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The ancient tradition that the world will be consumed in fire 
At the end of 6,000 years is true as I have heard from Hell 
The whole creation will be consumed and appear infinite  
and holy 
Where as it now appears finite and corrupt 
This will come to pass by an improvement of sensual enjoyment 
But the first notion that man has a body distinct from his soul is  
to be expunged 
This I shall do by printing in the infernal method 
By corrosives which in Hell are salutary and medicinal 
Melting apparent surfaces away and displaying the infinite  
which is hid 
If the doors of perception were cleansed 
Everything would appear to man as it is… infinite 
For man has closed himself up 
Til he sees all things through narrow chinks of his cavern 
 
      William Blake 

 
 
 
 
 
 
 

I dedicate this work to those who command my respect. 
I hope that their strength is reflected somewhere in these pages. 
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Abstract 
Kelp beds of South-Western Australia have high alpha (within habitat) diversity, 

through high species turnover at small spatial scales. The E. radiata canopy has a strong 

negative influence on the diversity of the understorey through intense interspecific 

competition for light. Literature suggests that when the competitively dominant species 

such as E. radiata are physically removed, diversity will increase, as less competitive 

species become more abundant. Apart from disturbance, evidence suggests that reef 

topography at the 1-10 m vertical scale also has an influence on the structure of the kelp 

beds, particularly in reference to relative abundance of canopy algae and species 

richness of the assemblage.  

In this thesis, I explore the role of algal assemblage recovery from physical 

disturbance to maintain high diversity. I also investigate the influence of reef structure 

(in terms of topography at the 1-10 m vertical scale) on assemblage recovery. This 

thesis provides a valuable functional explanation for the high diversity observed in 

South-Western algal assemblages. In addition, it explores the influence of reef 

topography which has received little attention to date. 

The physical variables of light, water motion, reef slope and water depth were 

measured on topographically simple and complex reefs. It was found that the physical 

environment does significantly differ between reef types. It was established that these 

differences in the physical environment can predict the species distribution of algae over 

the two reef types with an r2 = 0.889. Species richness was significantly greater on 

topographically complex reefs. 

  This thesis describes a kelp canopy clearing experiment, designed to simulate 

early winter swell-driven disturbance of beds of the temperate kelp Ecklonia radiata. 

The recovery and re-establishment of the macroalgal assemblage is then described and 

compared to theories of treefall gap recovery in terrestrial forests. Species diversity 

increased in recolonised gaps as a response to release from intense interspecific 
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competition for light. Canopy disturbance in kelp forests, like terrestrial forests, created 

a mosaic of different patch types that formed islands of high diversity against a 

background of low diversity under kelp canopies. These patterns of recolonisation of 

gaps in the canopy of the kelp E. radiata are similar to those observed in temperate and 

tropical forests, where light is also a major limiting factor for growth of understory. 

 The recruitment processes of E. radiata, the dominant canopy-forming kelp, are 

important to re-establishing the kelp canopy. Survival of pre-existing juvenile 

sporophytes of E. radiata after canopy loss was studied on both topographically simple 

and complex reefs. Kelp recruitment from spores was also quantified. The majority of 

sporophytes survived the change in conditions associated with canopy lost by 

photoacclimation. Six months after canopy removal, tagged sporophytes were observed 

forming a new canopy in clearances made later in summer. High survival of pre-existing 

sporophytes and limited kelp recruitment from spores suggests that pre-exiting 

sporophytes could be one mechanism by which rapid recovery of kelp canopy occurs 

during winter.  

 A canopy of E. radiata is known to result in decreased species richness in the 

benthic algal assemblages, hence spatial variation in the extent of this decrease is 

important to overall algal diversity. The effect of kelp density (and associated canopy 

shading) was examined to determine how variation at the local scale results in large 

differences in algal abundance across reef types. The influence of the canopy was found 

to be stronger on topographically simple reefs due to greater canopy shading, being 

associated with fewer lighflecks and larger kelp thalli occurring on that reef type. Less 

effective canopy shading on topographically complex reefs may explain the higher 

species richness found on this reef type.  

Overall, this thesis argues that the high alpha diversity in algal assemblages of 

South-Western Australia is due to local scale processes including disturbance and 
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assemblage recovery which generate diversity by the creation of species rich gap states 

and by phase-shifts during the recovery process, creating a mosaic of different patch 

types. Assemblage recovery is composed of several processes, including survival of 

juvenile kelp sporophytes and canopy shading, added to macroalgal diversity through 

spatial and temporal variation in their outcomes. Reef topography contributed to algal 

diversity by influencing the processes associated with assemblage recovery through 

alteration of key physical variables including light levels and water motion. 
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Chapter 1: General Introduction 
 
In this chapter the essential background information is covered before the overall 

themes and aims of this thesis are declared. A general description of the study site is 

given and the thesis structure is outlined.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Photograph: Adult Ecklonia radiata thallus (Gary Kendrick). 
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General Introduction 
 

Algal assemblages in temperate Western Australia are commonly made up of a 

canopy of kelp and fucalean algae with an understorey of corticated and foliose species 

(Steinberg and Kendrick, 1999). Ecklonia radiata (C. Agardh) J. Agardh is the 

dominant canopy-forming species, however, Scytothalia and Sargassum species are also 

common members of the canopy (Wernberg et al., 2003). Research into algal 

assemblages is important because of the large contributions they make to primary 

production, often forming the base of many food webs (Fredriksen, 2003; Wernberg et 

al., 2006). Algal assemblages also provide a habitat for other members of reef 

ecosystems such as fish and invertebrates (Smith and Simpson, 1992; Smith, 1996; 

Smith et al., 1996; Wright et al., 1997; Goodsell and Connell, 2002; Goodsell et al., 

2004). 

Kelp beds have been found to contribute significantly to coastal biodiversity in 

temperate Australia (Bolton, 1994; Phillips et al., 1997; Goldberg and Kendrick, 2004; 

Kendrick et al., 2004). Kelp beds in Western Australia are habitats of high alpha 

diversity (i.e. within habitat diversity) where variation between replicate quadrats 

meters apart is large (Phillips et al., 1997; Wernberg et al., 2003; Goldberg and 

Kendrick, 2004; Kendrick et al., 2004). It is common to have significant differences in 

species richness between replicate 0.25 m2 quadrats less than 10 m apart (Goldberg and 

Kendrick, 2004). Small spatial scales of meters contribute approximately the same 

amount of variation to the algal assemblages as large-scale regional differences 

(Wernberg et al., 2003). Many species in the algal assemblage occur in only a subset of 

the total samples (Kendrick et al., 1999; Goldberg and Kendrick, 2004), indicating that 

most species are patchy in their local distribution and diversity is characterised by high 

species turnover at small spatial scales. This differs from other places in the world 

where high diversity in algal assemblages is associated with latitudinal or 
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oceanographic gradients (Bolton, 1994; Leliaert et al., 2000), making it beta diversity 

(diversity along habitat gradient) (Bolton and Anderson, 1990). This high alpha 

diversity is maintained by local-scale, contemporary (within 10 years) phenomena, 

including storm disturbance and reef structure, which have a significant influence on the 

distribution and abundance of many algal species (Wernberg et al., 2003; Goldberg and 

Kendrick, 2004; Kendrick et al., 2004). 

This thesis explores how kelp bed dynamics result in the maintenance of high 

alpha diversity in kelp beds. The over arching theme of the thesis is how kelp beds 

recover from canopy disturbance and how this is influenced by the structure of the reef 

on which the algal assemblage occurs. In this thesis, recovery from canopy disturbance 

is considered to be part of a patch dynamics model and reef structure is defined in terms 

of topography at the 1-10 m vertical scale.  

Disturbance and patch dynamics 

Disturbance is known to be a key factor in structuring marine assemblages 

(White and Pickett, 1985; Dayton et al., 1992; Sousa, 2001; Goodsell and Connell, 

2005). To date, research into kelp-dominated subtidal reefs has focused on patch 

dynamics, where two types of patches have been identified (Figure 1). The first type is a 

canopy-dominated patch in which a canopy of kelp (or other large brown alga) covers a 

sparse understorey (Kennelly, 1987c; Fowler-Walker and Connell, 2002). These patches 

are typified by low species diversity and low sub-canopy light levels due to canopy 

shading (Wernberg et al., 2005). The second patch type is commonly referred as “open” 

or “gap”, because it lacks a canopy and consists of a dense cover of small foliose and 

corticated algae forming a lawn over the substratum. These patches are typified by high 

species diversity and relatively high light levels (Wernberg et al., 2005). The 

differences in the composition of the algal assemblage between patch types is thought to 

reflect the amount of light available to algae, with few species able to tolerate the low 
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light levels beneath a kelp canopy (Foster, 1982; Dayton et al., 1984; Kennelly, 1989; 

Toohey et al., 2004). 

Kelp beds are seen as a mosaic of different patch types. Cycling between these 

two patch types has been the focus of much research to date. It has been observed that 

gap patches are formed when canopy patches are physically disturbed such as during a 

storm event (May and Larkum, 1981; Ebeling et al., 1985; Reed et al., 1988; Seymour 

et al., 1989). Biological disturbances such as intense herbivory by urchins may be an 

important cause of gap formation in other system (Cowen et al., 1982; Novaczek and 

McLachlan, 1986; Johnson and Mann, 1993; Andrew, 1994; Gagnon et al., 2004) but is 

not considered important in Western Australian systems due to low urchin abundances 

along most of the coastline (Vanderklift and Kendrick, 2004) and little effect of urchins 

on seaweed (Vanderklift and Kendrick, 2005). 

 Once a storm has removed the dominant canopy, filamentous and fleshy 

macroalgae recruit and grow into the gap, resulting in an increase in algal diversity 

(Kennelly, 1987 b,c; Wernberg-Moller, 2002). Once a gap is established, it should in 

theory return to a kelp dominated state at some stage, otherwise it would not be possible 

to maintain the mosaic of patch types observed on sublittoral reefs (Kennelly, 1987a). 

Despite its importance to understanding patch dynamics and the functioning of the 

sublittoral community, to date few studies have documented the return of (large) gap 

patches to the kelp dominated state in Australian systems (but see Kennelly, 1987 b,c; 

Wernberg-Moller, 2002, Edgar et al., 2004). To investigate the recovery of gap 

assemblages is the first of the two central themes of this thesis. 
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Figure 1: Patch dynamics in Ecklonia radiata kelp beds of Western Australia. 

 

Reef structure 
 
Kelp beds are found on rocky reef. Most reefs in southwest Western Australia are 

composed of limestone (Searle and Semeniuk, 1985). One conspicuous element of a 

reef is its topography with regard to its vertical profile at a scale of 1-10 m. The 

influence of reef topography on gap assemblage recovery is the second central 

theme of this thesis. 

Some reefs have complex topography with significant vertical elements rising 

greater than one meter above the surrounding sea bed (Fig. 2). Reefs with complex 

topography have an intricate system of channels, crevices and overhangs and are areas 

of closely spaced isobaths (lines of equal depth) (Malatesta and Auster, 1999). By 

comparison, topographically simple reefs are predominately a flat pavement of rock, 

with structural features less than one meter in height (Harman et al., 2003), and have 

widely spaced isobaths (Malatesta and Auster, 1999; Harman et al., 2003).  
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Topographically simple and complex reefs can be referred to as having low and 

high relief respectively as these terms are almost interchangeable in geomorphological 

literature (Anon., 1997). The reefs discussed throughout this thesis are described in 

terms of topography rather than relief as this term more accurately describes the nature 

of the reefs in question. Using the term “high relief” does not distinguish between an 

elevated platform reef and one with many channels, overhangs and boulders. 

Furthermore, a reef can only be considered “high relief” relative to some baseline 

whereas (complex) topography is a more general description of reef structure. 

 

 

 

Figure 2: Topographically simple (left) and complex (right) reefs. 

 

Reef topography represents surface heterogeneity at a particular scale. Although 

research on the effect of surface heterogeneity is common on both small (millimetre to 

centimetre) and large scales (100 metres to kilometres), little research has been carried 
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out at the 1-10 m vertical scale. Of the research that has been done at the 1-10 m vertical 

scale, the majority has focused on the response of fish assemblages to structural 

complexity. 

On the fine scale of millimetres to centimetres, changes in the amount of surface 

heterogeneity (surface texture) are known to influence settlement and survival of animal 

larvae and algal spores, thereby influencing recruitment dynamics (Foster, 1975; Harlin 

and Lindbergh, 1977; Connell and Jones, 1991; Archambault and Bourget, 1996). 

Surface roughness on the scale of centimetres is also reported to influence predation by 

some invertebrates (Gosselin and Bourget, 1989; Drolet et al., 2004). On the larger 

scale of 100’s of meters to kilometres, structural complexity affects species richness and 

assemblage composition (Choat and Schiel, 1982; Archambault and Bourget, 1996; 

Underwood and Chapman, 1998; Wernberg et al., 2003). In coral reef systems, reef 

topography at the scale of 1-10m determines the composition of the fish assemblage 

(Risk, 1972; Luckhurst and Luckhurst, 1978; Friedlander et al., 2003; Almany, 2004). 

Reef topography at the scale of 1-10m also influences the composition of the fish 

assemblage in temperate South-Western Western Australia (Harman et al., 2003; 

Watson et al., 2005).  

The small amount of research conducted on surface heterogeneity at the 1-10 m 

vertical scale on algal assemblages, indicates that assemblages differ between 

topographically simple and complex reefs thus adding to macroalgal diversity of an area 

(Guichard and Bourget, 1998; Deysher et al., 2002; Harman et al., 2003; Kendrick et 

al., 2004; Edwards and Smith, 2005; Keesing and Heine, 2005). Harman et al. (2003) 

found that there were more algal species on topographically complex than simple, 

planar reefs but that there was a greater abundance of canopy forming species on 

topographically simple reef than adjacent reefs with greater topographic complexity. 
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 Studying reef topography may provide a better understanding of the high alpha 

diversity of algal assemblages in the South-Western Australia. Furthermore, comparing 

and contrasting reefs with different topography is important because it allows an 

understanding of how reef structure influences the physical environment and the 

dynamics of a commonly occurring habitat. Furthermore, comparisons of kelp bed 

dynamics across topographically simple and complex reefs are beneficial as it may 

prevent overgeneralisation of previous results from a single reef type.  

Study region 

The research detailed in this thesis was conducted in Hamelin Bay (34◦ 22’S, 

115◦ 01’E), a coastal embayment approximately 350 km south of Perth, in the south-

west corner of Australia (Fig. 3). The study region is an exposed open coastal 

environment (Wernberg, 2005), receiving swell from the open ocean, although outer 

reefs do provide some shelter (Sanderson et al., 2000). Hamelin Bay contains many 

sublittoral reefs, composed of limestone or granite. At the southern end of the 

embayment there is a limestone island (Hamelin Island), 1 km from the mainland and a 

small limestone outcropping (Peak Rock), 500 m from the shore. All research was 

conducted on limestone reefs. These reefs had varying degrees of exposure and 

topographic complexity. Extensive algal beds are present throughout Hamelin Bay 

where hard substratum is available. 

The kelp beds used for this research were dominated by Ecklonia radiata (> 80 

% cover). Ecklonia radiata is a perennial brown alga (Bolton and Anderson, 1994). It is 

the competitively-dominant in this system. Ecklonia radiata has a median age of 2-3 yrs 

(Wernberg, 2005) and a fully grown adult thallus can weigh 1-2 kg. Ecklonia radiata is 

associated with a sparse understorey of red, green and brown algae which typically 

weigh 1-200 g and are 1-5 cm in height (Harman et al., 2003; Kendrick et al., 2004). 
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Ecklonia radiata reproduces year-round, but has a peak in recruitment in winter and 

spring (Kirkman, 1981; Kirkman, 1984). 

 

 

Figure 3: Hamelin Bay, 350 km south of Perth, Western Australia. Locations shown by arrows. 

 

The algal assemblage of Hamelin Bay contains several large brown algae 

including Ecklonia radiata, Scytothalia doryocarpa and several Sargassum species. The 

algal assemblage shares some common species with algal assemblages along the rest of 

the Western Australian coastline but also contains an assemblage structure unique to 

itself (Wernberg et al., 2003). 

The sublittoral reefs in Hamelin Bay have low urchin abundances (Vanderklift 

and Kendrick, 2004) but are associated with a diverse fish assemblage comprising 

several herbivorous or omnivorous species (Harman et al., 2003; Watson et al., 2005). 

The large scale oceanography of the region is dominated by the warm water, polar-ward 

flowing Leeuwin Current off the continental shelf and the cold-water equatorial flowing 

Capes Current on the continental shelf (Pearce and Pattiaratchi, 1999). The Capes 

Current may produce localised upwelling in or near Hamelin Bay but this is yet to be 
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quantified (Gersbach et al., 1999; Hanson et al., 2005). Hamelin Bay has very small 

tides (± 1 m) and is considered micro-tidal (Collins, 1988; Sanderson et al., 2000).  

The hydrodynamic environment is dominated by swell waves with offshore 

wave heights typically between 1-4 m, but increasing to greater than 8 m during storms. 

The prevailing swell direction is from the South-West. Wind-generated waves are also a 

common feature. The dominant wind direction is from the south-west however, strong 

winds before and during storms come from the north and north-east (Collins, 1988).  

Thesis structure 
 

This thesis has two major themes. The first is the recovery of gap assemblages 

towards the kelp state and secondly, the influence of reef topography on kelp bed 

dynamics, particularly in relation to gap recovery. For gaps to recover to the kelp state, 

kelps must recruit into the gaps, and once recruits are grown, adult kelps must affect the 

associated foliose understorey by altering the physical environment. This thesis is 

structured around these key processes of recovery and compares these processes across 

topographically simple and complex reefs. 

 The thesis begins with a description of the physical environment on 

topographically simple and complex reefs. The physical variables of light, water 

motion, slope of substrate and water depth were measured on both reef types using a 

variety of methods. These physical variables are then linked to patterns in the 

distribution of algae over the two reef types using DISTLM, a multivariate linear 

regression model. 

 The next chapter (Chapter 3) examines the recovery of kelp beds from canopy 

disturbance over three years on topographically simple and complex reefs. Algal 

assemblage structure is quantified in sites cleared of their E. radiata canopy, and 

compared to control sites with their canopy left intact. Species richness and total 
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biomass is also compared between cleared and control sites. The general pattern of 

assemblage recovery is described. 

 Chapter four studies the ability of pre-existing juvenile sporophytes to survive 

the change in conditions associated with removal of their canopy and hence the 

potential of pre-existing juvenile sporophytes to contribute to rapid formation of a new 

canopy after disturbance. Recruitment of E. radiata from spores is also quantified as a 

potential source of new canopy thalli by measuring effective kelp recruitment onto 

limestone plates deployed in canopy gaps. 

Chapter five examines the relationship between E. radiata canopy and its 

associated understorey on reefs with simple and complex topography. The effect of kelp 

density and associated canopy shading is examined in an effort to understand how local 

scale processes result in large variation in algal abundance at small spatial scales. The 

thesis concludes with a general discussion of the major findings, linking them together 

in a conceptual patch dynamics model to give an overview of the role of reef 

topography and gap recovery in maintaining high alpha diversity.  

The term “reef topography” is used throughout this thesis as a conspicuous 

descriptor of a habitat. Average depth differs between reef types in the same location by 

definition and no attempt is made to correct for this difference as it is intrinsic to the 

distinction between habitats. Furthermore, the concept of a single depth for 

topographically complex reef is misleading as this reef type encompasses a wide range 

of depths. It would be possible to sample reefs differing in topographic complexity at 

the same average depth by sampling across different locations, however this was 

decided against as it would confound topography by significant location effects (see 

Chapter 3). 

The term “algal assemblage structure” is used extensively throughout this thesis 

and refers to the species composition and relative abundance of species making up the 
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algal assemblage. The term assemblage is used in accordance with Fauth et al. (1996). 

In this thesis, the term “structure” has two definitions depending on the context in which 

it is used. When used in relation to reef topography, structure refers to the shape or 

morphological form of the reef. However, when the word structure is used in reference 

to algal assemblage structure it refers to the composition of the assemblage rather than 

its shape or morphological form. 
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Chapter 2: Relationship between the topographic 
complexity of reefs and the structure of 

temperate macroalgal assemblages in South-
Western Australia 

 
The physical environment present on topographically simple and complex reef is 

documented and then linked to the distribution of macroalgae present on these reef 

types. Species identifications were performed by Gary Kendrick. A version of this 

chapter appears as a research article in Estuarine, Coastal and Shelf Science. 

 
 
 
 
 
 
 
 
Photograph: Hamelin Island (Emily Reed). 
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Abstract 

Limestone reefs in South-Western Australia are terrestrial dunes in origin submerged by 

recent marine transgressions. They range in topographic complexity at the 1-10 m 

vertical scale from simple, flat, planar reef structures to topographically complex reefs 

with many rock walls, overhangs and channels. Assemblage composition of benthic 

marine algae differs between topographically simple and complex reefs. This research 

assessed the degree to which the composition of the algal assemblage could be 

explained by the associated physical environment present on each reef type. Sampling 

of the physical environment and algal assemblages was carried out on simple, planar 

and complex, rugose reefs. The algae underneath an Ecklonia radiata canopy could be 

predicted well (r2 = 0.889) from the physical environment of different reefs types. 

Topographically simple reefs had greater sediment cover and water depth than adjacent 

reefs with more complex topography which had more incidental light, stronger water 

motion and a greater range of slopes of the substrate. Greater variation in most variables 

on topographically complex reef suggests a greater diversity of microenvironments on 

that reef type. I propose that these differences in physical environment between reef 

types have a considerable influence on algal assemblages by altering key biological 

processes such as recruitment and interspecific competition.  
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Introduction 

 Algal assemblages in temperate South-Western Australian waters are composed 

of canopy-forming brown algae and an understorey of foliose, corticated and encrusting 

algae. The canopy is often composed of Ecklonia radiata, Scytothalia doryocarpa, 

Cystophora or Sargassum species (Wernberg et al., 2003; Goldberg and Kendrick, 

2004). In particular, Ecklonia radiata kelp beds are common features of the subtidal in 

temperate waters of Australia (Kennelly and Underwood, 1992; Wernberg et al., 2003; 

Goodsell et al., 2004). Kelp beds form an important part of the marine ecosystem; 

providing food, habitat and biodiversity to the reef community (Bolton, 1994; Phillips et 

al., 1997; Taylor, 1998; Wernberg et al., 2006). 

 Limestone reefs in Western Australia are the lithified remnants of former dunes 

drowned during the Holocene transgression (Wood, 1980) and form a barrier between 

the coast and the open ocean (Sanderson et al., 2000). In Hamelin Bay, kelp beds are 

found on limestone reefs varying in physical structure at the 1-10 m vertical scale. 

Topographically complex reefs generally rise from the sea floor more than one meter 

(but often 4-5 m), and are characterised by an intricate system of channels, crevices, 

rock walls and overhangs. Topographically simple reefs, in contrast, are generally flat 

and planar in form with a horizontal profile (Fig. 2, Chapter 1).  

Topography may dictate the physical environment present on a reef with greater 

complexity leading to significant changes in key factors such as light, sediments and 

water motion. Within a single location, the substrate of topographically complex reef 

can be found over a range of water depths so that some parts of the reef will be 

shallower than adjacent topographically simple reefs by 3-4 meters, affecting light 

levels and other depth-related physical variables. In addition to differences in depth, 

greater topographic complexity will have an effect on the hydrodynamics (Ferrier et al., 

1996), sediment loading (Wolanski and Hamner, 1988), and the slope of the substrate. 
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Kelp beds are influenced by a range of physical variables in their environment. 

Light levels (Reed and Foster, 1984; Wood, 1987; Graham, 1996; Connell, 2003; 

Altamirano et al., 2004; Clark et al., 2004; Toohey et al., 2004), sediment loading 

(Devinny and Volse, 1978; Kendrick, 1991; Airoldi and Cinelli, 1997; Irving and 

Connell, 2002; Eriksson and Johansson, 2003; Gorgula and Connell, 2004; Connell, 

2005) and water motion (Harrold et al., 1988; Seymour et al., 1989; Glenn and Doty, 

1992; Bell and Denny, 1994; Hurd, 2000; Taylor and Schiel, 2003), are all known to 

influence the composition of algal assemblages. Other elements of the physical 

environment, such as water depth (Novaczek, 1984a; Kirkman, 1985; Dennison and 

Alberte, 1986; Markager and Sand-Jensen, 1992; Piazzi et al., 2002; Fairhead and 

Cheshire, 2004; Goldberg and Kendrick, 2004; Anderson et al., 2005) and substratum 

slope (Santos, 1993; Baynes, 1999; Goldberg and Foster, 2002; Piazzi et al., 2002) are 

also reported to influence the functioning of algae and the composition of the 

assemblage. Many of these variables interact to significantly influence the composition 

of kelp beds (Irving and Connell, 2002). Kelp canopies can modify the level of some 

physical variables so that kelp density itself becomes an influence on algal assemblage 

structure (Kendrick et al., 1999; Wernberg et al., 2005). 

Algal assemblage structure differs between topographically simple and complex 

reefs in Hamelin Bay (Harman et al., 2003; Kendrick et al., 2004). Given the strong 

influence of physical environments on algal assemblages, the aim of this research was to 

determine if differences in the physical environment between topographically simple 

and complex reefs could explain the documented differences in the algal assemblage 

between these reef types. To assess the physical environment on each of these reef 

types, I measured incidental light, water motion (both direction and magnitude), 

sediment cover, water depth, slope of substrate and canopy density. Then I tested if the 

algal assemblages underneath an E. radiata canopy could be predicted from the physical 
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environments present on each reef type. The distribution of canopy algae was measured 

on topographically simple and complex reefs to confirm that differences in algal 

assemblages exist between reef types. 

 Material and methods 
 

 Distribution of canopy patches 

Three 20 m transects were taken on structurally complex and simple reefs at 

each of three locations (Peak, South Hamelin and West Hamelin, see Fig 2, Chapter 1). 

For each transect, a 1 m2 quadrat was positioned just above the canopy and a picture of 

that quadrat was taken at 1 m intervals along the total length of the transect. Each 

picture was classified according to which canopy forming algae made up > 80 % cover 

of that quadrat. The canopy patches identified were Ecklonia, Sargassum, Scytothalia, 

mixed Sargassum and Ecklonia or mixed Scytothalia and Ecklonia. If there were no 

canopy algae in the picture but a large amount of foliose algae, then the quadrat was 

deemed to be a “gap” in the canopy. If the quadrat was dominated by sand with little to 

no attached algae, then it was classified as a sand patch. The use of photo-quadrats is 

justified in this case as only the over-storey canopy was of interest (Foster et al., 1991). 

Different canopies have been shown to be associated with different understorey algal 

assemblages (Irving et al., 2003; Turner and Cheshire, 2003; Goldberg et al, 2006). 

The frequency of each patch type was calculated for each transect and then 

compared using a two-way mixed model PERMANOVA (Anderson, 2001; McArdle 

and Anderson, 2001), with location being a random factor and reef topography being a 

fixed factor. A non-parametric multidimensional scaling (nMDS) ordination plot was 

also generated using Bray-Curtis disimilarities. Patch frequencies were square-root 

transformed to down-weight the influence of frequently occurring patches such as 

Ecklonia patches. Canopy patch frequency was graphed to determine which canopy 

patches were common at each location. 
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Environmental sampling 

Six variables were measured on topographically simple and complex reefs in Hamelin 

Bay. These variables were incidental light, water motion (both direction and 

magnitude), sediment cover, water depth, substrate slope and Ecklonia radiata density. 

Differences in these variables across reef types were then related to the composition of 

the algal assemblage beneath an Ecklonia radiata canopy.  

The general experimental design consisted of three topographically simple reefs 

and three topographically complex reefs, with sub-samples taken from each reef. These 

reefs (also known as sites) were 100 meters apart and were covered by a monospecific 

Ecklonia radiata kelp bed. The level of sub-sampling per reef depended on which 

variable was being measured. Deviations from this sampling design occurred when 

sampling incidental light and water motion, due to equipment limitations. Unless 

otherwise stated, each variable was analysed with a 2-way ANOVA with sites being a 

random factor nested within the fixed factor of reef topography 

The rugosity of each site used in this study was measured using the “chain and 

tape” method (Luckhurst and Luckhurst, 1978; McCormick, 1994). Four transects were 

randomly laid at each site with a 10 m length of 6 mm chain and then the linear distance 

between the two ends of the chain was determined with a measuring tape. Care was 

taken to lay the chain along the contours of the substrate so that the chain was in contact 

with the substrate at points along its length. Topographically complex reefs significantly 

differed from topographically simple reef in terms of rugosity (F = 199.31, p < 0.001,    

df = 1, 4) with no difference between sites within each reef type (F = 0.22, p = 0.923,      

df = 4, 18). 

Incidental light 

A single 2п Odyssey PAR light sensor was anchored 1 m above the substrate at two 

topographically complex and two topographically simple reefs for one complete day (24 
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hrs). This sampling design was repeated over three time periods; 16/12/04; 3/2/05 and 

1/7/2005 to 2/7/2005; corresponding to two mid summer readings and one winter 

reading. Sensors sampled once every minute. Total daily irradiance was calculated by 

summing light reading over the 24 hrs of deployment. 

There was a reduction in the sampling during the first and second time periods 

due to the malfunction of some sensors. There was only one functional sensor on 

topographically simple reef during the first sampling period. Similarly, there was only 

one functional sensor on topographically complex reef during the second sampling 

period.  

Water motion 

Two acoustic doppler current profilers (RD instruments, workhorse sentinel: 1200 & 

600 kHz) were deployed for five days during late summer (18/3/05 to 22/3/05) and 

again for one day during winter (1/7/2005 to 2/7/2005) with one current profiler placed 

on topographically complex reef and the other on flat, planar reef. The sampling interval 

was set at 5 minutes. Upon retrieval, the sampling bin (0.25 m in width) closest to the 

substrate (approx 2.2 meters above substratum) was analysed as this data most 

accurately reflects the hydrodynamic environment experienced by the algae. The 

direction of water motion was statistically tested with a circular Chi-squared test to 

compare its distribution in the first sampling period. In the second sampling period, a 

lack of data points prevented the use of a Chi-squared test, so an F-test was used to 

compare mean water direction within the one day of sampling. The mean magnitude of 

water motion was compared using a Kruskal-Wallis test separately for each sampling 

period. This test was used due to heterogeneous variance structure in the data set 

(Levene’s test = 224.44, p < 0.001; Levene’s test = 326.59, p < 0.001; March and July 

respectively).  
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Sediment cover 

Sediment cover was sampled from four 15 x15 cm quadrats placed haphazardly on each 

reef, in areas lacking a seaweed canopy as kelp canopies are known to affect sediment 

cover (Eckman et al., 1989; Wernberg et al., 2005) and would have confounded the 

outcome. Sediment within the quadrat was collected with a venturi-suction sampler. 

Sampling effort was held constant at 10 sec of suction per quadrat. All sampling was 

conducted over one day in late summer to reduce the effect of changing hydrodynamic 

conditions on sediment cover. Once collected, samples were washed with distilled water 

and any algal material accidentally collected was removed before drying. Total dry 

weight of samples was analysed.  

Water depth 

At each site, the water depth was recorded at 12 randomly placed points. Water depth 

was measured with a Suunto Octopus dive computer at the substrate. All measures were 

taken over two days to minimise differences due to changes in tidal height (< 1 m tides 

in Hamelin Bay). Data were analysed with a 2-way PERMANOVA based on Euclidean 

distance using sites nested within reef topography. Sites were a random factor and reef 

topography was a fixed factor. Permutational ANOVA was used rather than parametric 

ANOVA as there were significant differences in variances between treatments groups 

(Levene’s test = 9.26, p < 0.001).  

Slope of substrate 

At each site, the slope of the substratum was measured along three randomly placed 10 

m transects. The slope was taken at one metre intervals along the length of each transect 

and measured over a distance of 300 mm. The angle of the substratum was measured 

using a spirit-level and protractor. The spirit-level was used to determine a vertical 

plane and the protractor was used to determine how much the slope of the substratum 

deviated from that vertical plane. Slope was recorded relative to the horizontal plane 
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such that a reading of zero indicated that the substratum was close to perfectly 

horizontal and a reading greater than 75 degrees designated substratum close to vertical. 

The measuring arm of the protractor integrated over 30 cm sections of the substratum. 

The angle of the substratum was rounded to the neared five degrees. As each transect 

constituted a replicate in this test, data from each transect was grouped in 15 degree 

categories (e.g. 0-15, 16-30, 31-45, 46-60, 61-75, 75+) and the resulting data matrix 

inputted into a 2-way, nested PERMANOVA with sites nested within reef types. Bray-

Curtis dissimilarities were used for this test due to the high frequency of zeros in the 

dataset. The data was graphed as the total frequency of each slope category over 

topographically simple and complex reef to illustrate the distribution of substrate slope 

present on each reef type. 

Ecklonia radiata density 

At each site, the density of Ecklonia radiata was estimated using twelve randomly 

placed 0.25 m2 quadrats. Only the number of adult, canopy-forming kelp thalli 

(Kirkman, 1981) with holdfasts within the quadrat was counted. 

Understorey assemblage structure 

The composition of the algal assemblage beneath an Ecklonia radiata canopy was 

determined from four 0.25 m2 replicate quadrats that were randomly placed in 

monospecific E. radiata beds at each of the three reefs with simple, flat topography as 

well as the three reefs with complex topography. All non-encrusting algae within the 

quadrat were destructively harvested after the density of adult, canopy-forming, E. 

radiata thalli was recorded. Once harvested, each sample was sorted to species level 

and wet weighed. Species richness was calculated for each sample and analysed using a 

2-way nested ANOVA. 

 The assemblage data was related to the physical environment on each reef type 

using a multivariate multiple regression of physical variables on the principle 
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coordinates analysis (PCO) axes generated from the assemblage matrix (DISTLM, 

Anderson, 2001; McArdle and Anderson, 2001; Anderson, 2005). The four assemblage 

sub-samples for each site were averaged before the analysis to allow the correct level of 

replication and similarity between sites was calculated using Bray-Curtis similarities 

(Bray and Curtis, 1957) after a square root transformation of the data. The physical 

variables used for the regression were the average sediment cover, water depth, rugosity 

and substrate slope of each site as a full data set was available for these variables. 

Inclusion of light and water motion data was not possible as they were not sampled to 

the same level. Kelp density was not included in the regression as there was no 

significant difference between topographically simple and complex reefs for this 

variable (F = 0.560, p = 0.495, DF = 1,4).  

To visualise the relationship between the algal assemblage and the physical 

environment, a canonical correlation analysis to correlate the PCO axes generated from 

the assemblage matrix with the physical variables was run to construct a constrained 

canonical correlation (CAP) ordination with differences between reefs tested with the 

trace statistic (Anderson and Robinson, 2003; Anderson and Willis, 2003). 

 

Results 
Distributions of canopy patches 

The frequency of canopy patches significantly differed between locations and between 

reef types within each location (Table 1). Post-hoc pair-wise tests indicated that 

topographically simple and complex reefs differed at each location (Table 1). Locations 

were separated along the horizontal axes of the nMDS plot, while differences in 

topographic complexity (at each location) were separated vertically (Fig. 1).  
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Figure 1: nMDS plot of canopy patch frequencies using square-root transformed data and Bray-Curtis 
similarities. 
 

 

Table 1: PERMANOVA of square root transformed canopy patch frequency data with post-hoc, pair-wise 
tests. Monto-Carlo p-values used for tests of main effect of reef topography and for pair-wise 
comparisons, due to low number of permutable units. 
 

Frequency of canopy patch 
Source DF MS F p 
Location 2 3012.082 12.641 <0.001 
Reef topography 1 5889.155 3.761 0.109 
L x R 12 1565.893 6.572 0.002 
Res 17 238.285   
     

Pair-wise tests for reef topography within each location 
 t p   
Peak 4.406 0.009   
South Hamelin 4.180 0.013   
West Hamelin 2.614 0.019   
      

 

The main source of dissimilarity between reefs with different topography came 

from the higher frequency of gaps with no canopy on topographically complex reef 

(Fig. 2). The most commonly occurring patch type was Ecklonia, however in locations 

such as South Hamelin, mixed Ecklonia and Scytothalia patches also occurred 

frequently. Peak differed from the other two locations as there was a greater number of 

sand patches and less frequent mixed Ecklonia and Scytothalia patches (Fig. 2). 
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Figure 2: Average and standard error (n = 3) of frequency of canopy patches from three locations in 
Hamelin Bay. Sg+K = mixed Sargassum and Ecklonia, Sc+E = mixed Scytothalia and Ecklonia. 
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Incidental light 

Topographically complex reefs had greater diurnal incidental light than topographically 

simple reefs in all sampling periods (Table 2). There were some differences between 

sites within a given reef type. Typical diurnal fluctuations in light levels were evident 

on both reef types with a midday peak around 200-400 μ mol-1sec-1 (Table 2). One 

sensor on topographically complex reef gave readings (29, 245 μE m-2 day-1) lower than 

those seen on topographically simple reef (72,766 μE m-2 day-1) during the first 

(December) time period. This was possibly due to the sensor on the topographically 

complex reef being shaded by a large adjacent rock wall for most of the sampling 

period. 

 

Table 2: The maximum and total quantum on topographically simple and complex reefs. Reef numbers refer to 
replicate reefs used at each sampling period. Note: different reefs used for each sampling period. Raw totals are 
presented and hence not associated with an error term. n/a = not available due to logger failure 
 

December February July  
Reef Max 

light 
(μE m-2s-1) 

Total 
diurnal light 
(μE m-2day-1) 

Max 
light 

(μE m-2s-1) 

Total 
diurnal light 
(μE m-2day-1) 

Max 
light 

(μE m-2s-1) 

Total  
diurnal light 
(μE m-2day-1) 

Complex reef 1 123 29,245 400 179,072 328.8 44,869.5 
Complex reef 2 358 90,094 n/a n/a 298.8 44,464.5 
Simple reef 1 329 72,966 320 139,403 228.8 34,352 
Simple reef 2 n/a n/a 70 28,605 203.8 26,872  

 

Water motion 

There was a significant difference in the direction and magnitude of water motion 

between reefs with simple and complex topography. The direction of water movement 

significantly differed between reef types during the first (March) sampling (χ2 = 

727.908, df = 35, class width = 100, p < 0.001). Water motion 2.2 meters above the 

substrate in March was bi-directional on the topographically simple reef, whereas water 

motion was more turbulent on the topographically complex reef, not favouring any 

particular direction (Fig. 3). During the second (July) sampling, topographically simple 

reef was significantly different from topographically complex reef in mean direction of 
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water motion (F = 542.47, p < 0.001, df = 1,1), with water travelling in a mean direction 

of south-east (115.88o ± 1.14o) on topographically simple reef and north-east (57.03o ± 

2.25o) on topographically complex reef (mean ± std error, n = 347). Similar to the 

March sampling, directions of water motion were also more widely distributed on 

topographically complex reef than topographically simple reef during the July sampling 

(Fig. 3). 

 

Figure 3: Direction of water motion on topographically simple and complex reefs during March and July. 
Note the difference in “squared” scale for each graph 
 

The speed of water flow above the reef was significantly greater on 

topographically complex reef (Fig. 4A, Table 3) with a  speed of 41 ± 0.5 mm sec-1 on 

topographically complex reef and 33.2 ± 0.3 mm sec-1 on topographically simple reef 

for the first sampling period (March) (mean ± std error, n = 1456). In the second 

sampling period during winter (July), the speed of water flow above the reef was almost 

three times greater on the topographically complex reef than on the topographically 

simple reef with values of 130.7 ± 3.6 mm sec-1 and 51.4 ± 0.8 mm sec-1 respectively 

(mean ± std error, n = 347). 
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Table 3: The Kruskal-Wallis test of the speed of water flow above topographically simple and complex 
reef in March and July. The same results are achieved when values are adjusted for ties. 
 

March 
Reef topography N Median Average 

Rank 
Z H DF p 

Simple 1456 40.00 1617.9 10.36 107.37 1 <0.001 
Complex 1456 33.00 1295.1 -10.36    

Overall 2912  1456.5     
        

July 
Reef topography N Median Average 

Rank 
Z H DF p 

Simple 347 122.00 479.8 17.38 302.10 1 <0.001 
Complex 347 50.00 215.2 -17.38    

Overall 694  347.5      
 

Sediment cover 

There was an order of magnitude difference in the amount of sediment cover between 

reef types (Fig. 4B). Simple, flat reefs had significantly more sediment cover in late 

summer than reefs with high topographic complexity (Table 4). Simple flat reefs had 

221.8 ± 40.0 g 0.025 cm-2 10 sec-1 of sediment cover, compared to 27.4 ± 6.3 g 0.025 

cm-2 10 sec-1 (average ± std error, n = 12) for topographically complex reefs. Sites 

within each reef type did not differ significantly in terms of sediment cover (Table 4). 

The variation in sediment cover was significantly different between topographically 

simple and complex reefs, with greater variation present on topographically simple reefs 

(Levene’s test = 22.34, p < 0.001).  

Water depth 

For the reefs sampled, topographically simple reefs were between 0.78 and 4.30 m 

deeper than topographically complex reefs (Fig. 4C). There were significant differences 

in water depth between reef types and sites within each reef types (Table 4). Variation 

in water depth was significantly different between reef types and sites (Levene’s test = 

9.26 p < 0.001) with more variation on topographically complex reefs.  
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Slope of substrate 

There was a significant difference in the distribution of substrate slopes between 

topographically simple and complex reef (Table 4) with no significant differences 

between sites nested with reef types (Table 4). Pooled across all three sites within a reef 

type, topographically complex reefs had only 33.3 % horizontal substrate (<15 degrees) 

and 66.6 % sloped substrate (> 15 degrees), whereas topographically simple reef had 

92.2 % horizontal substrate and 7.8 % sloped substrate. Of the 66.6 % sloped substrate 

on topographically complex reef, slopes were spread out over a range from 20o to 75o+, 

with a slight tendency towards shallower slopes (Fig 4D). 

 

 

 

 

Table 4: Analysis for sediment cover, kelp density, slope of substrate and water depth. Note a 
PERMANOVA was performed on slope of substrate and water depth data and all other data set were 
analysised with ANOVA. * = Monte-Carlo p-value used due to the small number of permutable units. Reef 
topography (RT) is fixed, site is random. 
 
 Sediment cover  

(log transformed) 
Ecklonia radiata density 

Levene’s test 2.13, p = 0.109 1.44, p = 0.233 
Source DF MS F p DF MS F p 
RT 1 5.340 66.48 0.001 1 4.50 0.56 0.495
Site (RT) 4 0.080 0.50 0.733 4 8.00 0.77 0.546
Res 18 0.159   66 10.33    

 
 Slope of substrate Water depth 
Source DF MS F p DF MS F p 
RT 1 13777 29.3 <0.001* 1 38796774 6.117 0.026*

Site (RT) 4 469 1.1 0.412 4 6342216 31.750 <0.001
Res 12 438   66 199752    
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Figure 4: Physical variables on topographically simple and complex reefs in Hamelin Bay. (A) Magnitude 
of water motion during March and July. (B) Mean and standard error of sediment cover, n = 5. (C) Mean 
and standard error of water depth in meters, n = 12. (D) Frequency of substrate slope, n = 90. 
Topographically simple reefs are the white bars and topographically complex reefs are the black bars. 
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Ecklonia radiata density 

There was no difference in adult Ecklonia radiata density between reefs with simple 

and complex topography, nor between sites within reef types (Table 4). Kelp density 

across all sites was 6.6 ± 0.2 per 0.25 m-2 (average ± std error, n = 72).  

 

Understorey assemblage structure 

There was a significant relationship between algal assemblage structure and the average 

sediment cover, water depth, rugosity and the slope of reefs (F = 2.235, p < 0.001, df = 

4,1, Table 5). These four physical variables accounted for 89.9 % of the variance in the 

structure of the algal assemblage. Individual variables were highly correlated with each 

other; however marginal tests of individual variables were non-significant (Table 5), 

indicating that it was the interaction of variables that led to the significant multiple 

regression. 

Reefs with complex topography had significantly greater species richness than 

reefs that are flat (Table 6) with the former having 8.2 ± 0.6 species per 0.25 and the 

latter 5.3 ± 0.6 species per 0.25 m2 (average ± std error, n = 12). 

 Canonical correlation analysis provided good separation of reefs (trace statistic 

= 1.964, p = 0.051), with reef types separating on the second (vertical) canonical axis 

(Fig. 5). The composition of the algal assemblage differed between reef types with algal 

assemblages from topographically complex reef associating with reefs of high rugosity 

and diverse reef slopes, while algal assemblages from topographically simple reef were 

linked to greater sediment cover and water depth (Fig. 5).  
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Figure 5: Canonical plot of the canonical correlation of PCO axes of algal understorey beneath an Ecklonia 
radiata canopy to physical variables on topographically simple and complex reefs, using Bray-Curtis 
similarities.  

Table 5: The DISTLM results from multivariate multiple regression of understorey assemblage (beneath 
Ecklonia radiata canopy on topographically simple and complex reef) against average sediment cover, 
water depth, topography and slope of substrate. Marginal tests of each physical variable against algal 
assemblage structure are found in the second table. The third table indicates the correlation between 
physical variables. 
 

DISTLM 
 

Proportion of variance explained = 0.899  
Source DF MS F p 
Regression 4 1318.698 2.235 <0.001 
Res 1 590.026     

Marginal tests 
 

Variable SS (trace) Pseudo-F p Proportion of 
variance 

Sediment cover 1261.483 1.096 0.413 0.215 
Water depth 879.487 0.706 0.710 0.150 
Rugosity 1279.069 1.116 0.403 0.218 
Substrate slope 1339.015 1.183 0.289 0.228 

 
Correlations among predictor variables 

 
 Sediment cover Water depth Rugosity Substrate slope 
Sediment cover 1    
Water depth 0.729 1   
Rugosity 0.921 0.877 1  
Substrate slope -0.970 -0.784 -0.976 1  
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Table 6: The ANOVA of species richness (species. 0.25 m2) of the algal assemblage underneath an 
Ecklonia radiata canopy. Reef topography (RT) is fixed and site is random. 
 

Levene’s test 0.81, p = 0.556 
Source DF MS F p 
Reef topography 1 48.167 8.08 0.047 
Site (RT) 4 5.958 1.30 0.307 
Res 23    

 

Discussion 

The differences in algal assemblages between reefs with simple and complex 

topography are driven largely by interacting effects of sediment cover, water depth, 

rugosity and substrate slope. Simple, planar reefs had greater sediment cover and water 

depth than adjacent reefs with more topographic complexity, which had greater 

incidental light, stronger and more turbulent water motion and more sloped substrate. In 

combination, these differences create two distinct physical environments, which drive 

differences in the algal assemblage.  

The distribution of canopy cover differed between topographic simple and 

complex reef. Canopy patches occurred with higher frequency on simple, flat reef while 

gaps in the canopy were more prevalent on reefs with complex structure. The higher 

frequency of gaps in the canopy on topographically complex reef is consistent with the 

greater potential for dislodgment of kelp from overall higher water motion on these 

reefs. Thomsen et al. (2004) indicated that a water motion of 2-5 ms-1 would be needed 

to dislodge large kelp from a reef and although I did not record water motion of this 

magnitude, water motion closest to this critical speed was found on topographically 

complex reef. The differences in the frequency of canopy patches observed in this study 

supports previous descriptions of difference in algal assemblage structure between reefs 

with simple and complex topography in Hamelin Bay (Harman et al., 2003; Kendrick et 

al., 2004). 
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The physical environment on topographically simple and complex reef, 

influences the distribution of algae possibly by altering key biological processes. In 

coral reefs, reef complexity drives fish assemblage structure by altering predation 

pressure (Almany, 2004). In this temperate system, reef topography could be altering 

processes such as recruitment and competition. Both sediment loading and variation in 

reef slope affect the recruitment of algae. High sediment loads can reduce recruitment 

(Devinny and Volse, 1978; Kendrick, 1991; Irving and Connell, 2002), either through 

burial or scour, both of which would be greater on topographically simple reef. Vertical 

rock faces favour the recruitment of invertebrates (Baynes, 1999; Goldberg and Foster, 

2002; Piazzi et al., 2002), increasing competition for space and thereby leaving less 

space for algae to colonise relative to horizontal rock surfaces. The difference in these 

variables may lead to differences in recruitment patterns across reef types. Due to the 

greater water motion and incidental light on topographically complex reefs, competition 

for light between canopy algae and their understorey may vary between reefs with 

simple and complex topography. Differences in the distribution of algae across 

topographically simple and complex reef may result from the influence of different reef 

environments on key biological processes such as recruitment and competition. 

Topographically simple and complex reefs should be considered distinct habitats 

as variation in multiple physical variables across reef types highlights that reef 

topography is not a single factor but rather a collection of co-varying factors. Some of 

the environmental differences between topographically simple and complex reefs are a 

direct result of the differences in physical structure of the reef. By virtue of the physical 

structure of the limestone, topographically complex reef have greater variation in the 

slope of the substrate and greater rugosity of the reef. Furthermore, as topographically 

complex reefs have a greater vertical profile, shallower water depths are to be expected 

on this reef type relative to adjacent topographically simple reefs. These primary 
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differences in physical structure of the reef have flow-on effects to other physical 

variables, such as greater incidental light in structurally complex reefs. In addition, the 

physical structure of topographically complex reef generated more turbulent water 

motion due to water flow being broken up to form eddies and other hydrodynamic 

features by rock walls and large boulders (i.e. water motion interacting with boundary 

conditions). The inter-relationship of these variables suggests that these reef types 

should be considered different habitats.  

Apart from sediment cover, which was greater on topographically simple reef, 

substrate slope, water depth, water motion and possibly light all had greater variation on 

topographically complex reefs. This greater variation in physical variables on the 

topographically complex reefs may be interpreted as a greater diversity in 

microenvironments present on this reef type. An example of this can be seen in reports 

of greater water motion at the top of a rock wall than at its base (Sebens, 1984). In 

addition, greater diversity in reef slope will lead to greater variation in light 

microenvironments on topographically complex reefs (Brakel, 1979). This increase in 

the number of microenvironments may lead to greater variation in assemblage structure 

on topographically complex reef (Chapter 3).  

This study demonstrates that assemblage structure and the distribution of 

individual algal species are heavily influenced by their immediate environment. 

Differences in reef topography and their effects on the physical environment including 

light, water motion, sediment, depth and slope of substrate, at less than 1 to 10 m scales 

drives the presence and abundance of algal species. This local variation may explain 

much of the high alpha diversity between replicate quadrats reported from the temperate 

south and western coasts of Australia (Kendrick et al., 1999; Wernberg et al., 2003; 

Goldberg and Kendrick, 2004 and Kendrick et al., 2004). 
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Chapter 3: Disturbance and reef topography 
maintains local diversity in Ecklonia radiata kelp 

beds 
 

In this experiment, I used gap theory from terrestrial rainforest ecology to predict how 

high alpha diversity is maintained in kelp beds. Reef topography is also seen as a factor 

maintaining diversity in the kelp bed. This experiment was initially designed by Euan 

Havery and Gary Kendrick although I have substantially redesigned how the data is 

analysised. Experimental setup and collection of rugosity data was performed by Euan 

Harvey, David Abdo, David Gull, Matt Kleczkowski, Steven Wahlan and Nichole 

Harman. Algal biomass data was collected by myself, Gary Kendrick and Nichole 

Harman. All species identifications were performed by Gary Kendrick. Advice on 

multivariate analysis was supplied by Marti Jan Anderson. All writing and conceptual 

development is my own. 

 
 
 
 
Photograph: Macroalgae dislodged during storms often forms the basis of large 
collections of beach wrack during the winter months at Hamelin Bay (Ben Toohey). 
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Abstract 
Gaps in terrestrial forests, created from tree-falls, are sites of high local diversity. 

Similarly, gaps in marine kelp beds are also sites of high benthic macroalgal diversity. 

This study investigated whether forest gap theory from terrestrial ecology could explain 

the high local diversity on shallow subtidal macroalgal beds in Western Australia. Six 

replicate reefs within each of three locations were cleared of their Ecklonia radiata 

canopy over 314 m2 circular areas. The patterns of macroalgal recolonisation in these 

replicate clearances were sampled for 34 months. During this time, the same numbers of 

control sites (no clearing of the canopy) were also sampled. Macroalgal species richness 

was increased by canopy removal and remained elevated throughout recolonisation. 

Canopy disturbance created a mosaic of different patch types that formed islands of 

high diversity against a background of low diversity kelp bed. The pattern of 

recolonisation began with the establishment of a species-rich assemblage of 

predominately foliose and filamentous algae which persisted for up to 7 months. By 10 

months after clearance, the foliose algae were generally covered by a canopy of 

Sargassum spp; which persisted as the dominant canopy forming macroalgae until the 

kelp Ecklonia radiata began to replace it by 22 months after clearance. The biomass of 

E. radiata in cleared sites was approximately 50% of biomass in control sites 34 months 

after canopy clearance; suggesting the kelp canopy was still not completely recovered 

by this stage. Some cleared sites formed a dense layer of turf algae and remained 

unchanged during the rest of the experiment. Recolonisation of cleared sites increased 

in diversity by creating a mosaic of different patch types, with their own assemblage 

composition. Increased topographic complexity of reefs increased variation in the algal 

assemblage between replicate quadrats suggesting a greater number of microhabitats on 

topographically complex reefs interacting with differences in exposure to ocean swells 

between the three locations. These patterns of recolonisation of gaps in the canopy of 
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the kelp Ecklonia radiata are similar to those predicted by forest gap theory, as the 

composition of both terrestrial rainforests and temperate kelp beds are strongly 

influenced by interspecific competition for light. 
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Introduction 

Understanding the sources and consequences of diversity is essential to helping 

conserve ecosystems. Australian’s marine flora has been identified as having high 

diversity (Phillips et al., 1997; Wernberg et al., 2003) with approximately 1100 species 

known to occur in the temperate waters of Australia (Bolton, 1994). Diversity in 

macroalgal beds can be studied as the number of species, the assemblage structure or 

the variation in assemblage structure. The goal of this research was to identify how high 

diversity of benthic macroalgae is maintained in temperate Australia. 

Kelp beds are a conspicuous and significant ecosystem in the marine 

environment and are as important as rainforests in the terrestrial environment. The 

larger kelps Macrocystis and Nereocystis are likened to forests of the sea (Dean, 1985; 

Ebeling et al., 1985; Tegner et al., 1995). There are also many smaller kelps that either 

drape over or stand a few metres off the substrate. These include Laminaria, 

Pterygophora, Ecklonia, and Eisenia in the northern hemisphere and Ecklonia in the 

southern hemisphere. Ecklonia spp. are the dominant kelps over large areas of subtidal 

rocky reefs in South Africa, Japan, Australia and New Zealand (Velimirov and 

Griffiths, 1979; Schiel and Choat, 1980; Novaczek, 1984 a,b; Maegawa et al., 1987; 

Kennelly and Underwood, 1993; Bolton and Anderson, 1994; Anderson et al., 1997; 

Phillips et al., 1997; Cole and Syms, 1999; Kendrick et al., 1999; Fowler-Walker and 

Connell, 2002; Nagayama et al., 2002; Haggitt and Babcock, 2003; Wernberg et al., 

2003). Understanding the factors leading to the high diversity associated with kelp beds 

may be found by examining theory from terrestrial rainforest literature. The application 

of terrestrial theory to marine systems has had some merit in the past (Schiel, 1985; 

Edwards, 2000). 
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Forest gap theory 

Terrestrial rainforests, like macroalgal beds, are hotspots of diversity (Ricklefs, 

1977; Wright, 2002). One long standing paradigm in rainforest literature is that high 

diversity is maintained by gaps in the canopy created when canopy trees are disturbed 

(falls over or drop branches) (Grubb, 1977; Ricklefs, 1977; Orians, 1982; Denslow, 

1987; Schnitzer and Carson, 2001). When large, competitively-dominant trees fall 

down, they create a gap in the canopy and local environmental conditions are modified, 

such as increased light levels (Denslow, 1980; Brown, 1996). This permits the 

colonisation and growth of understorey plants. Once colonising trees grow to form a 

new canopy they close the gap and create sub-canopy conditions unfavourable to all but 

the most shade-adapted understorey species thus reducing both diversity and biomass of 

the understorey. 

This concept has many parallels to the marine kelp beds of Western Australia. 

Patches of reef within a kelp canopy have a sparse, species poor, foliose or encrusting 

understorey (Kennelly, 1987c; Kendrick et al., 1999; Fowler-Walker and Connell, 

2002) while patches of reef lacking a canopy have a dense cover of small foliose and 

calcified algae forming a species-rich foliose assemblage covering the substrate (Bulleri 

et al., 2002; Wernberg et al., 2003; Irving et al., 2004; Kendrick et al., 2004). Kelp 

canopy can be removed by physical perturbations, such as storm swell (Kennelly, 

1987b; Seymour et al., 1989; May, 1981 #307), which physically detach canopy algae 

from the reef, increasing ambient light levels and allowing sparse understorey species to 

grow and develop into the species rich assemblage typically seen in areas lacking a 

canopy (May and Larkum, 1981; Cowen et al., 1982; Ebeling et al., 1985; Kennelly, 

1987b; Dayton et al., 1992; Kendrick et al., 1999; Kendrick et al., 2004; Toohey et al., 

2004). All of these observations are consistent with predictions from forest gap theory, 

albeit on different temporal and spatial scales. 
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To date, there exists little published literature that experimental tests of the 

effects of kelp canopy removal on diversity, with most inferences based on 

observational studies. The aim of this research was to experimentally assess the effect of 

removal of kelp canopy on macroalgal diversity and test if forest gap theory could 

explain the high species diversity seen in marine kelp beds of Western Australia.  

Reef topography 

Algal diversity may also be maintained by the topographic complexity of the 

reef on which the algae grow. In Western Australia, kelp beds can be found on 

limestone reefs ranging in topography from topographically simple, flat reefs to 

exceedingly complex reefs that contain, at the meter to tens of meters scale, many 

channels, overhangs, rock walls and reef crests. Research demonstrates that 

topographically complex reefs have significantly different algal assemblages to 

topographically simple reefs (Harman et al., 2003; Kendrick et al., 2004). 

Topographically complex reefs have less total biomass of macroalgae but greater 

species richness than topographically simple reef habitats (Harman et al., 2003; 

Edwards and Smith, 2005). Differences in the physical environment of each reef type 

can explain up to 85.4 % of differences in assemblage structure between 

topographically simple and complex reefs (Chapter 2.). Due to the influence of reef 

topography on algal assemblage structure, I tested if reef topographic complexity led to 

an additional increase in species diversity on Western Australian reefs. 

There are three hypotheses tested in this research. Firstly, species diversity 

increases after the removal of the kelp canopy. Secondly, as the kelp canopy returned, 

species diversity would drop as the competitive dominant kelp prevented the occurrence 

of several other species. Thirdly, this pattern of diversity relative to the removal and re-

colonisation of the kelp canopy would be consistent across both topographically simple 

and complex reefs.  
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Materials and methods 

Topographic complexity (in terms of rugosity) was measured using a ‘chain and 

tape’ method (Luckhurst and Luckhurst, 1978; McCormick, 1994). Ten transects were 

randomly laid at each site with a 20 m length of 2 mm chain and then the linear distance 

between the two ends of the chain was determined with a measuring tape. Care was 

taken to lay the chain along the contours of the substrate such that the chain was in 

contact with the substrate at points along its length. Transformation failed to correct for 

heterogeneous variances in the rugosity data, so the analysis (ANOVA) was performed 

on untransformed data (Underwood, 1997). 

There was a significant reef topographic complexity effect as well as a 

significant interaction of location and reef topographic complexity. For topographically 

complex reef, the chain to tape ratio was 0.67 ± 0.01, 0.65 ± 0.01 and 0.65 ± 0.01 

(average ± SE, n = 120) for the three locations used (West of Peak Rock, South of 

Hamelin Island and West of Hamelin Island respectively). For topographically simple 

reef, the chain to tape ratio was 0.96 ± 0.003, 0.96 ± 0.004 and 0.95 ± 0.005 (average ± 

SE, n = 120) for the three locations used (West of Peak Rock, South of Hamelin Island 

and West of Hamelin Island respectively). The higher ratio of chain to tape for 

topographically simple sites indicated they were relatively closer to being flat (ratio = 

1). There was no significant difference in topographic complexity between cleared and 

control sites (Table 1).  
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Table 1: Mixed-model ANOVA of untransformed rugosity data. Location (L) and site are random factors; 
clearance (C) and reef topography (RT) are fixed factors. Variance structure is heterogenous. n = 10. 
Clearance treatment represents the initial comparison of cleared versus uncleared sites. 

 
Levene’s test =  2.92, p <0.000 
Source DF MS F p 
Location 2 0.006 0.98 0.492 
Reef topography 1 8.240 1383.88 0.001 
Clearance 1 0.007 12.97 0.069 
Site (L x RT x C) 24 0.003 1.17 0.268 
L x RT 2 0.006 75.50 0.013 
L x C 2 0.001 7.13 0.123 
RT x C 1 0.001 17.33 0.053 
L x RT x C 2 >0.001 0.03 0.973 
Res 324 0.002   

 

 

 

 

 

 

Sampling design 

A preliminary sampling program was conducted before any canopy clearances 

were made. All algal biomass within six randomly placed 0.25 m2 quadrats were 

harvested on topographically simple and complex reefs within each of three locations, 

giving a total of 36 samples. The log10 (x + 1) transformed biomass data was analysed 

with a 2-way, mixed model PERMANOVA (Anderson, 2001; McArdle and Anderson, 

2001). Location was a random factor and crossed with reef topographic complexity 

which was a fixed factor. Analysis indicated a significant effect of reef topographic 

complexity (F = 5.63, p = 0.004, df = 1, 2) and location (F = 2.77, p = 0.004, df = 2, 30), 

without any significant interaction of these factors (F = 1.56, p = 0.11, df = 2, 30). 

Based upon these results, it was decided to include multiple locations as well as the 

topographically simple and complex reef categories in our experimental design. 

During April 2001 (autumn), 12 sites were marked at each of three locations 

(South of Hamelin Island, West of Hamelin Island and West of Peak, see Fig. 2, 

Chapter 1). Sites were 10’s to 100’s of meters apart and marked by a permanent iron 

stake drilled into the substrate. Within each location, six of the twelve sites were 

positioned on topographically complex reefs while the other six were located on 

adjacent topographically simple reefs. The topographically simple reefs used in this 
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study were between 8 and 11 m in depth. The topographically complex reefs used were 

between 3 and 6 m in depth. Differences in depth are inherit to the comparison of 

topographic simple and complex reefs within a given location. 

On each combination of reef type and location, half of the sites (three) were 

cleared of all large macroalgae and the other three sites were left unmanipulated as 

controls (Fig. 1). In cleared sites, all large brown macroalgae forming a canopy were 

removed within a 10 m radius of the centre of the site (314 m2 cleared) by tearing the 

algae off the reef at holdfast-substrate interface. This is the most frequent area that E. 

radiata are dislodged from limestone reefs in Western Australia (Thomsen et al., 2004). 

 

 
 
Figure 1: The experimental design. Each site was characterised by three 0.25 m2 quadrats for each of the 
four sampling periods of 7, 10, 22 and 34 months after canopy clearance. 

 
 
 
The macroalgal assemblages were sampled in both cleared and control sites 7 

months (November 2001), 10 months (February 2002), 22 months (February 2003) and 

34 months (February 2004) after clearance of the canopy. Algal assemblage structure 

was sampled by destructively harvesting algal biomass in three randomly placed 0.25m2 

quadrats within each site. Each sample was sorted to species level and wet weighed.  
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The differences in the algal assemblage were investigated in terms of species 

richness, total biomass and assemblage structure. I present species richness data rather 

than diversity index, as similar trends were found in both, suggesting species evenness 

did not influence patterns of diversity to a large extent and the primary signal was in 

species richness. I also analysed the biomass of two canopy taxa, Ecklonia radiata and 

Sargassum subgenus Arthrophycus separately, as they displayed large changes in 

biomass during the recolonisation process.  

Statistical analysis 

The same four factor mixed model ANOVA design was used for all univariate 

and multivariate analyses. Location and site were random factors; while clearance 

(cleared or control) and reef topographic complexity were fixed. Sites were nested 

within location, reef topographic complexity and clearance. Sub-samples within each 

site were used as the lowest level of replication so that the analysis captured the species 

turnover within each site. Each sampling period was analysed separately to identify 

which factors were influencing assemblage structure at that point in the recolonisation 

process.  

Univariate analysis used analysis of variance (ANOVA), while assemblage level 

analysis was performed with permutational multivariate ANOVA (Anderson, 2001; 

McArdle and Anderson, 2001). All univariate data were checked for homogeneity of 

variances using Levene’s test. All univariate data that did not have equal variances were 

log 10 (x + 0.1) transformed. All multivariate biomass data were log 10 (x + 1) 

transformed prior to analysis to reduce the influence of high biomass species such as 

Ecklonia radiata. Non-parametric multi-dimensional scaling (nMDS) ordination plots 

were used to illustrate the relative assemblage structure of sites for each post-clearance 

sampling period. All nMDS plots were constructed from Bray-Curtis dissimilarities 

(Clarke and Gorley, 2001). 
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Results 

 
Assemblage response to canopy removal 

The clearance of the canopy had a significant positive influence on species 

richness both in the short-term and longer term of the experiment (Table 2, Fig. 2A). A 

100 % increase in species richness was observed within 7 months in cleared treatments 

(16 species) compared to canopy controls (8 species). Species richness in cleared 

treatments remained greater than canopy controls for the entire duration of the 

experiment (Fig. 2A). There was also significant site-to-site variation in species richness 

nested within reef location, reef topographic complexity and clearance treatments 

throughout the experiment except 10 months after clearance (Table 2). Despite this 

significant small-scale site variation, canopy loss had a large and statistically significant 

influence on species richness. Significantly elevated species richness in the cleared sites 

relative to controls was consistent across all sampling periods in spite of the formation 

of large canopies in the later sampling periods (22 and 34 months after canopy 

clearance). This indicates the diversity generated by canopy clearance was present in the 

algal assemblage for up to 34 months post-disturbance. 
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Figure 2: (A) Average and standard error of species richness of macroalgae for control and cleared sites. 
(B) Average and standard error total biomass (grams wet weight per 0.25 m2) of macroalgae for control 
and cleared sites. (C) Average biomass (grams wet weight per 0.25 m2) and standard error of Sargassum 
subgenus Arthrophycus in simple and complex reef. (D) Average biomass (grams wet weight per 0.25 
m2) and standard error of Ecklonia radiata in control and cleared plots. A star indicates a p value less than 
0.05 for that comparison. Averaged over all locations and sites within each sampling period. n = 54. 
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Clearance of the canopy had a significant negative influence on total biomass, 

with greater biomass in control sites for the first three sampling periods (Fig. 2B, Table 

2). There was a gradual increase in total biomass in cleared sites over the course of the 

experiment (Fig. 2B). By month 34, total biomass was not significantly different 

between cleared and control treatments (p = 0.114, Table 2). There was also significant 

site-to-site variation nested within the reef location, reef topographic complexity and 

clearance treatments for 7 months and 22 months after canopy clearance (Table 2). 

Despite the small-scale site variation, canopy loss had a large and statistically 

significant negative influence on total macroalgal biomass. 

Clearance of the canopy had a significant impact on the composition of the algal 

assemblage throughout the study (Table 3). The assemblages of macroalgae in control 

sites were significantly different from cleared sites 7 months after clearance (p < 0.001, 

Table 3, Fig. 3). Over time, there was a gradual reduction in the separation of control 

and cleared sites in the nMDS plots, such that by month 34, some cleared sites were 

interspersed with control sites, however other cleared sites still had a significantly 

different assemblage 34 months after clearance (Fig. 3). By the end of the experiment, 

cleared sites continued to have an assemblage structure significantly different from 

control sites (p = 0.002, Table 3). 

The composition of the algal assemblage significantly differed among the three 

locations, which were situated 1-2 kilometres apart (Table 3). This effect was significant 

for all years throughout the experiment (p < 0.001 for all years). Similarly, there were 

significant reef topographic complexity by location interactions at 7 months and 34 

months after the canopy was removed (Table 3). 
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Figure 3: nMDS plots of algal assemblage structure constructed from Bray-Curtis similarity of log 10 (x+ 
1) transformed biomass data. n = 3 per site 
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Algal assemblage structure was not influenced by reef topography as a main 

effect nor by the clearance by location or clearance by reef topography interactions. 

Significant site variation in assemblage structure nested within the reef location; reef 

topography and clearance treatments occurred for all sampling periods (Table 3), 

inferring that individual species distributions and their abundances were highly variable 

at sites separated by 10’s to 100’s of meters.  

Reef topographic complexity was not statistically significant as a main effect, 

but was significant as an interaction with location on two occasions suggesting that the 

influence of reef topographic complexity is not great when comparing means. However, 

reef topography does influence the variability in benthic macroalgal assemblages (Table 

4). There was greater dispersion of samples from cleared sites on topographically 

complex reef relative to those from topographically simple reef, as demonstrated by the 

multivariate dispersion indices which were all greater than zero and the spread of 

topographically complex versus topographically simple reef samples on nMDS plots 

(Table 4, Fig. 3). Greater dispersion between samples taken from topographically 

complex reefs indicated these reefs had greater variation in algal assemblage structure.  

 

Table 4: The relative dispersion and multivariate dispersion indices (IMD) of control and clearance 
treatments on topographically simple and complex reefs. The IMD ranges from -1 to +1, with values 
greater than 0 indicating that the first group in the comparison has greater dispersion than the second 
group in the comparison. IMD values below 0 indicate that the first group has less dispersion than the 
second group for that comparison. 

Relative dispersion 
 Sampling period 
 7 months  

(Nov 
2001) 

10 months 
 (Feb 2002) 

22 months  
(Feb 2003) 

34 months 
 (Feb 2004) 

Simple reef, control 0.700 0.561 0.489 0.719 
Complex reef, control 0.599 0.801 0.720 0.684 
Simple reef,cleared 1.199 1.132 1.394 1.187 
Complex reef, cleared 1.502 1.506 1.396 1.410 

 
Multivariate dispersion indices (IMD) 
Cleared, complex-
simple comparisons 

0.419 0.485 -0.025 0.271 
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Pattern of macroalgal assemblage recolonisation 
 

Prior to canopy removal, all sites had a canopy of Ecklonia radiata and 

Scytothalia doryocarpa with an understory of Rhodymenia sonderi and Pterocladia 

lucida. Control sites throughout the experiment continued to have a canopy of E. 

radiata and S. doryocarpa with an understorey of R. sonderi and P. lucida, with these 

species contributing on average 93.29 ±1.10 % of the total biomass.  

Changes in assemblages between sampling periods after canopy removal were 

very similar among locations and between reef topographies. Seven months after the 

canopy was cleared, most sites were covered by low-biomass foliose and corticated, 

terete species, with Sargassum subgenus Arthrophycus, Codium duthieae, Scytothalia 

doryocarpa constituting 27.864, 16.758 and 8.548 % of total biomass, respectively. 

Other species frequently occurring in the 54 clearance samples were Ulva spp. (43 

samples), Sargassum juveniles (37 samples), Dictyota naevosa (25 samples), 

Rhodymenia sonderi (24 samples), Lobospira bicuspidata (23 samples), 

Metagoniolithon radiatum (23 samples), Amphiroa anceps (23 samples). 

Ten months after the canopy was cleared, Sargassum subgenus Arthrophycus 

dominated cleared sites on both reef types comprising 10.473 % and 30.565 % of total 

biomass on topographically simple and complex reefs, respectively. Sargassum 

subgenus Arthrophycus was significantly more abundant in topographically simple reefs 

in month 10 (p = 0.021, Table 5, Fig. 2C). Codium duthieae, Sargassum distichum and 

Sargassum podocanthum were also large contributors to total biomass in cleared sites, 

contributing 12.013, 7.733 and 5.017 %, respectively. Species commonly found in the 

clearance samples at this time included Ulva spp. (in 44 samples), Rhodymenia sonderi 

(in 38 samples), Sargassum juveniles (in 37 samples), Amphiroa anceps (in 32 

samples), Lobophora variegata (in 29 samples) and Lobospira bicuspidata (in 27 

samples).  
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Twenty two months after canopy clearance, E. radiata biomass increased, 

contributing 30.607 % of total biomass of macroalgae in the canopy clearance treatment 

(Fig. 2D). Scytothalia doryocarpa also contributed 14.001 % of the total biomass. 

Rhodymenia sonderi, A. anceps, P. lucida, Ecklonia juveniles, Sargassum juveniles and 

Hypnea valentiae were common, being found in 39, 35, 31, 31, 31 and 24 of the 54 

clearance samples respectively. By month 22, Sargassum subgenus Arthrophycus was 

again significantly more abundant on topographically simple reefs than topographically 

complex reefs (p = 0.02, Table 5, Fig. 2C), comprising 14.038 % of total biomass on 

topographically simple reef and 6.325 % of total clearance biomass on topographically 

complex reef. 
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By thirty four months after canopy clearance, Ecklonia radiata had increased in 

biomass, making up 56.513 % of total biomass (Fig. 2D). Scytothalia doryocarpa also 

contributed 10.007 % to total biomass. Sargassum subgenus Arthrophycus was less 

abundant, comprising only 3.318 % of total clearance biomass (Fig. 2C). Rhodymenia 

sonderi, A. anceps, M. radiatum, P. lucida and Sargassum juveniles all appeared in low 

biomass in more than 50 % of clearance samples. 

 The biomass of E. radiata in cleared sites had not reached levels recorded in 

control sites by month 34 (Fig. 2D). By this time, biomass of Ecklonia radiata in 

cleared sites was 54.215 % of control site biomass. E. radiata biomass was significantly 

different between control and cleared sites throughout the experiment (Table 5). There 

was significant site to site variation in the abundance of E. radiata and Sargassum 

subgenus Arthrophycus in most years (Table 5). 

Four sites, all on topographically complex reefs, did not follow the pattern 

described above. In these four sites, a dense layer of foliose and filamentous algae 

formed after canopy clearance and remained unchanged throughout the experiment. 

Such assemblages could be described as “turf”. There were, however, scattered 

Sargassum subgenus Arthrophycus thalli dispersed in some of the patches 10 and 22 

months after clearance.  

Discussion 

The removal of the canopy forming kelp Ecklonia radiata to form canopy gaps 

highlighted several important influences on macroalgal diversity. Removal of an 

Ecklonia radiata canopy led to an increase in species richness, that remained elevated as 

E. radiata re-colonised, suggesting the canopy may suppress the recruitment but not the 

persistence of other macroalgae. Canopy disturbance led to several different patch 

types, some of which were transient while others were stable over time. Viewed at the 
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landscape scale, this mosaic of patches represented islands of high diversity, similar to 

those seen in terrestrial forests. The topographic complexity of reefs leads to greater 

variation in the algal assemblage by increasing the number of microenvironments.  

Cleared sites in this study were areas of high localised diversity supporting 

Kendrick et al. (2004)’s hypothesis that species richness is maintained by the 

contemporary (within decades) process of canopy disturbance. This study demonstrates 

that removal of the canopy can increase species richness for several years, suggesting 

that canopy clearances by storm damage have long term (3+ years) effects on 

macroalgal diversity. Storm damage leads to the large biodiversity seen on sublittoral 

reefs in temperate Western Australia by breaking up large continuous beds of the small 

kelp Ecklonia radiata. The loss of the kelp canopy results in greater species richness by 

increasing light levels and allowing species which have high ambient light requirements 

to become abundant (Toohey et al., 2004). 

The significant site-to-site variation in assemblage structure, species richness 

and total biomass also increases the diversity of sublittoral reefs and indicates that the 

high alpha diversity of temperate Australia is driven by high species turnover between 

replicate sampling units within kelp habitats (Kendrick et al., 1999; Kendrick et al., 

2004). Hence the diversity in sublittoral macroalgae beds of Western Australia is 

fundamentally due to high levels of heterogeneity in species distributions at fine (< 1 m) 

scales.  

The removal of the kelp canopy led to an increase in species richness, however 

the return of the same canopy in later years of this study (34 months after clearance) did 

not result in reduction in species richness to pre-clearance levels. The canopy clearance 

removed E. radiata’s modification of downwelling light, sediment cover and water 

motion (Connell, 2003; Gorgula and Connell, 2004; Wernberg et al., 2005), and 

allowed many algal species to colonise the cleared sites. As E. radiata returned to 
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cleared sites in the later two years of the study, light levels would have decreased, yet 

species richness was maintained at higher levels than in control sites, suggesting that 

canopy shading may have less effect on persistence of understorey foliose algae once 

they are established. Hence, the commonly known canopy effect (reduced abundance 

and diversity of understorey species beneath a canopy) may possibly result from kelp 

canopies preventing the recruitment of foliose algae beneath the canopy rather than 

controlling their persistence. The negative effects of canopies on recruitment are well 

documented (Black, 1974; Kirkman, 1981; Reed and Foster, 1984; Duggins et al., 1990; 

Hoffmann and Santelices, 1991; Kendrick, 1994). Persistence of understorey species as 

a kelp canopy develops may result from photoacclimation (Henley and Ramus, 1989; 

Toohey et al., 2004), while thallus scour and canopy shading may prevent understorey 

species from recruiting under the canopy (Reed and Foster, 1984; Deysher and Dean, 

1986; Kendrick, 1994; Kinlan et al., 2003). This implies that the effect that E. radiata 

has on foliose and filamentous macroalgal assemblage structure requires a time scale of 

greater than two years to occur after initial establishment of the canopy. Alternatively, 

E. radiata may affect algal understorey structure once it reaches a certain density 

(Kendrick et al., 1999), which may require a time interval greater than two years to 

establish. Care should be taken to determine the mechanism by which canopies 

influence the rest of the macroalgae assemblage (Berkenbusch and Rowden, 2003). 

These processes are most likely species-specific.  

Disturbance in both marine and terrestrial systems often allows the creation of a 

mosaic of different patches dominated by different species and assemblages (Sousa, 

1984; Matthaei et al., 2003). During the recolonisation process in E. radiata kelp beds, 

several different patch types were created. Initially following canopy clearance, a 

typical species rich “gap” was formed at most sites. However many of these gaps were 

not stable over time, and converted into Sargassum-dominated patches within a few 
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months. This patch type was eventually replaced over the 34 months studied by a low 

density E. radiata patch. Other open patches created after canopy disturbance appeared 

to be stable over the three years of this study. These patches were dominated by foliose 

and filamentous (turf) algae. An additional patch type can be seen in the control sites 

used in this experiment where dense kelp patches had low diversity, suggesting they 

have not been recently disturbed (> 3 years). The occurrence of foliose-dominated, 

Sargassum-dominated, species-rich and species-poor Ecklonia radiata patches on 

shallow subtidal reefs at scales of < 300 m2 contributes to high within-habitat or alpha 

diversity in macroalgae in Western Australia.  

The topographic complexity of reefs led to greater diversity through alteration of 

the physical environment. The interactive effect of reef topographic complexity and 

location suggested greater variation in algal assemblages at small scales, which may 

reflect that topographically complex reef has more microenvironments than 

topographically simple reef. For example, within a given level of wave exposure, the 

presence of complex reef topography creates areas of high water motion such as in 

channels and reef crests that funnel water flow (Pequegnat, 1964) and areas of low 

water motion such as on the leeward side or bottom of large rock walls (Sebens, 1984). 

Topographically simple reefs, by comparison, have relatively spatially homogeneous 

hydrodynamic conditions. Greater numbers of microhabitats may occur in several other 

factors such as light (Brakel, 1979), depth, and slope of substrate. Overall, greater 

topographic complexity maintained high diversity by generating the greater variation in 

the algal assemblage through a more heterogeneous environment. The significant effect 

of location on algal assemblage structure may be due to differences between locations in 

exposure to ocean swells. Exposure is known to influence assemblage structure (North 

et al., 1986; Phillips et al., 1997; Kendrick et al., 1999; Turner and Cheshire, 2003; 

Goldberg and Kendrick, 2004). 
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Terrestrial forest gap theory was useful in interpreting patterns of macroalgal 

species diversity in E. radiata kelp beds. The similarity between the two systems stems 

from the common processes of competition for light which structures the assemblage in 

both systems (Denslow, 1980; Brown, 1996; Connell, 2003; Toohey et al., 2004). 

Disturbance removes the competitive dominant species in both systems, allowing 

competitive inferior species to increase in abundance and hence increase diversity 

(Keddy, 2005). The consistency of the theory suggests that disturbance is a common 

ecological factor shaping the diversity of a system whether it be terrestrial or marine 

(White and Pickett, 1985; Dayton et al., 1992; Sousa, 2001; Goodsell and Connell, 

2005). Although the details of species replacement and the spatiotemporal scales may 

differ between the terrestrial and marine systems, the application of this terrestrial 

model to a marine system was beneficial and may overcome the lack of generalisation 

that hampers marine ecology as a science (DeWreede, 2004).  

Overall, the diversity of E. radiata kelp beds in Hamelin Bay was strongly 

related to the disturbance of the canopy as predicted by the terrestrial forest gap 

literature. Canopy clearance led to an increase in the species richness of sites, which 

remained elevated as the canopy recovered, suggesting the canopy may suppress 

recruitment but not persistence of understorey species. Canopy disturbance led to 

several different patch types with different assemblages, some of which were transient 

while others were stable over time. Viewed at the landscape scale, this mosaic of 

patches represents islands of high diversity over a background of low diversity kelp 

dominated patches. Reef topographic complexity generated more microhabitats leading 

to greater variation in the algal assemblage, further increasing diversity.  
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Chapter 4: Survival of juvenile sporophytes of 
Ecklonia radiata after canopy loss 

 
 
In this chapter I quantify the ability of pre-existing juvenile sporophytes to survive the 

change in conditions associated with removal of their canopy and hence the potential of 

pre-existing juvenile sporophytes to contribute to rapid formation of a new canopy after 

disturbance.  

 
 
 
 
 
 
 
 
 
 
 
Photograph: Ben Toohey counting juvenile sporophytes on topographically simple reef 
(Cain Delacey). 

83 



 

 
 
 
 
 
 
 

84 



 

Abstract 

The understorey beneath a canopy of the kelp Ecklonia radiata often contains juvenile 

sporophytes of the same species. When canopy disturbance occurs, these juvenile 

sporophytes are exposed to new environmental conditions. If they survive these new 

conditions, then they become a ready source of kelps to rapidly form a new canopy. 

This study investigated the potential of pre-existing juvenile sporophytes of E. radiata 

to survive post-disturbance conditions and contribute to the rapid formation of a new 

canopy. This was studied over reefs ranging in topographic complexity and was 

compared to the potential of canopy recovery by recruitment of kelp from zoospores 

from the same locations. By tagging juvenile sporophytes after canopy removal and 

monitoring them through time, it was demonstrated that most sporophytes (> 50 %) 

survived the change in conditions after canopy loss and some sporophytes survived to 

become members of a new canopy. Approximately 6-47 % of tagged sporophytes died 

3-4 days after canopy removal apparently due to excessive photoinhibition as 

demonstrated by a changes in photosynthetic parameters (alpha and ETRmax) of 

juveniles after canopy removal. The potential contribution of juvenile sporophytes to the 

rapid formation of a new canopy appears to be dependent on the timing of canopy 

removal with late summer-autumn canopy loss favouring faster recovery than in early 

summer. Differences in juvenile sporophyte survivorship between topographically 

simple and complex reefs recorded over days were not evident in long-term recovery of 

adult thalli over months.  
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Introduction 

Algal assemblages in temperate Western Australian waters are commonly made 

up of a canopy of kelp or fucalean algae with an understorey of red, green and brown 

foliose species. This understorey often contains juvenile sporophytes of the species 

which forms the canopy as adults (Wernberg et al., 2005). These juvenile sporophytes 

are spatially independent (i.e. not associated with the holdfasts) of adults and persist in a 

state of arrested or slowed development (Kirkman, 1981; Kinlan et al., 2003), whereby 

they are maintained as juveniles until conditions are suitable for them to grow into an 

adult. These conditions usually require the loss of the associated canopy (Kirkman, 

1981; Wood, 1988; Deysher and Dean, 1986; Graham, 1997). Development of pre-

existing juvenile sporophytes is one possible means by which kelp beds recover quickly 

from canopy disturbance. 

If these juvenile sporophytes are to contribute to the formation of a new canopy, 

they must survive post disturbance conditions (Kang et al., 2005). Once the canopy has 

been removed the sporophytes are exposed to increased light, sediment deposition and 

possibly greater water motion (Eckman et al., 1989; Irving and Connell, 2002; Toohey 

et al., 2004; Wernberg et al., 2005). This environment outside the canopy is also 

influenced by the time of year the canopy is lost and reef type on which the canopy was 

removed.  

An alternative means by which an assemblage recovers from canopy loss is by 

the development of canopy species directly from zoospores that settle and develop in 

disturbed areas. This process involves the settling of zoospores onto appropriate 

substrate, growth of gametophytes, successful fertilisation and finally growth and 

survival of the newly formed sporophyte (Santelices, 1990). All of these steps are 

strongly influenced by the environment (Vadas Sr. et al., 1992; Fredriksen et al., 1995; 
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Huovinen et al., 2000) and only a very small percentage of zoospores ever become adult 

sporophytes (Kirkman, 1981; Camus, 1994; Berger et al., 2003). 

Kelp beds are found on reefs differing in topography from complex with an 

intricate system of channels, cervices and overhangs (Chapter 1, Fig 2) to simple with 

only a flat pavement of reef, raised slightly above the seafloor (Harman et al., 2003). As 

demonstrated in Chapter 2, these two reef types have significantly different physical 

environments, which may influence the success of both the survival of pre-existing 

juvenile sporophytes and the recruitment of kelps from zoospores. 

 This study investigates the potential of pre-existing juvenile sporophytes of E. 

radiata to survive post-disturbance conditions and contribute to the rapid formation of a 

new canopy. This was studied over reefs differing in topographic complexity and 

compared to the potential of canopy recovery by recruitment of kelp from zoospores. I 

hypothesised that survivorship of pre-existing juvenile sporophytes and the effective 

recruitment of kelp from zoospores will differ between reefs of different topographic 

complexity.  

 

Materials and methods 

Ecklonia radiata recruitment onto primary substratum 

To measure kelp recruitment from zoospores, five limestone plates were 

randomly deployed in 2 m2 gaps in E. radiata canopy during late February 2005 at three 

sites on topographically complex reef and at an additional three sites on topographically 

simple reef. The plates were 450 mm long, 300 mm wide and 30 mm in profile. Plates 

were attached to the substrate by an anchoring pin. 

 Plates were left in-situ for 295 days, covering the austral autumn, winter, spring 

and most of summer. At the end of the deployment period, plates were collected and the 

number of E. radiata juvenile sporophytes present on each was recorded. This was 
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considered to be the effective recruitment as it encompassed both the settlement and 

post-settlement survival of kelps recruiting from zoospores. A 1 cm perimeter around 

the edge of the plates was not sampled to account for the edge effect (Foster, 1975).  

 

Juvenile sporophyte survivorship after canopy removal 

To measure the survivorship of pre-existing Ecklonia radiata juvenile 

sporophytes, the kelp canopy was cleared in 4 m2 circles at three sites on 

topographically complex reef and an additional three sites on topographically simple 

reef. Topographically complex sites were in at an average depth of 3.5 ± 1.2 m and sites 

on flat, planar reef were at an average depth of 6 ± 0.5 m. In this study, juvenile 

sporophytes were defined as macroscopic sporophytes with a thallus made up of a 

single blade between 2 and 40 cm in length (Kirkman 1981). The canopy was cleared by 

cutting the stipes of adult kelps close to the holdfast. Care was taken not to disturb the 

juvenile sporophytes during this process.  

Pilot studies indicated that the survival of juvenile sporophytes was heavily 

dependant on the timing of canopy removal and hence this experiment was repeated 

four times (18/03/05 late summer/autumn; 17/11/05 early summer; 18/01/06 mid 

summer; 14/03/06 late summer/autumn) to assess the influence of timing on the 

survivorship of juvenile sporophytes. Different clearings were made each time. 

Sampling was not conducted during winter as Hamelin Bay becomes inaccessible due to 

frequent storm conditions and large ocean swells which prevented scuba diving. 

Once the canopy was removed, 30 juvenile sporophytes distributed throughout 

each clearing were tagged by tying a small length of labelled nylon tape around the 

stipe. Survivorship of juvenile sporophytes was then monitored once a day for seven 

days, and then once again 30 days and > 6 months days after canopy clearance. 

Sampling at > 6 months consisted of counting the total number of adult and juvenile E. 
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radiata in four replicate 0.25 m2 quadrats as tags were no longer visible at this time. The 

> 6 months sampling was not carried out for the January 2006 and March 2006 

clearings due to thesis timing and logistical constraints. Juvenile sporophytes were 

considered dead when they were either unable to be found after considerable searching 

or had significant damage to their thallus and meristem including loss of thallus 

pigments or tissue erosion. 

Juvenile sporophyte survivorship was analysised with a repeated measures 

ANOVA because the same tagged populations were monitored repeatedly over time. In 

the model, time of clearance (random), reef topography (fixed) and days since canopy 

clearance (fixed) were crossed with one another and sites was the repeated random 

factor nested within reef topography and time of clearance. Each population within a 

given clearing served as a replicate in this model, such that we had three replicates per 

reef type. For the > 6 month density counts, a separate permutational multivariate 

ANOVA (Anderson, 2001; McArdle and Anderson, 2001) was used due the large 

number of zeros in the dataset. The model applied was reef topography (fixed) and time 

of clearance (random) crossed, with sites nested within both factors. 

Acclimation of juvenile sporophytes after canopy removal 

Canopy removal is associated with an increase in light levels (Pearse and Hines, 

1979; Reed and Foster, 1984; Clark et al., 2004) and possibly an increase in turbulent 

water motion as well (Eckman et al., 1989; Mork, 1996; Wernberg et al., 2005). Photo-

physiological and biomechanical measurements of juvenile sporophytes were made 

before and after canopy loss to measure acclimation of sporophytes to the new 

conditions created by the removal of the canopy. Sampling was performed for the 

November 2005, January 2006 and March 2006 clearings only, as equipment was 

unavailable in March 2005. 
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The photo-physiological state of juvenile sporophytes was assessed using Rapid 

light curves (RLC) generated by an underwater Pulse Amplitude Modulated fluorometer 

(PAM). RLC were used to determine the maximum rate of electron transport (ETRmax) 

and alpha values of juvenile sporophytes before canopy removal, and then again 3, 7 

and 30 days after canopy clearance. Alpha values represent the light-limited rate of 

electron transport from photosystem two, while ETRmax represents the maximum rate of 

electron transport from photosystem two when excessive light is supplied. Changes in 

either of these variables indicate a modification of the alga’s photosynthetic 

performance resulting from changes in the light climate after canopy removal. A 

significant decline in these variables represents photoinhibition (and/or 

photoacclimation) which may lead to death if excessive light levels are maintained. By 

measuring these variables, I will be able to determine the extent of light stress applied to 

the kelp juveniles by loss of their associated canopy. 

 RLC’s were generated using a Diving PAM (WALZ, Germany), an underwater 

Pulse Amplitude Modulated fluorometer, and were generated using standard procedures 

(Beer and Bjork, 2000; Beer et al., 2001; Franklin and Badger, 2001). Tissue samples 

were dark-adapted for a minimum of 30 mins before RLCs were taken to allow reaction 

centres to oxidise. All RLCs were generated in a random order during the late morning 

(1000-1200h) to minimise the influence of diurnal rhythms in photosynthetic 

performance (Sagert et al., 1997; Hader et al., 2001). An illumination interval of 30 

seconds was chosen as the shortest interval that could generate replicable result (Toohey 

et al., 2004). The actinic light intensity was set to achieve approximately five values 

below the saturating irradiance. Since battery power strongly affects actinic light 

intensity produced by the PAM, the light intensity was re-calibrated after every five 

RLC recordings. ETR was calculated using individual thallus absorption values. These 

values were obtained by measuring the ratio of light transmitted to a light sensor with 
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and without the sample tissue covering the sensor and subtracting that ratio from one to 

give the fraction of light absorbed by the tissue, assuming minimal reflection of light 

from the tissue. 

RLCs were generated by plotting the electron transport rate (ETR) against the 

actinic light intensity. Non-linear curves were fitted using the software WinCurveFit 

1.2.2 (Raner, 1996), and the inverse tangential equation of Jassby and Platt (1976). The 

ETRmax and alpha values were analysised separately using the same linear model as 

detailed for the survivorship data with additional interaction terms of site x times, sites x 

days and site x days x times included because individual juvenile sporophytes were the 

replicates in this model. 

To determine if canopy loss resulted in changes in the average biomechanical 

attachment properties of pre-exiting kelp juvenile sporophytes, the force required to 

dislodge juvenile sporophytes from the reef was measured using a clamp and a spring 

scale. The clamp was attached to the thalli of the juvenile sporophytes and the spring 

scale was pulled in one continuous vertical motion so that the force required to dislodge 

the sporophyte from the reef could be recorded. A vertical direction of pull was used as 

juvenile sporophytes were clumped preventing a horizontal pull. If the thallus broke at 

the point of attachment to the clamp, the reading was discounted. Attachment force was 

measured for 3 juvenile sporophytes per site before canopy removal and then again 3, 7 

and 30 days post canopy clearance.  

As well as with measuring the dislodgment force of the juvenile sporophytes, the 

surface area of all dislodged juvenile sporophytes was measured by tracing the outline 

of the sporophytes onto blank cardboard, that were then cut out and weighed. A 

regression of weight to known surface area for that cardboard was then used to 

determine the surface area of the cardboard cut-outs. The dislodgment data was 

analysed using the same ANOVA model as detailed for the photo-physiological data but 
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with surface area as a co-variate to account for differences in the size of juvenile 

sporophytes sampled. 

Results 

Ecklonia radiata recruitment onto primary substratum 

There was very little observed recruitment of E. radiata to plates after 10 

months of deployment. However, all the observed recruitment did occur on 

topographically simple reef with 1, 1 and 3 juvenile sporophytes observed at each of the 

topographically simple reef sites respectively. No E. radiata juvenile sporophytes were 

observed on plates deployed on topographically complex reef.  

 

 

Juvenile sporophyte survivorship after canopy removal 

The majority of juvenile sporophytes survived the transition in conditions 

associated with canopy loss. Canopy removal did have a significant negative effect on 

the survival of some juvenile sporophytes (Fig. 1, Table 1).  

After canopy removal, average survivorship across reef types dropped in a 

sigmoidal fashion with the greatest rate of decline often three to four days after canopy 

removal (Table 2, Fig 1). This decline in survivorship was always significantly more 

pronounced on topographically complex reefs (Fig. 1, Table 1). The extent of this 

difference between reef types, however, was dependant on the time the canopy was 

removed (Table 1). Differences between replicate sites nested within reef topography 

and time of clearance were also significant (Table 1). 
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Table 1: Repeat measure ANOVA on survivorship of juvenile sporophytes of Ecklonia radiata. The F-
test is not exact for the test of time or time*reef topography. The Levene’s test is for factors of time, reef 
topography and days only. Time refers to timing of canopy clearances and days refer to days since canopy 
clearance. RT = reef topography. 
 
Levene’s test 0.79, p = 0.871 
Source DF MS F p 
Time 3 209.019 1.29 0.412 
Days 8 118.248 9.01 <0.001 
Reef topography 1 682.667 4.38 0.127 
Site(Time, RT) 16 20.778 9.94 <0.001 
Time*RT 3 155.864 6.01 0.004 
Time*Days 24 13.123 1.81 0.077 
Days* RT 8 34.417 4.74 0.001 
Time*Days*RT 24 7.267 3.48 <0.001 
Res 128 2.09   
 
 
 
 

 
Figure 1: Average percentage survival of Ecklonia radiata recruits over time on topographically simple 
(white circles) and complex (black circles) reefs. Note the logarithmic scale for the x-axis. Sigmoidal 
regression fitted. See table 2.  
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Average survivorship of juvenile sporophytes was modelled using a sigmoidal 

curve with r2 values all above 0.95 (Table 2). The sigmoidal nature of the curves 

indicates that after initial mortality due to the change in conditions associated with 

canopy loss, the population stabilises and little more mortality occurs. The parameters 

of these models can describe many feature of juvenile sporophyte survivorship. The Y0 

parameter represents the percentage of the population which survives throughout time. 

It should be noted that this value is never less than 50 % in all curves. The “a” 

parameter represents the percentage of the population that died during the transition to 

new conditions outside the canopy. The sum of Y0 and “a” equals 100 (approximately) 

because by definition at the beginning of the experiment (x = 0) there was 100 % 

survivorship. The X0 and “b” parameters define the nature of mortality due to canopy 

removal. The X0 parameter describes the point in time with the highest rate of mortality 

(i.e. the position of the inflection point on the x-axis). This averages across all times and 

reef types at four and half days after canopy removal (4.61 ± 0.58, mean ± std error, n= 

8). The “b” parameter describes the rate at which the mortality rate increases and 

decreases over time with high values of “b” being associated with a rapid onset and 

dissipation of mortality (in units of % mortality per day2). The values of all these 

parameters are summarised in table 2 and add support to the ANOVA results that the 

time of canopy removal and reef topography strongly influence the nature of juvenile 

sporophyte survivorship after canopy removal. 
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Table 2: Sigmoid regression of site-averaged survivorship of juvenile sporophytes of Ecklonia radiata on 
topographically simple and complex reefs. Four parameter logistic regression used. F and p values from 
an ANOVA for the regression, DF = 3, 8. a = percentage of population which die (%). b = the rate at 
which the mortality rate increases and decreases ( % mortality per day2). Xo = the time of highest 
mortality rate (in days since canopy removal). Yo = percentage of population which survives throughout 
time (%). 
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Time Reef 
topography 

a b X0 Y0 R2 F, p-
value 

Complex 
reef 

19.79 17.75 5.71 78.66 0.99 259.70; 
<0.001 

March 
2005 

Simple 
 reef 

13.52 27.81 6.99 85.56 0.99 296.29; 
<0.001 

Complex 
reef 

28.29 14.22 3.68 70.39 0.98 96.00; 
<0.001 

November 
2005 

Simple 
 reef 

14.08 3.38 4.33 85.04 0.95 33.34; 
0.001 

Complex 
reef 

17.29 2.24 4.38 83.30 0.96 45.11; 
<0.001 

January 
2006 

Simple 
 reef 

6.75 4.02 6.32 93.29 0.97 70.17; 
<0.001 

Complex 
reef 

47.47 4.88 2.00 53.27 0.99 1581.85; 
<0.001 

March 
2006 

Simple 
 reef 

8.73 3.63 3.46 91.54 0.98 98.93; 
<0.001 

 

Six months after canopy removal, the density of E. radiata (in the clearings 

made for the survivorship experiment) differed significantly between reef types and 

times of canopy clearance (Fig. 2, Table 3). Six months after the removal of the canopy, 

there was a new kelp canopy present in the March 2005 clearings, with an understorey 

including kelp juvenile sporophytes (Fig. 2). This was consistent across reef types. In 

the November 2005 clearings, no adult kelp thalli were present six months after canopy 

removal but juvenile sporophytes were present in the lawn assemblage which had 

established in these clearings (Fig. 2). There was a significant interaction of reef 

topography and time of clearance for juvenile sporophyte density (Table 3). In the 

November 2005 clearing, juvenile sporophytes were significantly more abundant on the 

topographically complex reef (post-hoc test: t = 3.225, p = 0.022), however, there was 
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no significant difference in juvenile sporophyte density between reef types for the 

March 2005 clearings (post-hoc test: t = 0.558, p = 0.754).  

 

 
Figure 2: Density of Ecklonia radiata (number . 0.25 m2) adults and juveniles greater than six months 
after canopy removal for the March and November 2005 clearances. Recruits are the sum of S1 and S2 
densities (Kirkman, 1981). Mean and standard error shown, n = 12.  
 

 

 

 

Table 3: PERMANOVA of Ecklonia radiata density (#. 0.25 m2) >6 months after canopy removal for the 
March and November 2005 clearances. RT = Reef topography. * = Monte-Carlo p-values used due to 
small number of permutable units. Juvenile sporophytes are the sum of S1 and S2 kelps (Kirkman, 1981). 
Data for the January and March 2006 clearances were unavailable. Time refers to timing of canopy 
clearances. 
  Adults Recruits 
Source DF MS F p MS F p 
Time 1 78001.324 145.069 0.001 2511.801 1.000 0.365 
Reef topography 1 411.191 1.000 0.493* 17322.856 1.625 0.380* 
Site (Time, RT) 8 537.684 0.498 0.880 2513.043 1.033 0.421 
Time*RT 1 411.191 0.765 0.504 10660.109 4.242 0.044 
Error 36 1079.819   2432.395   
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Acclimation of juvenile sporophytes after canopy removal 

There was a significant change in the photosynthetic state of Ecklonia radiata 

juvenile sporophytes after canopy removal, with alpha values declining for surviving 

juvenile sporophytes (Fig. 3, Table 4). This decline was associated with changes in 

thallus pigmentation, with juvenile sporophytes shifting in colour from dark green to 

yellow-brown (Toohey, pers. obs.).  

The decline in alpha values was evident three days after canopy removal in all 

three replicate times of canopy removal, indicating a change in the number of antenna 

pigments with canopy loss. However, the extent of this decline differed between the 

November 2005, January 2006 and March 2006 clearings (Fig. 3), as indicated by the 

significant interaction of time of clearance by days since canopy loss (Table 4). 

Difference in ETRmax occurred between different times of canopy clearance 

(Table 5) with average ETRmax increasing from 17.883 ± 0.947 in November 2005 

through January 2006 to 34.825 ± 1.377 in March 2006 (mean ± std error, n= 72) (Fig. 

4). Therefore the numbers of photosynthetic units in juvenile sporophytes were not 

consistent between times of clearance and this may reflect seasonal differences in light 

acclimation.  

Canopy removal had no significant effect on the average force required to 

dislodge an E. radiata juvenile sporophyte. Although some significant site differences 

were detected, there was no significant difference between reef types, times of canopy 

clearance or days since canopy clearance on dislodgment force (Table 6). The overall 

average force required to dislodge a kelp juvenile sporophyte was 12.687 ± 0.349 N 

(mean ± standard error, n = 216). Our sampling did detect a significant regression 

between dislodgment force and the surface area of juvenile sporophytes (Table 6). 
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Figure 3: Alpha of Ecklonia radiata recruits before (black bars) and after (white bars) canopy removal. 
Mean and standard error across both topographically simple and complex reef shown (n = 18). 
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Figure 4: ETRmax of juvenile sporophytes of Ecklonia radiata at different times of canopy removal. Mean 
and standard error shown, n = 72. 

 

 
 
 
 
 
Table 4: ANOVA of alpha of juvenile sporophytes of Ecklonia radiata before and after canopy clearance. 
Not exact F-tests for all tests except day*site (time, RT). RT = reef topography. Time refers to timing of 
canopy clearances and days refer to days since canopy clearance. 
 
Levene’s test 0.79, p = 0.868 
Source DF MS F p 
Time 2 0.214259 28.72 0.020 
Days 3 0.079792 8.26 0.015 
Reef topography 1 0.000039 0.01 0.914 
Site(Time, RT) 12 0.003849 1.25 0.290 
Time*Days 6 0.009664 2.00 0.210 
Time*RT 2 0.002634 0.47 0.647 
Days*RT 3 0.005414 1.12 0.4113 
Days*site(Time, RT) 36 0.003083 1.02 0.442 
Time*Days*RT 6 0.004837 1.57 0.185 
Res 144 0.003009   
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Table 5: ANOVA of ETRmax of juvenile sporophytes of Ecklonia radiata before and after canopy 
clearance. Not exact F-tests for all tests except day*site (time, RT). RT = reef topography. Time refers to 
timing of canopy clearances and days refer to days since canopy clearance. 
 

Levene’s test 0.70, p = 0.950 
Source DF MS F p 
Time 2 5238.52 23.78 0.008 
Days 3 526.65 2.97 0.119 
Reef topography 1 100.54 0.85 0.455 
Site(Time, RT) 12 62.06 0.70 0.742 
Time*Days 6 177.50 2.34 0.163 
Time*RT 2 118.77 2.41 0.327 
Days*RT 3 55.12 0.73 0.573 
Days*site(Time, RT) 36 88.79 1.30 0.145 
Time*Days*RT 6 75.96 0.86 0.536 
Res 144 68.51   
 

 

Table 6: ANOVA of dislodgment force in newtons of Ecklonia radiata sporophytes before and after 
canopy removal. Surface area of sporophytes used a co-variate in the model. Not exact F-tests for all tests 
except Day*Site (Time, RT). RT = reef topography. Time refers to timing of canopy clearances and Days 
refer to days since canopy clearance. Numbers in the first column refer to terms used in the denominator 
column. 
 

Levene’s test 0.43, p = 1.00 
Source DF MS F p 
Surface area 1 758.47 38.56 <0.001 
Time 2 47.78 2.22 0.598 
Days 3 15.84 1.13 0.412 
Reef topography 1 5.58 0.13 0.750 
Site (Time, RT) 12 47.50 2.65 0.012 
Time*Days 6 14.10 0.41 0.849 
Time*RT 2 41.65 0.66 0.538 
Days*RT 3 12.71 0.37 0.778 
Days*Site(Time, RT) 36 17.89 0.91 0.618 
Time*Days*RT 6 34.50 1.93 0.103 
Res 143 19.67   
 

S = 452.089 R2 = 0.5034 R2 (adj) = 0.2534 
Term Coef SE Coef T p 
Constant 8.3177 0.7656 10.86 <0.001 
Surface area 0.09684 0.01560 6.21 <0.001 
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Discussion 

The key finding of this research is that the majority of juvenile sporophytes 

under adult canopies of E. radiata survived the change in conditions associated with 

canopy loss, although some juvenile sporophytes were negatively affected by canopy 

loss. The extent of the negative influence of canopy loss was dependant on the time of 

year and the topography of the reef in which it occurred. Pre-existing E. radiata juvenile 

sporophytes had higher initial survivorship on topographically simple reef after canopy 

loss and survivorship varied between clearings made at different times of the year. 

Survivorship of juvenile sporophytes has important implications for the speed of canopy 

recovery, which in turn affects diversity in the algal assemblage. 

Canopy recovery after disturbance 

Survival of pre-existing juvenile sporophytes is one means by which a new 

canopy is rapidly formed. For a new kelp canopy to form after disturbance, new kelps 

must occupy the disturbed area and grow to adult size. New kelps occupy the disturbed 

area by direct recruitment from zoospores and gametophytes that settle in the area or by 

the survival of juvenile sporophytes that already exist in the understorey of the disturbed 

area. My results suggest that survival of juvenile sporophytes may play a role in the 

rapid establishment of a new canopy as seen in the November 2006 clearings. 

As illustrated by this study, after the initial mortality associated with canopy 

loss, the majority of juvenile sporophytes persist in the clearances. In this study, canopy 

removal caused a significant change in the photosynthetic state of the surviving juvenile 

sporophytes with decreases in alpha, consistent with photoacclimation from a shade-

tolerant to a sun-adapted state (Gantt, 1990; Fairhead and Cheshire, 2004 a,b; Miller et 

al., 2006). Such photoacclimation is a likely explanation for why survivorship of kelp 

juvenile sporophytes was never less than 50 % of the tagged population. Such 
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persistence will allow these juveniles to contribute to the rapid development of a new 

canopy. 

Of these persisting juveniles, some of them grew to adult-size thalli within six 

months of the previous canopy being lost. Personal observations when conducting the 

density counts of E. radiata six months after canopy removal revealed the remains of 

tags were still present around the stipes of adult kelps occupying the March 2005 

clearings, demonstrating that these adult kelps were part of the tagged population of 

juvenile sporophytes 6 months earlier.  

The potential for pre-existing juvenile sporophytes to generate a new canopy 

after disturbance is dependant on the timing or season in which canopy removal occurs. 

The effect of timing of canopy loss on the response of the algal assemblage to 

disturbance has been observed in other algal assemblages (Wood, 1987; Kennelly, 

1987b; Kim and DeWreede, 1996). Clearings made at the end of summer-early autumn 

(i.e. March 2005) resulted in the rapid recovery of E. radiata canopy; whereas clearing 

made during or at the start of summer (i.e. November 2006) resulted in slow canopy 

recovery. The presence of a Sargassum canopy during the recovery process of 

clearances made in summer (Chapter 3) may also slow the development of pre-existing 

juvenile sporophytes into a new kelp canopy. It is interesting to note that short-term 

differences in the survivorship of juvenile sporophytes between reefs with simple and 

complex topography were not evident as differences in adult kelp density six months 

later.  

Given that an E. radiata canopy has a significant negative effect on species 

richness (Chapter 5, Kendrick et al., 1999; Kendrick et al., 2004; Toohey et al., 2004; 

Wernberg et al., 2005), survivorship of juvenile sporophytes has implications for 

macroalgal diversity through its influence on the rate and pattern of canopy recovery. If 

canopy recovery is slow, for instance when clearings are made during summer, then 
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species rich canopy gaps remain present for a longer time period. If clearings are made 

during winter, rapid recovery of the canopy from juvenile sporophytes will suppress 

species richness. By varying the rate of canopy recovery, differences in the survivorship 

of juvenile sporophytes do contribute to the high local-scale alpha diversity seen in the 

macroalgal assemblage of South-Western Australia (Wernberg et al., 2003; Kendrick et 

al., 2004).  

Mortality of juvenile sporophytes after canopy loss 

 The survival of E. radiata juvenile sporophytes after canopy loss was inversely 

related to change in light climate associated with canopy removal. As canopy forming 

thalli block up to 98 % of the downwelling light (Chapter 5, Gerard, 1984; Wood, 1987; 

Wernberg et al., 2005), their removal causes a rapid and sudden increase in the level of 

light to which the juvenile sporophytes are exposed. The mechanism behind decreased 

survival of juvenile sporophytes is photoinhibition, evident as thallus bleaching in this 

study (Hanelt et al., 1997; Hader et al., 2001; Altamirano et al., 2004). Bleaching of 

crustose corallines is commonly observed after canopy removal (Figueiredo et al., 2000; 

Irving et al., 2004; Valentine and Johnson, 2004 Irving et al., 2005). Given that only a 

minority of juvenile sporophytes die from photoinhibition, my results suggest that there 

is variation in the intraspecific ability of juvenile sporophytes of E. radiata to adjust to 

changes in light climate. 

The light levels after canopy loss are dependant on the timing of canopy 

removal. During sunny weather conditions, such as during March 2006, higher light 

levels increased mortality. Water clarity at the time of canopy removal also influenced 

the magnitude of the change in light levels. Furthermore, the extent of the increase in 

light levels caused by the removal of the canopy was also dependant on the topography 

of the reef in which the clearing was made. Increases in light levels after canopy loss are 
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greater on topographically complex reef as this reef type has more downwelling light 

than its topographically simple counterparts (Chapter 2). 

Mortality of E. radiata juvenile sporophytes after canopy removal is not due to 

biomechanical dislodgement of juvenile sporophytes, nor do sporophytes appear to alter 

their biomechanical attachment properties when canopy is removed. Of those 

sporophytes which died, very few disappeared entirely (i.e. lost by dislodgment), with 

the majority of dead juvenile sporophytes leaving behind a bleached stipe and holdfast 

with the tag still attached. Juvenile sporophytes in the clearings appeared to sway with 

the passing of swells across the reef, bending at their stipe to reduce the drag produced 

by their thalli (Biedka et al., 1987; Friedland and Denny, 1995). These observations 

lend credence to an underlying assumption of this research; that during storm events, 

juvenile kelps are often left attached to the reef while adult thalli are lost.  

In summary, this research lends support to the idea that juvenile sporophytes 

present in the understorey before disturbance can act as a mechanism for rapid recovery 

of the canopy. By photoacclimating to the new conditions after disturbance, a large 

percentage of the juvenile sporophytes survive and become an immediate supply of 

kelps to make up the new canopy. The extent to which this source of ready sporophytes 

contributes to canopy recovery varies with the timing of canopy removal. Short-term 

differences in juvenile sporophyte survival between topographically simple and 

complex reef were not carried into the abundance of adults and juveniles kelps after 6 

months. The small amount of sporophyte mortality which does occur after canopy 

removal is due to high light levels causing thallus bleaching.  
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Chapter 5: Canopy-understorey relationships are 
mediated by reef topography 

 
Kelp canopies are known to influence the composition of their associated understorey. 

In this experiment, the consistency of this influence is tested across topographically 

simple and complex reefs. Species identifications were performed by Gary Kendrick.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Photograph: Ecklonia radiata canopy on topographically complex reef (Dave Abdo).  
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Abstract 
There is a growing body of literature which demonstrates that macroalgal species 

distributions are heavily influenced by local-scale processes such as species competition 

and small-scale changes in the physical environment. Macroalgal assemblages on 

shallow temperate reefs in Australia are structured by the presence of kelp canopies. 

Here I test the modification of the influence of kelp canopies by reefs with different 

topographic structure. In comparison to simple, flat reefs, those with complex 

topography have higher light levels and greater water motion which may affect the 

canopy’s ability to shade the understorey. In this study I quantified the relationship 

between understorey assemblage structure and density of the Ecklonia radiata canopy 

on reefs of different topography, and also measured the respective sub-canopy light 

environment. Data on kelp morphology and the abundance of lightflecks was also 

collected to help explain possible differences in the sub-canopy light environment. It 

was found that the kelp canopy had more of an effect on the understorey on reefs with 

simple, planar topography, due to higher levels of canopy shading. Ecklonia radiata 

canopies produce less shade on reefs with complex topography as Ecklonia radiata 

thalli were smaller in size and there was a greater occurrence of lightflecks. These 

findings show that the relationship between algae within an assemblage is dependent on 

the context (i.e. reef topography) in which it occurs. Less effective canopy shading on 

reefs with complex topography helps to explain the greater species richness observed on 

this reef type. 
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Introduction 

In temperate Australian waters the algal assemblage consists of a canopy of 

brown algae and an understorey of foliose and encrusting algae (Kennelly and 

Underwood, 1992; Phillips et al., 1997; Irving et al., 2004). Common canopy species 

include Ecklonia radiata, Scytothalia doryocarpa and Sargassum species. In algal 

assemblages, the presence of a canopy is widely known to influence the composition of 

understorey foliose assemblage (Reed and Foster, 1984; Hawkins and Harkin, 1985; 

Watanabe et al., 1992; Edwards, 1998; Kendrick et al., 1999; Melville and Connell, 

2001; Bulleri et al., 2002; Clark et al., 2004; Kim et al., 2004). In Australia, E. radiata 

is known to influence the abundance and species richness of the understorey foliose 

assemblage (Kennelly, 1989; Kendrick et al., 1999; Fowler-Walker and Connell, 2002). 

Similarly, in the Macrocystis pyrifera forests of California, M. pyrifera has a significant 

influence on the composition and physiological state of the understorey (Foster, 1975; 

Kimura and Foster, 1984; Watanabe et al., 1992; Schroeter et al., 1995). 

The effect of the canopy on the understorey is largely attributed to modification 

of the sub-canopy environment. Shading of the understorey by the canopy is a major 

cause of the canopy effect (Reed and Foster, 1984; Kennelly, 1989; Connell, 2003; 

Clark et al., 2004; Toohey et al., 2004). However, modification of other environmental 

variables such as sediments may also be involved (Deysher and Dean, 1986; Irving, 

2002a, b; Connell, 2003; 2005; Gorgula and Connell, 2004). Modification of the 

physical environment is usually a function of kelp density such that as density increases, 

changes to the environment respond exponentially (Fletcher and Day, 1983; Gerard, 

1984; Wernberg et al., 2005). 

Shading by a kelp canopy can be expressed as the proportion of downwelling 

light that the canopy blocks from reaching the understorey. Ecklonia radiata has been 

reported to block 99 % of downwelling light in Western Australia (Wood, 1987; 
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Wernberg-Moller, 2002). Likewise, Macrocystis pyferia is known to intercept 92 % of 

downwelling light (Gerard, 1984). The light which is able to penetrate the canopy is 

mostly in the form of lightflecks, which are short pulses of high light intensity on the 

scale of seconds to minutes. Lightflecks can be caused by wave focusing, cloud 

movement or the reorganisation of the algal canopy as swell waves move over the reef 

(Snyder and Dera, 1970; Gerard, 1984; Pearcy et al., 1994). Lightflecks have been 

shown to occur frequently in M. pyferia kelp forests and are believed to be ecologically 

important to understorey algae (Gerard, 1984; Dromgoole, 1987; Greene and Gerard, 

1990).  

The canopy effect is variable in time and space. The effect of the canopy was 

found to be species specific in some cases, such that not all species were negatively 

affected by the presence of a canopy and some even benefited from being shaded by 

larger algae (Kendrick et al., 1999; Toohey et al., 2004; Wernberg et al., 2005). Further 

it was found in Southern America, that the removal the Macrocystis pyferia canopy did 

not lead to the predicted increases in species richness and abundance in individual 

species in the understorey assemblage as expected from similar canopy clearances in 

Californian Macrocystis pyferia forests (Santelices and Ojeda, 1984). 

It is possible that the influence of the canopy on its associated understorey varies 

across reefs due to differences in local-scale factors such as reef topography at the 

vertical scale of 1-10 m. At a local spatial scale, topographically simple reefs have less 

downwelling light and water motion than topographically complex reef (Chapter 2). 

This difference in the local physical environment may alter E. radiata’s ability to shade 

the understorey. Personal observation suggests that the canopy influences the 

understorey on both reef types. In this study I test if reef topography modifies the extent 

to which the canopy affects the understory macroalgae assemblages (i.e. the interaction 

of kelp density and reef topography on foliose algal assemblages). 
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In previous chapters it has been shown that reef topography has a significant 

influence on algal assemblage structure (Chapters 2 and 3). Furthermore, 

topographically complex reefs have a significantly different physical environment to 

simple, planar reefs; particularly with reference to the amount of downwelling light and 

water motion (Chapter 2). The different physical environments present on each reef type 

probably influence important ecological processes. In this chapter, I investigate if the 

process of competition for light differs across reef types by comparing the relationship 

between the canopy and the foliose understorey between reefs with different 

topographic complexity. 

Material and methods 

The null hypothesis for this study was that the relationship between the canopy 

and foliose understorey was not significantly different between reefs with simple and 

complex topography. The understorey assemblage structure was measured at different 

canopy densities across both reef types. The ability of an E. radiata canopy to shade the 

understorey was assessed, and the possible causes of any difference in sub-canopy light 

levels were explored by measuring lightflecks and canopy structure (via quantifying 

kelp morphology) on reefs with different topography. 

The influence of canopy density on assemblage structure of foliose understorey 

algae 

To test for the interaction of reef topography and kelp density on the foliose 

algal assemblage, algal biomass was sampled from three topographically simple and 

three topographically complex reefs. Site differences in algal assemblages were found to 

be significant in Chapter 3 and therefore multiple sites within each reef type were 

included to capture the site variance. At each site, all algal biomass including the 

canopy within nine 0.25 m2 quadrats were destructively sampled. Canopy density was 

measured by the number of adult kelp (Kirkman, 1981) holdfasts in the quadrat. At each 
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site, the nine quadrats were distributed to sample over low, medium and high kelp 

densities (0-2, 3-6 and 7+ holdfasts. 0.25 m-2 respectively). Once collected, samples 

were taken to shore and sorted to species level before wet weight was determined for 

each species. 

 Assemblage data was analysed using PERMANOVA (Anderson, 2001; 

McArdle and Anderson, 2001). Reef topography and kelp density were treated as fixed 

factors while site were a random factor, nested within reef topography. Bray-Curtis 

similarities and a square-root transformation were used. For visual purposes, canonical 

analysis of principle components of assemblage data (CAP plot, Anderson and 

Robinson, 2003; Anderson and Willis, 2003) was generated to illustrate differences 

between kelp density-reef type combinations. Again biomass data were square-root 

transformed.  

Total biomass and species richness were also calculated and analysed with a 

univariate linear regression. Kelp density (x variable) was regressed against species 

richness and total biomass (y variables) individually for each reef type. The normality of 

residuals from the linear regressions were tested with an Anderson-Darling normality 

test. To correct the variance structure, one outlier had to be removed from the regression 

of kelp density on total biomass for topographically simple reef. 

ETRmax of Rhodymenia sonderi  

The photosynthetic state of Rhodymenia sonderi was sampled as a means to 

measure sub-canopy light. Rhodymenia sonderi, a common red alga in Hamelin Bay, 

photoacclimates to adjust its maximum photosynthetic rate (Pmax or ETRmax) to the light 

environment in which it occurs (Toohey et al., 2004), hence knowledge of its ETRmax 

was used to infer shading conditions under different combinations of kelp density and 

reef topography. In this way, R. sonderi acted as a temporally-integrated bio-indicator 

of the sub-canopy light environment. 
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In order to estimate the maximum rate of electron transport (ETRmax) for R. 

sonderi under different kelp densities, rapid light curves (RLCs, Ralph and Gademann, 

2005) were generated. Sampling was performed three times during the summer of 

2004/2005 (starting dates: 16/12/04; 3/02/05 and 21/03/05) using two topographically 

simple and complex reefs each time.  

  RLCs were generated using a Diving PAM (WALZ, Germany), an underwater 

Pulse Amplitude Modulated fluorometer, and were generated using standard procedures 

(Beer and Bjork, 2000; Beer et al., 2001; Franklin and Badger, 2001). Tissue samples 

were dark-adapted for a minimum of 30 minutes before RLCs were taken to allow 

reaction centres to oxidise. All RLCs were generated in a random order during the late 

morning (1000-1200h) to minimise the influence of diurnal rhythms in photosynthetic 

performance (Sagert et al., 1997; Hader et al., 2001). An illumination interval of 30 

seconds was chosen as the shortest interval that could generate replicable result (Toohey 

et al., 2004). The actinic light intensity was set to achieve approximately five values 

below the saturating irradiance. Since battery power strongly affects actinic light 

intensity produced by the PAM, the light intensity was re-calibrated after every five 

RLC recordings. ETR was calculated using individual thallus absorption values. These 

values were obtained by measuring the ratio of light transmitted to a light sensor with 

and without the sample tissue covering the sensor and subtracting that ratio from one to 

give the fraction of light absorbed by the tissue, assuming minimal reflection of light 

from the tissue. 

RLCs were generated by plotting the electron transport rate (ETR) against the 

actinic light intensity. Non-linear curves were fitted using the software WinCurveFit 

1.2.2 (Raner, 1996), and the inverse tangential equation of Jassby and Platt (1976). 

ETRmax was analysised using linear regression of ETRmax against kelp density for 
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samples from topographically simple and complex reefs. Data were log10 (x + 1) 

transformed to ensure independence of residuals. 

Ecklonia radiata morphology 

Ecklonia radiata morphology was determined for thalli taken from three 

topographically simple and complex reefs, respectively. Ten solitary adult E. radiata 

thalli (Kirkman, 1981) were randomly collected from reefs within monospecific kelp 

beds by cutting the stipe at the stipe-holdfast interface. Solitary kelps from 

monospecific kelp beds were chosen as holdfast aggregations of multiple kelps and 

multi-species canopies are known to influence kelp morphology (Irving et al., 2003; 

Wernberg, 2005). Once collected, these thalli were returned to shore where 

morphological characters were measured (see Table 1). These morphological characters 

were chosen as those most likely to determine the kelp’s ability to shade the 

understorey.  

Table 1: A description of the morphological traits measured in adult Ecklonia radiata thalli, modified 
from Wernberg et al. (2003). 
 

Morphological Character Description 
Wet weight Fresh weight immediately after plotting  
Total length From stipe immediately above the holdfast to distal 

end of the frond 
Lamina length From where the stipe widens and flattens into the 

frond to the distal end of the central lamina 
Lamina width Width of central lamina from lamina margins 

measured at an arbitrarily chosen point approximately 
half way along the vertical length the central lamina 

Lamina thickness The thickness of central lamina tissue measured at an 
arbitrarily chosen point approximately half way along 
the vertical length the central lamina 

No. of Laterals The number of secondary laterals extending from the 
central lamina.  

Lateral length Length of an intact secondary lateral from central 
lamina to distal end. Lateral chosen haphazardly from 
approximately half way along the vertical length the 
central lamina 

Lateral width Width of secondary lateral from margins, haphazardly 
chosen approximately half way along the vertical 
length the central lamina 

Lateral thickness The thickness of tissue half way along a haphazardly 
chosen secondary laterial from half way along the 
vertical length the central lamina  

Stipe length From immediately above the holdfast to where the 
stipe widens and flattens into the frond  
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Differences in kelp morphology between topographically simple and complex 

reefs were examined using a multivariate approach. Data were log10 (x + 1) transformed 

prior to analysis to reduce the influence of large values such as wet weight. The data 

were also normalised to convert all measurements to a common scale. Dissimilarity 

between samples was calculated using Euclidean distance. Non-parametric Multi-

Dimensional Scaling (nMDS) ordination was used to illustrate the similarity between 

samples. A two-way nested ANOSIM was used to test for significant differences of kelp 

morphology between reef types and sites nested within reef types. Principle 

Components Analysis was not used due to significant deviation from normality for 

some of the morphometric variables, namely lamina thickness, lateral thickness and 

stipe length (W-test for Normality: R = 0.975, p = 0.030; R = 0.973, p = 0.018 and R = 

0.968, p < 0.001 respectively). Individual (univariate) ANOVAs on each morphological 

trait were used to determine which morphological characteristics differed between 

topographically simple and complex reefs. 

Sub-canopy light levels 

As kelps in the study site have relatively short flexible stipes, the sub-canopy 

space is small (<10 cm), and necessitated the use of small sensors. This ruled out the 

use of conventional PAR quantum sensors and necessitated the use of small lux sensors 

that measure light intensity rather than light quantum. Readings from lux sensors are 

known to be affected by water depth and water clarity making quantitative comparisons 

between sampling periods difficult. However, within a relatively restricted spatial 

context, they still function as a proxy for the light environment. Although not ideal, the 

lux data collected did give a relative within-sampling period comparison of sub-canopy 

light.  

To test the extent to which canopy shading occurred on each reef type, a lux 

sensor (StowAway LI, Onset computers) was deployed under low, medium and high 
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kelp densities (0, 4 and 7 holdfasts. 0.25 m-2 respectively) on both topographically 

simple and complex reefs. Three measurements were taken at each kelp density on each 

of three topographically simple and three topographically complex reefs. Multiple sites 

were included to account for site variation in light climate and wave exposure. Lux 

sensors were deployed for one minute, in which 7 lux readings where taken 10 seconds 

apart. All lux readings within each measurement were summed and converted to a 

percentage of average light intensity at the water surface, measured at the beginning and 

end of each dive to account for spatial and temporal differences in light intensity 

between sites. Data were analysed using a mixed model ANOVA, where kelp density 

and reef type were fixed and site was random and nested with reef type. 

 

 

Lightflecks underneath the canopy 

To help understand the cause of differences in the sub-canopy light environment 

between topographically simple and complex reefs, the amount of lightflecks (short 

bursts of high light intensity) was assessed for each reef type. The lux sensors were 

again used. 

 On four separate occasions (21/01/06; 22/01/06; 17/03/06 and 18/03/06), lux 

sensors were deployed under kelp densities of 0, 4, and 7 holdfasts per 0.25 m-2 on one 

topographically simple and one topographically complex reef. Sensors sampled for 66 

mins starting at noon and sampled once every 0.5 seconds. Sampling at this high rate 

had the best possibility of recordings lightfleck events which is within the average 

duration of lightflecks observed in other kelp canopies (Gerard, 1984). The total light 

intensity under 4 and 7 holdfasts per 0.25 m2 was calculated as a percentage of total 

ambient light intensity outside the canopy (total light intensity under 0 holdfasts per 

0.25m-2) to account for site differences in total light intensity  
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Results 
 

The influence of canopy density on assemblage structure of foliose understorey 

algae 

Kelp density had a significant effect on the composition of the foliose algal 

assemblage. However, there was also a significant interaction of kelp density and reef 

topography (Table 2). Post-hoc, pair-wise tests indicate that for topographically simple 

reef, low kelp density was significantly different (at p = 0.1) from medium and high 

kelp densities. On topographically complex reef all kelp densities did not differ from 

one another (Table 2). There was also a significant effect of sites nested within reef 

types on understorey foliose algae assemblage structure. In the CAP plot, understorey 

samples from low kelp density on topographically simple reef separated to the left of the 

plot. Understorey samples from medium and high kelp densities on topographically 

simple reef were spread across the lower, right-hand side of the plot, while understorey 

samples from all kelp densities on topographically complex reef were concentrated in 

the upper, right-hand side of the plot (Fig. 1).  

Univariate linear regression of kelp density on species richness and total 

biomass revealed strong, significant relationships for topographically simple reefs but 

no relationships between either variable and kelp density for topographically complex 

reefs (Table 3). The r2 values for species richness and total biomass were 0.354 and 

0.507 respectively. 
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Figure 1: Canonical plot of principle components of understorey assemblage biomass. Square root 
transformation and Bray-Curtis dissimilarities used.  
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Table 2: PERMANOVA of Ecklonia radiata density (holdfasts. 0.25 m-2) and reef topography on 
understorey algal assemblage structure including pair-wise comparison of kelp density within reef types. 
Assemblage data was square root transformed and Bray-Curtis dissimilarities used. Monte-Carlo p-value 
used for pair-wise tests and the test of reef topography due to low number of unique values in 
permutational distribution. RT = reef topography, KD = kelp density. 
  

Source DF MS F p 
Reef topography 1 8105.173 2.057 0.064 
Site (RT) 4 3939.636 1.732 0.005 
Kelp density 2 5731.962 2.512 <0.001
RT x KD 2 4009.279 1.757 0.033 
Site (RT) x KD 8 2281.730 1.003 0.474 
Res 36 2274.894   

 
Pair-wise tests of kelp density within reef  types 

KD Groups Complex Reef Simple Reef 
 T p T p 
Low, medium 0.783 0.637 1.653 0.071 
Low, high 1.095 0.334 1.657 0.092 
Medium, high 0.847 0.570 1.078 0.364  

 

 

 

Table 3: The linear regression of kelp density (KD) on species richness (S) and total biomass (TB) for topographically 
simple and complex reefs. Sampling error required that one outlier was removed from the regression of kelp density 
on total biomass for topographically simple reef. 
 

 Topographically Simple reef Topographically Complex reef 

Sp
ec

ie
s r

ic
hn

es
s S = 15.9 - 1.22KD 

Proportion of variance explained 
 = 0.354 

Source DF MS F p 
Regression 1 420.54 13.69 0.001 
Res 25 30.71    

S = 12.8 - 0.37KD 
Proportion of variance explained 

 = 0.068 
Source DF MS F p 
Regression 1 35.48 1.83 0.188
Res 25 19.41    

   

To
ta

l b
io

m
as

s 

TB = 692 - 79.7KD 
Proportion of variance explained  

= 0.507 
Source DF MS F p 
Regression 1 1697473 24.66 <0.001
Res 24 68829    

TB = 294 + 7.6KD 
Proportion of variance explained  

= 0.009 
Source DF MS F p 
Regression 1 14986 0.23 0.637
Res 25 65816    
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ETRmax of Rhodymenia sonderi  

The relationship between ETRmax of R. sonderi and kelp density differed significantly 

between topographically simple and complex reefs. On topographically simple reef, 

ETRmax was related to kelp density (Fig. 2). Quadratic regression of samples from 

topographically simple reef yielded a significant relationship (F = 27.740, p< 0.01) of 

0.879 – 0.141(kd) + 0.01 (kd)2 where kd is kelp density. On simple, planar reef, the 

strong relationship between ETRmax of R. sonderi and kelp density indicates that as kelp 

density increased, the integrated sub-canopy light levels decreased in a non-linear 

manner.  

On topographically complex reef, there was no significant relationship between 

the ETRmax and kelp density (F = 0.42, p = 0.524), suggesting that the integrated sub-

canopy light climate on these reefs is not a function of kelp density. Therefore, canopy 

shading as a function of kelp density was more effective on topographically simple reef 

relative to topographically complex reef and more light reaches the sub-canopy on 

topographically complex reefs for a given kelp density. This difference in ETRmax is 

consistent with differences in sub-canopy light data collected on topographically simple 

and complex reef (see below). 
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Figure 2: ETRmax of Rhodymenia sonderi over a range of kelp densities on topographically simple and 
complex reef. ETRmax derived from rapid light curves using a diving PAM. 
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Ecklonia radiata morphology 

Kelp morphology differed significantly between reefs with simple and complex 

topography (Fig. 3) suggesting a level of phenotypic plasticity. Kelps from 

topographically simple reefs were distinguishable from kelps resident on 

topographically complex reefs in the nMDS plot (Fig. 3A). Kelp morphology as a whole 

was significantly different between reef types (Clarke’s R = 0.556) but was not different 

between sites (Clarke’s R = 0.059). Traits which lead to this difference were the central 

lamina length, total length, number of secondary laterals and lateral thickness (Fig. 3B). 

Individual analysis of these traits indicated that there was a significant difference 

between reef types (Table 4). Kelps from topographically simple reefs were longer and 

had thinner but had more numerous secondary laterals than kelps growing on 

topographically complex reefs. Kelps differed between sites in terms of wet weight and 

lamina width (Table 4). 

 

Sub-canopy light levels 

Sub-canopy light levels were significantly affected by kelp density as a main 

effect, but this effect was also interactive with reef topography (Table 5). At low kelp 

densities, the percentage of surface lux was greater on topographically simple reef than 

topographically complex reef. However, at medium and high kelp densities, the 

percentage of surface lux under the canopy was greater on topographically complex reef 

(Fig. 4). Reef topography and site did not have a significant main effect on sub-canopy 

light environment (Table 5). 
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(A) 

 
(B) 

 
Figure 3: (A) Morphology of Ecklonia radiata from topographically simple and complex reef. The nMDS 
based on log (x + 1), normalised data and Euclidean distance. (B) Selected morphological features of 
adult Ecklonia radiata from topographically simple and complex reef. Each feature is significantly 
different between reef types at alpha of 0.05. 
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Table 4: ANOVA results of Ecklonia radiata morphological features. Note: lateral thickness was log10 transformed. 
Transformation failed to correct variance structure for lamina thickness; hence the ANOVA was performed on the raw data. 
 RT = reef topography. 
 
  Wet Weight Total length Lamina length 
Levene’s test 0.55, p = 0.736 0.18, p = 0.968 0.98, p = 0.437 
Sources DF MS F p MS F p MS F p 
Reef topography 1 477042 1.35 0.310 11872.3 33.69 0.004 12355.4 40.28 0.003
Site (RT) 4 353208 4.57 0.003 352.4 0.47 0.756 306.7 0.49 0.745
Res 54 77356   745.7   629.6   
  Stipe length Lamina width Lamina thickness 
Levene’s test 0.86, p = 0.516 0.94, p = 0.464 2.82, p = 0.025 
Sources DF MS F p MS F p MS F p 
Reef topography 1 222.3 1.61 0.274 4.428 0.71 0.447 0.007 1.32 0.314
Site (RT) 4 138.5 1.22 0.311 6.228 5.32 0.001 0.005 3.18 0.020
Res 54 113.1   1.170   0.002   
  No. of laterals Lateral length Lateral width 
Levene’s test 1.58, p = 0.180 0.50 , p = 0.774 1.67, p = 0.157 
Sources DF MS F p MS F p MS F p 
Reef topography 1 8378.0 20.94 0.010 2.60 0.02 0.886 3.8002 2.44 0.193
Site (RT) 4 400.2 0.60 0.667 110.77 1.76 0.150 1.5552 2.20 0.081
Res 54 671.9   62.87   0.7059   
  Lateral thickness     
Levene’s test 2.08, p = 0.082     
Sources DF MS F p       
Reef topography 1 0.336 9.13 0.039       
Site(RT) 4 0.039 1.26 0.296       
Res 54 0.029          
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Figure 4: Light intensity under different densities of Ecklonia radiata canopy. Light intensity expressed 
as a percentage of surface light intensity. Low kelp density = 0-2 holdfasts. 0.25 m-2; medium density = 3-
6 holdfasts. 0.25 m-2; high kelp density = 7+ holdfasts. 0.25 m-2. Mean and standard error shown, n=9. 
 

 

Table 5: ANOVA of sub-canopy lux data as a percentage of average surface lux. RT = reef topography; 
KD = kelp density.  
 
 

Levene’s test 1.59, p = 0.119 
Source DF MS F p 
Reef topography 1 22.43 1.66 0.267 
Site (RT) 4 13.49 1.93 0.198 
Kelp density 2 626.15 89.75 <0.001
RT x KD 2 36.32 5.21 0.036 
Site (RT) x KD 8 6.98 0.47 0.871 
Res 36 14.91   
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Lightflecks underneath the canopy 

The kelp canopy on topographically simple reef blocked between 1-9 % more of the 

ambient light than their counter-parts on topographically complex reefs. However, there 

was no significant difference in mean percentage of ambient light between reef types or 

kelp densities (Table 6). Lightflecks on topographically complex reefs were more 

abundant (Fig. 5); as suggested by a greater mean light intensity under an Ecklonia 

radiata canopy on topographically complex reef than topographically simple reef. Sub-

canopy light intensity sampled at this high rate was also density dependant with a 

greater percentage of ambient light reaching the sub-canopy under 4 kelps per 0.25 m-2 

than under 7 kelps per 0.25 m-2, suggesting that lightflecks occur less at higher kelp 

densities (Fig. 5).  

 

 
 
Figure 5: Light intensity under 4 and 7 Ecklonia radiata holdfasts. 0.25 m-2 sampled at a high rate (0.5 
sec) to include lightflecks. Light intensity presented as a proportion of total ambient light intensity outside 
the canopy. Mean and standard errors shown, n = 4. 
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Table 6: ANOVA of lighfleck data as a percentage of ambient lux levels (at kelp density of 0 holdfasts. 
0.25 m2). RT = reef topography; KD = kelp density 
  

Levene’s test 0.29 , p = 0.835 
Source DF MS F p 
Reef topography 1 35.17 1.17 0.301
Kelp density 1 23.10 0.77 0.398
RT x KD 1 17.84 0.59 0.456
Res 12    

 

Discussion 

Kelp density had a significant effect on algal assemblage structure, as described 

previously for Ecklonia radiata dominated assemblages near Perth, Western Australia 

by Kendrick et al. (1999); but the strength of this relationship depends on reef 

topography in Hamelin Bay. Reef topography mediated the relationship between canopy 

and understorey algae indirectly by influencing the morphology of the kelps and their 

movement as swells pass over the reefs. I propose this influence was indirect because 

thallus morphology and movement actually affected the sub-canopy light environment 

both as an integrated amount and as light flecks associated with the kelps moving and it 

was the availability of light that directly influenced the understorey algal assemblage. 

 The negative effect of a kelp canopy on its understorey is a well documented 

feature of temperate marine systems (Reed and Foster, 1984; Kennelly, 1987c; Daume 

et al., 1999; Kendrick et al., 1999; Melville and Connell, 2001; Bulleri et al., 2002; 

Turner and Cheshire, 2003; Clark et al., 2004; Toohey et al., 2004; Wernberg et al., 

2005). The canopy effect is often associated with a shift in the structure of the 

understorey assemblage in terms of the composition and abundance of species making 

up the understorey. However, few studies have looked at the consistency of this effect 

across reefs within different topographic complexities. This research demonstrated that 

on topographically simple reefs, an Ecklonia radiata canopy had a stronger effect on the 

understorey than on topographically complex reefs. Species richness and total biomass 
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of the understorey was significantly related to kelp density on topographically simple 

reefs but not on reefs with complex topography. This spatial variation in the influence 

of the canopy was due to differences in the physical environment present on each reef 

type mediating how the canopy interacts with its understorey. 

 The effect of an E. radiata kelp canopy on the understorey is often attributed to 

the canopy blocking downwelling light and shading the understorey (Kennelly, 1989; 

Connell, 2003; Toohey et al., 2004; Wernberg et al., 2005), with changes in light levels 

resulting in changes in the composition of the understorey assemblage. In this research 

it was shown that an E. radiata canopy was more effective in shading the understorey 

on topographically simple reef. This was particularly evident in the ETRmax of R. 

sonderi recorded over different kelp densities but also apparent in both sub-canopy light 

intensity data sets. The ETRmax data of R. sonderi suggests that the sub-canopy light 

climate is a function of kelp density on simple, flat reef but sub-canopy light is 

independent of kelp density on reefs with complex topography. 

 There are two possible reasons why Ecklonia radiata was more effective in 

canopy shading on reefs with simple, flat topography. Firstly, the amount of lightflecks 

was greater on topographically complex reefs. Lightflecks are important as understorey 

algae can use them for photosynthesis (Gerard, 1984; Pearcy et al., 1994; Clark et al., 

2004). A higher abundance of lightflecks has been linked to greater carbon fixation 

(Pearcy, 1988; Greene and Garard, 1990). More lightflecks penetrated through the 

canopy on topographically complex reefs because of the stronger and more turbulent 

water motion on this reef type leading to greater independent movement of individual 

kelps. This was most apparent at medium kelp densities (4 holdfasts. 0.25 m2), with the 

influence of kelp morphology and movement on the abundance of lightflecks being 

reduced at high kelp densities (7+ holdfasts. 0.25 m2) The lightfleck data appears to 

support the idea of more lightflecks occurring in E. radiata canopies on reefs with 
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greater topographic complexity. In the lightfleck data, the lack of statistically significant 

differences in the percentage of ambient light intensity between reef types and kelp 

densities is mostly likely a product of the low power of the test associated with the 

naturally high spatial and temporal variation in this phenomenon. Further sampling is 

required to verify the trend in the lightfleck data observed in this study. 

 A second reason for the more effective canopy shading on topographically 

simple reef is the morphology of individual kelps. Kelp morphology is often quite 

variable and has been demonstrated to adapt to local environmental conditions, 

especially exposure to ocean swells (Friedland and Denny, 1995; Molloy and Bolton, 

1996; Irving et al., 2003; Wernberg et al., 2005; Fowler-Walker et al., 2006). Although 

previously not strictly tested, it has been hypothesised that kelps with different 

morphologies may have different abilities to shade the understorey (Wernberg et al., 

2003; Fowler-Walker et al., 2005). The kelp morphology data collected here indicated 

that kelps making up the canopy on topographically simple reef were more suited to 

shading the understorey, being longer and with more secondary laterals, than kelps on 

topographically complex reefs. The change in kelp morphology between reef types 

probably represents morphological plasticity to differences in the hydrodynamic and 

light environments present on each reef type rather than genetic differences between the 

kelp beds (Fowler-Walker et al., 2006). These differences in kelp morphology may 

account for the differences in sub-canopy light climate and the frequency of light flecks 

between topographically simple and complex reefs. 

 The greater species richness observed on topographically complex reefs relative 

to topographically simple reef (Chapter 2; Harman et al., 2003) may in part be 

explained by the E. radiata canopy having a stronger influence on the understorey on 

topographically simple reef. With the kelp canopy being larger and longer on 

topographically simple reef, it is likely that less foliose algal species can survive under 
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the canopy, limiting the distribution of foliose algae to gaps in the canopy, and reducing 

overall species richness. The less effective canopy shading on topographically complex 

reef allows species to have an extended local distribution both under kelp canopies and 

in gaps on this reef type. Variation in the extent to which an E. radiata canopy reduces 

species richness across reef types leads to greater alpha diversity, a trait typical of kelp 

beds in South-Western Australia (Kendrick et al., 2004).  

In summary, kelp density had a significant effect on algal assemblage structure 

but this effect was stronger on reefs with simple, planar topography. Canopy shading 

was found to be more effective on topographically simple reefs relative to 

topographically complex reefs. Greater canopy shading on reefs with simple 

topographic form is driven by a reduced prevalence of lightflecks and a canopy 

structure (kelp morphology) adapted for light interception. This work highlights that 

reef topography can mediate that relationship between canopy and understorey algae 

through differences in physical environment and helps to explain the greater species 

richness on reefs with complex topography. 
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Chapter 6: General Discussion 
 
 
This thesis closes with the presentation of a conceptual model which provides a 

functional explanation of the high diversity in kelp beds of South-Western Australia. 

The contribution to scholarship of this thesis is also outlined. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Photograph: A marine researcher at work in an Ecklonia radiata kelp bed  
(Ben Toohey).  
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General Discussion 
 

As described in the general introduction, algal assemblages of South-Western 

Australia contain high alpha diversity with high species turnover at small spatial scales 

(Phillips et al., 1997; Wernberg et al., 2003; Goldberg and Kendrick, 2004; Kendrick et 

al., 2004). The research outlined in this thesis sought to provide an explanation for this 

high diversity by exploring the central themes of kelp bed recovery from canopy 

disturbance and how this is influenced by reef structure. The thesis began with an 

investigation into the physical environment present on reefs with simple and complex 

topography and linked this to the composition of the algal assemblage present on each 

reef type (Chapter 2). This was followed by a three year study on gap recovery after 

large scale canopy removal on reefs with different topographies (Chapter 3). The 

survival of juvenile sporophytes of E. radiata was then compared across 

topographically simple and complex reefs (Chapter 4). The interaction between the E. 

radiata canopy with the understorey on both reef types was then studied (Chapter 5). 

Chapters 4 and 5 examined how kelps initially react to canopy loss and how their 

eventual dominance in the system influences algal diversity. 

This thesis focused on the patterns and processes of algal assemblage recovery, 

and in doing so illustrates a source of the high alpha diversity that characterises 

temperate Australian algal assemblages. Although previous research has documented 

the high algal diversity in temperate Western Australian, few have put forward a 

functional explanation of such diversity (but see Kendrick et al., 2004 and Goldberg et 

al., 2004). Understanding the source of such diversity helps explain assemblage 

structure but also allows predictions of the pattern of algal diversity which can then be 

tested in other locations.  

An additional contribution to scholarship made by this thesis is its investigation 

of the influence of reef topography at the vertical scale of 1-10 metres in a temperature, 
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wave-dominated system. Although reef topography has received attention in coral reef 

systems, to date, little research has been published on the role of reef topography on 

temperate marine systems (however see Harman et al., 2003 and Kendrick et al., 2004). 

Fish ecologists have long recognised the importance of reef structure on the 

composition of fish assemblages (Risk, 1972; McCormick, 1994; Friedlander et al., 

2003; Harman et al., 2003; Watson et al., 2005), but little is known of the influence of 

reef topography on the 1-10m scale on algal assemblages. As shown in this thesis, 

knowledge of the influence of reef topography on algal assemblage helps to explain 

patterns of alpha diversity. 

Knowledge of the influence of reef topography also highlights the problem of 

overgeneralizing conclusions from one Ecklonia radiata kelp bed to another. To date, 

some of the key research into kelp beds has been performed on topographically simple 

reef only (e.g. Kennelly, (1987a; b); Connell, (2003); Irving et al., (2004); Russell and 

Connell, (2005)) which may provide a biased understanding of how all kelp beds 

function. The limitations of a specific experiment should always be considered when 

generalising to ecological theory. 

Conceptual patch dynamics model 

 The high alpha diversity of Western Australian algal assemblages is a product of 

local-scale processes. Here, I propose a disturbance–based patch dynamics model where 

the end-members are heavily disturbed, species-rich areas where the canopy has been 

removed and areas supporting a dense canopy of brown algae and a sparse, species poor 

understorey. These end-members, otherwise known as “gap” and “canopy” states 

respectively, are a common feature of sublittoral algal assemblages (Turner and 

Cheshire, 2003; Kendrick et al., 2004; Chapter 2). The canopy state can have a 

monospecific or mixed species canopy of brown algae. For simplicity I have focused on 
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monospecific E. radiata patches although mixed-species canopy states are also common 

(Goldberg and Kendrick, 2004; Goodsell et al., 2004; Chapter 2).  

 Cycling between these gap and canopy states occurs through a combination of 

physical and biological processes. In Australian Ecklonia radiata kelp beds, canopy 

patches are switched to the gap state by physical removal of the canopy (Chapter 1, Fig. 

1), either by urchin herbivory or storm damage (May and Larkum, 1981; Seymour et al., 

1989; Andrew, 1994; Gagnon et al., 2004). In South-Western and Southern Australian 

systems, this removal is driven primarily by large swells (Larkum, 1986; Kennelly, 

1987b) applying excessive drag on adult kelps causing them to be torn from the reef 

(Thomsen et al., 2004). The dynamics of the influence of storms on kelp beds was 

beyond the scope of this thesis. Documenting the influence of storms on kelp bed is a 

large undertaking. To study such phenomena mapping at several spatial scales using 

multiple techniques, such as underwater video transects, would be required (Parsons et 

al., 2004). 

As gaps are by nature a species rich state, storms generate diversity by removing 

the competitively-dominant canopy species which suppress species richness (Sousa, 

1979; Petraitis et al., 1989; Kendrick et al., 2004; Goodsell and Connell, 2005). The 

elevated species richness associated with the removal of the canopy persists throughout 

the assemblage recovery process such that even as a new kelp canopy is formed in the 

later phase of recovery, species richness is still elevated relative to undisturbed control 

areas (Chapter 3). 

Gaps are returned to the canopy state through a combination of biological 

processes, collectively referred to as assemblage recovery (Fig. 1). In my experimental 

canopy removal, a typical gap state (lawn of filamentous and foliose algae) was 

established soon after canopy loss. Ten months after canopy disturbance, the 

assemblage in gaps was dominated by a canopy of Sargassum subgenus Arthrophycus, 
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that in turn was replaced by an Ecklonia radiata canopy 22 to 34 months after the initial 

canopy removal (Fig. 1). The overall pattern of recovery was similar on both 

topographically simple and complex reefs but some differences between reef types did 

occur. Greater variation in the algal assemblage occurred on topographically complex 

reef. Furthermore, Sargassum subgenus Arthrophycus was more abundant on 

topographically complex reef. These differences added to high alpha diversity in 

macroalgal assemblage structure. At all stages during recovery, location and site effects 

influenced the composition of the algal assemblage (Chapter 3). Reef topography also 

interacted with location to influence the composition of the assemblage. Such spatial  

variation adds to the diversity of the algal assemblage. 

 

Figure 1: The general pattern of assemblage recovery in Ecklonia radiata kelp beds. Blue squares 
represent processes which influence the pattern of recovery. Pink squares represent the patches 
which begin and end the recovery process. Solid arrows represent influences which increase species 
richness, dashed arrows represent factors which reduce species richness. 
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The process of assemblage recovery necessitates a loss in diversity, moving 

from a species-rich gap state to a species poor canopy state. As such the lawn, 

Sargassum and Ecklonia phases of recovery represent a sequential reduction in species 

richness (Chapter 3). However, as previously mentioned, even 34 months after 

disturbance, the diversity generated by removal of the canopy had not completely 

disappeared (Chapter 3). Also, given that different algal stands will be disturbed at 

different times, these different phases of assemblage recovery lead to a mosaic of 

different patch types in the landscape (Chapter 2; Turner and Cheshire, 2003), with this 

mosaic adding to diversity of algal assemblage as a whole. 

In some replicates of the canopy clearance experiment (Chapter 3), canopy 

removal did not lead to the formation of a gap state which readily recovered, but rather 

led to the formation of patches dominated by turfing algae (defined as filamentous algae 

forming a mat less than 2 cm in height) which resisted colonisation by Ecklonia radiata 

for up to 34 months (Kennelly, 1987a; Chapman 1984; Kang et al., 2005). These turf 

states formed in 4 of the 18 clearances made and were only observed on topographically 

complex reefs (Chapter 3). Such divergence from the general pattern of assemblage 

recovery generated another patch type evident in the landscape mosaic and hence added 

to the diversity of the algal assemblage (Fig. 1). Continued sampling of the experiment 

will determine if the four clearances that did not appear to recover due to the presence 

of a turf assemblage will eventually become dominated by a canopy species. 

Assemblage recovery collectively refers to several different processes which 

operate as the algal assemblage moves towards the canopy state. In this thesis I 

researched two of these processes, namely juvenile sporophyte survival and canopy 

shading (seen as blue boxes in Figure 1). The goal was to determine factors which 

influenced the outcomes of these processes and hence contributed to algal diversity. 
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One factor investigated for both processes was reef topography at 1-10 m vertical scale, 

as recent research suggests that it has a significant influence on macroalgal assemblages 

in the South-West of Australia (Harman et al., 2003; Kendrick et al., 2004). 

One process associated with the early stages of assemblage recovery is the 

survival of juvenile sporophytes of E. radiata after canopy removal. The survival of E. 

radiata juvenile sporophytes after canopy removal was a function of the relative change 

in light climate after canopy loss (Wood, 1988). In general, the smaller the increase in 

light levels after canopy removal, the greater the survivorship of juvenile sporophytes. 

Several factors influence increases in light level after canopy loss (Fig. 2). One such 

factor was reef topography as topographically complex reefs are shallower and thus 

have greater downwelling light than topographically simple reefs (Chapter 2), leading to 

significantly greater short-term survival on topographically simple reefs (Chapter 4). 

This pattern is complicated by differences in the timing of canopy removal, where 

clearances made during sunny periods with high water clarity led to greater mortality of 

juvenile sporophytes. Weather conditions (sunny or overcast) in combination with water 

clarity dictated how much downwelling light the juvenile sporophytes received after 

canopy removal (Fig. 2). Although juvenile sporophyte survival was not measured 

during winter, the turbid, overcast conditions typical of that season would suggest that 

canopy removal at that time would favour juvenile sporophyte survival.  
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Figure 2: A conceptual sub-model of the survival of juvenile sporophytes of Ecklonia radiata. A thick 
arrows represent a large influence, a thin arrow represent a weak influence. * = differences between 
reefs of different topography not seen in the long term recovery of gaps. 

 

As the majority of juvenile sporophytes survive the change in conditions 

associated with the removal of the canopy, they represent a ready source of kelps to 

grow up and form a new canopy. Survival of juvenile sporophytes influences the 

trajectory of gap recovery, and especially the rate at which an E. radiata canopy is 

formed. This in turn has implications for the diversity of the algal assemblage as faster 

recovery of the E. radiata canopy leads to greater suppression of species richness.  

The contribution of surviving juvenile sporophytes to the new canopy depends 

on the timing of the initial canopy disturbance. Canopy removal during winter months 

lead to a faster recovery of the canopy. Short-term differences in survival between reefs 

with simple and complex topography do not appear to have a strong influence on the 

long-term rate of gap recovery. An additional study could look into how the formation 

of a Sargassum canopy associated with the second phase of recovery (Chapter 3) 

influences the survivorship of juvenile kelp sporophytes after canopy loss.  
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Towards the later stages of recovery, an E. radiata canopy became established 

(Chapter 3). Ecklonia radiata canopies have a significant influence on the assemblage 

structure of the associated understorey (Kendrick et al., 1999; Kendrick et al., 2004), 

through competition for light (Toohey et al., 2004; Wernberg et al., 2005). Typically, 

canopy shading by an E. radiata canopy leads to a reduction in species richness of the 

understorey (Chapter 5; Kendrick et al., 1999). The degree to which species richness is 

reduced depends on sub-canopy light levels which are a function of kelp density, 

downwelling light levels and the abundance of lightflecks penetrating the canopy (Fig. 

3). Under high kelp densities, less light reaches the understorey. Under sparse kelp 

densities, more light reaches the understorey and canopy shading is reduced. Sub-

canopy light levels are also determined by reef topography. On topographically complex 

reef, I found that greater downwelling light as the reefs were shallower but also more 

water motion (Chapter 2) which generates movement of kelp thalli and thus more 

lightflecks and reduced canopy shading (Chapter 5). On topographically simple reef, 

reduced water motion and less downwelling light reduced the amount of lighflecks and 

hence increases canopy shading on this reef type. 

The canopy was found to have a stronger influence on the understorey on reefs 

with lower levels of topographic complexity (Chapter 4). Greater water motion on 

topographically complex reef also leads to changes in the morphology of the kelps 

making up the canopy, which in turn decreases canopy shading. Differences between 

reef types in the interaction between the canopy and understorey suggests that during 

the latter stages of recovery, assemblage structure may differ between reefs of different 

topographies (Chapter 2)  
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Figure 3: Canopy shading conceptual sub-model. A thick arrows represent a large influence, a thin 
arrow represent a weak influence. 

 

This thesis focuses on the influence of the physical environment on algal 

assemblage structure. An area of research not covered in this thesis is the influence of 

grazing on algal assemblage recovery and how this interacts with reef topography. In 

Hamelin Bay, herbivorous fish are more abundant on topographically complex reef 

(Harman et al., 2003; Watson et al., 2005) and there have been numerous observations 

of fish feeding on algae attached to reef (Harvey, pers. comm.). Herbivory has been 

shown to influence algal succession in other systems (Kim, 1997). It is possible that 

some of the patterns in assemblage recovery are driven by fish herbivory especially with 

regard to maintaining a turfing assemblage at some sites cleared of E. radiata (Chapter 

3). Fish grazing may further add to algal diversity if feeding alters competitive 

outcomes or operates in a diffuse and stochastic manner. 

 Overall, the high alpha diversity seen in the algal assemblages of temperate 

South-Western Australia is a product of local scale processes. Disturbance and 

assemblage recovery generate diversity. Disturbance creates species rich gaps. Phase-
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shifts during the recovery process create a mosaic of different patch types. This thesis 

focuses on the processes associated with assemblage recovery, namely survival of 

juvenile sporophytes of Ecklonia radiata and canopy shading. These added to diversity 

through local spatial variation in their outcomes. Reef topography influences the 

processes associated with assemblage recovery by altering key physical variables such 

as downwelling light and water motion. By examining the effects of assemblage 

recovery and reef topography, this thesis has provided a valuable functional explanation 

of the high algal diversity in temperate Southwest Australia.  
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