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Abstract 

_______________________________________________ 
 

Qualitative evidence suggests that sea stars have remarkably clean epidermal surfaces. To 

quantify surface-associated micro- and macroorganisms, field surveys were conducted in 

northern Queensland, Australia, during the wet and dry seasons. Mean bacterial abundances on 

7 sea star species were approximately 104 to 105 cells cm-2 during both seasons. There were no 

consistent trends in bacterial abundances with season, species and aboral positions on sea star 

arms. Low numbers of parasitic and commensal macroorganisms were found on 6 sea star 

species, and no common generalist macrofouling organisms, such as algae, barnacles, serpulid 

polychaetes, bryozoans and ascidians, were discovered on any specimens. Sea stars therefore 

offered an excellent model to investigate the mechanisms driving fouling-resistant surfaces. 

Subsequently, 5 sea star species belonging to the order Valvatida were chosen for this study to 

investigate mechanical, physical and chemical fouling deterrence: Acanthaster planci (Family 

Acanthasteridae), Linckia laevigata and Fromia indica (both Family Ophidiasteridae), 

Cryptasterina pentagona (Family Asterinidae) and Archaster typicus (Family Archasteridae). 

 

It has been proposed that mechanical antifouling defence mechanisms of sea stars are linked 

with pedicellariae, which are pincer-like appendages made of calcareous ossicles. In this study, 

the role of pedicellariae of the sea star A. planci in fouling control was investigated. The 

morphology and distribution of its pedicellariae were measured to determine if larvae or 

propagules of fouling organisms could settle between pedicellariae without being in their 

physical range. The elementary and straight pedicellariae of A. planci had a mean length of 0.7 

mm and a mean distance of 2.6 mm. The total number of pedicellariae was proportional to the 

estimated surface area of A. planci. To determine how pedicellariae respond to tactile 

stimulation, pedicellariae were stimulated by touching either inner, outer or basal sites of 

pedicellariae with a hypodermic needle. Pedicellariae closed rapidly on touch and closed for 

significantly longer when touched at their inner sites (8.9 s) than outer (6.7 s) and basal (7.9 s) 

sites. Settling larvae were simulated by dropping silica beads (size: 50.2 μm, 181.5 μm, 255.7 

μm and 510.7 μm, density: 2.5 g ml-1) and zirconium/silica beads (size: 191.2 μm and 507.6 μm, 

density: 3.7 g ml-1) over the pedicellariae. The percentage of responding pedicellariae increased 

proportionally with increasing size of the silica beads. However, the percentage also increased 

when zirconium/silica beads of similar size but higher density were used, demonstrating that the 

mass, not size, of the beads was the main driving factor for the closure of pedicellariae. 

Pedicellariae were also stimulated by placing larvae of the bryozoan Bugula neritina (250 μm) 
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and fragments of the alga Chrysocystis fragilis (150-1000 μm) over the pedicellariae. However, 

the response of the pedicellariae to the larvae of B. neritina was consistently low and none of 

the pedicellariae responded to the fragments of C. fragilis, demonstrating that for A. planci 

pedicellariae offer little or no defence against fouling.  

 

Subsequently, physical antifouling defences of the sea stars L. laevigata, F. indica, C. 

pentagona and A. typicus were investigated. These sea stars have paxillae (modified ossicles 

with a median vertical pillar) on their aboral surfaces, which varied in diameter, height and 

distance depending on species and position on the aboral surface, providing unique and 

complex surface microtopographies for each species. The surfaces of the sea stars L. laevigata, 

F. indica and A. typicus were moderately wettable, with their mean seawater contact angles on 

the disk being 60.1º, 70.3º and 57.3º, respectively. The seawater contact angle of C. pentagona 

could not be measured. To evaluate the effectiveness of the surface microtopographies of sea 

stars in deterring the settlement of fouling organisms, field experiments with resin replicas of 

the 4 sea star species were conducted at 3 sites around Townsville, Australia, for 8 weeks 

during the dry and wet seasons. The fouling community and total fouling cover did not differ 

significantly between the replicas of sea stars and control surfaces at any site during the dry 

season. Significant differences between fouling communities on the replicas of the sea stars and 

control surfaces were detected at 2 sites during the wet season, however these differences were 

transitory and the total fouling cover also did not differ significantly between replicas of sea 

stars and control surfaces at 2 of the 3 sites. Despite a complex variety of structures, the surface 

microtopographies of these sea stars alone were not effective in deterring the settlement and 

growth of fouling organisms.  

 

Finally, the role of natural products of the sea stars L. laevigata, F. indica, C. pentagona and A. 

typicus in keeping the surface free of fouling organisms was investigated. Dichloromethane 

(non-polar), methanol (moderately polar) and water (polar) extracts of these sea stars all had 

concentration-dependant effects on the settlement of the ecologically relevant diatoms Amphora 

sp. and Nitzschia closterium, the serpulid Hydroides elegans and the bryozoan B. neritina in 

settlement assays. While all extracts at the highest concentration of 100 μg cm-2 significantly 

reduced the settlement of all fouling species, dichloromethane and methanol extracts at the 

lower concentrations of 10, 1 and 0.1 μg cm-2 were generally more effective than water extracts. 

The dichloromethane extract of the sea star C. pentagona was further fractionated using 

reversed-phase flash column chromatography and high performance liquid chromatography. 

Fractions at a concentration of 10 μg cm-2 were tested against the settlement of N. closterium. 
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Based on analysis with gas chromatography – mass spectrometry (GC-MS), the most bioactive 

fractions of C. pentagona contained several fatty acids and sterols.  

 

To determine whether the compounds responsible for the observed antifouling effects were also 

present on the surface of the sea stars L. laevigata, F. indica, C. pentagona and A. typicus, 

surface-associated compounds were absorbed onto filter paper and tested against Amphora sp., 

N. closterium, H. elegans and B. neritina in settlement assays. These surface-associated 

compounds had species-specific effects on the settlement of fouling organisms. Subsequently, to 

demonstrate the presence and quantify the natural concentrations of the surface-associated 

compounds, surface extracts of the 4 sea star species were prepared by swabbing their surfaces 

with cotton wool, which was then extracted with dichloromethane. Using GC-MS, the fatty 

acids and sterols of each surface extract were identified and the surface concentrations of 

hexadecanoic acid, cholesterol, lathosterol and sitosterol quantified. Pure hexadecanoic acid, 

cholesterol, lathosterol and sitosterol as well as a mixture of these 4 compounds at 1000, 100, 10 

and 1 ng cm-2 were tested against the settlement of Amphora sp., N. closterium and B. neritina. 

Hexadecanoic acid and cholesterol were the most effective compounds, significantly reducing 

the settlement of both Amphora sp. and N. closterium at concentrations of 1000 and ≥10 ng cm-

2, respectively. Lathosterol also significantly inhibited the settlement of Amphora sp. and N. 

closterium at the higher concentrations of 1000 and ≥100 ng cm-2, respectively. In contrast, 

sitosterol was only effective against N. closterium, with significantly less settlement of this 

species at concentrations of ≥100 ng cm-2. None of the 4 compounds had any effect on the 

settlement of B. neritina. The mixture of the compounds significantly reduced the settlement of 

only N. closterium at concentrations of ≥100 ng cm-2.  

 

In conclusion, this study has demonstrated that the surface chemistry, in particular the surface-

associated compounds hexadecanoic acid, cholesterol and lathosterol, of the sea stars L. 

laevigata, F. indica, C. pentagona and A. typicus play a key role in deterring the settlement of 

fouling organisms. These compounds are therefore primary metabolites with a secondary 

function in fouling control. In contrast to the surface chemistry, the pedicellariae of A. planci 

and the surface microtopographies and wettabilities of L. laevigata, F. indica, C. pentagona and 

A. typicus were ineffective. 

 x



Table of Contents 

_______________________________________________ 
 

 
Statement of Access…………………………………………………………………………….. ii
Statement of Sources ……………………………………………………………………….….. iii 
Electronic Copy………………………………………………………………………………… iv  
Statement on the Contribution of Others………………………………………………………... v 
Acknowledgements……………………………………………………………………………...vi 
Abstract……………………………………………………………………………………….. viii 
Table of Contents………………………………………………………………………………. xi 
List of Figures…………………………………………………………………………………. xiv 
List of Tables………………………………………………………………………………….. xvi 
 
Chapter 1 General introduction…………………………………………………….………… 1 

1.1 Biofouling in the marine environment……………………………………………... 1 
1.2 Biological impacts of biofouling……………………………………………………3 
1.3 Defence mechanisms against biofouling…………………………………………… 4 

  1.3.1 Behavioural defence mechanisms………………………………………...4 
  1.3.2 Mechanical defence mechanisms………………………………………... 5 
  1.3.3 Physical defence mechanisms…………………………………………… 6 
  1.3.4 Chemical defence mechanisms………………………………………….. 8 
  1.3.5 Multiple defence mechanisms…………………………………………… 9 
 1.4 Aims and chapter summaries……………………………………………………… 10 
 
Chapter 2 Fouling-resistant surfaces of tropical sea stars…………………………………. 13 
 2.1 Introduction………………………………………………………………………...13 
 2.2 Materials and Methods……………………………………………………………..14 
 2.2.1 Collection sites…………………………………………………………..14 
 2.2.2 Surface-associated microorganisms……………………………………..14 
 2.2.3 Surface-associated macroorganisms……………………………………. 15 
 2.2.4 Statistical analysis……………………………………………………….15 
 2.3 Results……………………………………………………………………………...16 
 2.3.1 Surface-associated microorganisms……………………………………..16 
 2.3.2 Surface-associated macroorganisms…………………………………… .18 
 2.4 Discussion…………………………………………………………………………. 18
  
Chapter 3 Mechanical antifouling defences: Effects of the pedicellariae of the  

     crown-of-thorns sea star Acanthaster planci……………………………………. 22 
 3.1 Introduction……………………………………………………………………….. 22 
 3.2 Materials and Methods……………………………………………………………. 23 
 3.2.1 Collection and culture of Acanthaster planci and macrofouling  
                                   organisms………………………………………………………………. 23 
 3.2.2 Morphology, distribution and abundance of pedicellariae……………... 24 
 3.2.3 Tactile stimulation……………………………………………………… 25 
 3.2.4 Statistical analysis……………………………………………………….27 
 3.3 Results……………………………………………………………………………...27 
 3.3.1 Surface-associated macro-fouling organisms on Acanthaster planci….. 27 
 3.3.2 Morphology, distribution and abundance of pedicellariae……………... 28 
 3.3.3 Tactile stimulation……………………………………………………… 29 
 3.4 Discussion…………………………………………………………………………. 32 

 xi



 
Chapter 4 Physical antifouling defences: Effects of the wettability and surface  
                  microtopography of sea stars……………………………………………………. 35 
 4.1 Introduction……………………………………………………………………….. 35 
 4.2 Materials and Methods……………………………………………………………. 37 
 4.2.1 Collection of specimens…………………………………………………37 
 4.2.2 Surface wettability……………………………………………………… 37 
 4.2.3 Surface microtopography………………………………………………..38 
 4.2.4 Fouling community development………………………………………. 38 
 4.2.5 Statistical analysis……………………………………………………….39 
 4.3 Results……………………………………………………………………………...40 
 4.3.1 Surface wettability……………………………………………………… 40 
 4.3.2 Surface microtopography………………………………………………..40 
 4.3.3 Fouling community development………………………………………. 43 
 4.4 Discussion…………………………………………………………………………. 48 
 
Chapter 5 Chemical antifouling defences: Effects of crude extracts of sea stars………… 51  
 5.1 Introduction……………………………………………………………………….. 51 
 5.2 Materials and Methods……………………………………………………………. 53 
 5.2.1 Collection of specimens…………………………………………………53 
 5.2.2 Preparation of crude extracts…………………………………………… 53 
 5.2.3 Vacuum liquid column chromatography and high performance  
                                    liquid chromatography ………………………………………………… 54 
 5.2.4 Nuclear magnetic resonance……………………………………………. 55 
 5.2.5 Gas chromatography – mass spectrometry……………………………... 56 
 5.2.6 Bioassays……………………………………………………………….. 56 
 5.2.7 Statistical analysis……………………………………………………….58 
 5.3 Results……………………………………………………………………………...58 
 5.3.1 Natural concentrations of crude extracts………………………………...58 
 5.3.2 Bioassays with crude extracts…………………………………………... 59 
 5.3.3 Bioassays with fractions of the dichloromethane extract of  
          Cryptasterina pentagona……………………………………………….. 67 
 5.3.4 Nuclear magnetic resonance and gas chromatography – mass  
                                   spectrometry……………………………………………………………..69 
 5.4 Discussion…………………………………………………………………………. 69 
 
Chapter 6 Chemical antifouling defences: Effects of surface extracts of sea stars………. 72 
 6.1 Introduction………………………………………………………………………...72 
 6.2 Materials and Methods……………………………………………………………..73 
 6.2.1 Collection of specimens…………………………………………………73 
 6.2.2 Bioassays with conditioned seawater…………………………………... 74 
 6.2.3 Bioassays with surface-associated compounds………………………….74 
 6.2.4 Preparation of surface extracts…………………………………………..75 
 6.2.5 Analysis with gas chromatography – mass spectrometry………………. 75 
 6.2.6 Bioassays with hexadecanoic acid, cholesterol, lathosterol and  
          sitosterol ………………………………………………………………...75 
 6.2.7 Statistical analysis……………………………………………………….76 
 6.3 Results……………………………………………………………………………...77 
 6.3.1 Bioassays with conditioned seawater…………………………………... 77 
 6.3.2 Bioassays with surface-associated compounds………………………… 77 
 6.3.3 Analysis with gas chromatography – mass spectrometry……………… 80 
 6.3.3 Bioassays with hexadecanoic acid, cholesterol, lathosterol and 
          sitosterol…………………………………………………………………81 
 6.4 Discussion…………………………………………………………………………. 84 
 

 xii



Chapter 7 Synthesis and discussion…………………………………………………………. 88 
 
References…………………………………………………………………………………….. 93 
 
Appendix 1…………………………………………………………………………………… 110 

Guenther J, Walker-Smith G, Waren A, de Nys R (2007) Fouling-resistant  
surfaces of tropical sea stars. Biofouling 23: 413-418 

 
Guenther J, Heimann K, de Nys R (2007) Pedicellariae of the crown-of-thorns 

 sea star Acanthaster planci are not an effective defence against fouling. Mar  
Ecol Prog Ser 340: 101-108 

 
Guenther J, de Nys R (2007) Surface microtopographies of tropical sea stars:      
Lack of an efficient physical defence mechanism against fouling. Biofouling  
23: 419-429 

 
 
 
 

 xiii



List of Figures 

_______________________________________________ 
 

Chapter 1 
 
Figure 1.1 Diagrams of 2 models for biofouling………………………………………………... 2 
 
Chapter 2 
 
Figure 2.1 Bacterial abundance on 7 sea star species………………………………………….. 17 
 
Chapter 3 
 
Figure 3.1 Scanning electron micrographs of 2 straight valves and the corresponding basal  

    piece of a pedicellaria of Acanthaster planci ……………………………………….28 
 
Figure 3.2 Correlation between the number of pedicellariae of Acanthaster planci and  
                 corresponding aboral surface area of each specimen………………………………..29 
 
Figure 3.3 Closure time of pedicellariae of Acanthaster planci when touched with a  
                 hypodermic needle………………………………………………………………….. 30 
 
Figure 3.4 Percentage of responding pedicellariae of Acanthaster planci to silica and   
                 zirconium/silica beads of different sizes……………………………………………. 31 
 
Figure 3.5 Percentage of responding pedicellariae and closure time of pedicellariae of  
                 Acanthaster planci when touched by Bugula neritina larvae………………………. 32 
 
Chapter 4 
 
Figure 4.1 Aboral surface microtopographies of Linckia laevigata, Fromia indica, 
                 Cryptasterina pentagona and Archaster typicus…………………………………….42 
 
Figure 4.2 Scanning electron micrographs of replicas of Linckia laevigata, Fromia 
                 indica, Cryptasterina pentagona and Archaster typicus…………………………….42 
 
Figure 4.3 Total percentage cover of fouling organisms on replicas at 3 sites after  
                 8 weeks of submersion………………………………………………………………45 
 
Figure 4.4 Two-dimensional MDS plot of fouling cover data for replicated surfaces at  
                  the Breakwater Marina……………………………………………………………...47 
 
Figure 4.5 Percentage cover of fouling species on replicas of Archaster typicus and  

    control surfaces after 2 weeks of submersion and Cryptasterina  
                 pentagona and control surfaces after 4 weeks of submersion……………………… 48 
 
Chapter 5 
 
Figure 5.1 Flowchart of fractions of the dichloromethane extract of Cryptasterina  
                  pentagona subjected to chromatography…………………………………….…….. 55 
 
 

 xiv



Figure 5.2 Effects of dichloromethane, methanol and water extracts of Linckia laevigata  
                 on the settlement of fouling species……………………………………………...60-61 
 
Figure 5.3 Effects of dichloromethane, methanol and water extracts of Fromia indica  
                 on the settlement of fouling species……………………………………………...62-63 
 
Figure 5.4 Effects of dichloromethane, methanol and water extracts of Cryptasterina 
                 pentagona on the settlement of fouling species………………………………….64-65 
 
Figure 5.5 Effects of dichloromethane, methanol and water extracts of Archaster typicus  
                 on the settlement of fouling species……………………………………………...66-67 
 
Figure 5.6 Effects of flash column chromatography fractions of the dichloromethane  
                 extract of Cryptasterina pentagona on the settlement of Nitzschia closterium…….. 68 
 
Figure 5.7 Effects of HPLC fractions of the dichloromethane extract of Cryptasterina  
                 pentagona on the settlement of Nitzschia closterium………………………………. 68 
 
Chapter 6 
 
Figure 6.1 Effects of conditioned seawater of the sea stars Linckia laevigata, Fromia  
                 indica, Cryptasterina pentagona and Archaster typicus on the settlement 
                 of fouling species…………………………………………………………………… 77 
 
Figure 6.2 Effects of surface-associated compounds of Linckia laevigata on the settlement  
                 of fouling species…………………………………………………………………… 78 
 
Figure 6.3 Effects of surface-associated compounds of Fromia indica on the settlement of  
                 fouling species……………………………………………………………………… 79 
 
Figure 6.4 Effects of surface-associated compounds of Cryptasterina pentagona on the        
                 settlement of fouling species………………………………………………………...79 
 
Figure 6.5 Effects of surface-associated compounds of Archaster typicus on the settlement 
                 of fouling species…………………………………………………………………… 80 
 
Figure 6.6 Chemical structures of hexadecanoic acid, cholesterol, lathosterol and   
                 sitosterol…………………………………………………………………………….. 81 
 
Figure 6.7 Effects of hexadecanoic acid, cholesterol, lathosterol and sitosterol on the 
                 settlement of Amphora sp…………………………………………………………... 82 
 
Figure 6.8 Effects of hexadecanoic acid, cholesterol, lathosterol and sitosterol on the 
                 settlement of Nitzschia closterium………………………………………………….. 83 
 
Figure 6.9 Effects of hexadecanoic acid, cholesterol, lathosterol and sitosterol on the 
                 settlement of Bugula neritina………………………………………………………. 83 
 
Figure 6.10 Effects of a mixture of hexadecanoic acid, cholesterol, lathosterol and  
                   sitosterol on the settlement of fouling species…………………………………….. 84 
 
 

 xv



 xvi

List of Tables 

_______________________________________________ 
 

Chapter 2 
 
Table 2.1 Partly nested ANOVA of bacterial abundance on 7 sea star species………………...17 
 
Table 2.2 Taxonomic classifications of sea stars and their corresponding surface- 
                associated macroorganisms…………………………………………………………..19 
 
Chapter 3 
 
Table 3.1 Density, size and mass per bead of silica and zirconium/silica beads used  
                to stimulate the pedicellariae of Acanthaster planci………………………………… 26 
 
Table 3.2 Three-factor mixed model ANOVA for closure time of pedicellariae of  
                Acanthaster planci…………………………………………………………………... 30 
 
Chapter 4 
 
Table 4.1 Diameter and height of paxillae and distance between paxillae on the arms  
                of Linckia laevigata, Fromia indica, Cryptasterina pentagona and Archaster                   
                typicus……………………………………………………………………………….. 41 
 
Table 4.2 Global R-values for fouling communities on replicated surfaces of Linckia  
                laevigata, Fromia indica, Cryptasterina pentagona, Archaster typicus and  
                control surfaces……………………………………………………………………… 44 
 
Table 4.3 SIMPER analysis identifying fouling species, which contributed to the  
                average dissimilarity between the replicas of sea star species and control    
                surfaces……………………………………………………………………………… 47 
 
Chapter 5 
 
Table 5.1 Natural concentrations of dichloromethane, methanol and water extracts of  
                the sea stars………………………………………………………………………….. 59 
 
Table 5.2 Most common fatty acids and sterols in active fractions of the dichloromethane  
                extract of Cryptasterina pentagona…………………………………………………. 69 
 
Chapter 6 
 
Table 6.1 Natural concentrations of the surface-associated compounds hexadecanoic  
                acid, cholesterol, lathosterol and sitosterol on the sea stars…………………………. 81 
  


	Cover sheet
	Title page
	Statement of access
	Statement of sources declaration
	Electronic copy
	Statement on the contribution of others
	Acknowledgements
	Abstract
	Table of Contents
	List of Figures
	List of Tables

