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In temperate waters, shallow rocky reefs are dominated by highly productive marine 

kelp forests. As the earth’s climate is changing, these kelp forests are facing an increas-

ing number of stressors including ocean warming and an increased frequency of marine 

heatwaves (MHWs), discrete prolonged extreme warm water events. The capacity of 

kelp forest communities to deal with these changes while maintaining their structure, 

function and feedbacks, will be influenced by the nature and interaction of stressors and 

the resilience of marine communities. My thesis assesses the effects of MHWs on the 

physiological performance and survival of ecologically important habitat-forming and 

dominant turf-forming seaweeds. The thesis comprise five major components: a review 

to assess current knowledge of MHW impacts on seaweeds (chapter 2), an investigation 

into the sensitivity of a key-habitat forming seaweed to MHWs with different profiles 

(chapter 3), an assessment of the interaction between varying irradiance and MHW in-

tensities (chapter 4), a test of the importance of parental thermal history for seaweed 

resilience to MHWs (chapter 5) and, ultimately, a comparison of impacts between dif-

ferent profiled thermal stressors (warming, climate variability, MHWs; chapter 6). 

The initial work in chapter 2 reviews the global literature on seaweed responses to 

MHWs to synthesise and contrast observed effects to date. Seaweed responses to 

MHWs included resistance, tissue bleaching, changes in abundance, invasions and local 

to regional extinctions. Although a relatively low number of observations exist, the 

broad range of responses highlights the urgent need to establish baseline information 

regarding seaweed distributions and performance to be able to detect impacts of cli-

mate extremes across local to regional scales.  

Chapter 3 explores the effects of different profiled MHWs on the canopy-forming kelp 

Ecklonia radiata which dominates the Great Southern Reef. Heatwave duration had the 

strongest impact, with longer MHWs leading to the deterioration of tissue health, 

greater tissue loss and increased mortality. Maximum MHW intensity showed a trend to 
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enhance impact strength, however E. radiata demonstrated a higher temperature tol-

erance than anticipated from previous studies. The sensitivity of E. radiata towards 

longer heatwaves underlines the prospect of further abundance declines along Western 

Australia’s coastline as extreme MHWs increase in the future. The loss of E. radiata from 

Western Australia’s coastline will likely see wider spread alterations to the structure, 

function and services provided by these kelp forest. 

Species-specific resilience to the combined stress of MHWs of different maximum inten-

sities and altered irradiance levels are assessed in chapter 4. Temperature was the main 

driver for the declines in seaweed performance, with extreme MHW simulations show-

ing the strongest impacts. Light levels resembling conditions in highly turbid waters or 

under a high-density canopy showed a neutral effect within naturally experienced ther-

mal conditions. However, when seaweeds were subjected to extreme temperature con-

ditions, low light levels reinforced the negative effects of temperature upon the physio-

logical performance. The change from a neutral effects of low light levels at natural tem-

peratures to a synergistic interaction, with light limitations enhancing negative effects 

of extreme temperature stress, highlights the urgent need to reassess the interactive 

nature of multiple stressors in respect to the emerging threat of MHWs. 

Chapter 5 contrasts the tolerance of three key canopy-forming seaweeds to future 

warming. Three dominant, canopy-forming seaweeds were subjected to a broad range 

of temperatures to determine inter- and intraspecific differences between two popula-

tions along a latitudinal gradient. Thermal stress tolerance was species-specific, with a 

clear hierarchical structure in species responses. Scytothalia dorycarpa was most sensi-

tive, whereas E. radiata showed short-term heat tolerance but high levels of bleaching 

above summer maxima, and Sargassum spinuligerum only reduced its performance 

when temperatures turned extreme. The differences in temperature sensitivity shown 

here has ecological implications as future warming and increased climate variability will 

likely alter the balance between these major canopy-formers, with unpredictable con-

sequences for ecosystem structure and function. 
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Differences in the thermal sensitivity of key habitat-forming seaweeds to warming and 

MHW scenarios are explored in chapter 6. Three dominant and co-occurring habitat-

forming seaweeds were subjected to four temperature scenarios (control, warming, 

MHW, and climate variability followed by a MHW). Sargassum linearifolium showed no 

strong response to all applied treatments, E. radiata showed increased sensitivity to-

wards elongated heat exposure, and Phyllosphora comosa exhibited a strong, negative 

response to temperature extremes. This chapter highlights the dependency on thermal 

stressor profile and species-specific resilience, with the potential of contrasting impacts 

cascading through affected ecosystems depending on the shape of thermal stress. 

Under ‘normal’ climatic conditions seaweeds are well adapted; however, climate change 

has the potential to dramatically undermine their resilience. Here we showed species-

specific thermal sensitivity to warming and MHWs of different maximum intensities and 

durations. Ecologically this has great potential to shift competitiveness between domi-

nant co-occurring species and alter ecosystem structure. The manifestation of temper-

ature impacts will depend on the shape of the respective thermal stress, the location 

along the coast and the location within a species biogeographical distribution where 

stress is experienced. 
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1.1. Climate Change  

Climate is the most important determinant for the distribution of species throughout 

terrestrial (Woodward and Williams 1987; Kelly and Goulden 2008) and aquatic ecosys-

tems (Santelices and Marquet 1998; Adey and Steneck 2001; Wernberg et al. 2010). 

Since early life history, large-scale geological events and long-term climate fluctuations 

were the dominant drivers of species distribution changes (Wiens and Donoghue 2005). 

But over the past millennium, humans have increasingly modified our climate as a result 

of increased concentrations of greenhouse gases in the atmosphere (IPCC 2007; Ciais et 

al. 2013). This human influence has significantly changed the structure of ecosystems 

and the distribution of species at a rate that exceeds natural processes (Lotze and Worm 

2002; Karl and Trenberth 2003; Worm et al. 2006). Given the importance of the climatic 

environment to an organism’s basic physiology it is not surprising that a changing cli-

mate can strongly impact the ecological and physiological performance of species 

(Parmesan and Yohe 2003; Harley et al. 2006; Sorte, Williams and Carlton 2010; 

Poloczanska et al. 2013). Physiological compensation to environmental change may 

erode the resilience of populations and reduce their capacity to withstand perturbations 

caused by natural or anthropogenic stressors. Environmental change can thus lead to 

population collapse and a loss of ecological function (Steneck et al. 2002; Wernberg et 

al. 2010). In the marine realm, many species have responded to the changing climate by 

shifting their range towards higher latitudes  as increasing temperatures make previ-

ously occupied areas uninhabitable and opens up new, previously unsuitable areas 

(Perry et al. 2005; Sorte, Williams and Carlton 2010; Poloczanska et al. 2013; Wernberg 

and Straub 2016; Wernberg et al. 2016a). 

The rapid development of climate change has created an urgent need to understand the 

sensitivity of organisms to future conditions. Warming temperature is the main driver 

of change (Rosenzweig et al. 2008) and is having pervasive impacts on organisms (Ling 

et al. 2009; Poloczanska et al. 2013; Poore et al. 2013; Smale and Wernberg 2013; Graba-
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Landry et al. 2018). Considerable attention has been directed at understanding the im-

pacts and consequences of long-term anthropogenic change. However, discrete climat-

ically extreme events such as marine heatwaves (MHWs) can also significantly affect re-

gional environments and species. Extreme temperature events (MHWs) have increased 

in frequency and duration over the last century and are projected to increase further 

(Oliver et al. 2018a). MHWs are prolonged, anomalously warm water events (Hobday et 

al. 2016), which have a huge potential to radically increase thermal stress, lead to eco-

system disruptions and cause rapid-step wise changes in species distributions (Smale 

and Wernberg, 2013; Wernberg et al., 2016). However, detecting responses to warming 

temperatures and MHWs can be very difficult in natural systems as many impacted eco-

systems often lack precise baseline data (Rosenzweig et al. 2008).  

 

1.2 Climate Change research 

Studies on the impacts of environmental change on physiological and ecological perfor-

mance and the distribution of organisms have typically started as controlled laboratory 

experiments. Often these experiments manipulate a single or a combination of environ-

mental variables (e.g. temperature, irradiance) to determine changes in performance 

(Altamirano, Murakami and Kawai 2004; Sarker et al. 2013). This has provided a mecha-

nistic understanding of the physiological response of species to individual climatic fac-

tors and allows to disentangle the effects of interactive stressors. Yet, in the natural en-

vironment, individuals are exposed to multiple environmental stressors which may act 

additively, synergistically or antagonistically, producing effects that are not always pre-

dictable based on single factor experiments (Lotze and Worm 2002; Harley et al. 2006; 

Russell et al. 2009). Combining experiments with comparative studies along natural cli-

matic gradients can overcome experimental simplicity, whilst still allowing a baseline 

understanding of the nature of individual stressors to be established (Lester et al. 2014).  

Long-term temporal datasets give valuable information for disentangling climate driven 

changes from other processes, however, in marine environments these datasets are 

scarse (Rosenzweig et al. 2008). This necessitates the role of controlled laboratory ex-

periments in climate change studies, as it provides baseline information urgently needed 
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to understand the species-specific sensitivity of organisms and whole ecosystems to 

new emerging changes over the coming century (Burrows et al. 2011). 

 

1.3 Seaweeds 

Seaweed assemblages from the intertidal zone to the continental shelf are some of the 

most diverse ecosystems on earth, with high ecological and economic importance 

(Steneck et al. 2002; Harley et al. 2006; Smale et al. 2013; Bennett et al. 2016).  As eco-

logically important primary producers and habitat formers their species-specific distri-

butions shape local reef communities (Wernberg, Kendrick and Phillips 2003; 

Buschbaum, Chapman and Saier 2006; Tuya, Wernberg and Thomsen 2009). Large can-

opy forming seaweeds like kelps alter their physical environment (e.g. wave action, light 

regime), ameliorate stress and provide a three-dimensional structure for associated spe-

cies (Hurd 2000; Wernberg, Kendrick and Toohey 2005). Along near-shore temperate 

rocky reefs, kelp forests dominate and provide food and shelter and ultimately  the 

structural framework that supports diverse assemblages (Steneck et al. 2002; Steneck 

and Johnson 2013; Bennett et al. 2016).  

Distribution patterns of seaweeds are a consequence of both the biotic and abiotic en-

vironment, with species introductions and species-specific responses to climate change 

increasingly shaping local distributions (Lüning 1990; Harley et al. 2006; Williams and 

Smith 2007; Tittensor et al. 2010; Sorte et al. 2013). Climate change, urbanization and 

overexploitation of marine resources are some of the largest challenges faced by sea-

weed ecosystems. Seaweeds are mediated by biotic interactions such as predation, 

competition and facilitation (Steneck and Johnson 2013), and influenced by abiotic fac-

tors such as temperature, salinity, light and turbidity (Dayton 1985). Temperature in par-

ticular plays a pivotal role in shaping the biogeography of seaweeds, with global warm-

ing and an increasing frequency of MHWs leading to alterations in the distribution of 

seaweeds (Zachos, Dickens and Zeebe 2008; Wernberg et al. 2011a; Harley et al. 2012). 

.  
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1.4 Seaweed responses to changes in temperature 

Very broadly, species evolutionary history determines the baseline temperature re-

quirements of all seaweed species (Bartsch, Wiencke and Laepple 2012). However, sea-

weeds have a variety of ways to respond to changes in temperature that range from 

acclimation over adaptation to migration (Eggert and Wiencke 2000; Eggert 2012; 

Chirgwin et al. 2018). If these processes fail, seaweeds either get trapped in isolated 

refugia or become locally and/or globally extinct (Bartsch, Wiencke and Laepple 2012).  

On short timescales (hours to days) seaweeds can acclimate, over medium timescales 

(lifespan to several generations) individuals can respond through transgenerational plas-

tic changes, whereas adaptation takes place over medium to long timescales (years to 

centuries) (Agrawal, Laforsch and Tollrian 1999; Eggert 2012; Chirgwin et al. 2018). The 

potential for phenotypic temperature acclimation varies between species and is gener-

ally expected to be higher in seaweeds native to habitats with large annual temperature 

variations. To date, acclimation to temperature stress has been mostly studied on the 

level of growth and photosynthesis (Davison 1991; Eggert and Wiencke 2000), with lim-

itations resulting from the sensitivity of the main cellular components (proteins and 

membranes) to temperature. Seaweeds react by adjusting enzyme concentrations and 

lipid composition of membranes to allow temperature compensation (Eggert 2012). 

Heat stress beyond phenotypic temperature acclimation causes damage to seaweeds 

with progressively more impaired cellular processes over time until lethal limits are 

reached (Eggert 2012). Phenotypic adjustments of individuals can also be transgenera-

tional if experienced parental thermal stress adjustments carry over to the offspring 

(Agrawal, Laforsch and Tollrian 1999; Chirgwin et al. 2018). Over generations, beyond 

phenotypic alterations additionally genotypic adjustments can take place to adjust met-

abolic proteins and lipid composition of membranes to temperatures similar to short-

term phenotypic acclimation responses (Clarke 2003).  

How seaweeds are affected by warming and MHWs respectively, is discussed in more 

detail in Appendix 3 for warming, and in chapter 2 for MHWs.  
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1.5 The coastal marine system of southern Australia 

In Australia, the Great Southern Reef (Fig. 1.1) spans over more than 8000km of coast-

line from subtropical New South Wales, down the east coast and around Tasmania, 

stretches along the southern coastline and reaches up the westcoast as far north as Kal-

barri (Bennett et al. 2016).  

 

Figure 1. 1. The Great Southern Reef (GSR) straddles five states across the southern coastline of the Aus-
tralian continent. Rocky reefs run almost continuously around the southern coastline, where kelp forests 
dominated by the small common kelp Ecklonia radiata as a defining feature of the GSR (photographs: T. 
Wernberg). Figure modified and reprinted from Bennett et al. (2016b, Fig. 1.). 

 

This interconnected reef system consists of a mosaic of habitats and communities, with 

seagrass meadows in shallower, sandy areas and kelp- dominated reefs on the rocky 

limestone reefs as the two main communities. These two ecosystems provide countless 

ecosystem services, both economically and ecologically (Bennett et al. 2016). Within 

kelp-dominated reefs, the main canopy-former (order Laminariales) is the kelp Ecklonia 

radiata, along with other large brown seaweeds from the order Fucales, e.g. several Sar-

gassum species as well as Scytothalia dorycarpa at the south-western coastline and Phyl-

losphora comosa along the south-eastern coastline (Underwood, Kingsford and Andrew 

1991; Wernberg et al. 2011a, 2012, 2016b).  
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Seawater temperatures along the Great Southern Reef are strongly shaped by boundary 

currents that transport warm, nutrient poor water poleward along both coasts of Aus-

tralia (Wernberg et al. 2013b). The East Australian Current flows southwards along the 

east coast, whereas the Leeuwin current flows along the western coastline and wraps 

around the southern parts of mainland Australia (Condie and Dunn 2006). These cur-

rents play an important role in maintaining climatic conditions over time, and contribute 

to the stable climatic history the Great Southern Reef has experienced over the past ~ 

50 million years (McGrowran et al. 1997; Condie and Dunn 2006). The Great Southern 

Reef is exposed to growing anthropogenic pressure, especially from climate change as 

the western and south-eastern areas are warming hotspots with water temperatures 

increasing at 2-4 times the global average (Pearce and Feng 2007; Hobday and Pecl 

2014).  

Gradual long-term warming has resulted in range contractions and abundance declines 

of the kelp E. radiata at its northern range limits at both the East and West Coast of 

Australia (Wernberg et al. 2011b, 2013b). Further, a warming event in 2000/01 led to 

localised mortality of E. radiata and P. comosa (Valentine and Johnson 2004), and 

strengthening of the East Australian Current is associated with large-scale loss of giant 

(Macrocystis pyrifera) kelp forests in Tasmania (Johnson et al. 2011). Along the western 

coastline, a major MHW impacted almost 2000 km of coastline with peak-temperatures 

2-6°C above long-term maxima (Pearce and Feng 2013), resulting in dramatic loss of kelp 

forests and range contractions of dominant canopy-forming seaweeds (Smale and 

Wernberg 2013; Wernberg et al. 2016a). The impacts of the MHW on the temperate 

marine life were profound and provided a strong indication of how sensitive temperate 

reef organisms can be increasing temperatures.  
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1.6 Research questions 

As MHWs are increasing in frequency and duration (Oliver et al., 2018), it is a pressing 

matter to understand their impacts on single species to whole communities. As little is 

known about impacts of MHWs, my thesis will advance our knowledge and understand-

ing of how different profiled thermal stressors effect marine forests by starting at their 

foundation base, the canopy-formers. Therefore, the overarching aim of this thesis was 

to determine how different profiled thermal stressors, especially MHWs, affect im-

portant canopy-formers and dominant turf-forming seaweed species along the temper-

ate Australian coastline (Fig. 1.1).  

To achieve this objective, the core questions are: 

• Do physical attributes of MHWs affect severity of impact on E. radiata? 

• How are the physiological performance and survival of seaweeds affected by 

irradiance levels co-occurring with MHWs of different maximum temperatures? 

• Is the thermal sensitivity of canopy-forming seaweeds different between two 

populations along a latitudinal temperature gradient? 

• What are the species-specific responses of co-occurring canopy-forming sea-

weeds to warming, climate variability and MHWs respectively? 
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Figure 1. 2. Overview of the central questions addressed by my thesis per chapter 

 

 

1.7 Thesis structure 

Each of the research chapters 2, 3, 4, 5 and 6 are written in a format for publication as 

individual studies. All chapters are in preparation stage for submission to their respec-

tive target journals, with chapter 2 and 6 being close to submission. Impacts of MHWs 

on canopy and turf-forming seaweed species were investigated through a synthesis of 

global literature and through aquaria experiments across local to regional spatial scales. 

Temperature is an important driver in marine ecosystems, and MHWs are anticipated 

to have strong ecological effects. 
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Chapter 2 

Marine heatwaves have gained attention over recent years as important drivers of eco-

system change, with the potential to dramatically impact affected habitats. Field obser-

vations have generally focussed on iconic species or coral reefs (Hoegh-Guldberg and 

Poloczanska 2017), however, little is known about impacts on seaweeds and compre-

hensive reviews are lacking. This chapter provides a global overview of recorded effects 

on seaweeds and highlights the breadth of responses.  

 

Chapter 3 

Marine heatwaves are driven by a range of atmospheric and oceanographic processes, 

and fundamentally differ in their physical attributes (i.e. duration, intensity, rate of on-

set and decline, areal extend). As the likelihood of these extreme events has increased 

with anthropogenic change, we urgently need to understand how different profiled 

MHWs affect organisms. This chapter tested for the respective importance of duration, 

maximum intensity (peak temperature) and elongated peak temperature on the survival 

and physiological performance of juvenile E. radiata. 

 

Chapter 4 

Light and temperature are important drivers of the distribution and physiological per-

formance of seaweeds. This chapter tested the nature of interaction between irradiance 

levels and varying MHW peak temperatures. Irradiance levels resembled medium light 

levels common under medium-density kelp canopy on Australia’s reefs, and low light 

levels resembled levels common under a very dense kelp canopy or reduced irradiance 

caused by storms or increased turbidity within the water column. Peak temperatures of 

the MHWs resembled close to summer maxima and possible, near-future extreme tem-

perature. Physiological performance of juvenile kelp, E. radiata, and two small thalloid 

brown seaweeds, Lobophora variegata and Zonaria turneriana was assessed to deter-

mine the effect of MHW intensities and the nature of interaction with altered irradiance 

levels. 
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Chapter 5 

Observing population differences along climatic gradients can give valuable insights into 

changes expected to occur due to ongoing climate change. The natural temperature gra-

dient along the West Australian coastline provides a unique opportunity to test for phe-

notypic and genotypic adjustments of species over a range of temperatures. Along this 

temperature gradient, we collected three dominant canopy-forming seaweeds from two 

populations separated by ~300km along the coastline. E. radiata, Scytothalia dorycarpa 

and Sargassum spinuligerum were subjected to a broad range of temperatures to test 

for species- and population-specific temperature sensitivity. 

 

Chapter 6 

Concurrent with long-term warming, climate variability and the occurrence of MHWs 

are increasing. This chapter contrasts the impacts of global warming, climate variability 

and extreme events on three co-occurring dominant canopy-forming seaweeds, E. radi-

ata, Phyllosphora comosa and Sargassum linearifolium, along the eastern coastline of 

Australia. This experiment gained important insights into different aspects of climate 

change and enables to determine impacts on marine forests on a broader scale. 

 

Chapter 7: General discussion 

Finally, the general discussion relates these research endeavours to each other, high-

lights key findings and proposes future research. Overall this thesis will help to under-

stand the resilience of marine forests to temperature extremes, and the importance of 

the physical attributes of future temperature stressors to seaweed physiology. 
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Appendices 

The attached appendices are first authored or co-authored by me and are either base-

line information that my thesis builds upon (Appendix 1 and 3) or complimentary to 

highlight the dramatic consequences of anthropogenic change for seaweeds and eco-

systems (Appendix 2 and 4). 

Appendix 1 is the output of the Marine Heatwave workshop I held in Perth, where I was 

part of the breakout group defining MHWs. The peer reviewed and published MHW def-

inition is used throughout my thesis and therefore attached as it is strongly connected 

to my research.  

Appendix 2 is a manuscript accepted for publication, which is an output as part of the 

MHW Workshop II held in Plymouth, UK, where I was part of the breakout group collect-

ing a global dataset and performing a meta-analysis. This appendix assesses MHW im-

pacts on marine taxa, demonstrating the breadth of responses and severity of MHW 

impacts, highlighting how topically my thesis is. 

Appendix 3 is co-authored by me and reviews ocean warming impacts on seaweeds, the 

baseline knowledge about temperature impacts and thermal thresholds of species, 

which this thesis builds upon. 

Appendix 4 is first authored by me and reviews and analyses speed of recent range shifts 

in seaweeds, contrasting range shifts due to invasions and ship-trafficking against range 

shifts due to warming and MHWs making previous habitable areas uninhabitable, and 

opens new habitats. This appendix highlights the challenges seaweeds are facing due to 

anthropogenic change and their migration potential. 
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2.1 Abstract 

Anomalously warm temperature events have increased by 34% in frequency and 17% in 

duration from 1925 to 2016 with potentially major impacts on coastal ecosystems. 

These ‘marine heatwaves’ (MHWs) have been linked to changes in primary productivity, 

community composition and biogeography of seaweeds, which often provide critical 

ecosystem services including forming the foundations of many marine ecosystems. Here 

we review the literature on seaweed responses to warming events in order to better 

understand MHW impacts. We found 52 observations of seaweed responses to MHWs, 

including resistance, bleaching, changes in abundance, species invasions and regional 

extinctions. A greater number of records existed for canopy-forming kelps (n = 17) and 

both bladed (n = 11) and non-bladed filamentous turf-forming seaweeds (n = 11) than 

for canopy-forming fucoids (n = 5), geniculate coralline turf (n = 5) and crustose coralline 

algae (n = 3). Turf-forming seaweeds generally increased in abundance after an MHW, 

whereas canopy-forming kelps and fucoids typically declined in abundance. Importantly, 

we found three examples of regional extinctions of kelp following MHWs, events that 

could have major persistent consequences for ecological structure and functioning. Alt-

hough a relatively low number of observations exist, the broad range of responses high-

lights the urgent need to establish better baseline information regarding seaweed dis-

tributions and performance to be able to detect impacts of climate extremes. MHWs are 

expected to increase in frequency and duration in the future and it is therefore im-

portant to study specific characteristics of MHWs that affect the vulnerability and resil-

ience of seaweeds to these increasingly important climatic perturbations. 

 

 

 

Keywords 

Temperature extremes, temperature anomalies, climate variability, extreme climatic 

events, macroalgae, foundation species 
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2.2 Climate change and marine heatwaves 

Anthropogenic stressors have resulted in widespread changes in coastal marine ecosys-

tems (Perry et al. 2005; Sorte, Williams and Carlton 2010; Pecl et al. 2017), with in-

creased temperature being the most pervasive environmental driver of change (Hoegh-

Guldberg and Bruno 2010). It is estimated that >70% of the world’s coastlines have ex-

perienced significant warming in the past four decades (Lima and Wethey 2012), with 

predicted near-surface warming in the order of 2 - 7°C by the end of the century 

(Christensen et al. 2007; Lima and Wethey 2012). As a consequence of continued ocean 

warming, 46% of the world’s coastlines have experienced a significant decrease in the 

frequency of cold days, whereas 38% of coastlines have experienced an increased fre-

quency of extremely hot days (Lima and Wethey 2012). Recently, Hobday et al. (2016) 

proposed a framework for describing anomalously warm water events as ‘marine heat-

waves’ (MHWs), which included a quantitative definition of periods when sea surface 

temperatures exceed the 90th or 95th percentile of the climatological mean for at least 

five consecutive days. Using this approach, Oliver et al. (2018a) empirically showed that 

MHWs have increased in both frequency and duration since the early 20th century, by 

34% and 17%, respectively, with MHW frequency ranging between one to three annual 

events depending on location. The underlying driver of this trend was primarily in-

creased mean ocean temperature, which is largely a consequence of anthropogenic cli-

mate change (Oliver et al., 2018).   

MHWs are driven by a range of oceanographic and atmospheric processes and, as such, 

the physical attributes of MHWs (i.e. duration, intensity, areal extent) vary considerably 

between regions, systems and events (Hobday et al. 2016). Some of the most notable 

MHWs have been associated with El Niño Southern Oscillation (ENSO) events, in partic-

ular the El Niño’s of 1982/83 and 1997/98 with elevated sea water temperatures along 

large stretches of the eastern Pacific coastline (Gunnill 1985; Soto 1985; Laurie 1990; 

Edwards 2004; Serisawa et al. 2004). In addition, non-ENSO related MHWs have oc-

curred in the Mediterranean, in 2003 and 2006, during which sea surface temperature 

anomalies of 2-3°C were recorded over 1000s of kilometres of coastline (Sparnocchia et 

al. 2006; Olita et al. 2007; Garrabou et al. 2009). Moreover, the unprecedented ‘Ninga-
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loo Niño’ MHW encompassed the Western Australian coastline in 2010/11, with sea sur-

face temperature anomalies peaking at ~5°C above baseline climatology (Pearce and 

Feng 2013). More recently, extreme MHWs have been recorded in the northwest Atlan-

tic in 2012 (Chen et al. 2014), the northern Pacific Ocean – the ‘Blob’ - between 2013/14 

(Bond et al. 2015), in Northern Australia and the Bering Sea/Gulf of Alaska in 2016 (Oliver 

et al., 2018), and in the Tasman Sea in both 2015/16 and 2017/18 (Oliver et al. 2017; 

Bureau of Meterology and NIWA 2018). The likelihood of these recent extreme events 

occurring has increased with anthropogenic climate change (Oliver et al. 2018b). 

Some MHWs have significantly impacted  marine ecosystems, with substantial ecologi-

cal and socio-economic consequences (Madin et al. 2012; Pecl et al. 2017; Frölicher and 

Laufkötter 2018). Responses include coral bleaching (Couch et al. 2017; Hoegh-Guldberg 

and Poloczanska 2017), loss of kelp forest (Wernberg et al. 2016a), increased surface 

layer stratification (Bond et al. 2015), mass mortalities of marine invertebrates 

(Garrabou et al. 2009; Oliver et al. 2017), rapid range shifts (Smale and Wernberg 2013), 

restructuring of communities (Bennett et al. 2015c), and fishery closures (Caputi et al. 

2016; Oliver et al. 2017). In contrast to the impacts of  long-term gradual warming, 

MHWs can cause sudden and dramatic regime shifts that are more difficult to predict 

and manage (Scheffer and Carpenter 2003; Andersen et al. 2009; Wernberg et al. 

2016a). Moreover, biological responses to MHWs can have devastating consequences 

for local economies, in particular affecting commercial fisheries, which rely on healthy 

ecosystem functioning for their productivity (Caputi et al. 2016; Wernberg et al. 2016a). 

Observations of these extreme events show that MHWs are key drivers of ecosystem-

scale change, and demonstrate the drastic consequences MHWs can have on the struc-

ture and function of marine communities and ecosystems, with varying resilience of im-

pacted ecosystems (Dayton and Tegner 1983; Pearce and Feng 2013; Wernberg et al. 

2013a).  
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2.3 Seaweed dominated ecosystems 

Seaweeds (marine macroalgae) are large, multicellular algae which often dominate ma-

rine ecosystems forming extensive beds and marine forests. They represent essential 

components of coastal habitats and underpin highly diverse ecosystems (Wernberg et 

al. 2013a; Bennett et al. 2016; Teagle et al. 2017). As important primary producers and 

habitat formers, seaweeds influence shallow-water communities on rocky reefs globally 

(Wernberg, Kendrick and Phillips 2003; Buschbaum, Chapman and Saier 2006; Tuya, 

Wernberg and Thomsen 2009; Egan et al. 2014). Kelp forests, extensive reef systems 

dominated by large brown algae such as laminarian and fucalean seaweeds (Steneck and 

Johnson 2013; Wernberg et al. 2018b), are especially important for local communities 

as they directly modify the environment surrounding them and influence adjacent hab-

itats (Gaylord et al. 2007; Wernberg et al. 2018b). Most canopy-forming seaweed spe-

cies are adapted to thrive in cool, clear nutrient-rich waters, which makes them vulner-

able to anthropogenic stressors influencing water clarity and to ocean warming in 

warmer parts of their distributions (Fernandez 2011). Consequently, substantial changes 

in kelp forests have been observed in various ecoregions over the last five decades due 

to global change (Krumhansl et al. 2016; Filbee-Dexter and Wernberg 2018).  

Ocean warming threatens seaweeds as the performance of populations and individual 

plants is affected both directly and indirectly by warming temperatures. Indirect effects 

of warming affect seaweed populations by changes in species interactions, such as shifts 

in competitive hierarchies and over-consumption by range-shifting herbivores  

(Haraguchi et al. 2009; Ling et al. 2009; Vergés et al. 2014a; Bennett et al. 2015c; Franco 

et al. 2015). Additionally, warming directly affects the physiology of seaweeds (Van den 

Hoek 1982; Kordas, Harley and O’Connor 2011; Tuya et al. 2012; Wernberg et al. 2013b) 

as increased temperatures can cause sublethal stress leading to reduced performance 

and increased vulnerability to other stressors (Wernberg et al. 2010). Pervasive warming 

of long duration, magnitude or interaction with additional stressors can ultimately ex-

ceed a species’ lethal thermal limits (Van den Hoek 1982). Exceeding the sublethal ther-

mal threshold of a species leads to failure to reproduce in marginal populations (causing 

population attrition), and can result in local to regional extinctions and ultimately range 

contractions (O’Brien and Scheibling 2016; Wernberg and Straub 2016).  
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Overall, increasing temperatures and MHWs directly and indirectly alter the distribution 

and abundance of seaweeds, their associated species and interactions between species 

with cascading effects on ecosystem functions and the provision of ecosystem services 

(Harley et al. 2012; Vergés et al. 2014a; Wernberg and Straub 2016; Filbee-Dexter and 

Wernberg 2018). Given the expected increase in the frequency and duration of MHWs, 

it is crucial to understand their impacts on underlying biological mechanisms which lead 

to changes in the abundance, distributions and function of foundation species such as 

seaweeds (IPCC 2007; Kirtman et al. 2013; Oliver et al. 2018a). 

 

2.4 Impacts of marine heatwaves on seaweeds 

Recent MHWs have caused substantial ecological changes and economic consequences 

globally in marine ecosystems (Frölicher and Laufkötter 2018). However, little is known 

about how these extreme events have impacted seaweeds and comprehensive over-

views are lacking. Here, we review documented impacts of MHWs on seaweeds, high-

lighting the diversity of responses and the need to urgently understand the response of 

habitat-forming species to this increasingly important stressor. We conducted a litera-

ture search using the library search portal at the University of Western Australia, Re-

searchGate, Google Scholar and the reference lists of papers returned in the search. We 

included only MHWs observed in natural ecosystems, not experiments that aimed to 

mimic MHWs (e.g. Gouvea et al. 2017). Keywords used in the literature search included 

‘marine heatwave*’, ‘unusually warm’, ‘abnormally warm’, ‘abnormal temperature’, 

‘positive temperature event*’, ‘extreme event*’, ‘hot summer’ in combination with ‘ma-

rine’, ‘seaweed*’, ‘macroalga*’, ‘turf’ and ‘crustose coralline alga*’. The cut-off date for 

this general search was 15th of January 2018. News articles were included where no 

peer-reviewed journal articles could be found. Overall, 15 peer-reviewed journal publi-

cations, three news articles and one scientific poster, with a total of 52 observations of 

seaweed responses to MHWs (Table 2.1, multiple observations per species/genera pos-

sible) were included in the database as they met the criteria to quantitatively or quali-

tatively describe MHW impacts on seaweeds. 
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Table 2. 1. Details of studies (n=19; 15 journal articles1-15, three news articles a, b, c, one poster d) and species/genera 
(n = 52) found with recorded impacts of MHWs on algae. News articles were only included if results were not yet 
published in peer-reviewed journals. MHW = marine heatwave, CCA = crustose coralline algae, GCA = geniculate cor-
alline algae, ENSO = El Niño Southern Oscillation. Effects are recorded in Fig. 2.1. 

MHW Species Classification  
 

Func-
tional 
Group 

Study number 
(reference) 

1982/83 ENSO 
South America 

Sargassum sp 
Blossevillea gala-
pagensis 
Ulva spp 
Spermothamnio spp 
Centroceras spp. 
Giffordia mitchelliae 
 

Phaeophyceae 
Phaeophyceae 
Chlorophyta 
Rhodophyta 
Rhodophyta 
Phaeophyceae 

Canopy 
Canopy 
Turf 
Turf 
Turf 
Turf 

1 (Laurie 1990) 

1982/83 ENSO 
Chile 

Lessonia nigrescens 
Macrocystis pyrifera 
Ulva spp 
Enteromorpha spp 
Iridaea spp 
 

Phaeophyceae 
Phaeophyceae 
Chlorophyta 
Chlorophyta 
Rhodophyta 

Canopy 
Canopy 
Turf 
Turf 
Turf 

2 (Soto 1985) 

1982/83 ENSO 
California 

Egregia menziesii 
Eisenia arborea 
Pelvetia fastigiata 
Sargassum muticum 
 

Phaeophyceae 
Phaeophyceae 
Phaeophyceae 
Phaeophyceae 

Canopy 
Canopy 
Turf 
Canopy 

3 (Gunnill 1985) 

1982/83 ENSO 
California  
(Piedras Blan-
cas) 

Porphyra perforata 
Iridaea cordata 
Laurencia spectabilis 
Prionitis lanceolata 
Gastroclonium 
    subarticulatum 
Gigartina canaliculata 
CCA 
Mastocarpus papilla-
tus 
 

Rhodophyta 
Rhodophyta 
Rhodophyta 
Rhodophyta 
Rhodophyta 
 
Rhodophyta 
CCA 
Rhodophyta 
 

Turf 
Turf 
Turf 
Turf 
Turf 
 
Turf 
Crust 
Turf 
 

4 (Murray and 
Horn 1989) 

1997/98 ENSO 
Chile 

Macrocystis pyrifera 
Lessonia trabeculata 
 

Phaeophyceae 
Phaeophyceae 

Canopy 
Canopy 
 

5 (Alonso Vega, 
Vásquez and 
Buschmann 
2005) 

1997/98 ENSO 
Pacific Mexican 
Coast 

Giardiello tenera 
Amphiroa misakiensis 
Caulerpa sertularoides 
Padina durvillaei 
Jania capillacea 
Jania mexicana 
 

Rhodophyta 
Rhodophyta 
Chlorophyta 
Phaeophyceae 
Rhodophyta 
Rhodophyta 

Turf 
Turf 
Turf 
Turf 
Turf 
Turf 

6 (Carballo, 
Olabarria and 
Osuna 2002) 

1997/1998 
ENSO 
southern Japan 
 

Ecklonia cava 
GCA 
 

Phaeophyceae 
Rhodophyta 

Canopy 
Turf 

7 
8 

(Serisawa et 
al. 2004) 
(Tanaka et al. 
2012) 

2009/10 ENSO 
Southern Mexi-
can Pacific 
 

Turf-forming algae 
GCA (Amphiroa) 
 

Turf 
Rhodophyta 

Turf 
Turf 

9 (López-Pérez 
et al. 2016) 
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2011 Ningaloo 
Niño 
Western Aust-
ralia 

Ecklonia radiata 
Scytothalia dorycarpa 
Turf-forming algae 
CCA 
 

Phaeophyceae 
Phaeophyceae 
Turf 
CCA 

Canopy 
Canopy 
Turf 
Crust 

1
0 
1
1 

 
1
2 

(Wernberg et 
al. 2016a) 
(Smale and 
Wernberg 
2013) 
(Wernberg et 
al. 2013a) 
 

2011 Ningaloo 
Niño 
Western Aus-
tralia 
 

CCA 
 

CCA Crust 1
3 

(Short et al. 
2015) 

1997, 2002, 
2006 hot sum-
mers 

Saccharina latissima 
Turf-forming algae 
Chorda filum 
 

Phaeophyceae 
turf 
Phaeophyceae 

Canopy 
Turf 
Canopy 

1
4 

(Moy and 
Christie 2012) 

2013/14 the 
blob followed 
by 2015/16 
ENSO 
Southern Cali-
fornia 
 

Macrocystis pyrifera 
understory algae 

Phaeophyceae Canopy 
Turf 

1
5 

(Reed et al. 
2016) 

2013/14 the 
blob followed 
by 2015/16 
ENSO 
Philippines 
 

Seaweed production 
drop 

  a (Galolo 2016) 
 

2013/14 the 
blob followed 
by 2015/16 
ENSO 
Northern Cali-
fornia 
 

Nereocystis luetkeana Phaeophyceae Canopy b (Catton 2016) 

2015/16 Tas-
manian MHW 

Macrocystis pyrifera Phaeophyceae Canopy c (Mathiesen 
2016) 
 
 

2017/18 Tas-
man Sea MHW 
Christchurch, 
NZ 
 

Durvillaea poha Phaeophyceae Canopy d (Thomsen et 
al. 2018) 
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A large proportion of the observed impacts were directly attributed to the MHW events 

(16 of the 19 studies). Only three studies did not attribute changes in seaweed perfor-

mance directly to MHWs due to the co-occurrence of interacting processes, making it 

difficult to disentangle the influence of each driver. In these instances, the MHWs were 

accompanied by storms and eutrophication, or previous impacts in the area overshad-

owed possible MHW effects. For example, the lack of dramatic long-term effects on sea-

weeds of the 1982/83 MHW in California was suggested to be a consequence of a series 

of strong storms and high cloud cover which reduced desiccation stress lowering the 

impacts (Gunnill 1985). Furthermore, recruitment peaks in 1977, 1981 and 1982 saw the 

abundance of seaweeds increase prior to the MHW. As a result, relatively high abun-

dances persisted during the event (Gunnill 1985). However, it is likely that the MHW 

weakened the seaweeds and contributed to the severe loss during storms and strong 

wave action following the event (Gunnill 1985). Similarly, multiple stressors (e.g. unusu-

ally hot summers, severe eutrophication, increased sedimentation) have been sug-

gested to explain ecosystem shifts in Norway, with large-scale shifts from sugar kelp 

forests (Saccharina latissima) to filamentous red algae on the Skagerrak coast and shifts 

to a small kelp, Chorda filum, on the west coast (Moy and Christie 2012). Severe eu-

trophication accompanied by reduced light levels due to increased sedimentation was 

inferred to be the main driver explaining the loss of S. latissima, especially at greater 

depths. However, unusually hot summers in 1997, 2002 and 2006 for 58, 36 and 45 days 

respectively resulted in SSTs which exceeded the thermal tolerance of S. latissima (Moy 

and Christie 2012). Thus, it is not always possible to detect and establish direct causal 

linkages to MHWs as multiple drivers typically occur simultaneously, often resulting in 

complex interactive effects (Filbee-Dexter and Wernberg 2018). 

It is possible that the effects of MHWs may not be evident during, or immediately after 

the peaks in temperature, but instead have long time-lags. In California, following the 

MHW in 1982/83, significant differences in seaweed abundance and diversity were only 

evident during the winter of 1983/84 (Gunnill 1985). The impact of MHWs can be further 

obscured by geographical differences in magnitude and time of emergence of re-

sponses. This was observed following the 1997/98 El Niño which led to local kelp (Mac-

rocystis pyrifera) extinctions in Peru, southern Chile and California, whereas effects in 
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Japan and northern Chile were delayed and only detected after the event (Edwards 

2004). Similarly, in Western Australia impacts of the 2011 MHW were dependant on the 

location along the 2000km long affected stretch of coastline. Impacts ranged from cat-

astrophic for marine temperate communities at warmer locations (Kalbarri, 28 °S), se-

vere in central locations (Jurien Bay, 30 °S) to absent in colder locations (Hamelin Bay, 

34 °S) despite similar temperature anomalies (Wernberg et al. 2013a, 2016a). Delayed 

impacts and differential responses over time (season) and space, depending on the spa-

tial extent and magnitude of the MHW as well as species-specific geographical ranges 

may cause MHWs to go unrecognised as important drivers of ecological change. 

 

2.5 Classification of MHW responses 

The literature search returned 52 observations of seaweed responses to MHWs (Tab. 1), 

which were then categorised into five broad groups based on the severity of their bio-

logical response (Fig. 2.1): in group 1 (resistance) responses were not observable or con-

fined to negligible sublethal stress. Responses were clearly detectable in the subsequent 

four groups, ranging from visible signs of sublethal stress (group 2, physiological perfor-

mance, e.g. tissue bleaching), to altered ecological interactions (group 3, ecological per-

formance, e.g. changes in reproduction or herbivory), increased recruitment or mortal-

ity (group 4, abundance change) and widespread seaweed loss (group 5, local to regional 

extinction) (see Fig. 2.2).  
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Figure 2. 1. Schematic of different responses of seaweeds with examples to MHWs grouped by severity of 
the observed response, from no observed effect (e.g. resistance) and less severe impact (e.g. tissue 
bleaching) at the top, to more severe impacts (e.g. local to global extinctions) at the bottom. Number/let-
ter in brackets refer to Table 2.1. Ecklonia radiata and Scytothalia dorycarpa were reported in multiple 
response categories, as the seaweeds response was highly variable along the latitudinal thermal gradient. 
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Resistance (n = 3) and range-edge extinctions (n = 2) were rarely reported, and bleaching 

was observed in only one event for turf-forming Rhodophyta (n = 6). The majority of 

records were changes in abundance, with turf-forming seaweeds as the main functional 

group to increase in abundance (n = 16 of 19 observations), whereas the majority of 

reported abundance declines were large conspicuous canopy-formers (n = 17 of 22 ob-

servations; Fig. 2.2). However, there could be a bias in reported observations towards 

large, conspicuous canopy-formers, with better baseline data or because changes are 

easier to detect.  

 

 

Figure 2. 2. Effects of MHWs on seaweeds (n = 52 observations): Reported observations ranging from 
resistance, over bleaching, abundance changes (increase/decreased) to local extinction. Color coding rep-
resents the functional groups with i) canopy (kelp and fucoid; brown), ii) crust (CCA = crustose coralline 
algae; pink) and iii) turfs (blade, filament and GCA = geniculate coralline algae; grey). Numbers represent 
count of observations where n ≥ 2, no number represents a single observation. 

 

2.5.1 Physiological performance 

Although changes in physiological performance (e.g. bleaching) should be relatively easy 

to identify, observations for multiple species have only been reported for one MHW and 

only for turf-forming seaweeds so far. During the 1982/83 El Niño in California, changes 

in coloration from red to unusually green were evident for Porphyra perforata, Iridaea 

cordata, Laurencia spectabilis, Prionitis lanceolata, Gastroclonium subarticulatum and 



 
 

 

24 
 

Gigartina canaliculata (Murray and Horn 1989). Tissue bleaching is a good primary indi-

cator of experienced sublethal stress. Visible discoloration (whitening or turning green-

ish) of the blade tissue due to loss of surface integrity indicates loss or reduction in pig-

mentation, which in turn is associated with reduced photosynthetic performance 

(Marzinelli et al. 2015).  

2.5.2 Ecological performance 

Reproduction and early life-history stages of many seaweeds are temperature-sensitive 

(e.g., Andrews et al. 2014), and increased temperatures have been shown to either sup-

press or enhance reproduction and recruitment success (Bartsch et al. 2013). Following 

the 1982/83 El Niño, the turf-forming Pelvetia fastigiata and the canopy-forming fucoid 

Sargassum muticum showed increased recruitment success (Gunnill 1985), which led to 

elevated abundances and likely shifted competitiveness between species. Besides re-

productive output, grazing pressure on seaweeds is likely enhanced when tropical and 

subtropical herbivores shift their ranges (Vergés et al. 2014a; Bennett et al. 2016; Smale, 

Wernberg and Vanderklift 2017; Zarco-Perello et al. 2017) due to extreme MHW tem-

peratures. Altered grazing pressure can result in the collapse of seaweed populations 

and reinforcement of ecosystem transitions (Haraguchi et al. 2009; Vergés et al. 2014a, 

2014b, 2016; Bennett et al. 2015c; Franco et al. 2015). During the 1997/98 El Niño, an 

increase in grazing pressure occurred simultaneously at lower latitudes (10-23°S) of both 

hemispheres, and the combination of thermal anomalies and migration of grazers pro-

duced a synergistic effect. Two canopy-forming kelps were negatively affected, with lo-

cal extinctions of Macrocystis pyrifera and a decreased range of Lessonia trabeculata 

(Halpin et al. 2004; Alonso Vega, Vásquez and Buschmann 2005). Similarly, in Western 

Australia, the 2010/11 MHW led to a range expansion of tropical and subtropical herbi-

vores, reinforcing the temperature driven loss of the kelp Ecklonia radiata, and facili-

tated domination of turf algae in impacted areas (Bennett et al. 2015c; Wernberg et al. 

2016a; Filbee-Dexter and Wernberg 2018). Additionally, tropical herbivorous fish ex-

panded their range beyond the areas directly affected by the high MHW temperatures, 

resulting in a further decline of ~ 70% seaweed canopy cover at localised reefs (Zarco-

Perello et al. 2017). Thus, indirect effects of MHWs can act as important drivers of 
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change within marine systems, with long-lasting impacts far beyond the direct MHW 

impacts itself. 

2.5.3 Abundance change 

The most commonly recorded effect of MHWs on seaweeds has been changes in abun-

dance (~ 79% of all observations). During the 1982/83 El Niño, areas of the Galapagos 

archipelago in South America experienced declines of fucoids and turf-forming sea-

weeds, followed by colonisation of the invasive turf-forming seaweed Giffordia mitchel-

liae. The fucoids Sargassum sp. and Blossevillea galapagensis as well as the turfs Ulva, 

Spermothamnio and Centroceras spp. decreased in abundance (Laurie 1990). In compar-

ison, the same ENSO event led to reduced abundances of the two kelps Lessonia ni-

grescens and Macrocystis pyrifera in Chile. After the abundance of the kelps was re-

duced, the turf-forming seaweeds Ulva, Enteromorpha and Iridaea spp. all proliferated 

(Soto 1985). Similarly, the ENSO-associated warming event in California led to reduced 

abundances of the kelps Egregia menziesii and Eisenia arborea (Gunnill 1985), and a 

substantial increase of CCA in the low- and mid-intertidal zone (Murray and Horn 1989). 

Even though there is some uncertainty attributing the effects in California to the MHW, 

the population-level responses were similar to those that occurred due to elevated wa-

ter temperatures recorded in late summer and autumn of 1976 (Gunnill 1985).  

After the 1997/98 ENSO event two kelp species were negatively affected, with complete 

absence of M. pyrifera at shallow depths and decreased abundance of Lessonia trabec-

ulata (Alonso Vega, Vásquez and Buschmann 2005). Seaweed diversity fluctuated, with 

lowest diversity recorded in winter 1998, but increasing diversity through 1999. This in-

crease was caused by the rise in the abundance of warm water tolerant species such as 

Agardhiella tenera, Amphiroa misakiensis, Caulerpa sertularoides, Padina durvillaei, 

Jania capillacea and Jania mexicana (Carballo, Olabarria and Osuna 2002). Overall, sea-

weed diversity decreased, net biomass increased and the assemblage structure was al-

tered as an effect of the El Niño mediated MHW (Carballo, Olabarria and Osuna 2002), 

highlighting the complexity of impacts that MHWs exert over seaweed communities. In 

the southern Pacific coral reef communities, the 2009/10 ENSO increased seaweed 
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cover from 2 to 6% due to an increase in turf-forming algae (López-Pérez et al. 2016). 

This increase in seaweed cover was coupled with a decrease in coral cover, coral over-

growth and changes in echinoderm and fish species composition, all of which altered 

the overall reef community (López-Pérez et al. 2016). Significant increases of turf-form-

ing algae also occurred in southwestern Australia following the 2010/11 MHW, after 

drastic declines and range-contractions of canopy forming seaweeds (Ecklonia radiata 

and Scytothalia dorycarpa) at their northern range edge (Smale and Wernberg 2013; 

Wernberg et al. 2013a, 2016a). The same MHW in Western Australia negatively affected 

CCA, suppressing seasonal growth patterns and increasing mortality rates (Short et al. 

2015). In comparison, a shift towards CCA dominated barrens followed widespread loss 

of seaweed forests (Ecklonia cava) in Japan after the 1997/98 ENSO and particularly 

poor growth of E. cava in 1999 and 2001 (Serisawa et al. 2004; Tanaka et al. 2012).  

Overall, eight records reported a decrease in the abundance of canopy-forming kelps 

and three reported that fucoids experienced a decline in abundance. For turf-forming 

species, one record exists where the abundances of two native turfs declined, but an 

invasive turf increased in abundance. In contrast, 13 observations report the increase of 

turf-forming bladed, non-bladed filamentous or geniculate coralline algae. For crustose 

coralline algae, no clear trend was obvious, as over three records CCA responses were 

ranging from resistance to abundance increase but also increased mortality. Overall, 

large conspicuous canopy-formers generally decline following an MHW, whereas for 

CCA no clear sensitivity pattern is evident, and for turf-forming seaweeds several cases 

of decreased abundances were observed, but the majority of records show an increase 

in abundance.  
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2.5.4 Extinction 

While changes in abundance have been recorded for several species in response to mul-

tiple MHWs, only in one instance have regional extinctions along the range edge been 

observed. The 2010/11 MHW off Western Australia led to a poleward range contraction 

of ~100 km for two of the main canopy-forming seaweeds, Ecklonia radiata and 

Scytothalia dorycarpa, as marginal populations were extirpated (Smale and Wernberg 

2013; Wernberg et al. 2013a). This contraction culminated in the loss of 43% of the ma-

rine forests along >800 km of coastline, and a regime shift towards turf dominated reefs 

(Wernberg et al. 2016a; Filbee-Dexter and Wernberg 2018). Besides extinctions at the 

trailing range edge, local extinctions of range-centre populations have also been ob-

served. For example, the 2015/16 Tasmanian MHW was associated with localised die-

off of Macrocystis pyrifera (http://www.climatechangenews.com/). M. pyrifera popula-

tions in this region may be particularly susceptible to future range contractions due to 

the strengthening of the East Australian current, which transports warm nutrient-poor 

water to Tasmania (Oliver et al. 2017). The Tasmanian MHW stressed M. pyrifera indi-

viduals which became less resilient to winter storms and were dislodged from the inner 

coves of Munroe Bight (Mathiesen 2016). Finally, the Tasman Sea MHW in 2017/18 

caused widespread mortality  of the bull kelp Durvillaea poha on the east coast of the 

South Island of New Zealand, with reef-wide extinctions observed on all reefs (at least 

18) within and immediate north of Lyttelton Harbour (where temperatures were warm-

est, exceeding 23 ˚C for many days) (Thomsen et al. 2018).  

 

2.6 Recovery potential  

When seaweed abundance declines in the centre or poleward parts of the species’ 

range, there is a high chance for population recovery after the MHW has subsided due 

to local-scale dispersal and recruitment from adjacent areas (Fig. 2.3). In the more ex-

treme case of local extinctions, the recovery will likely be markedly slower as it will de-

pend on re-seeding from less affected populations, which may be separated by consid-
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erable distances. In the extreme case of localised to regional extinctions at the equa-

torward range edge of a seaweed species, recovery is predicted to be very slow or un-

likely to occur. In all cases, recovery potential is dependent on a return to suitable con-

ditions (e.g. temperature, light, water clarity) after the MHW, competition for space 

(open settlement ground, species invasions) and herbivore pressure, and on the dis-

tance from adjacent populations, dispersal properties and current systems for reseeding 

success.  

The 2010/11 MHW in Western Australia is the best case-study to date for demonstrating 

how recovery is unlikely after extinctions along the range edge. To date, the marine for-

ests that were lost have not recovered (Wernberg et al. 2016a) and the poleward flow 

direction of the Leeuwin Current makes natural re-seeding unlikely, as possible source 

populations are located ‘downstream’. Additionally, recovery will depend on herbivore 

pressure as range-expanded as well as local herbivores may supress any recovery and 

facilitate domination by turf algae (Bennett et al. 2015c; Wernberg et al. 2016a; Filbee-

Dexter and Wernberg 2018).  

The potential of seaweed populations to recover from MHWs will depend on the sever-

ity of MHW effects and on species-specific traits of seaweeds. This includes the location 

within a species range, species-specific thermal tolerance and reproduction traits, life 

history (e.g. annual versus perennial) and dispersal capacities. Additionally, it will de-

pend on the severity of alterations in ecosystem structure and local current patterns will 

determine whether recovery is likely to occur and across what timescales. In cases of 

reduced abundances within a species range and only minor alterations to ecosystem 

structure, recovery is very likely to occur through local reseeding as well as dispersal 

from adjacent areas. In contrast, when spores are unlikely to disperse into affected ar-

eas, competitive interactions are altered, and grazing pressure increased, recovery is 

unlikely or will be very slow.  
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Figure 2. 3. Simplified single species schematic of recovery possibility after a marine heatwave which re-
sulted in local extinction at equatorward range edge, local extinction within distributional range and abun-
dance decrease within distributional range. Red arrows represent dispersal chance, with decreased dis-
persal likelihood for smaller arrows, e.g. against the current direction. 

 

It is unlikely that a complete recovery to pre-event conditions will occur, and the dis-

cussed recovery potential is in the context of a recovery to a similar ecosystem structure 

and function, as post-disturbance communities are generally different from the initial 

communities (Sousa 1984; Shea, Roxburgh and Rauschert 2004). Ultimately, abundance 

declines and localised extinctions within a species range may be the precursor to pro-

jected future range contractions at a species distribution limit (Martinez et al. 2018) 

 

2.7 Synthesis and recommendation 

The majority of published information on seaweed responses to MHWs are from sites 

that were subjected to extreme warming conditions and experienced a multitude of 

ecological impacts. Aside from the potential problems of positive publication bias in re-

porting MHW effects, the lack of observed impacts at other sites may be the result of a 

shortfall of research focus on seaweed communities in affected areas, difficulties in de-

termining impacts due to a lack of quality long-term baseline data, natural interannual 
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variability, and/or due to biological resistance to the perturbation. For example, M. pyr-

ifera in California showed considerable biomass variation between 2001 - 2015. Alt-

hough the recorded biomass in 2014 and 15 during and directly after the blob were two 

of the lowest on record, this was not attributed to the MHW as the populations perfor-

mance is naturally variable and monitoring sites were well within the species distribu-

tion limits (Reed et al. 2016). The importance of biogeography was also evident during 

the 2010/11 Ningaloo Niño in Western Australia, where the more southern (Hamelin 

Bay, cool) populations of E.a radiata, CCA and turf-forming algae did not respond to the 

MHW whereas northern populations closer to the trailing range edge (Jurien Bay, warm) 

were heavily impacted despite experiencing similar temperature anomalies (Wernberg 

et al. 2013a). These different responses at two locations within the area impacted by 

the MHW highlights the need to consider the location of a population within a species 

range as well as species-specific thermal limits when assessing MHW impacts (Wernberg 

et al. 2013a, 2016a). Moreover, recent evidence suggests that marine macroalgae may 

exhibit thermal divergence, where different populations within a species range exhibit 

differing responses to heat shock as a result of either local adaptation or plasticity (King 

et al. 2017). As such, range-centre seaweed populations may be as vulnerable to MHWs 

as range-edge populations (Bennett et al. 2015a); clearly, further work on intraspecific 

variability in susceptibility to warming is warranted.   

A key constraint of many MHW impact studies is the lack of historical information avail-

able on seaweed populations and communities, which is needed to disentangle impacts 

from natural variability and to quantify the magnitude of ecological change (Wernberg 

et al. 2016a). Without historical baseline data it is particularly difficult to detect imme-

diate to long-term changes, and currently dramatic large-scale impacts have only been 

recognised in areas with sustained biological monitoring (Poloczanska et al. 2013). This 

limitation can however be ameliorated, to an extent, by combining observations with 

MHW experimental studies. As climate change experimental studies on seaweed are still 

rare (Wernberg, Smale and Thomsen 2012), and even more scarce for long-term MHW 

scenarios (Gouvea et al. 2017), we recommend that efforts be directed towards con-

ducting such experiments. Additionally, we emphasise the invaluable knowledge robust 
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baseline data on seaweed biogeography, population structure and physiological perfor-

mance over time can provide.  

 

2.8 Conclusion 

Superimposed onto the mean warming trend of the global ocean, MHWs have been in-

creasing in frequency and duration (Oliver et al. 2018a), and will likely continue to do so 

in the future. These MHWs have impacted marine ecosystems with recorded effects on 

seaweeds ranging from resistance, to altered physiological and ecological performances, 

and in some instance’s drastic shifts in ecosystem structure and functioning. Such re-

gime shifts have led to profound social, economic and environmental changes 

(Wernberg et al. 2016a; Filbee-Dexter and Wernberg 2018). In addition to directly af-

fecting seaweeds, MHWs have facilitated poleward range shifts of subtropical and trop-

ical herbivores, leading to increased grazing pressure in heatwave exposed areas. This 

compounded stress favours a shift from canopy-forming kelps and fucoids towards sim-

plified turf-dominated systems and suppresses canopy recovery. Between canopy-for-

mers, turfs and CCA, turf-forming seaweeds were the only functional group with a ma-

jority of positive responses as shown by the increases in abundance resulting from the 

MHWs. Ultimately, the severity of MHW effects will depend on the resilience of the af-

fected seaweeds, their position within their thermal safety margins, interaction with 

other stressors such as eutrophication and altered currents, modified grazing pressure, 

and the profile of the respective MHW. Thus, urgent research to determine the resili-

ence of seaweeds is required to better understand species-specific sensitivity to MHWs, 

and to identify which coastal regions are most vulnerable to ecosystem regime shifts. 

Further range shifts and local regime shifts in marine forests, as well as within similarly 

important ecosystems (e.g. coral reefs and seagrasses meadows), seem inevitable in the 

near future (Martinez et al. 2018). However, it remains uncertain how altered ecosys-

tems will impact the provision of ecological services upon which human societies de-

pend.  
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3.1 Abstract 

Marine heatwaves (MHWs) have increased in frequency and longevity over the past cen-

tury and are increasingly putting marine ecosystems under pressure. MHWs can differ 

fundamentally in their physical attributes (i.e. duration, intensity) and this can influence 

their effects on marine organisms. We tested the importance and effect of physical at-

tributes of MHWs on the physiological performance and health of the widely distributed 

habitat-forming kelp Ecklonia radiata. Sixteen different MHWs were simulated in 

aquaria with two maximum intensities, with/without an extended plateau phase at max-

imum intensity, and four different durations. Duration had the strongest effect on over-

all performance, with longer MHWs leading to significantly greater tissue deterioration, 

tissue loss and increased mortality compared to shorter MHWs. Maximum intensity was 

expected to have a greater effect on performance and health. However, E. radiata 

demonstrated higher short-term temperature tolerance than anticipated, although 

there were signs of delayed mortality after MHW peak. The observed sensitivity of E. 

radiata to prolonged MHWs underlines on a species level the high possibility of a further 

range contraction and abundance changes along Australia’s coastline in a warmer fu-

ture. Ultimately, MHW impact strength will depend on their specific physical attributes 

and on the specific sensitivities of local species towards different profiled MHWs. 
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3.2 Introduction 

Ecosystems globally have responded to anthropogenic climate change, with the main 

driver of altered species distributions and restructuring of local systems being increasing 

temperatures (Parmesan and Yohe 2003; Wernberg et al. 2010; Harley et al. 2012; 

Straub, Thomsen and Wernberg 2016). In the marine realm, especially coastal marine 

systems are acutely exposed to changing temperatures. Already 71% of coastal marine 

waters have warmed significantly, and are expected to undergo further temperature 

increases with projections ranging from 2°C to up to 7°C by the end of the century 

(Christensen et al. 2007; Lima and Wethey 2012; Ciais et al. 2013). In addition to gradual 

warming trends, 38% of coastlines have also experienced an increase in the number of 

extremely warm days (Lima and Wethey 2012). As a consequence of anthropogenic ac-

tivities, the likelihood of extended periods of extremely warm water, known as marine 

heatwaves (MHWs, Hobday et al. 2016) has increased, as has their frequency and dura-

tion (Hobday et al. 2016; Oliver et al. 2018a, 2018b). The main drivers of these MHWs 

are oceanographic and atmospheric processes. Locally, MHWs can be driven or termi-

nated by advection of heat and water layer mixing processes, and can be strengthened 

via feedback processes such as air-sea heat fluxes (Holbrook et al. 2018). Besides local 

processes, MHWs can be driven by shifts in boundary currents (e.g. Ningaloo Niño (Feng 

et al. 2013), Tasman Sea MHW (Oliver et al. 2017)) or by large-scale events such as El 

Niño events which result in anomalous warming of the upper ocean for months 

(Holbrook et al. 2018). Large spatial variations in magnitude as well as duration of MHWs 

exist across the oceans, depending on local SST variability (Oliver et al. 2018a) and MHW 

driver. As MHWs are generated, maintained and terminated by various combinations of 

local processes and large-scale climate phenomena, they vary considerably in their phys-

ical attributes (i.e. duration, maximum intensity) between events and regions (Hobday 

et al. 2016; Holbrook et al. 2018). 

Because temperature influences organisms from individual to ecosystem scales (Kordas, 

Harley and O’Connor 2011; Kordas et al. 2015), alterations in climate have led to great 

ecological change. Ecological change is initiated at the individual scale because all or-

ganisms have specific temperature thresholds and exceeding these thresholds induces 

sublethal stress and reduced performance, and can ultimately cause mortality (Van den 
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Hoek 1982; Lüning 1990). Mortality of a population due to increasing temperatures can 

then result in shifts in species distributions, lead to phase shifts and restructuring of 

ecosystems, and have major implications for ecological goods and services (Hoegh-

Guldberg and Bruno 2010; Wernberg et al. 2011b; Poloczanska et al. 2013; Vergés et al. 

2014a; Pecl et al. 2017). However, reports on ecosystem changes are predominantly 

based on long-term gradual warming impacts. Some MHWs have significantly affected 

marine ecosystems, with substantial ecological and economic consequences (Pecl et al. 

2017; Frölicher and Laufkötter 2018). Recorded responses include coral bleaching 

(Couch et al. 2017; Hughes et al. 2017), mass mortalities of invertebrates (Garrabou et 

al. 2009; Oliver et al. 2017), rapid range shifts (Smale and Wernberg 2013), fishery clo-

sures (Caputi et al. 2016) and restructuring of communities (Bennett et al. 2015c). In 

contrast to often gradual changes of long-term warming, MHWs can cause sudden and 

dramatic ecosystem alterations that are difficult to predict (Scheffer and Carpenter 

2003; Andersen et al. 2009).  

Marine heatwaves eminently influence shallow water habitats along coastlines, making 

shallow coastal habitats like macroalgal systems vulnerable to these extreme events 

(see chapter 2). Macroalgal systems have been directly impacted by MHWs through 

widespread loss of kelp forests and ecosystem alterations (Wernberg et al. 2016a). Hab-

itat-forming seaweeds are known to be highly vulnerable to environmental stressors 

(Staehr and Wernberg 2009; Phillips and Blackshaw 2011; Wernberg et al. 2013a), and 

MHWs have triggered a range of responses in seaweeds. Responses range from resili-

ence, changes in abundance to local extinctions (see chapter 2), as well as rapid ecosys-

tem-scale reconfigurations towards a greater dominance of tropical species (Wernberg 

et al. 2016a). Along Western Australia’s temperate coastline, two main canopy-formers, 

E. radiata and S. dorycarpa, were heavily impacted during a marine heatwave in 2010/11 

(Pearce and Feng 2013; Wernberg et al. 2016a). This MHW led to local extinctions of E. 

radiata and S. dorycarpa at their respective former northern (warm) range edge, to re-

duced abundances in middle margins of their range and to little or no detected impacts 

at the cooler, southern sites (Wernberg et al., 2016). To date, knowledge is scarse about 

MHW impacts on seaweeds (see chapter 2), however it is clear that MHWs have the 
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potential to drastically stress seaweeds (Wernberg et al. 2016a) and alter their perfor-

mance and distribution beyond impacts of gradual warming. 

Observations of MHWs show that these events can be key drivers of ecosystem scale 

change. The complexity of caused impacts goes beyond a simple response to averaged 

environmental factors and must consider profiles of temperature variability (mean and 

maximum intensities, durations, shapes and spatial extends) that reflect MHW events 

(Hobday et al. 2016). As MHWs are a serious emerging threat, the present study aims to 

understand how physical attributes of MHWs – duration, maximum intensity, elongated 

plateau phase at maximum intensity – are affecting the resilience of the main canopy-

former E. radiata under controlled laboratory conditions. Due to the breadth in thermal 

response of species, we assessed how different profiles MHWs affected the survival, 

linear growth rate, tissue bleaching cover, surface area and maximum quantum yield of 

E. radiata. Understanding the sensitivity towards different profiled MHWs and the im-

portance of their respective physical attributes will add new insight into understanding 

the resilience of ecosystems to extreme events.  

 

3.3 Materials and Methods 

3.3.1 Collection 

Juvenile Ecklonia radiata thalli were collected in April 2016 (austral autumn by SCUBA 

divers at Horseshoe Reef (31°50'18"S, 115°42'60"E), Marmion (25 km north of Perth, 

Western Australia). This region is located within the centre of the range of E. radiata 

along the South-Western Australian coastline. Around 200 juvenile individuals were col-

lected haphazardly from a subtidal rocky reef between 8 to 12m. After collection, the 

seaweeds were placed within moist calico bags, then into coolers and transported to the 

laboratory. Excessive epiphytes were carefully removed, and each kelp was weighted 

down at the holdfast and transferred to the experimental aquaria. They were main-

tained with filtered and UV-sterilized seawater at 19 ± 0.5°C, with a flowrate of ~100 L 
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hr-1 aquarium-1, constant aeration and 9:15 hr light:dark cycle for the acclimation period 

of one week. 

3.3.2 Experimental design 

16 different profiled MHWs were simulated plus a control group was maintained at 19°C 

(see Fig. 3.1). 4 durations (2, 4, 6 and 8 weeks), 2 maximum intensities (max int; 25 and 

26.5°C) and with/without plateau phase (with plateau = p) at the respective maximum 

intensity.  

 

Figure 3. 1. Profiles of MHW treatments; 1 control at 19°C, 16 treatments with 4 durations, 2 maximum 
intensities and with/without plateau phase at maximum intensity. 

 

Seaweeds were exposed to 1.5°C temperature increase every 1.5 to 8 (onset/offset 

speed dependant on profile) days until they reached their maximum intensity of 25 or 

26.5°C respectively, and after exposure step-wise brought back down to 19°C see (Fig. 

3.2; symmetric MHWs; Hobday et al. 2016) for recovery. Summer maximum water tem-

peratures in Marmion were around ~24°C , determined 2006-2008 by in-situ loggers 

(Smale and Wernberg 2009), with ~25.5° currently representing the upper threshold for 

local near-future climate projections (Lough, Sen Gupta and Hobday 2012). Thus, ap-

plied temperatures were representive of near-future summer conditions (25°C) and 
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MHW conditions (26.5°C) reached in Marmion during the Ningaloo Nino in 2010/11 

(Pearce and Feng 2013). 

 

 

Figure 3. 2. Schematic of applied MHW profiles with A: showing control treatment and the 4 durations (2, 
4, 6 and 8-week MHWS) and B: Exemplary showing for the 2-week treatments the MHW shape as tem-
perature over time for the two different maximum intensities (25 and 26.5°C) and presence/absence of 
plateau phase (P indicates presence of elongated maximum temperature exposure.  

 

The experimental setup consisted of 20*45L aquaria and two 1000L sumps for temper-

ature pre-treatments, filled with filtered seawater sourced from Point Peron (70kms 

south of the Marmion collection site). Using Hailea 2HP chiller/heaters, the sumps were 

set to ‘cold’ 19°C and ‘hot’ 31°C, respectively. Each aquarium was supplied with hot and 

cold water, with experimental temperatures achieved by mixing in each aquarium. Flu-

orescent lights (GM Powerchrome T5 39W) were placed above the aquaria on a 9L:15D 

cycle (~70μmol m-2 s-1 at water surface; ~40 μmol m-2 s-1 at bottom of aquarium). Pre-

filtered (Odyssea CFS-1200), UV-treated (SunSun CUV-155) seawater (adjusted flowrate 

to ~100L hr-1 per aquarium) was supplied. Temperature was monitored continuously us-

ing Aquatronica temperature sensors within each aquarium and regulated to stay within 

± 0.5°C of required temperatures. Salinity was monitored twice per week, as the com-

bined water volume of ~3000L ensured salinity to remain stable (personal observation). 
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Six temperature steps at 1.5°C intervals were used to simulate different profiled MHWs 

over a broad temperature range from 19°C to 26.5°C. Temperature treatments were 

established at 19, 20.5, 22, 23.5, 25 and 26.5°C with 2 to 5 aquaria set to each tempera-

ture level. After acclimation at 19°C for 1-week, seaweeds were randomly labelled and 

assigned to treatments.  

3.3.3 Measurements 

Survival, bleaching cover, surface area, linear growth rate and net biomass accumula-

tion was assessed for 8 replicates per treatment. Rapid light curves were assessed for 5 

replicates per treatment. 

 

Survival, bleaching cover and surface area 

Survival was scored binomially (dead/alive) twice per week, with seaweeds declared 

dead when the blades were either completely shed, completely disintegrated or only 

around 1cm2 of bleached tissue and no healthy tissue remained. Tissue bleaching cover 

was visually assessed twice a week as visible discoloring (whitening or turning faded 

green) of the blade tissue (Xiao et al. 2015). Surface area was assessed weekly by taking 

pictures of the whole thalli next to a measurement scale, and lamina surface area was 

determined using ImageJ software. As the kelps showed strong degradation at the tips, 

health status data were combined with surface area measurements and expressed as 

healthy surface area percentile change.  

 

Rapid light curves 

To assess the photosynthetic performance, rapid light curves (RLC) were measured using 

a portable fluorometer (MINI-PAM-II, Waltz, Effeltrich, Germany). Measurements were 

conducted every 2nd day for 4 weeks, and every 4th day for the remaining 5 weeks. Prior 

to measurements, fronds were dark adapted for a minimum of 15 min using underwater 

clips for dark-acclimation. All RLCs were determined between 9:45 and 14:15, using an 

incremental sequence of actinic illumination with nine discrete irradiance steps (0, 4, 
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13, 27, 50, 78, 108, 163 and 224 μmol quanta m-2s-1). Maximum quantum yield (Fv/Fm) 

was measured as this is frequently used as an indicator of photo-physiological stress of 

the PSII complex. The maximum electron transfer rate (ETRm) and photosynthetic effi-

ciency (α) were calculated using WinControl software by fitting the RLC data to an expo-

nential function. 

 

Growth 

E. radiata grows from the meristem at the intersection between the stipe and the blade 

and disintegrates at the top of the blade. To measure growth, a hole-punch method 

(Kirkman 1984) was used. After the acclimation period, two holes were punched into 

the central lamina separated by 2cm spacing, and thallus expansion was measured from 

the stipe blade interface (meristem base) to the lowest point of the first hole and be-

tween the lowest points of both holes (de Bettignies et al. 2013).  

For each week linear growth rate (LGR, % day-1) was estimated per individual as: 

LGR = 100(lnDt – lnD0)/t 

With D0 = initial distance at day 0; Dt = distance at time t; t = x days. 

 

Biomass 

MHW effects on biomass were measured weekly as wet weight (WW) after removing as 

much water as possible from the seaweeds. For each week net biomass accumulation 

was calculated per individual using the equation: 

NBA = 100(lnWt – lnW0)/t 

Where W0 = initial wet weight at day 0; Wt = wet weight at time t; t = x days. 
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3.3.4 Statistical Analysis 

Survival was analysed as a generalized linear model with binomial distribution in SPSS. 

Data for tissue bleaching, surface area, healthy surface area, linear growth rate and 

rapid light curves were analysed using PERMANOVA in PRIMER v. 6 (9999 permutations; 

Euclidean distance dissimilarity) (Clark and Gorley 2006). Data were only analysed for 

end-day effect (day 63), as we were interested if the aftermath effects between the dif-

ferent profiled MHWs. All treatments were first tested against the control (treatment 

effect). After testing for treatment effect, the control was excluded, and we tested which 

of the factors duration (4 levels), maximum intensity (2 levels), and plateau phase (2 

levels) were statistically significant. After exclusion of the control, all factors were 

treated as fixed factors. Following PERMANOVA main tests, pair-wise comparisons were 

conducted where main tests returned significance (p < 0.05). 

 

3.4 Results 

3.4.1 Survival 

Survivorship curves (Fig. 3.3A) show no response of E. radiata for the first 46 days, and 

afterwards differences in survival significantly depended on MHW durations (p ≤ 0.024). 

The control at 19°C was the only treatment with 100% survival, whereas all MHWs led 

to reduced survival. No significance or clear effect pattern of plateau phase and maxi-

mum intensity on survivorship was obvious (Fig. 3.3B; Table S3.1). However, increasing 

MHW duration significantly reduced survival (p ≤ 0.024, Table S3.1). As maximum inten-

sity and plateau phase returned no significance, data were pooled together per MHW 

duration. Exposed to the short 2-week MHWs, ~88% of individuals survived, whereas 

increased mortality was evident for the 4 and 6-week MHWs with ~72% survival. Pro-

longed MHWs of 8 weeks resulted in lowest survival with only ~53% of individuals.  



 
 

 

42 
 

 

Figure 3. 3. Survival [%] of E. radiata for A: control (n = 8) and MHW duration (n = 32 per MHW duration) 
over time, with lines offset by 1% to minimise overlap; and B: Survival at day 63 per maximum intensity 
(25 and 26.5°C) and with/without plateau phase (P) per duration (2, 4, 6 and 8 weeks). 

 

3.4.2 Tissue bleaching 

As only healthy individuals were retained for the experiment tissue deterioration was 

initially negligible. An increase in bleaching cover was evident in all treatments over 

time, and despite a pronounced trend to increased bleaching with elongated MHW du-

ration there was no significant treatment effect (p ≤ 0.286, Table S3.2). No clear pattern 

in the effect of maximum intensity and plateau phase were detectable (Fig. 3.4B). This 

was not surprising, as bleached tissue of E. radiata can erode at the fronds and within 

the blade. Tissue erosion after the bleaching biased deterioration assessments as the 

remaining tissue area is smaller but healthier within the scoring systems. This made it 

difficult to detect changes in health status of E. radiata by percentage bleaching.  
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Figure 3. 4. Tissue bleaching cover [%] of E. radiata for A: control (n = 8) and MHW duration (n = 32/ 
duration) over time, and B: tissue bleaching cover at day 63 per maximum intensity (25 and 26.5°C) and 
with/without plateau phase (P) per duration (2, 4, 6 and 8 weeks). Values are means ± SE. 

 

3.4.3 Surface area and healthy surface area 

Surface area of the blades declined over time with significant MHW effect (p ≤ 0.001) in 

contrast to control conditions, with the degree of deterioration depending on MHW du-

ration (p ≤ 0.001; Table S3.3). Under control conditions, only minor tissue loss was evi-

dent (Fig. 3.5A) with ~97% tissue remaining by the end of the experiment. MHWs of 2-

week duration resulted in minor tissue loss with ~82% tissue remaining. Increased 

bleaching occurred during MHWs of 4 and 6 weeks where ~59% tissue remained. MHWs 

of 8 weeks resulted in ~43% retention of original surface area by the end of the experi-

ment. Comparing the MHW durations, the 2 and 4 week, and the 4 and 6 week treat-

ment were not significantly different from each other. Yet, in comparison to the shorter 

MHWs, the elongated MHWs of 6 and 8 weeks resulted in significant higher tissue area 

loss (Table S3.4).  
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When surface area was combined with tissue bleaching and expressed as healthy sur-

face area, the negative effect of prolonged MHWs was even more evident (Fig. 3.5B). 

Again, duration was the main driver of health declines, with increased MHW duration 

causing an increase in the surface area that bleached (p ≤ 0.008; Table S3.5). The shorter 

MHWs of 2 and 4 weeks were not significantly different from each other, whereas the 

elongated MHWs of 6 weeks resulted in significantly reduced healthy tissue area in con-

trast to the short 2 week MHWs (p ≤ 0.037; Table S3.6). The longest MHWs of 8 weeks 

resulted in significant reductions in healthy tissue area from the shorter 2 (p ≤ 0.001), 

and 4 weeks (p ≤ 0.023) MHWs. 

 

 

Figure 3. 5. Surface area [% change from day 0] of E. radiata A: over time averaged per MHW duration, 
and B: at the experimental end date (day 63) as stacked bars with overall bar height showing mean per-
cental surface area ± SE, with mean healthy tissue in colour and mean bleached tissue in grey. 
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3.4.4 Linear Growth Rate 

Linear Growth rates fluctuated throughout the experimental period. In the first two 

weeks, increased temperatures promoted growth in all MHW treatments in comparison 

to the control treatment. Throughout the experiment, growth rates depended on which 

stage (e.g. ramp up, plateau, decline, recovery) of the heatwave the seaweeds experi-

enced (Fig. 3.6A). At the end of the experiment, growth rates were comparable between 

the control and the short-term heatwaves of 2-4 weeks, but the longest heatwaves of 8 

weeks showed significantly reduced linear growth rates (duration: p ≤ 0.019; Fig. 3.6B). 

Pair-wise tests revealed that linear growth rates were significantly reduced in 6 (p ≤ 

0.044) and 8 (p ≤ 0.002) weeks MHWs in contrast to the shorter 2 week MHWs. Overall, 

linear growth rates demonstrated variability, with a handful of individuals not growing 

at all whereas others grew several centimetres over the experimental period. In approx-

imately 50% of individual’s growth could not be measured by the end of the experiment 

due to tissue deterioration. 

 

 

Figure 3. 6. Linear growth rate (LGR) of E. radiata A: over time averaged per MHW duration, and B: at the 
experimental end date day 63 per maximum intensity (25 and 26.5°C) and with/without plateau phase (P) 
per duration (2, 4, 6 and 8 weeks). Values are means ± SE. 
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3.4.5 Rapid light curves 

Rapid light curves and the derived parameters, alpha, ETRm and maximum quantum 

yield, showed a strong reduction over time. However, this reduction could not be at-

tributed to a specific treatment and was likely an artefact of being cultured within 

aquaria for long periods. Over time, maximum quantum yields were strongly reduced in 

all treatments (Fig. 3.7), with no clear pattern and statistical significance between treat-

ments. However, the number of seaweeds where rapid light curves could be determined 

was greater within the shorter MHW treatments by the end of the experiment than 

within the longer MHW treatments. 

 

 

Figure 3. 7. Maximum quantum yields (Fv/Fm) of E. radiata A: averaged ± SE per MHW duration plotted 
over time, and B: at the experimental end date (day 63) as mean ± SE values per maximum intensity and 
with/without plateau phase per duration. 

 

Bias within rapid light curve measurement most likely occurred based on tissue selection 

for measurements, as tissue above the punched growth holes was used. This established 

standardisation between individuals and avoided measuring within newly grown tissue 

area. However, due to this, some measurements were very close to deteriorated tissue, 
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and by the end of the experimental period an insufficient area of ‘old’ tissue was avail-

able for rapid light curve assessments. 

 

3.5 Discussion 

Marine heatwaves have increased in frequency duration since the early 20th Century 

(Oliver et al. 2018a) and can vary considerably in their thermal profiles (e.g. duration, 

maximum intensity, rates of onset/offset, shapes) between regions and events (Hobday 

et al. 2016). Experimental climate change studies typically focus on the magnitude of 

temperature increase, however in our study the duration of the MHWs was found to be 

the main driver of poor performance in the ecologically important canopy forming kelp, 

Ecklonia radiata. Additionally, impacts were generally not observed as anticipated dur-

ing the MHW peak, but short-term delayed during or after the fall of the MHW condi-

tions.  

Unsurprisingly, E. radiata performed best at control conditions, with all applied MHWs 

resulting in reduced physiological performance. Within the MHW treatments, E. radiata 

performed best exposed to the short-term, 2-week MHWs, with detrimental effects of 

prolonged exposures. These findings highlight the importance of MHW duration as an 

important driver of the performance and survival of species. The 2010/11 Ningaloo Niño 

MHW lasted for over 10 weeks and resulted in phase shifts and an ecosystem transition 

from kelp forests to a turf-dominated state at the northern distribution limits and fur-

ther abundance declines along the coast (Wernberg et al. 2016a; Filbee-Dexter and 

Wernberg 2018). Thus E. radiata has proven to be sensitive to prolonged MHWs within 

our experimental study as well as during the 2010/11 Ningaloo Niño (Wernberg et al. 

2016a). Further range shifts and abundance reductions can be anticipated for E. radiata, 

and generally for thermally sensitive species. Several unprecedented prolonged MHWs 

occurred in recent years with often devastating consequences for ecosystems 

(Wernberg et al. 2016a; Oliver et al. 2017; see chapter 2). Our study shows that elon-

gated MHWs are detrimental, paired with a predicted increase in duration of MHWs 
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(Oliver et al. 2018a) more drastic consequences of future MHWs on key species and 

whole ecosystems can be anticipated. 

Maximum intensity is the maximum temperature at which a MHW peaks (Hobday et al. 

2016). Here, it was expected that maximum intensity would be the major driver affecting 

the physiological performance of E. radiata from southwestern Australia, as warming 

sea temperatures are linked to the disappearance of large fucoids and kelps in tropical-

temperate transition zones (Tanaka et al. 2012; Smale and Wernberg 2013; Neiva et al. 

2016; Filbee-Dexter and Wernberg 2018). Further, previous studies report high temper-

ature regimes to have greater negative effects on the physiological performance of Eck-

lonia species than moderate or low temperatures (Haraguchi et al. 2009; Tanaka et al. 

2012; Xiao et al. 2015; Wernberg et al. 2016b). In Australia, E. radiata has contracted its 

range limit in a poleward direction on both the east (Wernberg et al. 2011a) and west 

coast (Wernberg et al. 2013b). This has been attributed to warming over the last dec-

ades, in addition to the regional extinction of E. radiata as the result of the 2010/11 

Ningaloo Niño MHW (Wernberg et al. 2016a). In Marmion Lagoon, the MHW peaked in 

February/March 2011 at 26.5°C, with a temperature anomaly of ~4.5°C above monthly 

long-term means (Pearce and Feng 2013). 

In our study, however, no significant differences were evident for exposure tempera-

tures to 25°C or 26.5°C respectively. These temperatures resemble maximum summer 

temperatures predicted for the near future (Lough, Sen Gupta and Hobday 2012) as well 

as peak temperatures experienced during the Ningaloo Niño MHW in 2011 (Pearce and 

Feng 2013). Previous studies reported an optimal temperature range of 18°C to 23°C for 

the growth and reproduction of E. radiata (Mohring et al. 2014), and a broad thermal 

range of 8°C to 24°C (Staehr and Wernberg 2009). However, our results align more with 

a recent study reporting a performance range for E. radiata of 21.2-26.5°C (Wernberg 

et al. 2016b). The variability in performance of E. radiata over the two maximum inten-

sities combined with and without an elongated plateau phase demonstrates great intra-

specific variability in the thermal sensitivity of E. radiata. This is most likely due to ge-

netic diversity within E. radiata populations and a portion of the populations having 

greater temperature resilience (Wernberg et al. 2018a). Thus, the applied maximum in-
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tensities resulted in reduced performance of E. radiata, however no differences be-

tween the two intensities could be determined. The great variability in response of E. 

radiata suggests genetic variability within the kelp populations and gives hope that part 

of the populations will withstand future MHWs. However, the great variability in re-

sponse also indicates that different species, depending on their local thermal regime, 

genetic variability, species-specific sensitivity and the respective MHW attributes will 

show a multitude of responses to MHWs, highlighting the urgent need for further re-

search efforts. 

Interestingly, all observed effects from the MHW treatments were only evident after the 

MHWs peaks when temperatures already declined. Comparably, a long time-lag was ob-

served in California following the MHW in 1982/83, where significant differences in sea-

weed abundance and diversity were only evident during the following winter of 1983/84 

(Gunnill 1985). This delay suggests that some seaweeds are capable of short-term heat 

tolerance relying on internal storage and metabolic processes. However, exhaustion of 

these processes results in performance reductions up to mortalities. In extension, this 

possibility of short-term tolerance relying on internal storage and metabolic processes 

in reverse highlights the importance of environmental conditions, e.g. additional stress-

ors such as storms versus calm conditions can change the vulnerability of species to 

MHW impacts (see chapter 2). The interaction with other stressors as well as the possi-

bility of delayed responses is very important to note for future research for effective 

monitoring of MHW impacts and attribution studies as to not overlook effects of MHWs 

(see chapter 2).  

Overall, all simulated MHWs, even short ones close to the experienced summer maxima 

of 25°C, resulted in reduced physiological performance and mortality, with duration as 

the main driver of observed change. This is a novel finding and highlights the urgent 

need for research into the physical attributes of MHWs and into the species-specific 

sensitivity to these attributes. While the effects of warming are relatively well studied, 

MHWs have only been recently recognized as important drivers of change. We recom-

mend future research endeavours focus on the importance of physical attributes of 
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MHWs and consider the impact strength on a multitude of important foundation spe-

cies. This will enable a better understanding of the impacts and threats MHWs will likely 

have on ecological communities. 
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3.6 Supplementary Material 

3.6.1 Survival 

Table S3. 1. Generalised linear model main test results for survival of E. radiata at day 63 testing for sig-
nificance of three factors (Duration (Du; control, 2, 4, 6 and 8 week), Maximum Intensity (MaxInt; 19, 25 
and 26.5°C), Plateau phase (Pl), yes/no) and their interactions.  
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3.6.2 Tissue bleaching cover 

Table S3. 2. PERMANOVA main test results for tissue bleaching cover of E. radiata at day 63 testing for 
significance of three factors (Duration (Du), Maximum Intensity (ma), Plateau phase (Pl)) and their inter-
actions. Significant results are highlighted in bold with grey background. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source  df     MS  Pseudo-F P 

Du 3 390 0.45 0.708 

ma 1 153 0.18 0.678 

Pl 1 20 0.02 0.883 

Duxma 3 1032 1.20 0.318 

DuxPl 3 455 0.53 0.665 

maxPl 1 1188 1.38 0.236 

DuxmaxPl 3 1418 1.65 0.183 

Res 112 859                   

Total 127                   
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3.6.3 Surface area change 

Table S3. 3. PERMANVA main test results for surface area of E. radiata at day 63 testing for significance 
of three factors (Duration (Du), Maximum Intensity (ma), Plateau phase (Pl)) and their interactions. Sig-
nificant results are highlighted in bold with grey background. 

 

 

Table S3. 4. PERMANOVA pair-wise test duration test results for surface area of E. radiata at day 63. Sig-
nificant results are highlighted in bold with grey background. 

 

 

 

 

 

 

 

 

 

Source  df     MS Pseudo-F P 

Du 3 5740 7.64 0.000 

ma 1 234 0.31 0.582 

Pl 1 241 0.32 0.581 

Duxma 3 748 0.99 0.397 

DuxPl 3 1652 2.20 0.094 

maxPl 1 1097 1.46 0.224 

DuxmaxPl 3 450 0.60 0.620 

Res 112 752                  

Total 127                         

 

Groups      t P 

2 weeks 4 weeks 1.16 0.256 

2 weeks 6 weeks 2.72 0.008 

2 weeks 8 weeks 5.20 0.000 

4 weeks 6 weeks 1.10 0.274 

4 weeks 8 weeks 3.10 0.003 

6 weeks 8 weeks 2.83 0.006 
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3.6.4 Unbleached/healthy surface area 

Table S3. 5. PERMANVA main test results for unbleached surface area of E. radiata at day 63 testing for 
significance of three factors (Duration (Du), Maximum Intensity (ma), Plateau phase (Pl)) and their inter-
actions. Significant results are highlighted in bold with grey background. 

 

Table S3. 6. PERMANOVA pair-wise test duration test results for unbleached surface area of E. radiata at 
day 63. Significant results are highlighted in bold with grey background. 

 

 

 

 

 

 

 

 

 

Source  df     MS Pseudo-F P(perm) 

Du 3 1279 4.02 0.008 

ma 1 132 0.41 0.531 

Pl 1 67 0.21 0.647 

Duxma 3 238 0.75 0.539 

DuxPl 3 634 1.99 0.120 

maxPl 1 148 0.46 0.493 

DuxmaxPl 3 125 0.39 0.765 

Res 112 318                  

Total 127          

 

Groups      t P(perm) 

2 weeks 4 weeks 0.99 0.332 

2 weeks 6 weeks 2.11 0.037 

2 weeks 8 weeks 3.20 0.001 

4 weeks 6 weeks 1.12 0.274 

4 weeks 8 weeks 2.31 0.023 

6 weeks 8 weeks 1.38 0.176 
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4.1 Abstract 

Marine heatwaves are becoming more frequent with major impacts on coastal ecosys-

tems. These coastal ecosystems are additionally influenced by urbanization resulting in 

increased turbidity within the water column and reduced light levels at the seafloor. 

Little is known about the sensitivity of seaweeds to the co-occurring stress factors of 

MHWs and altered light levels, which could have important knock-on effects on the 

structure and functioning of marine forests. We tested for species-specific sensitivity to 

marine heatwaves (MHWs) combined with altered irradiance levels using the canopy-

forming kelp Ecklonia radiata and two understorey seaweeds, Zonaria turneriana and 

Lobophora variegata. The seaweeds were subjected for 15 days to MHWs of two differ-

ent maximum intensities at two light levels, followed by a 7 days recovery period. Light 

levels resembled reduced light levels due to urbanisation (increased sediment load, eu-

trophication, increased turbidity) or light levels common under an intermediate to 

highly dense kelp canopy, reducing light levels reaching the seafloor. Temperature was 

the main driver for observed changes in seaweed performance, with strong negative 

effects of an extreme MHW (28°C) especially on tissue bleaching cover and maximum 

quantum yields. Low light levels had a minor effect at 19°C and the moderate heatwave 

to 25°C, however when temperatures turned extreme, low light conditions significantly 

enhanced the negative effects on the physiological performance of the seaweeds. This 

change from a minor to a synergistically negative effect of temperature and reduced 

light levels combined highlights the urgent need to reassess the interactive nature of 

multiple stressors in respect to the emerging threat of MHWs to reef ecosystems. 

 

 

 

 

Keywords: kelp forests, macroalgae, Ecklonia radiata, Zonaria turneriana, Lobophora 

variegata, extreme temperature events, xanthophyll cycle, pigment content 
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4.2 Introduction 

Seaweed-dominated habitats such as kelp forests are amongst the most productive and 

diverse coastal habitat types globally (Duarte et al. 2013; Bennett et al. 2016). Their dis-

tribution and performance are primarily controlled by temperature (Wernberg et al. 

2018b), irradiance and photoperiod (Bartsch et al. 2016), nutrients (Mendes et al. 2012; 

Wedchaparn et al. 2017), wave exposure, salinity and herbivores (Vergés et al. 2014a), 

with anthropogenic perturbations altering seaweed abundances and geography (Díez et 

al. 2012; Campbell et al. 2014; Yesson et al. 2015; Straub, Thomsen and Wernberg 2016). 

A long evolutionary history of adaptation to environmental conditions has led to species-

specific thermal ranges which support growth, reproduction and survival of marine or-

ganisms (Van den Hoek 1982; Lüning 1990). Though seaweeds are generally well 

adapted to their native environment, intensification of stressors (e.g. temperature in-

crease) exceeding a species optimum results in stress and decline in performance 

(Pörtner and Farrell 2008; Eggert 2012). Warming affects the physiology of marine sea-

weeds, and can lead to alterations in performance up to local extinctions and range re-

ductions at their warmest biogeographic limits (Harley et al. 2012; Wernberg and Straub 

2016; chapter 2). Concurrent with long-term warming, marine heatwaves (MHWs), dis-

crete prolonged extreme warm water events (Hobday et al. 2016), have increased in 

frequency and duration (Oliver et al. 2018a). These MHWs can result in substantial dam-

age and rapid changes in seaweed assemblages (Smale and Wernberg 2013; Wernberg 

et al. 2016; Smale et al. 2018; Chapter 2) with unpredictable ecological consequences. 

On subtidal temperate rocky reefs, large conspicuous canopy-forming seaweeds create 

complex biogenic habitats (Christie, Norderhaug and Fredriksen 2009; Thomsen et al. 

2010; Teagle et al. 2017). This canopy modifies environmental conditions such as light, 

water flow and sedimentation (Wernberg, Kendrick and Toohey 2005).  Positive interac-

tions occur when the canopy ameliorates physical stress for sub-canopy algal assem-

blages and recruits (Dayton 1975; Bertness et al. 1999; Bennett and Wernberg 2014). 

Vice versa, seaweed canopies can have neutral and negative effects on sub-canopy sea-

weeds, resulting in reduced biodiversity and performance (Bertness et al. 1999; 

Wernberg, Kendrick and Toohey 2005; Irving and Connell 2006; Falkenberg et al. 2015).  

Globally, canopy-formers have disappeared and been replaced by turf algae in various 
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regions over the last decade. These shifts towards turf dominance are mediated by an-

thropogenic abiotic (warming and eutrophication) and biotic (herbivory and epiphytism) 

drivers of canopy loss (Filbee-Dexter and Wernberg 2018).  

Underneath the canopy the availability of photosynthetically active radiation (PAR) 

(hereafter simply ‘light’), is highly variable depending on depth, density of canopy-cover 

and turbidity within the water column. Light availability is crucial for the survival and 

performance of phototrophic organisms, and light levels reaching the seafloor are al-

tered by canopy density (Wernberg, Kendrick and Toohey 2005) as well as urbanisation, 

leading to discharge of wastewater and land-based runoff, which results in increased 

turbidity and reduced light levels in the oceans (Walling 2006; Pritchard et al. 2013),. 

Seaweeds shift their lower depth range upwards in areas with increased turbidity and 

hence decreased light levels (Pedersén and Snoeijs 2001; Pehlke and Bartsch 2008; 

Bartsch et al. 2016). Light availability combined with temperature drives photosynthesis, 

growth and ultimately primary production (Singh and Singh 2015; Tait et al. 2015). Ad-

ditionally, light and temperature stress can evoke photoprotection and pigmentation 

responses (Davison 1991; Kuebler, Davison and Yarish 2007). Changes to the light and 

temperature environment have therefore major implications for primary producers 

(Pehlke and Bartsch 2008; Bartsch et al. 2016), and alter the productivity of coastal food 

webs (Singh and Singh 2015).  

As organisms respond to numerous and complex environmental changes at local to 

global scales, it is important to understand the sensitivity of seaweeds to multiple stress-

ors. How increasing anthropogenic stressors will affect kelp forests and fucoid canopies 

is a key priority as these habitats are of major ecological importance in temperate and 

polar regions (Brodie et al. 2014). However, to our knowledge no information about the 

nature of interaction between MHWs and altered light levels is available to date. A pre-

vious study reported that the light demand of the kelp Ecklonia radiata is increasing in 

a warmer ocean to maintain metabolic functions (Staehr and Wernberg 2009). There-

fore, we suspect that reduced light levels in combination with extreme temperatures 

during MHWs will prevent seaweeds to meet their metabolic demand if limited by light 

availability. 
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In Australia, an unprecedented MHW in 2010/11 affected the main canopy-former Eck-

lonia radiata along the west coast, with effects ranging from local extinctions at its 

northern distribution limits over reduced abundances to no detected impacts at the 

cooler, southern sites (Wernberg et al. 2011b, 2016a). Reduced abundances and range 

contractions of canopy-formers are expected to influence sub-canopy and turf-forming 

seaweeds as variation in canopy density has the capacity to alter levels of stress amelio-

ration. Light levels on Western Australia’s temperate reefs range from ~800 μmol m-2 s-

1 in open patches to just over 10 μmol m-2 s-1 in dense kelp patches on a calm day with 

clear skies in summer just after noon (Wernberg, Kendrick and Toohey 2005). The ex-

tend and capability to impact sub-canopy and turf-forming seaweeds more common in 

open patches will depend on if the interaction between canopy- and sub-canopy sea-

weeds is negative or positive, and on the levels of stress amelioration provided by the 

canopy-former. Hence, we investigated how two turf-forming seaweeds, tropical to 

warm-temperate Lobophora variegata and temperate Zonaria turneriana, and recruits 

of the temperate canopy-forming kelp E. radiata are impacted by MHWs of different 

intensities combined with reduced light levels commonly experienced due to increased 

turbidity within the water columns or under different densities of canopy. 

 

4.3 Material and Methods 

4.3.1 Study site and organisms 

Individual thalli of juvenile kelp, Ecklonia radiata, and two small seaweeds, Zonaria 

turneriana and Lobophora variegata, were collected at Horseshoe Reef (31°50’ 18”S, 

115°42’ 60”E) approximately 25km north of Perth in November 2016 (austral summer). 

E. radiata (C. Agardh) J. Agardh is a temperate canopy-forming kelp dominating Aus-

tralia’s Great Southern Reef. Z. turneriana J.  Agardh is a temperate seaweed dominant 

in Australia from Kalbarri in West Australia, along the southern coastline and Tasmania 

to Port Phillips Heads in Victoria. L. variegata (Lamouroux) C. Agardh is a tropical to 

warm-temperate distributed seaweed which often increases in abundance on degraded 
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coral reefs. This was also documented after the MHW in 2010/11, where in the after-

math of the event abundances of L. variegata increased and are now an important part 

of the new established tropical turf community (Wernberg et al. 2016a). Around 50 in-

dividuals per species were haphazardly removed from the reef between 6 - 12m using 

SCUBA. Seaweeds were collected with holdfasts intact, placed in calico bags and trans-

ported in a dark, chilled cooler to the laboratory. Within 4 hours of collection, individuals 

were placed in a holding tank with flowing temperature-controlled seawater and aera-

tion. Individual seaweeds were then weighted to ensure negative buoyancy, transferred 

to the experimental aquaria and acclimated at 19°C for 7 days prior to commencement 

of the experiment.  

4.3.2 Experimental conditions 

The experimental setup consisted of 20*45L aquaria and two 1000L sumps for temper-

ature pre-treatment, one ‘hot’ sump heated to 29°C and one ‘cold’ sump chilled to 18°C 

(Hailea 2HP Chiller/Heater units). Pre-filtered (Odyssea CFS-1200), UV-sterilized (SunSun 

CUV-155) hot and cold seawater was supplied to each aquarium, and experimental tem-

peratures achieved by direct mixing in each aquarium (~100 L hr-1 flow rate) to desired 

temperatures. Temperature was monitored continuously using Aquatronica tempera-

ture sensors and maintained at ± 0.5°C of the assigned temperature. Aeration and addi-

tional water motion was achieved using air-curtains. Fluorescent lights (GM 

Powerchrome T5) were placed above aquaria on an 8L:16D cycle. Salinity was monitored 

twice per week but did not vary. 

Six different treatments were applied (Fig. 4.1), a combination of light (two levels) and 

temperature (three levels). Ten aquaria were supplied with light levels at ~40 μmol m-2 

s-1, resembling light levels under an intermediate kelp canopy density (e.g. 2 sporo-

phytes per 0.25 m-2; hereafter referred to as “intermediate light” or “ML” levels) 

(Wernberg, Kendrick and Toohey 2005). Two-layers of shading cloth was installed over 

the remaining 10 aquaria, reducing light levels to ~10 μmol m-2 s-1, similar to light levels 

underneath high density (4 or more sporophytes per 0.25m-2) kelp canopy, hereafter 

referred to as “low light” or “LL” levels, (Wernberg, Kendrick and Toohey 2005). Within 
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the two light levels, aquaria were randomly assigned a temperature level of either a 

control (19°C), warm summer conditions (25°C) or marine heatwave conditions (28°C). 

Seaweeds were acclimated at 19°C for a week, with ~25 specimen per species accli-

mated at intermediate and ~25 specimen per species at low light levels. At the end of 

the acclimation period, seaweeds were randomly assigned to a temperature treatment. 

Temperature increase was applied at a rate of 1°C hour-1, experimental conditions pre-

vailed for 15 days, and returned to control temperature conditions at a rate of 1°C hour-

1. Seaweeds were subsequently monitored for one week in control conditions for recov-

ery. 

 

Figure 4. 1. Schematic of experimental setup with three temperature levels (19, 25 and 28°C) and two 
light intensities (intermediate light common under medium dense kelp canopy, low light common under 
high density kelp canopy or due to anthropogenic activities). Full setup contains 10 aquaria per light level, 
2-4 aquaria per temperature treatment. 

 

4.3.3 Measurements 

To assess the impact of MHWs with different maximum intensities at two different light 

levels, tissue bleaching cover, biomass and maximum quantum yield (Fv/Fm) were as-

sessed periodically over the experimental period (n = 6 per species per treatment). Pig-

ment composition and concentration were assessed at day 15 after termination of treat-

ments (n = 3 per species per treatment).  

 

Tissue bleaching cover, biomass and relative growth rate 

As a primary health indicator tissue bleaching [% blade] was visually assessed every sec-

ond day as visible discoloring of the blade tissue (Xiao et al. 2015). Temperature and 
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light level effects on biomass were assessed at the start of treatment exposure (day 0), 

at MHW termination (day 15), and at the last day of the recovery period (day 22). Bio-

mass was determined as wet weight (WW; [g]) after gentle removal of water from the 

seaweeds. As a measure of growth, relative growth rates (RGR; [%/day]) were calculated 

based on the biomass data for the treatment duration and the recovery period using the 

following equation: 

RGR [% d-1] = [(Wt/Wi)1/t -1] * 100 

Where Wi = initial WW, Wt = WW at respective day, and t = 15 days for treatment dura-

tion, and 7 days for recovery phase.  

 

Maximum quantum yield 

Maximum quantum yield (Fv/Fm) was determined every two to three days throughout 

treatment exposure, as well as at the end of the recovery period. Fv/Fm values were 

measured between 9.30am to 2.30pm (MINI-PAM II, Waltz, Effeltrich, Germany). Prior 

to Fv/Fm measurements algal tissue was dark acclimated for 15 minutes using dark leaf 

clips. Measurements were taken within the aquaria to maintain stable treatment condi-

tions and avoid additional stress for the seaweeds.  

 

Pigment analysis 

Tissue samples for pigment composition and concentration were taken on day 15 (~0.2 

+ 0.4g WW), placed in foil packages, snap frozen in liquid nitrogen and stored at -80°C. 

For the extraction of chlorophylls and carotenoids, tissue samples were dipped in liquid 

nitrogen, ground in a cold mortar while adding HPLC (high-performance liquid chroma-

tography) graded acetone. After sonication in an ice bath for 3 min to further disrupt 

cell walls, extracts were incubated overnight in a dark fridge at 4°C and sonicated the 

following morning. Extracts were transferred into Eppendorf tubes, centrifuged (5 min 

@ 16.000 rpm), and 0.8ml supernatant transferred to HPLC vials and stored at -80°C 

until HPLC measurements. The HPLC analysis was performed according to (Tamm et al. 

2015) with minor modifications. Separation was achieved at temperature of 25±1 °C in 
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50 minutes on a Spherisorb ODS2 (Waters, Milford MA, USA) column (250 mm* 4.6 mm 

ID with 5μm particle), using a Waters® HPLC system (600E pump, 717+ auto injector with 

carousel temperature control set at 10°C and 996 photodiode-array detector). The mo-

bile phase consisted of 2 pre-mixed eluents, A=80:20 methanol:0.5M ammonium ace-

tate pH 7.2 and B=80:20 methanol:acetone. Data acquisition with the photodiode array 

was from 350 to 750 nm at a resolution of 1.2 nm, with achieved detection and quanti-

fication of the pigments at 450 nm.  All linear calibrations were calculated according to 

peak area, and pigment standards were run routinely to ensure the validity of pigment 

retention time. 

4.3.4 Statistical analysis 

Data were analysed using PERMANOVA in PRIMER v.6 (9999 permutations; Euclidean 

distance dissimilarity) (Clark and Gorley 2006). Temperature (Te), light levels (Li) and 

Time as measurement day (Da) were treated as fixed factors. If PERMANOVA main tests 

returned significance for any factor, these were followed by pair-wise comparisons. 

Analysis for factors and their interaction was conducted separately for each species and 

each measurement. 

 

4.4 Results 

4.4.1 Tissue bleaching 

Tissue bleaching varied significantly with temperature, light and exposure duration (E. 

radiata, Z. turneriana, L. variegata: p ≤ 0.001; Table S4.1). Interaction terms were signif-

icant for day and temperature (DaxTe) as well as temperature and light (TexLi) for all 

three species, and additionally the interaction term of day and light (DaxLi) and day, 

temperature and light (DaxTexLi) for Z. turneriana and L. variegata (Table S4.1). Gener-

ally, only minor bleaching was observed for all species at 19°C and 25°C. For E. radiata, 

the extreme MHW (28°C) resulted in significantly increased bleaching in comparison to 
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control conditions (ML: p ≤ 0.003; LL: p ≤ 0.009) and MHW at 25°C (ML: p ≤ 0.007; LL: p 

≤ 0.007) at both light regimes (Fig. 4.2A). Similarly, 25°C significantly increased bleaching 

of Z. turneriana (Fig. 4.2B) after 15 days at intermediate (p ≤ 0.015), and after 19 days at 

low light (p ≤ 0.036) levels. The MHW (28°C) significantly increased bleaching at inter-

mediate light after 4 days (19°C: p ≤ 0.003; 25°C: p ≤ 0.030) and at low light after 6 days 

(19°C: p ≤ 0.009; 25°C: p ≤ 0.046). In contrast, the onset of tissue bleaching was later, 

but more rapid of L. variegata (Fig. 4.2C), and exposure to 28°C resulted in significantly 

increased bleaching rates of L. variegata at intermediate light after 15 days (19°C: p ≤ 

0.002; 25°C: p ≤ 0.006), and at low light from day 10 onwards (19°C: p ≤ 0.009; 25°C: p ≤ 

0.003). Low light resulted in significantly increased bleaching of E. radiata at 19°C after 

15 days (p ≤ 0.027) and at 28°C after 19 days (p ≤ 0.039). Low light significantly increased 

bleaching cover of Z. turneriana at 19°C after 10 days (p ≤ 0.033), and at 25°C (p ≤ 0.048) 

and 28°C (p ≤ 0.016) after 19 days. For L. variegata low levels increased tissue bleaching 

in comparison to intermediate light levels, with significant higher bleaching at 19 and 

25°C from day 15, and at 28°C from day 12 onwards. For all three species 28°C led to the 

highest tissue bleaching rates, with low light levels further enhancing tissue bleaching in 

contrast to intermediate light levels. No recovery was observed in the week where sea-

weeds were returned to control conditions at 19°C.  
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Figure 4. 2. Tissue bleaching as mean percent tissue bleaching cover for A: E. radiata, B: Z. turneriana and 
C: L. variegata. Mean ± SE percent bleaching over time. In grey scale intermediate light levels, in brown 
scale low light levels (LL), temperature range from 19°C, over 25°C to 28°C. Blue box represents the re-
covery period with all treatments at 19°C. 

 

4.4.2 Biomass 

Biomass of E. radiata was significantly affected by temperature (p ≤ 0.001) and the in-

teraction term of day and temperature (p ≤ 0.024), and of L. variegata by exposure du-

ration (p ≤ 0.001) and temperature (p ≤ 0.002), but light levels had no effect (Table S4.2). 

Mean biomass of E. radiata (Fig. 4.3A) remained relatively stable at 19°C and 25°C but 

decreased significantly when exposed to 28°C at intermediate (19°C: p ≤ 0.005; 25°C; p 

≤ 0.010) and low light levels (19°C: p ≤ 0.005; 25°C: p ≤ 0.017) by day 15. In contrast, 
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mean biomass of Z. turneriana (Fig. 4.3B) decreased for all treatments, but not signifi-

cantly between treatments. Decrease of biomass over exposure duration was significant 

for L. variegata (Fig. 4.3C), as well as temperature. Even though light levels did not return 

significance, a significant effect of temperature could only be determined at high light 

levels for L. variegata exposed to 28°C (19°C: p ≤ 0.025; 25°C: p ≤ 0.031) after 15 days.  

 

4.4.3 Relative growth rate 

Temperature was the main driver of negative relative growth rates (RGR) for all three 

species (E. radiata: p ≤ 0.001; Z. turneriana: p ≤ 0.001; L. variegata: p ≤ 0.002). Light 

levels (p ≤ 0.046), exposure duration (p ≤ 0.006) and the interaction term of day and 

temperature (DaxTe; p ≤ 0.015) and temperature and light (TexLi; p ≤ 0.018) were sig-

nificant for E. radiata, as well as the interaction of day and temperature (DaxTe; p ≤ 

0.033) for L. variegata (Table S4.3). Growth of E. radiata (Fig. 4.3D) remained relatively 

stable at 19 and 25°C, but at 28°C RGR significantly declined after 15 days (19°C: p ≤ 

0.006; 25°C: p ≤ 0.019). The negative growth of E. radiata exposed to 28°C was enhanced 

during recovery phase, especially at low light levels. In contrast, Z. turneriana (Fig. 4.3E) 

exhibit relatively stable growth rates with a small but significant drop in growth during 

recovery phase at 25°C (19°C: p ≤ 0.014) and 28°C (19°C: p ≤ 0.042; 25°C: p ≤ 0.015) at 

intermediate light, and at 28°C (19°C: p ≤ 0.049) at low light levels. Exposure to 28°C led 

to a significant drop in RGR if L. variegata (Fig. 4.3F), however only for the heat exposure 

interval, but not for recovery phase. After 15 days, RGR of L. variegata at 28°C was sig-

nificantly reduced from 25°C (p ≤ 0.011), and at low light conditions from both 19°C (p ≤ 

0.011) and 25°C (p ≤ 0.020). 
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Figure 4. 3. Mean ± SE values over time for A: Biomass and D: relative growth rate (RGR) of E. radiata, B: 
biomass and E: RGR rate of Z. turneriana, and C: biomass and F: RGR of L. variegata. Biomass is in wet 
weight seaweed [g] at day 0, 15 and 22. RGR is % per day calculated over the heatwave from day 0-15, 
and the recovery period day 15-22. Measurements taken at start and end of the heatwave are shown on 
a grey scale, recovery measurements are in blue. 
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4.4.4 Maximum quantum yield  

Temperature (E. radiata, Z. turneriana and L. variegata: p ≤ 0.001), exposure duration 

(E. radiata, Z. turneriana and L. variegata: p ≤ 0.001) as well as the interaction of day 

and temperature (DaxTe; E. radiata, Z. turneriana and L. variegata: p ≤ 0.001) were the 

main drivers for change in maximum quantum yield. Light levels were significant for E. 

radiata (p ≤ 0.001) and L. variegata (p ≤ 0.037), interaction of day and light for E. radiata 

(p ≤ 0.001). Interaction of temperature and light was significant for E. radiata (TexLi; p ≤ 

0.001) and L. variegata (TexLi; p ≤0.001), as well as the interaction of day, temperature 

and light for L. variegata (DaxTexLi; p ≤ 0.009; Table S4.4). For all species, yield declined 

slightly over the treatment duration at 19°C and 25°C, with a strong reduction when 

exposed to 28°C. For E. radiata (Fig. 4.4A), yield values were significantly reduced at 28°C 

after 5 days under both intermediate (19°C: p ≤ 0.005; 25°C: p ≤ 0.004) and low light 

(19°C: p ≤ 0.013; 25°C: p ≤ 0.027) levels. In comparison, yield values of Z. turneriana (Fig. 

4.4B) were unaffected by 25°C, but 28°C resulted in a significant yield reduction at inter-

mediate light (19°C and 25°C: p ≤ 0.015) after 15 days, and at low light levels after 5 days 

(19°C and 25°C: p ≤ 0.009). Yield values of L. variegata (Fig. 4.4C) were as well negatively 

affected by 28°C, leading to a significant reduction at intermediate light after 5 days in 

contrast to 19°C (p ≤ 0.044), and after 15 days in contrast to 25°C (p ≤ 0.009).  

Low light levels resulted in significantly higher yield values of E. radiata (19°C: p ≤ 0.005 

after 15 days; 25°C: p ≤ 0.048 after 5 days; 28°C: p ≤ 0.029 after 5 days) than at interme-

diate light levels, however no measurements were possible at 28°C and low light levels 

after the recovery period. Low light conditions showed again a dampening effect on 

yield reduction, however not significantly for Z. turneriana. Yield values of L. variegata 

at low light levels and 28°C were significantly reduced after 5 days in contrast to the 

19°C treatment (p ≤ 0.010), and after 10 days in contrast to 25°C (p ≤ 0.014). Overall the 

MHW to 28°C increased variability in yield readings especially of Z. turneriana and re-

sulted in a significant reduction of maximum quantum yield of all three species. Light 

levels at low temperatures stabilised yield, especially at 19 and 25°C, but at 28°C maxi-

mum quantum yield could not be determined after 22 days for all species at low light. 
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Figure 4. 4. Maximum quantum yield (Fv/Fm) measured after 15 min dark acclimation for A: E. radiata, B: 
Z. turneriana and C: L. variegata. Mean ± SE Fv/Fm values per heatwave treatment per light level over 
time. In grey scale intermediate light levels, in brown scale low light levels (LL), temperature range from 
19°C, over 25°C to 28°C. Blue box represents the recovery period with all treatments at 19°C. 
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4.4.5 Pigments 

HPLC measurements were able to identify ten different pigments, Chlorophyll c1 and c2, 

Chlorophyll a (Chl a), Fucoxanthin, Neoxanthin, Lutein, β-Carotene and the Xanthophyll 

cycle pigments Violaxanthin, Antheraxanthin and Zeaxanthin. From these identified pig-

ments, concentrations could be quantified for seven pigments Fucoxanthin, Chl a, β-

Carotene, Lutein and the Xanthophyll cycle pigments. The major pigments for all three 

species were Fucoxanthin, Chl a and Chl c, as is expected for brown seaweeds. Z. turneri-

ana had the highest overall pigment concentrations per gram of seaweed of the three 

species. 

Fucoxanthin, Chl a and β-Carotene concentrations of E. radiata were not significantly 

affected by treatment conditions, however a trend to reduced concentrations at 28°C 

was evident (Table S4.5; Fig. 4.5). Lutein concentrations in E. radiata increased with in-

creasing temperatures, but the photoprotective pigment was absent at 19 and 25°C un-

der low light conditions (p ≤ 0.006). In contrast, Fucoxanthin (p ≤ 0.003), Chl a (p ≤ 0.001) 

and β-Carotene (p ≤ 0.001) concentrations of Z. turneriana were significantly affected 

by temperature, with a slight increase in pigment concentrations at 25°C and a strong 

reduction at 28°C. Additionally, low light levels significantly reduced concentrations of 

Fucoxanthin (p ≤ 0.038) and Chl a (p ≤ 0.048) of Z. turneriana. Lutein concentrations in 

Z. turneriana showed a more complex response to light levels (p ≤ 0.043), with a trend 

to be reduced at 25°C at intermediate light, and absence of Lutein at low light and 19°C. 

Fucoxanthin concentrations of L. variegata were not affected by treatment conditions, 

however, Chl a (p ≤ 0.031), β-Carotene (p ≤ 0.01) and Lutein (p ≤ 0.034) concentrations 

were significantly affected by temperature. Increasing temperatures resulted in a reduc-

tion of Chl a and Beta-Carotene of L. variegata, and an increase of Lutein. Overall, 28°C 

generally reduced concentrations of Fucoxanthin, Chl a and β-Carotene, whereas Lutein 

concentrations increased with increasing temperature. 
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Figure 4. 5. Mean ± SE pigment concentrations of Fucoxanthin, Chlorophyll a (Chl. a), β-Carotene and 
Lutein for E. radiata, Z. turneriana and L. variegata at day 15. Intermediate light is depicted in shades of 
grey, low light treatment in shades of brown. 

 

The xanthophyll cycle pool, as the sum of the three pigments Violaxanthin, Antheraxan-

thin and Zeaxanthin, showed strong species-specific responses (Table S4.5, Fig. 4.6). At 

intermediate light, xanthophyll pool size increased for E. radiata with increasing tem-

peratures with a significant reduction of Violaxanthin (p ≤ 0.034) and increase of Zeaxan-

thin concentrations. At intermediate light levels, Zeaxanthin (p ≤ 0.003) concentrations 

of E. radiata are significantly increased, whereas at low light levels Violaxanthin (p ≤ 

0.027) content is significantly higher. In contrast, the xanthophyll pool size of Z. turneri-

ana was drastically reduced at 28°C due to a strong reduction of Violaxanthin (p ≤ 0.001) 

levels. Additionally, the Zeaxanthin content of Z. turneriana was significantly reduced at 

low light levels (p ≤ 0.046). In contrast, xanthophyll cycle pigment concentrations of L. 

variegata were not affected by light levels, but Violaxanthin (p ≤ 0.005) concentrations 

decreased with increasing temperatures, whereas Zeaxanthin concentrations were sig-

nificantly increased at 28°C (p ≤ 0.005). Overall, at 28°C Zeaxanthin levels increased 

whereas Violaxanthin levels were reduced with increasing temperatures for all sea-

weeds. 
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Figure 4. 6. Mean ± SE pigment concentrations of the xanthophyll cycle pigments Zeaxanthin, Antheraxan-
thin and Violaxanthin for E. radiata, Z. turneriana and L. variegata after 15 days. 

 

4.5 Discussion 

Temperature has been included in most marine multiple-stressor evaluations as a major 

driver for the distribution and performance of communities (Davison 1991; Eggert 2012; 

Wernberg, Smale and Thomsen 2012; Straub, Thomsen and Wernberg 2016; Wernberg 

and Straub 2016). We applied temperature in the form of marine heatwaves (MHWs) 

with differing maximum intensities combined with light levels typically found on West-

ern Australia’s reefs under a range of canopy densities, respectively. Our study shows 

that when MHWs of different maximum intensities and light levels are combined, the 

direction of the seaweed response was mainly dependant on the magnitude of the tem-

perature increase. The two applied low light levels had only a minor effect on algal per-

formance at 19°C and at a moderate MHW to 25°C, but when temperatures turned ex-

treme, low light levels resulted in drastically reduced seaweed performance (negative 

interaction) with no signs of short-term recovery when temperatures return to control 

conditions.  

Temperature was the main factor affecting the performance of E. radiata, Z. turneriana 

and L. variegata. The physiological performance (e.g. tissue bleaching, biomass, relative 

growth rate, photosynthetic activity) was comparable between 19°C and the MHW up 
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to 25°C temperatures representing spring/autumn and warm summer conditions expe-

rienced by the seaweeds at Marmion Lagoon, Perth. Currently, 25.5°C represents the 

upper threshold for local near-future climate predictions (IPCC 2007; Lough, Sen Gupta 

and Hobday 2012), and all three seaweeds withstood 25°C for 15 days with only minor 

alterations to their performance. Exposed to +3°C above the summer values, represent-

ing extreme MHW conditions of 28°C, the seaweeds performance significantly declined. 

Intense tissue bleaching cover and reduced photosynthetic activity was evident for all 

three species. These negative effects of extreme temperature are consistent with previ-

ous studies that a sustained increase in temperature will reduce performance and 

productivity of brown seaweed species (Bearham, Vanderklift and Gunson 2013; Smale 

and Wernberg 2013; Andrews, Bennett and Wernberg 2014; Wernberg et al. 2016a). 

Additionally, E. radiata individuals experienced a significant loss of biomass and negative 

relative growth rates. The sensitivity of E. radiata to extreme 28°C agrees with studies 

concerning impacts of the 2010/11 marine heatwave in Western Australia, which re-

sulted in local extinctions and reduced abundances in areas experiencing ~28°C expo-

sure (Pearce and Feng 2013; Wernberg et al. 2016a). In contrast to E. radiata, the sensi-

tivity of L. variegata to the extreme MHW was surprising as this species is widely distrib-

uted in tropical and warm temperate seas, and is known to increase in abundance on 

degraded coral reefs (Mumby, Foster and Fahy 2005; Nugues and Bak 2008) and tropi-

calized temperate reefs (Wernberg et al. 2016a). Phenotypic or genotypic acclimation 

to the water temperatures at Marmion Lagoon (Bennett et al. 2015a) might explain the 

reduced performance of L. variegata.  

Besides physiological performance, pigment concentrations of the seaweeds were as-

sessed, as increased temperatures can evoke photoprotection and pigmentation re-

sponses (Davison 1991; Kuebler, Davison and Yarish 2007). The carotenoid responses 

and other pigment concentrations were generally highest at temperatures within the 

thermal history experienced by the seaweeds (19°C and 25°C treatments). This confirms 

previous studies which demonstrate that thermal history influences pigment content 

(Davison 1991; Stengel and Dring 1998; Robledo and Freile-Pelegrín 2005). When 

stressor level would damage the photosynthetic apparatus, photoprotection gets 

evoked. Carotenoids and xanthophyll cycle pigments are involved in photoprotection, 
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leading to thermal dissipation of excess light energy (non-photochemical quenching), 

which involves for the xanthophyll cycle pigments a de-epoxidation from Violaxanthin 

to Zeaxanthin (Jahns and Holzwarth 2012). In E. radiata, Z. turneriana and L. variegata, 

the photoprotective response of the carotenoids was evident at extreme temperatures, 

with reduced Fucoxanthin, Chl a and β-Carotene levels and a shift within the xanthophyll 

cycle pool from Violaxanthin to Zeaxanthin. These pigment concentration responses 

suggesting that the seaweeds were stressed to such an extent that they were less able 

to invest in accumulation of photoprotective pigments (Goss and Jakob 2010; Stengel et 

al. 2014).  

In addition to the main driving force of temperature, the two applied light levels had 

divergent effects on the performance of the seaweeds. At 19° and 25°C, light levels had 

only minor effects on the seaweeds, suggesting a neutral effect on the recruits and turf-

forming seaweeds under moderate temperature conditions. However, low light levels 

combined with extreme temperatures greatly enhanced tissue bleaching, diminished 

photosynthetic activity and reduced pigment contents of E. radiata, Z. turneriana and L. 

variegata. Between the three seaweeds, E. radiata was the most sensitive species with 

strongly enhanced tissue bleaching and biomass loss. Overall, these responses suggest 

that juvenile E. radiata and the two turf-forming seaweeds Z. turneriana and L. variegata 

perform well within their common temperature regime independent of varying degrees 

of reduced light levels. However, when temperatures turn extreme the nature of inter-

action between temperature and low light levels changes to a negative synergistic effect 

upon the seaweeds. This confirms a previous study reporting increased light demand 

with increasing ocean temperatures of E. radiata (Staehr and Wernberg 2009), and 

shows that seaweeds are vulnerable to combined effects of extreme temperatures and 

low light levels. A reduction of light levels as experienced during storms, increased tur-

bidity within the water column as a side effect of urbanisation (Pehlke and Bartsch 2008; 

Bartsch et al. 2016) or under highly dense canopy cover showed detrimental impacts 

during the simulated MHWs on turf-forming seaweed assemblages and recruits. These 

findings highlight the changing interaction between environmental parameters depend-

ing on the magnitude of the stressor. Ultimately, increased urbanisation or reduced can-

opy cover could facilitate undesirable shifts towards turf-dominated systems 



 
 

 

76 
 

(Falkenberg et al. 2015; Filbee-Dexter and Wernberg 2018). Retaining or reintroducing 

algal canopies in light of the increased frequency and duration of MHWs (Oliver et al. 

2018a) could therefore enhance resistance and persistence of marine forests 

(Falkenberg et al. 2015; Holbrook et al. 2018; Smale et al. 2018). 

In conclusion, extreme temperatures were the main driver for reduced performance and 

photoprotective response of the juvenile kelp E. radiata and the turf-forming seaweeds 

Z. turneriana and L. variegata. Additionally, light levels only minorly affected seaweeds 

at control and moderate MHW conditions, but when temperatures turned extreme, ex-

treme temperatures and low light levels acted synergistically and significantly enhanced 

the negative effects of temperature alone. This altered interaction highlights the possi-

bility of greatly enhanced negative MHW impacts when combined with storms, in-

creased turbidity or for turf-forming seaweeds under dense canopy-cover. When can-

opy-forming seaweeds cannot cope with extreme conditions, a shift towards turf-dom-

inated systems suggests being facilitated at higher light levels in the aftermath of an 

extreme event.  
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4.6 Supplementary Material 

4.6.1 Tissue bleaching 

Table S4. 1. Primer PERMANOVA main test for percent tissue bleaching cover of E. radiata, Z. turneriana 
and L. variegata. All factors are treated as fixed factors. Significant results are highlighted in bold with 
grey background. 

 

 

 

4.6.2 Biomass 

Table S4. 2. Primer PERMANOVA main test for biomass of E. radiata, Z. turneriana and L. variegata. All 
factors are treated as fixed factors. Significant results are highlighted in bold with grey background. 

 

 

 

 

 

 

 

 

Source  df     MS Pseudo-F P     MS Pseudo-F P     MS Pseudo-F P

Day 9 8.9E+03 55 ≤ 0.001 4.5E+03 49 ≤ 0.001 5.3E+03 86 ≤ 0.001

Temp 2 5.3E+04 326 ≤ 0.001 3.9E+04 423 ≤ 0.001 1.8E+04 297 ≤ 0.001

Light 1 2.5E+03 16 ≤ 0.001 3.4E+03 37 ≤ 0.001 4.3E+03 70 ≤ 0.001

DaxTe 18 3.4E+03 21 ≤ 0.001 3.2E+03 34 ≤ 0.001 4.0E+03 66 ≤ 0.001

DaxLi 9 111 0.7 0.729 314 3.4 ≤ 0.001 873 14 ≤ 0.001

TexLi 2 1.1E+03 6.6 ≤ 0.001 1.4E+03 15 ≤ 0.001 2.8E+03 45 ≤ 0.001

DaxTexLi 18 141 0.9 0.610 183 2.0 ≤ 0.001 588 10 ≤ 0.001

Res 300 162                93 61

Total 359                      

Z. turneriana L. variegataE. radiata

Source  df     MS Pseudo-F P     MS Pseudo-F P     MS Pseudo-F P

Day 2 7.3 1.8 0.165 81 1.0 0.388 475 49 ≤ 0.001

Temp 2 99 25 ≤ 0.001 115 1.4 0.262 62 6.4 0.002

Light 1 11 2.7 0.112 72 0.9 0.361 6.5 0.7 0.428

DaxTe 4 12 2.9 0.024 23 0.3 0.897 7.1 0.7 0.573

DaxLi 2 1.3 0.3 0.729 8.3 0.1 0.908 5.0 0.5 0.605

TexLi 2 0.4 0.1 0.913 34 0.4 0.667 28 2.9 0.058

DaxTexLi 4 0.4 0.1 0.979 2.8 0.0 0.998 8.8 0.9 0.470

Res 89 4.0 83 9.7

Total 106

E. radiata Z. turneriana L. variegata
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4.6.3 Relative growth rate 

Table S4. 3. Primer PERMANOVA main test for relative growth rate (RGR) of E. radiata, Z. turneriana and 
L. variegata. All factors are treated as fixed factors. Significant results are highlighted in bold with grey 
background. 

 

 

 

 

4.6.4 Maximum quantum yield 

Table S4. 4. Primer PERMANOVA main test for maximum quantum yield of E. radiata, Z. turneriana and 
L. variegata. All factors are treated as fixed factors. Significant results are highlighted in bold with grey 
background. 

 

 

 

 

 

 

 

 

Source  df     MS Pseudo-F P     MS Pseudo-F P     MS Pseudo-F P

Day 1 2.8E+03 7.0 0.006 66 3.4 0.060 0.1 0.0 0.923

Temp 2 6.4E+03 16 ≤ 0.001 143 7.3 ≤ 0.001 52 7.1 0.002

Light 1 1.6E+03 4.1 0.046 40 2.0 0.167 2.7 0.4 0.550

DaxTe 2 1.7E+03 4.2 0.015 44 2.2 0.100 27 3.7 0.033

DaxLi 1 324 0.8 0.382 4.0 0.2 0.684 0.5 0.1 0.803

TexLi 2 1.5E+03 3.9 0.018 14 0.7 0.325 10 1.4 0.257

DaxTexLi 2 364 0.9 0.413 15 0.7 0.530 16 2.1 0.126

Res 59 395 20 7.3

Total 70

E. radiata Z. turneriana L. variegata

Source  df     MS Pseudo-F P     MS Pseudo-F P     MS Pseudo-F P

Day 4 0.1 26 ≤ 0.001 0.3 15 ≤ 0.001 0.1 23 ≤ 0.001

Temp 2 0.4 103 ≤ 0.001 1.5 80 ≤ 0.001 0.5 74 ≤ 0.001

Light 1 0.3 89 ≤ 0.001 0.0 0.2 0.685 0.0 4.3 0.037

DaxTe 8 0.0 13 ≤ 0.001 0.2 12 ≤ 0.001 0.1 19 ≤ 0.001

DaxLi 4 0.0 5.7 ≤ 0.001 0.0 0.2 0.918 0.0 1.5 0.200

TexLi 2 0.1 19 ≤ 0.001 0.0 0.3 0.724 0.1 9.3 ≤ 0.001

DaxTexLi 7 0.0 1.7 0.114 0.0 0.1 0.999 0.0 2.6 0.009

Res 134 0.0 0.0 0.0

Total 162

E. radiata Z. turneriana L. variegata
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4.6.5 Pigment concentrations 

Table S4. 5. Primer PERMANOVA main test for pigment concentrations of E. radiata, Z. turneriana and L. 
variegata after 15 days. All factors are treated as fixed factors. Significant results are highlighted in bold 
with grey background. 

 

 

 

 

Pigment Source  df     MS Pseudo-F P     MS Pseudo-F P     MS Pseudo-F P

Temp 2 4.2E+05 2.0 0.188 2.2E+07 11 0.003 6.8E+05 1.0 0.388

Light 1 9.5E+03 0.0 0.835 1.1E+07 5.8 0.038 5.9E+04 0.1 0.766

TexLi 2 1.1E+05 0.5 0.617 3.1E+05 0.2 0.858 4.4E+05 0.7 0.534

Res 12 2.2E+05 2.0E+06 6.7E+05

Total 17

Temp 2 7.3E+03 4.7 0.034 2.1E+05 65 ≤ 0.001 24634 9.0 0.005

Light 1 1.1E+04 6.8 0.027 7.8E+03 2.4 0.153 23 0.0 0.930

TexLi 2 2.7E+02 0.2 0.847 4.2E+04 1.3 0.310 687 0.3 0.779

Res 12 1.6E+03 3.2E+03 2741

Total 17

Temp 2 1.8E+02 4 0.052 2.0E+02 1.6 0.230 47 1.3 0.315

Light 1 1.9E+03 42 0.000 5.6E+02 4.5 0.062 21 0.6 0.449

TexLi 2 1.8E+02 4 0.047 2.0E+02 1.6 0.230 84 2.3 0.141

Res 12 4.6E+01 1.2E+02 37

Total 17

Temp 2 3.2E+03 1.9 0.179 1.1E+03 3.6 0.060 1.7E+03 8.5 0.005

Light 1 2.4E+04 14 0.003 1.6E+03 5.2 0.046 229 1.2 0.309

TexLi 2 1.7E+03 1.0 0.444 1.0E+03 3.3 0.076 226 1.1 0.363

Res 12 1.7E+03 3.1E+02 197

Total 17

Temp 2 52 2 0.126 6.5E+01 0.7 0.510 880 4.2 0.034

Light 1 227 11 0.006 4.9E+02 5.2 0.043 14 0.1 0.809

TexLi 2 13 0.6 0.603 9.0E+01 1.0 0.401 21 0.1 0.916

Res 12 21 9.4E+01 212

Total 17

Temp 2 7.9E+05 1.1 0.349 1.6E+08 29 ≤ 0.001 8.9E+06 4.7 0.031

Light 1 1.3E+06 1.9 0.195 2.8E+07 4.9 0.048 1.0E+05 0.1 0.815

TexLi 2 7.4E+05 1.0 0.379 4.2E+05 0.1 0.927 1.4E+06 0.7 0.500

Res 12 7.1E+05 5.7E+06 1.9E+06

Total 17

Temp 2 1324 2.3 0.137 1.2E+05 19 0.001 10146 7.6 0.010

Light 1 573 1.0 0.337 7.0E+03 1.1 0.301 217 0.2 0.700

TexLi 2 431 0.8 0.492 1.2E+03 0.2 0.813 1111 0.8 0.454

Res 12 571 6.1E+03 1335

Total 17

Beta-

Carotene

Fucoxanthi

n

Viola    

xanthin

Anthera     

xanthin

Zea    
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E. radiata Z. turneriana L. variegata



 
 

 

81 
 

 

Sandra C Straub1 *, Thomas Wernberg1, 2 

1. UWA Oceans Institute and School of Biological Sciences, The University of Western Australia, Crawley, 
Western Australia 6009, Australia. 

2. Department of Science and Environment, Roskilde University, 4000 Roskilde, Denmark 

 

 

* Corresponding author: sandra.straub@research.uwa.edu.au 

 

 

 

 

 

 

 

The work contained in this chapter is getting prepared to submit for publication as: 

Straub SC, Wernberg T (in prep): Thermal tolerance differs between canopy-forming 

seaweeds along a latitudinal temperature gradient. 

 

Target journal: to be determined 

 

 

 

5 Thermal tolerance differs between canopy-forming 

seaweeds along a latitudinal temperature gradient 



 
 

 

82 
 

5.1 Abstract 

Increasing ocean temperatures are driving changes in primary productivity, species dis-

tributions and the composition of marine communities. The resilience of temperate ma-

rine forests to future warming will depend on the species-specific responses and adap-

tive capacities of the main canopy-forming seaweeds to increasing temperatures. Here 

we subjected three dominant, canopy-forming seaweeds to a broad range of tempera-

tures to determine inter- and intraspecific differences along a latitudinal gradient. The 

kelp Ecklonia radiata and the two fucoids, Scytothalia dorycarpa and Sargassum spinu-

ligerum, were collected from two locations, Marmion Lagoon (31°50'15.0"S 

115°44'13.2"E) and Hamelin Bay (34°13'14.0"S 115°01'19.7"E) and subjected to a broad 

temperature range of 20-30°C (in 2.5°C increments) for 20 days, followed by a 10 day 

recovery period. Thermal stress tolerance was species-specific, with a clear hierarchical 

structure in species responses. S. dorycarpa was most sensitive and exhibited high levels 

of bleaching and mortality at and above 25°C. The kelp E. radiata showed short-term 

heat tolerance but high levels of bleaching at 27.5°C and 100% mortality after 16 days 

at 30°C, and S. spinuligerum significantly reduced performance at 27.5 and 30°C. Overall, 

increased temperatures severely inhibited the survival and physiological performance 

of these canopy-forming seaweeds to different degrees. The differences in temperature 

sensitivity are likely to alter the balance between these major canopy-formers under 

future warming and increased marine heatwave frequency, with unpredictable conse-

quences for ecosystem structure and function. 

 

 

 

 

 

 

Keywords: kelp forests, marine forests, warming, increased temperature, adaptation, 

species-specific responses, macroalgae 
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5.2 Introduction 

Sea surface temperatures have increased since the mid-20th century at a rate of > 0.1°C 

per decade with an indication of a higher rate of warming in recent years (Solomon et 

al. 2007; Hausfather et al. 2017), and the number of extremely hot days has increased 

along most coastlines (Lima and Wethey 2012). Furthermore marine heatwaves 

(MHWs), short-term extreme warm water events, have increased in frequency and du-

ration (Hobday et al. 2016; Oliver et al. 2018a). Both gradual warming and MHWs can 

result in physiological stress for organisms, as increased temperatures impact their per-

formance and functioning from molecular to physiological levels (Pörtner and Farrell, 

2008; Hammond and Hofmann, 2010; Smale and Wernberg, 2013; Colvard, Carrington 

and Helmuth, 2014; Wernberg et al., 2016).  

Globally, species are reported to respond to rising ocean temperatures with altered 

abundances and shifts in species distributions, highlighting the severity of experienced 

thermal stress (Parmesan and Yohe 2003; Perry et al. 2005; Lima et al. 2007; Wernberg 

et al. 2011b; Poloczanska et al. 2013). Oceanic warming has been linked to range shifts, 

changed abundances and loss of temperate seaweeds and kelp forests formed by large 

canopy-forming seaweeds (Tuya et al., 2012; Wernberg et al., 2013; Wernberg et al., 

2016). Though temperate seaweeds are generally tolerant and well adapted to their en-

vironment with species having developed a unique thermal window (temperature range 

for performance and survival), increasing temperatures exceeding a seaweeds thermal 

optimum result in stress (Pörtner and Farrell 2008; Eggert 2012; Harley et al. 2012). As 

temperatures increase, sublethal cellular stress can lead to a decline in performance, 

impairing seaweeds ability to convert energy and to grow, reproduce and photosynthe-

size (Davison 1991; Kuebler, Davison and Yarish 2007; Tanaka et al. 2012; Voerman, Llera 

and Rico 2013; Flukes, Wright and Johnson 2015).  

Various physiological parameters within an organism differ in their thermal response, 

which limits the use of only one parameter as a proxy to evaluate a species response to 

increasing temperatures. A combination of parameters is necessary to be assessed in 

order to determine species-specific thermal responses accurately (Harley et al. 2012).  
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However, seaweeds can alter the production of secondary metabolites associated with 

thermal protection and photoinhibition such as carotenoids as a preventive measure to 

thermal stress (Ludlow 1987; Bruhn and Gerard 1996; Hegazi et al. 1998; Harker et al. 

1999; Iñiguez et al. 2017). The xanthophyll cycle carotenoids (violaxanthin, antheraxan-

thin and zeaxanthin) are known to be especially affected by stress resulting from altered 

light and temperature levels (Demmig-Adams and Adams 1996; Harker et al. 1999). 

Thus, pigment concentrations and ratios can be used as an additional measure of sub-

cellular stress (Benet et al. 1994; Harker et al. 1999).  

The breadth in thermal response of species and their populations represents one of the 

main challenges of predicting the responses of species and ecosystems to ongoing cli-

mate change. Local conditions shape a species response with the environment acting as 

an evolutionary force resulting in adaptive changes to populations (Sorensen, Kristensen 

and Loeschke 2003). Thus, temperature gradients can shape thermal tolerance of pop-

ulations, resulting in differences in temperature thresholds among northern and south-

ern populations within a species (Stillman 2003; Bennett et al. 2015a; Smolina et al. 

2016). Observing population differences along existing climatic gradients can give valu-

able insights into changes expected to occur due to climate change (Clarke 2003; Hughes 

et al. 2012; Wernberg, Smale and Thomsen 2012).  

The south-west coastline of Australia harbours one of these natural climatic gradients. 

The Leeuwin Current transports warm, low-nutrient waters along the coastline, creating 

a natural laboratory to determine local adaptations along a temperature gradient (Feng, 

Weller and Hill 2009). Along this temperature gradient two main canopy-formers, E. ra-

diata and S. dorycarpa, were heavily impacted during a marine heatwave in 2010/11 

(Pearce and Feng 2013; Wernberg et al. 2016a). This MHW led to local extinctions of E. 

radiata and S. dorycarpa at their respective former northern (warm) range edge, to re-

duced abundances in middle margins of their range and to little or no detected impacts 

at the cooler, southern sites (Wernberg et al., 2016). To date, knowledge is scarse about 

MHW impacts on seaweeds (see chapter 2), however it is clear that MHWs have the 

potential to drastically stress seaweeds (Wernberg et al. 2016a) and alter their perfor-

mance and distribution beyond impacts of gradual warming. 
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Hence, we aim to quantify species-specific and population-specific temperature sensi-

tivity of Western Australia’s canopy-forming seaweeds. During controlled temperature 

experiments we assessed how dominant canopy-forming seaweeds from two locations 

along a latitudinal temperature gradient are affected over a broad temperature range 

by assessing the survival, tissue bleaching cover, biomass, maximum quantum yield and 

pigment composition and concentration.  

 

5.3 Methods 

5.3.1 Study site and sampling design 

Individual thalli of three dominant canopy-forming seaweeds, Ecklonia radiata, 

Scytothalia dorycarpa and Sargassum spinuligerum were collected in April 2017 (austral 

autumn) using SCUBA at two locations, Marmion Lagoon (31°50'15.0"S 115°44'13.2"E) 

and Hamelin Bay (34°13'14.0"S 115°01'19.7"E) in Western Australia. E. radiata (C. 

Agardh) J Agardh is a temperate kelp dominating Australia’s Great Southern Reef 

(Bennett et al. 2016), S. dorycarpa (Turner) Greville is a temperate seaweed endemic to 

southwestern Australia, and S. spinuligerum (G. Sonder) is a temperate-tropical sea-

weed found along the coastline between 28˚S in western and 33˚S in eastern Australia, 

including southern coastlines (Guiry 2018).  

Around 40 juveniles (< 30cm total length) per species, per location were collected hap-

hazardly from subtidal reefs between 8 to 12m. Seaweeds were collected with their 

holdfast or baseplate intact, transferred into calico bags and transported in dark, chilled 

coolers to the laboratory. Within 6 hours of collection, individuals were placed into ex-

perimental aquaria with UV-sterilized and pre-filtered seawater and aeration. Individu-

als were weighted down by their holdfast or baseplate and acclimated at 20°C for 7-10 

days prior to the start of the experiment. The slight differences in acclimation time was 

caused by the distance between locations, making same-day collection impossible. At 

the start of the measurement period, the seaweeds were randomly labelled and as-
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signed to one of the five temperature treatments (n = 6 specimens per species per loca-

tion per temperature). S. spinuligerum from Marmion Lagoon was excluded from the 

experiment due to ~90% epiphytic cover impairing assessments. 

 

5.3.2 Experimental design 

The experimental setup consisted of 20*45L aquaria and two 1000L sumps for temper-

ature pre-treatments, filled with filtered seawater sourced from Point Peron (70kms 

south of the Marmion collection site). Using Hailea 2HP chiller/heaters, the sumps were 

set to a ‘cold’ 19°C and a ‘hot’ 31°C respectively. Each aquarium was supplied with hot 

and cold water, with experimental temperatures achieved by mixing in each aquarium. 

Fluorescent lights (GM Powerchrome T5 39W) were placed above the aquaria on a 

9L:15D cycle (~75μmol m-2 s-1 at water surface; ~40 μmol m-2 s-1 at bottom of aquarium). 

Pre-filtered (Odyssea CFS-1200 2600l/h), UV-treated (SunSun CUV-155; 55W) seawater 

(adjusted flowrate to ~100L hr-1 per aquarium) was supplied. Aquatronica temperature 

sensors within each aquarium were used to control temperatures, which were regulated 

to stay within ± 0.5°C of temperature setting. Salinity was monitored twice per week, as 

the combined water volume of ~3000L ensured salinity to remain stable (personal ob-

servation). 

Five temperature treatments were applied over 20 days with temperatures from 20 to 

30°C in 2.5°C increments. The treatments represent i) control (20°C), ii) spring/autumn 

conditions (22.5°C), iii) warm summer conditions (25°C), iv) above mean summer condi-

tions but reached during extreme events (MHW; 27.5°C), and v) extreme temperature 

exceeding current near-future predictions (MHW; 30°C). Currently, 25.5°C represents 

the upper threshold for local near-future climate predictions (IPCC 2007), and 26.5°C 

(Marmion Lagoon(, 27.5°C (Lancelin, WA) and 28.3°C (Jurien Bay, WA) were previously 

reached during the marine heatwave in 2010/11 along the Western Australian coastline 

within the distribution limits of E. radiata  and S. spinuligerum (Pearce and Feng 2013). 

Temperature increase was applied at a rate of 1°C hr-1 over 10 hours. After 20 days of 

experimental conditions, seaweeds were returned to control conditions (20°C) at a rate 
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of 1°C hr-1 over 10 hours and were monitored for an additional 10 days for signs of re-

covery.  

5.3.3 Measurements 

To assess the response of the canopy-forming seaweeds to different temperature and 

MHW intensities, survival, tissue bleaching cover, biomass and maximum quantum yield 

were measured at regular intervals over the experimental period. Pigment composition 

and concentration was assessed at day 20 immediately before temperatures were 

ramped down for the recovery period (n = 3 per species per location at each tempera-

ture; n = 2 for S. spinuligerum at 30°C). 

 

Survival, tissue bleaching cover and relative growth rate 

Survival was scored binomially (dead/alive) every second day. Tissue bleaching (percent 

cover) as a primary health indicator was visually assessed every second day as visible 

discoloring (whitening or turning faded green) of the blade tissue (Xiao et al., 2015; 

adapted from Marzinelli et al. 2015). Temperature effects on biomass were measured 

every 10 days as wet weight (WW) after removing as much water as possible from the 

seaweeds. As a measure of growth, relative growth rates (RGR) were calculated based 

on the WW data over 10-day windows (day 0 to 10; 10 to 20; 20 to 30) using the equation 

(Yong, Yong and Anton 2013): 

RGR [% d-1] = [(Wt/Wi)1/t -1] * 100 

Where Wi = initial WW, Wt = WW at respective day, and t = 10 days.  

 

Maximum quantum yield 

Maximum quantum yield (Fv/Fm) was determined between 9.30am to 2.30pm every 

five days throughout the experimental period (MINI-PAM II, Waltz, Effeltrich, Germany). 

Dark-leaf clips were placed on the blades and seaweeds were dark-acclimated for 15min 

prior to illumination. Seaweeds remained in their respective experimental aquaria to 

minimise stress throughout maximum quantum yield measurements.  
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Pigment analysis 

Samples for pigment analyses were taken at day 20 (~ 0.2 – 0.4 g FW), placed in foil 

packages, snap-frozen in liquid nitrogen and stored at -80°C. For the extraction of chlo-

rophylls and carotenoids, tissue samples were dipped in liquid nitrogen, ground in a cold 

mortar while adding HPLC (high-performance liquid chromatography)-graded acetone 

and sonicated in an ice bath for 3 min to further disrupt the cell walls. Extracts with the 

tissue samples were incubated overnight in darkness at 4°C and sonicated again the next 

day. The extract was transferred into Eppendorf tubes, centrifuged (5 min @ 16000 

rpm), and 0.8ml of supernatant transferred to HPLC vials and stored at -80°C until HPLC 

measurements.  

For pigment separation, HPLC analysis was performed according to Tamm et al. 2015 

with minor modifications. Separation was achieved at a temperature of 25 ±1°C in 50 

minutes on a Spherisorb ODS2 (Waters, Milford MA, USA) column (250 mm* 4.6 mm ID 

with 5μm particle), using a Waters® HPLC system (600E pump, 717+ auto injector with 

carousel temperature control set at 10°C and 996 photodiode-array detector). The mo-

bile phase consisted of 2 pre-mixed eluents, A=80:20 methanol:0.5M ammonium ace-

tate pH 7.2 and B=80:20 methanol:acetone. Data acquisition with the photodiode array 

was from 350 to 750 nm at a resolution of 1.2, with achieved detection and quantifica-

tion of pigments at 450 nm.  All linear calibrations were calculated according to peak 

area. Pigment standards were run routinely to ensure the validity of pigment retention 

times. 

5.3.4 Statistical analysis 

Survival, tissue bleaching, relative growth rates, maximum quantum yields, and pigment 

concentrations were analysed using PERMANOVA in PRIMER (9999 permutations; Eu-

clidean distance dissimilarity). Following PERMANOVA main tests, pair-wise compari-

sons were conducted (Clark and Gorley 2006). Temperature (Te), time as days (Da) and 

location (Lo) were treated as fixed factors. Analysis for the factors and their interaction 

was conducted for each species separately.  
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5.4 Results 

5.4.1 Survival  

There was a clear hierarchy in survival of the three species, with temperature and time 

as the main drivers (Table S5.1, Fig. 5.1 A-E). Additionally, the interaction of time and 

temperature, and of temperature and location was significant for E. radiata and S. do-

rycarpa (Table S5.1), as well as the interaction term of time, temperature and location 

for S. dorycarpa. Scytothalia dorycarpa survived the experiment at low temperatures 

(20 and 22.5°C), with only two individuals from Marmion dying at 22.5°C. In comparison 

to 20°C, survival was significantly (p ≤ 0.031) reduced at intermediate temperature 

(25°C) after 18 days. S. dorycarpa showed highest vulnerability to high temperatures 

(27.5 and 30°C), with significantly reduced survival after 10 days in contrast to low and 

medium temperatures (p ≤ 0.016) and no survivors after 12 days. The kelp E. radiata 

was more temperature tolerant but survival was significantly reduced at 30°C after 12 

days (p ≤ 0.002) with no remaining survivors after 16 days, independent of location. The 

Hamelin Bay population of E. radiata additionally showed decreased survival after 18 

days at 27.5°C, whereas all individuals from Marmion survived at 27.5°C. At low (20 and 

22.5°C) and medium temperatures (25°C), all E. radiata from both locations survived. S. 

spinuligerum demonstrated the highest temperature tolerance overall of the three sea-

weeds. At low (20 and 22.5°C) and medium temperatures (25°C) all individuals of S. 

spinuligerum survived, with reduced survival at 27.5°C from day 24, and at 30°C from 

day 12 onwards.  
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Figure 5. 1. Mean percent survival of A: E. radiata from Marmion, B: E. radiata from Hamelin Bay, C: S. 
dorycarpa from Marmion, D: S. dorycarpa from Hamelin Bay, E: S. spinuligerum from Hamelin Bay. Where 
multiple treatments exhibit 100% survival, lines were offset by 2% from each other for clear visualisation. 
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5.4.2 Tissue Bleaching 

The deterioration in tissue health of the three species with increasing temperature fur-

ther highlighted the hierarchy in temperature sensitivity, with temperature and time as 

the main drivers (Table S5.2, Fig. 5.2 A-E, Fig. 5.3). Location alone was not significant, 

but the interaction term of temperature and location was significant for E. radiata and 

S. dorycarpa, as well as the interaction of time and temperature for all three seaweeds 

(Table S5.2). All three species showed minor tissue bleaching cover at low temperatures 

(20 and 22.5°C) with mean bleaching cover of < 10% for S. dorycarpa, < 4.5% for E. radi-

ata and < 1.1% for S. spinuligerum. Intermediate (25°C) and high temperature treat-

ments (27.5 and 30°C) resulted in species-specific responses (Fig. 5.3) and significantly 

altered mean bleaching cover.  

With increasing temperatures, S. dorycarpa was strongly affected, with over 80% 

bleaching after 20 days at 25°C and 100% bleaching and tissue degradation at 27.5°C 

and 30°C after 6 days (Fig. 5.2 C + D). In contrast, exposure to 25°C did not significantly 

affect bleaching rates of E. radiata. At 27.5°C tissue health of E. radiata gradually dete-

riorated from day 2 (20°C: p ≤ 0.018; 22.5°C: p ≤ 0.002; 25°C: p ≤ 0.01) to ~ 80% tissue 

bleached by day 30. Exposed to 30°C, E. radiata showed immediate significant tissue 

bleaching (20°C; p ≤ 0.003; 22.5°C: p ≤ 0.004; 25°C: p ≤ 0.021; 27.5°C: p ≤ 0.006) with 

100% tissue bleaching cover from day 12 onwards (Fig. 5.2 A + B). S. spinuligerum 

demonstrated the highest temperature tolerance, with no significant effect at 25°C and 

only minor bleaching the first 10 days of the experiment at high temperatures (27.5 and 

30°C). After 14 days high temperature significantly increased bleaching cover of S. spinu-

ligerum at 27.5°C (20°C: p ≤ 0.033; 22.5°C; p ≤ 0.044) and 30°C (20°C: p ≤ 0.039; 22.5°C: 

p ≤ 0.027; 25°C: p ≤ 0.038), with ~ 34% bleaching at 27.5°C and ~ 68% bleaching at 30°C 

by day 30. 
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Figure 5. 2. Bleaching as mean percent tissue bleaching ±SE of A: E. radiata from Marmion, B: E. radiata 
from Hamelin Bay, C: S. dorycarpa from Marmion, D: S. dorycarpa from Hamelin Bay, E: S. spinuligerum 
from Hamelin Bay. Mean ±SE percent tissue bleaching over time. 

 



 
 

 

93 
 

 

Figure 5. 3. Examples of tissue bleaching development of E. radiata and S. dorycarpa at 20°C, 25°C and 
30°C over time for day 0, 10, 20 and 30. Black bars represent 10cm of length. Missing parts of E. radiata 
at day 30 are due to tissue sample removal for pigment analysis at day 20. Depicted are single individu-
als over time; missing fragments at day 30 are due to samples taken for pigment identification and con-
centration determination. 
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5.4.3 Relative growth rate 

Temperature and time significantly reduced the mean relative growth rates (RGRs) of 

the three seaweed species (Table S5.3, Fig. 5.4). The interaction of temperature and lo-

cation was additionally significant for E. radiata and S. dorycarpa (Table S5.3). Negligent 

RGRs of S. dorycarpa at low temperatures (20 and 22.5°C) was evident. At intermediate 

temperature (25°C) S. dorycarpa had significantly negative RGRs (20°C, day 10-20: p ≤ 

0.019; 20°C, day 20-30: p ≤ 0.000; 22.5°C, day 20-30: p ≤ 0.035) with a strong trend for 

reduced growth rates in individuals from Hamelin Bay. Relative growth rates of S. do-

rycarpa were significantly reduced by high temperatures (27.5 and 30°C) in contrast to 

low and intermediate temperatures (p ≤ 0.013), with RGRs of -100% day-1 after 10 days. 

E. radiata exhibited significant negative RGR when exposed to 30°C in comparison to all 

other treatments (p ≤ 0.003). Additionally, there was a strong trend for 27.5°C to nega-

tively affect RGR in comparison to lower temperatures from day 10 onwards. Location 

alone was not significant, but the interaction of temperature and location was, and RGR 

for Hamelin Bay individuals of E. radiata exposed to 27.5°C dropped by ~35% day-1 from 

day 10 onwards. RGR of S. spinuligerum decreased significantly at 30°C in contrast to 20-

25°C for all time intervals (p ≤ 0.016), but only for the interval from day 10 to 20, RGRs 

were significantly reduced at 30°C in contrast to RGRs at 27.5°C (p ≤ 0.032). Nonetheless, 

27.5°C significantly reduced the RGRs of S. spinuligerum in comparison to low tempera-

tures (20 and 22.5°C) for the duration of the experiment (p ≤ 0.028), but no significant 

difference was observed in RGR between 25 and 27.5°C. From day 10 onwards, RGRs of 

S. spinuligerum exposed to 25°C was significantly reduced in contrast to 20 (p ≤ 0.016) 

and 22.5°C (p ≤ 0.022) respectively. 
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Figure 5. 4. Relative growth rate (RGR) of A: E. radiata from Marmion, B: E. radiata from Hamelin, C: S. 
dorycarpa from Marmion, D: S. dorycarpa from Hamelin Bay, E: S. spinuligerum from Hamelin Bay.  Mean 
±SE RGR per treatment over time. 
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5.4.4 Maximum quantum yield  

Temperature and time had a significant impact on maximum quantum yields (Fv/Fm) of 

all three species, and for E. radiata location was additionally significant (Table S5.4). For 

all species, mean maximum quantum yield values dropped over time at low tempera-

tures (20 and 22.5°C; Fig. 5.5A-E).  

No significant effect of 22.5°C on mean yield values of S. dorycarpa in contrast to 20°C 

was observed throughout the experiment (Fig. 5.5C and D). At medium temperature 

(25°C), yield values of S. dorycarpa were significantly reduced from low temperatures 

from day 5 upwards (p ≤ 0.016), and high temperatures (27.5 and 30°C) led to a rapid 

significant reduction of yield values of S. dorycarpa (p ≤ 0.001) with no measurements 

possible after 10 days. 

At intermediate temperature (25°C) yield values of E. radiata declined over time, and 

after returning to control conditions, mean yield value for the 25°C treatment was sig-

nificantly higher in comparison to 20°C (p ≤ 0.004) and 22.5°C (p ≤ 0.002). 27.5°C signif-

icantly reduced yield values for E. radiata in contrast to 20°C (p ≤ 0.005), 22.5°C (p ≤ 

0.001) and 25°C (p ≤ 0.001) from day 5 onwards. However, at day 30 yield values at 

27.5°C were only statistically significantly different from the recovered medium treat-

ment (25°C; p ≤ 0.003), but not from the low temperature treatments (20 and 22.5°C). 

Exposed to 30°C, yield values of E. radiata rapidly dropped, and were significantly re-

duced in contrast to all treatments from day 5 onwards (p ≤ 0.001), with no yield meas-

urements possible after day 5 due to mortality of all E. radiata individuals at 30°C.  

In contrast, maximum quantum yield of S. spinuligerum was less temperature sensitive 

in comparison to the other two species. No significant effects of 22.5 and 25°C treat-

ments were detected in contrast to 20°C conditions. At day 5, yield values of S. spinu-

ligerum at 30°C were significantly reduced in contrast to low and medium temperatures 

(20°C: p ≤ 0.009; 22.5: p ≤ 0.011; 25°C: p ≤ 0.008) and remained significantly reduced 

throughout the experiment. Exposure to 27.5°C led to a less pronounced drop on yield 

values than 30°C, but the reduction is nonetheless significantly different from 20 (p ≤ 

0.008) and 25°C (p ≤ 0.012) from day 10, and from 22.5°C from day 15 (p ≤ 0.015) on-
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wards. No significant differences between yield values at 27.5 and 30°C could be deter-

mined for S. spinuligerum, but an overall notable increase in variability of yield readings 

at high temperatures was observed. 

  

 

Figure 5. 5. Maximum quantum yield (Fv/Fm) after 15 min dark acclimation of A: E. radiata from Marmion, 
B: E. radiata from Hamelin Bay, C: S. dorycarpa from Marmion, D: S. dorycarpa from Hamelin Bay, E: S. 
spinuligerum from Hamelin Bay.  Mean ±SE Fv/Fm per temperature treatment [°C] over time. 
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5.4.5 Pigment composition and concentration 

High-performance liquid chromatography (HPLC) was able to identify nine pigments; 

Chlorophyll c1 and c2, Chlorophyll a (Chl. a), Fucoxanthin, Diadinoxanthin, β-Carotene, 

and the Xanthophyll cycle pigments Violaxanthin, Antheraxanthin and Zeaxanthin. Fur-

ther, concentrations were quantified for six pigments; Fucoxanthin, Chl. a, β -Carotene 

and the xanthophyll cycle pigments Violaxanthin, Zeaxanthin and Antheraxanthin. As 

expected for brown algae, all three species contained Fucoxanthin and chlorophyll a and 

c as the major pigments.  

β -Carotene and the two light-harvesting pigments Chl. a and Fucoxanthin were found 

in greater concentrations in S. spinuligerum than E. radiata and S. dorycarpa, and spe-

cies-specific concentration changes with increasing temperatures were detected. Addi-

tionally, increased variability in pigment concentrations were evident with temperature 

increases (Fig. 5.6). Fucoxanthin and Chl. a were found in comparable concentrations in 

E. radiata from Marmion incubated at 20°C and 25°C, with an increase in concentration 

at 22.5°C and a decrease at 27.5°C. In contrast the concentration of Fucoxanthin and 

Chl. a in E. radiata from Hamelin Bay was highest at 20°C and decreased stepwise with 

increasing temperature. β -Carotene from both locations showed a slight increase under 

22.5 and 25°C in E. radiata but decreased significantly when individuals were exposed 

to 27.5°C. Fucoxanthin levels in S. dorycarpa at 20°C were similar to those in E. radiata, 

whereas Chl. a levels were higher in S. dorycarpa.  

No significant location effects on Fucoxanthin, β -Carotene and Chl. a concentration in 

S. dorycarpa individuals were detected, however temperature did significantly alter the 

concentration of these pigments (Table S5.5). At 25°C, Fucoxanthin, Chl. a and β -Caro-

tene concentrations of S. dorycarpa were significantly lower than at 20°C (p ≤ 0.002 for 

all three pigments) and 22.5°C (Fucoxanthin; p ≤ 0.032, Chl. a; p ≤ 0.003, Beta-Carotene; 

p ≤ 0.003). S. spinuligerum had the highest pigment concentrations of all three sea-

weeds, with the highest concentrations at 20°C. Minor reductions in pigment content 

were observed under 22.5 and 25°C for S. spinuligerum. Minor declines in Fucoxanthin 

concentrations were also found for S. spinuligerum under 27.5 and 30°C, whereas Chl. a 

and β -carotene concentrations dropped significantly in 27.5°C and 30°C treatments.  
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Figure 5. 6. Mean concentrations ±SE of Fucoxanthin, Chlorophyll a and β -Carotene for E. radiata and S. 
dorycarpa from Marmion Lagoon and Hamelin Bay, and S. spinuligerum from Hamelin Bay over five tem-
perature steps (20, 22.5, 25, 27.5 and 30°C) after 20 days of temperature exposure. 
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The Xanthophyll cycle pool size as the sum of the three pigments Violaxanthin, An-

theraxanthin and Zeaxanthin (Fig. 5.7). S. dorycarpa individuals from Marmion reduced 

their overall Xanthophyll pool strongly under 25°C (20°C, p ≤ 0.003; 22.5°C, p ≤ 0.031) 

with major reduction of Violaxanthin (p ≤ 0.017). Individuals from Hamelin Bay exhibited 

a trend for decreased Violaxanthin concentrations and overall Xanthophyll pool size re-

duction at 22.5°C. Main PERMANOVA test returned significance for location on Zeaxan-

thin concentrations of S. dorycarpa, but post-hoc test did not return significance for lo-

cation at any specific temperature step. The overall concentration of Xanthophyll pool 

did not change significantly for E. radiata over temperature steps, but at 27.5°C an in-

crease in the variability between individuals was observed (Fig. 5.7). A shift in the con-

centration of Xanthophyll cycle pool constituents was also seen whereby Violaxanthin 

decreased, and Zeaxanthin increased in concentration (Fig. 5.7). S. spinuligerum did not 

show significant differences in xanthophyll pool size over 20 to 25°C. However, when 

exposed to 27.5°C and 30°C, overall xanthophyll pool size decreased, the intermediate 

product Antheraxanthin declined, the variability in the concentration of all Xanthophyll 

pigments increased and a shift from Violaxanthin to Zeaxanthin was observed. 

 

 

Figure 5. 7. The xanthophyll cycle pool size is the sum of violaxanthin, antheraxanthin and zeaxanthin. 
Shown are mean concentrations ±SE for E. radiata and S. dorycarpa from Marmion and Hamelin Bay, and 
S. spinuligerum from Hamelin Bay. Concentrations are plotted per temperature treatment per species/lo-
cation. 
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5.5 Discussion 

Globally, gradually increasing temperatures majorly affect seaweeds with the common 

consensus that warming alters their performance and distribution (Wernberg and 

Straub 2016). The emerging threat of MHWs and increased climate variability challenges 

researchers to reassess what is known about the thermal tolerance of especially foun-

dation species.  We found highly species-specific sensitivity of three dominant co-occur-

ring canopy-formers with signs of genotypic or phenotypic acclimation between loca-

tions to MHWs of different maximum intensities. The observed differences between 

species were consistent with their biogeographic distribution, suggesting their species-

specific responses could have implications for the competitiveness and distribution of 

these seaweeds in a warming future. 

The three species have demonstrated a clear hierarchy in temperature sensitivity with 

Sargassum spinuligerum showing the broadest temperature tolerance and S. dorycarpa 

the narrowest. No differences between the low temperature treatments at 20 and 

22.5°C were evident in the physiological performance of the three seaweeds, proving 

the seaweeds operate well within their usual temperature range.  

At medium temperatures reached during warm summers, differences between popula-

tions were eminent, with greater tissue bleaching cover and biomass loss occurring for 

the Hamelin Bay than the Marmion Lagoon S. dorycarpa individuals. These differences 

between the populations could be due to local adaptation, acclimation to recent or 

transgenerational parental thermal history (Agrawal, Laforsch and Tollrian 1999; Eggert 

2012; Chirgwin et al. 2018). Across locations, S. dorycarpa exhibited strong tissue 

bleaching, low photosynthetic activity and negative relative growth rates at high tem-

peratures, with 100% mortality. The negative impacts of 27.5 and 30°C on the physio-

logical performance of S. dorycarpa aligns with a previous study that found a narrower 

temperature performance range (21.4-25.8°C) for S. dorycarpa (Wernberg et al., 2016). 

S. dorycarpa retracted its northern distribution limit by 100km due to a marine heat-

wave along the Western Australian coastline in 2010/11 (Smale and Wernberg 2013), 

and demonstrated high temperature sensitivity amongst its early life stages (Andrews, 



 
 

 

102 
 

Bennett and Wernberg 2014). Combined with our findings that demonstrate experi-

enced thermal stress at already 25°C, it shows that S. dorycarpa is highly sensitive to 

increased temperatures. The predicted warming of 1-2°C for the coming decades 

(Lough, Sen Gupta and Hobday 2012) would cause a substantial decline in performance, 

with anticipated drastic range contractions if another MHW event should exceed S. do-

rycarpa’ s narrow thermal limits. 

In contrast to S. dorycarpa, the warm summer temperature of 25°C did not significantly 

alter the physiological performance of E. radiata. At 27.5°C E. radiata exhibited low mor-

tality but significantly reduced physiological performance with increased variability, 

whereas 30°C resulted first in reduced performance and subsequently in 100% mortal-

ity. These evident physiological differences in response between S. dorycarpa and E. ra-

diata help to explain the disappearance of these two species over 100km coastline from 

their northern (warm) distribution limits during the 2011 MHW. (Smale and Wernberg 

2013; Bennett et al. 2015c; Wernberg et al. 2016a). In areas where S. dorycarpa could 

not cope with the temperature and populations retracted, E. radiata only underwent a 

40% reduction in percent cover (Wernberg et al. 2013a). These responses are similar to 

the observed increase in variability of physiological performance and partial population 

die-off, and the documented difference in performance breadth of the two species (Xiao 

et al. 2015). A possible explanation for the evident differences in performance and dis-

tribution could be provided by their evolutionary history. S. dorycarpa likely evolved in 

the cooler Tethys sea (Phillips 2001), whereas E. radiata likely originated from the north-

ern hemisphere and crossed the equator in the past (Bolton 2010). Thus, origin and his-

tory of a species might enable more accurate anticipation of climate change impacts 

then current biogeography alone. 

Sargassum species are growing world-wide and are common in warm water and tropical 

regions (Womersley 1987; Phillips and Blackshaw 2011), as such S. spinuligerum was ex-

pected to have the highest temperature tolerance. Indeed, S. spinuligerum had the high-

est survival rates, and no significant effects were evident at medium temperatures over-

all, and at high temperatures for the first half of exposure. After day 10 first signs of 

tissue bleaching at high temperatures started to emerge within a few individuals of S. 

spinuligerum. High temperatures resulted in reduced relative growth rates, decreased 
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photosynthetic activity and an increase in bleaching cover of S. spinuligerum. However, 

bleaching cover and photosynthetic activity were highly variable as several individuals 

were only minorly affected whereas other individuals completely bleached and died off. 

This breadth of responses of S. spinuligerum and E. radiata to very high temperatures 

might be explained by genetic variability within the population, making some individuals 

more susceptible than others (Wernberg et al. 2018a).  

In addition to survival and physiological performance of the three seaweeds, their pig-

ment composition and concentrations were assessed as increased temperatures can 

evoke photoprotection and alter pigment concentrations (Davison 1991; Kuebler, 

Davison and Yarish 2007). Seaweeds collected from the cooler Hamelin Bay population 

had their highest pigment concentrations at 20°C, whereas the warmer Marmion La-

goon seaweeds had their highest pigment concentrations generally at 22.5°C, indicating 

that population differences exist. Photosynthetic pigment concentrations are known to 

be directly affected by the thermal history experienced by the seaweeds and that large 

brown seaweeds have higher concentrations in cooler waters or cooler seasons (Davison 

1991; Stengel and Dring 1998; Robledo and Freile-Pelegrín 2005). However, if the ob-

served differences were due to local adaptation, acclimation or experienced parental 

thermal history cannot be concluded from this study. 

The clear hierarchical structure in thermal response of the three seaweeds was directly 

reflected in the pigment concentrations. For S. dorycarpa pigments could only be deter-

mined for the range of 20 to 25°C, where 25°C led to a significant reduction of Fucoxan-

thin, Chlorophyll a and β-Carotene. For the Hamelin Bay population of S. dorycarpa nei-

ther β-Carotene nor Xanthophyll cycle pigments could be detected at 25°C, whereas the 

Marmion population still contained pigments at this temperature but in reduced con-

centrations. This shows that carotenoid photoprotection was depleted at 25°C for the 

Hamelin Bay seaweeds and reduced for the Marmion Lagoon population, highlighting 

that thermal stress is experienced at 25°C for S. dorycarpa. In E. radiata, the photopro-

tective response of the carotenoids was evident at 27.5°C, with reduced Fucoxanthin, 

Chlorophyll a and β-Carotene levels and a shift within the xanthophyll cycle pool from 

Violaxanthin to Zeaxanthin. This conversion within the xanthophyll cycle is known to 

protect the Photosystem II and is a clear photoprotection response to the thermal stress 
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experienced (Demmig-Adams and Adams 1996; Ursi et al. 2003). Similar for S. spinu-

ligerum, Fucoxanthin, Chlorophyll a, β-Carotene and Xanthophyll cycle pool concentra-

tions were reduced and more variable with higher temperatures, and at 27.5 and 30°C 

the photoprotective conversion from Violaxanthin to Zeaxanthin was evident. 

Overall, species-specific thermal sensitivities were evident, with S. dorycarpa highly vul-

nerable to ≥ 25°C, E. radiata experiencing thermal stress at ≥ 27.5°C and part of the 

population of S. spinuligerum showing clear signs of thermal stress at 27.5 and 30°C. 

Signs of local adaptation were evident for E. radiata and S. dorycarpa, with the interac-

tion of temperature and location significant for survival, bleaching cover, RGR and max-

imum quantum yields. Individuals from Marmion Lagoon showed signs of adaptation or 

acclimation to slightly warmer temperatures within their pigment concentrations than 

Hamelin Bay specimens. Due to the broad range of temperatures and the big steps be-

tween temperature treatments, location as a factor alone was generally not significant, 

however in interaction with temperature the Marmion Lagoon populations showed a 

higher maximum thermal threshold for parts of the population. These observations align 

with a previous study which determined that populations of S. dorycarpa along the 

south-western Australian coastline have comparable thermal safety margins but differ-

ing absolute temperature tolerances (Bennett et al. 2015a).  

The narrow thermal safety margins observed for S. dorycarpa may reflect the stable cli-

matic history in south-western Australia due to the Leeuwin Current, providing a highly 

structured climatic gradient along the coast. The higher and more variable temperature 

tolerances of E. radiata and S. spinuligerum aligns with their broader biogeographic dis-

tribution, experiencing a greater variety of local climatic conditions within their respec-

tive ranges. Experienced climatic variability can translate into a greater thermal toler-

ance of organisms (Tewksbury, Huey and Deutsch 2008; Sunday, Bates and Dulvy 2011), 

and similarly genetic diversity can also influence temperature resilience within popula-

tions (Reusch et al. 2005; Wernberg et al. 2018a). Species- and population-specific ther-

mal performance has important implications for species distribution ranges at  micro-

habitat to biogeography scales, the strength of interactions between species and ulti-

mately, ecosystem functioning (Dell, Pawar and Savage 2014; Gilbert et al. 2014; Novich 

et al. 2014; Keppel et al. 2017).  
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Thus, the observed species-specific differences between these three co-occurring dom-

inant canopy-formers are consistent with their biogeographical distribution and is ex-

pected to have implications for their competitiveness and future biogeography. This 

highlights an important challenge for climate change research to determine the nature 

of thermal tolerance of organisms within and between populations, to enable a more 

precise understanding of climate change impacts on species and ecosystem levels. Dif-

ferences in thermal tolerance between co-occurring species highlights the importance 

of experienced climatic history, variability within and between populations, and the im-

portance of location in estimating future warming and climate extreme impacts like ma-

rine heatwaves.  

Additionally, it highlights the high likelihood of a shift in dominance between co-occur-

ring species under future climate change, with hard to predict consequences for ecosys-

tems structure and services provided. Range shifts, abundance decline as well as substi-

tution of habitat forming species are known to have the potential to alter biodiversity 

as well as the structure of assemblages and food webs, as well as affect ecosystem ser-

vices provided (Wernberg et al. 2016a; Teagle and Smale 2018). However, indirect ef-

fects of climate on species interactions are generally unanticipated. To strengthen the 

anticipation of changes to ecosystem structure and functioning, multi species ap-

proaches testing for shifts in competition, consumer and producer effects as well as al-

tered species interactions are urgently required. 
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5.6 Supplementary Material 

5.6.1 Survival 

Table S5. 1. Primer PERMANOVA main test result for survival of E. radiata, S. dorycarpa and S. spinu-
ligerum. Measurement day (Da) was fixed with 16 levels, Temperature (Te) was fixed with 5 levels, and 
for E. radiata and S. dorycarpa Location (Lo) was fixed with two levels (Marmion Lagoon and Hamelin Bay, 
Western Australia). Significant p-values are highlighted bold with grey background. 

 

 

 

5.6.2 Bleaching cover 

Table S5. 2. Primer PERMANOVA main test result for tissue bleaching of E. radiata, S. dorycarpa and S. 
spinuligerum. Measurement day (Da) was fixed with 16 levels, Temperature (Te) was fixed with 5 levels, 
and for E. radiata and S. dorycarpa Location (Lo) was fixed with two levels. Significant p-values are high-
lighted bold with grey background. 

 

 

 

 

Source df MS Pseudo-F P df MS Pseudo-F P df MS Pseudo-F P

Da 15 0.74 24.03 ≤ 0.001 15 3 73 ≤ 0.001 15 0.1 2.4 ≤ 0.001

Te 4 13.30 434.22 ≤ 0.001 4 19 422 ≤ 0.001 4 0.8 18.8 ≤ 0.001

Lo 1 2.60 0.85 0.364 1 0.00 Negative        

DaxTe 60 0.47 15.41 ≤ 0.001 60 0.64 14 ≤ 0.001 60 0.1 1 0.071

DaxLo 15 8.26 0.27 0.998 15 0.03 1 0.755

TexLo 4 0.36 11.74 ≤ 0.001 4 1 27 ≤ 0.001

DaxTexLo 60 2.77 0.9 0.677 60 0.07 2 0.004

Res 800 3.06 800 0.05 400 0

Total 959 959 479

E. radiata S. dorycarpa S. spinuligerum

Source  df      MS Pseudo-F P  df      MS Pseudo-F P  df      MS Pseudo-F P

Da 15 10601 39.5 ≤ 0.001 15 18469 78.4 ≤ 0.001 15 2426 4.5 ≤ 0.001

Te 4 1.9 716 ≤ 0.001 4 0.0 1326 ≤ 0.001 4 24661 46.1 ≤ 0.001

Lo 1 110 0.4 0.522 1 419 1.8 0.188

DaxTe 60 4362 16.3 ≤ 0.001 60 4231 18.0 ≤ 0.001 60 1180 2.2 ≤ 0.001

DaxLo 15 114 0.4 0.972 15 121 0.5 0.939

TexLo 4 2325 8.7 ≤ 0.001 4 5098 21.6 ≤ 0.001

DaxTexLo 60 140 0.5 0.999 60 209 0.9 0.711

Res 800 268 800 236 400 535

Total 959 959 479

E. radiata S. dorycarpa S. spinuligerum
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5.6.3 RGR 

Table S5. 3. Primer PERMANOVA main test result for relative growth rate (RGR) of E. radiata, S. do-
rycarpa and S. spinuligerum. Time period to measurement day (Da) was fixed with 4 levels, Temperature 
(Te) was fixed with 5 levels (20, 22.5, 25, 27.5 and 30°C), and for E. radiata and S. dorycarpa Location 
(Lo) was fixed with two levels (Marmion Lagoon and Hamelin Bay, WA). Significant p-values are high-
lighted bold with grey background. 

 

 

 

5.6.4 Maximum quantum yield 

Table S5. 4. Primer PERMANOVA main test result for maximum quantum yield (Fv/Fm) of E. radiata, S. 
dorycarpa and S. spinuligerum. Measurement day (Da) was fixed with 7 levels (every five days), Temper-
ature (Te) was fixed with 5 levels (20, 22.5, 25, 27.5 and 30°C), and for E. radiata and S. dorycarpa Loca-
tion (Lo) was fixed with two levels (Marmion Lagoon and Hamelin Bay, WA). Significant p-values are 
highlighted bold with grey background. 

 

 

 

 

 

Source  df      MS  Pseudo-F P  df     MS Pseudo-F P df     MS Pseudo-F P

Da 2 7449 19 ≤ 0.001 2 17919 22.2 ≤ 0.001 4 7592 15.3 ≤ 0.001

Te 4 39938 100 ≤ 0.001 4 58215 72.1 ≤ 0.001 2 2838 5.7 0.004

Lo 1 339 0.9 0.365 1 191 0.2 0.632

DaxTe 8 3051 8 ≤ 0.001 8 1918 2.4 0.020 8 1670 3.4 0.002

DaxLo 2 0.45 0.0 0.998 2 300 0.4 0.691

TexLo 4 1344 3 0.009 4 3725 4.6 0.001

DaxTexLo 8 418 1 0.400 8 1099 1.4 0.220

Res 150 398                 150 807.0         75 496

Total 179                 179               89       

E. radiata S. dorycarpa S. spinuligerum

Source  df        MS Pseudo-F P  df        MS Pseudo-F P  df        MS Pseudo-F P

Da 6 0.65 125 ≤ 0.001 6 0.99 168 ≤ 0.001 6 0.43 33.1 ≤ 0.001

Te 4 1.11 214 ≤ 0.001 4 2.73 465 ≤ 0.001 4 0.57 43.9 ≤ 0.001

Lo 1 0.23 45 ≤ 0.001 1 0.01 1.8 0.177

DaxTe 21 0.11 21 ≤ 0.001 16 0.31 53 ≤ 0.001 24 0.04 3.4 ≤ 0.001

DaxLo 6 0.01 1.5 0.180 6 0.01 1.9 0.087

TexLo 4 0.05 8.7 ≤ 0.001 4 0.01 2.4 0.052

DaxTexLo 20 0.00 0.7 0.796 14 0.01 1.0 0.462

Res 289 0.01                242 0.01                153 0.01

Total 351                         293                  187          

E. radiata S. dorycarpa S. spinuligerum
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5.6.5 Pigmentation 

Table S5. 5. Primer PERMANOVA main test result for pigment concentrations of E. radiata, S. dorycarpa 
and S. spinuligerum. Temperature (Te) was fixed with 5 levels or less if mortality occurred (20, 22.5, 25, 
27.5 and 30°C), and for E. radiata and S. dorycarpa Location (Lo) was fixed with two levels (Marmion La-
goon and Hamelin Bay, WA). Significant p-values are highlighted bold with grey background. 

 

 

 

 

 

E. radiata

Pigment F df MS Pseudo-F P df MS Pseudo-F P df MS Pseudo-F P 

Te 3 6597 4.0 0.024 2 16682 9.2 0.006 4 8862 1.2 0.355

Lo 1 662 0.4 0.535 1 6439 3.6 0.072

TexLo 3 1666 1.0 0.401 2 1239 0.7 0.545

Res 16 1635                12 1809                9 16174                

Total 23               17               13                      

Te 3 18084 7.0 0.003 2 0.0 36 0.000 4 33568 2.4 0.142

Lo 1 3962 1.5 0.238 1 4796 1.5 0.241

TexLo 3 2686 1.0 0.407 2 4732 1.5 0.262

Res 16 2595                12 3135                9 14159                

Total 23               17                        13                     

Te 3 11 4.4 0.018 2 83 24 0.000 4 46 3.7 0.056

Lo 1 1.3 0.5 0.478 1 7.9 2.3 0.160

TexLo 3 0.1 0.1 0.984 2 4.3 1.3 0.330

Res 16 2.5                12 3.5                9 13

Total 23                17                      13       

Te 3 76 7.6 0.002 2 323 17 0.001 4 140 4.6 0.042

Lo 1 81 8.2 0.012 1 11 0.6 0.479

TexLo 3 13 1.3 0.297 2 25 1.3 0.305

Res 16 10                12 19                9 31

Total 23                      17       13

Te 3 1.8 0.9 0.477 2 2.2 1.9 0.187 4 0.9 4.1 0.038

Lo 1 0.4 0.2 0.661 1 7.3 6.4 0.023

TexLo 3 0.3 0.2 0.927 2 0.4 0.4 0.715

Res 16 2.0                12 1.1                9 0.2

Total 23                       17                13               

Te 3 28 1.1 0.362 2 0.4 0.6 0.576 4 25 3.3 0.061

Lo 1 51 2.1 0.171 1 7.7 12 0.005

TexLo 3 1.0 0.0 0.993 2 0.9 1.3 0.302

Res 16 25                 12 0.7                9 7.6

Total 23                        17        13       

Te 3 22 0.4 0.749 2 353 13 0.003 4 69 4.7 0.023

Lo 1 1.5 0.0 0.863 1 79 2.8 0.121

TexLo 3 12 0.2 0.876 2 38 1.4 0.287

Res 16 51                 12 28                9 15

Total 23                17                      13       

S. dorycarpa S. spinuligerum

Fucoxanthin
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Beta-Carotene
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6.1 Abstract 

Contemporaneous with ongoing long-term persistent warming, periods of extreme 

warm temperatures (marine heatwaves, ‘MHWs’) have increased in frequency over the 

past 3-4 decades, forcefully disrupting marine ecosystems. If the adaptive capacities of 

species vary between warming and MHWs is unknown. We contrasted the ecophysio-

logical performance of foundation species under warming, variability and MHW scenar-

ios, subjecting three dominant and co-occurring habitat-forming seaweeds to four dif-

ferent temperature scenarios; control, warming, an MHW and climate variability fol-

lowed by an MHW scenario. The performance and vulnerability were strongly related to 

the scenario type and to species identity. Climate variability and MHWs were detri-

mental for Phyllosphora comosa, whereas Ecklonia radiata was sensitive towards elon-

gated temperature stress, and Sargassum linearifolium performed best under climate 

variability and MHWs. The hierarchical structure in response between the three co-oc-

curring foundation species changed depending on the temperature scenario. Hence, the 

impact of climate change on the composition and structure of ecosystems will depend 

on the specific profile of climate change and the vulnerability of especially foundation 

species. 
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6.2 Introduction 

The biosphere has warmed at an accelerating rate over the past century, with increasing 

temperatures prompting shifts in species distributions and alterations of ecosystems 

(Sorte, Williams and Carlton 2010; Raybaud et al. 2013; Bates et al. 2014; Sunday et al. 

2015; Straub, Thomsen and Wernberg 2016), often with widespread ecological and so-

cio-economic consequences (Madin et al. 2012; Pecl et al. 2017). Concurrent with the 

long-term persistent warming, climate variability and marine heatwaves (MHWs), dis-

crete periods of extreme ocean warming have increased due to anthropogenic climate 

change (Trenberth, Fasullo and Shepherd 2015; Hobday et al. 2016; Oliver et al. 2018a).  

These MHWs are caused by alterations of current patterns and atmospheric heat trans-

fer processes, and projections indicate they will become more frequent, intense and 

elongated throughout the next century (Meehl and Tebaldi 2004; Holbrook et al. 2018). 

Sudden changes in environmental conditions often impact organisms more strongly 

(Gaines and Denny 1993), with wide-ranging impacts of MHWs on marine biota and their 

physiological performance (Garrabou et al. 2009; Hawkins et al. 2009; Hughes et al. 

2017; Oliver et al. 2017; Appendix 2). Already small variations in temperature can result 

in local extinctions if the thermal threshold of a species is exceeded (Hampe and Petit 

2005). Especially populations with low genetic diversity are prone to serious warming, 

climate variability and MHW impact and local extinctions (Wernberg et al. 2018a). Rec-

ognizing the risks of losing valuable ecosystems services, studies concerning the poten-

tial impact of gradual ocean warming on marine organisms have gained momentum in 

recent years (Cheung et al. 2009; Gruber 2011; Hughes et al. 2017; Phelps, Boyce and 

Huggett 2017). However, the impact of discrete short-term changes (such as climate 

variability and MHWs) is considerable less well studied (Wernberg, Smale and Thomsen 

2012; Hobday et al. 2016) even though they can have devastating consequences on ma-

rine communities (Oliver et al. 2017; Appendix 2).  

Macroalgal forests dominate temperate reefs, and are particularly vulnerable to ongo-

ing gradual warming and MHWs, shifting their distribution range in many regions 

(Wernberg et al. 2011b; Smale and Wernberg 2013; Straub, Thomsen and Wernberg 

2016; Wernberg and Straub 2016), with the potential to severely reduce productivity 
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and unbalance trophic interactions (Steneck et al. 2002; Assis et al. 2013; Smale and 

Wernberg 2013; Assis and Perrin 2014; Provost et al. 2017). 

In temperate Australia, marine forests stretch over 8000km along the southern coast-

line, and are a global biodiversity hotspot with a high degree of endemism in marine alga 

(Bennett et al. 2016; Coleman and Wernberg 2017). On both the east and westcoast, 

macroalgal communities in the southern (poleward) regions rearranged the community 

structure due to ongoing rapid warming over the past five decades (Pearce and Feng 

2007; Wernberg et al. 2011b). Temperate seaweeds slowly retract, whereas more trop-

ical species expand their ranges poleward (Wernberg et al. 2011b). Along the eastern 

coast, a discrete warming event in 2000/01 resulted in performance reduction and mor-

tality of Phyllosphora comosa and Ecklonia radiata, highlighting the sensitivity of these 

two canopy-formers to discrete warming (Valentine and Johnson 2004). Comparably, 

along the south-western coastline, a major MHW in 2010/11 (Pearce and Feng 2013) 

resulted in a reduction in abundance and local extinction of E. radiata at the northern 

distribution limits, and a concurrent expansion of Sargassum ssp canopies (Wernberg et 

al. 2011b, 2016a). Similar transitions from Ecklonia towards Sargassum dominance have 

been observed in Japan (Tanaka et al. 2012).  

The wide range of responses to warming (see Appendix 3-4) and discrete extreme events 

(see chapter 2, Appendix 2) highlights the challenge to predict climate induced re-

sponses of species and ecosystems. The complexity of impacts due to changing temper-

atures goes beyond a simple response to averaged environmental factors and must con-

sider profiles of temperature variability (varying maximum intensities, durations, shapes 

and spacial extends) that reflect natural MHW events (Hobday et al. 2016). We con-

ducted a mesocosm experiment exposing three dominant, co-occurring macroalgae to 

constant (22°C), warm (24°C), heatwave (22-27°C), and a heatwave with prior tempera-

ture variability (22-24°C) conditions. Specifically, we tested 1) species-specific thermal 

responses as Phyllosphora comosa is anticipated to be vulnerable to increasing temper-

atures, whereas Sargassum species are predicted to benefit from warming, and 2) if the 

species demonstrate an upper thermal threshold beyond which the individuals die, or if 

they respond differently depending on the physical attributes of the applied tempera-
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ture stress. We provide evidence that responses to temperature are not solely deter-

mined by a fixed thermal threshold and that co-occurring species can have different re-

sponses to a range of climate scenarios. 

 

6.3 Material and Methods 

6.3.1 Study site and species description 

Individual thalli of three co-existing dominant canopy-forming seaweeds, Ecklonia radi-

ata, Phyllosphora comosa and Sargassum linearifolium, were collected on a single day 

in February 2017 (austral summer/autumn) by SCUBA in Sydney, Australia (34°03'59.0"S 

151°09'44.3"E). E. radiata (C. Agardh) J Agardh is a temperate kelp and a cosmopolitan 

species on Australian temperate subtidal reefs, P. comosa (Labillardière) C. Agardh is a 

temperate fucoid distributed along the south-eastern coastline of Australia, and S. line-

arifolium (Turner) C. Agardh is a temperate-tropical fucoid (Steinberg et al. 1991; 

Martinez et al. 2018), and the most widely distributed southern Australian species of 

Sargassum. Around 150 juveniles (< 30cm total length) per species were haphazardly 

collected, with their holdfasts intact, from a shallow subtidal rocky reef between 3 to 

6m depth. The collected specimens were transferred into calico bags and transported 

(by air) in chilled, dark styrofoam boxes to the National Marine Science Centre in Coffs 

Harbour, Australia. Specimens were weighed down by the holdfast and placed in meso-

cosms with flowing seawater within 4 hours of collection. Seaweeds for the control, 

heatwave and variability treatments were acclimated at 22°C (~120 individuals per spe-

cies), and seaweeds for the warming treatment were acclimated at 24°C (~40 individuals 

per species). 
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6.3.2 Temperature treatments 

Four different treatments were applied over 48 days to test for the effects of different 

profiled temperature exposures (Fig. 6.1). Treatments were established at i) ambient 

conditions at 22°C (control), ii) warming conditions at 24°C (warming), iii) a MHW mov-

ing from 22°C to 27°C and back to 22°C after 3 weeks (HWnon), and iv) a MHW with 

previous climate variability, e.g. exposure to rapid fluctuations between 22 and 24°C for 

8 days, remaining at 22°C for 6 days followed by a heatwave moving from 22 to 27°C 

and back to 22°C after 3 weeks (HWvar). Treatments were designed with comparable 

magnitude of cumulative intensity, which represents the integral of intensity over the 

duration of the event (Hobday et al. 2016) (Warming = 96°C, HWnon = 85°C, and HWvar 

= 97°C cumulative intensity above the control).  

 

 

Figure 6. 1. Schematic visualisation of treatments; control conditions at 22°C, warming conditions at 24°C, 
HWnon heatwave from 22 to 27°C, and HWvar with climate variability between 22-24°C, followed by a 
MHW to 27°C. HWnon and HWvar treatments were offset by ±0.2°C to avoid stacking of lines. 

 

The experimental system consisted of 3 header tanks using heater/chillers (Aquahort 

Ltd.) for temperature pre-treatment, regulating temperature to 22, 24, and 27°C respec-

tively. Mesocosms (N=20) consisted of round outdoor tanks (80cm diameter × 45cm 

high, 230L water volume) which received constant inflow (flowrate ≈ 2 L min-1) from the 
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appropriate header tank for their respective temperature treatment and were continu-

ously aerated. 50 μm filtered seawater was sourced from Charlesworth Bay 

(30°16'3.78"S, 153° 8'25.60"E) and supplied to the header tanks. At start of the meas-

urement period, seaweeds at 22°C were randomly assigned to one of three treatments 

starting at 22°C. Seaweeds acclimated at 24°C were part of the warming treatment and 

got randomly assigned a replicate number and tank.  Five tanks were assigned per treat-

ment, and within each tank n = 7 individuals of E. radiata, P. comosa and S. linearifolium 

were placed.  

 

6.3.3 Measurements 

At regular intervals during the experiment the effects of the experimental warming sce-

narios were tested by measuring survival, tissue bleaching and epiphyte cover, biomass 

as relative growth rate, and maximum quantum yield of the seaweed specimens. 

 

Tissue bleaching, epiphytic cover and survival 

Health status, as a primary indicator for temperature effects on seaweeds (Xiao et al. 

2015), was visually assessed as tissue bleaching cover (n = 3 per tank per species; n = 15 

per species per treatment). Bleaching was defined as visible discoloration (whitening or 

turning faded green) of the blade tissue due to loss of surface integrity within algae 

(adopted from Marzinelli et al. 2015). Epiphytic cover on algal blades as percent area 

covered was determined as a secondary indicator for health (n = 3 per tank per species; 

n = 15 per species per treatment). Bleaching and epiphytic cover were examined using 

six broad categories, ranking from 1 (less than 1% of surface area shows sign of bleach-

ing/epiphytic cover) to 6 (full blade shows sign of bleaching/epiphytic cover). Survival 

was part of the health status assessment as binomial data (n = 7 per tank per species; n 

= 35 per species per treatment). Health status, epiphyte cover, and survival were as-

sessed twice per week. 
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Biomass and relative growth rate 

Treatment effects on biomass were assessed using wet weight (WW) of seaweeds (n = 

3 per tank per species; n = 15 per treatment per species. As a measure of growth, relative 

growth rates (RGR) were calculated based on the WW data using the following equation: 

RGR [%/d-1] = [(Wt/Wi)1/t -1] * 100 

Where Wi = initial WW, Wt = WW at respective day, and t = days passed in treatment.  

 

Maximum quantum yield 

Photosynthetic quantum yield was assessed between 10am and 2pm twice weekly (Div-

ing-PAM, Waltz, Effeltrich, Germany). Dark-leaf clips were positioned centre height on 

the thallus and closed for dark-acclimation (15min) prior to reading (n = 3 per tank per 

species; n = 15 per species per treatment). Quantum yield measurements were taken 

for E. radiata and P. comosa, but not for S. linearifolium as the blades were too narrow 

to adjust dark-leaf clips. 

 

6.3.4 Statistical Analysis 

All results were analysed using PERMANOVA in PRIMER (Euclidian Distance dissimilarity, 

9999 permutations). PERMANOVA main tests were followed by pair-wise comparisons 

using PRIMER v.6 and PERMANOVA (Clark and Gorley 2006). Treatment (Tr) and Time as 

measurement days (Da) were treated as fixed factors. No major header tank effects 

could be detected, so tanks were pooled, and analyses were conducted for treatment 

(Tr), time (Da) and their interaction (TrxDa) for each species and measurement sepa-

rately. Due to decreased health and mortality, several seaweeds could not be assessed 

for the full duration of the experiment. Missing values in the maximum quantum yield 

measurements were mostly due to mortality, blade degradation or bleaching. For the 

biomass dataset, various outliers due to loss of attachment pebbles (n < 10) and errone-

ous weights were removed from the dataset.  
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6.4 Results 

6.4.1 Survival 

Survival was strongly species- and treatment dependent. All individuals of Sargassum 

linearifolium survived (Fig. 6.2C), whereas between treatments and over time the sur-

vival of Ecklonia radiata (p ≤ 0.001) and Phyllosphora comosa (p ≤ 0.001) was signifi-

cantly different (Fig. 6.2, Table S6.1). Warming had the strongest immediate impact on 

survival of E. radiata, with a drop to 60% after 20 days, down to ~48% by the end of the 

experiment, with a more gradual decline in survival under HWvar conditions to ~52% 

(Fig. 6.2A). P. comosa showed greatest vulnerability to heatwave (HW) conditions with 

only ~5.7% survival under HWnon and ~14.3% under HWvar conditions, and higher sur-

vival rates of ~57.1% and ~60% respectively under warming and control conditions by 

the end of the recovery period (Fig. 6.2B).  
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Figure 6. 2 Survival for A: E. radiata, B: P. comosa and C: S. linearifolium (treatments set slightly ajar, 100% 
survival in all 4 treatments) and species-specific bleaching for D: E. radiata, E: P. comosa and F: S. lineari-
folium as mean ± SE over time. Area [HW] shows in which stage of the climate variability and HW treat-
ment measurements were taken. 
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6.4.2 Health status 

Bleaching scores were low at the start of the experiment, reflecting only healthy individ-

uals were selected. For all three species there was a significant effect of treatment (E. 

radiata: p ≤ 0.043; P. comosa and S. linearifolium: p ≤ 0.001) and exposure time (E. radi-

ata: p ≤ 0.001; P. comosa and S. linearifolium: p ≤ 0.001) on the extent of bleaching 

(Table S6.4). Though main tests for E. radiata returned significance, pair-wise tests could 

not determine which treatment effects were statistically significant. This was not sur-

prising as bleached tissue can erode at the fronds and be lost. Tissue erosion biased 

health status assessment, as after bleached tissue is shed, the remaining tissue was 

largely healthy resulting in higher health status but shortened thalli. This makes it diffi-

cult to detect changes in health status by percentage bleaching alone for E. radiata. For 

P. comosa, individuals deteriorated (more bleaching) under HWnon and HWvar condi-

tions, with HWvar showing significantly higher bleaching cover from day 23 (early HW 

start), and all other treatment combinations from day 26 onwards (p ≤ 0.047; Table S6.5, 

Fig. 6.2E). In contrast, S. linearifolium was negatively affected by the stable control and 

warming conditions. From day 33 (mid-HW) onwards, bleaching under control condi-

tions strongly increased (p ≤ 0.004, Table S6.5), with warming enhancing bleaching cover 

in contrast to both HW treatments during the last week (p ≤ 0.020). Overall, S. linearifo-

lium showed decreased health status in stable conditions, with most individuals shed-

ding the majority of their blades.  

6.4.3 Epiphytic cover 

No major treatment effects on epiphytic cover were observed, most likely due to in-

creased tissue degradation. However, epiphytic cover declined significantly for all three 

species from averaged score ~ 2 to averaged category ~1 by the end of the experiment, 

likely due to tissue necrosis and loss. While HW conditions prevailed (day 21 – 41), mean 

epiphyte cover of P. comosa increased slightly under HWnon (day 33 and 37, p ≤ 0.025) 

and HWvar (day 33, p ≤ 0.026) conditions.  In contrast, HWnon and HWvar conditions (p 

≤ 0.017 and p ≤ 0.028) led to a slight decrease in epiphyte cover of S. linearifolium during 

the recovery period.  
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6.4.4 Maximum quantum yield 

Mean maximum quantum yields measured at the beginning were similar for E. radiata 

and P. comosa (~0.759 and ~0.760 respectively; Fig. 6.3), with significant declines with 

treatment (E. radiata: p ≤ 0.008; P. comosa: p ≤ 0.001), time (E. radiata: p ≤ 0.009; P. 

comosa: p ≤ 0.001) and their interaction (E. radiata: p ≤ 0.016; P. comosa: p ≤ 0.001; 

Table S6.6). 

 

Figure 6. 3. Mean maximum quantum yield (FV/FM) ±SE of E. radiata and P. comosa over time. 

 

Maximum quantum yields of E. radiata were affected by MHWs, causing a slight drop in 

yield while they prevailed. HWnon (p ≤ 0.011, Table S6.7) and HWvar (p ≤ 0.008, Table 

S6.7) treatments showed reduced yields at the HW peak, but E. radiata recovered after 

the HWs conditions subsided, and no differences in mean quantum yield among survi-

vors were evident at termination of the experiment. However, the sampling size was 

greatly reduced over the duration of the experiment, especially under HWvar and warm-

ing conditions. In comparison, P. comosa showed a very pronounced response to MHW 

conditions (Fig. 6.3), with seaweeds in the HWnon and HWvar treatments being signifi-

cantly reduced in contrast to control and warming treatments from day 26 (early HW; p 

≤ 0.001, Table S6.7) onwards, with no measurements after day 30 (mid-HW) as individ-

uals of P. comosa were either dead or in too poor health with not enough remaining 

healthy tissue. No significant differences in yield values for P. comosa between control 

and warming treatment could be determined, however a slight reduction in mean yield 

in the warming treatment was observed. 
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6.4.5 Relative growth rates 

Mean relative growth rates (RGR) were significantly different for all three species over 

time (E. radiata: p ≤ 0.002; P. comosa: p ≤ 0.001; S. linearifolium: p ≤ 0.001), and E. radi-

ata and P. comosa additionally for treatment (E. radiata: p ≤ 0.022; P. comosa: p ≤ 0.001; 

Table S6.8). Overall, E. radiata showed mainly positive RGR throughout the experimental 

period (Fig. 6.4), whereas P. comosa showed a strong downward trend in RGR from day 

20 (start HW) onwards (Fig. 6.4). S. linearifolium showed negligible RGRs until day 20, 

and from then onwards exhibit negative growth. 

 

Figure 6. 4. Relative growth rate (RGR) as %/day over time under control, warming, HWnon and HWvar 
conditions for E. radiata and P. comosa as mean ±SE from day 20 to 48. RGR for S. linearifolium not shown 
as no significant treatment effects. 

 

 

Warming slightly decreased RGR in E. radiata, as well as during HW conditions. However, 

no statistically significant differences between treatments could be established using 

pair-wise comparisons (Fig. 6.4). Similarly, S. linearifolium showed decreased RGR over 

time, but no treatment effects could be found. In contrast, warming negatively impacted 

P. comosa in comparison to control conditions, with a statistically difference between 



 
 

 

123 
 

day 26 to day 37 (p ≤ 0.041). Although only significantly different from the control at day 

33 (HWnon, p ≤ 0.009) and day 37 (HWvar, p ≤ 0.017), HW conditions showed a con-

trasting response on RGR of P. comosa. Under HWnon and HWvar conditions, RGR 

dropped from positive (growth) to negative (loss) mean values from day 33 (mid-HW) 

onwards. 

 

6.5 Discussion 

Temperature is one of the key factors influencing performance and biogeography of 

communities (Davison 1991; Eggert 2012), with warming as the main cause of reduced 

growth rates and productivity of species close to their upper thermal limit (Bearham, 

Vanderklift and Gunson 2013; Smale and Wernberg 2013; Andrews, Bennett and 

Wernberg 2014). The impacts of warming are often generalized as the exhibition of neg-

ative responses when the magnitude of warming surpasses the thermal threshold of a 

species (Smale and Wernberg 2013; Xiao et al. 2015; Filbee-Dexter, Feehan and 

Scheibling 2016; Gouvea et al. 2017). While generalizations serve as a framework to un-

derstand overall ecological implications, our study found that only considering thermal 

thresholds as a fixed upper temperature value to assess impacts of future climate 

change is too simplistic of an approach. We found very different responses of co-occur-

ring brown seaweeds to different profiled temperature scenarios, and in contrast to the 

threshold theory, the highest temperatures did not always have the strongest impact. 

A negative impact of MHWs was expected for the kelp E. radiata, as high temperature 

regimes are known to negatively influence the physiological performance of Ecklonia 

species (Tanaka et al. 2012; Xiao et al. 2015; Wernberg et al. 2016b). Over the past years 

the kelp contracted its northern (warm) range limits at both the East (Wernberg et al. 

2011b) and West (Wernberg et al. 2013a) Coast of Australia, and showed reduced abun-

dances within its current northern distribution (Wernberg et al. 2016a). Due to a warm-

ing event 2000/01 in Tasmania, E. radiata showed increased bleaching rates and exhibit 

mortality (Valentine and Johnson 2004). Further, during the 2010/11 MHW in Western 

Australia, water temperatures reached 27.3°C, a similar scale MHW to the 27°C applied 
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during the two HW treatments (HWnon and HWvar), hence a comparable negative re-

sponse in survival and physiological performance was anticipated. However, in our study 

E. radiata proved to be resilient to short-term HWnon conditions but revealed reduced 

survival under HWvar and warming conditions (~ 50% of the individuals died). Similarly, 

relative growth rates were greatly reduced under warming conditions, and after onsets 

of the HWs. We assume that E. radiata is more resilient to short-term stress than ex-

pected, and has either an upper thermal limit that decreased with increasing experi-

mental duration as previously shown for several brown seaweeds (tom Dieck 1993; 

Graiff et al. 2015), or has a cumulative temperature threshold rather than a maximum 

temperature threshold per se. A cumulative temperature threshold could possibly ex-

plain the unexpected negative impacts of warming at only 24°C, which is well within the 

species thermal margin (Bennett et al. 2015a; Wernberg et al. 2016b) and the absence 

of a strong negative response under HWnon conditions. These results link in with the 

recorded absence of recovery of E. cava populations in Tosa Bay after the 1997/1998 

ENSO event, where significant warming is present, especially in autumn (Tanaka et al. 

2012). It is hypothesised that prevailing increased sea surface temperatures combined 

with enhanced autumn warming caused declines in juvenile growth. Similarly, we hy-

pothesise that our applied warming treatment over autumn resulted in the negative 

physiological performance observed for E. radiata, additionally highlighting the im-

portance to take seasonal aspects into consideration regarding temperature changes. 

Overall, E. radiata showed short-term temperature resilience, and exhibited a cumula-

tive (rather than maximum) threshold showing increased sensitivity with increased du-

ration of elevated temperature exposure. 

In contrast, the temperate-tropical S. linearifolium (Steinberg et al. 1991) was expected 

to perform well under all applied temperature conditions. The lack of difference in re-

sponse between control (22°C) and warming (24°C) conditions was not surprising as 

temperature exposure range was less than a previous study that documented no signif-

icant difference in growth rates for S. linearifolium between 20.5 to 25.5° (Phelps, Boyce 

and Huggett 2017). Surprisingly, HW and variability conditions were favourable for the 

seaweed, with increased health and overall performance under HWnon and HWvar con-

ditions. S. linearifolium showed no mortality under all experimental treatments despite 
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significant loss of fronds and degradation down to holdfast in multiple cases. The hold-

fast of this species (and other Sargassum species) can remain senescent and regrow 

fronds when conditions become favourable. Indeed, after 1 year we still have the hold-

fasts from this experiment alive in mesocosm tanks with small regenerating fronds. This 

indicates that stable temperature conditions may not be as favourable for S. linearifo-

lium in contrast to the other two species. However, predicted future increases in climate 

variability may be advantageous for this species by enhancing its physiological perfor-

mance and increasing its competitiveness. Just comparing the response of E. radiata and 

S. linearifolium, if an extreme elongated MHW would develop, E. radiata would be neg-

atively impacted while S. linearifolium would maintain or increase its physiological per-

formance. This might present an alternative for the expected shift of kelp-dominated 

forests to turf-dominated systems (Russell et al. 2009; Filbee-Dexter and Wernberg 

2018), if rocky subtidal marine forests can shift towards Sargassum dominated systems. 

In the present study, only the temperate P. comosa followed the generalization of a fixed 

upper thermal threshold. After onset of the HWs in the HWnon and HWvar treatments, 

bleaching cover increased tremendously. Mean maximum quantum yield dropped ini-

tially to very low values and could not be determined after day 30 (mid-HW) and mean 

relative growth rates became negative and could not be determined anymore after day 

37. In contrast to this strong response to HWs reaching 27°C, the moderate warming at 

24°C reduced growth, but otherwise no major impacts were detected compared to con-

trol conditions. A similar response to high temperatures was previously observed to 

above-average temperature conditions along the East coast of Tasmania during the 

2000/01 austral summer/autumn period (Valentine and Johnson 2004). P. comosa first 

bleached and showed signs of decay, before ultimately dying off in large patches. Alto-

gether, P. comosa  was highly sensitive to the two applied MHW treatments, and will be 

vulnerable to the expected increase in frequency and duration of MHWs (Oliver et al. 

2018a). 

Collectively, these results show a clear performance hierarchy under the different tem-

perature scenarios. Under stable control conditions, E. radiata and P. comosa performed 

best, whereas S. linearifolium significantly bleached with multiple individuals shedding 

their fronds and degrading with mainly their holdfasts remaining. In comparison, gradual 
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warming triggered a more diverse response, with P. comosa showing resilience besides 

reduced RGRs and E. radiata unexpectedly demonstrating reduced performance and 

survival. Under HW conditions, thermal thresholds were surpassed for P. comosa, lead-

ing first to a strong reduction in performance and ultimately to a widespread die off. E. 

radiata showed resilience to a HW alone but not to combined increased variability with 

a HW, exceeding the species cumulative intensity tolerance. S. linearifolium performed 

better in HW compared to stable conditions, but generally showed great capacity to 

survive and recover from holdfasts following all temperature profiles. 

This clearly demonstrates that under the different future scenarios for temperature re-

lated climate change, the performance and therefore competitive interaction and dom-

inance between these canopy-formers will change. The outcome will ultimately depend 

on the characteristics of future temperature change and species growth forms (e.g. abil-

ity to regenerate from holdfasts or senesce). This highlights the urgent need to include 

the occurrence of MHWs into climate change models to more accurately predict future 

scenarios. For this approach to succeed, temperature stress specific responses of domi-

nant species need to be determined through manipulative experiments over different 

timescales, as too short timescales can over- (tom Dieck 1993; Graiff et al. 2015) or un-

derestimate (Xiao et al. 2015) a species’ resilience. Additionally, interactive effects with 

local and global stressors such as eutrophication, altered current patterns, changes in 

herbivory, and ocean acidification also need consideration. This would lead to a steep 

increase in predictability of future climate change impacts and move from oversimplified 

models to sophisticated approaches, which are more powerful to develop effective 

management strategies. 
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6.6 Supplementary Material 

6.6.1 Survival 

Table S6. 1. Primer PERMANOVA main test results for survival of E. radiata, and P. comosa. Treatment (Tr) 
was fixed with 4 levels (control, warming, HWnon, HWvar), time (Da) was fixed with 12 levels. Significant 
results are highlighted bold with grey background. Results for S. linearifolium are not shown as all individ-
uals survived. 

 

 

Table S6. 2. Summary of pair-wise Primer PERMANOVA treatment effects within measurement day (day 
12-48) for survival of E. radiata and P. comosa. Significant effects are indicated in bold with grey back-
ground. S. linearifolium was not statistically significant for any treatment at any day. 

 

 

 

 

 

Survival Source   df      MS Pseudo-F P

E. radiata Tr 3 37 25 ≤0.001

Da 11 32 21 ≤0.001

TrxDa 33 0.13 0.89 0.652

Res 1632 0.15                

P. comosa Tr 3 17 14 ≤0.001

Da 11 91 75.09 ≤0.001

TrxDa 33 0.65 54 ≤0.001

Res 1632 0.12                

S. linearifolium Tr 3 0        

Da 11 0        

TrxDa 33 0        

Res 1632 0        

Treatments Day    
E. radiata 12 16 20 23 26 30 33 37 41 48 

Control Warming 0.199 0.036 0.014 0.015 0.014 0.076 0.081 0.086 0.090 0.085 

 Hwnon 1.000 1.000 1.000 0.707 0.714 1.000 1.000 1.000 1.000 1.000 

 Hwvar 1.000 1.000 1.000 0.754 0.371 0.430 0.308 0.211 0.142 0.145 

Warming HWnon 0.193 0.011 0.004 0.002 0.002 0.044 0.141 0.148 0.148 0.151 

 HWvar 0.196 0.034 0.033 0.068 0.209 0.465 0.635 0.811 1.000 1.000 

Hwnon HWvar 1.000 1.000 0.704 0.307 0.111 0.296 0.451 0.325 0.226 0.225 

P. comosa                     

Control Warming 0.356 0.676 1.000 1.000 1.000 0.787 0.788 1.000 1.000 1.000 

 Hwnon 1.000 0.000 0.716 0.473 0.751 0.807 0.058 0.004 0.000 0.000 

 Hwvar 1.000 1.000 0.425 0.728 0.511 0.412 1.000 0.002 0.000 0.000 

Warming HWnon 0.360 0.683 1.000 0.308 0.753 0.450 0.014 0.002 0.000 0.000 

 HWvar 0.350 0.670 0.672 0.510 0.521 0.773 1.000 0.003 0.000 0.001 

Hwnon HWvar 1.000 1.000 1.000 1.000 1.000 0.188 0.028 0.755 0.432 0.431 
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6.6.2 Epiphytic cover 

Table S6. 3. Primer PERMANOVA main test results for epiphytic cover of E. radiata, P. comosa and S. lin-
earifolium. Treatment (tr) was fixed with 4 levels (control, warming, HWnon, HWvar), and time (da) was 
fixed with 12 levels, twice weekly measurements. Significant results are highlighted bold with grey back-
ground. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Epiphytes Source  df      MS Pseudo-F P

E. radiata Tr 3 0 11 0.368

Da 11 38 14 ≤0.001

TrxDa 33 0.15 0.55 0.980

Res 457 0.27                

P. comosa Tr 3 34 13 ≤0.001

Da 11 22 86 ≤0.001

TrxDa 30 0.18 0.70 0.875

Res 452 0.26                

S. linearifoliumTr 3 0.57 15 0.216

Da 11 15 38 ≤0.001

TrxDa 33 0.67 18 0.006

Res 672 0.38                
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6.6.3 Bleaching 

Table S6. 4. Primer PERMANOVA main test results for tissue bleaching of E. radiata, P. comosa and S. 
linearifolium. Treatment (tr) was fixed with 4 levels (control, warming, HWnon, HWvar), and time (da) was 
fixed with 12 levels, twice weekly measurements. Source Significant results are highlighted bold with grey 
background. 

 

 

 

Table S6. 5. Results of pair-wise Primer PERMANOVA for treatment effects within measurement day 
(day 20-48) for bleaching of algal tissue of P. comosa and S. linearifolium. Significant effects are indi-
cated in bold with grey background. E. radiata was not statistically significant for any treatment at any 
day. 

 

 

 

Bleaching Source  df      MS Pseudo-F P

E. radiata Tr 3 1 28 0.043

Da 11 19 37 ≤0.001

TrxDa 33 0.44 0.84 0.726

Res 457 0.53                

P. comosa Tr 3 64 93 ≤0.001

Da 11 59 87 ≤0.001

TrxDa 30 8 11 ≤0.001

Res 452 0.68                

S. linearifolium Tr 3 12 30 ≤0.001

Da 11 14 36 ≤0.001

TrxDa 33 28 73 ≤0.001

Res 672 0.39                

Bleaching 

Treatments Day    
P. comosa   20 23 26 30 33 37 41 48 

Control Warming 0.739 0.063 0.200 0.497 0.740 0.468   

 Hwnon 0.486 1.000 0.003 0.000 0.002 0.005   

 Hwvar 0.165 0.512 0.001 0.000 0.000 0.019 0.040  
Warming HWnon 0.660 0.110 0.000 0.000 0.002 0.012   

 HWvar 0.296 0.010 0.000 0.000 0.000 0.047 0.027  
Hwnon HWvar 0.833 0.388 0.510 1.000         

S. linearifolium                 

Control Warming 1.000 1.000 1.000 0.266 0.058 0.004 0.000 0.012 

 Hwnon 1.000 0.599 1.000 0.098 0.292 0.000 0.000 0.000 

 Hwvar 0.477  0.654 0.099 0.586 0.008 0.001 0.000 

Warming HWnon  1.000 1.000 1.000 0.328 0.243 0.042 0.000 

 HWvar 0.597 1.000 0.651 1.000 0.050 1.000  0.020 

Hwnon HWvar 0.588 0.604 0.328   0.549 0.266 0.164 0.626 
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6.6.4 Maximum quantum yield 

Table S6. 6. Primer PERMANOVA main test results for maximum quantum yield of E. radiata and P. 
comosa. Treatment (tr) was fixed with 4 levels (control, warming, HWnon, HWvar), and time (da) was 
fixed with 9 levels. Significant results are highlighted bold with grey background. 

 

 

Table S6. 7. Results of pair-wise Primer PERMANOVA for treatment effects within measurement day for 
maximum quantum yield of E. radiata and P. comosa. Significant effects are indicated in bold with grey 
background. 

 

 

 

 

 

 

 

Fv/Fm Source  df        MS Pseudo-F P

E. radiata Tr 3 56 46 0.008

Da 8 34 28 0.009

TrxDa 24 23 19 0.015

Res 309 0.00                

P. comosa Tr 3 13 481 ≤0.001

Da 8 0.68 262 ≤0.001

TrxDa 16 0.33 126 ≤0.001

Res 280 26                

Treatments Day 

E. radiata 6 13 20 26 30 33 37 40 48 

Control Warming 0.739 0.116 0.495 0.178 0.418 0.346 0.745 0.100 0.465 

 Hwnon 0.333 0.548 0.110 0.475 0.002 0.001 0.002 0.011 0.122 

 Hwvar 0.797 0.382 0.881 0.477 0.314 0.001 0.008 0.008 0.502 

Warming HWnon 0.499 0.380 0.560 0.004 0.209 0.175 0.033 0.858 0.333 

 HWvar 0.962 0.372 0.758 0.004 0.982 0.039 0.087 1.000 0.500 

Hwnon HWvar 0.517 0.857 0.324 0.811 0.140 0.386 0.717 0.590 0.125 

P. comosa                   

Control Warming 0.192 0.128 0.015 0.332 0.019 0.016 0.128 0.421 0.006 

 Hwnon 0.573 0.970 0.834 0.000 0.000     

 Hwvar 0.227 0.038 0.005 0.000 0.000     
Warming HWnon 0.510 0.146 0.024 0.000 0.000     

 HWvar 0.208 0.305 0.839 0.000 0.000     
Hwnon HWvar 0.103 0.047 0.013 0.037 0.086         
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6.6.5 Relative growth rate 

Table S6. 8. Primer PERMANOVA main test results for relative growth rate (RGR) of E. radiata, P. comosa 
and S. linearifolium. Treatment (Tr) was fixed with 4 levels (control, warming, HWnon, HWvar), and time 
(da) was fixed with 6 levels. Significant results are highlighted bold with grey background. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RGR Source  df     MS Pseudo-F P

E.radiata Tr 3 25 3 0.022

Da 5 34 5 0.003

TrxDa 15 51 0.71 0.747

Res 170 72                

P. comosa Tr 3 100 72 ≤0.001

Da 5 128 92 ≤0.001

TrxDa** 11 8 0.58 0.834

Res 148 14                

S. linearifolium Tr 3 35 12 0.309

Da 5 103 36 ≤0.001

TrxDa 15 0.63 0.22 0.999

Res 336 28                
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7.1 Thesis Overview 

The overarching aim of my thesis was to determine how different profiled thermal 

stressors, especially MHWs, affect important canopy-forming and dominant turf-form-

ing seaweeds along the temperate Australian coastline. This study has significantly pro-

gressed our understanding of how physical attributes of MHWs trigger species-specific 

responses. In regard to seaweeds I found that MHW impact strength can be grouped in 

order of impact severity. Additionally, seaweed responses to thermal stress was highly 

variable depending on species identity, location and interactions with additional stress-

ors. The survival and fitness of seaweeds was also strongly influenced by MHW profile, 

e.g. MHW physical attributes and species thermal threshold. 

Previous studies have shown that increasing temperatures are important drivers of 

gradual shifts in species distributions (Wernberg et al. 2011b; Harvey, Gwynn-Jones and 

Moore 2013; Bates et al. 2014; Filbee-Dexter, Feehan and Scheibling 2016; Wernberg 

and Straub 2016; Pecl et al. 2017). In comparison MHWs have demonstrated their po-

tential to trigger rapid ecosystem transitions with unpredictable consequences for eco-

system services (Garrabou et al. 2009; Wernberg et al. 2016a; Oliver et al. 2017). Alt-

hough there has been recent recognition within the scientific community of the emerg-

ing threat of these extreme temperature events, research focus was mainly on how 

iconic habitats have been impacted, such as severe coral reef bleaching (Hughes et al. 

2017) or how economic endeavours have suffered, such as fishery closures (Caputi et al. 

2016). However, the impact of extreme temperature events on seaweeds has generally 

not been taken into account.  

Understanding the likely impact of MHWs on organisms first requires an evaluation of 

current knowledge. My thesis reviewed and categorized observed effects of MHWs on 

seaweeds to evaluate the current existing knowledge. After establishing this baseline 

7 General discussion 
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information, we used manipulative experiments to deepen our understanding and pro-

vide information about the importance of thermal stressors profile to the impact 

strength on dominant seaweed species. The impact of thermal stress varied depending 

on species identity. We thus saw an array of effects ranging from resilience (no impact), 

to tissue deterioration and mortality, with species having a fixed upper or a cumulative 

thermal threshold. In addition to species identity, seaweed responses depended on the 

physical attributes of the respective MHW, the origin of the MHW and location of a spe-

cies within its distribution, parental thermal history and interactions with other stress-

ors. Thus, the sensitivity of marine organisms and ecosystems to MHWs will be deter-

mined by a mosaic of different factors and will vary spatially and temporally. Ultimately, 

MHWs have the potential to dramatically influence the structure and function of single 

organisms to whole ecosystems. 

 

7.2 Current knowledge of MHW impacts on seaweeds (Chapter 2) 

The initial literature review in chapter 2 assessed the current published information for 

MHW impacts on seaweeds globally and provides a comprehensive overview.  The liter-

ature search returned 52 observations from 1982 to 2018, with the majority of records 

from areas that had multiple ecological impacts due to a MHW. The lack of observed 

impacts at other sites or during other MHW events may be a shortfall of research where 

the focus was not on seaweed communities or due to the impacts on seaweeds being 

difficult to determine. Where impacts were reported, turf-forming seaweeds typically 

increased in abundance after a MHW, whereas canopy-forming seaweeds generally de-

clined in abundance (see chapter 2). We also found three examples of regional extinc-

tions of important kelp species following MHWs (Wernberg et al. 2016a; Thomsen et al. 

2018), which could have major consequences for the structure and functioning of eco-

systems. Understanding and observing ecological change due to MHWs requires good 

baseline information. Experimental studies can be of further value by disentangling 

MHW impacts from other stressors. Experimental climate studies are still rare for sea-

weeds (Wernberg, Smale and Thomsen 2012), and even more scarse for MHW scenarios 

(Gouvea et al. 2017). Thus, urgent efforts need to be directed towards long-term MHW 
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experimental studies and the establishment of good baseline information for seaweed 

communities so ecological impacts can be detected and quantified. 

 

7.3 Importance of physical attributes of MHWs (chapter 3) 

Oceanographic and atmospheric processes are the main drivers of MHWs and as such 

MHWs vary considerably in their physical attributes between events and regions 

(Appendix 1: Hobday et al. 2016). In light of the metrics used to classify MHWs by Hob-

day et al. (2016), the performance of Ecklonia radiata exposed to MHWs of different 

durations, maximum intensities and elongated plateau phase at maximum intensity was 

determined to assess the importance of physical attributes of MHWs (chapter 3). All 

sixteen simulated MHWs resulted in a significant long-term reduction in seaweed per-

formance. Duration had the strongest effect on overall performance, with significantly 

greater mortality and tissue deterioration as a result of longer MHWs. Maximum inten-

sity and plateau phase were not significant as E. radiata demonstrated higher tempera-

ture tolerance than anticipated, and great intraspecific variability in thermal sensitivity. 

The observed variability in thermal tolerance suggests genetic diversity within E. radiata 

populations (Wernberg et al. 2018a) and aligns with observed abundance declines in the 

aftermath of the 2010/11 Ningaloo Niño MHW in Western Australia (Wernberg et al. 

2016a). Further, the significance of duration highlights the need to shift research focus 

to a combination of physical attributes. This will help us understand and predict the sen-

sitivity of organisms and ecosystems to MHWs, which is especially important as the fre-

quency and duration of MHW continues to increase (Oliver et al. 2018a, 2018b). 
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7.4 Nature of stressor interaction in the face of MHWs (chapter 4) 

In addition to MHW, coastal marine ecosystems are affected by urbanization, with rap-

idly changing stressors (i.e. eutrophication, increased sedimentation, altered light avail-

ability) acting on local to regional scales (Halpern et al. 2008). Here, moderate and ex-

treme MHWs were combined with intermediate and low light levels to test if interac-

tions between light availability and temperature regimes on seaweed fitness are af-

fected by extremes. Temperature was the main driver of seaweed fitness, with strong 

reductions in physiological performance when exposed to extreme MHW conditions. 

Further, extreme temperatures significantly reduced seaweed performance at low light 

levels in contrast to intermediate light levels. This synergistic interaction between low 

light levels and temperature at extreme MHW conditions is of particular concern, as 

future impacts on ecosystems are generally predicted by the effects of individual stress-

ors, where in reality local and global stressors interact. Thus, by only considering single 

stressors we have likely underestimated the ecological impact of stress in the marine 

environment.  Stressor interactions are predicted to greatly affect marine ecosystems 

with anticipated community shifts towards opportunistic species (Harley et al. 2006) and 

transitions to novel habitats (Hobbs, Higgs and Harris 2009). Hence, we emphasise the 

importance of interactions between stressors in a future of increasing climate extremes. 

A novel outcome of the study in this chapter was the unexpected response of a warm-

temperate to tropical species to extreme temperatures. Extreme temperatures had a 

negative effect on the two temperate species as expected, however the tropical and 

warm-temperate species, L. variegata, also showed reduced performance with increas-

ing temperature. We suggest adaptation to cooler water conditions was responsible for 

the performance reduction, highlighting the need to take location within a species range 

and local thermal windows into account when anticipating MHW effects. 
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7.5 Population differences along a latitudinal gradient (chapter 5) 

Population differences along climatic gradients can give a valuable insight into the im-

pact of climate change and increasing temperatures (Hughes et al. 2012; Tuya et al. 

2012). The latitudinal gradient in south-western Australia provides a natural laboratory 

to aid our understanding of how increasing temperatures are likely to influence seaweed 

communities. Comparing the populations of three co-occurring, dominant canopy-form-

ing species from two different thermal backgrounds revealed signs of population differ-

ences in thermal response. Populations from the warmer thermal background (Marmion 

Lagoon) had a higher temperature tolerance than populations from the cooler location 

(Hamelin Bay). Additionally, pigmentation responses indicated adaptation or acclima-

tion to lower light levels in Marmion, suggesting interaction of MHWs and local stressors 

such as light availability may differ depending on location (see chapter 4). However, if 

the observed population differences are due to local adaptation, physiological differ-

ences, experienced parental thermal history or a combination thereof cannot be con-

cluded at this stage without further research. Comparing the three dominant, co-occur-

ring canopy seaweeds, a clear hierarchy in thermal response was evident. Scytothalia 

dorycarpa was highly temperature sensitive with significantly reduced performance at 

25°C, whereas E. radiata and Sargassum spinuligerum demonstrated high intraspecific 

variability in thermal response as well as higher thermal tolerance. The response of S. 

dorycarpa and E. radiata, aligns with a previous study reporting a range contraction 

southwards of these two species due to an extreme MHW in 2010/11 (Smale and 

Wernberg 2013; Wernberg et al. 2016a). Warming conditions in the near-future will 

likely threaten S. dorycarpa around its new northern distribution limit, see further abun-

dance declines of E. radiata and to a lesser extent some declines of S. spinuligerum can 

be anticipated. The observed variability in thermal response of E. radiata concurs with 

the hypothesises of high genetic variability within its populations (Wernberg et al. 2018; 

see chapter 3), as well as our understanding of the importance of parental thermal his-

tory and local adaptation. 
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7.6 Contrasting multiple thermal stressors (chapter 6) 

Increasing temperatures can considerably vary in their profiles, ranging from gradual 

low magnitude warming over enhanced climate variability to different profiled MHWs, 

and can be anticipated to act upon species in vastly different ways. Exposing three co-

occurring dominant canopy-forming seaweeds to warming, climate variability and MHW 

conditions produced very different patterns of performance and thermal thresholds. Cli-

mate variability and MHW conditions demonstrated the vulnerability of Phyllosphora 

comosa to increasing temperatures and highlighted a clear upper thermal threshold. In 

contrast, E. radiata demonstrated more of a cumulative thermal threshold, e.g. higher 

cumulative intensity, not higher maximum intensity resulted in greatly reduced perfor-

mance. In contrast, Sargassum linearifolium showed no pronounced temperature re-

sponse. These three varying thermal responses highlight that P. comosa is very sensitive 

towards higher magnitude temperature increases, whereas impacts on E. radiata will 

depend on a combination of duration and maximum intensity and not magnitude of 

temperature increase alone. Comparatively, S. linearifolium is not directly affected by 

temperature increases of the magnitude, duration and intensity studied here. This sug-

gests S. linearifolium has a higher thermal tolerance and might be a ‘winner’ in a warmer 

future. Additionally, as climate change will negatively affect co-occurring dominant spe-

cies like P. comosa and E. radiata, there is a high likelihood of competitive release and a 

shift in species composition towards dominance of thermally tolerant species. This could 

ultimately culminate in a shift to Sargassum forests in eastern Australia, instead of a 

phase shift towards simplified turf-dominated systems as has occurred in western Aus-

tralia and other marine forest systems. Overall, this chapter further highlights the im-

portance of physical attributes of temperature stressors and of species-specific thermal 

thresholds.  
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7.7 Summary  

MHWs have demonstrated their potential to dramatically impact the structure and func-

tioning of marine ecosystems (Garrabou et al. 2009; Wernberg et al. 2016; Oliver et al. 

2017; see chapter 2). My thesis demonstrated that sensitivity to MHWs is highly species-

specific and depends on the physical attributes of the respective MHW (chapter 2 to 6). 

The kelp E. radiata has demonstrated short-term heat resilience with adaptation to local 

temperature regimes and has shown a cumulative intensity threshold rather than a fixed 

upper thermal threshold (chapter 3, 5 and 6). With longer MHWs likely in the future, it 

will be crucial to consider the type of thermal threshold of a species. For example, spe-

cies like E. radiata, which have a cumulative threshold will be more susceptible to an 

elongated hot summer at moderate maximum intensity than a short MHW with high 

peak intensity (chapter 3 and 6). In contrast, species with fixed upper thermal thresholds 

like S. dorycarpa and P. comosa, will have high mortality rates as soon as this threshold 

is exceeded regardless of the duration of the temperature stress (chapter 4, 5 and 6). In 

stark contrast the two Sargassum species, S. spinuligerum and S. linearifolium demon-

strated a very high temperature tolerance (chapter 5 and 6). This suggests an alternative 

shift towards Sargassum forests is possible in the future, rather than a shift to a simpli-

fied turf- dominated system that has often been observed following kelp forest decline 

(Filbee-Dexter and Wernberg 2018). It is likely that increasing temperatures will indi-

rectly benefit Sargassum species, through the negative effect on co-occurring dominant 

canopy-formers and therefore through competitive release. 

 The importance of location for determining MHW impact strength was evident through-

out my thesis. E. radiata and S. dorycarpa showed local adaptation, with populations 

from warmer backgrounds adapted to higher temperatures, as well as lower light levels. 

Further, L. variegata a tropical to warm-temperate seaweed which generally increases 

in abundance on degraded reefs was surprisingly heat sensitive (chapter 5). This also 

suggests local adaptation whereby L. variegata populations from Marmion Lagoon are 

better suited to conditions on home reefs and do not share a common upper thermal-

tolerance limit between populations (Bennett et al. 2015a). Additionally, my thesis 

shows that the nature of interactions between local and global stressors changes when 

temperatures become extreme. At moderate temperatures, seaweeds demonstrated 
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comparable performance at intermediate and low light levels. Yet, at extreme temper-

atures low light levels significantly enhanced the negative effects of the extreme MHW, 

thus showing that the two stressors acted synergistically to reduce seaweed fitness.  

Overall, I can conclude that the impact strength of MHWs will depend on a combination 

of physical attributes of the respective MHW, ecological processes and community com-

position at a set location (see Fig. 7.1).  

 

 

 

Figure 7. 1. The variety of chapters demonstrated that MHW impact severity will depend on a multitude 
of factors such as the physical attributes of MHWs like duration and intensity, the location of the MHW, 
the interaction of stressors at that location as well as species-specific sensitivity of affected species as 
well as their location within their range. 
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7.8 Future research 

While my thesis has demonstrated how limited our understanding of MHW impacts is 

to date and shed light on important factors that determine impact strength, it also raises 

interesting questions for further research. In addition to the characteristics of MHWs 

themselves, there are multiple biological and environmental factors that are likely to 

influence the severity of an organism’s response and ultimately ecosystem scale effects.  

First and foremost, in light of assessing impacts of occurring MHWs, efforts should be 

directed towards gathering good quality baseline information about species distribu-

tions and abundances. This information is required to assess impacts of MHW events on 

local to regional scales and would greatly improve the detection, quantification and un-

derstanding of MHW impacts and potential shifts in species performance, dominance 

and food-web structure. 

Further research efforts should be directed towards assessing species-specific sensitivity 

of local key species towards MHWs. Several studies to date have suggested that pro-

jected climate change will have species-specific impacts (Bidart-Bouzat and Imeh-

Nathaniel 2008; Xiao et al. 2015; Phelps, Boyce and Huggett 2017), and that generalisa-

tions of species responses are misrepresentative. Therefore, efforts need to be directed 

towards determining species-specific sensitivity, which includes determining intraspe-

cific variation within and between populations, and across species distributions. Current 

experimental research seems to largely focus on the magnitude of temperature in-

creases and assume a common species thermal threshold. However previous research 

has demonstrated that populations within a species range can have comparable thermal 

safety margins, but different thermal thresholds (Bennett et al. 2015a). Thus, local ad-

aptation, acclimation to recent thermal history as well as parental thermal history are 

important concepts to consider when assessing how vulnerable species are towards fu-

ture MHWs. When assessing a species variation in thermal tolerance (i.e. adaptation and 

acclimation), I also recommend taking a species evolutionary history into account be-

sides the local climate history, as both a species origin and which breadth and stability 

of climate it was exposed to influences a species thermal tolerance. Gaining information 

about the influence of a species evolutionary and climatic history could be extremely 
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valuable, particularly if clear patterns emerge and the information can be included in 

climate change projection models to identify global hotspots of vulnerability to ex-

tremes. 

Special attention should be directed towards assessing the different forms of thermal 

thresholds. So far, research has focussed on determining the upper thermal threshold 

to see which magnitude of warming, e.g. which absolute temperature, will exceed a spe-

cies limit. In contrast to this direction of research, I observed a cumulative thermal 

threshold in several species. These species were equally or more vulnerable to long ex-

posure at a lower temperature than a short MHW at higher temperatures. Cumulative 

thermal thresholds as seen in this thesis can result in a great underestimation of climate 

change impacts. Studies determining the nature of thermal thresholds in species would 

provide valuable insight into which are more sensitive towards ongoing, gradual warm-

ing and which are more sensitive towards MHWs. With ongoing global warming, and 

increased frequency and duration of MHWs, this information will be crucial to anticipate 

ecosystem shifts and inform management actions. Further, by applying MHWs of differ-

ent durations and peak intensities to a variety of foundation species, our understanding 

and the predictability of MHW impacts would greatly increase. 

Factors like the levels of genetic diversity within a population and across a species dis-

tribution can also add complexity to patterns of thermal tolerance and is likely to influ-

ence the heterogeneity and severity of responses within a population (Clarke 2003; 

Reusch et al. 2005; Clark et al. 2013; Gouvea et al. 2017; Wernberg et al. 2018a). The 

dynamic of earlier life stages is also likely to differ from the adult population (Andrews, 

Bennett and Wernberg 2014), adding even more complexity to species thermal toler-

ances and interaction with additional stressors, especially in short-lived species (Irving 

et al. 2009). Furthermore, other local and global anthropogenic stressors interacting 

with gradual warming and as such are anticipated to interact with MHWs in novel ways 

(Muñoz et al. 2018). One study to date has reported an interactive nature of MHWs and 

eutrophication (Gouvea et al. 2017). My thesis corroborates these findings, showing that 

extreme MHWs are more detrimental to seaweeds in conjunction with low light availa-

bility (chapter 4). Thus, the nature of interactions can shift from non-detectable to a 

synergistic nature, greatly enhancing the negative effect of extremes. Hence, current 
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knowledge about interactions of stressors under temperature extremes should be reas-

sessed. This will be especially crucial for urbanized areas where multiple anthropogenic 

stressors exist. 

In addition to species and population level processes, efforts should be directed towards 

assessing community processes such as species interactions. Previous studies reported 

prevalence of positive canopy interactions in Western Australia’s waters along a latitu-

dinal gradient, suggesting that slow gradual warming will not change canopy-interac-

tions (Bennett et al. 2015b). However, it is unknown if this holds true for climate ex-

tremes and thus requires clarification as intact functional canopies will be important for 

the successful recruitment, growth and survival of canopy species (Bennett and 

Wernberg 2014). Additionally, altered interactions with marine herbivores can threaten 

persistence of macroalgae (Connell, Russell and Irving 2011). Prevalence of canopy will 

be a deciding factor in maintaining structurally intact and productive ecosystems, as ab-

sence of canopy will impede recruitment, growth and survival of species and will facili-

tate a shift towards simplified turf-dominated systems (Filbee-Dexter and Wernberg 

2018). Hence, future research should also include factors that will directly or indirectly 

influence canopy prevalence under a warmer future, such as shifts in herbivore commu-

nities, seaweed palatability and grazing rates (Poore et al. 2013, 2016; Vergés et al. 

2014a; Franco et al. 2015; Phelps, Boyce and Huggett 2017).  

Besides effects on canopy structure, efforts should be directed towards researching 

structural change in communities because of MHWs. Specifically, how species composi-

tion and abundance are affected, and how these changes are expected to affect the 

overall productivity of communities (e.g. seagrass meadows, marine forests and coral 

reefs). How will species invasions due to habitat getting suitable, changed trophic trans-

fer of energy and nutrient demand will be affected during and after MHWs? And most 

importantly, are changes in community structure permanent, how likely are phase shifts 

to occur and what are the changes and timelines required for recovery of MHW stricken 

areas. 
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7.9 Concluding remarks 

It is hoped that the outcomes from this thesis will inspire future research into determin-

ing the importance of varying physical attributes of climate change and more specifically 

of MHWs. Marine heatwaves are very likely to have dramatic influences on the structure 

and function of temperate Australian seaweed canopies, as well as on further shallow 

coastal systems worldwide. The sensitivity of species to MHWs will be determined by 

multiple processes operating at the species, population and ecosystem level and will 

vary spatially and temporally. This thesis provides a baseline for MHW research on sea-

weeds for which further assessments of species- and location-dependant effects of dif-

ferent profiled thermal stressors can be based. A future synthesis of such work and a 

wider understanding of species specific responses would   be valuable additions to mod-

elling studies and management efforts. More broadly, it is hoped that this thesis can 

highlight the importance of going beyond thermal threshold studies, and fuel discussion 

and action towards climate adaptation strategies. 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

145 
 

 
Alistair J. Hobday1, Lisa V. Alexander2,3, Sarah E. Perkins2,3, Dan A. Smale4,5, Sandra C. 
Straub5, Eric C. J. Oliver2,6, Jessica Benthuysen7, Michael T. Burrows8, Markus G. Donat2,3, 
Ming Feng9, Neil J. Holbrook2,6, Pippa J. Moore10, Hillary A. Scannell11,12, Alex Sen Gupta3, 
Thomas Wernberg5 

 

1. Oceans and Atmosphere, CSIRO, Hobart, Tasmania, 7000, Australia 
2. ARC Centre of Excellence for Climate System Science, The University of New South Wales, Syd-

ney, Australia 
3. Climate Change Research Centre, The University of New South Wales, Sydney, Australia 
4. Marine Biological Association of the United Kingdom, The Laboratory, Citadel Hill, Plymouth PL1 

2PB, UK 
5. UWA Oceans Institute and School of Plant Biology, The University of Western Australia, Crawley 

6009 Western Australia, Australia 
6. Institute for Marine and Antarctic Studies, University of Tasmania, Hobart, Australia 
7. Australian Institute of Marine Science, Townsville, Queensland, Australia 
8. Department of Ecology, Scottish Association for Marine Science, Scottish Marine Institute, Oban, 

Argyll, PA37 1QA, Scotland, UK. 
9. Oceans and Atmosphere Flagship, CSIRO, Perth, Western Australia, Australia 
10. Institute of Biological, Environmental and Rural Sciences, Aberystwyth University, Aberystwyth 

SY23 3DA, UK 
11. School of Marine Sciences, University of Maine, Orono, Maine, USA 
12. Gulf of Maine Research Institute, Portland, Maine, USA 

 

 

 

The work contained in this appendix has been co-authored by me and has been pub-

lished as: 

Hobday AJ, Alexander L V., Perkins SE, Smale DA, Straub SC, Oliver ECJ, Benthuysen J, 

Burrows MT, Donat MG, Feng M, Holbrook NJ, Moore PJ, Scannell HA, Sen Gupta A, 

Wernberg T (2016) A hierarchical approach to defining marine heatwaves. Prog Ocean-

ogr 141:227–238. doi: 10.1016/j.pocean.2015.12.014. 

Appendix 1: A hierarchical approach to defining marine 

heatwaves 



 
 

 

146 
 

 

 

 

 

 



 
 

 

147 
 

 

 

 

 

 



 
 

 

148 
 

 

 

 

 

 



 
 

 

149 
 

 

 

 

 

 



 
 

 

150 
 

 

 

 

 

 



 
 

 

151 
 

 

 

 

 

 



 
 

 

152 
 

 

 

 

 

 



 
 

 

153 
 

 

 

 

 

 

 



 
 

 

154 
 

 

 

 

 



 
 

 

155 
 

 

 

 

 

 

 



 
 

 

156 
 

 

 



 
 

 

157 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

158 
 

 

Dan A. Smale1,2*, Thomas Wernberg2*, Eric C. J. Oliver3,4,5, Mads Thomsen6, Ben P. Har-
vey7,8, Sandra C. Straub2, Michael T. Burrows9, Lisa V. Alexander10,11,12, Jessica A. Ben-
thuysen13, Markus G. Donat5,11, Ming Feng14, Alistair J. Hobday15, Neil J. Holbrook4,16, 
Sarah E. Perkins-Kirkpatrick5,11, Hillary Scannell17, Alex Sen Gupta5,11, Ben Payne9, Pippa 
J. Moore7,18 

1. Marine Biological Association of the United Kingdom, The Laboratory, Citadel Hill, Plymouth PL1 
2PB, UK 

2. UWA Oceans Institute and School of Biological Sciences, The University of Western Australia, 
Crawley 6009 Western Australia, Australia 

3. Department of Oceanography, Dalhousie University, Halifax, Nova Scotia, B3H 4R2, Canada 
4. Institute for Marine and Antarctic Studies, University of Tasmania, Hobart, Australia 
5. Australian Research Council Centre of Excellence for Climate System Science, University of Tas-

mania, Hobart, Tasmania, Australia 
6. School of Biological Sciences, University of Canterbury, Private Bag 4800, Christchurch, New Zea-

land 
7. Institute of Biological, Environmental and Rural Sciences, Aberystwyth University, Aberystwyth 

SY23 3DA, UK 
8. Shimoda Marine Research Center, University of Tsukuba, 5-10-1 Shimoda, Shizuoka, 415-0025, 

Japan 
9. Department of Ecology, Scottish Association for Marine Science, Scottish Marine Institute, Oban, 

Argyll, PA37 1QA, Scotland, UK. 
10. Climate Change Research Centre, The University of New South Wales, Sydney, New South Wales, 

Australia 
11. Australian Research Council Centre of Excellence for Climate Extremes, The University of New 

South Wales, Sydney, New South Wales, Australia 
12. Australian Research Council Centre of Excellence for Climate System Science, The University of 

New South Wales, Sydney, New South Wales, Australia 
13. Australian Institute of Marine Science, Townsville, Queensland, Australia 
14. CSIRO Oceans and Atmosphere, Perth, Western Australia, Australia 
15. CSIRO Oceans and Atmosphere, Hobart, Tasmania, 7000, Australia 
16. Australian Research Council Centre of Excellence for Climate Extremes, University of Tasmania, 

Hobart, Tasmania, Australia 
17. School of Oceanography, University of Washington, Seattle, WA, USA 
18. Centre for Marine Ecosystems Research, School of Natural Sciences, Edith Cowan University, 

Joondalup 6027 Western Australia, Australia 

 

The work contained in this appendix has been co-authored by me and has been sub-

mitted as: 

Smale DA, Wernberg T, Oliver ECJ, Thomsen M, Harvey BP, Straub SC, Burrows MT, Al-
exander LV, Benthuysen JA, Donat MG, Feng M, Hobday AJ, Holbrook NJ, Perkins-Kirk-
patrick SE, Scannell H, Sen Gupta A, Payne B, Moore PJ (submitted to Nature) Marine 
heatwaves threaten global biodiversity and the provision of ecosystem services. 

Appendix 2: Marine heatwaves threaten global biodiver-

sity and the provision of ecosystem services   



 
 

 

159 
 

Abstract:  

The global ocean has warmed significantly over the past century, with far-reaching im-

plications for marine ecosystems. Concurrent with long-term persistent warming, dis-

crete periods of extreme regional ocean warming (marine heatwaves, ‘MHWs’) have in-

creased in frequency. We quantified trends and attributes of MHWs across all ocean 

basins and examined their biological impacts from species to ecosystems. Multiple re-

gions within the Pacific, Atlantic and Indian Oceans are particularly vulnerable to MHW 

intensification, due to co-existence of high levels of biodiversity, a prevalence of species 

found at their warm range edges, or concurrent non-climatic human impacts. The phys-

ical attributes of prominent MHWs varied considerably, but all had deleterious impacts 

across a range of biological processes and taxa, including critical foundation species (cor-

als, seagrasses and kelps). MHWs, which will likely intensify with anthropogenic climate 

change, are rapidly emerging as forceful agents of disturbance with the capacity to re-

structure entire ecosystems and disrupt the provision of ecological goods and services 

in coming decades. 

 

 

 

One Sentence Summary: Marine heatwaves alter ecosystem structure and functioning 

at global scales 
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Main Text 

 Anthropogenic climate change is driving the redistribution of species and reorganiza-

tion of natural systems, and represents a major threat to global biodiversity1,2. The bio-

sphere has warmed significantly in recent decades with widespread implications for the 

integrity of ecosystems and the sustainability of the goods and services they provide3,4. 

In addition to the near ubiquitous long-term increases in temperature, the frequency of 

discrete extreme warming events (‘heatwaves’) has increased5,6 with projections indi-

cating they will become more frequent, more intense and longer lasting throughout the 

21st Century 7. While extremes occur naturally within the climate system, there is grow-

ing confidence that the observed intensification of heatwaves is due to human activi-

ties8,9. The 21st Century has already experienced record-shattering atmospheric heat-

waves5,10, such as the 2003 European heatwave, the Australian ‘Angry Summer’ of 2012-

2013, and the European ‘Lucifer’ heatwave in 2017, with devastating consequences for 

human health, the economy and the environment5.  

Discrete extreme warming events occur in the ocean as well as the atmosphere. ‘Marine 

heatwaves’ (MHWs) are caused by local ocean and atmosphere heat transfer processes 

that may be modulated by large-scale climate drivers, such as the El Niño Southern Os-

cillation11. Regional case studies have documented how MHWs can alter the structure 

and functioning of entire ecosystems by causing widespread mortality, species range 

shifts and community reconfiguration12-14. By impacting ecosystem goods and services, 

such as fisheries landings15,16 and biogeochemical processes17,18, MHWs can have major 

socioeconomic and political ramifications. Recent high-profile warming events include 

the record-breaking 2011 ‘Ningaloo Niño’ (2010-2011) off Western Australia19, the long-

lasting ‘Blob’ (2013-2016) in the northeast Pacific20 and El Niño-related warming in 2016 

that affected most of the Indo-Pacific21,22. These events have increased awareness of 

MHWs as an important climatic phenomenon affecting both physical and biological pro-

cesses. Until recently, the lack of a common framework to define MHWs11 has hampered 

attempts to examine temporal trends or to compare physical attributes or biological im-

pacts across different events, regions or taxa. However, by defining MHWs as periods 

when daily sea-surface temperatures (SSTs) exceed a local seasonal threshold (i.e. the 
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90th percentile of climatological SST observations) for at least 5 consecutive days11, Ol-

iver et al.23 showed that the frequency and duration of MHWs have increased signifi-

cantly over the past century across most of the global ocean. Here, we used the same 

MHW framework11 to examine observed trends in the annual number of MHW days and 

the implications for marine ecosystems globally. We incorporated existing data on ma-

rine taxon richness, the proportion of species found at their warm range edges and non-

climatic human impacts to identify regions of high vulnerability, where increased occur-

rences of MHWs overlap with areas of high biodiversity, temperature sensitivity or con-

current anthropogenic stressors. We also conducted a meta-analysis on the impacts of 

MHWs, by examining ecological responses to eight prominent MHW events that have 

been studied in sufficient detail for formal analysis. We examined 1049 ecological ob-

servations, recalculated to 182 independent effect sizes from 116 research papers that 

examined responses of organisms, populations and communities to MHWs. We also ex-

plored relationships between the occurrence of MHWs and the health of three globally-

significant foundation species (coral, seagrass and kelp) from three independent time 

series that were collected at sufficient spatiotemporal resolutions to explicitly link eco-

logical responses to MHWs. Finally, we reviewed the literature on MHWs for evidence 

of impacts of these events on goods and services to human society. 

The total number of MHW days per year, based on five quasi-global SST datasets, has 

increased globally throughout the 20th and early 21st Century (Fig. 1A). As a global av-

erage, there are over 50% more MHW days per year in the latter part of the instrumental 

record (1987-2016) compared to the earlier part (1925-1954)23, with most regions ex-

periencing increases in the number of MHW days (Fig 1B). Overlaying global patterns of 

marine taxon richness (Fig. 1C) with trends in annual MHW days revealed that southern 

Australia, the Caribbean Sea, and the coastline bounding the mid-eastern Pacific, may 

represent particularly biologically diverse regions where MHWs have intensified (Fig 

1D). Given that warm range edge populations are likely to be the most impacted by 

MHWs (as thermal tolerances are exceeded during anomalously high temperatures), re-

gions which support a high proportion of species found near their warm range edge will 

be particularly vulnerable to MHW intensification (Fig 1E).  Several regions were identi-

fied as having experienced marked increases in MHW days and also supporting a high 
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proportion of species found near their warm range edges (Fig 1F), with marine ecosys-

tems in the southwest Pacific and the mid-west Atlantic particularly sensitive. Further-

more, regions where rapid increases in the annual number of MHW days overlap with 

existing high-intensity non-climate human stressors (Fig 1G) include the central west At-

lantic, the northeast Atlantic and the northwest Pacific (Fig. 1H). Here, existing regional 

pressures, including overfishing and pollution, have the potential to interact with MHWs 

to exacerbate their impacts. 
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Figure A2. 1. Global patterns of MHW intensification, marine biodiversity and non-climate related hu-
man impacts. (A) Globally averaged time-series of the annual number of MHW days and (B) local trends 
in the annual number of MHW days (between 1925-1954 and 1987-2016) across the global ocean. Existing 
data on (C) marine biodiversity, (E) the proportion of species within the local species pool found near their 
warm range edge, and (G) non-climatic human stressors were combined with MHW intensification data. 
The resultant bivariate maps identify regions of (D) high diversity value that may be impacted by MHWs, 
(F) high thermal sensitivity of species which may have been particularly vulnerable to increased MHWs 
and (H) high levels of non-climatic human stressors where MHW intensification has impacted concurrently 
upon marine ecosystems   
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Examination of eight prominent (and sufficiently studied) MHWs showed they varied 

greatly with respect to spatial extent (by a factor of >15, Fig. A2.2A, Fig. S1), duration 

(10 to 380 days) and maximum intensity (3.5 to 9.5°C above climatological SST) (Fig. 2A). 

A meta-analysis of ecological impacts detected an overall negative effect of MHWs on 

biota across research papers, events, taxa, and response variables (E = -0.93; 95 CI = 

0.22; Q = 6303, df = 181; pheterogeneity < 0.001, I2 = 97.13). All eight MHWs were associated 

with negative ecological impacts although the mean negative effect sizes were not sig-

nificantly different from zero for the two events with lowest sample sizes (Fig. A2.2B). 

There was no clear relationship between the severity of the MHW (derived from nor-

malized MHW intensity and duration) and their observed impacts (Fig. A2.2B). All taxo-

nomic groups, with the exception of fishes and mobile invertebrates, responded nega-

tively to MHWs with birds and corals being most adversely affected (Fig. A2.2C). The 

positive fish response was, in part, driven by new incursions of tropical species into im-

pacted temperate regions13. Corals were directly affected by these MHWs, as extreme 

absolute temperatures resulted in widespread bleaching and mortality24,25, whereas 

birds were indirectly impacted through changes in prey availability26. Birds and corals 

are also particularly sensitive to longer term increases in sea temperature associated 

with ocean warming27. Overall, our analyses suggest that sessile taxa were more im-

pacted by MHWs than mobile and planktonic taxa (Fig. A2.2C), perhaps because mobile 

taxa generally have higher thermal tolerances than less active or sessile taxa28 and highly 

mobile species can quickly migrate in response to rapidly changing conditions13. All eco-

logical response variables were negatively affected by MHWs, although growth and pri-

mary production were not significantly different from zero (Fig. A2.2D). Negative im-

pacts were greatest for coral bleaching, survival, and reproduction (Fig. A2.2D), a pattern 

consistent with effects of warming in manipulative experiments29. 
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Figure A2. 1. Ecological responses to MHWs.  (A) The attributes of the eight MHW events used in the 
meta-analysis and (B) the overall effect of each MHW event, across all ecological responses. The analysis 
also examined the impacts of MHWs on (C) major taxonomic groups and (D) types of ecological responses. 
The number of independent observations for each category are shown in parentheses and values repre-
sent mean (±95% CI) effect sizes (Hedges g). The MHW severity index was derived from maximum inten-
sity and duration. (E) Populations located towards the warm-water limit of species’ distributions tended 
to respond more negatively to MHWs, (F) with effect size (Hedges g, ±95% CI) generally becoming signifi-
cantly more negative for warmer equatorward range-edge populations (bold symbols showing group 
means and faded symbols individual studies; Te temperature at effect location, T10, T90, 10% and 90% spe-
cies range temperatures).    
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To examine links between MHWs and ecological responses, we conducted additional 

analysis at the species level to test the prediction that populations found towards the 

warm-water limit (i.e. equatorward range edge) of a species’ distribution would be more 

negatively impacted by MHWs. From the database described above, we extracted all 

species level observations (645 observations from 302 species) and for each population 

we classified their relative position within the species range by expressing the local av-

erage SST as a proportion of the difference between the 10th and 90th percentile tem-

peratures experienced through the species geographical range. Critically, the most neg-

ative responses to MHWs were seen in populations found towards their warm range 

edge (Fig. A2.2E), implying that extreme temperatures exceeded thermal thresholds 

with adverse effects. Across all species-level observations, there was a negative relation-

ship between any given population’s location within the species’ range and the direction 

and magnitude of the MHW effect (Fig. A2.2F). This indicates that trailing range-edge 

populations are particularly vulnerable to warming events and range contractions are 

likely to occur in response to more frequent MHWs. Indeed, recent observations have 

shown that equatorward range edges of both plant and animal species have retracted 

poleward by >100 km following severe MHW events14,30,31. 

An examination of long-term time series on the health of three globally important foun-

dation taxa showed that increased annual number of MHW days was related to (i) in-

creased coral bleaching, (ii) decreased seagrass density and (iii) decreased kelp biomass 

(Fig. A2.3). Even though environmental variables such as storms, nutrients and light are 

known to strongly influence the health of these critical habitat-formers, the annual num-

ber of MHW days alone explained 31-39% of the observed variance in ecological perfor-

mance and had consistently greater explanatory power than more frequently used 

measures of ocean temperature (i.e. mean and maximum SST, see Fig. S2). An increased 

number of MHW days was significantly related to decreased ecological health of all 

three foundation taxa (p ≤0.03 in all cases), indicating the importance of discrete ex-

treme events in driving ecosystem structure13,33.  
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Figure A2. 2. Impacts of MHWs on foundation species.  (A) Severe MHWs, such as those associated 
with the extreme El Niño events of 1997/98 and 2015/16, have caused widespread bleaching and mor-
tality of reef building corals. (B) Analysis of annual coral bleaching records from the Caribbean Sea/Gulf 
of Mexico region (1983-2010, data from NOAA Coral Reef Watch) showed that the number of MHW 
days per year was positively related to the frequency of bleaching observations. (C) Seagrass meadows 
yield critical ecosystem services, including carbon sequestration and biogenic habitat provision, yet re-
cent MHWs have impacted seagrass populations in several regions. (D) Monitoring data from independ-
ent sites in Cockburn Sound, Western Australia (2003-2014, data provided by Cockburn Sound Manage-
ment Council) indicated that the number of MHW days recorded in the previous year was negatively 
correlated with the shoot-density of seagrass (Posidonia sinuosa). (E) Kelp forests represent critical habi-
tats along temperate coastlines but extreme temperatures experienced during MHWs can drive wide-
spread mortality and deforestation. (F) Satellite-derived estimates of giant kelp (Macrocystis pyrifera) 
biomass along the coastline of California/Baja California (1984-2011) showed that kelp biomass was neg-
atively related to the number of MHW days recorded during the previous year.        
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A wide range of ecological goods and services derived from marine ecosystems have 

been severely impacted by recent MHWs (Table A2.1). For example, the 2011 Ningaloo 

Niño caused widespread loss of biogenic habitat, depleted biodiversity, disruption to 

nutrient cycles and shifts in the abundance and distribution of commercial fisheries spe-

cies off Western Australia (Table A2.1). Similarly, recent MHWs in the Mediterranean 

Sea have been linked to local extinctions, decreased rates of natural carbon sequestra-

tion, loss of critical habitat and diminished socioeconomic value (Table A2.1). These ser-

vices have substantial socioeconomic value, with hundreds of millions of people bene-

fitting from coastal marine ecosystems34,35. As such, managing and mitigating the dele-

terious effects of MHWs on the provision of ecosystem services is a major challenge for 

coastal societies.  

Globally, MHWs are becoming more frequent and prolonged, and record-breaking 

events have been observed in most ocean basins in the past decade23. To date, the main 

focus of ecological research has been on trends in mean climate variables, yet discrete 

extreme events are emerging as pivotal in shaping ecosystems, by driving sudden and 

dramatic shifts in ecological structure and functioning that disrupt the provision of eco-

system services. Given the confidence in projections of intensifying extreme warming 

events with anthropogenic climate change5,36, marine conservation and management 

approaches must consider MHWs and other extreme climatic events if they are to main-

tain and conserve the integrity of highly valuable marine ecosystems over the coming 

decades.  
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Table A2. 1. Impacts of MHWs on services provided by marine ecosystems (definitions of ecosystem 
services adapted from The Economics of Ecosystems and Biodiversity, TEEB, developed by UNEP). Evi-
dence of impacts was collated from specific MHWs: (a) 1982/83 El Niño events, (b) 1997/98 El Niño events, 
(c) 1999 Mediterranean MHW, (d) 2003 Mediterranean MHW, (e) 2011 Western Australian MHW, (f) 2012 
Northwest Atlantic MHW, (g) the 2013-2016 Northeast Pacific ‘Blob’, and (h) the 2015/2016 El Niño events 
in northern Australia. 

 

 

 

 

 

 

Service type Ecosystem 

service 

Impacts  Refs 

Provisioning Living resources 

(non-food) 

- Extreme temperatures caused widespread 

mortality, local extinctions and range contractions 

of a diversity of taxa (c,d,e) 

12,14,37 

 Food -  Changes in the distributions and abundances of 

commercial fisheries species (b,e,f) 

15,30,38 

Regulating  Carbon 

sequestration 

and storage 

- Reduced carbon burial and sequestration due to 

decreased growth and high mortality of seagrasses 

(d,e) 

33,39 

 Moderation of 

extreme events 

- Complex, three-dimensional biogenic benthic 

habitat was replaced by simple poorly-structured 

habitat, altering hydrodynamics and sediment 

transport and reducing natural coastal defense 

(a,b) 

40,41 

 Nutrient cycling - Increased stratification and extreme temperatures 

caused decreased phytoplankton production and 

nutrient turnover (b,g) 

- Widespread loss of productive benthic habitats 

(seagrass, kelp forests) disrupting carbon and 

nitrogen cycling (d,e) 

13,17,33,42 

 Biological 

control 

 

- Anomalous warming events associated with influx 

of invasive non-native species (e) 

30 

Habitat or 

supporting 

services 

 

Habitats for 

species 

 

- Local extinctions, range contractions and high 

mortality rates of habitat-forming corals, 

seagrasses and macroalgae, resulting in simplified 

habitat structure and depleted local biodiversity 

(a,b,e, h)    

31,39-

41,43-45 

Cultural  

 

Tourism and 

recreation 

- Locations affected by intense warming events are 

less attractive for recreational activities and have 

decreased socioeconomic value (d, h) 

12,46,47 
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Supplementary Materials - Appendix 2 

Materials and methods statement 

1. Definition of MHWs and analysis of multi-decadal trends  

Marine heatwaves (MHWs) were identified from observational sea surface temperature 

time series using the definition proposed by Hobday et al.1, whereby a MHW is defined 

as a “discrete prolonged anomalously warm water event at a particular location” with 

each of those terms (anomalously warm, prolonged, discrete) quantitatively defined and 

justified for the marine context. Specifically, “discrete” implies the MHW is an identifia-

ble event with clear start and end dates, “prolonged” means it has a duration of at least 

five days, and “anomalously warm” means the temperature is above a climatological 

threshold (in this case the seasonally-varying 90th percentile). MHWs were identified as 

periods when temperatures were above the threshold for at least five consecutive days. 

When two successive events occur with a break of two days or less, this was deemed to 

represent a single continuous event. The code used to identify MHWs and calculate key 

MHW metrics following this definition is freely available and has been implemented in 

Python (https://github.com/ecjoliver/marineHeatWaves) and R 

(https://github.com/cran/RmarineHeatWaves). MHWs detected using this definition 

were then characterized by a set of metrics, including duration and intensity (i.e. the 

maximum temperature above the seasonal climatology). We then examined an annual 

time series of “total MHW days”, which is the sum of days categorized as MHWs in any 

given year.  

Global time series and regional trends in total MHW days were derived using a combi-

nation of satellite-based, remotely-sensed sea surface temperatures and in situ-based 

seawater temperatures. First, total MHW days were calculated globally over 1982-2015 

at 1/4° resolution from the National Oceanic and Atmospheric Administration (NOAA) 

Optimum Interpolation (OI) SST V2 high resolution data. Then, proxies for total MHW 

days globally over 1900-2016 were developed based on five monthly gridded SST da-

tasets (HadISST v1.1, ERSST v5, COBE 2, CERA-20C and SODA si.3). A final proxy time 

series was calculated by averaging across the five datasets. From these proxy time-series 

we calculated (i) the difference in mean MHW days over the 1987-2016 and 1925-1954 
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periods and (ii) a globally-averaged times series of total MHW days. Further details on 

this method and resulting proxy data can be found in Oliver et al.2. 

 

2. Global patterns of MHW intensification and overlaps with known hotspots of ma-

rine biodiversity and non-climatic human stressors 

We combined regional trends in MHW days with pre-existing data on marine biodiver-

sity, the proportion of species found near their warm range edges, and non-climatic hu-

man stressors to predict where MHW intensification may be a particular threat to bio-

diversity hotspots or temperature-sensitive communities or be exacerbated by concur-

rent stressors. Biodiversity hotspots were determined using published marine taxon 

richness data3, which were accumulated from projected species distributions from the 

Aquamaps project4. Patterns in taxon richness (Fig. 1C) showed characteristically high 

levels in coastal areas and in tropical regions. We also calculated the proportion of spe-

cies in the local species pool that were near their warm range edge to determine loca-

tions where MHWs might be more likely to have a strong negative effect (as shown in 

Fig. 2F). We used 16582 species global distribution maps from the Aquamaps project4, 

previously used to assess likely patterns of biodiversity change3, to represent global ma-

rine biodiversity. For each 1° latitude/longitude grid cell we counted the number of spe-

cies present for which sea surface temperature exceeded the 90th percentile tempera-

ture of their geographical range and divided this by the total number of species present. 

Aside from some artefacts where species limits coincide with FAO region boundaries, a 

feature prevalent in other studies using these datasets5, the resulting map (Fig. 1E) 

showed areas with higher proportions of species at their warm range edges. Major con-

centrations (>20%) of warm-edge species in this dataset were seen in the Eastern Med-

iterranean, the southern Red Sea, the Caribbean Sea, the Mexican part of the North Pa-

cific and a large part of the tropical west Pacific.  Locally higher proportions of warm-

edge species were also seen along coastlines of Europe, western USA and Canada, North 

Africa and in the Yellow Sea. 

Information on stressors were obtained from supplementary online resources provided 

by Halpern et al.6. We additively combined multiple impact layers (demersal destructive 

fishing, demersal non-destructive high bycatch, demersal non-destructive low bycatch, 
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ocean acidification, ocean pollution, pelagic high bycatch, pelagic low bycatch, shipping 

and UV) into a single cumulative impacts layer (Fig. 1E). Layers that included climate 

change variables were specifically excluded.  The cumulative impacts layer was then re-

projected and resampled onto the same 1×1 grid as for trends in total MHW days and 

biodiversity data. Maps of the combinations of medium to high trends in total MHW 

days and medium to high values of taxon richness (Fig. 1C) or cumulative impacts (Fig. 

1E) were created by splitting the data into classes based on the percentiles of the distri-

bution of each variable (0-50% low, 50-90% medium, >90% high). Combined MHW 

trend/richness and MHW trend/impact layers were assigned to categories according to 

the classes of each contributing layer. 

 

3. Meta-analysis of ecological responses to MHWs 

Dependent and independent variables, literature searches and hypothesis 

The meta-analysis followed PRISMA guidelines (Fig. S2). We searched for peer reviewed 

studies that compared six types of biological ‘performance response’ (survival, abun-

dance, growth, reproduction, primary production or coral bleaching) that reported data 

variation, before and after any of eight well-described periods of extreme warming (El 

Niño related events in 1982/83, 1986/87, 1991/92 and 1997/98, the Mediterranean 

MHWs of 1999, 2003 and 2006, and the 2011 MHW in Western Australia). Relevant 

studies were identified from two literature searches. First, we conducted a standardized 

Web of Science search, with search terms related to climate change, heat waves, marine 

systems, and the eight MHWs mentioned above. We used the following specific search 

string: (‘TS=((marine AND ("heat wave" OR heatwave)) OR El Niño OR La Niña OR ENSO 

OR (marine AND warming))’), identifying 29,395 potentially relevant papers. We read all 

abstracts from these papers and then obtained the full manuscripts of the papers that 

in their title, abstract, or keywords, indicated that relevant data could be collected (= 

517 papers). We read all these papers in detail to identify 116 papers that fulfilled our 

data criteria. For each of the identified publications we extracted all reported mean per-

formance response, data dispersion and sample sizes, from text, tables and figures with 

Plot Digitizer (http://plotdigitizer.sourceforge.net/). Impact studies were widely dis-

tributed across the global ocean; impact studies relating to ENSO-associated MHWs 

http://plotdigitizer.sourceforge.net/
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were spread across the Pacific and Indian Oceans whereas impact studies relating to 

Mediterranean and Australian MHWs were conducted across a smaller area (Fig S3). Our 

fundamental hypothesis was that MHWs generally had negative effects on ecological 

performance across studies, bioregions, events, response types and organisms. We also 

tested (see next section for method) if the magnitude of effects varied between heat-

wave events (eight MHW events), performance responses (6 types listed above) and im-

pacted taxa (grouped into mammals, birds, fishes, mobile invertebrates, non-coral ses-

sile invertebrates, corals, macroalgae, seagrasses and plankton, which included phyto-

plankton, zooplankton and open ocean microbes). For the MHW test, we hypothesized 

that the intensity of an event would correlate with the magnitude of effect size. For the 

biological response test, we hypothesized that coral bleaching and reproduction would 

be most affected by MHWs, the former because corals are known to be sensitive to el-

evated temperatures and the latter because reproduction is typically more sensitive to 

stress than growth, abundance and survival. Finally, for the test across taxa we hypoth-

esized that mobile organisms and seagrasses/corals would exhibit the largest effect sizes 

because mobile organisms can respond rapidly (e.g. local heat-stressed species can em-

igrate and warm-tolerant species from adjacent region can immigrate) and 

seagrasses/corals are generally sensitive to elevated temperatures.  

 

Effect sizes, data pooling, dealing with outliers and autocorrelation and statistical 

tests 

We analyzed impacts of MHWs on events, taxa and performance with Hedges g effect 

size, corrected for small sample sizes. Hedges’ g was calculated as (MHWAfter –  MHWBe-

fore)/S)J, where S is the pooled standard deviation and J is a factor that corrects for bias 

associated with small sample sizes7,8. ‘MHWbefore' and ‘MHWafter' represent the mean 

performance response reported by the study before and after the period of extreme 

warming, respectively. These relied on the authors’ designations of the timing of the 

MHW. When the mean performance response before the MHW event were reported 

for multiple time points, an average was taken to obtain 'MHWbefore'. In these cases, the 

associated variance of the time points was also pooled for use in S. In this analysis, neg-

ative and positive effects reflect inhibition and facilitation of organismal performance, 

respectively. Analyses were weighted by the sum of the inverse variance in each study 



 
 

 

179 
 

and the variance pooled across studies and therefore give greater weight to those stud-

ies with higher replication and lower data dispersion. We used random-effect models, 

thereby assuming that summary statistics have both sampling error and a true random 

component of variation in effect sizes between studies7,8. Most publications reported 

multiple auto-correlated effects, for example when a study reported effects of a MHW 

on many different coral species. Within-study effects are typically not statistically inde-

pendent from each other and will conflate analyses, for example by artificially increasing 

degrees of freedom. We reduced within-study autocorrelation by averaging 1049 non-

independent Hedges g values (extracted from 116 identified research papers) to 182 

values, each being characterized by a unique combination of a MHW, impacted taxa and 

performance response per research paper. Thus, prior to formal meta-analyses, within-

study effects were averaged across multiple species and across nested designs (e.g., 

across different sites within a study or different depth levels). We acknowledge that our 

approach to aggregate auto-correlated within-study effect sizes, albeit being the most 

common way to do this 9, may be suboptimal, compared to advanced modelling tech-

niques9. However, many papers reported different types and nested layers of non-inde-

pendent data within a single paper, requiring overly complex combinations and levels of 

aggregation models (compared to aggregating data with a mean), prior to the meta-

analysis. 

Finally, we calculated mean effect sizes (E), 95% confidence intervals (CI), heterogeneity 

(Q), and the proportion of real observed dispersion (I2) based on weighted random effect 

models in OpenMEE7. Mean effect sizes were considered to be significantly different 

from zero or another effect if their 95% CIs did not overlap with zero or each other, 

respectively10-13. Effect sizes generated from a single study were excluded from plots 

(these were: a single mean effect size of -4.21 for the 1972 ENSO event, and a single 

effect size of 1.183 for ‘reptiles’ in the taxon-specific analysis).  
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Publication bias 

Our meta-analyses may be influenced by publication bias if we overlooked studies doc-

umenting strong positive effects, or if studies finding non-significant effects are not been 

published8,14,15. We believe that the first type of publication bias is unlikely because we 

have worked intensively with MHW through primary research and by writing book chap-

ters and reviews. We explored possible publication bias in different ways. We examined 

funnel plot asymmetry using the trimfill method and regression tests, and calculated the 

fail-safe number using the Rosenberg method that estimates the number of studies av-

eraging null results that should be added to reduce the significance level (p-value) of the 

average effect size (based on a fixed-effects model) to alpha = 0.0514,15. These tests sug-

gest that publication bias has limited effects and that our results generally are robust.  

Although the funnel plot was highly asymmetric (Fig. S2), as shown in a significant re-

gression test (t = -3.598, p = 0.0004), adjusting this possible bias using the trimfill method 

had not effects on our general conclusion, because the mean effect size remained sig-

nificantly negative (-0.05, with 95% confidence intervals -0.08 to -0.02, p < 0.01). In ad-

dition, Rosenberg’s fail safe number was 11,318, i.e., much larger than 5n +10, where n 

is the number of original studies included in our analyses. Thus, publication bias is un-

likely to affect our results and did not change our main finding that MHW generally had 

negative effects on marine organisms. 

 

Effect of population location within the distributional range on responses to MHWs 

We also tested the hypothesis that populations found towards the warm-water limit (i.e. 

equatorward range edge) of a species’ distribution will respond more negatively to 

MHWs. To do this, we first extracted all observations from the database that were rec-

orded at the species-level (302 species and 645 observations). Global species distribu-

tions were produced using presence-only Maxent models for each species in fish and 

plankton datasets for which sufficient observations were available, and using default 

parameters for a random seed, convergence threshold, maximum number of iterations, 

maximum background points and the regularization parameter5 (using Maxent version 

3.3.3k). Observations of species presence from iOBIS were gridded such that 1-degree 
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grid cells with observations were set as present.  These observations were then mod-

elled as a function of the following environmental predictors: (1) average annual tem-

peratures from the HadISST v1.1; (2) the logarithm of distance to the nearest coastline; 

(3) ocean depth from the GEBCO marine atlas; and (4) FAO major fishing areas 

(http://www.fao.org/fishery/area/search/en). Global maps of predicted presence were 

produced using a threshold probability of 0.4. Presence maps were used to extract av-

erage annual sea surface temperature values from Hadley Centre HadISST v1.1 1-degree 

dataset long-term climatology average 1960-2009.  Quantiles (0, 0.1, 0.25, 0.5, 0.75, 0.9 

and 1.0) of the population of temperatures in occupied grid squares were used to define 

the thermal niche of the species (weighted by the relative area of grid cells given by the 

cosine of the latitude). The frequency distribution of these species-specific distributions 

were then described using percentiles, and, for this analysis, the 10th and 90th percen-

tiles were taken as measures of the warm and cold ends of the thermal range, respec-

tively. Each location of a reported MHW effect was then used to extract the local aver-

age SST from the same SST climatology. Range location was then expressed as the local 

temperature less the 10th percentile of temperature, divided by the difference between 

the 10th and 90th percentiles of estimated species range temperatures. A range location 

value of zero or less was therefore at the cold end of the distribution range (<=10th per-

centile), while values of 1 or more would be at the warm end of the range (>=90th per-

centile). This process resulted in estimated range locations for 347 observations from 

280 species within the ecological dataset.  

 

The effect of range location on the size and direction of response to MHWs was assessed 

statistically using a linear model of Hedges’ g versus range location weighted by the in-

verse variance of each Hedges’ g value. Range location had a significant influence on 

responses, becoming more negative toward the warm edge of the species range (Fig. 

2F; F1,345 = 11.98, P<0.001). Differences among taxonomic groups followed the average 

range location within those groups. The average negative effect of MHWs on corals was 

associated with the average reported effect location being at the 90th percentile of the 

coral species’ temperature distribution. Those taxonomic groups reporting less negative 

effects were generally toward the middle of the distribution range, while those groups 

http://www.fao.org/fishery/area/search/en
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at the cold end of the species temperature range showed a positive effect (Fig 2F; F1,7 = 

10.33, P =0.015). 

 

4. Analysis of habitat-forming species responses to MHWs 

High-resolution time series on coral bleaching, seagrass density and kelp biomass were 

obtained from the Caribbean Sea, Western Australia and California, respectively (Fig S4). 

Quality-controlled coral bleaching observations for the Caribbean Sea/Gulf of Mexico 

region (northernmost limit: 30.0°N, southernmost limit: 10.2°N, western limit: 97.5°W, 

eastern limit: 59.6°W) were obtained (at 11 km resolution) from NOAA’s Coral Reef 

Watch program (http://coralreefwatch.noaa.gov/satellite/index.php). Observations 

were first filtered by month (July-October inclusive) and then summed for each year 

(1983-2010). Links between MHWs and seagrass density were examined with long-term 

monitoring data from Cockburn Sound, Western Australia, which is collected and man-

aged by the Cockburn Sound Management Council (Western Australian Government). 

The density of seagrass shoots was examined at 2 long-term sites (Garden Island and 

Warnbro Sound), where high-resolution data have been collected using SCUBA at depths 

of 2-7 m since 2003 (all surveys were conducted in late Austral summer of each year). 

Data were averaged across transects and depths before generating an annual mean 

value for the Cockburn Sound region (average of 2 sites). Annual estimates for giant kelp, 

Macrocystis pyrifera, biomass were generated from the satellite-derived dataset  pro-

duced by Cavanaugh et al.16 as part of the Santa Barbara Coastal Long-term Ecological 

Research (SBC-LTER) program (http://sbc.lternet.edu//index.html). Estimates of the bi-

omass of the kelp canopy (i.e. floating fronds) were derived from LANDSAT 5 Thematic 

Mapper satellite imagery. Biomass data (wet weight, kg) were generated for individual 

30 x 30 m pixels in the coastal areas adjacent to California and Baja California. Estimates 

of kelp canopy biomass were derived from the relationship between satellite surface 

reflectance and empirical measurements of kelp canopy biomass at long-term monitor-

ing sites sampled using SCUBA. The extensive dataset was first filtered to remove unin-

formative values influenced by cloud cover and then by latitude (27.00-32.99°N) and 

time of year (only summer months, June-September inclusive). Average kelp biomass 

per year was then calculated from between 66,530 and 354,181 individual observations. 

The total number of MHW days observed for corresponding years and regions for each 

http://coralreefwatch.noaa.gov/satellite/index.php
http://sbc.lternet.edu/index.html
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of the three separate datasets was then calculated, and relationships between MHWs 

and ecological response variables examined with ordinary least squares linear regres-

sion.  
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Fig. S1. The maximum spatial extents of the eight warming events included in the meta-analysis: Events 

associated with El Niños in (A) 1982/1983, (B) 1986/1987, (C) 1991/1992 and (D) 1997/1998, and (E) 

the 1999 Mediterranean MHW, (F) the 2003 Mediterranean MHW, (G) the 2006 Mediterranean MHW, 

and (H) the 2011 Ningaloo Niño MHW. Colours indicate the associated sea surface temperature anoma-

lies. Red contour indicates the largest contiguous area experiencing MHW conditions over the course of 

the MHW in the associated region (date and area [million km2] shown in panel title).  
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Fig. S2. Prisma flow diagram relating to the meta-analysis of MHW impacts. 
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Fig. S3. Funnel plots of effect sizes extracted from the meta-analysis of MHW impacts. Filled circles are 

observed data (n = 182), while open circles are simulated data generated by the trimfill method to correct 

asymmetry of the funnel plot. 
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Fig. S4. The relationship between mean annual SST (A,C,E) and maximum annual SST (B,D,F) and the 

health of coral (A,B), seagrass (C,D) and kelp (E,F). Coral bleaching data were collated for the Caribbean 

Sea region, seagrass metrics were recorded in Western Australia and kelp biomass was quantified for the 

California/Baja California region (see Fig. 3 main text).  
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Fig. S5. Map indicating locations of observational studies included in the meta-analysis of ecological im-

pacts of MHWs. 
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Fig. S6. Map indicating location and spatial extent of study regions used for the analysis of MHW im-

pacts on habitat-forming species (see Fig. 3 main text). 
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