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ABSTRACT 

There is increasing interest in how positive direct and indirect interactions involving two or 

more species, maintain community structure. This project aims to investigate the important 

aspects of three urchin-mediated positive interactions. First we investigated whether the 

positive relationship between the kelp Ecklonia radiata and the herbivorous gastropod 

Phasianotrochus eximius is mediated by a third species, the sea urchin Holopnuestes 

purpurascens, via a facilitation cascade. Both the sea urchin and gastropod are found 

enmeshed within the laminae of the common kelp Ecklonia radiata, which both species 

consume. Sampling and experiments carried out both in the laboratory and at four sites within 

Sydney, Australia revealed that both H. purpurascens and P. eximius were more abundant on 

kelp than other algal species, and that the gastropod was more abundant on kelp with than 

without the urchin. When the presence/absence of H. purpurascens on kelp plants was 

manipulated experimentally in the field, P. eximius recolonised kelp plants at higher rates 

when sea urchins were present. Individual P. eximius on plants inhabited by H. purpurascens 

were larger than those on plants without the urchin. Adult P. eximius used visual cues to 

locate its two associated species. Gastropods were tethered to plants for 24 hours to test 

mortality of individuals with as opposed to without sea urchins. Survival of individuals on 

plants with H. purpurascens was greater than on plants without H. purpurascens suggesting 

that the H. purpurascens and the refuge it shares with the P. eximius, may be protecting the 

gastropod from predation and/or adverse microclimates. In addition, P. eximius was found to 

not only consume the kelp and epiphytes in which it inhabits but also the excrement of the 

urchin. Carbon and nitrogen measurements for these three food sources showed a higher 

nitrogen value for urchin excrement compared to the other food sources, suggesting that there 

may be a nutritional benefit for the gastropod in associating with the sea urchin. This study 

provides one of the first demonstrations of a facilitation cascade in a subtidal marine 

environment. The second part of this project examined the relationship between the isopod 
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Exosphaeroma echinensis and the sea urchin Evechinus chloroticus in northern New Zealand. 

A series of field and laboratory experiments showed that the isopod preferentially inhabits the 

spines of the sea urchin over other potential habitats. This relationship appears to be 

commensal in that the sea urchin spines are likely to provide shelter to the isopod. The isopod 

uses visual cues as opposed to olfactory cues to locate its host and is efficient in host 

recognition in the field.  The final part of this thesis examined the methods of host recognition 

by the shrimp Gnathophylloides mineri, which is symbiotically associated with the sea urchin 

Tripneustes gratilla.  G. mineri locates its host via olfactory cues emitted into the water 

column by its host. Within each of the urchin-mediated interactions investigated within this 

thesis, the sea urchin appears to play a positive role by providing refuge to its associated 

species. Thus, this study has highlighted the important role that sea urchins can play in 

mediating positive associations and adds to the growing evidence that positive interactions 

(both direct and indirect) are a common mechanism by which community structure is 

maintained. A major focus in ecological literature on sea urchins to date has been on their 

negative effects, such as overgrazing resulting from reduced predator abundances. This thesis 

highlights some of the positive effects that some sea urchins can have by providing food and 

shelter to associated species.  
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CHAPTER 1: GENERAL INTRODUCTION 

Positive Associations  

Positive interactions between species have been increasingly acknowledged for their 

importance in contemporary ecological theory (Stachowicz 2001, Bruno et al. 2003, Silliman 

et al. 2011). Such interactions occur between two or more species when at least one 

participant benefits and neither are harmed and take place, simply, as either commensal (+, 0) 

or mutual effects (+, +) (Bertness and Callaway 1994, Stachowicz 2001, Bruno et al. 2003, 

Hay et al. 2004). A species that has a positive effect on another is referred to as a facilitator 

(Hacker and Gaines 1997, Bruno et al. 2003). Facilitative or positive interactions tend to be 

most common in environments with high physical stress and/or where strong consumer 

pressure exists (Bertness and Calloway 1994, Silliman et al. 2011). Here, facilitators play a 

positive role by ameliorating environmental stress and by creating complex habitat that can 

ameliorate effects of competition and/or predation (Stachowicz 2001). Relationships between 

facilitators and associated organisms may be obligate or facultative, depending on the level of 

risk to survival for the associated species outside of the relationship (Bertness and Callaway 

1994). 

One of the most well-studied obligate interactions involving a facilitator species is that 

between corals and their photosynthetic dinoflagellate symbionts, zooxanthellae (Stat et al. 

2008). Photosynthesis by zooxanthellae provides their coral host with carbohydrates, while 

the resident zooxanthellae receive the majority of nutrients via nitrogenous waste originating 

from the prey of their carnivorous coral host (Hay et al., 2004). Carbohydrates produced by 

the association are used by the coral for calcification and growth, allowing them to grow at a 

rapid rate, necessary for survival (Muscatine and Porter 1977, Muscatine et al. 1981, Hay et 

al., 2004). By contrast, facultative associations occur when individuals are capable of 

surviving outside of the association. An interesting example of a facultative association that 
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occurs in benthic marine invertebrates is the relationship that occurs between a deep sea 

gastropod and sea anemone (Mercier et al. 2011). The mutual protection from predators that 

this relationship provides allows both species to exploit food-rich areas more frequently, 

leading to a nutritional advantage for these individuals (Mercier et al. 2011).  

Direct and Indirect Effects  

Positive interactions can occur as a result of direct or indirect effects between species. A 

direct effect occurs as a result of a physical interaction between two species (Wootton 1992), 

such as provision of shelter or food (Menge 1995). An indirect effect occurs in multispecies 

assemblages when one species causes a change in a second species that in turn affects a third 

species (Schmitt 1987, Dill et al. 2003). An example of a positive indirect effect is a 

‘facilitation cascade’, which occurs when successive facilitative interactions take place as a 

result of the formation of new habitat, or the modification of existing habitat (Menge 1995, 

Altieri et al. 2010). Here, a basal habitat former facilitates an intermediate habitat former, 

which in turn facilitates a focal species (Altieri et al. 2010).  Thomsen et al. (2010) 

conceptualize a specific type of facilitation cascade, described as a ‘habitat cascade’ and 

investigate one particular example whereby small invertebrates facilitate habitat for seaweeds, 

which in turn facilitate habitat for focal species of invertebrates and epiphytes.  

The number of studies dedicated to positive interactions, especially those that occur in marine 

environments (Wootton 2002, Thomsen et al. 2010), are far less than those dedicated to 

processes such as predation and competition (Bertness et al. 1999, Martinsen et al. 2000). An 

understanding of positive interactions, and both the direct and indirect pathways along which 

they occur, is essential in order to accurately predict the impact of potential perturbations on 

communities and for successful management of marine ecosystems.  
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Marine Communities 

Marine benthic communities inhabit highly dynamic environments (Sousa 2001). Storm 

surges, wave action, tides and currents as well as biotic factors related to food web dynamics, 

all contribute to the dynamics of this environment (Schiel 2006). Facilitator species within 

these systems include foundation species such as kelps (Davenport and Anderson 2007), 

seagrasses (Pages et al. 2013) and mangroves (Sheridon and Hays 2003). These mitigate 

environmental stressors for associated species through substrate formation (Bruno and 

Bertness 2001, Altieri et al. 2007), enhancement of larval settlement (Rule and Smith 2005), 

provision of food (Bostrom and Matilla 1999), shelter from physical forces such as wave 

action, tides and currents (Kemppainen et al. 2005), and refuge from predation (Grabowski et 

al. 2008). These species often form large aggregations whereby facilitation of generally 

smaller species occurs through the creation of habitat heterogeneity (Bruno and Bertness 

2001).  

Despite recognition of the importance of positive interactions in marine communities, there 

are still many positive interactions, especially within marine environments, that are yet to be 

described, and the complexities that define these relationships, including the motivation to 

associate with other species, remain poorly understood (Bertness et al. 1999). By identifying 

both the direct and indirect effects that define positive associations, as well as the methods by 

which they take place, a more thorough understanding of the establishment and maintenance 

of the ecological community, as a whole, can be achieved (Martinsen et al. 2000, Wootton 

2002, Thomsen et al. 2010). This thesis investigates the direct and indirect effects that define 

aspects of three sea urchin-mediated positive associations.  

Sea Urchins as Facilitators 

Sea urchins are considered ‘ecosystem engineers’ in rocky reef ecosystems, having the ability 

to drastically modify the biogenic structure of habitats by maintaining areas devoid of 
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macroalgae, namely ‘urchin barrens’ (Bruno and Bertness 2001, Lawrence, 2006). Thus far, 

most of the ecological literature on sea urchins has focused on the negative impacts that these 

species can have on biodiversity (Estes 1978, Harrold and Reed 1985, Pinnegar et al. 2000, 

Carter et al. 2007, Terborgh and Estes, 2010, Byrnes et al 2006). However, sea urchins can 

also mediate positive interactions, as facilitators (McClosky 1970, Patton et al. 1985, Stebbins 

1988, Doti et al. 2008, Williamson et al, 2012). Perhaps the most common and simplest way 

that sea urchins mediate positive interactions is by providing shelter to other small 

invertebrates (Dix 1969, Patton et al. 1985, Roberts and Hawkins 1999, Kolm and Berglund 

2003). However, for small marine invertebrates, associations with sea urchins can be driven 

by a range of environmental obstacles that need to be efficiently overcome in order to survive 

(Poore and Steinberg 1999, Kumagai 2008). These not only include the need for shelter but 

also finding a reliable and nutritious food source, as well as access to mates, the former two 

being generally considered the most important driving factors in habitat and/or host choice 

(Duffy and Hay 1991, Bostrom and Mattila 1999, Orav-Kotta and Kotta 2004, Alfaro 2007). 

Ideally, an individual will choose a habitat or host that provides all of these attributes 

(Wootton 2002). Positive interactions that occur between herbivorous species are considered 

to take place via two broad mechanisms: (1) resource-mediated, where feeding by one 

herbivore benefits an associated herbivore by changing the attributes of the host plant or (2) 

refuge-mediated, where the provision of shelter by one herbivore is utilised by another 

herbivore. Plant-mediated indirect effects or ‘habitat cascades’, involving herbivores typically 

occur in temporally-separated, spatially-separated or taxonomically distinct species (Damman 

1993, Martinsen et al. 2000, Ohgushi 2005).  

Background and Aims 

The main aim of this thesis is to document and compare different urchin mediated positive 

associations in Australasia. The sea urchin Holopneustes purpurascens occurs in the coastal 
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waters of New South Wales, Australia (Steinberg 1995). It is commonly found enmeshed 

within the fronds of the kelp Ecklonia radiata where it uses its tube feet to hold onto the 

laminae of the kelp, creating a refuge around itself (Steinberg 1995). Within this refuge are 

often aggregations of the small herbivorous prosobranch Phasianotrochus eximius (Rogers et 

al. 2003). The relationship between H. purpurascens, E. radiata and P. eximius is 

hypothesised to occur as a result of a positive indirect effect in the form of a hierarchical 

facilitation cascade, whereby E. radiata facilitates H. purpurascens by providing it with 

habitat and food, and H. purpurascens in turn facilitates P. eximius by providing it with 

shelter and/or a reliable food source. The main aims of this part of my thesis are to: (1) 

Establish whether the relationship between P. eximius and H. purpurascens is hierarchical by 

quantifying the abundance and distribution of both species at representative sites in Sydney, 

Australia (Chapter 2); (2) Identify the method of host/habitat recognition for P. eximius 

(Chapter 3); and (3) Identify the potential nutritional and/or habitat benefits of this association 

for P. eximius (Chapter 4).  

By comparison, in the coastal waters of New Zealand the isopod Exosphaeroma echinensis is 

directly associated with the sea urchin Evechinus chloroticus. E. echinensis has been observed 

to inhabit the spines of the sea urchin (Dix 1970). It displays cryptic colouration by way of its 

brown body and white uropods matching the colour of the urchin spines and thus 

camouflaging the isopod (Hurley and Jansen 1977). I hypothesise that E. echinensis 

preferentially inhabits the spines of the sea urchin E. chloroticus over other more exposed 

habitats and that this relationship is positive due to the nutritional advantages for E. 

echinensis in associating with E. chloroticus. The main aims of this part of my thesis are to: 

(1) Describe the abundance and distribution of E. echinensis at sites close to Leigh, northern 

New Zealand (Chapter 5); (2) Identify the method of host/habitat recognition for E. echinensis 

(Chapter 5); and (3) Identify the potential nutritional advantages for E. echinensis resulting 

from associating with E. chloroticus (Chapter 5).   
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A similar type of urchin-mediated relationship occurs in the coastal waters of New South 

Wales, Australia, where the sea urchin Tripneustes gratilla is host to the shrimp 

Gnathophylloides mineri. Unlike the two examples described above, much is known of the 

ecology of this association (Bruce 1974, Patton et al. 1985, Maciá and Robinson 2009). This 

species of shrimp inhabits the spines of not only T. gratilla, but many other species of 

urchins, including T. ventricosus, T. ensculentus and Pseudoboletia indiana (Patton et al. 

1985). G. mineri gains shelter from predation and adverse abiotic conditions by hiding 

between the sea urchin spines (Patton et al. 1985). The methods of host recognition for G. 

mineri that associate with T. gratilla are yet to be identified. Strong selection for the ability to 

detect and locate an appropriate host is often evident for symbiotic species, since the cost of 

failing to find a host can amount to predation or a lower reproductive success rate 

(Williamson et al. 2012). Symbiotic crustaceans often use a combination of cues for host 

recognition (Huang et al. 2005, Sikkel et al. 2011). I hypothesise that G. mineri uses a 

combination of visual and olfactory cues to identify its host T. gratilla. The aims of this final 

part of my thesis are (1) Quantify the abundance of G. mineri on T. gratilla versus other 

morphologically similar sea urchins that overlap in distribution and life history strategies to T. 

gratilla; (2) Identify the part of the urchin test that G. mineri usually inhabits; (3) Determine 

whether G. mineri display preferential movement towards T. gratilla over other species of 

potential host sea urchins using visual cues in the absence of chemical cues; and (4) 

Determine whether G. mineri preferentially move towards T. gratilla over other potential host 

sea urchins using chemical cues in the absence of visual cues.  

By gaining a better understanding of the roles of sea urchins in mediating positive 

associations, and the direct and indirect pathways via which they occur, effective management 

strategies for the conservation of these environments can take place. The role that sea urchins 

have in facilitating other species should be taken in to consideration when managing marine 

resources. This thesis will increase the ability to predict the outcome of perturbations such 
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urchin harvesting, overfishing and climatic events, to the functioning of these urchin 

environments by not only taking into account the potential effect on sea urchins but also the 

cascading affects on the species that sea urchins facilitate.  
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Abstract 

There is increasing interest in how facilitation cascades – linked positive indirect interactions 

involving at least three species – maintain community structure. Here we investigated whether 

the positive relationship between the kelp Ecklonia radiata and the gastropod 

Phasianotrochus eximius is mediated by a third species, the sea urchin Holopnuestes 

purpurascens via a facilitation cascade. Both the urchin and gastropod are found enmeshed 

within the lamina of the common kelp Ecklonia radiata, which the urchin is known to 

consume. Sampling of urchin and gastropod abundances at four sites in Sydney, Australia, 

over two years, revealed that both H. purpurascens and P. eximius were more abundant on 

kelp than other algal substrates, and that the gastropod was more abundant on kelp with than 

without the urchin. Large P. eximius were found only on plants inhabited by H. purpurascens, 

suggesting that either P. eximius is able to survive for longer when it is part of this association 

or that adults actively move onto this substrate. When the presence/absence of H. 

purpurascens on kelp plants was manipulated experimentally in the field, greater 

recolonisation by P. eximius of kelp with than without urchins was observed. Urchins by 

contrast did not differentially respond to kelp with and without the gastropod, indicating that 

the association between the kelp and urchin is maintained by a unidirectional facilitation 

cascade. Our study adds to growing evidence that facilitation cascades are a common 

mechanism by which community structure is maintained. Studies are now needed to assess 

their sensitivity to environmental change.  

Keywords: indirect effect, plant, herbivore, positive, interaction, marine.  
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Introduction 

Indirect effects, where the effect of one species on another is mediated by one or more 

additional species, are pervasive in ecological systems (Menge 1995, Abrams and Matsuda 

1996, Stachowicz 2001, Wootton 2002, Werner and Peacor 2003, Ohgushi 2008). 

Consequently, our ability to predict the responses of ecosystems to perturbations is dependent 

on understanding indirect effects (Paine 1980, Dambacher et al. 2002, Bolker et al. 2003, 

Borer et al. 2005, Borrett et al. 2010). 

There is growing interest in when and where indirect effects lead to facilitation cascades 

(Bruno and Bertness 2001, Bruno et al. 2003, Altieri et al. 2010, Angelini et al. 2010). In a 

facilitation cascade, a basal species facilitates an intermediary species, which in turn 

facilitates the focal species or community (Altieri et al. 2010, Angelini et al. 2010). In many 

instances, these cascades arise through the provision of structured habitat by the basal and 

intermediary facilitators, which are in turn utilized by secondary inhabitants for protection 

from natural enemies and/or adverse micro-climates (Thomsen et al. 2010). Among these 

habitat cascades are those underpinned by shelter-building. In this case, a plant facilitates a 

herbivore by providing food and/or structural habitat, and the herbivore in turn facilitates 

other organisms by modifying the physical architecture of the plant to provide shelter (Bruno 

and Bertness 2001, Ohgushi 2005, Thomsen et al. 2010).  

Shelter building is widespread in terrestrial systems but there are fewer examples of it in the 

sea (Ohgushi 2005). This may be because marine herbivory is substantially greater than 

terrestrial herbivory and often exceeds the amount of primary production of macrophytes (Cyr 

and Pace 1993). In addition, abiotic factors such as wave action, tides and currents in shallow 

coastal habitats where marine herbivory is concentrated may make shelters more difficult to 

build and maintain.  
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This paper examines how shelter building by the sea urchin Holopneustes purpurascens 

mediates the relationship between the gastropod Phasianotrochus eximius and the common 

kelp Ecklonia radiata. H. purpurascens is unusual amongst sea urchins in that it is arboreal, 

inhabiting the canopy of the living algae that it uses as both habitat and food (Steinberg 

1995). H. purpurascens spawn predominantly in the Australian summer (Williamson and 

Steinberg 2002), and larvae settle and metamorphose on the foliose red alga Delisea pulchra 

in response to chemical cues, then juveniles later move to the kelp E. radiata where they wrap 

themselves within the algal thallus (Williamson et al. 2000, Williamson et al. 2004). This shift 

increases the sea urchins’ rate of survival, growth and reproductive output (Williamson and 

Steinberg 2012). The gastropod P. eximius occurs on the same host plants as the urchin and 

the two are usually found together, enmeshed within the fronds of E. radiata (Steinberg 1995) 

Here we test the hypothesis that the association between E. radiata and P. eximius is 

maintained by a facilitation cascade, whereby the kelp E. radiata facilitates the intermediary, 

H. purpurascens, and H. purpurascens in turn facilitates P. eximius by building shelters with 

kelp blades. First, we tested whether (1) H. purpurascens and P. eximius were each more 

abundant on the kelp E. radiata than on other algal species and (2) whether P. eximius was 

more abundant on E. radiata with than without H. purpurascens. Second, we tested the 

longevity of the shelter built by H. purpurascens for P. eximius by assessing the frequency of 

movement of “sheltered” H. purpurascens on E. radiata over time. Third, the size distribution 

of P. eximius on all host plants was compared to that on E. radiata plants containing H. 

purpurascens to assess whether P. eximius are likely to recruit directly to, or immigrating 

post-recruitment to the E. radiata/H. purpurascens association.  As the majority of P. eximius 

were larger in the association than on other species of algae (including E. radiata without H. 

purpurascens) it was hypothesised that the gastropods must be actively seeking the sheltered 

association post-recruitment. Hence, fourthly, a field experiment tested the hypothesis that 

there would be greater recolonisation of P. eximius to E. radiata plants with H. purpurascens 
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compared to those without the urchin. This experiment allowed us to distinguish the effects of 

the sea urchin per se from plant properties that might have made individual E. radiata 

attractive to both H. purpurascens and P. eximius in the absence of any interaction between 

the latter two species. Finally, laboratory experiments were conducted to determine if urchins 

by contrast responded to kelp with and without the gastropod.  

Methods 

Study site 

Field experiments were done in rocky subtidal habitats (between 1-5 m depth) at Bare Island 

(33 °59’ 38” S, 151° 12’ 00” E), Balmoral (33° 83’ 02” S, 151° 24’ 88” E), Long Bay (33° 

96’ 50” S, 151° 25’ 37” E) and Fairlight (33° 80’ 00” S, 151° 27’ 54” E) in Sydney, New 

South Wales, Australia. These sites were sheltered from large waves and comprised irregular 

patches of barrens and macroalgal habitat in which both H. purpurascens and P. eximius 

occurred. Forests of the kelp (E. radiata) were common at all sites surveyed, with other 

macroalgal species including Sargassum vestitum, S. linearifolium, Corallina officinalis and 

Delisea pulchra interspersed throughout, as well as a mosaic of crustose algae encrusting 

understory rock.  

Sources of spatial variation in the abundance of Phasianotrochus eximius and 

Holopneustes purpurascens  

To test the hypotheses that: (1) both P. eximius and H. purpurascens would be more abundant 

on E. radiata than on the common species of macroalgae, S. vestitum, S. linearifolium and C. 

officinalis, (2) P. eximius would be more abundant on E. radiata with than without H. 

purpurascens, and (3) these patterns would persist across seasons and years, sampling was 

done at the four Sydney study sites over two years. Fairlight and Bare Island were sampled 

once every season in October, February, April and June, between October 2009 and June 



35 

 

2011 Balmoral was sampled on the first four dates, but was replaced by sampling at Long Bay 

from October 2010 to June 2011 because, by June 2010, both P. eximius and H. purpurascens 

had virtually disappeared from the Balmoral site. 

During each sampling period, ten haphazardly-selected replicate plants of the algal species E. 

radiata, S. vestitum, S. linearifolium and C. officinalis were collected from 2-7 m depth at 

each site using SCUBA. Whole plants were sealed in plastic bags in situ then transported back 

to the laboratory at Macquarie University, where animals were removed for enumeration by 

twice immersing the plants in fresh water for 30 s. A pilot study in which the abundance of 

mobile fauna on plants were compared between plants with and without immersion confirmed 

that this method was 100% efficient in removing all animals greater than 0.5 mm (Bell 

unpublished data). Within each sample, the numbers of P. eximius and H. purpurascens were 

counted. 

Separate analyses of variance (ANOVAs) compared the abundances of each of P. eximius and 

H. purpurascens among algal substrates and sampling times at each study site. ANOVAs for 

Bare Island and Fairlight had three orthogonal factors – year (random), season (fixed) and 

algal species (fixed). ANOVAs for Balmoral and Long Bay each had two factors, season and 

algal species (each fixed). Two sample t tests were used to test for any significant differences 

in the abundances of P. eximius on plants with H. purpurascens compared to plants without 

H. purpurascens. These analyses used data pooled across all algal species at all seasons and 

sites and were chosen over a correlation because gastropod abundance was not necessarily 

expected to increase with urchin abundance on plants with urchins. Assumptions of normality 

and homogeneity of variance were determined using Levene’s test of equality of error 

variances. These assumptions were not met in some instances, even following ln(x +1) 

transformation of the data. Since ANOVAs are relatively robust to heterogeneous variances 

(Underwood 1997), the inflated Type I error that resulted from heterogeneous variances was 
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countered by a more stringent P-value of 0.01. Post hoc tests were carried out using a Sidak 

test of multiple comparisons.  

Movement of Holopneustes purpurascens on its host over time 

For P. eximius to gain benefit from shelter building by H. purpurascens, presumably there 

would need to be some temporal persistence of shelters and hence urchins on individual E. 

radiata. The temporal stability of urchin numbers on individual E. radiata was assessed 

through a study at Fairlight. In December 2009, fifteen haphazardly-selected E. radiata plants 

were tagged with flagging tape and surveyed at the same time (mid morning) every day for 

seven consecutive days. The number of H. purpurascens on tagged plants was recorded over 

time. A repeated-measures one-way ANOVA was used to assess the number of urchins on 

each plant over time following ln (x+1) transformation of data. Again, where 

Levene’s test indicated that the assumptions of ANOVA had not been met the more stringent 

P-value of 0.01 was used.  

Size-frequency distribution of Phasianotrochus eximius on kelp with and without 

Holopneustes purpurascens 

To assess whether P. eximius are likely to recruit directly to, or immigrate post-recruitment to 

the E. radiata/H. purpurascens association we determined the size distribution of P. eximius 

on host plants with and without H. purpurascens. A length-frequency plot was generated from 

the individuals collected at Fairlight between October 2009 and June 2012 (described above). 

Individuals were pooled into 1mm size classes. A Kolmogrov Smirnov test was used to test 

for a difference in the size class frequency distributions of P. eximius on E. radiata with 

versus without H. purpurascens.  
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Post-recruitment movement of Phasianotrochus eximius towards Ecklonia radiata with 

Holopneustes purpurascens  

To test the hypothesis that the positive relationship between the gastropod and urchin is, in 

part, maintained by juvenile and adult P. eximius immigrating more rapidly to E. radiata with 

than without H. purpurascens, we conducted a recolonisation experiment at Fairlight in 

December 2010. All mobile fauna >1 cm in diameter were removed from 40 haphazardly-

selected E. radiata by hand while on SCUBA. Two H. purpurascens (determined from the 

average number of urchins per E. radiata, see Results) were added to 20 of the defaunated 

plants that had been randomly assigned to this treatment, with the other 20 plants left free of 

urchins. To maintain assigned urchin densities, all experimental plants were caged using 

flexible plastic garden fencing (mesh size 20mm). The mesh was fine enough to prevent 

urchins from passing through but coarse enough to allow free movement of P. eximius. Cages 

covering the head of the plant were attached to eyebolts in the rocky substratum using bungee 

cord. This allowed for the natural movement of the cages with the water currents. After 24 h, 

plants were harvested and sealed in plastic bags (as described above) before being taken back 

to the laboratory, where plants were immersed in fresh water (as described above) and the 

number of recolonising P. eximius on each plant was counted. The hypothesis that plants with 

H. purpurascens would have a greater abundance of P. eximius compared to plants without H. 

purpurascens was assessed using a χ
2
 test.  

The process of caging can impact on the number of epifauna (Kenelly 1991, Taylor 1998).  

To test how complete the recolonisation was on caged plants after 24 hours a separate 

comparison was made. A greater abundance of P. eximius was observed on plants with H. 

purpurascens than without. As a result we chose to test for the effect of caging only on plants 

with H. purpurascens. The abundance of P. eximius that had recolonised onto the 10 replicate 

caged plants with H. purpurascens versus 10 replicate uncaged plants with H. purpurascens, 
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representing natural abundances of P. eximius in this habitat. This comparison was tested 

using a simple two sample t-test. Again, assumptions of normality and homogeneity of 

variance (using Levene’s test of equality of error variances) were not met even after data had 

been ln(x+1) transformed so statistical significance was defined as P<0.01, in order to reduce 

the probability of Type I error. 

Post-recruitment movement of Holopneustes purpurascens towards Ecklonia radiata with 

Phasianotrochus eximius 

The field experiment tested whether colonisation of kelp by P. eximius is influenced by the 

presence of H. purpurascens. To test the converse – that H. purpurascens actively select E. 

radiata with P. eximius over kelp without the gastropods - a laboratory experiment was run. 

Similar sized pieces and weights (30 – 60g) of Ecklonia radiata were placed at opposite ends 

(separated by 14 cm) of a 40L plastic bin filled with filtered seawater (0.22µm).  The pieces 

of kelp were chosen to contain minor grazing scars from H. purpurascens as this, presumably, 

indicates that they are palatable to the urchins. First, no-choice controls in which urchins were 

offered pieces of gastropod-free E. radiata at either end of the tank determined whether, in the 

absence of choice, gastropods displayed a consistent pattern of movement towards a particular 

end of the tank. Second, choice treatments where six P. eximius (the average number of P. 

eximius per E. radiata in the field, see Results) were added to one but not the other piece of 

kelp assessed selection of one treatment over the other.  At the start of each test, one adult H. 

purpurascens (32 to 58mm oral-aboral length) was placed in the centre of the plastic bin (7 

cm from either treatment) and given 30 minutes to make a choice between E. radiata pieces.  

An urchin was deemed to have made a choice if it touched one of the pieces of kelp.  

Positions of the treatments (with or without P. eximius) were swapped after 15 replicates to 

account for any bias between sides and the seawater was changed between replicates (30 

replicates in total). New urchins, kelp and fresh seawater were used for each replicate. The 
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experiment, initially conducted during the day, was repeated at night following evidence to 

suggest that H. purpurascens is more active at night (Williamson et al. in review).  

Separate chi-squared tests for differences in the proportion of urchins moving towards one 

treatment over the other were done for trials run during the day, and the night.  These analyses 

only used urchins that made a choice, and had the null hypothesis that the proportion of 

urchins moving towards each treatment would not statistically differ from a 50:50 ratio.  

Results 

Sources of spatial variation in the abundance of Phasianotrochus eximius and 

Holopneustes purpurascens  

Interacting effects of season and algal species on the abundance of P. eximius were evident at 

three of the four sample sites (Figure 1) (Table 1). The fourth site, Balmoral, had low 

abundances of gastropods throughout the study, which prevented the detection of spatial and 

temporal patterns (Table 1). In summer, the season of greatest gastropod abundance, 

gastropods were more abundant on E. radiata than on any of the other three algal species at 

each of the three sites displaying a significant interaction, (post-hoc tests, Table 1). At two of 

the sites, Bare Island and Fairlight, this pattern of greater abundance on E. radiata was also 

evident at other times of year. Among the other algal species, C. officinalis generally 

supported the fewest gastropods, except at Long Bay. Differences in abundance between S. 

vesititum and S. linearifolium were site and season-specific. In most instances there was no 

difference in substrate utilization or seasonal variation in abundance across years. The 

exception was Fairlight, where seasonal patterns varied between the two years (Table 1).  
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Figure 1. Abundance of Phasianotrochus eximius (mean +SE number of individuals per plant, N = 10 plants) 

between 2009 and 2011 at a), b) Fairlight, c, d)Bare Island, e) Balmoral and f) Long Bay on four common alga 

(Er = Ecklonia radiata, Sv = Sargassum vestitum, Sl = Sargassum linearifolium, Co = Corrallina officinalis). P. 

eximius was significantly more abundant on E. radiata than the other three algal species at Fairlight, Bare Island 

and Long Bay (see Table 1). 

  

0 

5 

10 

15 
E

r 

S
v
 

S
l 

C
o
 

E
r 

S
v
 

S
l 

C
o
 

E
r 

S
v
 

S
l 

C
o
 

E
r 

S
v
 

S
l 

C
o
 

spring summer autumn winter 

A
b
u
n
d
a
n
c
e
 

Treatment 

a) Fairlight 2009-2010 

0 

5 

10 

15 

E
r 

S
v
 

S
l 

C
o
 

E
r 

S
v
 

S
l 

C
o
 

E
r 

S
v
 

S
l 

C
o
 

E
r 

S
v
 

S
l 

C
o
 

spring summer autumn winter 

A
b
u
n
d
a
n
c
e
 

Treatment  

b) Fairlight 2010-2011 

0 

5 

10 

15 

E
r 

S
v
 

S
l 

C
o
 

E
r 

S
v
 

S
l 

C
o
 

E
r 

S
v
 

S
l 

C
o
 

E
r 

S
v
 

S
l 

C
o
 

spring summer autumn winter 

A
b
u
n
d
a
n
c
e
 

Treatment 

c) Bare Island 2009-2010 

0 

5 

10 

15 

E
r 

S
v
 

S
l 

C
o
 

E
r 

S
v
 

S
l 

C
o
 

E
r 

S
v
 

S
l 

C
o
 

E
r 

S
v
 

S
l 

C
o
 

spring summer autumn winter 
A

b
u
n
d
a
n
c
e
  

Treatment 

d) Bare Island 2010-2011 

0 

5 

10 

15 

E
r 

S
v
 

S
l 

C
o
 

E
r 

S
v
 

S
l 

C
o
 

E
r 

S
v
 

S
l 

C
o
 

E
r 

S
v
 

S
l 

C
o
 

spring summer autumn winter 

A
b
u
n
d
a
n
c
e
 

Treatment  

e) Balmoral 2009-2010 

0 

5 

10 

15 

E
r 

S
v
 

S
l 

C
o
 

E
r 

S
v
 

S
l 

C
o
 

E
r 

S
v
 

S
l 

C
o
 

E
r 

S
v
 

S
l 

C
o
 

spring summer autumn winter 

A
b
u
n
d
a
n
c
e
 

Treatment  

f) Long Bay 2010-2011 



41 

 

Table 1. Analyses of variance testing for sources of spatial variation in the abundance of Phasianotrochus eximius among 

potential host plant species (Sp, Ecklonia radiata [Er], Sargassum vestitum [Sv], S. linearifolium [Sl] and Corallina 

officinalis [Co]), seasons (S, Spring [Sp], Summer [Su], Autumn [Au], Winter [Wi]) and years (Y, 2009/2010, 2010/2011). 

Balmoral and Long Bay were sampled only in one year each. Numbers in bold indicate a significant difference at p < 0.01. 

Lev = Levene’s test of equality of error variances. Sid = Sidak test of multiple comparisons. N = 10. 

  d.f. Bare Island     d.f. Fairlight     

    MS F P     MS F P 

Year (Y) 1 6.9 2.1 0.146  1 13.6 2.585 0.109 

Season (S) 3 27.1 8.4 <0.001  3 37.7 7.2 <0.001 

Species (Sp) 3 50.7 7.0 <0.001  3 68.9 13.1 <0.001 

Y x S 3 2.9 0.9 0.453  3 26.1 5.0 0.002 

Y x Sp 3 2.4 0.7 0.538  3 4.5 0.9 0.465 

S x Sp 9 8.5 2.6 0.007  9 20.3 3.9 <0.001 

Y x S x Sp 9 2.4 2.4 0.681  9 12.4 2.4 0.014 

Residuals 931 3.3    288 5.3   

Lev   5.4 <0.001    15.0 <0.001 

Sid 
S x Sp 

Sp: Er > (Sv > (Sl = Co)) 

Su, Au, Wi: Er > (Sl > (Sv =Co)) 

 
S  x Sp 

Su, Au, Wi: Er > (Sv > (Sl = Co)) 

Sp: Er > (Sl > (Sv = Co)) 

  

  

   

Y x S 

09/10: Er > (Sl > (Sv = Co)) 

10/11: Er > (Sv > (Sl = Co)) 

 d.f. Balmoral    d.f. Long Bay  

  MS F P   MS F P 

Season (S) 3 0.0 1.2 0.304  3 115.5 17.4 <0.001 

Species (Sp) 3 0.0 0.4 0.801  3 83.6 12.6 <0.001 

S x Sp 9 0.0 0.9 0.505  9 50.4 7.6 <0.001 

Residuals 144 0.0    144 6.7   

Lev   4.4 <0.001    13.2 <0.001 

Sid      S x Sp 

Sp, Au, Wi: Er = Sv = Sl = Co,  

Su: Er > (Co > (Sv = Sl)) 
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Like P. eximius, H. purpurascens displayed variation in abundance among algal substrates in 

at least some seasons and years, at three of the four sites sampled (Figure 2) (Table 2). The 

exception was Balmoral - the site of lowest urchin abundance. During all seasons and at all 

sites where differences among algal substrates were detected, the urchin was more abundant 

on E. radiata than on the other three algal species (Table 2). Again, in all cases where 

differences in urchin abundance across algal species were observed, urchin abundance was 

greater on E. radiata than on the other algal taxa. Like the gastropod, the urchin displayed 

stronger patterns of difference among algal substrates in summer, when its abundance was 

greatest, than in other seasons.  
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Figure 2. Abundance of Holopneustes purpurascens (mean +SE number of individuals per plant, N = 10 plants) 

between 2009-2011 at a), b) Fairlight, c), d) Bare Island, e) Balmoral and f) Long Bay on four common alga (Er 

= Ecklonia radiata, Sv = Sargassum vestitum, Sl = Sargassum linearifolium, Co = Corrallina officinalis). H. 

purpurascens was significantly more abundant on E. radiata than the other three algal species at all study sites 

(see Table 2).  
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Table 2. Analyses of variance testing for sources of spatial variation in the abundance of Holopneustes 

purpurascens among potential host plant species (Sp, Ecklonia radiata [Er], Sargassum vestitum [Sv], S. 

linearifolium [Sl] and Corallina officinalis [Co]), seasons (S, Spring [Sp], Summer [Su], Autumn [Au], Winter 

[Wi]) and years (Y, 2009/2010, 2010/2011). Balmoral and Long Bay were sampled only in one year each. 

Numbers in bold indicate a significant difference at p < 0.01. Lev = Levene’s test of equality of error variances. 

Sid = Sidak test of multiple comparisons. N = 10. 

  d.f. Bare Island     d.f. Fairlight 

    MS F P     MS F P 

Year (Y) 1.0 1.1 6.4 0.012  1.0 0.3 0.9 0.339 

Season (S) 3.0 0.6 3.6 0.014  3.0 0.7 2.5 0.056 

Species (Sp) 3.0 4.0 22.7 <0.001  3.0 6.4 22.3 <0.001 

Y x S 3.0 0.1 0.5 0.724  3.0 0.3 0.9 0.418 

Y x Sp 3.0 0.9 4.8 <0.001  3.0 0.5 1.9 0.123 

S x Sp 9.0 0.4 2.4 0.012  9.0 0.9 3.2 0.001 

Y x S x Sp 9.0 0.1 0.7 0.688  9.0 0.2 0.9 0.537 

Residuals 288 0.2    288 0.3   

Lev   16.8 <0.001    13.564  

Sid 
Y x 

Sp 
   S x Sp  

 

09/10: Er > Sv > (Sl = Co) 

 

Sp, Au,Wi: Er =Sv = Sl = Co 

10/11: Er > (Sv = Sl = Co)  

         

 d.f. Balmoral      d.f. Long Bay    

    MS F P     MS F P 

Season (S) 3 0.0 0.3 0.791  3.0 0.4 2.2 0.092 

Species (Sp) 3 0.3 4.6 0.004  3.0 2.0 12.4 <0.001 

S x Sp 9 0.0 3.3 0.957  9.0 0.4 2.2 0.026 

Residuals 144 0.1    144 0.2   

Lev   6.1 <0.001    12.5 <0.001 

Sid 

     

Sp    

 Er > Sl = Sv = Co  
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P. eximius was not only more abundant on E. radiata than on any of the other algal species 

sampled, it was also significantly more abundant on E. radiata plants that contained H. 

purpurascens compared to those that did not (ANOVA: F237, 1 = 47.00, P < 0.00, Fig 3).  

 

Figure 3. Mean + SE abundance of Phasianotrochus eximius on Ecklonia radiata with and without 

Holopneustes purpurascens. P. eximius was significantly more abundant on E. radiata with than without H. 

purpurascens (one-way ANOVA, P <0.001). 

Movement of Holopneustes purpurascens on its host over time 

The abundance of H. purpurascens on hosts changed over time (repeated measures ANOVA:  

F6, 14 = 35.83, P < 0.01, Figure 4). As there was no consistent direction to this change (i.e. 

increase or decrease in numbers), both loss and immigration appeared to occur. Plants that 

started with higher numbers of urchins than others consistently maintained higher numbers of 

urchins throughout the experiment (Figure 4).  
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Figure 4. Abundance of Holopneustes purpurascens on individually tagged Ecklonia radiata over a period of 7 

days. There was a significant difference in the number of H. purpurascens on individual plants over time 

(Repeated measures ANOVA, P <0.001, N = 15).  

Size-frequency distribution of Phasianotrochus eximius on kelp with and without 

Holopneustes purpurascens 

There was a significant difference in the size frequency distribution of P. eximius between 

habitats (Kolmogrov-Smirnov test: P < 0.01, Figure 5). P. eximius greater than 9mm in length 

were only observed on E. radiata with H. purpurascens, however smaller P. eximius were 

found across both habitats with H. purpurascens and without H. purpurascens (Figure 5).  
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Figure 5. Size frequency distribution of Phasianotrochus eximius on kelp with Holopneustes purpurascens 

(With H. P.) and without Holopneustes purpurascens (Without H. p). There was a significant difference in the 

size frequency distribution of P. eximius between habitats (Kolmogrov-Smirnov test: P < 0.01). P. eximius 

greater than 9mm in length were only observed on E. radiata with H. purpurascens.  

Post-recruitment movement of Phasianotrochus eximius towards Ecklonia radiata with 

Holopneustes purpurascens  

A greater abundance of P. eximius repopulated to plants with H. purpurascens compared to 

plants without H. purpurascens (χ
2
= 14.97, df = 1, P-value < 0.001, Figure 6).  

 

Figure 6. Post recruitment recolonisation abundance of Phasianotrochus eximius on Ecklonia radiata with and 

without Holopneustes purpurascens (H. p.) (H. purpurascens, chi-squared: P < 0.001). 
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The average natural density of P. eximius per E. radiata with H. purpurascens, determined 

from demographic abundance collections (see methods), was exceeded in this experiment by 

2.6 ± 1.82 SE. Nevertheless, there was no significant difference between the density of P. 

eximius that repopulated caged plants with H. purpurascens to the density of P. eximius on 

uncaged plants with H. purpurascens (T16, 16 = 0.39, P-value = 0.541).  

Post-recruitment movement of Holopneustes purpurascens towards Ecklonia radiata with 

Phasianotrochus eximius 

In no-choice controls performed during the day, in which urchins were offered E. radiata 

without gastropods at either end of the tank only 2 individuals out of the 30 tested selected a 

piece of kelp. The two urchins differed from one another in the direction they moved, such 

that there was no evidence for selection in the absence of choice (χ
2
 = 0, d.f. = 1, P = 1). 

When H. purpurascens were offered E. radiata versus E. radiata with P. eximius during the 

day, no urchins out of the 30 individuals tested made a choice. When H. purpurascens was 

given a choice between E. radiata with versus without P. eximius at night, 12 out of 30 

urchins made a choice, however there was no significant difference in the choice made with 

six urchins choosing E. radiata with P. eximius and six urchins choosing E. radiata without 

P. eximius (χ
2
 = 1.2, d.f. = 1, P = 0.273).  

Discussion 

The objective of this study was to determine the nature of the relationship between the kelp E. 

radiata, the canopy-dwelling sea urchin H. purpurascens and the marine gastropod P. 

eximius. Through a combination of field and laboratory experiments and surveys, it was 

demonstrated that the relationship between E. radiata and P. eximius was the net outcome of 

a positive indirect effect, whereby E. radiata facilitates H. purpurascens, and the urchin in 

turn facilitates P. eximius. This relationship was hierarchical, as the urchin did not respond to 
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the abundance of the gastropod. Hence, the relationship fitted the definition of a facilitation 

cascade (see Altieri et al. 2007, Bishop et al. 2012). 

At each of the four field sites surveyed, P. eximius and H. purpurascens had a tightly 

overlapping distribution, with each species more abundant on the kelp E. radiata than the 

other habitat-forming alga examined (Sargassum vestitum, Sargassum linearifolium, 

Corallina officinalis). P. eximius was more abundant on E. radiata occupied by H. 

purpurascens than on plants without the sea urchin. During winter, however, when urchin 

densities decreased to low abundance, P. eximius was sometimes found away from urchins, 

nestled in the centre of E. radiata plants (Bell personal observation). Hence, the relationship 

appeared facultative, not obligate, and varied in strength over time. The abundance of H. 

purpurascens on individual E. radiata also changed over shorter time scales, indicating 

movement within and between plants. Urchin movement occurs at night, when key predators 

are less active (Williamson et al. in review). 

Greater numbers of P. eximius recolonised kelp with than without H. purpurascens, but the 

urchin did not respond to the presence of the gastropod. This, in combination with previous 

research, suggests that the relationship between the kelp, urchin and gastropod is a 

hierarchical facilitation cascade (sensu Thomsen et al. 2010, Angelini et al. 2011). Following 

recruitment to the foliose red algae Delisea pulchra or coralline turfing algae (Swanson et al. 

2004, 2006), H. purpurascens displays a chemically-mediated ontogenetic shift in diet and 

moves from D. pulchra to E. radiata (Williamson 2004). The gastropod, post recruitment, is 

facilitated by the urchin, perhaps due to its modification of the kelp habitat by forming a nest. 

This study did not determine the mechanism by which H. purpurascens facilitated P. eximius. 

H. purpurascens may provide P. eximius with refuge from environmental stressors and 

predation (Williamson 2004). Alternatively or additionally, P. eximius may eat the faeces of 

H. purpurascens.   
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Larger P. eximius were only found on host plants with H. purpurascens, whereas smaller 

gastropods were found on both E. radiata with and without the urchin. This suggests that 

small P. eximius recruit to the kelp, irrespective of whether it houses an urchin, but that 

subsequent processes restrict larger gastropods to kelps with urchins. This pattern was at least 

in part due to post-settlement movement of large P. eximius onto kelp with the urchin. When 

we removed all P. eximius from E. radiata, there was greater recolonisation of plants with the 

urchin than of plants from which it had been excluded. This movement may be in response to 

a cue produced by the urchin or, alternatively, P. eximius may move around randomly until 

they find a plant with the urchin. It is, however, also possible that greater rates of growth 

and/or survivorship of P. eximius on E. radiata with than without the urchin may also 

contribute to the pattern. 

In summary, this study has provided one of the first demonstrations of a facilitation cascade in 

a subtidal environment. In subtidal environments, where predation is often intense and waves 

and currents produce abiotically stressful conditions, positive interactions among species may 

be expected to play a particularly important role in organisation of ecological communities 

(Bertness 1994, Jones 1994, Hacker 1997, Jones 1997, Stachowicz 2001). Studies are now 

required to ascertain the mechanism by which the interaction is maintained. 
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Abstract 

Habitat cascades are important in structuring ecological communities, but little is known 

about how these arise and are maintained. We examined the role of habitat selection and 

predator avoidance by adult Phasianotrochus eximius in maintaining its close association with 

the sea urchin Holopneustes purpurascens, which in turn enmeshes itself in the fronds of the 

common kelp Ecklonia radiata throughout temperate parts of Australia. First we assessed 

whether P. eximius responds to cues originating from the kelp, urchin, or crushed 

conspecifics. Secondly, we assessed whether any responses were visual or olfactory in nature. 

We partitioned the influence of olfactory and visual signaling by (1) placing stimuli in plastic 

bags so that gastropods could see them but not receive effluent from them; and (2) exposing 

the gastropods to effluent from the stimuli, in the absence of visual cues. We demonstrated 

that P. eximius uses visual cues to locate urchins on kelp, but active selection of this habitat is 

relatively weak, with most gastropods failing to respond to stimuli. No avoidance response 

was invoked by the threat of predation.  Instead P. eximius displayed a type of “freezing 

behavior” in response to crushed conspecifics. Overall our study suggests that behavioural 

habitat selection by adults may be partially responsible for the development and maintenance 

of this association. Nevertheless, it is likely that reduced rates of mortality of the gastropod 

when associated with the urchin also contribute. 

Keywords: Facilitative, cascade, host, cue, visual, chemical, olfactory 
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Introduction 

There is increasing recognition of the importance of habitat cascades in maintaining 

community structure in a diversity of aquatic and terrestrial ecosystems (Bruno et al, 2003, 

Thomsen et al, 2010, Altieri et al., 2007, Gribben et al., 2009, Thomsen et al., 2010, Angelini 

et al., 2011, Bishop et al., 2013). These relationships are classified as the net effect of a series 

of indirect effects whereby a basal habitat-forming species facilitates an intermediary habitat-

forming species, and the intermediary habitat-forming species in turn facilitates a focal 

species (Thomsen et al., 2010, Angelini et al., 2011). Despite the prevalence of these 

associations, the mechanisms by which they exist remain poorly understood.  

The association of a focal species with a habitat-forming species may arise through a number 

of mechanisms. First, the focal species may be able to detect the habitat-forming species and 

actively seek it out as habitat. Second, the focal species may not actively choose the habitat 

forming species per se, but may suffer reduced mortality when not associated with it, such 

that the abundance of the two becomes correlated. Third, the abundances and/or survival of 

both the focal species and habitat forming species may be positively correlated with the same 

environmental variable(s). These relationships may be obligate, if survival of the focal species 

is not possible in their absence. Alternatively the relationships may be facultative, where the 

focal species, although preferring to reside in the intermediary habitat, is able to survive 

outside of the association. In obligate mutualistic associations, host recognition is vital for the 

survival of the participants involved (Ambrosio and Brooks, 2011).  However, in facultative 

relationships the need for host detection is less critical and often the proficiency of host 

recognition is weaker (Ambrosio and Brooks, 2011). In the sea, detection of both facilitators 

and predators often occurs by visual and/or waterborne chemical cues (Ambrosio and Brooks, 

2011, Mathis and Vincent, 2000, McCormick and Manassa, 2008).   

Along the south east coast of Australia, a positive association between the gastropod 

Phasionatrochus eximius (Perry, 1811)  and the kelp Ecklonia radiata (C. Agardh), is the 
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outcome of a habitat cascade mediated by a third species, the sea urchin Holopenustes 

purpurascens  (Agassiz, 1872) (Bell et al., unpublished, Chapter 2). The short-spined urchin, 

H. purpurascens, uses its tube feet to wrap the lamina of the kelp around its body (Steinberg, 

1995). The focal organism, the gastropod P. eximius, in turn, resides with H. purpurascens in 

the shelter it builds within the fronds of the kelp (Rogers et al., 1998). The relationship is 

considered facultative, as P. eximius can survive in different types of habitats, but inhabits E. 

radiata plants with H. purpurascens in greater abundances (Bell et al., unpublished, Chapter 

2).   

P. eximius is capable of finding its host habitat (E. radiata) and facilitator species (H. 

purpurascens) in the field (Bell et al., unpublished, Chapter 2). Hence, active habitat selection 

seems at least partially responsible for the association. The method by which P. eximius 

detects its host is, however, unknown. P. eximius may be positively responding to the urchin 

alone, the urchin grazing on the kelp, or the kelp alone. Investigating the response of P. 

eximius to its host habitat, facilitator species and/or conspecific derived cues provides us with 

information on its means of detecting facilitation via chemical and or visual based cues and 

gives insight into the strength of this association (Schönrogge et al., 2008).  

P. eximius may detect its host using visual and/or olfactory cues. P. exmius is known to have 

an osphradium, a defining feature of all gastropods, which gives it its chemosensory function 

(Kohn 1983). It also possesses a pair of eyes at the base of its sensory tentacles, giving it the 

ability to use vision as an alternative sensory mode. Here, we address the questions: (1) does 

P. eximius respond to cues originating from the kelp, urchin and/or the threat of predation; 

and (2) are these cues visual or olfactory? We hypothesize that if H. purpurascens is 

responding directly to the urchin, the stimulus will be olfactory rather than as urchins are 

likely to be visually obscured by the kelp laminae in which they are wrapped.  
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Methods 

Collection of animals and holding conditions 

Urchins Holopneustes purpurascens, gastropods Phasianotrochus eximius and kelp Ecklonia 

radiata for use in experiments were collected from depths of 3 to 7 m at Fairlight, (33° 80’ 

00” S, 151° 27’ 54” E) Sydney, Australia under SCUBA. Collections were made on plants 

where both P. Eximius and H. purpurascens occurred in association. Individuals were 

immediately transported back to the Macquarie University seawater facility where they were 

held in the 30,000L recirculating system until commencement of experiments, usually within 

24 hrs of collection. Seawater within the facility was maintained at a salinity of 34-36‰ and a 

temperature of 18˚C. These conditions matched those experienced by the organisms in the 

field. Seawater flow within the tank was 60L h
-1

. Urchins and gastropods were fed E. radiata 

ad libitum until the start of the experiment.  

Does P. eximius respond to host habitats, and/or crushed conspecifics? 

An initial set of choice trials were conducted to assess whether P. eximius responds (1) 

positively to its hosts, H. purpurascens and E. radiata, or (2) negatively to the threat of 

damage. The specific predators of the snail were unknown, however, fish and crabs are 

common in subtidal rocky reef environments within NSW, and these types of predators tend 

to crush their prey (Andrew and O’Neill 2000). Therefore the threat of predation was 

measured by testing the response of P. eximius to crushed conspecifics rather than to a 

predator itself. A single gastropod (8-23Mm length) was placed in the centre of a 40 L tank of 

14cm long x 14cm wide x 20cm deep cm dimensions, filled with filtered seawater (0.22 µm) 

and in which one of the three stimuli was provided at one end, and the other end left empty.  

The gastropod was thus 7cm away and equidistant from either end. One average-sized H. 

purpurascens was used as the stimuli in trial (1) along with a small piece of kelp about 200g 

in wet weight. For trial (2) a total of six adult snails were crushed and placed on one side of 
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the tank. Over a 30 min period, we assessed whether the gastropods made a choice to move 

towards the stimulus, stayed put, did not move, or moved away from the stimulus. A 

gastropod was recorded as moving towards the stimulus if it touched it in the experimental 

period. It was recorded as moving away from the stimulus if it moved more than 7cm or more 

in the opposite direction to the stimulus. After a choice had been made the trial was 

immediately terminated. The gastropods were given 30 minutes to make a decision and if 

after 30 minutes the gastropod had not moved either towards or away from the stimulus it was 

recorded as having not made a choice. These methods were based on the results of a pilot 

study whereby the snail was given a range of distances and a range of times in which to 

respond to a cue (H. purpurascens on E. radiata). It was determined that if a snail did not 

make a choice after 30 minutes it was unlikely to make a choice at all. Distance did not appear 

to make a difference to the choices made by snails. The side of the tank on which the stimulus 

was provided was alternated so as to avoid any experimental bias of gastropods for one end of 

the tanks. There was no flow of seawater within this experimental set up. A total of between 

30 and 60 trials were conducted for each treatment combination. Each P. eximius was used 

only once and the water was changed between trials.  

For each treatment, we recorded the proportion of gastropods that moved in response to the 

stimulus. Among gastropods that moved, we tested the hypotheses that: (1) a greater 

proportion would move towards than away from the urchin and kelp; and (2) a greater 

proportion would move away from than towards damaged conspecifics using χ
2
 goodness of 

fit tests.  

Are P. eximius responding to visual cues? 

To assess whether the gastropods were responding visually to the stimuli provided in the first 

set of experiments, we performed a second experiment in which each of the stimuli were 

enclosed in a clear plastic Ziplock
 TM

 bag. These enabled the gastropods to see the stimulus, 
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but not receive any chemical cue from it, thereby isolating the visual cue. To control for any 

effect of the plastic bags on the gastropods, movement of gastropods towards bagged 

organisms was compared to movement towards plastic bags containing only seawater. Hence, 

the experimental trials were as follows:  (1) H. purpurascens and E. radiata (bagged) versus 

seawater (bagged); (2) Crushed P. eximius (bagged) versus seawater (bagged). For the host 

stimulus only, we included an additional treatment whereby bagged H. purparsecens and E. 

radiata were offered against unbagged H. purparscens and E. radiata. This treatment was 

used to confirm the efficacy of the plastic bags in removing chemical cues. The first treatment 

that the gastropod touched was recorded as the treatment in which the gastropod had chosen 

and once a decision had been made the trial was terminated. The gastropods were given 30 

minutes to make a decision and if after 30 minutes the gastropod had not touched a treatment 

after this allocated time it was recorded as having made no choice. Among gastropods that 

made a decision, we tested for differences in the proportion selecting each of the two 

treatments using χ
2
 goodness of fit tests. 

Are P. eximius responding to olfactory cues? 

To assess whether P. eximius responds to chemical cues emitted by its facilitator (H. 

purpurascens), its host habitat (E. radiata), live conspecifics or various combinations of the 

three, we conducted laboratory trials that permitted P. eximius to distinguish between 

treatments without the ability to see them. Six treatment combinations or trials were assessed: 

(1) E. radiata versus filtered seawater; (2) H. purpurascens versus filtered seawater; (3) H. 

purpurascens and E. radiata versus filtered seawater; (4) P. eximius and H. purpurascens 

versus filtered seawater; (5) P. eximius and E. radiata versus filtered seawater; and (6) H. 

purpurascens, E. radiata and P. eximius versus filtered seawater. This experiment did not 

consider cues from crushed conspecifics because responses to these in previous experiments 

were weak. 
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The experiment utilized a Y-maze, based on the design of Davenport (1950), two arms of 

which gravitationally received seawater from two 2L sub-aquaria, which in turn were fed by 

source 2L aquaria in which the various treatments were placed. The Y-maze was constructed 

of clear Perspex, was 2 cm in diameter, and had three 11 cm round arms connected at 60° 

apart. The third arm drained into a common aquarium which in turn drained into a bucket, 

placed at a lower level to the rest of the apparatus.  The Y-maze received a flow of water from 

sub-aquaria at a rate of 400 mL min
-1

. Treatments were placed in the source aquaria for 30 

min before flow commenced to allow for any olfactory cue to be released into the water. Prior 

to running the experiment the apparatus was tested using red food colouring to confirm that 

equal portions of water from the two separate aquaria were being delivered into the Y tube in 

a steady laminar flow.  

At the start of each trial, an individual P. eximius was placed inside the Y-maze, halfway 

between the common aquarium and the intersection of the Y-maze, and its behaviour was 

initially observed over 5 min. Those gastropods that had failed to move to the intersection of 

the Y-maze within this initial 5 min observation period were considered to have not made a 

response to a cue and were recorded as having made no choice. The observation period was 

determined from pilot studies which indicated that if a gastropod had not moved after 5 

minutes it was unlikely to move at all. If a response was apparent within 5 minutes, 

individuals were left for a further 25 minutes (30 minute in total) to make a choice. A choice 

was defined as movement to at least half way along one of the arms of the maze. Thirty 

replicates were done for each treatment combination, and treatments were swapped to the 

opposite side after 15 replicates. The apparatus was thoroughly flushed between trials to 

remove any odors from previous trials. Further, a control of filtered seawater versus filtered 

seawater was used to confirm that in the absence of chemical cues, P. eximius displayed no 

persistent choice of either the left or the right arm of the Y-maze.  
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Among gastropods that moved, significant differences in the proportion selecting each of the 

two treatments per trial were assessed using χ
2
 goodness of fit tests.  

Results  

Does P. eximius respond to habitats and/or crushed conspecifics? 

There was no significant difference in the number of gastropods that made a choice towards 

or away from H. purpurascens and E. radiata compared to making no choice (χ
2
 = 0.6, P-

value = 0.44). However, of the 55% of gastropods displaying definitive movement towards or 

away from the combined treatment of H. purpurascens and E. radiata, a significantly greater 

proportion chose to move towards than away from the habitat forming species (Table 1). By 

contrast, there was a significant greater propotion of gastropods that made a choice towards or 

away from damaged conspecifics compared to making no choice (χ
2
 = 4.8, P-value = 0.03). 

However, among the 73% of gastropods moving in response to damaged conspecifics, there 

was no significant difference in the proportion moving towards the stimulus versus away from 

it (Table 1).  

Are P. eximius responding to visual cues? 

There was no significant difference in the number of gastropods that made a choice towards 

or away from bagged host species, H. purpurascens and E. radiata compared to making no 

choice (χ
2
= 0.54, P-value). However, of the 56 % of gastropods making a choice between the 

bagged host species, H. purpurascens and E. radiata, and bagged seawater, a significantly 

greater proportion chose the host species (Table 2). In addition, there was no significant 

difference in the number of gastropods that made a choice towards or away from bagged or 

unbagged host species (χ
2
 = 0.14, P-value = 0.72). However, by contrast, when bagged and 

unbagged host species were simultaneously offered to gastropods, a similar proportion of the 

47% of gastropods that moved selected the bagged and unbagged treatments (Table 1). When 
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gastropods were offered crushed conspecifics with bagged seawater 33% of gastropods made 

a choice (χ
2 

= 3.34, P-value = 0.07). There was no evidence of choice of one treatment over 

the other (Table 2). 

Are P. eximius responding to olfactory cues? 

In the absence of chemical cues, there was no significant difference in the number of 

gastropods that made a choice versus making no choice (χ2 = 3.33, P-value = 0.68). Of the 

gastropods that made a choice there was no significant difference in the number of gastropods 

that chose one side of the Y-maze over the other (Table 3). Hence, any choices made by 

gastropods in subsequent trials could be interpreted as a response to chemical cues and not 

experimental artefacts.  

When offered a choice between effluent from H. purpurascens E. radiata or P. eximius, 

versus filtered seawater, between 47% and 67% of gastropods made a choice between 

treatments. However there was no significant difference in the number of gastropods that 

made a choice versus making no choice (H.purpurascens versus FSW χ
2 

= 0.13, P-value = 

0.72; E. radiata versus FSW χ
2 

= 0, P-value = 1; P. eximius versus FSW χ
2 

= 0.54, P-value = 

0.47). 

When offered a choice between E. radiata and filtered seawater a significantly greater 

proportion of gastropods moved towards E. radiata (Table 3).  By contrast, when gastropods 

were offered a choice between H. purpurascens and filtered seawater a significantly greater 

proportion of gastropods moved away from the scent towards the filtered seawater. When 

gastropods were offered a choice between conspecifics and filtered seawater there was no 

significant difference in the choice made (Table 3). In addition there was no significant choice 

made by gastropods when offered combinations of host habitat, facilitator and/or conspecifics 

versus filtered seawater (Table 3). 
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Table 1. The results of choice experiments, examining the behavioral response by P. eximius to host species, 

and to crushed conspecifics. Assay = number of individuals in each assay. N = number of individuals that made 

no response. A = number of individuals that made a choice of treatment A. B = number of individuals that made 

a choice of treatment B. FSW = filtered seawater. 

 

 

Table 2.  The response by P. eximius to visual cues alone. All treatments were sealed in a clear plastic bag to 

isolate chemical cues. Assay = number of individuals in each assay. N = number of individuals that made no 

response. A = number of individuals that made a choice of treatment A. B = number of individuals that made a 

choice of treatment B. FSW = filtered seawater. 

  

 Choice Results 

Trial A B Assay N A B χ2 P-value 

1 
H. purpurascens and E. 

radiata 
FSW 60 27 32 1 29.12 

<0.01 

 

2 Crushed P. eximius FSW 30 9 11 10 0.05 

0.83 

 

 Choice Results 

Trial A B Assay N A B χ2 P-value 

1 
H. purpurascens and 

E. radiata 
FSW 30 13 15 2 9.94 

<0.01 

 

2 Crushed P. eximius FSW 30 20 5 5 0 

1.00 

 

3 
H. purpurascens and 

E. radiata bagged 

H. purpurascens 

and E. radiata 
30 16 7 7 0 

1.00 
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Table 3. The response by P. eximius to olfactory cues alone. Assay = number of individuals in each assay. N = 

number of individuals that made no response. A = number of individuals that made a choice of treatment A. B = 

number of individuals that made a choice of treatment B. FSW = filtered seawater. 

 

 

 

  

  Choice Results 

Trial A B Assay N A B χ
2
 P-value 

1 FSW (right) FSW (left) 30 20 3 5 0.80 0.37 

2 E. radiata FSW 30 15 11 4 0.40 0.07 

3 H. purpurascens FSW 30 16 3 11 4.57 0.03 

4 P.  eximius FSW 30 13 7 10 0.53 0.47 

5 
H. purpurascens and E. 

radiata 
FSW 30 19 6 5 0.09 0.47 

6 
P. eximius and H. 

purpurascens 
FSW 30 28 0 2 2.00 0.76 

7 P. eximius and E. radiata FSW 30 22 2 6 2.00 0.16 

8 
P. eximius, E. radiata 

and H. purpurascens 
FSW 30 19 7 4 0.82 0.37 
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Discussion 

Given the strong association between the gastropod, P. eximius, and the kelp-dwelling urchin, 

H. pururascens, we expected that the gastropod would display a strong behavioural response 

to the presence of one or both of these species. Locating host species is a fundamental stage in 

the life history of symbiotic species (Williamson et al., 2012; Lechinni, 2011; Hay, 2009, 

Thiel and Baeza, 2001), with the strength of host habitat recognition capabilities often 

reflective of the strength of the association (Williamson et al., 2012). To the contrary we 

found that P. eximius displayed only a weak behavioural response to the presence of either the 

kelp or the urchin. Of the individuals that responded to stimuli it appeared that visual cues 

were more important in locating the kelp and the urchin. Furthermore, the association of the 

gastropod with the kelp and urchin did not appear to represent a behavioural response to the 

threat of damage. No response to crushed conspecifics was observed. 

When presented with the kelp and urchin together, such as would be encountered in the field, 

only 55% of gastropods responded positively to the stimulus. Instead, over 45% of gastropods 

did not move over the 30 min experimental period. This may have been because the tank used 

in these experiments was too small, causing the scent to saturate the water so no direction 

could be detected. Follow-up experiments suggested that the stimulus for movement was 

primarily visual as opposed to olfactory, as gastropods continued to respond to these two 

species when effluent was removed. By contrast, olfactory experiments revealed that the 

chemical cues from the urchin were, if anything, a deterrent to the gastropod and the positive 

response of the gastropod to the kelp was very weak. Moreover, when olfactory cues were 

presented together, the gastropod did not respond. 

Gastropods vary in their visual capabilities, with eye structures ranging from small simple 

eyes to well developed camera-type eyes (Seyer et al., 1998). Studies on the vision of marine 

gastropods such as the common periwinkle (Littorina littoria) and the conch (Strombus 

raninus) showed eye lenses with the ability to resolve fine image detail (Seyer et al., 1992). 
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Other gastropods however, such as the prosobranch Ampularia sp., have relatively poor 

vision, which appears to be suitable for only simple visual behavioral tasks (Seyer et al., 

1998). P. eximius appears to use vision to carry out relatively difficult tasks of locating a 

suitable host plant (E. radiata) containing its facilitator species, H. purpurascens, which is 

wrapped within the fronds of the plant. In order to carry out this task using visual cues alone, 

it is likely that this species of gastropod has a complex eye structure with visual capabilities 

similar to those found in L. littoria and S. raninus.  From this study we know that P. eximius 

is able to recognize its preferable habitat from a distance of 7 cm, however the visual 

competence of this gastropod to distances greater 7.5cm has not been tested.  Given that P. 

eximius is a generalist species, preferentially inhabiting E. radiata with H. purpurascens but 

also inhabiting other species of habitat forming algae, it is likely that the behavioural strategy 

employed by P. eximius is to move at random between host species, until sufficiently 

proximal its host and facilitator whereby it can visually hone in on its preferable habitat (Bell 

et al., unpublished, Chapter 2).  

P. eximius did not succeed in displaying a strong response to the urchin and kelp, and 

responses to crushed conspecifics were similarly weak. When exposed to both visual and 

chemical stimuli from crushed conspecifics, most gastropods remained still as opposed to 

moving away from the stimulus. Hence, the association of the gastropod with the urchin and 

kelp could not be explained as a behavioural response to the threat of damage. Studies have 

shown that such “freezing behavior” is a common strategy adopted by many species when 

confronted with danger (Chelini et al., 2009, Caro and Girling, 2005, Misslin, 2003). Freezing 

behaviour increases an individual’s chance of survival by reducing the likelihood of it being 

detected or recognized as prey by the predator (Misslin, 2003). This is logical in this situation 

given the cryptic colouration of the shell of P. eximius against the E. radiata habitat it usually 

inhabits. By adopting the freezing behaviour in the presence of crushed conspecifics (which 

may be indicative of a predator) P. eximius is more likely to stay camouflaged against the 
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kelp background and less likely to be predated on by predatory species that rely mainly on 

vision to detect prey items.  

This study considered only the response of adult P eximius to cues from its hosts, H. 

purpurascens and E. radiata. It remains possible that the association is set up earlier in the 

life history of the gastropod and although adults do not respond behaviorally to the presence 

of the kelp and urchin, larvae or juveniles do. Another possiblility is that P. eximius does not 

simply respond to just one cue (either visual or olfactory), but responds to a multitude of 

weak cues originating from a range of mechanisms. If so, this would imply that P. eximius is 

relatively resilient in its association with H. purpurascens and E. radiata. Alternatively,  P. 

eximius is not selective in terms of habitat at all, but experiences reduced mortality when 

associated with E. radiata and H. purpurascens as opposed to other substrates. Whilst these 

species exist on exposed coasts and semi protected environments and are able to move around 

in these conditions, there is a possibility that the simulated flow in this experiment has 

resulted in an experimental artefact. Previous research has shown that adult P. eximius that are 

associated with E. radiata and H. purpurascens are larger in size than individuals found on 

other habitats (Bell et al., unpublished, Chapter 2), suggesting that individuals within this 

association are able to survive for longer and this is likely a result of the refuge provided by 

H. purpurascens within the fronds of E. radiata.  

In summary, this study has shown that visual cues play only a weak role in facilitating the 

establishment of the facultative association between the gastropod P. eximius and the urchin 

H purpurascens and olfactory cues from the host species are unimportant. This study adds to 

growing evidence that although host recognition is essential for obligate relationships 

(Williamson et al., 2012, Ambrossio and Brooks, 2011), it may only play a small part in the 

establishment of facultative relationships. Instead facultative relationships may be driven by 

enhanced growth or survival of the focal species in the presence of the second. Studies are 
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now needed that compare how the survivorship and growth rate of the gastropods, P. eximius 

differs inside and outside of the association.  
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Abstract 

The role of nutritional quality and shelter in host plant selection was investigated for the 

herbivorous marine gastropod Phasianotrochus eximius. This species preferentially inhabits 

the common kelp Ecklonia radiata and is closely associated with the canopy dwelling sea 

urchin Holopneustes purpurascens. Both H. purpurascens and P. eximius are found wrapped 

within the fronds of the kelp, within a shelter built by the sea urchin. This shelter potentially 

provides the sea urchin and gastropod with protection from predation and physical forces. A 

24 hour feeding preference experiment on three main food types gave evidence that P. 

eximius are coprophagous, preferring to consume urchin excrement over kelp with or without 

epiphytes. Isotopic ratio analysis on these three food types showed urchin excrement was 

significantly higher in nitrogen, thus having a higher nutrient value than fresh kelp with or 

without epiphytes. A long term consumption experiment whereby gastropods were fed one of 

the three main food types for a period of 8 weeks indicated that gastropods that consume 

urchin excrement performed better, having greater reproductive development. Scanning 

electron microscopy revealed that P. eximius has a “broom-like” radula making it unlikely to 

be able to rasp at the leathery kelp and more likely to consume soft food types such as the 

urchin urchin excrement.  This study gives evidence for the mechanism by which this positive 

indirect association exists.  

Keywords: Phasianotrochus eximius, Holopneustes purpurascens, Ecklonia radiata, 

herbivory, mesograzers, nutrients, plant herbivore interaction, fitness  
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Introduction 

While host plant selection by herbivores can be driven by several factors; food and shelter are 

generally considered the two most important (Puttman 1986, Bostrom and Mattila 1999). The 

preference to inhabit a particular plant is often made on a costs and benefits basis, whereby 

traits of the host plant are weighed up against the specific needs of the individual within its 

environment (Bostrom and Mattila 1999, Poore and Steinberg 1999). For example, when 

predation pressure is low, a herbivore may choose to graze on a particular host plant, or a 

variety of host plants that provide higher nutritional value over a plant with higher refuge 

value. By contrast, when predation pressure is high, the herbivore may be more likely to 

inhabit a host plant that provides sufficient shelter, regardless of the nutritional value of the 

host (Puttman, 1986, Duffy and Hay 1991, Ohgushi 2005, Thomsen et al. 2010). 

Marine primary producers are typically nutrient poor, thus herbivorous marine invertebrates 

tend to be generalists (Hay 1991), consuming a mixture of algal species in order to achieve a 

nutritionally complete diet (Mattson 1980, Cruz-Rivera and Hay 2000b). Diet mixing is 

beneficial for consumer performance, especially for mobile species that have the ability to 

search and acquire different types of algae (Cruz-Rivera and Hay 2000b). If predation 

pressure, competition or physical stressors are high often herbivores are forced to stay closely 

associated with the host plant that provides the best protection (Cruz-Rivera and Hay 2000b).  

Macroalgae provide food and habitat to a variety of mesoherbivores including isopods, 

amphipods, and small gastropods and echinoderms (Pavia et al. 1999). The fronds of 

macroalgae give shelter to inhabitants, protecting them from wave action, tides and currents, 

as well as from predation from fish and other predators (Brawley 1992). Studies have shown a 

close positive correlation in the abundance and diversity of mesoherbivores and the degree of 

habitat complexity of macroalgae (Dean and Connell 1987, Hacker and Steneck 1990, Pavia 

et al. 1999, Langellotto and Denno, 2004, Moran 2010).  
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The feeding capabilities of mesoherbivores play an important role in plant-herbivore 

interactions (Steneck and Watling 1982). Gastropods, in particular, have a diverse range of 

feeding constraints that are based on structural differences in their feeding apparatus (Steneck 

and Watling 1982). Some gastropods have robust radulae surrounded by strong buccal 

muscles that enable feeding on large leathery kelp and crustose algae (Steneck and Watling 

1982). Others have radulae that act more like brooms that are only capable of sweeping the 

surface layer of the substratum for microscopic and filamentous algae (Steneck and Watling 

1982). This diversity in herbivore feeding capabilities not only affects plant-herbivore 

interactions but also herbivore-herbivore interactions, allowing different species to coexist on 

the same host plant due to specialisation of different niche areas within the plant (Steneck and 

Watling 1982). 

This study investigates the importance of food and shelter in host plant selection by the 

gastropod Phasianotrochus eximius. P. eximius inhabits the common kelp Ecklonia radiata, 

in close association with the canopy dwelling sea urchin Holopneustes purpurascens. Both P. 

eximius and H. purpurascens occur wrapped within the lamina of the E. radiata of which the 

sea urchin consumes (Williamson and Steinberg 2012, Bell et al. unpublished). This refuge 

that the urchin builds is thought to protect the urchin from visual predators (Williamson et al. 

2004), and may also serve as a refuge from predation for the gastropod (Bell et al. in review).  

Methods 

Study site and collection of organisms 

Collections of Ecklonia radiata with attached Phasianotrochus eximius and Holopneustes 

purpurascens for the various experiments were made from shallow subtidal rocky reef habitat 

at Long Bay (33° 96’ 50” S, 151° 25’ 37” E) or Fairlight Beach (33051’23’’S, 151014’35’’E) 

in Sydney, Australia. This site is representative of the habitat in which P. eximius, H. 

purpurascens and E. radiata are commonly found and comprises a mosaic of algal species, 
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including Ecklonia radiata, Sargassum vestitum, Sargassum linearifolium and Corallina 

officinalis. Organisms were transported to the seawater facility at Macquarie University in 

sealed collection containers with aerated seawater.   

Preference on different diets 

To determine whether individual P. eximius display a preference among the three most 

abundant food resources (clean E. radiata, fouled E. radiata and H. purpurascens excrement) 

in its preferred natural habitat, a 24 hour feeding choice experiment was done. Small samples 

of clean kelp, fouled kelp and H. purpurascens were collected from the field, and excrement 

collected from the H. purpurascens within 48 hours of urchin collection. H. purpurascens 

excrement was obtained by placing several individuals in an aerated container, starving them 

for 24 hours then feeding them ad libitum a mixture of clean and fouled E. radiata for 

approximately 24 hours. H. purpurascens excrement collected at the bottom of the container 

was then separated from the water by first removing urchins and kelp and carefully sieving 

the excrement from the remaining seawater using 100 μm mesh. 

Feeding preferences of P. eximius were assessed in a laboratory trial, where ten individuals 

were offered the three diets and the rate of consumption on each diet assessed over 24 hours 

(n=10). A laboratory preference experiment was considered appropriate because these 

gastropods live in close association with their symbiont (H. purpurascens) within the fronds 

of their host E. radiata and are almost continuously exposed to each of the different food 

types tested here in field conditions. Ten P. eximius were collected, measured and individuals 

were placed in separate 500mL glass beakers filled with gently aerated clean seawater.  

Individual P. eximius, with an average length of 13.00 ± 0.89 (mean ± SE) and width of 6.95 

± 0.41, were offered all three food types at an average wet weight of 1.06g (± 0.04 SE) urchin 

excrement, 1.66g (± 0.09 SE) clean kelp and 2.04g (± 0.11 SE) fouled kelp arranged in 

separate areas of the beaker.  The wet weight (following gentle blotting with a paper towel) of 
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each food type was recorded prior to being placed at the bottom of each beaker and, to assess 

consumption, after 24 hours. So as to separate mass loss due to consumption from mass loss 

due to food degradation, a further ten ‘control’ beakers containing the three potential food 

types, but without gastropods, were simultaneously established. Urchin excrement was 

extracted from each beaker using a 100µm sieve, and then scraped onto paper towel before 

being blotted and weighed. Individual treatment replicates were randomly paired with 

individual controls to calculate the amount of each food type consumed by each of the 10 

replicate gastropods. The amount of each food type consumed by each gastropod was 

calculated as: 

(Hi x Cf/Ci)-Hf.  

Where Hi = initial treatment weight, Hf == final treatment weight, Cf = final control weight, 

Ci = initial control weight.  

This equation enabled determination of the true amount of each diet consumed by the snails 

by taking into account any change in diet weight due to factors other than consumption. 

Analysing data from choice feeding experiments are inherently difficult due to the lack of 

independence between food types (Peterson and Renaud 1989). The obtained consumption 

values for each diet were analysed using the non-parametric Friedman test as per Roa (1992). 

The factor tested was diet type and this was blocked by each replicate.  

Performance on different diets 

The longer term consequences (i.e. growth, survival and reproductive fitness) - coined 

“performance” - of P. eximius being fed on diets of clean kelp, fouled kelp and urchin 

excrement were determined over a period of eight weeks. Sixty adult P. eximius were 

randomly assigned to one of the three diets (20 per treatment) before being measured for shell 

length, shell width and body wet weight (following towel drying). Each P. eximius (mean 
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shell length = 9.94 ± 0.36 mm ± SE, N = 60) along with its corresponding diet was then 

placed in a separate100ml plastic floating container with 0.2 mm aperture mesh walls to 

prevent both the snail from escaping and the diet from floating away. The floating containers 

were then transferred into a large 2000L tank in Macquarie University’s Seawater Facility 

(SWF).  Seawater within the facility was maintained at the same conditions (i.e. temperature, 

pH, light levels and salinity levels) as those at the site of collection. Seawater flow within the 

tank was 60L h
-1

. P. eximius were fed ad libitum their allocated treatment, with algal diets 

being replaced approximately twice a week. The method with which urchin excrement was 

collected is described in the section ‘preference on different diets’. The excrement diet was 

replaced every two days. Survivorship, growth (length of shell to nearest mm) and wet weight 

(blotted dry) of individual P. eximius were measured weekly. Mortality of P. eximius was 

determined by examining the body of the snail weekly for a lack of movement and changes 

from its normal colour to white (indicating that it was in the initial process of decay).  

To determine whether the type of diet had a significant effect on the growth of P. eximius, 

differences in weight, shell length and shell width from the start of the experiment to the end 

of the experiment were assessed for all individuals that survived the eight week duration. Data 

for differences in length and width did not meet the assumptions of normality and were 

therefore analysed using the Kruskal-Wallis test. Differences in weight were analysed using a 

one-way ANOVA. A one-way ANOVA on log10 transformed data showed no significant 

difference in the shell length of snails between treatments at the commencement of the 

experiment (F2,59 = 0.76, p = 0.472). Hence, starting body size did not need to be included as a 

covariate in analyses. 

The differences in the survival of P. eximius on the three diets over time was analysed using 

Cox Proportional Hazard Model.  
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A comparison of the reproductive status (as a measure of performance) of individuals within 

each diet treatment at the end of the eight week experimental period, to those collected from 

the field (at the same place that the initial collection had been made) both before and after the 

experiment, was made.  However, due to the high level of mortality in the first experiment, 

the eight week experiment was repeated a seond time and the surviving gastropods from both 

experiments were used in order to determine performance across a representative number of 

individuals. The total number of gastropods used to determine performance on different diets 

was 32 with 21 gastropods collected from the field before and 27 collected from the field for 

comparison after the experiment. Here we hypothesise that individuals which consume a diet 

of greater nutritional value will have greater gonad development. Individuals that survived the 

entire length of the experiment (within a diet treatment) and those collected from the field at 

the start and at the end of the experiment (n=20)) were dissected immediately after collection 

or immediately at the conclusion of the eight week experiment. Their gonad was excised after 

removal of the dorsal shell and individuals were sexed (if possible) before being fixed in 10% 

buffered formalin.  

Histology of the gonads was assessed for the cellular events of gametogenesis (Vasconcelos 

et al. 2008). For histological analyses, part of the gonad tissue was dehydrated in graded 

ethanols and embedded in paraffin. Sections (7 µm) were stained with haemotoxylin and 

eosin and mounted on a glass slide with coverslip. Specimens were analysed under an optical 

microscope connected to an imaging system. Individual gonads from both males and females 

were categorized into one of six gametogenic stages of development using the maturation 

scale described in Table 1, adapted from Vasconcelos et al. (2008). Histological sections were 

observed at x 20 magnification. When more than one gametogenic stage was identified within 

one histological section, the individual was allocated to the stage that made up the majority of 

the section. All slides were staged with no prior knowledge of which treatment the tissue had 

originated from.  
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Table 1. Scale of maturation for the assessment of gametogenic development of the gastropod Phasianotrochus 

eximius (Adapted from Vasconcelos et al. 2008).  

Maturation stage Description of obvious features of the gonad 

Immature Gonad shows some internal structure. Small groups of primary germ cells are 

dispersed in a loose matrix of connective tissue.  

Pre-active Gonad has less separate follicles embedded in connective tissue. The first 

gametogenic stages appear near the thicker follicle wall. 

Active Gonad increasingly grows in size until the follicles become closely packed in a dense 

connective tissue. Males have a few spermatozoa in the lumen of some follicles. 

Females have small and half-grown oocytes at the periphery of the follicles.  

Ripe Gonad significantly grows in size and the follicles are more closely together in 

compressed groups. The connective tissue disappears. In males, the follicles are 

swollen and contain spermatozoa. In females, the follicles are crowded with 

completely developed oocytes. 

Partially Spent Gonad increasingly decreases in size because spawning is in progress and the lumen 

of the follicle becomes emptier and surrounded by some connective tissue. Most 

follicles still contain spermatozoa or ripe oocytes. 

Spent Gonad further decreases in size because all follicles have released gametes. An earlier 

stage of large empty follicles to a later stage of small empty follicles dispersed in a 

loose matrix of fully developed connective tissue is apparent. 

 

Nutritional value of diets 

To test whether preference or performance on a diet by P. eximius was correlated to their 

nutritional quality, the percentage carbon and nitrogen, as well as carbon to nitrogen ratios 

were determined for clean E. radiata (kelp), fouled kelp and H. purpurascens excrement. 

Algal diets were haphazardly collected from five freshly collected replicate plants. H. 

purpurascens excrement was obtained by starving several H. purpurascens for 24 hours then 

feeding them ad libitum a mixture of clean and fouled E. radiata within a small collection 

container with aerated water, for approximately 24 hours. H. purpurascens excrement was 

separated from seawater by sieving it through 100 μm mesh. 
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Samples of all diets were freeze dried and homogenised into a fine powder. Following 

homogenisation, subsamples of each were placed into capsules of between 1 and 3 mg weight. 

Samples were analysed using a LECO CHN analyzer at the department of Chemical and 

Biomolecular Sciences at Macquarie University. The percentage carbon, nitrogen and the 

ratio of carbon to nitrogen of the three diets were compared using a one-way ANOVA and 

post hoc tests were carried out using Tukey’s test.  

Feeding capability of P. eximius 

The ability of a gastropod to consume a particular type of macroalga depends in part on the 

toughness of the plant relative to the morphology of the radulae of the gastropod (Steneck and 

Watling 1982). To determine the feeding capability and limitations of P. eximius, the radula 

was examined using scanning electron microscopy. Radulae from five P. eximius were 

removed and fixed for Scanning Electron Microscopy (SEM). Samples were placed in a 

watch glass and covering with 5ml of distilled water and two 0.07 g hydroxide pellets. Once 

removed from the hydroxide, samples were placing in an oven at 60˚C for four hours, after 

which any remaining soft tissue was gently removed with foreceps under light microscopy. 

The radulae were then allowed to thoroughly dry before being mounted to stubs using double 

sided carbon tape, coated in gold (to ensure conductivity) and attached to an SEM base with a 

small piece of double carbon sided tape.   

Survival in different habitats 

P. eximius occurs in E. radiata in greater abundances when H. purpurascens is present than 

when H. purpurascens is absent (Bell et al. in review). It is likely that this association is, in 

part, regulated by anti-predator behaviour by P. eximius (Bell et al. in review).  To determine 

whether predation on P. eximius may be driving the association in addition to any nutritional 

benefit, a field experiment was therefore run to assess whether short term survival of P. 

eximius on its host plant E. radiata with and without its symbiont H. purpurascens differed 
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significantly. Such very short-term tethering experiments have been used successfully to 

estimate variation in predation rates in other invertebrates (e.g. Stachowicz and Hay, 1999). 

Thirty P. eximius were collected on SCUBA at Fairlight. On land, the shells of individuals 

were wiped dry and 15Lb monofilament clear coloured fishing line was tethered to the 

posterior part of the dry shell using a spot of superglue gel and a small square of electrical 

tape around the superglued area to secure the tether. Twenty E. radiata were haphazardly 

chosen and marked using flagging tape. Each gastropod was then returned to the shallow 

subtidal and tethered to the middle of a plant using a needle to pierce the base of the stipe of 

the plant with the fishing line. The length of the fishing line was 40cm, approximately half the 

height of the plant, allowing gastropods to move to the top and the bottom of the plant easily. 

Preliminary trials had shown that the tether would remain securely in position on the stipe 

over time (Bell et al. in review). The tethered gastropod was then exposed to one of two 

treatments - E. radiata plus H. purpurascens, or E. radiata alone. A control consisting of a 

rope with a buoy attached to one end of a weight representing an exposed habitat was also 

used and individual P. eximius were tethered to the base of the rope using the same method as 

above.  The survival status (dead or alive) of each tethered gastropod was recorded after 24 

hours. The observed and expected survival rates for each treatment within this experiment 

were analysed using a chi square goodness of fit test. This experiment was repeated and the 

results combined using Fisher’s method of combined probabilities (Underwood, 1997).  

Results  

Preference on different diets 

When offered a choice of the three diets, P. eximius displayed a strong preference for urchin 

excrement over clean or fouled kelp (S = 15.2, d.f. = 2, P-value = 0.001). There was no 

evidence of consumption of clean kelp or fouled kelp by P. eximius over the 24 hours (Figure 

1).  
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Figure 1. Mean (± standard error) amount of each diet consumed by Phasianotrochus eximius during the 24 

hour period. Means are corrected for autogenic change.  

 

Performance on different diets 

There was no difference in the effect of diet over time on survival with survival decreasing in 

the same manner between treatments over the 8 week period (Z = 0.43, P-value = 0.664). 

There was no significant difference in the effect of diet on survival in the absence of time (Z = 

-0.45, P-value = 0.655). However, time had a significant effect on survival in the absence of 

diet (Z = -0.392, P-value <0.00) with mortality increasing over time across all three 

treatments.  

Overall, the survival of gastropods over the 8 week period was low. During the last two 

weeks, survival within the urchin excrement treatment began to drop quickly in comparison to 

the clean and fouled kelp treatments, however there was not a significant difference in 
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mortality between week seven and eight (Figure 2).  This result is possibly due to an artefact 

of the low numbers of individuals left in this treatment and is likely to have resulted due to the 

death of a comparatively low number of individuals. 

 

Figure 2. Percent survivorship of P. eximius fed a diet of clean kelp, fouled kelp or urchin excrement for a 

period of 8 weeks.  

P. eximius that survived the 8 week experiment, did not show a significant difference in 

weight (F2,12 = 1.14, p = 0.353) (Figure 3). A similar pattern was seen for shell length (H = 

0.77, d.f. = 2, p = 0.681) and shell width (H = 0.93, d.f. = 2, p = 0.629).  
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Figure 3. Mean (± SE) change in P. eximius weight fed a diet of clean kelp, fouled kelp or urchin excrement for 

a period of 8 weeks.  

Diet affected the reproductive status of individuals. In general, male gastropods that were fed 

urchin excrement had more advanced gonad development compared throughout the 

experiment with a larger proportion of ripe individuals compared to the other diet treatments 

and field samples (Figure 4, Table 2). This treatment also had a larger proportion of 

individuals that were classified as spent, which also differed from the other diet and field 

samples (Figure 4, Table 2). Male gastropods fed clean kelp or fouled kelp had a similar 

proportion of individuals classified as being in the active gametogenic stage compared to 

samples collected from the field both immediately at the start and end the experiment (Figure 

4, Table 2). However, both these treatments showed lower occurrences of pre-active 

individuals and in the clean kelp treatment there was an absence of ripe individuals (Figure 4, 

Table 2). In addition, the fouled kelp treatment showed a substantial proportion of immature 

individuals (Figure 4, Table 2).  
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Figure 4. Maturity stages of male P. eximius after eight weeks of consuming clean kelp, fouled kelp or urchin 

excrement. The additional Field columns show the maturity stages of individuals collected from the field either 

at the start or the completion of the experiment (Table 2).  

Table 2. Number of male P. eximius in each maturity stage after eight weeks of consuming one of three diet 

types compared to the maturity stages of P. eximius collected in the field before and after the experiment.  

Developmental Stage 

Field 

collection 

before 

Clean 

Kelp 

Fouled 

Kelp 

Urchin 

Excrement 

Field 

Collection 

After 

immature 0 0 0 0 2 

Pre-active 5 1 1 0 5 

active 6 6 5 1 7 

ripe 1 0 1 2 2 

partially spent 0 0 2 0 1 

spent 0 0 0 1 0 

Total 12 7 9 4 17 

 

Diet had an impact on the maturity status of females.  All females fed urchin excrement were 

classified as ripe at the completion of the experiment. This stage of development was absent 

in both field samples. There was less of an obvious difference in the gametogenic stages 

present between diet treatments and field samples. Females fed diets of clean or fouled kelp 
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showed similar proportions of pre-active, ripe and partially spent individuals, compared to 

field samples (Figure 5, Table 3). However, there was an absence of partially spent 

individuals in the clean kelp treatment, which differed from field samples.  

 

Figure 5. Percentage occurrence of different developmental stages of gametogenesis in female P. eximius fed a 

diet of either clean kelp, fouled kelp or urchin excrement for a period of 8 weeks. The additional field collection 

columns show the maturity stages of individuals collected from the field either at the start or the completion of 

the experiment (Table 3).  

Table 3. Number of female P. eximius in each maturity stage after eight weeks of consuming one of three 

diet types compared to the maturity stages of P. eximius collected in the field before and after the 

experiment.  

Developmental Stage 

Field 

collection 

before Clean Kelp Fouled Kelp 

Urchin 

Excrement 

Field 

Collection 

After 

immature 0 0 0 0 0 

Pre-active 4 2 3 0 6 

active 4 2 3 0 3 

ripe 0 0 0 1 0 

partially spent 1 0 1 0 1 

spent 0 0 0 0 0 

Total  9 4 7 1 10 
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Nutritional value of diets 

There was a significant difference in the percentage of carbon between diets (F2, 11 = 133.88, 

P-value <0.01). Tukey’s post hoc test showed that clean kelp had the highest level of carbon 

followed by fouled kelp with urchin excrement having the lowest level of carbon (Figure 6).  

The reverse trend was observed with levels of nitrogen between different diets. Again, there 

was a significant difference between diets (F2, 11 = 50.73, P-value <0.01). Tukey’s post hoc 

test showed that urchin excrement had the highest level of nitrogen, followed by fouled kelp 

and clean kelp had the lowest level of nitrogen (Figure 6).  

The redfield stoichometry ratio (C:N) is a method of determining the carbon and nitrogen 

fluxes within a system as well as estimating the limiting nutrient (if any) within a marine 

system (Sterner and Elser 2002). There was a significant difference in the C:N ratio between 

diets (F2, 11 = 43.36, P-value <0.01). Tukeys post hoc test showed that clean kelp had the 

highest C: N ratio, fouled kelp had the next highest ratio and urchin excrement having the 

lowest C: N ratio (Figure 6).  
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Figure 6. Mean (+SE) percentage Carbon (C), Nitrogen (N) and Carbon to Nitrogen Ratio (C: N) ± standard 

error for each of the three diets: clean kelp, fouled kelp and urchin excrement. Separate Analyses were conducted 

for C, N, and C:N. Bars sharing a letter within C, N, or C: N do not differ significantly in post hoc tests.  

Feeding capability of P. eximius 

P. eximius has a complex structured radula with several rows of teeth and numerous teeth per 

row (Figure 7). The marginal teeth are long and thin with relatively narrow bases of 

attachment and have a blunt periphery, whereas, the lateral teeth are shorter and wider than 

the marginal teeth, with a sharper edge (Figure 7). The rachidian or central tooth is 

comparatively much shorter and wider than the marginal and lateral teeth (Figure 7) and is 

unlikely to come into contact with the substratum (Steneck and Watling 1982).  
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Figure 7. SEM of a posterior section of the radula of P. eximius. 

Survival in different habitats 

There was no significant difference in the mortality of P. eximius on host plants with H. 

purpurascens compared to those on host plants without H. purpurascens or to those in 

exposed habitats (χ2 = 6.77, d.f. = 4, P-value = 0.15). 50% of P. eximius on E. radiata without 

H. purpurascens survived the 24 hours period, while 75% of individuals on E. radiata plants 

with H. purpurascens survived (Figure 8). This result may have occurred as a consequence of 

a tethering artefact whereby the tether promoted mortality by causing entanglement in kelp 

fronds. 

 

 



93 

 

 

Figure 8. Percentage survival of P. eximius on different habitats. 

Discussion 

Phasianotrochus eximius is closely associated with the sea urchin Holopneustes purpurascens 

and the common kelp Ecklonia radiata. Both P. eximius and H. purpurascens occur wrapped 

within the fronds of the kelp within a shelter built by the urchin (Bell et al. in review). This 

shelter is believed to provide protection from predators or adverse microclimates for the sea 

urchin (Williamson et al. 2004) and has been hypothesised to serve the same purpose for the 

gastropod, which also inhabits this shelter (Rogers et al. 1998). However, results from this 

study show that food preference is a contributing factor to the close association between P. 

eximius and H. purpurascens on E. radiata. By preferentially inhabiting kelp plants with 

urchins, P. eximius has access to the kelp and epiphytes that grow on the kelp, and also to a 

third food, the excrement of H. purpurascens.  

When presented with a choice of clean or fouled E. radiata as well as the excrement of H. 

purpurascens, P. eximius consumed significantly more of the excrement than the other 

available diets. When given no choice between these three food types, however, there was no 

significant difference in the survival of P. eximius over an eight week period. Thus, P. 

eximius is able to survive on kelp with and without epiphytes, but appears to prefer to 

consume urchin excrement.  
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Nitrogen is scarce within many environments and as a result some organisms have adapted to 

this scarcity by maximising the use of available nitrogen (White and Sale 1993, Williamson 

and Rees 1994, Mattson 1980). The excrement of H. purpurascens contained a significantly 

greater amount of  nitrogen than diets of clean or fouled kelp. This is interesting as fresh 

excrement is usually lower in nutrients than the food from which it was derived (White 1993).  

However, if faeces are allowed to age, microbial transformation increases nitrogen levels as 

carbon is removed via microbial respiration and nitrogen is taken up from the water column 

(Mann 1982). Microbial processing may therefore be responsible for the high nitrogen content 

of H. purpurascens excrement. 

Coprophagy is an eating behaviour adopted by many animals that have simple digestive 

systems (such as isopods and some gastropods) (Weiser 1978) and are less able to assimilate 

the necessary levels of nutrients from plants alone (Mattson 1980). It is common in marine 

environments (Frankenberg and Smith Jr. 1967), and is of great advantage (Brendelberger 

1997) to some aquatic gastropods (Brendelberger 1997). The detritivorous gastropod 

Hydrobia ventrosa, for example, consumes its own excrement to extract available nitrogen 

from the microbes on the surface of the excrement (Lopez 1978). P. eximius may be 

employing the same strategy in adapting to a coprophagous eating behaviour.  

Consumption of the nutrient-rich excrement resulted in greater reproductive fitness for P. 

eximius. Gastropods that were fed a diet of urchin excrement over a period of 8 weeks 

resulted in individuals with further developed gonads compared to gastropods that were fed 

clean or fouled kelp.  In fact, it appeared to speed up reproductive development as both males 

and females within this treatment had greater gonad development compared to individuals 

collected from the field. This could suggest that excrement is not as readily available to 

gastropods in the field as was in the experiment. The reproductive status of individuals fed 

‘clean’ and ‘fouled’ kelp were not negatively effected over the study period and closely 
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resembled the proportion of gametogenic stages found in field samples before and after the 

experiment.  

While there was no significant difference in the growth of P. eximius between the three diets 

over the performance experiment, individuals fed fouled kelp and urchin excrement increased 

in weight over the eight week period, whilst those fed clean kelp decreased in weight. Kelp 

plants covered in epiphytes decay at a very rapid rate (Tianjing et al. 1984) and it has been 

shown that this decay makes the kelp more palatable and easily digestible to marine 

invertebrates (Norderhaug et al. 2003). Thus P. eximius may be advantaged when feeding on 

both the decaying kelp material and the soft epiphytes thereby leading to the small increases 

in weight.  Further research would need to be done on the rate of decay of E. radiata and 

digestibility of decaying kelp for P. eximius, however, to directly assess this. 

Dietary constraints for herbivores are closely related to the physiological characteristics of the 

herbivore itself. For gastropods, the morphological characteristics of the radula are varied and 

are a principal determinant of the feeding capabilities of species. P. eximius has a complex 

structured radula that fits into the rhipidoglossan functional group, as described by Steneck 

and Watling (1982). Radulae within this functional group typically have several rows of teeth 

and numerous muscles in the buccal mass, which help in splaying the teeth when the radula is 

extended. They are sometimes referred to as brooms as they act in a sweeping motion to pick 

up food particles. The marginal teeth, which are used for food gathering into the mouth, are 

long with narrow bases of attachment. Due to the length of the marginal teeth, these types of 

radulae are unable to exert substantial force onto their substrate and are rarely seen grazing 

leathery kelp or calcareous algae (Steneck and Watling, 1982). This type of radula has limited 

grazing capabilities and species with this type of radula generally feed on soft food types 

(Steneck and Watling 1982). Urchin excrement as a preferred food choice for P. eximius, fits 
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into the feeding limitations of this species as it is soft and easily digestible for an animal with 

a radula of this type.   

Longer term survival of individuals was low over the performance experiment. This may be 

due to the fact that this species is unable to survive under laboratory conditions for long 

periods of time. Alternatively it could be because the three diets tested here lacked sufficient 

nutritional quality to maintain long term survival when consumed alone. The ‘balanced diet 

hypothesis’ outlines that diets of mixed species often have complementary nutritional 

qualities (Pennings et al. 1993). A diet of mixed algae improves the growth and overall fitness 

in many marine herbivores (Aquilino et al 2012, Cruz-Rivera and Hay 2000). The “toxin 

minimisation hypothesis” (Pennings et al. 1993), which suggests that the consumption of a 

mixture of plant secondary metabolites is less harmful to herbivores than the consumption of 

a single type of secondary metabolite, could also explain these results. Phlorotannin levels are 

quite high in E. radiata (Steinberg 1989; Jennings and Steinberg 1997) and P. eximius may be 

avoiding consuming excessive levels of this secondary metabolite by consuming a mixed diet 

in the wild. As the species composition of fouled kelp is unknown, and thus the range and 

quantity of secondary metabolites associated with this diet, P. eximius may have also been 

affected by associated harmful chemistry in this diet as well. 

It is well known that predation by visual predators has a strong influence on habitat choice my 

small invertebrates. Macroalgae not only provides food to mesoherbivores but also shelter 

from predation (Bostrom and Matilla 1999, Duffy and Hay 1991, Watanabe 1984). When 

predation pressure is high mesoherbivores minimise movement from host plants to avoid 

predation and sometimes compensate for the lack of diversity in diet by consuming a greater 

quantity of the available diet (Cruz-Rivera and Hay 2000). Previous research has shown that 

P. eximius is strongly associated with H. purpurascens and does not appear to move 

frequently between host plants (Bell et al. in review). Short-term experiments were therefore 
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designed to monitor survival of P. eximius on kelp plants with H. purpurascens compared to 

individuals on kelp plants without H. purpurascens and in exposed habitats, to test for the 

potential negative effects of predation in exposed environments. Interestingly, however, our 

results revealed no significant difference in mortality between exposed versus sheltered 

environments.  

In conclusion, the close association between P. eximius, H. purpurascens and E. radiata 

appears to be driven by the adaptation by P. eximius towards a coprophageous feeding 

behaviour, which provides superior nutritional value compared to clean and fouled kelp. This 

adaptation has significant benefits on the reproductive performance of P. eximius. It also fits 

into the physiological constraints determined by the feeding apparatus of this species.  Whilst 

being sheltered by the fronds wrapped around H. purpurascens, is likely to protect P. eximius 

from predators and adverse microclimates (Bell et al. in review), the results presented here 

suggest it is not the primary factor attracting P. eximius to H. purpurascens.  
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Abstract  

In New Zealand, the sphaeromatid isopod Exosphaeroma echinensis lives on sea urchins, 

including the common Evechinus chloroticus; however, little is known of the ecology of this 

association. This study investigates the nature of the relationship between E. echinensis and E. 

chloroticus. In order to first determine the abundance and distribution of these species urchins 

were collected from three sites near Leigh in northeastern New Zealand, and sealed in bags 

insitu before being taken back to the laboratory, where the number of inhabiting isopods on 

each urchin was determined. E. echinensis occurred on 60-87% of individual E. chloroticus at 

mean densities of 2-5 isopods/urchin. When given a choice between the three main habitat 

types in its environment, E. echinensis preferred to inhabit E. chloroticus as opposed to rocks 

and exposed environments. The method by which E. echinensis finds its host was then 

considered, by conducting a series of laboratory experiments where the isopod was given both 

visual and olfactory cues originating from E. echinensis.  E. echinensis were found to use 

visual rather than olfactory cues to locate their host. A short term feeding choice experiment 

was conducted whereby isopods were offered equal amounts of the main food types within its 

environment. E. echinensis appeared to prefer to consume the kelp Ecklonia radiata, over the 

excrement of E. chloroticus. This study highlights for the first time the nature of the 

relationship between E. echinensis and E. chloroticus. These two species are likely to be 

commensally associated, whereby the isopod benefits and the urchin neither benefits nor is 

harmed. Fish predation on small benthic crustaceans such as E. echinensis is intense, so it is 

likely that by living between the urchin’s spines the isopod derives both shelter from 

predation and food in the form of kelp. Further studies are needed to quantify this hypothesis.  

Keywords: Commensalism, rocky reef, host-recognition,. echinoid, isopod, New Zealand,  
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Introduction 

 
Habitat complexity and its effect on the abundance and diversity of species within 

communities has been the focus of many recent marine studies (Stachowicz 2001; Bruno 

2003; Gribben et al. 2009; Thomsen 2010; Angelini 2011). Foundation species such as kelps, 

corals and seagrasses offer habitat to other species by providing spatially complex matrices 

that ameliorate biological and physical stressors and are thus important for maintaining 

community structure (Bertness 1999; Stachowicz 2001). Such habitat forming species are 

often primary producers, but for many small marine animals such as isopods, amphipods and 

crabs, facilitation of habitat often occurs through associations with other marine 

macroinvertebrates such as sea urchins (Thiel et al. 2001; Marin et al. 2005; De Bruyn et al. 

2009b; Williamson et al. 2012). Predation pressure is recognised as the main factor driving 

the evolution of such associations; however food, mating systems, and physical factors are 

also considered important (Thiel et al. 2001; Baeza et al. 2003; Taylor and Steinberg, 2005).  

The sphaeromatid isopod Exosphaeroma echinensis lives on rocky reefs in New Zealand, 

where it has only been recorded from the surfaces of sea urchins, the most common of which 

is the echinometrid Evechinus chloroticus (Hurley and Jansen, 1977). As E. echinensis is 

small and poorly defended, the spines of E. chloroticus are thought to provide the isopod with 

a physical refuge from predation and adverse abiotic factors (Dix 1970). E. echinensis is 

considered to have a commensal relationship with E. chloroticus as it commonly lies 

cryptically along the length of the spines of the sea urchin (Dix 1970), with its brown body 

and white uropods matching the colour of the urchin’s spines (JEB, personal observation). 

Here we investigate the nature of the association between the isopod Exosphaeroma 

echinensis and the sea urchin Evechinus chloroticus. A series of field and laboratory 

experiments were conducted to answer the following questions: (1) What proportion of E. 

chloroticus have E. echinensis inhabiting their spines? (2) Of the urchins with isopods, what 

is the density and size distribution of E. echinensis on E. chloroticus? (3) Do E. echinensis 
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preferentially inhabit E. chloroticus over other available microhabitats? (4) How much 

movement of E. echinensis is there between individual E. chloroticus in the field? (5) Do E. 

echinensis use visual and or olfactory cues to locate E. chloroticus? And finally (6) Does E. 

echinensis display a preference among two sources of foods occurring within its habitat on E. 

chloroticus?  

Materials and Methods 

Study sites 

E. chloroticus and E. echinensis were collected from Matheson Bay (36.3048° S, 174.7977° 

E), Kempts Beach (36.2642° S, 174.7272° E) and Panetiki Island (36.2833° S, 174.8167° E) 

off the coast of Leigh, New Zealand, during December 2011.  

Population structure 

To quantify the density of E. echinensis per E. chloroticus, thirty E. chloroticus were 

haphazardly selected from depths of 5 -10m at each of the above three sites (N = 90). Each 

urchin was immediately sealed in a clear plastic bag and transported to the laboratory. All 

isopods were carefully removed from individual urchins using forceps with the aid of flowing 

freshwater. Isopods were measured for length (mm) to determine the overall length frequency 

and most abundant size class of E. echinensis inhabiting E. chloroticus. 

Variation in microhabitat preference 

To test whether E. echinensis preferentially inhabits E. chloroticus over other potential 

habitats, the position of 30 E. echinensis in a rocky habitat environment with E. chloroticus in 

a laboratory setting was examined for a total of 48 hours.  All E. echinensis were placed in a 

30L glass fish tank with filtered seawater (500μm), along with two regular adult sized E. 

chloroticus and two round rocks of similar size to the urchins (100mm diameter) that were 

collected from the habitat in which E. echinensis and E. chloroticus exists.  Urchins and rocks 
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were arranged haphazardly throughout the base of the tank. The position of each isopod 

within the glass container was monitored every six hours and recorded as either on the oral or 

aboral surface of an urchin, on or under a rock, or on the exposed glass wall of the tank. 

Observations were made from the outside of the glass tank that was positioned on a stand and 

could be viewed from underneath to avoid disturbing the habitat. A repeated measures 

ANOVA was used to test for any significant difference in habitat choice over time. A Tukeys 

post hoc test was carried out for significant effects. 

The use of vision in host detection 

The ability for E. echinensis to visually recognize its host from a distance is likely to be an 

advantageous predation-avoidance mechanism. The role of vision by the isopod E. echinensis 

in the detection of the urchin E. chloroticus over other potential hosts (i.e. a rock) was 

determined by a series of visual tests in a 10 L tank.  Here, the 10 L tank was filled with 

filtered seawater (200 μm) and different treatments were placed at opposite corners of the 

tank (14 cm apart).  ‘Bagged’ (i.e., sealed in a clear plastic bag) treatments could be seen but 

emitted no chemical cues and were tested against those that were ‘unbagged’, which could 

also be seen but emitted chemical cues. The choices presented in this experiment were:  (1) 

one unbagged urchin versus an urchin sized rock that was unbagged (to represent an alternate 

host); (2) One bagged urchin versus one unbagged urchin; (3) one bagged urchin versus 

bagged filtered seawater (FSW). If isopods did not discriminate between bagged and 

unbagged treatments they were inferred to be using visual cues alone. If isopods chose 

unbagged urchins over bagged urchins they were considered to be using olfactory cues or a 

combination of olfactory and visual cues. If there was no preference then isopods were 

considered to be using a combination of olfactory and visual cues or visual cues alone. 

At the start of each test one isopod was placed in the centre of a tank (7 cm from either 

treatment) and the time taken for the individual to touch a treatment over five minutes was 
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recorded.  Tests were scored as “positive” if the isopod touched a treatment within five 

minutes, or as ‘negative’ if the isopod failed to touch a treatment within five minutes. A new 

isopod was used for each replicate and thirty replicates were carried out per treatment 

combination. Treatments were swapped to opposite sides after 15 replicates to avoid any 

potential bias towards one side of the tank. 

For individuals that scored a positive, preferences were analysed using a chi-square test to for 

any preferences in the treatment chosen compared to an expected 50:50 choice frequency.  

The use of olfaction in host detection 

A laboratory experiment was carried out to test the role of olfaction, or recognition of a 

waterborne chemical cue, in host detection by E. echinensis.  The system used to test this, 

allowed individual E. echinensis to distinguish between treatments using seawater flowing 

over the various treatments (and thus presumably containing any chemical cue emitted from 

that treatment) in the absence of visual cues.  Individual isopods were introduced into a 

common aquaria from which water from two separate aquaria (one treatment per aquaria), 

was gravitationally fed into a Y tube. At the intersection of the Y tube equal amounts of the 

two sources of water come together in laminar flow into the common aquaria (Davenport, 

1950). The flow of water through the Y tube was regulated by a tap at the top of each 

treatment to ensure that equal amounts of each source of water flows at a predetermined rate 

into the Y tube.  

Treatment combinations (one in each treatment aquaria) that were used in this experiment 

included: (1) E. chloroticus versus E. chloroticus (positive control) and (2) filtered seawater 

versus E. chloroticus. Thirty replicates were conducted per treatment, with urchins replaced 

after each replicate and treatments swapped from the left to the right aquaria and vice versa 

after 15 replicates to account for any potential biases by the isopods towards a particular side 

of the aquaria or towards a particular urchin.  
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Isopods were collected using a suction sampler and transferred to the seawater facility at the 

Leigh Marine Laboratory, where they were held in a large container of filtered seawater 

without food for 24 hours. At the start of each trial, a new isopod was carefully placed in the 

center of the common aquaria. The time the isopod took to move from the starting point to the 

intersection of the Y tube was recorded, as well as the time the isopod took to make a choice 

between treatments (i.e. from the intersection of the Y tube to over half way down one arm of 

the Y tube towards one particular treatment).  Individuals that did not move from the starting 

point after 30 minutes were recorded as having had no response. 

Results were analysed using chi-square tests, which assessed which active choice the 

individuals made (i.e., which treatment) compared to a 50:50 frequency.  

Diet preference 

Urchin excrement is a potential source of food for E. echinensis that may be more easily 

digested than the leathery laminae of the kelp, as shown in other similar associations (Bell et 

al., in preparation).  A short-term preference experiment was done in the laboratory to 

determine whether isopods showed a clear preference for diets of either fresh E. radiata or 

excrement produced by E. chloroticus that had consumed E. radiata. Consumption rates of 

the two diets were also assessed for the duration of the experiment. 

The experiment ran in separate 500ml containers containing slightly aerated filtered seawater 

(500μm) and each diet.  Diets of 31.93 ± 1.23mg (mean ± SE) of kelp and 30.23 ± 1.78mg 

(mean ± SE) of urchin excrement were put opposite to each other in the containers.  

Individual isopods of mean length 5.20 ± 0.33 (± SE) were added to each container and left 

for 48 h under ambient light and temperature conditions.  Thirty replicate containers, each 

containing a choice of diet and a separate individual, were run.  At the end of the experiment, 

the remaining food was weighed and compared to the original amount of food provided as 

well as to the autogenic control using the formula Hi x Cf/Ci-Hf. Where Hi = initial treatment 
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weight, Hf = final treatment weight, Cf = final control weight, and Ci = initial control weight. 

Consumption values for each diet were analysed using the non-parametric Wilcoxon signed 

rank test. The factor tested was diet type and this was blocked by each replicate.  

Results  

Population structure 

A total of 317 E. echinensis were collected from urchins from the three sites. Isopods 

inhabited 86.7% of urchins at Panetiki Is., 83.3% at Kempts Beach, and 60% at Matheson 

Bay. The highest average abundance of isopods per urchin was observed at Kempts Beach, 

followed by Panetiki Island and Matheson Bay. Abundances did not differ significantly 

between Kempts Beach and Panetiki Island, or between Panetiki Island and Matheson Bay, 

but significantly fewer isopods were observed per urchin at Matheson Bay compared to 

Kempts Beach (F2, 87 = 5.01, P-value = 0.009, N = 90, Figure 1).  

 

Figure 1. Density of E. echinensis (mean ± 1 SE, N = 30) inhabiting E. chloroticus at three sites in northern 

New Zealand. Bars with the same letter are not statistically different from each other. Columns sharing the same 

letter were not significantly different in Tukey’s post hoc test. 

Adult isopods ranged from 1.5 to 10.5 mm in length. The most abundant size class for isopods 

was 2 mm in length and the least abundant size classes were 1.5 mm and 10.5 mm.  

0 

1 

2 

3 

4 

5 

6 

Kempts Beach Panetiki Is.  Matheson Bay 

N
u

m
b

e
r 

o
f 

is
o

p
o

d
s

 p
e

r 
u

rc
h

in
 

Site 

A 

AB 

B 



111 

 

 

 

Figure 2. Isopod length (mm) frequency distribution at all sites combined (N = 359).  

Variation in microhabitat preference 

Overall, significantly more isopods inhabited the oral and aboral sides of urchins compared to 

on or under rocks, or on the glass (F 4, 35 = 4.47, P = 0.005, N = 39). The greatest isopod 

density within the tank was on the oral side of urchins (8.6 ± 0.9 mean ± SE) (Figure 3). 

Isopod density on the aboral side of urchins was 7.8 ± 0.89 (mean ± SE) (Figure 3). The 

lowest isopod density occurred on rocks of the tank where there was a mean of 0.38 ± 0.38 

(mean ± SE) (Figure 3).  
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Figure 3. Variation in microhabitat preference for isopods (n=30) within a tank measured over 48 hours.  

The use of vision in host detection 

Isopods used vision to detect host habitat. Significantly more isopods moved towards the 

urchin, in preference to seawater alone (Table 1, χ
2
 = 14.8, df = 1). Isopods did not show a 

preference, when given a choice between an urchin and a rock (Table 1, χ
2
 = 2.1, df = 1). In 

addition, isopods did not show a preference between unbagged versus bagged urchins (Table 

1, χ
2
 = 1.8, df = 1).  
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Table 1. Visual host attraction of Exosphaeroma echinensis to the sea urchin Echinensis chloroticus and to rock 

against each other and against control signals of seawater 

 Choice Results P - value 

Trial A B Assay N A B  

1 Urchin rock 43 4 24 15 0.35 

2 urchin bagged Urchin unbagged 30 3 17 10 0.41 

3 Urchin bagged Seawater bagged 30 3 23 3 0.00 

 

Choices A and B are the two proposed visual signals; Assay shows the number of replicates; N shows the 

number of individuals that showed no response; Results A and B show the number of isopods that actively chose 

A or B respectively. P – Value shows the probability significance of an isopod choosing one signal over another. 

All results were compared to a theoretical ratio of 50:50. 

The use of olfaction in host detection 

Olfaction did not appear to be the most important cue in host selection for the isopods. Of the 

isopods that made a choice, there was no significant difference in the choices made by 

isopods (urchin versus seawater) when compared to a 50:50 ratio (Table 2).   

Table 2. Olfaction in host deterction of Exosphaeroma echinensis to the sea urchin Echinensis chloroticus and 

against control signals of filtered seawater (FSW) 

 Choice Results  P - value 

Trial A B Assay N A B  

1 Urchin FSW 30 12 13 5 0.16 
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Diet preference 

Isopods consumed more kelp than urchin excrement after 48 hours, however the difference in 

the amount consumed between the two treatments was not significant (Figure 4, W = 192, P-

value = 0.41, N = 30). There was substantial variation in consumption rates between 

replicates within a treatment and, although isopods were frequently observed consuming the 

kelp, individuals were rarely seen consuming the urchin excrement (Bell, personal 

observation). 

 

Figure 4. Mass loss (mg) of each diet type due to consumption by isopods after 48 hours, when given a choice 

between kelp and urchin excrement. Data are the mean (± SE).   

Discussion 

In this study, E. echinensis inhabited 60-87% of E. chloroticus individuals. The length-

frequency distribution of E. echinensis on E. chloroticus was positively skewed, with a 

greater number of smaller individuals inhabiting these urchins than larger individuals.  

Isopods responded more strongly to visual cues than olfactory cues to locate a host urchin.  

However, research has shown that the mechanisms governing the physical transport of 
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olfactory signals within the water column such as bottom roughness and turbidity, can 

strongly influence the ability of a marine species to pick up a particular cue and this may have 

been a contributing factor in the lack of response to olfactory cues by E. echinensis (Weisburg 

and Zimmer-Faust, 1993).  

Laboratory habitat experiments revealed that isopods preferably inhabited urchins over rocky 

habitat. Food and shelter are considered the main driving factors associated with habitat 

choice in small crustaceans, and finding habitat that can provide sufficient refuge as well as 

adequate nutrition improves the fitness of the individual (Boström & Mattila 1999, Lasley-

Rasher, 2011).  

For certain species the need for shelter varies throughout the day. Visual predators such as 

fish are usually more active during the day and isopods that are directly threatened by 

predatory fish often avoid detection by hiding throughout daylight hours (Lasley-Rasher, 

2011, Bostrom & Mattila, 1999, Stebbins 1988). Isopods often come out from hiding at night 

to feed, however, when the threat of predation has reduced (Stebbins 1988).  Isopods that 

were monitored in the laboratory were not observed to actively move between host and 

habitat throughout the day or at night. It is likely that these isopods have the capacity to move 

to a host very quickly and efficiently, but once on an appropriate host, mobility dramatically 

decreases. This may be due to the fact that the risk of predation or adverse physical forces is 

high and does not decrease at night, thus causing this species to remain shelterd and closely 

associated with its host throughout both the day and at night (MacDiarmid et al. 1991, 

Buschmann 1990). Alternatively, it may be because the isopods had no reason to move whilst 

in laboratory conditions for reasons such as lack of food sources, or alternatve hosts. From 

these results we then asked the question - what do these isopods eat while living mainly on a 

sea urchin? 

By inhabiting E. chloroticus, E. echinensis is not only likely to gain protection from predators 

and/or physical forces, but is also likely to steal and feed on pieces of Ecklonia radiata that 
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the urchin is also feeding on. E. radiata is a known source of food for E. chloroticus (Dix, 

1970) and our results showed that E. echinensis also consumes E. radiata. Moreover, the 

urchin’s excrement may provide an additional food source for E. echinensis. Urchin 

excrement is an easily accessible and more easily digestible source of food than the thick 

laminae of E. radiata. Further studies should investigate the nutritional value and digestibility 

of urchin excrement versus algae for this isopod.   

Together these results suggest that the isopod is using the urchin as shelter and is also 

possibly stealing and consuming small amounts of the kelp that the urchin consumes.  It 

appears that E. echinensis has adapted to its environmental pressures by associating with E. 

chloroticus and thus attaining suitable protection from predation and/or environmental 

stressors, as well as a reliable source of food. Further studies should investigate questions 

such as the movement of these urchins and isopods over varying time scales. In addition, 

assessing the role of predation and host health in regulating isopod density, and how isopods 

react to visual and chemical signals from different types of predators in the presence and 

absence of urchins would elucidate a greater understanding of the processes driving this 

association. Finally, evidence for isopods “stealing” kelp from around the oral region of 

urchins by monitoring isopod behavior would give further verification as to the benefits of 

this association for E. echinensis.  
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Abstract 

The use of visual and chemical cues in host detection is regarded as important but relatively 

unknown for many symbionts.  The small circumtropical caridean shrimp Gnathophylloides 

mineri forms a close symbiotic association with sea urchins, particularly Tripneustes gratilla, 

in many parts of the world. G. mineri is known to occur in temperate eastern Australia but the 

breadth of host use and selection of hosts amongst different species of sea urchins is relatively 

unknown.  The abundance of G. mineri on three co-occurring species of sea urchins, T. 

gratilla, Heliocidaris tuberculata and Pseudoboletia indiana were measured in eastern 

Australia.  These species of sea urchins were chosen because of either a known prior 

association with this shrimp elsewhere in the world, or due to their abundance in the area in 

temperate Australia where the shrimp occurs.  Field collections showed that the association 

between shrimp and sea urchin appears extremely host-specific, with G. mineri only observed 

on T. gratilla, at an average density of two shrimp per sea urchin.  Moreover, the majority of 

symbionts occurred on the underside (oral region) of T. gratilla.  A visual laboratory 

experiment showed that G. mineri would actively move towards T. gratilla in preference to 

the other potential host species in the absence of chemical signals.  Using a Y-maze, we tested 

the reaction of G. mineri to the absence of visual signals but the presence of chemical signals 

originating from their host, and from other species of potential host sea urchins.  Seawater 

alone was used as a negative control.  We demonstrated that G. mineri could detect T. gratilla 

from a distance, the same host that the shrimp are associated with in the field, using visual 

and chemical cues. Moreover, G. mineri react quickly to visual and chemical host signals by 

moving towards T. gratilla in preference to other species of sea urchins or in the absence of a 

signal.  The relative importance of visual versus chemical cues is, however, unknown. 

Keywords: symbiosis, crypsis, olfactory, sea urchin, Y-maze, Tripneustes gratilla 
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Introduction 

Symbiotic species often have highly specific host recognition processes to facilitate 

colonization and fidelity (Combes, 2001). Host detection in symbiotic (i.e., commensal, 

parasitic and mutualistic) associations can occur through detection of either visual and/or 

chemical signals emitted by the host.  Signal-mediated detection of the host removes the need 

for direct contact, and is a valuable adaptive mechanism for locating specific hosts (Prokopy 

and Owens, 1983; Lewis and Tumlinson, 1988; Thiel et al., 2003; Derby and Sorensen, 2008).  

Once on the host, many external symbionts use behavioural and morphological adaptations to 

avoid detection by predators (Endler, 2006). This is particularly common among shallow 

water marine crustaceans (Gray, 1961; Patton et al., 1985; Gherardi, 1991; Gherardi and 

Calloni, 1993; Takeda et al., 1997; Ng and Jeng, 1999; Baeza and Thiel, 2000; Thiel et al., 

2003; Balakirev et al., 2008; De Bruyn et al., 2009; 2010; 2011). 

Gnathophylloides mineri (Schmitt 1933) is a small caridean shrimp with a circumtropical 

distribution, occurring in the Caribbean and in the Pacific and Indian oceans (Lewis, 1956; 

Castro, 1971; Bruce, 1974; 1988; Abele, 1975; Patton et al., 1985; Chase and Bruce, 1993; 

Okuno and Tanaka, 2001; Maciá and Robinson, 2009).  G. mineri typically occurs in close 

association with various species of local sea urchins, where it lives amongst the urchin’s 

spines.  Although capable of filter feeding, generally it feeds on the host’s thin epithelial 

layer, which covers the test (Patton et al., 1985; Okuno and Tanaka, 2001; Maciá and 

Robinson, 2009).  Part of the distributional success of G. mineri is thought to be due to the 

highly adaptive nature of the symbiotic associations it forms with many different species of 

sea urchins. 

G. mineri is most commonly associated with the sea urchins Tripneustes ventricosus and T. 

gratilla (Okuno and Tanaka, 2001).  Both species of Tripneustes have either brown/purple or 

black tests and short white spines.  G. mineri possesses complementary dark longitudinal 
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stripes down its lower carapace that match the colour of the epithelium of its host.  The 

shrimp also has thin longitudinal lightly coloured lines on its dorsal carapace that match the 

colour of the sea urchin’s spines along with claws that are of a similar width and colour to the 

spines.  Moreover, G. mineri’s antennae never protrude beyond sea urchin’s spines (Patton, 

1985).  Such cryptic coloration and behaviour is thought to allow G. mineri to blend in with 

its host, making it difficult for visually dependent predators to detect (Main, 1987; Marciá and 

Robinson, 2009). 

Interestingly, however, not all G. mineri are cryptically camouflaged with their host sea 

urchin.  Those inhabiting the white sea urchin Pseudoboletia indiana in Hawaii do not 

resemble the colour of their host (Castro, 1971).  Maciá and Robinson (2009) found that, in 

addition to inhabiting T. ventricosus, G. mineri were abundant on the sympatric sea urchin 

Lytechinus variegatus despite contrasting starkly with the colour of the spines and test of this 

species.  Marciá and Robinson (2009) conclude that this mismatch of crypsis was a result of 

the extensive covering of debris that L. variegatus deposit on its test.  Attached debris would 

give the shrimp substantially more protection from predation, thus lessening the importance 

of crypsis.  Another hypothesis, however, is that the ability of G. mineri to visually 

discriminate between appropriate and less appropriate hosts is impaired due to the heavy 

covering of debris on L. variegatus.  This hypothesis assumes that the detection of a suitable 

host is essentially driven by visual cues and that chemical cues from the host have no 

significant role in the process.  Although other crustacean symbionts use chemical and/or 

visual cues to locate sea urchins (Ache and Davenport, 1972; Gherardi and Calloni, 1993; 

Cournoyer and Cohen, 2011; De Bruyn et al., 2011), it is unknown which cues G. mineri use 

for host detection. 

Gnathophylloides mineri occurs cryptically on the spines of Tripneustes gratilla (Linnaeus, 

1758) on the eastern coast of Australia, towards the sea urchin’s southern latitudinal limit of 
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distribution (Williamson et al., personal observation).  The morphological and behavioural 

adaptations observed in Australia are similar to those that have been observed between G. 

mineri and other species of Tripneustes in other countries, suggesting that G. mineri may 

actively choose to associate with this genus of sea urchin, and T. gratilla in particular in 

Australian waters.  As such, the shrimp must be able to distinguish this species from other 

similar sized species in the area, most likely through visual and/or chemical cues.  To test this 

hypothesis, the following questions were asked: (1) what is the abundance of G. mineri on T. 

gratilla versus other morphologically similar sea urchins that overlap in distribution and life 

history strategies to T. gratilla; (2) where on the sea urchin’s test are the shrimps usually 

located;  (3) does G. mineri display preferential movement towards T. gratilla over other 

species of potential host sea urchins using visual cues in the absence of chemical cues; (4) 

does G. mineri preferentially move towards T. gratilla over other potential host sea urchins 

using chemical cues in the absence of visual cues? 

Materials and Methods 

Collection of animals and holding conditions 

Three species of sea urchins, Tripneustes gratilla, Heliocidaris tuberculata (Lamarck, 1816) 

and Pseudoboletia indiana (Michelin, 1862) were assessed as potential hosts.  

Gnathophylloides mineri occurs on T. gratilla and P. indiana in other parts of the world 

whereas H. tuberculata is the most common morphologically similar species that is 

consistently abundant in temperate eastern Australia (Miskelly 2002).  Individuals were 

opportunistically collected using SCUBA from depths of 5 to 25m from either from two sites 

that are representative of areas that G. mineri has been observed: Fish Rock (30056’25’’S, 

153006’05’’E) at South West Rocks, and Camp Cove or Fairlight in Sydney (33051’23’’S, 

151014’35’’E), Australia.  The number of individuals collected varied between sea urchin 

species and were based on the relative abundance of that species.  Both sites maintained a 
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similar relative abundance of the three species of urchins and contained G. mineri at the time 

of collection (Williamson and Vaïtilingon, personal observation). 

Individuals were immediately bagged individually and transported back to the laboratory in 

Sydney where the number and location of G. mineri on each individual was assessed (see 

below).  After counting, urchins and their symbionts were individually held in the 30,000L 

recirculating seawater facility at Macquarie University until used for experiments.  Tanks 

within the facility were illuminated from above by Gro-Lux fluorescent bulbs (9.4 mol.m-2.s-

1), with day-length corresponding to the external environment.  Seawater was maintained at a 

salinity of 34-36 0/00, at field temperatures (18-19
o
C), and with an average flow of seawater 

into each tank at 60L hour-1.  Animals were fed ad libitum a mixture of the kelp Ecklonia 

radiata and the brown alga Sargassum linearifolium, the common species of algae present in 

the collection habitats. 

Abundance and location of Gnathophylloides mineri on sea urchins 

Approximately 24 hours after collection, the external features of each sea urchin were 

carefully examined for the number of resident Gnathophylloides mineri and their location.  G. 

mineri was recorded as being either on the oral (bottom) or aboral (top) surface of a sea 

urchin, and whether they inhabited the ambulacral or inter-ambulacral regions on each 

surface.  These habitats on the urchin are roughly equal as the urchin is radially symmetrical. 

Data were analysed using chi-square tests comparing the observed abundance and location 

frequencies to an a priori expected frequency of 50:50.  No shrimps were observed moving 

around or leaving their host at any time during this handling period.  As with Maciá and 

Robinson’s (2009) study, each G. mineri clung tenaciously to a spine of the host thus making 

it highly probable that most, if not all, of the shrimps remained on the same host from 

collection to examination.  The dimensions of each sea urchin were recorded.  Algae that the 
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sea urchin was consuming at the time, along with the container that the individual inhabited, 

were also searched for G. mineri. 

Use of vision in host detection by Gnathophylloides mineri 

The role of vision in the detection of Tripneustes gratilla over other potential host sea urchins 

by G. mineri was determined by a series of visual tests in a 40 L tank as per VandenSpiegel et 

al. (1998).  Here, the 40 L tank was filled with filtered seawater (0.22 um) and two identical 

clear plastic Ziplock™ bags were also filled with filtered seawater (400ml) and placed at 

opposite ends of the tank, 14 cm apart.  These bags held the various treatments used in the 

visual tests and allowed the test shrimp to see a particular treatment but not to be able to 

detect it through chemical means.  Treatment combinations were: (1) T. gratilla versus 

filtered seawater, (2) T. gratilla versus Heliocidaris tuberculata, and (3) H. tuberculata versus 

filtered seawater.  Responses were tested against a control of filtered seawater versus filtered 

seawater. 

At the start of each test one G. mineri was placed in the centre of the tank (7 cm from either 

treatment) and the time taken for the individual to move towards a treatment over five 

minutes was recorded.  Tests were scored as “positive” if G. mineri touched a treatment bag 

within five minutes, and that treatment was recorded.  Tests were scored as negative if the 

shrimp failed to touch a treatment bag within five minutes.  Tests were repeated 50 times.  

Each G. mineri was used only once and water was changed between each trial.  Cues were 

also replaced at each experiment. Plastic bags holding the treatments were checked at the 

conclusion of each test to ensure that there was no possibility of leaking chemical cues. 

Results were analysed using chi-square tests comparing the observed preference frequencies 

to an a priori expected frequency of 50:50.  Two different chi-square tests were employed. 

The first compared G. mineri that scored a positive result to those that scored a negative 

result, or failed to touch a treatment.  If an individual scored a positive in the first test, a 
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second chi-square test was done to distinguish which treatment was chosen.  Response times 

for shrimp stimulated to move were compared across treatments using a one-factor ANOVA.  

Data were checked for normality prior to analyses. 

Use of chemical cues in host detection by Gnathophylloides mineri 

A laboratory experiment was done to test the role of olfaction, or recognition of a chemical 

cue, in host detection by G. mineri using a system similar to Davenport’s “Y-maze” 

(Davenport, 1950; Fig.1).  This system allowed individual shrimp to distinguish between 

treatments using seawater flowing over the various treatments (and thus containing any 

chemical cue emitted from those treatments) without the shrimp being able to see any of the 

treatments.  The Y-maze, constructed of clear Perspex (1 cm diameter), consisted of an 11cm 

stem connected to two 11cm arms of the Y at 60
 o
 apart.  The arms terminated at a 45

0
 elbow.  

Treatments were introduced into the Y via two separate 2L aquaria (one treatment per 

aquarium, Fig. 1 A and B), which were gravitationally fed from two separate sources of 

filtered water and connected with clear plastic tubing.  A constant flow of water through the 

Y-maze (measured at the point where the shrimp was initially placed) was set at 250 ml min
-1

 

and was regulated by a tap at the base of a common aquarium that the Y-maze drained into 

(Fig 1).  Treatments were left for 30 minutes to allow for a consistent amount of any chemical 

cues to be released into the water and a new urchin was used for each replicate and assay.  

Trials prior to the experiment using red food dye in either aquaria showed that flow was 

steady and laminar and that seawater flowing along the stem consisted of equal portions of 

water from both aquaria; one on either side of the stem.  Thus shrimp placed at the end of the 

stem could distinguish between water on the left hand side originating from the left aquarium 

and right hand side water originating from the right aquarium.  All tubing and apparatus 

connecting the aquaria and the Y-maze in the system was thoroughly flushed out with fresh 

filtered seawater between replicates to remove any odours from either the treatments or test 

individual from the previous trial. 
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Figure 1. Schematic diagram of the Y-maze used to test the behaviour of the symbiotic shrimp 

Gnathophylloides mineri in response to chemical stimuli.  ‘X’ marks the start position of the animal.  ‘A’ and 

‘B’ indicate the 2L aquaria that held the treatments; ‘a’ and ‘b’ are the source aquaria that received seawater 

gravitationally fed from ‘A’ and ‘B’ respectively; and ‘C’ is the aquarium used to evacuate any remaining 

seawater at a constant flow. 

Treatment combinations used were: (1) T. gratilla versus T. gratilla; (2) Tripneustes gratilla versus filtered 

seawater; (3) T. gratilla versus Heliocidaris tuberculata; (4) T. gratilla versus Pseudoboletia indiana; (5) H. 

tuberculata versus filtered seawater; (6) P. Indiana versus filtered seawater; and (7) P. indiana versus P. 

indiana.  Forty replicates were done for each treatment combination, with the exception of those containing P. 

indiana as this species was not always as readily available in the field as the others. Treatments were swapped 

from the left to the right arm and vice versa after half the replicates.  Responses were tested against a control of 

filtered seawater versus filtered seawater to account for any preference for either the left or the right arm of the 

Y-maze (Putnam, 1962). 

At the start of each trial, one P. mineri was carefully placed halfway between the common 

aquarium and the intersection of the Y-maze.  The amount of time it took the shrimp to move 
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from the starting point to the intersection of the Y-maze (Time A) was recorded, along with 

the time it took for the shrimp to move from the intersection of the Y-maze to halfway up 

either arm of the maze (Time B).  Individuals that recorded a Time B were considered to have 

made an active choice towards that particular treatment.  Those that did not record either 

Time A or B (i.e., did not move far enough into the Y-maze) within 20 minutes were recorded 

as having made no choice. 

Results were analysed using two chi-square tests.  The first test assessed individuals that 

made an active choice (recorded times for A and B) versus those that made no choice 

compared to an a priori expected frequency of 50:50.  The second chi square test assessed 

which active choice the individuals made (i.e., which treatment) for those that had recorded 

times for both A and B.  To account for any bias towards the left or right arm of the Y-maze, 

treatments in the second chi-square test were compared to the frequency obtained from the 

control (filtered seawater versus filtered seawater) rather than a frequency of 50:50.  Response 

times for shrimp stimulated to move were compared across treatments using a one-factor 

ANOVA.  Data were checked for normality prior to analyses. 

Results 

Abundance and location of Gnathophylloides mineri on sea urchins 

A total of 216 Tripneustes gratilla, 68 Heliocidaris tuberculata and 19 Pseudoboletia indiana 

were collected and surveyed for G. mineri.  Of these 73% of the T. gratilla contained at least 

one G. mineri, whereas no shrimp were found on either of the other species.  T. gratilla 

individuals that hosted G. mineri carried an average of 1.86 (± 0.22 SE) shrimp.  The average 

size of T. gratilla containing G. mineri was 7.68 ± 0.06 cm (diameter) and 4.48 ± 0.042 cm 

(height). 

Measurements of the position of G. mineri on each T. gratilla revealed a clear trend.  

Significantly more G. mineri preferred the oral surface (80%) of the hosts to the aboral 
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surface (20%) (
2
  = 9.0, 1 df, P = 0.003). There was no significant difference between the 

number of shrimp on the oral ambulacral surface (36%) and the oral interambulacral surface 

(44%) of T. gratilla (
2
  = 0.2, 1 df, P = 0.655).  Although not significant, more shrimp 

inhabited the aboral ambulacral surface (16%) than the aboral interambulacral surface (4%) 

(
2
  = 1.8, 1 df, P = 0.178).  G. mineri was typically observed in an outward facing position 

along the spines of the host.   

Use of vision in host detection by Gnathophylloides mineri 

The first control series of filtered seawater versus filtered seawater showed that very few 

shrimp were stimulated to move and those that did move did not actively favour one side of 

the aquaria over another (Table 1a).  These results eliminated the possibility of G. mineri 

favoring one treatment over the other for unknown experimental factors.  In the next two 

series, the shrimp were actively attracted to their host urchin Tripneustes gratilla, in 

preference to either seawater or to another co-occurring species of sea urchin, Heliocidaris 

tuberculata (Table 1b,c).  When T. gratilla was not present and the shrimp had to choose 

between a non host species and seawater alone, there was no significant difference between 

the number of shrimp that were stimulated to move compared to those that remained 

stationary.  Individuals that actively moved, however, chose to move towards H. tuberculata 

in preference to seawater alone (Table 1d).  There was no significant difference between 

response times for each treatment across all series for shrimp that were stimulated to move 

(one-factor ANOVA, F = 1.451, P = 0.238; Table 1a-d). 
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Table 1. Visual host attraction of Gnathophylloides mineri to the sea urchins Tripneustes gratilla and 

Heliocidaris tuberculata against each other and against control signals of filtered seawater (FSW). 

 Time (sec) Choice Results Chi-square (p) 

 Minimu

m 
Maximum A B Assay N A B (1) (2) 

a 32 140 FSW FSW 50 44 3 3 < 0.001 1.0 

b 2 104 T. gratilla FSW 50 5 42 3 < 0.001 < 0.001 

c 1 245 T. gratilla H. tuberculata 50 5 37 8 < 0.001 <0.001 

d 3 110 H. tuberculata FSW 50 17 30 3 0.124 < 0.001 

   

Time (sec) shows the minimum and maximum reaction times. Choice A and B are the two proposed visual 

signals; Assay shows the number of replicates; N shows the number of individuals that showed no response; 

Results A and B show the number of shrimp that actively chose choice A or B respectively. 

Chi-square (1) shows the probability significance of a shrimp making an active choice towards a signal; Chi-

square (2) shows the probability significance of a shrimp choosing one signal over another. All results were 

compared to a theoretical ratio of 50:50 

Use of chemical cues in host detection by Gnathophylloides mineri 

As with the visual experiment, the negative control series (seawater versus seawater) showed 

that relatively few shrimp were stimulated to make a choice and that, of those that did move 

to the intersection of the Y-maze, there was no significant difference in the arm of the tube 

that they chose (Table 2a).  A positive control series (T. gratilla versus T. gratilla) showed 

that the majority of shrimp actively moved towards the host species, but that one arm of the 

Y-maze was not favoured over the other (Table 2b).  These results show that G. mineri were 

able to perceive a cue and move towards it within the Y-maze and that there was no obvious 

asymmetry in the experimental design. 

Shrimp were stimulated to move when T. gratilla was presented as an option against another 

signal, and actively moved towards their host species regardless of the type of other stimuli 

present (Table 2c-h).  Only roughly half of the shrimp presented with either H. tuberculata 
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versus seawater as signals were stimulated to move.  Of those that did move, significantly 

more individuals actively moved towards H. tuberculata (Table i-j).  Shrimps presented with 

a choice of P. indiana or seawater were not particularly stimulated to move or to actively 

choose one signal over another, thus acting in a similar manner to shrimp exposed to the 

seawater versus seawater controls (Table 2 k-l).  In some of these cases, more individuals 

chose not to move at all than to make a choice. This was unexpected but a further series that 

was run testing P. indiana versus P. indiana resulted in a similar result where individuals 

were not stimulated to move or to make a choice either, thus supporting the results above 

(Table 2m).  Interestingly, however, a similar number of choices were made by individuals 

when presented with a choice of P. indiana or T. gratilla (Table 2h).   

The reaction times between treatments where shrimp were stimulated to move varied amongst 

individuals (see min/max times in Table 2).  There was, however, no significant difference in 

reaction time between treatments for individuals that moved from the starting point of the Y-

maze (Time A; one-factor ANOVA, F = 1.423, P = 0.240; Table 2a-m), or for individuals that 

moved from the intersection to halfway up an arm of the Y-maze (Time B; one-factor 

ANOVA, F = 0.894, P = 0.447; Table 2a-m). 
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Table 2. Chemical host attraction of Gnathophylloides mineri to the sea urchins Tripneustes gratilla, 

Heliocidaris tuberculata and Pseudoboletia indiana against each other and against control signals of filtered 

seawater (FSW) 

 

Time (sec) shows the minimum and maximum reaction times for individuals that moved from the starting point 

to the intersection in the Y-maze (Time A), and those that moved from the intersection to halfway up an arm of 

the Y-maze, thus making an active choice (Time B). Choice A and B are the two proposed visual signals; Assay 

shows the number of replicates; N shows the number of individuals that showed no response; Results A and B 

show the number of shrimp that actively chose choice A or B respectively. 

Chi-square (1) shows the probability significance of a shrimp making an active choice towards a signal; Chi-

square (2) shows the probability significance of a shrimp choosing one signal over another for individuals that 

had recorded times for both Time A and B. All results were compared to a theoretical ratio of 50:50 

 Min/Max time 

(sec) 
Choice Results Chi-square (p) 

 
Time A 

Time 

B 
A B Assay N A B (1) (2) 

a 1/663 4/1200 FSW FSW 20 11 5 4 0.655 0.739 

b 1/11 3/346 T. gratilla T. gratilla 20 1 9 10 < 0.001 0.504 

c 1/69 2/1126 T. gratilla FSW 20 1 18 1 < 0.001 <0.001 

d 1/129 5/1200 FSW T. gratilla 20 7 2 11 0.18 0.004 

e 2/58 3/1200 T. gratilla H. tuberculata 20 1 17 2 <0.001 <0.001 

f 1/142 13/424 H. tuberculata T. gratilla 20 0 4 16 < 0.001 0.002 

g 2/135 1/894 T. gratilla P. indiana 17 5 11 1 0.09 0.001 

h 1/154 3/432 P. indiana T. gratilla 15 7 4 4 0.796 0.776 

i 1/30 3/1200 H. tuberculata FSW 20 11 2 7 0.655 0.048 

j 1/65 5/1200 FSW H. tuberculata 20 10 6 4 1 0.751 

k 2/187 2/12 P. indiana FSW 13 8 1 4 0.405 0.116 

l 2/13 3/35 FSW P. indiana 7 3 3 1 0.705 0.421 

m 2/381 3/157 P. indiana P. indiana 10 7 2 1 0.206 0.685 
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Discussion 

As in many other parts of the world, Gnathophylloides mineri forms a close association with 

Tripneustes gratilla in eastern Australia.  G. mineri specifically inhabited T. gratilla despite 

the presence of other similar species of sea urchins that overlap in distribution with T. 

gratilla.  Moreover, G. mineri has the ability to use both visual and chemical cues to locate its 

host from a distance, and rapidly swam against the water current towards its host in 

preference to other cues.  When its host was absent, shrimp either remained stationary or 

moved at a slower rate towards another non-host sea urchin. 

Locating a host is a fundamentally important stage in the life history of symbionts and, as 

such, the use of several sensory modes increases the likelihood of detecting an appropriate 

host.  The ability to use more than one sensory cue to detect potential hosts or predators is a 

relatively common strategy for marine organisms (Arvelund et al., 1999; Dalesman and 

Inchley, 2008; DeBose et al., 2008; Hay, 2009), and symbiotic decapod crustaceans routinely 

use a combination of visual and chemical cues for host location (Huang et al., 2005; Sikkel et 

al., 2011).  The ectosymbiotic shrimp Synalpheus demani uses visual cues for small-scale host 

detection but uses chemical signals from the host crinoid to increase activity and orientate 

towards the host from a distance (Huang et al., 2005).  The parasitic isopod Gnathia marleyi 

is more successful in locating its host fish in the field when it is able to employ a combination 

of visual and chemical signals rather than just one signal (Sikkel et al., 2011).  There should 

be strong selection for modes of ability to detect and locate appropriate hosts since failure to 

find a host or inappropriate host choice increases the risk of predation and lowers 

reproductive success. 

While our experiments showed that G. mineri responded rapidly and with accuracy towards 

its host using two remote signals, they could not determine the relative importance of visual 

versus chemical cues in the detection of T. gratilla.  Visual and chemical cues in host 

detection often occur in terms of hierarchy and sequence: symbionts use chemical means to 
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locate the general area of an appropriate host, then visual signals in the final stages of host 

detection (Segura et al., 2007; Debose and Nevitt, 2008).  Chemical cues are generally 

considered reliable mediators of habitat choice for different life history stages in marine 

specialist invertebrates as they provide a unique signature from the host (Williamson et al., 

2000; Williamson and Steinberg in press).  If the host itself is either variably abundant or 

cryptic and thus likely to produce more subtle or unreliable chemical signals, the relative 

importance of visual or chemical cues may change. 

In temperate east Australia, Tripneustes gratilla occurs in patchy populations along its 

southern limit of distribution.  At sites where T. gratilla occurs more reliably, such as our 

study site at South West Rocks, the species fluctuates from being highly abundant to 

relatively scarce from year to year (Williamson, personal observation).  It is therefore 

reasonable to expect that chemical signals from T. gratilla should vary in strength, depending 

on the population density of T. gratilla at that time.  Thus the host chemical cue should be 

somewhat unreliable at times for G. mineri.  In light of this, it is perplexing that no shrimp 

were found on other similar species of sea urchins that overlapped in distribution with T. 

gratilla.  Heliocidaris tuberculata is consistently abundant in our study sites (Williamson, 

personal observation; Wright et al. 2005), albeit in lower densities than T. gratilla at times.  It 

generally occurs in hollows in the rocky subtidal, potentially allowing substantial protection 

for any epibionts; a criterion deemed critically important in host choice for G. mineri in other 

areas (Maciá and Robinson, 2009).  Moreover, the primary spines on H. tuberculata are, on 

average, roughly three times as long as those of T. gratilla (Miskelly, 2002), potentially 

offering a further increase in protection from predation (Tegner and Dayton, 1981; Hartney 

and Grorud, 2002). 

Several hypotheses can be posed to explain the absence of G. mineri on H. tuberculata.  As 

host choice is decided prior to physical contact with potential hosts and assuming that G. 
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mineri in eastern Australia do move between individual urchins occasionally as suggested by 

Patton et al. (1985), all hypotheses indicate some form of adaptive associative learning by the 

shrimp to distinguish the appropriateness of sea urchins as hosts from a distance.  First, a 

difference in the nutritional content or the constitution of pigment cells within the epithelia of 

the two species of sea urchins may drive this pattern of host use.  Patton et al. (1985) suggests 

that the pigments of G. mineri most likely originate from sequestered host pigments.  If this 

were the case, one would expect that the T. gratilla epithelium would be significantly more 

nutritious and/or contain more camouflaging pigments than other potential hosts for G. mineri 

but has yet to be tested. 

An alternative hypothesis is that T. gratilla may offer greater protection against predators for 

G. mineri through the morphology of the host’s spines.  Spines of H. tuberculata are oval in 

cross section and substantially thicker than the spines of T. gratilla (Miskelly, 2002), thus 

potentially making them more difficult for these shrimp to inhabit.  Certainly host-specific 

symbionts in other systems are constrained by the morphology of their host’s point of 

attachment.  For example, species of Geomydoecus, commonly known as gopher lice, occur 

in close association with particular species of geomyid rodents (Morand et al., 2000).  The 

lice are extremely specialized and have difficulty surviving on hosts that have larger hair 

diameters than those of their native host.  This is hypothesized to be a result of an increased 

risk of dislodgement by the lice (Reed et al., 2000). 

G. mineri showed less interest in Pseudoboletia indiana as a host species than T. gratilla, 

despite associating with P. indiana in Hawaii (Titgen, 1989) and having similar spines and 

habitat to T. gratilla.  As with the Hawaiian species, P. indiana in eastern Australia has a 

white test and spines, and shrimp occurring on this species are not cryptically camouflaged in 

terms of colour.  Marciá and Robinson (2009) suggest that such mismatches with host colour 

show the relative importance of chemical cues over visual cues for this shrimp.  Although no 
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visual signals with P. indiana were tested in this study and this hypothesis cannot therefore be 

discounted, results in our visual experiment suggest that visual signals are important to the 

shrimp.  P. indiana is patchily distributed in low densities along the temperate eastern 

Australia (Rowe and Gates, 1995), but appears more abundant in Hawaii (Titgen 1989).  The 

difference in the abundance may relate to the historical ability of G. mineri to assess the 

attractiveness of this host species through associative learning in Australia.  By remaining 

stationary in the presence of signals originating from P. indiana, the shrimp may merely have 

been waiting for a familiar signal.  The decreased mobility of shrimp in the absence of visual 

or chemical cues from T. gratilla suggest that remaining stationary in the absence of a reliable 

familiar cue may be a camouflage strategy in itself.  These ideas, however, currently remain 

untested. 

There are obvious benefits in this association for G. mineri, including nourishment from the 

epithelium of its host, the provision of a structure that protects it from predators (spines); and 

the cryptic coloration of G. mineri through sequestering ingested pigment cells into their own 

surface layers. Conversely, the advantages, if any, for T. gratilla are much less apparent.  

Although no damage to T. ventricosus by G. mineri has been previously reported due to the 

ability of the shrimp to move around the test and allow the epithelium to regenerate (Patton et 

al., 1985), the impact of epithelial grazing may depend on the density of its symbionts.  

Opportunistic predation by the melitid amphipod Elasmopus levis on the epithelium of the sea 

urchin Lytechinus variegatus can substantially affect the health of the host and even lead to 

death (Gibbs et al., 2011).  Despite the various benefits for G. mineri, individuals residing on 

T. gratilla are exposed to various risks.  For example, the urchin’s pedicellariae, which are 

used for protection from predators and fouling organisms, may be fatal to the shrimp if 

attacked (Campbell and Rainbow, 1977; Mebs, 1984; Nakagawa et al., 2003; but see 

Guenther et al., 2007). 
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G. mineri did not generally occur in large numbers on T. gratilla.  This may be as a result of 

interspecific interactions limiting the density of associates on hosts (Schmitt and Holbrook, 

2003). Many of those that did occur on T. gratilla inhabited the oral surface of its host, or the 

ambulacral areas where the urchin’s primary spines are located. These results are consistent 

with previous research on both species from other areas of the globe (Patton et al., 1985; 

Maciá and Robinson, 2009).  Moreover, previous authors have noted that if T. ventricosus are 

inverted all G. mineri inhabiting the oral surface will migrate towards the aboral surface, 

which was now underneath (Patton et al., 1985). 

A similar study (VandenSpiegel et al., 1998) observed that another shrimp species, 

Synalpheus stimpsonii, regularly occurred in pairs on the underside of its host sea urchin.  The 

abundance and distribution of G. mineri on T. gratilla has important implications for the 

reproductive success of the shrimp.  There are huge costs for failure to reproduce, hence, and 

low numbers of shrimp on hosts may suggest issues in locating a mate, particularly if this 

population has an unequal male to female ratio as documented for other species of caridean 

shrimps (Nakashima, 1987; Gherardi and Calloni, 1993). 

To date, many aspects of this symbiotic relationship are unknown, and further research should 

focus on questions such as movement of shrimps over varying time scales, the reproductive 

mode of the shrimp, and the relative protection that T. gratilla offers G. mineri in comparison 

with other co-occurring species of sea urchins.  In addition, assessing how male and female G. 

mineri successfully find their host through chemosensory capabilities and on the nutritional 

value of the epithelium as some epibiota select host species on the basis of their quality as a 

habitat rather than as a source of food (Williamson et al., 2004). Finally, isolation and 

identification of the particular water-borne chemical cue(s) originating from T. gratilla that 

attracts G. mineri, along with assessing the uniqueness of the cue in the habitat, would give an 

indication of the specificity of the cue as an indicator of chemical host detection. 
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CHAPTER 7: GENERAL DISCUSSION 

Positive versus negative effects of sea urchins 

Sea urchins are major grazers in rocky reef ecosystems and have the ability to drastically 

modify the biogenic structure of habitats by maintaining ‘barrens’ (areas devoid of 

macroalgae) (Steneck 2013). To date, most of the ecological literature on sea urchins has 

focused on the cascading negative effects of increasing sea-urchin abundance, arising from 

the overharvest of their predators or shifting environmental conditions, which can lead to a 

loss of structural habitat (Estes 1978, Harold and Reed 1985, Pinnegar et al. 2000, Carter et 

al. 2007, Terborgh and Estes, 2010, Byrnes et al 2006). However, this thesis highlights that 

some sea urchins can have positive effects on particular associated species. These positive 

effects most likely occur at smaller scales compared to the negative effects associated with 

large-scale herbivory, and often act in complex systems of direct and indirect pathways, 

making them more difficult to uncover. For example, sea urchins have been found to benefit 

subtidal mussels by grazing on the kelp that grows on the mussells shell. During storm events, 

ungrazed kelp on mussel shells can cause enough drag to dislodge the mussel from the 

substratum (Witman, 1987) and decorating behaviour by an Antarctic sea urchin has positive 

effects on seaweed that has become detached from the substratum, by “rescuing” it from 

being washed ashore or carried out of the photic zone (Amsler et al 1999). The results of this 

study emphasize the important role that positive interactions involving sea urchins can have in 

structuring species diversity and the need for further research in this area. 

Associations directly versus indirectly mediated by sea urchins  

A comparison between the three associations investigated in this thesis in addition to other 

studies of positive urchin interactions, highlights the diverse roles that sea urchins play in 

both directly and indirectly enhancing biodiversity (Table 1). Sea urchins are well known to 

harbour a range of small mobile invertebrates that directly inhabit their spines for shelter 
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(McCloskey 1970, Castro 1971, Patton 1985, Stebbins 1988, Chia et al. 1999, Day and 

Branch 2002, Theil and Baeza 2003, Doti 2008, Prakash et al 2012). The isopod 

Exosphaeroma echinensis inhabiting the sea urchin Evechinus chloroticus as well as the 

shrimp Gnathophylloides mineri on the sea urchin Tripneustes gratilla investigated within 

this thesis find active patterns of habitat choice from their associations with these sea urchins. 

By inhabiting the spines of these two species of sea urchins, both G. mineri and E. echinensis 

are likely to gain protection from predation and other environmental stressors (Patton et al. 

1985, Doti et al. 2008, Maciá and Robinson 2009).  

In additional to the obvious benefit of shelter for small marine invertebrates, there are often a 

number of other factors that can act simultaneously to drive the positive associations that 

urchins have with other species. Results from this study show that E. echinensis is also likely 

to benefit by associating with E. chloroticus by having regular access to the same food types 

that E. chloroticus consumes (Chapter 5). By inhabiting the spines of the sea urchin, E. 

echinensis is likely to ‘steal’ the macroalgae and/or epiphytes that the urchin uses to cover 

itself with for its own consumption, or the food that the urchin itself is feeding on. In addition, 

many species that associate with sea urchins do so for reproduction. Studies have shown that 

the shrimp G. mineri, which associates with many species of sea urchins including T. gratilla 

(Patton et al 1985), moves within the spines of its urchin host or between hosts in order to 

find suitable mates (Maciá and Robinson 2012). After copulation some species that inhabit 

urchin spines use this safe environment as a refuge for juvenile development (Stebbins 1989). 

The amphipod Dulichia rhabdoplastis stays close to its juvenile offspring on urchin spines, 

guarding them from predation and other adult amphipods (McCloskey 1970). A similar 

occurrence of juvenile refuge occurs for the abalone Haliotis midae, which recruits to the 

underside of the sea urchin Parechinus angulosus for protection as well as for food (Day and 

Branch 2002).   
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While there are numerous examples of species that are positively associated with sea urchins 

directly, examples of positive indirect associations that are mediated by sea urchins are less 

common (Table 1). This may be due to the inherent difficulty in identifying indirect effects 

within ecosystems or that they are simply less common (Wootton 2002). This study describes 

one of the first known examples of a positive indirect effect involving a sea urchin, in the 

form of a facilitation cascade (Thomsen et al. 2010, Oghushi et al. 2005), whereby the kelp 

Ecklonia radiata facilitates the urchin Holopneustes purpurascens by providing it with 

suitable habitat and food, and the urchin in turn facilitates the gastropod Phasianotrochus 

eximius by providing it with an easily accessible and nutritious food source (Chapters 2, 3 and 

4). P. eximius has adapted to consume the excrement of H. purpurascens whilst living within 

close proximity to the sea urchin, enmeshed within the fronds of E. radiata and this appears to 

be the main driving factor for this association. However, P. eximius is likely to be vulnerable 

to predation outside of its preferred complex habitat structure, and this may be an additional 

benefit of associating with H. purpurascens. The modified habitat in which both species exist 

is thought to benefit the sea urchin by providing it with a shelter from abrasion by kelps and 

other objects ‘whipping’ by in the water as a result of adverse abiotic factors such as wave 

action, tides and currents as well as from predation (Rogers et al. 1998). Covering behaviour 

in other species of sea urchins has also been considered an adaptation to avoid surge (James 

2000). The sea urchin Toxopneustes roseus covers itself in shell fragments and foliose algae 

in areas of high surge throughout the Gulf of California (James 2000). It is possible that H. 

purpurascens has adapted in a similar way to T. roseus by covering itself to mitigate wave 

action within the exposed environment in which it inhabits (Steinberg 1995). It would not be 

incorrect, therefore, to hypothesise that P. eximius also benefits from inhabiting the shelter 

built by H. purpurascens, however further research is required to verify this.  

A similar positive indirect effect occurs between the sea urchin Parechinus angulosus and the 

juvenile abalone that recruit to the underside of their tests (Day and Branch 2002). In addition 
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to directly providing protection for the abalone, the association indirectly facilitates the 

provision of food for this species, as it is able to easily feed on drift algae that the urchin 

captures on its spines for its own consumption (Day and Branch 2002).  Chapter 5 

hypothesises a similar interaction involving the isopod E. echinensis, which exhibits strong 

host fidelity, and prefers to consume the same species of macroalga that its host E. chloroticus 

consumes and decorates itself with. An interesting comparison is that of the positive 

association between the isopod Dulichia rhabdoplastis and sea urchin Strongylocentrotus 

franciscanus, which also appears to be indirectly mediated (McCloskey 1970). Within this 

relationship, the isopod builds strings of detritus made from its own fecal pellets that it 

connects to the spines of the sea urchin (McCloskey 1970). The strings are colonised by a rich 

layer of diatoms, which the isopod subsequently feeds on (McCloskey 1970). Here, the sea 

urchin indirectly facilitates the isopod by providing it with a habitat that it in turn uses to 

capture its prey (McCloskey 1970). This species may also benefit directly by using the spines 

of the sea urchin as refuge when needed. 

There are many examples of species that directly inhabit the spines of sea urchins (Table 1) 

(Castro 1971, Chia 1999, Prakash 2012) with untested statements on the nature of these 

relationships. It is often just assumed (not tested) that the main factor driving associations of 

small mobile invertebrates and sea urchins is protection from predation and environmental 

stressors. However, it appears that within each of these examples of positive indirect effects 

involving sea urchins (Table 1), there are both direct effects of shelter and indirect effects via 

the provision of food or shelter for the associate, illustrating the complex nature of these 

interactions (Table 1). This thesis demonstrates that, by investigating not only the direct 

effects of a species interaction but also the indirect effects, often a seemingly simple 

association can in fact be based on more complex foundations (Chapter 4 and Chapter 5).  
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Methods of host location 

Locating a host is a fundamental requirement for survival in species associated with sea 

urchins (Thiel and Baeza, 2001, Hay, 2009, Lechinni, 2011, Williamson et al., 2012). The 

method of host recognition for many urchin associations appears, however, to have been 

understudied, with merely descriptions of the associations without evidence of the methods of 

host location employed by sea urchin associates (Table 1). This thesis explored host 

recognition capabilities for three sea urchin associations. Choice experiments revealed that 

Gnathophylloides mineri responds strongly to both visual and olfactory cues emitted by its 

host the sea urchin Tripneustes gratilla, and has the ability to swim against the flow of water 

towards its host cue. Chemical cues within the marine environment are an effective method of 

recognition because species can respond to unique signals from a relatively large distance 

(Williamson et al. 2000, Williamson et al. 2012). Visual cues within the marine environment 

are generally considered to be effective from smaller distances (Debose & Devitt 2008, 

Segura et al. 2007).   Using a combination of sensory cues is common in symbiotic marine 

organisms as it dramatically increases the effectiveness of host recognition (Dalesman & 

Inchley 2008, DeBose et al. 2008, Hay 2009). The strength of host recognition capabilities is 

likely to be a good determinant of the strength of the association between symbiotic species 

(Williamson et al. 2012). These results reflect the strong association between G. mineri and T. 

gratilla.  By comparison, the two sea urchin associated species, the gastropod P. eximius and 

the isopod E. echinensis, respond strongly to visual cues emitted by the urchin species that 

they associate with, as opposed to chemical cues (Chapter 3 and 5). This may reflect the 

relatively weaker relationship that these two species have with their sea urchin associates, in 

comparison to that between G. mineri and T. gratilla, as both species (P. eximius and E. 

echinensis) are able to survive outside of their preferred habitat with urchin their urchin hosts 

(Table 1, Chapter 2 and 5). Alternatively, it may reflect an inability to detect chemical cues. 



152 

 

More research needs to be done on the sensory abilities of these species to tease apart these 

hypotheses. 

 

 

 

 

Table 1: Similarities and differences between sea urchin mediated positive associations throughout temperate rocky reef habitats 

from different regions 

Study Region Organisms Interaction Nature of the association Method of urchin 

recognition 

Benefit to associating species 

   Direct Indirect Faculative Obligate Visual 

Cue 

Olfactory 

Cue 

Food Shelter Reproduction 

This study Eastern 

Australia 

Kelp + 

Urchin 

+Gastropod 

X X X  X  X X  

This study, 

Patton et al. 

(1985), 

Macia and 

Robinson (2012) 

Eastern 

Australia 

Urchin + 

Shrimp 

X  X  X X  X X 

This study New 

Zealand 

Urchin + 

Isopod 

X X X  X  X X  

Prakash et al. 

(2012) 

India Urchin + 

Crab 

X         

Doti (2008) SW 

Atlantic 

Urchin + 

Isopod 

X  X     X  

Thiel and Baeza 

(2003) 

SE Pacific Urchin + 

Crab 

X  X     X X 

Day and Branch 

(2002) 

South 

Africa 

Urchin + 

Abalone 

X X X    X X  

Chia et al. (1999) 

Eastern 

Indian 

Ocean 

Urchin + 

Crab 

X         

Stebbins (1989) NE Pacific Urchin + 

Isopod 

X  X     X X 

Castro (1971) NE Pacific Urchin + 

Shrimp 

X       X  

McCloskey 

(1970) 

NE Pacific Urchin + 

Amphipod 

+ Diatom 

X X X    X X  
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Future Research 

Positive interactions have been increasingly recognised for their importance in the structure 

and functioning of ecosystems (Thomsen et al 2010). However, studies focusing on the role of 

negative species interactions in shaping ecosystems still far outweigh those focusing on the 

importance of positive effects.  Indirect effects add to the complexity with which ecosystems 

function and are intrinsically difficult to quantify, requiring long term manipulative 

experimental design (Ohgushi 2005). Whilst interest in indirect effects has recently grown, 

there is still a gap in our understanding of the roles that individual indirect effects have and 

their importance within many systems (Wootton 2002). An understanding of positive 

interactions, and both the direct and indirect pathways of occurrence, is essential to accurately 

predict the impact of potential perturbations for successful management of ecosystems. Future 

research should focus on the entire framework of these ecosystems to capture potentially 

important cascading effects that might further define species relationships. Experiments 

should centre on the effects of feeding behaviour and the nutritional benefits of association; 

the role of predation and the risks within versus outside of association with an urchin; as well 

as environmental stressors such as wave action and climate change on the survival of 

associates within and outside of preferred habitats. Finally the reproductive ecology of urchin 

associates as well as intraspecific interactions on hosts in driving potential facilitation 

cascades. 

Conclusion 

Each of the associates examined within this thesis appear to have adapted to their 

environment by forming important positive relationships with sea urchins for food and/or 

shelter (McCloskey 1970, Stebbins 1989, Thiel et al. 2003, Doti 2008, Maciá and Robinson 

2009). Throughout the past 50 to 100 years human impacts on marine ecosystems (such as 

overfishing) have resulted in a downturn in the abundance of species that prey on sea urchins 
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in some areas (Tegner and Dayton 2000). Within such areas this has caused an increase in the 

abundance of herbivorous species (such as sea urchins), and in turn is likely to have had a 

positive effect on species that associate with sea urchins (Steneck et al. 2002). Recently, 

however, direct threats to urchins by humans, such as harvesting for food (Lawrence 2001), 

creating suboptimal conditions that induce disease (Wang 2013), increased sedimentation 

(Phillips and Shima 2006) and ocean acidification (Schlegel et al. 2012) on local to regional 

scales have increased, which in turn will negatively impact on the species with which the 

urchins facilitate. This issue has been identified as particularly relevant to commercially 

harvested species that rely on urchins for survival, such as the abalone H. midae, which 

depends on the sea urchin P. angulosus throughout its juvenile stage for both food and shelter 

in South Africa. Depletion of sea urchin stocks in this location has seen a decline in abalone 

recruits, which has had significant impacts on the abalone industry in this region (Day and 

Branch 2002). Due to their relatively unstudied nature, many of these types of associations 

may disappear before we have the opportunity to understand their importance within 

ecosystem functioning. With a greater level of understanding of the important roles that sea 

urchins play within various ecosystems, the cascading effects as a result of threats to sea 

urchins can be managed appropriately, for the purpose of maintaining future biodiversity.   
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