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que sigas corriendo sin darle descanso 
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- Stella Múnera, my grandmother. 

 

“A forest ecology is a delicate one. If the forest perishes, its fauna may go with it. 

The Athshean word for world is also the word for forest”  

- Ursula K. Le Guin, The word for world is forest 
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Abstract  

Identifying areas of potential refuge where biota can survive periods of unfavourable 

environmental conditions, has become a research and conservation priority in light of the 

pervasive ecosystem degradation caused by climate change and other anthropogenic 

pressures around the globe. The ‘deep reef refuge hypothesis’ (DRRH) states that deep 

habitats are more buffered from environmental extremes, and consequently, species 

living in deep habitats are more likely to survive environmental disturbances, and can 

facilitate the replenishment of their shallow counterparts by providing propagules. The 

DRRH has been studied considerably in tropical mesophotic coral ecosystems (MCEs), yet 

has rarely been explored in temperate reefs, which are defined by kelps as their 

predominant foundation species. Thus, the aim of this thesis is to evaluate the potential 

of deep kelp beds to act as refuge for their shallow equivalents. To address this knowledge 

gap, I focus on the temperate reefs of Western Australia, a region gravely affected by 

marine heatwaves, and on the kelp species Ecklonia radiata, a dominant foundation 

species in the region. In each data chapter, I explore one of four essential criteria which 

underpin deep-refuge habitats: (1) Deep communities are less affected by climatic 

disturbances than their shallow counterparts, (2) deep populations of E. radiata are able 

to self-replenish by producing viable propagules, (3) propagules of E. radiata can be 

dispersed to shallow reefs to assist their replenishment, and (4) deep populations of E. 

radiata can persist under climate change conditions. 

With the use of a robust 8-year dataset of benthic habitats covering multiple depths and 

obtained with Autonomous Underwater Vehicle across a latitudinal gradient, I show a 

reduced response of deep benthic communities to an extreme marine heatwave in 

contrast with large changes observed in shallow habitats. Then, I determined that depth 

does not reduce the reproductive performance of E. radiata, by measuring zoospore 

production, synchrony and zoospore viability from samples collected across a depth 

gradient. Subsequently, by employing a three-dimensional ocean circulation model and 

estimates of zoospore production, I reveal the high dispersal potential E. radiata 

zoospores across depths and identify mid-depth reefs as important stepping-stones for 

cross-depth connectivity between kelp populations. I finalize by identifying potential 

areas of climate change refugia for E. radiata in Western Australia by means of a species 

distribution model. In this thesis I uncover, that deep communities in Western Australia 



vii 

are less affected by an extreme climatic disturbance, and that deep kelp populations can 

provide propagule to reseed disturbed shallow kelp beds.  I propose that deep kelp beds 

constitute an important natural resilience mechanism, potentially contributing to the 

persistence of the species in the long-term and under climate change conditions. This 

thesis provides a first step in our understanding of deeper ecosystems, and shows that 

deep communities of the continental shelf of Western Australia are decoupled from the 

processes that affect shallow habitats, yet are connected through currents and 

oceanographic processes. By doing so, it highlights a critical knowledge gap about the 

processes that drive deeper communities. In the changing world, these uncertainties need 

to be addressed in order to effectively manage and protect this important foundation 

species and the ecosystem services they provide. 
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Introduction  

In light of the increasing threat that climate change poses over biotic communities around 

the globe, identifying areas of refugia has become a priority for conservation (Woodson 

et al. 2018; Johnson and Kenchington 2019), and scientific focus on the ‘deep reef refuge 

hypothesis’ (DRRH) has increased over the past decade (Lesser et al. 2009; Bongaerts et 

al. 2010, 2017; Loya et al. 2016). The DRRH relies on the basic assumptions that there is 

an overlap on species composition, and connectivity between deep and shallow habitats, 

and that deep habitats are less susceptible to environmental disturbances (Lesser et al. 

2009; Loya et al. 2016).  As a result, evaluations of these assumptions have been 

conducted, largely in Mesophotic Coral Ecosystems (MCEs), aiming to gain insights on 

how depth could provide a climatic refuge to important marine species. Despite the surge 

in research, the interest has been focused on MCEs in tropical latitudes, with a shortage 

of studies on other coastal systems such as important temperate kelp beds. Similar to 

coral reefs, in the past decades, kelp beds around the globe have been affected by 

numerous environmental stressors, including acute warming events that have resulted in 

steep population declines (Krumhansl et al. 2016), local extinctions (Wernberg et al. 

2016), and distribution shifts (Wernberg et al. 2013). 

Kelps (order Laminariales) are the foundation species of temperate coastal systems, 

whose three-dimensional structure modifies the local environment, altering the 

community structure of associated species while providing food, refuge and habitat for a 

myriad of fish and invertebrate species (Dayton 1985; Duggins et al. 1989), some of them, 

which sustain valuable fisheries around the globe (Smale et al. 2013; Vásquez et al. 2014). 

As such, there is a need to understand natural resilience mechanisms of kelp beds, and to 

identify refuge habitats that may allow the persistence of these important species in 

future warming events. Kelp beds have a large depth distribution, with beds forming 

down to ~50 m (Marzinelli et al. 2015) and kelp patches found in depths of up to 70 m 

(Nelson et al. 2018).  Yet, the processes that drive deep kelp population dynamics, their 

response to disturbances, reproductive output and connectivity with shallow reefs are 

unknown. Deeper coastal habitats (>30 m) are rarely studied due to the logistical 

difficulty of surveying, sampling and conducting experiments at depth. Instead, the 

scientific community has focused on the detailed understanding of ecological processes 

in shallow coastal habitats assuming that similar deeper systems are driven by the same 
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processes and environmental factors. Improved technologies (oceanographic sensors, 

Autonomous Underwater Vehicles (AUV), Remotely Operated Vehicles (ROV), Towed 

Videos, ocean gliders, etc.), have facilitated the surveying of deeper habitats, and led 

towards the realisation that they are driven by different processes to their shallow 

counterparts. Hence, an assessment of how these processes vary with depth is necessary 

to allow for a comprehensive evaluation of their potential role as refuge, and to further 

our knowledge to develop adequate strategies towards the long-term management and 

conservation of kelp beds. 

This thesis aims to deepen our understanding of temperate mesophotic reef habitats to 

provide refuge from climatic disturbances to the kelp species Ecklonia radiata in Western 

Australia (WA), a region severely impacted by climate change related disturbances. I do 

this by first assessing the cross-depth and latitudinal community composition, and the 

community response to an extreme marine heatwave. Next, I measure cross-depth 

variability in reproductive performance and assess the dispersal capacity of propagules 

released across a depth gradient. I conclude by predicting the distribution of E. radiata in 

the region under future climate to identify areas of potential climatic refugia. The 

existence of deep refugia for a marine foundation species, may contribute to the recovery 

of disturbed populations which could result in long-term persistence of species and of the 

ecosystem services they provide. 

 

1.1 Background 

Numerous species living in shallow coastal areas have a large depth distribution, forming 

dynamic and productive communities across their entire depth range. Yet, within the past 

decades, the increasing negative effects of natural and anthropogenic pressures on 

coastal ecosystems has threatened the persistence of key foundation species and the 

ecosystem services they provide (Pandolfi et al. 2003; Waycott et al. 2009; Beck et al. 

2011).  Kelp beds for example, are valued at billions of dollars, through the provision of 

ecosystem services such as fish habitat, coastal protection and tourism (Smale et al. 2013; 

Vásquez et al. 2014; Bennett et al. 2016). With increasing threats to these ecosystems, the 

need to identify potential areas of refuge, where key components of the ecosystem (i.e. 

foundation species such as coral reefs and kelps) can survive increasing pressures has 
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been increasingly highlighted to better manage and protect them (Johnson and 

Kenchington 2019).  

1.1.1 Refuge or refugia? 

The notion of ‘refugia’ was originally used in Quaternary phylogeographic studies on high 

latitude vegetation and the locations it retracted to and survived, during glacial periods 

(Dahl 1946; Bennett and Provan 2008). However, such definition of ‘refugia’ is insufficient 

when we apply it to the current threats to biodiversity imposed by accelerating climate 

change (Bennett and Provan 2008). Over 30 years ago, Sedell et al. (1990) defined 

‘refugia’ as habitats that enabled spatial or temporal resistance and/or resilience to 

communities that had been impacted by a disturbance. The increasing threat of climate 

change to terrestrial and marine biota, has been paralleled by growing research aiming 

for  the identification of climate change ‘refugia’ or ‘refuge’, and for decades these two 

terms have been used interchangeably in ecological studies (Magoulick and Kobza 2003; 

Svenning and Skov 2007). As a response to the contemporary need of description and 

identification of refugia, which addressed the rapid changes to the natural environment 

driven by climate change, Keppel et al. (2012) clarified that the term ‘refugia’ (singular 

‘refugium’) should be used to describe habitats that facilitate the persistence of taxa on 

evolutionary scales (millennia) and climate change related timescales (century/ies). The 

term ‘refuge’ describes shorter ecological time-scales (years to decades) (Keppel et al. 

2012). In this thesis, I use the term ‘refuge’ (refuges: plural) when referring to ecological 

process, and the term ‘refugia’ when referring to climate change related processes. 

 

1.1.2 The “Deep Reef Refuge Hypothesis” 

Widespread and rapid declines of coral reef communities over the past decades (Gardner 

et al. 2003; Pandolfi et al. 2003; Bruno and Selig 2007), triggered the notion of deeper 

refuge. The first mention of deep refuge in the literature was by Glynn (1996), who 

proposed deeper reefs as potential refuge from ocean warming and coral bleaching. As 

such, the basic criteria for deep refuge is the concept that they are buffered from the 

disturbances that affect shallow reefs. Evidence to support that deeper coral reefs are less 

susceptible to storm induced damage and warm bleaching events, supported the deep 

refuge hypothesis (Glynn 2001; Riegl and Piller 2003), catapulting a surge in studies on 
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mesophotic coral reefs (MCEs) (Turner et al. 2017), defined as tropical coral systems 

between 30-150 m depth (Lesser et al. 2009; Bongaerts et al. 2010).  

Importantly, the concept of deep refuge  assumes that populations living in deeper water 

will facilitate the recovery of disturbed shallow habitats (sensu Loya et al. 2016). Thus, 

populations surviving in refuges, should be able to produce viable reproductive 

propagules that can reseed shallower disturbed locations. However, in order for 

disturbed locations to be replenished, the community composition of deep and shallow 

habitats must be similar, in that there is an overlap in community composition, sharing 

key species that play similar ecological roles. Depth zonation in community composition 

is common, where cover of dominant habitat builder species progresses from dense to 

sparse as depth increases, with shallow areas dominated by photosynthetic species, and 

deeper ones dominated by filter feeders (Vadas and Steneck 1988; Beaman et al. 2016; 

Linares et al. 2018). This limits the likelihood of deep refuges to species that are ‘depth-

generalists’, particularly for photosynthetic species limited to the photic zone (i.e. 

macroalgae, seagrass and scleractinian corals). Therefore, it is recognized that the ‘upper-

mesophotic’ zone (~30-60 m) holds the greatest potential to act as refuge for shallow 

species (Bongaerts et al. 2010; Kahng et al. 2014; Loya et al. 2016), with studies in coral 

reefs showing that almost 50% of the shallow coral species (<30 m) are also found in 

upper mesophotic areas up to 45 m (Roberts et al. 2015; Muir et al. 2018). 

The notion of deep refuge is also underpinned (but not limited to) by the following 

criteria: 1) Depth moderates the harmful effects of environmental disturbances, 2) deep 

habitats are able to produce viable propagules to self-sustain and 3) to supply propagules 

to disturbed location through oceanographic dispersal, and 4) deep habitats facilitate the 

long-term persistence of deep populations. Each of these assumptions are evaluated in 

this thesis (Fig 1.1). 
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Fig. 1.1. Conceptual model of four essential criteria for the existence of deep refuge, each 

of which is assessed in this thesis. 1) Depth moderates the harmful effects of 

environmental disturbances, 2) deep habitats are able to produce viable propagules to 

self-sustain and 3) to supply propagules to disturbed location through oceanographic 

dispersal, and 4) deep habitats facilitate the long term persistence of shallow populations. 
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1.1.3 Criterion 1. Differential impact of environmental disturbances across 
depth 

Deeper habitats are generally regarded as more stable, since some environmental factors 

change with depth mitigating natural climatic variation in the atmosphere (e.g. UV and 

visible light attenuation and cooler temperatures (Glynn 1996; Skirving et al. 2018)). 

Deeper habitats are also further from shore than shallow ones, distancing them from 

anthropogenic pressures (Smith et al. 2008). In coral reefs, depth has shown to provide 

refuge from warming events, with deeper coral communities showing significantly less 

bleaching that shallow ones (Bridge et al. 2014b). Depth has also been shown to dampen 

the damaging effect of cyclones in coral reefs, where shallow corals were significantly 

more affected in the Great Barrier Reef (Roberts et al. 2015), Gulf of Mexico (Lugo-

Fernandez and Gravois 2010) and the tropical Pacific (Smith et al. 2014), though not 

always (White et al. 2017). There is a striking lack of parallel studies in temperate marine 

systems. In temperate systems, deeper habitats have been found in some studies to have 

less variation in environmental drivers (Garrabou et al. 2002). The response of benthic 

deep communities to climate change related stressors has only been evaluated for sub-

tropical corals (Bridge et al. 2014b), disregarding the response of other foundation 

species such as kelps.  

Vulnerability of deep communities is not always reduced with increasing depth (Bak et 

al. 2005; Smith et al. 2014). In recent years, some assessments of deep refuges in MCE’s 

have concluded that depth is not a reliable mediator of the temperatures that cause coral 

bleaching (Smith et al. 2016; Morais and Santos 2018; Venegas et al. 2019). In an 

assessment of tropical islands, depths down to ~35 m did not provide consistent 

moderation of thermal stress, meaning deeper corals were as vulnerable to bleaching as 

shallow ones (Venegas et al. 2019). Moreover, deep communities may be acclimated to 

lower temperatures rendering them vulnerable to small temperature increases, as 

observed in coral communities in the Caribbean (Smith et al. 2016) and the GBR (Frade 

et al. 2018).  Similar studies are lacking for kelp dominated systems even though many 

kelp species extend their distributions into mesophotic depths (Marzinelli et al. 2015). 

Although we do not yet know if depth may provide refuge for kelp populations in 

temperate regions, depth has shown to offer refuge for kelp species in tropical regions, as 

shown by the regular upwelling events at mesophotic depths in the Galapagos, 
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contributing to the persistence of the deep water kelp species Eisenia galapagensis 

(Graham et al. 2007a). 

Despite evidence of deep habitats being buffered from environmental impacts, they are 

not exempt from disturbance (Slattery et al. 2018). Hence, when assessing deep refuges, 

it is important to specify the type of disturbance evaluated. A global assessment of MCEs 

as refuge concluded that MCEs are different in composition to shallow coral reefs and are 

equally impacted by natural and anthropogenic stressors (Morais and Santos 2018; Rocha 

et al. 2018). Notably, the deep refuge hypothesis was developed in the context of MCEs 

and a similar assessment is lacking for temperate reefs, which are dominated by different 

taxa as foundation species (i.e. large macroalgae), yet are also threatened by climate 

change and anthropogenic related stressors (Krumhansl et al. 2016).  

 

 1.1.4 Criterion 2: The ability of deep populations to produce viable propagules 

Deep regions account for a large proportion of potential habitat for benthic organisms, 

increasing space for colonization of depth-generalist species (Harris et al. 2013). As such, 

much of the fecundity and propagule supply to shallow coastal habitats may be attributed 

to populations living in mesophotic depths. Nonetheless, it seems logical to assume that 

reproductive output of a photosynthetic species will be reduced with increasing depth, 

since reduced light may result in limited resources allocated to reproduction. A 

comprehensive study on mesophotic coral reproduction (40-60 m) found reduced 

fecundity and oocyte size in several mesophotic corals, and even found a species of the 

common coral genus Acropora to be completely infertile in mesophotic reefs (Shlesinger 

et al. 2018). Thereby, concluded that their lack of capability to supply propagules to 

shallow reefs rendered the mesophotic reefs as unsuitable refuge. 

Comprehensive studies of the patterns of reproduction in kelp species across depth are 

rare. Generally, reproduction of kelps is reduced with depth, as shown by a study on 

different kelp species across a depth range of over 20 m in California, which consistently 

found that the number of reproductive plants, and area of reproductive tissue decreased 

with depth (Dayton et al. 1999). Reduced reproductive tissue with depth (up to 15m) was 

also found for E. radiata in New Zealand (Novaczek 1984a). Depth may also affect early 

life stages, as shown by reduced spore size in the kelp Pterygophora californica (Swanson 
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and Druehl 2000). These variations across depth are mostly attributed to the exponential 

light attenuation with increased depth. Changes in reproduction associated with reduced 

light in kelps include, smaller sporophyll bundles (reproductive blades), lower zoospore 

production, lower gametophyte fertility and inhibition of sporophyte recruitment 

(Lüning and Neushul 1978; Fain and SN 1982; Nelson 2005; Edwards and Konar 2012; 

Tatsumi and Wright 2016). Elevated light levels also have been shown to be detrimental 

for survival and fertility in some kelp species (genus Laminaria) (Lüning 2008). Yet, low 

light is not always detrimental to early life stages of kelp, as shown in Ecklonia maxima’s 

egg production, which is greater under sub-saturating irradiances and warmer 

temperatures (Bolton and Levitt 1985). Ecklonia radiata, has a wide distribution that 

encompasses a large range of environmental conditions, compared to other kelps 

(Fowler-Walker et al. 2006); this possibly increases the environmental thresholds of the 

early life stages. Reproductive studies across the entire depth range distribution are 

lacking for E. radiata, yet this information is critical to assess their ability to supply viable 

propagules to replenish shallow beds following disturbance.  

 

1.1.5 Criterion 3. Population connectivity across depth 

If deep kelp beds are able to produce viable zoospores, their dispersal and colonisation of 

shallow reefs are then dependent on oceanic circulation. Oceanographic connectivity is 

essential to transport zoospores produced in deep reefs to shallow disturbed sites and 

aid their recolonization. Hence, oceanographic connectivity is another critical factor in 

the potential role of deep populations to provide refuge (sensu Loya et al. 2016). 

Propagule dispersal of kelp zoospores was initially thought to be locally constrained 

within meters of zoospore release, contributing to the notion that kelp patches were self-

seeding (reviewed in Graham et al. 2007b). However, a combination of field observation, 

oceanographic circulation simulations and genetic studies, amount undisputable 

evidence that kelp populations separated by hundreds and even thousands of kilometres 

exchange propagules, contributing to each other’s persistence (Coleman et al. 2011; 

Castorani et al. 2015). However, high propagule exchange between populations does not 

always occur and local oceanographic circulation patterns could equally isolate 

populations (Alberto et al. 2011). Kelp propagule dispersal studies have focused on 

horizontal dispersal, failing to account for the depth of the habitat that they may settle 
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into. Such assessments are critical for a comprehensive evaluation of the deep refuge 

hypothesis in kelps.  

Assessments of kelp propagule dispersal across depth are scarce, and recent studies have 

focused on MCEs (Holstein et al. 2016; Garavelli et al. 2018; Studivan and Voss 2018) with 

connectivity between mesophotic and shallow corals shown to be important for the 

recovery of shallow coral reefs after a cyclone disturbance (Van Oppen et al. 2011). Coral 

larvae dispersal assessments that included parameters of fertilization rates and post-

settlement survivorship, revealed up to 10% of supply from mesophotic broadcasting and 

brooding species to shallow reefs (Holstein et al. 2016).  Particle dispersal models, could 

also better inform genetic studies of population connectivity, and help managers identify 

vulnerable and resilient populations (Treml et al. 2008). Analyses of kelp propagule 

dispersal across depth that includes fecundity data at depth would improve evaluations 

of population connectivity and help determine the importance of external subsidies for 

population persistence (Castorani et al. 2015, 2017). 

 

1.1.6 Criterion 4. Long term persistence of deep populations 

Temperature is a fundamental driver of species distributions. Not surprisingly, shifts in 

species distributions are occurring worldwide as a result of global climate change 

(Parmesan and Yohe 2003; Wernberg et al. 2011). Species distribution models (SDMs) on 

kelps have enabled the prediction of expansion of invasive species (Chefaoui et al. 2019), 

distribution shifts (Franco et al. 2018; Martínez et al. 2018) and allowed identification of 

areas of ecological refuge (Lourenço et al. 2016) and evolutionary refugia (Assis et al. 

2016a, 2018a). Poleward expansions with an expected range contraction of the 

equatorward edge populations are expected for several kelp species in the northern and 

southern hemispheres (Franco et al. 2018; Martínez et al. 2018). Nonetheless, for marine 

species with a wide depth distribution, any observed latitudinal shifts need to also 

consider their full depth extent, since populations surviving in deep locations may 

counteract latitudinal shifts in shallow habitats and potentially play a role to hinder local 

extinctions. As such, deep populations that persist through extreme and long-term 

disturbances may constitute the equivalent to elevational refuge in terrestrial habitats 

(Ashcroft 2010; Ashcroft et al. 2012a).  
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Modelled predictions of changes in kelp distribution due to climate change, have not 

considered the full depth range and the response of deeper kelps to warming, potentially 

overestimating latitudinal shifts under climate change (Martínez et al. 2018). Predicting 

how kelp depth distribution will change in response to climate change will help identify 

areas where kelps may persist under unfavourable climate. Such information is essential 

for their effective protection and management. 

 

1.1.7 Ecklonia radiata, a temperate marine foundation species threatened by 
climate change 

Dense kelp beds dominate the coastlines of temperate Australia (over 8,000 km) in a 

system known as the ‘Great Southern Reef’ (GSR) (Bennett et al. 2016). The GSR covers 

an area of approximately 71,000 km2, supporting an abundant biodiversity of seaweeds 

(~978 species), invertebrates (~4,100 species) and fish (~731 species) and providing 

services for the local economy with tourism, recreational and commercial fisheries 

(Bennett et al. 2016). Ecklonia radiata is the dominant kelp species of the GSR (Steinberg 

and Kendrick 1999; Wernberg et al. 2016), New Zealand (Choat and Schiel 1982) and 

South Africa (Field et al. 1977), forming dense beds which provide habitat and food for a 

myriad of species (Kendrick et al. 1999; Wernberg et al. 2019). In Western Australia, 

temperate reefs dominated by E. radiata support Australia’s most valuable fishery, the 

Western Rock lobster (Panulirus cygnus) valued at over AU$240 million per year 

(Nicolaou and Hammond 2017). E. radiata has a large depth distribution, forming distinct 

beds to depths of 40 to 50 m (Marzinelli et al. 2015), and becoming sparser up to 70 m 

(Nelson et al. 2018).  

In the past decade, marine heatwaves (MHWs) have caused catastrophic impacts on 

marine ecosystems around the globe (Frölicher and Laufkötter 2018; Smale et al. 2019). 

From 2013 to 2015, the north-eastern Pacific experienced a prolonged marine heatwave 

also known as “The Blob” which resulted in reduced ocean productivity that caused the 

mortality of marine megafauna (Cavole et al. 2016). The warm El Niño of 2015/16 

triggered the most recent mass coral-bleaching event on the GBR, with up to 90% 

bleaching reported in some reefs (Hughes et al. 2017b). The coast of Western Australia 

experienced an extreme marine heatwave (MHW) in the summer of 2011 which caused 

widespread mortality of several foundation species (Bennett et al. 2015; Wernberg et al. 
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2016), generating a shift in the community structure. Following the 2011 MHW, kelps and 

other large canopy forming seaweeds were replaced by turf beds, and a sharp increase of 

tropical fish species was observed in temperate areas (Wernberg et al. 2013; Zarco-

Perello et al. 2019). Mortality of invertebrates was also observed (Smale et al. 2017) with 

serious impacts in the local scallop and crab fisheries (Caputi et al. 2019; Chandrapavan 

et al. 2019). Abundance of E. radiata decreased significantly along the west coast of WA, 

with a documented range contraction of approximately 100 km (Wernberg et al. 2013, 

2016). The 2011 marine heatwave in WA, is one of the most studied extreme warming 

events, yet little is known about how deeper communities (>15 m) responded to this 

disturbance. Since climate change related stressors (including marine heatwaves) are 

predicted to become more frequent and intense in the future, this thesis evaluates the 

potential of deep reefs in Western Australia to provide refuge the dominant kelp species 

in the region Ecklonia radiata. 

 

1.2 Research aims and thesis structure 

With this thesis I aim to expand the current knowledge on the ecology of kelp beds across 

their full depth distribution and their ability to persist in a changing world. I specifically 

assess the potential of deep kelp populations of E. radiata to act as refuge for their shallow 

counterparts in Western Australia. Chapters 2-5 constitute the empirical sections of this 

thesis, where I systematically address four of the key criteria for the DRRH described 

above and which establish the specific aims of this thesis (Fig. 1.2). In each Chapter (2-5), 

I evaluate one of four crucial criteria of the DRRH by asking 

1. How do sessile communities across a depth gradient respond to the 

impact of an extreme marine heatwave? (Chapter 2) 

2. Are deep kelp beds able to produce viable propagules to replenish 

shallow beds? (Chapter 3) 

3. Can oceanographic circulation facilitate propagule dispersal and 

connectivity between deep and shallow kelp beds? (Chapter 4) 

4. Where are areas of potential deep kelp refugia from climate change in 

Western Australia? (Chapter 5) 
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In Chapter 2, I evaluate the extent to which a marine heatwave affected sessile 

communities across a depth range of 25 m (from 15 to 40 m). To do this, I use a unique 

temporal dataset of seafloor imagery obtained with an AUV on the coast of Western 

Australia to evaluate the response of sessile communities to the 2011 marine heatwave. 

In the following chapters, I focus on E. radiata, a dominant foundation species of the 

temperate reefs in Australia.  In Chapter 3, I evaluate if depth reduces the reproductive 

performance of E. radiata by determining reproductive output, synchrony and viability of 

E. radiata across a depth gradient in the region. Next, in Chapter 4, I use a comprehensive 

three-dimensional lagrangian model of ocean circulation and particle tracking, to 

simulate the dispersal of kelp zoospores and use the information gained to assess the 

likelihood of cross-depth connectivity among kelp beds in the region. Subsequently, I 

identify areas of potential refuge from warming disturbances for E. radiata in Western 

Australia, by using bathymetry derived features and environmental factors to predict the 

distribution of kelp under future climate change (Chapter 5). 

To conclude, in Chapter 6, I gather all the information obtained to comprehensively 

evaluate the role of deep E. radiata beds as potential refuge for their shallow counterparts 

and discuss their ability to enhance resilience and facilitate the persistence of the species. 
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Fig. 1.2. Conceptual diagram of the deep reef refuge hypothesis and chapter overview. The 

first panel (from left to right), shows the change in benthic community composition across 

depth, though some key habitat-forming species are shared across. After an extreme 

disturbance, deeper communities are less impacted due to the magnitude of the 

disturbance being buffered with depth (Chapter 2). Deeper population that survive the 

disturbance, should be able to self-sustain in order to persist, therefore they should be 

reproductive (Chapter 3). Deeper populations that produce viable reproductive 

propagules, may also supply propagules to impacted populations at other depths by 

oceanographic dispersal (Chapter 4). Finally, a refuge that maintains its role over the long 

term, can become a refugium (Chapter 5). 
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Chapter 2 Could deep temperate reefs act as a 
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Depth moderates loss of marine foundation species after an 

extreme marine heatwave: could deep temperate reefs act as 

a refuge? 

 

Abstract 

Marine heatwaves have been documented around the world, causing widespread 

mortality of numerous benthic species on shallow reefs (<15 m depth). Deeper habitats 

are hypothesized to be a potential refuge from environmental extremes, though we have 

little understanding of the response of deeper benthic communities to marine heatwaves. 

Here, we show how increasing depth moderates the response of seaweed- and coral-

dominated benthic communities to an extreme marine heatwave across a subtropical-

temperate biogeographical transition zone.  Benthic community composition and key 

habitat-building species were characterised across three depths (15, 25 and 40 m) before 

and several times after the 2011 Western Australian marine heatwave to assess 

resistance during and recovery after the heatwave. We found high natural variability in 

benthic community composition along the biogeographic transition zone and across 

depths with a clear shift in the composition after the marine heatwave in shallow (15 m) 

sites but a lot less in deeper communities (40 m). Most importantly, key habitat-building 

seaweeds such as Ecklonia radiata, and Syctothalia dorycarpa, which had catastrophic 

losses on shallow reefs, remained and were less affected in deeper communities. 

Evidently, deep reefs have the potential to act as a refuge during marine heatwaves for 

the foundation species of shallow reefs in this region.  

 

Keywords: deep refuge, marine heatwave, benthic community composition, temperate, 

foundation species 
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2.1 Introduction  

In ecology, the term ‘refugium’ is used to describe regions that facilitate the temporal and 

spatial resilience of biological communities over evolutionary time-scales or from past 

climate change (Sedell et al. 1990; Keppel et al. 2012). Extreme climatic events (ECEs) can 

generate changes in species distributions, ecosystem structure and functioning (Ciais et 

al. 2005; Jentsch et al. 2007; Jentsch and Beierkuhnlein 2008; Wernberg et al. 2013; 

Filbee-Dexter and Wernberg 2018) and are predicted to increase in magnitude and 

frequency due to climate change (Frölicher et al. 2018; Oliver et al. 2018), thus, taxa are 

being impacted in ecological time-scales. To address the response of taxa to this rapid 

ecological catastrophe, we have adopted the term ‘refuge’ to define spatial or temporal 

facilitation of environmental conditions or biotic interactions (Keppel et al. 2012), that 

may enable the persistence of a species and/or communities in ecological time-scales 

(years – decades) (Keppel et al. 2012). Climate change models have predicted shifts to the 

distribution of numerous species in terrestrial and marine ecosystems in response to 

climate change related pressures (Parmesan and Yohe 2003; Araújo and New 2007; 

Wassmann et al. 2011). However, species distributions are more affected by the local 

environment, which in some cases, may provide a refuge and allow species to survive the 

climatic stress (Wilson et al. 2005; Serra-Diaz et al. 2015).  

In light of the increase in extreme climatic events driven by climate change and their 

catastrophic consequences in marine environments (Smale et al. 2019), identifying 

refuges has become a research and conservation priority (Keppel et al. 2012), since they 

have the potential to prevent species extinction associated with extreme disturbance 

events. As such, deeper marine habitats have been identified as potential refuge for 

shallow reef species (Ladah and Zertuche-Gonzalez 2005; Lesser et al. 2009; Bongaerts et 

al. 2010; Van Oppen et al. 2011). Yet, the logistical difficulties of surveying deeper 

communities reduce our understanding about how these communities respond to 

extreme climatic events and whether their response varies from shallower reefs. 

Biogeographic transition zones are biodiversity hotspots due to the overlap of taxa 

present at the edge of their biogeographical distribution (tropical and temperate taxa). 

These zones are particularly vulnerable to the disturbances of extreme climatic events 

since many species already live at the physiological  limits of their distribution (Wernberg 

et al. 2016).  
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Atmospheric extreme climatic events (ECEs) and oceanic marine heatwaves (MHWs) are 

some of the extreme climatic disturbances that are predicted to increase in frequency and 

intensity due to climate change (Frölicher et al. 2018). Marine heatwaves are defined as 

extended periods of anomalously high sea surface temperatures (Hobday et al. 2016) 

which have already resulted in devastating effects on coastal marine communities 

characterized by widespread mortalities of invertebrates (Garrabou et al. 2009; 

Wernberg et al. 2013), seagrasses (Kendrick et al. 2019), coral associated with coral 

bleaching (Hughes et al. 2018), range contractions of habitat-forming species (Smale and 

Wernberg 2013) and changes to community structure and ecosystem function (Wernberg 

et al. 2013, 2016). Marine heatwaves have been documented across the globe: in the 

Mediterranean (Olita et al. 2007); Australia (Schlegel et al. 2017); North Western Atlantic 

(Yaakub et al. 2014), and; in the north-eastern Pacific (Hartmann 2015). Understanding 

the response of marine ecosystems to marine heatwaves is key to predicting their 

response to future climate change. Moreover, the ecosystem recovery from these impacts 

is variable and depends on processes such as population connectivity, fluctuations in 

fecundity, post-settlement success and altered species interactions.  

In Western Australia during the summer of 2010/11, an extreme MHW superimposed 

over a general trend of ocean warming placed a global marine biodiversity hotspot at 

catastrophic risk (Pearce and Feng 2013). This event was characterized by record high-

temperature anomalies that extended across 12° latitude (Ningaloo Reef at 22°S to Cape 

Leeuwin at 34°S), up to 200 km offshore and down to depths of 50 m (Pearce and Feng 

2013), with highest anomalies of  +5 °C around the central coast. The response of benthic 

marine communities to this extreme event is well documented for shallow habitats (<15 

m depth). Kelp beds were lost across ~2300 km2 causing a 100 km range contraction. 

Kelps and other macroalgae were replaced by less complex turf-forming algae and the 

recovery of kelp suppressed due to the grazing pressure driven by an increase in tropical 

herbivory fishes (Wernberg et al. 2016). A staggering 1,069 km2 of the 4,366 km2  of 

seagrass meadows in Shark Bay were lost during and immediately after the 2011 MHW 

resulting in significant ecosystem-wide changes (Kendrick et al. 2019; Strydom et al. 

2020), although recovery of 125 km2 of meadows has occurred since 2014 (Strydom et al. 

2020). At Ningaloo Reef, bleaching was observed in 79-92% of the coral cover (Le Nohaïc 

et al. 2017) and at the Houtman Abrolhos Islands, the bleached coral was reported to be 

6-42% varying across sites (Abdo et al. 2012). Despite all the evidence on the effect of 
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marine heatwaves on shallow marine ecosystems (<15 m), the response of deeper (>15 

m) benthic communities is often not documented and thus poorly understood. 

As marine ecosystems continue to be degraded, identifying regions that can be a refuge 

for key species has become a priority for management and conservation (Turner et al. 

2017). Deeper marine reefs were first identified as refuges in the context of tropical coral 

reef ecosystems as  research on mesophotic coral reefs increased (Bongaerts et al. 2010; 

Kahng et al. 2010; Van Oppen et al. 2011). Species living in deeper habitats may benefit 

from a higher chance of survival from extreme environmental events due to the buffering 

effect of depth (Smith et al. 2014; Roberts et al. 2015). Nonetheless, refuge habitats also 

need to share similar species with the habitat they are providing refuge for (in this case, 

shallow reefs). As a result, in the case of benthic species such as coral and algae, deep 

refuges are thought to be constrained to the upper regions of the mesophotic zone, 

typically shallower than 60 m (Loya et al. 2016).  However, most research on the ecology 

of deeper habitats and their potential role as refuges for shallow-water species has been 

focused in tropical coral reef ecosystems (Loya et al. 2016; Turner et al. 2018) while 

subtropical and temperate regions remain understudied. 

In order to address the potential for deep refuges for temperate marine benthic 

communities, we aim to recognize if depth moderates the response of benthic 

communities before, during and after an extreme marine heatwave. We firstly 

characterize benthic community composition along a temperate to tropical biogeographic 

transition zone and across a depth gradient (15-40 m). Secondly, we describe how 

community composition of deep benthic habitats was affected by the marine heatwave 

(2010-2011) and how the response of deeper reefs compared to shallower reefs. Finally, 

we identify the key habitat-building species across the biogeographical transition zone 

and evaluate how their abundance changes with increasing depth and after the 2011 

extreme MHW. We argue that deep benthic habitats in the biogeographic transition zone 

of WA acted as refuges from the 2011 extreme MHW, as suggested by the reduced 

response of key habitat-building species and community composition to this event. If 

depth helps foundations species moderate their response to future ECEs, these habitats 

may constitute refuges from future MHWs and from climatic change. 
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2.2 Materials and methods 

2.2.1 Benthic surveys and design 

Benthic images were obtained from surveys conducted at permanent monitoring sites 

that were established by Australian IMOS (Integrated Marine Observing System) 

initiative at the Houtman Abrolhos Islands, Rottnest Island and Jurien Bay (Williams et al. 

2012) (Fig. 2.1). Surveys were conducted with an Autonomous Underwater Vehicle (AUV) 

which records down facing georeferenced stereo image pairs, along with a suite of 

physical parameters including multibeam bathymetry, temperature, salinity and 

chlorophyll a. Surveys were completed at two sites in each location, with an additional 

site at Abrolhos to account for a missing 25 m site, and at three depths 15, 25 and 40 m 

(Fig. 2.1).  Within each site, three replicate “grids” were surveyed at the beginning of the 

monitoring program in 2010. Each replicate “grid” comprises a 625 m2 area (25 x 25 m) 

of the seafloor surveyed by conducting parallel overlapping 25 m long transects across 

the seafloor. Grids at each location were located 50-200 m apart for spatial independence. 

Subsequently, surveys were repeated at every location every year until 2013, and the site 

Snapper Bank was added to Abrolhos Island. Only Abrolhos Islands were surveyed in 

2014 and surveys were repeated at Abrolhos Islands and Rottnest Island in 2017 

(supplementary material Table S2.1). Repeated surveys aimed to assess the same three 

grids initially established, though on some occasions only one or two grids were surveyed 

due to unfavourable weather conditions or equipment malfunction. More than 1000 

stereo image pairs were captured by the AUV at each grid, but only 30 non-overlapping 

images (~4 m2) per grid were randomly subsampled and processed as power analyses 

have indicated minimal improvement in detectable sizes for image replication above 30 

(Bridge et al. 2014a).  Across all location and times, this gave a total of 5,970 images for 

analysis.   
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Fig. 2.1. Locations of benthic surveys in Western Australia (Houtman Abrolhos Islands, 

Jurien Bay and Rottnest Island). The replicate grids are shown with respective depths, 

red: 15 m, yellow: 25 m, and blue: 40 m. 

 

2.2.2 Study locations  

The three locations surveyed in this study comprise the transition zone between the 

subtropical and temperate coast of Western Australia. The locations of Houtman Abrolhos 

Islands (28°43’S), Jurien Bay (30°29’S), and Rottnest Island (32°00’S) were chosen for 

long-term monitoring as they have been identified as key indicator regions because of 
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their ecological importance as biogeographic transition zones and due to their socio-

economic importance in the region (Williams et al. 2012). The Houtman Abrolhos Islands 

to the north, form an archipelago 80 km from the mainland.  The Abrolhos Islands are 

unique in their benthic assemblages, where patches of the kelp species Ecklonia radiata 

can be found co-existing with reef-building hard corals. Jurien Bay is situated between 

Abrolhos Island and Rottnest Island in a region characterized by inshore lagoons 

protected by offshore reefs and islands. The limestone reefs are dominated by E. radiata, 

other macroalgae, some corals and sponges. Rottnest Island in the south is located 19 km 

from the mainland near the city of Perth. The island is surrounded by complex limestone 

reefs that are dominated by kelp species E. radiata, and include numerous macroalgae 

species, seagrass meadows, and coral.  

 

2.2.3 Image classification 

Each image was annotated by classifying the substrate, flora or fauna beneath 20 

randomly and digitally overlaid points using Coral Point Count with Excel Extensions 

(CPCe) (Kohler and Gill 2006). Each point was classified into functional/morphological 

groups with 104 categories in total, consistent with the CATAMI (Collaborative and 

Automated Tools for Analysis of Marine Imagery) classification scheme (Althaus et al. 

2015). CATAMI provides a standardized vocabulary for image classification, enabling the 

compilation of regional, national and global data sets. Species of ecological importance 

were classified to species level and included Ecklonia radiata, Scytothalia dorycarpa and 

Sargassum sp. This method is poor at quantifying rare taxa or taxa smaller than 5 cm 

(Smale et al. 2012). For each grid, subsampled images were pooled and the analysis of 

community composition was conducted using the grids as spatially independent 

replicated units. 

 

2.2.4 Temperature data 

Temperature data was used to identify the temperature signal of the marine heatwave at 

each of the locations and across the three target depths. Data was gathered from the 

Australian Shelf Temperature Data Atlas which groups temperature data collected from 
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1995 to 2014 from a range of sources including AUV deployments, Argo profiles, glider 

deployments, moorings, and CTD casts (Integrated Marine Observing System, 2015). Data 

within a 30 km radius from the study locations was selected for the analysis (see 

supplementary Table S2.5 for details of temperature data). The average temperature for 

the summer months (December – April) was calculated for each year (1995-2014) at each 

location and depth. Temperature data was not available for all years and months for 

Abrolhos and Jurien Bay, yet, the average summer temperature was calculated over the 

20-year period and temperature anomalies were calculated over this average.  

 

2.2.5 Data analysis 

The multivariate community composition of the region was evaluated with a Principal 

Coordinate Analysis (PCO) performed with Bray-Curtis similarity matrices based on 

square-root transformations of the data with a dummy variable (value of 1) used to 

optimise the year-to-year separation due to the large number of zeroes in the data. The 

centroids represent means for each site per location, depth and year resulting from two 

or three grids. Community composition across depths was also examined at each location 

by constructing PCO plots. The centroids represent the averages for each depth per year 

derived from four to six grids. From this, we determined a trajectory of change in 

community composition in response to the 2011 MHW. In all PCOs vectors over 0.7 

correlation are illustrated to identify the benthic classes that characterize the 

assemblages. 

Plots of change in percent cover following the marine heatwave (2010-2011) and 

compared to the latest survey (2010-last survey) were generated for E. radiata, turf, 

encrusting red algae and S. dorycarpa, so we could compare it to reported changes in 

inshore reefs (Wernberg et al. 2013) and to assess whether any recovery occurred. Plots 

of mean percent cover of principal benthic categories for each location, depth and year 

are presented to visualize their change in abundance through time and in response to the 

marine heatwave. Certain benthic categories are only described for one or two locations, 

such as coral at Abrolhos Islands. At each location, differences in percent cover of 

ecologically important benthic categories were tested between depths and across years 

with univariate PERMANOVAs, with depth (3 levels) and year (6 levels) as fixed factors. 
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Data for each location consisted of the percent cover of individual images, rather than the 

pooled grid averages used for the multivariate analyses. The tests used 9999 

permutations of square-root transformed data and Euclidean distance resemblance 

matrix. 

 

2.3 Results 

Three distinct community groups were observed along the subtropical-temperate 

biogeographical transition zone of Western Australia were evident from PCO: one for the 

shallow Abrolhos sites (15 m), one for Jurien and the deeper Abrolhos sites (25 and 40 

m) and one for Rottnest Island (Fig. 2.2a and 2.2b).   

The Abrolhos Islands were characterized by a mixed assemblage that varied markedly 

with depth (Fig. 2.2a and 2.2b). Shallow sites were dominated by reef-building corals of 

staghorn, tabulate, massive and foliose morphology and were colonized by the brown 

algae taxon Sargassum spp., while the deeper sites were either characterized by sparse E. 

radiata, S. dorycarpa or sand (Fig. 2.2a and 2.2b; supplementary material Fig. S2.1). Jurien 

Bay presented a community composition similar to the deeper sites of Abrolhos islands 

(25 and 40 m), characterized by higher percentage of sandy substrate with sparse E. 

radiata and mixed macroalgae on any rocky substrate present (Fig. 2.2a, 2.2b and 

supplementary material Fig. S2.1). Rottnest Island’s community composition was 

dominated by large brown macroalgae at all depths, in particular, E. radiata and S. 

dorycarpa at the shallow sites, with encrusting red algae cover increasing with depth (Fig. 

2.2a and 2.2b).  
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Fig. 2.2. Principal coordinate analysis of variation in benthic community structure at 

Abrolhos Islands, Rottnest Island and Jurien Bay based on Bray-Curtis similarity matrix. 

The first two axes explain 55.6% of the variability in multivariate space. (a) Centroids 

represent average community composition at all locations for each year at each depth. 

Black rings indicate the centroids with 60% similarity. (b) Vectors indicating benthic 

categories with high correlations (Spearman correlation >0.7) with axes. 
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At Abrolhos islands, there was a trend of greater change across years in community 

composition at 15 and 25 m, and less at 40 m (Fig. 2.3a). The only convergent community 

composition among years was shown between 2010 and 2017 at the 15 m site at 

Abrolhos. Following the marine heatwave (2010 to 2011), the 15 m sites of Abrolhos 

islands changed in community composition with a substantial increase in bleached coral 

(supplementary material Fig. S2.2) and turf matrix (Fig. 2.4b, supplementary material Fig. 

S2.3), and a decrease in fine branching red algae (supplementary material Fig. S2.4) and 

foliose coral (supplementary material Fig. S2.5). Minimal change in encrusting red algae 

cover was seen in shallow sites (Fig. 2.4c, supplementary material Fig. S2.6) and decrease 

in E. radiata was observed (Fig. 2.4a, supplementary material Fig. S2.7). By 2017, the 

shallow (15 m) benthic community of Abrolhos Islands appeared to have returned to a 

state similar to pre-heatwave composition (Fig. 2.3a). The 25 m sites showed a response 

to the heatwave with an increase in Sargassum sp., E. radiata and seagrass 

(supplementary material Fig. S2.8, S2.9 and S2.7, respectively). By 2017, community 

composition had not returned to pre-heatwave conditions (Fig. 2.3a). On the other hand, 

there was minimal benthic community change at the Abrolhos 40 m sites (Fig. 2.3a). 

The Jurien Bay assemblage also changed across years, with the largest change occurring 

at the shallower sites (Fig. 2.3c) after the marine heatwave. In contrast with the other 

locations, shallow sites at Jurien bay were more characterised by sand patches and 

seagrass. Seagrasses at this location showed large declines after the marine heatwave and 

no signs of recovery at 15 and 25 m sites (supplementary material Fig. S2.9). The 25 and 

40m sites at Jurien, also showed change after the marine heatwave, mostly characterised 

by increases in encrusting algae (Fig. 2.4c). Communities at 25 m seemed to be affected 

by a separate event to the 2011 heatwave, since community composition was recovered 

to pre-heatwave conditions in 2012 and by 2013 it show change towards a more turf 

driven community. 
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Fig. 2.3. Principal coordinate analysis of variation in benthic community structure at each 

location based on a Bray-Curtis similarity matrix. Centroids represent average 

community composition at each location (a. Abrolhos Islands, c. Jurien Bay, e. Rottnest 

Island) for each year and depth and arrows indicate the trajectory. Thicker arrows show 

the change in average community composition from 2010 to 2011. Vectors (b. Abrolhos 
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Islands, d. Rottnest Island, f. Jurien Bay) indicate the benthic categories with high 

correlations with axes (Spearman correlation > 0.7). For Abrolhos, the first two axes 

explain 76.3% of the variability in multivariate space (a, b). For Rottnest Island, the first 

two axes explain 67% of the variability in multivariate space (c, d). For Jurien Bay, the 

first two axes explain 66.2% of the variability in multivariate space (e, f). 

 

The community composition at Rottnest Island also responded to the marine heatwave at 

the shallow sites (15 m), with a reduced response in deeper sites (Fig. 2.3e). At the 15 m 

sites there was a decrease in S. dorycarpa (Fig. 2.4b, supplementary material Fig. S2.10) 

and fine branching red algae (supplementary material Fig. S2.4). In contrast to the other 

two locations, community composition at shallow sites in Rottnest Island had not 

recovered to pre-heatwave conditions by 2017. Cover of S. dorycarpa continued to 

decrease and had not recovered by 2017 (Fig. 2.4d, supplementary material Fig. S2.10). 

Moreover, the analysis also identified changes in community composition in deeper 

habitats (25 and 40 m) that appeared to be a response to a process separate from the 

2011 marine heatwave, as they were observed from 2013 to 2017 (Fig. 2.3e). These 

changes were driven by an increase of encrusting red algae in the 25 m sites and an 

increase of ~4% in the cover of sponges and S. dorycarpa at 40 m sites (Fig. 2.3e, 2.3f and 

supplementary material Fig. S2.7, S2.10 and S2.11).  

Despite changes in percent cover of macroalgae following the marine heatwave, these 

were not at the scale of the changes reported for inshore reefs (Fig. 2.4) (Wernberg et al. 

2013). Decreases of approximately 30% were reported in the cover E. radiata due to the 

MHW at shallow inshore reefs (grey bars, Fig. 2.4a). We found the largest decrease in E. 

radiata cover at the deep sites of Rottnest Island to be of ~18% following the MHW. Turf 

cover increased in around 10% at shallow inshore reefs after the 2011 heatwave, but we 

only found a comparable increase at the shallow sites of Abrolhos with an increase in turf 

cover of ~15% (Fig. 2.4b). Other sites and depths did not show a large increase or a 

decrease in turf cover was found. The largest decrease in encrusting red algae we 

observed, occurred at the 25 m sites at Abrolhos island, with a reduction of ~5%, while 

in shallow inshore sites the reductions were of ~15% (Fig. 2.4c). Scytothalia dorycarpa at 

Rottnest Island showed the largest reduction at shallow sites (~5%) and in the last survey 

seem to continue a trend of decline (~10%), yet these reductions do not compare to the 

~ 40% percent cover decrease at inshore reefs (Fig. 2.4d).  
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Fig. 2.4. Change in mean percent cover (± SE) from 2010 to 2011 (heatwave) and from 

2010 to latest survey for E. radiata (a), turf matrix (b), encrusting red algae(c), and 

Scytothalia dorycarpa (d) at each location (Houtman Abrolhos Islands, Jurien Bay, 

Rottnest Island) and depth per year. Colours describe and increase (blue) or decrease 

(red) in percent cover in relation to 2010. The grey box points to the level of change 

previously reported for inshore reef in response to the marine heatwave (Wernberg et al. 
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2013). The estimates of percent cover are means of 2-6 grids (~30 images per grid) within 

each location and depth per year. 

 

At all locations, the variation in percent cover of each benthic category was significantly 

different by year, depth and their interaction as indicated in multi-factorial univariate 

PERMANOVA tests (supplementary material Table S2.2). Exceptions were sponges at 

Jurien Bay, which did not exhibit an effect of year or its interaction with depth, and sand 

at Rottnest Island which showed no effect with the interaction of year and depth.                                                                                                      

Yearly average summer temperature ranged from 20.5 to 25 °C at Abrolhos Islands, 21 to 

24.5 °C at Jurien Bay and 19 to 24 °C at Rottnest Island. At all locations, temperatures at 

15 m depth were higher than at 25 and 40 m depth, but by less than 1  °C (Fig. 2.5a). The 

2011 marine heatwave is visible at each location with highest temperature anomalies at 

Rottnest Island (+1.96 °C) and Jurien (+1.73 °C) for the 15 m sites. The highest 

temperature anomaly for Abrolhos Islands was observed in 1995 for the 40 m sites (+2.55  

°C) and followed in 2011 at the 25 m sites (+1.83 °C) (see supplementary material Table 

S3 for full table of temperatures). Interestingly, at all locations, the yearly summer 

temperature anomaly was higher at the deeper sites (40 m) than the shallower sites (25 

and 15 m) with some exceptions including in the year 2011, where the temperature 

anomaly was higher at the shallower sites at Rottnest and Jurien. There is no temperature 

data for the 40 m sites at Abrolhos Island for comparison, but the temperature anomaly 

at 25 m was higher than at 15 m (Fig. 2.5b) (see supplementary material Table S2.4 for 

full table of temperature anomalies).  
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Fig. 2.5. Temperature data series (in degrees Celsius) for the yearly summer (December 

– April) averages (a), and yearly anomalies (b) at each location and for average depth of 

10 m (5-15 m range), 30 m (25-35 m depth range) and 40 m (35-45 m depth range). 

Anomalies calculated over the 20-year period averages. The grey line highlights 2011, the 

year of the marine heatwave. 

 

2.4 Discussion 

Marine heatwaves are expected to increase in magnitude and frequency under climate 

change predictions, posing a threat for the persistence of numerous marine species 

(Frölicher and Laufkötter 2018).  Here, we showed evidence that there are potential 

refuges in deeper offshore reefs for shallow nearshore foundation species in temperate 

regions, such as E. radiata and S. dorycarpa. These depth refuges add a dimension that has 

not been considered by many studies of widespread mortality on nearshore shallow reefs 

(Wernberg et al. 2016; Smale et al. 2019).  The catastrophic loss of canopy forming 

macroalgae, Ecklonia radiata and Scytothalia dorycarpa documented in shallow waters 

(<15 m) (Wernberg et al. 2016; Smale et al. 2019) was not shown from deeper offshore 

reefs between 25 and 40 m off Western Australia (Fig. 2.4a and 2.4d), supporting our 
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hypothesis that a potential buffering effect from extreme climatic events that allows the 

persistence of kelp dominated communities are deep water refuges.   

Deep reefs in the mesophotic zone have been proposed to offer refuge from 

environmental disturbances (Graham et al. 2007a; Assis et al. 2016a), as proposed for 

tropical Mesophotic Coral Ecosystems (Bongaerts et al. 2010; Kahng et al. 2010; 

Shlesinger et al. 2018). Here we analysed benthic community composition across a 

subtropical – temperate biogeographic transition zone, and found reduced response to an 

extreme marine heatwave in deeper reefs (25-40 m) despite a natural shift in community 

composition from mixed assemblage of tropical corals and kelps in the north (Abrolhos 

islands) to a typical temperate community dominated by kelps in the south (Rottnest 

Island) (Wernberg et al. 2003b; Smale et al. 2010). Moreover, key habitat forming taxa 

like Ecklonia, and fine branching red algae, were found along the transition zone across 

all depths. Scytothalia dorycarpa, was only found in Rottnest Island, but showed small 

decreases in deep sites compared to in shallow ones. Although, we observed decreases in 

E. radiata and S. dorycarpa which had not returned to pre-heatwave status by 2017, these 

reductions were minimal compared to the decreases reported for inshore communities 

following the 2011 marine heatwave (Wernberg et al. 2013). Foundation species 

persisting in deep reefs could provide a source of propagules for their shallow 

counterparts to facilitate the recovery of shallow disturbed populations (Van Oppen et al. 

2011), provided they are reproductive and  have oceanographic connectivity. Since 

MHWs are predicted to become more frequent and intense in the future (Frölicher et al. 

2018; Oliver et al. 2018), deep reef communities may be a key driver of shallow-reef 

resilience.  

In this study, we also found that benthic species in shallow offshore sites (15 m) were less 

affected by the marine heatwave than what was reported in other studies (Wernberg et 

al. 2013, 2016; Smale et al. 2019). For example, populations of E. radiata and S. dorycarpa, 

suffered catastrophic loss in shallow, nearshore reef ecosystems and resulted in a range 

contraction of approximately 100 km at the warmest edge of their distribution (Smale 

and Wernberg 2013; Wernberg et al. 2016). The loss of these key habitat-forming species 

further resulted in ecosystem reconfiguration driven by an increase in less structurally-

complex turf-forming seaweeds (Wernberg et al. 2016). Yet, we did not see this regime 

shift in Ecklonia dominated communities at any depth or location in this study. These 

results have implications for the spatial scope of benthic surveys and post-disturbance 
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population or community assessments which take into consideration only the shallowest 

areas of the reef communities, and consequently are focused only on the most susceptible 

area of the species distribution (Smale and Wernberg 2013; Wernberg et al. 2013, 2016). 

Additionally, models of seaweed distribution along temperate Australia have shown that 

under ocean warming predictions there will be a significant poleward shift in distribution, 

with E. radiata being restricted to the south coast (Martínez et al. 2018). However, we 

have shown that habitat-building species living in deeper reefs have the potential to 

persist, and consequently, the range contractions suggested from modelling may have 

overestimated the total impact of climate change disturbances by not considering the 

differential response of deeper communities.  

While we identified the temperature anomaly associated with the 2010-2011 heatwave 

in 15 to 40 m water depths, we did not detect signs of catastrophic alteration in 

community composition as documented in shallower habitats (less than 15 m), as far 

south as Rottnest Island. Yet, sporadic in situ temperature recordings over a 20 year 

period, support the hypothesis that deeper sites may be buffered from temperature 

extremes since the temperature anomalies for 40 m depth during warming events were 

cooler than for 15 m depths (Fig. 2.5b), which were still substantially cooler than sea 

surface temperature (SST) anomalies (Pearce and Feng 2013). Moreover, benthic 

populations living in deeper reefs may be acclimated to thermal stress as indicated by the 

temperature anomalies (Fig. 2.5b) which were consistently higher in deeper sites than in 

shallow ones (with the exception of 2011). This high variability in water temperature may 

give them the capacity to withstand extreme marine heatwaves (Russell 1985; Gerard and 

Du Bois 1988; Jackson et al. 2016). An additional coping mechanism for deep macroalgae 

may be enhanced photosynthetic efficiency due to acclimation to lower light conditions, 

as opposed to their shallow counterparts which were exposed to high temperatures and 

higher light. This interaction between light and temperature has been shown in studies of 

the kelp Laminaria saccharina where adult sporophytes acclimated to high temperature 

and/or low light required less light to achieve positive net photosynthesis than 

sporophytes acclimated to low temperature or high light (Machalek et al. 1996).  

Furthermore, deeper communities, which are often found offshore, may be uncoupled 

from other co-occurring stressors that affect shallower, coastal ones. The interaction of 

multiple stressors in shallow coastal ecosystems has been shown to elicit extreme 

ecological responses via catastrophic loss of species (Fraser et al. 2014) because the effect 
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is synergistic, where the combined response is greater than the sum of individual 

stressors (Darling and Côté 2008). Our study did not find evidence for deep refuges in 

corals, however, this was because the deeper sites surveyed at Abrolhos Islands did not 

have substantial (>1%) coral cover (supplementary material Fig. S2.2), so no buffering 

effect of depth could be inferred. 

The temperate-subtropical biogeographic transition zone of Western Australia provides 

a model for understanding the effects of climate change on species distribution driven by 

an increase in sea temperature. Over geological time scales, the Leeuwin current has 

undergone periods when it was strengthened and weakened, and consequently, 

contributed to a highly biodiverse region with species adapted to historic temperature 

ranges (Greenstein and Pandolfi 2008). Climate change projections suggest that this 

region is a warming hotspot where the rate of warming is in the top 10% globally (Oliver 

et al. 2018), and the most extreme MHW on record was observed in this region with the 

2011 Ningaloo Niño (Wernberg et al. 2013; Hobday et al. 2018). Despite some level of 

adaptation to temperature shifts, the consequences of changes in benthic communities is 

expected to be profound (Wernberg et al. 2016). Nevertheless, in this study, we found that 

deeper habitats were less affected by the discrete warming event in the 2010/11 marine 

heatwave, where greater depths depict a more stable community with lower species 

turnover rates (Garrabou et al. 2002). Yet, our understanding of the processes driving the 

community dynamics of deeper reefs is still in its infancy, as indicated by the large change 

we observed in community composition at 40 m sites of Rottnest Island in 2017 which 

we were unable to associate with an environmental change or disturbance.  

Despite the persistence of deep populations in deep habitats after the 2011 MHW, a single 

event is not enough to confirm the existence of deep refuges. The response of deep 

communities to future extreme events needs to be evaluated to confirm their role as a 

resilience mechanism for shallow species. This highlights the importance of continuous 

monitoring of benthic habitats at different depths. Furthermore, other ecological 

processes need to be evaluated across depth to confirm the existence of a refuge at depth, 

such as changes to fecundity, transport of propagules from deep to shallow sites and post-

settlement survival at shallower disturbed sites. Moreover, these processes may vary 

across species and the full definition of deep refuges may only apply to some species. For 

example, S. dorycarpa at 15 m depth at Rottnest Island did not show signs of recovery 

despite its persistence at deep sites. This may be related to its susceptibility to warm 
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temperatures which has shown to decrease settlement densities and post-settlement 

survival of germlings (Andrews et al. 2014), or possibly to reduced fecundity with depth 

or unsuccessful transport of germlings from deep to shallow sites, all of these processes 

are currently unknown.  

Macrophyte communities are quintessential to temperate reefs, providing valuable 

ecosystem services worth millions of dollars per year (Marzloff et al. 2018). In Western 

Australia, the western rock lobster (which is endemic to this region) fishery alone is 

worth over AU$300 M year-1 with numerous studies identifying E. radiata as critical 

habitat for adult lobsters (Hovey et al. 2012). For this reason, further research into deeper 

communities is required to fully understand their potential to act as refuges for shallow 

benthic foundation species.  

We suggest that deep benthic marine habitats in temperate Western Australia may play a 

role in buffering the impacts of a recent extreme MHW on the benthic communities found 

on the continental shelf, and therefore, have the potential to act as a refuge against future 

extreme climatic events potentially assisting the recovery of shallow reef communities. If 

deep habitats are less affected by future extreme events, in the long term, they could act 

as refuges from climate change, and the range shifts in offshore reefs may be less extreme 

as projected for inshore systems. It is also essential that these offshore habitats are 

studied to assist resource managers, particularly in the planning of marine reserves and 

future proofing of fishery sustainability. 
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Reproductive effort, synchrony across depth and influence of 

source depth in the development of early life-stages of kelp  

 

Abstract  

The kelp species Ecklonia radiata is the main foundation species in temperate reefs in 

Australia, yet little has been published on reproduction and how it may change across its 

depth range (1 – 50+ m). In this study, we examined the variation in sporophyte 

morphology and zoospore production during a reproductive season and across four 

depths (7, 15, 25 and 40 m). Additionally, we examined differences in germination rate, 

survival and morphological traits of gametophytes obtained from these four depths, 

cultured under the same light and temperature conditions. Multivariate morphology of 

sporophytes varied significantly between deep and shallow sites, but individual 

morphological traits were not significantly different across depths. Total spore 

production was similar across depths but peak timing differed, with peak zoospore 

production in shallow sites occurring in summer (3,456 and 6,154 zoospores/mm2 of 

tissue, at 7 and 15 m respectively) and in deep sites occurring in autumn (3,943 and 5,531 

zoospores/mm2 of tissue, at 25 and 40 m respectively). The source depth of zoospores 

did not have an influence in the germination rate or the survival of gametophytes and only 

gametophytes sourced from 40 m sites presented significantly less surface area and 

number of branches. Overall, these results indicate that E. radiata’s reproductive 

performance does not change across its depth range, and that kelp beds reproducing in 

deeper areas may contribute to the replenishment of their shallow counterparts. We 

propose that deep kelps may constitute a mechanism of resilience against future climate 

change and associated anthropogenic disturbances.  

Key index words: across-depth; Ecklonia radiata; early life-stage development; 

gametophytes; kelp; morphology; reproductive effort; zoospores 

Abbreviations: ANOVA, analysis of variance; AODN, Australian Ocean Data Network; 

CTD, conductivity, temperature and depth; PCA, principal component analysis; 

PERMANOVA, permutational multivariate analysis of variance; NRS, National Reference 

Station; SCUBA, self-contained breathing apparatus; WC, Wright’s Chu culture media 
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3.1 Introduction 

Kelp forests (Order Laminariales) constitute important temperate and arctic marine 

ecosystems which are highly productive (Mann 1973; Rassweiler et al. 2018; Pfister et al. 

2019), support diverse communities (Duggins et al. 1989; Miller et al. 2018; Shelamoff et 

al. 2019) and provide ecosystem services valued in the billions of dollars annually 

(Vásquez et al. 2014; Bennett et al. 2016). Globally, the decline of kelps  has been 

documented as a result of a variety of stressors including increasing sea surface 

temperatures associated with climate change, pollution, invasive species and kelp 

harvesting (Steneck et al. 2002; Johnson et al. 2011; Moy and Christie 2012; Krumhansl 

et al. 2016; Wernberg et al. 2016). Some efforts to understand the mechanisms for 

ecosystem resilience have resulted in the identification of refuges against biophysical 

disturbances in terrestrial and marine systems (Glynn 1996; Bongaerts et al. 2010; 

Keppel and Wardell-Johnson 2012; Keppel et al. 2012). Generally, species that persist is 

areas of refuge, may be a source of propagules (larvae, seeds, spores) to impacted sites, 

potentially assisting their recovery (Sedell et al. 1990; Hughes and Tanner 2000; Lesser 

et al. 2009; Bongaerts et al. 2010; Van Oppen et al. 2011). In marine systems, deep habitats 

that may be buffered from environmental disturbances, have been regarded as potential 

areas of refuge against extreme climatic events with potential to constitute refugia from 

future climate change (Glynn 1996; Bongaerts et al. 2010; Smith et al. 2014; Assis et al. 

2016a; Muir et al. 2017). However, knowledge of cross-depth variation in sporophyte 

morphology, reproductive effort, and development of gametophytes is limited. As such, 

this knowledge gap constrains our understanding of populations across the wide depth 

range of kelp (Graham et al. 2007a; Nelson et al. 2018). Recognising how the 

morphological traits and reproductive performance of kelp varies across the wide depth 

range where kelp beds are found is critical to determine if deeper populations are able to 

self-sustain and their potential to supply viable propagules to other populations in order 

to help them recover from environmental stressors.  

Ecklonia radiata is a dominant kelp found throughout the temperate rocky reefs of 

Australia, New Zealand and South Africa (Womersley 1967; Marzinelli et al. 2015). In 

Australia, E. radiata ranges from the subtropical waters of Kalbarri in Western Australia 

and Caloundra in the east coast, and in Tasmania (Womersley 1967). Percent cover of E. 

radiata generally increases with latitude, though is variable across spatial scales and 
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extends to depths of approximately 40-50 m (Marzinelli et al. 2015). At the deeper ends 

of its depth distribution, percent cover decreases and kelp beds become patchy, but it 

remains the dominant canopy alga. Variability in the abundance of E. radiata across 

latitude is associated with water temperature and substrate availability, while abundance 

across depth is best explained by light and nutrient availability (Marzinelli et al. 2015). 

Morphology of E. radiata is highly variable at local and regional scales (e.g.  size, differs 

significantly with location (Mabin et al. 2013)). Generally, E. radiata presents high 

morphological plasticity in response to hydrodynamic activity with morphological traits 

such as number of laterals, laminar and lateral width known to differ with level of 

exposure to large waves and strong currents (Fowler-Walker et al. 2006). Importantly, 

morphological traits are associated with reproductive output, with up to 73% of 

reproductive tissue explained by laminar length and stipe diameter (Mabin et al. 2013). 

Consequently, any morphological changes in response to depth may affect the 

reproductive performance in E. radiata. 

The reproductive cycle of E. radiata is characterised by diploid (2N), macroscopic 

sporophytes which produce haploid (N), microscopic zoospores that are released into the 

water column. Zoospores are neutrally buoyant and are transported by currents until 

they settle on the seafloor, and germinate into microscopic male and female 

gametophytes which fertilize to form sporophytes (Womersley 1981). In Western 

Australia, shallow populations of E. radiata (2-4 m depth) have a peak in reproductive 

season at the end of summer, between February and April, when most zoospores are 

released (Mohring et al. 2013b). In more temperate locations, such as Tasmania, the peak 

in zoospore production occurs in the cooler months, around May (Sanderson 1990; Mabin 

et al. 2013). Kelp spores can be transported by currents for several kilometres, which may 

result in spores settling in different depths and environmental conditions to the ones 

experienced by parents (Reed et al. 1992; Gaylord et al. 2006; Cie and Edwards 2011). In 

the case of spores released in deep kelp beds (>15 m depth) that are transported to 

shallower reefs, they would be subjected to higher light and temperature (Lüning and 

Neushul 1978; Novaczek 1984b; a; Bolton and Levitt 1985; Cie and Edwards 2011), 

factors which are known to affect the early life stages of kelp. Low light conditions 

increase gametophyte recruitment but are suboptimal for gametophyte growth and 

reproduction, thus inhibiting recruitment of sporophytes (Kirkman 1981; Tatsumi and 

Wright 2016). Reduced nutrient availability may negatively impact sporophytes by 
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decreasing growth rates (Dean and Jacobsen 1986) , but may not result in developmental 

delays for spores or gametophytes (Gerard 1997; Mabin et al. 2013). Optimum 

temperatures for the growth and development of microscopic gametophytes and 

sporophytes of E. radiata are between 16.5 and 22.0 °C (Mabin et al. 2013; Mohring et al. 

2013a), while higher temperatures limit the growth and development of macroscopic and 

microscopic life stages of E. radiata (Mabin et al. 2013). Furthermore, environmental 

tolerances of gametophytes may be related to the conditions experienced by parental 

populations, as speculated by Tala et al. (2004). For instance, upper temperature 

tolerance for gametophytes in Tasmania was found to be 28 °C (tom Dieck 1993), while 

gametophytes from New Zealand, sourced from cooler waters, showed lower upper 

temperature thresholds (Novaczek 1984b). However, very little is known about whether 

parental environmental conditions have an effect on the threshold tolerances of the early 

life stages of kelp.  

Reproductive effort and viability of spores and gametophytes in beds of E. radiata across 

their depth distribution is poorly understood and hinders our ability to understand 

dispersal and connectivity processes between kelp populations found across depth 

gradients. To address this knowledge gap, we determined the cross-depth variation in 

sporophyte morphological traits, reproductive effort, synchrony and development of 

early life stages. We first address differences in morphological characteristics from 

individual sporophytes of E. radiata collected at four depths that cover most of the depth 

range of this species (7, 15, 25 and 40 m), as this has been shown to influence the total 

sorus area for zoospore production (Mabin et al. 2013). Then, we determine variation in 

reproductive output and timing across depths to identify the seasonal peak in 

reproductive effort by measuring zoospore release densities from individuals from all 

depths and throughout their reproductive season (summer and early autumn). Finally, 

we evaluated the viability of zoospores released by individuals from each depth by 

measuring the variability in spore settlement, growth rate, gametophyte morphological 

characteristics, gender ratio and fertilization success under environmental conditions 

found in shallow water.   
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3.2 Materials and Methods 

3.2.1 Ecklonia radiata reproductive biology. 

The reproductive cycle of E. radiata consists of haploid microscopic zoospores produced 

within in sporangia and released from sori onto the thallus surface. Zoospore production 

is seasonal, with maximum yields in Western Australia being reached at the end of 

summer and beginning of autumn (Mohring et al. 2013b). Zoospores released to the water 

column settle within 5 days on to the ocean floor where gametogenesis occurs. 

Gametophytes show sexual dimorphism with females being larger than males. Female 

gametophytes produce reproductive cells which are fertilized by male antherozoids and 

form sporophytes consisting of a stipe with a single frond.  

 

3.2.2 Collection of sporophytes and reproductive tissue. 

To identify the reproductive effort and synchrony of E. radiata across a depth gradient, 

we quantified zoospore release densities at two sites and four depths (7, 15, 25 and 40 m, 

for a total of 8 sites), over one reproductive cycle (2018), and then in late March of 2019 

(when high reproductive outputs were expected at all depths). The sampling sites at 15, 

25 and 40 m were selected based on previous knowledge about the location of kelp beds 

according to long term monitoring of shelf-reefs conducted with an Autonomous 

Underwater Vehicle. These reefs were known to have a long standing population of kelp 

that was not significantly affected by the marine heatwave of 2011 (Chapter 2) (Fig. 3.1). 

Every month during the reproductive season of E. radiata (January to May 2018), 6 thalli 

were collected from two sites at each depth for a total of 48 thalli per sampling period. 

The kelp samples at deeper sites of 25 and 40 m depth, were collected with the use of a 

dredge sampler. The dredge consisted on a steel frame connected to the boat with a rope. 

At each site, the dredge was dropped from the boat, and once it reached the bottom, the 

boat was allowed to drift for a period of approximately one minute. After this time, the 

dredge was pulled up to the boat with the aid of a davit powered by an electric winch. This 

procedure was repeated until six different kelp thalli were obtained at each site. For the 

kelp collection at the shallower sites of 15 and 7 m, thalli were collected by divers using 

SCUBA gear. Divers used a knife to haphazardly collect 6 kelp thalli at each site. Kelp 
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samples were labelled and stored in damp calico bags inside coolers and then returned to 

the laboratory for processing.  

 

Fig. 3.1. Map of kelp collection sites at Rottnest Island, Western Australia. Colours indicate 

the depth of the collection sites. 

 

3.2.3 Sporophyte morphological trait measurements. 

Basic morphological characteristics of each thalli were measured as per Wernberg et al. 

(2003) and included: total length, laminar width, laminar thickness, wet weight, stipe 

length, stipe width, number of laterals, lateral length, lateral width, lateral thickness and 

lateral twists. Some morphological characteristics, such as total length, stipe width and 

length were not possible to measure in all thalli collected at 25 and 40 m. This is due to 

the nature of the sampling method, as on some occasions the dredge did not cut the whole 

individual from the holdfast, rather ripped part of it from the stipe. When the holdfast was 

not included in the thalli, these measurements were not included in the analysis. 
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3.2.4 Extraction and quantification of kelp zoospores. 

In the laboratory, each kelp thallus was wiped with tissue paper and ten cores of 2.5 mm 

(total surface area 4.91 cm2) were taken from the central lamina. The cores from each 

lamina were put in labelled trays and allowed to desiccate at room temperature for ~1 h 

to induce zoospore release (Mohring et al. 2013b). After this time, all ten discs from each 

thallus were placed in a cup and 50 mL of seawater were added. The cores were gently 

and frequently stirred to promote zoospore release for a period of ~20 minutes. 

Subsequently, 10 mL of the spore solution were added to a labelled vial containing 1 mL 

of 70% ethanol and this combination was shaken to ensure the adequate preservation of 

spore samples.  

Zoospores were counted by adding 1 mL of the spore/ethanol solution to a 

hemocytometer Neubauer, and the number of zoospores in 20, 0.2-µm grids were 

counted. This procedure was repeated for a total number of 40 grids counted (Reed 

1990a). The results from the grids were converted to number of zoospores released per 

area of lamina sampled (total area of tissue discs). 

 

3.2.5 Kelp zoospore culturing method. 

For zoospore culturing, extractions followed the same protocol as described above 

(Extraction and quantification of kelp zoospores). After approximately 20-30 minutes of 

tissue re-submersion, a drop was pipetted from each sample and counted with a 

haemocytometer. Zoospores from five replicate thalli per site were added to 50 mL 

plastic, sterile petri dishes (Corning cell culture dishes, 60 mm x 15 mm, Ref: 430166) 

containing Wright’s Chu culture media (WC media) for a total of 40 petri dishes. WC media 

is a mixture of seawater filtered to 0.2 µm, nutrients, trace metals and vitamins (Andersen 

2005). Zoospores were added to achieve an approximate concentration of 5,000 

zoospores . mL-1. Petri dishes were arranged randomly under 4 white light globes 

(Sylvania Luxline FHO24W/T5/840) covered with two layers of medium mesh shade 

cloth (Coolaroo 50% UV block) on a 12:12 light-dark cycle. Every week, one layer of the 

mesh was removed for a resulting irradiance of ~15-20 µmol photons . m-2 . s-1 for the first 

week, ~35-45 µmol photons . m-2 . s-1 the second week, and ~75-100 µmol photons . m-2 . 
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s-1 for the rest of the culturing period. Approximately every 7 d the culturing media was 

refreshed using a syringe.  

Zoospore settlement was measured from each petri dish on days 1, 3, 6, and 9 of culture 

initiation by taking 10 random photographs using an inverted microscope (Olympus, 

IMT-2) at 10x magnification for zoospores and 5 photographs at 4x magnification for the 

gametophytes, with a digital microscope camera (Celestrone, HD Digital Imager). The 

total zoospores in each of the 10 images was counted. Photographs were taken every 3 d 

for the first two weeks until all the spores settled had undergone gametogenesis (~day 

12) and then taken every ~7 d. Finally, on day 62 the number of sporophytes visible in 

the entire culture dish were counted as a measurement of fertilization success. 

 

3.2.6 Gametophyte trait measurements. 

Morphological traits of female and male gametophytes were measured from photographs 

on day 15 using ImageJ v1.52 (LOCI, University of Winsconsin, Madison, WI, USA) by using 

the trace tool calibrated to a 0.1 mm using a digital image of a calibrating slide (Graticules 

LTD, 02A00404). All female and male gametophytes fully visible in each photograph were 

counted (to estimate gender ratios) and measured for total surface area, maximum 

branch length, number of branches.  

 

3.2.7 Statistical analyses. 

A multivariate PCA was performed to examine the cross-depth variation of combined 

sporophyte morphological traits, using Euclidean distance matrices from the square-root 

transformed data with the PRIMER-E software. A PERMANOVA (Anderson et al. 2008) 

was performed to test the effect of depth on multivariate morphological traits of thalli. 

Monte-Carlo P-values were used if the number of unique values in the permutation 

distribution was less than 999 (Anderson et al 2008). Significant differences were 

explored using a PERMANOVA pairwise test. Additionally, individual traits were tested 

for their variability with depth using a two-way factorial ANOVA with depth as factor and 

site nested in depth. Densities of zoospores released were tested for their variance with 
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depth and month using a two-way factorial ANOVA. Finally, spore settlement, 

gametophyte gender ratio, gametophyte traits and fertilization success were also tested 

for significant differences between depth-source using a one-way ANOVA.  

 

3.2.8 Temperature and light attenuation data. 

We extracted temperature and light data for Rottnest Island from the Australian Ocean 

Data Network (AODN) (https://portal.aodn.org.au/) to inform how these environmental 

variables change across the depth ranges analysed in this study. Temperature data was 

obtained from CTD profiles through the Australian National Mooring Facility from 2013 

– 2019. The entire data set for Rottnest Island locations (all CTD profiles were obtained 

at the west-end of Rottnest Island) was downloaded and filtered for the months of active 

E. radiata reproduction (January to May). Then temperature data grouped between 

depths: 6-8 m, 14-16 m, 23-26 m and 38-41 m, to calculate average temperature at each 

of the target depths (7, 15, 25 and 40 m). Average light attenuation was calculated using 

Secchi Depth measurements obtained through the National Reference Station (NRS) 

during the reproductive months of E. radiata and from 2009-2017. Subsequently, to 

calculate the percentage of the surface irradiance at each depth from 0 to 50 m, we use 

the Secchi Depth which can be used to calculate light attenuation coefficient by the 

equation: 

k = 1.7/Zs 

Where Zs = Secchi Depth (Poole and Atkins 1929; Sherwood and Gilbert 2008). The 

attenuation coefficient, can then be used to calculate the percentage of surface irradiance 

at depth using the exponential decrease equation given by the Bouguer-Lambert law: 

Iz = I0 e*(-kz) 

Where I0 is the irradiance at surface, Iz is the percentage of the surface irradiance at depth 

z, e is the base of the natural log and k is the extinction coefficient (per meter).  

 

https://portal.aodn.org.au/
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3.3 Results 

3.3.1 Variation in sporophyte morphology with depth.  

Multivariate morphology of sporophytes varied significantly across depths (MS = 0.628, 

Pseudo F = 1.904, P = 0.003), with individuals from 7 and 15 m depths presenting 

significantly different morphology from the ones from 40 m (supplementary material 

Table S3.1). These differences, were mainly driven by larger stipe length, lateral width 

and spinuosity and fewer laterals and lower wet weight in deeper individuals (40 m) (Fig. 

3.2). When morphological traits were tested individually for their variability with depth, 

the traits that were significantly different with depth included number of laterals and 

spinuosity (Fig. 3.3j and 3.3k; supplementary material Table S3.2). Other traits, such as 

laminar length, thickness and width, lateral length and thickness, and stipe width, did not 

differ between depths (Fig. 3.3a, 3.3b, 3.3c, 3.3d, 3.3e, 3.3h and 3.3i). 

 

Table 3.1. PERMANOVA results for the effect of depth on adult morphological traits of 

Ecklonia radiata (Square root transformed data, Euclidian distances, 9999 permutations). 

Source df 
Sum of 

squares 

Mean 

square 
Pseudo-F P-value Permutations 

Depth 3 1.8855 0.62851 1.904 0.0032* 9894 

Residual 12 2.5708 0.21423    

Total 15 4.4563     

 



Chapter 3:  Kelp reproductive performance across depth 
 
 

48 

 

Fig. 3.2. Principal Component Analysis of morphological traits of Ecklonia radiata 

sporophytes across four depths (7, 15, 25 and 40 m). 
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Fig. 3.3. Adult morphology traits at four depths (7, 15, 25 and 40 m) total length of lamina, 

laminar thickness, laminar width, lateral length, lateral thickness, lateral width, total 

weight, stipe width, stipe length, number of laterals and spinuosity. 
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3.3.2 Variation in reproductive effort and synchrony across depth.  

The reproductive effort of E. radiata varied significantly with month and the interaction 

between depth and month (Fig. 3.4a, Table 3.2) with peaks in the number of zoospores 

released at each depth varying in month. However, overall depth alone was not a factor 

significantly influencing average number of zoospores release (Fig. 3.4b, Table 3.3). the 

peak of reproductive output was observed at 15 m, as suggested by the largest average 

number of zoospores released (6,154  zoospores per mm2 of tissue, in February) which 

was obtained from 15 m-depth individuals and not 7 m-depth individuals as it may have 

been expected (Fig. 3.4, supplementary material Table S3.3). The smallest amount of 

zoospores released occurred by individuals collected at 40 m (214 zoospores per mm2 of 

tissue, in January) (Fig. 3.4, supplementary material Table S3.3). Differences in the peak 

of the reproductive season were observed across depths, with individuals from shallower 

depths tending to release more zoospores in the summer months and the ones from 

deeper sites peaking at the beginning of autumn (Fig. 3.4a). For example, individuals from 

7 m released more spores in the months of February and March, while 15 m individuals 

seemed to have two peaks, one in February and another one in April. Individuals collected 

at 25 and 40 m of depths released more spores in April (Fig. 3.4a, supplementary material 

Table S3.3). 

 

Table 3.2. Mean spore release densities by depth at Rottnest Island, Western Australia. 

Depth No. zoospores per mm2 of tissue 

7 m 2,036.583 ± 293.2 

15 m 3,458.55 ± 607.1 

25 m  2,508.367 ± 385.5 

40 m 2,668.383 ± 559.3 
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Table 3.3. Two-way ANOVA (Depth = fixed, Month = fixed) of zoospore release densities 

between depths and months in Rottnest Island, Western Australia. 

Source df 
Sum of 

squares 

Mean square 
F-ratio P-value 

Depth 3 6.295^107 20,982,784 1.904 0.130 

Month 4 2.005^108 50,135,188 4.549 0.00153** 

Depth * 

Month 
12 3.297^108 27,472,933 2.493 0.00451** 

Residual 207 2.281^109 11,020,455   

 

 

 

Fig. 3.4. Zoospore release densities (per mm2 of tissue) at four depths (7, 15, 25 and 40 

m), and each month from January to May. 
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3.3.3 Development of zoospores and gametophytes sourced from different 

depths.  

Zoospore germination and gametophyte survival did not differ significantly among 

depths (Fig. 3.5, supplementary material Table S3.4). A larger percentage of zoospores 

collected from shallow individuals germinated than those collected from deeper ones, but 

gametophyte survival was higher in individuals collected from deeper sites, but these 

differences were not significant (Fig. 3.5, supplementary material Table S3.4). Generally, 

gametophyte traits from individuals collected at 40 m depth differed from individuals 

collected at other depths (Fig. 3.6). Significantly smaller surface area were observed in 

female and male gametophytes, and less number of branches in female gametophytes 

from 40 m depth (Fig. 3.6a, 3.6b, 3.6c, supplementary material Table S3.4). Also, 

significantly a greater number of branches were observed in gametophytes from 25 m 

than other depths (Fig. 3.6d, supplementary material Table S3.4). Additionally, larger 

female to male ratio was observed in gametophytes from 40 m depth  (Fig. 3.6g) with less 

fertilization success as observed from the number of sporophytes (Fig. 3.6h), though 

these differences were not significant. Branch length of male and female gametophytes 

did not vary significantly with depth (Fig. 3.6e, 3.6f, supplementary material Table S3.4). 

 

 

Fig. 3.5. (a) Relative settlement densities of zoospores released by individuals collected at 

four depths (7, 15, 25 and 40 m) and correspondent (b) relative survival of gametophytes. 
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Fig. 3.6. Female and male gametophyte traits (surface area, number of branches, branch 

length, gender ratio and number of sporophytes) for spores sourced from four depths (7, 

15, 25 and 40m). 

 

3.3.4 Temperature and light attenuation across depth 

Average sea water temperature decreased with increasing depth, though the average 

temperature difference between 7 and 40 m was less than a degree (0.96 °C) across E. 

radiata’s reproductive season (Fig. 3.7, supplementary material Table S3.5). Average 

Secchi Depth at Rottnest Island from January to May was 17.33 m (±0.38 SE). The depth 

at which percentage of surface irradiance reached 1% was 47 m (Fig. 3.8 and 

Supplementary Table S3.6). 
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Fig. 3.7. Average summer to autumn temperatures (between January-May) in Rottnest 

Island at the four target depths (7, 15, 25, and 40 m). Averages include data from 2013 – 

2019 obtained from CTD profiles through the Australian National Mooring Network. 
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Fig. 3.8. Percentage of surface irradiance that reaches depths from 0 – 50 m at Rottnest 

Island according to Secchi Depths obtained from the IMOS National Reference Station 

(NRS) Coloured lines indicate each of the target depths (from top to bottom: 7, 15, 25 and 

40 m). Data includes Secchi Depth during E. radiata reproductive months (January to 

May) and includes data from 2009 – 2017. 

 

3.4 Discussion 

Understanding variation in zoospore production, morphological traits of sporophytes and 

early life stages of kelps across their depth distribution is key in recognizing effects of 

disturbances and predicting responses to changing climatic conditions. This study has 

expanded our knowledge on the reproductive ecology of E. radiata by revealing 

similarities in reproductive output and zoospore viability across a depth range of over 30 

m. We also reveal a longer reproductive window of E. radiata, shown by a delayed 



Chapter 3:  Kelp reproductive performance across depth 
 
 

56 

fecundity peak in deeper populations (month), in contrast to shallow ones which had 

documented a fecundity peak around March (Mohring et al. 2013b). Marked 

morphological differences in sporophytes were expected across depth, since typically 

seaweeds present high levels of plasticity in response to variation in environmental 

factors such as light (Wing et al. 2007; Blain et al. 2019) and hydrodynamics (Fowler-

Walker et al. 2006; Wing et al. 2007). However, differences in sporophyte morphological 

traits were only observed in individuals sourced at 40 m of depth and this result aligned 

with gametophyte size and number of branches, which were reduced in individuals 

sourced from the deepest sites. Despite some morphological differences in early life 

stages, zoospore germination and gametophyte survival did not differ among source 

depth, indicating that zoospores originating in deeper waters may have similar 

probabilities of survival and recruitment as those produced in shallow sites.   

Morphological plasticity facilitates sporophyte survival across the wide variety of 

environmental conditions that kelps may encounter (Fowler-Walker et al. 2005, 2006; 

Wing et al. 2007; Mabin et al. 2013; Rothman et al. 2017; Blain et al. 2019), hence 

morphology of E. radiata can be highly variable at local and regional scales, with some 

traits such as size differing significantly between locations (Wernberg et al. 2003a; Mabin 

et al. 2013). Nonetheless, in this study, we found that sporophyte morphological variation 

only becomes significantly different at depths of 40 m, were the multivariate 

morphological traits of E. radiata differed between the shallowest sites (7 and 15 m) and 

the deepest sites (40 m). Interestingly, the morphology of the 25 m sites did not differ 

significantly from the shallow or the deepest sites, indicating a gradual change in 

morphology with increasing depth. Individuals of E. radiata from 40 m sites, were 

characterized by longer stipes, wider laterals, more spinuosity and a smaller number of 

laterals, yet, evaluation of each morphological trait separately found no significant 

differences between depths with the exception of number of laterals and spinuosity. We 

expected marked morphological variation across depth due to the exponential light 

attenuation with increasing depth (Kirk 1977) and the large depth range of our study 

(~30 m), though our results match other studies where marginal morphological variation 

was associated with depth (maximum study depths were ~17 m) (Fowler-Walker et al. 

2005). The increased lateral width and stipe length that we observed in deep individuals 

is congruent with reported morphological responses of E. radiata in regions with reduced 

light in New Zealand (Miller 2006, Wing 2007). However, we did not observe thinner and 
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longer laterals, with increased depth as expected from light attenuation (Miller et al. 

2006; Wing et al. 2007). Nonetheless, the morphological response of E. radiata to reduced 

light is not always consistent, since contrasting results were also found in highly turbid 

regions of New Zealand, where individuals had short stipes and narrow laterals (Blain et 

al. 2019). Identifying morphological variation across depth can be useful to estimate other 

population parameters, since morphological traits such as length of lamina are important 

predictors of total reproductive tissue (a measure of reproductive effort) (Mabin et al. 

2013). Yet, in this study we found no significant differences on laminar length or zoospore 

release across depth.  

We observed a combination of seasonal and depth variation in spore production of E. 

radiata, with shallower sites peaking in spore production at the beginning of the known 

reproductive season (February-March) and the deeper sites peaking at the end of the 

season (April). High zoospore densities in E. radiata in Western Australia have been 

linked to an optimal temperature range of 21-23 °C and seasonal decreases in wave 

exposure (Mohring et al. 2013b). Although day length and light levels are associated with 

the reproductive season and early life stage development in other Laminariales (Bolton 

and Levitt 1985; Wiencke et al. 2000; Nelson 2005), in E. radiata, these factors have not 

been found as a major contributing factor (Mohring et al. 2013b). The delayed peak in 

zoospore production observed in the deeper populations found in this study, indicated 

that the combined effect of temperature (month) and light (depth) may influence the 

production of spores and formation of sori (Graham et al. 1985; Joska and Bolton 1987). 

The seasonal differences in spore production across depth are similar to latitudinal 

variation in the reproductive peak of E. radiata in Australia.  In the more temperate waters 

of Tasmania, the highest zoospore production occurs at the end of autumn and beginning 

of winter (Sanderson 1990; Mabin et al. 2013). Notably, the peak in delayed fecundity at 

deeper sites extends the reproductive season for two months, potentially allowing 

fertilization and recruitment to occur even if there is an environmental disturbance early 

or late in the reproductive season.  

Long-distance dispersal of kelp zoospores may result in long distance transport and 

change in the depth zoospores settle (Gaylord et al. 2002; Cie and Edwards 2008; 

Castorani et al. 2015). Consequently, the ability of zoospores to settle and survive at 

different depths and associated environmental conditions may be important for local 

persistence and recovery of disturbed kelp beds (Reed et al. 1988). In this study, we found 
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no significant effect in zoospore germination, gametophyte survival, female and male 

branch length, sex ratio or fertilization success in relation to the depth that sporophytes 

were sourced. Since all zoospores were cultured under the same light and temperature 

conditions (maximum of 100 µmol photons . m-2 . s-1 and 20 °C), our results indicate that 

early life stages of E. radiata from 7-40 m depths, have similar probabilities of survival at 

these light and temperature conditions. Sporophytes living at different depths in Rottnest 

Island, experience similar temperatures over the reproductive season.  Average 

temperatures which differed less than 1 °C across the depth range studied (~30 m). As a 

result, temperature is unlikely to be associated with the developmental differences we 

observed.  

In contrast, light decreases exponentially with depth, and sporophytes living at 40 and 25 

m in Rottnest Island would experience ~0.2% and ~1% of surface light respectively. 

Consequently, zoospores sourced from deeper sites (particularly from 25 and 40 m) 

experienced higher light levels compared to those experienced by their parents. Elevated 

irradiance is an important environmental factor, which influences the successful 

establishment of zoospores, reducing their viability and effecting their physiology 

(Lüning and Neushul 1978; Fain and SN 1982; Graham 1996; Altamirano et al. 2004). 

Despite the elevated light levels experienced by deep zoospores (in contrast to the 

parental estimated levels), the only developmental differences observed occurred in male 

and female zoospores sourced from deepest sites (40 m), which presented smaller surface 

area and fewer branches. Therefore, our findings could indicate that environmental 

parental history does not influence gametophyte development as suggested by previous 

studies (Tala et al. 2004;).  Marginal influence of parental history on gametophyte 

development has also been reported from E. radiata previously (Mohring et al. 2013a). 

Alternatively, these results could also be evidence of high demographic connectivity in E. 

radiata populations, among sites between 7-25 m depth at Rottnest Island.   

Due to the degradation of coastal ecosystems worldwide (Krumhansl et al. 2016; Hughes 

et al. 2017a), efforts to understand natural mechanisms of resilience have led to the 

suggestion that deeper habitats may serve as refuges (Glynn 1996; Lesser et al. 2009; 

Smith et al. 2014; Muir et al. 2017). Refuge habitats could allow for the persistence of 

species, by providing viable propagules and facilitating the replenishment of their shallow 

counterparts (Bongaerts et al. 2010; Van Oppen et al. 2011). However, information on the 

reproductive performance of marine species in relation to depth is largely lacking. This 
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study addresses this knowledge gap in a key habitat builder in temperate ecosystems in 

the southern hemisphere. The similarities in zoospore production, small differences in 

sporophyte morphology and gametophyte development together with the extended 

reproductive season due to the delay in deep kelp fecundity peak, provide some evidence 

for the potential of deep kelps to provide refuge to their shallow counterparts. Contrary 

to our findings, a similar evaluation conducted in tropical coral reefs concluded that 

replenishment of shallow reefs supplied from deep coral was unlikely due to the reduced 

reproductive performance with increasing depth and suggested that mesophotic coral 

reefs may be more vulnerable than previously believed (Shlesinger et al. 2018). Overall, 

the development of early-life stages of E. radiata cultured under the same conditions did 

not differ across zoospores sourced at different depths. Although some gametophyte 

morphological traits varied when these were sourced form 40 m depths, these traits were 

not indicative of reduced survival rates of gametophytes. These results are important, 

since they indicate that zoospores transported from deep kelp beds to shallow ones 

(given oceanographic connectivity), have similar probabilities of survival than locally 

sourced zoospores. Moreover, even if spores supplied by deep sites represent a small 

proportion of the total amount of propagules settled in shallow sites, they may contribute 

significantly to the long-distance dispersal and to the connectivity between populations 

(Reed et al. 1988).  

We conclude that deep populations of E. radiata at Rottnest Island may help reseed their 

counterparts across depth after a disturbance, since they show similar zoospore 

production, spore germination rates, gametophyte survival, and show comparable 

development of gametophyte morphological traits. Overall, our results indicate that 

spores released from deep kelp beds and are transported to shallow reefs, have high 

probabilities of survival and recruitment to the sporophyte population. We suggest that 

oceanographic connectivity studies that include movement across depth are needed to 

further inform the potential for cross-depth connectivity of E. radiata. These should 

include estimates of fecundity at different depths, as we present in this study, to calculate 

dispersal of zoospores and settlement densities, which are crucial to estimate fertilization 

success. The deep reef refuge hypothesis provides hope as a natural resilience mechanism 

to declining shallow coastal habitats worldwide. For temperate reefs dominated by E. 

radiata, reproductive effort, morphology and development of early-life stages indicate 

that deep kelp beds can help replenish their shallow counterparts from a disturbance by 
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providing viable propagules. Due to the large depth range of this species (Marzinelli et al. 

2015; Nelson et al. 2018), deep kelps could constitute a natural resilience mechanism may 

result in kelps being less vulnerable than previously believed to bio-physical disturbances 

such as posed by future climate change.          
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Modelling zoospore dispersal of the kelp Ecklonia 

radiata indicates vertical connectivity among kelp 

beds 

 

Abstract 

Dispersal of propagules is a fundamental process contributing to population connectivity 

in marine and terrestrial systems. In marine systems, sessile species may have a large 

depth distribution that has been largely overlooked in evaluations of propagule dispersal. 

Consequently, the connectivity between deep and shallow marine populations is poorly 

understood. We modelled the propagule dispersal of a marine foundation species 

(Ecklonia radiata) across depth (~80 m range) with a high resolution, three-dimensional 

circulation model and quantified dispersal among populations across the depth range. 

Within the model, we released zoospores of E. radiata at different depths over a month 

and tracked their dispersal. We identified the theoretical vertical transport rate of kelp 

zoospores and potential areas of high zoospore settlement. We were also able to calculate 

potential settlement densities and estimate vertical connectivity from fecundity and 

abundance measurements. Results show high rates of cross-depth dispersal of kelp 

zoospores in regions with a steep slope, and limited dispersal across depths, where the 

slope is gentle. Additionally, dispersal rates were high between intermediate-depths 

(~20-30 m) and the shallowest and deepest locations, suggesting these reefs could be 

important stepping stones for cross-depth, cross-shelf connectivity. Finally, we identified 

“settlement hotspots” within the total dispersal area. In all, these results imply that E. 

radiata beds in this region have high levels of connectivity, possibly enhancing the 

resilience of this foundation species whose shallow coastal populations are known to be 

susceptible to the impacts of extreme climatic events. 
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4.1 Introduction 

Demographic connectivity among populations is a key process for maintaining species 

distributions, genetic diversity and population structure, ultimately enhancing ecosystem 

resilience (Pulliam 1988; Stacey and Taper 1992; Kendrick et al. 2017).  Consequently, 

understanding the level of connectivity between populations is important for adequate 

management and conservation of coastal habitats  (Palumbi 2003), especially in regions 

that are predicted to experience increased environmental variation due to climate 

change. In the marine environment, demographic connectivity among populations may 

be especially important in sessile species which rely on planktonic early-life stages 

(propagules) as vectors to colonize new locations (Cowen and Sponaugle 2009). Recent 

marine examples linking demographic and genetic connectivity include seagrasses 

(Kendrick et al. 2017; Sinclair et al. 2018), corals (Thomas et al. 2015, 2017) and other 

invertebrates (Everett et al. 2017; Le Corre et al. 2019). 

Here, we focus on the kelp (Laminariales) species Ecklonia radiata which is the dominant 

habitat-forming species in temperate reefs of Australia (Connell and Irving 2008). E. 

radiata is a foundation species which influences community structure (Irving et al. 2004; 

Coleman et al. 2007) and provides habitat for several Australian key fishery species such 

as the Western (Panulirus cygnus), Southern (Jasus edwardsii) and Eastern (Jasus 

verreauxi) rock lobster (Hovey et al. 2012; Hinojosa et al. 2015). E. radiata grows in 

exposed coastal sites with rocky substrate and is commonly found growing on artificial 

structures such as break walls. Importantly, E. radiata has a large depth range, with kelp 

beds forming down to 50 m of depth (Marzinelli et al. 2015) and sparse patches found 

down to 70 m in some regions (Nelson et al. 2018). Percent cover of E. radiata is 

negatively related to depth, however, in deep reefs (> 40 m) it still is the dominant canopy 

former (Marzinelli et al. 2015). Deep marine habitats have been proposed as potential 

refuges which may contribute to the persistence of their shallow counterparts by 

providing propagules and aid in their replenishment after a disturbance (Graham et al. 

2007a; Bongaerts et al. 2010; Kahng et al. 2010; Assis et al. 2016a). Kelp beds are 

important marine ecosystems that face degradation from local and global pressures 

including climate change (Krumhansl et al. 2016). Chapter 2 of this thesis demonstrated 

that deeper kelps (at depth >15 m) survived an extreme marine heatwave, despite large 
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losses of kelps shallower than 15 m. Moreover, deeper kelps have shown to have similar 

fecundity and zoospore viability as shallow ones (Chapter 3). However, to demonstrate 

that deep kelp beds may act as a refuge, there needs to be connectivity between shallow 

and deep populations where zoospores are transported to reefs across various depths 

and settle at suitable densities for fertilization. 

Zoospores of E. radiata (a kelp’s planktonic propagules) are released by adult 

sporophytes during the reproductive season (Austral summer and early autumn) 

(Mohring et al. 2013a;b) into the water column and disperse horizontally and vertically 

by advective and diffusive transport (Cie and Edwards 2011). In this process, they may 

encounter unidirectional flow currents which significantly increase their dispersal 

distances. Horizontal dispersal distances of kelp zoospores ranges widely, with most 

zoospores settling within the first few meters of the release location (Reed et al. 1988; 

Gaylord et al. 2002, 2006) and settlement densities decreasing as distance from the origin 

increases (Gaylord et al. 2006; Cie and Edwards 2011). Nonetheless, due to the neutrally 

buoyant nature of zoospores, currents may transport them for long distances ranging 

from one to tens of kilometres (Reed et al. 1988; Gaylord et al. 2006; Coleman et al. 2011; 

Castorani et al. 2015) as demonstrated by genetic connectivity observed between kelp 

populations separated by hundreds of kilometres (Coleman et al. 2011), with some 

populations along entire coasts displaying little genetic differentiation (Coleman 2013). 

The long-distance connectivity among E. radiata populations along the entire temperate 

coast of Australia is known to be largely influenced by oceanographic processes such as 

boundary currents (Coleman et al. 2011). In coastal areas, where rocky substrate is 

discontinuous, distance between reefs and other coastal features such as estuaries are not 

barriers to zoospore dispersal, with genetic structure showing evidence of gene flow 

between E. radiata near-shore populations (Coleman 2013). As a result, connectivity 

between deep and shallow kelp beds, often separated by several kilometres, may be 

possible. For instance, high connectivity was found among beds of the kelp species 

Macrocystis pyrifera in California, resulting in lower probabilities of extinction for highly 

connected kelp beds (Castorani et al. 2015). Even if connectivity between deep and 

shallow kelp beds is sporadic, these events may contribute disproportionately to 

population dynamics of destination beds (Reed et al. 1988).  

The oceanographic processes that influence propagule transport vary with distance from 

shore, with chaotic surf conditions influence the nearshore (Shanks et al. 2010), while 
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wind-driven currents, internal waves and density gradients influence the inner shelf 

coastal waters (Gaylord et al. 2004; Ruiz-Montoya et al. 2015; White et al. 2019). 

Additionally, propagule dispersal is influenced by biological factors (e.g. Size, age, 

behaviour) which interact with physical processes to enhance or restrict propagule 

dispersal (Reed et al. 1992; Kendrick and Walker 1995; Gaylord et al. 2002, 2004; 

Woodson et al. 2012). Kelp zoospores (propagules) are microscopic, therefore, most 

attempts to quantify their dispersal have been through simulating their transport using 

oceanographic models (Gaylord et al. 2004; Coleman et al. 2011; Castorani et al. 2015, 

2017), with fewer studies that directly measure their dispersal (Reed et al. 1988; Gaylord 

et al. 2006; Hereu et al. 2018). It is important to note that long distance dispersal of kelp 

zoospores does not imply population demographic connectivity, which has been defined 

as dispersal of propagules and their survival into the adult population at the destination 

location (White et al. 2019). This is because zoospores are haploid propagules, that once 

settled metamorphose into male or female gametophytes (gamete producing 

individuals). Consequently, recruitment to a distant location is only possible if zoospores 

settle in high enough densities to allow fertilization of oogonia (1 spore/mm2) (Reed et 

al. 1991). The application of sporophyte fecundity, physical characteristics of zoospores 

(e.g. size, buoyancy) and viability data, combined with process-based models that include 

simulations of oceanographic circulation and that make predictions on potential 

propagule dispersal can allow for accurate estimates of zoospore settlement densities, 

and provide powerful tools to estimate potential demographic connectivity between the 

kelp populations across depths.  

To further our understanding of the role of deep kelp beds in the recovery of shallow kelp 

populations, we assess the dispersal of kelp zoospores across a depth gradient. We 

evaluate the hypothesis that zoospores from E. radiata are highly connected through 

vertical and horizontal dispersal in the Perth region of Western Australia. We achieve this, 

by using a fine scale three-dimensional oceanographic circulation model to simulate the 

vertical and horizontal dispersal of zoospores during part of their reproductive season. 

We calculate cross-depth dispersal through comparing zoospore release depth to 

zoospore settlement depth. We also assess potential connectivity by estimating if 

zoospore settlement densities are adequate for successful fertilization. We do this, by 

using measurements of zoospore production from reproductive sporophytes collected 

across the depth gradient and kelp density measurements of kelp in the region. With this 
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study, we further our knowledge of potential kelp connectivity across depths and across 

shelf, leading to a better understanding of E. radiata’s resilience across its entire depth 

distribution.  

 

4.2 Materials and methods 

4.2.1 Study site 

This study models the dispersal of kelp zoospores released across a range of depths on 

the continental shelf off Perth, Western Australia (Fig. 4.1). The topography of the region 

is characterized by barrier reefs located 3 to 40 km offshore, and the presence of Rottnest 

Island located ~20 km offshore. The region has a low amplitude diurnal tidal regime (-0.5 

m range), and experiences strong summer breeze predominantly from the south-west.   

 

4.2.2 Hydrodynamic model set up 

We used a numerical circulation model MIKE3 (DHI 2010) to simulate the three-

dimensional ocean circulation in coastal waters around Perth, Western Australia (Ruiz-

Montoya et al. 2015). The northern boundary of the domain was situated near Two Rocks 

(31.49°S) and the southern one was near Mandurah (32.53°S), with a total extent of 

around 100 km along the coast. The western boundary of the domain, was located 

approximately 40 km from the coast (115.31°E), reaching ocean depths of up to 100 m 

and included two large islands: Rottnest and Garden Island and a few smaller rocks and 

islands: Carnac and Mewstone Island and the Stragglers. The model used a grid of 

triangular elements with a higher resolution over shallow areas, an average grid size of ~ 

140 m was used in the shallows for stability, maintaining the barotropic Courant numbers 

under 0.8. Model validation was obtained through a series of hindcast simulations 

spanning a time window of two months over summer conditions (Ruiz-Montoya et al. 

2015).  
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Fig. 4.1. Model domain showing the release locations along the coast at the three target 

depths 15 m (red), 25 m (green) and 40 m (blue). 
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4.2.3 Zoospore particle tracking  

A langrangian particle tracking model was driven using the output from the 3D 

hydrodynamic model. The model used propagule characteristics  derived from literature 

(average kelp zoospore density (Maggs and Callow 2002)), sinking velocity (Gaylord et al. 

2002) and diameter measurement of collected zoospores. The model simulated the 

dispersal through a random walk process. Horizontal dispersion coefficients were based 

on a scaled horizontal eddy viscosity from the Smagorinsky formulation and we used a 

logarithmic vertical profile to calculate bed shear stresses on the bottom layers (see Ruiz-

Montoya et al. 2015). During the simulation, zoospores were treated as passive particles 

that were released 0.5 m from the sea floor and were transported vertically and 

horizontally by the currents. The particle-hydrodynamic simulations were performed for 

the period ranging from the 11st of November until the 31st of December 2011 which 

coincides with zoospore production and release of E. radiata (October-May) (Mohring et 

al. 2013b). In the model, 30 release sites were positioned across three depths (15, 25 and 

40 m, each depth with 12, 10 and 8 sites respectively) within the model domain (Fig. 4.1). 

The sites were chosen based on the presence of reef and E. radiata obtained from previous 

camera surveys (Smale et al. 2010, Chapter 2). All release sites were 50 by 50 m in size 

(2,500 m2). Twenty five zoospores were randomly released every hour (~30,000 

zoospores per site over the entire simulation). Each particle was allowed to travel for five 

days, since this is the maximum swimming time recorded for kelp zoospores and their 

probability to settle is reduced significantly at longer times (Reed et al. 1992). The amount 

of zoospores released by the simulation underestimates the real release densities 

documented for E. radiata which may release more than 5,000 zoospores per mm2 of 

reproductive tissue (Chapter 3) but was chosen due to limitations in computational 

power for the simulation.  However, the reduced number of spores does not influence 

dispersal probabilities calculated in this study.  

 

4.2.4 Zoospore dispersal analysis 

After the particle tracking simulation, tracking data from all sources was pooled by 

release-depth (15, 25 or and 40 m). Each particle track was analysed to identify which 

particles were more likely to settle by classifying particles as “settled” if they reached a 
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depth closer than 50 cm from the sea floor at any given time after release. Then the 

location of settlement for each “settled” particle was recorded. The “settled” particles that 

recorded more than one location closer than 50 cm from the bottom were filtered again, 

and the location at which they were closer to the bottom was selected as their likely 

settlement location. This resulted in only one settlement location per particle which was 

considered the place with highest probability of settlement. Particles which did not 

record depths closer than 50 cm to the sea floor during the 5 d time period were 

considered unlikely settle and removed from the analysis.  

To investigate the vertical transport of particles (depth at which they settle compared to 

the depth at which they were released), we calculated the settlement depth of particles 

using the settlement location. We used the settlement coordinates to extract the depth of 

the sea floor at that location with the use of a raster bathymetry file in R v3.2.5. (R Core 

Team 2018). Histograms were plotted for each release-depth to understand the depth 

ranges at which propagules were likely to settle. To investigate the variability in particle 

dispersal along the coast, for each release-depth, we calculated the percentage of 

propagules that were more likely to settle at different depths. 

To create probability of settlement maps, the study area was divided into 500 by 500 m 

cells, and the final location of each “settled” particle was assigned to the resulting grid. A 

grid was made for each site sourcing N number of particles. The final probability of 

settlement for each cell was then assumed as:  

P=∑(p1…pn) / N 

Where p is the particle number within a cell and N the total number of particles that 

settled for each site. This information is visually represented on the probability, were the 

spatial likelihood of settlement P, is coloured for each cell. To create a connectivity matrix 

between the ‘release’ sites, the probability of settlement for each site at the different 

depths was extracted from each sourcing map. Thus, the cell including the coordinates of 

each location recorded the probability of receiving zoospores from every other site. These 

values were placed in order into a matrix according to location and depth and where the 

columns represent the sites sourcing the zoospores and the rows represent the receiving 

sites.  
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4.2.5 Zoospore settlement densities 

Since kelp zoospores need to settle at a minimum density of 1 spore/mm2 for successful 

fertilization (Reed 1990b), we used  the calculated settlement probabilities to estimate 

zoospore settlement densities for the total amount of spores released at each depth. To 

achieve this, we first estimated the total number of zoospores released by one individual 

of E. radiata at each of our target depths. For each depth, we calculated the area of 

reproductive tissue per kelp individual by using the average laminar area of kelp 

individuals (collected at the interest depths) obtained from (Chapter 3) and the known 

average percentage area of reproductive tissue for E. radiata obtained from Mohring et 

al. (2013). Then, for each depth, we calculated the total number of zoospores released per 

individual by multiplying the estimated reproductive area by zoospore release 

measurements (number of zoospores per mm2 of reproductive tissue) from sporophytes 

collected at each depth in Rottnest Island (Chapter 3). Next, we calculated the total 

amount of zoospores released at all release sites (of 50 x 50 m each site) per depth by 

multiplying the calculated zoospore production per depth, by the average density of kelp 

sporophytes in the region (25 ind/m2) obtained from Kirkman (1984). This density was 

kept constant across depths since currently there are no estimations of kelp density at 25 

and 40 m of depth. We then multiplied the total number of zoospores release per 

individual, by the estimated number of individuals per depth to obtain total number of 

zoospores released. Since not all propagules released by the simulation “settled” on the 

sea floor, we calculated the proportion of “settled” propagules for each release depth and 

used it to correct for the total number of “settled” zoospore. Lastly, we used the corrected 

numbers of settled zoospores (per release depth) and multiplied them by the probability 

of settlement from the settlement maps, this resulted in number of zoospores settled per 

grid cell (500 x 500 m). These numbers were converted to densities of zoospores (no. 

zoospores/mm2) and maps were created to represent settlement densities for each 

release depth (15, 25 and 40 m). Grids with more than 1 zoospore/mm2 were then 

categorized as areas with high settlement, and consequently higher probability of 

connectivity. The total area with high settlement for each release depth was calculated as 

well as the range of high settlement depths. 
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4.3 Results 

4.3.1 Dispersal of kelp zoospores across depth   

Overall, around 25 to 40% of the particles released settled at the same (or similar) depth 

from which they were released, with remaining particles (~75-60%) being transported 

to a wide range of depths (Fig. 4.2). Released particles from all depths dispersed eastward, 

towards the coast (Fig. 4.2) and most particles settled at either the same depth that they 

were released or shallower (Fig. 4.2). For instance, over 30 % of particles released from 

15 m sites settled at 10-5 m (Fig. 4.2a). From the particles released at 25 and 40 m sites, 

30% and 40% settled at similar release depths (settling at 25-20 m and 40-35 m 

respectively) (Fig. 4.2). Zoospore settlement decreased as vertical distance from the 

particle source increased, indicating that dispersal of zoospores and their potential 

settlement decreases as they travel further away from their origin (Fig. 4.2).  

 

 

Fig. 4.2. Frequency histograms of settlement depths, for each depth source (40 m = a, 25 

m = b and 15 m = c). The darker colour bar indicates the depth of particle release. 

 

The dispersal of kelp zoospores among depths varied depending on the location of their 

release along the coast. High proportion of dispersal between deep and shallow regions 

was observed where the distance between release and settlement sites was only a few 
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kilometres (e.g. around Rottnest Island) (Supplementary material Table S4.1 and S4.2 for 

average horizontal and vertical dispersal respectively). For instance, the release sites 6, 7 

and 8 from 15 and 25 m of depth located at the west end of Rottnest Island, where the 

slope is steeper than in areas close to shore, presented high dispersal across depths, and 

sourced most of their particles to deeper sites (20-50 m) (Fig. 4.3a and 4.3b). Deep sites 

located in regions with steep slopes, also sourced high proportion of propagules to 

shallow sites, for instance, release site number 3 from 40 m (located close to Rottnest 

Island) sourced over 50% of particles to shallower sites (<30 m) (Fig. 4.3c, see also 

supplementary material Fig. S4.24-S4.26). These results indicate that regions 

characterized by steep slope of the seafloor, where horizontal distance between shallow 

and deep sites is shorter, are more likely to experience cross-depth dispersal of kelp 

zoospores. All other release locations from 15 and 25 m of depth, mainly sourced particles 

to the same depth of release or to shallower sites. The majority of particles released from 

the northern most sites at 15 m depth (Sources 1, 2, and 3), settled at the same depth from 

which they were released (10-20 m) (Fig. 4.3a, see also supplementary material Fig. S4.1-

S4.3), indicating low probability of cross depth dispersal from sites located north of 

Rottnest Island. Sources 4, 6, 10, 11, and 12, from 15 m depth, also sourced over 50% of 

their particles to shallower sites (0-10 m) (Fig. 4.3a, see also supplementary material Fig. 

S4.6-S4.12). Sources 1 and 2 from 25 m, resulted in 60 to 80% of particles settling at the 

same depth of release. The 25 m sources that supplied most of their propagules to 

shallower depths (>20 m) included source 3, 4, 5, 9 and 10 (Fig. 4.3b, see also 

supplementary material Fig. S4.15-S4.17 and Fig. S4.21-S4.22). Release sites from 40 m 

depth, supplied a high proportion of particles to deeper sites (>40 m) (Fig. 4.3c). When 

particles released at 40 m settled in shallower sites, it was mostly at intermediate depths 

between 20 and 40 m of depth, indicating that only a few 40 m source sites are likely to 

be direct subsidiaries of propagules to shallow sites in the region (<20 m) (Fig. 4.3c, see 

also supplementary material Fig. S4.23-S4.30).  

Generally, dispersal of kelp zoospores across depths was observed with shallow sites 

supplying propagules to deep sites and vice versa. Vertical dispersal occurred from 

shallow (15 m) and deep sites (40 m) sourcing particles to intermediate depths (20-35 

m) (Fig. 4.4 and 4.6) and by intermediate depths sourcing particles to shallow (<20 m) 

and deep (>35 m) sites (Fig. 4.5). This suggests that connectivity between deep and 
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shallow sites, is more likely to occur in a step-by-step process with intermediate depth 

kelp beds (20-30 m) acting as a stepping stone. 
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Fig. 4.3. Proportion of propagules that settle at different depth ranges for each release 

location at each release depth (15 m = a, 25 m = b, and 40 m = c). Yellow indicates particles 

settled at the same depth of release, warmer colours indicate settlement in shallower-

than-release areas, and cooler colours indicate settlement in deeper-than-release areas. 

 

 

Fig. 4.4. Probability of settlement at three depth ranges (< -35 m, -20 to -35 and > -20 m) 

of kelp zoospores released at 15 m depth sites. Colours represent the probability of 

settlement between pairs of sites. Probabilities combine all the 15 m release sites. Green 

squares indicate release sites. 
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Fig. 4.5. Probability of settlement at three depth ranges (< -35 m, -20 to -35 and > -20 m) 

of kelp zoospores released at 25 m depth sites. Colours represent the probability of 

settlement between pairs of sites. Probabilities combine all the 25 m release sites. Green 

squares indicate release sites. 

 

Fig. 4.6. Probability of settlement at three depth ranges (< -35 m, -20 to -35 and > -20 m) 

of kelp zoospores released at 40 m depth sites. Colours represent the probability of 

settlement between pairs of sites. Probabilities combine all the 40 m release sites. Green 

squares indicate release sites. 
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4.3.2 Connectivity between release sites 

We found low direct connectivity between release sites across depths. Sites that showed 

high connectivity were usually from the same depth and near to each other (Fig. 4.7). The 

northern release sites at 15 m depth (sites 1 and 2) (Fig. 4.7) were sink sites for nearby 

sources (also at 15 m), sites 3 and 4, which were no more than 25 km apart (Fig. 4.7, Table 

4.1). Site 7 from 15 m of depth also received particles from nearby sites 5 and 6 (~10 and 

3 km of distance respectively) (Table 4.1), and retained most of the particles released 

locally. There was very limited connectivity from shallow to deep sites, with the 15 m 

release site 8 provided propagules to 25 m-sites 7, 8 and 9 (within 6 km of distance) 

(Table 4.1) and 40 m site 4 (~6 km of distance), indicative of a westward transport to the 

nearest sites (Fig. 4.7, Table 4.1). Sites 5, 6, 7, and 8 from 25 m, were sources of propagules 

to sites 7 of the same depth, all between 3.5 and 10 km of distance apart (Fig. 4.7 and 

Table 4.3). Release sites from 25 m depths presented more connectivity with sites at the 

same depth or shallower than with deep sites, with sites 7 and 10 at 25 m highlighted as 

sourcing particles to sites 7 and 9 at 15 m respectively (~1 and 10 km of distance, 

respectively) (Fig. 4.7 and Table 4.1). Finally, release sites from 40 m of depth presented 

some connectivity between each other, with a trend for particle dispersal towards 

southern 40 m sites (Fig. 4.7). Sites 3, 5 and 6 from 40 m, were sources of propagules to 

sites 4, 5, 6, and 7 of the same depth, all between 2.5 and 12 km of distance (Fig. 4.7 and 

Table 4.3). Connectivity from deep to shallow sites was observed at site 3 (40 m) which 

supplied particles to sites 6, 7 and 9 of 25 m (~1.5-10 km apart) and sites 5 and 7 of 15 m 

(~2-12 km apart) (Fig. 4.7, Table 4.2).  
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Fig. 4.7. Connectivity probability matrix. On the x-axis, the release sites are represented 

by columns and are ordered by depth and from south to north (left to right). The y-axis 

represents the settlement sites by depth and from south to north (bottom to top). Colours 

represent the probability of connectivity between pairs of sites. 

 

Table 4.1. Horizontal distance (km) between release sites at 15 m of depth, and other sites 

at 15, 25 and 40 m of depth. Numbers in red highlight the source sites with potential 

connectivity as identified in Fig. 4.7. 

 15m 
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 

15m S1 0.0 7.9 18.7 25.2 28.5 33.7 36.9 36.3 38.1 43.6 52.0 58.8 
S2 7.9 0.0 10.8 17.4 22.1 28.0 31.5 30.3 31.1 36.1 44.3 51.1 
S3 18.7 10.8 0.0 6.9 15.6 22.3 26.1 23.9 22.6 26.3 34.1 40.7 
S4 25.2 17.4 6.9 0.0 11.9 18.4 22.2 19.4 16.6 19.5 27.2 33.8 
S5 28.5 22.1 15.6 11.9 0.0 6.7 10.6 8.5 10.1 17.1 26.0 33.0 
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S6 33.7 28.0 22.3 18.4 6.7 0.0 3.8 2.8 9.2 16.9 25.5 32.2 
S7 36.9 31.5 26.1 22.2 10.6 3.8 0.0 3.6 10.9 18.2 26.1 32.5 
S8 36.3 30.3 23.9 19.4 8.5 2.8 3.6 0.0 7.4 14.8 23.1 29.7 
S9 38.1 31.1 22.6 16.6 10.1 9.2 10.9 7.4 0.0 7.8 16.5 23.4 
S10 43.6 36.1 26.3 19.5 17.1 16.9 18.2 14.8 7.8 0.0 9.0 16.0 
S11 52.0 44.3 34.1 27.2 26.0 25.5 26.1 23.1 16.5 9.0 0.0 7.0 
S12 58.8 51.1 40.7 33.8 33.0 32.2 32.5 29.7 23.4 16.0 7.0 0.0 

25m S1 4.0 11.1 21.6 27.8 29.6 34.3 37.2 37.0 39.5 45.4 54.1 60.9 
S2 9.2 4.0 11.1 16.8 19.3 24.8 28.1 27.3 28.8 34.4 43.0 49.8 
S3 23.8 16.2 7.4 4.0 8.6 15.3 19.2 16.7 15.4 19.9 28.2 35.1 
S4 26.9 20.6 14.7 11.8 1.7 7.7 11.4 9.7 11.7 18.6 27.6 34.6 
S5 29.8 24.0 18.6 15.4 3.5 4.0 7.6 6.5 10.7 18.4 27.2 34.2 
S6 34.4 29.1 24.0 20.4 8.6 2.3 2.5 4.0 11.1 18.7 27.1 33.7 
S7 37.9 32.5 27.2 23.2 11.6 4.9 1.1 4.3 11.4 18.4 26.1 32.4 
S8 36.9 30.8 24.1 19.4 8.8 3.6 4.2 0.8 6.7 14.1 22.3 28.9 
S9 38.6 31.9 23.9 18.2 10.2 7.9 9.0 5.6 2.2 9.3 17.6 24.4 
S10 48.1 40.8 31.3 24.6 20.6 18.9 19.1 16.3 10.6 5.3 7.3 13.4 

40m S1 27.7 29.6 35.0 37.5 30.3 30.0 30.4 32.7 38.9 46.6 55.4 62.2 
S2 24.7 21.7 21.8 22.2 13.4 13.6 15.0 16.4 22.1 29.7 38.6 45.5 
S3 38.3 33.2 28.2 24.4 12.6 6.0 2.2 5.7 12.7 19.7 27.3 33.5 
S4 42.6 36.9 30.6 25.9 15.2 8.9 5.9 6.7 11.1 16.7 23.2 29.0 
S5 44.3 37.9 30.2 24.5 15.9 11.3 10.0 8.4 8.1 11.4 17.4 23.2 
S6 46.4 40.5 33.7 28.5 18.6 12.7 10.0 10.2 12.5 16.2 21.4 26.6 
S7 48.9 42.9 35.7 30.2 20.8 15.2 12.6 12.6 13.9 16.3 20.4 25.1 
S8 52.1 45.3 36.8 30.5 23.6 19.6 18.2 16.8 14.3 12.6 13.6 17.5 

 

Table 4.2. Horizontal distance (km) between release sites at 25 m of depth, and other sites 

at 25 and 40 m of depth. Numbers in red highlight the source sites with potential 

connectivity as identified in Fig. 4.7. 

 25 m 
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 

25 m S1 0.0 11.1 25.9 28.0 30.5 34.7 38.2 37.6 39.8 49.8 
S2 11.1 0.0 14.8 17.8 20.8 25.7 29.2 27.8 29.4 38.9 
S3 25.9 14.8 0.0 8.1 11.9 17.2 20.2 16.9 16.6 24.6 
S4 28.0 17.8 8.1 0.0 3.9 9.3 12.5 10.2 11.9 22.3 
S5 30.5 20.8 11.9 3.9 0.0 5.4 8.7 7.1 10.2 21.2 
S6 34.7 25.7 17.2 9.3 5.4 0.0 3.5 4.8 9.5 20.3 
S7 38.2 29.2 20.2 12.5 8.7 3.5 0.0 4.8 9.3 19.0 
S8 37.6 27.8 16.9 10.2 7.1 4.8 4.8 0.0 4.8 15.5 
S9 39.8 29.4 16.6 11.9 10.2 9.5 9.3 4.8 0.0 11.1 
S10 49.8 38.9 24.6 22.3 21.2 20.3 19.0 15.5 11.1 0.0 

40m S1 24.7 26.1 33.6 29.0 28.3 28.8 30.8 33.5 37.9 48.9 
S2 23.9 17.7 18.2 12.2 11.4 12.9 15.8 17.2 21.3 32.4 
S3 38.4 29.7 21.3 13.4 9.6 4.2 1.4 6.1 10.7 20.1 
S4 43.0 33.7 23.4 16.4 12.9 8.3 5.1 6.5 8.9 15.9 
S5 45.2 35.1 22.9 17.4 14.8 11.8 9.6 7.7 6.3 10.1 
S6 47.0 37.5 26.4 19.9 16.7 12.3 9.2 9.8 10.5 14.2 
S7 49.5 39.9 28.4 22.2 19.1 15.0 11.8 12.1 12.0 13.5 
S8 53.2 42.9 29.6 25.3 23.0 20.2 17.7 16.0 13.5 8.0 
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Table 4.3. Horizontal distance (km) between release sites at 40 m of depth, and other sites 

at 40 m of depth. Numbers in red highlight the source sites with potential connectivity as 

identified in Fig. 4.7. 

 40m 
S1 S2 S3 S4 S5 S6 S7 S8 

40m S1 0.0 17.0 30.2 35.5 40.4 39.4 42.0 48.6 
S2 17.0 0.0 15.6 20.8 24.7 24.9 27.6 33.1 
S3 30.2 15.6 0.0 5.4 10.5 9.4 12.1 18.4 
S4 35.5 20.8 5.4 0.0 5.8 4.1 6.7 13.1 
S5 40.4 24.7 10.5 5.8 0.0 4.9 5.8 8.4 
S6 39.4 24.9 9.4 4.1 4.9 0.0 2.7 9.8 
S7 42.0 27.6 12.1 6.7 5.8 2.7 0.0 7.8 
S8 48.6 33.1 18.4 13.1 8.4 9.8 7.8 0.0 

 

4.3.3 Estimations of zoospore settlement densities  

Settlement of particles released in deep sites presented lower densities than shallow sites 

indicating that particles released in deeper areas were subjected to more dispersal than 

particles released at shallower sites (Fig. 4.8, Table 4.4). The total area of high density 

settlement for particles (≥1 spore/mm2) released at 15, 25 and 40 m was 15.8 km2 and 

10.4 km2 and 4.9 km2 respectively (Table 4.4). The depth range of high density-settlement 

in particles released at 15 m was 27 m range, once more indicating connectivity with 

intermediate depth sites, but not directly with deep sites. The particles released at 25 m 

presented the largest depth range of settlement at high densities (Table 4.4), with a 

minimum settlement depth of 1 m and a maximum of 36 m (range of 35 m), highlighting 

their potential role as stepping stone by sourcing propagules to shallow and deep reefs. 

The smallest high settlement-density dispersal depth range was observed from particles 

released at 40 m with a range of 17 m. The shallowest depth at which 40 m propagules 

settled in high densities was 29 m, indicating that direct connectivity with intermediate 

depths and limited connectivity with the shallowest sites (Table 4.4).  

 

Table 4.4. Proportion of grid cells where spores settled that had a spore density equal or 

higher than 1 particle/mm2, maximum and minimum depths at which particles settled in 

densities higher than 1 particle/mm2.  

Release 
depth (m) 

Area of 
settlement 
(km2) 

Area with 
high 
settlement 

% Area with 
high 

Max depth 
with high 
settlement 

Min depth 
with high 
settlement 
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densities 
(km2) 

settlement 
densities 

densities 
(m)  

densities 
(m) 

15  331 15.8 4.8 27 1 
25  306.5 10.4 3.4 36 6 
40  329.2 4.9 1.5 46 29 

 

 

 

Fig. 4.8. Settlement densities (zoospores/mm2) in each cell (500 x 500 m) of the study 

site, of zoospores released at each depth (15 m = a, 25 m = b, and 40 m = c). Colours denote 

settlement densities in zoospores/mm2. Grey cells indicate settlement densities lower 

than 1 spore/mm2. 

4.4 Discussion 

This study predicted that demographic connectivity of kelps existing at different depths 

in the south west region of Western Australia may be a common process that contributes 

to the regional resilience of kelp beds. Using a hydrodynamic model, particles released 

across the study site settled at a wide range of depths, in areas up to 40 m deep and away 

from where they were released, although a high proportion of propagules settled at the 

same depth that they were released or within 5 m of that depth. High rates of this cross-

depth dispersal were observed in propagules released in sites located at the west end of 

Rottnest Island, where the steep slope of the sea floor resulted in short horizontal 

distances between deep and shallow sites. Therefore, connectivity across depths may be 
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an important process that contributes to the resilience of kelps in the region, especially 

as deeper habitats seem less responsive to extreme disturbances (Chapter 1 of this 

thesis).  

Kelp zoospores are known to settle within the first few meters of their source site, but 

they may also be transported for up to up to tenths of kilometres within days of release 

(Gaylord et al. 2004, 2006; Hastings and Botsford 2006). High connectivity has also been 

shown among kelp beds separated due to habitat heterogeneity (i.e. presence of 

estuaries), with low genetic differentiation between beds separated by tenths of 

kilometres (Coleman 2013). In our study site, kelp beds separated by several kilometres 

across-shore are also at different depths and here we show that regular cross-depth 

connectivity between them is plausible. On the other hand, cross-depth dispersal does not 

always imply long-distance transport. For instance, in regions with a steep slope, deep 

and shallow sites are separated by a shorter horizontal distance than in regions with a 

gentle slope (~2 km compared to ~30 km in this study). Congruently, we found low 

dispersal between the deepest (>35 m) and shallowest areas (<15 m) in regions where 

there was a large horizontal distance between depths, and high dispersal where the slope 

was steep. This is indicative that large horizontal distance can still be a limitation for 

connectivity between kelp populations regardless of their depth. Nonetheless, the 

importance of propagules supplied by distant populations has been strengthened by 

studies showing that high connectivity rates between populations hundreds of kilometres 

apart, disputing the notion that kelp beds rely mostly on self-replenishment (Castorani et 

al. 2015).  

The facilitation of population connectivity through ‘stepping stones’ has shown to be key 

for connectivity between coral and algae populations separated by large distances (Treml 

et al. 2008; Coleman et al. 2011). For instance, strong gene flow of the brown alga 

Cystoseira amentacea was detected between populations whose connectivity could only 

be explained by ‘stepping stone’ locations, with direct oceanographic transport really 

observed (Buonomo et al. 2017). Since we found low dispersal between the deepest and 

shallowest reefs while these showed high dispersal between intermediate reefs (~30-20 

m), we propose that intermediate-depth reefs act as ‘stepping stones’ that facilitate 

connectivity between deep and shallow kelp beds in the region.  The shallow sites located 

at the northern and southern-most areas of our study region where located inshore close 

to the coast, with the nearest deep areas (>35 m) located up to 30 km away. For such 
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regions, kelp beds located in intermediate depths may facilitate ‘stepping-stone’ dispersal 

patterns between deep and shallow sites, where deep and shallow sourced zoospores are 

dispersed to intermediate depths and intermediate depths supply zoospores to deep and 

shallow sites. Overall, we see the coastal circulation patterns reflected on the zoospore 

dispersal, with an across-shore transport towards the east, bringing particles from deeper 

sites towards the coast. Offshore sites are mainly exporting particles southward by the 

Leeuwin current and an opposite alongshore transport occurs over the shallow areas 

mainly driving northward transport by the wind. These results are consistent with the 

circulation patterns described for the region during the summer months by Ruiz-Montoya 

& Lowe (2014).  However, other circulation patterns due to intensity variations on the 

Leeuwin current due to El Niño/La Niña years, or even transient events such as coastally 

trapped waves, mesoscale eddies and occasional upwelling are not considered here and 

might affect the overall transport of the zoospores. It is also important to note, that these 

trends were observed for the simulated months, which do not include the whole 

reproductive period of E. radiata. Further studies that include seasonal variations in 

oceanic circulation are needed to reveal the full potential of kelp dispersal between 

patches at a regional scale. 

We identified the sites with highest probability of cross-depth dispersal as the ones 

located at the west end of Rottnest Island, where there is a steep slope and the horizontal 

distance between beds at different depths is shorter. The simulation results indicated that 

transport of particles released at 15 and 25 m sources was mainly to shallower sites, while 

propagules released at 40 m sources dispersed mostly towards deeper sites. This suggests 

that deeper kelp beds (>40 m) rely more on replenishment from other kelp beds at similar 

depths and less on supply from shallower sites. Furthermore, deep kelp beds may be 

important sources for even deeper E. radiata patches (>40 m), which have been 

documented in temperate Australia and New Zealand (Marzinelli et al. 2015; Nelson et al. 

2018). This outcome highlights the need for further research of deeper habitats across 

the continental shelf, which are usually disregarded due to the logistical difficulties of 

surveying offshore sites. In our study region, we highlight the kelp beds across all depths 

located at the west end of Rottnest Island as important source and sink sites and possibly 

high connectivity rates of E. radiata, which warrant adequate conservation and 

management.   
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Incorporating estimates of zoospore settlement densities is key to estimating realistic 

probabilities of connectivity from propagule dispersal studies (Holstein et al. 2016; 

Castorani et al. 2017). This is because kelp zoospores are haploid propagules, which need 

to settle at adequate densities and metamorphose into gametophytes in order to fertilize, 

and recruit to the adult population at their new location. Additionally, connectivity 

assessments for Macrocystis pyrifera in southern California have shown that variations in 

fecundity, as opposed to variations in dispersal connectivity drive metapopulation 

connectivity and consequently dynamics of persistence and recovery (Castorani et al. 

2017). Reed et al. (1991), estimated that zoospores of M. pyrifera need to settle at a 

minimum density of 1 spores/mm2 for successful fertilization. If dispersal of kelp 

zoospores reaches large distances, but settlement densities are not high enough to 

achieve fertilization, then long distance dispersal does not translate into demographic 

connectivity. A study of minimum settlement densities required for fertilization does not 

exist for E. radiata. However, if driven by the same principle for M. pyrifera, our settlement 

density estimations indicate that a small proportion of the total dispersal area, results in 

high enough spore densities for successful fertilization and that this area is smallest for 

zoospores released at 40 m sites. We found a small area with high settlement densities 

and lower probability for horizontal long-distance dispersal observed in this study, 

however, our results underestimate the rates of dispersal across depths. This is because 

we chose 28 sites to release zoospores, while kelp beds are known to be abundant at all 

depths across the region and kelp beds cover a much larger area than the one simulated 

in this study. It is important to note, that our estimations of zoospore settlement density 

did not take into consideration other processes that may result in mortality of zoospores, 

gametophytes or juvenile sporophytes, such as predation, competition and other post-

settlement processes, which may decrease or inhibit demographic connectivity rates 

between kelp beds at different depths. Further understanding the differential response of 

zoospores originated at different depths to processes that affect their survival during 

their transport along the water column and at the early-life stages, such as light and 

temperature thresholds are needed for a more detailed understanding of cross-depth 

connectivity. 

Population connectivity in kelps is the product of life history traits, reproductive output, 

dispersal and recruitment, and this complexity results in limited ability to predict the 

outcomes of reproduction in terms of growth of adult populations. Combining our ability 
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to simulate hydrodynamic conditions across the water column in the region, track the 

vertical and horizontal dispersal of particles released across various depths and the 

knowledge of zoospore production of E. radiata across depths, we have estimated the 

likelihood of connectivity between kelp beds their depth distribution in the region. With 

this study, we have shown through simulation that cross-depth connectivity rates of E. 

radiata in the study region (model domain) are high, with intermediate-depth sites (~20-

30 m) likely acting as ‘stepping stones’ that facilitate the connectivity between the deepest 

and shallowest kelp beds. Thus, we suggest that kelp beds across a 40 m depth range in 

the Perth region form a metapopulation system. The high across-shelf and depth dispersal 

found here, potentially enhances the resilience of shallow kelp beds by increasing 

connectivity with populations less vulnerable to environmental disturbances, such as 

deeper beds (Chapter 1). Our results also highlight the importance of identifying regions 

of high rates of propagule dispersal across depths, such as the west end of Rottnest Island, 

since they potentially supply propagules from multiple depths and which may render 

them more resilient to environmental disturbances. Potential hotspots for kelp zoospore 

settlement are also highlighted in this study, with the surrounding reefs of Rottnest Island 

and intermediate-depth reefs at northern edge of our study region estimated to have high 

zoospore settlement densities. In light of the increasing anthropogenic and climatic 

stressors to coastal habitats, expanding the knowledge about demographic as well as 

genetic connectivity are essential steps towards understanding the processes that 

contribute to the persistence and recovery of marine foundation species.  
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Identifying regions of climatic refugia for Ecklonia 

radiata in Western Australia 

 

Abstract 

Shifts in species distributions are already occurring due to climate change and associated 

disturbances. The conservation of such species relies on understanding their future 

distributions and identifying areas of potential refuge from climatic disturbances. Most 

predictions of future ranges of marine sessile species have been achieved using species 

distribution models (SDMs). However, SDMs have mainly focused on predicting the 

pervasive effects of climate change on the latitudinal shifts in species distributions, rarely 

considering the effects on the full depth range of the species. In this study we use an 

ensemble modelling approach and combine geomorphological and environmental 

variables to predict the cross-depth and latitudinal response of Ecklonia radiata in 

Western Australia to two representative carbon pathway scenarios: RCP 4.5 (optimistic) 

and RCP 8.5 (pessimistic). We then identified potential areas of climatic refugia based on 

the areas where very high probability of E. radiata was projected in both scenarios. 

Additionally, we assess the current protection level of the areas identified as potential 

refugia by evaluating the existing network of Australian Marine Parks in the region. Our 

study found that the largest areas with high probability of kelp at present occur in deeper 

reefs (>25 m), highlighting the importance of these depths to provide habitat for E. 

radiata. Regions identified as potential refugia covered an area of ~80 km2 and occurred 

in deep, offshore areas in the southwest of the WA indicating that depth may moderate 

some of the negative effects of climate. Only one third of these areas were contained 

within current Australian Marine Park jurisdiction. Our results highlight the importance 

of including the full depth range of a species for predicting species distributions where 

deep habitats may counteract range contractions in a global warming hotspot. 
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5.1 Introduction 

Climate change is influencing the distribution of marine and terrestrial taxa with range 

expansions and contractions reported globally (Poloczanska et al. 2013). The 

redistribution of species around the globe will result in the reconfiguration of habitats 

which may jeopardize the persistence of ecosystem function (Hawkins et al. 2009; Mineur 

et al. 2015; Pecl et al. 2017; Smale et al. 2019). As a result, predicting species distribution 

of species in response to climate change scenarios has allowed scientists to assess the 

vulnerability of a species or taxa to the effects of pervasive climate change (Martínez et 

al. 2018; Zhang et al. 2020). Moreover, accurate predictions of species distributions may 

also allow managers to guide conservation efforts to protect regions that could provide 

refuge to important species  (Halpern et al. 2007; Hastings et al. 2007).  

Climate change associated disturbances have led to widespread mortality of marine 

foundation species around the globe, resulting in the degradation of marine ecosystems, 

and Ecklonia radiata is no exception. In the summer of 2011, the coast of Western 

Australia experienced an extreme marine heatwave resulting in peak sea surface 

temperature anomalies of 5 °C (Feng et al. 2013), causing extensive mortality of E. radiata 

and a range contraction of approximately 100 km. This shift in distribution was 

accompanied by changes in community composition of associated macroalgal, fish and 

invertebrate assemblages (Wernberg et al. 2013, 2016; Smale et al. 2017). Ecklonia 

radiata is large species of brown algae from the order Laminariales and is dominant in 

most southern temperate marine ecosystems including Australia, New Zealand and South 

Africa (Wernberg et al. 2019). E. radiata is a true foundation species (Wernberg et al. 

2019), which provides food and refuge for a wealth of invertebrates and fish, and hence 

determines the community composition of associated species (Irving et al. 2004; 

Anderson et al. 2005; Coleman et al. 2007). It inhabits rocky reefs and open coasts across 

temperate Australia, and has a large depth distribution forming dense patches up to 50 m 

of depth and becoming more sparse in deeper areas (Marzinelli et al. 2015; Nelson et al. 

2018). In Western Australia, macroalgae beds dominated by E. radiata define the 

ecological niche of the Western rock lobster (Panulirus cygnus) (Hovey et al. 2012) 

Juvenile lobsters inhabit the inshore reefs, while sexually mature individuals inhabit 

offshore habitats (Cobb 1981; Phillips and Melville-Smith 2005). The Western rock 

lobster is Australia’s most valuable single species fishery, and is also targeted by 
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recreational fishers (Nicolaou and Hammond 2017). Therefore, predicting the potential 

changes in the distribution of E. radiata’s under climate change is also important for 

conservation and management of associated species (Hastings et al. 2007).  

Species distribution models (SDMs) work by associating the occurrence of a species with 

biological, chemical, topographical or any other spatially explicit variable available  

(Guisan and Zimmermann 2000; Austin 2002). SDMs were originally applied to terrestrial 

species but are now widely used for the marine realm and constitute powerful analytical 

tools to predict changes in the distribution of species. Thus far, examples of SDMs for 

marine species are fewer than from terrestrial systems, particularly for temperate 

seaweeds, despite their significance as dominant habitat forming species in rocky 

temperate reefs around the world (Lüning et al. 1990). To date, predictions of the effects 

of climate change on the distribution of northern and southern hemisphere kelps forecast 

a poleward shift, with ranges contracting from lower latitudes  of their distribution (Assis 

et al. 2016b; Martínez et al. 2018). However, these studies often only incorporate 

environmental variables, disregarding the importance of geomorphological features in 

predicting the distribution of sessile species (Hill et al. 2014; Zavalas et al. 2014; Young 

et al. 2015; Turner et al. 2019). Local topography can modify the speed and magnitude of 

environmental changes, (Ashcroft et al. 2008; Ashcroft and Gollan 2012), and such 

‘microclimatic’ conditions may allow a species to persist within a neighbouring 

unfavourable environment (Dobrowski 2011). The value of combining geomorphological 

variables with environmental predictors to model the distribution of sessile species has 

been demonstrated when predicting regions of potential refugia that were not identified 

with environmental predictors only (Wilson et al. 2019).  

Considering the full range of a species distribution is key to assess future changes (Assis 

et al. 2016a). Existing deep populations or the colonization of deeper habitats may 

prevent latitudinal shifts, similar to elevational refugia in terrestrial systems (Ashcroft et 

al. 2012b; Geng et al. 2019). Deep marine habitats have been proposed as potential refugia 

from environmental disturbances, assuming that depth moderates environmental 

extremes (Glynn 1996). Persistent deep populations may contribute to the resilience of 

shallow reefs, by providing propagules to reseed disturbed sites, or by acting as 

constrained locations to where populations retreat, avoiding localised species extinctions 

(Bongaerts et al. 2010; Loya et al. 2016). Either way, the identification of potential areas 

of climatic refugia is urgent to ensure adequate protection and management of these 
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areas (Keppel and Wardell-Johnson 2012; Keppel et al. 2012; Hannah et al. 2014; Morelli 

et al. 2016; Woodson et al. 2018; Johnson and Kenchington 2019). 

Canopy forming seaweeds provide multiple ecosystem services such as essential fisheries 

habitat, carbon storage, and nutrient cycling, all of them at risk due to climate change 

(Smale et al. 2019). Hence, understanding their response to continued climate warming 

is critical to inform coastal management and conservation planning. With this study, we 

aimed to identify potential areas of climatic refugia for E. radiata across its entire depth 

distribution in the coast of Western Australia. We did this, by combining 

geomorphological and environmental variables in SDMs to predict the distribution of E. 

radiata at present and examined its predicted distribution across depth. Next, we 

identified areas of potential climatic refugia for E. radiata, by predicting its distribution 

in the year 2100 based on two representative carbon pathway scenarios, RCP 4.5, a semi-

optimistic scenario, and RCP 8.5, a pessimistic, business as usual scenario. We conclude 

by examining the current level of protection for the refugia identified, through estimating 

areas of refugia that exist within current Australian Marine Parks jurisdiction. With this 

study, we aim to understand the role of deeper kelp populations in the persistence of kelp 

species. Additionally, we aim to provide information that managers can use when 

planning current and future marine habitat protection. 

 

5.2 Materials and methods 

5.2.1 Study region 

The study was conducted in the west coast of WA, from the Exmouth peninsula (114.2°E, 

21.8°S) to the limits between the towns of Denmark and Albany (117.4°E, 35.3°S). A 

maximum depth of 80 m (Fig. 5.1 and Fig. 5.2) delineated the western edge of the domain. 

This region is defined by a wide continental shelf in most areas (>35 km) although this 

narrows in the region of Shark Bay (<15 km) (Fig. 5.1). The warm waters of the Leeuwin 

current, which flows southward along the edge of the continental shelf, influence the 

western side of the region. The Capes current, flows north near the coast (Gersbach et al. 

1999). 

 



Chapter 5 Predictions of refugia 
  

90 
 

 

Fig. 5.1. Map of the study region. The west coast of Western Australia (red square), and 

the sea domain (blue area) where the distribution of E. radiata was modelled. 



Chapter 5 Predictions of refugia 
  

91 
 

 

Fig. 5.2. Bathymetry of the study region (a) to 80 m of depth. Depth range classification of 

bathymetry of the study region (b).  

 

5.2.2 E. radiata occurrence data 

We gathered an extensive dataset of presence and absence of E. radiata for the target 

region, which included records obtained from 1976 until 2016 summing over 4,000 

records. Notably, this period of time includes the devastating 2011 marine heatwave 

which resulted in mortality of kelp in Kalbarri and Port Gregory (Wernberg et al. 2016). 

Our dataset included records obtained with a multitude of surveys and a variety of 

methods including diver surveys, AUV (Autonomous Underwater Vehicles), BRUVs 

(Baited Remote Underwater Videos), towed video, and drop camera. Due to the resolution 

of the predictor variables used for fitting the SDMs, grids that contained more than one 

observation were filtered so only one observation was associated in a grid cell. This 

resulted in a total of 1,463 observations (presence and absence) used for fitting the 

models (see supplementary material Fig S5.1 for map of presence and absence points). 
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From these, a random 30% were set aside to independently test the accuracy of the 

models while the other 70% were used to train the models.  

 

5.2.3 Model predictors 

Initially, only geomorphological predictors were used to model the distribution of E. 

radiata, since the availability of adequate substrate type is an important predictor of the 

distribution of sessile species (Hovey et al. 2012, Hovey et al. submitted). The 

geomorphological predictors constituted bathymetry derivatives, calculated from the 

Australia wide bathymetry available through Geoscience Australia. We used the 

bathymetry layer at 250 x 250 m resolution which is the finest resolution currently 

available (Australia wide). We calculated a total of 22 bathymetry derivatives using 

ArcGIS v10.3.1 (supplementary material Table S5.1).  

Next, to identify regions of climatic refugia for E. radiata, we built an ensemble model to 

project the current distribution of the species using environmental and geomorphological 

variables. Initially, 63 variables were initially considered as potential predictors 

(supplementary material Table S5.1). The marine environmental predictors were 

obtained from two sources: Bio-ORACLE (Tyberghein et al. 2012) and the Commonwealth 

Scientific and Industrial Research Organisation (CSIRO, Australia, Remote Sensing 

Division). Bio-ORACLE layers considered surface and benthic data that has been shown 

to predict the distribution of macroalgae, such as nutrients, temperature, and light at 

bottom (Assis et al. 2017a; Martínez et al. 2018). Bio-Oracle layers of future benthic 

temperature were also used to compute the predictions of kelp distribution in 2100. The 

additional environmental layers obtained form part of CSIRO Atlas of Regional Seas 

(CARS), and describe the local climatology derived from modern ocean measurements. 

The resolution of the environmental predictors varied, with Bio-ORACLE layer resolution 

being 5 arcmin (~0.08 degrees) while CARS layer had a resolution of 0.5 degrees. All 

predictors were tested for correlation, using a Pearson’s correlation coefficient. The 

predictors with correlation higher than 0.7 were removed from further analysis (Elith et 

al. 2010). We then evaluated for collinearity between predictors by means of a variable 

inflator factor analysis, using R software (v 3.6.0) and the SDM package (Naimi and Araújo 

2016). Predictors that contributed to inflation of variance at a set threshold of 10 were 
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removed from the analysis. Next, we calculated variable inflation correlation, to remove 

predictors with a correlation higher than 0.4. After the collinearity check, 16 predictors 

remained and these were used to calibrate the kelp distribution model (supplementary 

material Table S5.2). The final predictors were chosen by fitting the model using several 

algorithms, subsampling methods (see Modelling framework section for details), and 

removing predictors based on their percentage contribution to the predictive ability of 

the best models.  

 

5.3.4 Modelling framework (Model construction, fitting the model) 

We fitted two types of SDMs to predict the distribution of E. radiata. First, we used an 

ensemble modelling approach to predict the distribution of E. radiata using only 

geomorphological variables (bathymetry derivatives). We did this to identify the 

importance of seafloor topography in predicting the distribution of this species. 

Geomorphological features of the seafloor are known to be accurate  predictors of sessile 

species, since substrate type  can determine the biotic assemblage at a given place 

(Zavalas et al. 2014; Young et al. 2015; Diesing and Thorsnes 2018; Turner et al. 2019). 

Subsequently, we fitted SDMs that included a combination of environmental and 

geomorphological factors to understand the effect of environmental variables in E. 

radiata’s distribution. Factors such as temperature, nutrients and currents can be 

valuable when predicting latitudinal changes in the distribution of E. radiata (Martínez et 

al. 2018).  We used eight algorithms to predict the distribution of kelp based on presence-

absence data. These algorithms were: GLMs (general linear models) (Guisan et al. 2002), 

GAMs (general additive models) (Hastie and Tibshirani 1990), random forests (Breiman 

2001), BRTs (boosted regression trees) (Hastie et al. 2001), FDA (flexible discriminant 

analysis) (Hastie et al. 1994), SVM (support vector machines) (Vapnik 1998), MDA 

(mixture discriminant analysis) (Hastie and Tibshirani 2016), MARS (multivariate 

adaptive regression splines) (Friedman 1991) and CART (classification and regression 

trees) (Breiman 1984). Each algorithm was run ten times using three subsampling 

methods: subsampling, cross-validation and bootstrapping. This modelling framework 

resulted in a total of 30 model fits for each modelling method, and 240 model fits in total. 

Each model was evaluated using area under the curve (AUC) and true skill statistic (TSS) 

metrics (Allouche et al. 2006). AUC metric ranges from 0 to1, with values closer to 1 
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indicating a better model fit, while the TSS metric ranges from -1 to 1, with 0 indicating 

the model performs as random power. From all the model fits, we chose the best 

performing ones based on AUC > 0.8 and TSS > 0.52 to project the current distribution of 

E. radiata and create a map based on the weighed mean (Naimi and Araújo 2016) 

ensemble of the best performing models (Table 5.1). The resulting ensemble map was 

evaluated for its accuracy in two ways. First, we transformed the probability of 

occurrence of ensemble map into presence-absence values using a presence threshold of 

> 0.65 (supplementary material Fig. S5.2),  and then used a contingency matrix to 

compare observed and predicted values (Stehman 1997). Additionally, ensemble results 

were further evaluated for accuracy using a threshold independent statistics (AUC) and 

converting ensemble to presence-absence values based on three thresholds: : se=sp 

(sensitivity = specificity), max(se+sp) (maximum sensitivity and specificity) and 

prevalence (supplementary material Fig. S5.3, Table S5.3) to observe where the 

predictions agree, which would indicate areas with highest prediction confidence. Finally, 

we used the model ensemble to predict distribution of E. radiata in the year 2100 based 

on representative carbon pathway scenarios RCP 4.5 (relatively optimistic) and RCP 8.5 

(business as usual, pessimistic) using Bio-ORACLE predictions for maximum benthic 

temperatures. 

 

Table 5.1. Environmental and geomorphological predictors that best predicted 

distribution of E. radiata. 

Predictor Units Source 

Dissolved 
Phosphorous 

µM CARS 

Salinity ‰ CARS 
Maximum benthic 
temperature at 
maximum depth 

oC Bio-ORACLE 

Benthic Primary 
Productivity at max 
depth 

g ‧ m-3 ‧ day-1 Bio-ORACLE 

Dissolved Nitrogen Mol ‧ m-3 Bio-ORACLE 
Probability of reef  Modelled 
Focal distance 
(range) 

 

Derived from 
Australian 

Bathymetry (250 x 
250 m) 
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5.2.5 Refugia areas 

We used the predicted kelp distribution for the year 2100, to identify potential areas of 

climate refugia based on high probability of occurrence under both RCP scenarios (4.5 

and 8.5). To achieve this, we first classified the probability of occurrence into 5 categories: 

unsuitable for E. radiata 0-25%, low probability (25-50%), medium probability (50-

70%), high probability (70-85%) and very high probability of occurrence (85-100%). 

Areas with very high probability of occurrence under both RCP scenarios were 

categorized as potential refugia for E. radiata. To understand the role of deeper reefs in 

providing climatic refugia for E. radiata, we further classified the ‘refugia’ areas into four 

depth ranges: Shallow (0-15 m), medium (15-25 m), deep (25-50 m) and very deep (50-

80 m). Lastly, we calculated the percentage area of potential refugia for E. radiata that is 

currently protected, by determining the refugia areas that exist within current Australian 

Marine Park jurisdiction. 

 

5.3 Results 

5.3.1 Present distribution of E. radiata 

Distribution of kelp based only in geomorphological variables resulted in kelp being 

predicted in areas with large areas of reef and other hard substrata, including northern 

tropical regions of WA, where E. radiata is historically absent (the west side of the 

Exmouth peninsula) (Fig. 5.3 and supplementary material Fig. S5.4). The 

geomorphological ensemble fit had an accuracy of 0.72 (based on contingency matrix 

results) (Table 5.2), due to the importance of adequate substrate for sessile species.  

 

Table 5.2. Ensemble evaluation of models fitted using geomorphology variables only and 

based on geomorphology and environmental predictors. Models evaluated based on a 

positive (presence) threshold of 0.65. 

Model Accuracy Kappa Prevalence 

Geomorphology only 0.72 0.37 0.67 
Geomorphology and 
environmental 

0.75 0.36 0.67 



Chapter 5 Predictions of refugia 
  

96 
 

After model calibration, a total of seven predictors, were used for the final models and 

ensembles that combined environmental and geomorphological predictors (Table 5.1). 

The predictive performance of each algorithm varied largely, with GAMs, BRTs, MARS 

showing the best performance for the prediction of E. radiata’s distribution, and therefore 

used to construct the ensembles. A total of 16 model fits (including BRTs, GAMs and 

MARS) met the minimum performance requirements to be included in the ensemble 

models to project present and future distributions of E. radiata. Reef and dissolved 

phosphorus were the variables that explained the most variability in kelp distribution 

(Table 5.3), with maximum benthic temperature and benthic primary productivity 

accounting for the least gain.    

 

Fig. 5.3. Present habitat suitability predictions for E. radiata based on geomorphological 

variables only (see Fig. S5.4 for enlarged map). 

 



Chapter 5 Predictions of refugia 
  

97 
 

Table 5.3. Predictors used for predicting distribution of E. radiata and their percentage 

contribution to each algorithm. 

Predictor GAM BRT MARS Average 

Probability of reef 0.41 0.48 0.42 0.43 

Benthic dissolved 

Phosphorous 

0.29 0.03 0.25 0.19 

Focal distance (range) 0.09 0.06 0.15 0.1 

Dissolved Nitrogen 0.15 0.08 0.03 0.08 

Salinity 0.09 0.02 0.11 0.07 

Maximum benthic 

temperature at maximum 

depth 

0.02 0.06 0.02 0.03 

Benthic Primary 

Productivity at max depth 

0.02 0.09 0.001 0.03 

 

 

Despite the small addition of predictive power by the environmental variables, their 

inclusion of in the SDMs resulted in a more accurate prediction of the known latitudinal 

range of the species, which has a documented northern range around the Kalbarri region 

(Fig. 5.4, and supplementary material Fig. S5.5 and S5.6 for enlarged maps). The ensemble 

predictions had an accuracy of 0.75 (based on contingency matrix results) (Table 5.2), an 

AUC of 0.85, and showed the highest habitat suitability for kelp on the outer edges of the 

continental shelf, around the mid-southwest region (Fig. 5.4, and supplementary material 

Fig. S5.5 and S5.6 for enlarged maps). Inspection of the predicted distribution of E. radiata 

across depth revealed that the deepest zones (25-50 m and 50-80 m) had the largest areal 

coverage of medium to very high (50-100%) kelp suitability (Fig. 5.5a and 5.5b). 
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Fig. 5.4. Present distribution of kelp. (a) Probability of occurrence, (b) classification of 

probability of kelp presence (probability classes: unsuitable = 0- 0.25, low probability = 

0.25-0.50, medium probability = 0.5-0.7, high probability = 0.7-0.85, very high probability 

= 0.85-1). (See Fig. S5.5 and S5.6 for enlarged images). 

 

Fig. 5.5. Areal coverage of the different categories of habitat suitability for E. radiata, at 

four depth ranges in the study region. (a) Displays the five suitability categories 

evaluated, (b) displays only high and very high suitability.  
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5.3.2 Distribution of E. radiata in the future and potential areas of climatic 

refugia 

The predicted distribution of E. radiata in 2100 based on benthic temperatures derived 

for RCP 4.5 and RCP 8.5 resulted in a general decrease in the habitat suitability for kelp in 

the region (Fig. 5.6 and 5.7). Decreases of over 40% (compared to present) in medium to 

very high distribution of E. radiata were predicted at all depths ranges under both 

scenarios, except at 50-80 m for he RCP 4.5 scenario, which presented decreases no larger 

than 20% (Fig. 5.6b). Despite these decreases, some areas of high kelp suitability (70-

85%) were predicted around the northern edge of the distribution (around the Kalbarri 

area) under both scenarios (Fig. 5.6a, and 5.7a, and supplementary material Fig. S5.7 and 

S5.8 for enlarged maps). 

 

 

Fig. 5.6. Predicted kelp distribution under (a) and the percentage change in kelp habitat 

suitability from present to 2100 at four depth ranges (0-15 m, 15-25 m, 25-50 m and 50-

80 m) (b) under representative carbon pathway 4.5 scenario, based on maximum benthic 

temperatures. (See Fig. S5.7 for enlarged images). 
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Fig. 5.7. Predicted kelp distribution under (a) and the percentage change in kelp habitat 

suitability from present to 2100 at four depth ranges (0-15 m, 15-25 m, 25-50 m and 50-

80 m) (b) under representative carbon pathway 8.5 scenario, based on maximum benthic 

temperatures. (See Fig. S5.8 for enlarged images). 

 

Areas where habitat suitability for E. radiata was predicted as very high (>85%) under 

both RCP scenarios were situated on the outer shelf region of the mid-west section of the 

domain, between Perth and the Abrolhos Islands (Fig. 5.8a, 5.8b, supplementary material 

Fig. S5.9a and S5.9b for enlarged map). These areas, here classified as potential climatic 

refugia for E. radiata, added up to 76.9 km2 and were not found in inshore regions or in 

the southern portion of the study area. Moreover, these areas of potential refugia are 

mostly located in the deepest reefs, with depth ranges between 25 and 50 m defining 59% 

of them (45.3 km2) and depths from 50 to 80 m defining 26% (19.9 km2) of the identified 

refugia (Fig. 5.9). The shallow reefs between down to 25 m of depth accounted for 15% 

of the potential refugia (Fig. 5.9). 
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Fig. 5.8. Areas where habitat suitability for E. radiata was higher than 0.85 in 2100 under 

RCP 4.5 and RCP 8.5 scenarios. At (a) Abrolhos Islands, and (b) off Lancelin and Two 

Rocks. 

 

Fig. 5.9. Areal coverage (km2) of predicted climatic refugia areas for E. radiata classified 

by depth range. Refugia areas defined as cells with predicted very high (>85%) 

probability of kelp under both climate change scenarios (RCP 4.5 and RCP 8.5). 
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5.3.3 Current management of potential kelp refugia areas 

An evaluation of the existing Australian Marine Parks (AMP) for the region, showed that 

approximately 35% (26.5 km2) of the areas identified as potential refugia for E. radiata 

are currently within Australian Commonwealth marine parks (Table 5.4, Fig. 5.10a and 

supplementary material Fig. S5.10 for enlarged map). The marine parks that contain areas 

of potential refugia are Abrolhos, Jurien and Two Rocks (Fig. 5.10b, 5.10c and 5.10d, and 

supplementary material Fig. S5.10-S5.13 for enlarged maps). Abrolhos is the marine park 

that includes most of the predicted refugia areas, with 23.6 km2. AMPs are subdivided in 

different management zones that describe the level of protection they have, with an 

equivalent IUCN categories (Table 5.4). Only a small proportion of the refugia located in 

the Abrolhos marine park existed within National park zoning (IUCN category II), with 

the majority occurring within Special purpose zoning (Table 5.4, Fig. 5.10a and 

supplementary material Fig. S5.11). The areas of refugia predicted within Jurien and Two 

Rocks marine parks exist within to Special purpose zone or Multiple purpose zone 

respectively (Table 5.4, Fig 5.10c, 5.10d, and supplementary material Fig. S5.12 and 

S5.13). 

 

Table 5.4. Area (km2) of predicted refugia for E. radiata that is within existing 

Commonwealth reserves, classified by the Commonwealth protection zone and IUCN 

protection zone. 

Australian 
Marine Park 
zone 

Australian 
Marine Park 
Name 

IUCN zone Area of refugia 
(km2) 

Multiple 
purpose zone 

Two Rocks VI 1.8 

Special purpose 
zone 

Jurien VI 0.8 

Special purpose 
zone 

Abrolhos VI 22.1 

National Park Abrolhos II 1.5 
Total area within Commonwealth reserves 26.5 
Total area  76.9 
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Fig. 5.10. Areas of predicted refugia for E. radiata in the west coast of Western Australia 

and the Commonwealth Marine Parks that are located in the region (a). Abrolhos (b), 

Jurien (c), and Two Rocks (d) Marine Parks are in the region where kelp refugia was 

predicted. 
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5.4 Discussion 

Foundation species provide habitat for a myriad of organisms, drive trophic food webs 

and enhance biodiversity (Tegner and Dayton 1987). In temperate reefs, macroalgae beds 

dominated by kelps provide key ecosystem services, which are currently at risk due to 

climate change associated pressures (Smale et al. 2019). As a result, identifying areas of 

potential climatic refugia has become a priority for research and management though 

there are limited examples in marine environments (Woodson et al. 2018; Johnson and 

Kenchington 2019). Here we have identified potential areas of climatic refugia for the kelp 

species E. radiata in Western Australia. Our results emphasize the importance of deep 

habitats (>25 m) for the distribution of E. radiata in WA, where our models projected the 

largest areal coverage of this species. Predicted future distribution of kelp under 

scenarios RCP 4.5 and RCP 8.5 resulted in large decreases in the species across all depth 

ranges (0-80 m) but did not forecast the latitudinal shift that has been predicted in other 

studies (Martínez et al. 2018). The offshore reef systems between Perth and the Abrolhos 

Islands were highlighted as habitats where E. radiata will likely persist through changing 

climatic conditions, with most of these areas occurring between 25 and 50 m of depth. 

From the areas identified as potential refugia, approximately a third exist within 

Australian Marine Park jurisdiction, though only a minimal proportion occur within 

Marine Park Zones, and none exists within Habitat Protection Zones.  

Geomorphological variables are strong predictors of sessile species distribution (Hill et 

al. 2014; Zavalas et al. 2014; Young et al. 2015; Turner et al. 2019). This is demonstrated 

by the high importance of reef presence in our SDMs, which greatly outweighs the 

importance of environmental predictors. Temperature, has been found to be the most 

important predictor for seaweeds in Australia (Martínez et al. 2018), but this was not the 

case in our models. Yet, the addition of environmental variables in our SDMs, resulted in 

more accurate predictions of E. radiata’s distribution across latitude, with northern 

distribution edges predicted around the Kalbarri region. Moreover, comparisons of kelp 

distribution across depth were possible due to combining geomorphological and 

environmental variables, since the finer resolution of bathymetry derivatives may 

account for combined effects of geomorphology and climate (Dobrowski et al. 2009; 

Dobrowski 2011). Topography can modify the magnitude and speed of environmental 

changes (Rull 2009; Ashcroft 2010), and the value of including these two types of 
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variables in SDMs has led to the identification of microrefugia in terrestrial plants (Wilson 

et al. 2019). Still, there is much progress to be made in predicting marine species 

distributions, since the spatial and temporal resolution of environmental predictors is 

coarse and does not resolve well around inshore coastal locations. Additionally, 

subsurface spatial predictors (benthic temperature, nutrients, currents) are coarsely 

interpolated products, that have intrinsic errors and could explain the reduced accuracy 

of our models, compared to other, environmental only SDMs (e.g. Assis et al. 2016, 2018; 

Martínez et al. 2018).  

Our SMDs predicted the largest coverage of medium, high and very high probability of 

kelp in the deepest habitats (between 25 and 80 m depth). This is not surprising since the 

largest areas of the continental shelf of WA occur at these deep ranges (Fig. 5.2), 

essentially providing more space for benthic species. Ecklonia radiata is known for its 

extensive depth range, forming patches to around 50 m of depth (Smale and Wernberg 

2013; Marzinelli et al. 2015), and in WA it has been found down to 70 m of depth as in 

areas of New Zealand (Nelson et al. 2018).  The highest probability of kelp was predicted 

in offshore locations in the mid-region of WA, where kelp may be found even deeper than 

70 m, according to our model predictions. Yet, we know little about the community 

composition, and environmental drivers of these offshore systems. In WA, kelp beds are 

known to provide important habitat for a wealth of species, including the Western rock 

lobster, defined as a key ecological feature in the south-west Marine Park network of 

Australia (Director of National Parks, 2018). Moreover, deeper kelp beds may be an 

important source of propagules, genetic diversity and potentially enhance the long-term 

resilience of the species in the region (Chapter 3 and Chapter 4). It is important to note, 

that spatial environmental data (such as temperature layers), do not resolve well for 

inshore reefs and spatial products with enhanced resolution (which are not readily 

available) are needed to model inshore marine systems accurately. Studies like ours 

provide useful insight towards identifying potential areas of refugia but should continue 

to be improved with models that are more robust as improved spatial products become 

available. 

Predictions of E. radiata distribution in 2100 under both scenarios resulted in large losses 

of kelp across all depth ranges. However, we did not identify a distinct latitudinal shift as 

predicted in other studies seaweed distribution in Australia, where kelp was predicted to 

shift to higher latitudes  (Martínez et al. 2018). Poleward range shifts in seaweeds have 



Chapter 5 Predictions of refugia 
  

106 
 

been predicted in other regions, but these studies only use environmental  factors in their 

SDMs (Assis et al. 2016b, 2017b). Whether the discrepancy of our results to those of 

previous studies is due to the different resolution of the environmental predictors used 

(ours was coarser), or is due to the enhanced value of using a mix geomorphological 

(which were not used in previous studies) and environmental predictors, we are not able 

to answer in this study. Resolving issues derived from poor resolution and high 

interpolation in marine spatial data, is critical for accurate predictions that require 

enhanced remote sensing products and algorithms. Furthermore, this study only 

accounts for the effects of pervasive long term warming, and ignores extreme climatic 

disturbances such as marine heatwaves that have already resulted in a range contraction 

for this species in the region (Wernberg et al. 2016). Marine heatwaves threaten 

biodiversity worldwide (Smale et al. 2019) and are predicted to increase in frequency and 

magnitude in the future (Oliver et al. 2019). Future studies of potential refugia for kelp 

should aim to account for the effect of these extreme events, which may accelerate the 

range shifts predicted for the long term. 

Areas of potential refugia for E. radiata in the region were identified in offshore reefs 

between Perth and Abrolhos Islands. The largest coverage of refugia areas occurred 

between 25 and 50 m of depth with lowest coverage in shallow reefs (<25 m). Deep 

thermal refugia for kelp has been documented before in deep and offshore systems in 

tropical locations (Graham et al. 2007a). Moreover, the importance of deep habitats has 

been recognized, through the colonization of deeper habitats by populations of Laminaria 

hyperborea in Europe while they are also shifting poleward (Martinez et al. 2014), 

suggesting that deep habitat provide some refuge from changing climatic conditions. 

Additionally, deep kelps have been shown to play a key role during geological periods of 

extreme climate, allowing the persistence of the species and accounting for a large portion 

of the genetic diversity in contemporary deep populations (Assis et al. 2016a). Thus, there 

is a critical need to understand and protect deeper populations of temperate marine 

foundation species.  

One third of the kelp refugia identified here, exist within the Abrolhos, Jurien and Two 

Rocks marine parks of the south-west region managed by the Commonwealth of 

Australia. These marine parks are subdivided in different zones, which set out the level of 

protection granted (Director of National Parks, 2018) Marine park zoning provides the 

highest level of protection, where mining activities and commercial and recreational 
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fishing are not allowed (Director of National Parks, 2018) . Only 1.5 km2 of the refugia 

areas here identified occur within this zoning and only at the Abrolhos marine park. The 

other 25 km2 of potential refugia areas within national parks exist in Multiple purpose 

zones (Two Rocks) or Special purpose zones (Jurien and Abrolhos). These zones have a 

lower level of protection where commercial fishing and mining is allowed (providing 

approval of permit). The results of this study highlight regions of potential high ecological 

importance not only for the persistence of a species, but for the myriad of other species 

associated to these ecosystems. Thus, further understanding of offshore habitats and 

their response to climate change is key to better inform managers at the time of approving 

permits for commercial activities and assessing current and future marine park 

management plans.  

This study represents the first identification of potential areas of refugia for a marine 

foundation species in Western Australia. The results of this study predicted that E. radiata 

had very high probability of occurrence in deep, offshore reefs of Western Australia under 

two climate change scenarios (RCP 4.5 and 8,5) indicating that deep, offshore may 

constitute areas of potential climate change refugia for this marine foundation species. 

Deep, offshore reefs have also been shown to respond less to extreme marine heatwaves 

(Chapter 2), summing to the evidence that deep kelp beds may constitute refugia from 

warming disturbances. Only two percent of the refugia areas identified in this study, occur 

within existing national park protection zones, rendering other potential areas of refugia 

vulnerable to anthropogenic disturbance. Identification of potential refugia should be 

considered in evaluation of current Australian Marine Parks which could maximise the 

positive outcomes of marine park protection.  
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Discussion 

In light of the imminent threat that climate change is predicted to have on biotic systems, 

identifying potential areas of refuge against rising temperatures has become a priority for 

scientists. In the marine realm, deep habitats have been suggested as such potential areas 

with increasing research in tropical Mesophotic Coral Reefs (MCEs). Yet, evidence of their 

ability to facilitate species persistence and to ensure refuge from pervasive climate 

change is lacking in temperate ecosystems. This thesis found that following the 2011 

marine heatwave, benthic communities in deep temperate reefs were less affected than 

their shallow counterparts (Chapter 2), that deep kelp reproduction was not reduced by 

depth (Chapter 3) and therefore, deep kelps may provide viable propagules to reseed 

disturbed kelp beds after an extreme disturbance via oceanographic dispersal of kelp 

zoospores across depths (Chapter 4). This thesis also predicted that potential areas of 

refugia from future climate for Ecklonia radiata would occur in offshore reefs deeper than 

25 m in Western Australia (Chapter 5). Altogether, the finding of this thesis reveal that 

deep reefs have the potential to offer refuge to E. radiata, a dominant habitat builder 

species of the temperate reefs in WA. 

This research expands our knowledge on the potential for deep temperate habitats to 

provide refuge against extreme marine heatwaves, which are predicted to increase in 

frequency and intensity as a result of climate change (Oliver et al. 2019). This research 

incorporates diverse factors that influence the effectiveness of the proposed deep refuge, 

including the assessment of reproductive performance across depth, the potential for 

dispersed propagules to colonize disturbed sites and the identification of possible refugia 

from future climate change. Moreover, the results from this research exhibit the disparity 

in the response of deep and shallow habitats to the same environmental disturbance. In 

addition, this thesis exposes a large knowledge gap about the processes that drive deeper 

temperate benthic ecosystems, which this thesis suggest, can be different from those 

driving shallow systems. The findings of this thesis provide important insights for future 

research questions and information to guide current and future management and 

conservation strategies of deep habitats. This thesis demonstrates that deeper habitats 

warrant comprehensive research and protection, since they could naturally enhance 

ecosystem resilience by providing refuge against climate change related disturbances.   
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6.1 The response of deeper communities to extreme climatic events 

Communities that are resistant respond to disturbances without undergoing fundamental 

change (Grimm and Wissel 2013). This thesis found that deeper marine sessile 

communities of Western Australia were resistant to an extreme marine heatwave as 

shown by their minimal response, in terms of community composition, in contrast with 

the large change presented by their shallow counterparts (Chapter 2). This depth-

dependent response was consistent across the latitudinal gradient of the tropical – 

temperate transition zone found on the west coast of Australia.   

Habitats that provide refuge against a disturbance, facilitate the necessary environmental 

conditions for species to persist when survival is unattainable in other areas (Keppel et 

al. 2012). In this study, I did not find evidence of a temperature refuge in deeper sites, as 

it would be expected by climatic refuge, despite the evident reduced response of deep 

communities to the 2011 MHW. This was indicated by the cross-depth temperature data 

obtained for the study sites (Rottnest Island, Jurien Bay and Abrolhos Islands), which 

showed that deeper waters also experienced temperature anomalies due the 2011 MHW. 

In fact, temperature means and anomalies between deep and shallow sites were 

marginally different, rarely differing by more than 1°C. Interestingly, the temperature 

time series for the deeper sites showed that temperature anomalies were frequently 

higher in deeper sites during not-marine-heatwave years, and in 2011 they were lower 

than in shallow sites. This finding indicates that deeper habitats along the study region 

have a temperature regime that is more variable than shallow sites. The exact processes 

that contribute to the enhanced temperature variability are unknown, but could be driven 

by upwelling windows  that only influence deeper sites (Gersbach et al. 1999; Alaee et al. 

2007) in addition to warm water episodes caused by the strong influence of the poleward 

flowing Leeuwin Current in offshore sites (Godfrey and Ridgway 1985).  

If high temperatures associated to an extreme marine heatwave are not moderated by 

increasing depth, what is the mechanism for the deep-refuge observed? I propose that the 

sessile communities of deeper habitats in Western Australia have enhanced resistance to 

temperature extremes as a result of acclimation to the high temperature variability at 

which they are naturally exposed. Similar outcomes to the ones of this study have been 

documented in coral communities. For instance, Bak (2005) found that percent cover of 

deeper coral communities (~30-40 m) had not declined compared to shallow ones (~10 
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m), and analogous to our study, also found that temperatures were highly variable in the 

deep environments. Populations that are resistant to given stressors have higher chances 

of surviving extreme events (Sedell et al. 1990), therefore deeper communities with 

reduced response to MHWs may survive future extreme events, preventing local 

extinctions.  

This study compared the response of benthic community structure of temperate reefs to 

an extreme marine heatwave across both depth and latitudinal gradients and used a 

systematic approach to investigate depth as potential refuge from warming events in 

temperate reefs. Studies that have looked at the effect of marine heatwaves on marine 

systems and across latitudinal gradients have found that the most impacted populations 

are those existing at the latitudinal edge of their distribution (Cavanaugh et al. 2019). In 

contrast, the locations analysed in this thesis showed a response to the marine heatwave 

strongly associated with their depth, rather than their latitudinal location. Moreover, 

despite the loss of large canopy forming algae after the MHW,  changes did not resemble 

the catastrophic loss of foundation species (e.g. seagrasses, E. radiata, S. dorycarpa) 

associated to the same MHW that were documented for shallow environments in other 

studies (Fraser et al. 2014; Bennett et al. 2015; Wernberg et al. 2016). After the 2011 

MHW, widespread mortality was documented in shallow seagrass meadows and reefs 

(<15 m) located in inshore, coastal locations, while the study sites evaluated in this thesis 

were all located in offshore reefs, kilometres away from the coast. This suggests that not 

only depth, but also offshore habitats, moderate disturbances by uncoupling communities 

from stressors that may act synergistically to impact coastal populations, rendering them 

more vulnerable to climate related disturbances (De Boer 2007; Hughes et al. 2007; 

Moore et al. 2014). Permanent shift in ecosystems caused by the synergistic effects of 

climate extremes and other stressors has been documented in other marine ecosystems 

such as the effect of reduced herbivory and thermal disturbance that may change a coral 

reef into a macroalgae-dominated state (Hughes et al. 2007) or in the combined effect of 

increased temperature and turbidity changing seagrass meadows to unvegetated 

sediments (De Boer 2007; Moore et al. 2014). There is also evidence for offshore 

populations being more persistent than their coastal counterparts in relation to warming 

events, and other biophysical disturbances where offshore sites have been shown to be 

either more resistant or resilient than coastal habitats (Fabricius et al. 2008; Witman and 

Lamb 2018). 
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The similarity between deep and shallow communities is an important consideration 

when evaluating the potential for deep refuge, because if the “refugee” species is not 

already established in the refuge habitat, it would need to undertake a range shift to 

become established at the refuge site. Such range shifts can be problematic in the 

evaluation of refuge for sessile species, which can only shift distribution via sexual or 

asexual propagules. Therefore, it was important to understand how the community 

composition of sessile species in the study region varied across depth and latitude. As 

expected, benthic community structure on subtropical and temperate reefs varied across 

depth but in general, deeper communities were constituted by sponges and macrophytes, 

with sponges dominating the deeper sites of the subtropical region, and macrophytes 

becoming more dominant in the temperate regions. Vertical zonation was more marked 

in the subtropical reefs of the Abrolhos Islands, where a large percentage of coral was 

found in the shallow habitats. Jurien Bay presented some vertical zonation, potentially 

driven by substrate availability (shallow sites in this region were mostly sandy). At the 

southern end of the study, in Rottnest Island, vertical zonation of benthic communities 

was less marked, with large percent cover of large macroalgae species (E. radiata, S. 

dorycarpa, Sargassum sp.) across depths. Since macroalgae were the dominant reef 

habitat builders in the region, the rest of this thesis was focused on the kelp species E. 

radiata, which is the dominant foundation species in temperate Western Australia 

(Kirkman 1989; Kendrick et al. 1999; Smale et al. 2010).  

The response of deep communities to the 2011 extreme marine heatwave was less than 

that reported by shallow communities, yet, continuous monitoring of deeper 

communities is key to recognizing if they will persist under future extreme climatic 

disturbances. If they do, they may facilitate the reseeding of disturbed shallow 

populations through dispersed reproductive propagules. 

 

6.2 Are deep kelp populations self-sustainable? 

Once I established that deeper communities were less affected by extreme warming, the 

next step was to evaluate if they were capable of producing propagules to sustain their 

population and to potentially reseed other populations (Chapter 3). Deeper kelps showed 

high zoospore production, not significantly different from shallow kelps and interestingly, 

the peak of zoospore production occurred at 15 m, rather than at the shallowest sites (7 
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m). Additionally, there was a delay in the maximum reproductive output seasonality in 

deeper sites, with a peak in late autumn and beginning of winter, potentially increasing 

the reproductive window of E. radiata. Spore germination and gametophyte survival did 

not differ with depth of origin, and morphological traits of early life stages were only 

different in zoospores sourced at 40 m, with reduced surface area in male and female 

gametophytes and fewer branches in female gametophytes. This was paralleled by the 

morphology of adult sporophytes, which was different in individuals sourced from 40 m 

compared to other depths, indicating that kelps start to differentiate only at the deeper 

end of their depth distribution.  

The weak morphological differentiation between sporophytes of E. radiata across 

shallow and deep kelps was unexpected. Conspicuous morphological variation that exists 

between populations of E. radiata have been described previously (Wernberg et al. 

2003a). Some morphological traits in kelps have be associated with light gradients, for 

instance, reduced laminar thickness has been reported with decreased light (Miller et al. 

2006; Wing et al. 2007; Rothman et al. 2017). Also, comparisons across a turbidity 

gradient (strongly associated with irradiance) found variations in morphological traits of 

E. radiata such as, shorter stipes, longer lamina and low lamina surface area likely 

associated with areas of high turbidity and low irradiance (Blain et al. 2019). The only 

traits found to differ across depth in my study were number of laterals and spinuosity, 

which have not been identified in relation to light gradients before. The reduced 

morphological differentiation I found in E. radiata may be evidence of demographic 

connectivity between kelp populations across depths. Some morphological traits in kelps 

are driven by genetic differences rather than species plasticity. For example, in the kelp 

Ecklonia arborea (previously known as Eisenia arborea) two blade morphotypes are 

found in sites with different hydrodynamic regimes, but genetic analyses and field 

transplantations have shown that this trait is not a plastic response, and it has been 

proposed that the different hydrodynamic environments exert strong selection pressures 

for the different morphotypes (Roberson and Coyer 2004). 

Temperature and irradiance have been reported to affect the sexual reproduction of other 

laminarian kelps (Bolton and Levitt 1985; Lüning 2008). The difference in gametophyte 

area and number of branches that we found in gametophyte sourced from different 

depths, may be linked to light limitation (Mabin et al. 2019) who also found that low light 

resulted in reduced gametophyte size and less number of branches of male gametophytes. 
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Variations in female gametophyte size and number of branches have also been linked to 

temperature (Mabin et al. 2019), however I found only 1 °C average difference between 

the shallowest and deepest sites, unlikely to be the related to the morphological trait 

differences observed. 

Morphology of gametophytes may influence their viability and more importantly, their 

probability of fertilization. Large size, number of branches and branch length increases 

surface area which in turn may increase the chances of encounter with sperm in female 

gametophytes. It is possible that the gametophytes from deep sites would show a lower 

fertilization success because of their smaller area, however, I found low fertilization 

success also in gametophytes sourced at 15 and 25 m, therefore, this still remains to be 

determined. Laboratory and field experiments have shown that reproduction of several 

species of Laminarian kelps can be affected by increased temperature and reduced light 

(Lüning 2008). However, for E. radiata, temperature ranges for reproduction are large 

(~14 °C, from 9 to 24 °C) and thresholds vary according to the location of the population 

due to acclimation (Novaczek 1984a; b). Although not significantly different, this study 

found zoospore germination was lower, and gametophyte survival was higher in spores 

sourced from deeper sites, indicating similar viability of zoospores sourced across depth. 

These results, further the knowledge about the reproduction of deeper kelp populations 

and their potential to self-sustain and to help reseeding shallower reefs, given the 

appropriate oceanographic circulation.  

 

6.3 Dispersal of kelp zoospores and potential connectivity across 

depth 

Propagule exchange between deep and shallow populations of kelp is integral to the 

concept of deep refuge (Lesser et al. 2009). The particle tracking simulation conducted in 

this thesis, predicted high dispersal of kelp zoospores across depth in the study region 

with a large proportion of zoospores settling at the depth of origin, but the majority, 

dispersing over several kilometres and settling in deeper or shallower depths (Chapter 

4). The oceanic circulation in the region favoured the on-shore dispersal of zoospores, 

however exchange between deep and shallow sites was more likely across sites with 

steep gradients in depth, where the horizontal distance between deep and shallow sites 

was shorter. Moreover, estimates of zoospore settlement density suggest that cross-depth 
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dispersal may result in high enough settlement densities to achieve fertilization of 

gametophytes at the new location. It has been established that deep kelps at Rottnest 

Island are reproductive (Chapter 3), the results from this model show the high potential 

for demographic connectivity between deep and shallow kelp beds at Rottnest Island 

facilitated by high propagule dispersal across depth. 

This study identified mid-depth reefs (~25 m) to be potential stepping-stones for 

connectivity between deep and shallow kelp beds. Indirect connectivity between 

locations is common in seaweeds and other taxa and in E. radiata stepping-stone patterns 

are key for long-distance population connectivity (Coleman et al. 2011). The findings of 

this study are evidence that such connectivity is possible and potentially a common 

process at Rottnest Island, especially considering that the simulation largely 

underestimates the real amount of zoospores released in the region. The simulation used 

specific sites (digital kelp beds) of limited size for the release of zoospores, but kelp beds 

are abundant around Rottnest Island across all target depths. In the future, genetic studies 

guided by the results of this simulation, can be used to confirm the level of genetic 

structure that exists between deep and shallow kelp populations.  

The existence of deep kelp forests does not necessarily mean there is connectivity 

between deep and shallow habitats nor that there is propagule exchange between deep 

and shallow reefs. The importance of deep propagule supply has been demonstrated in 

shallow coral reefs, where reefs that showed high connectivity with deeper ones, 

recovered more efficiently after they were impacted by a strong cyclone in Western 

Australia (Van Oppen et al. 2011). I propose an analogous process may occur in this 

region, where reefs are dominated by macroalgae. The exchange of reproductive 

propagules across depths may constitute a natural process of resilience. High rates of 

propagule exchange across depth favour populations at all depths, enhancing genetic 

diversity while recolonizing disturbed habitats, potentially helping accelerating recovery, 

sustaining ecosystem function and avoiding local extinction.  

 

6.4 Will kelp survive in a changing world? 

Numerous marine species are shifting their latitudinal and depth ranges in response to 

climate change related pressures (Hampe and Petit 2005; Chen et al. 2011; Assis et al. 

2017b). Identifying and guarding contemporary climate refugia have become a 
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management priority, under the assumption that they could help mitigate climate change 

disturbances (Morelli et al. 2016). In 2016, the Conference of Parties (COP) of the 

Convention on Biological Diversity (CBD) appealed for the identification and protection 

of marine refugia (CBD/COP/DEC/XIII/11; December 10, 2016), and since “Climate 

Change Refugium” has been proposed as additional criteria for the identification of 

Ecologically or Biologically Significant Marine Areas (EBSAs) (Johnson and Kenchington 

2019). Accordingly, in this thesis I used SDMs to predict the location of potential areas of 

refugia for E. radiata from the pervasive threat of warming temperatures due to climate 

change (Chapter 5). The predicted distribution of E. radiata in 2100, highlighted the 

offshore reefs deeper than 25 m, between Perth and the Abrolhos Islands, as areas of very 

high suitability for kelp despite the warming conditions. A third of the predicted refugia 

also occurred within the current jurisdiction of Australian Marine Parks, though only 

around 1% of them within the National Park Zone.  

The SDMs of combined geomorphological and environmental data were adequate for 

predicting the potential distribution of kelp, and we used conservative estimates to 

classify the refugia areas, by using areas that consistently showed very high (>85%) 

predictions of kelp occurrence. As a result, a limited area of approximately 80 km2 was 

classified as potential refugia for E. radiata. Deep, offshore reefs, were identified as 

potential refugia by SDMs and also showed a reduced response in community 

composition to an extreme marine heatwave (Chapter 2). If deeper offshore communities 

were to persist through climate change, as predicted by the SDMs, they have the potential 

to self-sustain (Chapter 3), and potentially colonize other locations (Chapter 4).  

Evaluation of the current management plan provided by Australian Marine Parks found 

that the majority of the potential kelp refugia identified for the region occurs outside AMP 

jurisdiction. The benefit provided by marine protected areas can be enhanced in the long 

term, if populations that are more likely to survive are protected from now. Once more, 

this study also highlighted our reduced knowledge of the biophysical processes that drive 

deeper populations. As such, continuous monitoring of key ecosystems and of the 

biophysical processes that drive them is essential to further the results of this study and 

apply adaptive management strategies if needed. Further predictive studies should also 

be conducted as improved spatial products become available for the marine realm, or new 

predictive algorithms and analytical tools allow for more accurate forecasting. 
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6.5 From refuge to refugium 

In the introduction of this thesis, I defined the difference between the term ‘refuge’ and 

‘refugium’ in terms of the time scales in which they operate. The term ‘refuge’ in this thesis 

is used to describe processes that occur at ecological time scales (years-decades), while 

the term ‘refugium’ applies to evolutionary time scales (millennia) and to processes 

associated with contemporary climate change (within the century). I have found evidence 

for the existence of refuge from an extreme marine heatwave in the deep and offshore 

reefs of WA for E. radiata, including their potential to reseed disturbed shallow sites 

(Chapters 2, 3 and 4). I expand the time scale of these findings, by also identifying deep, 

offshore reefs as areas of predicted high probability for persistence of E. radiata under 

climate change (Chapter 5). Climate change is occurring at accelerated rates, with severe 

changes to biodiversity predicted to occur within the century (Bálint et al. 2011; Dawson 

2011; Kaschner et al. 2011; Yasuhara and Danovaro 2016; IPCC 2019). As such, 

identifying refuges from environmental extremes may provide the best indication of 

regions that can provide refugia from future climatic conditions.  With the premise that a 

habitat that consistently provides refuge, in the long term, becomes refugium, I suggest 

that deep, offshore reefs in WA, have the potential to act as climate refugia for E. radiata. 

 

 The Deep Reef Refugia Hypothesis (DRRH) originated over a decade ago from tropical 

coral reef systems, as widespread bleaching events resulted in catastrophic loss of coral 

around the globe (Glynn 1996; Bongaerts et al. 2010; Kahng et al. 2010; Slattery et al. 

2011; Loya et al. 2016). Advances in assessing the DRRH in tropical coral reefs far 

outweigh those for temperate, macrophyte dominated habitats. For Mesophotic Coral 

Reefs (MCEs), studies aiming to answer the same questions posed in this thesis already 

exist, and in many cases, for different geographical regions. MCEs studies agree that the 

DRRH would most likely apply only to the upper end of the mesophotic depths (<70 m) 

(Lesser et al. 2009; Bongaerts et al. 2010; Van Oppen et al. 2011). Other consequences of 

climate change include the melting of ice sheets, which would cause global rise in sea 

level, ultimately rendering upper-mesophotic reefs even deeper and darker. Thus, the 

validity of the DRRH in MCE’s is a controversial topic, with some studies evidencing its 

potential existence while others indicating the opposite due to reduced fertility at depth 
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(Shlesinger et al. 2018), distinct deep communities that do not resemble shallow ones 

(Rocha et al. 2018) and reduced connectivity (Bongaerts et al. 2017). A comparable 

collection of literature does not currently exist for temperate reefs. With this study, I 

contributed to the understanding of deeper temperate communities as a potential source 

of resilience from climatic disturbances. This evaluation has demonstrated a high 

likelihood of ecological refugia existing in deeper reefs for a key foundation species.  
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Fig. 6.1. Conceptual diagram of the deep reef refuge hypothesis for E. radiata in Western 

Australia. The temperature signature of the marine heatwave was present at deeper sites, 

and we found no evidence of significant reduced temperature anomalies during the 2011 

marine heatwave in deep areas. Yet, the response of deeper communities was reduced 

compare to their shallow counterparts suggesting they are more resistant to thermal 

disturbance (Chapter 2). We also found deeper kelps were reproductive across all dephts 

with a delay in the reproductive peak around at the sites (Chapter 3).  Simulations of 

zoospores dispersal predicted high dispersal across depths, and evidence of mid-depth 

reefs (~25 m depth) acting as stepping-stones for connectivity between shallow and deep 

kelp beds (Chapter 4). Finally, the species distribution models for climate change 

scenarios identified deep (>25 m), offshore kelp beds as potential refugia from climate 

change (Chapter 5). 

 

6.6 Future research 

This thesis emphasizes a large knowledge gap in of understanding of processes that drive 

the dynamics of deep-offshore communities. Large changes in deep communities were 

identified in this analysis, but not in response to the 2011 MHW (Rottnest Island from 

2014-2017). The ‘deep sites’ targeted in this thesis (Chapter 1), occur just below depths 

vastly studied in the region (<15 m), therefore, ecologists have assumed that the 

processes driving communities across-depth are the same, yet our findings suggest that 

this is not the case. What drives change in deep communities that are potentially more 

limited by light, temperature and nutrient regimes to their shallow counterparts? This 

important question needs to be addressed before a full assessment of their potential as 

climate refuge can be delivered. More information is needed about key environmental 

factors that structure spatial and temporal dynamics of communities found in deeper 

temperate reefs. To achieve this, continued monitoring of deeper biotic and 

environmental variables is critical to understand the patterns captured in this thesis. 

SDMs are powerful analytical tools that have been vastly applied to predict species 

distributions in response to changing environmental conditions (Melo-Merino et al. 

2020). Currently, the quality of spatial data that is available for the marine environment 

is greatly reduced compared to terrestrial products. Low resolution, highly interpolated 

variables and low confidence around coastal areas are some of the restrictions that 

marine modellers encounter at the time of predicting species distributions. Moreover, in 

order to predict the full depth range of sessile species, quality, and high resolution 

subsurface products are required (e.g. bottom temperature, light, nutrients, etc.). Such 
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were the limitations encountered for this study (Chapter 5). Despite all these drawbacks, 

our models were adequate and provide important insights into potential key areas to 

monitor in the long term. Yet, further predictions are necessary as better-quality products 

become available for the marine environment, and future predictions should expand to 

include the full range of temperate reefs of Australia (the south and east coasts). This 

thesis only predicted the distribution of E. radiata under pervasive climate change 

pressures, while is known that extreme events such as marine heatwaves may drive range 

contractions in a small period of time (Wernberg et al. 2016). Incorporating the effects of 

discrete disturbances into SDMs should be the next step in identifying refugia for E. 

radiata.  

To further the findings of this thesis, data on the cross-depth reproductive performance 

of E. radiata should be collected from other sites across the region. It is important to 

understand if the patterns observed at Rottnest Island occur across latitudinal gradients 

including areas identified as refugia in the SDMs, like the Abrolhos Archipelago. 

Measurements of cross-depth reproductive performance and simulations of propagule 

dispersal should also be extended to other important species in the region, such as 

Scytothalia dorycarpa (also affected by the 2011 MHW), and Sargassum sp. The kelp spore 

dispersal and settlement density recorded in this thesis, should also inform genetic 

studies that could demonstrate the cross-depth connectivity between kelp beds in the 

Perth region. 

In this thesis, we did not take into consideration processes that may affect post-settlement 

survival of kelp propagules transported across-depth. These processes could counteract 

the ability of deep kelps to reseed shallow sites. Future assessments of the role of deep 

reefs as refugia, should include field and laboratory experiments to estimate the potential 

of kelp zoospores sourced from different depths, to create new populations.  

 

6.7 Conclusion 

With this thesis, I aimed to take a first step into evaluating the potential role of deep 

temperate habitats to provide refugia from climate change for a marine foundation 

species. Through this thesis, while focusing on E. radiata. I systematically evaluated four 

key criteria that underpin the concept of deep refugia: 1) The response of deeper 

communities to a climatic disturbance, 2) the ability of deep populations to produce 
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viable propagules, 3) adequate propagule dispersal that allows self-sustenance and 

supply to other populations, and 4) the effect of climate change on the latitudinal and 

cross-depth distribution of a species. This thesis provides useful insights into the ecology 

of deep populations and their potential role in enhancing the resilience of marine 

ecosystems of the continental shelf. I found that despite some differences in community 

structure across latitude and depth, deep temperate reefs of WA share similar species 

with shallow reefs, such as habitat building macrophytes, including E. radiata. I also found 

that following the 2011 MHW, communities located in deep, offshore reefs changed less 

in community composition than their shallow counterparts. I did not identify the same 

catastrophic effects of the MHW in shallow, offshore biotic communities that were 

identified in shallow inshore reefs. I also propose that deeper, offshore communities in 

WA, influenced by the Leeuwin current and oceanographic processes associated with the 

continental shelf slope, are more resistant to temperature variations than shallow ones 

and uncoupled from additional stressors that may affect inshore reefs. I suggest that 

future research of deep refugia in the region focuses on understanding community 

dynamics in relation to environmental variation, to either amount to or reject this 

hypothesis. For the first time, an evaluation of reproductive performance across a depth 

gradient of 33 m (7 to 40 m) was performed for E. radiata. This evaluation revealed that 

deeper kelps produce viable zoospores and have a delay on the reproductive season 

compared to shallow kelps. High rates of zoospore dispersal across depths in the Perth 

region were simulated with a detailed, three-dimensional model of oceanographic 

circulation, highlighting the role of mid-depth kelp beds (~25 m depth) as “stepping 

stones”, potentially facilitating connectivity between deep and shallow beds. Finally, in 

the effort to identify potential refugia from climate change, I predicted the distribution of 

E. radiata under future climatic scenarios, and found an area of ~80 km2, along the deep 

(>25 m), offshore reefs between Perth and the Abrolhos Islands, with predicted high 

suitability for kelp, even under the worst case climate change scenario (RCP 8.5). I classify 

these areas as potential climatic refugia for E. radiata to highlight their importance and 

flag them as potential long-term monitoring sites to inform Australian Marine Parks 

management plans. With this thesis I showed, that deeper and offshore communities are 

less affected by climatic disturbances, are reproductive, may provide propagules to 

shallow reefs and may withstand the pressures of climate change. I conclude that the 

results of this study add evidence to show that deep, offshore habitats may provide a 
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refuge from climatic disturbances to E. radiata and in doing so, may constitute a natural 

resilience mechanism to reseed habitats affected by biophysical disturbances.  
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Supplementary material 

 

Chapter 2 

Table S2.1. Number of grids surveyed and used for analyses at each year for all sites and 

locations (ND = No Data, sites not surveyed that year).  

 Site Depth 2010 2011 2012 2013 2014 2017 

Abrolhos 
Islands 

Geebank 
15 m 3 3 3 3 3 3 
25 m 3 3 3 2 2 3 

Coral 
Patches 

15 m 3 2 3 3 3 ND 
40 m 3 ND 3 3 1 ND 

Snapper 
Bank 25 m ND 3 3 3 3 3 

Jurien 
Bay 

North 
15 m 3 2 2 3 ND ND 
25 m 3 2 2 3 ND ND 
40 m 3 3 3 ND ND ND 

South 40 m 3 3 3 3 ND ND 
New 25 m ND 3 3 ND ND ND 

Rottnest 
Island 

North 
15 m 3 3 3 3 ND 3 
25 m 3 2 2 3 ND 3 
40 m 3 2 2 3 ND 3 

South 
15 m 3 2 2 2 ND 3 
25 m 3 3 3 3 ND 3 
40 m 3 2 2 2 ND 2 
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Fig. S2.1. Mean percent cover (± SE) of sand at each depth and location from 2010 - 2017. 

The estimates of percent cover are means of ~ 90 to 180 images within each depth per 

year. 
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Fig. S2.2. Mean percent cover (± SE) of unbleached coral (a) and bleached coral (b) at each 

depth at Houtman Abrolhos Islands, WA. The grey box highlights 2011, the year of the 

marine heatwave. The estimates of percent cover are means of ~ 90 to 180 images within 

each depth per year. 
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Fig. S2.3. Mean percent cover (± SE) of turf at each depth and location from 2010 - 2017. 

The estimates of percent cover are means of ~ 90 to 180 images within each depth per 

year. 

 

Fig. S2.4. Mean percent cover (± SE) of fine branching red algae at each depth and location 

from 2010 - 2017. The estimates of percent cover are means of ~ 90 to 180 images within 

each depth per year 
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Fig. S2.5. Mean percent cover (± SE) of Foliose Coral at each depth at Houtman 

Abrolhos Islands, WA. The estimates of percent cover are means of ~ 90 to 180 images 

within each depth per year. 

 

Fig. S2.6. Mean percent cover (± SE) of encrusting red algae at each depth and location 

from 2010 - 2017. The estimates of percent cover are means of ~ 90 to 180 images within 

each depth per year. 
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Fig. S2.7. Mean percent cover (± SE) of Ecklonia radiata at each depth and location from 

2010 - 2017. The estimates of percent cover are means of ~ 90 to 180 images within each 

depth per year. 

 

Fig. S2.8. Mean percent cover (± SE) of Sargassum sp. at each depth and location from 2010 

- 2017. The estimates of percent cover are means of ~ 90 to 180 images within each depth 

per year. 



  

152 
 

 

Fig. S2.9. Mean percent cover (± SE) of seagrass at each depth and location from 2010 - 

2017. The estimates of percent cover are means of ~ 90 to 180 images within each depth 

per year. 

 

Fig. S2.10. Mean percent cover (± SE) of Scytothalia dorycarpa at each depth and location 

from 2010 - 2017. The estimates of percent cover are means of ~ 90 to 180 images within 

each depth per year. 
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Fig. S2.11. Mean percent cover (± SE) of sponges at each depth and location from 2010 - 

2017. The estimates of percent cover are means of ~ 90 to 180 images within each depth 

per year. 

 

Fig. S2.12. Mean percent cover (± SE) of staghorn coral at each depth and location from 

2010 – 2017. The estimates of percent cover are means of ~ 90 to 180 images within each 

depth per year. 
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Fig. S2.13. Mean percent cover (± SE) of tabulate coral at each depth and location from 

2010 – 2017. The estimates of percent cover are means of ~ 90 to 180 images within each 

depth per year. 

 

Table S2.2. Univariate PERMANOVA to test for percent cover differences of main benthic 

categories between depths and years at each location. PERMANOVA derived from square 

root transformation and Euclidian distance similarity matrices.  

Benthic 

category 
Location Effects 

Numerator 

df 

Denominator 

df 

Pseudo

-F 
p 

Unique 

permutations 

Coral Abrolhos Year 5 2413 5.09 0.0002 9963 

  Depth 2 2413 622.48 0.0001 9945 

  
Year x 

Depth 
9 2413 5.98 0.0001 9939 

Bleached 

Coral 
Abrolhos Year 5 2413 26.131 0.0001 9948 

  Depth 2 2413 33.299 0.0001 9947 
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Year x 

Depth 
9 2413 14.697 0.0001 9933 

Coral - 

Staghorn 
Abrolhos Year 5 2413 16.13 0.0001 9941 

  Depth 2 2413 335.11 0.0001 9948 

  
Year x 

Depth 
9 2413 10.68 0.0001 9941 

Coral - 

Foliose 
Abrolhos Year 5 2413 2.26 0.0443 9925 

  Depth 2 2413 94.63 0.0001 9943 

  
Year x 

Depth 
9 2413 4.14 0.0001 9926 

Coral - 

Tabulate 
Abrolhos Year 5 2413 3.13 0.0072 9951 

  Depth 2 2413 343.65 0.0001 9953 

  
Year x 

Depth 
9 2413 3.27 0.0006 9931 

Macroalga

e 
Abrolhos Year 5 2413 25.329 0.0001 9840 

  Depth 2 2413 116.37 0.0001 9941 

  
Year x 

Depth 
9 2413 14.87 0.0001 9838 

 Rottnest Year 4 2355 5.385 0.0006 9963 

  Depth 2 2355 198.2 0.0001 9949 

  
Year x 

Depth 
8 2355 3.013 0.0014 9935 
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 Jurien Year 3 1548 69.04 0.0001 9936 

  Depth 2 1548 159.97 0.0001 9949 

  
Year x 

Depth 
6 1548 25.09 0.0001 9953 

Macroalga

e - 

Ecklonia 

Abrolhos Year 5 2413 19.808 0.0001 9952 

  Depth 2 2413 62.225 0.0001 9940 

  
Year x 

Depth 
9 2413 8.821 0.0001 9947 

 Rottnest Year 4 2355 1.2873 0.2763 9958 

  Depth 2 2355 70.477 0.0001 9945 

  
Year x 

Depth 
8 2355 3.355 0.001 9938 

 Jurien Year 3 1548 4.865 0.002 9942 

  Depth 2 1548 71.479 0.0001 9943 

  
Year x 

Depth 
6 1548 2.333 0.0297 9939 

Macroalga

e - 

Sargassum 

Abrolhos Year 5 2413 5.419 0.0001 9953 

  Depth 2 2413 77.164 0.0001 9955 

  
Year x 

Depth 
9 2413 3.820 0.0003 9948 

 Rottnest Year 4 2355 36.549 0.0001 9958 

  Depth 2 2355 55.544 0.0001 9951 
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Year x 

Depth 
8 2355 26.901 0.0001 9952 

Macroalga

e - Turf 
Abrolhos Year 5 2413 34.008 0.0001 9947 

  Depth 2 2413 125.68 0.0001 9954 

  
Year x 

Depth 
9 2413 12.888 0.0001 9828 

 Rottnest Year 4 2355 7.973 0.0001 9954 

  Depth 2 2355 0.580 0.5566 9950 

  
Year x 

Depth 
8 2355 4.956 0.0001 9926 

 Jurien Year 3 1548 64.997 0.0001 9940 

  Depth 2 1548 49.855 0.0001 9944 

  
Year x 

Depth 
6 1548 83.203 0.0001 9943 

Macroalga

e – Fine 

branching 

red 

Abrolhos Year 5 2413 46.374 0.0001 9948 

  Depth 2 2413 182.78 0.0001 9949 

  
Year x 

Depth 
9 2413 16.015 0.0001 9941 

 Rottnest Year 4 2355 18.362 0.0001 9957 

  Depth 2 2355 8.238 0.0002 9947 

  
Year x 

Depth 
8 2355 8.959 0.0001 9940 
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 Jurien Year 3 1548 39.354 0.0001 9952 

  Depth 2 1548 67.283 0.0001 9954 

  
Year x 

Depth 
6 1548 17.338 0.0001 9935 

Macroalga

e – 

Encrustin

g red 

Abrolhos Year 5 2413 45.266 0.0001 9956 

  Depth 2 2413 70.205 0.0001 9946 

  
Year x 

Depth 
9 2413 21.739 0.0001 9919 

 Rottnest Year 4 2355 7.499 0.0001 9933 

  Depth 2 2355 5.726 0.0034 9948 

  
Year x 

Depth 
8 2355 4.596 0.0001 9935 

 Jurien Year 3 1548 39.292 0.0001 9954 

  Depth 2 1548 643.85 0.0001 9960 

  
Year x 

Depth 
6 1548 14.646 0.0001 9936 

Macroalga

e - 

Scytothali

a 

Rottnest Year 4 2355 18.688 0.0001 9943 

  Depth 2 2355 5.664 0.037 9955 

  
Year x 

Depth 
8 2355 8.291 0.0001 9942 
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Macroalga

e – 

Canopy 

Abrolhos Year 5 2413 11.552 0.0001 9949 

  Depth 2 2413 88.42 0.0001 9953 

  
Year x 

Depth 
9 2413 7.085 0.0001 9947 

 Rottnest Year 4 2355 0.365 0.8378 9944 

  Depth 2 2355 78.439 0.0001 9945 

  
Year x 

Depth 
8 2355 2.499 0.0097 9940 

 Jurien Year 3 1548 6.587 0.0003 9948 

  Depth 2 1548 45.515 0.0001 9940 

  
Year x 

Depth 
6 1548 5.488 0.0001 9936 

Seagrass Abrolhos Year 5 2413 0.688 0.6219 9945 

  Depth 2 2413 31.811 0.0001 9959 

  
Year x 

Depth 
9 2413 3.675 0.0003 9940 

 Jurien Year 3 1548 33.929 0.0001 9949 

  Depth 2 1548 22.252 0.0001 9952 

  
Year x 

Depth 
6 1548 6.687 0.0001 9945 

Sponges Abrolhos Year 5 2413 20.268 0.0001 9933 

  Depth 2 2413 108.89 0.0001 9964 
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Year x 

Depth 
9 2413 11.53 0.0001 9931 

 Rottnest Year 4 2355 4.562 0.0012 9952 

  Depth 2 2355 129.99 0.0001 9954 

  
Year x 

Depth 
8 2355 2.774 0.0040 9927 

 Jurien Year 3 1548 1.292 0.2752 9952 

  Depth 2 1548 93.322 0.0001 9951 

  
Year x 

Depth 
6 1548 1.566 0.1512 9949 

Sand Abrolhos Year 5 2413 19.23 0.0001 9944 

  Depth 2 2413 1067.2 0.0001 9949 

  
Year x 

Depth 
9 2413 7.921 0.0001 9929 

 Rottnest Year 4 2355 5.36 0.0002 9956 

  Depth 2 2355 172.58 0.0001 9951 

  
Year x 

Depth 
8 2355 1.122 0.3452 9925 

 Jurien Year 3 1548 17.509 0.0001 9953 

  Depth 2 1548 147.03 0.0001 9953 

  
Year x 

Depth 
6 1548 32.323 0.0001 9935 

Table S2.3. Summer average temperatures in degrees Celsius (± standard error) for each 

location at three depth bins 10, 30 and 40 m from 1995 to 2015 (Integrated Marine 

Observing System, 2015). Depth bins group data from a range of depths so that 10 m bin 

include 5-15 m, the 30 m bin include 25-35 m and the 40 m bin includes 35-45 m of depth. 

Summer months included the temperatures from December to April. The standard error 
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of some temperatures was not calculated due to lack of data (one or 2 observations only). 

ND indicates that there is no data available for that location and depth.  

Year Location 10 m 30 m 40 m 

1995 Abrolhos 25.286 ± 0.064 25.298 ± 0.052 25.267 ± 0.033 
1996 Abrolhos 22.96 ± 0.257 22.916 ± 0.286 22.739 ± 0.361 
1997 Abrolhos ND ND ND 
1998 Abrolhos ND ND ND 
1999 Abrolhos 22.346 22.237 22.147 
2000 Abrolhos ND ND ND 
2001 Abrolhos ND ND ND 
2002 Abrolhos ND ND ND 
2003 Abrolhos ND ND ND 
2004 Abrolhos ND ND ND 
2005 Abrolhos 20.574 20.575 20.569 
2006 Abrolhos ND ND ND 
2007 Abrolhos ND ND ND 
2008 Abrolhos ND ND ND 
2009 Abrolhos ND ND ND 
2010 Abrolhos 22.537 22.151 22.007 
2011 Abrolhos 25.008 25.024 ND 
2012 Abrolhos 24.067 23.833 ND 
2013 Abrolhos 23.705 23.551 23.138 
2014 Abrolhos 23.193 ± 0.09 23.16 ± 0.074 23.106 ± 0.064 
1995 Jurien ND ND ND 
1996 Jurien 22.127 ± 0.199 22.014 ± 0.22 21.847 ± 0.278 
1997 Jurien ND ND ND 
1998 Jurien ND ND ND 
1999 Jurien 21.734 21.629 20.905 
2000 Jurien ND ND ND 
2001 Jurien 21.762 21.38 21.388 
2002 Jurien ND ND ND 
2003 Jurien ND ND ND 
2004 Jurien ND ND ND 
2005 Jurien 23.011 22.984 22.976 
2006 Jurien ND ND ND 
2007 Jurien ND ND ND 
2008 Jurien ND ND ND 
2009 Jurien ND ND ND 
2010 Jurien 21.653 ± 0.695 21.801 ± 0.12 21.632 ± 0.31 
2011 Jurien 24.459 ± 0.342 24.201 ± 0.333 23.934 ± 0.181 
2012 Jurien 23.31 ± 0.23 23.622 ± 0.151 23.63 ± 0.166 
2013 Jurien 23.507 ± 0.21 23.562 ± 0.219 23.557 ± 0.136 
2014 Jurien 22.986 ± 0.247 22.802 ± 0.255 22.717 ± 0.298 
1995 Rottnest 21.547 ± 0.418 21.626 ± 0.422 21.537 ± 0.416 
1996 Rottnest 22.599 ± 0.245 22.502 ± 0.239 22.498 ± 0.245 
1997 Rottnest 22.288 ± 0.413 22.114 ± 0.42 22 ± 0.469 
1998 Rottnest 22.142 ± 0.25 22.026 ± 0.275 21.931 ± 0.288 
1999 Rottnest 23.141 ± 0.287 23.064 ± 0.298 22.994 ± 0.296 
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2000 Rottnest 22.165 ± 0.402 22.121 ± 0.455 21.928 ± 0.515 
2001 Rottnest 21.609 ± 0.169 21.537 ± 0.159 21.642 ± 0.195 
2002 Rottnest 21.505 21.486 21.409 
2003 Rottnest 19.413 ± 0.167 19.238 ± 0.282 19.162 ± 0.36 
2004 Rottnest 21.53 ± 0.272 21.202 ± 0.167 21.078 ± 0.139 
2005 Rottnest 20.258 ± 0.366 19.937 ± 0.275 19.792 ± 0.223 
2006 Rottnest 22.177 ± 0.407 21.937 ± 0.343 21.838 ± 0.305 
2007 Rottnest 21.865 21.813 21.754 
2008 Rottnest 22.201 ± 0.845 21.497 ± 0.81 21.314 ± 0.835 
2009 Rottnest 21.95 ± 0.114 21.603 ± 0.162 21.528 ± 0.174 
2010 Rottnest 21.74 ± 0.211 21.207 ± 0.221 21.023 ± 0.243 
2011 Rottnest 23.961 ± 0.184 23.585 ± 0.225 23.447 ± 0.232 
2012 Rottnest 23.159 ± 0.28 22.807 ± 0.254 22.685 ± 0.255 
2013 Rottnest 23.05 ± 0.144 22.594 ± 0.173 22.332 ± 0.2 
2014 Rottnest 21.681 ± 0.3 21.382 ± 0.314 21.171 ± 0.331 
2015 Rottnest ND ND 19.473 

 

Table S2.4. Summer temperatures anomalies in degrees Celsius for each location at three 

depth bins 10, 30 and 40 m from 1995 to 2015 (Integrated Marine Observing System, 

2015). Depth bins group data from a range of depths so that 10 m bin include 5-15 m, the 

30 m bin include 25-35 m and the 40 m bin includes 35-45 m of depth. Summer months 

included the temperatures from December to April. ND indicates that there is no data 

available for that location and depth.  

 15 m 25 m 40 m 

Year Location Anomaly Anomaly Anomaly 
1995 Abrolhos 1.989 2.104 2.557 
1996 Abrolhos -0.338 -0.278 0.029 
1997 Abrolhos ND ND ND 
1998 Abrolhos ND ND ND 
1999 Abrolhos -0.952 -0.957 -0.563 
2000 Abrolhos ND ND ND 
2001 Abrolhos ND ND ND 
2002 Abrolhos ND ND ND 
2003 Abrolhos ND ND ND 
2004 Abrolhos ND ND ND 
2005 Abrolhos -2.723 -2.619 -2.142 
2006 Abrolhos ND ND ND 
2007 Abrolhos ND ND ND 
2008 Abrolhos ND ND ND 
2009 Abrolhos ND ND ND 
2010 Abrolhos -0.760 -1.043 -0.703 
2011 Abrolhos 1.710 1.830 ND 
2012 Abrolhos 0.769 0.639 ND 
2013 Abrolhos 0.408 0.357 0.427 
2014 Abrolhos -0.104 -0.034 0.395 
1995 Jurien ND ND ND 
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1996 Jurien -0.600 -0.652 -0.662 
1997 Jurien ND ND ND 
1998 Jurien ND ND ND 
1999 Jurien -0.994 -1.038 -1.605 
2000 Jurien ND ND ND 
2001 Jurien -0.966 -1.287 -1.121 
2002 Jurien ND ND ND 
2003 Jurien ND ND ND 
2004 Jurien ND ND ND 
2005 Jurien 0.283 0.318 0.467 
2006 Jurien ND ND ND 
2007 Jurien ND ND ND 
2008 Jurien ND ND ND 
2009 Jurien ND ND ND 
2010 Jurien -1.074 -0.865 -0.878 
2011 Jurien 1.731 1.535 1.424 
2012 Jurien 0.582 0.956 1.120 
2013 Jurien 0.780 0.895 1.047 
2014 Jurien 0.258 0.136 0.207 
1995 Rottnest -0.452 -0.138 -0.013 
1996 Rottnest 0.600 0.738 0.949 
1997 Rottnest 0.289 0.350 0.451 
1998 Rottnest 0.144 0.262 0.382 
1999 Rottnest 1.142 1.300 1.444 
2000 Rottnest 0.166 0.357 0.378 
2001 Rottnest -0.390 -0.227 0.093 
2002 Rottnest -0.494 -0.278 -0.141 
2003 Rottnest -2.586 -2.526 -2.388 
2004 Rottnest -0.469 -0.562 -0.471 
2005 Rottnest -1.741 -1.827 -1.757 
2006 Rottnest 0.178 0.173 0.289 
2007 Rottnest -0.134 0.049 0.205 
2008 Rottnest 0.202 -0.267 -0.236 
2009 Rottnest -0.049 -0.161 -0.021 
2010 Rottnest -0.259 -0.557 -0.527 
2011 Rottnest 1.962 1.821 1.898 
2012 Rottnest 1.160 1.043 1.136 
2013 Rottnest 1.051 0.830 0.783 
2014 Rottnest -0.318 -0.382 -0.378 
2015 Rottnest ND ND -2.076 

 

Table S2.5. Number of data points obtained to calculated averages, and anomalies of 

temperature at each year location and depth. 

Depth Year Abrolhos Jurien Rottnest 

15 m 1995 2 0 10 
1996 7 8 13 
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1997 0 0 8 
1998 0 0 14 
1999 1 1 11 
2000 1 1 15 
2001 0 1 12 
2002 0 1 2 
2003 0 0 9 
2004 0 0 9 
2005 1 1 9 
2006 0 0 11 
2007 0 0 5 
2008 0 0 8 
2009 0 0 22 
2010 1 3 16 
2011 1 3 20 
2012 1 4 16 
2013 1 3 15 
2014 4 4 14 
2015 0 0 0 

25 m 1995 2 0 9 
1996 7 8 13 
1997 0 0 8 
1998 0 0 14 
1999 1 1 11 
2000 1 1 15 
2001 0 1 12 
2002 0 1 2 
2003 0 0 8 
2004 0 0 9 
2005 1 1 9 
2006 0 0 11 
2007 0 0 5 
2008 0 0 9 
2009 0 0 24 
2010 1 4 19 
2011 1 3 27 
2012 1 3 20 
2013 1 2 22 
2014 4 4 16 
2015 0 0 0 

40 m 1995 2 0 9 
1996 6 8 12 
1997 0 0 8 
1998 0 0 13 
1999 1 1 11 
2000 1 1 15 
2001 0 1 12 
2002 0 1 2 
2003 0 0 7 
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2004 0 0 9 
2005 1 1 9 
2006 0 0 11 
2007 0 0 5 
2008 0 0 9 
2009 0 0 24 
2010 1 3 19 
2011 0 2 27 
2012 0 2 20 
2013 1 3 22 
2014 3 4 18 
2015 0 0 1 
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Chapter 3 

Table S3.1. PERMANOVA pair-wise test for the effect of depth on adult morphological 

traits of Ecklonia radiata (Square root transformed data, Euclidian distances, 9999 

permutations). 

Groups t P-value 
Unique 

permutations 

7, 15 0.82433 0.5759 35 

7, 25 1.2613 0.1655 35 

7, 40 2.3242 0.0264* 35 

15, 25 0.9225 0.6320 35 

15, 40 1.8692 0.0282* 35 

25, 40 1.7452 0.0567 35 

 

Table S3.2. Summary of ANOVAs and significance values for the effect of depth and site on 

adult sporophyte morphology traits of Ecklonia radiata.    

Variable Source df 
Sum of 

squares 

Mean 

square 

F-

ratio 
P-value 

Total length 

of lamina 

Depth 3 12,999 4,333 0.768 0.514 

Site 2 14,709 7,354 1.303 0.276 

Depth*Site 4 8,163 2,041 0.362 0.835 

Residual 114 343,361 5,644   

Laminar 

thickness 

Depth 3 21.7 7.2315 2.364 0.0748 

Site 2 3.4 1.713 0.560 0.5728 

Depth*Site 4 9.4 2.356 0.770 0.5466 

Residual 114 348.7 3.058   
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Laminar 

width 

Depth 3 14 14.5 0.045 0.987 

Site 2 2 0.75 0.007 0.993 

Depth*Site 4 221 55.30 0.547 0.701 

Residual 33 11,521 101.06   

Lateral 

length 

Depth 3 100 33.36 0.527 0.665 

Site 2 24 11.79 0.186 0.830 

Depth*Site 4 328 81.96 1.295 0.276 

Residual 33 7,216 63.30   

Lateral 

thickness 

Depth 3 0.38 0.126 0.389 0.761 

Site 2 0.58 0.290 0.895 0.411 

Depth*Site 4 1.75 0.437 1.347 0.257 

Residual 33 36.97 0.324   

Lateral 

width 

Depth 3 215 71.66 1.309 0.275 

Site 2 40 19.49 0.364 0.696 

Depth*Site 4 358 89.57 1.636 0.170 

Residual 33 6,242 54.76   

Wet weight 

Depth 3 620,794 206,931 1.901 0.133 

Site 2 16,096 8,048 0.074 0.929 

Depth*Site 4 810,850 202,713 1.862 0.122 

Residual 33 12,411,766 108,875   

Stipe width 

Depth 3 228 76.11 0.688 0.561 

Site 2 2 0.81 0.007 0.993 

Depth*Site 4 31 7.78 0.070 0.991 

Residual 33 12,608 110.59   

Stipe length 

Depth 3 157 52.26 1.152 0.331 

Site 2 54 26.99 0.595 0.553 

Depth*Site 4 104 25.93 0.571 0.684 

Residual 33 5,172 45.37   

Number of 

laterals 

Depth 3 1,972 657.3 2.800 0.043* 

Site 2 360 179.8 0.766 0.467 
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Depth*Site 4 2,288 572.1 2.437 0.0511 

Residual 33 26,762 234.8   

Spinuosity 

Depth 3 3.64 1.214 1.405 0.245 

Site 2 8.85 4.424 5.118 0.007** 

Depth*Site 4 2.63 0.657 0.760 0.553 

Residual 33 98.53 0.864   

 

Table S3.3. Mean spore release densities by depth at each month (January-May 2018) at 

Rottnest Island, WA. 

 January February March April May 

7 m 1,141.833 ± 

871.9 

3,456.917 ± 

871.9 

3,302.417 ± 

888.5 

1,142.6 ± 

290.3 

1,139.167 ± 

172.4 

15 m 2,195.5 ± 

2,175.1 

6,154.417 ± 

2,175.1 

1,615.333 ± 

280.6 

5,549.9 ± 

1,249.9 

1,777.583 ± 

508.6 

25 m  987.1667 ± 

1,526.1 

2,613.364 ± 

1,526.1 

2,314.583 ± 

658.5 

3,943.1 ± 

696.4 

2,572.833 ± 

578.1 

40 m 214.75 ± 

398.5 

1,201.778 ± 

398.4 

4,273 ± 

2,073.3 
 

5,531.2 ± 

1,224.5 

3,930.5 ± 

826.5 

 

Table S3.4. Summary of ANOVAs and significance values for the effect of parental depth 

on zoospore settlement, gametophyte formation, and gametophyte size, gametophyte 

maximum branch length, gametophyte number of branches, gametophyte sex ratio and 

fertilization success of Ecklonia radiata.    

Variable Source df 
Sum of 

squares 

Mean 

square 

F-

ratio 
P-value 

Spore 

germination 

success 

Depth 3 8,748 5,180 1.878 0.152 

Residual 36 83,025 2,758   

Gametophyte 

survival 

Depth 3 15,541 5,180 1.878 0.152 

Residual 33 91,008 2,758   



  

169 
 

Female 

surface area 

Depth 3 3,501,310 1,167,103 3.142 0.0382* 

Residual 33 12,258,003 371,455   

Male surface 

area 

Depth 3 5,558,497 1,852,832 5.736 0.00284** 

Residual 33 10,659,372 323,011   

Female max. 

branch 

length 

Depth 3 1,046 348.6 1.342 0.278 

Residual 33 8,573 259.8   

Male max. 

branch 

length 

Depth 3 700 233.2 1.342 0.278 

Residual 33 6,929 210.0   

Female no. 

branches 

Depth 3 3.386 1.1286 3.58 0.024* 

Residual 33 10.402 0.3252   

Male no. 

branches 

Depth 3 31.17 10.389 4.731 0.00747** 

Residual 33 72.47 2.196   

Sex ratio 
Depth 3 0.1846 0.06154 0.902 0.451 

Residual 33 2.2520 0.06824   

Sporophytes 
Depth 3 494 164.5 0.656 0.585 

Residual 33 8,280 250.9   

 

Table S3.5. Average summer water temperatures at study depths (7, 15, 25, 40 m) at 

Rottnest Island.    

Depth 
Temperature 

(oC) 
SE 

7 m 21.76903 0.070573 

15 m 21.67638 0.071046 

25 m 21.44482 0.077578 

40 m 20.80753 0.098596 

 

Table S3.6. Percentage of surface irradiance received at depth ranges from 0-50 m at 

Rottnest Island. Percentages extracted from Secchi disk depths obtained at Rottnest 

Island in the summer and early autumn months (January-May). Mean of surface 
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irradiance = 369 W*m2. Average Secchi disk depth = 17.33 m (± 0.38 SE). K = 0.0981 

(1.7/Secchi depth). 

Depth 

(m) 

% Surface 

irradiance 

1 
0.907 

2 
0.822 

3 
0.745 

4 
0.675 

5 
0.612 

6 
0.555 

7 
0.503 

8 
0.456 

9 
0.414 

10 
0.375 

11 
0.340 

12 
0.308 

13 
0.279 

14 
0.253 

15 
0.230 

16 
0.208 

17 
0.189 

18 
0.171 

19 
0.155 

20 
0.141 

21 
0.127 

22 
0.116 

23 
0.105 

24 
0.095 

25 
0.086 

26 
0.078 
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27 
0.071 

28 
0.064 

29 
0.058 

30 
0.053 

31 
0.048 

32 
0.043 

33 
0.039 

34 
0.036 

35 
0.032 

36 
0.029 

37 
0.027 

38 
0.024 

39 
0.022 

40 
0.020 

41 
0.018 

42 
0.016 

43 
0.015 

44 
0.013 

45 
0.012 

46 
0.011 

47 
0.010 

48 
0.009 

49 
0.008 

50 
0.007 
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Chapter 4 

 

Fig. S4.1. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 1 at 15 m depth. Colours 

represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 

 

Fig. S4.2. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 2 at 15 m depth. Colours 
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represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 

 

Fig. S4.3. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 3 at 15 m depth. Colours 

represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 

 

Fig. S4.4. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 4 at 15 m depth. Colours 
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represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 

 

Fig. S4.5. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 5 at 15 m depth. Colours 

represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 
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Fig. S4.6. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 6 at 15 m depth. Colours 

represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 

 

Fig. S4.7. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 7 at 15 m depth. Colours 

represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 
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Fig. S4.8. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 8 at 15 m depth. Colours 

represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 

 

Fig. S4.9. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 9 at 15 m depth. Colours 

represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 
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Fig. S4.10. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 10 at 15 m depth. Colours 

represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 

 

Fig. S4.11. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 11 at 15 m depth. Colours 

represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 
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Fig. S4.12. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 12 at 15 m depth. Colours 

represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 

 

Fig. S4.13. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 1 at 25 m depth. Colours 

represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 
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Fig. S4.14. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 2 at 25 m depth. Colours 

represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 

 

Fig. S4.15. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 3 at 25 m depth. Colours 

represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 
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Fig. S4.16. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 4 at 25 m depth. Colours 

represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 

 

Fig. S4.17. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 5 at 25 m depth. Colours 

represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 
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Fig. S4.18. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 6 at 25 m depth. Colours 

represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 

 

Fig. S4.19. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 7 at 25 m depth. Colours 

represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 
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Fig. S4.20. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 8 at 25 m depth. Colours 

represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 

 

Fig. S4.21. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 9 at 25 m depth. Colours 

represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 
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Fig. S4.22. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 10 at 25 m depth. Colours 

represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 

 

Fig. S4.23. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 1 at 40 m depth. Colours 

represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 
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Fig. S.24. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 2 at 40 m depth. Colours 

represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 

 

 

Fig. S4.25. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 3 at 40 m depth. Colours 

represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 
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Fig. S4.26. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 4 at 40 m depth. Colours 

represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 

 

Fig. S4.27. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 5 at 40 m depth. Colours 

represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 
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Fig. S4.28. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 6 at 40 m depth. Colours 

represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 

 

Fig. S4.29. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 7 at 40 m depth. Colours 

represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 
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Fig. S4.30. Probability of settlement at three depth ranges (panels from left to right: < -35 

m, -20 to -35 and > -20 m) of kelp zoospores released from site 8 at 40 m depth. Colours 

represent the probability of settlement between pairs of sites. Green squares indicate 

release sites. 

Table. S4.1. Mean, maximum and minimum horizontal distances (km) of dispersal by 
‘settled’ particles simulated in the model for each depth source. 

Horizontal distance 
Source 
depth 

Source site Mean (km) Max (km) Min (km) 

15 m 

S1 1.6 6.1 0.0 
S2 3.7 16.7 0.1 
S3 8.5 24.0 0.1 
S4 10.0 32.4 0.1 
S5 2.8 12.5 0.1 
S6 11.6 14.9 4.0 
S7 2.1 21.1 0.0 
S8 1.7 16.9 0.0 
S9 1.7 5.9 0.0 
S10 7.8 17.8 0.0 
S11 9.7 35.1 0.3 
S12 13.8 31.9 0.1 

25 m 

S1 1.5 6.7 0.0 
S2 3.3 10.5 0.3 
S3 10.3 25.7 0.6 
S4 9.1 20.2 0.0 
S5 2.4 17.1 0.2 
S6 11.0 16.1 1.1 
S7 2.6 20.4 0.2 
S8 3.1 18.6 0.2 
S9 1.2 10.5 0.1 
S10 12.1 16.2 10.4 

40 m 

S1 3.4 18.7 0.4 
S2 7.9 22.5 0.3 
S3 4.3 21.1 0.2 
S4 7.5 29.0 0.4 
S5 11.3 47.7 0.1 
S6 3.2 14.8 0.0 
S7 7.9 47.2 0.3 
S8 5.3 10.9 0.3 
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Table S4.2. Mean, maximum and minimum vertical distances (m) of dispersal by ‘settled’ 
particles simulated in the model for each depth source. 

Vertical distance 

Source depth Source site Mean (m) Max (m) Min (m) 

15 m 

S1 0.6 3 0 

S2 1.0 3 0 

S3 1.3 11 0 

S4 7.2 14 0 

S5 4.4 14 0 

S6 9.2 26 0 

S7 5.6 31 0 

S8 5.9 27 0 

S9 3.9 14 0 

S10 7.8 14 0 

S11 6.9 16 0 

S12 6.4 14 0 

25 m 

S1 3.2 11 0 

S2 3.7 13 0 

S3 15.0 24 3 

S4 11.4 24 0 

S5 7.9 24 0 

S6 8.2 24 0 

S7 13.1 24 0 

S8 5.7 24 0 

S9 5.6 18 0 

S10 13.8 24 7 

40 m 

S1 4.4 30 0 

S2 5.2 27 0 

S3 9.8 39 0 

S4 5.1 38 0 

S5 3.2 23 0 

S6 3.9 36 0 

S7 2.8 32 0 

S8 6.6 17 0 

 

 

Chapter 5 

Table S5.1. Full list of all the geomorphological and environmental variables considered 

to predict the distribution of E. radiata. ^ Environmental predictors that describe surface 
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conditions. * Environmental predictors that describe benthic conditions at maximum 

depth. Lt: Average of minimum and maximum records per year. 

Predictor Original resolution Source 

Bathymetry 250 x 250 m Geoscience Australia 
Aspect 250 x 250 m Derived from bathymetry 
Curva 250 x 250 m Derived from bathymetry 
De-trended bathymetry 250 x 250 m Derived from bathymetry 
Focal mean (1) 250 x 250 m Derived from bathymetry 
Focal mean (2) 250 x 250 m Derived from bathymetry 
Focal mean (3) 250 x 250 m Derived from bathymetry 
Focal mean (5) 250 x 250 m Derived from bathymetry 
Focal mean (10) 250 x 250 m Derived from bathymetry 
Focal range (1) 250 x 250 m Derived from bathymetry 
Focal range (2) 250 x 250 m Derived from bathymetry 
Focal range (3) 250 x 250 m Derived from bathymetry 
Focal range (5) 250 x 250 m Derived from bathymetry 
Focal range (10) 250 x 250 m Derived from bathymetry 
Focal Standard deviation (1) 250 x 250 m Derived from bathymetry 
Focal Standard deviation (2) 250 x 250 m Derived from bathymetry 
Focal Standard deviation (3) 250 x 250 m Derived from bathymetry 
Focal Standard deviation (5) 250 x 250 m Derived from bathymetry 
Focal Standard deviation (10) 250 x 250 m Derived from bathymetry 
Hyp (1) 250 x 250 m Derived from bathymetry 
Hyp (2) 250 x 250 m Derived from bathymetry 
Hyp (2) 250 x 250 m Derived from bathymetry 
Hyp (5) 250 x 250 m Derived from bathymetry 
Hyp (10) 250 x 250 m Derived from bathymetry 
Plan curva 250 x 250 m Derived from bathymetry 
Procurva 250 x 250 m Derived from bathymetry 
Slope 250 x 250 m Derived from bathymetry 
Bathymetric Position Index 
Broad (BPI) 

250 x 250 m Derived from bathymetry 

Bathymetric Position Index 
Fine (BPI) 

250 x 250 m Derived from bathymetry 

Bathymetric Position Index 
Broad Standard deviation  

250 x 250 m Derived from bathymetry 

Bathymetric Position Index 
Fine Standard deviation 

250 x 250 m Derived from bathymetry 

Slope degree 250 x 250 m Derived from bathymetry 
Terrain Rugosity 250 x 250 m Derived from bathymetry 
Reef 250 x 250 m Predicted from 

bathymetry derivatives 
Chlorophyll Mean ^ 5 arcmin  Bio-ORACLE 
Current velocity Mean ^ 5 arcmin  Bio-ORACLE 
Nitrate Mean ^ 5 arcmin  Bio-ORACLE 
Photosynthetic Available 
Radiation (PAR) ^ 

5 arcmin  Bio-ORACLE 

Primary productivity Mean ^ 5 arcmin  Bio-ORACLE 



  

190 
 

Temperature Max (Lt) ^ 5 arcmin  Bio-ORACLE 
Temperature Min (Lt) ^ 5 arcmin  Bio-ORACLE 
Temperature Max ^ 5 arcmin  Bio-ORACLE 
Temperature Mean ^ 5 arcmin  Bio-ORACLE 
Temperature Min ^ 5 arcmin  Bio-ORACLE 
Temperature Range ^ 5 arcmin  Bio-ORACLE 
Phosphate Mean ^ 5 arcmin  Bio-ORACLE 
Chlorophyll Man * 5 arcmin  Bio-ORACLE 
Current velocity Mean * 5 arcmin  Bio-ORACLE 
Light at bottom Mean * 5 arcmin  Bio-ORACLE 
Light at bottom Max * 5 arcmin  Bio-ORACLE 
Nitrate Mean * 5 arcmin  Bio-ORACLE 
Phosphate Mean * 5 arcmin  Bio-ORACLE 
Primary productivity Mean * 5 arcmin  Bio-ORACLE 
Temperature Max (Lt) * 5 arcmin  Bio-ORACLE 
Temperature Min (Lt) * 5 arcmin  Bio-ORACLE 
Temperature Max * 5 arcmin  Bio-ORACLE 
Temperature Mean * 5 arcmin  Bio-ORACLE 
Temperature Min * 5 arcmin  Bio-ORACLE 
Temperature Range * 5 arcmin  Bio-ORACLE 
Phosphate Mean ^ 0.5 degree CARS 
Nitrate Mean ^ 0.5 degree CARS 
Salinity Mean ^ 0.5 degree CARS 

 

Table S5.2. List of geomorphological and environmental predictors used to calibrate the 

SDMs after collinearity analysis.  

Predictor Final resolution Source 

Aspect 250 x 250 m Derived from bathymetry 
Bathymetric Position Index 
fine (BPI) 

250 x 250 m Derived from bathymetry 

Focal distance Range (1) 250 x 250 m Derived from bathymetry 
Focal distance Range (10) 250 x 250 m Derived from bathymetry 
Phosphate Mean ^ 250 x 250 m Bio-ORACLE 
Reef 250 x 250 m Predicted from 

bathymetry drivatives 
Salinity Mean ^ 250 x 250 m CARS 
Slope degree 250 x 250 m Derived from bathymetry 
Terrain rugosity 250 x 250 m Derived from bathymetry 
Current velocity Mean * 250 x 250 m Bio-ORACLE 
Light at bottom Mean * 250 x 250 m Bio-ORACLE 
Primary productivity Mean * 250 x 250 m Bio-ORACLE 
Temperature Max * 250 x 250 m Bio-ORACLE 
Current velocity Mean ^ 250 x 250 m Bio-ORACLE 
Nitrate Mean ^ 250 x 250 m Bio-ORACLE 
Temperature Range ^ 250 x 250 m Bio-ORACLE 
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Fig. S5.1. Maps of the domain showing the presence (a) and absence (b) points used for 

model calibration, over the bathymetry of the seafloor.  

 

Fig. S5.2. Map of predicted presence-absence values of E. radiata in Western Australia 

based on a presence value of > 0.65 probability of occurrence obtained from ensemble 

model for current E. radiata distribution.  
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Fig. S5.3. Maps of predicted presence-absence values of E. radiata in Western Australia 

based on threshold values of (a) se=sp, (b) max(se+sp) , (c) prevalence and (d) where 

they all agree (for presence) from the ensemble model for current E. radiata distribution.   
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Table S5.3. Threshold values based on se=sp, max(sp=se) and prevalence calculated from 

resulting ensemble of current predicted distribution of E. radiata and independent test 

data. Thresholds used to construct presence-absence maps (Fig S3). 

Criteria Threshold 

sp=se 0.33 

max(sp=se) 0.18 

prevalence 0.46 
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Fig. S5.4. Ensemble of predicted present distribution of E. radiata based on 

geomorphological variables only. 

 



  

195 
 

 

Fig. S5.5. Ensemble of predicted present distribution of E. radiata in Western Australia 

based on geomorphological and environmental predictors. Colours describe the 

probability of kelp occurrence at each cell. 
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Fig. S5.6. Present distribution of kelp classified by probability of E. radiata presence 

(probability classes: unsuitable = 0-0.25, low probability = 0.25-0.50, medium probability 

= 0.5-0.7, high probability = 0.7-0.85, very high probability = 0.85-1).  
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Fig. S5.7. Predicted distribution of E. radiata under RCP 4.5. Colours describe 

classification of probability of kelp presence. (Probability classes: unsuitable = 0-0.25, low 

probability = 0.25-0.50, medium probability = 0.5-0.7, high probability = 0.7-0.85, very 

high probability = 0.85-1).  



  

198 
 

 

Fig. S5.8. Predicted distribution of E. radiata under RCP 8.5. Colours describe 

classification of probability of kelp presence. (Probability classes: unsuitable = 0-0.25, low 

probability = 0.25-0.50, medium probability = 0.5-0.7, high probability = 0.7-0.85, very 

high probability = 0.85-1).  
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Fig. S5.9. Areas where habitat suitability for E. radiata was higher than 0.85 in 2100 under 

RCP 4.5 and RCP 8.5 scenarios. At (a) Abrolhos Islands, and (b) off Lancelin and Two 

Rocks. 
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Fig. S5.10. Australian Marine Parks, where some of the areas with very high probability 

of kelp (> 85%) under scenarios RCP 4.5 and 8.5 were predicted. AMPs from north to 

south: Abrolhos, Jurien and Two Rocks. Colors describe the zoning (level of protection) 

within each park. 
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Fig. S5.11. Section of the Abrolhos marine park that includes some of the areas classified 

as potential refugia from climate change for E. radiata. Green cells represent the regions 

that were predicted with very high probability of E. radiata in the present and RCP 4.5 

and 8.5 (Potential refugia).  
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Fig. S5.12. Section of the Jurien marine park that includes some of the areas classified as 

potential refugia from climate change for E. radiata. Green cells represent the regions that 

were predicted with very high probability of E. radiata in the present and RCP 4.5 and 8.5 

(Potential refugia).  
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Fig. S5.13. Section of the Two Rocks marine park that includes some of the areas classified 

as potential refugia for from climate change for E. radiata. Green cells represent the 

regions that were predicted with very high probability of E. radiata in the present and 

RCP 4.5 and 8.5 (Potential refugia).  
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Fig. S5.14. Number of presence observations in relation to each of the predictors used for 

the final model: (a) reef, (b) dissolved phosphorus, (c) focal distance range, (d) dissolved 

nitrogen, (e) salinity, (f) benthic temperature, (g) benthic primary productivity. 

 




