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Abstract 
 

 

Temperate subtidal reefs are home to one of the most productive and biodiverse ecosystems in the 

world: kelp forests. Large habitat forming seaweeds serve as the foundation species by providing the 

biogenic three dimensional structure and primary productivity for the associated fauna. The global 

distribution of kelp forests is generally restricted to the cooler, nutrient rich waters of the polar and 

temperate regions. Anthropogenic climate change continues to affect ecosystems around the world, 

and global warming is one of the most pervasive effects. As ocean temperatures gradually increase, 

and acute heat events occur more frequently, temperate subtidal ecosystems are under increasing 

pressure. This thesis investigates how the temperate seaweed communities, their contributions to the 

ecosystem, and the associated fauna are changing in response to anthropogenic climate change. To 

achieve this I quantified the changes in temperate seaweed communities and associated mobile 

invertebrate communities in recent decades in a global warming hotspot. Additionally, I qualified and 

quantified the organic matter exudates of seaweeds with different thermal affinities. Lastly, I quantified 

differences in seaweed, invertebrate, and fish communities associated with characteristically cool – and 

warm seaweed habitats, co-occurring in a tropical to temperate transition zone. 

The changes in the subtidal seaweed communities subjected to different levels of wave exposure over 

a time span of two decades in Marmion lagoon, Western Australia, are described in Chapter 2. Over 

time there has been an increase in species richness, as well as the relative abundance of seaweed 

species with an affinity for warmer water. Additionally, there was a reduction in the presence of 

historically dominant kelp Ecklonia radiata which in 2016 makes up a smaller fraction of the total 

seaweed biomass found on the reef than in 1996. Wave exposure seems to exacerbate the effect of 

warming on the seaweed community, as we found the highest levels of tropicalization, as well as the 

biggest reductions to E. radiata on the reefs with high exposure.  

The biogenic habitat that is provided by seaweeds is inhabited by associated fauna, such as mobile 

invertebrates. Chapter 3 describes the changes in mobile invertebrate communities over a time span 

of 15 years, along a latitudinal gradient of 4 degrees in temperate Western Australia. As the latitudinal 

gradient serves as a proxy for cumulative temperature stress of gradual warming and the impact of a 

marine heatwave, I found an increase in the abundance of warm temperate urchin Centrostephanus 

tenuispinus and a decrease in cool temperate urchin Phyllacanthus irregularis, where the magnitude of 

change correlated with the latitudinal gradient. Additionally, there was a change in the size distribution 

of the abundant gastropod Lunella torquatus reflecting impact of the marine heatwave at each location. 
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Moreover, the shift from large to small individuals with decreasing latitude suggests that the continued 

effects of global warming could result in a size reduction of L. torquatus individuals even at higher 

latitudes.  

As the competitive exclusion of other seaweeds by E. radiata slowly diminishes under the pressures of 

climate change, Sargassum spp. and Lobophora variegata have been increasing in abundance. The 

effects of these changes are not limited to the change in physical effects exerted by different canopies. 

In chapter 4, I investigate the quantity and optical characteristics of the exudates produced 3 common 

seaweeds found on temperate subtidal reefs; E. radiata, Sargassum lacerifolium, and L. variegata. 

Through the use of incubation experiments, I found that the primary productivity and exudation rates 

were comparable between species when normalized over biomass, but the resulting chemical signature 

(i.e. oxygen concentration, dissolved organic carbon concentration, humification, and aromaticity) of 

the water differed on a multivariate scale between seaweeds. Additionally, the exudates produced by 

E. radiata stimulated the growth of bacterioplankton, while those produced by S. lacerifolium inhibited 

bacterioplankton growth. 

Changes over space in a small constrained transition zone are expected to reflect changes over time on 

a large geographical scale. In chapter 5, the seaweed, mobile invertebrate, and fish communities 

associated with two discrete seaweed habitats are explored in the Houtman-Abrolhos archipelago, 

Western Australia. The two distinct seaweed habitats persist here are either Sargassum dominated or 

a community with E. radiata interspersed with a rich composition of red seaweeds. Despite no 

significant differences in mean monthly temperatures, seaweeds with cool water affinities were almost 

exclusively present in the E. radiata habitat, while seaweeds with a warmer affinity predominantly 

occurred in the Sargassum habitat. The mobile invertebrates were more diverse in the Sargassum 

habitat, as the E. radiata habitat was mostly dominated by the abundance of C. tenuispinus.  At the 

community level, the invertebrates showed moderate separating and fidelity to their thermal affinities. 

There was a higher abundance and richness of fishes in the Sargassum habitat, however the size 

distribution of the fishes was skewed to smaller individuals. Furthermore, there was no distinction in 

the thermal affinities of the fishes in either habitat, suggesting that their mobility allows for them to 

move with the environment.  

The research presented in this thesis shows that anthropogenic climate change negatively impacts the 

foundation species and associated fauna of one of the most productive ecosystems in the world. As the 

trend of global warming is projected to continue for the foreseeable future, it is likely that the impacts 

described will increase in severity, as well as occur at progressively higher latitudes. The standing 

seaweed biomass per reef area in absence of E. radiata is multiple times lower, which not only affects 
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the physical shelter for some mobile invertebrates, but also the primary productivity of the ecosystem. 

Moreover, the dissolved organic matter exuded by E. radiata as part of the primary productivity appear 

to be of better quality for consumption by secondary producers, which suggests a more efficient 

coupling of primary producer to food web. The exact role of Carbon sequestration by seaweeds is still 

largely unquantified, however the reduction of primary production over reef area will likely reduce 

these ecosystems ability to contribute to the mitigation of climate change. I conclude that E. radiata 

provides unique functions to the temperate subtidal ecosystem. While there is some functional 

redundancy between different habitat forming seaweeds, the species that are most likely to fill the gap 

that is left by the reduction of E. radiata are unlikely to fully support the same ecosystem. 
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Chapter 1 – General introduction 

 

 “Take the risk of thinking for yourself, much more happiness, truth, beauty, and wisdom will come to you 

that way.” ― Christopher Hitchens 

 

1.1 Background 

The direct use of resources from marine ecosystems (Jackson et al. 2001, Myers & Worm 2003, Lotze 

et al. 2006), and the externalities of industrialisation and increasing population (Doney 2010) (e.g. CO2 

emissions (Sabine et al. 2004), temperature increases (Pörtner et al. 2019), nutrient run-off (Galloway 

et al. 2004)) have left no area in the marine realm unaffected by human activity (Halpern et al. 2008). 

The cumulative effects of these anthropogenic stressors is forcing changes in ecosystems, as species 

alter in distribution patterns (Molinos et al. 2015) and abundances (Poloczanska et al. 2013). This has 

resulted in major changes in the community composition in ecologically and socio-economically 

important marine ecosystems worldwide such as coral reefs (Hughes et al. 2003, Hoegh-Guldberg et al. 

2007), seagrass beds (Short & Neckles 1999), and kelp forests (Steneck et al. 2002, Krumhansl et al. 

2016, Wernberg et al. 2019b).  

Kelp forests, the most iconic seaweed habitat, are some of the most productive (Mann 1973) and 

biodiverse ecosystems in the world (Dayton 1985, Steneck et al. 2002), supported by seaweeds as the 

foundation species. By forming large biogenic structures that are attached to the reef with a holdfast, 

and generally floating up due to gas filled bladders, they form a canopy which shapes the abiotic 

conditions (e.g. light regime, sedimentation rates, thallus scour) on the benthos below (Wernberg & 

Thomsen 2005, Irving & Connell 2006). In doing so, seaweeds create a habitat for a large variety of 

other seaweeds, invertebrates, and fish (Christie et al. 2003, Graham 2004, Teagle et al. 2017). These 

associated flora and fauna are affected by the removal of seaweed canopy, changes in density, and 

species composition (Benedetti-Cecchi et al. 2001, Edgar et al. 2004, Schiel & Lilley 2007). Knowing how 

seaweed assemblages are changing under increasing anthropogenic stressors is essential to understand 

the effect this will have on the dependent community. 

In addition to the physical structure, seaweeds provide high rates of primary production (Mann 1973, 

Smith 1981a, Chung et al. 2011). This primary production is assimilated into biomass, or directly exuded 

as dissolved organic matter (DOM) (Duarte & Cebrián 1996). The assimilated biomass can either be 

directly consumed by herbivores (Duarte & Cebrián 1996), or over time become detritus to be 

consumed by detritivores (Krumhansl & Scheibling 2012, Filbee-Dexter & Scheibling 2016). Released 
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DOM can be consumed by bacterioplankton (Azam et al. 1983) and filter feeders either directly or 

indirectly by consuming the bacterioplankton (de Goeij et al. 2008, Mueller et al. 2014, Rix et al. 2017). 

However, not all carbon produced by seaweeds is readily consumed (Trevathan-Tackett et al. 2015), 

and some is exported out of the system before being consumed (Duggins et al. 1989, Wernberg et al. 

2006, Krause-Jensen & Duarte 2016). As such, seaweeds provide a substantial contribution to the 

primary productivity in coastal regions, and are thus essential for directly supporting the associated 

ecosystem, while also producing an excess of carbon that can fuel secondary production outside of the 

system when exported. 

Carbon dioxide (CO2) is the most prominent greenhouse gas released into the atmosphere through 

anthropogenic activities (Meehl et al. 2007, Bala 2013). Mechanisms to sequester CO2 are becoming 

more essential in order to mitigate the 2-3 fold increase in atmospheric CO2 by 2100 as projected by 

the most comprehensive IPCC model (A2 emission scenario) (Meehl et al. 2007). Engineering solutions 

have shown limited success in early generations, and will need further development to provide a 

significant impact on the CO2 reduction (Markewitz et al. 2012, Rubin et al. 2012). However, natural 

ecosystems are able to remove CO2 from the atmosphere through photosynthesis, and store the carbon 

long term under the right conditions (IPCC 2007b, Mcleod et al. 2011). Seaweed habitats have only 

recently been considered capable of contributing to this carbon sequestration (Chung et al. 2011, Hill 

et al. 2015), but there is still a large uncertainty to the quantitative contribution provided (Krause-

Jensen & Duarte 2016). Therefore, investigation into the dynamics of seaweed produced carbon 

remineralization and sequestration is needed to better understand the role of seaweed habitats in 

mitigating CO2 emissions.  

Most temperate and polar subtidal reefs are defined by the dominance of habitat forming seaweeds, 

as the cooler and nutrient rich water allows them to thrive (Dayton 1985). Global warming is one of the 

most pervasive aspects of anthropogenic climate change, and as oceans absorb the majority of the 

anthropogenic heat (IPCC 2007a), temperate seaweeds species are projected to contract significantly 

even under the most optimistic climatic projections (Harley et al. 2012, Martínez et al. 2018). In places 

where the habitat forming seaweeds have already disappeared, and the habitat lost the 3 dimensional 

structure, the ecosystem was left in a depauperate state (Filbee-Dexter & Wernberg 2018). However, 

habitat forming seaweed species with an affinity for warmer water have also been found expanding 

where temperate species contracted (Tanaka et al. 2012, Wernberg et al. 2016b). While this is providing 

some physical complexity to the habitat, it is unclear if these habitats created by seaweeds with warmer 

water affinities, are functionally redundant to temperate seaweed habitats, and can therefore mitigate 
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the effect of the projected range contraction of temperate seaweed species on the associated 

ecosystem.   

Western Australia hosts the Western edge of the Great Southern Reef (GSR) an interconnected 

collection of subtidal temperate reefs, which spans the Southern coast of Australia (Bennett et al. 2016). 

On the GSR, seaweed habitats support productive (De Bettignies et al. 2013), diverse (Phillips 2001, 

Kerswell 2006, Langlois et al. 2012), and socioeconomically valuable ecosystems (Bennett et al. 2016). 

However, WA is a global warming hotspot (Hobday & Pecl 2014), as it is subject to both gradual warming 

(Pearce & Feng 2007) and increasing frequency and intensity of acute heat events (Oliver et al. 2018, 

2019). The North-South orientation of the WA coast creates a temperature gradient, and makes it an 

exceptional location to study the effects of temperature in the marine environment.  

1.2 Thesis aims 

In this light, this thesis aims to compare the functionality of traditionally temperate subtidal seaweed 

habitats to the habitats formed by seaweeds with warmer water affinity. The research goals to do so 

are: 1) determine how the seaweed community is changing, 2) investigate the functions provided by 

seaweeds with different thermal affinities, and 3) investigate the differences in associated fauna 

between seaweed habitats composed of seaweeds with different thermal affinities. To achieve the first 

goal, surveys of the seaweed assemblages in WA were conducted and compared to historical data, as 

well as a direct comparison between seaweed habitats found in a tropical-temperate transition zone. 

For the second goal, the quantity and quality of DOM exudation, and the subsequent response by 

bacterioplankton to these exudates, was measured for seaweeds with different thermal affinities. For 

the third goal mobile invertebrate and fish assemblages associated two discrete seaweed habitats in a 

tropical-temperate transition zone were investigated. Additionally, the mobile invertebrate 

assemblages along a latitudinal gradient were compared to historical data.  

Due to the discrepancy between time scales of climate change and ecosystem response, studies that 

span a multi-decadal time scale are necessary to establish a link between cause and effect (Parmesan 

et al. 2011). In chapter 2 and 3, this thesis compares the seaweed and mobile invertebrate assemblages 

to historical data collected 20 and 15 years earlier respectively. However, the effects of climate change 

are not necessarily uniform on a localized scale, as the changing conditions interact with other stressors 

that shape the environment (Ashcroft et al. 2009). Having a better understanding of whether regional 

and local stressors interact synergistically or antagonistically is necessary in order to better understand 

how communities will adapt to continuing climate change. 
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Exposure to wave energy can strongly influence the seaweed community composition, as species can 

differ in abundance depending on exposure level (Phillips et al. 1997). Additionally, there is a 

morphological plasticity within species to adapt to wave exposure, exhibiting traits that help with e.g. 

drag reduction, or increased strength (Hurd 2000, Wernberg & Thomsen 2005). In the intertidal zone, 

wave exposure ameliorated the effects of temperature stress on seaweeds (Starko et al. 2019). 

However, there is limited knowledge on the interactive effect of wave exposure and temperature stress 

on subtidal seaweeds. To address this knowledge gap, chapter 2 investigates the changes in seaweed 

communities over an interval of two decades at three levels of wave exposure. 

Temperature stress from gradually rising ocean temperatures is being compounded by more frequent 

and intense acute heat events or marine heatwaves (MHW) (Oliver et al. 2019). In the Australasian 

summer of 2010-2011, WA was subjected to the most extreme MHW to date (Pearce & Feng 2013, 

Wernberg 2020) which caused an increase in water temperature of 2-4 °C and lasted for over 2 months 

(Wernberg et al. 2012). The heatwave affected over 2000 km of coastline, which resulted in an impact 

gradient which decreased towards higher latitudes (Wernberg et al. 2018). In chapter 3 we explore the 

changes in mobile invertebrate communities over an interval of 15 years across a latitudinal gradient 

of 4 degrees, which serves as a proxy for a gradient in mean sea surface temperature (SST) and impact 

by the MHW, in order to better understand the interplay between gradual warming and acute heat 

events.   

Seaweeds have been found to exude up to 40% of gross primary production as DOM into the 

environment (Khailov & Burlakova 1969). Due to the inter species variation in quantity (Hulatt et al. 

2009, Haas et al. 2011) and quality (Abdullah & Fredriksen 2004, Hulatt et al. 2009) of the exuded DOM, 

a shift in seaweed composition within an ecosystem can have a significant effect on the coupling 

between primary producers and the associated food web. Furthermore, DOM produced by seaweeds 

that is not remineralized has the potential to be sequestered, and in doing so contribute to the 

mitigation of rising CO2 levels (Krause-Jensen & Duarte 2016). Chapter 4 measures the quantity and 

quality of the DOM exuded by historically dominant temperate kelp Ecklonia radiata and compares it 

to that exuded by Sargassum lacerifolium and Lobophora variegata as representatives of seaweed 

species with a warmer water affinity. Additionally, by isolating the seawater with distinct seaweed 

chemical signatures and inoculating it with bacterioplankton from the reef, the coupling of primary 

production to secondary production for the different seaweed species is investigated. 

Changes over space in a small constrained transition zone are expected to reflect changes over time on 

a large geographical scale (Wernberg et al. 2012, Agostini et al. 2018). The Houtman-Abrolhos 

archipelago (hereafter referred to as Abrolhos) is situated in a transition zone between the tropical 
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Damperian, and temperate Flindersian ecoregions in WA (Huisman et al. 1998, Wernberg et al. 2013). 

Due to the offshore position, there is a stronger influence of the Leeuwin Current at the Abrolhos than 

at the mainland coast at the same latitude (Phillips & Huisman 2009). This poleward flowing boundary 

current brings warm, nutrient depleted water from the equatorial region, and suppresses upwelling 

along the coast (Hanson et al. 2005). As a result, there is a unique constellation of characteristically 

temperate seaweed habitats co-occurring with tropical seaweed habitats within kilometres distance of 

each other at the Abrolhos. Therefore, in chapter 5, we survey the seaweed, mobile invertebrate, and 

fish assemblages associated with each seaweed habitat for a comparison with minimal confounding 

effects from spatial and temporal differences. 

Broadly, this thesis examines the functions lost by contracting temperate seaweed habitats, and 

functions provided by new compositions of seaweed habitats taking their place (see Fig. 1.1). Examining 

how the seaweed and mobile invertebrate communities change over time under the interactive effects 

of different scale stressors (Chapter 2 and 3), as well as differences between seaweed, mobile 

invertebrate, and fish communities within discrete seaweed habitats with minimal confounding effects 

(Chapter 5) develops a better understanding of how the interactive stressors culminate in a community 

level response. Determining the species specific production of labile and refractory DOM is vital to 

understand the downstream effect of changes in the seaweeds community on the availability of 

biologically active carbon in the food web, and carbon sequestration capacity of the ecosystem (Chapter 

4). Combining both will provide novel insights into the ecosystem functions provided by different 

seaweed habitats.   
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Figure 1.1: A schematic representation of the connectivity of the four research chapters of this thesis. 

Chapter 2 compares different seaweed habitats over time and wave exposure (green), chapter 3 

compares mobile invertebrate communities associated with subtidal seaweed habitats over time and 

latitude (blue), chapter 4 looks at the DOM production of different seaweed species, and subsequent 

utilization by bacterioplankton (orange), and chapter 5 looks at the seaweed, mobile invertebrates, and 

fish communities between discrete seaweed habitats (green, blue and purple).  
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Abstract 

Over the past decades, ocean temperatures have been steadily increasing, and are projected to continue 

to do so. This stressor does not affect ecosystems in isolation, but interacts with many other stressors in 

shaping ecological communities. We investigate the interaction between the regional scale stressor of 

temperature - using two decades of gradual warming and acute heat events as a proxy - with the local scale 

stressor of wave exposure on subtidal temperate seaweed communities in Western Australia. We found a 

diversification of the seaweed community, and a higher proportion of biomass of species with a warm 

affinity (expressed as Tropicalization Index: TI) over time. The low wave exposure reefs showed less 

diversification and relatively stable condition of dominant habitat former Ecklonia radiata compared to the 

medium and high wave exposure reefs. Furthermore, E. radiata exhibited disproportionally negative effects 

on the abundance of seaweeds with warm affinity. The decline of E. radiata especially on the high wave 

exposed reefs likely provided a competitive release for other seaweeds, and the increase in abundance of 

Scytothalia dorycarpa likely provided a compensatory effect which resulted in a lower than expected TI. 

We conclude that wave exposure exacerbates the effects of increasing ocean temperatures on subtidal 

temperate reefs. If this continues unabated, the reduction in E. radiata and increase in warm affiliated 

seaweeds will result in a more diverse seaweed community, but with a lower standing biomass.   

                                                            
a This chapter is currently submitted for review to Limnology and Oceanography 
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2.1 Introduction 

Ecological studies have long recognized abiotic environmental parameters as large spatial scale drivers of 

species distribution (Wiens & Donoghue 2004, Ashcroft et al. 2009). Multiple factors work simultaneously 

- potentially antagonistically or synergistically - on the tolerance of species to determine whether the 

environment is suitable (Menge & Olson 1990, Diez & Pulliam 2007, Wiens 2011). As temperatures have 

been rising globally for decades, a trend which is projected to continue (IPCC 2018), the interactive effects 

with existing local-scale stressors are reshaping ecosystems. As a result, changes in species distributions 

are being reported worldwide (Russell & Connell 2012, Molinos et al. 2015, Hastings et al. 2020).    

Subtidal temperate reefs around the world are home to one of the most productive ecosystems in the 

world: Kelp forests (Mann 1973, Wernberg et al. 2019b). They are defined by large habitat forming 

seaweeds as foundation species, that provide the physical structure and primary productivity which 

supports a diverse community of associated flora and fauna (Wernberg & Filbee-Dexter 2019). As such, 

kelp forests are not only of immense ecological value but also socio-economically (Bennett et al. 2016, 

Smale et al. 2019), having been exploited by humans for millennia (Simenstad et al. 1978, Erlandson 2001). 

Temperate subtidal reefs in Australia stretch from the east coast to the west coast, encompassing the entire 

southern coast and Tasmania, collectively forming the Great Southern Reef (GSR) (Bennett et al. 2016). The 

most widespread and abundant kelp on the GSR is Ecklonia radiata, a relatively small kelp growing up to 

around 2 meters in length (Wernberg et al. 2019a). Due to the lack of floating vesicles, it lays prostrate on 

the seafloor forming dense kelp beds which shape the physical environment on the benthos underneath 

(Wernberg et al. 2005). 

As is seen for many other marine foundation species such as corals (Hughes et al. 2007) and seagrasses 

(Thomson et al. 2015), kelps worldwide are under pressure (Krumhansl et al. 2016, Wernberg et al. 2019b) 

from a multitude of stressors such as temperature (Smale & Wernberg 2013, Wernberg et al. 2016a), 

herbivory (Vergés et al. 2014b, Zarco-Perello et al. 2017), or competition (Scheibling & Gagnon 2006). While 

any single source of stress can cause a decline in kelp, interacting stressors can compound their effects 

(Filbee-Dexter & Wernberg 2018). When stressors exceed the threshold of resilience they can cause the 

total collapse of the kelp forest leaving alternative steady states such as urchin barrens (Filbee-Dexter & 

Scheibling 2014) or macroalgal turfs (Filbee-Dexter & Wernberg 2018, Wernberg et al. 2019b).  

In Western Australia (WA), at the western edge of the GSR, temperate subtidal reefs are located in a global 

warming hotspot (Hobday & Pecl 2014), experiencing a gradual temperature increase of 0.013 °C per year 

(Pearce & Feng 2007), and increasing frequency of short but severe heat events (Marine heatwaves; 

MHWs) (Oliver et al. 2018, 2019). In a single MHW in 2011 kelp cover was reduced by 43% along the west 
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coast, going functionally extinct in an area of over 370 km2 (Wernberg et al. 2016a). As a result, temperate 

communities underwent changes, as incursions of warm water affiliated seaweeds (Wernberg et al. 2012, 

2016b), invertebrates (Wernberg et al. 2016a, Smale et al. 2017, Mulders & Wernberg 2020), and fishes 

(Wernberg et al. 2012, 2016a, Zarco-Perello et al. 2017) have been recorded.  

On a local scale, wave exposure has been shown to affect the seaweed community composition. There can 

be a species specific response in abundance of seaweeds (Phillips et al. 1997), as well as a degree of 

plasticity in seaweed morphology in relation to wave exposure (Hurd 2000, Wernberg & Thomsen 2005). 

Ecklonia radiata itself exhibits morphological traits that aid in reducing drag or increasing strength 

(Wernberg & Thomsen 2005). It is possible that these morphological differences between levels of wave 

exposure covary with the vulnerability of E. radiata and other seaweeds to temperature stressors. While 

wave exposure has been shown to ameliorate temperature stress on seaweeds in the intertidal zone 

(Starko et al. 2019), there is limited knowledge on the interactive effect of wave exposure and heat stress 

on subtidal seaweed communities.  

This study sets out to test the effect of the interaction between wave exposure and temperature on the 

seaweed communities of temperate subtidal reefs by investigating changes over a 20 year period on reefs 

exposed to different levels of wave energy in a global warming hotspot. We hypothesize that if wave 

exposure is an ameliorating factor against temperature stress, the changes seen in the seaweed 

communities on the exposed reefs will be less pronounced than the changes on the sheltered reefs.  

2.2 Materials and Methods 
 

Study site 

Marmion Lagoon (31" 48' S, 115" 42' E - hereafter referred to as Marmion) is a shallow (<15 m deep) body 

of water situated 20 km north of Perth, Western Australia (Fig. 2.1). Oceanic swells from the west and 

south-west dominate the local wave climate year round (Searle & Semeniuk 1985). Locally generated wind 

waves, in addition to swell, have a significant influence close inshore and during storm events (Searle & 

Semeniuk 1985). Both types of waves are dampened, diffracted, and refracted as they approach the coast 

by a series of 3 parallel limestone reefs. This dissipation of energy, as waves encounter each successive reef 

line, produces a gradient of physical disturbance ranging from high exposure reefs (offshore reefs) to reefs 

of low exposure (inshore reefs). Wave heights at each reef line, measured simultaneously for 2 h on 9 July 

1996 using a Yeo-Kal SDL (Model 606), were used to calculate the total energy per unit area of wave (Phillips 

et al. 1997). These measurements were intended to provide an indication of relative energy levels at the 3 

reef lines, and not to describe temporal and spatial variation in absolute energy levels (Phillips et al. 1997, 
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Smale et al. 2011). Wave energy at the offshore, midshore and inshore reef lines was 3.90, 2.05, and 0.97 

kJ m-2 respectively.  

A temperature profile was constructed for Marmion from January 1993 to December 2018 using sea 

surface temperature (SST) measured by satellite (IMOS 2019). The resolution of the satellite data did not 

allow for site specific temperature profiles. The monthly SST anomaly (Fig. 2.2A) was calculated by 

subtracting the respective mean monthly SST from 1993 to 2018 from mean SST for each individual month 

(Fig. 2.2B). The yearly mean SST showed an increase of 0.0118 °C year-1 with high inter annual variability 

(R2 = 0.036, p = 0.294).  

Sample collection 

For comparability between years, sites selected were the same as those used by Phillips et al., (1997); 3 

sites on each of the different exposure levels. Each site within exposure level was separated by hundreds 

of meters, and each quadrat within site was separated by meters. Collections were done during 

Australasian autumn (April-May) both in 1996 and 2016. At each site, ten 0.25 m2 quadrats were placed 

haphazardly on the reef flat, and all seaweeds within the quadrat were collected by divers on SCUBA. 

Special care was taken to remove seaweeds with or as close to the holdfast as possible to help with 

identification purposes. All collected quadrats were kept frozen until sorting and identification. After 

sorting, identification was done to species level where possible, and each species dried per quadrat 

separately at 60 °C for 48 hrs to obtain dry weight. The ash weight was then determined by weighing each 

sample after combustion at 550°C for 2 hrs, and the ash free dry weight (AFDW) by subtracting the ash 

weight from the fry weight. Due to logistical constraints, the AFDW for E. radiata was determined by 

combusting 15 individuals, and using the conversion ratio obtained through linear regression (r = 0.916) to 

convert E. radiata dry weight to AFDW according to the following formula:  

 

𝐴𝐹𝑊𝐷 = 𝐷𝑊 − (0.2816 ∙ 𝐷𝑊 + 4.6428) 

 

Temperature affinity 

Species temperature affinities were determined by the record of their distribution, and known thermal 

preferences. Any species that has no record of existing north of Geraldton (or Houtman-Abrolhos) was 

considered to be a cool water species, whereas species that extended their distribution range (Herbarium 

1998, Guiry et al. 2020) further north were considered warm water species. Cosmopolitan species that 

were documented to have higher abundances in warmer waters were also considered to be warm water 
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species. Sargassum was not identified to species level and although there are Sargassum species that have 

a cool affinity, as a genus were considered to have a warm affinity. A tropicalization index (TI) of the 

seaweed community was calculated for each quadrat by dividing log transformed sum of the biomass of 

species with warm affinity by the log transformed sum of the biomass of species with cool affinity, as shown 

by the following formula: 

 

𝑇𝐼 =
𝑙𝑜𝑔(𝐵𝑖𝑜𝑚𝑎𝑠𝑠𝑤𝑎𝑟𝑚)

𝑙𝑜𝑔(𝐵𝑖𝑜𝑚𝑎𝑠𝑠𝑐𝑜𝑜𝑙)
 

  

 

Data analyses 

Statistical tests were performed in R3.4 (R Core Team 2019). A principal coordinates analysis (PCoA) was 

made from the Bray-Curtis dissimilarity matrix of the presence/absence of seaweed species for each 

exposure level. The difference over time was analysed using a permutational multivariate analysis of 

variance (PERMANOVA) on the same dissimilarity matrix. A SIMPER analysis was then performed on the log 

transformed biomass of the seaweeds to determine which species contributed most to the change in the 

community biomass between the years. The PCoA, PERMANOVA, and SIMPER analysis were done using the 

'vegan’ package (Oksanen et al. 2010). For comparing biomass, diversity, and the TI over time and exposure, 

nested linear mixed effects (LME) models using restricted maximum likelihood (REML) approach were 

created using the ‘nlme’ package (Pinheiro et al. 2017). In these models Year (2 levels: 1996, 2016) was a 

fixed effect, Exposure (3 levels: High, Medium, Low) was a fixed effect, Site (n = 3) was a random effect, 

and Quadrat (n = 10) was nested within Site. The percent occurrence of E. radiata per site was calculated 

by the percentage of quadrats in which E. radiata was present. A LME model using Year (2 levels: 1996, 

2016) as fixed effect, Exposure (3 levels: High, Medium, Low) as fixed effect, and Site (n = 3) as random 

effect was used to compare means. Post-hoc comparisons of individual means within the LME models was 

done using Tukey HSD. Residuals in the LME models were visually inspected for normality. The homogeneity 

of variance was checked using Levene’s test. Either a log or square root transformation was performed 

when needed. For comparing the fraction of E. radiata biomass in the total seaweed biomass, a 

PERMANOVA based on the Euclidean dissimilarity was performed, as none of the transformations of the 

LME passed the Levene’s test. For analysing the effect of the presence of E. radiata on biomass and TI in 

quadrats where E. radiata was present or absent, only 2016 quadrats were used, as there was only 1 

quadrat in 1996 without. There is a potentially confounding effect of using E. radiata as a predictor variable 

when it also contributes to the response variable (Thomsen et al. 2016). We have therefore calculated 
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separate TIs with E. radiata biomass included and excluded when examining the effect of E. radiata biomass 

on the TI.  

2.3 Results 
 

Seaweed community 

A total of 98 seaweed species were identified, but over 90% of the Bray-Curtis dissimilarity of communities 

between years was accounted for by 30 species (Table S2.1). Ecklonia radiata accounted for the largest 

difference (15.7%) by a single species as the overall biomass decreased between 1996 and 2016. Two other 

common canopy formers, Sargassum spp. and Scytothalia dorycarpa, showed an increase in overall 

biomass. However, the total biomass of seaweeds did not change significantly between 1996 and 2016 

(Table 2.1). While the low wave exposure reefs had significantly lower biomass than the other exposure 

levels (Tukey HSD; t = 2.939, p = 0.012; t = 2.935, p = 0.012 compared to Medium and High exposure 

respectively) in 1996, in 2016 there was no significant difference of biomass over exposure levels (Fig. 2.3A). 

Species richness showed a significant increase from 1996 to 2016 (F1, 12 = 14.568, p = 0.002; Table 2.1; Fig. 

2.3B) and the increase in species richness on the low exposure reefs was smallest (Tukey HSD; t = 1.738 p 

= 0.108). 

The increase in species richness was also seen in community composition (Fig. 2.4). There was a relatively 

low diversity in the seaweed community in 1996, and as a result the quadrats are clustered together at 

each exposure level. While there was a diversification from 1999 to 2016 at all exposure levels, the 

difference in community composition on the medium (PERMANOVA; pseudo-F = 15.187, p = 0.001) and 

high exposure reefs (PERMANOVA; pseudo-F = 12.418, p = 0.001) was only slightly higher than on the low 

exposure reefs (PERMANOVA; pseudo-F = 11.13, p = 0.001).   

The ratio of warm species to cool species biomass has increased over time, as is reflected by the increased 

TI, but there was no significant trend over exposure (Table 2.1, Fig. 2.5). However, as with the PCoA, the 

biggest change over time was seen on the medium exposed reef (Tukey HSD; t = 2.735 p = 0.018), followed 

by the low (Tukey HSD, t = 2.130, p = 0.055), and then the high exposure (Tukey HSD, t = 1.257, p = 0.232) 

reefs. It should be noted that both in 1996 and in 2016 the highest TI was found on the high exposed reefs. 

The increase in S. dorycarpa biomass over time has limited the increase in the TI on the high exposed reef, 

compared to at the other exposure levels. 

Ecklonia radiata 
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The reduction of E. radiata presence was the biggest individual contributor to the Bray-Curtis dissimilarity 

between years, while E. radiata biomass did not show a significant change over time (LME; F1,12 = 0.026, p 

= 0.874; Fig. 2.6A). The large increase in biomass seen on the low exposure reefs (Tukey HSD; t = 2.252, p 

= 0.044) countered the small decreases on the high (Tukey HSD; t = 0.515, p = 0.616), and medium exposed 

reefs (Tukey HSD; t = 1.456, p = 0.171). However, there was a significant decrease in the fraction of E. 

radiata biomass of the total biomass, both on the high (PERMANOVA; pseudo-F = 9.866, p = 0.002) and 

medium (PERMANOVA; pseudo-F = 13.722, p = 0.001), but not on the low exposed reefs (PERMANOVA; 

pseudo-F = 0.512, p = 0.469; Fig. 2.6B). Combining all exposure levels, the fraction of E. radiata dropped 

from 85.2% in 1996 to 66.7% in 2016 (PERMANOVA; pseudo-F = 18.715, p = 0.001). Furthermore, the 

percentage of quadrats in which E. radiata was present was lower in 2016 than in 1996 (LME; F1,12 = 13.067, 

p = 0.004), with the reduction increasing with exposure (Fig. 2.6C).  

There was a big discrepancy in multiple measures between quadrats in which E. radiata was present or 

absent in 2016. The TI was significantly higher in the absence of E. radiata (T-test; t = 7.321, p < 0.001; Fig. 

2.7A), even when E. radiata was not included in the calculation of the TI (T-test; t = 4.165, p < 0.001). 

Indeed, there was an exponential increase in the TI as the E. radiata biomass decreased (Fig. 2.7B). The 

total seaweed biomass was higher when E. radiata was present (T-test; t = 6.037, p < 0.001), but most of 

that biomass is E. radiata (Fig. 2.7C). When E. radiata was absent the biomass of other seaweeds increased 

significantly (T-test; t = 2.333, p = 0.030). Furthermore, as the TI of the seaweed community increased, 

there was a decrease in seaweed biomass (Fig. 2.7D).  

2.4 Discussion 

The combined effects of increasing temperature (as a function of time) and wave exposure on the 

temperate subtidal seaweed community was not linear. The largest magnitude of changes to the 

community between sampling two decades apart was generally found on the medium and high wave 

exposed reefs. Here, TI values of the seaweed communities was highest, and reduction in E. radiata fraction 

of the total biomass, and percentage of quadrats in which it was present, were largest. A diversification of 

the seaweed communities was seen over time, and a larger proportion of the seaweeds had an affinity to 

warmer temperatures. On the low exposure reefs the diversification was smallest, and although the 

increase in TI was higher than on the high exposure reef, the absolute value remained lower. In addition to 

the percentage presence and the fraction of E. radiata of the total biomass remaining comparable, the total 

biomass of E. radiata actually increased on the low exposure reefs. This suggests that contrary to intertidal 

seaweed communities (Starko et al. 2019), wave exposure exacerbated the effect of two decades of 

warming on subtidal seaweed communities. 
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While there was no significant reduction in biomass of E. radiata over time, there was a significant decrease 

in the percentage of quadrats in which it was found in 2016 compared to 1996 on the high exposure reefs. 

Additionally, the fraction of E. radiata biomass of the total biomass has decreased more on the high and 

medium exposed reefs. While the average size of individual E. radiata fronds was not measured, it could 

indicate that the E. radiata canopy has more gaps than before, even though the biomass of the individual 

might be slightly increasing. High wave energy has been shown to increase the dislodgement of kelps, 

including E. radiata, which results in canopy gaps (Graham et al. 1997, Thomsen et al. 2004). However, kelp 

recruits are generally abundant in the understory, waiting for the right environmental conditions to rapidly 

grow (Toohey & Kendrick 2007). The absence of even E. radiata recruits in these gaps suggests they are not 

temporary post disturbance gaps, but potentially more permanent reductions in E. radiata canopy cover.  

There is a strong competition for resources (e.g. light, substratum) among seaweeds (Carpenter 1990, 

Edwards & Connell 2012), and negative correlations between E. radiata biomass and species diversity has 

been shown before (Kendrick et al. 2004, Smale et al. 2011). Furthermore, there is evidence that the mixed 

canopies, which are more prevalent today, are relatively less abrasive on the understory than monospecific 

stands or E. radiata (Irving & Connell 2006), which could contribute to increased diversity. Interestingly, 

the TI increases exponentially when E. radiata becomes absent from the reef. This suggests that E. radiata 

represses colonisation and growth of other algal species and favours those with an affinity for cooler water, 

as the TI is significantly lower in quadrats with E. radiata present, even when it is excluded from the 

calculation. 

The reduction of E. radiata coincided with an increase in S. dorycarpa; another canopy forming species that 

also has an affinity for cool water. This is counter-intuitive considering the decline of S. dorycarpa in lower 

latitudes during the MHW (Smale & Wernberg 2013). Possibly, the competitive release from E. radiata is 

facilitating this increase, where a decrease was expected based on the thermal tolerance of S. dorycarpa. 

From a community perspective this competitive release could serve as a short term buffer of the 

tropicalization of the seaweeds, as is seen in the lower than expected TI value.  

The effect of competitive release was also seen in the increase in biomass of other seaweeds with E. radiata 

decline. This observation is also experimentally demonstrated in the competitive release resulting from E. 

radiata canopy loss in temperate seaweeds (Toohey & Kendrick 2008). While the increase in biomass in 

other seaweed species can compensate to some extent, the total seaweed biomass in the absence of E. 

radiata was over three times lower. As biomass is a strong determinant for NPP (Reed et al. 2008), a 

significant reduction in standing seaweed biomass suggests that the productivity of the entire ecosystem 

will be reduced. While the overall seaweed biomass has not decreased over time, if the trend in reduction 

of E. radiata¸ and increase in TI continues, this will likely be the case.  
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To conclude, while the absolute biomass of E. radiata remained relatively stable over the 20 year 

timeframe, there were significant decreases in the contribution to the total biomass, and percentage of the 

reefs surface that it occupied, particularly on high wave exposed reefs. The absence of recruits in canopy 

gaps suggests that there is a reduction in the recruitment of E. radiata in these naturally occurring gaps, 

which are more abundant as wave exposure increase. The importance of E. radiata to the ecosystem cannot 

be overstated. Not only does it provide irreplaceable amounts of biomass (and therefore NPP), the 

competitive pressure also disproportionately limits intrusion of warm water affiliated species compared to 

temperate species. Although there was a significant increase in warm water affiliated species over time, 

there was a discrepancy between the calculated- and the expected TI value based on the reduction of E. 

radiata at each exposure level. This suggests that other seaweeds could be providing compensatory effects 

due to competitive release, which limits the impact of the E. radiata reduction. Despite not finding 

significant trends over exposure within each time frame, the low exposure reefs were most similar between 

sampling times and showed lower TI than the high and medium exposure reefs over time. This indicates 

that wave exposure exacerbates the effect of warming on temperate subtidal reefs, and while the seaweed 

diversity is likely to increase if the current trends continue, the productivity of the ecosystem will decrease. 
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Table 2.1: Nested linear mixed effects model (LME) comparing the seaweed biomass and richness, Ecklonia 

radiata biomass and presence, as well as the Tropicalization Index (TI) at Marmion. Effects are measured 

over Time (fixed factor, 2 levels: 1996, 2016), and Exposure level (fixed factor, 3 levels: high, medium, low) 

with 3 sites (random effect) per exposure level, with 10 quadrats nested within site 

Model Transformation Num Df Den Df Mean Sq F value Pr(>F) 

Seaweed biomass None      

Year  1 12 24152.7 3.151 0.101 

Exposure  2 12 44073.8 5.750 0.018 

Year x Exposure  2 12 24509.0 3.198 0.077 

Seaweed diversity Log      

Year  1 12 2.474 19.042 0.001 

Exposure  2 12 0.142 1.089 0.368 

Year x Exposure  2 12 0.070 0.542 0.595 

E. radiata biomass None      

Year  1 12 216.3 0.026 0.874 

Exposure  2 12 38509.6 4.670 0.032 

Year x Exposure  2 12 30622.2 3.714 0.056 

E. radiata presence None      

Year  1 12 1088.9 13.067 0.004 

Exposure  2 12 172.2 2.067 0.169 

Year x Exposure  2 12 72.2 0.867 0.445 

Tropicalization index Square root      

Year  1 12 0.689 12.495 0.004 

Exposure  2 12 0.092 1.670 0.229 

Year x Exposure  2 12 0.030 0.552 0.590 
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Figure 2.1: Study sites were located on 3 main reef lines parallel to the coast in Marmion Lagoon. Wave 

energy dissipated towards near shore resulting in high exposure (red circles, 3.90 kJ m-2), medium exposure 

(orange circles, 2.05 kJ m-2), and low exposure sites (yellow circles, 0.91 kJ m-2).   
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Figure 2.2: The monthly sea surface temperature (SST) anomaly (A; red indicated anomalous warming, blue 

anomalous cooling), and monthly mean SST (B; gray line) and mean annual SST (B; blue line) from January 

1992 until December 2018 in Marmion Lagoon. Sampling times are indicated by the black dashed lines. 

Mean annual SST increase rate was 0.0118 °C year-1 (R2 = 0.036, p = 0.294). All SST data was sourced from 

the Integrated Marine Observing System (IMOS). 
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Figure 2.3: Total seaweed biomass (A) and seaweed species richness (B) per quadrat across a wave 

exposure gradient at Marmion Lagoon. Ash free dry weight (AFDW biomass) and species richness (mean ± 

SE) was determined for quadrats of 0.25 m2 at each exposure level (n = 30 per level) in 1996 (dark bars) 

and 2016 (light bars). Asterisks indicate significance levels (Tukey HSD, p < 0.05). 
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Figure 2.4: PCoA of the Bray-Curtis dissimilarities of the presence/absence of seaweeds per quadrat on high 

(n = 60), medium (n = 60), and low exposure (n = 60) reefs at Marmion Lagoon over a 20 year time interval. 

Dark circles represent 1996 communities, light triangles represent 2016 communities. 
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Figure 2.5: The Tropicalisation Index (TI): proportion of biomass of seaweed species with warm 

temperature affinity to seaweeds with a cool temperature affinity, over the exposure gradient at Marmion 

Lagoon in 1996 (black circle and trend line), and 2016 (grey triangle and trend line). The compensatory 

effect of competitive release is projected by removing Scytothalia dorycarpa from the equation (dashed 

grey line). Error bars indicate standard error. 
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Figure 2.6: The ash free dry weight biomass (AFDW) (A), fraction of total biomass (B), and presence in 

quadrats (C) of Ecklonia radiata (mean ± SE) in 1996 (dark bars) and 2016 (light bars) over the exposure 

levels (n = 30 per level) at Marmion Lagoon. Error bars indicate standard error, and asterisks indicate 

significance levels of Tukey HSD test (A, C; p < 0.05), or individual mean comparison by PERMANOVA (B; p 

< 0.05) 
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Figure 2.7: The effect of Ecklonia radiata presence on the Tropicalization Index (TI) of the seaweed 

community (A) and seaweed ash free dry weight (AFDW) biomass (C), E. radiata biomass on the TI (B), and 

the TI on the total seaweed biomass (D) at Marmion Lagoon in 2016 (n = 90). Grey dashed lines indicate TI 

calculated without E. radiata biomass. Error bars and shading indicates standard error, and the asterisk 

indicates significance level (T-test, p < 0.05).  



 

43 
 

Chapter 3 - Fifteen years in a global warming hotspot: changes in 
subtidal mobile invertebrate communitiesb 
 

Y.R. Mulders 1, 2, *, 

T. Wernberg 1, 2, 3 

 

1 UWA Oceans Institute, The University of Western Australia, 35 Stirling Hwy, Crawley, WA 6009, Australia 

2 School of Biological Sciences, The University of Western Australia, 35 Stirling Hwy, Crawley, WA 6009, Australia 

3 Department of Science and Environment, Roskilde University, 4000 Roskilde, Denmark 

* Correspondence: yannick.mulders@research.uwa.edu.au 

 

Abstract 

Temperate subtidal reefs are increasingly exposed to gradual warming and short periods of high 

temperatures (Marine heatwaves; MHWs). These pressures can directly and indirectly affect the mobile 

invertebrate communities on these reefs. We investigate changes in mobile invertebrate communities 

from benthic surveys 15 years apart (1999-2001 vs 2016-2019), spanning a 4 degrees latitudinal 

gradient in Western Australia (30°S - 34°S), expecting the biggest changes to the communities in the 

lower latitudes, where the cumulative effect of MHWs and warming is largest. The urchins 

Centrostephanus tenuispinus (warm temperate affinity) and Phyllacanthus irregularis (cool temperate 

affinity) showed opposite responses over time. While P. irregularis densities declined, C. tenuispinus 

densities increased, showing a trend in the magnitude of the responses which decreased with 

increasing latitude, and C. tenuispinus was recorded in significantly higher densities only at the lowest 

latitude location.   Neither the densities, nor change in density over time of cool temperate gastropod 

Lunella torquatus and urchin Heliocidaris erythrogramma reflected a latitudinal gradient, suggesting 

other localized factors play a larger role in determining abundances of these species. However, size 

distributions of L. torquatus populations at the lower latitude locations were clearly impacted by the 

2011 MHW, while those at higher latitudes remain relatively consistent. Overall, the biggest changes 

over time were seen at the warm edge of the temperate ecosystem. As temperatures continue to rise, 

the magnitude of these changes is not only expected to increase, but also to occur at higher latitudes.  

                                                            
b This chapter has been published in Marine Ecology Progress Series as:  
Mulders, Y. R., and T. Wernberg. Fifteen years in a global warming hotspot: changes in subtidal mobile 
invertebrate communities. Marine Ecology Progress Series 656 (2020): 227-238. 
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3.1 Introduction 

Ocean temperatures have been gradually increasing globally for decades, and are projected to continue 

to rise in the foreseeable future (IPCC 2018). In addition to this gradual warming, there has been an 

increase in the frequency and intensity of short but severe marine heatwaves (MHWs) (Oliver et al. 

2018, 2019). Temperature is one of the most pervasive factors in determining marine species 

distributions (Perry et al. 2005, Poloczanska et al. 2013, Wernberg et al. 2013). As such, increasing 

temperatures and acute heat events have affected flora and fauna worldwide, resulting in changing 

abundances (Schiel et al. 2004, Poloczanska et al. 2016, Bowler et al. 2017), changes in population 

structure (Sheridan & Bickford 2011), range shifts (Johnson et al. 2011, Smale & Wernberg 2013, 

Wernberg et al. 2016a), or local extinctions (Wernberg et al. 2016a, Straub et al. 2019, Thomsen et al. 

2019).  

Over the past decades, the marine environment in Western Australia (WA) has experienced a gradual 

increase in sea temperature (Pearce & Feng 2007), as well as the frequency and intensity of MHWs 

(Pearce et al. 2011a, Pearce & Feng 2013, Hobday et al. 2016). In the Australasian summer of 2010-

2011, one of the most extreme MHWs recorded globally  occurred in WA (Wernberg et al. 2012, Pearce 

& Feng 2013, Wernberg 2020), and was followed by two summers of anomalously high temperatures 

(Caputi et al. 2015). When considering both gradual warming and MHWs, Western Australian reefs are 

among the fastest warming locations in the world (Hobday & Pecl 2014). These reefs are at the western 

edge of the Great Southern Reef (GSR); a collective of temperate subtidal reefs stretching along the 

southern coast of Australia to Kalbarri in the northwest (Bennett et al. 2016). Here, dense stands of 

large canopy forming macroalgae dominate the benthos (Coleman & Wernberg 2017, Wernberg et al. 

2019). In temperate WA, Ecklonia radiata is the dominant macroalga, and supports a productive (De 

Bettignies et al. 2013), diverse (Kerswell 2006), and economically valuable ecosystem (Bennett et al. 

2016).  

The increasing temperature stress has had a profound effect on the canopy forming macroalgae, and 

the 2011 MHW by itself resulted in the loss of an estimated 963 km2 of kelp forest along the WA coast 

(Wernberg et al. 2016a). At the lower latitudes, where the MHW was most intense, two conspicuous 

canopy forming species, E. radiata and Scytothalia dorycarpa, became functionally extinct, reducing the 

northern limit of their range by around 100 km (Smale & Wernberg 2013, Wernberg et al. 2016a). The 

resulting competitive release of space provided the opportunity for different species of benthic primary 

producers to exploit this resource. The loss of canopy was followed by an increase in abundance and 

cover of turf algae (Wernberg et al. 2012, Bennett et al. 2015, Wernberg et al. 2016a, Filbee-Dexter & 

Wernberg 2018), and subsequently high latitude corals (Tuckett et al. 2017).  
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As these canopy forming macroalgae are foundation species in the temperate subtidal ecosystem, their 

reduction resulted in changes to associated mobile invertebrate communities (Smale et al. 2017). The 

most dramatic changes were seen at the northern edge of the temperate bioregion, where the canopy 

forming macroalgae went functionally extinct. Here, no mobile invertebrates were encountered 

directly after the MHW. Furthermore, urchins with warm- to tropical affinities increased in abundance, 

while in urchins and gastropods with temperate affinities decreased (Smale et al. 2017). The magnitude 

of the changes seen in the invertebrate communities was relative to the severity of the impact of the 

MHW, highest in the lower latitudes to negligible in the higher latitudes.  

While the changes to foundation species will often affect the associated invertebrate community, it can 

also work the other way around. In kelp forests worldwide, urchins can cause the collapse of the 

dominant kelp (Steneck et al. 2002, Ling 2008, Ling et al. 2015), or maintain a barren benthic state after 

the kelp has disappeared (Filbee-Dexter & Scheibling 2014). No large scale urchin barrens have been 

reported in WA. However, on the east coast of Australia and Tasmania, where warming currents are 

bringing urchin larvae southwards (Johnson et al. 2005, Ling et al. 2008), and predators such as rock 

lobster have been overfished (Ling & Johnson 2012), Centrostephanus rodgersii (Long-spined sea 

urchin) abundance has increased, which led to the overgrazing of macroalgae (Andrew & Underwood 

1993, Andrew & O’Neill 2000, Johnson et al. 2005).  

This research builds on the available historical data on the distributions and abundance of mobile 

invertebrates (Vanderklift & Kendrick 2004, Wernberg et al. 2008) along the WA temperate coast, and 

the response of the mobile invertebrate community to the 2011 MHW (Smale et al. 2017).  We 

investigate the ongoing response of mobile invertebrate communities subjected to both gradual ocean 

warming and MHWs by comparing the abundance and diversity of all mobile invertebrates, as well as 

the size distribution of the most abundant and conspicuous gastropod Lunella torquatus populations, 

over a decadal timespan and a latitudinal gradient. This gradient span reefs severely impacted by the 

MHW at the lower latitudes, to reefs only mildly affected at the higher latitudes, while all locations 

along the gradient have been exposed to gradual warming. We hypothesize that the gradual warming 

and extreme heat event work synergistically, and as such we expect to find the biggest changes to the 

mobile invertebrate communities over time at the lower latitudes, where the cumulative effect have 

been largest. 

3.2 Materials and Methods 
 

Study location 
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This study focussed on 3 locations in south-western Western Australia: Jurien Bay, Marmion Lagoon 

(hereafter referred to as “Marmion”), and Hamelin Bay, which are separated by roughly 2 degrees of 

latitude while having similar longitudes (Table 3.1, Fig. 3.1). Due to this north to south orientation, 

ocean temperatures reflect the latitudinal gradient generally being 1-2 °C warmer in the lower latitudes 

and cooler in the higher latitudes (Table 3.1, Fig. 3.1). Similarly, the 2011 MHW also had the biggest 

impact at low latitudes and decreasing impact with increasing latitude (Table 3.1) (Wernberg et al. 

2018). 

Temperature profiles 

Temperature profiles were constructed for each location using sea surface temperature (SST) measured 

by satellite (IMOS 2019). For each location a mean monthly SST was calculated from January 1993 

through to June 2019. A baseline monthly average was calculated by taking the mean SST from each 

month between January 1993 and December 2010, which was then subtracted from the mean SST for 

each month from January 2011 to June 2019 to get the SST anomaly for each month. To determine the 

gradual temperature increase over time, mean summer SST was calculated by taking the mean 

temperature in March each year. Linear regression was used to calculate the rate of annual SST 

increase. 

Sample collection 

Mobile invertebrate abundances were determined at 3-7 sites per location between 2016 and 2019 

(see Table S3.1 for sampling regime details). Seasonal variation in sampling time was not included as a 

factor, as previous studies had found it not to be a significant contributor to variability of the mobile 

invertebrate abundances (Vanderklift & Kendrick 2004). To determine the changes in the invertebrate 

communities over 15 years, the new surveys were compared to data published by Vanderklift & 

Kendrick (2004), which were collected between 1999 and 2001. Using the methods described by 

Vanderklift & Kendrick (2004), 12 non-overlapping transects (5 m2) were surveyed at each site by divers 

on SCUBA. Six were placed on reef flat (i.e. where the reef surface is functionally horizontal), and six 

were placed at the base of reef walls (i.e. where the reef surface is roughly vertical). All mobile 

invertebrates larger than 10 mm were visually identified to the lowest possible taxonomic level, and 

counted for abundance. Individuals not identifiable in situ were photographed and identified using 

additional literature (Atlas of Living Australia 2019).  

Separate to the abundance surveys, the size frequency of the conspicuous and most abundant 

gastropod, Lunella torquatus, was determined for each location. Between 2006 and 2019, 10 minute 

free roaming searches were performed by divers on SCUBA, and all L. torquatus individuals found were 
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collected (See Table S3.1 for sampling regime details). The size of each individual was subsequently 

determined by measuring the spire height to the nearest millimeter using Vernier callipers (Wernberg 

et al. 2008). After measuring, all individuals were returned to the reef. While this data does not go back 

as far as the abundance data, it does encompass a 13 year period in which the MHW occurred. Time 

frames were constructed by pooling all samples from each site in their respective location from before 

the onset of the MHW (2006 - 2010; Pre-MHW), the anomalously warm period of the MHW and directly 

after (2011 - 2014; MHW), and the subsequent cool period (2015 - 2017; post-MHW) (Fig. 2 B). Due to 

the high mobility of L. torquatus (Ettinger-Epstein & Kingsford 2008), populations that were sampled at 

sites which were revisited in subsequent years were assumed to be temporally independent and 

therefore counted as separate replicates. 

Data analyses 

All statistical tests were done using R3.6.1 (R Core Team 2019). PCO analysis was performed on the Bray-

Curtis dissimilarities of the presence/absence of the invertebrates between transects at each location. 

The difference between years for each location was determined using PERMANOVA (999 permutations) 

on the same dissimilarity. For both the PCO and PERMANOVA empty transects were removed. To 

determine which species contributed most to the dissimilarities between years, a SIMPER analysis was 

performed over the Bray-Curtis dissimilarities of the log transformed densities of invertebrates of each 

transect, disregarding location. The PCO, PERMANOVA, and SIMPER analyses were performed using the 

‘Vegan’ package (Oksanen et al. 2010). For comparing mean densities and richness, a nested two way 

factorial linear mixed effects (LME) model with restricted maximum likelihood approach was performed 

using the ‘lme4’ package (Bates et al. 2007). In this model Transect was nested within Site, Site was a 

random effect, and Location (3 levels; Hamelin Bay, Marmion, Jurien Bay) and Year (2 levels; 1999-2001, 

2016-2019) were fixed effects. For the LMEs the data was log transformed, and residuals visually 

inspected for linearity, normality, and homogeneity of variance. A post-hoc Tukey HSD test was used to 

compare individual means. Probability densities of the L. torquatus populations were generated using 

Kernel Density Estimates (KDE) based on the pooled size counts for each location and time frame, using 

Silverman’s rule of thumb (Silverman 1986) to determine the bandwidth. Dissimilarities of the size 

distributions between time frames were then tested using a two-sample Kolmogorov-Smirnov test.  

3.3 Results 
 

Temperature 

The rate of yearly SST increase (gradual warming) was similar between locations, increasing at a rate of 

0.0192, 0.0201, and 0.0242 °C year-1 in Jurien Bay, Marmion, and Hamelin Bay respectively (Table 3.1; 
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Fig. 3.2 A). While the SST anomaly during the MHW at each location was of comparable magnitude (2-

3 °C – Fig. 3.2 B), the higher SSTs at lower latitudes resulted in higher peak temperatures during the 

MHW (27.97, 26.37, and 24.32 °C from low to high latitude - Table 3.1). After the initial MHW, two 

more years of anomalously high SST were seen, after which a cool phase was seen from 2014 onwards, 

where SST anomalies were generally cooler and less extreme (Fig. 3.2 B). 

Invertebrate communities 

The mean abundance and richness per transect were lower in 2016-2019 than in 1999-2001 (Table 3.2, 

Fig. 3.3). Additionally, when comparing between locations, the mean abundance and richness in 

Marmion was higher than in Hamelin Bay or Jurien Bay (Table 3.2, Fig. 3.3). Comparing individual means 

over time, Jurien Bay showed a significant reduction in both density and diversity, in Hamelin Bay only 

the diversity was lower. The reduction in density or diversity over time in Marmion was minimal (Fig. 

3.3). There was a latitudinal gradient seen in the Bray-Curtis dissimilarities over time at each location, 

with dissimilarities decreasing with increasing latitude. This is seen in the PCO (Fig. 3.4) and 

PERMANOVA analyses, where the biggest dissimilarity was found in Jurien Bay (pseudo-F1,68 = 8.103, p 

< 0.001), followed by Marmion (pseudo-F1,348 = 7.227, p < 0.001), while in Hamelin Bay the dissimilarity 

was relatively small (pseudo-F1,68 = 1.385, p = 0.218 – also see Table S3.2). 

Individual species abundances 

Over 60% of the Bray-Curtis dissimilarity between years came from 4 species: Centrostephanus 

tenuispinus (warm temperate affinity), Heliocidaris erythrogramma (cool temperate), Phyllacanthus 

irregularis (cool temperate), and L. torquatus (cool temperate; see Table S3.2 for full SIMPER results). 

These species combined accounted for 70.9% of total abundance counts. There was no significant 

difference in the mean densities of any of the individual species over time, however L. torquatus was 

found to have higher densities in Marmion than at the other locations (Table 3.2, Fig. 3.5). There was 

no latitudinal pattern in the densities of neither H. erythrogramma nor L. torquatus (Fig. 3.5). 

Historically, C. tenuispinus and P. irregularis showed a similar trend of decreasing density towards 

higher latitudes, however over time C. tenuispinus densities increased, while P. irregularis decreased. 

The biggest changes were seen at the lowest latitude (Jurien Bay), where C. tenuispinus showed a mean 

increase of 0.56 individuals 5 m-2, and P. irregularis a decrease of 0.68 individuals 5 m-2. The magnitude 

of these changes decreased with increasing latitude and little change was seen in the highest latitude 

(Hamelin Bay) where C. tenuispinus was not recorded in any transect, and P. irregularis remained at 

densities below 0.1 individuals 5 m-2.  Furthermore, while C. tenuispinus was not found on the reef flats 
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at any location in 1999-2001, in 2016-2019 over 20% of C. tenuispinus individuals (11 of 50) were 

recorded on the reef flat in Jurien Bay, resulting in a mean density of 0.31 ± 0.17 ind 5 m-2 (mean ± SE). 

Size frequency distribution of Lunella torquatus 

When comparing the size distributions of L. torquatus over the latitudinal gradient (Fig. 3.6 – left 

column), the peak of size frequency shifted from predominantly small individuals (±50 mm) at the 

lowest latitude (Jurien Bay), to predominantly large individuals (±90 mm) at the highest latitude 

(Hamelin Bay). In between, Marmion showed two peaks (±40 and ±100 mm), with the bigger peak for 

the smaller sized individuals. While the dissimilarity from Jurien Bay to Marmion to Hamelin was very 

similar in the period prior to the MHW (KS test: D = 0.40, p < 0.001 and D = 0.46, p < 0.001 respectively), 

the Marmion population in the cool phase following the MHW (Fig. 3.6 – right column) was more similar 

to the population in Jurien Bay (KS test: D = 0.36, p = 0.190) than it was to Hamelin Bay (KS test: D = 

0.75, p < 0.001). However, the efficacy of the KS test was limited by the decrease in abundance of L. 

torquatus in Jurien since the MHW (also see table S3.1).  

The biggest differences in L. torquatus size distribution over time were seen between the pre-MHW 

and MHW phases, as well as MHW and the post-MHW phases in Jurien Bay (Fig. 3.6 – first row; KS test: 

D = 0.63, p = 0.008 and D = 0.65, p = 0.034) and Marmion (Fig. 3.6 – second row; KS test: D = 0.42, p < 

0.001 and D = 0.51, p < 0.001). For both Jurien Bay and Marmion smaller individuals dominated the size 

distribution before the MHW, with the peak frequency around 50mm and 30mm respectively. Marmion 

showed a secondary peak with individuals around 100mm. In the MHW phase, the number of 

individuals declined and only few were found and measured, with L. torquatus now absent from some 

sites in Jurien Bay. The defining peaks of small individuals were also lost, resulting in a distribution that 

was more evenly spread out from the centre. After the MHW, the peaks of small individuals returned 

to both Jurien Bay and Marmion. Comparing the size distributions before the MHW to after the MHW 

directly for these locations, there was a smaller difference in the distributions (KS test, D = 0.12, p = 

0.999 and D = 0.16, p = 0.018 resp.). In Hamelin Bay the size distributions were relatively consistent 

over time compared to the other locations (Fig. 3.6 – third row). Here, size distributions were 

dominated by larger individuals, with peak frequencies slightly below 100 mm size. While there were 

no significant differences between successive phases (p = 0.356 and p = 0.104 for pre-MHW to MHW 

to post-MHW, resp.), there was a significant difference from before the MHW to after the MHW (KS 

test: D = 0.25, p = 0.029). After the MHW, the most frequent size class was slightly larger than before, 

and smaller individuals are nearly absent. 
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3.4 Discussion 

The north-south orientation of the WA coastline makes it a tremendous area to study the effect of 

temperature on an ecosystem, as the latitudinal gradient serves as a proxy for cumulative heat stress 

of combined gradual warming and impact of a recent acute heat event. Although there are inherent 

confounding effects from environmental parameters such as light, nutrients, and wave exposure that 

could influence the mobile invertebrate communities at the site level, temperature is likely the main 

driver between locations as it varies most consistently over latitude (Wernberg et al. 2010). We found 

the biggest changes to the mobile invertebrate community at the lowest latitude, whereas changes at 

middle and high latitudes were less pronounced. There was a latitudinal pattern in the increase of 

Centrostephanus tenuispinus (warm-temperate affinity), and in the decrease of Phyllacanthus 

irregularis (cool-temperate affinity) densities, where the magnitude of change decreased with 

increasing latitude. The size frequency distribution of cool-temperate Lunella torquatus reflected the 

impact of the MHW, however the recovery seen in the size distribution was not seen in the total 

abundances.  

Thermal stress gradient 

As the coastline investigated forms a transition zone between the temperate Flindersian and the 

tropical Damperian region (Huisman et al. 1998, Wernberg et al. 2013), low latitude temperate 

populations are at the warm edge of their distribution and thus vulnerable to temperature stress 

(Wernberg et al. 2012, Sunday et al. 2012). The gradual warming identified here was in the same order 

of magnitude at all locations. Despite high inter annual variability (i.e. low r2 values of the correlation of 

mean SST over time, Table 1), the annual increases in SST at each location were comparable to that 

reported for the region more broadly (Pearce & Feng 2007). The SST anomalies recorded during the 

MHW were also similar at all locations, but the higher mean absolute temperatures at the lower 

latitudes resulted in higher peak SSTs. As such, the gradient in peak temperatures likely influenced the 

gradient of impact of the MHW (Wernberg et al. 2012, 2016a, 2018). Combining both gradual increases 

and MHW impact, we can use the latitudinal gradient as a proxy for temperature stress each location 

experienced over the past 2 decades; high in the lowest latitude (Jurien Bay), medium in the middle 

latitude (Marmion), and low in the high latitude (Hamelin Bay) location.  

The impact of the MHW on mobile invertebrates is clearly shown in the size distributions of L. torquatus, 

and corresponds with the reduction of absolute abundance reported directly following the MHW 

(Smale et al. 2017). However, while the size distributions returned to pre- MHW patterns, the absolute 

abundance remained reduced for all species except the warm temperate urchin C. tenuispinus. This 
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suggests that aside from direct lethal effects through heat stress and hypoxia (Pearce & Feng 2013), 

there are additional indirect pathways through which temperature stress could have affected the 

mobile invertebrate communities on WA’s temperate reefs, which persist after multiple years of cooler 

SSTs. One of the biggest effects of the marine heatwave was the reduction in the density and cover of 

canopy forming macroalgae (Wernberg et al. 2012, Smale & Wernberg 2013), which has shown little to 

no recovery (Wernberg et al. 2016a, Wernberg 2020). The concept of the loss of a foundation species 

leading to the loss of the diversity and abundance of dependent species is well established (Ellison et 

al. 2005, Hoegh-Guldberg & Bruno 2010, Thomson et al. 2015). This is what was recorded just after the 

MHW in WA, where the complete loss of canopy in Kalbarri coincided with the decimation of the mobile 

invertebrates that were living there (Smale et al. 2017). Furthermore, there has been a clear link 

established between L. torquatus and the need of canopy as shelter (Ettinger-Epstein & Kingsford 

2008). The reduction in available habitat could be reducing the carrying capacity for the species that 

depend on them, resulting in lower absolute abundances. 

Moreover, even for most invertebrates that do not depend on macroalgal canopy for habitat, a 

reduction in abundance was recorded (e.g. H. erythrogramma, P. irregularis). As the main benthic 

primary producers on temperate reefs, macroalgae provide a significant amount of energy production 

to the ecosystem, in the form of standing biomass consumed by herbivores (Vanderklift et al. 2006, 

Crawley & Hyndes 2007), exuded carbon for bacteria and filter feeders (Wada et al. 2007, Rix et al. 

2017), and detritus as the macroalgae senesce and erode (De Bettignies et al. 2013). As the abundance 

of previously dominant E. radiata is reduced in favour of Sargassum species or turf algae (Wernberg et 

al. 2016b, Filbee-Dexter & Wernberg 2018), there could be a reduction of primary production which 

would limit the resources needed to maintain the total abundance of mobile invertebrates recorded 

pre-MHW. Furthermore, with the increase in abundance of C. tenuispinus there might be more 

competition, resulting in the decrease in especially P. irregularis which shares a more similar diet to C. 

tenuispinus (Vanderklift et al. 2006).  

Increase in Centrostephanus tenuispinus abundance 

The only species which showed significant increase in abundance was C. tenuispinus. While there are 

no reports of urchin barrens being present on Western Australian temperate reefs, localized high 

densities of C. tenuispinus (5.0 ± 0.8 m-2) on Hall Bank, Marmion Lagoon co-occurs with the highest 

percent cover of high latitude corals in the world (Thomson & Frisch 2010). It has been suggested that 

high herbivory rates of C. tenuispinus is the main mechanism for subduing the otherwise dominant 

macroalgal canopy, in favour of the corals (Thomson & Frisch 2010). There is indeed strong evidence of 

the importance of herbivory for the long term success of corals in other systems (Hughes et al. 2007). 
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While the abundances of C. tenuispinus have increased in both Marmion and Jurien Bay, with the 

highest densities found on reef walls in Jurien Bay (~0.23 m-2), these are still an order of magnitude 

lower compared to densities found on barrens elsewhere in Australia. The congener C. rodgersii have 

been reported in densities of ~3 m-2 in NSW (Andrew & Underwood 1989) and ~2 m-2 in Tasmania (Ling 

& Johnson 2009). Furthermore the densities needed to change the canopy dominated state to barren 

is suggested to be several times higher than the densities needed to maintain barrens (Hill et al. 2003).  

An investigation into the diet of the C. tenuispinus on temperate reefs showed an abundance of animal 

tissues in the stomach content, as well as an elevated δ15N compared to that of the dominant 

macroalgae; Ecklonia radiata (Vanderklift et al. 2006). This suggests that C. tenuispinus is not 

predominantly feeding on macroalgae, but more on sponges and ascidians. This could be the result of 

selective feeding on sources with high nitrogen, and selective feeding has been reported for C. rodgersii 

(Wright et al. 1997). Due to the habitat partitioning where C. tenuispinus is predominantly found on the 

reef walls combined with strong site fidelity, the grazing by C. tenuispinus would be focussed mostly on 

the areas dominated by sessile filter feeders, such as the sponges and ascidians found abundantly in 

the gut content. As such, opportunistic feeding should not be ruled out as a possible explanation for 

the C. tenuispinus dietary preference. It is therefore alarming to see the increase in C. tenuispinus 

abundances on the reef flats in Jurien Bay, where they could contribute to an ongoing reduction or 

collapse of macroalgal canopies in the near future. 

Size structure of Lunella torquatus populations 

The magnitude of the difference in the size structure of the L. torquatus populations reflected the 

impact gradient of the MHW. At the highest latitude location (Hamelin Bay), where despite increased 

temperatures the MHW impact was negligible (Wernberg et al. 2012, 2018, Smale & Wernberg 2013), 

the changes to the size structure of the population was not significant. At lower latitudes, where 

significant changes were seen at both Marmion and Jurien Bay, the frequency peak for smaller 

individuals disappeared suggesting an impact on recruitment or young individuals. Multiple factors 

could have contributed to this reduction; direct lethal effects from passing a thermal threshold (Pörtner 

2001, Sokolova et al. 2012), susceptibility to predation (e.g. shelter loss (Ettinger-Epstein & Kingsford 

2008), loss of foot strength (Leung et al. 2017), loss of coordinated locomotion (Diaz et al. 2011, Vinagre 

et al. 2015)), and energy reserve depletion (Leung et al. 2017). The decimation at multiple sites in Jurien 

Bay suggests that the thermal threshold here was surpassed, but the slightly lower temperatures in 

Marmion may have shifted the main contributing factors to favour survival in larger individuals, which 

became relatively more abundant. A similar pattern was found for Turbo intercostalis - a relative of L. 

torquatus – at Point Quobba (WA, 24" 29' S., 113” 24' E.) after a catastrophic event (Joll 1980). 
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After the MHW L. torquatus remained absent at sites in Jurien Bay where populations were found 

before the MHW, although increase in frequency of smaller individuals at one of the surveyed sites 

indicates that there is still some level of recruitment. Similarly at Marmion there was a recruitment of 

smaller individuals, while there was a relative decrease of larger individuals. This decrease could be 

attributed to the cohort of larger individuals naturally expiring without being replaced by the next 

cohort, as it was heavily impacted by the heatwave. The recovery here however, was seen at all sites 

and the size structure of the population was more similar to that of before the MHW. Likely aiding the 

recovery are high historical abundances (Vanderklift & Kendrick 2004, Wernberg et al. 2008) and more 

potential for planktonic larvae to be brought down by the Leeuwin Current (Caputi et al. 1996, Pearce 

et al. 2011), as it is further south of the northern edge of the distribution range, which would 

supplement asynchronous spawning events (Joll 1980, Ward & Davis 2002). Despite the recovery of the 

size structure of the population, total abundances remain lower than before the MHW. Considering 

that the reduction in canopy cover persists to this day (Wernberg et al. 2016a, Wernberg 2020), it is 

possible that this reduction in the available habitat for the species on the reef flats to exploit lowers the 

carrying capacity for mobile invertebrates of the reef. 

Conclusions 

The latitudinal gradient along the WA coast can serve as a proxy for cumulative heat stress over the last 

decades, with lower latitudes under higher stress than higher latitudes. While more factors (e.g. habitat 

loss, resource competition) could influence absolute abundances, warm temperate urchin C. 

tenuispinus showed an increase, while cool temperate urchin P. irregularis a decrease in abundance 

relative to this heat stress gradient. At the lowest latitude location, the C. tenuispinus population has 

expanded onto the reef flats, where before it was restricted to the reef walls. Although this makes the 

macroalgae here susceptible to grazing, densities have not yet approached those reported for urchin 

barrens elsewhere. While cool temperate gastropod L. torquatus did not show a trend in absolute 

densities over the latitudinal gradient, there was a change in size frequency distribution relative to the 

impact of the MHW, which did recover. The trend in size distribution over latitude however, does show 

a reduction size frequency of larger individuals at lower latitude. As sea temperatures are projected to 

continue to increase, so will the thermal stress on the temperate ecosystems. Populations at the warm 

edge of their distribution are showing larger changes, which over time can be expected to keep 

increasing in magnitude expand to higher latitudes. 
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Table 3.1: Coordinates for the surveyed locations, mean annual sea surface temperature (SST) between 

1993 and 2019, the gradual SST increase at each location based on mean summer SST (also see Fig. 2A), 

and the peak SST during the marine heat wave (MHW). 

Location 
Latitude 

(oS) 
Longitude 

(oE) 
Mean annual 

SST (oC) 
SST increase 
(oC year -1) 

Peak MHW 
SST (oC) 

Jurien Bay 30.266 114.975 21.01 
0.0192 

(r2  = 0.0364, p = 0.34) 
27.97 

Marmion 31.852 115.713 20.17 
0.0201 

(r2 = 0.0703, p = 0.18) 
26.37 

Hamelin Bay 34.218 115.010 19.69 
0.0242 

(r2 = 0.0607, p = 0.22) 
24.32 

 

  



 

56 
 

Table 3.2: Linear mixed effects (LME) model using restricted maximum likelihood (REML) approach 

output. Transects were nested in Site, Site was a random effect, Location was a fixed effect (3 levels: 

Hamelin Bay, Marmion, Jurien Bay), and Year was a fixed effect (2 levels: 1999-2001, 2016-2019). 

Significant values (p < 0.05) in bold. 

Model Num Df Den Df Mean Sq F value Pr(>F) 

Total abundance     

Year 1 22.6 4.1173 9.7053 0.005 

Location 2 22.1 4.3097 10.1589 0.001 

Year x Location 2 22.1 0.3895 0.9182 0.414 

Richness      

Year 1 23.4 2.9069 13.9717 0.001 

Location 2 22.8 1.8465 8.8751 0.001 

Year x Location 2 22.8 0.3008 1.4460 0.256 

Centrostephanus tenuispinus    

Year 1 21.4 0.3709 3.0304 0.096 

Location 2 21.1 0.2828 2.3101 0.124 

Year x Location 2 21.1 0.1847 1.5091 0.244 

Phyllacanthus irregularis     

Year 1 21.3 1.0450 1.5109 0.232 

Location 2 21.0 1.2913 1.8670 0.179 

Year x Location 2 21.0 0.7248 1.0479 0.368 

Heliocdaris erythrogramma    

Year 1 23.9 4.1483 3.1244 0.090 

Location 2 23.4 0.7909 0.5957 0.559 

Year x Location 2 23.4 0.1871 0.1409 0.869 

Lunella torquatus     

Year 1 23.8 0.1914 1.0403 0.318 

Location 2 23.5 0.8504 4.6217 0.020 

Year x Location 2 23.5 0.0006 0.0031 0.997 
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Figure 3.1: Survey locations span a latitudinal gradient along the Western Australian coast, with Jurien 

Bay (30.3 °S) the lowest, Marmion (31.9 °S) in the middle, and Hamelin Bay (34.2 °S) The highest latitude 

location. Temperature scale indicates mean annual sea surface temperature (SST). 
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Figure 3.2: Long term sea surface temperature (SST) data for each location. The gradual SST increase 

(blue trend line, grey area indicates 95% confidence interval - see Table 3.1 for trend line values) is 

given based on mean summer SST temperatures from 1993 to 2019 (A). The anomaly of monthly SST 

from 2010 to 2019 (red bars indicate anomalous warming, blue bars anomalous cooling), referenced 

against the mean monthly SST from 1992 to 2010 (B). Phases of the Lunella torquatus size distribution 

analysis are separated by the dashes lines. All SST data was sourced from the Integrated Marine 

Observing System (IMOS). 
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Figure 3.3: The density and richness of mobile invertebrates per transect (mean ± SE) at Hamelin Bay 

(n = 120), Marmion (n = 444), and Jurien Bay (n = 108) over a 20 year time interval. Dark bars indicate 

1999-2001 census, light bars indicate recent 2016-2019 surveys. Asterisks indicate significant 

difference between individual means 1999-2001 and 2016-2019 per location (Tukey HSD, p < 0.05). 
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Figure 3.4: PCO of the Bray-Curtis dissimilarities of the presence/absence of mobile invertebrate per 

transect at Hamelin Bay (n = 70), Marmion (n = 350), and Jurien Bay (n = 70) over a 15 year time interval. 

Open triangles indicate 1999-2001 census, closed triangles indicate recent 2016-2019 surveys. See 

table S3.3 for details on PERMANOVA analysis of dissimilarities. 
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Figure 3.5: Densities of the four most abundant mobile invertebrates per transect (mean ± SE) at 

Hamelin Bay (n = 120), Marmion (n = 444), and Jurien Bay (n = 108) over a 20 year time interval. Dark 

bars indicate 1999-2001 census, light bars indicate recent 2016-2019 surveys. Asterisks indicate 

significant difference between individual means of 1999-2001 and 2016-2019 per location (Tukey HSD, 

p < 0.05). 
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Figure 3.6: Size frequencies (bars) and probability densities of size distribution (black line) of Lunella 

torquatus individuals based on Kernel Density Estimates (KDE) found at Jurien Bay (n = 77), Marmion (n 

= 768), and Hamelin Bay (n = 256) divided into 3 time phases; pre-MHW (2006-2010) in the left column, 

MHW (2011-2014) in the middle, and post-MHW (2015-2017) on the right. Bandwidth of each KDE was 

7.48 mm calculated using Silverman’s rule of thumb. Kolmogorov-Smirnov D-values are given to 

indicate dissimilarity between size distributions connected with dashed arrow line, with significant 

values (p < 0.05) in black, while insignificant values (p ≥ 0.05) are greyed out and asterisked.  
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Abstract 

Temperate seaweeds are shifting in distribution in response to increasing global warming, leading to 

reductions in common kelp Ecklonia radiata abundance, and increases in characteristically tropical 

Sargassum species. Seaweeds exude a substantial portion of the photosynthetically fixed carbon into the 

surrounding seawater as dissolved organic matter (DOM), where it fuels microbial production. The 

interspecific differences in quantity and quality of the exuded DOM suggest a shift in seaweed communities 

could affect the trophic flow in the ecosystem. We investigated the net primary production (NPP) and 

dissolved organic carbon (DOC) exudation rates, as well as the optical characteristics of exuded 

chromophoric DOM (cDOM) of three seaweeds (Ecklonia radiata, Sargassum lacerifolium, and Lobophora 

variegata) from a shallow subtidal reef within a temperate-tropical transition zone, and the subsequent 

remineralization of these exudates by bacterioplankton. We found relatively low DOC release rates of 

between 0.010 ± 0.008 and 0.019 ± 0.011 mg C g-1 dw Hr-1 for the investigated species, which accounted 

for ~2-3% of the NPP. While the quantitative DOC release was similar between species, multivariate analysis 

of the water chemistry (Oxygen and DOC concentration, humification and aromaticity of carbon 

compounds) showed differences between treatments. Subsequent bioassays using bacterioplankton 

showed a non-significant trend where the bacterial concentration increased when incubated in DOM 

enriched seawater derived from the E. radiata treatment and decreased from the S. lacerifolium 

treatments. To conclude, a shift from E. radiata to Sargassum dominated seaweed community could 

reduce the trophic flow within the ecosystem by limiting the transfer between primary and secondary 

production. 

  

                                                            
c This chapter is in preparation to be submitted, journal to be determined 
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4.1 Introduction 
 
Kelp forests are some of the most productive ecosystems in the world (Mann 1973), and are a dominant 

feature on most subtidal reefs in temperate regions (Steneck et al. 2002, Teagle et al. 2017). The foundation 

species in these ecosystems are habitat forming seaweeds, which provide biogenic 3 dimensional structure 

and primary productivity in these ecosystems. However, temperate seaweeds depend on generally cool 

and nutrient rich waters to thrive (Dayton 1985). As a result, anthropogenic climate change is forcing range 

contractions of temperate seaweeds (Harley et al. 2012, Martínez et al. 2018), allowing seaweed species 

with an affinity for warmer water to expand, or increase in abundance (Tanaka et al. 2012, Wernberg et al. 

2019b). 

 

Seaweeds are known to exude up to 40% of their photosynthetically fixed carbon as dissolved organic 

matter (DOM) into the surrounding seawater (Khailov & Burlakova 1969). However, this exudation rate can 

vary between species (Hulatt et al. 2009, Haas et al. 2010). Aside from interspecific variation in absolute 

quantities of organic matter that are exuded into the environment, there are also differences in the quality 

(Abdullah & Fredriksen 2004, Wada et al. 2007, Hulatt et al. 2009). Due to their optical characteristics, 

chromophoric DOM (cDOM) can be used to help characterise different types of exudates, providing insight 

to e.g. the aromaticity, lability, and origin of the DOM (Coble & Brophy 1994, Coble 1996). 

 

The DOM released into the seawater is a variable mixture of polysaccharides, proteins, and lipids, which 

constitutes the largest pool of organic carbon in the oceans (Hansell & Carlson 2001, Carlson et al. 2002). 

It fuels the growth of bacterioplankton (Azam et al. 1994), and thereby an important role in the trophic 

flow within marine ecosystems (Azam & Malfatti 2007). Labile compounds that are easily oxidized will be 

readily remineralized by secondary producers, such as bacteria (Nelson & Carlson 2012, Nelson et al. 2013) 

or filter feeders (de Goeij et al. 2013, Mueller et al. 2014, Rix et al. 2017). However, refractory compounds 

that are resistant to photo-degradation and consumption have the potential to be sequestered, thereby 

serving as a carbon sink and aiding in the mitigation of rising Carbon Dioxide (CO2) levels (Krause-Jensen & 

Duarte 2016). Thus, shifting seaweed communities could cause a cascade of impacts on the function of the 

ecosystem, through changes to the composition (i.e. quality and quantity) of the DOM pool. Yet, the 

variation in exudates across seaweed species and links with secondary production by bacterioplankton are 

poorly understood. 

 

Coastal Western Australia is a marine global warming hotspot (Hobday & Pecl 2014), and traditionally 

temperate seaweeds are contracting under increasing temperature pressures (Wernberg et al. 2012, 

2016a, Filbee-Dexter & Wernberg 2018). The distribution ranges of dominant habitat forming seaweeds, 
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Ecklonia radiata and Scytothalia dorycarpa, have been reduced by ~100km at their respective warm end 

edge in a single acute heat event (Wernberg et al. 2012, Smale & Wernberg 2013). Concurrently, other 

species (e.g. Sargassum spp., Lobophora variegata) have taken advantage of the available space, resulting 

in a shift in the seaweed community from temperate southwest communities to more tropical northwest 

communities in this temperate-tropical transition zone (Wernberg et al. 2016a).  As such, this offers the 

opportunity to address the knowledge gap by quantifying the DOC exudates and characterizing the DOM 

exudates of the current dominant seaweed E. radiata and two species that have shown an increase in 

recent years: Sargassum spp. and L. variegata. Furthermore we investigate the effect of the exudates on 

bacterioplankton by inoculating filtrate from water incubated by each species with reef bacteria, and 

measuring the changes in DOM and bacterial growth rates. We hypothesize that if there is a functional 

redundancy between seaweed species, the rate of primary production and exudation will be comparable, 

and the bacterioplankton will show similar growth rates and DOM consumption rates when incubated in 

seawater containing exudates from the different seaweed species. 

 

4.2 Materials and Methods 

Collection 

Small specimens (< 15cm thallus height) of Ecklonia radiata (hereafter Ecklonia), Lobophora variegata 

(hereafter Lobophora), and Sargassum lacerifolium (hereafter Sargassum) were collected at a depth of 2 

to 5 meters from shallow subtidal reefs at Marmion Lagoon, WA (31" 48' S, 115" 42' E) in August 2019. 

After transportation to Indian Ocean Marine Research Centre Watermans Bay, the specimens were kept in 

flow through seawater aquaria to recover from any damage sustained from collection (to minimize 

potential damage, specimens were collected by gently prying the holdfast from the reef with a knife), and 

to acclimatize to experimental light conditions. Collected seaweeds were left to recover for at least a week 

and no longer than 4 weeks before being incubated. Due to the selection of small individuals, there was no 

need for trimming the seaweed specimens before the incubation, reducing the potential of induced 

leaching of organic carbon from cellular damage. 

Seaweed Incubation 

Individual seaweed specimens and a blank seawater control were incubated (n = 6 per treatment) in filtered 

seawater (0.22 μm polyethersulfone filter, Millipore) in an airtight 1 litre polycarbonate chamber. 

Incubation chambers were placed in a water bath to maintain stable temperature (17 °C) and magnetic 

stirrers ensured the water inside the chamber was homogenized. The first hour of the incubation was done 

in the dark, after which the aquarium lights (MicMol Aqua Air, China) mounted above the incubation setup 
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were turned on for 3 hours producing 75 μmol m-2 s-1 PAR at the top of the incubation chamber. During the 

incubation oxygen concentrations were measured at 30 second intervals using a Presens SMA-OXY4 unit 

(Presens, Germany) with dipping probes through a dedicated sensor port. At t = 0, t = 1, and t = 4 hrs, a 60 

ml aliquot of incubation water was taken from the chamber through a one way valve, using an acid washed 

syringe. The chamber was refilled with filtered seawater. The 60 ml aliquot was then divided into bacterial 

samples, DOC samples, and cDOM samples and processed as described below. At the end of the incubation, 

seaweed specimens were collected and dried for 48 hours at 60 °C to determine dry weight (dw). 

Bioassay using seaweed exudates 

Treatment water was obtained by filtering (0.22 μm polyethersulfone filter, Millipore) 1 litre of seawater 

which was incubated by 3 species of seaweeds and a blank seawater control to remove all seaweed 

particulates and bacteria. 800 ml of this filtrate was inoculated with 200 ml unfiltered seawater collected 

fresh daily from the Marmion inshore reefs transferred to a flexible incubation chamber (polyvinyl chloride 

- PVC) fitted with sensor holders, and sampling port, and incubated in the dark for 48 hours at 25 °C to 

maximize bacterial activity. Oxygen concentrations were measured at 10 minute intervals. Bacterial 

samples were taken at t = 0, t = 16, t =24, t = 40, and t = 48 hrs, while cDOM and DOC samples were taken 

at t = 0, t = 24, and t = 48 hrs.  

Sample processing 

For the bacterial samples, 1 ml of incubation water was aliquoted into an Eppendorf tube, and fixed with 

glutaraldehyde (0.25% final concentration) and frozen at -80 °C after 15 minutes. After all samples were 

collected they were batch processed. After thawing, bacterial samples were passed over an 80 μm mesh 

to remove any debris and 198 μl was stained using 2 μl of diluted SYBR Green I (10-2 stock solution). After 

incubating in the dark at room temperature for 15 minutes, 50 μl was analysed at a flow rate of 14 μl min-

1 using a BD Accuritm C6 Plus flow cytometer (BD Biosciences, USA), equipped with a 488 nm and 640 nm 

laser. Detectors were set to 3 blue (533/30, 585/40, and 670 LP) and 1 red (675/25) to measure laser 

emissions. Fluorescence threshold was set at 500 nm to limit interference from small particles. Parameters 

were collected on a logarithmic scale and analysed using FlowJov10.6.1 software.  

DOC samples were acquired by filtering 20 ml of incubation water over a pre-combusted (1 hr at 550 °C )  

GF/F filter (0.7 um; Millipore) into pre-combusted amber glass vials with Teflon cap. Samples were acidified 

with 6-7 drops of concentrated HCl (32%), and frozen at -20°C until analysis. Analysis was done using a TOC 

5000A organic carbon analyser (Shimadzu, Japan). A 4 point calibration curve of potassium hydrogen 

phthalate (0, 2.5, 5, 10 mg C L-1) was used to calibrate the machine, and Consensus Reference Materials 
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(CRM – batch 18 lot 08-18) (Hansell 2005) used as internal controls. The CRM (reference value: 0.904 ± 

0.013 mg C L-1) returned a mean value (±SD) of 0.816 ± 0.105 mg C L-1. While this is a relatively high 

variability, the standard deviation of the CRM within each run of the DOC analysis was 0.037 ± 0.020 mg C 

L-1, indicating that the variation of measurements within each cycle of the DOC analysis was minimal. 3 to 

6 injections of 100 μl were analysed per sample and the average of the best fit of 3 peaks was used as DOC 

concentration of that sample. The linear correlation between number injections and DOC concentration in 

the CRMs was used to determine the reduction of sensitivity of the machine and post analysis shift 

correction was applied to the DOC values.  

The cDOM samples were acquired by aliquoting 10 ml of filtered sample water (see DOC samples) into 

polypropylene tubes and stored in the dark at 4 °C, to be analysed within a week of collection. Absorbance 

scans and excitation emission matrices (EEMs) were recorded simultaneously using an Aqualog® (Horiba 

Scientific, Japan). Fluorescence intensities were measured at excitation wavelengths 250-600 nm (3 nm 

increments) and emission wavelengths 250-600 nm (0.58 nm increments). The resulting EEMs were used 

to calculate DOM optical indices (humification index (HIXem), aromaticity (SUVA254); see Table S1 for details). 

The R package ‘staRdom1.1.3’ (Pucher et al. 2019) was used to correct EEMs, calculate all 

fluorescence/absorbance indices and for conducting PARAFAC modelling. EEMs were corrected for blanks 

(Milli-Q water), inner-filter effects, Raman normalised (Lawaetz & Stedmon 2009), and scatter (Raman and 

Rayleigh) were removed and interpolated prior to PARAFAC. The PARAFAC model was split-half validated 

(Murphy 2013), and recognised a single fluorescent component (C1), with a maximum excitation around 

269 nm and maximum emission around 253 nm (Fig. S4.1). 

Data analysis 

All statistical analyses were performed in R4.0.1 (R Core Team 2019). The net primary production (NPP) and 

exudation rates for each species was calculated by subtracting the blank seawater means from each 

respective individual value to correct for the seawater baseline effect, and then normalized over time and 

dry weight of the seaweed. Interspecific differences were analysed using a one way factorial ANOVA using 

species as fixed effect. Individual means were compared using Tukey HSD, and residuals were tested for 

normality and heteroscedasticity using Wilk-Shapiro and Levene’s tests respectively. Two way factorial 

repeated measures linear mixed effects (LME) models created using the ‘nlme’ package (Pinheiro et al. 

2017), to test the differences over time (fixed effect) and between treatments (fixed effect) for DOC 

concentration, bacterial concentration, C1 intensity, humification index (HIXem), aromaticity (SUVA254), and 

O2 concentrations. Residuals were visually inspected for normality and homogeneity of variance. Data was 

log or square root transformed if needed (See Table S4.2 to S4.5 for full LME details). Comparison of 

individual means was done using Tukey HSD. PCA was conducted on water chemistry (DOC concentration, 
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O2 concentration, HIXem, and SUVA254, for seaweed incubations for bioassays, and absorption 

coefficienta254, and C1 intensity replaced SUVA254 for the bioassays) using Bray-Curtis dissimilarity which 

was scaled unit variance. PERMANOVA was performed on the same dissimilarity to determine differences 

over time and between treatments. Both PCA and PERMANOVA were performed using the ‘Vegan’ package 

(Oksanen et al. 2010). 

 

4.3 Results 

Seaweed incubations 

Both the oxygen consumption and production rates were higher in incubation with seaweeds compared to 

the seawater blank (Fig. 4.1A, Tukey HSD; p < 0.05). There was no significant difference in NPP (ANOVA; 

F2,15 = 1.634, p= 0.228) or DOC exudation (ANOVA; F2,15 = 0.128, p = 0.880) between seaweed species (Table 

4.1). There was a slight increase in the DOC concentrations over time during the light part of the incubation 

(Fig. 4.1B, LME; F1,20 = 8.365, p = 0.009). However, there was no general treatment effect (ANOVA, F3,20 = 

2.687, p = 0.074).  

DOM optical properties changed over time but only for some treatments (Fig. 4.2). For instance, the 

humification (HIXem) did not significantly change over time for any seaweed treatments (Fig. 4.2A), while 

the aromaticity (i.e. SUVA254) increased during the light incubation for both Ecklonia and Sargassum, but 

not for Lobophora or the blank treatment (Fig. 4.2B, LME; F3,20 = 3.5615, p = 0.033). However, while the 

seaweed treatments seemed to increase, the seawater blank treatment decreased, which resulted in a 

significant interaction effect (LME, F3,20 = 3.273, p = 0.042).  

The multivariate analysis displayed a shift in water chemical and optical properties between time points 

start (t = 0 hrs) and end (t = 4 hrs) of the incubation (Fig. 4.3; PERMANOVA, pseudoF2,40 = 7.4164, p < 0.001). 

Specifically, there was no difference between seaweed treatments at the start of the incubation 

(PERMANOVA, pseudoF3,20 = 0.3008, p = 0.953) but there was at the end (PERMANOVA, pseudoF3,20 = 

8.3885, p < 0.001). Comparing the effects of treatment on the multivariate water chemistry directly we 

found that the effect of Ecklonia is similar to that of Sargassum but differed from that of Lobophora which 

in turn again is different to the seawater blank.  

Bioassays using seaweed exudates 

The bacterial concentration increased over time for each treatment (LME, F4,64 = 346.664, p < 0.001 ), 

showing an S-shaped growth curve (Fig 4.4A). While the mean bacterial concentration measured after 48 
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hours in the Ecklonia treatment was 50% and 25% higher than the Sargassum and the control treatment 

respectively, this difference was not statistically significant (LME, F3,16 = 1.731, p = 0.201). DOC 

concentrations also increased by over 1 mg C L-1, thereby doubling over time (LME, F2,32 = 138.076, p < 

0.001, Fig. 4.4B), but did not differ between treatments (LME, F3,16 = 1.498 , p = 0.253). Bacterial respiration 

resulted in an exponential decrease of the oxygen concentration during the bioassay over time (Fig. 4.4C, 

LME; F2.32 = 73.537, p < 0.001). 

 

The optical characteristics of the cDOM were more strongly determined by time than treatment, as the 

only measure that differed between treatments (LME, F3,16= 4.002, p = 0.027) was the aromaticity of the 

DOC as indicated by the SUVA254 (Fig. 4.5A). The used incubation water inherited a higher level of 

aromaticity from the seaweed incubation in the Ecklonia and Sargassum treatment, which remained 

relatively stable, while the Lobophora and blank treatment increased over time to the same levels found in 

the Ecklonia and Sargassum treatment. This is reflected in the interaction term of the SUVA254 LME model 

(F6,32 = 2.422, p = 0.048). HIXem (Fig. 4.5B, LME; F2,48 = 30.674, p < 0.001) decreased, while C1 intensity (Fig. 

4.5C, LME; F2,32 = 180.407, p < 0.001) and the Absorption coefficienta254 (Fig. 4.5D, LME; F2,32 = 112.598, p < 

0.001) increased for all treatments over time. When compared directly to each other, the fluorescence 

intensity of C1 was positively correlated (R2 = 0.508, p < 0.001) with the absorption coefficient at a 

wavelength of 254nm (Fig. 4.6A). Furthermore HIXem was negatively correlated (R2 = 0.545, p < 0.001) with 

the C1 intensity (Fig. 4.6B), showing a slight logarithmic decrease.  

 

PCA of water chemistry showed a convergence over time for all treatments (Fig. 4.7), such that treatments 

were most different at the start of the bioassay (PERMANOVA; pseudoF3,18 = 5.137, p = <0.001), and most 

similar at the end (PERMANOVA; pseudoF3,18 = 1.137, p = 0.362). While there was a treatment effect 

(PERMANOVA; pseudoF3,58 = 6.086, p = 0.002), the seaweed treatments as a group did not differ 

(PERMANOVA; pseudoF2,36 = 3.129, p = 0.052). This was due to the similarities between the Ecklonia and 

Sargassum treatments (PERMANOVA; pseudoF1,29 = 0.312, p = 0.656), even though both Ecklonia 

(PERMANOVA; pseudoF3,18 = 3.831, p = 0.046) and Sargassum (PERMANOVA; pseudoF1,28 = 5.211, p = 0.025) 

individually differed from the Lobophora treatment.   

 

4.4 Discussion 

Seaweed primary productivity 
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We measured NPP rates comparable to other studies of Ecklonia (Fairhead 2002, Wernberg et al. 2016b), 

Sargassum spp. (Wernberg et al. 2016b), and Lobophora (Smith 1981b), however we found relatively low 

DOC exudation rates. The similarity of DOC exudation rates under dark and light conditions suggests that 

this was light independent diffusion of DOC over the cell membrane, which is driven by concentration 

differences (Bjørnsen 1988). The light dependent active pathway where DOC is released as a shunt (Fogg 

1983) might only be engaged under higher light intensities (Hulatt et al. 2009, Mueller et al. 2016). 

Additionally, it has been shown that nutrient limitation can increase the DOC exudation of seaweeds (Wada 

et al. 2007). Thus, the capacity for seaweeds to store nutrients (Pedersen et al. 2010) might have reduced 

the need for the activation of the light dependent shunting pathway. Furthermore, seaweeds in the 

growing phase have been found to exude a lower percentage of their NPP  (Abdullah & Fredriksen 2004), 

and the highest growth rates for Ecklonia in Marmion have been reported in spring (De Bettignies et al. 

2013). As we used young specimens collected at the beginning of spring, the exudation rates we measured 

are most likely an underestimation of the actual exudation rates that occur on the Marmion reef over the 

course of a year. 

Low concentrations of DOC in the seaweed incubation limited our cDOM measurements. Even so, 

combining the SUVA254, HIXem, DOC concentration and O2 concentration resulted in a distinct water 

chemistry composition where Ecklonia was similar to Sargassum but different from Lobophora, which 

different from the seawater blank. These differences were driven by greater aromaticity (SUVA254) of cDOM 

produced by Ecklonia and Sargassum, indicating that these species exude more chromophoric compounds 

(Kellerman et al. 2018).  

Bacterioplankton response 

Bacteria concentrations showed exponential growth for the first 24 hours. This was expected as bacterial 

inoculations were diluted to 20% of the naturally occurring concentrations on the reef. However, bacterial 

growth plateaued after 24 hours suggests that the carrying capacity of the population was reached. This is 

most likely driven by limited resources within the incubation and is also reflected by parallel oxygen 

consumption. While our oxygen concentrations were not considered oxygen limited by ecological 

standards, previous incubations of subtropical reef bacteria have yielded similar oxygen levels (5.3 – 5-6 

mg O2 L-1) after 48 hours (Pakulski et al. 1998). Interestingly, there was a trend of higher bacterial growth 

in the Ecklonia exudate incubation, despite not being enriched in DOC relative to the other seaweed 

treatments. It is possible that the C:N:P ratio was more favourable for bacterial growth (Vrede et al. 2002). 

Alternatively, it has been shown that bacterial communities can adapt to the chemical composition of 

available DOM (Hoostal & Bouzat 2008). Since the bacterioplankton inoculum was sourced from Ecklonia 
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dominated reefs, it is possible that the microbial community was adapted to the chemical composition of 

Ecklonia exudates. 

DOM optical characteristics 

The increase in the DOC concentration during the bioassay combined with the increase in bacterial 

concentration suggest that the source of the DOC was autochthonous. However, the increase was too high 

to be accounted for by bacterial lysis combined with smaller cell sizes, implying that there could have been 

an artificial leaching of DOC into the incubation water. This could be reflected by the reduction of the 

humification index, indicating that the DOM is becoming more labile, whereas DOM released by 

bacterioplankton is generally more refractory, as only a small fraction is hydrolysable (Ogawa et al. 2001). 

Without negative control, it is not possible to discriminate the effect of bacterioplankton from the artificial 

effect of the bioassay procedure with any certainty. 

 

The C1 peak has previously been identified as tyrosine-like protein (i.e. B-peak (Coble 1996), Component 2 

(Cuss & Guéguen 2013)) . There is a strong correlation between the C1 peak intensity and the absorbance 

of ultraviolet light (254nm wavelength), which is one of the properties of aromatic amino acids such as 

tyrosine, and tyrosine is the more abundant aromatic bacterial protein amino acid (Simon & Azam 1989). 

The non-linear increase of the aromaticity of the DOC (i.e. SUVA254) to a ratio of ~2.0 for each treatment, 

could indicate a passive stoichiometric release of the aromatic compound. However, proposed pathways 

of the DOM release by bacterioplankton is generally through the renewal of cell capsule components 

(Stoderegger & Herndl 1998), or the lysis of bacterial cells (Middelboe & Jørgensen 2006).  

Ecological implications 

The similarities in NPP normalized over biomass between, indicated that standing biomass is an important 

determinant of the productivity of seaweed habitats. Indeed, standing biomass was found to be a better 

indicator of NPP for kelps than growth (Reed et al. 2008). In Western Australia, when Ecklonia disappears 

from the reef and other species such as Sargassum and Lobophora have taken over, the total standing 

biomass was reduced by up to 80% (Wernberg et al. 2016a). This suggests that these temperate ecosystems 

will decrease in productivity as the seaweed community shifts from a more temperate Ecklonia dominated 

community, to a more tropical Sargassum dominated community.  
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The shift in dominance from Ecklonia to Sargassum could also affect the form in which DOM is transferred 

from primary producer downstream in the ecosystem. Where Ecklonia seemed to promote-, Sargassum 

inhibited the growth of the bacterioplankton pool. A shift from Ecklonia to Sargassum dominated habitat 

could result in a lower remineralization of DOM within the ecosystem through the microbial loop, and a 

higher fraction of DOM exported out of the system. As sequestration within seaweed habitats is relatively 

low, and most seaweed produced carbon that gets sequestered is done so outside of the ecosystem, more 

export could result in a higher fraction of the NPP being sequestered (Krause-Jensen & Duarte 2016). 

However, the bacterial community on the reef could adapt to the differences in chemical composition of 

the DOM released by different seaweeds. 

 

We conclude that the chemical composition of exudates released by Ecklonia could stimulate the growth 

rate of associated reef bacterioplankton, whereas that of Sargassum could inhibit the growth rate, even 

though more accurate measurements are needed to confirm this. The impact of the shifts in seaweed 

communities might therefore not be limited to physical changes, but also have the potential to impact the 

trophic flow through the ecosystem. As less organic matter enters the microbial loop and is remineralized 

within the system (Azam et al. 1983) more organic carbon could get exported to be remineralized outside 

of the ecosystem, or potentially sequestered.  
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Table 4.1: The net primary production (NPP), absolute dissolved organic carbon exudation, and carbon 

exudation as percentage of NPP (mean ± se; n = 6 per species) of three common seaweeds in Marmion. 

Values are corrected for NPP and carbon exudation of seawater control, and normalized over dry weight. 

Species 
NPP  
(mg O2 g-1 dw Hr-1) 

Exudation  
(mg C g-1 dw Hr-1) 

Exudation  
(% of NPP) 

Ecklonia radiata 1.606 ± 0.170 0.012 ± 0.011 2.17 ± 1.35 

Lobophora variegata 1.796 ± 0.114 0.019 ± 0.011 2.90 ± 1.56 

Sargassum lacerifolium 2.014 ± 0.186 0.010 ± 0.008 2.99 ± 1.35 
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Figure 4.1: The Oxygen (A) and dissolved organic Carbon (DOC; B) concentration (mean ± se; n = 6 per 

treatment) of the water incubated with Sargassum (blue), Lobophora (yellow), Ecklonia (green), and blank 

seawater control (black) over time in the dark (grey background; t = 0 – 1 hrs) and in the light (yellow 

background; t = 1-4 hrs). 
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Figure 4.2: The humification index (HIXem; A) and aromaticity (SUVA254; B) of the water incubated with 

Sargassum (blue), Lobophora (yellow), Ecklonia (green), and blank seawater control (black) over time (mean 

± se; n = 6 per treatment) in the dark (grey background; t = 0 – 1 hrs) and in the light (yellow background; 

t = 1 – 4 hrs ). 
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Figure 4.3: The PCA of the water chemistry of the incubation water at the start (t = 0 hrs, circles) and end 

(t = 4 hrs, triangles) of the incubation where filtered seawater was incubated with Sargassum (blue), 

Lobophora (yellow), Ecklonia (green), and blank seawater control (black). n = 6 per treatment at each time 

point. 
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Figure 4.4: The bacterial (A), dissolved organic Carbon (DOC; B) concentration, and oxygen concentration 

(C) of the seawater in the bioassay where filtered treatment water sourced from Sargassum (blue), 

Lobophora (yellow), Ecklonia (green), and blank seawater control (black) incubations was inoculated with 

reef bacterioplankton at t = 0 hrs, over time in the dark. Dots show mean value and error bars indicate 

standard error (n=5 per treatment). Smoothed trend line indicates best fit. 
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Figure 4.5: The aromaticity (SUVA254; A), humification index (HIXem; B), component 1 intensity (C1;C), and 

the absorption coefficienta254 (D) of the seawater in the bioassay where filtered treatment water sourced 

from Sargassum (blue), Lobophora (yellow), Ecklonia (green), and blank seawater control (black) 

incubations was inoculated with reef bacterioplankton  at t = 0 hrs, over time in the dark. Dots show mean 

value and error bars indicate standard error (n = 5 per treatment). Smoothed trend line indicates best fit. 
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Figure 4.6: The correlation between component 1 (C1) intensity identified through PARAFAC analyses of 

the excitation emission matrices (EEM) and the absorbance at 254nm (Absorbance coefficient a254) 

concentration (A), and the humification index (HIXem; B) of the water in the bioassay (n = 60). 
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Figure 4.7: The PCA of the water chemistry of the incubation water at the start (t = 0 hrs; circles), after 24 

hours (t = 24 hrs; triangles) and at the end of the incubation (t = 48 hrs; squares) where filtered treatment 

water sourced from Sargassum (blue), Lobophora (yellow), Ecklonia (green), and blank seawater control 

(black) incubations was inoculated with fresh bacterioplankton at t = 0 hrs. n = 5 per treatment at each time 

point. 
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Abstract 

Ocean warming is one of the most pervasive manifestations of anthropogenic climate change, and species 

worldwide have responded with changes in their distribution. This biological redistribution creates novel 

species interactions and adds complexity to ecosystem level responses to climate change. These changes 

can be difficult to study because they often occur gradually and over large geographical areas. Here we 

take advantage of a unique constellation of laminarian kelp forests (characteristically temperate) adjacent 

to Sargassum reefs (characteristically tropical) in a constrained transition zone, to examine potential 

community-scale effects of shifts in tropical and temperate distributions. We found a clear distinction in 

seaweed assemblages between habitats, with the temperate habitats hosting higher diversity and 

supporting ~2.5 times more seaweed biomass than the tropical counterpart. This diversity and abundance 

at the primary producer level did not translate to the associated fauna, as there was no significant 

difference for the invertebrate assemblage, while increasing for the fish assemblage in the tropical habitat. 

Furthermore, there was no pattern in temperature affinity of the mobile invertebrate nor fish assemblages 

in each habitat, and only ~10% fish species were found exclusively in the Kelp habitat. We conclude that 

while tropical seaweed habitats provide a degree of functional redundancy to associated fauna with a 

temperate affinity, the phase shifts into more tropical communities with continuing ocean warming could 

cause decreases in seaweed, and increases in fish abundance and diversity at progressively higher latitudes.  

                                                            
d This chapter is currently in preparation for submission to Marine Ecology Progress Series. 



 

82 
 

5.1 Introduction 

Changing species distributions have been some of the most pervasive and socio-economically important 

effects of global warming on natural ecosystems of the world (Pecl et al. 2017). The geographic distribution 

of many groups of marine species have been altered through changes in habitat suitability, dispersal 

trajectories, and mortality rates (Perry et al. 2005, Beaugrand et al. 2008, Chen et al. 2011, Poloczanska et 

al. 2013, Wernberg et al. 2016a), often with important socio-economic consequences (Free et al. 2019, 

Smale et al. 2019, Thiault et al. 2019). These changes have been documented extensively in coastal 

locations, and their prevalence is predicted to intensify as global warming continues (Cheung et al. 2009, 

Molinos et al. 2015, Assis et al. 2018, Martínez et al. 2018, Wilson et al. 2019). 

Species are expected to differ widely in their response to changes in ocean temperature, however the 

reorganization of marine biodiversity across the globe is often characterized by range shifts towards higher 

latitudes. This includes species with affinities to warmer temperature (e.g. tropical species) moving into 

temperate ecosystems (Vergés et al. 2014b). This can be due to unique thermal tolerances, different 

acclimatization and adaptation capacities, dispersal capacities, and biological interactions such as 

competition or predation that may be affected by warming (Gilman et al. 2010, Van der Putten et al. 2010). 

Range shifts of one species could also decouple ecological interactions if other species do not respond 

accordingly (Schweiger et al. 2008), adding further complexity to ecosystem-level responses to ocean 

warming. Therefore, the mixing and rearranging of species with differing temperature affinity can lead to 

novel community compositions that currently do not co-occur (Williams et al. 2007, Urban et al. 2012).  

Yet, tropical and temperate biotas have often/historically been considered to be discrete (Stuart-Smith et 

al. 2015, 2017), with clear environmental or geographical boundaries creating divisions between the two 

habitats zones (White et al. 2019). As oceans have warmed on average by ~1.5 oC (Pörtner et al. 2019), and 

marine heatwaves (MHWs) have increased in frequency by >30% in the last century (Oliver et al. 2018), we 

can expect a redistribution or replacement of whole communities (Devictor et al. 2008, 2012, Molinos et 

al. 2015, Gaüzère et al. 2017). Along the coasts of Australia, changes in species distributions have already 

been reported (Last et al. 2011, Wernberg et al. 2011, Richards et al. 2016), and large-scale shifts to habitats 

with novel combinations of species with warm or cool temperature affinities are occurring on the 

temperate reefs (Ling et al. 2010, Wernberg et al. 2016a, Zarco-Perello et al. 2017). As temperate and 

tropical communities increasingly converge, key unknowns remain about whether or not the historical 

discreteness of temperate and tropical ecosystems perpetuates at progressively higher latitudes, or 

whether the rearrangement of communities results in novel ecosystems which contain species with mixed 

affinities that can persist in both temperate and tropical habitats. 
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Changes over time in a larger geographical area are expected to be similar to changes over space within 

constrained transition zones (Wernberg et al. 2012, Vergés et al. 2014a, Agostini et al. 2018). In this light, 

existing transition zones between temperate and tropical boundaries are particularly useful to study the 

effects of global warming. Exploring how species with different thermal affinities co-exist in transition zones 

are likely to provide unique insights into possible trajectories of ecosystems in these rapidly shifting regions. 

The Houtman Abrolhos Islands (hereafter referred to as Abrolhos) is an island group that is located on the 

west coast of Australia, in a tropical-temperate transition zone. Some of the southernmost coral reefs in 

the Indian Ocean exist here (Johannes et al. 1983), predominantly in distinct sheltered, shallow lagoons. In 

contrast, on deeper more exposed fringing reefs, the benthos is dominated by two distinct assemblages of 

seaweeds; one characterized by an abundance of the laminarian kelp Ecklonia radiata, and the other 

dominated by a mixed assemblage of Sargassum species. In the context of this paper we refer to these as 

Kelp and Sargassum habitats, respectively. In general kelp is the characteristic seaweed species associated 

with temperate ecosystems (Wernberg et al. 2003), while Sargassum is associated with tropical ecosystems 

(Fulton et al. 2014). In Western Australia (WA), Sargassum has increased in kelp forests after marine 

heatwaves (Wernberg et al. 2016b), which suggests a shift from kelp forests to Sargassum reefs - and 

possibly even coral reefs – is a likely outcome of future warming along this coast (Tuckett et al. 2017, 

Martínez et al. 2018). 

As foundation species, habitat-forming temperate seaweeds have a large impact on the ecosystem they 

support (Wernberg et al. 2019b). Here we compare the seaweeds, mobile invertebrate, and fish 

assemblages associated with Kelp and Sargassum habitats to gain insights into the potential downstream 

effects of a phase shift, and the potential for overlap in functions provided by these distinct habitats. As 

the Abrolhos reefs host an abundance of species with both warm and cool affinities, it is an ideal location 

to investigate the main differences in the seaweed, invertebrate, and fish assemblages found in the Kelp 

versus the Sargassum habitats, and whether the associated species in the Sargassum habitats have a 

stronger affinity for warm water than those in the Kelp habitats. We hypothesise that bigger functional 

redundancy will result in more similar communities is between habitats. Furthermore, if the Sargassum 

habitat is characteristic of a warm seaweed community, the seaweeds with an affinity for warm water will 

be relatively more abundant here. 

 

5.2 Materials and Methods 

Location 
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The Houtman Abrolhos Islands (28°43′S; 113°47′E) are located ~80 Kilometers off the coast of Geraldton in 

midwestern Western Australia (Fig. 5.1). The islands are positioned within the main flow of the Leeuwin 

Current, which runs from tropical lower latitudes down to the temperate higher latitude, bringing in 

warmer waters and more tropical species than would be found on continental reefs at the same latitude 

(Hutchins & Pearce 1994, Phillips & Huisman 2009). 

Environmental data 

All long-term temperature and nutrient measurements were collected remotely sensed sea surface 

temperature (°C) and chlorophyll levels (mg m-3) (IMOS 2019). For each site, mean monthly sea surface 

temperature (SST) was calculated from available daily means from 1992 through 2019. Chlorophyll 

concentration of the surface water was used as a proxy for nutrient content (Russell et al. 2005). The 

temperature profile for sites at each habitat is nearly identical for ecological purposes (Fig. 5.2), although 

the Kelp habitats were slightly warmer between March and October (F1,639 = 4.956 , p= 0.026). While 

minimum temperatures in the between habitats did not differ (F1,639 = 0.034 , p = 0.854), the difference 

between the mean and minimum temperature was larger in the Kelp habitats (F1,639 = 5.475, p = 0.020).  

Chlorophyll content indicated both habitats were nutrient poor resulting from the suppression of upwelling 

by the Leeuwin Current (Twomey et al. 2007), although chlorophyll was higher at sites in the kelp habitat 

in winter (F1,301= 47.099 ,  p < 0.001). Also see Table S5.1 for additional details on statistical analysis of 

environmental data. 

Sample collection 

All samples were collected on SCUBA in October 2019 in the Australasian spring. Six sites were sampled (3 

kelp and 3 Sargassum habitat). All study sites were located on gradually sloping limestone reefs between 

8-12 m of depth. Sites were separated by kilometers, and at each site sampling order was consistent, 

starting with fish, and afterwards sampling seaweeds and invertebrates simultaneously. 

Seaweeds were sampled with six 0.25 m2 quadrats haphazardly placed on the benthos, and all seaweed 

specimens collected. Care was taken to remove with the holdfast intact to aid in identification. 

Identification was done to the lowest possible taxonomic level. Species temperature affinities were 

determined by known thermal preferences and distribution range (Herbarium 1998).  

Invertebrates were sampled along five 5 m transects at each site, haphazardly positioned on the reef flat 

and separated by at least 5 m. For each transect 0.5 m of the benthos at both sides was examined for 

mobile invertebrates larger than 10 mm. Specimens found were identified to the lowest taxonomic level 
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possible and counted for abundance. Species temperature affinities were determined by known thermal 

preference, or if unknown, when the proportion of occurrences was > 25% at a lower latitude than 28.3 oS 

(Atlas of Living Australia 2019) were considered of warm affinity. 

Fish were sampled by stereo-DOV (Diver Operated Video) surveys. Eight replicate transects of 25 x 5 m 

(sample area of 125 m2 each) were conducted at each site, targeting shallow rocky reef between 8 – 12 m 

in depth. The stereo-DOV system was maneuvered by SCUBA divers along transects at a constant speed. 

Surveys were conducted in a minimum of 7m visibility with 10 m breaks between each replicate transect. 

Transects were conducted by a team of two SCUBA divers; whereby one swam along each transect with 

the stereo-DOV, while the other measured distance with a tape measure. This ensured that the effects of 

SCUBA diver presence were minimized, with only one diver present with the cameras (Watson & Harvey 

2007). The stereo-DOV system consisted of two GoPro Hero 4 video cameras in underwater housings, 

mounted 0.7 m apart on an aluminium frame, converged at 8⁰ to provide a standardized field of view (from 

0.5 to 8 m). A complete description of stereo-DOVs including an explanation of how they are configured 

and calibrated was described by (Goetze et al. 2019). 

Videos were analyzed using the program EventMeasure (Stereo, www.seagis.com.au), which allowed fish 

to be identified to the lowest taxonomic level possible and measured (fork length). Rules within the 

software were established to maintain the transect limits and to prevent fish more than 7m from the 

camera form being included. Fish that were not visible in both cameras were unable to be measured, but 

remained included in the density data if we were confident that the fish was within the transect boundaries. 

A school of roaming Kyphosus sydneyanus was recorded on a single site (Sargassum habitat), and was 

omitted from the analyses to prevent type I error due to their abundance.  

Statistical analyses 

The analysis of the diversity and abundance of the three communities was done in R3.6.2 by constructing 

Generalised Linear Models (GLMs) using the ‘glmer’ function from ‘lme4’ package (Bates et al. 2007). 

Models used Habitat as fixed factor (2 levels: Kelp vs Sargassum) and Site as random effect (3 per habitat), 

with quadrat/transect nested within Site (8 for fish, 6 for seaweed, 5 for invertebrate per site). Richness 

and density models were fitted using a Poisson distribution and include a logarithmic link function. Biomass 

models were fitted using a Gamma distribution with an inverse link function. The appropriateness of the 

fitted models was checked by visually inspecting the residuals using the ‘ggResidpanel’ package. 

PCO, ANOSIM, and SIMPER were performed using the ‘vegan’ package (Oksanen et al. 2010). Data were log 

transformed, and the Bray Curtis dissimilarity of each point was then determined. The first two dimensions 

https://paperpile.com/c/24uakI/lPWRl
http://www.seagis.com.au/
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were used to plot the PCO, and the ANOSIM performed to determine the similarity of the points between 

habitats. SIMPER analysis was used to determine which species accounted for the largest amount of 

dissimilarity between habitats, after which the thermal affinity of the top 20 species for seaweeds and fish 

was determined. For invertebrates the species that made up to 98% of the dissimilarity were used, as there 

were less species found. A Mann-Whitney U test was then performed on the relative abundance of species 

with warm and cool affinities, comparing the ranks of warm species to the ranks of cool species for each 

habitat. 

 

5.3 Results 

There was a clear difference between the Kelp and Sargassum habitats for the univariate measures of the 

seaweed and fish community (see Table 5.1). The seaweeds were more diverse (Fig. 5.3A) and had a higher 

biomass (Fig. 5.3D) in the Kelp habitats, and were characterized by a mixed assemblage of brown and red 

seaweeds interspersed between E. radiata patches. In contrast, Sargassum habitats almost exclusively 

consisted of Sargassum species (92.4% of total biomass), with a few brown seaweeds in the understorey. 

For the invertebrate community, the difference between Kelp and Sargassum habitats was less 

pronounced. While the diversity (Fig. 5.3B) was higher in the Sargassum habitat due to a diverse selection 

of gastropods, there was a higher density in the Kelp habitat (Fig. 5.3E), due to the abundance of the urchin 

Centrostephanus tenuispinus. Fish were more diverse (Fig. 5.3C) and abundant (Fig. 5.2F) in the Sargassum 

habitat. In the Kelp habitat there was a predominance of wrasses, while in the Sargassum habitat there was 

a more mixed community of wrasses, parrotfish, and damselfish. In total 2521 individual fish from 51 

species within 20 families were recorded across all sites. Of those 45 and 26 species were found within 17 

and 9 families in the Sargassum and Kelp habitat respectively. Thus, only 6 species within 3 families were 

unique to the Kelp habitat. 

Comparing the habitats on a multivariate scale (Fig. 5.4), there was a clear separation between the seaweed 

communities (ANOSIM: R = 0.921, p = 0.001), a slight separation for the invertebrates (ANOSIM: R = 0.490, 

p = 0.001), and almost no separation in the fish communities (ANOSIM: R = 0.194, p = 0.001). This pattern 

was accentuated by the relative presence of species at each habitat type (Fig. 5.5). Of the species of 

seaweeds that drove the majority of the dissimilarity between habitats, most were only found in one 

habitat type. For invertebrates, about one third of the species were found in both habitats. Finally, most 

fish were present in both habitats, with only four species restricted to a single habitat. 

Seaweed species with cool temperature affinities were predominantly found in the Kelp habitats (Fig. 5.5; 

Mann-Whitney U: U = 41.5, p = 0.026). Similarly, invertebrates with cool affinities were relatively more 

abundant in the Kelp habitats (Mann-Whitney U: U = 24, p = 0.163), although the lower abundance and 
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diversity of invertebrates reduced the confidence in this pattern. There was no discernible pattern in 

temperature affinity of fish species and their relative abundance in the different habitats (Mann-Whitney 

U: U = 142, p = 0.556). 

For both habitats, the biomass of canopy forming seaweeds was roughly similar (GLM; Z1,32 = 0.359, p = 

0.720; Fig.6). However, the biomass understorey seaweeds was ~40 times higher in the Kelp habitat (GLM; 

Z1,32 = 5.986, p < 0.001), and represented the majority of the total seaweed biomass. This indicates Kelp 

canopies support a larger understory community compared to Sargassum. The relative amount of biomass 

of epiphytes to total biomass was low in both habitats, constituting 9.4% and 4.5% of the total biomass in 

the Kelp and Sargassum habitats respectively. 

The biggest dissimilarity between habitats for the invertebrate community was the abundance of the urchin 

C. tenuispinus (SIMPER 48.3%, table S5.3). There was a low average density (0.05 ± 0.03 individuals m-2) of 

C. tenuispinus in the Sargassum habitat compared to that measured in the Kelp habitat (1.19 ± 0.30 

individuals m-2). The highest density at a single site was 2.16 ± 0.65 individuals m-2.  

There were around 2 times as many herbivorous fish (Fig. 5.7A) – accounting for double the biomass (Fig. 

5.7B) – in the Sargassum compared to the Kelp habitat. While the count of invertivorous fish were similar 

in both habitats, the individual size and biomass of invertivores was 4 times higher in the Sargassum 

habitats. The biomass per individual was highest for the carnivorous fish, which occurred in low numbers 

in each habitat, yet made up ~25% and ~12.5% of the total biomass in the Kelp and Sargassum habitat 

respectively. The planktivorous fish group showed the lowest individual biomass, but occurred in high 

numbers. The abundance of these planktivores in the Sargassum habitats drove a peak in abundance of 

fish around 60 mm of length (Fig. 5.7C), while in the Kelp habitats where there were relatively few 

planktivores, the main size peak was for fish around 100 mm. All together there was a ~40% dissimilarity 

between the size distribution of fish between habitats (Kolgomorov-Smirnoff test, D = 0.429, p < 0.001). 

 

5.4 Discussion  

The seaweed communities associated with the Kelp habitat could be considered more temperate 

compared to the Sargassum habitat, as there was an overabundance of species with cool temperature 

affinities. Seaweeds were also more abundant in the Kelp habitat and had around 2.5 times more biomass 

than the Sargassum habitat, suggesting that this habitat is more productive (Reed et al. 2008). However, 

the abundance at the primary producer level did not directly result in more abundant associated fauna. 

While mobile invertebrate abundance did not differ significantly between habitats, the abundance and 
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biomass of fish was higher in the Sargassum habitat. This energy paradox could indicate that either there 

is a high turnover rate at the lower trophic levels (Stevenson et al. 2007), or that there is energy imported 

from nearby habitats to supplement the autochthonous energy production. The more productive nearby 

Kelp habitats could be supplementing the Sargassum habitats with drift biomass (Vanderklift & Wernberg 

2008, Krumhansl & Scheibling 2012), or the high abundance of planktivores in the Sargassum habitat could 

indicate a pelagic source of production (Morais & Bellwood 2019). 

The species diversity of seaweeds was also higher in the Kelp habitat. This is further accentuated by the 

lack of diversity at genus level in the Sargassum habitat, as most species were members of the Sargassum 

genus. Low species richness can result in a low functional diversity (McWilliam et al. 2018). As congeners, 

the phylogenetic and morphological similarities between Sargassum species are expected to result in the 

provision of similar functions to the ecosystem. The lack of diversity would imply that there is a 

simplification of the Sargassum habitat compared to that of the Kelp, which is reflected in the lack of layers 

of the seaweed canopy.  

High density of seaweeds supplements the reef rugosity, synergistically providing more complex habitat 

and resulting in higher abundance of associated fish (Stephens et al. 2006, Trebilco et al. 2015). This is 

contrasting to our findings, where the more complex Kelp habitat supported a lower abundance of 

associated fish. It is possible that the structural complexity could be contributing to the low abundance of 

small fish counted, as there is more shelter for smaller fish to hide in, and SCUBA divers operating stereo-

DOV systems have been found to induce avoidance behavior in fish (Watson & Harvey 2007), with smaller 

fish exhibit stronger predator avoidance behavior (Kulbicki 1998). Alternatively, the high abundance of 

smaller fish could indicate that the Sargassum habitats are acting as nurseries for juvenile fish. Tropical 

seaweed habitats have been found to provide shelter for juvenile fish that in later life phases live in other 

seascapes such as nearby coral habitats (Fulton et al. 2020). 

While there was a high habitat fidelity of the seaweeds, the invertebrate and fish species use both habitats 

more equally, regardless of their thermal affinities. This is consistent with the rapid movement of tropical 

herbivores into temperate ecosystems. Additionally, over 75% of the fish species found in the Kelp were 

also present in the Sargassum habitat, suggesting that there is some functional redundancy between 

habitats. Indeed, a parallel is found in Californian kelp forests, where few fish species are exclusively found 

in kelp habitats (Stephens et al. 2006). Alternative to the bottom up hypothesis of temperature controlling 

the seaweed distribution, the higher abundance of herbivores (e.g. Parrotfish) in the Sargassum habitat 

could be controlling seaweeds top down. In this hypothesis temperate seaweeds which are less resistant 

to herbivory are selectively targeted by herbivores (Bolser & Hay 1996), while more unpalatable Sargassum 

species thrive as opportunists due to the competitive release (de Eston & Bussab 1990). 
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There was however, no sign of top down control in the Kelp habitat, despite high densities of urchin C. 

tenuispinus. A congener of Centrostephanus rodgersi, which is responsible for large urchin barrens of the 

east coast of Australia (Andrew & Underwood 1989, Ling & Johnson 2009), C. tenuispinus is linked to 

maintaining a canopy free state on Hall Bank near Marmion, WA (Thomson & Frisch 2010). While higher 

than other locations along the WA, the densities recorded in Abrolhos are still lower than those recorded 

Hall Bank (~5 individuals m-2) (Thomson & Frisch 2010), or on the east coast (~2-3 individuals m-2) (Andrew 

& Underwood 1989, Ling & Johnson 2009). 

Despite the similarities in mean temperatures between habitats, the seaweeds showed a discrete 

separation of temperature affinity. The larger difference between mean and minimum temperatures in the 

Kelp habitat could suggest that there are short sporadic cooling events occurring in these habitats, which 

is allowing the temperate seaweeds to thrive here. Sporadic upwelling occurs in the Leeuwin Current 

system under the right circumstances, and there are relatively many upwelling days per year in the Abrolhos 

compared to the rest of the WA coast (Rossi et al. 2013). Alternatively, large amplitude internal waves 

(LAIW) reduce the heat stress on shallow subtidal ecosystems (Reid et al. 2019). During the 2010-2011 

MHW in the Eastern Indian Ocean, corals at LAIW-exposed sites were less impacted than those on sheltered 

sites (Schmidt et al. 2016). The higher chlorophyll concentration in the Kelp habitat could be possible 

through either mechanism.  

To conclude, the seaweeds are more abundant, diverse, and temperate in the Kelp habitats compared to 

the Sargassum habitats. The discreteness found in the temperature affinity was restricted to the seaweeds, 

and was not found in the mobile invertebrates or fish communities. The fish were more abundant and 

diverse in the Sargassum habitat than in the Kelp habitat, specifically more herbivores, and larger 

invertivores. The complexity of the seaweed canopy in the Kelp habitat could have resulted in an 

underestimation of the fish abundance, as it provides shelter for fish exhibiting predator avoidance 

behaviour. The lack of temporal data makes it impossible to discern whether the kelp forest and Sargassum 

reef are two coexisting steady states, or whether the Sargassum reef is part of a phase shift away from kelp 

forests. However, these shifts are occurring along the WA coast and are expected to keep doing so as global 

warming keeps intensifying. Where this shift occurs, the seaweed community will decrease- while the fish 

community will increase, in diversity and abundance. The functional redundancy between seaweed 

habitats suggests that temperate fauna can persist these shifts, even when the associated temperate 

habitat does not. 
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Table 5.1: GLM Model outputs for the differences of the univariate measurements Richness, Abundance, 

and Biomass between Kelp and Sargassum habitats, for the seaweed, invertebrate, and fish communities. 

Model Family Link Df Estimate Std Error Z value Pr(>|z|) 

Seaweed      

Richness Poisson Log 32 0.6811 0.1715 3.971 < 0.001 

Biomass Gamma Inverse 32 0.0008 0.0002 4.817 < 0.001 

Epiphyte Gamma Inverse 32 0.0248 0.0193 1.286 0.199 

Canopy Gamma Inverse 32 0.0004 0.0011 0.359 0.720 

Understorey Gamma Inverse 32 0.0476 0.0080 5.986 < 0.001 

      

Invertebrates      

Richness Poisson Log 27 0.4418 0.2467 1.791 0.073 

Abundance Poisson Log 27 0.4429 0.3018 1.467 0.142 

      

Fish      

Richness Poisson Log 45 0.4396 0.2164 2.031 0.042 

Abundance Poisson Log 45 0.8551 0.4972 1.720 0.086 

Herbivore Poisson Log 45 1.1591 0.5820 1.992 0.046 

Invertivore Poisson Log 45 0.0145 0.3485 0.042 0.967 

Carnivore Poisson Log 45 0.1799 0.6595 0.273 0.785 

Planktivore Poisson Log 45 3.0582 2.1468 1.425 0.154 

Biomass Gamma Inverse 44 0.3338 0.0095 35.190 < 0.001 

Herbivore Gamma Inverse 44 0.0009 0.0016 0.563 0.573 

Invertivore Gamma Inverse 44 0.0010 0.0003 3.255 0.001 

Carnivore Gamma Inverse 44 0.0001 0.0029 0.047 0.962 

Planktivore Gamma Inverse 44 0.0354 0.0331 1.069 0.285 
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Figure 5.1: Sampling sites at the Wallabi Group of the Houtman-Abrolhos islands, Western Australia. 

Sargassum habitats are indicated with a red diamond, Kelp habitats are indicated with a blue circle. 
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Figure 5.2: Mean (full line) and minimum (dashed line) monthly sea surface temperature (SST), and the 

difference between the mean and minimum SST (violin plots; secondary y-axis) between 1992 and 2019 on 

Kelp (blue) and Sargassum (red) habitats (A) as well as the mean monthly sea surface chlorophyll 

concentration (B) at the Abrolhos. Shaded area indicated standard error. 
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Figure 5.3: Mean diversity and abundance of seaweeds (A,D, n = 18 per habitat), mobile invertebrates (B,E, 

n = 15), and fish (C,F, n = 24) in Kelp (blue) and Sargassum (red) habitats at the Abrolhos. Error bars indicate 

standard error, and asterisk indicates significant difference (GLM, p < 0.05, see Table 5.1). 
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Figure 5.4: PCO of the Bray Curtis dissimilarities for seaweeds (excluding Sargassum spp. and E. radiata, n 

= 18 per habitat) biomass, invertebrate abundance (n = 15), and fish abundance (n = 24) in the Abrolhos. 

Data was log transformed, and grouped by Kelp (blue circles) and Sargassum (red triangles) habitat. 
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Figure 5.5: Relative abundance between Kelp and Sargassum habitats of the most relevant species (results 

from SIMPER analysis) of seaweeds, mobile invertebrates, and fish in the Abrolhos. Warm temperature 

associated species are red, cool temperature associated species are blue, and cosmopolitan species 

without clear temperature preference are grey.   
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Figure 5.6: Mean seaweed biomass in different layers of the canopy in the Kelp (blue) and Sargassum (red) 

habitats in the Abrolhos. Error bars indicate standard error, n = 18 per habitat, and asterisk indicates 

significant difference (GLM, p < 0.05, see Table 5.1). 
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Figure 5.7: The abundance (A) and biomass (B) of different trophic guilds of fish, and kernel density of the 

length of fish individuals (C) in Kelp (blue) and Sargassum (red) habitats in the Abrolhos. Error bars indicate 

standard error, and asterisk indicates significant difference (GLM, p < 0.05, see table 5.1). 
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Chapter 6 – General discussion 
 

Anthropogenic climate change has impacted the entire marine realm to some extent (Halpern et al. 2008), 

and the combined stressors are affecting seaweed habitats (Harley et al. 2012). In doing so, climate change 

is impacting the foundation of some of the most productive (Mann 1973), diverse (Dayton 1985), and socio-

economically important ecosystems in the world (Bennett et al. 2016, Smale et al. 2019). However, 

ecosystem functions may be preserved when emerging species take on similar roles as species lost, a 

concept known as functional redundancy (Rosenfeld 2002), mitigating the impact of climate change. This 

thesis showed that on subtidal reefs in Western Australia, characteristically temperate seaweed habitats 

are being replaced by seaweed habitats consisting of species with an affinity for warmer water, which is 

accelerated by wave exposure (Chapter 2). This resulted in a 2.5 – 3 fold decrease in standing biomass 

between characteristically temperate and the more tropical seaweed habitats (Chapter 2 and 5). Although 

the primary productivity and exudation rates normalized over biomass between species with different 

thermal affinities were similar, the bacterioplankton could respond differently to exudates from different 

seaweed species (Chapter 4). The magnitude of changes in the mobile invertebrate assemblages associated 

with these seaweed habitats reflected the cumulative temperature stress (Chapter 3), However there was 

a degree of overlap between assemblages in discreet seaweed habitats (Chapter 5). The fish assemblages 

associated with more tropical seaweed habitats showed a higher density and diversity, with a higher 

abundance in scraping herbivores and larger invertivores (Chapter 5). Combining these aspects, this thesis 

indicates that there are unique functions provided by the temperate seaweed habitats (especially by 

Ecklonia radiata) that are lost, to which the ecosystem it supports will have to adjust. However, there is 

some functional redundancy between the historically temperate seaweed habitat and emerging 

tropicalized seaweed habitats which would allow some components of the temperate ecosystem to persist. 

By increasing our knowledge of the overlap and uniqueness of the functions provided by historically 

temperate E. radiata dominated- and emerging more tropical Sargassum dominated seaweed habitats, 

helps in understanding the ecological and socio-economic impact the continuation of this shift has. 

 

6.1 The changing seaweed community  

Historically, the most dominant seaweed habitat forming species of the Great Southern Reef (GRS) has 

been the temperate E. radiata (Bennett et al. 2016). In recent years the dominance of E. radiata in Western 

Australia has been reduced in response to climatic events, especially at the warm edge of the distribution 

(Smale & Wernberg 2013, Wernberg et al. 2016a, Wernberg 2020). The findings in this thesis are consistent 

with this pattern, showing an increase in patchiness of E. radiata canopy, and a decrease in the contribution 
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to the total seaweed biomass over a period of 20 years. Interestingly, this reduction of E. radiata dominance 

was not uniform, but was exacerbated by wave exposure. Where E. radiata reduced in density, we found 

an increase in the relative abundance of seaweed species with an affinity to warmer water (expressed in a 

higher tropicalization index). However, this effect was buffered by the increase in other habitat forming 

seaweeds with an affinity for cool water (e.g. Scythothalia dorycarpa). Furthermore, in the Abrolhos, the 

contribution to total biomass by E. radiata was on average 20% (vs 50-75% in Marmion), yet other 

temperate seaweeds (e.g. Pterocladia lucida, Hennedya crispa, and Plocamium spp.) flourished. In doing 

so, these other temperate seaweeds provided a functional redundancy to the standing biomass of the 

seaweed habitat.  

The more characteristically tropical seaweed habitats found in the Abrolhos, as well as the seaweed 

habitats in Marmion where E. radiata was absent, had 2.5 - 3 times less standing biomass. Furthermore, a 

reduction in layers and lower functional diversity of species in the tropical seaweed habitat indicates a 

lower structural complexity of the habitat. Yet, Tropical seaweed habitats appear to provide a sheltering 

function to the associated fauna as a whole, as was seen in the high densities of fish in the Sargassum 

habitats in the Abrolhos. Indeed, tropical seaweed habitats have been found to provide shelter for fish in 

multiple life stages, serving as nurseries and foraging areas for nearby seascapes (Fulton et al. 2020). 

However, there are some species inherently connected to temperate seaweed habitats that will be 

extirpated if temperate seaweed habitats shift to more tropical seaweed habitats.  

There was a contradiction in seaweed diversity when comparing habitats in Marmion and in the Abrolhos. 

The tropicalization of the seaweed community resulted in an increase in diversity in Marmion, while the 

temperate seaweed habitats were two times more diverse than the tropical seaweed habitats in the 

Abrolhos. This could indicate that both the E. radiata dominated temperate seaweed habitats and 

Sargassum dominated tropical habitats are climax community compositions which are generally 

characterized by low species diversity (Sousa 1979, Whitmore 1989). A divergence from these steady states 

could therefore lead to an increase in species diversity (Fig. 6.1). While kelp forests have high competition 

for resources (e.g. light, substrate) (Carpenter 1990, Edwards & Connell 2012), the lower biomass of the 

Sargassum habitats makes it unlikely that the low diversity in this habitat is through the same mechanism. 

Instead, the higher abundance of (scraping) herbivores, and low palatability of Sargassum could be the key 

driver maintaining this alternative climax community (Holmgren 2002, Hidding et al. 2013).  

6.2 Primary productivity and bacterioplankton response 

There was little difference in net primary production (NPP) and exudation rate of dissolved organic carbon 

(DOC) in between species with a cool water affinity (E. radiata) and warm affinity (Sargassum lacerifolium, 
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Lobophora variegata) over biomass. This is consistent for NPP with other research that indicates that 

standing biomass is the better predictor for NPP rather than growth for kelp (Reed et al. 2008). However, 

the biomass in temperate seaweed habitats was generally 2.5 times higher than that in more tropical 

seaweed habitats (chapter 2). Thus, as temperate seaweed habitats shift to more tropical, the production 

per reef area would decrease. However, the DOC exudation rates found in this thesis were an order of 

magnitude lower than expected from literature (Khailov & Burlakova 1969, Wada et al. 2007), and 

interspecific differences have been reported in other studies (Hulatt et al. 2009, Haas et al. 2011). As the 

species investigated in this thesis were all brown algae (Phaeophyceae) the differences could be more 

subtle than those between species belonging to different classes. Furthermore, using young specimens 

during peak annual growth (Abdullah & Fredriksen 2004) under relatively low light intensities (Hulatt et al. 

2009, Mueller et al. 2016), could have contributed to the low exudation rates.  

Despite the low exudation rates, the dissolved compounds produced by E. radiata stimulated, whereas 

those produced by S. lacerifolium inhibited bacterioplankton growth, which resulted in 1.5 times higher 

bacterial concentrations (chapter 4). A substantial portion of organic matter remineralization in marine 

systems goes through the microbial loop: dissolved organic matter gets consumed by bacteria, which get 

consumed by protozoan, which in turn get consumed by metazoans (Azam et al. 1983). As organisms 

preferentially consume particles an order of magnitude smaller (Sheldon et al. 1972), reducing the 

efficiency of the consumption of abiotic organic matter (i.e. DOM) by the primary consumer (i.e. bacteria) 

would reduce the efficiency of the entire microbial loop, and therefore inhibit remineralization of organic 

matter within the system. A caveat on this is the ability of some larger filter feeding organism (e.g. sponges) 

capable of removing DOM directly from the water column at much higher rates than bacteria (de Goeij et 

al. 2013). Indeed, sponges have been found to efficiently remineralize DOM produced by seaweeds (Rix et 

al. 2017). 

By recalibrating the model described by Krause-Jensen & Duarte (2016) for both Sargassum, and E. radiata 

dominated seaweed habitats, we can compare the energy flow between systems (Fig. 6.2).The biggest 

difference in energy flow between the habitats is the NPP, which is twice as high for E. radiata habitats. 

This was recalculated from the 3 times higher standing biomass (chapter 2) per reef area, and extrapolated 

on a 12 hour day-night cycle for the NPP and respiration rates (chapter 5) for a year. The resulting NPP 

rates are comparable to those reported in other studies (Copertino et al. 2005). While the remineralization 

of primary productivity is higher in the E. radiata habitat (chapter 5), it is mostly compensated by higher 

herbivory in the Sargassum (chapter 4), which results in comparable relative rates of carbon export out of 

the algal beds: 42.2% and 37.5% for E. radiata and Sargassum habitats respectively. This thesis did not 

investigate the POC pathway, however, detrital export was found to be a similar percentage of NPP 
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between different macrophyte communities (Krumhansl & Scheibling 2012). Furthermore, we found no 

conclusive evidence of the lability of the DOM produced by different seaweed habitats. Therefore, we use 

the conversion ratios described in the original model for both habitats. Combining all factors resulted in 

only a small (~1%) increase in sequestration of the kelp NPP. Therefore, in absolute values normalized over 

reef area, E. radiata dominated habitats could be providing over 2 times as much NPP to the ecosystem as 

Sargassum, and also over 2 times the amount of carbon sequestration. To put this into perspective, 43% of 

the 2266 km2 of kelp forest along the WA coast was lost in the 2011 MHW (Wernberg et al. 2016a). 

Although initially covered by turfing algae, for this calculation we assume that Sargassum, as an 

opportunist, will be the successive state here. A transition from E. radiata to Sargassum dominated 

seaweed habitats will have caused a reduction of 917.6 Gg C in NPP, and 107.6 Gg C in sequestration each 

year: a reduction of nearly 25% of the NPP of the entire subtidal reef that used to be kelp forest in WA.  

The limited success in inducing organic matter exudation provides a range of opportunities for future 

research. Optimizing the methodology by increasing light intensity, using longer incubation times, and 

accounting for nutrient load could reduce some of the variance found in this thesis. Furthermore, additional 

factors that influence the exudation rates of seaweeds need to be accounted for. Seasonality is expected 

to affect exudation rates (Wada et al. 2007), as they do standing biomass and NPP (Kirkman 1984, De 

Bettignies et al. 2013) through changes in for example light availability, nutrient availability, and water 

temperature. Additionally, the exudation rates of seaweeds in different life phases (e.g. growing juvenile, 

static adult, senescing adult) could all be different. Better understanding these variables would increase 

our understanding of actual exudation rates of different seaweed habitats as a whole and account for 

temporal variations, which is necessary to better project the impacts of the changes in seaweed habitats. 

 

6.3 Changes in associated fauna 

One of the most conspicuous mobile invertebrates associated with E. radiata dominated habitats is Lunella 

torquatus, which depends on the seaweed for the provision of shelter (Ettinger-Epstein & Kingsford 2008). 

This species was clearly impacted by the 2011 MHW as is seen in the changes in size distribution, which 

recovered after the MHW. However, the densities remained low even when the size distribution of the 

population was back to the pre-MHW pattern. A possible explanation is that the persisting reduction of E. 

radiata habitat (Wernberg et al. 2016a) reduces the amount of habitat available for L. torquatus, which 

results in lower densities. However, within the E. radiata habitat that persisted the population of L. 

torquatus recovered from the direct thermal stress of the MHW which is reflected in the size structure. 

This suggests that the shelter provision function provided by E. radiata to L. torquatus is not taken over by 
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the successive seaweed habitats. The Abrolhos are outside of the distribution range of L. torquatus, which 

prevented a direct comparison between functions provided by seaweed habitats on L. torquatus.  

However, there was also a reduction in the densities of multiple species of mobile invertebrates that do 

not depend on the provision of shelter by E. radiata. Instead, the reduction of NPP within the system as the 

seaweed habitat shifts away from E. radiata dominated, could be reducing the available energy for all 

mobile invertebrates, resulting in lowered densities. Indeed, the trophic flow in this system is found to be 

driven by benthic primary production, and a small decrease in E. radiata biomass impacts dependent 

mobile invertebrate biomass (Lozano-Montes et al. 2011) . This includes the economically important 

Panulirus cygnus (Western rock lobster), of which high abundances were associated with the presence of 

seaweed habitats (Bellchambers et al. 2010). As such, the shift from temperate E. radiata dominated 

seaweed habitats to more tropical Sargassum dominated seaweed habitats could negatively affect 

Australia’s most valuable single species fisheries, which is valued at roughly AU$ 185 million per year in WA 

(Bennett et al. 2016). 

Fish abundance, biomass, and diversity was higher in the Sargassum dominated habitats, than on the more 

temperate seaweed dominated habitats in the Abrolhos. Lower latitude fish communities are generally 

more diverse and abundant than high latitude communities in Australia (Booth et al. 2007, Holmes et al. 

2013), and the tropicalization of the fish community in WA has been well documented (Cheung et al. 2012, 

Zarco-Perello et al. 2017). However, it is likely that the increase in herbivores is shaping the more tropical 

Sargassum dominated seaweed habitats, and not vice versa (Vergés et al. 2016, Zarco-Perello et al. 2017). 

As this tropicalization is projected to continue and at increasing latitude (Cheung et al. 2012), the temperate 

ecosystem services will likely diminish, but the more tropical ecosystem services will develop (Vergés et al. 

2014a).  

 

6.4 Limitations of the studies and future research 

Both chapter 2 and 3 relied on two time points in order to determine long term trends in seaweed and 

mobile invertebrate communities. While this makes them vulnerable to be confounded by short term 

dynamics, we believe that the long term effect size was big enough for this not to be a major concern. 

Additionally, the data from this research will be a positive contribution in future research, as the next time 

these communities are investigated, multiple reference time points will be available. 

Using time as a proxy for rising temperature ignores other factors (e.g. fishing pressure, pollution, or 

nutrient loading) that will also have changed over the investigated period and could have had an influence. 
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The assumption is made that temperature is the more pervasive and impactful driver of the results. 

Additional future research which controls for confounding factors would strengthen reported findings.  

In chapter 2, the limited resolution on the Sargassum species in the reference dataset made it impossible 

to distinguish whether there was a change in the abundance of Sargassum species with a warm affinity 

relative to those with a cool affinity. As a result, all Sargassum species were pooled into the single 

Sargassum genus with a warm affinity, which reduced the effectiveness of the analyses. Classifying the 

Sargassum genus as having a warm affinity is partly justified in chapter 5, where the species in the seaweed 

habitats characterised by the dominance of Sargassum where predominantly those Sargassum species with 

a warm affinity. However, since this finding is limited to a single location, future research is needed to verify 

this trend is spatially consistent.  

There are many variables that could have influenced the findings in chapter 4, and much more research 

needed in this space. Aside from optimizing the methods within the experiment by for example increasing 

the light intensity, increasing the incubation time, higher quality chambers, more precise sample analysis, 

there were other factors that were outside of the scope of this experiment but extremely relevant to the 

bigger question. Differences in NPP and exudation rates between life stages were not investigated, but 

could play a major role when extrapolating to the seaweed habitat level. Furthermore, seasonality might 

have less of an impact on E. radiata as a perennial, than on Sargassum species which often senesce a large 

part of their standing biomass annually. Further expanding the research to also include more species would 

help when comparing the effect of seaweed species with a temperate affinity to that of species with a warm 

affinity, instead of a direct species comparison as described in this thesis.   

 

6.5 Conclusions 

From an ecological perspective, there is a degree in functional redundancy between historically temperate 

seaweed habitats, and emerging tropical seaweed habitats. This redundancy appears to be species specific, 

indicating that there will be extirpations of some species, while others will flourish. In an area of high 

diversity and endemism (Phillips 2001, Langlois et al. 2012), this can cause global extinctions for a large 

number of species. Furthermore, the reduction in standing biomass indicates that seaweed habitats are 

becoming less productive. This reduction in productivity could be compounded by a reduction in efficiency 

of the coupling between primary and secondary production, as bacterioplankton growth suggested a 

positive response to E. radiata, and a negative response to Sargassum lacerifolium exudates. Moreover, 

this could also impact the ability of these reefs to contribute to the sequestration of carbon, as less carbon 

enters the system and is ultimately sequestered. For humans, the ability to adapt to novel ecosystems will 
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be paramount in order to best utilize the services they provide (Hobbs et al. 2006). From a socio-economic 

perspective, some of the traditional services provided by temperate seaweed habitat are likely to be 

reduced or disappear altogether. However, new services will emerge and can be used to fill that gap at 

least to some extent.  
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Figure 6.1: Schematic representation of the drivers of species diversity between Ecklonia radiata and 

Sargassum dominated habitats. Dashed lines indicate the individual effect of each habitat, and the grey 

area is the cumulative effect which results in the actual seaweed diversity. 
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Figure 6.2: Diagram showing the recalculated carbon flow of Ecklonia radiata (solid black lines) and 

Sargassum (dashed grey lines) dominated habitats in grams of carbon per square meter reef area per 

year. Blue boxed indicate areas where carbon is sequestered, which is summarized in each habitats 

stating box. Adapted from Krause-Jensen & Duarte (2016). 
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Supplementary Materials 

Chapter 2 
 
Table S2.1: SIMPER analysis showing the contribution of each species that make up to 90% of the 

dissimilarity between the species biomass (log(x+1)) composition between 1996 and 2016 on high, 

medium, and low exposure reefs combined at Marmion Lagoon. Temperature affinity based on record of 

distribution and known thermal preferences. 

Species Average Std. dev. Ratio 
Mean 
1996 

Mean 
2016 

Individual 
Cumulative 

sum 
Affinity 

Ecklonia radiata 0.086 0.096 0.889 4.45 3.97 0.157 0.157 Cool 
Sargassum spp. 0.055 0.053 1.027 0.43 1.13 0.100 0.257 Warm 
Pterocladia lucida 0.052 0.043 1.225 1.07 0.79 0.096 0.353 Cool 
Dyctyomenia sonderi 0.039 0.050 0.788 0.34 0.71 0.072 0.425 Cool 
Halopeltis australis 0.031 0.027 1.156 0.55 0.66 0.056 0.481 Cool 
Scytothalia dorycarpa 0.025 0.059 0.427 0.07 0.53 0.047 0.528 Cool 
Heterodoxia denticulata 0.023 0.030 0.763 0.17 0.42 0.042 0.570 Cool 
Curdiea obesa 0.020 0.035 0.573 0.11 0.34 0.037 0.607 Cool 
Amphiroa anceps 0.015 0.024 0.645 0.13 0.26 0.028 0.635 Warm 
Lobophora variegata 0.014 0.021 0.658 0.04 0.29 0.026 0.661 Warm 
Chauviniella coriifolia 0.014 0.023 0.590 0.28 0.06 0.025 0.686 Cool 
Hennedya crispa 0.014 0.024 0.576 0.02 0.26 0.025 0.711 Warm 
Zonaria turneriana 0.013 0.032 0.396 0.01 0.30 0.023 0.735 Cool 
Euptilota articulata 0.009 0.019 0.495 0.10 0.12 0.017 0.752 Cool 
Pollexfenia pedicellata 0.009 0.023 0.411 0.22 0.00 0.017 0.769 Cool 
Gloiocladia spp. 0.009 0.025 0.349 0.01 0.17 0.016 0.785 Cool 
Plocamium mertensii 0.008 0.019 0.421 0.02 0.15 0.014 0.800 Cool 
Plocamium preissianum 0.008 0.019 0.402 0.05 0.13 0.014 0.814 Cool 
Callophycus oppositifolius 0.006 0.025 0.241 0.01 0.14 0.011 0.825 Cool 
Callophycus harveyanus 0.005 0.016 0.318 0.00 0.12 0.010 0.835 Cool 
Tylotus obtusatus 0.004 0.014 0.307 0.03 0.07 0.008 0.843 Cool 
Neurymenia fraxinifolia 0.004 0.011 0.388 0.00 0.10 0.008 0.850 Warm 
Rhodopeltis australis 0.004 0.010 0.383 0.00 0.08 0.007 0.857 Cool 
Haloplegma preissii 0.004 0.008 0.491 0.04 0.06 0.007 0.864 Warm 
Gelidium australe 0.004 0.013 0.287 0.00 0.08 0.007 0.871 Cool 
Cladostephus spongiosus 0.003 0.011 0.302 0.01 0.06 0.006 0.877 Cool 
Laurencia spp. 0.003 0.009 0.358 0.02 0.06 0.006 0.883 Warm 
Hypnea spp. 0.003 0.009 0.376 0.00 0.07 0.006 0.889 Warm 
Betaphycus speciosus 0.003 0.023 0.135 0.00 0.07 0.006 0.895 Warm 
Botryocladia sonderi 0.003 0.013 0.218 0.00 0.06 0.005 0.900 Cool 



 

121 
 

Table S2.2: Mean biomass (gram ash-free dry weight (AFDW) ± SE 0.25 m-2) for each species that comprised up to 90% dissimilarity between 1996 and 2016, 1 
on high, medium, and low exposure reefs at Marmion Lagoon (n = 30). The percentage of quadrats in which each species was present is within parentheses. 2 
 3 

Species 
High exposure Medium exposure Low Exposure 

1996 2016 1996 2016 1996 2016 

Ecklonia radiata 142.67 ±16.81 (96.67) 128.71 ±21.13 (73.33) 169.60 ±16.36 (100.00) 130.15 ±17.25 (86.67) 63.06 ±9.08 (100.00) 124.08 ±17.62 (90.00) 
Sargassum spp. 3.49 ±1.27 (73.33) 4.57 ± 1.28 (90.00) 0.17 ±0.09 (30.00) 7.07 ±1.86 (63.33) 0.46 ±0.18 (63.33) 5.32 ±1.63 (73.33) 
Pterocladia lucida 1.12 ±0.32 (73.33) 1.47 ±0.44 (63.33) 4.13 ±1.06 (90.00) 6.26 ±1.72 (63.33) 4.91 ±0.84 (96.67) 1.12 ±0.25 (63.33) 
Dictyomenia sonderi 0.72 ±0.27 (30.00) 1.10 ±0.40 (43.33) 0.01 ±0.01 (3.33) 0.20 ±0.09 (36.67) 2.23 ±0.82 (60.00) 11.24 ±3.23 (83.33) 
Halopeltis australis 0.67 ±0.17 (70.00) 1.01 ±0.24 (86.67) 1.07 ±0.27 (93.33) 0.94 ±0.31 (90.00) 1.27 ±0.26 (96.67) 2.18 ±0.39 (96.67) 
Scytothalia dorycarpa 1.19 ±0.98 (6.67) 28.09 ±10.68 (50.00) 0.03 ±0.03 (3.33) 0.06 ±0.06 (3.33) 0.00 ±0.00 (0.00) 0.00 ±0.00 (0.00) 
Heterodoxia denticulata 0.00 ±0.00 (0.00) 1.13 ±0.37 (50.00) 0.16 ±0.14 (13.33) 0.79 ±0.27 (33.33) 1.46 ±0.77 (56.67) 0.87 ±0.26 (50.00) 
Curdiea obesa 0.00 ±0.00 (0.00) 1.52 ±0.99 (36.67) 0.66 ±0.28 (33.33) 1.10 ±0.40 (43.33) 0.06 ±0.06 (3.33) 0.67 ±0.49 (16.67) 
Amphiroa anceps 0.73 ±0.31 (63.33) 1.00 ±0.34 (60.00) 0.04 ±0.04 (3.33) 0.61 ±0.46 (36.67) 0.01 ±0.01 (6.67) 0.21 ±0.13 (20.00) 
Lobophora variegata 0.16 ±0.10 (23.33) 0.38 ±0.12 (56.67) 0.02 ±0.01 (13.33) 0.57 ±0.22 (63.33) 0.02 ±0.02 (10.00) 0.73 ±0.32 (46.67) 
Chauviniella coriifolia 1.26 ±0.75 (40.00) 0.01 ±0.01 (3.33) 0.09 ±0.05 (13.33) 0.00 ±0.00 (0.00) 0.87 ±0.32 (60.00) 0.28 ±0.14 (30.00) 
Hennedya crispa 0.00 ±0.00 (3.33) 0.55 ±0.20 (33.33) 0.10 ±0.06 (10.00) 0.60 ±0.26 (43.33) 0.00 ±0.00 (0.00) 0.38 ±0.14 (43.33) 
Zonaria turneriana 0.03 ±0.02 (10.00) 1.37 ±1.00 (26.67) 0.00 ±0.00 (0.00) 3.54 ±1.66 (30.00) 0.00 ±0.00 (0.00) 0.00 ±0.00 (0.00) 
Euptilota articulata 0.00 ±0.00 (0.00) 0.05 ±0.05 (6.67) 0.16 ±0.09 (20.00) 0.00 ±0.00 (0.00) 0.32 ±0.13 (46.67) 0.67 ±0.23 (50.00) 
Pollexfenia pedicellata 0.72 ±0.49 (30.00) 0.00 ±0.00 (3.33) 0.21 ±0.21 (3.33) 0.00 ±0.00 (6.67) 1.31 ±0.91 (43.33) 0.01 ±0.01 (13.33) 
Gloiocladia spp. 0.05 ±0.05 (3.33) 0.18 ±0.09 (23.33) 0.00 ±0.00 (0.00) 0.60 ±0.56 (20.00) 0.00 ±0.00 (6.67) 0.66 ±0.30 (36.67) 
Plocamium mertensii 0.05 ±0.03 (10.00) 0.25 ±0.17 (16.67) 0.03 ±0.03 (6.67) 0.30 ±0.15 (36.67) 0.00 ±0.00 (0.00) 0.27 ±0.13 (30.00) 
Plocamium preissianum 0.23 ±0.09 (26.67) 0.76 ±0.36 (46.67) 0.00 ±0.00 (0.00) 0.09 ±0.05 (26.67) 0.00 ±0.00 (0.00) 0.01 ±0.01 (3.33) 
Callophycus oppositifolius 0.00 ±0.00 (0.00) 1.09 ±0.79 (10.00) 0.07 ±0.07 (3.33) 1.64 ±1.16 (6.67) 0.00 ±0.00 (0.00) 0.00 ±0.00 (0.00) 
Callophycus harveyanus 0.00 ±0.00 (0.00) 0.14 ±0.09 (13.33) 0.00 ±0.00 (0.00) 0.34 ±0.15 (23.33) 0.00 ±0.00 (0.00) 0.24 ±0.20 (16.67) 
Tylotus obtusatus 0.11 ±0.11 (3.33) 0.31 ±0.13 (26.67) 0.10 ±0.10 (3.33) 0.03 ±0.03 (10.00) 0.00 ±0.00 (0.00) 0.00 ±0.00 (0.00) 
Neurymenia fraxinifolia 0.00 ±0.00 (0.00) 0.11 ±0.05 (26.67) 0.00 ±0.00 (0.00) 0.19 ±0.10 (30.00) 0.00 ±0.00 (0.00) 0.18 ±0.13 (26.67) 
Rhodopeltis australis 0.00 ±0.00 (0.00) 0.33 ±0.10 (50.00) 0.00 ±0.00 (0.00) 0.02 ±0.01 (16.67) 0.00 ±0.00 (0.00) 0.00 ±0.00 (0.00) 
Haloplegma preissii 0.09 ±0.06 (20.00) 0.03 ±0.02 (20.00) 0.06 ±0.04 (20.00) 0.15 ±0.05 (46.67) 0.00 ±0.00 (3.33) 0.03 ±0.01 (33.33) 
Gelidium australe 0.00 ±0.00 (0.00) 0.40 ±0.17 (26.67) 0.00 ±0.00 (0.00) 0.03 ±0.02 (6.67) 0.00 ±0.00 (0.00) 0.00 ±0.00 (0.00) 
Cladostephus spongiosus 0.06 ±0.06 (3.33) 0.19 ±0.08 (23.33) 0.00 ±0.00 (0.00) 0.09 ±0.06 (13.33) 0.00 ±0.00 (0.00) 0.00 ±0.00 (0.00) 
Laurencia spp. 0.05 ±0.03 (16.67) 0.02 ±0.02 (13.33) 0.00 ±0.00 (0.00) 0.27 ±0.13 (36.67) 0.00 ±0.00 (13.33) 0.02 ±0.01 (13.33) 
Hypnea spp. 0.00 ±0.00 (0.00) 0.14 ±0.06 (50.00) 0.00 ±0.00 (0.00) 0.09 ±0.04 (46.67) 0.00 ±0.00 (0.00) 0.04 ±0.03 (46.67) 
Betaphycus speciosus 0.00 ±0.00 (0.00) 3.36 ±3.26 (6.67) 0.00 ±0.00 (0.00) 0.00 ±0.00 (0.00 ) 0.00 ±0.00 (0.00) 0.00 ±  0.00 (0.00 ) 
Botryocladia sonderi 0.00 ±0.00 (0.00) 0.35 ±0.23 (16.67) 0.00 ±0.00 (0.00) 0.07 ±0.06 (13.33) 0.00 ±0.00 (0.00) 0.00 ±  0.00 (0.00 ) 
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Chapter 3 
 

Table S3 1: The sampling dates and number of sites surveyed at each location per time frame for both 

the transects to record abundance and diversity of all mobile invertebrates, as well as the free roaming 

searches for Lunella torquatus size frequency distributions.  

 Abundance and diversity  Size frequency  

Location Year Date Sites  Period Date Sites Counts 

Jurien Bay 1995-1997 24/11/2000 1  pre-MHW 24/10/2006 1 23 

  25/11/2000 2   3/12/2006 1 30 

 2016-2019 23/11/2016 2   4/12/2006 1 7 

  24/11/2016 1  MHW 1/11/2014 1 8 

  9/02/2019 3  post-MHW 23/11/2017 2 9 

         

Marmion 1999-2001 28/01/1999 2  pre-MHW 10/10/2006 1 26 

  1/02/1999 1   16/10/2006 1 27 

  10/02/1999 1   22/11/2006 1 36 

  17/02/1999 1   28/11/2010 1 20 

  29/06/1999 3  MHW 2013 3 38 

  18/10/1999 2   28/11/2014 3 11 

  28/10/1999 1  post-MHW 5/06/2015 1 4 

  25/01/2000 3   3/07/2015 1 7 

  12/11/2000 3   30/07/2015 2 68 

  13/02/2001 3   23/11/2015 3 67 

 2016-2019 2/12/2016 3   22/12/2015 3 63 

  3/03/2017 3   8/03/2016 3 108 

  7/11/2017 3   11/05/2016 1 29 

  8/11/2017 2   14/09/2016 2 110 

  14/12/2018 3   30/11/2016 2 31 

  3/05/2019 3   3/03/2017 3 43 

      7/11/2017 3 80 

         

Hamelin Bay 1995-1997 26/02/1999 1  pre-MHW 13/11/2006 3 57 

  27/02/1999 2   24/11/2010 3 39 

  22/12/1999 2  MHW 2013 9 85 

  6/02/2001 2   6/12/2014 3 25 

 2016-2019 5/12/2016 3  post-MHW 24/02/2015 3 32 

      26/04/2017 3 18 

 
.  
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Table S3.2: SIMPER analysis showing the contribution of each species of the Bray-Curtis dissimilarity of 

the species density (log transformed) between 1999-2001 and 2016-2019. 

Species 
Average 

dissimilarity 
St dev Ratio 

Mean 
1999-2001 

Mean 2016-
2019 

Cumulative 
contribution % 

Lunella torquatus 0.168 0.204 0.823 0.341 0.293 19.5 

Heliocidaris erythrogramma 0.145 0.184 0.787 0.415 0.148 36.3 

Phyllacanthus irregularis 0.124 0.169 0.736 0.330 0.168 50.7 

Centrostephanus tenuispinus 0.091 0.179 0.511 0.027 0.288 61.3 

Muricidae 0.070 0.133 0.531 0.101 0.131 69.5 

Fromia polypora 0.066 0.123 0.537 0.124 0.106 77.1 

Astralium spp. 0.057 0.136 0.421 0.115 0.076 83.8 

Chromodoris westrauliensis 0.051 0.116 0.439 0.066 0.108 89.7 

Pseudonepanthia troughtoni 0.025 0.090 0.283 0.058 0.007 92.6 

Pentanogaster dubeni 0.022 0.074 0.299 0.048 0.027 95.2 

Turbo intercostalis 0.015 0.066 0.230 0.033 0.013 97.0 

Cypraeidae 0.009 0.048 0.180 0.010 0.017 98.0 

plectaster decanus 0.008 0.052 0.151 0.005 0.013 98.9 

Nectria saoria 0.005 0.040 0.120 0.005 0.007 99.5 

Phyllidiella pustulosa 0.005 0.035 0.130 0.007 0.007 100.0 

 

  



 

124 
 

Table S3.3: PERMANOVA analysis of the Bray-Curtis dissimilarities of the presence/absence of mobile 

invertebrates on transects between 1999-2001 and 2016-2019 at Jurien Bay, Marmion, and Hamelin 

Bay. 

 

Model Df Sum Sq R2 F value Pr(>F) 

Jurien Bay     

Year 1 2.915 0.106 8.1025 0.001 

Residual 68 24.464 0.894   

Total 69 27.379 1.000   

Marmion      

Year 1 2.516 0.020 7.2265 0.001 

Residual 348 121.171 0.980   

Total 349 123.688 1.000   

Hamelin Bay     

Year 1 0.530 0.020 1.3851 0.218 

Residual 68 26.029 0.980   

Total 69 26.560 1.000   
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Chapter 4 
 

Table S4.1: Fluorescence/absorbance indices used in this study and their definitions. Adapted from 

Coble et al. (2014). Note: em = emission wavelengths, ex = excitation wavelengths. 

Fluorescence 

/absorbance index 
Parameters/description Interpretation Reference 

Humification Index 

(HIXEM) 

At ex 254 nm, area of peak under em 

435–480 nm divided by area under 

em 300–345 nm + 435–480 nm. 

 

Higher numbers are indicative of lower H:C 

ratios, attributed to a greater degree of 

humification. 

(Ohno, 2002; 

Zsolnay et al., 

1999) 

SUVA254 Absorption coefficient at 254 nm 

divided by DOC concentration. 

Absorbance per unit carbon. Typically a 

higher number is associated with greater 

aromatic content 

(Weishaar & 

Aiken, 2001) 
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Table S4.2: Two way factorial repeated measures linear mixed effects model (LME) analysis comparing 

the different water parameters between treatments at the start and end of the seaweed incubation. 

Treatment (4 levels) and Time (2 levels) were fixed effects, and there were 6 replicates per treatment. 

Transformation for each model given in parenthesis. 

Model numDf denDf F-value p-value 

SUVA254 (none)     

(Intercept) 1 20 108.9998 < 0.001 

Treatment 3 20 1.8338 0.174 

Time 1 20 9.5689 0.006 

Treatment x Time 3 20 3.1671 0.047 

Bacterial concentration (none)    

(Intercept) 1 20 121.3186 < 0.001 

Treatment 3 20 2.5381 0.086 

Time 1 20 6.5646 0.019 

Treatment x Time 3 20 2.7782 0.068 

DOC concentration (none)    

(Intercept) 1 20 1520.9051 < 0.001 

Treatment 3 20 1.3185 0.296 

Time 1 20 3.6425 0.071 

Treatment x Time 3 20 1.7190 0.195 

HIXem (none)     

(Intercept) 1 20 1178.6514 < 0.001 

Treatment 3 20 1.3010 0.302 

Time 1 20 1.3080 0.266 

Treatment x Time 3 20 1.1462 0.355 

Oxygen concetration (log)    

(Intercept) 1 20 103798.5336 < 0.001 

Treatment 3 20 83.4731 < 0.001 

Time 1 20 719.9672 < 0.001 

Treatment x Time 3 20 86.5615 < 0.001 
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Table S4.3: Two way factorial repeated measures linear mixed effects model (LME) analysis comparing 

the different water parameters over time and between treatments in the seaweed incubation in the 

dark. Treatment (4 levels) and Time (2 levels) were fixed effects, and there were 6 replicates per 

treatment. Transformation for each model given in parenthesis. 

Model numDf denDf F-value p-value 

SUVA254 (none)     

(Intercept) 1 20 94.7457 < 0.001 

Treatment 3 20 1.4079 0.270 

Time 1 20 0.4668 0.502 

Treatment x Time 3 20 3.3934 0.038 

Bacterial concentration (none)    

(Intercept) 1 20 120.6706 < 0.001 

Treatment 3 20 2.2382 0.115 

Time 1 20 0.7333 0.402 

Treatment x Time 3 20 3.1674 0.047 

DOC concentration (none)    

(Intercept) 1 20 1154.1641 < 0.001 

Treatment 3 20 0.9316 0.444 

Time 1 20 0.2558 0.619 

Treatment x Time 3 20 1.4542 0.257 

HIXem (none)     

(Intercept) 1 20 1361.2296 < 0.001 

Treatment 3 20 0.1458 0.931 

Time 1 20 0.1357 0.717 

Treatment x Time 3 20 0.1850 0.905 

Oxygen concentration (log)    

(Intercept) 1 20 671771.7372 < 0.001 

Treatment 3 20 5.2491 0.008 

Time 1 20 86.4775 < 0.001 

Treatment x Time 3 20 9.9580 < 0.001 
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Table S4.4: Two way factorial repeated measures linear mixed effects model (LME) analysis comparing 

the different water parameters over time and between treatments in the seaweed incubation with 

lights turned on. Treatment (4 levels) and Time (2 levels) were fixed effects, and there were 6 replicates 

per treatment. Transformation for each model given in parenthesis. 

Model numDf denDf F-value p-value 

SUVA254 (none)     

(Intercept) 1 20 102.2883 < 0.001 

Treatment 3 20 3.5615 0.033 

Time 1 20 17.5693 0.000 

Treatment x Time 3 20 1.3434 0.289 

Bacterial concentration (none)     

(Intercept) 1 20 132.1045 < 0.001 

Treatment 3 20 6.3231 0.003 

Time 1 20 3.5713 0.073 

Treatment x Time 3 20 0.3154 0.814 

DOC concentration (none)     

(Intercept) 1 20 1686.1904 < 0.001 

Treatment 3 20 2.6872 0.074 

Time 1 20 8.3651 0.009 

Treatment x Time 3 20 0.8456 0.485 

HIXem (none)     

(Intercept) 1 20 723.3313 < 0.001 

Treatment 3 20 0.9194 0.449 

Time 1 20 2.0598 0.167 

Treatment x Time 3 20 3.2731 0.042 

Oxygen concetration (log)     

(Intercept) 1 20 100141.2643 < 0.001 

Treatment 3 20 72.3863 < 0.001 

Time 1 20 787.1736 < 0.001 

Treatment x Time 3 20 94.1102 < 0.001 
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Table S4.5: Two way factorial repeated measures linear mixed effects model (LME) analysis comparing 

the different water parameters over time and between treatments in the bacterial inoculation 

incubation. Treatment (4 levels) and Time (3 levels, except for the bacterial concentration which had 5 

levels) were fixed effects, and there were 5 replicates per treatment. Transformation for each model 

given in parenthesis.  

Model numDf denDf F-value p-value 

C1 intensity (none)     

(Intercept) 1 32 603.9183 < 0.001 

Treament 3 16 1.5110 0.250 

Time 2 32 180.4067 < 0.001 

Treatment x Time 6 32 1.6409 0.168 

Absorption coefficient a254 (log)     

(Intercept) 1 32 332.4101 < 0.001 

Treatment 3 16 3.1478 0.054 

Time 2 32 112.5978 < 0.001 

Treatment x Time 6 32 2.2249 0.066 

SUVA254 (none)     

(Intercept) 1 32 213.6777 < 0.001 

Treatment 3 16 4.0019 0.027 

Time 2 32 27.6565 < 0.001 

Treatment x Time 6 32 2.4220 0.048 

Bacterial concentration (sqrt)     

(Intercept) 1 64 1041.1827 < 0.001 

Treatment 3 16 1.7308 0.201 

Time 4 64 346.6640 < 0.001 

Treatment x Time 12 64 0.7523 0.696 

DOC concentration (none)     

(Intercept) 1 32 3696.0394 < 0.001 

Treatment 3 16 1.4979 0.253 

Time 2 32 138.0761 < 0.001 

Treatment x Time 6 32 0.4776 0.820 

HIXem (none)     

(Intercept) 1 32 1032.1747 < 0.001 

Treatment 3 16 1.4453 0.267 

Time 2 32 30.6737 < 0.001 

Treatment x Time 6 32 0.6460 0.693 

Oxygen concentration (sqrt)     

(Intercept) 1 32 30876.7103 < 0.001 

Treatment 3 16 1.9411 0.164 

Time 2 32 73.5366 < 0.001 

Treatment x Time 6 32 1.4390 0.231 
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Table S4.6: PERMANOVA analysis of the Bray-Curtis dissimilarities of the multivariate water chemistry 

(Oxygen concentration, HIXem, absorption coefficient a254, and C1 intensity) between treatments 

(Ecklonia, Sargassum, Lobophora, and Blank) and over time (T = 0, T = 24, and T = 48) for the bioassays.  

Model Df Sum Sq R2 F value Pr(>F) 

All treatments      

Treatment 3 0.021 0.070 6.086 0.002 

Time 2 0.215 0.710 92.730 0.001 

Treatment x Time 6 0.012 0.040 1.746 0.109 

Residual 47 0.054 0.180   

Total 58 0.303 1.000   

All seaweeds      

Treatment 2 0.007 0.034 3.129 0.052 

Time 2 0.146 0.760 70.192 0.001 

Treatment x Time 4 0.003 0.017 0.770 0.591 

Residual 35 0.036 0.189   

Total 43 0.192 1.000   

Ecklonia and Sargassum      

Treatment 1 0.000 0.003 0.312 0.656 

Time 2 0.088 0.784 46.740 0.001 

Treatment x Time 2 0.001 0.012 0.721 0.522 

Residual 24 0.023 0.201   

Total 29 0.113 1.000   

Sargassum and Lobophora     

Treatment 1 0.006 0.034 5.211 0.025 

Time 2 0.135 0.801 60.859 0.001 

Treatment x Time 2 0.002 0.013 0.998 0.367 

Residual 23 0.026 0.151   

Total 28 0.169 1.000   

Ecklonia and Lobophora      

Treatment 1 0.005 0.037 3.831 0.046 

Time 2 0.097 0.727 37.609 0.001 

Treatment x Time 2 0.002 0.014 0.706 0.530 

Residual 23 0.030 0.222   

Total 28 0.134 1.000   

Lobophora and Blank      

Treatment 1 0.007 0.036 4.507 0.047 

Time 2 0.157 0.771 48.815 0.001 

Treatment x Time 2 0.002 0.011 0.724 0.483 

Residual 23 0.037 0.182   

Total 28 0.204 1.000   
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Table S4.7: PERMANOVA analysis of the Bray-Curtis dissimilarities of the multivariate water chemistry 

(DOC concentration, Oxygen concentration, HIXem, and SUVA254) between treatments (Ecklonia, 

Sargassum, Lobophora, and Blank) and at different time points (T = 0, T = 1, and T = 4) during the 

seaweed incubation. 

Model Df Sum Sq R2 F value Pr(>F) 

T = 0      

Treatment 3 0.001 0.043 0.301 0.959 

Residual 20 0.027 0.957   

Total 23 0.028 1.000   

T = 1      

Treatment 3 0.011 0.230 1.997 0.072 

Residual 20 0.037 0.770   

Total 23 0.048 1.000   

T = 4      

Treatment 3 0.028 0.557 8.388 0.001 

Residual 20 0.022 0.443   

Total 23 0.050 1.000   
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Figure S4.1: The PARAFAC model of C1 peak, normalized over the maximum fluorescence (Fmax). 
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Chapter 5 
 

Table S5.1: Two way factorial ANOVA output comparing the monthly mean sea surface temperature 

(SST), minimum SST, difference between mean and minimum SST, and chlorophyll concentration 

between Kelp and Sargassum habitats at the Abrolhos from 1992 to 2019. Habitat (2 levels) and month 

(12 levels) were fixed effects, and monthly value each year was a random effect.  

Model Sum Sq Df F value Pr(>F) 

SST     
Habitat 2.46 1 4.956 0.026 

Month 1118.91 11 204.870 < 0.001 

Habitat x Month 3.59 11 0.657 0.779 

Residuals 317.27 639   
Minimum SST     

Habitat 0.03 1 0.034 0.854 

Month 993.20 11 107.248 < 0.001 

Habitat x Month 8.57 11 0.925 0.515 

Residuals 537.97 639   
Delta min-mean SST     

Habitat 3.02 1 8.932 0.003 

Month 6.48 11 1.743 0.061 

Habitat x Month 2.91 11 0.783 0.657 

Residuals 216.07 639   
Chlorophyll     

Habitat 1.37 1 47.099 < 0.001 

Month 5.51 11 17.280 < 0.001 

Habitat x Month 0.99 11 3.115 < 0.001 

Residuals 8.73 301   
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Table S5.2: Species specific contribution to the Bray-Curtis dissimilarities of seaweed biomass (log 

transformed) between Kelp and Sargassum habitats at the Abrolhos, as well as the thermal affinity for 

each species. 

 

Species Average Std. dev Ratio 
Kelp 
Habitat  

Sargassum 
Habitat 

Cumulative 
dissimilarity % 

Affinity 

Sargassum linearifolium 0.079 0.027 2.915 0.00 5.17 8.7 Widespread 

Pterocladia lucida 0.059 0.027 2.187 4.01 0.00 15.1 Cool 

Sargassum ligulatum 0.047 0.035 1.364 0.08 3.07 20.3 Warm 

Hennedya crispa 0.047 0.026 1.772 3.19 0.00 25.4 Cool 

Plocamium sp. 0.046 0.031 1.519 3.01 0.01 30.5 Cool 

Callophycus oppositifolius 0.046 0.038 1.220 3.28 0.00 35.6 Cool 

Sargassum fallax 0.046 0.040 1.141 2.82 2.41 40.6 Cool 

Hypnea spp. 0.044 0.029 1.531 3.47 1.18 45.5 Widespread 

Ecklonia radiata 0.044 0.049 0.893 2.74 0.00 50.3 Cool 

Delisea pulchra 0.031 0.034 0.894 2.11 0.00 53.6 Cool 

Lobophora variegata 0.028 0.014 1.966 0.51 2.23 56.8 Warm 

Zonaria spiralis 0.025 0.029 0.848 1.61 0.00 59.5 Cool 

Euptilota articulata 0.024 0.024 0.996 1.67 0.00 62.1 Cool 

Haloplegma sp. 0.022 0.016 1.379 1.49 0.00 64.5 Widespread 

Sargassum ilicifolium 0.020 0.032 0.639 0.00 1.34 66.8 Warm 

Betaphycus speciosum 0.020 0.039 0.502 1.11 0.13 68.9 Warm 

Heterodoxia denticulata 0.018 0.022 0.836 1.34 0.00 71.0 Cool 

Glossophora nigricans 0.017 0.022 0.787 1.29 0.00 72.9 Cool 

Dictyota sp. 0.016 0.014 1.205 1.15 0.53 74.7 Widespread 

   



 

135 
 

Table S5.3: Species specific contribution to the Bray-Curtis dissimilarities of Invertebrate abundance 

(log transformed) between Kelp and Sargassum habitats at the Abrolhos, as well as the thermal affinity 

for each species. 

Species Average Std. dev Ratio 
Kelp 
Habitat  

Sargassum 
Habitat 

Cumulative 
dissimilarity % 

Affinity 

Centrostephanus tenuispinus 0.430 0.252 1.707 5.93 0.27 48.3 Cool 

Tectus 0.103 0.140 0.739 0.40 0.93 59.9 Warm 

Angaria tyria 0.103 0.130 0.790 0.20 1.07 71.5 Warm 

Crinoidae 0.100 0.121 0.827 0.40 0.93 82.7 Widespread 

Latirus turritus 0.042 0.084 0.499 0.00 0.40 87.4 Warm 

Chromodoris westrauliensis 0.025 0.044 0.562 0.13 0.20 90.2 Cool 

Conidae 0.014 0.041 0.353 0.00 0.20 91.8 Widespread 

Fromia indica 0.014 0.040 0.355 0.00 0.13 93.4 Warm 

Astralium 0.012 0.034 0.360 0.00 0.13 94.8 Cool 

Pentanogaster dubeni 0.010 0.025 0.386 0.20 0.00 95.9 Cool 

Muricidae 0.009 0.040 0.236 0.00 0.07 97.0 Widespread 

Turbo jourdani 0.009 0.034 0.254 0.07 0.00 97.9 Cool 
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Table S5.4: Species specific contribution to the Bray-Curtis dissimilarities of fish abundance (log 

transformed) between Kelp and Sargassum habitats at the Abrolhos, as well as the thermal affinity for 

each species. 

 
 

Species Average Std. dev Ratio 
Kelp 
Habitat 

Sargassum 
Habitat 

Cumulative 
dissimilarity % 

Affinity 

Scarus schlegeli 0.094 0.072 1.309 0.62 1.70 12.5 Cool 

Chromis westaustralis 0.089 0.100 0.887 0.54 1.73 24.3 Warm 

Coris auricularis 0.080 0.080 1.001 1.21 1.57 35.0 Cool 

Anampses geographicus 0.061 0.057 1.070 1.05 0.56 43.1 Widespread 

Parma occidentalis 0.039 0.044 0.894 0.49 0.58 48.3 Widespread 

Scarus ghobban 0.039 0.037 1.056 0.15 0.77 53.5 Warm 

Choerodon rubescens 0.031 0.034 0.898 0.30 0.50 57.6 Widespread 

Thalassoma lutescens 0.025 0.035 0.704 0.38 0.19 60.9 Warm 

Notolabrus parilus 0.024 0.034 0.700 0.24 0.31 64.1 Cool 

Parupeneus spilurus 0.021 0.030 0.689 0.14 0.39 66.8 Cool 

Thalassoma lunare 0.020 0.030 0.654 0.22 0.25 69.5 Warm 

Austrolabrus maculatus 0.020 0.032 0.614 0.23 0.17 72.1 Cool 

Hemigymnus fasciatus 0.018 0.033 0.529 0.25 0.06 74.4 Warm 

Plectorhinchus flavomaculatus 0.017 0.031 0.559 0.06 0.25 76.7 Warm 

Parma mccullochi 0.016 0.026 0.630 0.09 0.30 78.8 Cool 

Plectropomus leopardus 0.014 0.033 0.414 0.10 0.16 80.7 Warm 

Chaetodon plebeius 0.011 0.027 0.416 0.00 0.20 82.1 Warm 

Plectorhinchus caeruleonothus 0.010 0.025 0.392 0.00 0.13 83.4 Warm 

Halichoeres brownfieldi 0.010 0.026 0.364 0.13 0.00 84.7 Cool 

Lethrinus nebulosus 0.010 0.020 0.476 0.00 0.23 86.0 Warm 
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