (a proxy for food 

availability). The regional climate metrics, Southern Oscillation Index (SOI) and Southern 

Annular Mode (SAM), were also considered as a covariate measure. SOI was 

represented as the standardised anomaly of the mean atmospheric sea level pressure 

(MSLP) difference between Tahiti and Darwin (Australian Bureau of Meteorology), 

calculated according to equation (6). 

SOI = 10 
Pdiff-  Pdiffav

SD(Pdiff)
                                        (6) 

Where Pdiff   = (average Tahiti MSLP for the month) - (average Darwin MSLP for the 

month); Pdiffav = long-term average of Pdiff for each month, SD (Pdiff) = long-term 

standard deviation of Pdiff for the month in question. 

SAM was represented as the standardized 3-month running mean value of the Antarctic 

Oscillation index, reported by NOAA National Weather Service Climate Prediction Centre.  

2.2.5 Data analysis 

Data were initially tested for normality and homogeneity of variance, and identification of 

outliers and between-variable relationships, as per Zuur et al. (2007). A chi-squared test 

was used to assess whether sex ratios deviated from 1:1. A t-test was used to determine 

differences in size (i.e. test diameter and whole animal mass) and GI between males and 

females. An analysis of variance (ANOVA) was also used to determine differences in 

oocyte size between months of comparable gametogenic maturation/ stage across the 

time series (i.e., between years). Where significant difference were found (p <0.05), the 

ANOVA was followed by a post-hoc Tukey pair-wise test.  

An initial linear regression model of GI with time revealed patterns in the residuals, 

indicating an underlying non-linear relationship. Following this, a generalised additive 

model (GAM) was used to examine factors influencing reproductive state (Zuur et al. 

2007). The response variable, GI, was used as a measure of reproductive state and 

modelled against smoothed ecological and environmental variables. Time, Chl-a, 

temperature, fast ice concentration, salinity, SAM and SOI were considered in the model 

as continuous predictors. Month and season were considered as factors accounting for 

seasonal periodicities and modelled as main effect predictors using cyclic cubic 

regression splines, and finally sex was considered both as an interactive and main effect 

predictor. To meet the assumptions of normality, GI was square root transformed. 
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An initial pair’s plot was constructed to determine co-linearity between predictor variables 

before adding them to the model. Of the explanatory variables that correlated (threshold 

correlation for inclusion = 0.50), the most ecologically relevant variable was included in the 

initial model. If both variables were ecologically relevant, then the weakest predictor was 

removed. Penalised cubic regression splines were used to estimate the smooth function 

for each non-cyclic predictor variable and with knots limited to 5 which was deemed 

adequate to explain the data, without over-fitting (Burnham & Anderson, 2002). Using the 

“FSSgam” package in R (Fisher et al. 2018) a full-subsets information theoretical 

approach was used to compare a complete model set of all predictor variables from the 

environmental and ecological data available. Other relevant R packages for the model 

included the “MuMin” and “mgcv” packages (Wood, 2011) . 

All candidate predictors were considered during the initial model exploration and ranked in 

order of conditional probability, calculated by the ‘Akaike Information Criterion’ (AIC). 

Variable weights were ranked by importance and predictors ranking low were excluded. 

Residuals from the ‘best’ model were checked for normality and homogeneity of variance 

using the “gam.check” function in the “mgcv” package. 

Decomposition analysis was carried out on the gonad index time series data as an 

alternative method, to identify any overall trends and seasonal components. This analysis 

produced results very similar to the GAM model and did not provide any additional 

information. However, this additional analysis did substantiate the GAM model results 

(Appendix A, Figure A8).  Decomposition of the environmental variables was also 

explored and trends, seasonal cycles and residual variations were observed in relation to 

the GI trend. Decomposition of the environmental variables allowed the trends observed 

for each factor to be regressed against SOI to determine how this large-scale climate 

metric might relate to single variables measured in the time series. Lag effects were also 

considered and incorporated where visualisation of the trends alluded to a delay in 

biological response. The R code for this analysis is given in the Supplementary 

information (Appendix A, Text A1). 

2.3 Results 

The total number of female urchins collected each year exceeded the number of males. 

Overall, the sex ratio was significantly skewed towards females at 1.32:1 (chi-squared = 

13.38, p < .001, n = 718) (Appendix A, Table A1). The gonad index was significantly 

higher in females (t(661) = 2.26 , p = 0.024) however there was no significant difference in 

animal size between the sexes (Appendix A, Table A2). 
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2.3.1 Seasonal cycles 

Males and females exhibited seasonal cycles in GI, oocyte size, nutritive phagocyte 

proportions and male maturity (Figure 2.2), where both males and females presented 

synchronous cycles, although there was considerable individual variability. GI peaked in 

June and September for both males (12.8 ± 1.97 SE and 9.54 ± 1.48 SE, respectively) 

and females (11.1 ± 1.05 SE and 12.6 ± 1.24 SE, respectively). In both cases, GI then 

decreased to a minimum in January (5.74 ± 0.59 SE for males, and 5.67 ± 0.40 SE for 

females, Figure 2.2A). For females, mean oocyte size, measured as ECD; µm, increased 

from January to peak in July (74.4 µm ± 0.57 µm SE), followed by a decline and a 

subsequent increase again in September (71.8 µm ± 0.68 µm SE).  Mean ECD then 

decreased from September to a minimum in January (46.3 µm ± 0.31 µm SE, Figure 

2.2B). The proportion of gonad area dedicated to NPs was inversely related to ECD (r2 = 

0.45, p < .001), where, as oocytes matured, relative proportions of NPs decreased (Figure 

2.2C). However, as a proportion of GI, NPs increased in April to 60.8% ± 2.1% SE of GI, 

and then again in December to 79.6% ± 2.0% SE of GI. At its lowest, the proportion of GI 

accounted for by NPs declined to 49.5% ± 2.8% SE of GI in August (Figure 2.3). The 

overall GI pattern with 2 peaks resulted from the combined variation in oocyte and NPs. 

The proportion of males in spent and recovering maturity stages peaked in January 

(52.0% ± 13.2% SE), followed by increasing proportions of individuals transitioning to 

growing stages of maturity, peaking in May (75.7% ± 7.0% SE, Figure 2.2D). Following 

this peak, proportions of mature males increased from May to October/November 

(peaking at 87.7% ± 10.3% SE of individuals), from which point the proportion of spent 

and recovering individuals increased again until January (Figure 2.2D). 
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Figure 2.2 Monthly changes for Sterechinus neumayeri in a) gonad index for males (blue) 

and females (red); b) mean equivalent circular diameter (ECD) of oocytes present in 

female gonads; c) percentage (%) of gonad tissue in females composed of nutritive 
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phagocytes; d) percentage frequency (%) of male gonad maturity stages where 

frequencies are smoothed by the function y~x using the local regression smoother 

(LOESS) method. The smoothing span was chosen to reflect seasonal changes. Data as 

box plots are displayed with the central line in the boxes representing the median value, 

the upper and lower hinges representing the 25th and 75th percentiles, and the upper/lower 

whiskers representing the largest/smallest value, no further than 1.5 times the interquartile 

range from the hinge. All data outside these ranges are plotted as points. 

 

Figure 2.3: Monthly female gonad index as proportional area of nutritive phagocytes (NP) 

and oocytes. Monthly data for proportions are ± the standard error of the NP or oocyte 

equivalent GI based on replicate months. Chlorophyll data are represented on the 

secondary y-axis and have been averaged from the time series (2012 – 2018), ± standard 

error. 

2.3.2 Changes in Gonad Index 

The partials plot analysis revealed co-linearity between temperature and Chl-a (Pearson’s 

r = 0.73) and between salinity and temperature (Pearson’s r =0.54). Therefore, based on a 

weighted importance analysis, only Chl-a was included in the model. The starting model fit 

(null model) was as per equation (1). 
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                                  Gonad Index= f (Time)+ ε  (1) 

  Where f is the smoothing function. This model had an AIC of 1368. Initially, single 

environmental variables considered as potentially ecologically influential, were added to 

the model. Following automated comparisons of all possible model variations, Chl-a was 

identified as the main environmental predictor of GI variation, with sex as a factor and as 

an interaction with the smoothed functions of time and Chl-a. Since other single 

environmental variables were not considered significant, the large-scale climate metrics, 

SOI and SAM, were included as additional factors to Chl-a and sex. There is some 

evidence that SOI and the SAM can influence each other (Fogt et al. 2011). However, the 

partials plot in the time-series did not reveal co-linearity between SAM and SOI. Other 

studies have also reported weak relationships between these metrics (Kwok & Comiso, 

2002; Santamaría-del-Ángel et al. 2021). As such, I included both metrics in the model 

since both were significant factors in explaining some of the remaining variance in GI and 

together, improved the model AIC. It should however be noted that the SAM had the 

lowest relative importance comparative to other variables in the model (Appendix A, 

Figure A1). The final model resulted as per equation (2). 

Gonad Index= f (Time, by= Sex) + f (Chlorophyll, by Sex) +            (2) 

f (SOI, by Sex) + f (SAM) + Sex+ ε 

This model had an AIC of 1259, compared to the null model. This model was ranked 

highest with regards to AIC, and explained 41.4% of the variance in GI. Model predictions 

fitted well with the raw data and aside from the functions of time and sex, environmental 

covariates, Chl-a, SOI and SAM, were considered the best predictors of variance in GI, 

explaining 12.4% of the variance. The model met the assumptions of homogeneity of 

variance and model residuals were normally distributed. All Cooks distance values were < 

0.034 and were not considered influential (Montgomery & Peck, 1992). 
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Figure 2.4: Smoothers of the effect of the four non-parametric terms: time, Southern 

Oscillation Index (SOI), chlorophyll and Southern Annular Mode (SAM), on the gonad 

index of Sterechinus neumayeri, from the optimal GAM model. Shaded area represents a 
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95% confidence interval and data points represent raw gonad index data. The magnitude 

of change in gonad index as a response to the change in the x-variable is represented on 

the y-axis as the square-root transformed gonad index. For the axis ‘time’, year intervals 

are plotted on every 1st January. Green represents males and yellow represents females. 

The estimated covariate smoothers (Figure 2.4) show there was a positive relationship for 

the smooth function of time, where both male and female GI increased from mid-2013 to 

mid-2016. Male GI then declined until the end of the time series suggesting a multiyear 

trend. The variation in GI explained by the model was limited by the individual GI 

variability within each month sampled. However, the model captures the overall increasing 

and decreasing trend observed over time.  

For the covariate SOI, there were limited data for extreme negative SOI values of < -15, 

and so over-interpretation of the model predictions at this tail end was avoided. In 

comparison, data collected for SOI values > -5 were comprehensive and showed a 

negative association between GI and SOI for females when SOI was positive. This was 

not the case for males, where the relationship was not significant. For the covariate SAM, 

there was evidence of a bell-shaped curve in the relationship, with GI values peaking at 

SAM values of 0. Negative and positive SAM values resulted in lower GI. There was less 

certainty in the negative association between GI and positive SAM values due to the 

increase in the 95% confidence interval (CI) and the poor fit between the data points and 

the model prediction. As such, over-interpretation of this association was avoided. 

There was good data coverage at low Chl-a concentration because of the highly seasonal 

productivity. However, the association of GI with Chl-a concentration was negative for 

males from concentrations exceeding 1.5 mg m-3. This downward trend followed an initial 

increase in GI for both males and females at low Chl-a concentrations.  This inverse 

relationship was also evident from the decomposition analysis, where seasonal cycles 

were extracted from both GI and Chl-a (Figure 2.5). 
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Figure 2.5: Seasonal cycle of gonad index for males (solid green line) and females (solid 

yellow line), extracted from decomposition analysis, overlaid on seasonal cycle of 

chlorophyll (dotted black line) extracted from decomposition analysis. 

Chlorophyll and temperature trends, extracted by decomposition analysis, showed 

positive linear relationships with SOI, where positive values of SOI (La Niña) correlated 

with high temperature (R2 = 0.207, p < .001) and Chl-a concentrations (R2 = 0.226, p 

< .001) (Appendix A, Figure A2 and A3). Other variables lacked significant linear 

relationships, lagged or unlagged, with the SOI trend. 

2.3.3 Oocyte growth and maturation 

Oocyte mean diameters varied significantly between years for the months March-August 

and also for November and December, with March having the most interannual variability. 

For all other months, the mean ECD was not significantly different between years 

(Appendix A, Table A3). 

Size distributions of developing oocytes within individual females were bimodal for most 

months of the year (i.e., from February/March, through to October). In December oocyte 

sizes were mostly 6–80 µm. The oocyte distribution then broadened, with bimodal peaks 

appearing from January to February/March, and oocyte sizes ranging from 12-122 µm.  In 

July, the frequency of large oocytes (80-135 µm), peaked at 51.1 % ± 4.9 % SE, and 

steadily decreased until November, when they almost disappeared from the distribution 

accounting for 9.6 % ± 2.5 % SE of the distribution. Over this period, a cohort of small 

oocytes (12-80 µm) increased in frequency from 49.0 % ± 4.9 % SE in July, through to 

90.4 % ± 2.5 % SE in December (Appendix A, Figure A4). 
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2.3.4 Male maturity 

Males varied in reproductive maturity on both seasonal and interannual scales. 

Substantial individual variation was evident since the maturity categorisation was broad, 

with 105 ± 20 S.D. individuals in each category emphasising the large variation. Across 

the time-series, from March 2012-2017, there were periodicities in the proportion of 

maturity stages present (Figure 2.6). A distinct bell curve in the proportion of mature 

males occurred from March 2012-2015, peaking in March 2013. This distribution 

overlapped almost simultaneous bell curves in spent/recovering and growing stages, 

which peaked in March 2015 and November 2015, respectively. 

2.4 Discussion  

Data presented here comprise the longest reproductive time series of an Antarctic benthic 

marine invertebrate to date and are the first to provide evidence that reproductive 

allocation may be accumulated across a multiyear scale with no evidence for an 

environmental link. Where multiyear studies have been conducted, evidence is building 

that some marine invertebrates have endogenously driven growth and reproductive 

cycles, in which environmental variation is independent, or interacts with this internal 

rhythm to regulate reproductive investment and growth over time (Román-González et al. 

2017; Takemura et al. 2010). The model outcomes suggest a multiyear trend in 

reproductive investment which could suggest an innate endogenous rhythm. Owed to the 

Figure 2.6: Long-term changes in the percentage frequency (%), represented as a density 

plot, of maturity stages in the male sample population from March 2012 - March 2017.  

Frequency densities derived from (LOESS) method. The smoothing span was chosen to 

reflect long-term changes rather than seasonal variability. 
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number of years comprising the time series, repetition of this trend has not been captured 

in my dataset and therefore it is necessary to interpret these results with caution. 

However, several studies have recorded multiyear cycles of similar periodicities in a range 

of Antarctic species. For the crab-eater seal around the Antarctic Peninsula, the juvenile 

leopard seal at Macquarie Island, and the Weddell seal in McMurdo Sound, 4-5 year 

intervals for both reproduction and population peaks have been identified (Testa et al. 

1991).  Other Antarctic research has shown that some bivalves exhibit endogenous 

growth cycles, with a 9.06 year cycle present for Aequiyoldia eightsi, and two endogenous 

cycles of 5 and 6.6-years reported for Laternula elliptica (Román-González et al. 2017). 

There is therefore evidence for a temporal mediator of growth and reproductive 

investment in Antarctica, possibly because of low temperature effects on biological rates 

and extreme seasonality, where it may take multiple years to build reserves, with seasonal 

spawning and growth taking place against a backdrop of long-term investment over 

several years. 

The very small number of multiyear investigations suggests endogenous cycles in growth 

and reproduction may be more common than previously identified. A similar trend to that 

identified in GI was also evident in the male maturity data, where I observed a single peak 

in each maturity stage across a 5 year period, with the ‘growing’ phase of maturity, 

matching the shape of the curve for variation in male GI. Extreme interannual variation in 

reproductive condition and a circaseptennial rhythm (7-year cycle) has been previously 

proposed for S. neumayeri (Brockington et al. 2007) based on studies of the Pacific purple 

sea urchin, Strongylocentrotus purpuratus (Halberg et al. 1987). 

Alongside the temporal signal in GI, my data also indicate that there is environmental 

entrainment of this periodicity as the whole population builds gonad and spawns 

synchronously across the cycle. This entrainment likely arises from a combination of 

factors. However, my analysis identified a negative relationship in female GI when the SOI 

signal is positive (La Niña) and negative relationship in both male and female GI when the 

SAM signal is negative. Climate coupled atmospheric-oceanic-sea-ice processes, like SOI 

and SAM, are known to impact ecosystem variability in Antarctica, especially for the 

Antarctic Peninsula (Loeb et al. 2009; Saba et al. 2014; White et al. 2002). These effects 

could result from direct links caused by changes in physical factors including ocean 

temperature, or else indirect links resulting from altered primary productivity and food web 

dynamics (Cavanagh et al. 2017; Santamaría-del-Ángel et al. 2021; Vergani et al. 2008). 

Effects could also result from a combination of, or synergistic interactions between, 

factors. Isolating a single cause and effect of these large-scale climate indices is 

challenging, when many environmental factors are closely linked and the consequences 

of change in one variable cascades through multiple physical and biological pathways 

(Clark et al. 2013). 
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Relationships between SOI and climate parameters in Antarctica are non-linear, but there 

is strong evidence that El Niño and La Niña signals are translated widely across the 

southern hemisphere (Schneider et al. 2012; Turner, 2004). Here La Niña episodes have 

been correlated with warm SST anomalies and decreased sea-ice extent, while El Niño 

episodes produce opposite effects (Welhouse et al. 2016; Yuan, 2004). The time series 

encapsulates El Niño years up to values of -20, and La Niña values of +10. The model 

predictions indicate a negative association with reproductive investment for females when 

SOI is positive (La Niña), and a positive association when SOI is negative (El Niño). 

Reasons for this are unclear, however the regression analysis of Chl-a and temperature 

against SOI, suggest that positive SOI correlated with higher temperatures and higher 

chlorophyll concentrations, outside the usual seasonal variation. These relationships 

would likely have implications for sea-ice cover and water column stratification (Conde & 

Prado, 2018; Loeb & Santora, 2012). Because of this interaction of factors, the SOI can 

be used to highlight extremes in the environment and multifactorial shifts, rather than that 

of a single mechanism driving an ecological response.  

The drop in GI at positive SOI (La Niña) is only present in females. Reasons for this could 

be owed to a higher energy requirement for oocyte development (Gómez-Robles & 

Saucedo, 2009; Moran et al. 2013). Therefore, reproductive costs for females may be 

higher and trade-offs in energy allocation to reproduction may be necessary during 

periods of environmental change (Gómez-Valdez et al. 2021). Possible changes in 

environmental variables as a result of La Niña events may then result in a reduction of GI 

indices for females only.  

Impacts of large-scale climate metrics on Antarctic biodiversity have been identified 

across a range of taxa. Mammals including Weddell seals and Elephant seals have 

reproductive rates in phase with the SOI (Testa et al. 1991; Vergani et al. 2008). Other 

studies have shown strong links with plankton population abundance and krill reproductive 

recruitment success (Loeb et al. 2009), and seasonal vertical migration behaviour (La et 

al. 2019).  Abundance of the planktonic tunicate, Salpa thompsoni has also been 

correlated with SOI (Loeb & Santora, 2012), as well as 5-year cycles in abundance peaks 

for krill, Euphausia superba, where high abundance was associated with greater sea-ice 

extent (Steinberg et al. 2015). The authors are unaware of any studies that demonstrate 

such correlations for Antarctic benthic species or SOI effects on species or ecosystems 

this far south. 

Interestingly, studies have shown that the SAM is more closely linked to interannual sea 

surface temperature variability around the WAP, compared to SOI (Santamaría-del-Ángel 

et al. 2021). The model exploration shows that the SOI accounts for more of the variability 

in the GI of S. neumayeri than the SAM, and both temperature and SAM had low relative 



Chapter 2 

25 

importance in predicting GI. These results further suggest that temperature is likely not the 

most important or only driver of reproductive processes in these thermally sensitive 

species, and instead there is more complexity underlying the interaction between large-

scale climate metrics, local environmental drivers, and biological functioning.  

Temperature and Chl-a variation can be seasonal drivers of reproductive cycles (Grange 

et al. 2004; Zhadan et al. 2018). My results show that Chl-a concentration co-varies with 

reproductive condition in S.neumayeri, where the negative relationship between GI and 

Chl-a alludes to spawning being correlated with Southern Ocean summer phytoplankton 

characteristics (Rozema et al. 2017; Starr et al. 1990). Model predictions show that when 

Chl-a concentrations increase, GI declined, which is indicative of spawning. The 

relationship between GI and Chl-a may be indirect, whereby spawning is initiated prior to 

the bloom either by a trigger  associated with early phytoplankton increase to facilitate 

feeding of planktonic larval stages (Bosch et al. 1987) or another environmental factor co-

varying with Chl-a. This hypothesis would also result in a negative association between 

trends in GI and Chl-a. Again, we see different responses for males and females to high 

Chl-a concentrations. Since the GI relationship with Chl-a is likely a result of spawning, it 

may be that we observe a smaller reduction in GI in females following spawning due to 

the presence of nutritive phagocytes (NPs). I provide evidence that NPs are still present in 

the gonad following spawning, and hence will contribute to the higher post-spawning GI. 

Although I do not have NP data for males in this study, for the temperate sea urchin, 

Strongylocentrotus droebachiensis, the volume of NP in males was lower than in females 

throughout the gametogenic cycle (Harrington et al. 2007). If NPs contribute less to the GI 

in males, it is reasonable that we would see a larger decline in GI following spawning.  

Seasonal patterns in S. neumayeri reproduction were evident in GI, male maturity and 

oocyte size distributions, all of which exhibited periods of maturation and growth, followed 

by phases that implied spawning across several months (e.g., decreasing GI, decreasing 

mean oocyte size for females, or increasing spent/recovering stages for males). Monthly 

changes in GI during the year highlight this reproductive seasonality. However, for 

urchins, gonad tissue comprises both germ cells (gametes) and NPs (Magniez, 1983; 

Pérez et al. 2008). My data demonstrate that fluctuations in female GI are caused by both 

the maturation of gametes and changes in gonad proportions dedicated to NPs. These 

changes are clearest in April, where GI increases significantly from March. However, this 

GI increase is due primarily to larger NP increases, rather than oocytes. The April GI peak 

for females follows the end of the summer phytoplankton bloom and suggests the 

resultant phytodetrital pulse to the seafloor is the primary nutritional source for this 

species. This explanation is further supported by fluctuations in S. neumayeri gut mass 

during the season. Gut mass decreases during the first half of the austral winter, when 

feeding activity ceases, followed by stabilisation until the onset of feeding in November 
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(Brockington, 2001).  Gut index data for S. neumayeri in 2017/18 also supports this finding 

(Appendix A, Figure A5). NPs accumulate in late summer and early winter. During the 

period of cessation of feeding in winter NPs transfer nutrients to developing gametes. NP 

stores are also used to meet the urchin’s energy requirements for metabolic maintenance  

during this time (Hernandez et al. 2020). My results suggest these nutrient stores are 

important reproductive reserves in S. neumayeri as proportions vary inversely with mean 

oocyte size and NPs are depleted as reserves are mobilised to maturing gametes. 

This research demonstrates the need for long-term multiyear studies that encapsulate 

endogenous and environmentally driven reproductive investment against a backdrop of 

seasonal change. Relationships between reproductive cycles and single environmental 

variables are well reported, where spawning often coincides with seasonal changes (e.g., 

in temperature and chlorophyll). However, gradual environmental shifts over several years 

are rarely encompassed by single variable studies. Furthermore, it is more likely that such 

change occurs from alterations in multiple interacting variables. Large-scale climate 

metrics (e.g., SOI and SAM), can capture shifts in multifactorial environmental states and 

highlight how environmental alterations translate into ecological processes. 

Identifying endogenous rhythms for growth and reproduction enables the partitioning of 

these processes from the effects of small-scale environmental change and large-scale 

environmental cycles on marine biodiversity. I have identified a potential multiyear trend in 

reproduction in a polar sea-urchin, Sterechinus neumayeri, from a seven-year dataset. 

There may be even longer cycles, and cycles like these may be cumulative across 

decades or multi-decadal timescales.  To identify such long-term trends requires very long 

sampling and monitoring programmes, but these would be invaluable when assessing the 

impacts of the current environmental change that is occurring over decadal to centennial 

scales 
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Chapter 3  Functional thermal limits are 

determined by rate of warming during 

simulated marine heatwaves 

This chapter has been published as:  

De Leij, R., Grange, L. J., & Peck, L. S. (2022). Functional thermal limits are determined 

by rate of warming during simulated marine heatwaves. Marine Ecology Progress Series, 

685, 183-196. https://doi.org/https://doi.org/10.3354/meps13980 

Abstract 

Marine heatwaves (MHWs) are increasing in both intensity and frequency against a 

backdrop of gradual warming associated with climate change. In the context of MHWs, 

animals are likely to experience sub-lethal rather than lethal effects, defining long-term limits 

to survival and/or impacting individual and population fitness. We investigated how 

functional sub-lethal limits track critical thresholds and how this relationship changes with 

warming rate. To this end, we monitored basic functioning, specifically the ability to right, 

feed and assimilate energy, as well as oxygen consumption rate in the common Antarctic 

sea urchin Sterechinus neumayeri. Water temperature in experimental systems was 

increased at rates of 1, 0.5 and 0.3°C d−1, in line with the characteristics of MHW events 

previously experienced at the site where the study urchins were collected on the Antarctica 

Peninsula. Functioning was assessed during the simulation of MHWs, and sub-lethal limits 

were determined when the rate of functional degradation changed as temperature 

increased. Results suggest that thermal sensitivity varies between the key bio - logical 

functions measured, with the ability to right having the highest thermal threshold. Functions 

deteriorated at lower temperatures when warming was more rapid (1°C d−1), contrary to 

lethal critical thresholds, which were reached at lower temperatures when warming was 

slower (0.3°C d−1). MHWs and their impacts extend far beyond Antarctica, and in this 

context, my analyses indicate that the onset rate of MHWs is critical in determining the 

ability of an organism to tolerate short-term elevated temperatures. 

3.1 Introduction 

Historical temperature records have revealed positive temperature trends for the majority 

of the Earth’s surface (Myrvoll-Nilsen et al. 2019), with the oceans being key to the 

regulation and capture of much of the excess heat present in the atmosphere (Marshall et 

al. 2015). As a result, marine environments are changing both physically and biochemically 

(Bopp et al. 2013). Included in these changes is the occurrence of marine heat waves 



Chapter 3 

28 

(MHWs), which are increasing in duration, magnitude and frequency, with alarming 

ecological consequences (Garrabou et al. 2009, Rubio-Portillo et al. 2016, Oliver et al. 

2018). Physiological flexibility of species is crucial to survival during MHW events (Peck 

2011), and species at low latitudes may be able to acclimate and adapt across generations 

to altered environments (Donelson et al. 2012, Salinas & Munch 2012, Clark et al. 2019a). 

As a result, predicting effects of MHWs on lower latitude species may need to consider 

shifting thermal ranges as these species adapt to climate change. It is unlikely that the same 

will apply to Ant arctic species, since many are physiologically limited by their capacity to 

acclimate and adapt to new temperatures because of their long generation times and 

delayed reproductive maturity (Peck et al. 2014, Peck 2018). For example, several 

invertebrate species such as the Antarctic scallop Adamussium colbecki, the limpet Nacella 

concinna and the bivalves Laternula elliptica and Adacnarca nitens take 4−7 yr to mature. 

The Antarctic bivalve Aequiyoldia eightsi starts reproducing at around 12 yr (Peck & 

Bullough 1993), and the brachio pod Liothyrella uva can take up to 18 yr before brooding 

young (Peck 2005, 2018, Oliver et al. 2019). 

Predicting species and ecosystem responses to MHWs is challenging, owing to the past 

infrequency and variability of each event (Oliver et al. 2018). However, if we can track the 

functional deterioration of organisms when temperatures exceed their typical thermal range, 

this can inform our understanding of the relationships between the sub-lethal and lethal 

limits likely to be encountered during MHW events.  

For organisms with slow growth and development and long generation times, like many of 

those found in Antarctica, thermal stress caused by MHWs is likely to trigger other 

mechanisms for survival such as biochemical and cellular stress responses (e.g. Clark & 

Peck 2009, Payton et al. 2016). Biochemical and genetic mechanisms, including a range of 

chaperone proteins, provide a short-term buffer that allows functioning to continue 

temporarily at temperatures outside the thermal niche of an organism (Deschaseaux et al. 

2010, Clark et al. 2019b). Once animals are no longer able to maintain basic functions by 

these mechanisms, the sub-lethal limit to survival is reached.  

Data on the functional thermal limits of species and MHW characteristics (i.e. rate, 

magnitude and duration) at which these thresholds are reached are rare, especially in 

fluctuating environments (Janecki et al. 2010, Peck et al. 2014, Ardor Bellucci & Smith 

2019). Little is known about functional deterioration as a species approaches its critical 

thermal limit, and in the context of MHWs, animals are likely to experience temperatures 

that cause sub-lethal rather than lethal effects, defining long-term limits to survival and/or 

inhibiting population health (Pörtner et al. 2007).  

This study aims to understand how functional (sublethal) limits track critical (lethal) limits 

and how this relationship changes with warming rate during a simulated MHW. To this 
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purpose, we monitored the ability to right, feed and assimilate energy, as well as the oxygen 

consumption rate, in the common Antarctic sea urchin Sterechinus neumayeri. 

3.2 Methods 

3.2.1 Sample site and animal collections  

Sterechinus neumayeri were sampled from South Cove, Rothera Point (67° 34’ 09.1” S, 68° 

07’ 52.7” W), from sites near the British Antarctic Survey’s Rothera Research Station on the 

Western Antarctic Peninsula (WAP) during December 2019 (Appendix B, Figure A1). Adult 

urchins (test diameter range: 28−49 mm; n = 120) were collected by SCUBA divers at 

depths of 10−20 m and returned to the Rothera aquarium facility within 2 h of collection.  

Sterechinus neumayeri is one of the most common and locally abundant members of the 

Antarctic marine shallow benthos, forming a significant component of the benthic 

community (Brockington 2001, Pierrat et al. 2012), with reported densities up to 600 m−2 

(Barnes & Brockington 2003). It is a major scavenger of dead organisms and occurs in 

iceberg scours on the shallow Antarctic seabed (Dunlop et al. 2014); it is also a significant 

grazer and bioturbator of sediments (Lenihan et al. 2018). Because of this, S. neumayeri is 

an important carbon transformer in Antarctic shallow seas. Moreover, because of its 

abundance and ease of maintenance in laboratory culture systems, S. neumayeri has been 

the subject of extensive study of its embryonic and larval development, which is highly 

extended, sometimes lasting >100 d (Bosch et al. 1987). This species has also been the 

subject of studies of the effects of temperature on embryonic and larval development 

(Stanwell-Smith & Peck 1998), and the impact of ocean acidification on reproduction 

(Suckling et al. 2014) and energy budgets (Morley et al. 2016). Furthermore, there are long-

term cycles in its reproduction (De Leij et al. 2021). These factors all make S. neumayeri 

one of the most important members of the Antarctic shallow benthic ecosystem and key to 

investigating responses to MHWs. 
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Figure 3.1: Times-series of temperatures (oC) experienced in Ryder Bay, Antarctica, at 

depths of 15 m, represented by the black lines. The data are split into panels to cover the 

entire span of the time-series, where the x-axis represents time in years. Blue lines represent 

the seasonal climatology of the region based on the full time-series of daily temperatures 

(1997 – 2018). Green lines represent the seasonally varying threshold for a marine heatwave 

(90th percentile). Temperatures exceeding the threshold for ≥ 5 days are highlighted in red 

and indicate the occurrence of a marine heatwave. 
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3.2.2 Experimental set-up and warming system  

A decade of temperature data (1997-2017) from Ryder Bay on the WAP (sourced from the 

Rothera Time-Series (RaTS) environmental monitoring programme (Clarke et al. 2008, 

Venables et al. 2013)) was used in the R package “heatwaveR” (Schlegel & Smit, 2018), to 

detect past warming events (Figure 3.1) (see details of  warming event analysis 

methodology and characteristics summary in the Appendix B, Text A1, Table A1, Figure 

A2). Studying the characteristics of these past warming events, including onset rate and 

magnitude, allowed me to set realistic warming rates for the experimental systems.  

Urchins were held in flow-through aquaria (170 l) at ambient temperatures typical for 

December and January (−1.5 to +0.5°C) for 6 wk on a continuous light regime. During this 

time, animals were not fed to allow any ingested food to be processed and the production 

of faeces to cease. The cessation of faeces production is an indicator that metabolic rates 

have reached a ‘standard’ level at the start of the experiment. Previous research suggests 

that these urchins are able to sustain and experience natural periods of starvation for up 6 

mo during winter (Brockington 2001), and hence 6 wk without feeding was unlikely to be 

detrimental to the physiological metrics measured in this study. Previous studies of oxygen 

consumption in Antarctic marine invertebrates has demonstrated that standard levels are 

reached in less, and often significantly less, than this time in the brachiopod Liothyrella uva 

and the limpet Nacella concinna (Peck 1989), in the amphipod Waldeckia obesa (Chapelle 

et al. 1994), in the isopod Glyptonotus antarcticus (Robertson et al. 2001) and in the sea 

star Odontaster validus (Peck et al. 2008).  

After urchins were maintained in the flow-through aquarium (170 l) at ambient temperatures, 

30 urchins were distributed to 4 main aquarium tanks to represent each warming treatment 

and the ambient control treatment. Ur chins were distributed at random. Replication within 

each of these treatments was achieved by floating 5 separate 6 l tanks, each containing 6 

urchins in each main aquarium tank (170 l). Each main aquarium tank functioned as a 

temperature bath (Appendix B, Figure A3; 30 urchins per treatment, 5 replicates per 

treatment where data from urchins in the same replicate floating tank were pooled). 

Temperature treatments were not replicated due to space restrictions. The same treatment 

conditions (i.e. temperature) was translated to all replicate urchins, and as such, 

temperature was closely monitored to note and control variability (Appendix B, Figure A4).  

The water in each floating tank was aerated using air stones and refreshed by 50% water 

change every other day. Water changes not only ensured that overall water quality was 

maintained, but also meant that any metabolic products, especially potentially toxic 

nitrogenous chemical species, were maintained at very low levels. Tank water samples 

were periodically analysed for pH (range: 7.5−8.0), NO2 (0.05− 0.1 mg l−1), NO3 (0.5−1.0 
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mg l−1) and NH4 (stable at 0.1 mg l−1) to ensure good water quality. Throughout the 

experiment, concentrations of the aforementioned compounds remained within the ranges 

stated. Urchins within each replicate tank were separated by aquaria egg crates and fine 

mesh partitions to ensure that individuals were produced was retained within compartments 

(Appendix B, Figure A3). During warming trials, experimental temperatures in the aquaria 

water baths were raised by 1, 0.5 or 0.3°C each evening, depending on treatment. 

Temperatures in the floating tanks increased more gradually than the water baths, allowing 

urchins to adjust slowly to each new temperature. Temperatures were checked every 30 

min after each temperature change to ensure required temperatures were achieved and 

kept constant. Initially, temperatures fluctuated by up to ±0.3°C before stabilising after 1−2 

h. Temperatures were subsequently monitored throughout the following day and held within 

±0.1°C of the target experimental temperature (Appendix B, Figure A4). For ambient 

controls, urchins were held in the aquarium with the set-up and light conditions identical to 

the warming treatment conditions. Temperatures were maintained at those experienced in 

Ryder Bay, which naturally fluctuated between 0.9 and 1.9°C 

3.2.3 Feeding trials 

Urchins were fed pre-portioned amounts of food every 48 h. Previous studies fed S. 

neumayeri high protein diets, such as fish fillets (Polachius virens) (Suckling et al. 2014, 

Morley et al. 2016). In the current study, urchins were fed the foot of the common Antarctic 

limpet N. concinna, which has a comparable protein content to that of P. virens muscle. 

Based on feeding protocols of Morley et al. (2016), urchins were fed ~4% of their mean 

body mass every 3 wk, but this was spread across 48 h feeding increments in order to keep 

feeding activity constant and reduce the variability in daily metabolic activity.  

Limpets were chosen as a food source since nutrient content could be controlled and pre-

portioned. A more representative diet would be a varied one with algal biofilm, animal 

tissues and/or detritus (McClintock 1994). However, administering a varied diet would make 

it difficult to assess the amount of food consumed per urchin at the same time as 

standardising the nutritional content. There is evidence that diet, especially protein levels, 

can affect development and gonad growth (Liu et al. 2007, Zupo et al. 2019) as well as 

ingestion and assimilation rates in sea urchins (Azad et al. 2011). As such, by feeding a diet 

of limpets, it is possible that body condition may be altered and the ability to tolerate stress 

may be improved as a result.  

Feeding was initiated 2 d before the beginning of the experiment to start the digestion 

process. Each urchin was allowed to feed for 48 h before any remaining food was removed 

and refreshed. After 48 h, each urchin was recorded as feeding or not feeding. Infrequently, 

urchins may have only partially consumed the food piece, which was recorded.  
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3.2.4 Faecal collection  

Faecal production began 4 d into the experiment, 6 d after feeding was initiated. The 

presence of faeces was recorded for all urchins every 48 h. To measure faecal production, 

faeces were collected every 48 h by pipette and transferred to Falcon tubes from 10 urchins 

per treatment, where at least 1 sample was taken from each replicate tank within the 

treatment. The same urchins were targeted for faecal collection to minimise subconscious 

preferences towards urchins producing more faeces. This was not always possible since 

sometimes urchins did not produce any faeces or else the critical thermal limit (CTmax) was 

reached, and these urchins were removed. In these cases, a different urchin was chosen 

at random to sample from. For all other urchins, any remaining faecal matter was removed.  

Collected faecal matter was centrifuged and the supernatant seawater decanted. Faeces 

were then rinsed with reverse osmosis purified water by agitating and centrifuging to remove 

any seawater salt. Washed faeces were pipetted into pre-ashed and pre-weighed foil boats 

and dried at 60°C for 24 h. Dry foil boats and faeces were placed in a desiccator to cool and 

then weighed (±1 mg). Dry faeces were subsequently combusted in a muffle furnace at 

475°C for 6 h. Foil boats and ashed faeces were cooled in a desiccator and weighed (±1 

mg). Dry mass and ash-free dry mass (AFDM) (i.e. organic content) were obtained by 

subtraction.  

3.2.5 Respirometry  

Oxygen consumption was recorded for 10 urchins per treatment, sampling 2 individuals 

from each replicate tank within each treatment. Oxygen consumption was recorded for the 

same urchins for every 2°C rise in temperature from ambient in each treatment. Methods 

for measuring oxygen consumption followed those described by Suckling et al. (2015), 

using 200−250 ml volume chambers. For each urchin, live wet mass (±0.01 g) was recorded 

where O2 consumption was measured. AFDM was determined from live wet mass vs. AFDM 

regressions determined from a subsample of urchins (n = 40) collected from the same site. 

To obtain the ash mass of urchins, individuals were weighed live before freezing in liquid 

nitrogen and storing at −40°C. Frozen urchins were then placed in pre-ashed and pre-

weighed ceramic crucibles and dried at 60°C until constant mass was obtained (±0.01 g). 

Once dried, urchins were combusted in a muffle furnace at 475°C for 6 h and subsequently 

weighed to obtain ash mass after cooling in a desiccator (±1 mg).   

3.2.6 Righting  

The time taken for urchins to right themselves was recorded for 10 urchins per treatment, 

sampling 2 urchins from each replicate tank within each treatment. The time taken to right 

was recorded for the same urchins every 2°C rise in temperature from ambient in each 
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treatment. Ten individuals were removed from their experimental tanks and placed in 

individual containers. These containers were previously filled and floated in water already 

at the experimental target temperature. Urchins were immediately inverted following 

transfer from experimental tanks to the floating containers and timed until the individual was 

fully upright. Urchins could not reach the sides of containers to aid in righting. Once righted, 

urchins were returned to their experimental tanks.  

3.2.7 Critical temperature limits (CTmax) 

The CTmax was recorded for all experimental urchins in the warming treatments, where the 

limit was defined as the point at which the individual was unable to right itself within 12 hrs 

and had stopped eating and producing faeces. When an urchin began to show signs of 

reaching the CTmax (not feeding or producing faeces), it was inverted in the tank and left for 

12 h. If the urchin had not righted itself after this period, it was removed and weighed 

suspended in water to obtain its live wet volume (± 0.01 mL). 

3.2.8 Statistical Analysis 

Where multiple urchins were sampled within the same floating tank, measurements of 

feeding, faecal production, righting and oxygen consumption were pooled so that n = 5, and 

the standard errors were calculated from these 5 replicate tanks.  

To determine differences in functional responses between treatments, a 1-way repeat 

measures analysis of variance (ANOVA) was carried out in R (v. 4.0.5). This analysis was 

considered appropriate for this experiment due to the related and non-independent groups 

at each temperature timepoint. For this analysis, treatment group variances were compared 

when treatments reached the same temperature increments. For ambient controls, 

temperature timepoints were aligned with measurements taken at similar dates to treatment 

sampling. Variances were compared between groups and within timepoints for righting and 

oxygen consumption rates, and the resultant p-value was adjusted using the Bonferroni 

correction method. Significant differences (p < 0.05) were followed up with a paired t-test, 

and again, p-values were adjusted using the Bonferroni correction method. Data were 

initially log transformed to ensure that the assumptions of a normal distribution were met. 

Segmented linear regression models were fitted in the R package ‘segmented’ (Muggeo 

2008) to identify breakpoints in the linear relationships between functional process and 

temperature. Breakpoints were identified where the gradient of the relationship changed 

(McWhorter et al. 2018). The change in gradient was used to define the functional threshold 

of the process measured. It was especially important to use a method such as segmented 

regression to identify breakpoints in process rates. Segmented regressions were used to 

model these relationships not necessarily for the purpose of fitting the simplest model, but 
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rather to identify any change in the regressions gradient which then indicated that the 

functional response to temperature increase had changed. In some cases, a linear 

regression would be sufficient to explain the relationship; however, a linear model could 

mask the subtle change in the rate of degradation experienced when a species hits a 

thermal threshold. Alternatives would be to fit curves and identify changes in slope (e.g. 

Pörtner et al. 2006), but curves were not appropriate here. A Davies test was also conducted 

to determine significant (p < 0.05) differences in the gradients of the segmented slopes. 

Size effects on functional response were explored through scatter plots. Where 

relationships were observed, the effect of size (test diameter) and temperature on the 

functional response was assessed with a linear mixed effects model using the package 

‘lme4’ and the function ‘lmer’ in R (v. 4.0.5). Test diameter and temperature were added as 

interacting fixed terms, and replicate tank ID was added as a random effect. Prior to any 

modelling, function responses were transformed to achieve normality in the distribution.  

3.3 Results 

3.3.1 Feeding and faecal egestion  

On average (±SD), 80 ± 19% of animals fed in ambient conditions for the duration of the 

experiment. For the first 4 d of the experiment, in treatments where the temperature 

increase (T) was 1oC d-1, the proportion of animals feeding exceeded all other treatments 

(97 ± 4%), including ambient conditions (87 ± 10%). Fifty percent of animals stopped feeding 

in treatments when temperatures exceeded 7.2, 8.2, and 9.2oC, where T by 1, 0.5 and 

0.3oC d-1, respectively (Figure 3.2).  

A breakpoint (where the slope of the regression changed) for the % individuals feeding was 

identified at 4.0 and 6.2oC in treatments where T 1 and 0.5oC d-1, respectively (Table 3.1). 

However, changes in the segmented slope gradients were not significantly different from 

linear regressions for these two treatments (Davies p = 0.329 and 0.301, respectively). A 

breakpoint for the % feeding in T 0.3oC d-1 was identified at 8.2oC (Table 3.1), from which 

point the % individuals feeding declined rapidly and the relationship between temperature 

and the proportion of individuals feeding became significant (p < 0.001). The mean 

temperature breakpoint for the function of % feeding was 6.1 ± 1.2oC, averaged across all 

treatments. 

The percentage of animals producing faeces tracked the proportion of animals feeding after 

the first 4 d (Figure 3.2). Following each breakpoint, the relationship between temperature 

and % individuals producing faeces became significant (Table 3.1). For the fastest rate of 

warming where T 1oC d-1, a breakpoint was identified at 5.2oC, above which the % 

individuals producing faeces rapidly declined from 100% to 10.3% within 6 days. Where 
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T 0.3oC day-1 and 0.5oC day-1, the regression breakpoint for faecal production was 8.3oC 

and 4.5oC respectively (Table 3.1). The mean temperature breakpoint for the function of % 

producing faeces was 6.0oC ± 2.0oC, averaged across all treatments. 

Table 3.1: Summary statistics for linear regression relationships between the measured 

functions of Sterechinus neumayeri and temperature. β indicates the slope of the linear 

regression lines before the breakpoint (Slope_1) and after the breakpoint (Slope_2); SEa 

indicates standard error for the intercept and slopes; df = degrees of freedom; bold p-values 

indicate significant relationships (p < 0.05) between temperature and the variable measured 

and bold Davies p-values represent a significant change (p < 0.05) in the gradient of the 

slope of segmented regressions. Values in the column BP indicate the localisation of the 

breakpoint or else NA indicates a single linear regression; SEb (standard error) and R2 refers 

to the goodness of fit for the entire model.  

 Function β SE
a
 p-value BP SE

b
 R

2
 

Davies 

 p-value 

Individuals feeding, 1
o
C day

-1
 

(Intercept) 

Slope_1 

Slope_2 

 

89.0 

3.45 

-12.9 

 

25.4 

10.5 

2.35 

df=3 

0.039 

0.764 

0.012 

4.0 14.9 0.894 0.329 

Individuals feeding, 0.5
o
C day

-1
 

(Intercept) 

Slope_1 

Slope_2 

 

110.3 

-6.34 

-11.5 

 

12.7 

3.14 

1.05 

df=7 

<0.001 

0.083 

<0.001 

6.2 6.78 0.964 0.301 

Individuals feeding, 0.3
o
C day

-1
 

(Intercept) 

Slope_1 

Slope_2 

 

95.3 

-2.73 

-20.3 

 

7.53 

1.38 

2.92 

df=12 

<0.001 

0.071 

<0.001 

8.2 8.48 0.922 0.001 

Individuals producing faeces, 1
o
C 

day
-1

 

(Intercept) 

Slope_1 

Slope_2 

-29.0 

24.1 

-13.3 

23.1 

9.54 

2.13 

df=3 

0.298 

0.085 

0.008 

5.2 13.5 0.881 0.019 

Individuals producing faeces, 0.5
o
C 

day
-1

 

(Intercept) 

Slope_1 

Slope_2 

 

34.0 

13.3 

-10.3 

 

28.6 

8.54 

8.68 

df=7 

0.274 

0.162 

<0.001 

4.5 12.1 0.844 0.039 

Individuals producing faeces, 0.3
o
C 

day
-1

 

(Intercept) 

Slope_1 

Slope_2 

 

77.9 

-0.306 

-18.6 

 

11.1 

2.02 

4.29 

df=12 

<0.001 

0.882 

<0.001 

8.3 12.5 0.762 0.006 

Faeces produced, 1
o
C day

-1
 

(Intercept) 

0.645 

-0.040 

0.137 

0.027 

df=14 

<0.001 

0.165 

NA 0.216 0.071 0.858 



Chapter 3 

37 

Slope_11 

Faeces produced, 0.5
o
C day

-1
 

(Intercept) 

Slope_1 

Slope_2 

1.52 

-0.23 

-0.06 

0.214 

0.072 

0.025 

df=31 

<0.001 

0.007 

0.016 

4.9 1.11 0.664 0.043 

Faeces produced, 0.3
o
C day

-1
 

(Intercept) 

Slope_1 

Slope_2 

3.54 

-0.718 

-0.051 

0.509 

0.202 

0.020 

df=34 

<0.001 

0.001 

0.012  

3.3 0.294 0.729 <0.001 

Time taken to right, 1
o
C day

-1
 

(Intercept) 

Slope_11 

-8.60 

6.83  

9.04 

1.35  

df=26 

0.350 

<0.001 

NA 23.3 0.476 NA 

Time taken to right, 0.5
o
C day

-1
 

(Intercept) 

Slope_11 

8.88 

2.61 

5.03 

0.731 

df=26 

0.089 

0.001 

NA 13.1 0.302 NA 

Time taken to right, 0.3
o
C day

-1
 

(Intercept) 

Slope_1 

Slope_2 

14.6 

0.384 

55.7 

20.1 

3.66 

13.8 

df=25 

0.237 

0.459 

<0.001 

8.7 0.556 0.588 <0.001 

Oxygen consumption, 1
o
C day

-1
 

(Intercept) 

Slope_11 

 

1.64 

1.50 

 

1.76 

0.248 

df=28 

0.358 

<0.001 

NA 4.64 0.551 NA 

Oxygen consumption, 0.5
o
C day

-1
 

(Intercept) 

Slope_11  

4.29 

0.611  

1.10 

0.134  

df=33 

<0.001 

<0.001  

NA 3.17 0.368 NA 

Oxygen consumption, 0.3
o
C day

-1
   

(Intercept) 

Slope_11 

 

3.30 

0.957 

 

1.36 

0.185 

df=28 

0.022 

<0.001

  

NA 3.49 0.471 NA 

The mean mass of faeces produced in treatments where T 0.3oC d-1, was significantly 

greater than the faecal mass produced in ambient control conditions and treatments 

where T 1o C d-1, until temperatures exceeded 2.1oC (t(4) = 8.74, p = 0.006 and t(4) = 

5.02, p = 0.044, respectively). Where T 0.5oC d-1, the mass of faeces produced was 

significantly greater than treatments where T 1o C d-1, until temperatures exceeded 

2.1oC (t(4) = 5.31, p = 0.036). Despite this observation, no additional food was consumed 

in these treatments. There was no significant difference between the treatments or control 

as temperatures increased beyond 2.1oC (Appendix B, Figure A5).  

Breakpoints in regressions were identified at 5.0 and 3.1oC for treatments where T 0.5 

and 0.3oC d-1, respectively (Table 3.1). The breakpoints for these regressions marked a 

reduction in the gradient of the 2nd slope, whereby faeces produced d-1 mg-1 AFDM as a 

function of temperature decreased at a slower rate as temperatures increased. The mean 

 

1 Reporting only a single slope (Slope_1) indicates that no breakpoint was detected in the 
regression and therefore statistics for a single linear regression model is reported for the data.  
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temperature breakpoint for faeces produced was 4.1 ± 0.95oC, averaged across the 

slowest (T 0.3oC d-1) and intermediate (T 0.5oC d-1) rates of warming. 

3.3.2 Righting  

In treatments where T 1oC d-1, time taken to right became significantly longer than 

ambient controls when temperatures reached 9.2oC (t(4) = 6.06, p < 0.022). For treatments 

where T 0.3oC d-1, time taken to right only became significantly longer than ambient 

controls just before CTmax was reached, when temperatures reached 11.2oC (t(4) = 6.04, p 

< 0.023). For treatments where T 0.5oC d-1, time taken to right never exceeded ambient 

controls significantly, however mean righting times were consistently higher than control 

conditions throughout the warming period (Appendix B, Figure A6).  

A breakpoint in the linear regression was identified at 8.7oC in treatments where 

temperature was raised at 0.3oC d-1 (Table 3.1). The relationship between temperature 

and the time taken to right became significant above this breakpoint temperature (p 

<0.001). For the other treatments righting time increased linearly without a breakpoint in 

the regression.  

The interactive effect of urchin size and temperature on the time taken to right was 

significant (t(204) = 2.11, p = 0.034), where larger urchins took longer to right at higher 

temperatures (Appendix B, Figure A7, Table A3).  

3.3.3  Oxygen consumption  

Oxygen consumption rates were significantly higher in heatwave treatments compared to 

ambient controls when temperatures reached 7.2oC for all treatments. However, oxygen 

consumption rates were significantly higher than ambient controls from lower 

temperatures of 3.2oC in treatments where T was 0.3oC d-1 (t(4) = 5.62, p = 0.030) and 

5.2oC in treatments where T was 1.0oC d-1 (t(4) = 4.98, p = 0.045). Overall, there was a 

positive linear trend between oxygen consumption and temperature for all treatments. 

However, at T of 1oC d-1, a drop in O2 consumption occurred at 9.2oC, and at T of 

0.3oC d-1, a drop occurred just before the CTmax at 11.2oC.  

O2 consumption increased at a faster rate per increase in temperature where warming 

rates were fastest at 1oC d-1 (slope gradient = 1.50) and increased at the slowest rate 

when warming rates were slowest at 0.3oC d-1 (slope gradient = 0.96) (Table 3.1). No 

breakpoint was identified in any treatment.   
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3.3.4 CTmax  

The CTmax for urchins in treatments where T was 0.3, 0.5 and 1oC d-1 ranged from 10.6 - 

13.8, 11.2 - 13.7, and 12.2 - 14.2, respectively. The effect of warming rate on the CTmax 

was significant (F(2, 12) = 7.29, p = 0.008), with post-hoc analysis identifying that for 

treatments where temperature increased at the fastest rate (1oC d-1), the CTmax was 

significantly higher compared to treatments where temperature increased at a slower rate  

(0.3oC d-1) (t(8) = -6.02, p = 0.001).  

Across all functions where breakpoints were identified, the slowest rate of warming (0.3oC 

d-1) had a mean temperature breakpoint of 7.1 ± 1.3oC. In comparison, the mean 

temperature breakpoint was 5.2 ± 0.5oC, and 4.6 ± 0.6oC for intermediate (0.5oC d-1) and 

fast (1oC d-1) warming rates, respectively.  
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 Figure 3.2: Sterechinus neumayeri.  Biological functions measured in Sterechinus 

neumayeri in experimental conditions where temperatures were increased daily by 0.3oC, 

0.5oC and 1oC. Functions in warming conditions are plotted against increasing 

temperature and ambient control treatments are plotted against the number of days in the 
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experiment. Data points represent the pooled data within replicate floating tanks (n=5). 

Regressions are either segmented or linear depending on the optimum R2. 

3.4 Discussion  

MHWs are predicted to increase in frequency, intensity and duration in the coming 

decades. Deterioration of basic animal functioning, critical for long-term survival, will likely 

be a more frequent consequence of the short-term warming (i.e. weeks to months) caused 

by MHWs, rather than mortality. However, little is known about functional impacts, 

especially thresholds and how these limits deteriorate with respect to CTmax. By 

understanding how key biological functions are affected by short-term temperature 

elevations and different warming rates, we can better understand how extreme climate 

events, typified by short-term warming, may impact individuals and populations, and 

hence communities.  

In this study, we investigated the effect of warming rates typical of those expected during 

Antarctic MHW events on the functioning of the Antarctic sea urchin Sterechinus 

neumayeri. Functional thresholds were identified using segmented regressions, where a 

breakpoint indicated a gradient change in the response trend with temperature. The 

identification of regression breakpoints, or slope changes has been used previously to 

define ecological thresholds, and is considered a more flexible and realistic approach 

when interpreting complex, often non-linear, ecological relationships (Piepho & Ogutu 

2003, Ferrarini 2011, Morley et al. 2014). Several studies have shown that faster warming 

rates result in higher CTmax in terrestrial (e.g. Terblanche et al. 2007, Allen et al. 2016) and 

marine (Peck et al. 2009) species. These observations, along with the CTmax data in this 

study, follow the failure rate model proposed by Kingsolver & Umbanhowar (2018), who 

showed that critical limits are reached at lower temperatures when warming accumulates 

over extended periods. However, the results for functional thermal limits follow the 

opposite trend to the CTmax, where functions are impacted negatively at lower 

temperatures when warming is rapid. Overall, in this study higher functional thresholds 

were reached when temperatures were raised slowly (thresholds averaging 8.3 ± 1.3°C). 

At the faster warming rates, functional thresholds were lower (5.4 ± 0.5°C or 4.6 ± 0.6°C). 

There was even evidence that some functions declined linearly, with significant 

deterioration from temperatures +2.8°C above ambient when warmed at the fastest rate. 

Thus, short-term exposure to more extreme temperatures has more impact on functioning 

than longer, chronic exposure to more slowly elevated temperature  

Although metabolic acclimation is unlikely over such short time periods (apparent from the 

oxygen consumption data here, and also previous research on long-term acclimation of S. 

neumayeri; Peck et al. 2014, Suckling et al. 2015), short-term acclimation for some 

functions might be possible after an initial shock response when temperatures are 
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increased slowly. In my study, the shock response did not appear to subside at faster 

rates of warming, and instead mean functional thresholds were lower as warming rate 

increased. These results suggest that functional and lethal limits are likely driven and 

determined by different mechanisms. Previous studies have shown that lethal limits are 

likely set by one or both of physiological processes or cellular and biochemical 

mechanisms. At very rapid rates of warming, such as 1°C h−1 or 1°C d−1, physiological 

mechanisms such as nervous and circulatory failure appear to be the limiting factors 

(Young et al. 2006, Pörtner et al. 2007, Bilyk & DeVries 2011). At slower rates of warming 

(1°C every 3 d to 1°C mo−1), cellular and biochemical mechanisms such as accumulation 

of toxic products, e.g. protein carbonyls, enzyme tolerances or insufficiency of chaperone 

protein capacity appear to be limiting (Peck et al. 2009, Clark et al. 2017, 2018). The 

factors setting thermal limits and responses to warming were recently shown to be highly 

species specific (Clark et al. 2021, Collins et al. 2021).  

The results also indicate that thermal sensitivity varies among key biological functions. For 

example, the function of righting in urchins was similar between treatments and ambient 

control conditions until temperatures reached 9.2°C for the fastest rates of warming, and 

the highest breakpoint of 8.7°C was identified for the slowest rates of warming. However, 

lower thresholds were identified for the other functions related to digestion such as % 

feeding or % producing faeces. Variation between functional thresholds could be related 

to function complexity, where a function involving multiple processes would be more likely 

to fail (Pörtner et al. 2007, Stevens et al. 2010, Peck 2011). Another explanation could be 

related to the extent to which functions limit survival and fitness, where the energy 

reserves of an organism allow for short periods of negative energy balance. In Antarctic 

marine species, such periods of negative energy balance can be very long, extending to 

months or even years of low food supply or starvation, because of the extreme 

environmental seasonality and the very low metabolic energy use characteristic of this 

fauna (Brockington et al. 2001, Harper & Peck 2003, Obermüller et al. 2010). However, 

being able to right provides immediate protection from predation, equivalent to 

mechanisms such as the ability to stay attached to the substratum in limpets (Morley et al. 

2012b) or reburying in infaunal clams when disturbed and removed from the sediment by, 

for example, iceberg scour (Peck et al. 2004). Finally, where a function has a higher 

metabolic energy demand, it is more likely to be limited by food availability and energy 

delivery capacity (van der Meer 2006, Morley et al. 2012a, Peck 2018).  

The breakpoints identified for the mass of faeces produced might not indicate a functional 

threshold. Instead, the initial high faecal production in the slowest and intermediate 

warming rates is likely a result of the initial increase in temperature causing food to move 

faster through the urchin, as also seen in the Antarctic plunderfish Harpagifer antarcticus 

(Boyce et al. 2000). This elevation in faecal production was only observed when 
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temperatures increased initially, after which faecal production reduced to rates similar to 

ambient control conditions. This effect was not observed in treatments with the fastest 

rates of warming since these slight increases in temperature of 1−2°C were likely not 

maintained long enough for gut passage rate to increase. Therefore, the results indicate 

that the breakpoints for faecal production may not have any direct implications on 

functionality and instead give evidence for the relationship between temperature and gut 

evacuation rate.  

In thermally stressed environments, animals usually increase their oxygen uptake in order 

to meet increasing demands of functional processes (Gillooly et al. 2001). However, when 

oxygen uptake is increased, yet functioning deteriorates, it is hypothesised that this 

indicates a threshold where uptake, transport and delivery of oxygen can no longer meet 

the functional demands of the animal. This theory has been termed the oxygen and 

capacity limited thermal tolerance (OCLTT) hypothesis (Pörtner et al. 2017). This theory 

focusses on the limitations set by the physiology of an animal. However, as temperature 

increases, the concentration of oxygen diminishes, further reducing the availability of 

oxygen to the animal and potentially amplifying the effects of OCLTT. Reducing the 

concentration of oxygen in the water can limit functioning (Peck et al. 2007, Pörtner et al. 

2007), and as such, the functional thresholds identified in this study may not only indicate 

thermal limits but may also be influenced by the reduced oxygen content as temperatures 

increased. If oxygen concentration was controlled and elevated throughout warming, the 

functional thresholds identified would likely be higher (Pörtner et al. 2006). However, 

warmer oceans will be accompanied by lower oxygen concentrations (Oschlies et al. 

2018, Spicer et al. 2019) and the functional thresholds determined in this study will be 

more representative of a natural system than if oxygen were controlled.  

Food availability and quality can also be a significant factor in determining functional 

scope (Welch et al. 1998, Lemoine & Burkepile 2012, Cheng et al. 2018), whereby the 

nutritional status and condition of the animal could affect energy delivery capacity similarly 

to OCLTT. For example, feeding and digestive capacity limited the thermal tolerance of 

juvenile spiny lobsters Sagmariasus verreauxi (Fitzgibbon et al. 2017), and the digestive 

capacity and food intake of individuals at high temperatures was related to depressed 

mitochondrial respiratory capacity in brown trout Salmo trutta (Salin et al. 2016). The 

capacity to assimilate energy would also play a role in determining energy delivery to 

tissues and is determined by physiological processes including consumption rate, 

absorption of food and gut evacuation rate (Boyce et al. 2000, Angilletta 2001). Hence, 

assimilation itself is energetically demanding and may limit functional thermal thresholds 

(Sandersfeld et al. 2015, Salin et al. 2016).  

Thus, OCLTT may be a possible mechanism for determining functional limits observed in 

my experiments. However, there is no empirical support in the data for this theory. In both 
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experiments and in natural MHWs, other factors are likely to be involved, and obtaining 

sufficient energy from food may be necessary for successful functioning. Impacts on 

animal condition from warming may be especially important in highly seasonal polar 

environments where warming in winter, when food supplies are scarce, would increase 

energy use with little or no opportunity to mitigate the cost (Peck 2018). Species such as 

S. neumayeri that have been shown to spend periods in winter up to 7 mo without feeding 

(Brockington 2001) may be particularly vulnerable to such impacts.  

My experiment included a period of 6 wk without feeding to allow metabolic activity to 

stabilise and be comparable between individuals. However, a caveat to this initial 

standardisation of conditions could influence the physiological response of the urchins to 

the warming in treatments. Nutritional status has been shown to affect the reproductive 

state of S. neumayeri, with a reduction in gonad index and maturation of gametes 

following 6 wk without food, compared to animals foraging naturally in the environment 

(De Leij 2021). Functional capacity has also been affected in other invertebrates under 

low food coupled with environmental stress; for example, blue mussels Mytilus edulis had 

a reduced ability to repair shells when high CO2 was coupled with low food (Melzner et al. 

2011), and green sea urchins Strongylocentrotus droebachiensi exhibited severe 

metabolic acidosis when exposed to elevated CO2 with empty digestive tracts (Stumpp et 

al. 2012). Hence, we might consider that the elevated temperatures coupled with the 

suboptimal nutritional status at the start of the experiment may have impacted the thermal 

limits of certain functions. This would likely have resulted from a mismatch between a 

limited energy supply and stores, and an increased energy demand of the animal. 

However, the data in this study shows a reduction in the number of urchins feeding as 

temperatures increase, suggesting that food was not the limiting factor when this species 

approached its functional thermal limits.  

From my analysis of the Rothera Time-Series environmental data, previous MHW events 

reached maximum temperatures of 2.3 ± 0.36°C, with onset rates of 0.3°C d−1. Days at 

heatwave status have extended up to 95 d, and cumulative intensities (a combination of 

temperature intensity and heatwave duration) have reached maxima of 54°C × day 

(Appendix B, Figure A2). Mean climate temperatures are predicted to shift by +2°C by 

2100, and with that, climate extremes such as MHWs will increase in magnitude relative to 

this shift (IPCC 2014, 2019). My results suggest that functions such as feeding and faecal 

egestion are likely to be affected by MHW events occurring in 2100, if not before, and this 

will include increased metabolic demands with consequent impacts on annual energy 

budgets.  

For a long-lived (>40 yr; Brey et al. 1995) and slow to mature (8−9 yr; Peck 2018) species 

such as S. neumayeri, there will be less scope for phenotypic and genotypic adaptations 

to a warming climate as might be possible for short-lived and rapidly maturing species 
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(Peck 2011, Donelson et al. 2012, Salinas & Munch 2012). However, there may still be 

opportunity for S. neumayeri to adapt to a warmer world. Within 80 yr (2020−2100), 8 

generations of S. neumayeri will have succeeded the present population, and in the year 

2100, the 5th, 6th and 7th generation could be present and reproducing in populations 

around Antarctica. If we consider the evidence of its capacity to acclimate, it may be 

possible for S. neumayeri to acclimate and adapt successfully to function in a +2°C 

warmer world (Morley et al. 2016). It is still uncertain, however, how this species will 

respond to acute warming, like that experienced during MHWs, in this warmer climate. 

The data in this study cannot be used to predict the implications of acclimation and 

adaptation on the subsequent tolerance to MHWs for S. neumayeri. Instead, the data 

provide insight into the effect of onset rate of acute warming, the thermal vulnerability of 

key biological functions and the difference between critical and functional thermal limits. 

Thus, according to my data, we could see reduced energy availability for S. neumayeri 

from changes in feeding and food processing rates during MHWs in warmer oceans, 

which would very likely reduce survival in marginal environments.  

Following the results from this study, it would be important to explore recovery following 

MHW events. The data indicate reduced functioning as temperatures are raised across all 

rates of warming. However, the ability and rate of S. neumayeri to resume ‘normal’ 

functioning if returned to ambient temperatures is uncertain. The marine snail Littorina 

littorea loses motility under thermal stress, but when temperatures are lowered again, this 

function returns (Hamby 1975). To resume a single function may not indicate full recovery, 

and my study shows that different biological functions have varying thermal tolerances. As 

such, performance of all functions, including metabolic activity, would need to return to 

baseline levels for an animal to recover completely (Walter et al. 2013). Developing our 

understanding of recovery following acute warming and even the effects of repeat MHW 

events, could better predict the long-term implications of MHWs for this species. It is 

important to note that the functional and critical limits measured in this study are likely an 

example of a ‘best case scenario’. 

Experiments such as these can only predict the isolated effects of one variable. However, 

the additional energetic costs associated with physical factors such as salinity change and 

biological factors including varying food quality and quantity, species interactions, 

diseases and scavenging for food, need to be included before we can obtain dependable 

predictions for ‘real world’ scenarios that give information relevant to the variable 

conditions experienced across a species distribution range. What is limiting at the range 

margins for a species will differ from core areas (Kolzenburg et al. 2021). My data 

highlight that the deterioration of functioning when temperatures are raised, especially 

during MHWs, has implications for long-term survival and physiological functions. 

Therefore, functioning should be considered when determining organism thermal limits, 
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rather than traditional critical thermal limits. My findings show that fitness cannot be 

determined from a single function and instead functions vary in thermal sensitivity. A 

whole-organism approach to functional fitness is therefore necessary, considering 

functional complexity, importance and energetic demand. My results suggest that contrary 

to the relationship between critical thermal limits and onset rate, functional degradation 

occurs at lower temperatures when exposed to rapid warming (1°C d−1). Therefore, when 

investigating the impact of MHWs on organisms and populations, it is important to 

consider the key features of the heatwave event, including the onset rate, exposure 

duration and how these characteristics act together to determine functional thresholds. 
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Chapter 4 Repeat marine heatwaves in a future 

climate: functional responses of the Antarctic 

sea urchin, Sterechinus neumayeri 

Abstract 

Against a backdrop of climate change, extreme events such as heatwaves are predicted 

to increase in duration, frequency, and magnitude over the next 80 years. Marine species 

will therefore experience acute changes superimposed on a chronic warming trend. The 

thermal thresholds of species will hence need to be broad enough to encompass these 

high temperatures or else alter optimal performance temperature ranges through 

processes such as acclimation to sustain functions and persist in the future. This study 

investigated the ability of the Antarctic sea urchin, Sterechinus neumayeri, a species that 

typically experiences a narrow temperature envelope of ±2oC, to acclimate to 

temperatures predicted for the end of the century in the marine environment. Following 

acclimation, the ability of S. neumayeri to function during simulated marine heatwaves 

(MHWs) (i.e., repeated acute warming cycles) was investigated. MHW simulations were of 

magnitudes, durations and frequencies previously experienced on the Western Antarctic 

Peninsula (WAP) over the past 20 years (1998 – 2018); and also aimed to be 

representative of future conditions. To investigate acclimation potential, experimental 

urchins were exposed to chronic warming of 2oC for 8 months prior to MHW simulations 

(i.e., warm-acclimated), whereas control urchins were unheated (i.e., cold-acclimated). 

Animal functioning in terms of oxygen consumption rate, righting response, feeding 

behaviour and energy assimilation were measured following acclimation and then during 

the MHW simulations. The results show that S. neumayeri can alter optimal performance 

temperatures through long-term acclimation. Oxygen consumption rates in S. neumayeri 

were overall elevated in warm-acclimation, however this was in line with what would be 

expected from a 2oC temperature increase with regards to Q10 values. In addition, the 

increase in oxygen consumption rate over baseline levels produced by acute warming 

was less in warm-acclimated compared to cold-acclimated urchins. Warm-acclimation 

appeared to enhance respiratory recovery following acute warming, however righting 

response times increased following acute warming, suggesting poorer recoverability. 

Despite warm-acclimation having some benefits for this species, there were still elevated 

oxygen consumption rates, lower energy assimilation rates and longer righting times 

following warm-acclimation, and acute warming from the MHWs caused significant and 

sustained increases in energy requirements. This research suggests that species, even 

those typically adapted to cold and narrow thermal regimes, may be able to cope with 

acute warming experienced during MHWs. Some may even enhance their thermal 
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resilience following acclimation to the gradual temperature increases predicted for 2100. 

However, the impact of acute thermal stress from repeat MHWs at both ambient and 

future temperatures will result in significant energetic trade-offs, with the potential for 

marked effects on functioning and hence distributions.  

4.1 Introduction 

Global climate records demonstrate a warming trend, with current research focussed on 

the potential impacts of regional change and mean rates of warming (Abram et al. 2016; 

Bilbao et al. 2019; Spence et al. 2017). Superimposed on this mean warming trend is an 

increase in the intensity and frequency of climate and weather extremes, with shifts in 

mean environmental temperature and more acute ‘extreme’ temperatures predicted 

(Frölicher & Laufkötter, 2018; Peck, 2005). Events such as marine heat waves (MHWs) 

have already been documented and are predicted to increase in magnitude, frequency, 

and duration under future environmental scenarios (Oliver et al. 2018). Under current 

national policies, the relative mean spatial extent of a MHW is predicted to become on 

average 21 times larger, ten times longer in duration (112 days), and six times more 

intense (max intensity 2.5°C) compared to preindustrial times (1861 - 1880), by the end of 

the 21st century (Frölicher et al. 2018).  

Natural drivers of temperature variability in the oceans include large-scale climate modes 

and natural environmental cycles such as the El Niño-Southern Oscillation (ENSO), with 

both the frequency and intensity of MHWs strongly influenced by ENSO events, especially 

in the Southern Hemisphere (Oliver et al. 2018). In addition, variation in seawater 

temperature is influenced by changes in atmospheric circulation (Clem et al. 2020; Turner 

et al. 2016), solar output (Tett et al. 2002), and volcanic activity (Bilbao et al. 2019). 

However, currently 87% of MHWs are attributable to human-induced warming caused by 

greenhouse gases, sulphate aerosols, and ozone depletion (Stott et al. 2004). If global 

warming exceeds 2oC, the percentage of MHWs attributed to human-induced warming is 

expected to rise to nearly 100% (Frölicher et al. 2018).  

Acclimation capacity is one of the key factors that is likely to determine an organism’s 

survival in a future climate (Calosi et al. 2008; Peck, 2011; Somero, 2010; Stillman, 2003) 

and can be defined as the ability of an organism to alter its optimal performance 

temperature and critical thermal limits with changing temperatures (Rohr et al. 2018). 

However, acclimation to warmer temperatures  may have consequences to overall fitness, 

where maintenance costs and overall energetic demands may increase (van der Meer, 

2006; Woodin et al. 2013).  
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Acclimation capacity is often determined by changes in acute CTmax following long-term 

exposure to altered conditions (Cheng et al. 2018; Morley et al. 2019; Peck et al. 2014; 

Sunday et al. 2019). Changes in functional metrics have also been investigated following 

acclimation, including cell stress responses (Clark et al. 2019b), proteomic changes 

(Garland et al. 2015), reproductive development (Foo & Byrne, 2017; Suckling et al. 

2015), heart and circulatory function (Joyce et al. 2018), activity and locomotion (Azra et 

al. 2018), and oxygen consumption (Morley et al. 2016; Peck, 1989), as well as changes 

in population biomass and abundance (Pansch et al. 2018).  

Factors determining an organism’s acclimation capacity can be a combination of species 

traits, including activity levels and mobility (Peck, 2011; Peck et al. 2009), metabolic 

regulation ability (sensu Marshall & McQuaid, 2020), and then at the organism level, the 

thermal history, life history stage, and body size on an individual (Peck et al. 2007, 2009, 

Giomi et al. 2016, Cassidy et al. 2020, Ern et al. 2020, Gårdmark & Huss 2020).  

Some marine ectotherms have shown a beneficial acclimation response (Collins et al. 

2021; Deere & Chown, 2006). For example, the bivalve Perna viridis attained Arrhenius 

breakpoint temperatures 9oC higher after warm acclimation (Cheng et al. 2018), and the 

gastropod mollusc, Marseniopsis mollis, increased CTmax by 2.3oC  after warm acclimation 

(Peck et al. 2010). However, this response is not universal, and as the number of species 

studied increases, there is growing evidence for significant interspecific variability in the 

thermal acclimation capacity of organisms, even within similar thermal environments 

(Clark et al. 2019a; Peck et al. 2010; Peck, 2018). For example, the Antarctic benthic 

gastropod mollusc Marseniopsis mollis, increased its acute upper temperature limit by 

2.3oC following acclimation to +3oC for 60 days (Peck et al. 2010). In contrast, the bivalve 

mollusc, Yoldia eightsii, the brachiopod Liothyrella uva and the amphipod Paraceradocus 

gibber, all collected from the same location, experienced no change in temperature limits 

following the same acclimation (Peck et al. 2010). However, it was later reported that 

some Antarctic species require very long times to complete temperature acclimation, with 

some species such as the sea urchin Sterechinus neumayeri requiring between 6-8 

months to acclimate to 2oC (Suckling et al. 2015) and the limpet Nacella concinna 

requiring at least 9 months to acclimate to 2.9oC (Morley et al. 2011).  

Ecological stress memory is the mechanism whereby an organism’s response to future 

thermal stress events is modified by its previous experience (sensu Walter et al. 2013). 

This response can be either manifest as a cumulative negative effect, or a positive effect 

due to acclimation or ‘heat hardening’ (Bilyk et al. 2012a; Bowler, 2005). There is 

evidence of both these responses in the marine environment (Bard & Kieffer, 2019; Bilyk 

et al. 2012a; Pansch et al. 2018; Peck et al. 2014; Suckling et al. 2015).  
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The aim of this study was to determine: 1) if there is evidence of successful acclimation in 

the urchin, S. neumayeri, following long-term exposure to temperatures predicted for the 

end of the century; 2) if acclimation to near-future temperatures affect the physiological 

response of S. neumayeri to MHW events; and 3) the effect of repeated MHW events on 

the physiology of both cold and warm-acclimated S. neumayeri. To address these aims, I 

exposed two groups of S. neumayeri for 8 months to a cold-acclimation temperature of 

0oC and a warm-acclimation temperature of 2oC. Following acclimation, urchins were 

exposed to repeat heatwave simulations with frequency, magnitudes, and onset rates 

similar to those expected under an environmental-future scenario predicted by the IPCC 

(IPCC, 2014), climate models (Oliver et al. 2019), and from data on warming events 

previously experienced on the WAP. Physiological responses including oxygen 

consumption, righting response and feeding metrics were measured during MHW events 

and in the recovery periods between events to assess the effects of warming acclimation 

and repeat heatwaves on physiological status. 

4.2 Methods 

4.2.1 Animal collections and experimental conditions 

Urchins were collected from Hangar Cove, Rothera Point (67°33'54.2"S 68°07'13.1"W), 

located on the WAP in the austral summer 2019. 300 urchins were SCUBA-diver collected 

at depths of 10-20 m and returned to the Rothera aquarium facility within 40 minutes of 

collection. Urchins were subsequently transported back to the UK via a temperature-

controlled transport aquarium and held at the British Antarctic Survey (BAS) aquarium 

facility for 18 months. For the first 7 months, urchins were held across two, 280 L tanks 

and temperatures were maintained at -0.2oC. Once a week, animals were fed a diet of 

frozen krill.  

Acclimation of urchins to experimental temperatures began in February 2020, whereby 

150 urchins were acclimated to the average ambient austral summer temperature of 0oC. 

The other 150 urchins were acclimated to a future summer temperature of 2oC based on 

IPCC estimates for 2100 average global sea temperature rise (IPCC, 2014). To reach this 

value, temperatures were gradually raised by 0.5oC increments across a two-week period.  

Urchins were held at treatment temperatures for a further 8 months in line with the 

previously published period required for S. neumayeri to acclimate to a temperature 

increase of 2oC (Suckling et al. 2015). Animals continued to be fed a weekly diet of frozen 

krill for the duration of the experimental acclimation period.  
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Following the 8-month acclimation period, urchins were evenly distributed across six tanks 

in total, three replicate tanks at ambient and three replicate tanks at future temperatures, 

resulting in 50 urchins per tank. Each tank system was separate and fitted with a protein 

skimmer (V2 skim Pro 450, TMC), a biofilter (ZB-300 Ziss Aqua Bubble Bio), and aerators. 

Since the tank systems were not flow-through, 50% water changes were performed three 

times a week, and concentrations of Nitrite (NO2
-) and Ammonium (NH4

+) were measured 

twice weekly (JBL ProAquaTest, Water Test Kit). Water changes not only ensured that 

overall water quality was maintained, but also meant any anaerobic by-products that had 

accumulated were removed. Throughout the experiment, concentrations of NO2
- and NH4 

remained well within the test kit manufacturers advised ranges (NO2
-
 <0.2 mgL-1, NH4 <1.2 

mgL-1) (Appendix C, Figure A1 and A2).  

Urchins were transferred to an artificial diet two weeks prior to the MHW simulations to 

mimic the nutrient availability of their natural environment. The diet (Vitalis© Marine 

Grazer) constituted 31% protein derived from fish, algae, molluscs, crustaceans and 

minerals. Based on feeding protocols in Morley et al. (2016), urchins were fed ~4% of their 

mean body mass every  three weeks, but this was spread across weekly feeding 

increments in order to monitor feeding activity on a weekly basis, reduce the variability in 

metabolic activity, and reduce nutrient loading in the tanks following large food additions. 

Considering this, the diet was provided at 32 mg dry mass urchin-1 week-1. The amount 

was justified since it was within the typical average gut content of S. neumayeri (11 mg – 

79 mg dry mass urchin-1) previously observed in wild populations at South Cove, Rothera 

Point during the summer period, Nov – Jan (Brockington et al. 2001). Despite the 

experiment being conducted in Oct – Dec, it was thought that summer feeding levels 

would be required considering temperatures were similar to those experienced in summer. 

Within each tank, five urchins were isolated in small floating tanks and fed a greater 

portion of 64 mg mass urchin-1 week-1, directly to enable food to be given in excess and 

hence assess consumption rates when food was not limiting. Feeding was allowed for 48 

hrs, after which all food was removed. 

4.2.2 Marine heatwave simulations  

The magnitude, length and frequency of MHWs during the experiment were based on the 

characteristics of past warming events in the WAP region. This information was derived 

from the Rothera Time Series (RaTS), a long-term environmental monitoring programme 

that measured sea surface temperatures weekly, from 1997 to 2017.  

The R package “heatwaveR” (Schlegel & Smit 2018), was used to detect past MHWs, 

defining characteristics such as onset rate, duration, magnitude, and annual frequency 

(Appendix C, Figure A3). These values were used as a guide to design realistic warming 
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events. The median rather than mean was used for duration due to the large variability 

between events. The maximum magnitude experienced during a MHW (2.0oC) was used 

as the target peak for each MHW, and an onset rate of 0.5oC per day, slightly faster than 

that experienced in the environment, was implemented due to experimental time 

constraints. The frequency of events was set as three MHWs since the current average is 

two per year, and frequency of events are set to increase.  

4.2.3 Physiological measurements 

Oxygen consumption was recorded for 10 urchins per treatment, sampling 10 individuals 

randomly selected across the replicate tanks within each treatment, along with one control 

chamber (no animal) placed in each of the replicate tanks. Oxygen consumption was 

measured one week before warming began, at the peak of each MHW, and then again 

one week following the peak. Methods for measuring oxygen consumption followed those 

described by Suckling et al. (2015), with chambers ranging from 190 cm3 – 300 cm3 

volume. For each urchin, where O2 consumption was measured, volume (± 1 cm3) was 

recorded and the respirometer volume was adjusted for this. Ash free dry mass (AFDM) 

(i.e., organic content), was determined from volume vs AFDM regressions derived from a 

subsample of urchins (n = 48). For the purpose of obtaining the AFDM of urchins, 

individuals were weighed live before freezing at -80oC. Test diameter (± 0.1 mm) of frozen 

urchins was measured before they were placed in pre-ashed and pre-weighed foil boats 

and dried at 60oC until constant mass was obtained (± 0.01 g). Once dried, urchins were 

ignited at 475oC for 6 hrs and remaining material weighed to obtain ash mass once cooled 

(± 1 mg). 

As mentioned before, five individuals were isolated for the duration of the experiment in 

floating tanks and fed pre-weighed diet. After 48 hours, any remaining food was collected 

and dried in pre-ashed and pre-weighed foil boats at 60oC for 24 hours. Foil boats and 

dried food were placed in a desiccator to cool and then weighed to obtain dry weight (± 1 

mg) before being ignited at 475oC for 6 hrs. Foil boats and ignited faeces were then 

cooled in a desiccator and weighed (± 1 mg) to allow AFDM to be obtained by difference 

with dry mass. All faeces produced in the seven days following feeding were collected and 

centrifuged so the supernatant seawater could be decanted. Faeces were then twice 

rinsed with RO (Reverse Osmosis purified) water by agitating and centrifuging to remove 

any residual seawater salt. Washed faeces were pipetted into pre-ashed and pre-weighed 

foil boats. Dry and AFDM were obtained as previously.   

The time taken for urchins to right themselves when turned upside down was recorded for 

10 urchins per treatment, sampling 10 individuals randomly selected across the replicate 

tanks within each treatment. The time taken to right was recorded one week before the 
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initiation of MHW trials, at the peak of each MHW event and then 2 weeks following the 

peak, just prior to the next phase of warming. Righting was also measured 21 days 

following the final MHW event. To measure time taken to right, urchins were selected at 

random and isolated in floating containers. Urchins were immediately inverted following 

transfer from experimental tanks to the floating containers and placed in positions that did 

not allow tube feet to attach to the sides of containers. Time taken for the individual to fully 

right itself was recorded and once righted, urchins were returned to the main tank. 

4.2.4 Data analysis  

To translate mass measures of feeding and faecal production into energy, the mass of 

food consumed (AFDW g) was expressed as energy consumed (kJ week-1urchin-1), where 

energy content of the food was derived from conversion factors based on the nutritional 

content of the diet (Table S1). The energy content of the faeces was assumed to be the 

same composition in the diet based on studies which have shown that in urchins the 

overall calorific content of faeces is not significantly different to that of the diet consumed 

(Dethier et al. 2019). As such, energy assimilation efficiency (%) was calculated from the 

difference between the energy content of the food consumed, and the energy content of 

the faeces produced using the following equation:  

Energy assimilation efficiency (%) = 

Energy content of food consumed (kJ) - Energy content of faeces (kJ)

Energy content of food consumed (kJ)
 ×100 

The Conover ratio, representing the proportion of organic matter lost from the food during 

passage through the digestive tract (Conover, 1966), was calculated using the following 

equation: 

Conover ratio (%) =  
AFDM food – AFDM faeces

(1-AFDM faeces) × (AFDM food)
  x 100  

The relationship between the feeding data (Conover ratio and energy consumption) and 

experimental duration was expressed as a segmented regression to identify changes in 

feeding behaviour where a change in the slope of the linear regression occurred (a 

breakpoint) (McWhorter et al. 2018). Segmented linear regression models were fitted 

through the R (v. 4.0.5) package ‘segmented’ (Muggeo, 2008) and a Davies test was 

conducted to determine significant (<0.05) differences in the gradients of the segmented 

slopes. For the scatter plots of feeding metrics, data were first pooled across urchins 

within tanks (n = 5), and then the average and standard error of the pooled urchin data 

was calculated across replicate tanks (n = 3). 
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Changes to oxygen consumption rates in each treatment were compared by calculating 

thermal dependence coefficient (Q10) values, where Q10 is defined as the factor by which a 

physiological rate increases for every 10oC rise in temperature (Hochachka & Somero, 

2002; Peck, 2018).   

Data are presented as kernel density histograms to visualise the distribution of response 

variable, comparing pre-, peak- and post-MHWs for each treatment, as well as differences 

between the MHW peaks and differences in the recovery periods following each MHW 

(post-MHWs). Prior to plotting or statistical testing, to ensure data were normally 

distributed, oxygen consumption was first square root transformed, righting time was log 

transformed and a log of the proportions (logit) transformation was used for both energy 

assimilation efficiency and Conover ratio. The distributions of the functions measured 

within each treatment were considered normally distributed following transformation and 

the assumption of homogeneity of variances was tested and satisfied via the Levene’s F 

test. Differences in the functional response between the cold- and warm-acclimated 

treatments were assessed with a linear mixed effects model fit with a restricted maximum 

likelihood method. Treatment was added as a fixed term and replicate tank ID was added 

as a random effect. A two-sample t-test was conducted on the model to identify significant 

differences between treatments. Differences were also assessed between functional 

responses at temperatures of 2oC in each treatment, i.e., when 0oC acclimated animals 

were at +2oC in a heat wave and +2oC acclimated animals were outside a heatwave. 

Differences in the functional response between MHW periods (i.e., pre- post- and peak-

MHWs) within each treatment were assessed, as well as differences in the functional 

response between both the peak and post MHW repeats (MHW1, 2 or 3), both with a 

linear mixed effects model fit with a restricted maximum likelihood method. MHW period or 

MHW repeats was added as a fixed term and replicate tank ID was added as a random 

effect. An ANOVA of the model was conducted to identify significant differences. Where 

significant differences were identified, post hoc Tukey pair-wise tests were conducted. 

4.3 Results 

4.3.1 Mortality and spawning  

During the experimental period, there were two mortalities (<1% of entire experimental 

population); one in cold-acclimated conditions (control) and one in warm-acclimated 

conditions. Mortality was, therefore, very low, consistent between the experimental and 

control treatments, and not related to warming.  

Before the start of the experiment, urchins in cold-acclimated conditions spawned in all 

three replicate tanks. This occurrence delayed the start of the warming trials by one week 
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to ensure residual effects from spawning had subsided and water quality in the tanks had 

returned to normal. Several other isolated spawning events occurred in cold-acclimated 

conditions on the 08/10/20 (three days into the first MHW) and 20/10/20 (5 days following 

the first MHW) in one of the three replicate tanks. Spawning individuals on these 

occasions were isolated to prevent initiating mass spawning of the other animals.   

All results from the ANOVA and t-tests comparing differences between treatments and 

MHW phases are reported in Appendix C, A2 & A3.  

4.3.2 Oxygen consumption  

After acclimation and before the MHW simulations, the oxygen consumption in cold-

acclimated conditions was lower (1.18 ± SE 0.12 O2 μmolhr-1gAFDM-1) than warm-

acclimated conditions (1.76 ± SE 0.13 O2 μmolhr-1gAFDM-1), however this difference was 

not significant (t(4) = 2.4, p = 0.074) (Figure 4.1a). Oxygen consumption during the peak of 

the MHWs was significantly higher in warm-acclimated conditions (2.93 ± SE 0.15 O2 

μmolhr-1gAFDM-1) compared to cold-acclimated conditions (2.30 ± SE 0.14 O2 μmolhr-

1gAFDM-1) (t(57) = 3.6, p  < 0.001) (Figure 4.1b), and there was a significant difference in 

the oxygen consumption between treatments post-MHWs (t(58) = 2.2, p =  0.034), with 

consumption being higher in warm-acclimated conditions (2.74 ± SE 0.13 O2 μmolhr-

1gAFDM-1) compared to cold-acclimated conditions (2.21 ± SE 0.17 O2 μmolhr-1gAFDM-1) 

(Figure 4.1c). Oxygen consumption rates at 2oC in warm-acclimated conditions, pre-MHW 

(1.76 ± SE 0.13 μmolhr-1gAFDM-1) were lower compared to acute warming of 2oC in cold-

acclimated conditions, peak-MHW (2.23 ± SE 0.76 μmolhr-1gAFDM-1), i.e., when animals 

were both 2oC in both treatments. However, this difference was not significant (t(74) = -0.9, 

p =  0.355)  (Figure 4.1d).  

Oxygen consumption in cold-acclimated conditions during peak-MHW (2.30 ± SE 0.14 O2 

μmolhr-1gAFDM-1) conditions was significantly higher than pre-MHWs (1.18 ± SE 0.12 O2 

μmolhr-1gAFDM-1) and post-MHWs (2.21 ± SE 0.17 O2 μmolhr-1gAFDM-1) (F(2, 65) = 9.70, p 

< 0.001 and p = 0.008, respectively) (Figure 4.2 a). However, there was no significant 

difference between pre-MHW conditions and post-MHW (F(2,65) = 9.70, p = 0.156). In 

warm-acclimated conditions, oxygen consumption during peak-MHW was significantly 

higher than pre-MHWs and post-MHWs (F(2,63) = 21.6, p < 0.001 for both). As for the cold 

acclimated treatment, there was no significant difference between pre-MHW conditions 

and post-MHW conditions (F(2,63) = 21.6, p = 0.163) (Figure 4.2 d). In both cold- and warm-

acclimated conditions, there was no significant difference in oxygen consumption of 

individuals during the peak of the first, second or third MHW (F(2,25) = 0.764, p = 0.477 and 

F(2,24) = 0.115, p = 0.892, respectively) (Figure 4.2 b, e). This was also the case for post-

MHWs assessments, with no significant difference between oxygen consumption in 
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recovery periods (post-MHWs) after the first, second and third MHW (F(2,25) = 0.356, p = 

0.704 and F(2,25) = 0.042, p = 0.959, respectively) (Figure 4.2 c,f). 

Figure 4.1 Kernel density histograms comparing distribution of square-root transformed 

oxygen consumption data for cold- and warm-acclimated Sterechinus neumayeri in A) 

pre-heatwaves, B) peak heatwaves C) post heatwaves and D) temperatures of  2oC pre-

MHW in warm-acclimated conditions, and peak-MHW1 in cold-acclimated conditions.  

 

A B 

C   
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Figure 4.2: Kernel density histograms comparing distribution of square-root transformed oxygen consumption data for Sterechinus 

neumayeri in A) cold-acclimated conditions, peak and post heatwaves, B) cold-acclimated conditions, peak heatwaves C) cold-acclimated, 

post heatwaves, D) warm-acclimated conditions, peak and post heatwaves, E) warm-acclimated conditions, peak heatwaves F) warm-

acclimated, post heatwaves. 
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Oxygen consumption rates in both cold- and warm-acclimated conditions increased during 

MHW at the same magnitude, relative to starting baseline consumption (Figure 4.3). 

Following the first MHW (post-MHW1), oxygen consumption rates in warm-acclimated 

conditions returned closer to treatment baseline levels compared to cold-acclimated 

treatments. In the second and third MHW peak, oxygen consumption rates in cold-

acclimated conditions were consistently higher relative to treatment baseline values, as 

was the case during recovery periods (post-MHWs), for all three MHWs, although these 

differences were not significant. 

Figure 4.3: Mean oxygen consumption rates (± standard error) in each treatment, 

standardised to pre-MHW rates, where mean pre-MHW rates = 1 in both cold- and warm-

acclimated treatments. Red circles and lines represent warm-acclimated data and blue 

circles and lines represent cold-acclimated data. The dotted grey line represents the pre-

MHW standardised rate of 1. Where data is labelled as ‘peak’, temperatures were +2oC in 

cold-acclimated and +4oC in warm-acclimated. Where data is labelled as ‘pre’ or ‘post’, 

temperatures were 0oC in cold-acclimated and +2oC in warm-acclimated. MHW1, MHW2 

and MHW3 represents the first, second and third marine heat wave, respectively. Q10 

values for changes in oxygen consumption rates during exposure to the first (Peak-

MHW1), second (Peak-MHW2) and third (Peak-MHW3) marine heatwave, relative to pre-

MHW rates for cold- and warm-acclimated conditions shown above each peak MHW. 
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The Q10 value for the increase in oxygen consumption rates following warm-acclimation to 

2oC was 2.44 ± SE 0.54. For cold-acclimated conditions, the Q10 for oxygen consumption 

rates during the first peak-MHW was 4.47 ± SE 0.54. Similarly, the Q10 for oxygen 

consumption rates in warm-acclimated conditions during the first peak-MHW was 4.66 ± 

SE 0.80.  Although not significantly different, Q10 values for oxygen consumption rates 

were higher when temperatures increased by 2oC during peak-MHW2 and MHW3, in cold-

acclimated conditions, compared to warm-acclimated conditions.  

4.3.3 Time taken to right  

There was no significant difference in the time taken to right between treatments, either in 

pre, post or during peak-MHWs (Figure 4.4 a, b, c). The mean time taken to right at 2oC in 

warm-acclimated conditions, pre-MHW, was not significantly different to acute warming of 

2oC in cold-acclimated conditions (Figure 4.4 d).  

There was no significant difference between treatments in the overall righting time during 

peak- or post-MHWs. However, after the third MHW, the righting time was significantly 

longer in cold–acclimated conditions during the recovery period (post-MHW3) (t(17) = -2.17, 

p =  0.045). Following the MHW simulations, the righting times returned to pre-MHW 

conditions, with no significant difference between pre-MHW and post-MHW righting times 

(Figure 4.5 a,d).  
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In cold-acclimated conditions (controls) the time taken to right in the third MHW peak was 

significantly longer compared to the first MHW peak (F(2,25) = 4.76, p = 0.031) and the 

second MHW peak (F(2,25) = 4.76, p = 0.043) (Figure 4.5 b). Thus there was an increasing 

trend in time taken to right from the first MHW to the third MHW. In warm-acclimated 

conditions, average righting times were similar in each MHW peak (Figure 4.5 e). This 

observation was also made for post-MHWs in both cold- and warm-acclimated conditions, 

with no significant difference between recovery periods (post-MHWs) after the first, 

second and third MHW. 

There was a non-significant increase in the average time taken to right in cold-acclimated 

conditions post-MHWs, (MHW1: 2531 ± SE 712 seconds, MHW2: 3015 ± SE 628 

seconds, MHW3: 4510 ± SE 1186 seconds) (Figure 4.5 c). Conversely, in warm 

acclimated conditions, there was a threefold decrease in average righting time between 

MHW1 and MHW3, although the differences were not significant, they were close (F(2,22) = 

2.807, p = 0.082) (MHW1: 5624 ± SE 1584 seconds, MHW2: 4240 ±  SE 1440 seconds, 

MHW3: 1820 ± SE 423 seconds) (Figure 4.5 f). Mean righting times were slightly longer  

A B 

C D 

Figure 4.4: Kernel density histograms comparing distribution of log transformed righting 

time (seconds) data for cold- and warm-acclimated Sterechinus neumayeri in A) pre-

heatwaves, B) peak heatwaves C) post heatwaves and D) temperatures of  2oC pre-MHW 

in warm-acclimated conditions, and peak-MHW1 in cold-acclimated conditions. 
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Figure 4.5: Kernel density histograms comparing distribution of log transformed righting time (seconds) data for Sterechinus neumayeri in A) 

cold-acclimated conditions, peak and post heatwaves, B) cold-acclimated conditions, peak heatwaves C) cold-acclimated, post heatwaves, 

D) warm-acclimated conditions, peak and post heatwaves, E) warm-acclimated conditions, peak heatwaves F) warm-acclimated, post 

heatwaves. 
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post-MHW compared to peak-MHWs, in cold- and warm-acclimated conditions, however 

these differences were also not significant 

4.3.4 Energy demand  

4.3.4.1 Energy consumption  

There was a cumulative increase in energy consumption (kJ urchin-1 week-1) in cold-

acclimated conditions, following each MHW event (Figure 4.6 a). A segmented regression 

of these data identified a breakpoint during the peak of the third MHW, where the gradient 

of the slope flattened, however this change in gradient was not significant (p = 0.153) 

(Appendix C, Figure A4, Table A4).  

Energy consumption (kJ urchin-1 week-1) rose close to the maximum levels available to the 

urchins (defined by weekly food portions given) following the second MHW in warm-

acclimated conditions and the third MHW in cold-acclimated conditions, after which this 

level of consumption was sustained for the duration of the experiment (Figure 4.6 b). In 

warm-acclimated conditions, energy consumption was significantly higher in the second 

and third MHWs than in the first MHW, both during the peak (peak-MHW) (F(2,41) = 8.08, p 

= 0.003 and p = 0.002, respectively), and recovery periods (post-MHW) (F(2,86) = 10.2, p < 

0.001 for both differences). In cold-acclimated conditions, energy consumption was 

significantly higher in the final third MHW than in the first MHW during the peak (F(2,41) = 

7.67, p = 0.001), and energy consumption was significantly higher in the final third MHW, 

than in the first two MHW during the recovery periods (F(2,86) = 9.75, p < 0.001 and p = 

0.050, respectively).  

A segmented regression of these data identified a breakpoint during the peak of the 

second MHW in warm-acclimated conditions, and the peak of the third MHW in cold-

acclimated conditions, where the gradient of the slope flattened. This change in gradient 

was significant in warm-acclimated conditions (p = 0.027) (Appendix C, Figure A4, Table 

A4). There was no significant difference in average energy consumption between cold- 

and warm-acclimated treatments pre-, peak- or post-MHWs (t(28) = -0.035, p =  0.972; t(88) 

= -0.52, p =  0.601; t(118) = -0.26, p =  0.794).  

4.3.4.2 Energy assimilation  

In cold-acclimated conditions, energy assimilation increased following each MHW event, 

peaking during the recovery phase and decreasing until the subsequent MHW (Figure 4.6 

c). In warm-acclimated conditions, energy assimilation increased during each MHW and 

subsequently rose to a peak in the recovery phase before declining again (Figure 4.6 d). 

At the end of the acclimation period, pre-MHWs, the mean energy assimilation efficiency 
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(%) in cold-acclimated conditions (1.66 kJ ± SE 0.04 kJ, 93.9% ± SE 1.75%) was 

significantly higher than in warm-acclimated conditions (1.53 ± kJ SE 0.12 kJ, 86.5% ± SE 

2.31%) (t(28) = -2.98, p =  0.006).  

There was no significant difference between treatments in the energy assimilation 

efficiency during peak-MHWs. However, the difference was significant post-MHWs (t(79) = -

3.89, p < 0.001), and energy assimilation efficiency was higher in cold-acclimated (0.42 kJ 

± SE 0.01 kJ, 84.9% ± SE 1.48%) compared to warm-acclimated conditions (0.39 kJ ± SE 

0.01 kJ, 76.7% ± SE 1.63%).  

Assessing differences between MHWs in isolation indicated that post-MHW1 and post-

MHW2, the mean energy assimilation efficiency (%) in cold-acclimated conditions was 

significantly higher than in warm-acclimated conditions (t(4) = -2.83, p =  0.047 and t(28) = -

2.39, p =  0.024, respectively), however there was no significant difference post-MHW3. 

The mean energy assimilation efficiency (%) at 2oC in warm-acclimated conditions, pre-

MHW was significantly higher (1.53 kJ ± SE 0.12 kJ, 86.5% ± SE 2.31%) compared to 

acute warming of 2oC in cold-acclimated conditions, peak-MHWs (0.75 kJ ± SE 0.06 kJ, 

71.6% ± SE 2.48%) (t(6) = 2.52, p =  0.045).  

4.3.4.3 Conover ratio 

In cold-acclimated conditions, the Conover ratio increased rapidly following the first MHW 

event, and then increased at a steadier rate following the second MHW (Figure 4.6 e). A 

segmented regression of these data identified a breakpoint during the recovery phase 

after the first MHW (post MHW1), where the gradient of the slope reduced, this change in 

gradient was significant (p < 0.001) (Appendix C, Figure A4, Table A4). In comparison, in 

warm-acclimated conditions, the Conover ratio increased rapidly following the first MHW 

and then stabilised for the duration of the experiment at the onset of the second MHW 

(Figure 4.6 f).  

There was a significant difference between treatments in the Conover ratio during peak-

MHWs (t(85) = 2.46, p =  0.016), with warm-acclimated conditions having a higher Conover 

ratio (76.5 ± SE 1.38) than cold-acclimated conditions (71.2 ± SE 1.74). Assessing 

differences between MHWs in isolation showed that peak-MHW1 and peak-MHW2, mean 

energy assimilation efficiency (%) in warm-acclimated conditions was significantly higher 

than in cold-acclimated (t(24.1) = -3.0, p = 0.006, t(23.8) = -4.1, p < 0.001, respectively), 

however there was no significant difference during the peak-MHW3.  
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4.4 Discussion  

The response of species and communities to increases in the frequency, magnitude and 

duration of MHW events is poorly characterised, with no published experimental studies 

Figure 4.6: Time-series scatter plots of a) energy consumption in cold-acclimated 

conditions and b) warm-acclimated conditions, with the black, horizontal line 

representing mean energy content of AFDM of food fed, c) Energy assimilated (%) in 

cold-acclimated conditions and d) warm-acclimated conditions, e) Conover ratio (%) 

in cold-acclimated conditions and f) warm-acclimated conditions. Data are mean 

values, pooled within tanks and averaged across replicate tanks ± standard error. 

Pink shading represents peak-MHW periods. 

a b 

c d 

e f 



Chapter 4 

68 

on the effects of repeated MHWs across a single generation of polar species, and only 

three on temperate and tropical species (Pansch et al. 2018; Saha et al. 2020; Smale et 

al. 2015). Where data do exist they are variable and it is therefore expected that there will 

be ‘winners’ and ‘losers’ in the context of climate change (Somero, 2010). This study 

aimed to determine if acclimation to future temperatures (+2oC) affects the physiological 

response of a polar ectotherm, the Antarctic urchin Sterechinus neumayeri, to warming 

experienced during MHW events. To this end, the study compared the functional 

response of cold and warm acclimated animals to multiple MHW simulations. 

Studies on the ability of S. neumayeri to acclimate to warming have indicated that 

acclimation occurs when there is a sustained reduction in oxygen consumption rate 

following the initial temperature rise in the first month of exposure (Morley, Suckling, et al. 

2016). My study indicates that S. neumayeri was able to acclimate after 8 months 

exposure to warming of +2.0oC, whereby oxygen consumption rates at 2oC in warm-

acclimated conditions, pre-MHW, were lower (1.76 ± SE 0.13 μmolhr-1gAFDM-1) than 

those in acute warming of 2oC in cold-acclimated conditions, peak-MHW1 (2.23 ± SE 0.76 

μmolhr-1gAFDM-1). These results demonstrated a sustained reduction in oxygen 

consumption rates following warm-acclimation with animals exhibiting partial 

compensatory increases (sensu Precht et al. 1955) in oxygen consumption rates and Q10 

values typical for those expected for this species (Brockington & Clarke, 2001; Peck, 

2002).  

Increases in oxygen consumption rates relative to pre-MHW rates showed that 

acclimation to 2oC enables this species to recover rapidly following acute warming as well 

as reduce the Q10 in subsequent exposure to repeat MHWs compared to cold-acclimated 

conditions. There was also evidence of a positive effect of repeat MHWs on righting times 

in warm-acclimated conditions, compared to a negative effect on righting times following 

repeated warming during peak-MHWs for cold-acclimated urchins.  

This study shows that acclimation of S. neumayeri to +2oC is achieved after 8 months, but 

at a cost of higher compensatory oxygen consumption rates, lower energy assimilation 

rates, and longer righting times compared to cold-acclimated animals. Although these 

differences between cold- and warm-acclimated treatments were not always significant, 

the distribution of oxygen consumption rates and righting responses in warm-acclimated 

animals were higher overall compared to cold-acclimated conditions. The higher oxygen 

consumption and lower assimilation rates might suggest that in the long-term S. 

neumayeri may have less energy available for other requirements such as growth and 

reproduction, which would then have knock on effects on life histories and persistence in 

marginal feeding conditions (Cheng et al. 2018; Fitzgibbon et al. 2017; Kooijman et al. 

2008; Salin et al. 2016).  
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Although oxygen consumption rates were higher and righting times were longer in warm-

acclimated conditions, the observed shift in oxygen consumption was within the range of 

previous reports for this species. For example, previous studies on S. neumayeri show 

that oxygen consumption rates can reach 21.5 ± SE 5.0 O2 μmolhr-1 gAFDM-1 when 

stressed to temperatures +10oC above ambient, just before CTmax was reached (Chapter 

3, De Leij et al. 2022) as well as maximum field rates of 5.9 O2 μmolhr-1gAFDM-1 during 

the austral summer being reported (Souster et al. 2018). Functions such as feeding 

activity, reproduction and growth that occur during summer have been shown to account 

for 80 – 85% of the increased metabolism, whereas seasonal temperature effects account 

for just 15 – 20% (Brockington & Clarke, 2001). These data would therefore suggest S. 

neumayeri may already have sufficient aerobic scope to cope in terms of energy provision 

under future warming conditions.  

This study was conducted in the austral spring (Oct – Dec), although I exposed the cold-

acclimated S. neumayeri to typical average summer temperatures for the collection site, 

Rothera Point for 8 months prior to applying MHWs. Regardless of temperature, oxygen 

consumption rates are lower in spring compared to summer since metabolic activity is 

largely governed by endogenous seasonal rhythms and physiological activity 

(Brockington, 2001; Brockington & Clarke, 2001; M. Brown et al. 2013). In summer, 

oxygen consumption rates for wild S. neumayeri are 39% higher than winter (Souster et 

al. 2018) and average metabolic rates for S. neumayeri of 4.66 ± SE 0.15 O2 μmolhr-

1gAFDM-1 have been recorded in Jan – Feb, during constant feeding for animals with test 

diameters of ~35mm, similar to this study (Chapter 3, De Leij et al. 2022). If the difference 

in metabolic rates between spring and summer are allowed for, the increase in oxygen 

consumption in summer due to a MHW could result in maximum oxygen consumption 

rates of 7.45 ± SE 0.24 O2 μmolhr-1gAFDM-1in the current climate, and 8.21 ± SE 0.26 O2 

μmolhr-1gAFDM-1 in a future climate (according to average % increase derived across all 

MHWs, Appendix C, Table A5). These high rates would likely be caused by increased 

maintenance costs (Jager et al. 2016; Ndhlovu & Mcquaid, 2021), and although they  are 

within the range of values previously reported for, and survived by S. neumayeri, there 

would be significant energetic trade-offs and potential effects on physiological functions, 

growth and reproduction (Cheng et al. 2018; Kooijman et al. 2008; Peck, 2005). If these 

maintenance costs were sustained throughout summer, it is likely that this would 

compromise long-term survival.  

Evidence suggests that Antarctica will continue to experience cold winter temperatures of 

close to -2oC, but with shorter periods of minimum temperatures, and there will be  higher 

summer temperatures for longer periods (Peck, 2018). Therefore, Antarctic species will 

either need to adapt and broaden their thermal range, or else be in a lower overall annual 

energetic state.   
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Despite data from this study showing increased oxygen consumption rates during MHW 

events, there was no evidence of a cumulative effect following repeat MHWs. Oxygen 

consumption rates resumed to levels slightly above pre-MHW baseline conditions during 

recovery periods (post-MHWs) in cold- and warm-acclimated animals, however this 

increase was not significant for either treatment.  

Energy consumption rates increased following each MHW, with levels not returning to 

treatment baseline rates during the recovery periods in either treatment. Recovery periods 

in this study (10 days) seemed to allow S. neumayeri to reset to normal functioning levels, 

but this appeared to be accompanied by an increase in energy consumption. These data 

suggest that although repeat events do not have a significant cumulative effect on oxygen 

consumption and hence maintenance costs, sustaining maintenance required increased 

energy acquisition with each MHW exposure, or there was a cost associated with MHWs 

that took longer than 10 days to repay, e.g. from the build-up of protein carbonyls (Abele 

et al. 2001; M. S. Clark et al. 2013). Previous studies have reported variable responses to 

repeat MHWs amongst species. For example, a study found negative accumulative 

effects in both biomass and abundance in the tellinid bivalve, Limecola (Macoma) balthica 

(Pansch et al. 2018) and in the growth of the seagrass, Zostera marina (Saha et al. 2020). 

Whereas the spionid polycheate, Polydora cornuta, exhibited buffering following a single 

MHW, where a significant reduction in abundance was observed after a single MHW, but 

higher abundance following three MHWs (Pansch et al. 2018). There was little to no effect 

following warming reported for some other species (Pansch et al. 2018; Saha et al. 2020; 

Smale et al. 2015).  

Following acclimation in this study, warm-acclimated individuals had significantly lower 

energy assimilation rates compared to cold-acclimated conditions. This difference 

between treatments was also significant during the recovery periods following MHW1 and 

MHW2. This effect was also observed for S. neumayeri in another study, where after 40 

months acclimation animals consumed less food, absorbed less energy, but exhibited 

elevated metabolism (Morley, Suckling, et al. 2016). A possible explanation for this may 

be a reduction in absorption capacity across the gut wall, or else attributed to gut 

evacuation rate (GER), essentially the speed at which food travels through the gut (Boyce 

et al. 2000). Evidence of reduced food assimilation capacity has also been shown in the 

temperate brown trout, Salmo trutta, following acclimation to warmer conditions (+9oC) 

(Salin et al. 2016) as well as the Antarctic fish Trematomus bernacchii, following 9 weeks 

acclimation to 2oC and 4oC (Sandersfeld et al. 2015). Therefore, it might be that the higher 

oxygen consumption rates experienced in warm-acclimated conditions could be related to 

the increase in GER, ultimately reducing the energy assimilation capacity.  
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Consumption of food in this study increased cumulatively following MHW simulations in 

both acclimation conditions. The segmented regressions modelling energy consumption 

support this observation and show that there was a rapid increase and sustained 

requirement for more energy following the second MHW peak in warm-acclimated 

conditions, and following the third MHW in cold-acclimated conditions. The data also show 

that elevated energy consumption was sustained for at least 21 days following the third 

MHW peak in both treatments. Energy consumption was not measured beyond 21 days 

and therefore the duration that this would be sustained for is unknown. However, these 

results show that acute warming from the MHWs, but not chronic warming from the 

acclimation, causes prolonged and significant increases in food consumption 

requirements.  

Despite no difference in the oxygen consumption among MHW events between 

treatments, both during peak-MHWs and post-MHWs, there was a significant increase in 

the time taken to right in cold-acclimated conditions, during the peak of the third MHW. 

During recovery periods, post-MHW, righting times were also progressively longer in both 

cold and warm-acclimated conditions. During peak-MHW, righting times were quicker 

compared to post-MHWs in cold-acclimated conditions until MHW3, and for all three 

MHWs in warm acclimated conditions. Increase in righting times in echinoderms has been 

recorded previously at raised temperatures (Ardor Bellucci & Smith, 2019), and is 

attributed to both raised metabolic rate and muscular contraction times. However, this 

effect is only apparent over a central range, beyond this, locomotor and muscular 

functions have been shown to decline (Ardor Bellucci & Smith, 2019; Brothers & 

McClintock, 2015; Morley, Martin, Day, et al. 2012). It is likely that acute warming may 

also increase rates of other physiological processes such as muscle contraction or water 

pumping in the urchin (Peck et al. 2008; Young et al. 2006a). However, since respiratory 

rates do not increase to match this and cellular energy processes, in particular protein 

synthesis, are not known to upregulate in response to warming (Fraser et al. 2007; Peck, 

2016), energetic costs associated with acutely warmer temperatures may take longer to 

pay off.   

The cumulative decrease in righting times during the recovery periods in warm-acclimated 

conditions might suggest that these animals, despite the rise in metabolic rate during 

MHW3, begin to experience positive effects from repeated acutely raised temperatures. 

These results evidence heat hardening (sensu Bilyk et al. 2012) in warm-acclimated 

animals, whereby a history of chronic warming stress improves the ability of an organism 

to adapt to acute warming stress (Bilyk et al. 2012a; Cheng et al. 2018; Giomi et al. 2016; 

Seebacher et al. 2015). For cold-acclimated animals, the results of the experiment show a 

cumulative negative effect of the MHWs on righting times, and suggest a reduced ability to 

recover following repeat acute warming stress. A similar response has been shown in 
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other species such as the temperate bivalve, Limecola balthica, where biomass and 

abundance was significantly reduced following exposure to multiple heatwaves 

comparative to a single heatwave (Pansch et al. 2018).  

The data in this study suggest that warm-acclimated individuals were still functioning 

largely similarly to cold-acclimated individuals during repeat MHW events, despite being 

exposed to temperatures elevated by +2oC. This finding suggests that although baseline 

metabolic energy demands increased, the capacity to cope with stress was comparable if 

not improved after warm-acclimation, and that S. neumayeri likely has a strong capacity to 

cope, but not necessarily thrive, with predicted future warming to the end of the century on 

the Antarctic Peninsula. 

4.5 Conclusions  

• Q10 values for pre-MHW oxygen consumption rates after acclimation to +2oC suggest 

that animals have acclimated and are exhibiting partial metabolic compensation 

(sensu Precht et al. 1955).  

• Oxygen consumption was higher in warm-acclimated conditions in pre-, peak-and 

post-MHW, however, relative to baseline rates for each treatment, oxygen 

consumption increased less in peak-MHWs and returned closer to baseline rates in 

warm-acclimated conditions, compared to cold-acclimated animals, suggesting an 

improved ability to cope with acute stress following warm-acclimation.  

• Despite evidence of acclimation, energy assimilation was significantly lower in warm-

acclimated conditions pre-MHWs, and although not significant, righting times were 

also longer. These results suggest that S. neumayeri could be functioning at a 

reduced capacity following acclimation. However, this reduced capacity in warm-

acclimated conditions did not significantly increase righting times during MHWs 

compared to cold-acclimated conditions. Instead, there was a cumulative decrease in 

righting times in warm-acclimated conditions, and a cumulative increase in righting 

times in cold-acclimated conditions, providing further evidence that S. neumayeri’s 

ability to tolerate stress may be improved by warm-acclimation.  

• Overall, despite S. nuemayeri experiencing reduced functional performance following 

long-term acclimation, it is likely that this species will be able to cope with both the 

gradual and acute warming predicted for the end of the century on the Antarctic 

Peninsula.  
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Chapter 5 General discussion and conclusions  

The chapters in this thesis provide insight into how environmental change and associated 

extreme climate events affect marine animal functioning both in our present climate, and 

in an environmental-future scenario. I demonstrate for the first time that the large-scale 

climate metrics SOI and SAM are key environmental variables that account for the 

interannual variability observed in the reproductive investment of Sterechinus neumayeri 

(Chapter 2, De Leij et al. 2021). I also show that single environmental variables, in 

particular food (as chlorophyll), are important for seasonal investment and likely contribute 

to driving the mechanisms associated with annual spawning patterns (Chapter 2, Bosch et 

al. 1987, De Leij et al. 2021). However, I provide evidence that energetic investment into 

reproduction varies over several years in my study species, S. neumayeri, a process 

which is likely driven by an endogenous rhythm (Chapter 2, Brockington et al. 2007, De 

Leij et al. 2021). These results provide evidence that when environmental conditions 

remain within natural variability and are consistent with seasonal cycles, changes of a 

single environmental variable within this range may not affect long-term energetic 

investment or functional performance. However, as our global climate changes over the 

coming decades, we will see mean temperatures increase and because of this, the natural 

variability range of regional temperatures will shift (Peck 2005, IPCC 2019). With this shift, 

my data suggest there will be consequences for oxygen consumption and energy 

assimilation (Chapter 4), with subsequent effects on the functional response to extreme 

temperatures, specifically marine heatwaves (MHWs). I demonstrate that the functional 

response to extreme temperatures is dependent on a matrix of factors such as warming 

onset rate (Chapter 3, De Leij et al. 2022) and thermal history (Chapter 4).  

Studying reproductive periodicities across multiple years has been the focus of several 

studies on Antarctic invertebrates (Grange et al. 2004, 2007, 2011, Brockington et al. 

2007, Lau et al. 2018). In these studies, reproductive processes have been suggested to 

be driven in part by food supply, where variability, or lack thereof, in reproductive 

investment has been linked to sedimentation events (Grange et al. 2004), seasonal 

primary production (Lau et al. 2018) and feeding behaviour (Grange et al. 2007, 2011). 

This is also supported by the data presented in Chapter 2, where the GAM model 

suggests seasonal variability in chlorophyll was related to a reduction in gonad index, 

indicative of spawning events, for S. neumayeri. However, where multiyear variability in 

reproductive investment was observed, previous research has failed to confidently identify 

an environmental link with reproductive processes. Instead, two studies tentatively 

suggested that annual spawning was overlaid by a longer multiyear cycle driven by an 

innate, endogenous rhythm (Brockington et al. 2007, Lau et al. 2018).  
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The data presented in Chapter 2 are the first to provide evidence for S. neumayeri to 

support the hypothesis that multiyear variability of reproduction is driven innately as I 

identified a potential cyclic trend across a 5-year period. This chapter builds on previous 

research on S. neumayeri from Brockington et al. (2007), where common to both studies 

are the trends observed in annual patterns in gonad index and gamete maturity for both 

males and females. However, my research has specifically added to the weight of 

evidence for a longer reproductive cycle of several years, and enhanced understanding of 

the complex links between the environment and biological functioning. Overall, Chapter 2 

suggests that energetic investment into reproduction for S. neumayeri has only minor 

association with interannual variation in environmental variables. This finding is surprising 

considering the seasonal influences of the environment on triggering spawning (for 

example food, lunar cycles, tides, photoperiod, temperature etc. (Emilio et al. 2018; Galley 

et al. 2008; Kelly, 2001; Muthiga, 2006; Smart et al. 2012; St.Gelais et al. 2016; Zhadan et 

al. 2018)). My research therefore emphasises the importance of endogenous rhythms in 

regulating gametogenic cycles for this species. In addition to this, my research in Chapter 

2 is the first to demonstrate SOI influences this far south on Antarctic benthic species. 

This result demonstrates that the effect of environmental change on functional processes 

is likely multifactorial and teasing out single variable effects overlooks the interactive or 

synergistic nature of the effects of environmental variables. 

Sterechinus neumayeri was used as the study species for the data chapters in this thesis. 

Antarctic benthic species have been reported to be inherently sensitive to thermal change 

due to their cold and thermally stable environment (Peck, 2005; Peck et al. 2004, 2010, 

2014). However, S. neumayeri has recorded CTmax in excess of 5.7oC higher than the 

maximum temperatures recorded at the sample site (Ryder Bay, Antarctic Peninsula) 

(Peck et al. 2009, 2010, 2014). Although populations at these locations typically only 

experience temperatures ± 2oC, S. neumayeri’s geographical distribution ranges up to a 

latitude of 52°S (David et al. 2005; Pierrat et al. 2012). It is therefore likely that S. 

neumayeri has a higher thermal tolerance than would be expected for species found 

exclusively around the Antarctic Peninsula or further south (Calosi et al. 2010; Louthan et 

al. 2021; J. M. Sunday et al. 2011, 2012). When considering a species’ thermal tolerance 

capability, geographical range may provide insight into whether a population has inherent 

mechanisms to cope with temperatures outside those experienced in its locality. For 

example, the Antarctic bivalve mollusc Laternula elliptica, and limpet Nacella concinna 

also have northern ranges extending up to the sub-Antarctic islands (Fuenzalida et al. 

2014; Morley et al. 2009; Taylor et al. 2018). Interestingly, these species and S. 

neumayeri are the only three known Antarctic marine invertebrates that can produce heat 

shock proteins (HSP) that ultimately improves resilience to thermal stress (Clark & Peck 

2009, González et al. 2016). Other marine organisms have lost the capacity to generate a 
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heat shock response, likely due to evolution at stable sub-zero temperatures (Hofmann et 

al. 2000). For example, the scallop Adamussium colbecki, and the crustacean 

Paraceradocus gibber both lack the ability to increase HSP production and are both 

constrained to higher latitudes (>60oS) (Clark et al. 2008; David et al. 2005; De Broyer et 

al. 2007; Schiaparelli & Linse, 2006).   

The concept that environmental variability leads to increased thermal tolerance range was 

originally proposed through the ‘Climate variability hypothesis’ (Stevens, 1989). This 

hypothesis largely focuses on terrestrial systems, however there is evidence that this 

concept also applies to marine systems (Sunday et al. 2011), where large climate 

variability is associated with higher thermal tolerance breadth. This finding demonstrates 

the role of thermal history in shaping an organism’s response to temperature change and 

provides insight into the drivers of thermal sensitivity in organisms.  

Chapter 3 adds to the growing consensus on the importance of warming characteristics 

on thermal limits (Peck et al. 2009; Terblanche et al. 2007). In addition to this, the data are 

the first to suggest that slower warming rates provide opportunity for S. neumayeri to 

temporarily adjust its physiology to acute extreme temperatures. I provide evidence in 

Chapter 3, that a slower warming rate increases the functional thermal limits, contrary to 

the relationship often observed with CTmax (Kingsolver & Umbanhowar, 2018; Morley, 

Bates, et al. 2016; Peck et al. 2009). Functional thermal sensitivity of Antarctic benthic 

species has been recorded for L. elliptica, A. colbecki, and N. concinna, whereby 

temperatures approaching 3oC were detrimental to locomotor activities (Peck et al. 2004). 

These thresholds were determined from raising temperatures by 1oC day-1. Similarly, rates 

of 1oC day-1 or higher up to 1oC hr-1 have been used to determine CTmax
   and functional 

thresholds for several marine invertebrate ectotherms (Morley, Martin, Bates, et al. 2012; 

Morley, Bates, et al. 2016). We know from my data that this rate evoked rapid functional 

degradation. However, functional degradation was not observed after short-term 

acclimation when rates were slower (i.e., 0.3oC day-1) (Chapter 3, De Leij et al. 2022) or 

when warming was over several months in terms of long-term acclimation (Chapter 4). 

One study that considers warming rate measured CTmax at rates as slow as 1oC month-1 

for several Antarctic benthic invertebrates (Peck et al. 2009). However, most studies 

propose thresholds that overlook the importance of warming characteristics and draw 

conclusions on thermal sensitivity from unrealistic warming scenarios. My results also 

show there is a need to assess whole animal functioning when determining thermal limits. 

Previously, studies on temperature impacts on Antarctic marine ectotherms usually focus 

on one or two biological functions (i.e. locomotion (Janecki et al. 2010b; Kidawa et al. 

2010; Peck et al. 2004), critical thermal maxima (Bilyk & DeVries, 2011; Morley et al. 

2019; Peck et al. 2014), or respiratory functions (Joyce et al. 2018; Peck et al. 2002)) and 

draw conclusions from this for a species thermal thresholds. My results show that different 
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functions do not necessarily degrade at the same temperatures since the mechanisms 

behind them are very different (Chapter 3, De Leij et al. 2022) or else energy might be 

diverted to functions immediately critical for life. For example, locomotory functions such 

as time taken to right, started to degrade from 9oC, whereas the function of feeding 

stopped from 4oC (Chapter 3, De Leij et al. 2022). In these cases, I suggest that righting 

could be immediately critical for the protection from predation, whereas an organism’s 

energy reserves allow for short periods of negative energy balance and therefore the 

function of feeding would not be immediately critical.   

The data in chapters 2-4 in this thesis suggest that S. neumayeri can function well within a 

temperature range, even if temperature is variable within that range and we see evidence 

for this in the reproductive cycle of S. neumayeri (Chapter 2, De Leij et al. 2021) as well 

as in Chapter 3, where temperature change within a certain range causes little 

measurable difference in functioning capacity. Where we exceed the boundaries of this 

tolerance range, we observe degradation of functions (Pörtner et al. 2017). In Chapter 3, I 

use segmented regressions to highlight this non-linear relationship with temperature 

change. These segmented regressions identified ‘tipping points’ where the organism has 

a certain capacity to buffer the energetic demand associated with warming temperatures 

until it reaches a threshold (D’Amario et al. 2019; Jager et al. 2016; Morley, Martin, Bates, 

et al. 2012). Where tipping points have not been identified, warming rates havebeen rapid 

(>1oC day-1) (Azra et al. 2018; Morley et al. 2016; Peck et al. 2004) and similar to the 

results in Chapter 3, there is a linear relationship with temperature and functioning. Where 

warming rate is slower, we capture a window of buffering capacity for acute temperature 

change. In these cases, we see that even in the most thermally constrained species, such 

as those from the Antarctic, there is a potential for plasticity and acclimation to warmer 

temperature conditions (Bilyk et al. 2012b; Clusella-Trullas et al. 2013; Morley et al. 2016).    

To determine how close an organism is to its functional tipping point, or else how much 

buffering capacity an organism has, we can look at its energetic status. Increasing oxygen 

consumption and energy derived directly from food or reserves (i.e., lipid stores in the 

gonad), can serve to buffer increased energetic demands associated with elevated 

temperatures (Epherra et al. 2015; Walker et al. 2013). In Chapter 3, oxygen consumption 

increased linearly as temperature increased and in Chapter 4, oxygen consumption 

increased and decreased in line with MHW simulations. In addition to this, food 

consumption was elevated following short-term exposure to acute warming (Chapter 4). 

Clearly, warming of a certain level increases the energetic cost of living, and to maintain 

‘normal’ functional performance, energy supply must rise to meet demands (Cheng et al. 

2018; Salin et al. 2016). However energetic supply cannot alleviate stress indefinitely, and 

there will still be a threshold which is approached as the supply of energy fails to meet 

demands (Pörtner et al. 2017).  
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As I discuss, an organism’s response to warming is dependent on the characteristics of 

the warming event. In particular, I address onset rate in Chapter 3 as being a key feature 

that may determine functional degradation thresholds. Chapter 3 provides insight into the 

mechanisms behind vulnerability to temperature change. However, in the context of 

climate change, we are unlikely to see extreme events, such as MHWs, occur in isolation 

from the gradual warming predicted for the coming decades (Allen et al. 2018; Oliver et al. 

2019). It was therefore important to explore the role of long-term acclimation in influencing 

S. neumayeri’s capacity to tolerate acute warming. Chapter 4 provided evidence to 

support previous reports on S. neumayeri’s acclimation capacity. In terms of oxygen 

consumption, S. neumayeri experienced a sustained reduction in consumption rate 

following 8 months acclimation and this supports previous reports on this species 

acclimation capacity (Suckling et al. 2015). Long-term acclimation studies on S.neumayeri 

report little or no effects of acclimation (Morley et al. 2016; Suckling et al. 2015). However, 

contrary to this, my results demonstrate acclimation to 2oC increases mean time taken to 

right, oxygen consumption, and significantly reduces energy assimilation, compared to 

animals held at 0oC, with additional effects on gamete maturation (Appendix D). Reporting 

on the effect of long-term warming on this array of functions is rare and I know of no other 

studies which have assessed and compared thermal vulnerability of this number of 

different physiological pathways. My study is therefore unusual, if not unique, in providing 

a more complete picture of how whole animal functioning might change with gradual 

warming.  

Previous studies have acclimated S. neumayeri to 2oC for up to 24 months and reported 

that oxygen consumption and somatic growth were not significantly different between 

warm-acclimated and control urchins (Suckling et al. 2015). However, one effect that was 

observed was an increase in egg size in spawned individuals, and in addition to this, other 

studies have documented changes in both fecundity and egg sizes following exposure to 

ocean stressors (Foo & Byrne, 2017). My data show a higher proportion of smaller 

oocytes present in females following warm acclimation (Appendix D), however, the spread 

of oocyte sizes present in the gonads was similar to cold-acclimated females, suggesting 

that maximum oocyte size had not changed. Instead, it is possible that the rate of gamete 

maturation or spawning time has changed following warm acclimation, rather than the 

ultimate size of mature oocytes. It must be acknowledged here that some, but not all, of 

the urchins in the cold-acclimated treatments spawned and this would have reduced the 

mean size of eggs remaining in their gonads.  

Interestingly, the warm-acclimated individuals in my experiment did not spawn at any point 

from Sept – Dec, whereas the cold-acclimated urchins had spawning events in Sept and 

Oct, which is typical for this species (Brockington et al. 2007; De Leij et al. 2021). It might 

then be suggested that warm acclimation disturbs the natural rhythm of maturation and 
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spawning or even hinders the recognition of environmental triggers for spawning. These 

processes are essential for successful recruitment, larval survival and population 

continuity (Mercier & Hamel, 2009; 2010). Essentially, males and females must spawn in 

synchrony to allow for fertilisation to occur, and chlorophyll concentrations be optimal in 

the environment to sustain the larval phase of offspring development (Bosch et al. 1987). 

Animals also may need to spawn at set times in relation to annual productivity cycles to 

allow larvae to settle and metamorphose when suitable food supplies are available, the 

settlement timing hypothesis (Kuklinski et al. 2013; Stanwell-Smith et al. 1999; Todd & 

Doyle, 1981). My results suggest that adjusting to +2oC may threaten seasonal and sex 

specific spawning times for S. neumayeri.  

Despite evidence of negative effects on baseline functions following acclimation, my data 

are the first to provide evidence that an Antarctic invertebrate may have an improved 

capacity to tolerate extreme temperatures following long-term acclimation. This result 

shows that despite overall functioning diminishing following long-term acclimation, with 

reduced functioning and energetic capacity compared to animals at 0oC (Chapter 4), there 

was an improved capacity to cope with acute warming. Similar outcomes have been 

observed in other studies, for example Escherichia coli bacterium grown at 32oC 

outcompeted, in terms of growth, those grown at 42oC, however those grown in warmer 

conditions survived longer at extreme temperatures (Leroi et al. 1994). In addition to this, 

there was an improved acute temperature or hypoxia tolerance following acclimation to 

warmer conditions in some marine species of fish and invertebrates (Collins et al. 2021; 

Seebacher et al. 2015). These results suggest that the effect of acclimation on thermal 

thresholds may not be a simple response where a threshold shifts or not, but it instead 

shows us that acclimation has generated a change in both functional capacity and energy 

allocation.  

Previous studies have assumed a binary response following acclimation, where either an 

organism shifts its thermal range, or not, assessed by measuring the CTmax (Azra et al. 

2018; Peck, 2005). My data suggests that the response of an organism is likely to be 

more complex than this and a change in the upper thermal limit (or CTmax) does not 

necessarily imply that all other functional capacity and performance will shift with it. 

Instead, results in Chapter 4 suggest that even if thermal limits shift and functional 

capacity at extreme temperatures shift, this does not mean that functioning between these 

temperatures will respond linearly. We know that CTmax does not represent the thermal 

capacity of physiological functions (Chapter 3, De Leij et al. 2022) and my data suggest 

that using CTmax as a measure of thermal adjustment overlooks the complexity of 

functional performance and other measures of fitness (Chapter 4). 
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When organisms are exposed to acutely stressful environments there are mechanism in 

place that allow for short term buffering, for example heat shock proteins (González-

Aravena et al. 2018; Peck, 2011) or increasing energetic consumption (i.e. elevated 

oxygen consumption (Chapter 3, De Leij et al. 2022) or feeding (Agüera et al. 2017). 

These mechanisms are only suitable as temporary solutions and if the stress continues 

then there will be a long-term limit to survival (Peck et al. 2002). Climate models predict 

not only an increase in the magnitude of extreme warming events, but also an increase in 

frequency (Oliver et al. 2018). Already we are experiencing these predictions coming into 

effect across the globe. Some of the most publicised and well documented examples are 

the increase in hurricane activity in the Atlantic (IPCC, 2021) as well as the bleaching of 

coral reefs, where repeat exposure to warming with little recovery between events results 

in mass mortality events (Babcock et al. 2021). These events support the rationale behind 

Chapter 3 & 4, that effects of acute warming cannot be considered as isolated events, and 

we need to consider the environmental conditions proceeding the event and the 

characteristics of the event itself.  

Chapter 4 explores the effect of repeated warming events on the physiology of 

S.neumayeri. Results suggested that the response to repeat events was dependant on 

acclimation temperature, giving further support to the hypothesis that thermal history 

influences an organism’s response to acute warming (Seebacher et al. 2015; Sorte et al. 

2011). My results demonstrate that S. neumayeri experiences diminishing resilience, in 

terms of time taken to right, after three sequential MHW events, increases in Q10 values 

for oxygen consumption following two sequential MHW events and linearly increasing food 

energy requirements that build following each MHW. These results suggest that in the 

current climate, repeat warming events would likely increase energy demands and 

decrease functional performance compared to a single warming event. However, my data 

also add to the evidence that warm acclimation may improve resilience to thermal stress 

(Leroi et al. 1994; Seebacher et al. 2015), where the data in Chapter 4 show decreases in 

time taken to right following each sequential MHW, lower Q10 values for oxygen 

consumption in warmed individuals compared to cold-acclimated urchins and improved 

capacity to recover to treatment relative baseline oxygen consumption levels following 

MHW events. 

5.1 Future work and conclusion 

Considering the research carried out for this thesis, it will be important to continue the 

collection of long-term time series data for reproduction. These data are needed to 

determine if there is a repeat in the extended cycle observed in the gonad index and 

capture a larger range of SOI/SAM variability. In addition to this, calculating changes in 

fecundity will give more information on changes in reproductive output associated with 
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fluctuations in the gonad index. I give evidence that nutritive phagocytes factor into the 

variability in gonad index and this should be explored further, for example in males as well 

as females.   

Based on the reproductive data shown in Appendix D, further investigation into the 

implications of long-term acclimation on reproductive cycles should be carried out, with 

particular emphasis on whether spawning triggers are affected by a shift in temperature 

baselines. Given no evidence of spawning was observed in warm-acclimated conditions, 

despite sufficient gamete maturity, we might surmise that acute sensitivity to 

environmental variation in this species’ current thermal range may be a critical feature that 

regulates reproductive periodicities. Changes to this sensitively could have negative 

implications for population persistence in a future climate and deserves further 

investigation.  

The research in this thesis provides evidence that the future of marine species and 

communities is uncertain and likely dependant on species-specific capacities to buffer 

change. But what is clear is that the characteristics of thermal stress (onset rate, duration, 

repetition) have significant implications for organism responses. It is also clear that 

species have a certain buffering capacity for thermal stress over which functionality 

diminishes. This capacity will vary among species and for different environments. In 

essence, all individuals/species/populations will have an optimal thermal range and a 

threshold to environmental change. The ability to acclimate and evolve to new 

temperatures will undoubtedly benefit those who have this capacity, however there is 

always a cost to acclimation, and as the climate changes, it is inevitable that there will be 

tipping points or thresholds for all species, where endogenous rhythms may shift, and 

functionality deteriorate.   
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Appendix A  

Supplementary for Chapter 2 

Figure A1: Relative variable importance of large-scale climate metrics and single 

variables in final general additive model exploration. Chl = Chlorophyll, SAM = 

Southern Annular Mode and SOI = Southern Oscillation Index.   
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Figure A2: Linear relationship between the SOI trend data and the temperature trend 

data from 2012 – 2018, extracted from the decomposition analysis.  

Figure A3: Linear relationship between the SOI trend data and the chlorophyll trend 

data from 2012 – 2018, extracted from the decomposition analysis. 
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Figure A4: Oocyte size distributions (based on the calculation of Equivalent Circular 
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Diameter, µm) displayed as monthly histograms of female oocyte size percentage 

frequencies (%). From left to right, years are displayed from the time series from 

2012 to 2018. From top to bottom, months are displayed from January to December. 

Error bars are ± standard error. N = total number of females included in the 

distribution, n = total number of oocytes measured in the distribution. 

 

Figure A5: Gut index ((gut mass/total animal mass) x 100) of Sterechinus neumayeri 

from animals collected in April, May and August in 2017, and January and February in 

2018. Error bars represent + standard error. N.D represents months where no data 

were available. 
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Figure A6: Histology sections of female Sterechinus neumayeri gonad tissue. A: 

Spent gonads with few pre-vitellogenic (PVo) and early-vitellogenic oocytes (EVo) 

beginning to appear around the edges of the gonad wall along with a lining of 

nutritive phagocytes (NP) and reabsorbing oocytes (RO) (November); B: Developing 

early-vitellogenic oocytes and thickening lining of nutritive phagocytes (February); C: 

Two cohorts of oocytes are present within the gonad, pre-vitellogenic and early-

vitellogenic oocytes (March); D: Large, vitellogenic oocytes (VO) visible along with 

early-vitellogenic oocytes and further increase in nutritive phagocytes (April); E: 

Cohort of mature vitellogenic oocytes have reached maximal size and are ready to 

be released. Second cohort of early-vitellogenic oocytes present around the edges of 

the gonad wall (September); F: Mature vitellogenic oocytes and early-vitellogenic 

oocytes present in the gonad, reduction in nutrient phagocytes and increase in empty 

space as mature oocytes are spawned (October). Scale bars represent 100 μm. 
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Figure A7: Histology sections of male Sterechinus neumayeri gonad tissue showing 

different stages of maturation. A: Spawned/recovering gonads with mainly nutritive 

phagocytes (NP) with a thin layer of spermatogonia (SPG) around the edge of the 

germinal epithelium (GE) (February); B: Thickening of spermatogonia layer (March); 

C: Further thickening of spermatogonia layer and nutritive phagocytes (NP) (April); D: 

First signs of mature spermatozoa (SPZ) in the central lumen (May); E: Increased 

production of spermatozoa in central lumen, surrounded by a thick layer of nutritive 

phagocytes and absence of maturing spermatogonia (September); F: Final stages of 

maturity with mature spermatozoa present in large volumes in the central lumen with 

only a thin layer of nutritive phagocytes around the wall of the germinal epithelium 

(October). Scale bars represent 100 μm. 
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Figure A8: Decomposition analysis of female and male gonad index time-series, 

decomposed to the overall trend, seasonal cycle and remainder.    
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Table A1: Chi-squared analysis of sex ratio averaged within years and also overall 

from March 2012 - March 2018. F = Females, M = Males. p-values <0.05 are marked 

with an asterisk (*) to show significant differences. 

 

Table A2: T-test analysis of sex difference for variables of animal size: test diameter 

and wet weight, and gonad index. Mean values for males and females are shown 

under columns ‘F’ (female mean) and ‘M’ (male mean). p-values <0.05 are marked 

with an asterisk (*) to show significant differences. 

 

 

 
 

Year F M 
Chi-squared test  

statistic  
p-value 

2012 53 32 5.188 0.023* 

2013 73 87 1.225 0.268 

2014 70 58 1.125 0.289 

2015 64 53 1.034 0.309 

2016 66 47 3.195 0.074 

2017 51 31 4.878 0.027* 

2018 17 16 0.030 0.862 

Total 408 310 13.376 0.000* 

Variable  F M p-value 

Test diameter 
(mm) 

31.4 31.5 0.590 

Wet weight (g) 12.9 13.3 0.323 

Gonad Index  8.90 8.19 0.024* 
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Table A3: ANOVA results for comparisons of oocyte Equivalent Circular Diameter between years for each month. June is exempt from the 

analysis as data were only collected in 2015. p-values < 0.05 were considered significant, F = F-statistic, df: degrees of freedom. Post-hoc 

Tukey pair-wise comparisons are listed where significant differences in the ANOVA were found with corresponding p value in adjacent column.  

 January February March April May July 

 p = 0.251 
F = 1.452 
df = 2, 28 

p = 0.218 
F = 1.522 
df = 4, 34 

p < 0.001 
F = 19.32 
df = 5, 40 

p = 0.005 
F = 5.541 
df = 3, 22 

p < 0.001 
F = 24.65 
df = 3, 34 

p = 0.008 
F = 5.146 
df = 3, 21 

T
u
k
e
y
 p

a
ir

- 

w
is

e
 t
e
s
t 

  2012 vs 2015 
2016 
2017 

p < 0.001 
p < 0.001 
p = 0.001 

  2012 vs 2013 
2014 
2015 

p < 0.001 
p < 0.001 
p = 0.001 

2012 vs 2015 
 

p = 0.005 
 

  2013 vs 2015 
2016 
2017 

p < 0.001 
p = 0.002 
p = 0.007 

2013 vs 2015 
2016 

p = 0.009 
p = 0.040 

2013 vs 2014 
2015 

p = 0.003 
p = 0.019 

  

  2014 vs 2015 
2016 
2017 

p < 0.001 
p < 0.001 
p = 0.002 

      

 August September October November December  

 p < 0.001 
F = 18.29 
df = 2, 18 

p = 0.609 
F = 0.275 
df = 1, 13 

p = 0.940 
F = 0.006 
df = 1, 11 

p = 0.004 
F = 7.865 
df = 2, 17 

p = 0.037 
F = 5.758 
df = 1, 10 

T
u
k
e
y
 p

a
ir

-

w
is

e
 t
e
s
t 

    2012 vs 2016 p = 0.032    

2013 vs 2014 
2016 

p < 0.001 
p < 0.001 

  2013 vs 2016 
 

p = 0.003 2013 vs 2014 p = 0.037 
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Table A4: Model selection process including the variables of weighted importance, 

followed by a ranking of automated model generation. The models are ranked according 

to the lowest Akaike Information Criterion (AIC). (+) = Terms included in model, AICc = 

Akaike Information Criterion corrected for small sample size, BIC = Bayesian Information 

Criterion, R2 = proportion of variance explained, d = difference in AICc relative to the top 

candidate model, w = Akaike weight.  

Weighted importance      

Time 0.999      

Chlorophyll 0.999      

SOI 0.955      

SAM 0.398      

Sex 0.822      

 Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 

Time  + +  + + 

Chlorophyll   +  + + 

SOI   +   + 
SAM + +    + 

Sex + + + + + + 

Time by Sex +   +   

Chlorophyll by 
Sex 

+ +  +   

SOI by Sex + +  + +  

SAM by Sex   + + +  

AICc 1259.2 1263.7 1264.4 1264.5 1265.4 1266.0 
BIC 1372.9 1353.6 1340.8 1376.8 1349.3 1333.3 

R2 0.414 0.403 0.397 0.412 0.399 0.392 

d 0.000 2.647 3.349 3.420 4.326 4.941 

w 0.470 0.125 0.088 0.085 0.054 0.040 

 

 

Text A1: Decomposition analysis R code  

#packages required 

library(seasonal) 

library(forecast) 

library(magrittr) 

library(mice) 

library(tidyverse) 

library(tidyr) 

 

#gonad index for females 

data <- gi_f 

# OR gonad index for males 

data <- gi_m 

 

#average gi replicates by month 

data_summary <- data %>%  

  group_by(date) %>%  
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  summarize(mean = mean(gi)) 

#insert NAs in gaps  

data <- data_summary %>% complete(date = seq.Date(min(date), 

max(date), by="month")) 

 

#Need time series with no gaps, so fill missing months with 

predicted data using PMM (Predictive Mean Matching)  

https://stefvanbuuren.name/fimd/sec-pmm.html  

R Packages | Impute Missing Values In R (analyticsvidhya.com) 

imputed_Data <- mice(data, m=5, maxit = 50, method = 'pmm') 

summary(imputed_Data) 

completeData <- complete(imputed_Data,2) 

gidata <- subset(completeData, select = mean)# Selects collumns 

from the aggregated data into a new dataframe  

 

#create a time series object 

timeseries_gi <- ts(gidata, start = c(2012, 3), end =c(2018, #2), 

frequency = 12) 

ts <- window(timeseries_gi, start=c(2012, 3), end=c(2018, 2)) 

plot(as.ts(ts)) 

 

#decomposition of data using X11 method. Based on classical 

decomposition, but includes many extra steps and features in 

order to overcome the drawbacks of classical decomposition.  

fit <- seas(ts, x11 = "") 

autoplot(fit) 

 

  

https://stefvanbuuren.name/fimd/sec-pmm.html
https://www.analyticsvidhya.com/blog/2016/03/tutorial-powerful-packages-imputing-missing-values/
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Appendix B  

Supplementary for Chapter 3 

Figure A1: Location of Hangar Cove study site at Rothera Point, Adelaide Island, 

Antarctica (67°33'54.2"S 68°07'13.1"W) and insert map showing location of Rothera Point 

on Western Antarctic Peninsula. Marine environmental data are collected at the CTD site 

located south west of Rothera Point provide marine environmental data as part of the 

British Antarctic Survey Rothera Time Series environmental monitoring programme 

(RaTS). Large-scale map indicates the position of Rothera Research Station on Adelaide 

Island, on the Western Antarctic Peninsula. Figure modified from Grange et al. (2011) 

Text A1: Marine heatwave analysis  

The package ‘heatwaveR’ (Schlegel & Smit, 2018) was used to identify MHWs using the 

RaTS environmental data. I would like to acknowledge some limitations of the RaTs data 

for detecting MHWs using this package. Firstly, a period of 30 years is recommended to 

define baseline temperatures for the region of study (Hobday et al. 2016). However, owing 

to data acquisition in Antarctica being limited by remoteness, the RaTS data falls short of 

this recommendation, having 20 years of data (1997 – 2017). This limitation is 

acknowledged, and baseline temperature estimates are considered less robust as a 

result. In addition, the package also requires continuous daily temperature measurements, 
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whereas the RaTS data aims to collect four measurements per month, rather than daily 

data. In order to estimate daily temperature values, temperatures for dates occurring 

between measured time points were calculated by assuming that temperature 

increased/decreased linearly between time points. To this effect, the rate of temperature 

change between measured temperatures was estimated by calculating the difference in 

degrees celcius between the previous and subsequent measured temperatures, and then 

dividing by the number of days in between these two measured temperatures. This daily 

rate of change was then used to estimate daily temperatures in the RaTS data that were 

not directly measured.   

Temperature thresholds for defining a marine heat wave event are outlined in Hobday et 

al. (2016). In summary, MHW temperatures were reached when temperatures exceeded 

the 90th percentile of the seasonal temperature range (calculated from baseline 

temperatures at Ryder Bay from 1997-2017). If this seasonal temperature threshold was 

exceeded for a period of >5 consecutive days, this was recorded as a MHW.  

The analysis provided the date, duration (days), mean intensity (oC), maximum intensity 

(oC), cumulative intensity (oC x days) and onset rate (oC day-1). These values were then 

used to inform the realistic and potential future temperatures and warming rates used in 

the experimental design.  
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Table A1: Summary of heat wave characteristics at Rothera, Antarctica from 1997 – 2017. 

Duration: number of days heatwaves lasted, mean magnitude: mean temperature across 

duration of heatwave expressed as oC above the seasonal average, maximum magnitude: 

peak temperature within each heatwave expressed as oC above the seasonal average, 

onset rate: oC per day increase until peak temperature, annual frequency: number of heat 

wave events per year. Averages represent the mean value ± standard deviation, except 

for the duration which is represented by the median. Maximums represent the maximum 

recording across all heat wave events 1997 – 2017. 

  

 
Duration 

(days) 

Mean magnitude 

(oC) 

Max magnitude 

(oC) 

Onset rate 

(oC day-1) 

Annual 

frequency 

Average  10 ± 17 0.7 ± 0.4 0.8 ± 0.5 0.1 ± 0.1 2 ± 2 

Maximum 95 1.4 2.0 0.3 6 
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Table A2: Significant pair-wise comparison statistics of repeat measures ANOVA for 

oxygen consumption (µmol hr-1 gAFDM-1), time taken to right (minutes) and faecal 

production (mgAFDM day-1 mgAFDM-1). Mean ± standard error are listed below each 

treatment group in relation to the temperature timepoint measured. t = t statistic, df = 

degrees of freedom and adjusted p-values are Bonferroni corrected.  

 

Function  Time point 
Temperature 

(oC)  
group1 group2 t df 

Adjusted  

p-value  

Oxygen 

consumption  

t1 3.2 0.3oC day-1 

6.41 ± 0.36 

1oC day-1 

5.20  ± 

0.25 

5.62 4 0.030 

  t2 5.2 0.3oC day-1 

7.47 ± 0.30 

Cntrl 

3.73 ± 0.33 

5.87 4 0.025 

      1oC day-1 

6.97 ± 0.42 

Cntrl 

3.73 ± 0.33 

4.98 4 0.045 

  t3 7.2 0.3oC day-1 

9.38 ± 0.74 

1oC day-1 

18.8 ± 1.47 

-11.68 4 0.002 

      0.5oC day-1 

10.2 ± 0.39 

1oC day-1 

18.8 ± 1.47 

-8.46 4 0.006 

      0.5oC day-1 

10.2 ± 0.39 

Cntrl 

5.15 ± 0.26 

9.72 4 0.004 

      1oC day-1 

18.8 ± 1.47 

Cntrl 

5.15 ± 0.26 

10.97 4 0.002 

  t4 9.2 0.3oC day-1 

18.2 ± 1.7 

1oC day-1 

9.38 ± 0.59 

14.59 4 0.001 

      0.3oC day-1 

18.2 ± 1.7 

Cntrl 

5.73 ± 0.50 

9.18 4 0.005 

      0.5oC day-1 

13.5 ± 0.60 

Cntrl 

5.73 ± 0.50 

17.53 4 0.000 

      1oC day-1 

9.38 ± 0.59 

Cntrl 

5.73 ± 0.50 

5.35 4 0.035 

  t5 11.2 0.3oC day-1 

11.25 ± 

0.79 

Cntrl 

4.34 ± 0.16 

18.28 4 0.000 

      0.5oC day-1 

14.3 ±1.27 

Cntrl 

4.34 ± 0.16 

19.55 4 0.000 
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      1oC day-1 

20.8 ± 2.15 

Cntrl 

4.34 ± 0.16 

11.00 4 0.002 

Time taken 

to right 

t5 9.2 1oC day-1 

28.5 ± 3.11 

Cntrl 

10.6 ± 1.65 

6.06 4 0.022 

  t6 11.2 0.3oC day-1 

159.6 ± 

42.5 

Cntrl 

9.14 ± 1.19 

6.04 4 0.023 

      1oC day-1 

115.7 ± 

2.33 

Cntrl 

9.14 ± 1.19 

13.47 2 0.033 

Faeces 

produced 

t1 2.1 0.3oC day-1 

1.26 ± 0.15 

1oC day-1 

0.58 ± 0.09 

5.02 4 0.044 

      0.5oC day-1 

1.16 ± 0.02 

1oC day-1 

0.58 ± 0.09 

5.31 4 0.036 

      0.3oC day-1 

1.26 ± 0.15 

Cntrl 

0.63 ± 0.12  

8.74 4 0.006 
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Figure A2: Characteristics of warming events occurring in Ryder Bay, Antarctica from 

1997 – 2018. Y-axis indicates a) duration of the warming event in days, b) the maximum 

temperature reached during the warming event in oC, and c) the cumulative intensity of 

the warming event in terms of the integral of intensity over the duration of the event, and is 

equivalent to previously used metrics such as degree heating days (Hobday et al. 2016). 

X-axis indicates time at which the warming event occurred.  
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Figure A3: Experimental tank set-up a) Large water bath (Kingfisher Aquaculture) per 

treatment temperature containing five replicate small tanks. Bubble-wrap and foam 

insulated tank temperatures and limited heat transfer between treatments surrounding 

aquaria; b) five replicate tanks supplied with air stone with temperature changes governed 

through coil heaters (:hager ADC906F; LS502; ESD225; EK083) placed within water 

baths, circulating water by aquaria pumps (EHEIM compactON 300) and air stones; c) 

Within each replicate tank, each of the six pseudo replicate urchins separated using 

aquaria egg crate and fine mesh.  

A 

C 

B 
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Figure A4: Mean temperature of water baths for each treatment throughout the experiment. 

Error bars are ± standard deviation.  

 

Figure A5: Repeat measures ANOVA analysis for faeces produced as AFDM mg day-1, 

where significant differences are indicated with asterisks. Temperature time points 

represent the incremental increases in temperature where faecal production was 

measured at comparable temperatures in animals in treatment conditions, and 
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temperature timepoints for controls equate to periodic measurements of faecal production 

throughout the experimental period.  

Figure A6: Repeat measures ANOVA analysis for log transformed time taken to right 

where significant differences are indicated with asterisks. Temperature time points 

represent the incremental increases in temperature where righting was measured in 

animals in treatment conditions, and temperature timepoints for controls equate to 

periodic measurements of righting throughout the experimental period.  
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Figure A7: Effect of size of urchin (as test diameter) on function measured displayed as 

scatter plots, where the temperature at which the function was measured is indicated by a 

temperature colour gradient (low temperatures, relative to scale = blue, high temperature, 

relative to scale = red). Temperature scale bars are illustrated on the right of each plot.  

Table A3: Linear mixed model results for the model: log(Righting
i
)= 

 β
0
+ β

1
Test diamteriTemperature

i
 + ui + εi, where ui = random intercept for replicate tank 

ID and εi = random effect replicate tank ID. p-values are highlighted in bold where a 

significant effect occurs (p < 0.05).  
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Figure A8: Repeat measures ANOVA analysis for log transformed oxygen consumption 

where significant differences are indicated with asterisks. Temperature time points 

represent the incremental increases in temperature where oxygen consumption was 

measured in animals in treatment conditions, and temperature timepoints for controls 

equate to periodic measurements of oxygen consumption throughout the experimental 

period.  
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Appendix C  

Supplementary for Chapter 4 

Figure A1: Nitrite (NO2
-) concentrations in replicate tanks in cold-acclimated and warm-

acclimated treatments, in relation to the upper concentration limits allowed (red dashed 

line).  
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Figure A2: Ammonia (NH4
+) concentrations in replicate tanks in cold-acclimated and 

warm-acclimated treatments, in relation to the upper concentration limits allowed (red 

dashed line).  
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Figure A3: Marine Heatwave detection graphics from ‘Heatwave R’ package. Dotted outlines of events in panel A are shown in more detail in panels B and 

C (corresponding to events in 1st period in panel B and events in 2nd period in panel C).   

A 

C 

1st  2nd  

1st  2nd  

B 
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Figure A4: Linear regressions and breakpoints identified for the energy consumed (cold- and warm-acclimated) and Conover ratio (cold- and warm-

acclimated) of animals feeding across three replicates in experimental treatments. Data were pooled within tank replicates for each time-point (n=5). 

Breakpoint locations and statistics for each regression detailed in Table S2.  
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Table A1: Nutritional content and equivalent energy content of artificial diet (Vitalis© Marine Grazer) fed to experiment population of Sterechinus neumayeri. 

AFDM = Ash Free Dry Mass.  

Nutrition % in AFDM Diet Equivalent Energy (kJ g-1) Energy in Diet (kJ AFDMg-1) 

Protein 65.9 17 11.20 

Lipid 24.8 37 9.17 

Carbohydrate 9.3 8 0.74 

Total 
  

21.12 
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Table A2: Results from t-tests comparing functional response (oxygen consumption, time taken to right, energy assimilation, Conover ratio and 

energy consumption) between cold- and warm-acclimated treatments at pre- peak- and post- marine heat wave simulations. 

  

Oxygen consumption 

Cold- vs Warm-

acclimated 

Time taken to right 

 Cold- vs Warm-

acclimated 

Energy assimilation 

 Cold- vs Warm-

acclimated 

Conover ratio 

 Cold- vs Warm-

acclimated 

Energy consumption 

 Cold- vs Warm-

acclimated 

Pre-MHW t(4) = 2.4, p =  0.074 t(4) = 1.4, p =  0.233 t(28) = -2.98, p =  0.006* t(22) = 0.50, p =  0.626 t(28) = -0.035, p =  0.972 

Peak-

MHW 
t(57) = 3.6, p  < 0.001* t(57) = 0.74, p =  0.460 t(4) = -0.29, p =  0.787 t(85) = 2.46, p =  0.016* t(88) = -0.52, p =  0.601 

Post-

MHW 
t(58) = 2.2, p =  0.034* t(4) = 0.60, p =  0.584 t(79) = -3.89, p < 0.001* t(88) = -0.812, p =  0.419 t(118) = -0.26, p =  0.794 

Peak-

MHW1 
t(4) = 2.4, p =  0.074 t(17) = 1.40, p =  0.179 t(4) = -0.89, p =  0.426 t(27) = 2.98, p =  0.006* t(26) = -0.62, p =  0.540 

Post-

MHW1 
t(18) = 0.97, p =  0.347 t(4) = 1.67, p =  0.176 t(4) = -2.83, p =  0.047* t(28) = 1.55, p =  0.133 t(28) = -0.26, p =  0.799 

Peak-

MHW2 
t(17) = 1.9, p =  0.071 t(18) = 0.83, p =  0.418 t(4) = 1.16, p =  0.312 t(27) = 4.05, p < 0.001* t(26) = 0.96, p =  0.347 
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Post-

MHW2 
t(18) = 1.03, p =  0.319 t(4) = 0.88, p =  0.425 t(28) = -2.39, p =  0.024* t(28) = 0.51, p =  0.617 t(26) = 1.11, p =  0.275 

Peak-

MHW3 
t(4) = 1.2, p =  0.288 t(4) = -0.62, p =  0.573 t(28) = -0.252, p =  0.803 t(4) = -1.60, p =  0.183 t(28) = -1.21, p =  0.237 

Post-

MHW3 
t(18) = 1.6, p =  0.124 t(17) = -2.17, p =  0.045* t(28) = -0.557, p =  0.582 t(28) = -2.43, p =  0.022* t(28) = -1.36, p =  0.186 

2oC 

Warming  
t(74) = -0.9, p =  0.355 t(75) = 1.45, p =  0.151 t(6) = 2.52, p =  0.045* t(134) = 2.95, p =  0.004* NA 
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Table A3: Results from ANOVA or non-parametric equivalent, as well as post-hoc tests, comparing functional response (oxygen consumption, time taken 

to right, energy assimilation, Conover ratio and energy consumption) between time points during the experiment (pre, peak and post MHW), between the 

peaks of MHW events (peak1, peak2 and peak3), and between recovery periods following MHW events (post1, post2 and post3). 

  
Oxygen consumption Time taken to right Energy assimilation Conover Energy consumption 

Cold Warm Cold Warm Cold Warm Cold Warm Cold Warm 

Time  

P < 0.001* p < 0.001* p = 0.086 p = 0.607 p < 0.001* p < 0.001* p < 0.001* p < 0.001* p = 0.082 p = 0.142 

F= 9.70 
df =  2, 65 

F= 21.6 
df =  2, 63 

F= 2.56 
df =  2,65 

F= 0.504 
df =  2, 61 

F = 26.5 
df =  2, 139  

F = 14.9 
df =  2, 143 

F = 19.0 
df =  2, 139 

F = 33.9 
df =  2, 140 

F = 3.12 
 df =  1, 64 

F = 2.213 
df =  1, 64 

Pre-MHW 
vs  
Peak-MHW 

p < 0.001* p <0.001*     p < 0.001* p < 0.001* p = 0.006* p < 0.001* 

NA 
Pre-MHW 
vs 
Post-MHW 

p = 0.156 p = 0.163     p < 0.001* p < 0.001* p < 0.001* p < 0.001* 

Peak-MHW 
vs 
Post-MHW 

p =0.008* p <0.001*     p = 0.001* p = 0.015* p = 0.004* p = 0.275     

Peak MHWS  

p = 0.477 p = 0.892 p = 0.018* p = 0.937 p = 0.006* p < 0.001 p < 0.001* p < 0.001* p  = 0.001* p = 0.001* 

F= 0.764 
df =  2, 25 

F= 0.115 
df =  2, 24 

F= 4.76 
df =  2, 25 

F= 0.07 
df =  2, 24 

F= 5.97  
df =  2, 38 

F = 14.54 
df =  2, 39 

F = 44.3 
df =  2, 39 

F = 9.87 
df =  2, 38 

F = 7.67 
df =  2, 41 

F = 8.08 
df =  2, 41 

MHW1 
vs 
MHW2 

    p =0.991     p = 0.108 p < 0.001* p < 0.001* p < 0.001* p = 0.074 p =0.003* 

MHW1 
vs 
MHW3 

    p =0.031*   p = 0.003* p = 0.013* p < 0.001* p = 0.017* p = 0.001* p = .002* 

MHW2 
vs 
MHW3 

    p =0.043*    p = 0.347  p = 0.947 p = 0.009* p = 0.272 p = 0.233 p = 0.996 
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Post MHWS  

p = 0.704 p = 0.959 p = 0.322 p = 0.082 p = 0.041* p  < 0.001* p < 0.001* p = 0.387 p  < 0.001* p < 0.001* 

F= 0.356 
df =  2, 25 

F= 0.042 
df =  2, 25 

F= 1.185 
df =  2, 25 

F= 2.81 
df =  2, 22 

F= 3.33 
df =  2, 85 

F = 15.5 
df =  2, 85 

F = 7.69 
df =  2, 84 

F = 0.961 
df =  2, 84 

F = 9.75 
df = 2, 86 

F = 10.2 
df =  2, 86 

MHW1 
vs 
MHW2 

        p = 0.091 p < 0.001* p = 0.307   p = 0.105 p <0.001* 

MHW1 
vs 
MHW3 

        p = 0.029* p < 0.001* p < 0.001*   p <0.001* p <0.001* 

MHW2 
vs 
MHW3 

          p = 0.871 p = 0.379 p = 0.010*   p = 0.050* p = 0.967 
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 A4: Summary statistics for segmented linear regression relationships between energy consumed and the Conover ratio of Sterechinus neumayeri and 

experimental duration, expressed as Julian day, date, MHW ID and temperature. β indicates the slope of the linear regression lines before the breakpoint 

(Slope_1) and after the breakpoint (Slope_2); SEa indicates standard error for the intercept and slopes; df = degrees of freedom; bold p-values indicate 

significant relationships (p < 0.05) between temperature and the variable measured and bold Davies p-values represent a significant change (p < 0.05) in 

the gradient of the slope of segmented regressions. Values in the column BP indicate the localisation of the breakpoint; SEb (standard error) and R2 refers 

to the goodness of fit for the entire model. 

 

 

 

 

 

 

 

 

 

 

  
β SEa p-value BP SEb R2 

Davies 

p-value 

Energy Consumed, Cold 

(Intercept) 

Slope_1 

Slope_2 

0.853 

0.006 

-0.000 

0.029 

0.001 

0.003 

df=26 

<0.001 

<0.001 

0.923 

53.9 JD 

20/11/20 

Peak MHW3 

2.0oC 

0.059 0.703 0.153 

Energy Consumed, Warm 

(Intercept) 

Slope_1 

Slope_2 

0.761 

0.010 

0.001 

0.062 

0.003 

0.002 

df=26 

<0.001 

<0.001 

0.712 

32.7 JD 

30/10/20 

Peak MHW2 

3.5oC 

0.080 0.544 0.027 

Conover ratio, Cold 

(Intercept) 

Slope_1 

Slope_2 

42.5 

1.94 

0.22 

3.157 

0.263 

0.035 

df=23 

<0.001 

<0.001 

<0.001 

15.4 JD 

13/10/20 

Post MHW1 

1.0oC 

2.252 0.911 < 0.001 

Conover ratio, Warm 

(Intercept) 

Slope_1 

Slope_2 

58.0 

1.28 

-0.03 

3.41 

0.263 

0.035 

df=23 

<0.001 

<0.001 

0.476 

17.2 JD 

15/10/20 

Peak MHW1 

4.0oC 

2.254 0.646 < 0.001 
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Table A5: Magnitude of increase (%) in mean oxygen consumption rate (μmol/hr/gAFDM) of cold- and warm-acclimated Sterechinus neumayeri during 

simulated heatwave events (MHW), relative to the previous recovery period (pre/post-MHW).   

 Cold-acclimated Warm-acclimated 

Oxygen consumption rate 

(μmol/hr/gAFDM) 
% increase 

Oxygen consumption rate 

(μmol/hr/gAFDM) 

% 

increase 

Pre-MHW 1.18  1.76  

Peak-MHW1 2.23 89.7 3.40 93.2 

Post-MHW1 2.04  2.32  

Peak-MHW2 2.76 35.0 3.53 52.6 

Post-MHW2 1.75  2.13  

Peak-MHW3 2.71 54.7 3.42 60.7 

 

 

  





Appendix D 

 

117 

Appendix D  

Supplementary for reproductive data, Chapter 3 and 4 

Text A1: The following data presented are results from experiments conducted in Chapter 

3 and 4 concerning the reproductive impacts of warming. These data are to support the 

findings reported in the data chapters, but also provide novel insights that provide a basis 

for future work and experimentation. Results are first presented from the experiment 

carried out for Chapter 3, where temperatures were raised at three onset rates (0.3oC day-

1, 0.5oC day-1 and 1 oC day-1). In these treatments, urchins were collected and preserved 

once the reached their critical thermal maximum (CTmax) (n = 30). Urchins were also 

collected and preserved from control treatments on the last day of the experiment, when 

all urchins from the warming treatment had reached CTmax (n = 20). As a references for 

maturation occurring during the experiment, urchins were preserved at the start of the 

experiment (n = 20). All methods for gonad index, oocyte size and male maturity were 

carried out as per Chapter 2.  I addition to this, urchins were collected from the 

environment at the start of the experiment and at the end, to understand how aquarium 

conditions affected the urchins. The second half of the results presented are from the 

experiment carried out for Chapter 4, where urchins were initially acclimated to 0oC and 

2oC before being exposed to three consecutive acute warming of +2oC above acclimated 

temperatures. Urchins were collected and preserved following acclimation (n = 20) and 

then following the exposure to the acute warming events (n = 20). As above, all methods 

for gonad index, oocyte size and male maturity were carried out as per Chapter 2.  
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Figure A1: Gonad index Sterechinus neumayeri pre-warming (14th January) and post-

warming at three warming rates where temperature increased by 0.3oC day-1, 0.5oC day-1 

and 1oC day-1 and control treatments where urchins were not warmed. Post-warming 

urchins were sampled when CTmax was reached (0.3oC day-1 = 16th – 23rd February, 0.5oC 

day-1  = 4th – 8th February, 1oC day-1 = 26th – 28th January), and control urchins were 

sampled at the end of the experiment (24th February). Gonad index has been square root 

transformed. Data are displayed as boxplots with the central line in the boxes representing 

the median value, the upper and lower hinges representing the 25th and 75th percentiles, 

and the upper/lower whiskers representing the largest/smallest value, no further than 1.5 

times the interquartile range from the hinge. All data outside these ranges are plotted as 

points. Males and females plotted separately, where red boxes representing females and 

blue boxes representing males. 
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Figure A2: Gonad index Sterechinus neumayeri sampled from the aquarium, pre-warming 

experiment (14th January) and post-warming experiment (24th February), and sampled 

from the environment, pre-warming experiment (14th January) and post-warming 

experiment (25th February) (NB these urchins were controls and were not warmed). 

Gonad index has been square root transformed. Data are displayed as boxplots with the 

central line in the boxes representing the median value, the upper and lower hinges 

representing the 25th and 75th percentiles, and the upper/lower whiskers representing the 

largest/smallest value, no further than 1.5 times the interquartile range from the hinge. All 

data outside these ranges are plotted as points. Males and females plotted separately, 

where red boxes representing females and blue boxes representing males. 

  

Aquarium  
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Figure A3: Oocyte size distributions (based on the calculation of Equivalent Circular 

Diameter, µm) of Sterechinus neumayeri displayed as histograms of female oocyte size 

percentage frequencies (%) in A) ambient controls overlayed with treatment where 

temperature increased by 0.3oC day-1 warming, B) ambient controls overlayed with 

treatment where temperature increased by 0.5oC day-1, C) ambient controls overlayed with 

treatment where temperature increased by 1oC day-1, and D) warming treatments where 

temperature increased by 0.3oC day-1, 0.5oC day-1 and 1oC day-1. Control ECD size 

distributions were estimated to align with the sample dates of the warming treatments, 

where each bin frequency was estimated based the linear trajectory from pre-warming (4th 

January) to post-warming (24th February). Error bars are ± standard error. n = total 

number of females included in the distribution. 

 

  

A B 

C D 
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Figure A4: Oocyte size distributions (based on the calculation of Equivalent Circular 

Diameter, µm) of Sterechinus neumayeri displayed as histograms of female oocyte size 

percentage frequencies (%) in A) ambient controls overlayed with urchins sampled from 

the environment, pre-warming experiment (14th January) B) ambient controls overlayed 

with urchins sampled from the environment, post-warming experiment (24th and 25th 

February), C) ambient controls pre- and post-warming experiment, D) urchins sampled 

from the environment, pre- and post-warming experiment. (NB these urchins were 

controls and were not warmed). Error bars are ± standard error. n = total number of 

females included in the distribution.  

A B 

C D 
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Figure A5: Male maturity stages of Sterechinus neumayeri in three different warming rates 

and ambient control conditions. Urchins were sampled when CTmax was reached (0.3oC 

day-1 = 16th – 23rd February, 0.5oC day-1  = 4th – 8th February, 1oC day-1 = 26th – 28th 

January), and control urchins were sampled at the end of the experiment (24th February).  
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Figure A6: Male maturity stages of Sterechinus neumayeri sampled from the aquarium, 

pre-experiment (14th January) and post- experiment (24th February), and sampled from the 

environment, pre-experiment (14th January) and post-experiment (25th February) (NB 

these urchins were controls and were not warmed). 

 

  

Pre-experiment     Post-experiment 

Aquarium 

Pre-experiment     Post-experiment 

Environment 
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Figure A7: Gonad index Sterechinus neumayeri sampled from cold-acclimated urchins 

(0oC for 8 months) and warm-acclimated urchins (2oC for 8 months) prior to marine 

heatwave simulations (pre-MHW), and after three marine heatwave simulations (post-

MHW). Gonad index has been log transformed. Data are displayed as boxplots with the 

central line in the boxes representing the median value, the upper and lower hinges 

representing the 25th and 75th percentiles, and the upper/lower whiskers representing the 

largest/smallest value, no further than 1.5 times the interquartile range from the hinge. All 

data outside these ranges are plotted as points. Males and females plotted separately, 

where red boxes representing females and blue boxes representing males. 
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Figure A8: Oocyte size distributions (based on the calculation of Equivalent Circular 

Diameter, µm) displayed as histograms of female oocyte size percentage frequencies (%) 

for A) cold-acclimated urchins (0oC for 8 months), pre-MHW (prior to marine heatwave 

simulations), B) warm-acclimated urchins (2oC for 8 months), pre-MHW, C) cold-

acclimated urchins, post-MHW (after three marine heatwave simulations), D) warm-

acclimated urchins, post-MHW. Error bars are ± standard error. N = total number of 

females included in the distribution, n = total number of oocytes measured in the 

distribution. 

 

  

A B 

C D 
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Figure A9: Oocyte size distributions (based on the calculation of Equivalent Circular 

Diameter, µm) of Sterechinus neumayeri displayed as histograms of female oocyte size 

percentage frequencies (%) in A) cold-acclimated urchins (0oC for 8 months), pre-MHW 

(prior to marine heatwave simulations) and post-MHW (after three marine heatwave 

simulations), (B) warm-acclimated urchins (2oC for 8 months), pre-MHW and post-MHW, 

C) cold- and warm-acclimated urchins, pre-MHWs, and D) cold- and warm-acclimated 

urchins, post-MHWs. Error bars are ± standard error. n = total number of females included 

in the distribution.  

 

  

A B 

C D 
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Figure A10: Male maturity stages of Sterechinus neumayeri in cold-acclimated urchins 

(0oC for 8 months), pre-MHW (prior to marine heatwave simulations) and post-MHW (after 

three marine heatwave simulations), and warm-acclimated urchins (2oC for 8 months), 

pre-MHW and post-MHW.  
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