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ABSTRACT 

Demands for the ocean’s resources have risen alongside expanding populations, 

underscoring the need for improved management. A sound understanding of a target 

species’ biology and ecology is pivotal to effective fisheries management. However, 

research is often limited in small-scale fisheries and for invertebrates. Turbo militaris is a 

large rocky-reef gastropod endemic to the east coast of Australia across ~ 8° of latitude. 

Turbo militaris is harvested by cultural, recreational and commercial fisheries for its high-

quality meat and large size. Efforts to manage T. militaris stocks are currently hampered by 

data deficiency, especially regarding life-history. Consequently, this work aims to increase 

the knowledge base on T. militaris, thereby providing a valuable case study for informing 

other gastropod fisheries. A shell-drilling and gonad-biopsy procedure was developed as a 

non-lethal method for reproductive sampling in T. militaris. Reproductive periodicity in T. 

militaris was assessed at two locations spatially separated by ~3° of latitude, using 

gonadosomatic index measures and oocytes obtained using the drill-biopsy method. T. 

militaris showed prolonged reproductive activity, with peak ripeness in warmer months and 

spawning over multiple events, mainly in winter. Reproductive timing was asynchronous 

between locations and linked to environmental variables such as sea surface temperature. A 

mark-recapture study was conducted to assess the mobility and growth of T. militaris at 

subtropical and temperate locations along eastern Australia. Movement patterns were 

similar across rocky shores; displacement distances were localised and non-directional, with 

limited upshore-to-downshore mixing. These findings suggest that harvested intertidal 

populations are not readily replenished, and unsuitable habitats may inhibit snail movement 

confining adult snails to each rocky shore. Thus, heavy harvesting may considerably impact 

local populations, especially for snails in shallow areas, while deeper habitats may be 

safeguarded due to limited accessibility. Turbo militaris grows rapidly and can live up to 10 

years. Growth varies latitudinally, with temperate snails growing faster, attaining a larger 

average size, having higher natural mortality and a shorter lifespan than subtropical snails. 

This indicates a potentially higher turnover for the temperate populations and thus a greater 

resilience to stress, whereas the subtropical snails may be more susceptible to overfishing 

or other environmental impacts due to slower recovery. Sexual maturity was attained by 

temperate snails in less than one year and within two years for subtropical snails, allowing 

approximately 1.5 years for temperate snails and 4.4 years for subtropical snails to 
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reproduce prior to entering the fishery. Therefore, current minimum size limits offer suitable 

protection across the fishery to ensure population replenishment. Should further 

management be required, decreased bag limits or total allowable catch for commercial 

fisheries may be necessary, especially in subtropical regions. Furthermore, due to limited 

adult movement and extended, asynchronous reproduction, spatial protection in favourable 

habitats would be suitable for reducing harvesting impacts and safeguarding existing adult 

populations. This research has substantially enhanced our knowledge on the biology and 

ecology of T. militaris. Turban snails are ecologically important and are valuable fisheries 

resources with cultural significance. By addressing data deficiencies on T. militaris, this 

research provides empirical data that supports the management of this important, spatially 

restricted species. 
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CHAPTER 1.  

 

INTRODUCTION 

Over the last several decades, demands on the ocean's resources have risen dramatically, 

consequential to expanding human populations and the attraction of coastal living (Anderson 

et al., 2011). Population growth is predicted to continue to rise over the coming decades 

(Gerland et al., 2014), thus escalating food consumption, including seafood (Teixeira & Silva, 

2023). Marine resources are essential to future food security, improved human nutrition and 

coastal livelihoods (Cohen et al., 2019; Golden et al., 2021; Maire et al., 2021). Seafood 

provides a pivotal source of global protein and micronutrient intake (Golden et al., 2016; 

Guillen et al., 2019; Golden et al., 2021; Tacon, 2022). The consumption of seafood is promoted 

as a healthy option compared to other agricultural meat choices (Tacon, 2022). However, 

ethical choice of seafood should prioritise stocks that are assessed, sustainable and effectively 

managed (Teixeira & Silva, 2023). 

Heavy harvesting of marine resources and the predicted impacts of future ocean climate 

conditions pose serious threats to marine ecosystems and fishery stocks (Anderson et al., 2011; 

Andréfouët et al., 2014). Increased pressure on the ocean’s resources has increased the 

proportion of stocks harvested above sustainable levels (Teixeira & Silva, 2023), with over 

37% of global seafood stocks currently overfished (FAO, 2024). Overharvesting can lead to 

stock depletions and overexploitation, which present dire consequences to future human 

nutrition and food security, especially in coastal communities of developing countries (Golden 

et al., 2016; Maire et al., 2021). As demands on common marine resources increase, alternatives 

become increasingly popular, with new underutilized resources promoted to supplement 

overfished stocks (Leiva & Castilla, 2002; Anderson et al., 2011). There is an urgency to 

effectively manage all marine resources to mitigate threats to exploited stocks so they can be 

sustained into the future.  

1.1 Gastropod fisheries 

Harvesting on rocky shores has been practised for thousands of years; however, harvesting of 

rocky shore invertebrates has dramatically increased over the last several decades (Anderson et 

al., 2011; FAO, 2024). The rocky shore is home to many invertebrates, including gastropods 
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harvested by subsistence, recreational and commercial fisheries (Anderson et al., 2011; 

Santhanam, 2018). Marine molluscs represent some of the most valuable invertebrate fisheries, 

contributing to around 7% of global commercial fishery production (Leiva & Castilla, 2002; 

FAO, 2021). Of the phylum Mollusca, the class Gastropoda accommodates around 3% of the 

global catch (Leiva & Castilla, 2002; FAO, 2021), with around 300 species of marine 

gastropods harvested commercially worldwide (Santhanam, 2018).  

Gastropods are an increasingly popular source of seafood harvested globally (Anderson et al., 

2011). Marine gastropods provide high-quality meat and are considered a delicacy in some 

countries, such as France, Japan, Korea and China (Santhanam, 2018). In addition, the shells 

of many marine gastropods are of high economic value (e.g., from Haliotidae, Strombidae, 

Conidae, Trochidae and Turbinidae), sought after for their ornamental beauty or their nacreous 

mother-of-pearl material (Nayar & Appukuttan, 1983; Murakoshi et al., 1993; Hickman, 1998; 

Andréfouët et al., 2014; Santhanam, 2018). Marine gastropods are also used for medicinal 

purposes, dye production, and the aquarium trade (Benkendorff et al., 2015; Schnierer & Egan, 

2016; Ahmad et al., 2018). 

1.2 Turban snail fisheries 

Turban snails are gastropods of the family Turbinidae (subclass: Vetigastropoda, Order: 

Trochida) and are primarily sought after for human consumption for their high-quality meat 

(Weidland et al., 1998; Santhanam, 2018). Turban snails offer a quality protein source (Romolo 

et al., 2021) that is high in essential micronutrients and polyunsaturated fats, with a good 

omega-three to six fatty acid ratio and low in saturated fats (Ab Lah et al., 2017b; Ab Lah et 

al., 2018). Turban snails may provide a suitable option for substituting other overexploited 

fisheries. For instance, turbinid meat offers an alternative option to depleted stocks of abalone 

(Davis et al., 2005; Anderson et al., 2011; Ab Lah et al., 2017b). Harvesting is expected to 

increase for turbinids, which may already be under stress from other environmental pressures 

(Zacharias & Kushner, 2006; Cooling & Smith, 2015).  

1.2.1 Commercial fisheries 

Turbinidae fisheries are responsible for around 4% of global commercial gastropod fisheries 

production (FAO, 2021). Turban snail commercial fisheries occur in many countries, with 

popular commercially harvested species including Turbo cornutus, T. marmoratus and 
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Megastraea undosa (Figure 1.1). Japan and South Korea lead global commercial turban snail 

production from landings of the highest-yielding species, T. cornutus (Leiva & Castilla, 2002; 

FAO, 2021). Turbo cornutus is distributed throughout South and Southeast Asia off the coasts 

of Japan, South Korea and Malaysia (Figure 1.1). Commercial fishing of T. cornutus dates back 

to the 1950s when landings yielded around 4,000 t annually (FAO, 2021). Commercial fishing 

of T. cornutus increased from the mid-1960s until the mid-20th century; landings have been 

relatively stable since, varying from around 8,000 to 10,000 t annually (FAO, 2021). Peak 

landings of T. cornutus, yielding around 20,000 t, occurred in 1973, 1998 and 2003 (FAO, 

2021). 

Turbo marmoratus is the largest snail of the genus Turbo (Reeve, 1848) and is one of the most 

widespread, with an extensive native and introduced distribution throughout the Indo–Pacific 

and Asia–Pacific (Devambes, 1961; Nayar & Appukuttan, 1983; Murakoshi et al., 1993; 

Andréfouët et al., 2014) (Figure 1.1). Turbo marmoratus is harvested commercially and for 

subsistence, for both its meat and shell. The mother-of-pearl shell of T. marmoratus (and other 

turban snails) is valued in the button-making, shell craft and jewellery-making industries 

(Nayar & Appukuttan, 1983; Yamaguchi, 1992; Murakoshi et al., 1993; Andréfouët et al., 

2014). Substantial commercial landings of T. marmoratus were reported through the 1980s 

(800-1000 t per year), but after that, the fishery experienced a dramatic decline (Nayar & 

Appukuttan, 1983), which continued through the 1990s and 2000s (Murakoshi et al., 1993; 

Anderson et al., 2011; Andréfouët et al., 2014). As T. marmoratus stocks have already been 

heavily depleted through overfishing (Murakoshi et al., 1993; Komatsu et al., 1995; Andréfouët 

et al., 2014), regeneration efforts, through translocation and reseeding, have been implemented 

to re-establish a sustainable fishery for (Andréfouët et al., 2014). 
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Figure 1.1. Turban snail fishery species throughout the world. Shading depicts approximate distributions. Turban snail images are proportional to 

actual size. 
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In the United States and Mexico, M. undosa fisheries (Figure 1.1) operate as substitute fisheries 

for overfished abalone stocks (Zacharias & Kushner, 2006; Martone & Micheli, 2012). 

Megastraea undosa meat is processed into an abalone-like product, termed 'wavalone' (a 

reflection of the common name, wavy turban snail) (Taniguchi & Rogers-Bennett, 2001). 

Commercial fishing of M. undosa dates back to the early 1990s at less than 10 t annually; 

landings peaked in the late 1990s, yielding over 30 t and, thereafter, reduced to around 10 t 

annually (Taniguchi & Rogers-Bennett, 2001). Little data is available on the current landings 

or sustainability of M. undosa fisheries. 

In Australia, common species of turbinids targeted by commercial fishing include T. militaris, 

T. marmoratus, Lunella torquata and L. undulata (Figure 1.1). Until the last two decades, 

commercial catch primarily comprised T. marmoratus, targeted in the northern parts of the 

continent, and L. undulata, which has been exploited in Tasmania since the 1980s (Keane et 

al., 2014; DCCEEW, 2018b). Landings of L. undulata in Tasmania steadily increased through 

the early 1900s and have since varied between 13 and 35 t, averaging 22 t per year (Keane et 

al., 2014). A commercial L. undulata fishery has operated in South Australia since 2000 as part 

of the South Australia Miscellaneous Fishery (DCCEEW, 2018b; PIRSA, 2024a). Harvest of 

L. undulata in South Australia increased in the first decade and has since remained low, with 

catch primarily sold domestically (DCCEEW, 2018b). The commercial L. undulata fisheries in 

South Australia and Tasmania are classified as sustainable and effectively managed (Keane et 

al., 2014; DCCEEW, 2018b). There is potential to expand the L. undulata fishery by increasing 

catch in unexploited areas (Keane et al., 2014). 

Australian species, T. militaris, L. torquata and L. undulata, are commercially harvested in the 

combined sea urchin and turban snail (SUTS) commercial restricted licence fishery in New 

South Wales (NSW) (Rowling et al., 2010; DCCEEW, 2018a; NSW DPI, 2018b). Harvesting 

turban snails in the SUTS fishery is permitted throughout NSW waters in compliance with 

commercial exclusion zones and marine park zoning (DCCEEW, 2018a; NSW DPI, 2024). 

Harvesting of turban snails in the SUTS fishery was relatively low during the early 1900s, 

yielding less than 1.5 t annually and increased during the late 1900s (Rowling et al., 2010). In 

2004, harvest peaked at just over 21 t; subsequent rises in yield occurred during 2006–2007, 

2016–2017 and 2020–2022 (Chick, 2023) (Figure 1.2). Commercial harvest has averaged 

around 5 to 6 t annually in recent decades (Chick, 2023) (Figure 1.2). Before 2009, landings 

were not reported to the species level; reporting after 2009 indicates that the catch composition 
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is mostly T. militaris (Chick, 2023) (Figure 1.2). The number of active fishers harvesting turban 

snails in the SUTS fishery has generally increased since 2000 (Chick, 2023) (Figure 1.2). 

Fishing for turban snails is considered low-impact and environmentally responsible due to the 

non-destructive harvesting method of hand collection (DCCEEW, 2018a; Chick, 2023). The 

exploitation status of turban snail stocks in the SUTS fishery is considered ‘undefined’ due to 

the limited available information on stock status (Rowling et al., 2010; Stewart et al., 2015). 

 

Figure 1.2. Catch (t) of turban snails and the number of active fishers (targeting turban snails) 

in the sea urchin and turban snail (SUTS) combined fishery in Australia. (Data: Chick, 2023). 
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1.2.2 Traditional and artisanal fisheries 

Subsistence fisheries are essential for food security and income for developing countries, 

especially through the islands of the South Pacific, Indo–Pacific and Asia–Pacific (Salas et al., 

2007; Purcell & Pomeroy, 2015; Cohen et al., 2019; Rousseau et al., 2019). Species targeted 

by subsistence fishers may be abundant in some remote places and, therefore, are highly 

valuable resources to the communities that harvest them (Holguin Quiñones & Michel-Morfin, 

2006). Traditional and artisanal turbinid fisheries include T. funiculosus in Mexico (Holguin 

Quiñones & Michel-Morfin, 2006), T. sarmaticus in South Africa (McLachlan & Lombard, 

1980, 1981; Bruton et al., 1991; Lasiak, 1991; Proudfoot et al., 2006), L. coronata throughout 

the Indo–Pacific, Arabian Peninsula and East Asia and L. smaragda in New Zealand (Figure 

1.1).  

Marine resources, including molluscs, have major economic, nutritional and cultural value for 

First Nations People (Faulkner, 2000; Henry & Lyle, 2003; Arrawarra Sharing Culture, 2009; 

Santhanam, 2018; PIRSA, 2024b). Traditional fisheries provide essential sources of protein 

and nutrients for many coastal communities. Traditional fishing represents a connection to 

Country for Indigenous Australians and is important for ceremonial and social values 

(Faulkner, 2000; Arrawarra Sharing Culture, 2009; Trân et al., 2016; PIRSA, 2024b). Evidence 

of traditional harvesting of marine gastropods, including turbinids, is found throughout coastal 

middens (Horwitz et al., 1991; Lasiak, 1992; McGrath et al., 2015; Sherwood, 2018; Cohen et 

al., 2019). In Australia, T. militaris, L. torquata and L. undulata are recognised as traditional 

resources for Indigenous Australians (Arrawarra Sharing Culture, 2009; PIRSA, 2024b). 

Turban snails are a valued cultural food resource; traditionally, the animal is cooked on the fire, 

by boiling or in hot coals (Arrawarra Sharing Culture, 2009). Turban snail shells are also 

valuable as they can be fashioned into sharp objects such as needles, cutting instruments or 

fishing hooks (Arrawarra Sharing Culture, 2009).  

1.2.3 Recreational fisheries 

Recreational fishing is an important pastime in Australia, with around one-fifth of the 

population engaging in fishing activities at least once yearly (Henry & Lyle, 2003; Moore et 

al., 2023; Murphy et al., 2023). The rocky shore provides an accessible habitat for recreational 

fishers to collect marine invertebrates with little effort, skill, or gear. Turban snails are a 

relatively easy-to-catch source of protein as they are large-sized compared to most other 
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intertidal invertebrates, often occur in high densities and have low mobility (compared to fish) 

(McLachlan & Lombard, 1980; Bruton et al., 1991; Pulfrich & Branch, 2002; Holguin 

Quiñones & Michel-Morfin, 2006; Wernberg et al., 2008; Cooling & Smith, 2015; Ab Lah et 

al., 2017b). Turbinids are recreationally collected for food, and for bait by anglers (McLachlan 

& Lombard, 1980; Bruton et al., 1991; Pulfrich & Branch, 2002). In Australia, turban snails 

commonly targeted for recreational harvesting include T. marmoratus, T. militaris, L. torquata 

and L. undulata (NSW DPI, 2023; PIRSA, 2024b; The State of Queensland, 2024; The State 

of Victoria, 2024). Recreational harvesting is highly prevalent in NSW, where T. militaris and 

L. torquata are primary targets. While fishers can shallow dive for turban snails, harvesting 

pressure is highest on intertidal rocky platforms. 

Defining the scale of non-commercial fisheries presents inherent challenges, especially in 

remote areas, as the catch is generally unreported and consumed locally (Schnierer & Egan, 

2016). Recreational fishers’ catch may be substantial due to the large number of participants 

for some species (Henry & Lyle, 2003). Limited scientific studies are conducted on small-scale 

fisheries species compared to those from larger fisheries (Rousseau et al., 2019), and catch data 

are hard to reliably document and often limited (DCCEEW, 2018b; Chick, 2023). In Australia, 

the quantity of recreational catch of turban snails is undefined. In NSW, non-commercial 

harvest is suggested to be of a similar magnitude to commercial harvesting (Rowling et al., 

2010; DCCEEW, 2018a). In South Australia, despite the limited data to assess the stock's 

potential, the non-commercial harvest of L. undulata is considered negligible (DCCEEW, 

2018b), perhaps due to the restriction on intertidal collection (Table 1.1). Nevertheless, non-

commercial harvesting is predicted to rise with expanding populations, particularly with an 

influx of seasonal agricultural workers in some coastal locations, such as the NSW mid-north 

coast (Cooling & Smith, 2015). Thus, future unregulated or mismanaged recreational 

harvesting could negatively affect marine ecosystems and threaten fisheries sustainability 

through overexploitation. 

Turban snail populations are currently being monitored on rocky shores in the Solitary Islands 

Marine Park (SIMP) by the Department of Primary Industries and Regional Development 

(DPIRD) (project led by Dr. Hamish Malcolm and Prof. Stephen Smith). Preliminary results 

suggest that turban snail populations may be depleted at some locations which are accessible 

and are subjected to heavy recreational harvesting pressure (Malcolm et al., unpublished data). 

Intertidal recreational harvest may be higher in subtropical populations (e.g., SIMP) due to the 
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influx of transient agricultural workers (i.e., pickers from Asia and the Pacific) who may 

commonly supplement their protein from ocean resources (pers. comm. Prof Stephen Smith). 

During the fieldwork, groups of harvesters were often observed on rocky shores; given the per-

person bag limit (20 snails), the presence of multiple harvesters has the potential to rapidly 

deplete local populations (Cooling & Smith, 2015).  

1.3 Fisheries management and research inputs 

Increasing demands on marine resources, and the ongoing and projected impacts of climate 

change highlight the growing need for conservation and sustainable management of marine 

species. Sustainable fisheries management aims to manage harvests, protect habitats and ensure 

resources can be utilized into the future (Henry & Jarne, 2007). Management tools can be 

categorised into input and output controls that specify how, where and when fishing can occur 

(Bellido et al., 2020). Input controls, such as licencing, gear specifications and spatial and 

temporal protection measures (i.e., sanctuary zones or closed fishing seasons) conserve stock 

by limiting the fishing effort (Pope, 2002; Henry & Lyle, 2003; Bellido et al., 2020). Input 

controls have the advantages of being implemented prior to fishing activity and are simple to 

quantify (Bellido et al., 2020). Output controls regulate the outgoings of a fishery by setting 

limits on the size or amount taken from a resource by implementing size limits, bag limits and 

total allowable catch (Pope, 2002; Henry & Lyle, 2003; Bellido et al., 2020). Regulatory 

measures for Australian turban snails vary by state fishery; these include size and bag limits, 

spatial measures, licencing and commercial zoning, and total allowable catch (Table 1.1). 

1.3.1 Input controls 

Licencing is a common input control implemented in most fisheries in Australia (Table 1.1). 

Commercial licencing is mandatory for all commercial turban snail fisheries in Australia (Table 

1.1), with a restricted number of licences limiting harvest by controlling the number of 

permitted operators within the fishery. In Australia, the SUTS fishery is limited to 37 operators; 

many licence holders also hold endorsements in other fisheries (NSW DPI, 2018b). Licencing 

is also common in recreational fisheries, where fishers (excluding pensioners, children and First 

Nations People) must hold a paid licence to legally collect any animals (Table 1.1). Yet 

recreational licence fees are small, are uncapped on number of fishers, and catch reporting is 

not required. Recreational fishing may substantially impact stock as effort is difficult to define 

or regulate. 
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Table 1.1. Australian turbinid fisheries and management regulations. 

State Fishery Species Regulations Source 
New South 
Wales 

Sea Urchin Turban 
Snail Fishery 
(commercial) 

Turbo militaris 
Lunella torquata 
Lunella undulata 

Limited commercial licences 
Spatial closures through marine park zoning, 

aquatic reserves and commercial exclusion zones 
Size limit: minimum 75 mm shell width 

(NSW DPI, 2018b) 

Recreational Turbo militaris 
Lunella torquata 
Lunella undulata 

Mandatory recreational fishing license  
Spatial closures through marine park zoning and 

aquatic reserves 
Size limit: minimum 75 mm shell width (T. 

militaris and L. undulata) 
Bag limit: 20 individuals 

(NSW DPI, 2023) 

Victoria Recreational Lunella torquata 
Lunella undulata 

Mandatory recreational fishing license 
Spatial closures through Marine National Parks and 

Sanctuaries 
Habitat closure, prohibiting collecting invertebrates 

on intertidal reefs 
Bag limit: 5L of whole combined molluscs 
Bag limit: 1L of shucked combined molluscs 

(The State of Victoria, 2024) 

Tasmania Periwinkle Fishery 
of Tasmania 
(commercial) 

Lunella undulata Commercial licencing 
Commercial zones and total allowable catch 
Size limit: minimum 45 mm shell width 

(Tasmanian Government) 



11 

 

 Recreational Lunella undulata Mandatory recreational sea fishing license 
Spatial closures through marine reserves 
Size limit: minimum 45 mm shell width 
Bag limit: 100 individuals 

(Tasmanian Government) 

South 
Australia 

South Australia 
Miscellaneous 
Fishery 
(commercial) 

Lunella torquata 
Lunella undulata 

Limited commercial licences 
Spatial closures through marine park zoning and 

aquatic reserves  
Individual fisher total allowable catch 
Fishing method restricted to diving 

(PIRSA, 2017) 

Recreational Lunella torquata 
Lunella undulata 

Habitat closure, prohibiting collecting invertebrates 
on intertidal reefs 

(PIRSA, 2018) 

Queensland Recreational Turbo 
marmoratus 
Turbo militaris 

Spatial closures through marine park zoning and 
no-take zones 

Size limit: 280g (T. marmoratus) 
Bag limit: 20 individuals (T. marmoratus) 
Bag limit: 30 individuals (combined molluscs and 

gastropods) 

(The State of Queensland, 2024) 
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Spatial management is commonly used in the marine estate to manage fisheries (Gill et al., 

2024). Marine reserves provide conservation outcomes through refuge areas, which promote 

ecosystem health, protect biomass, and enhance species diversity, abundance and size 

(Lester et al., 2009; Gill et al., 2024). Spatial measures are common in Australia and are 

achieved through marine park zoning and aquatic reserves, providing sanctuary or no-take 

zones where all collecting is prohibited (Table 1.1). Spatial protection measures are an 

effective means to safeguard populations of benthic invertebrates such as turban snails from 

harvesting, where greater abundances can be found in sanctuary zones (pers. comm. Dr. 

Hamish Malcolm; Pulfrich & Branch, 2002). Commercial fishing zones allow commercial 

harvesting in permitted areas (Table 1.1). Spatial management creates a network of areas 

where activities are prohibited and collecting and type of fishing gear is regulated, providing 

access to stakeholders and refuge for biota (Leiva & Castilla, 2002; Rowling et al., 2010; 

NSW DPI, 2018c). 

Temporal management stipulates the timing of the year in which fishing can and cannot 

occur, which involves closed and open harvesting seasons. Seasonal closures can be 

designed to protect adults from harvesting during their reproductive spawning season 

(Chang, 2002 as cited in Lee et al, 2014; Ward & Davis, 2002; Martone & Micheli, 2012). 

Seasonal closures are uncommon in turbinid fisheries, and there are no seasonal closures for 

turban snail fisheries in Australia. Temporal regulations occur in M. undosa fisheries in 

Mexico (Gluyas-Millán et al., 1999; Martone & Micheli, 2012; SPC, 2022) and T. 

marmoratus fisheries in French Polynesia (SPC, 2022); however, the suitability or 

effectiveness of these management regimes is not documented. Seasonal closures for 

harvesting T. cornutus are designed to protect the population during their spawning season 

(Chang, 2002 as cited in Lee et al, 2014). However, seasonal closures for T. cornutus may 

offer disparate protection across the fishery as the timing of spawning has since been shown 

to be asynchronous among locations (Lee et al., 2014). 

1.3.2 Output controls 

Catch limits are designed to support sustainable fishing strategies (Gluyas-Millán et al., 

1999). Bag limits refer to the number of animals one person is legally allowed to collect 

daily. Bag limits may offer benefits to slow moving animals, such as turban snails, due to 

their potential limited capability for adults to replenish heavily harvested areas. Individual 
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bag limits are a common output control in non-commercial turbinid fisheries (Bruton et al., 

1991; Cooling & Smith, 2015; NSW DPI, 2018a) (Table 1.1). In commercial fisheries, total 

allowable catch for operators or the entire fishery is common, such as for T. marmoratus 

(Andréfouët et al., 2014) and M. undosa (Martone & Micheli, 2012) and some Australian 

fisheries (Table 1.1).  

Size limits are a common output control in fisheries management, that specify the minimum 

or maximum legal size that animals can be collected. Individuals must be measured before 

collection to comply with regulations. In some fisheries, measurement devices are freely 

available (Figure 1.3). Minimum size limits aim to ensure that animals have had the chance 

to reproduce before being collected, whereas maximum size limits aim to enhance a 

population's breeding potential by protecting highly fecund larger individuals. In turban 

snail fisheries, maximum size limits are not typical and are only regulated for the large green 

snail, T. marmoratus, maximum size limits apply in some locations (SPC, 2022). Minimum 

size limits are much more common in turbinid fisheries (Nayar & Appukuttan, 1983; Bruton 

et al., 1991; Gluyas-Millán et al., 1999; Pulfrich & Branch, 2002; Andréfouët et al., 2014; 

NSW DPI, 2018a). Minimum size limits are compulsory for Australian turban snail 

fisheries, T. militaris and L. torquata in NSW, L. undulata in Tasmania and T. marmoratus 

in Queensland (Table 1.1). 

 

Figure 1.3. A turban snail legal length measuring device from New South Wales, 

Department of Primary Industries and Regional Development (photos: Professor Stephen 

D. A. Smith) (a, b). Snails must not be able to pass through the gap to be legally collected. 

An individual of Turbo militaris measured with the measuring device (c). Note: The 
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presence of a spine, a morphological trait of some turban snails, results in this individual 

being of legal size. 

1.3.3 Knowledge to inform effective management 

Knowledge on a target species is pivotal for building population models, comprehensive 

assessments of harvested stocks and guiding informed decision-making to effectively 

manage harvested species (Henry & Lyle, 2003; Anderson et al., 2011; NSW DPI, 2021). 

Essential information includes a sound understanding of the target species' functional 

biology and ecology (Leiva & Castilla, 2002; FAO, 2024), including reproductive biology 

and periodicity, size at maturity, fecundity, age and growth, and aspects of species ecology 

(Perry et al., 1999; Leiva & Castilla, 2002; Henry & Lyle, 2003; Martone & Micheli, 2012; 

FAO, 2020; NSW DPI, 2021). Consideration of the variability in life-history traits over 

spatial and temporal gradients is essential for the evaluation and refinement of management 

regulations across geographical ranges. This will help ensure that management regulations 

are not misinformed across broader scale fisheries (Martone & Micheli, 2012; Lee et al., 

2014). Furthermore, this information is important in understanding the potential impacts of 

future climate change on fisheries, such as fisheries resilience, distributional shifts and 

ecological changes. 

Understanding the population dynamics and standing stock of harvested populations is vital 

for fisheries management (Lasiak, 1991; Smith et al., 2006; Cooling & Smith, 2015). The 

lack of this information makes total allowable catch and zoning planning challenging to 

define (Pulfrich & Branch, 2002). Ecological knowledge, such as species habitat 

preferences, movements and population connectivity, is important for designing spatial 

protection measures, such as sanctuary zones (Smoothey, 2013). Understanding species 

ecology is especially relevant for species harvested on rocky shores, as cross-shore 

connectivity of adult populations may facilitate replenishment of harvested stocks from 

adjacent unfished populations (Bruton et al., 1991; Proudfoot, 2006; Keane et al., 2014; 

Cooling & Smith, 2015).  

Information on life-history provides essential knowledge underpinning management 

regulations to promote sustainability (Ponder et al., 2020). Reproductive seasonality of the 

target species may inform seasonal closures, as these can be implemented on the basis of 

protecting adults during peak spawning seasons (Chang, 2002 as cited in Lee et al., 2014; 
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Martone & Micheli, 2012). Knowledge of reproductive biology can provide information for 

size and bag limits by identifying recruitment and stock replenishment potentials (Leiva & 

Castilla, 2002; DCCEEW, 2018b). Biologically appropriate size limits are based on 

information on the size at sexual maturity, fecundity and reproductive seasonality 

(Devambes, 1961; Martone & Micheli, 2012; DCCEEW, 2018b). Suitable limits should 

allow individuals to reproduce at least once or twice before entering the fishery (Keane et 

al., 2014). Research on growth rate, age and longevity can informs fisheries management 

strategies (such as bag limits) because they provide insights for estimating maximum 

sustainable yield (Bourgeois et al., 1997; Pulfrich & Branch, 2002; Ramesh et al., 2010; 

Andréfouët et al., 2014).  

Fisheries regulations should be based on adequate scientific data, to guide decision-making 

(Cochrane, 2002; Bellido et al., 2020). However, scientific studies may be deficient for 

small-scale invertebrate fisheries where research attention is limited (Rousseau et al., 2019). 

Studies on turbinids date back over 40 years. However, there are still considerable gaps in 

our knowledge of this family, especially in small-scale or remote fisheries (Bruton et al., 

1991; Holguin Quiñones & Michel-Morfin, 2006; Proudfoot et al., 2006), and basic 

information about many turbinid species is limited in the scientific literature (Table 1.2). 

These knowledge gaps highlight the need for relevant research to support the sustainable 

management of turbinid fisheries. For stocks that lack relevant information, a conservative 

approach to fisheries management should be adopted to prevent overexploitation until 

stocks can be fully assessed and management practices better informed.
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Table 1.2. The number of papers based on searches in the Web of Science (Clarivate Analytics, 2024) database using “Turbinidae” and “turban 

snail” and the listed search terms. The total number of papers listed for Turbinidae were screened to represent the number of studies for each listed 

species. An asterisk indicates a truncation search operator. 

  Turbo  Lunella  Megastraea 

 

T
ur

bi
ni

da
e 

 

Tu
rb

o 
m

ili
ta

ri
s 

Tu
rb

o 
co

rn
ut

us
 

Tu
rb

o 
sa

rm
at

ic
us

 

Tu
rb

o 
fu

ni
cu

lo
su

s 

Tu
rb

o 
m

ar
m

or
at

us
 

Tu
rb

o 
sa

za
e 

Tu
rb

o 
se

to
su

s 

 

Lu
ne

lla
 to

rq
ua

ta
 

Lu
ne

lla
 u

nd
ul

at
a 

Lu
ne

lla
 sm

ar
ag

da
 

Lu
ne

lla
 c

or
on

at
a 

 

M
eg

as
tr

ae
a 

un
do

sa
 

fisheries management 65 3 4 3 1 1    3 1  3  7 
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population dynamics 36 1 3 1 1     2 2  2  4 
reprod* OR spawning 
OR fecundity 43 3 1 3  2    4 2 1 2  5 
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growth OR age 71 1 4 1   1 1  5 3    6 

habitat OR macroalgae 
OR herbivor* 84 1 6 5  1 2   4 3  3  4 
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1.4 Biology and ecology of turban snails 

1.4.1 Taxonomy and diversity  

Gastropods are among the most speciose class of the phylum Mollusca, occurring across 

terrestrial, freshwater and marine habitats (Kay et al., 1998). Gastropods from the order 

Trochida occur in a large array of marine environments; in Australia, they are a dominant 

component of rocky shores assemblages (Hickman, 1998). Turban snails are herbivorous 

gastropods from the family Turbinidae (Figure 1.4). Turban snails are found worldwide, 

currently with, 274 accepted species from 25 genera (WoRMS Editorial Board, 2024). 

Snails from the family Turbinidae can be found at various latitudes and depths worldwide 

but are highly diverse throughout shallow subtropical and warm-temperate waters (Beechey, 

2005). Turban snails of the genus Turbo occur primarily in warm waters (Figure 1.1), 

confined to more tropical locations than other genera (Reeve, 1848). 

 

Figure 1.4. Taxonomic diagram for the turban snail Turbo militaris. 
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1.4.2 Morphology 

Turban snails have a hard shell that supports and protects the soft-bodied animal. The shells 

are turbinate or helicoid where whorls are laid down successively around a central columella 

(Figure 1.5) (Reeve, 1848). The hard shell is secreted from the mantle epithelium and 

calcium glands in calcium carbonate layers as aragonite or calcite (Kay et al., 1998). The 

inside of the shell is a pearly nacre, which is often quite iridescent (Reeve, 1848). An organic 

layer, the periostracum, is generally present, which provides an outer layer of the shell (Kay 

et al., 1998). In some species, the shell has protuberances as bumps or spines. The 

protuberances of T. coronatus vary between localities due to either intragenerational 

selection or phenotypic plasticity, most likely the latter (Kurihara et al., 2006). 

Turban snails possess a markedly calcified operculum attached to the opercula disc dorsally 

located on the foot (Fretter et al., 1998). The operculum sits inside the shell when the animal 

is emerged, and when the animal retracts into the shell, the operculum seals the aperture 

closed (the shell opening) (Fretter et al., 1998) (Figure 1.5). The operculum is secreted by 

the opercular lobe and grows simultaneously with the shell. There are different operculum 

forms in Turbinidae, specific to different species; the coiling patterns are usually multispiral 

or paucispiral, the shape is usually oval to almost circular, and the surface ranges from 

smooth to strongly sculptured (Reeve, 1848; Weidland et al., 1998). 

Gastropods are asymmetrical and generally whorl in a dextral spiral (right-handed or 

clockwise as seen from the apex) (Kay et al., 1998). Internal anatomical features can be 

grouped into the lower foot and the higher visceral mass (Figure 1.5). The lower part 

protrudes when the animal emerges from the shell and interacts with the environment for 

feeding and locomotion (Fretter et al., 1998; Kay et al., 1998). The strong muscular foot is 

used to attach the animal to the substrate and undulates for forward movement. The lower 

part also comprises the head, which houses the feeding and sensory organs, including the 

eyes, cephalic tentacles, mantle papillae and snout with a mouth and a radula, a toothed 

muscular structure used for feeding (Fretter et al., 1998; Hickman, 1998; Kay et al., 1998). 
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Figure 1.5. External and internal anatomy of a turban snail, reflective of Turbo militaris. 

Internal anatomy adapted from Fretter et al. (1998) and Hickman (1998); some organs are 

not illustrated. 

A strong columellar muscle attaches the animal to the shell columella, which contracts to 

move, emerge, and retract the animal (Fretter et al., 1998). The visceral mass bears the 

columellar muscle and the internal organs responsible for digestion, reproduction and 

circulation (Kay et al., 1998). The mantle cavity contains the ctentidium (feather-like gills), 

osphradium (a sensory organ to detect water chemical changes), a central contractile heart, 

kidneys, stomach organs, rectum, mucous-producing hypobranchial gland, and a central 

nervous system encompassing five brain structures (Fretter et al., 1998; Kay et al., 1998). 
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Prosobranch gastropods are primarily dioecious, possessing a single gonad which is closely 

associated with the digestive gland and fills most of the coils from the penultimate whorl to 

the apex (Fretter et al., 1998; Kay et al., 1998). 

1.4.3 Life-history  

Turbinids undergo continuous gametogenesis with peak spawning events and vitellogenesis 

shortly after spawning (Underwood, 1974; Joll, 1980; Lasiak, 1986; Hickman, 1998; Ward 

& Davis, 2002). Spawning in turbinids occurs with a broadcast strategy and external 

fertilisation (Grange, 1976a; Komatsu et al., 1995; Fretter et al., 1998). The larvae are 

generally lecithotrophic with a short planktonic period of three to five days (Grange, 1976a; 

Andréfouët et al., 2014) and some up to 10 days (Lasiak, 1986; Salas-Garza et al., 2009). 

Reproductive fecundity has not been widely reported for turbinids, and there is no research 

on the reproductive potential of any Australian species. Research from other countries 

indicates that larger turbinids are more highly fecund than smaller species, and fecundity is 

positively correlated with animal size (within species) (Komatsu et al., 1995; Ramesh et al., 

2010; Martone & Micheli, 2012). 

Spawning seasonality and duration are diverse, occurring over short periods or extended 

seasons, most turbinids have a cycle of annual reproduction (Lasiak, 1986; Komatsu et al., 

1995; Lee, 2000; Matoto et al., 2002; Guzmán Del Próo et al., 2003; Salas-Garza et al., 

2009; Ramesh et al., 2010; Afsar et al., 2013). However, some turbinids spawn over multiple 

annual events (Underwood, 1974; Kay et al., 1998). Australian turbinids L. undulata, L. 

torquata and T. intercostalis exhibit multiple, close events or a prolonged breeding season 

with peak activity generally in the warmer months (Underwood, 1974; Joll, 1980; Ab Lah 

et al., 2019). However, L. torquata has also been shown to spawn twice a year, in autumn 

to winter and spring to summer in southern NSW, with asynchronous events between 

spatially separate populations (Ward & Davis, 2002). Until now, there have been no studies 

on reproduction in the key Australian fisheries species, T. militaris. 

Size at sexual maturity in turbinids is generally greater in larger species. Larger turbinids 

generally reach maturity around just under half their maximum size (Yamaguchi, 1988; 

Lasiak, 1991; Martone & Micheli, 2012; Andréfouët et al., 2014). For Australian turbinids, 

L. torquata and T. intercostalis gonad development was observed at shell heights between 

15 mm and 22 mm (Joll, 1980). This size is similar to maturity in the medium sized New 
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Zealand species, L. smaragda which reach maturity as small as 15 mm shell diameter 

(Walsby, 1977). The smaller South African species, T. brunneus reached maturity at a size 

between 23 mm and 27 mm, which is similar to the smaller Australian turbinid L. undulata. 

Sexual maturity in L. undulata was reached at shell heights between 23 mm and 32 mm in 

Tasmania, where snails at lower latitudes had a smaller size at maturity than those in the 

cooler waters of higher latitudes (Keane et al., 2014). In contrast, for the northern 

hemisphere species, M. undosa (in Mexico), females reached sexual maturity at a smaller 

size in higher latitudes than those in warmer lower latitudes (Martone & Micheli, 2012). 

Turbinids are long-lived with a moderate to fast growth rate (Bruton et al., 1991; 

McClanahan, 2002). Turban snails have a logarithmic growth pattern, where smaller 

individuals have faster growth and obtain a greater yearly growth increment than larger 

individuals (Bruton et al., 1991; Ramesh et al., 2009; Keane et al., 2014). The growth of 

Australian turbinids has been the focus of a limited number of studies (Keane et al., 2014; 

Kienzle et al., 2022) and, until now, none have considered growth in T. militaris. For the 

Australian species, L. undulata, growth rate varied over latitudinally separate populations 

in Tasmania, where growth was faster at higher latitudes, and snails had a greater maximum 

size (Keane et al., 2014). Spatial variability in growth may be due to algal productivity; for 

example, the subtropical species M. undosa (in Mexico) has a higher growth rate in 

upwelling areas, compared to less productive areas (Martone & Micheli, 2012). 

1.4.4 Distribution and ecology 

Turban snails are exclusively marine (Hickman, 1998). The highest diversity of turban snails 

occurs in shallow subtropical and temperate waters (Hickman, 1998), but they can be found 

in various latitudes and depths worldwide (Beechey, 2005). Turbinids mainly inhabit rocky 

shores and shallow subtidal waters (Bruton et al., 1991; Holguin Quiñones & Michel-

Morfin, 2006; Proudfoot, 2006) and are often highly abundant in the intertidal zone (Pulfrich 

& Branch, 2002; pers. obs.). Australian turbinids are common in the lower littoral zone and 

shallow subtidal waters (Worthington & Fairweather, 1989; Hickman, 1998; Ettinger-

Epstein & Kingsford, 2008; Smoothey, 2013).  

The distribution of turban snails can be patchy as they are often restricted by the presence 

of suitable habitat (Smoothey, 2013). Turban snails prefer reefs with consolidated benthos 

and high habitat complexity, with the presence of cracks, holes and crevices important for 
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shelter (Ettinger-Epstein & Kingsford, 2008; Wernberg et al., 2008; Smoothey, 2013). 

Turban snails tend not to be found in barren or sandy regions or areas with low complexity 

(Ettinger-Epstein & Kingsford, 2008; Smoothey, 2013). Australian turbinids are closely 

associated with biogenically structured habitats (Wernberg et al., 2008; Smoothey, 2013). 

As generalist herbivores, they are found in areas with a high abundance of algae, such as 

crustose coralline algae, turfing algae, green algae (including Ulva spp.) and canopy-

forming algae, such as Ecklonia radiata or Sargassum spp. (Worthington & Fairweather, 

1989; Wernberg et al., 2008; Smoothey, 2013). The preferred habitat of T. militaris includes 

structures formed by aggregations of the polychaete worm Idanthyrsus pennatus (Cooling 

& Smith, 2015), the solitary ascidian, Pyura stolonifera or the brown alga, Hormosira 

banksii (pers. obs.). 

As turbinids occur across intertidal and subtidal habitats, movement between zones could 

be important in buffering harvested stocks in the intertidal zone (Walsby, 1977; Lasiak, 

1991; Cooling & Smith, 2015; Hayakawa et al., 2018) assuming the animals can readily 

move between the zones. A study on L. smaragda assessed movements through monthly 

population assessments and found that vertical (especially down-shore) movement was 

much greater than lateral movements (Walsby, 1977). However, the connection between 

intertidal and subtidal populations of turbinids is not well understood. 

In turbinids, a high degree of connectivity is facilitated by the larval phase, connecting 

distant populations and promoting genetic connectivity (Nimbs et al., 2023). Adult turban 

snails are less mobile (Ettinger-Epstein & Kingsford, 2008; Yeo et al., 2024), with 

locomotion facilitated by the muscular contraction of the foot in waves (Fretter et al., 1998; 

Kay et al., 1998). Gastropods in the order Trochida are generally negatively phototactic, 

primarily active at night and sheltering during the daytime (Fretter et al., 1998). In a thermal 

tolerance laboratory study, L. undulata and T. militaris demonstrated higher activity at night 

and movements restricted to a preferred thermal range (Ab Lah et al., 2017a). Movements 

have been shown to be mediated by size for some turban snails, where larger sized L. 

torquata have greater movements than smaller individuals (Ettinger-Epstein & Kingsford, 

2008). Furthermore, larger individuals of L. smaragda and M. undosa move down-shore 

and tend to occupy deeper waters than smaller snails (Walsby, 1977; Taniguchi & Rogers-

Bennett, 2001). In contrast, smaller individuals of L. undulata, L. torquata and T. cornutus 
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tend to remain in sheltered habitats and have lower mobility (Worthington & Fairweather, 

1989; Smoothey, 2013; Hayakawa et al., 2018).  

Turbinids are a conspicuous component of reef platforms, often clustering and occurring in 

high densities (Holguin Quiñones & Michel-Morfin, 2006; Wernberg et al., 2008). They are 

among the most abundant herbivores on Australian intertidal lower rocky shores, and 

consequently are expected to influence community structure (Hickman, 1998; Wernberg et 

al., 2008). Turbinids are an important prey food source for predatory sea snails (i.e., whelks 

– Dicathais orbita), sea turtles, large fish and octopus (Hickman, 1998; SPC & LMMA 

Network, 2021). As generalist, opportunistic herbivores that often occur in high densities, 

turban snails can play a functional role in their ecosystems by facilitating nutrient flow 

(Worthington & Fairweather, 1989; Hickman, 1998; Wernberg et al., 2008). Heavy grazing 

has a top-down influence on algal cover and, depending on density and rate of grazing, can 

substantially influence the abundance and distribution of macroalgae (Worthington & 

Fairweather, 1989; Wernberg et al., 2008; Martone & Micheli, 2012). Additionally, turban 

snails can be useful in research as indicators of ecosystem health, environmental change, 

and as bio-accumulators of environmental trace elements (Ab Lah et al., 2018). 

1.5 The study species: Turbo militaris 

Turbo militaris (Reeve, 1848) is a large turbinid gastropod (Family: Turbinidae). Turbo 

militaris can attain large sizes of up to 130 mm shell height (pers. obs.). The shell has a 

ventricose shape (bulging in the lower region of the shell) with smooth whorls that slant 

around the spire and is imperforated (closed umbilicus) (Reeve, 1848). The external shell is 

a faun colour with a distinct pattern of maroon lines and blotches (Figure 1.6a); the 

columella edge exhibits a blue-grey colour, and the interior is nacreous (Reeve, 1848). The 

shell is often encrusted with epifaunal growth from crustose coralline algae, turfing algae or 

polychaete worms. The morphology of the shell ranges from smooth to spiny; the extent of 

protuberances ranges from incipient bumps to prominent open-fronted spines (Figure 1.6b). 

An individual can have up to five rows of spines, and individuals of any size can exhibit any 

number or extent of spines (Smith et al., 2007). The calcified operculum of T. militaris is 

round and smooth, with a paucispiral formation and an eccentric nucleus (Figure 1.6c). 
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Figure 1.6. Illustration of Turbo militaris (a), shell morphology (smooth and spiny) (b), and 

operculum (depicted from the underside) (c). 

Turbo militaris is endemic to the east coast of Australia, inhabiting the eulittoral and 

infralittoral zones on rocky shores and shallow rocky reefs up to around 20 m water depth. 

The current distribution of T. militaris extends across approximately 8° of latitude from 

southern Queensland to southern NSW (Beechey, 2005; Atlas of Living Australia, 2023; 

GBIF.org, 2025; iNaturalist, 2025) (Figure 1.7). Over the last few decades, T. militaris has 

undergone a poleward range extension over the last several decades (Beechey, 2005; Atlas 

of Living Australia, 2023; Nimbs et al., 2023) (Figure 1.7). Prior to the 1970s, T. militaris 

was common in northern NSW but sparse around Sydney (33.8° S) (pers. comm. Dr. Phil 

Coleman). By the early 2000s, T. militaris was described as common around Sydney, with 

some sightings as far south as Wollongong (34.4° S) (Beechey, 2005). Currently, T. militaris 

is common around Sydney (pers. comm. Dr. Gary Hamer) and on the NSW south coast as 

far as Jervis Bay (35.2° S) (pers. comm. Dr. Nathan Knott and Dr. Jeremy Day). Further on 

the south coast, T. militaris are rare (GBIF.org, 2025), with the southernmost sighting of 

one individual in Guerilla Bay in 2011 (35.8° S) (iNaturalist, 2025). 



25 

 

 

Figure 1.7. Distribution of Turbo militaris from southern Queensland to southern New South 

Wales. Shading denotes approximate distribution and poleward range extension. 

The warm poleward flowing East Australian Current (EAC) strongly influences 

oceanographic conditions and coastal ecosystems along Australia’s east coast (Ridgway & 

Hill, 2014; Pattiaratchi & Siji, 2020; Phillips et al., 2022). The EAC has strengthened and 

extended poleward over the last several decades and is predicted to intensify in future 

climate conditions (Ridgway & Hill, 2014). Thus, the Australian south-east coast is 

considered a global warming hotspot (Hobday & Pecl, 2013). The preferred water 

temperature of T. militaris is 22 °C (Ab Lah et al., 2017a), which is expected to be 

increasingly exceeded within its range on the east coast of Australia. Thus, T. militaris is an 

example of a species impacted by climate change (Ab Lah et al., 2017a). 
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1.6 Thesis aims and structure 

1.6.1 Rationale 

Despite the importance of turbinids traditionally, environmentally, and as fisheries 

resources, they have been the focus of very little scientific research to date, especially life-

history studies (Table 1.2). Of the harvested Australian turbinids, T. militaris is highly 

targeted due to its large size, often accessible habitat, ease of collection and quality for 

human consumption (Ab Lah et al., 2017b), yet is one of the least represented throughout 

the literature. Studies on T. militaris are limited to genomics (Nimbs et al., 2023), thermal 

tolerance (Ab Lah et al., 2017a; Mamo et al., 2019), nutritional quality (Ab Lah et al., 2017b; 

Ab Lah et al., 2018), regional population characteristics and harvesting impacts (in the 

Solitary Islands Marine Park) (Mohring, 2007; Cooling & Smith, 2015). However, critical 

knowledge gaps remain including an understanding of reproduction, maturity, growth, 

longevity and movements. The limited information to inform sustainable management, the 

potential for overharvesting and the cultural and fisheries significance of T. militaris 

provides a strong rationale for this research. 

1.6.2 Aim 

This thesis aims to address current knowledge gaps on the biology and ecology of the 

recreationally, commercially, and culturally harvested turban snail, T. militaris (Figure 1.8). 

Specifically, this work aims to provide empirical data on reproduction, mobility, age and 

growth and size at maturity. Given that the fishery spans over 8° of latitude in a climate 

change hotspot, this research aims to offer insights into the spatial variability in life-history 

traits for turbinids over latitudinally separate locations. Overall, this thesis aims to elevate 

our knowledge of T. militaris and provide information that could inform effective fisheries 

management decisions and facilitate the transition of this species from data-deficient to 

scientifically managed. 

1.6.3 Structure 

The thesis consists of an introductory chapter, four data chapters and a general discussion 

chapter (Figure 1.8). The overarching aim will be addressed through the aims and objectives 

of each chapter. 
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Figure 1.8. Conceptual diagram outlining the aims and structure of the thesis: Fishery 

biology and ecology of the marine snail, Turbo militaris. 
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Chapter 1: Introduction 

Chapter 1 aims to outline the knowledge gaps and provide a rationale for the research. The 

objectives of Chapter 1 are to provide background information on turbinid fisheries, 

common and current management regulations in turbinid fisheries and the kinds of 

information required for building effective management strategies; review the current state 

of knowledge on the biology and ecology of turban snails; and provide background 

information on the study species. 

Chapter 2: Data chapter: Shell drilling and gonad biopsies provide a rapid, non-lethal 

method for in-situ assessment of reproductive periodicity in a turbinid gastropod 

Chapter 2 aims to develop and test a method for non-lethal sampling of the reproductive 

organs in turban snails with the goal of applying this to study reproductive periodicity in T. 

militaris. The objectives of Chapter 2 are to: develop a shell drilling and gonad biopsy 

method; validate the method as non-lethal in the laboratory; optimise the placement of the 

biopsy; develop a technique for storing oocytes for applicability in the field; and trial the 

technique on T. militaris in the field. 

Chapter 3: Data chapter: Extended and spatially asynchronous reproductive periodicity 

in a harvested, warm-temperate rocky-reef gastropod (Turbinidae) 

Chapter 3 aims to investigate the reproductive timing of T. militaris at spatially separate 

locations in NSW. The objectives of Chapter 3 are to: apply the non-lethal gonad biopsy 

method (from Chapter 2) alongside traditional methods of gonadosomatic index to 

determine spawning timing, comparing the results of the two methods; determine if 

spawning is synchronous between males and females; determine if reproductive timing is 

synchronous at two spatially different locations in NSW; and, investigate potential 

environmental variables driving reproductive periodicity. 

Chapter 4: Data chapter: Long-term mobility of a harvested, rocky-reef gastropod 

Chapter 4 aims to provide insights into the mobility of T. militaris and the extent of 

population connectivity on intertidal rocky shores and shallow reefs in NSW. The objectives 

of Chapter 4 are to: determine whether T. militaris migrates between intertidal and subtidal 

zones; quantify the extent of population mixing on rocky shores; compare the movement 
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patterns over different locations; and, determine if there are differences in displacement rate, 

directional movement or elevational change associated with animal size or shell 

morphology.  

Chapter 5: Data chapter: Spatial variation in age and growth of a harvested, subtropical 

to warm-temperate marine gastropod 

Chapter 5 aims to assess the age and growth of T. militaris in subtropical and warm-

temperate regions in NSW. The objectives of Chapter 5 are to: assess growth rate across a 

range of size classes; develop age-and-growth models and make comparisons between 

subtropical and temperate populations; establish size at sexual maturity and estimate age; 

determine age at legal harvesting size; and, infer longevity and natural mortality. 

Chapter 6: General Discussion  

Chapter 6 synthesizes the findings from previous data chapters, including latitudinal trends 

in life-history traits and discusses the broader significance of the project. Chapter 6 connects 

the research outcomes to fisheries management, provides insights for turban snail fisheries 

in changing climate conditions and discusses priorities for future research. 
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CHAPTER 2.  

 

SHELL DRILLING AND GONAD BIOPSIES PROVIDE A 

RAPID, NON-LETHAL METHOD FOR IN-SITU 

ASSESSMENT OF REPRODUCTIVE PERIODICITY IN A 

TURBINID GASTROPOD 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 2 has been modified as per university guidelines from the published paper: 

Seinor, K., & Benkendorff, K. (2023). Shell drilling and gonad biopsies provide a rapid, 

non-lethal method for in-situ assessment of reproductive periodicity in Turbinidae. Journal 

of Molluscan Studies, 89(2): e012. doi:10.1093/mollus/eyad012 
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Abstract 

Reproductive data on marine molluscs is imperative for informing conservation and 

management strategies. Most methods for assessing reproductive periodicity are lethal, 

which could be unfavourable for fragile populations. This study aimed to trial a non-lethal, 

drill-biopsy technique for assessing the reproductive cycle in the turbinid gastropod, Turbo 

militaris. This technique was tested in the laboratory, where a small hole was drilled into 

the shell, from where a biopsy of the gonad was taken. The procedures resulted in zero 

mortalities and rapid recovery of the animals when returned to seawater. Sex was identified 

by viewing the gonad colour through the shell hole and confirmed by viewing gametes from 

a biopsy. Preservation of the female biopsy was investigated, with buffered Formalin found 

to be the most suitable solution. The drill-biopsy method was also tested in the field; five 

(out of six) recaptured T. militaris had repaired the shell hole after six weeks and two were 

recaptured on multiple occasions up to the end of this study, 10 months later. The size-

frequency distributions of oocytes from female biopsies suggested an increase in mode size 

over two months with a shift towards a higher number of larger oocytes, supporting the 

practicality of this non-lethal approach to evaluate reproductive periodicity and sex 

determination. Non-lethal sampling is recommended for broad-scale studies and 

populations under stress; methods, such as the drill-biopsy technique, facilitate reproductive 

sampling without detriment to the target populations. 
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2.1 Introduction 

Seafood makes an essential contribution to global food security, constituting 20% of the 

average per capita intake of animal protein for billions of people (Guillen et al., 2019; Hicks 

et al., 2019). However, the world’s ocean resources are under threat due to overexploitation, 

with over 34% of the global seafood stocks currently overfished (FAO, 2020). Therefore, 

new sustainable options for under-utilized seafood species need to be considered. Marine 

gastropods are an increasingly important component to seafood, with many species targeted 

for commercial wild harvest and aquaculture (Leiva & Castilla, 2002; Anderson et al., 2011; 

FAO, 2021) (Table 2.1). Turbinids make up ~4.3% of gastropod fisheries (FAO, 2021) and 

are also produced by aquaculture in the Pacific Islands (Table 2.1) (FAO, 2022). Turbinids 

are also commonly harvested by recreational fishers on rocky shores and shallow reefs 

around the world (Pulfrich & Branch, 2002; Martone & Micheli, 2012; Keane et al., 2014; 

Lee et al., 2014; Cooling & Smith, 2015). This highlights the need to protect and manage 

stocks.  

For effective conservation or fisheries management, a good understanding of the functional 

biology of the target species is essential (Leiva & Castilla, 2002; FAO, 2020). Research on 

reproduction is important for understanding a species' life-history, including gametogenesis, 

parental investment, reproductive periodicity, reproductive synchrony, fecundity, age at 

maturity, sex ratios and population structure (Hughes, 1986; Ponder et al., 2020). There are 

significant gaps in knowledge on the reproduction of the many gastropods that are harvested 

in small-scale commercial fisheries (Table 2.1) or recreationally. Relatively few scientific 

papers have investigated aspects of Turbinidae reproduction, including the reproductive 

cycle, spawning or sex determination (Table 2.1). Only six studies have assessed the 

reproductive cycle or spawning in some turbinids, such as Lunella torquata, L. undulata, L. 

coronata, Turbo intercostalis and T. sarmaticus (Table 2.1) (Underwood, 1974; Joll, 1980; 

Foster, 1997; Ward & Davis, 2002; Afsar et al., 2013; Ab Lah et al., 2019). However, no 

studies have been done using non-lethal techniques and there is no previous work on the 

reproductive cycle of the study species, the turban snail T. militaris (Reeve, 1848). 
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Table 2.1. Summary of the main commercially harvested gastropod families. 

The number of (accepted) species (no. species), is sourced from WoRMS Editorial Board 2022 (WoRMS Editorial Board, 2024). The fisheries 
and aquaculture statistics, sourced from FAO (2021), are based on 2019 production, with percent of fisheries harvested from a total of 180,466 t, 
with the remaining taxa unidentified. The number of hits is based on searches in the Web of Science (Clarivate Analytics, 2024) database using 
the family name and the other listed search terms. The numbers in brackets are screened for relevant hits based on studies on reproduction in 
species within the target family only. An asterisk indicates a truncation search operator. 

 Muricidae Trochidae Volutidae Buccinidae Littorinidae Turbinidae Strombidae Haliotidae 

No. Species 2,440 1,176 7,87 501 303 254 234 106 

Fisheries harvest (t) 25,890 45 14,337 702 504 7,698 28,775 5,088 

% of Fisheries (FAO) 14.3% 0.02% 7.9% 7.0% 0.28% 4.3% 15.9% 2.8% 

Aquaculture harvest (t) 241,234 - - - - 2 1 203,379 

Aquaculture value 
(US$ 1000) 268,493 - - - - 6 5 2,257,649 

Search Term Number of hits 

Family 999 313 127 306 576 192 208 1,781 

Reprod* 274 49 (28) 44 (30) 83 (45) 150 (47) 29 (13) 67 (47) 377 

“Reproductive Cycle” 40 (26) 3 (1) 15 (7) 10 (5) 2 (1) 8 (4) 5 (3) 16 (9) 

Spawning 53 (39) 13 (10) 16 (9) 15 (9) 16 (11) 15 (6) 25 (20) 96 (64) 

“Sex determination” OR 
“sex identification” 3 (1) 0 0 1 (1) 2 (2) 0 1 (1) 8 (7) 
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Reproductive studies on gastropods using conventional methods generally involve the 

sacrifice of the study organisms to access and sample the reproductive organs. Histological 

methods are common (Joll, 1980; Lasiak, 1986; Afsar et al., 2013) as they elucidate 

reproductive structures on a cellular level. However, once the process of gametogenesis has 

been comprehensively assessed for a species or genus, continuing to apply invasive 

approaches (e.g., histology) may be unnecessary to obtain the core information required for 

fisheries management. Another common approach for the assessment of reproductive cycles 

in turbinids involves measuring or staging oocytes or taking weights and measurements of 

the whole gonad for condition and reproductive indices, such as the gonadosomatic index 

(Komatsu et al., 1995; Ward & Davis, 2002; Ab Lah et al., 2019). These studies are useful 

for determining the spawning cycle and optimal seasons for fisheries harvest but, to date, 

have also required destructive harvesting. 

Studies of reproductive periodicity generally demand high numbers of individuals from the 

same populations, with repeated collections over time, resulting in many animals being 

sacrificed. For example, Ward and Davis (2002) studied the reproductive cycle of L. 

torquata, which involved collecting 18–30 T. militaris every three to seven weeks at three 

different locations; this resulted in the sacrifice of over 1,200 L. torquata. A similar study 

by Ab Lah et al. (2019) sacrificed 137 L. undulata over 14 months (6–10 individuals 

collected per month) from one location in New South Wales (NSW), Australia to assess the 

reproductive cycle and nutritional quality. Sacrificing animals for research could adversely 

impact local populations, especially those already subject to harvesting depletions, 

populations with limited recruitment potential, species vulnerable to other stressors or 

endangered and threatened species (Berg et al., 1995; Svärdh, 2003; Tsakiris et al., 2016). 

Scientific collections may be small compared to large quantities of commercial harvests, 

however, depending on the spatial scale, such numbers might impact a population if research 

is concentrated in one location. For rare, endangered, vulnerable or data deficient species, 

scientific collections could pose serious threats to populations. Non-destructive methods 

should be favoured, and there should be a priority for research and development of these 

techniques, especially for larger-scale studies and monitoring purposes. However, these 

techniques must be developed and validated before application.  
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Non-lethal techniques have been successfully used in previous studies on various molluscs, 

including biopsy methods for extraction of foot, mantle and body wall tissues (Berg et al., 

1995; Naimo et al., 1998; Haskell & Pan, 2010; Khor et al., 2013). An increasingly popular 

method for non-lethal reproductive research involves using hypodermic needles and 

syringes to obtain gonad material. A gonad biopsy method was developed for non-lethal sex 

identification in limpets (Wright & Lindberg, 1979) and has since been utilized (Le Quesne 

& Hawkins, 2006; Guallart et al., 2013; Guallart et al., 2020). The gonad biopsy method has 

been succcessful in obtaining sperm from limpets suitable for fertilization (Guallart et al., 

2020) and to obtain viable gametes from abalone for interspecific fertilization (Visser-Roux, 

2011). The gonad biopsy technique has also been applied to bivalve species to assess gonad 

condition, obtain gametes, evaluate female gravidity and identify castrating parasites 

(Bradley, 1984; Acosta-Salmón & Southgate, 2004; Lee, 2010; Tsakiris et al., 2016; Beaver 

et al., 2019; Brian & Aldridge, 2020).  

Turbinids and many other harvested marine gastropods, such as trochids, muricids, 

strombids, volutes, buccinid whelks and littorinds (Table 2.1), possess a thick, protective 

outer shell that encases the reproductive organs (Santhanam, 2018). This shell can hinder 

the applicability of the direct biopsy method due to the difficulty associated with accessing 

the gonad (Dobson & Lee, 1994). For instance, in a study on the muricid gastropod Thaisella 

chocolata a gonad biopsy was used to obtain gametes and identify sex, although only after 

first cracking the shell open to access the reproductive organs (Mattos & Romero, 2016). In 

contrast, to identify the sex of the teguilid gastropod Rochia nilotica non-lethally, Dobson 

and Lee (1994) developed a ‘window’ technique that involved shaving back shell layers. 

The ‘window’ technique has been successfully used in subsequent studies to sex R. nilotica 

(Dobson, 1997; Gimin & Lee, 1997; Lee & Toelihere, 1997). Similarly, shell drilling has 

been successfully used to create a permanent hole in oysters without killing the animal 

(Veitch, 1974) and in mussels to extract live tissue samples, albeit with some lethal and 

sublethal effects (Svärdh, 2003). Methods of shell drilling (such as the ‘window’ technique) 

could be used to overcome the limitation of the protective outer shell to the gonad biopsy 

procedure; however, the two techniques have seldom been evaluated. 

Turbo militaris (Reeve, 1848) is characterized by a thick, whorled shell and calcified 

operculum, which together protect the soft-bodied animal (Beechey, 2005; Santhanam, 

2018). The head and muscular foot are located at the base of the shell and the gonad and 
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digestive gland coil up the apex of the shell. Turbinids are dioecious, with no external sexual 

dimorphism (Joll, 1980; Lasiak, 1986; Komatsu et al., 1995; Afsar et al., 2013); sex is 

distinguishable in the mature gonad, where the male gonad is cream-to-white in colour and 

the female gonad is dark green (Joll, 1980; Ward & Davis, 2002). Whilst the early life-

history of T. militaris is widely unknown, turbinids have been described as broadcast 

spawners with external fertilization (Grange, 1976b; Komatsu et al., 1995; Afsar et al., 2013; 

Andréfouët et al., 2014). 

The objective of this study was to investigate a potential non-lethal method for reproductive 

research in gastropod molluscs. Specifically, we aimed to optimize a non-lethal technique 

that could be used for assessing the reproductive periodicity of T. militaris in the field. We 

developed a method for shell drilling and gonad biopsy (hereafter referred to as the drill-

biopsy technique) in the laboratory. We tested the null hypothesis that the drill-biopsy 

technique is lethal in T. militaris. Then, we compared oocyte sizes throughout the gonad to 

optimize biopsy placement and test methods for preserving biopsy samples. Lastly, we 

tested the drill-biopsy technique in the field over two months, aiming to obtain data suitable 

for oocyte size-frequency graphs and then opportunistically monitored some drilled 

individuals for shell repair and survival over 10 months. 

2.2 Methods 

2.2.1 Experimental design 

Twenty-five individuals of T. militaris within a size range of 70–90 mm shell height were 

collected in March 2021 from the rock platform at Woody Head (29.4° S, 153.2° E), NSW, 

Australia. Whilst size at maturity is unknown for this species, from personal observations 

animals over 60 mm were mature; therefore, our target size class was chosen to encompass 

a moderately narrow range to reduce inter-individual variation, whilst ensuring all animals 

were mature. The individuals of T. militaris were placed in a bucket with aerated seawater 

and transported to the National Marine Science Centre (NMSC), Coffs Harbour, Australia 

within two hours of collection. At the NMSC, T. militaris were placed in aquaria with 

continual flow-through seawater and allowed to acclimatize for 10 days. The estimated 

water flow rate throughout the experiment was 1l/min, and the incoming water temperature 

range was 22.97–25.61 °C. Following the acclimatization period, a small, numbered tag was 



37 

 

glued to each shell using cyanoacrylate glue. The snails were randomly assigned to one of 

four treatment groups: 1, unmanipulated control (n = 5); 2, shell drilling (n = 5); 3, shell 

drilling and gonad biopsy (n = 10); and 4, shell drilling, gonad biopsy and the shell hole 

sealed (n = 5). Irrespective of the treatment group, all T. militaris were subject to the same 

amount of time out of the aquaria. 

2.2.2 Drill-biopsy technique 

A small hole was drilled into the shell of each treatment (snail groups 2–4) using a hand-

held, battery-operated rotary tool (Ozito 3.6V Lithium-Ion Cordless Rotary Tool) fitted with 

a 2-mm diamond point head. Each shell was placed with the aperture facing down, and the 

hole was drilled into the middle of the second largest body whorl (Figure 2.1a). Preliminary 

investigations determined that this location is directly above the middle of the gonad. Sex 

was identified through the shell hole by examining the colour of the gonad, which is green 

in females and creamy white in males. 

 

Figure 2.1. Field photographs of the drill-biopsy procedure performed on an animal of Turbo 

militaris (shell height ~80 mm), shell drilling (a) and gonad biopsy (b). 

A biopsy of the gonad was taken from each individual in groups 3 and 4 using a 16-gauge 

hypodermic needle fitted to a 1 ml syringe. Firstly, 500 μl of filtered seawater was drawn 

into the syringe and the needle was inserted carefully through the shell hole and into the 

gonad (Figure 2.1b). Gonad material was extracted by pulling the syringe plunger up, 

moving the needle slightly and retaining tension on the plunger during removal; these 
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techniques aided in the extraction of the highly viscous gonad material (as in, Wright & 

Lindberg, 1979; Brian & Aldridge, 2020). A new needle and syringe were used for each 

individual. The shell holes in individuals in group 4 were sealed by applying a small amount 

of marine safe, underwater epoxy putty (AquaStik Epoxy Putty, Stone Grey) over the hole.  

2.2.3 Monitoring 

All T. militaris were returned to aquaria within approximately 15 minutes and monitored 

for 16 days. Monitoring inspections occurred daily and involved observations of movement, 

foot adhesion, dormant behaviour and death. The T. militaris fed ad libitum on algae fouling 

the aquaria glass and miscellaneous macroalgae added to the tank. After 16 days in aquaria, 

the shell holes in all replicate snails in groups 2 and 3 were examined to see if the animal 

had repaired the shell hole. Individuals in group 4 were checked to see if the epoxy putty 

remained fixed to the shell. 

2.2.4 Additional biopsy studies 

The contents of each biopsy were smeared onto glass slides and viewed with an inverted 

microscope (Nikon Eclipse Ts2). To confirm the sex, we viewed the male gametes under 

400 x magnification and the female samples under 40 x magnification. Because of the time 

required to transport the samples from the field to the laboratory, where oocytes could be 

viewed with a microscope, we tested several solutions to preserve the female biopsy. We 

preserved samples for two days in ethanol (70%) and in ethanol (70%) / glycerol (1%) 

solution. Neither solution was adopted for subsequent use; the oocytes dehydrated and 

became distorted in ethanol and clumped together considerably in the ethanol / glycerol 

solution, resulting in their being difficult to view and unreliable for measurements.  

Biopsies from three female T. militaris were used to test preservation in 10% buffered 

formalin (formalin 4%, acetic acid 5%, calcium chloride dihydrate 1.3% and ultrapure water 

89.7%; FAACC). The fresh biopsies were immediately placed in a six-well plate and 

random photomicrographs of 20 oocytes in each sample were taken using a camera 

(MIcrome 20 Pro) fitted to the inverted microscope. These represented a control group for 

initial oocyte size in seawater (SW). The maximum handling time prior to preservation was 

20 min. Each biopsy was then transferred into microcentrifuge tubes containing 1 ml of 

FAACC and stored at room temperature. Photomicrographs were taken of 20 oocytes in 
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each sample after one (F1), two (F2) and three (F3) days of preservation in FAACC. The 

diameter of photographed oocytes was measured to the nearest 1 µm using the image 

analysis software package ImageJ v. 1.53k (Schneider et al., 2012). 

To assess whether the biopsy taken from the middle of the second largest body whorl was 

representative of the whole gonad, we sacrificed three female T. militaris. These snails were 

dissected and the gonad was sectioned into thirds (as in, Komatsu et al., 1995). Oocytes 

were collected using a scalpel blade from the top (T) and bottom (B) regions and from the 

middle region of the inner (centre of the gonad; IM) and outer (outer edge of the gonad; 

OM) areas. Each sample was placed in a six-well plate containing filtered seawater, up to 

50 oocytes in each sample were photographed with the microscope, and the diameter was 

measured using ImageJ . 

2.2.5 Field trial 

In June and July 2021, the drill-biopsy technique was tested in the field at Big Rocky, Port 

Stephens (32.8° S, 152.1° E), NSW, Australia. Twenty individuals of T. militaris within a 

size range of 60–90 mm shell height were collected from the low intertidal to shallow 

subtidal zones on each sampling occasion. The size range was selected to ensure only mature 

individuals were collected. The snails were brought to a suitable area on the shore for the 

drill-biopsy procedure. Once six females were identified and biopsied, no more T. militaris 

were drilled; the remaining unmanipulated snails were returned to their habitats. The 

biopsies were transferred directly from the syringes into (pre-prepared) microcentrifuge 

tubes containing 1 ml of FAACC. The shell holes in those biopsied and any sexed (drilled 

only) were sealed with a small amount of epoxy putty, and the snails were released to their 

initial collection location. The biopsies were transported to the NMSC, photomicrographs 

were taken of at least 50 oocytes (where present) in each sample, and the oocyte diameter 

was measured using ImageJ. In June, one biopsy was found to have no oocytes and in July, 

one biopsy had only one small oocyte; these samples were discounted from further analyses. 

During the second month of field trials (July), the six biopsied T. militaris were tagged with 

two small, numbered tags (Hallprint Glue-on Shellfish Tags) glued to the shell using 

cyanoacrylate glue (Selleys QuickFIX Supa Glue non-drip gel) before being returned to 

their collection location. This location was visited after ~ six weeks and periodically 
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thereafter for up to 10 months, with the intent to recapture the biopsied T. militaris. Upon 

recapture, the shell was examined for evidence of the drill-biopsy technique. 

2.2.6 Statistical analyses 

Data visualisation and statistical analyses were performed in RStudio v. 4.1.2 (RStudio 

Team, 2020; R Core Team, 2021). Data were assessed for normality and homogeneity of 

variance using Q-Q plots and Levene’s tests; parametric assumptions were accepted for the 

oocyte region data and the field trial data. Nested analysis of variance (ANOVA) was used 

to test for significant differences in the mean oocyte size among the different regions of the 

gonad (T, B, IM and OM), with individual as a random factor; a Tukey post hoc test was 

performed where ANOVA returned a statistically significant p-value. Nested ANOVA was 

used to test for significant differences in mean oocyte size between the two field trial 

months, with individual as a random factor. Stacked oocyte size-frequency graphs were 

constructed for the two-month field trial, and each month's mean and mode oocyte size were 

calculated. A two-sample Kolmogorov–Smirnov test was used to compare the distribution 

of the oocyte size-frequency graphs from the field trial. Levene’s tests for the oocyte 

preservation data revealed heteroscedasticity, and data transformations did not improve the 

homogeneity of variance. Therefore, a Kruskal–Wallis ANOVA was performed on the 

oocyte preservation data to test for significant differences in the mean oocyte size among 

the fresh (SW) and preserved (F1, F2 and F3) samples. Significance was accepted in all tests 

where p ≤ 0.05. 

2.3 Results 

2.3.1 Monitoring and survival 

All T. militaris were deemed fit prior to the procedures; each individual was attached to the 

aquarium glass or another shell. The drill-biopsy method was rapid, taking less than five 

minutes for each individual and appeared to have no immediate negative effect on the snails. 

There were no mortalities during the procedures, and all snails displayed normal behaviours 

(re-attachment) immediately after being returned to the aquaria. During the monitoring 

period, on some occasions, the snails were actively moving; this behaviour was observed 

across all treatment groups, and there were no signs of dormant behaviour (foot 
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unattachment with the animal protruding from the shell) from any individuals. Upon 

completion of the 16-day monitoring period, all T. militaris had survived. The shell holes in 

snails from groups 2 and 3 remained open (had not self-repaired), and the putty remained 

fixed to the shells of those in group 4. 

2.3.2 Drill-biopsy technique 

The shell drilling procedure was straightforward and rapid; some shells were thicker than 

others, requiring more force on the rotary tool. However, care must be taken when applying 

pressure to avoid puncturing the soft animal underneath. Two animals were accidentally 

punctured in our laboratory trial, although no mortality was observed. Sex was reliably 

identified by observing the colour of the gonad through the drill hole (Figure 2.2a,b). 

Occasionally shell dust obstructed viewing of the gonad through the hole, and we observed 

that the light-coloured shell material could be mistakenly identified as the male gonad. We 

found that periodically rinsing the shell during drilling and afterwards helped to wash away 

loose shell material. We also found that gently pushing on the opercula moved the animal 

closer against the shell, making the gonad easier to identify. Gametes were present in all 

biopsy samples. The male and female biopsy samples were different: the male biopsy 

appeared to be a cloudy cream colour, whereas the female biopsy had dark green oocytes 

visible to the naked eye. When viewed with a microscope, mobile sperm were observed in 

the male samples (Figure 2.2c) and oocytes were observed in the female samples (Figure 

2.2d). 

2.3.3 Oocyte analysis 

Using the drill-biopsy technique, we obtained oocytes that could be clearly measured with 

a microscope. In seawater, the oocytes appeared spherical and homogenous, and an outer 

gelatinous coating was observed encasing most oocytes. After preservation in FAACC, 

oocytes retained the same characteristics as the seawater samples (Figure 2.2e). The mean 

oocyte size from the samples in SW was 224 μm (± 1.6 μm SE), and the mean oocyte size 

after preservation in FAACC was 228 μm (± 1.9 μm SE) after one day (F1), 222 μm (± 2.2 

μm SE) after two days (F2) and 223 μm (± 2.9 μm SE) after three days (F3). There was no 

significant difference in mean oocyte size measured in SW or after preservation in FAACC 

(F1, F2 and F3: p = 0.361).  
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Figure 2.2. Photographs from the shell drilling and gonad biopsy procedures of Turbo 

militaris. Male gonad viewed through the shell hole (a); the insert depicts a close-up view 

of the drill hole. Female gonad viewed through the shell hole (b); the insert depicts a close-

up view of the drill hole. Photomicrograph of the male biopsy in seawater (c). 

Photomicrograph of the female biopsy in seawater (d). Photomicrograph of the female 

biopsy after two days preserved in 10% buffered formalin (e). 

Analysis of samples taken from the different regions of the gonad revealed that oocytes in 

the lower region were significantly larger than in all of the other regions (p <0.05) (Figure 

2.3). There were no significant differences in oocyte size between the top, middle inner and 

middle outer regions (p >0.05) (Figure 2.3). Nested ANOVA revealed a significant effect 

from the random factor, individual (p <0.05). However, in the middle gonad region, the 

modal population was generally consistent beween individuals. There appeared to be more 

variability in the lower region, wheraeas in the upper region, there was a lower size range 

in all individuals (Appendix A: Figure A1).  



43 

 

 

 

Figure 2.3. Mean size of oocytes removed from different regions of the female gonad of 

Turbo militaris (n = 3). The different letters denote statistically different groups as 

determined by Tukey pairwise comparisons (p <0.05). 

2.3.4 Field trial 

The drill-biopsy technique was successfully applied in the field; the procedure was rapid, 

taking under five minutes per individual. The snails were temporarily held in a catch bag in 

a rock pool before and after the procedure until all sampling was complete. The snails were 

returned to their collection location within ~30 minutes. From June to July 2021, the mean 

oocyte size increased from 225 μm (± 1.7 μm SE) to 227 μm (± 1.6 μm SE), and the mode 

oocyte size increased from 224 to 231 μm (Figure 2.4). There was no significant difference 

in mean oocyte size between June and July 2021 in the field trial (p = 0.425). However, 

there was a significant effect from the random factor, individual (p <0.05). Results from a 

Kolmogorov–Smirnov test show the size-frequency distributions of the oocytes differed 

significantly between months (p <0.05), with proportionally more larger oocytes in the 

population in the July samples (Figure 2.4). 
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Figure 2.4. Oocyte size frequencies of Turbo militaris obtained using the non-lethal drill-

biopsy technique in June and July 2021 at Big Rocky, New South Wales, Australia. Mode 

oocyte size was 224 μm in June 2021 and 231 μm in July 2021. N = number of females, n = 

number of oocytes used to construct each graph. 

Five out of the six T. militaris biopsied and tagged in July 2021 were recaptured after 40 

days. The recaptured individuals were found close to their original locations (within ~2 m 

vicinity). All five snails had repaired the shell holes on the inner side and the putty had come 

off. During later visits to the site, two of the snails were recaptured on multiple occasions 

within the same vicinity after 16 weeks (112 days), ~30 weeks (208 days) and 42 weeks 

(294 days). On each recapture occasion, evidence of shell drilling could still be identified; 
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a depression on the surface of the shell was observed, although it was generally well 

camouflaged due to epifaunal growth on the shell (Figure 2.5). Each recaptured snail 

retained the two tags glued to the shell. 

 

Figure 2.5. Individual of Turbo militaris (shell height 86 mm) recaptured after 42 weeks in 

the field post drill-biopsy. The insert depicts a closeup view of the repaired hole. 

2.4 Discussion 

This study has successfully applied a non-lethal method involving shell drilling and gonad 

biopsies to sample the reproductive organs in T. militaris. Survival trials in the laboratory 

resulted in zero mortality, as did subsequent field trials. Other studies using similar 

techniques on marine molluscs have also reported no mortality, but these were limited to 

only the gonad biopsy (Acosta-Salmón & Southgate, 2004; Saha & Layzer, 2008; Lee et al., 

2010; Visser-Roux, 2011; Guallart et al., 2013; Tsakiris et al., 2016) or the shell drilling 

procedure alone (Veitch, 1974; Dobson & Lee, 1994). Here we have demonstrated that the 

two techniques can be used together without any lethal effects on the snails. This procedure 
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provides novel opportunities for non-destructive sex determination and reproductive studies 

in Turbinidae to facilitate sustainable fisheries management. 

Drill-biopsy techniques have potential applications in a broad range of large gastropods 

currently targeted for fisheries and aquaculture (Table 2.1). However, other studies that have 

used these two techniques (or similar) together present inconsistent outcomes. For instance, 

shell drilling and tissue sampling from mussels resulted in no significant mortality when 

compared to other less invasive treatments (although the mantle mussel was sampled, not 

the gonad) (Svärdh, 2003). In contrast, studies on the trochid R. nilotica demonstrated that 

death resulted when the gonad was accidentally punctured during shell drilling (Dobson & 

Lee, 1994). In our study, however, animals that were incidentally punctured during drilling 

survived. A subsequent study on R. nilotica also recorded mortality when eggs were 

sampled through a hole drilled in the shell (Lee & Toelihere, 1997). Whilst the reason for 

varying results is unknown, it is important to consider gentle shell drilling and a sterile 

biopsy. The work on R. nilotica used a high-speed, water-cooled diamond saw and a cannula 

like extraction of material (sterility unknown), whereas conditions used in our study 

included a small rotation tool and a new sterile needle and syringe for each individual. 

Additionally, it might be that some species or certain organs are more sensitive than others. 

Consequently, this method will require careful trials in different species to locate the optimal 

position for drilling, depth and size of the biopsy and shell sealing vs repair mechanisms.  

Our observations of live T. militaris up to 10 months post procedure in the field confirm that 

the biopsied individuals can survive for some time after the drill-biopsy procedure. This 

observation agrees with other studies that have used gonad biopsies on mussels, where no 

significant mortality was found after one year (Saha & Layzer, 2008) or after two years 

(Tsakiris et al., 2016). Results and findings from similar studies indicate negligible mid-

term impacts when the technique is suitably optimized.  

We found that animals displayed no abnormal behaviour immediately after the technique 

was administered suggesting minimal, if any, short-term disturbance. In this study, we did 

not quantify sublethal effects, although other studies (on mussels) have considered the 

sublethal effects of gonad biopsies and found that the method did not affect future 

reproduction or growth (Saha & Layzer, 2008; Tsakiris et al., 2016; Beaver et al., 2019). 

For shell drilling, only one study (on mussels) reported on sublethal effects, where drilling 
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holes in the shells resulted in significantly slower growth over a two-month period (Svärdh, 

2003). This slower growth could result from additional energy input required to repair the 

shell hole (Kidneys, 1994 as cited in Svärdh, 2003). 

Shell repair in the drilled T. militaris did not occur within two weeks in our laboratory trial, 

suggesting some time is required to recover and build up necessary resources. However, we 

did observe shell repair after almost six weeks in the field trial, suggesting this process can 

commence in the short term in natural conditions. Similarly, in drilled shells of R. nilotica, 

a membrane was formed over the hole after two weeks, and within six to eight weeks, 

calcified layers began to form over the hole (Dobson, 1997). We observed shell repair to 

have occurred from the inside of the shell, which was also the case for drilled mussels, where 

shell repair was observed on the inner side two months after holes were drilled (Svärdh, 

2003).  

Whilst sex could be reliably identified through the drill hole in T. militaris, caution must be 

exercised when sexing based solely on visual examination, as the dark female gonad could 

easily be mistaken for the digestive gland. Gonad colour can differ between mollusc species 

(Underwood, 1974) and with respect to reproductive condition (Underwood, 1974; Foster, 

1997; Ramesh et al., 2010; Visser-Roux, 2011). In turbinids, the gonad colour is more 

apparent when the gonad is ripe, whereas after spawning, the male gonad takes on a more 

brownish-cream colour and the female gonad a brownish-green colour (Robinson, 1992; 

Foster, 1997; Ramesh et al., 2010). Additionally, studies have found that mature oocytes 

were present in the ovary of female turbinids year-round, although in low quantities post 

spawning (Joll, 1980; Lasiak, 1986; Ward & Davis, 2002; Ab Lah et al., 2019). Therefore, 

especially at times after spawning, the gonad and digestive gland may be more difficult to 

distinguish from each other. Our biopsies of males and females, however, were distinctly 

different when viewed with the naked eye, providing further confidence in our approach to 

sexing the study animals (as in, Le Quesne & Hawkins, 2006; Saha & Layzer, 2008; Lee et 

al., 2010). Studies aiming to apply this technique to a new species should first consider 

confirming sex predicted with further examination of the gonad (or a biopsy) with a 

microscope to ensure the reliability of the technique in correctly identifying the sexes. 

We did not find a difference in oocyte size between the inner middle and outer middle 

regions of the gonad. Therefore, we conclude that there is no requirement for standardizing 
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the depth to which the needle is inserted into the gonad for biopsies of T. militaris. However, 

there was significantly larger oocytes found in the lower portion of the gonad, indicating 

standardized placement of the biopsy is required, especially for temporal assessments of the 

reproductive cycle. For T. militaris, we recommend targeting the middle gonadal region due 

to the wide representation of oocyte size and generally consistent modal population between 

individuals. In contrast to our study, a study on T. marmoratus found no difference in oocyte 

size among different regions of the gonad (Komatsu et al., 1995). These conflicting results 

highlight the need for preliminary investigations to determine the optimal placement for the 

biopsy, even for species within the same family. Such preliminary investigations are 

essential for the successful application of the method so that researchers can consistently 

and correctly target the most appropriate location for the biopsy (Tsakiris et al., 2016). 

Our gonad biopsy method could potentially be successfully applied in reproductive research, 

as gametes were successfully obtained in both male and female T. militaris. Likewise, the 

gonad biopsy has had general success in obtaining gametes from other marine molluscs 

(Bradley, 1984; Saha & Layzer, 2008; Tsakiris et al., 2016; Beaver et al., 2019). The oocyte 

samples we obtained using this technique were suitable for measurements with a microscope 

as they were clear and remained intact. Using these measurements, we could construct 

oocyte size-frequency graphs and observe an increase in mode oocyte size and a change in 

size distribution, with higher numbers of larger oocytes over time. The variation between 

individuals likely affected the power to detect a mean difference in oocyte size between 

months. However, for species with continuous or nonsynchronous development, we would 

expect that after spawning there is a shift in size frequency rather than in mean size. 

Characteristics of asynchrony within the population could be observed. For example, 

individual 5 had a smaller mode size and fewer oocytes obtained than most other individuals 

in July, which may reflect a more recent spawning event; whereas other individuals (e.g., 

individual 2 in June and individual 1 in July) were likely in a more mature stage with a 

higher proportion of larger oocytes and greater numbers of oocytes obtained from the biopsy 

(Figure 2.4). Evaluation of the variation in monthly oocyte size-frequency graphs is widely 

used to monitor changes in reproductive cycles in marine invertebrates (Matoto et al., 2002; 

Ward & Davis, 2002; Setyono, 2006; Baillon et al., 2011; Ab Lah et al., 2019). In this study, 

we have demonstrated that the drill-biopsy technique could potentially be used to observe 
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temporal changes in oocyte size-frequency distributions in T. militaris without the need for 

destructive harvesting.  

The drill-biopsy technique was suitable for application in the field; our field trial found the 

method simple and quick to administer in-situ. We found that using hand-held and battery-

operated tools meant obtaining equipment was inexpensive, transportation of equipment 

was simple and the method is potentially well suited for work in remote field locations. 

Before our field trial, we prepared microcentrifuge tubes with FAACC, so that biopsies 

could be stored before being transported to the laboratory; we recommend this practice for 

ease of handling samples (also recommended by, Tsakiris et al., 2016, Brian and Aldridge, 

2020). Our results from successive measurements of oocytes fixed in FAACC showed no 

significant difference in oocyte size from those measured immediately after collection, 

supporting our recommendation for its use.  

The AquaStik epoxy putty we used for sealing the drill holes had no impact on the mortality 

of the snails in our study, unlike drill holes in mussels sealed with cement (Svärdh, 2003). 

AquaStik is considered nontoxic to marine life (Ellis & Sharron, 1997; Sypniewski et al., 

2016). The putty is promoted for use in aquaria (Sprung & Delbeek, 1997 as cited in Ellis 

& Sharon, 1997) and is commonly used in other marine studies (Ellis & Sharron, 1997; 

Harrington et al., 2004; Poray & Carpenter, 2014; Sypniewski et al., 2016). The putty 

provides a good option for sealing drill holes and use in the field, as it has no impact on 

survival, has an inconspicuous coloration, cures underwater and is easy and safe to apply. 

This study did not investigate the survival of animals not sealed in the field, therefore the 

necessity of using the putty remains unknown. However, we chose to seal the animals on 

the assumption that sealing the holes would provide an extra barrier against potential 

predation or infection. 

By sampling in-situ, the study individuals could be quickly returned to their habitats. The 

rapid return of individuals can result in minimal handling stress when compared to the more 

lengthy process of removal from and return to the field. In-situ sampling could be especially 

favourable to mitigate biosecurity concerns associated with the potential transfer of 

pathogens between sites or between the field and aquaria (DAFF, 2024), and fisheries 

research permits may prevent animals from being returned from the laboratory or aquaria to 

the field due to biosecurity regulations. Therefore, field-based methods such as the drill-
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biopsy technique are advantageous because they are time- and cost-efficient, and suitable 

for work in remote locations and in cases where biosecurity and research permits prevent 

the removal and return of study animals. 

The drill-biopsy technique has the potential to be adapted to suit other turbinids, such as the 

harvested Australian species L. torquata and L. undulata (Rowling et al., 2010; Keane et al., 

2014; DCCEEW, 2018b) or key global fisheries species such as T. cornutus, T. marmoratus 

or Megastraea undosa (Taniguchi & Rogers-Bennett, 2001; Martone & Micheli, 2012; 

Andréfouët et al., 2014). The drill-biopsy technique could have scope for other reproductive 

studies, such as research on size at maturity or fecundity. However, preliminary 

investigations should be considered to ensure that this method is appropriate for the desired 

application and harmless to the targeted size of animals. Furthermore, this technique could 

be useful for studies requiring specific sex ratios, such as for induced spawning (as in, 

Dobson, 1997) and paired breeding for family line establishment. Drill-biopsies could also 

complement studies requiring the sacrifice of specific sexes (as in, Ward & Davis, 2002; Ab 

Lah et al., 2019) by targeting key individuals and reducing wasted sacrifices.  

Additionally, the drill-biopsy technique could be beneficial for research on molluscs from 

other families with similar protective shells, for instance, large whelks from the families 

Muricidae, Strombidae, Tegulidae or Buccinidae (FAO, 2021). Non-destructive sampling is 

especially advantageous to populations that are critically endangered, vulnerable, near 

threatened or data deficient. From the IUCN Red List of Threatened Species, a search on 

marine gastropods yields 46 critically endangered, 50 endangered, 73 vulnerable, 75 near 

threatened and 133 data deficient species (IUCN, 2022), indicating the potential scope of 

applicability of this method. This method could also benefit research on species protected 

under domestic legislation. An example is the giant triton, Charonia tritonis, which is under 

full protection in Queensland, Australia and is currently the subject of research efforts 

aiming to culture the species for control of the crown of thorns starfish (Motti et al., 2022). 

The development of non-lethal methods, such as the drill-biopsy technique, will allow 

researchers to conduct future studies on reproduction in marine gastropods without adverse 

impacts on targeted populations, albeit with the support of preliminary investigations to 

determine whether this technique can be applied successfully and reliably to different 

species.  
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CHAPTER 3.  

 

EXTENDED AND SPATIALLY ASYNCHRONOUS 

REPRODUCTIVE PERIODICITY IN A HARVESTED, 

WARM-TEMPERATE ROCKY-REEF GASTROPOD 

(TURBINIDAE) 
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Seinor, K., Purcell, S. W., Malcolm, H., Smith, S. D. A., & Benkendorff, K. (2023). 

Extended and spatially asynchronous reproductive periodicity in a harvested, warm-

temperate rocky-reef gastropod (Turbinidae). Fisheries Oceanography, 33(1): e12653. 
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Abstract 

Turban snails are targeted for their high-quality meat and, consequently, are often subjected 

to heavy harvesting pressure. Managing recreational and small-scale fisheries is 

challenging, partly due to a lack of biological data underpinning certain regulatory 

measures. This study aimed to fill current knowledge gaps on the reproductive cycle of the 

recreationally and culturally harvested Australian turbinid, Turbo militaris. The objectives 

were to investigate the reproductive timing of T. militaris in New South Wales (NSW) and 

identify likely environmental drivers of reproductive periodicity. Oocytes and gonads were 

sampled from wild animals monthly over 15 months at two sites separated by ~500 km. 

Analysis of oocyte size frequency and gonadosomatic index revealed that T. militaris has a 

pattern of extended reproduction, which is synchronous between sexes. Turbo militaris had 

the highest mean gonadosomatic index and higher frequency of larger oocytes during the 

summer months, and spawning appears to have occurred over multiple events, although 

primarily during winter. Reproductive timing was associated with environmental 

explanatory variables, including sea surface temperature, wave height, salinity, 

phytoplankton and nitrate concentration, together accounting for 81% of the variation in 

oocyte size-frequency and 67% in the gonadosomatic index. Reproductive periodicity was 

correlated with wave conditions and phytoplankton concentrations inconsistently between 

sites, indicating that the effect of some environmental conditions may be unpredictable or 

site-specific. Reproductive timing was asynchronous between two sites in the NSW fishery, 

posing challenges for designing seasonal fishing closures and community-based harvesting 

rules. Spatial closures for species with spawning over extended timeframes or spatially 

asynchronous reproductive cycles are potentially more suitable for achieving fisheries 

management objectives.  
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3.1 Introduction 

Marine gastropods are an important component of seafood consumption across many 

cultures; they are targeted by commercial and recreational fisheries, but only a small number 

of species are produced in aquaculture (Leiva & Castilla, 2002; FAO, 2021). Popular 

fisheries species include those from the families Muricidae, Strombidae, Haliotidae and 

Turbinidae (FAO, 2021). Increasing market demand for gastropods compels a need for 

better fisheries and conservation management (Keane et al., 2014). However, effective 

fisheries management requires sound biological data such as abundance estimates, 

ecological interactions, age and growth, distribution and habitat preferences, movement 

patterns, mortality and reproductive characteristics (Cochrane, 2002; Hoggarth et al., 2006; 

CDFW, 2018; NSW DPI, 2021). 

Knowledge on reproduction is essential for resource management as it: provides insights 

into life-history traits and population dynamics (Aranda et al., 2003; Vasconcelos et al., 

2008); informs ideal harvest timing for optimum meat quality (Ab Lah et al., 2019; 

Cumplido et al., 2020; Nieto-Vilela et al., 2021); and supports aquaculture development 

(Mgaya & Mercer, 1994). Data on reproductive timing are critical for planning fishery 

regulatory measures (e.g., seasonal closures around peak spawning, or full closures) (Chang, 

2002 as cited in Lee et al, 2014; Martone & Micheli, 2012; Martins et al., 2011; Stobart et 

al., 2013). Fishing closures are common regulatory measures for marine invertebrates and 

have the purpose of limiting over-exploitation for species that can be more exposed to 

fishers due to reproductive behaviour; or, reducing fishing effort across an entire year (Leiva 

& Castilla, 2002; Salas et al., 2007; Purcell & Pomeroy, 2015; Boman et al., 2018). Fishing 

closures might also be set by community-based management systems for traditional reasons 

(Aswani & Weiant, 2003; Aswani et al., 2015). 

Turban snails (Turbinidae) are generalist herbivores that can attain large sizes and dense 

aggregations (Grange, 1976a; Foster & Hodgson, 1998; Kikutani et al., 2002; Smoothey, 

2013; Mazariegos-Villarreal et al., 2017). Turban snails are a popular target for human 

consumption as they are easily collected using minimal skill or fishing gear and have high-

quality meat (Ab Lah et al., 2017b; Romolo et al., 2021). These favourable characteristics 

can result in high harvesting pressure; however, effective regulation requires biological data, 

which are often deficient. Whilst some studies have investigated reproduction and early life-
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history in Turbinidae, knowledge about reproductive timing within this family is limited and 

requires further research. 

Where studied, turbinids are gonochoric, broadcast spawners with external fertilisation and 

an equal proportion of males and females (Underwood, 1974; Joll, 1980; Komatsu et al., 

1995; Matoto et al., 2002; Ramesh et al., 2010; Afsar et al., 2013). Generally, the 

reproductive cycle in turbinids is bradytictic (i.e., animals gravid over an extended period) 

and follows an annual pattern with continuous gametogenesis and vitellogenesis occurring 

shortly after spawning (Underwood, 1974; Joll, 1980; Lasiak, 1986; Ward & Davis, 2002; 

Ab Lah et al., 2019). The timing of spawning varies among turbinid species. Species from 

tropical and subtropical regions generally exhibit a single annual spawning event, with 

activity over the warmer months (Lasiak, 1986; Foster et al., 1999; Lee, 2000; Matoto et al., 

2002; Ramesh et al., 2010). Conversely, species at higher latitudes generally display 

multiple spawning events (Underwood, 1974; Joll, 1980; Ward & Davis, 2002; Freije & Al-

Sayed, 2009). In Australia, the limited data on the reproductive timing of Turbinidae suggest 

prolonged seasonality and multiple spawning events, with timing differing between species 

and locations. However, these data are based on just five studies of three Australian species: 

Turbo intercostalis and Lunella torquata in Western Australia (Joll, 1980), L. undulata in 

Tasmania (Keane et al., 2014) and L. torquata and L. undulata on the east coast of Australia 

(Underwood, 1974; Ward & Davis, 2002; Ab Lah et al., 2019).  

In New South Wales (NSW), Australia, three turbinids, L. torquata, L. undulata and T. 

militaris, are targeted for commercial, recreational and cultural harvesting (Arrawarra 

Sharing Culture, 2009; Cooling & Smith, 2015). Turbo militaris (Reeve, 1848) is abundant 

on rocky shores and shallow rocky reefs from southern Queensland to southern NSW 

(Beechey, 2005; Atlas of Living Australia, 2023) (Figure 3.1). Despite the abundance of T. 

militaris on rocky shores and the popularity of harvesting, both traditionally and 

increasingly by transient agricultural workers (NSW DPI, pers. comm.), objective 

management is hampered by data deficiency. This includes reproductive data as, to date, 

there have been no studies on the reproductive cycle of T. militaris. This research aimed to 

investigate the reproductive cycle of T. militaris using oocyte frequency and gonadosomatic 

index (GSI) measures. Specifically, we sought to determine whether: T. militaris exhibits a 

single annual spawning event; and, reproductive cycles are synchronous between two 

geographically separated sites within the fishery. By analysing for relationships with key 
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environmental variables (seawater chemistry and weather), we further aimed to evaluate 

potential environmental drivers of reproductive periodicity. 

 

Figure 3.1. The distribution of Turbo militaris (orange shading) and the location of the two 

study sites in New South Wales, Australia. 
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3.2 Methods 

3.2.1 Experimental design 

Sampling occurred monthly to assess the reproductive cycle of T. militaris at two rocky 

shore sites in NSW, Australia, separated by 3° of latitude and ~500 km of coastline: Woody 

Head (29.4° S, 153.4° E), hereafter called northern site, and Big Rocky, Fingal Bay (32.8° 

S, 152.2° E), hereafter called southern site (Figure 3.1). Data were collected over 15 months, 

from June 2021 to August 2022. All sampling was undertaken on low tides below 

approximately 0.5 m during the daytime in calm swell conditions (less than 2 m, depending 

on direction). Approximately one hour before low tide, turban snails were hand-collected 

by walking, wading or shallow snorkelling on or adjacent to the rock platform. 

On each sampling occasion, up to 20 T. militaris within a size range of 60–90 mm shell 

width were collected and brought to the shore. Preliminary observations indicated turban 

snails with a shell width >60 mm were mature. According to our hypothesised 1:1 sex ratio, 

20 individuals would provide ample replicate females and males for this study. Sex was 

determined for each turban snail non-lethally by shell drilling and visual examination of the 

gonad (Seinor & Benkendorff, 2023). Using a non-lethal drill-biopsy technique (Seinor & 

Benkendorff, 2023), oocyte collection was performed on the first six females encountered 

in the sample. The subsequent three females, and the first three males, were placed in a 

bucket with filtered seawater and transported to the laboratory for assessment of GSI. The 

drill holes in biopsied individuals and those drilled only (sexed but not required) were sealed 

(Seinor & Benkendorff, 2023); these snails and any remaining snails were returned to their 

approximate original location. 

3.2.2 Oocyte size frequency 

Once extracted, the biopsy samples were placed into microcentrifuge tubes containing 500 

μL of 10% buffered formalin (formalin 4%, acetic acid 5%, calcium chloride dihydrate 1.3% 

and ultrapure water 89.7%). These samples (n = 6) were transported to the laboratory and 

transferred into a six-well culture plate. Each sample was viewed with an inverted 

microscope (Nikon Eclipse Ts2) using 40 x magnification. Photomicrographs of at least 50 

oocytes (where present) in each sample were taken at haphazardly chosen locations with a 

microscope-fitted camera (MIcrome 20 Pro). Oocyte diameter was measured to the nearest 
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±1 μm from the photographs using digital image software, Image J (version 1.53k) 

(Schneider et al., 2012). 

3.2.3 Gonadosomatic index 

The shell of each turban snail was cracked with a hammer and the tissue was separated from 

the shell and operculum. The visceral coil was trimmed proximal to the gonad and placed 

in 10% buffered formalin for at least four days. Each visceral coil was placed in a Büchner 

funnel over a conical flask and thoroughly rinsed with ultrapure water. A 3–4 mm cross-

section was cut distal to the stomach caecum (Ab Lah et al., 2019). Each cross-section was 

photographed, and the gonad area (G) and the gonad and digestive gland area (GDg) were 

measured using Image J (Schneider et al., 2012). The GSI was calculated as G/GDg × 100. 

3.2.4 Environmental variables 

Environmental data were sourced from the Copernicus Marine Environment Monitoring 

Service and the Bureau of Meteorology (https://marine.copernicus.eu/) and included 

concentration of nitrate and phytoplankton, salinity, pH, primary production, alkalinity, sea 

surface temperature, significant wave height and rainfall. Marine data were sourced within 

a 5 km radius of the sampling locations, and rainfall data were sourced from the closest 

stations to the study site: Yamba Pilot Station (058012) for the northern site and Nelson Bay 

(061054) for the southern site. A daily average was calculated for each variable with 

multiple daily records. A weekly average for each variable was calculated for the week prior 

to sampling (including the sampling day) at both locations. The number of calm days was 

calculated as the number of days within one week before sampling where the significant 

height of the sea surface wave was less than 1 m. Sea surface temperature change was 

calculated as the difference in weekly average temperature between the week prior to 

sampling and the preceding week. Exploratory data analysis was undertaken using monthly 

averages of the environmental variables, which produced similar outcomes to the weekly 

data; therefore, we present only the models using weekly data. 
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Table 3.1. Environmental variables, sourced from Copernicus Marine Environment 

Monitoring Service (CMEMS) (https://marine.copernicus.eu/) and Bureau of Meteorology 

(BOM) (http://www.bom.gov.au/climate/data/). 

Code Description Units Source 
Alk Sea water alkalinity 

expressed as mole equivalent 
mol/m3 Global Ocean Biogeochemistry 

Analysis and Forecast, CMEMS 
(#001_028) 

Calm Number of days within one 
week before sampling where 
the significant height of the 
sea surface wave was less 
than 1 m. 

days Global Ocean Waves Analysis and 
Forecast, CHEMS (#001_027) 

NO3 Molar concentration of nitrate 
in seawater 

mmol/m3 Global Ocean Biogeochemistry 
Analysis and Forecast, CMEMS 
(#001_028) 

pH Sea water pH reported on 
total scale 
 

pH Global Ocean Biogeochemistry 
Analysis and Forecast, CMEMS 
(#001_028) 

Phy Molar concentration of 
phytoplankton expressed as 
carbon in seawater 

mmol/m3 Global Ocean Biogeochemistry 
Analysis and Forecast, CMEMS 
(#001_028) 

PrProd Net primary production of 
biomass expressed as carbon 
per unit volume in seawater 

mg/m3/day Global Ocean Biogeochemistry 
Analysis and Forecast, CMEMS 
(#001_028) 

Rain Daily rainfall mm Climate Data Online, BOM. Stations: 
061054, 058012 

Sal Sea water salinity ppt Global Ocean 1/12° Physics Analysis 
and Forecast updated Daily, CMEMS 
(#001_024) 

SST Sea surface foundation 
temperature 

°C  Global Ocean OSTIA Sea Surface 
Temperature and Sea Ice Analysis, 
CHEMS (#010_001) 

SST. 
change 

Difference in weekly average 
SST between the week prior 
to sampling and the preceding 
week 

°C Global Ocean OSTIA Sea Surface 
Temperature and Sea Ice Analysis, 
CHEMS (#010_001) 

SWH Sea surface wave significant 
height 

m Global Ocean Waves Analysis and 
Forecast, CHEMS (#001_027)  
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3.2.5 Statistical analysis 

Oocyte size frequency graphs were constructed each month at each site, and modal oocyte 

size (MOS) was calculated. A Pearson's correlation was used to test the association between 

female GSI and MOS. A three-factor ANOVA was used to test for significant differences 

in GSI with sex, month and site as fixed factors. Data were checked for normality using Q-

Q plots and a Shapiro–Wilk test; where the data was slightly negatively skewed. A data 

reflection (each data point is reflected by subtracting the value from the maximum value) 

and square-root transformation were performed, reducing the skewness. Levene's test 

indicated homoscedasticity. 

Distance Based Linear Models (DBLM) were used to test the relationship between T. 

militaris reproduction parameters and environmental variables. This analysis was applied 

separately to the GSI (sexes combined) and MOS. Environmental variables were first tested 

for collinearity, where those with R >0.75 were removed from the analysis. Sea surface 

temperature, alkalinity and pH were collinear, and exploratory data analysis revealed that 

retention of sea surface temperature produced the strongest models. The number of calm 

days was removed due to collinearity with significant wave height. Phytoplankton and 

primary production were also collinear, therefore, we retained phytoplankton as primary 

production is derived from the former. DBLM was run using Euclidean distance similarity 

matrices, and the BEST model was selected using the Akaike Information Criterion (AIC). 

Statistical significance was accepted where p ≤ 0.05. Statistical analyses were performed in 

RStudio (RStudio Team, 2020; R Core Team, 2021) and PRIMER v7 (PRIMER-e, 2017), 

and graphs were made using RStudio (RStudio Team, 2020; R Core Team, 2021). 

3.3 Results 

Turban snails were ripening over the austral spring and had high GSI and large MOS around 

the austral late spring, through summer and early autumn (Figure 3.2 and Figure 3.3). 

Spawning occurred primarily over late austral autumn to winter, and turban snails were at 

their most spent condition (low GSI and small MOS) through the austral winter. Other 

spawning events were apparent throughout the year, during the warmer months, which was 

evident by a reduction in GSI and decreases in MOS (Figure 3.2 and Figure 3.3). The GSI 

and oocyte size frequencies therefore show a pattern of extended reproduction for T. 
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militaris. Both the GSI and oocyte size frequency were suitable for evaluating the 

reproductive cycle of T. militaris, as the fluctuation in measures of female GSI and MOS 

correlated over time (R2 = 0.18, p = 0.018). 

3.3.1 Oocyte size frequency  

The oocyte size frequency graphs show temporal fluctuation in the size distribution of 

oocytes where, overall, oocytes are larger during the summer and autumn months and 

smaller during the winter (Figure 3.2). Oocytes were present in all months and, with a few 

exceptions, there were some very large oocytes (>300 µm) throughout the year. The 

consistent presence of oocytes in the larger size classes (> 250 µm), even during months 

where animals were in their most spent condition, is indicative of partial spawning. During 

the months where, based on size-frequency distributions, a spawning event is likely to have 

occurred the number of oocytes in the biopsies was often low. The snails appeared in the 

most spent condition during the middle of winter to early spring 2021 with low MOS and 

more uniform distribution. Following these months, the oocyte size range was wide, with 

many presumably new small oocytes (<200 µm) and the MOS generally increased indicative 

of the ripening of gametes. The snails were mostly in a ripe stage during summer and 

autumn, with the largest MOS occurring over summer; however, some spawning events may 

have occurred during these months as decreased MOS occurred at both sites over one month 

in summer and autumn. In the winter of 2022, the snails were in a spent condition again 

with low MOS and many smaller oocytes in the biopsies. 

3.3.2 Gonadosomatic index  

The GSI was relatively consistent between sexes (p = 0.14), following similar temporal 

patterns at both study sites (Figure 3.3), but differed inconsistently between sites across 

months (interaction p <0.01) and was inconsistent among combinations of site, month and 

sex (interaction p = 0.04). The reproductive cycle at the southern site generally lagged one 

to two months behind the northern site (Figure 3.3). The GSI was low during the winter of 

2021 and 2022. During spring, the GSI increased, with a slight decrease at the northern site 

in November 2021. The GSI reached the highest overall values over the summer to early 

autumn period, although there was a substantial decrease and subsequent increase in the GSI 

during one month in summer. During autumn, the GSI decreased overall, albeit with an 

increase across both sites in late autumn to early winter. During winter 2022, the GSI 
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decreased and remained low; the overall lowest values for the GSI were during the winter 

months.  

 

Figure 3.2. Monthly size frequency distributions of oocytes from female Turbo militaris (n 

= 6) at the northern site (Woody Head) (a) and the southern site (Big Rocky) (b), New South 

Wales, Australia. The orange dashed line represents modal oocyte size. 
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Figure 3.3. Temporal variation in gonadosomatic index of female (n = 3) and male (n = 3) 

Turbo militaris from the northern site (Woody Head) (a) and the southern site (Big Rocky) 

(b), New South Wales, Australia. *: n = 2 female, 4 male. #: n = 2 male, 4 female. 

3.3.3 Environmental predictors 

As expected, sea surface temperature throughout this study was warmer in the summer–

autumn and cooler in the winter–spring. Temperature varied considerably at fine (daily) 

temporal scales, especially during the summer (Figure 3.4a). Sea surface temperatures were 

warmer overall at the northern site. Sea conditions were generally rougher over the winter 

months (more periods of greatest wave heights), although periods of rough seas occurred 

through late spring to early autumn at the southern site and through summer to early autumn 

at the northern site (Figure 3.4b). Wave height fluctuated substantially; overall, the northern 
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site was generally calmer than the southern site, where high wave heights were more 

frequent and of greater magnitude (Figure 3.4b). Salinity fluctuated throughout the year at 

both sites; however, the lowest salinities were in January and February 2022 (Figure 3.4c). 

Phytoplankton concentration was generally lower through the cooler months, peaking 

through spring and summer, whereas nitrate was lower in the warmer months and higher 

over winter (Figure 3.4d-e). 

 

Figure 3.4. Daily fluctuation of environmental variables, sea surface temperature (a), 

significant wave height (b), salinity (c), phytoplankton concentration (d) and nitrate 

concentration (e), at two rocky shore sites in New South Wales, Australia, from June 2021 

to September 2022. 
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DBLM analysis revealed significant relationships between variables associated with the 

reproductive cycle for T. militaris and several environmental variables (Table 3.2). The 

BEST model explained 80.6% of the variation in MOS and comprised a combination of 

eight variables (Table 3.2). Generally, MOS was larger with warmer temperatures; increased 

with increasing sea surface temperature; and, generally declined with falling sea water 

temperatures. At the northern site, MOS was larger with higher wave height and decreased 

as wave heights became lower. In contrast, at the southern site, MOS was generally larger 

in calmer conditions and decreased when wave height increased. Larger MOS generally 

occurred when both salinity and nitrate were lower at both sites, and there was a general 

increase in MOS when phytoplankton concentrations were highest at the southern site. The 

BEST models explained 67.1% of the variation in the GSI and involved a combination of 

six variables (Table 3.2Table 3.2). The GSI generally increased with rising sea surface 

temperatures and was lower when the sea surface temperature decreased. The GSI generally 

increased with increasing significant wave height at the northern site; however, at the 

southern site, the GSI decreased with increasing significant wave height. As salinity and 

nitrate increased, the GSI generally decreased. 
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Table 3.2. Outcomes from Distance Based Linear Modelling testing the contribution of 

various environmental variables (collinear variables removed) obtained for the period one 

week prior to sampling occasions to the variation among Turbo militaris reproduction 

parameters (gonadosomatic index and modal oocyte size). 

Reproduction 
parameters 

Outcomes Environmental 
variables 

R2 RSS 

Modal oocyte size Marginal tests (p 
<0.05) sum, win, SST   

BEST model 1 variable win 0.375 2023.9 
BEST model 2 
variables 

sum, win 0.505 1600.2 

BEST model 3 
variables 

SST, SST.change, Phy 0.594 1313.2 

BEST overall model aut, site, NO3, Phy, Sal, 
SST, SST.change, SWH 

0.806 
 

628.5 
 

Gonadosomatic 
index 

Marginal tests (p 
<0.05) 

sum, win, site, NO3, Sal, 
SST, SWH 

  

BEST model 1 variable NO3 0.399 6538.8 
BEST model 2 
variables 

win, NO3 0.493 5516.5 

BEST model 3 
variables 

win, SST.change, NO3 0.570 4676.9 

BEST overall model aut, win, NO3, Sal, 
SST.change, SWH 

0.671 3576.9 

Included variables* sum, aut, win, spr, site, NO3, Phy, rain, Sal, SST, SST.change, SWH 
R2 = proportion 
RSS = residual sum of squares 
* included variables: sum = summer, aut = autumn, win = winter, spr = spring, site = 
sampling site, NO3 = nitrate, Phy = phytoplankton, rain = rainfall, Sal = salinity, SST = 
sea surface temperature, SST.change = change in weekly SST, SWH = significant wave 
height. 

3.4 Discussion 

Turbo militaris has a bradytictic reproductive strategy similar to other turbinids examined 

in Australia. The long, annual reproductive cycle of T. militaris involves peak gonad 

development over the warmer months, with large oocytes present throughout the year, but 

the largest oocyte size distribution was during summer-autumn. There were multiple 

spawning events with evidence of partial spawning at each site within each year, but there 

was a peak spawning period over the winter. The spawning season appeared to last 

approximately three to four months during peak activity and one month for other apparent 

spawning events. Reproductive timing was asynchronous between the study sites but was 
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synchronous within sites between males and females, consistent with a broadcast spawner. 

The reproductive timing of T. militaris was likely driven by a combination of environmental 

factors, but these could be site-specific and unpredictable.  

The reproductive timing of T. militaris was asynchronous between sites of 3° latitudinal 

difference in NSW, and similar to that of another large Australian turbinid, L. torquata, on 

the south coast of NSW. Lunella torquata exhibited biannual spawning during autumn to 

winter and spring to summer (Ward & Davis, 2002). For L. torquata, asynchrony in 

reproductive cycles was found between sites separated by only 15 km (Ward & Davis, 

2002). Similarly, for T. cornutus, reproductive timing differed by a couple of months 

between sites of less than 1° latitudinal difference on Jeju Island, South Korea (Lee et al., 

2014). In contrast, L. torquata displayed a prolonged breeding season with peak summer 

activity in Perth, Western Australia (Joll, 1980). Other Australian turbinids, L. undulata and 

T. intercostalis, were found to spawn mainly over the summer months (Underwood, 1974; 

Joll, 1980; Keane et al., 2014; Ab Lah et al., 2019). Thus, breeding seasons are diverse 

within the same gastropod family and can vary for a single species across different 

populations. Furthermore, as T. militaris has undergone a poleward range extension over 

the last several decades (Beechey, 2005; Atlas of Living Australia, 2023), a shifting 

distributional range could have implications for planning effective, consistent spatial 

management for the entire T. militaris population. Our results imply that any seasonal 

regulatory measures, such as seasonal fishing closures based on peak spawning timing, 

would need to be broad enough (i.e., autumn to winter) to service populations at differing 

latitudes in the fishery and account for predicted climate change scenarios. 

Broadcast spawning species require males and females to have synchronous gametogenic 

cycles and simultaneous spawning (Grange, 1976b; Afsar et al., 2013), which was the case 

in our study. Reproductive synchrony between sexes has been demonstrated for other 

turbinids (Underwood, 1974; Matoto et al., 2002; Ward & Davis, 2002). Oocytes were 

present in our biopsy samples year-round and often within a wide size range, indicative that 

T. militaris is a partial spawner (Underwood, 1974; Joll, 1980; Ward & Davis, 2002; Freije 

& Al-Sayed, 2009; Ramesh et al., 2010; Ab Lah et al., 2019). The presence of mature 

oocytes in the ovary year-round could indicate asynchrony of spawning individuals within 

populations, rather than a mass spawning event (Joll, 1980; Ward & Davis, 2002; Keane et 

al., 2014). However, it is evident from this study that female and male T. militaris generally 
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develop and spawn simultaneously. Whether turbinids completely spawn-out by the end of 

the season, or if oocytes are maintained until the next season, is unclear (Joll, 1980). 

Reproductive success could be optimised if they retain some oocytes (Ramesh et al., 2010). 

A combination of environmental factors was correlated with the reproductive timing of T. 

militaris; between-site differences in the temporal fluctuation of temperature and exposure 

to swell may have contributed to the asynchronicity of reproductive timing in this study. For 

T. militaris, the variation in MOS could be partially explained by sea surface temperature 

before spawning and the change in sea surface temperature. Our results suggest that sea 

temperature is likely to be an important factor in the maturation of oocytes or as a cue for 

spawning events. Sea temperatures are often cited as a primary cue for reproductive timing 

in marine gastropods (Grange, 1976b; Matoto et al., 2002; Freije & Al-Sayed, 2009; Lee et 

al., 2014; Boman et al., 2018). Whilst sea temperature has been linked to reproductive timing 

in some gastropod species, it has been disregarded as the cue for spawning in some other 

turbinids (Joll, 1980; Ward & Davis, 2002), but could be more crucial in gonad development 

(Freije & Al-Sayed, 2009). Overall, T. militaris appears ripest in periods of warmer water 

and more spent during periods of cooler water.  

The relationship between wave height and T. militaris reproduction parameters was the 

opposite between sites, which could have resulted in the spatial asynchrony in reproductive 

cycles. At the northern site, spawning timing was associated with calmer conditions; these 

conditions offer an advantage for fertilisation success by constraining the dispersal of 

gametes prior to fertilisation. In contrast, at the southern site, individuals had more spent 

conditions (with low MOS and low GSI) during rougher seas. Spawning in rough weather 

(large waves and swell) could be favourable as a population-wide cue for animals to spawn 

simultaneously or for facilitating population connectivity through larval dispersal (Grange, 

1976b). Turbulent water conditions have triggered spawning in turbinid gastropods in 

aquaculture, by adding new water to aquaria or aerating or agitating water vigorously 

(Grange, 1976b; Yamaguchi, 1988; Dwiono et al., 2001). Interpreting these results becomes 

complicated due to the differing site characteristics, resulting in different exposure to swell 

conditions on these rocky shores (Figure 3.1). The northeastern-extending rock platforms at 

the northern site provide strong protection on the north-western side from the predominant 

south-easterly swells; however, this site is more exposed to summer north-easterly wave 

action. At the southern site (Big Rocky), the south-facing shoreline is not as protected from 
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large south-easterly swells as they are more likely to wrap around into the bay. As our 

findings imply, wave exposure can have unpredictable, site-specific effects on the 

reproductive timing of reef gastropods. 

Seawater salinity could be influential to the reproductive timing of T. militaris, as the 

temporal fluctuation in reproductive parameters was correlated to salinity. Generally, the 

turban snails in this study appeared not to be spawning during periods of heavy rainfall and 

flooding. La Niña influenced periods of heavy rainfall during the study period experienced 

across NSW over the summer-winter of 2022. Major flood events affected the NSW north 

coast (Northern Rivers region, including the northern site) in February and March 2022 and 

the NSW mid-coast (Hunter region, including the southern site) in July 2022. Animals could 

be stalling spawning during heavy rainfall events due to osmotic risks, which may affect 

gamete viability and reduce reproductive success (Chim & Tan, 2009; Muraeva et al., 2017; 

Qin et al., 2020). Reproductive timing could be expected to respond similarly to decreased 

salinity and high nutrient concentration, as runoff from heavy rainfall and flooding can be 

associated with elevated nutrient loads. However, further investigation is required to 

understand these relationships as there may be a lag phase before nutrients efflux from 

estuaries, and the animals could respond to the increased nutrients in the water. In this study, 

animals with spent gonads were associated at both sites with high nitrate concentration and, 

at the southern site, there was a general increase in MOS where phytoplankton increased. 

Nitrate is important for productivity, however, can be limiting in the ocean (Sigman & Hain, 

2012; Moore et al., 2013); higher nitrate levels promote growth of phytoplankton and hence 

food for larvae. A higher concentration of nutrients and phytoplankton might be an 

important factor in influencing spawning timing, as adults may select favourable conditions 

for larvae (Underwood, 1974; Foster et al., 1999; Freije & Al-Sayed, 2009).  

Spatially asynchronous reproduction poses challenges for designing seasonal fishing 

closures and community-imposed harvesting rules in traditional fisheries. The finding that 

T. militaris has continuous reproductive development with the ability to spawn multiple 

times per year and in various environmental conditions is likely beneficial for sustainable 

resource harvest. However, should the need for further management intervention arise 

(currently, there are bag and size limits and marine park spatial closures in NSW (NSW 

DPI, 2018a)), a seasonal closure for this species is unlikely to achieve an improved 

population abundance or recovery if the fishery is overharvested. Furthermore, T. militaris 
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is simultaneously regulated in NSW with other species, L. torquata and L. undulata (NSW 

DPI, 2023) and sea urchin species, under the NSW sea urchin and turban shell (SUTS) 

restricted fishery (NSW DPI, 2018b). Whilst the reproductive timing of T. militaris was 

reasonably consistent with L. torquata, it was different to that of L. undulata (Ward & Davis, 

2002; Ab Lah et al., 2019). As spawning occurs over extended periods without the formation 

of large breeding aggregations and reproductive timing is inconsistent across the fishery, 

seasonal closures designed to protect spawning adults may be ineffective overall. Full 

spatial closures in marine sanctuaries for particular species may be more suitable for 

achieving management objectives around maintaining or increasing recruitment and 

abundance.  
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CHAPTER 4.  

 

LONG-TERM MOBILITY OF A HARVESTED, ROCKY-

REEF GASTROPOD (TURBINIDAE) 
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term mobility of a harvested, rocky-reef gastropod. Fisheries Management and Ecology, 
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Abstract 

Stocks of Turbo militaris (Turbinidae) are under increasing harvesting pressure, but 

management is currently hampered by data deficiency. Management decisions for rocky-

reef gastropod fisheries should consider long-term species mobility, yet this is often poorly 

understood. Therefore, mark-recapture was used to evaluate annual displacement and 

upshore-to-downshore movement of T. militaris in Eastern Australia. Tags were glued onto 

676 snails, their positions georeferenced and recapture surveys were conducted after 6 and 

12 months. Overall, 25% of tagged snails were recaptured. Snails moved an average of 20–

21 m year-1 at subtropical sites and 34–44 m year-1 at temperate sites. Movement was non-

directional, limited in upshore-to-downshore mixing and unrelated to animal size. Turbo 

militaris is neither sedentary nor site-attached, and small and large snails move similarly. 

Our findings suggest a limited capacity for adults to repopulate other tidal zones, thus 

recreational harvesting could impact intertidal snails. 
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4.1 Introduction  

Information on species ecology and population dynamics, including movement, is essential 

for effective conservation and management (Leiva & Castilla, 2002; Martone & Micheli, 

2012; Stieglitz & Dujon, 2017). Empirical data on species movement are particularly 

relevant for informing connectivity, population models and management (Pittman & 

McAlpine, 2001; Allen & Singh, 2016; Sheehan, 2019). Understanding the extent and limits 

of harvesting across habitats and the status of populations is necessary for informed fisheries 

management (Cooke, 1999; Fischer et al., 2022). Assessment of densities of benthic biota 

is easy to quantify in the short-term, but movement causes population density and structure 

to fluctuate over time (Cooling & Smith, 2015). 

Movement is a primary ecological function that facilitates intraspecies connectivity (Nathan 

et al., 2008) and is central to many processes in marine animals, such as foraging, 

reproduction, predator−prey relationships and habitat use (Underwood, 1977; Chapman, 

2000; Pittman & McAlpine, 2001; Allen et al., 2018). Animal movement influences species 

survival, reproductive success and resilience to disturbance, with highly connected 

populations more buffered against depletion from harvesting (Proudfoot et al., 2006; 

Cooling & Smith, 2015; Allen & Singh, 2016). For example, greater mobility could lower 

a species' extinction risk and vulnerability to exploitation pressure by enhancing aggregation 

behaviour for reproduction or facilitating seeking shelter from environmental perturbations 

or escape from predation (Joll, 1980; Coates et al., 2013; Hayakawa et al., 2021). Movement 

research can inform spatial management strategies, such as marine park zoning and reserve 

size (Shepherd, 1986; Glazer et al., 2003). Additionally, movement research is valuable for 

informing the extent and design of other studies that aim to collect empirical fisheries data, 

such as growth or mortality (Shepherd, 1986).  

Movement can be driven by biological processes, such as for reproduction, with animals 

moving to find mates or to cluster for broadcast spawning, or movements in response to 

physiological tolerances, where reduced movement may occur in stressful conditions, such 

as suboptimal thermal ranges (Allen & Singh, 2016). Ecological drivers for movement 

include seeking food, which may be affected by resource availability, intraspecific 

competition or ontogenetic requirements (Hayakawa et al., 2018). Furthermore, animals 

may move in response to escaping predation or have reduced movement in predator-rich 
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ecosystems (Allen & Singh, 2016). For marine gastropods, olfactory navigation drives 

movement behaviours for finding food, avoiding predators, forming breeding aggregations 

and selecting optimal habitats (Wyeth, 2019). Movements may also be modulated by 

environmental factors such as oceanographic conditions, where benthic animals may 

decrease mobility in turbulent waters to avoid accidental dislodgement.  

Rocky shores are dynamic ecotones, where tides and waves generate a gradient of 

microhabitats across the shore, from the (supralittoral) splash zone to the intertidal 

(eulittoral) zone and shallow subtidal (infralittoral) zone (Underwood & Denley, 1984; 

Hawkins et al., 2016). Rocky shores are often heterogeneous, but the tidal gradient provides 

different biophysical conditions on different parts of the shore that influence associated 

biotic assemblages (Underwood & Denley, 1984). Movement research is specifically 

interesting for intertidal rocky shore species, because some species occur in specific shore 

zones while others are found across multiple zones (pers. obs.; Underwood, 2000). 

Population mixing and migration across the shore profile for these animals may facilitate 

access to refuges and foraging sites and influence predator−prey relationships (Chapman, 

2000; Ettinger-Epstein & Kingsford, 2008; Allen et al., 2018). Documenting animal 

movement between intertidal and subtidal zones can increase an understanding of 

population dynamics, harvesting impacts and potential capabilities for animals to repopulate 

areas of low density that may have been depleted by harvesting (Proudfoot et al., 2006; 

Cooling & Smith, 2015; Hayakawa et al., 2018).  

Marine gastropods are among the most abundant and diverse benthic taxa on rocky shores 

and shallow reefs, and many species are harvested worldwide (Leiva & Castilla, 2002). 

Ecological studies on marine gastropods are often limited (Creese, 1988), and small-scale, 

artisanal fisheries are generally under-represented in fisheries research (Rousseau et al., 

2019). Few studies have examined long-term movement in marine gastropods; most studies 

usually cover short temporal scales (days or weeks). Furthermore, studies on intertidal 

gastropods have rarely compared movements among locations of differing latitudes. 

However, this information could be important for predicting changes in population 

dynamics in future climate conditions.  

On intertidal rocky reefs in Australia, turban snails are among the most abundant 

herbivorous invertebrates (Hickman, 1998). Turbo militaris (Reeve, 1848) is a large (up to 
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130 mm shell height; pers. obs.) gastropod that colonises the eulittoral zone, the sublittoral 

fringe and the infralittoral zone on rocky reefs on the east coast of Australia (Cooling & 

Smith, 2015). The endemic distribution of T. militaris ranges from southern Queensland to 

southern New South Wales (NSW) (Beechey, 2005; Atlas of Living Australia, 2023) (Figure 

4.1). In this region, oceanographic conditions are strongly influenced by the East Australian 

Current (EAC) (Ridgway & Hill, 2014). The EAC is a warm western boundary current that 

forms a large eddy field deviating from the coast between 31° S and 33° S before the 

southern extension (Phillips et al., 2022). The EAC drives a temperature difference and, 

thus, the benthic communities along the NSW coast. Subtropical waters occur throughout 

northern NSW, whereas the mid to south coast is typified by warm-temperate to temperate 

waters with a higher diversity and abundance of macroalgae (Lloyd et al., 2020). For T. 

militaris, reproductive periodicity has been found to differ between spatially separate 

regions of differing latitudes (Seinor et al., 2023), yet it is unknown if other ecological 

patterns (i.e., differences in movements) are present. 

Harvesting of rocky shore invertebrates has dramatically increased over the last several 

decades (Anderson et al., 2011; FAO, 2024). In Australia, turban snails are collected 

culturally, commercially and recreationally. Turban snails are a traditional food resource for 

coastal First Nations Australians (Arrawarra Sharing Culture, 2009; Cooling & Smith, 

2015). In NSW, turban snails are commercially harvested as part of the combined sea urchin 

and turban snail fishery (SUTS); the catch is highly variable, yielding approximately 4–22 

t annually (Chick, 2023). Catch of T. militaris, a primary target in the SUTS fishery, has 

generally increased in the last decade, yielding 4.8 t in 2023 (7.6 t for all turban snail species 

combined) (NSW DPI, 2018b; Chick, 2023). Turban snails are commercially harvested 

year-round, where fishers hand-collect individuals by diving on shallow reefs (NSW DPI, 

2018b). Recreational fishing for turban snails involves hand-collecting, primarily on 

intertidal zones of rocky shores. Recreational harvesting is especially prevalent at low tide 

when eulittoral habitats are easily accessible (pers. obs.). Observations of large groups of 

recreational harvesters on rocky shores highlight the potential risk of overharvesting snails 

in the accessible intertidal zone (Cooling & Smith, 2015). There are no data on the extent 

of the non-commercial catch of turban snails in Australia; however, the magnitude is likely 

similar to that of commercial harvest (DCCEEW, 2018a). Current regulations for harvesting 

turban snails in NSW include minimum legal-size limits (shell size >75 mm), daily bag 
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limits (20 individuals) and spatial protection by marine sanctuary zones (NSW DPI, 2023, 

2024). Commercial fishers must also comply with commercial exclusion zones, and there 

are limited entry rules (DCCEEW, 2018a).  

 

Figure 4.1. Location of the four rocky shore sites for mark-recapture surveys of Turbo 

militaris in New South Wales, Australia. Aerial images sourced from Nearmap (2024). 

The large size and high-quality meat of T. militaris (Ab Lah et al., 2017b), coupled with 

high population densities on accessible intertidal rocky shores, make them a conspicuous 

and desirable target for human harvesting. Observations of increased harvesting of turban 

snails on Australia's coastline raise concerns about overharvesting and its long-term 
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sustainability and suggest the need for stricter fisheries management (Cooling & Smith, 

2015). However, scientific studies on turban snails are scarce, especially for the Australian 

subtropical endemic T. militaris.  

Our research objectives were to determine if T. militaris: migrated between intertidal and 

subtidal zones; populations mixed on rocky shores; movement rate or direction differed 

among locations, and; movement rate or direction was associated with animal size or shell 

morphology. We aimed to document long-term movement of T. militaris and how 

movement varied across a fishery that extends from the subtropics to warm-temperate areas. 

Mark-recapture studies are common for assessing movements in aquatic gastropods 

(Underwood, 1977; Ault & Demartini, 1987; Michel et al., 2007; Hazlett, 2009; Coates et 

al., 2013; Stieglitz & Dujon, 2017; Capinpin Jr, 2018; Schlaff et al., 2020), commonly using 

low-invasive glue-on tags (Hamilton, 1978; Castell et al., 1996; Chapman, 2000; Ettinger-

Epstein & Kingsford, 2008; Kienzle et al., 2022; Yeo et al., 2024). We used mark-recapture 

methods and Global Positioning System (GPS) waypoints of animals to quantify annual 

movement of T. militaris and both upshore movement (to a shallower depth or higher 

position on the shore) and downshore movement (to a lower position on the shore or deeper 

in the water) at four rocky shores along south-eastern Australia. 

4.2 Methods 

4.2.1 Study sites 

Mark-recapture surveys included a single marking event and two recapture events. Sampling 

dates were planned around low swell conditions (<2 m) and spring low tides (<0.4 m above 

zero tidal datum) during daytime. The study was conducted at four rocky shore sites in 

NSW, Australia (Figure 4.1). Woody Head (29.4° S) and Diggers Camp (29.8° S) were 

subtropical sites where water temperatures ranged 26.8–18.3 °C and averaged 22.5 °C. Big 

Rocky and Fishermans Bay (both at 32.8° S) were temperate sites where water temperatures 

ranged 25.5–17.4 °C and averaged 21.1 °C. Water temperature data were obtained from 

October 2021 to November 2022 from the E.U. Copernicus Marine Service Information 

(https://doi.org/10.48670/mds-00321). Woody Head is open to fishing and frequented by 

recreational fishers. Diggers Camp is in the Solitary Islands Marine Park, where recreational 

collection of invertebrates is prohibited intertidally (NSW DPI, 2024). Commercial fishing 
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is also prohibited at Diggers Camp, which is located within a SUTS commercial exclusion 

zone (DCCEEW, 2018a). Big Rocky and Fishermans Bay are in the Port Stephens – Great 

Lakes Marine Park within a habitat protection zone, where recreational and commercial 

harvesting is permitted (NSW DPI, 2024).  

At Woody Head and Diggers Camp, intertidal rocky reefs extend from the shore to protect 

the leeward (western and northern) sides from onshore wind and prevailing southeasterly 

and southerly swells. Sandy beaches punctuate rocky shores throughout these regions. At 

both sites, intertidal zones have moderately complex topography and are strongly influenced 

by tides, mostly exposed at low tide, and submerged at high tide. Woody Head has small, 

protected bays and offshore patchy, shallow (to ~2 m depth) reefs that run parallel to the 

intertidal rocky shore, surrounded by gently sloping sandy substrate. At Diggers Camp, 

topography becomes highly complex farther from shore, with many rock crevices, large 

boulders and deep trenches. Offshore, rocky reefs gently slope from intertidal areas to ~6-

m depth, where substrate becomes sandy. At both locations, habitat-forming biota such as 

Idanthyrsus pennatus and Hormosira banksii populate higher zones, red coralline algae 

occupy lower inundated areas and macroalgae dominate shallow subtidal and offshore reefs, 

mainly Sargassum spp. and Ecklonia radiata. At Diggers Camp, some scleractinian corals 

occur in the most protected subtidal reefs (Smith, 1988).  

Big Rocky and Fishermans Bay are characterised by south-southeast facing bays along a 

rocky clifflike shoreline. Offshore small islands and scattered rocky outcrops offer 

protection from prevailing swell. Big Rocky is the most exposed site, where waves and 

turbulent water are frequent within the bay, whereas, at Fishermans Bay, the narrow shore 

topography offers more calm conditions. Rocky outcrops provide high habitat complexity 

adjacent to a moderately complex intertidal area that slopes gently into deeper (~2–3 m) 

water. Farther from the beaches, intertidal complexity increases to provide several small, 

protected coves and trenches along the sides of the bays. Edges of the bays are exposed at 

low tide and are dominated by turfing algae and coralline algae, whereas shallow subtidal 

regions are less complex and dominated by mixed macroalgal communities. At Big Rocky, 

urchin barrens and highly complex habitat associated with large boulders characterise 

deeper areas (~2–3 m). In contrast, at Fishermans Bay, Caulerpa filiformis is common 

within the bay, and the centre of the bay is primarily sandy, with some scattered rocky 

substrata. At the sites included in this study, T. militaris is primarily associated with habitat-
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forming species such as the tube-worm I. pennatus, the brown alga Hormosira banksii and 

the solitary ascidian Pyura stolonifera (Cooling & Smith, 2015). 

4.2.2 Tagging 

Mark-recapture surveys commenced by tagging at least 140 T. militaris at each site during 

October and November 2021. Turbo militaris were located by visual searches in the 

intertidal zone and by wading and snorkelling in the adjacent subtidal zone to a maximum 

depth of ~4 m. Searches were confined to preferred turban snail habitat. Individuals over a 

wide size range (Appendix B: Figure B1) were tagged with no preference for size class or 

shell morphology. Snails were collected and tagged from areas representing the full suite of 

intertidal and shallow subtidal habitats at each site (Appendix B: Figure B2). Upon 

collection, a numbered rubber band was placed around each snail before they were placed 

in a catch bag. Concurrently, a numbered buoy with a small lead weight was placed on the 

reef where the snail was collected. A handheld GPS (Garmin eTrex 10) was carried in the 

intertidal zone and towed on a diver's float to search the shallow subtidal. The GPS was set 

to log a track point every 30 seconds to record the search track. A dive watch was calibrated 

to the time on the GPS. Upon collection, the GPS was held over the location for >30 seconds, 

and the time was recorded. Later, time recordings from tracks were matched with each 

collection. 

Snails were brought to shore, where maximum height (apex to anterior canal), maximum 

width (width of the final body whorl across the aperture) excluding spines and maximum 

width including spines were measured (mm) using Vernier callipers. On each shell, two 

small areas on the exterior of the final body whorl, perpendicular to the spiral crease, were 

prepared for tagging by removing the periostracum layer and algal or epifaunal growth. 

Tagging areas were sanded using a handheld, battery-operated rotary tool (Ozito 3.6V 

Rotary Tool) fitted with a conical diamond head piece. The area was then dried using a 

compressed air gun. Using cyanoacrylate gel glue (Selleys QuickFIX Supa Glue non-drip 

gel), two small, identically numbered plastic tags (Hallprint Glue-on Shellfish Tags) were 

glued to the shell (Figure 4.2). Tags were pressed onto the shell for a few seconds and 

allowed to cure for several minutes. Clear lacquer was painted over the tags, including a 

small area of surrounding shell, and allowed to dry for several minutes, as a protective layer 

against abrasion of tags and to increase tag retention. 
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Snails were returned to their point of collection by locating numbered buoys corresponding 

to the numbered band on each snail. The rubber band was removed, and snails were placed 

on rocky substratum with the aperture facing down. For each snail captured, the tagging 

process took up to 30 min. After release, snails were observed attaching their foot to the 

substrate, and some moved within minutes after their release. 

 

Figure 4.2. Tagged Turbo militaris released at one Diggers Camp. Individual #0469, shell 

height: 81 mm, has smooth shell morphology and individual #0464, shell height: 71 mm, 

has spiny shell morphology. 

4.2.3 Recapture 

Recapture surveys were conducted approximately 6 months after tagging, during April and 

May 2022, and again approximately 12 months after tagging, during October and November 

2022. Visual searches for tagged snails were conducted by expanding the search from 

tagging areas. The search extent (Appendix B: Figure B2) was limited to preferred T. 

militaris habitat, accessibility and safe working conditions. Turbo militaris can be cryptic, 

so searching included looking under ledges and in cracks, into holes and small caves, often 

by shallow diving in the subtidal zone to ~4 m depth. Turbo militaris frequently aggregate, 

so each snail in a cluster was removed and inspected for the presence of tags to ensure 
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concealed tagged snails were found. Upon recapture, the tag number was recorded and a 

buoy was placed where the tagged snail was collected to ensure the snail was returned to the 

exact location following measurement. The collection location was recorded with the GPS, 

using the same method as during tagging. Shell height and width (with and without spines) 

were measured in-situ and the tag number was recorded. Tag loss was recorded for animals 

with only one of two tags. 

4.2.4 Movement and elevation 

GPS tracks from tagging and the recaptures were imported into ExpertGPS 

(https://www.expertgps.com/). A waypoint for the original locations of each tagged snail 

was created by locating a track point corresponding to the time a snail was tagged. 

Waypoints were also marked for all recaptures. Corresponding tagging and recapture 

waypoints were identified, movement was calculated by recording the distance between 

matched waypoints, and a movement track was fashioned. Movement direction was 

calculated by determining the bearing between starting and finishing geographic coordinates 

and converting the data into a circular object for analysis. Movement distance was corrected 

to an annual movement rate (m/year) to account for differences in time at liberty. 

Aerial imagery for each location was sourced from Nearmap (2024), with specific imagery 

based on clarity (low cloud cover, minimal water reflection, low swells or waves and low 

tide). Matched tagging and recapture waypoints, movement tracks and aerial imagery were 

georeferenced in ArcGIS (ESRI, 2023) to create movement maps. Tagging waypoints and 

GPS search tracks were georeferenced in ArcGIS (ESRI, 2023) to create images of tag 

locations and search tracks (Appendix B: Figure B2). Maps were formatted in Adobe 

Illustrator (v28.3).  

Remotely sensed topographic and bathymetric data were used to obtain an elevation point 

for each tagging and recapture waypoint. Lidar Aerial Survey data for each survey site from 

Geoscience Australia (2021) were imported into ArcGIS (ESRI, 2023). Lidar data were 

converted to a raster format and contour polygons were formed using a 0.1 m contour 

interval. The elevation (m) of each waypoint was extracted from contour polygons, and 

elevation change was calculated by subtracting the recapture elevation from the tagging 

elevation.  

https://www.expertgps.com/
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4.2.5 Statistical analysis 

Permutational multivariate analysis of variance (PERMANOVA) was used to compare 

differences in movement distance, elevation change and movement direction among sites, 

with shell size (shell height at tagging) and shell morphology (ratio of shell width with 

spines to shell width without spines) as covariates. Annual movement and elevation change 

were transformed into natural logarithms (ln) to meet assumptions of variance homogeneity 

and normality. For snails recaptured twice, the first (6-month) recapture was omitted to 

avoid pseudo-replication, and the second (12-month) recapture was retained. This data 

simplification procedure was used to quantify and compare the displacement rate, but 

multiple recaptures were also qualitatively assessed for movement. Backwards-stepwise 

variable selection was used in separate PERMANOVA analyses for each response variable, 

followed by pairwise comparisons of significant effects. PERMANOVA analyses used 

Euclidean distance in the 'adonis2' function of the vegan package in R (R Core Team, 2021; 

Oksanen et al., 2024). 

A paired t-test was used for snails recaptured twice to test for differences in movement rates 

between 6-month and 12-month recapture periods. Data from all four sites were pooled due 

to small numbers of snails recaptured twice at each site. For the paired t-test, movement was 

standardised to a 6-month rate (m/6 months) and Log10(x+1)-transformed to satisfy 

assumptions of normality, variance homogeneity, and outlier influence. The paired t-test 

was performed using the stats package in R (R Core Team, 2021).  

A logistic regression was used to assess the effect of shell height on recapture as a binary 

response. Logistic regression was performed using the 'glm' function in the stats package in 

R, specifying family as binomial (R Core Team, 2021). All statistical tests were assumed to 

be significant if p ≤ 0.05. 

4.3 Results 

4.3.1 Tagging and recapturing 

Of 676 turban snails tagged across four sites, 138 were recaptured (~20%) after 6 months 

and 53 were recaptured (~8%) after 12 months (Table 4.1). Tagging took three days at each 

site, except at Diggers Camp, which took two days with more personnel. On average, 62 
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snails were tagged per day. Recapture surveys took 2–4 days, with five hours per day at 

each site, by 2–4 personnel. The highest recapture rate after 6 months was at Diggers Camp 

(the site protected from intertidal harvesting), and the lowest was at Big Rocky. After 12 

months, the highest recapture rate was at Fishermans Bay, and the lowest was at Woody 

Head (Table 4.1). Snails were mostly recaptured once (89% of all recaptures). Most snails 

recaptured twice were at Diggers Camp and Fishermans Bay (nine at each site). Only four 

snails were recaptured twice at Woody Head and one at Big Rocky. Three empty tagged 

shells were recovered, two during the 6-month recapture survey at Diggers Camp and one 

at a local Fisheries office by a member of the public that was tagged at Big Rocky. 

Table 4.1. Descriptive results from mark-recapture surveys on Turbo militaris at two 

subtropical and two temperate rocky shore sites in New South Wales, Australia. Sample 

size (n), measurements of minimum (hmin) and maximum (hmax) shell height (mm), average 

shell height (haverage, mm ± SE) and average shell morphology (%spiny, i.e., animals with shell 

spine ratio >1) are given for tagged (time = 0), and recaptured snails (6-month recapture: 

time = 6, 12-month recapture: time = 12). The percentage of tagged animals recaptured (r), 

and the number of animals recaptured with only one tag (1tag) are given for the recaptures. 

 Site time n r 1tag hmin hmax haverage %spiny 
          

Su
bt

ro
pi

ca
l s

ite
s 

Woody Head 0 188   51 87 70 (± 1) 84 

 6 37 20 9 60 88 74 (± 1) 78 

 12 8 4 3 68 87 75 (± 2) 100 

Diggers 
Camp 

0 179   34 102 70 (± 1) 32 

 6 58 32 27 50 97 72 (± 1) 45 

 12 15 9 9 65 88 72 (± 2) 13 
          

Te
m

pe
ra

te
 si

te
s 

Big Rocky 0 147   21 101 62 (± 1) 50 

 6 12 8 3 57 85 74 (± 3) 75 

 12 8 6 1 69 89 81 (± 3) 100 

Fishermans 
Bay 

0 162   28 117 71 (± 1) 14 

 6 31 19 7 67 103 79 (± 0) 19 

 12 22 14 7 66 104 84 (± 2) 5 
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Tag loss (snails recaptured with only one tag) was 33% after 6 months at liberty and 37% 

after 12 months at liberty (Table 4.1). Partially attached tags were found on four snails. 

Recaptured snails often had one or both tags covered with algal or epifaunal growth, such 

as crustose coralline algae and small polychaete tube-worms (Appendix B: Figure B3). 

4.3.2 Movement distance 

Most snails (~78%) moved less than 30 m, and few moved <5 m (~12%) or over 100 m 

(~2.4%) (Figure 4.3). Snails moved shorter distances at subtropical sites (Woody Head = 21 

m ± 3 m SE; Diggers Camp = 20 m ± 2 m SE) than at temperate sites (Big Rocky = 44 m ± 

10 m SE; Fishermans Bay = 34 m ± 7 m SE) (Figure 4.4a). Annual movements were less 

variable at subtropical sites (Woody Head range = 3–81 m; Diggers Camp range = 1–106 

m) than at temperate sites (Big Rocky range = 3–192 m; Fishermans Bay range = 1–257 m). 

Annual movement differed significantly among sites (PERMANOVA; p = 0.044, Appendix 

B: Tables B1 and B2), but not significantly between any pairs of sites (pairwise 

comparisons; p > 0.05).  

For snails recaptured twice, movement averaged 10 m (± 2 m SE) in the first 6 months and 

8 m (± 1 m SE) in the next 6 months (6 months to 12 months). The average movement of 

snails recaptured twice did not differ significantly over the first (6 month) and second (12 

month) periods at liberty (p = 0.49, Appendix B: Table B3). 
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Figure 4.3. Displacements of Turbo militaris from mark-recapture surveys at Woody Head 

(a), Diggers Camp (b), Big Rocky (c) and Fishermans Bay (d), New South Wales, Australia. 

Aerial images sourced from Nearmap (2024). 
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Figure 4.4. Mean annual displacements (m ± SE) of Turbo militaris from mark-recapture 

surveys at four rocky shore sites, Woody Head (WH), Diggers Camp (DC), Big Rocky (BR) 

and Fishermans Bay (FB) (a) in New South Wales, Australia. Numbers at the bottom of the 

bars represent the sample size at each site. Relationship between shell height (mm) at 

tagging and annual displacements (m) of individuals (b), showing the morphology ratio 

(ratio of shell width with spines to shell width without spines) as bubbles. 

4.3.3 Shell size and morphology 

Average shell height of snails at tagging was ~70 mm at all sites except Big Rocky, where 

average shell height was smaller (Table 4.1). A wide size range of snails were tagged at 

each site, except at Woody Head, where few small and few large snails were found (Table 

4.1, Appendix B: Figure B1). The size range of recaptured snails was narrow, especially at 

Woody Head (Table 4.1). The recapture rate was not related to shell height (p = 0.923, 

Appendix B: Table B4). At tagging, snails were of predominantly spiny morphology at 

Woody Head, mostly smooth at Diggers Camp and Fishermans Bay, and had an 

approximately equal proportion of smooth and spiny animals at Big Rocky (Table 4.1). 

Recaptured snails at Woody Head and Big Rocky were of predominantly spiny morphology, 

and mostly smooth at Diggers Camp and Fishermans Bay (Table 4.1).  
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Snails of different sizes and shell morphologies occurred in similar habitats. Snails of 

different sizes often clustered together, with small snails generally found behind large snails. 

Movement distance, elevation change, and direction were not significantly related to shell 

height (p = 0.113, Figure 4.4b, Figure 4.5a and Figure 4.6) or shell morphology (p = 0.333, 

Figure 4.4b) (Appendix B: Tables B1 and B2). 

 

Figure 4.5. The relationship between shell height (mm) at tagging and change in elevation 

(m) of Turbo militaris (a), and the change in elevation (m) of T. militaris over two recapture 

periods (b), from mark-recapture surveys at four rocky shore sites, Woody Head (WH), 

Diggers Camp (DC), Big Rocky (BR) and Fishermans Bay (FB) in New South Wales, 

Australia.  
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Figure 4.6. Direction and distance of annual displacements of Turbo militaris over two 

recapture periods at (a) Woody Head, (b) Diggers Camp, (c) Big Rocky and (d) Fishermans 

Bay, New South Wales, Australia. Shell height (mm) at tagging is shown as bubbles. 

4.3.4 Movement 

Movement of T. militaris was haphazard, with no apparent common direction, and snails 

tagged in the same area often travelled in opposing directions (Figure 4.3 andFigure 4.6). 

Mixing was extensive, with no evidence of home-ranging (Figure 4.3). Snails were 

generally found in known favourable habitat and rarely in unfavourable habitat, such as 

sand. Snails moved within areas where habitat provided suitable rocky structures and 

refuges, such as around small, protected coves, and fringe habitat at subtropical sites (Figure 

4.3a,b) or around rocky outcrops at temperate sites (Figure 4.3c,d). Movement rates varied, 
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but most snails were recaptured within the same topographic feature where they were tagged 

(movements were not extensive) and snails mixed within these localities (Figure 4.3). For 

example, at Diggers Camp, recaptured snails were found within two areas where they had 

been tagged but varied in movement within these clusters (Figure 4.3b). Snails recaptured 

during both 6-month and 12-month recapture surveys were generally not recaptured in the 

same location both times (Figure 4.3). 

Turbo militaris mixed between intertidal and subtidal zones on each rocky shore (Figure 

4.3), but in no specific direction (Figure 4.3 and Figure 4.6) or change in elevation (Figure 

4.5b, Appendix B: Figure B4). At all sites, snails moved across, up, and down the shore. At 

all sites, nearly equal percentages of snails moved upshore (45%) and downshore (44%), 

and some (11%) did not change elevation. Animals often moved across the shore, commonly 

along edge habitat, such as on the northeastern shores at temperate sites (Figure 4.3e,d) or 

along edge habitats at subtropical sites (Figure 4.3b). Most snails were recaptured in 

intertidal or the adjacent shallow subtidal areas, but rarely in the deep (>2 m) offshore 

habitat (Figure 4.3). Most snails tagged on deep subtidal reefs (~3 m) were not recaptured 

(Figure 4.3, Appendix B: Figure B2).  

4.4 Discussion 

4.4.1 Movement 

On rocky shores in south-eastern Australia, T. militaris were fairly localised and moved only 

~20–44 m per year. Our findings are similar to another similar-sized Australian turbinid, 

Lunella torquata, that moved <3 m per day and up to 30 m (for large snails) per month 

(Ettinger-Epstein & Kingsford, 2008). Other smaller turbinids (and trochids) moved ~1 m 

per month (Yeo et al., 2024). In contrast, abalone species of similar size move greater 

distances, including 200–400 m in 10 months by Haliotis discus in South Korea (Hwang & 

Shin, 2010), 20–250 m in 6 months by H. laevigata in South Australia (Shepherd, 1986), 1–

150 m per month by H. rufescens in California (Ault & Demartini, 1987) and 7.8–80 m in 

14 months by H. corrugata in California (Coates et al., 2013). Last, a similarly sized 

gastropod, Rochia nilotica, moved 30–40 m in three weeks in Northern Philippines 

(Capinpin Jr, 2018) and 24 m in one month in the Solomon Islands (Clarke & Komatsu, 

2001). 
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We quantified long-term movement, but short-term movement of T. militaris is up to 3 m 

per day (unpublished data), like the similar-sized crown conch, Melongena corona, that 

moved ~7 m per day (Hamilton, 1996). Larger queen conch, Aliger gigas (almost 3-times 

larger than T. militaris), move large distances on sand bottoms (Glazer et al., 2003; Doerr 

& Hill, 2013; Stieglitz & Dujon, 2017), with annual movement of 170–330 m (Hesse, 1979). 

Movement and habitat use may differ over diurnal cycles (Hayakawa et al., 2018), although 

gastropods are generally nocturnal (Hughes, 1986). Herbivorous gastropods are more 

mobile at night, to forage and avoid predators (Ault & Demartini, 1987; Chapman, 2000; 

Taniguchi & Rogers-Bennett, 2001). In our study, turban snails did not actively move during 

the day at low tides when we sampled, so low mobility and use of refugia during daytime 

may affect detectability of snails to harvesters (Lasiak, 1991). Further studies of short-term 

movements, and nocturnal activity of T. militaris would enhance understanding of the 

ecology of this species.  

Movements of intertidal marine gastropods may be affected by oceanographic conditions 

and seascape topography, which may explain why we found T. militaris movement was 

more variable at south-facing temperate sites that predominantly received south-easterly 

swells and winds that often caused waves and turbulent water onshore. Movement may 

result from turbulent water (Walsby, 1977), which could explain the few large 

displacements and high displacement variability at these temperate, more exposed sites. 

However, rough water conditions could limit movement of gastropods that clamp down on 

substrate or seek shelter during rough seas (Walsby, 1977; Stoner & Lally, 1994). Shell 

morphology may positively influence protection in turbulent conditions, because 

protuberances like spines may allow snails to wedge into substrate for security (Kurihara et 

al., 2006). Understanding how oceanographic conditions affect dispersal of benthic animals 

is complex, yet important, especially if storm events increase in size and occurrence 

(Sheehan, 2019). 

Turbo militaris mixed haphazardly in intertidal and shallow subtidal zones in areas of 

suitable turban snail habitat. Turban snails are generally restricted by the presence of 

suitable habitats which include highly complex topography (Ettinger-Epstein & Kingsford, 

2008; Smoothey, 2013; Cooling & Smith, 2015) and as generalist herbivores, includes reefs 

with high abundances of macroalgae (including turfing algae, coralline algae and erect 

macroalgae) (Walsby, 1977; Worthington & Fairweather, 1989; Ettinger-Epstein & 
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Kingsford, 2008; Hayakawa et al., 2018; Lloyd et al., 2020). Some rocky shore gastropods 

are home ranging, such as some limpets (Mackay & Underwood, 1977; Creese, 1980) and 

the abalone, H. corrugata (Coates et al., 2013), while others are nomadic, moving 

haphazardly such as the periwinkle, Littorina littorea (Petraitis, 1982). High variability in 

movement distance and direction of T. militaris, without large movement, suggest that this 

species might occupy large ranges within which they move randomly. Haphazard movement 

was especially apparent for snails recaptured after both 6 months and 12 months, with none 

remaining in the same location, thereby suggesting snails have no home site. Movement of 

marine gastropods differs between habitat types (Yeo et al., 2024). In our study, patches of 

optimal substrate were sometimes isolated by unfavourable substrate, such as sand, which 

may have constrained movement at some sites (i.e., the offshore reefs at Woody Head). 

Long-term movement patterns of herbivorous snails over seasonal or interannual timescales 

could fluctuate in response to changes in macroalgal communities (Hayakawa et al., 2021). 

Whether mobility in our study remains the same or changes from year to year could be a 

key consideration for managing this species. Future studies should address interannual 

movement and microhabitat use to forecast population changes in response to habitat 

changes.  

Individuals of differing sizes and shell morphologies (ranging from smooth, through 

incipient bumps, to prominent spines (Beechey, 2005; Smith et al., 2007)) often coexist in 

the same habitats (Beechey, 2005). When the snails are aggregated in tight clusters, smaller 

individuals are generally found sheltering behind larger individuals (pers. obs.), suggesting 

that larger animals could have greater displacement as they can move out of the refuges 

more readily. However, in our study, the size of T. militaris was similar among areas and 

unrelated to movement distance, direction, and the extent of upshore-to-downshore 

movement. Our findings contrast to other studies of gastropod movement (Hesse, 1979; 

Shepherd, 1986; Ault & Demartini, 1987; Ettinger-Epstein & Kingsford, 2008; Doerr & 

Hill, 2013; Stieglitz & Dujon, 2017; Capinpin Jr, 2018), perhaps because small snails that 

might not move far were under-represented in our study. Mobility and spatial segregation is 

size-related in other species of turbinid and trochid gastropods, wherein large individuals 

occupy deeper waters (Takada, 1996; Taniguchi & Rogers-Bennett, 2001; Ettinger-Epstein 

& Kingsford, 2008; Seinor et al., 2020), where ontogenetic habitat shifts are facilitated by 

downward movement (Walsby, 1977; Capinpin Jr, 2018; Hayakawa et al., 2018). Large 
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snails may move greater distances and mix more across habitats (Ettinger-Epstein & 

Kingsford, 2008). In contrast, smaller snails are cryptic, less mobile and often remain 

sheltered in shallow, complex habitats that offer protection (Castell et al., 1996; Taniguchi 

& Rogers-Bennett, 2001; Smoothey, 2013), such as shallow areas of (articulated coralline) 

algal turf (Walsby, 1977; Worthington & Fairweather, 1989; Hayakawa et al., 2018). Other 

marine gastropods, such as abalone and queen conch, are similar in movement and habitat 

use (Hesse, 1979; Shepherd, 1986; Ault & Demartini, 1987; Doerr & Hill, 2007; Stieglitz 

& Dujon, 2017). In contrast, our study and others that found no size-related movement 

(Hamilton, 1996; Marshak et al., 2006; Hazlett, 2009) illustrate that movement is not 

universal across the class Gastropoda.  

4.4.2 Mark-recapture 

Recapture rates of tagged T. militaris in our study (25% overall) were similar to other studies 

using similar methods, including a 24% recapture rate of A. gigas over three years in St. 

John, U.S. Virgin Islands (Doerr & Hill, 2013) and a ~9% recapture rate of L. torquata over 

~ three years in NSW (Kienzle et al., 2022). More frequent recapture surveys generally 

increase the recapture rate of marine gastropods, such as a 90% recapture rate from daily 

sampling for three months (Hazlett, 2009) and a 58% recapture rate from periodic sampling 

over 11 years (Ault & Demartini, 1987).  

Tagged snails may not have been recaptured in our study due to reduced detectability of 

tagged animals or tag loss, similar to 18% tag loss in another mark-recapture study of L. 

torquata using similar glue-on tags (Ettinger-Epstein & Kingsford, 2008). Many gastropods, 

such as abalone and turban snails (including T. militaris), occupy narrow rock crevices 

(Shepherd, 1986; Ault & Demartini, 1987), so glue-on tags may shed from abrasion against 

rock or other shells. Biofouling of tags is also a problem that can reduce detectability 

(Heslinga & Orak, 1984), as in our study. A higher recapture rate could result from using 

more conspicuous tags (Castell et al., 1996) or permanent tags (Heslinga & Orak, 1984; 

Kikutani, 1991; Prince, 1991; Doerr & Hill, 2013; Stieglitz & Dujon, 2017). 

Whilst our recapture searches were extensive (Appendix B: Figure B2), our study may be 

biased towards shorter movement distances, or shallow areas, due to sampling limitations. 

However, during our recapture surveys, we found many non-tagged snails up to ~500 m 

away from tagging locations. Furthermore, no tagged T. militaris were found at two nearby 
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rocky shores that were frequently visited during the field campaign. One of these sites was 

~1 km away from Woody Head, separated by sand and patches of algae-covered substrate, 

and the other was adjacent (~200 m away) to Big Rocky, separated by exposed rocky 

coastline with suitable turban snail habitat. These observations indicate that long-distance 

movement did not likely explain a large proportion of non-recaptured snails. Additionally, 

some snails, may have moved to inaccessible areas within sites (i.e., more turbulent areas) 

(Ault & Demartini, 1987). For example, the coastline surrounding the Big Rocky site has 

suitable snail habitat that is generally inaccessible for sampling due to high wave action, 

which could have reduced recapture rates at this site. Turbo militaris prefer highly complex 

habitats and can be found in depths of up to 20 m (Mohring, 2007; Cooling & Smith, 2015), 

so snails may have moved to areas that were inaccessible to snorkelling. The use of 

snorkelling limited the ability to safely sample deeper waters and thoroughly search 

complex subtidal habitats, likely resulting in an underrepresentation of snails in these areas. 

Tagged snails in our study might have been removed by natural predation or human 

harvesting, as we observed fishers collecting invertebrates from shore at Big Rocky and 

Woody Head and the recapture rate was higher at Diggers Camp that was closed to harvest 

(NSW DPI, 2024). Removal by natural predators was also possible, as we observed notable 

numbers of natural predators, Dicathais orbita and Octopus tetricus (Taylor & Glover, 

1999; Steer & Semmens, 2003) at some sites and O. tetricus preying on a tagged snail at 

Big Rocky.  

Handling snails for tagging may cause stress during removal from the water and preparing 

shells for tagging by scrubbing off epibiota (Prince, 1991). For example, short-term 

movements by T. militaris were similar for snails tagged with glue-on tags and a quicker, 

temporary numbered band placed on the shell (unpublished data). Over two time periods, 

handling stress increased movement up to a couple of metres per day for a few days 

(unpublished data). Increased movement several days post-tagging has been demonstrated 

in other marine invertebrates, including gastropods (Shepherd & Godoy, 1989; Werner et 

al., 1995), crustaceans (Atkinson et al., 2005; MacArthur et al., 2008) and echinoderms 

(Shiell, 2006). Nevertheless, our study examined movements over a longer timescale, 

diluting short-term effects.  
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Our mark-recapture sampling design was robust, because the study was over an extended 

timeframe, at spatially separated sites and for a wide size range of snails. Furthermore, we 

measured movement from the starting position of each snail, unlike other studies that 

tracked movement from a common starting origin where animals were released after tagging 

(Walsby, 1977; Shepherd, 1986; Clarke & Komatsu, 2001; Capinpin Jr, 2018; Yeo et al., 

2024).  

4.4.3 Fishery management implications 

For T. militaris, connectivity between intertidal and subtidal zones was limited in our study, 

with snails mostly mixing between the eulittoral zone and infralittoral fringe, and movement 

to and from deeper subtidal regions was not apparent. Turbo militaris can be highly 

abundant and densely aggregate in the eulittoral zone, where they are readily harvested at 

low tide, so our findings suggest that harvesting could deplete snails in shallow areas. Strong 

upshore movement of adult snails as a response to lower intraspecific competition into 

intertidal areas, where recreational harvesting pressure is highest, would have suggested a 

stock recovery mechanism by which subtidal animals replenish the harvested intertidal stock 

to buffer the whole population (Lasiak, 1991; Proudfoot et al., 2006; Cooling & Smith, 

2015). However, movement was haphazard in our study, with limited upshore movement, 

which suggests that the potential for adults to migrate upward and repopulate depleted sites 

is limited. However, at sites where harvesting is prohibited (Diggers Camp) or limited in 

accessibility (Big Rocky), release from competition for resources to facilitate upward 

migration was likely limited. In addition, harvesting at other sites may have been insufficient 

to reduce intraspecific competition.  

Non-directional movement we found suggests that movement of snails upshore to the 

intertidal zone, where they were available for collection, was countered by our finding that 

snails also moved equally downshore. Such movement patterns may provide conservation 

benefits to subtidal snails, wherein snails remaining in or moving to deeper habitats may be 

more safeguarded from recreational harvesting by occupying habitats that are less accessible 

(Cooling & Smith, 2015). However, conservation benefits of natural refuges are likely to be 

disproportionate across sites due to commercial fishing. Our study was constrained to the 

intertidal shore and adjacent shallow subtidal reefs, so future studies of movement and 
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connectivity on deeper reefs would be valuable for informing commercial fishery harvest 

strategies. 

Population dispersal for most aquatic gastropods is primarily driven by pelagic larvae 

movement, facilitating broader scale connectivity (Cowen & Sponaugle, 2009; Allen et al., 

2018; Sheehan, 2019). Adults, in contrast, have slower locomotion and are often considered 

to have a more modest effect on population dispersal (Nathan et al., 2008; Sheehan, 2019; 

Wyeth, 2019). In NSW, many rocky shores are often punctuated by patches of sand or long 

stretches of sandy coastline (unsuitable habitat). The findings from our study suggests that 

unsuitable habitats may inhibit snail movement to nearby areas, so adult snails might be 

constrained to each rocky shore. Thus, adult movement would likely facilitate connectivity 

to only localised areas of suitable habitat, but haphazardly. Turbo militaris are not 

genetically differentiated across NSW (Nimbs et al., 2023), so populations at isolated rocky 

shores would need to be linked by larval supply.  

Our study of T. militaris expands previously limited knowledge of turbinid gastropods and 

provides empirical data to support management of this important, spatially restricted 

species. Due to the limited movement of snails to other areas, spatial protection would be 

suitable for safeguarding existing adult populations in high-harvest areas. To protect against 

local depletion by harvesting, management should consider enhancing the existing network 

of spatial protection for T. militaris in NSW. Spatial management of rocky shores with 

suitable habitat as 'no-take' areas would complement other measures, such as size and bag 

limits, to ensure long-term sustainability of large vulnerable intertidal gastropods such as T. 

militaris.   
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CHAPTER 5.  

 

LATITUDINAL VARIATION IN AGE AND GROWTH 

OF A HARVESTED, MARINE GASTROPOD 

(TURBINIDAE)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 5 is in preparation for submission to a peer-reviewed academic journal.  
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Abstract 

Harvested marine resources require ecological knowledge to inform effective fisheries 

management. Marine gastropods, including turban snails (Turbinidae), are highly sought for 

human harvest. In Australia, Turbo militaris is culturally, commercially and recreationally 

fished in New South Wales (NSW), yet there is limited biological knowledge to inform its 

management. This study uses mark-recapture to assess growth and develop age-and-growth 

models for T. militaris at four rocky shores in NSW. Growth varied across subtropical to 

temperate regions spatially separated by ~350–400 km. Temperate snails attained a larger 

asymptotic size than subtropical snails (108 mm, 94 mm, for temperate and subtropical 

snails, respectively), a greater growth coefficient (K) (0.57 year-1, 0.29 year-1), higher natural 

mortality (M) (0.57 year-1, 0.37 year-1) and lower longevity (Tmax) (5 years, 10 years). Sexual 

maturity (36.5 mm shell height, 95% CI: 34.5–38.3 mm) was attained by temperate snails 

at 0.7 years (estimated age range: 0.7–0.8 years), allowing approximately 1.5 years of 

reproduction before entering the fishery at 78 mm shell height, whereas subtropical snails 

reach maturity at 1.7 years (estimated age range: 1.6–1.8 years) and have approximately 4.4 

years before reaching the harvestable size. Our findings indicate that current minimum size-

limits are appropriate across the fishery in terms of ensuring population replenishment. This 

study highlights the disparities in life-history parameters across latitudes within a species of 

Gastropoda. The fast-growing temperate snails' shorter lifespan and higher mortality suggest 

greater resilience to stress due to higher turnover. In contrast, the subtropical snails are likely 

to have greater vulnerability to environmental stress or depletion if overfishing occurs due 

to slower recovery.  
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5.1 Introduction 

Demands on marine resources as seafood have led to an increased pattern of stocks fished 

above sustainable limits (FAO, 2024), negatively impacting global food security and future 

human health (Golden et al., 2021; Tacon, 2022). Thus, underutilised or small-scale 

fisheries, including marine gastropods, are increasingly used as alternatives to supplement 

overfished stocks (Leiva & Castilla, 2002; Anderson et al., 2011). Harvested species must 

be managed effectively to ensure future sustainability (Teixeira & Silva, 2023), which relies 

on relevant biological information on target species. For example, commercial harvest 

quotas and recreational bag limits are informed by the growth rates and longevity of target 

species (Perry et al., 1999). However, there is often a lack of research to inform management 

decisions for regional or small-scale fisheries (Anderson et al., 2011).  

Biological and ecological data provide essential information for predicting population 

responses to stress, such as from heavy harvesting or future climate conditions. Life-history 

studies on target species are pivotal for identifying overfishing, guiding effective decision-

making for conservation measures, and informing fisheries management and harvest 

strategies (Cochrane, 2002; Anderson et al., 2011; Quist et al., 2013). Age and growth 

studies provide essential life-history parameters in fisheries science, such as growth rate, 

maximum size, longevity, age/size at maturity, age at recruitment into the fishery and natural 

mortality rate (Das, 1994; Ramesh et al., 2009; Quist et al., 2013; Kienzle et al., 2022). For 

management, age and growth research helps to determine time between sexual maturity and 

recruitment to the fishery, informing biologically appropriate fishery regulations such as 

allowable catch, bag limits and size limits (Das, 1994; Cochrane, 2002; Quist et al., 2013; 

Keane et al., 2014; Ashfaq et al., 2019). Age and growth studies, combined with information 

on reproduction can guide biologically appropriate size-limits. Specifically, information on 

reproductive periodicity, fecundity, growth rate, size, and age at maturity can be used to 

model a harvesting size that allows for a period of reproductive activity before entering the 

fishery (McShane & Naylor, 1995; Stoner et al., 2012; Prince & Hordyk, 2018). 

Direct observations, including mark-recapture field studies, are the most accurate way to 

determine age (Quist et al., 2013). Mark-recapture experiments use measurements of 

individual growth increments in the field, providing data suitable for age-and-growth 

modelling (Henry & Jarne, 2007; Quist et al., 2013; Hollyman et al., 2018b). Mark-recapture 



98 

 

has been widely used to study growth in a range of marine gastropods (Frank, 1969), 

including abalone (Day & Fleming, 1992; Mgaya & Mercer, 1994; Catchpole et al., 2001; 

Dixon & Day, 2004), conch (Appledoorn, 1988; Peel & Aranda, 2012), murex (Vasconcelos 

et al., 2006), trochus (Smith, 1987) and turban snails (McLachlan & Lombard, 1981; 

Bourgeois et al., 1997; Martone & Micheli, 2012; Keane et al., 2014; McCann & Johnson, 

2021; Kienzle et al., 2022).  

The von Bertalanffy growth function is the most widely used method for mathematical 

modelling of age and growth in fisheries science, (von Bertalanffy, 1938; Quist et al., 2013) 

and has been applied to model growth in a range of marine gastropods (Frank, 1975; 

McLachlan & Lombard, 1981; Smith, 1987; Bruton et al., 1991; Day & Fleming, 1992; 

Mgaya & Mercer, 1994; Vasconcelos et al., 2006; Cárdenas & Aranda, 2014). The form of 

the von Bertalanffy growth function includes a growth rate declining with size and the 

asymptotic size reached later in life (von Bertalanffy, 1938). Key life-history parameters are 

derived from growth modelling. These include asymptotic size, the average maximum size 

(L∞), and the Brody growth co-efficient (K), the rate (year-1) at which an animal approaches 

asymptotic length (Froese & Pauly, 2000). 

Growth models are fundamental to estimating key fisheries parameters, including longevity 

(Tmax) and natural mortality (losses from non-fishing causes) (M) (Pauly, 1980; Froese & 

Pauly, 2000). Size at first sexual maturity (LM50) is a common fishery metric to inform size 

limits, defined as the size at which half the population of a given size class are reproductively 

mature; age can then be modelled using an inverse von Bertalanffy equation (von 

Bertalanffy, 1938). Age and growth parameters provide insights into fishing resilience, 

overfishing vulnerability, recovery potential and population dynamics (Then et al., 2015). 

These parameters are essential for fisheries assessments and informing management 

strategies such as sustainable fishing limits (Frank, 1975; Das, 1994). 

Marine gastropods have a logarithmic growth pattern, where growth slows as the individual 

ages or achieves a larger size (Smith, 1987; Vasconcelos et al., 2006; Peel & Aranda, 2012). 

Slower growth may coincide with maturity as energy is diverted from somatic growth to 

reproduction (Prince et al., 1988); at this time, some species have determinate growth 

(Frank, 1969). Moderate rates of growth have been estimated for trochus species, Tectus 

pyramis (Frank, 1969) and Rochia nilotica (K = 0.25 year-1, L∞ = 146.5 mm) (Smith, 1987). 
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Several studies on the large abalone Haliotis tuberculata (L∞ = >100 mm) indicate that 

growth rate ranged from fast (K = 0.45 year-1) to moderate (K = 0.25 year-1) (Mgaya & 

Mercer, 1994). Fast growth occurred in the medium-sized murex, Hexaplex trunculus (K = 

0.41 year-1, L∞ = 82.76 mm) (Vasconcelos et al., 2006) and the large conch, Aliger gigas (K 

= 0.36 year-1, L∞ = 251 mm) (Peel & Aranda, 2012). Large species are generally longer 

lived, such as Turbo sarmaticus, which can live up to 11 years (Bruton et al., 1991), Haliotis 

tuberculata and R. nilotica up to 15 years (Smith, 1987; Mgaya & Mercer, 1994), and A. 

gigas up to 19 years (Cárdenas & Aranda, 2014). 

Growth in marine gastropods can exhibit interspecific (Smith, 1987; Vasconcelos et al., 

2006), seasonal (Frank, 1969), habitat-associated (McShane et al., 1988; Boman et al., 2019) 

or geographical variability (McShane & Naylor, 1995; Stoner et al., 2012). Furthermore, 

size at maturity can vary within a single species over different spatial scales (Stoner et al., 

2012; Boman et al., 2018; Borsetti et al., 2018). Geographical trends in growth are not 

uniform. Some species (i.e., Buccinum undatum) exhibit larger sizes and faster growth in 

cooler regions of higher latitudes (Dehnel, 1955; Emmerson et al., 2020), while some others 

(i.e., Tegula funebralis) may grow faster in tropical regions (Frank, 1969, 1975). Faster 

growth at warmer temperatures has been found in laboratory studies of the whelk Rapana 

venosa and juvenile abalone, Haliotis iris; however, this depends on animal size and thermal 

limits (Searle et al., 2006; Hu et al., 2021). Therefore, latitudinal differences in growth 

would be hard to predict. 

In Australia, turban snails, T. militaris, Lunella torquata and L. undulata are targeted by 

commercial, cultural and recreational fishers. Turban snails are commercially harvested 

through the combined sea urchin and turban snail (SUTS) fishery in New South Wales 

(NSW) (NSW DPI, 2018b; Chick, 2023). Turbo militaris is a primary target in the SUTS 

fishery, and harvesting of this species has generally increased over the last decade (T. 

militaris yielding 4.8 t in 2023) (NSW DPI, 2018b; Chick, 2023). The stock status of turban 

snails in the SUTS fishery is ‘undefined’ due to limited data (Rowling et al., 2010; Stewart 

et al., 2015). The extent of non-commercial harvesting of turban snails in NSW is undefined, 

but is likely to be of a similar magnitude to commercial harvesting (DCCEEW, 2018a). 

Turban snails are a traditional resource for First Nations Australians, and cultural harvesting 

is still practised in many Indigenous communities (Smith et al., 2006; Arrawarra Sharing 

Culture, 2009). In NSW, T. militaris and L. torquata, are also popular targets for recreational 
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fishers collecting invertebrates on intertidal rocky shores (NSW DPI, 2023). Turban snail 

fisheries in NSW are governed by minimum legal-size limits (shell size >75 mm), bag limits 

(20 individuals per person, per day) and spatial regulations through marine park zoning and 

commercial fishing exclusion zones (NSW DPI, 2018b, 2023, 2024). 

Turbinids are a nutrient-dense species that are increasingly important to fisheries, and 

potentially vulnerable to the threats of both overharvesting and climate change (Leung et 

al., 2017; Ab Lah et al., 2018; Son et al., 2020), yet there are few studies on their life-history. 

Globally, age and growth research is limited to seven turbinid species across eight studies 

(McLachlan & Lombard, 1981; Sire & Bonnet, 1984; Bourgeois et al., 1997; Gluyas-Millán 

et al., 2000; Pulfrich & Branch, 2002; Martone & Micheli, 2012; Keane et al., 2014; Kienzle 

et al., 2022). Studies of growth in Australian turban snails are limited to two species, L. 

undulata and L. torquata (Keane et al., 2014; Kienzle et al., 2022) and data on size at 

maturity is restricted to the smaller species, L. undulata (Keane et al., 2014). In Australia, 

biologically appropriate management of turban snail fisheries is constrained by limited life-

history data, especially in NSW where T. militaris comprises most commercial catch and is 

a primary recreational target. There are no studies on age, growth, longevity, natural 

mortality or size at maturity for T. militaris, despite the ecological and fisheries significance 

of this species and the clear need for relevant biological data to support informed 

management. 

This study aimed to use mark-recapture to assess the growth rate across a range of size 

classes and develop age-and-growth models for T. militaris from subtropical and temperate 

regions of NSW. Specific objectives were to: assess the average maximum size; infer 

longevity and natural mortality from size-at-age curves; determine the age at legal 

harvesting size; and establish size and age at first maturity. This work will directly support 

the management of turban snails in NSW. More broadly, it also provides insights into the 

general trends in age and growth for marine gastropods over latitudinally separate regions 

and potential outcomes for fished populations in future climate conditions. 
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5.2 Methods 

5.2.1 Mark-recapture surveys 

Mark-recapture surveys were conducted at two subtropical rocky shore sites (Woody Head, 

29.4° S and Diggers Camp, 29.8° S) and two temperate sites (Big Rocky and Fishermans 

Bay, both at 32.8° S) in NSW, Australia (Figure 5.1a). The warm poleward flowing East 

Australian Current (EAC) deviates from the coast between 31° S and 33° S forming an 

eastern extension before the southern extension, a poleward system of eddy fields (Suthers 

et al., 2011; Phillips et al., 2022), facilitating a substantial temperature difference between 

the subtropical and southern temperate regions in our study. Water temperatures are warmer 

at subtropical sites; during the study the water temperature averaged 22.5 °C and ranged 

from 26.8 °C to 18.3 °C (Figure 5.1b). At the temperate sites, the water temperature was 

cooler, averaging 21.1 °C and ranged from 25.5 °C to 17.4 °C (Figure 5.1b).  

 

Figure 5.1. The approximate distribution of Turbo militaris (striped shading) and the 

location of the two subtropical study sites (Woody Head and Diggers Camp) and the two 
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temperate study sites (Big Rocky and Fishermans Bay) in New South Wales, Australia (a). 

Sea surface temperature at the subtropical and temperate sites throughout the study (data: 

E.U. Copernicus Marine Service Information; https://doi.org/10.48670/mds-00321) (b). 

At each site, >140 T. militaris from intertidal and shallow subtidal reefs were tagged using 

twin, numbered glue-on tags (Seinor et al., 2025) (Figure 5.2a). There was no sampling 

preference for size class during tagging surveys and all animals encountered were measured 

and tagged. Recapture surveys occurred at approximately 6 months and 12 months after 

tagging. At tagging and each recapture event, the maximum shell height (apex to anterior 

canal) and maximum shell width (width of the final body whorl across the aperture) were 

measured to ± 1 mm using Vernier callipers (Figure 5.2b). Growth increment data were later 

extracted for age-and-growth modelling. Details of the mark-recapture experiments are 

provided in a parallel study on the movement of T. militaris (Seinor et al., 2025). 

 

Figure 5.2. Turbo militaris tagged with twin glue-on numbered tags at Woody Head, New 

South Wales, Australia (a) and the maximum shell height measurement (b). 

5.2.2 Growth modelling 

For age-and-growth modelling, data from Diggers Camp and Woody Head were pooled to 

represent the subtropical sites and data from Big Rocky and Fishermans Bay were pooled 

to represent the temperate sites. Low recapture numbers and exploratory analysis deemed 

pooling data by region necessary to gain sufficient replication for analysis. For animals 
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recaptured at both 6 and 12 months (n = 23), the final recapture data were used, and the first 

recapture data were omitted to avoid pseudo-replication. 

Shell height was chosen as the metric for growth modelling due to the presence of spines on 

some animals, which potentially inflated the width measurements. Correlation analysis 

revealed that shell height and width (without spines) were highly correlated (R = 0.97; 

Appendix C: Figure C1). 

Measurements of shell height at recapture minus the shell height at tagging provided data 

on growth increment. A standardised growth increment was calculated to correct for varying 

time at liberty (Equation 1). 

(L2-L1)(r/T)         (Equation 1) 

Where: L1 = shell height at tagging (mm), L2 = shell height at recapture (mm), r = recapture 

timeframe (years) and T = time at liberty (years). 

For age-and-growth modelling, the Brody growth coefficient (K) and the theoretical average 

maximum shell height (asymptotic height) (L∞) for the subtropical and temperate sites were 

parameterised using Fabens' model (Fabens, 1965) (Equation 2). 

L2-L1=(L∞-L1)(1-e-KT)        (Equation 2) 

Age-at-size curves were generated for the subtropical and temperate sites using the K and 

L∞ parameters in the von Bertalanffy growth function (von Bertalanffy, 1938; Quist et al., 

2013) (Equation 3).  

Lt = L∞(1-e-K(t-t0))         (Equation 3) 

Where: Lt = height at age t, t = age and t0 = expected height at age 0, assumed as zero 

(Appledoorn, 1988; Martone & Micheli, 2012; Quist et al., 2013). Longevity (Tmax) was 

approximated according to the Pauly (1980) equation (Pauly, 1980; Froese & Pauly, 2000) 

(Equation 4). 

Tmax = 3K-1         (Equation 4) 
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To estimate overall natural mortality (M), the updated model derived from Pauly (1980) was 

used (Then et al., 2015) (Equation 5). 

Mest = 4.118K0.73L∞
-0.333       (Equation 5) 

The age at the legal size-limit of shell height was calculated using an inverse von Bertalanffy 

growth function (von Bertalanffy, 1938; Mackay & Moreau, 1990; Froese & Pauly, 2000) 

(Equation 6).  

t = t0-ln(1-Lt/L∞)/K        (Equation 6) 

The legal size limit of shell width for turban snails in NSW is 75 mm (NSW DPI, 2018b, 

2023), which corresponds to a shell height of 78 mm for T. militaris (Appendix C: Figure 

C1); therefore, in Equation 6, Lt was substituted with 78 mm.  

5.2.3 Size at first maturity 

Up to 50 turban snails (not tagged) were collected from the subtropical and temperate 

regions within a target size range of <50 mm shell height. The maximum shell height was 

measured, the shell cracked open, and the soft-bodied animal was removed. The gonad and 

digestive gland were visually assessed for first maturity; the female gonad has a dark green 

colour, and the male gonad has a cream colour (Seinor et al., 2023). Where no gonad 

development could be seen, and only the dark brown of the digestive gland was visible, the 

animal was classed as immature (as in, Keane et al., 2014). For representation of the larger 

size classes (>50 mm shell height), snails collected from a previous study on reproductive 

periodicity were included in the analysis (Seinor et al., 2023).  

The height at which 50% of the population had reached first maturity (LM50) was modelled 

using Bayesian regression. Preliminary analysis revealed that the separate models for each 

region yielded similar results (Appendix C: Figure C2). Therefore, data from both regions 

were combined in a single model. Age at first maturity was calculated using an inverse of 

the von Bertalanffy growth function (Equation 6) (von Bertalanffy, 1938; Mackay & 

Moreau, 1990; Froese & Pauly, 2000), where Lt was substituted with LM50. 

Age-and-growth modelling were performed in DataFit 9.0 (Datafit, 2009) and SigmaPlot 

Version 15.0. Bayesian regression analysis was performed using the sizeMat package in 
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RStudio (RStudio Team, 2020; Torrejon-Magallanes, 2020; R Core Team, 2021). Graphing 

was performed in SigmaPlot Version 15.0 and RStudio (RStudio Team, 2020; R Core Team, 

2021). 

5.3 Results 

A total of 676 T. militaris were tagged across the four sites. Tagged turban snails were within 

a wide size range (21–104 mm) with similar size distributions among the subtropical and 

temperate sites (Appendix C: Figure C3). The recapture attempts recovered 90 tagged turban 

snails after six months at the subtropical sites and 43 at the temperate sites. After 12 months 

at liberty, 23 snails were recaptured at the subtropical sites, and 30 were recaptured from 

the temperate sites. At the subtropical sites, 13 snails were recaptured at both 6-month and 

12-month recapture attempts (double recaptured), and 10 snails were double recaptured at 

the temperate sites. Recaptured snails were medium to large size (50–104 mm) and retained 

similar size distributions among pooled sites (Appendix C: Figure C4). Recaptured snails 

are the same as those mentioned in a parallel study on movement (Seinor et al., 2025). 

5.3.1 Growth increment 

For a given size of turban snail, the growth increment of shell height was generally greater 

at the temperate sites than at the subtropical sites after 6 and 12 months (Figure 5.3). The 

growth increment generally decreased with increasing animal size for both the subtropical 

and temperate snails (Figure 5.3). On average, turban snails at the temperate sites grew 10.4 

mm (± 1 mm SE) after 6 months and 18.8 mm (± 1.4 mm SE) after 12 months whereas, at 

the subtropical sites, snails grew 3.3 mm (± 0.3 mm SE) after 6 months and 7.0 mm (± 0.7 

mm SE) after 12 months. There was greater variability in the growth increment at the 

temperate sites (Figure 5.3).  
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Figure 5.3. Relationship between shell height at tagging (mm) and standardised growth 

increment (mm) of Turbo militaris after 6 and 12 months at liberty at two subtropical sites 

(Subtropical 6 and Subtropical 12) and two temperate sites (Temperate 6 and Temperate 12) 

from mark-recapture experiments in New South Wales, Australia. Lines were fitted by an 

exponential decay function (y = ae−bx). 

5.3.2 Age-and-growth modelling 

Age-and-growth modelling was done for 100 individuals from the subtropical sites and 63 

individuals from the temperate sites. Age-at-size curves demonstrated that younger T. 

militaris grew rapidly, and growth slowed as the snails approached the average maximum 

shell height (L∞) (Figure 5.4). The growth models indicated that the snails at the temperate 

sites grew faster and attained larger sizes than those at the subtropical sites (Figure 5.4). The 

Fabens' models were statistically significant (p <0.01), deriving an R2 value of 0.41 for the 
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model for subtropical sites and 0.63 for the temperate sites. Fabens' equations parameterised 

Brody growth coefficients (K) were 0.29 yr−1 (± 0.05 SE) for the subtropical sites and 0.57 

yr−1 (± 0.1 SE) for the temperate sites (Table 5.1).  

  

Figure 5.4. Estimated age-at-size curves derived from the von Bertalanffy growth function 

for Turbo militaris from two subtropical sites and two temperate sites in New South Wales, 

Australia. The dashed line represents the shell height at the legal-size limit and the dotted 

line represents the shell height at first sexual maturity. 

The model produced a greater average maximum shell height of temperate T. militaris and 

an average maximum shell height that was 14 mm smaller at the subtropical sites (Table 

5.1). The estimation of longevity was nearly double at the subtropical sites compared to the 

temperate sites (Table 5.1). The overall natural mortality rate for T. militaris at the 
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subtropical sites was estimated at 0.37 yr-1 across all size classes and 0.57 yr-1 at the 

temperate sites (Table 5.1).  

Table 5.1. Results from age-and-growth modelling for Turbo militaris at subtropical (n = 

100) and temperate sites (n = 63) in New South Wales, Australia. Growth parameters of 

(L∞) asymptotic shell height (mm ± SE) and (K) the Brody growth coefficient (yr−1 ± SE) 

were derived from Fabens' model. Estimates of (Tmax) longevity (years), (M) natural 

mortality (yr−1) and age (years; 95% CI) at sexual maturity (LM50 = 36.5 mm; 95% CI: 34.5–

38.3 mm) and legal harvesting size (78 mm shell height) were derived from the von 

Bertalanffy growth function. Years of maturity before reaching the age of legal size (Years 

mature/unfished) was calculated as the age at legal-size minus the age at LM50. 

Sites L∞ K Tmax M Age at LM50 Age at 
legal-size 

Mature/ 
unfished 

Subtropical 94 (5) 0.29 (0.05) 10.3 0.37 1.7 (1.6–1.8) 6.1 4.4 (4.3–4.5) 

Temperate 108 (6) 0.57 (0.10) 5.3 0.57 0.7 (0.7–0.8) 2.2 1.5 (1.5–1.6) 

 

5.3.3 Size and age at maturity 

The size at first maturity (LM50) was calculated as 36.5 mm shell height (95% CI: 34.5–38.3 

mm) (Figure 5.5). According to the age modelling, it took snails at the subtropical sites 

almost twice as long as the temperate snails to reach first maturity (Table 5.1). Turbo 

militaris snails at subtropical sites were estimated to reach the minimum legal-size limit 

(shell height of 78 mm) almost three times slower than snails at the temperate sites (Figure 

5.4). Thus, the subtropical sites had a greater number of years in which turban snails were 

mature before reaching the legal size (Table 5.1). 
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Figure 5.5. Shell height (mm) and proportion of Turbo militaris at first maturity (LM50), 

from individuals from subtropical and temperate regions in New South Wales, Australia. 

Solid line indicates model fit from Bayesian regression analysis and dashed lines indicate 

95% confidence intervals. Grey dotted line indicates the shell height at 0.5 proportion 

mature. 

5.4 Discussion 

This study presents the first estimates of the age and growth of the harvested Australian 

turban snail, T. militaris. While latitudinal differences in growth were apparent between 

subtropical and temperate populations, overall, T. militaris are moderately long-lived, 

mature at less than a third of maximum size and are moderate-to-fast growing (K = 0.57 

year-1 vs. 0.29 year-1 and L∞ = 108 mm vs. 94 mm, for temperate and subtropical snails, 

respectively). For T. militaris, most of the growth is estimated to be attained within the first 



110 

 

2 (temperate snails) to 3 years (subtropical snails), which is consistent with other turbinid 

gastropods (Bruton et al., 1991; Ramesh et al., 2009; Keane et al., 2014). Temperate snails 

reached legal height (~78 mm shell width) in ~2 years, whereas growth in the subtropical 

snails slowed at ~50 mm shell height (~3 years), and legal size was not reached for ~6 years. 

Temperate snails are estimated to reach maximum size in around 5 years and subtropical 

snails in around 10 years. 

The instantaneous growth rate of T. militaris is comparable to other marine gastropods in 

other families, including Hexaplex trunculus and A. gigas (Vasconcelos et al., 2006; Peel & 

Aranda, 2012). In contrast, tropical, comparable-sized gastropods, Haliotis tuberculata and 

R. nilotica (in Guam) exhibited slower instantaneous growth rates (Smith, 1987; Mgaya & 

Mercer, 1994). Regarding productivity, K values >0.3 year-1 are considered to be high, 

moderate values range from 0.10 to 0.30 year-1, low values range from 0.15 to 0.05 year-1, 

and very low values are <0.05 year-1 (Froese & Pauly, 2000). Fast growth is estimated in 

other turban snails, such as the largest turbinid species, T. marmoratus (K = 0.32 year-1, L∞ 

= 303 mm shell diameter) (Bourgeois et al., 1997), and the smaller subtropical species, T. 

cidaris (K = 0.35 year-1, L∞ = 62 mm shell width) (Pulfrich & Branch, 2002). Fast growth is 

also consistent with other turbinid species in the Australian fishery, including the warm-

temperate L. torquata (female: K = 0.41 year-1, L∞ = 88 mm shell width and male: K = 0.43 

year-1, L∞ = 94 mm shell width) (Kienzle et al., 2022) and the smaller, more temperate 

species L. undulata (K = 0.45–0.53 year-1, L∞ = 47–62 mm shell width) (Keane et al., 2014).  

Latitudinal disparities in life-history parameters were apparent between subtropical and 

temperate populations of T. militaris separated by ~350–400 km or ~3° of latitude in NSW. 

Turbo militaris from lower (subtropical) latitudes had slower growth, attained smaller 

average maximum sizes and had longer lifespans than snails from higher (temperate) 

latitudes. This trend was also apparent for L. undulata in Tasmania, although over a shorter 

latitudinal range (Keane et al., 2014). In contrast, the growth and maximum size of T. 

sarmaticus differed between regions in South Africa, with faster growth and smaller sizes 

occurring in warmer regions (McLachlan & Lombard, 1981; Pulfrich & Branch, 2002). 

Studies on M. undosa in Baja, California also revealed latitudinal disparities, albeit with 

conflicting results: Martone and Micheli (2012) found faster growth and larger snails at 

lower (warmer) latitudes compared to those at 3° of latitude higher (cooler); Gluyas-Millán 

et al. (2000) found faster growing snails at higher (cooler) latitudes. These studies suggest 
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that spatial variation in life-history parameters is inconsistent within the family Turbinidae, 

likely reflecting species-specific responses to environmental factors. 

Biophysical variables such as water temperature and food availability can influence 

metabolic rate and, thus, energy allocation (Atkinson, 1994; Martone & Micheli, 2012). 

Environmental conditions are likely a major driver of the latitudinal disparities in this study 

rather than genotypic differences, as a recent study has demonstrated no genetic 

differentiation across the T. militaris population in NSW (Nimbs et al., 2023). In this study, 

the water temperatures in the temperate (southern) region were generally cooler year-round 

than in the subtropical (northern) region (Figure 5.1b). The preferred water temperature 

(daytime) of T. militaris is 22 °C (Ab Lah et al., 2017a), which is more frequently and 

extensively exceeded in the subtropical region (Figure 5.1b). In warmer subtropical waters, 

snails are closer to their thermal limits, requiring higher metabolic activity, resulting in less 

energy for growth, leading to smaller-sized animals (per age) (Atkinson, 1994). In cooler 

climates, animals may grow faster and larger due to lower metabolic energy requirements 

and optimal thermal conditions may promote activity (i.e., consumption and digestion) and 

thus more energy generated for processes including growth (Atkinson, 1994).  

Turban snails (including T. militaris) are generalist herbivores that graze on various 

macroalgae, including turfing, coralline and erect forms (i.e., Ecklonia radiata) (Walsby, 

1977; Worthington & Fairweather, 1989; Ettinger-Epstein & Kingsford, 2008; Hayakawa 

et al., 2018; Lloyd et al., 2020). On reefs where food availability is reduced or nutritional 

quality is low, metabolic demands might not be met, affecting energy resources directed to 

growth (Martone & Micheli, 2012). Studies have demonstrated higher growth rates in 

marine herbivores that consumed high-quality algae or mixed algal diets offering a range of 

nutritional benefits (Foster et al., 1999; Aquilino et al., 2012). Similarly, a higher food 

availability (abundance of algae) has been linked with faster growth rates in marine 

gastropods (including turban snails) (Joll, 1975 as cited in Keane et al., 2014; Day & 

Fleming, 1992; Dixon & Day, 2004; Martone & Micheli, 2012). Algae assemblages vary 

along the east Australian coast, where temperate waters on the mid to south coast support a 

high diversity and abundance of macroalgae (Lloyd et al., 2020). Faster growth of T. 

militaris in temperate regions, could result from higher nutritional quality of temperate 

macroalgae species (i.e., E. radiata) (Shalders et al., 2023). Whereas, slower growth of T. 

militaris in the subtropical regions might have resulted from reduced diversity and 
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abundance of macroalgae or increased competition for food resources (Zarco‐Perello et al., 

2020).  

The parameter estimates derived from the von Bertalanffy growth model should be 

interpreted with caution, as the model may fail to accurately estimate growth in small snails. 

In this study, juvenile and small snails were underrepresented (few recaptured snails < 50 

mm shell height), limiting the reliability of the model in describing early growth. A strong 

representation of larger individuals and minimal representation of small individuals can 

result in an underestimation of the Brody growth coefficient (k) and overestimate the 

asymptotic size (L∞) (Bourgeois et al., 1997). Additionally, growth can vary between 

individuals (Figure 5.3) and some snails have periods of zero growth (Frank, 1969). 

Therefore, some caution is warranted when applying model outputs for fishery management 

planning. 

In this study, temperate snails reached maturity in <1 year at around a third of their 

asymptotic size. For subtropical snails, due to slower growth and smaller average maximum 

size, maturity was reached at a size slightly greater than a third of asymptotic size after just 

over 2 years, which is comparable to the large snail, M. undosa (McCann & Johnson, 2021). 

Our findings are consistent with studies of other medium-to-small turban snails, T. cidaris, 

L. undulata and L. smaragda, all reaching sexual maturity at a size below half their 

maximum size (Walsby, 1977; Pulfrich & Branch, 2002; Keane et al., 2014). In contrast, 

for large-sized turban snails, T. marmoratus, T. sarmaticus and M. undosa, sexual maturity 

is reached at a size close to, or greater than half their maximum size (Devambes, 1961 as 

cited in Yamaguchi, 1988; Lasiak, 1991; Igari et al., 2001; Pulfrich & Branch, 2002; 

Martone & Micheli, 2012).  

The subtropical population of T. militaris were relatively long-lived (>10 years), which is 

similar to the longevity of the large subtropical turban snails, M. undosa (McCann & 

Johnson, 2021) and T. sarmaticus (Bruton et al., 1991). The temperate snails, in comparison, 

were short-lived, with approximately half the life span of subtropical snails. Our study 

reflects a general trend for marine gastropods where longevity is related to size, where 

larger, faster-growing species have shorter life spans (Frank, 1969). Estimates of natural 

mortality of T. militaris in the subtropical populations were similar to those for other 

exploited marine gastropods, A. gigas (M = 0.29 year-1) (Cárdenas & Aranda, 2014) and M. 
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undosa (M = 0.29 year-1) (Gluyas-Millán et al., 2000). In comparison, the natural mortality 

rate for temperate T. militaris was much higher (M = 0.57 year-1), which could be due to a 

harsher wave climate or increased rates of predation. The fast-growing temperate snails' 

shorter lifespan and higher mortality suggests a high turnover, which may provide a greater 

resilience to harvesting pressure (Froese & Pauly, 2000). In contrast, the higher longevity 

and lower natural mortality of the subtropical snails indicates a slower turnover. Therefore, 

the subtropical snails could have higher vulnerability to overfishing due to a slower recovery 

from depletion if overfishing occurs (Pauly, 1980) or be more susceptible to other 

environmental impacts that effect both large and small individuals (i.e., climate change, 

disease or habitat loss).  

Our findings suggest that the current minimum legal-size limit allows T. militaris in both 

the subtropical and temperate regions multiple opportunities to spawn prior to entering the 

fishery. The young age and small size at sexual maturity in T. militaris allow for more than 

one year of reproductive activity at the temperate sites and more than four years at the 

subtropical sites before entry into the fishery. As T. militaris spawn periodically throughout 

the year (Seinor et al., 2023), this potentially allows for multiple reproductive events. 

Similar findings have been observed for other turbinid fisheries where size limits allow for 

at least one year or more of reproductive activity before harvesting (Igari et al., 2001; 

Pulfrich & Branch, 2002; Keane et al., 2014).  

Marine invertebrates, including turban snails, show a positive relationship between 

individual size and fecundity (Cupul Magaña & Torres-Moye, 1996; Llordra, 2002; Martone 

& Micheli, 2012). As a result, small (newly mature) individuals may be less fecund, 

producing fewer gametes than larger individuals. The faster-growing temperate snails likely 

have a higher reproductive output per age than subtropical snails because faster growth 

increases size-at-age. However, the 1–2 year reproductive window between maturity and 

fisheries size in the temperate snails could lead to serious reductions in spawning potential 

in highly exploited populations. The slow-growing subtropical snails though smaller, live 

longer therefore offering more opportunities for reproduction which may even out the 

reproductive output over the lifetime of the snail. Additionally, the smaller subtropical snails 

had over four years of reproductive activity prior to entering the fishery compared to less 

than two years for the temperate snails. The lower potential reproductive output per age in 

subtropical snails could be offset by having more reproductive events before being 
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harvested. Future studies on size-based fecundity across both regions are essential for 

determining the relative number of eggs that could be spawned in each year after maturity, 

within each population. This information is essential for determining the biological 

appropriateness of minimum legal-size limits and for understanding the relationship 

between growth and productivity in T. militaris.  

Turbo militaris is a valuable fisheries resource in NSW, and these findings have implications 

for its management. Coastal waters are rapidly warming on the east Australian coast 

(Suthers et al., 2011; Ridgway & Hill, 2014), and growth of T. militaris is likely driven by 

environmental conditions along a latitudinal gradient. Therefore, in future climate 

conditions, turban snails in currently temperate regions, may become more slower-growing 

and attain smaller maximum sizes due to poleward warming waters. Due to the functional 

role of turban snails (as large herbivorous grazers) (Anderson et al., 2011) and their high 

desirability as a fisheries resource (Ab Lah et al., 2017b; Santhanam, 2018; Romolo et al., 

2021), future impacts on turban snail populations will have ecological, cultural and socio-

economic consequences. These consequences may include altered ecosystems, inequity of 

access to resources, economic losses from small-scale fisheries, and adverse implications 

for traditional harvesting and cultural values (Smith et al., 2006; Arrawarra Sharing Culture, 

2009). Population monitoring and research on life-histories (i.e., growth, maturity and 

fecundity) across a harvested species’ range, is crucial to inform management regimes and 

ensure sustainable use of fisheries in a changing climate. These studies are especially 

relevant for species spanning large geographical ranges and in climate change hotspots, such 

as T. militaris. 
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CHAPTER 6.  

 

GENERAL DISCUSSION 

6.1 Synthesis: elevating knowledge on Turbo militaris 

Turbo militaris is one of the dominant gastropods on intertidal rocky shores and shallow 

subtidal reefs in subtropical and warm-temperate eastern Australia and is a valuable fisheries 

resource in New South Wales (NSW). Concerns regarding increased harvesting of turban 

snails in NSW (Cooling & Smith, 2015) emphasised the need for evaluating fisheries 

management strategies to sustain stocks. However, until now, data to support the 

management of turban snails in NSW was limited. Without knowledge of reproduction, 

movement, age and growth, there are strong constraints on developing informed 

management strategies. This thesis consequently aimed to enhance the knowledge base on 

the biology and ecology of T. militaris. 

To address this aim, a non-lethal method was developed for sampling reproductive condition 

(Chapter 2) and, using this method, documented the reproductive cycle of T. militaris 

(Chapter 3). Non-lethal methods have particular application in highly protected marine areas 

where destructively sampling of flora and fauna is undesirable or not permitted. Knowledge 

on reproduction can inform management strategies, by determining at what size individuals 

become reproductive, and if there are seasonal reproductive patterns. This information can 

be used to ensure reproduction can occur before animals reach harvestable size and if there 

are discrete periods when harvesting should be avoided. Details about the movement of T. 

militaris on intertidal rocky shores also helps determine if adult populations are able to 

replenish harvested areas (i.e., intertidal habitats) from adjacent areas where harvesting 

pressure may be lower (i.e., subtidal areas) (Chapter 4). Through mark-recapture and 

reproductive studies, age and growth was assessed and size at maturity was established 

(Chapter 5), which are essential parameters for the development of effective management. 

By sampling at geographically separate locations with a latitudinal range of ~3° in NSW, it 

was possible to provide insights into the spatial variability of life-history parameters of T. 

militaris within its endemic range. The thesis findings expand the current knowledge base 

on biological and ecological traits of turbinid gastropods and highlight species-specific 
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variation within the family. Overall, this thesis has substantially advanced our understanding 

of the biology of T. militaris. This work provides empirical data that, when considered in 

combination, can improve efforts to sustainably manage this important, spatially restricted 

species (Figure 6.1).  

6.2 Implications for fisheries management  

In NSW, T. militaris are managed in combination with Lunella torquata and L. undulata, 

under both the recreational fishery and the sea urchin and turban snail (SUTS) commercial 

fishery (Table 1.1). Given that the three similar species can be difficult to identify and tell 

apart by some recreational harvesters (pers. obs.), there is a management (compliance) 

advantage in having a shared size and bag limit. Shared management regulations make it 

much easier for fishers to comply with regulations and not unintentionally break the law 

through error or carelessness; therefore, compliance and enforcement are also simpler. 

However, setting appropriate uniform management regulations across an entire fishery can 

be difficult where species have regional differences in life-history traits (Chapter 3 and 5) 

or there are differences between simultaneously managed species (Table 6.1). Ideally, 

management regulations should be applied at appropriate spatial scales and to the specific 

species from which the informing data were derived (Day & Fleming, 1992). Uninformed 

management (such as inappropriate size or bag limits) could result in a greater risk of 

overharvesting in some populations, or suboptimal utilisation of stocks.  
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Figure 6.1. Conceptual diagram outlining the outcomes of the thesis: Fishery biology and 

ecology of the marine snail, Turbo militaris.
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Table 6.1. Life-history traits of three harvested Australian turban snails. Study regions in parentheses. Bold text represents the data derived from 

this thesis. NA = data not available. 

 Turbo militaris Lunella torquata Lunella undulata 

Distribution Southern QLD to southern NSW QLD, along southern coastline to mid-
north WA 

Southern QLD, along southern 
coastline to mid-north WA and Tas 

Population density  
(ind. m2) 

0.25 – 7.5 (intertidal NSW)  
0.23 – 0.63 (subtidal NSW) 

0.2 – 7 (NSW) 
0.04 – 0.95 (WA) 
< 2.2 (WA) 

8 – 92 (intertidal NSW) 
15 – 21 (subtidal Tas) 
0.05 – 0.6 m (subtidal Tas) 

L∞ (mm) 94 (subtropical NSW) 
108 (temperate NSW) 

Female: 88.2 
Male: 93.7 

46.87 – 61.93 (Tas) 

K (year-1) 0.29 (subtropical NSW) 
0.57 (temperate NSW) 

0.41 (female NSW) 
0.43 (male NSW) 

0.40 – 0.53 (Tas) 

LM50 (mm) 36.5 mm (NSW) NA 23.2 – 26.2 (Tas) 
Age at sexual maturity 
(years) 

1.7 (subtropical NSW) 
0.7 (temperate NSW) 

NA 1.1 – 1.6 (Tas) 

Age at legal size (years) 6.1 (subtropical NSW) 
2.2 (temperate NSW) 

NA 2.8 – 6.7 (Tas) 

Time between maturity 
and legal size (years) 

4.4 (subtropical NSW) 
1.5 (temperate NSW) 

NA 1.7 – 5.1 (Tas) 

M (year-1) 0.37 (subtropical NSW) 
0.57 (temperate NSW) 

NA NA 

Tmax (years) 10.3 (subtropical NSW) 
5.3 (temperate NSW) 

NA ~10 (Tas) 
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Spawning season Long spawning season, primarily in 
winter, but with other events 
throughout the year. Ripest in 
warmer months. Asynchronous 
spawning between locations 
(northern and mid NSW) 

Long spawning season, biannual 
spawning in autumn – winter and 
spring – summer. Asynchronous 
spawning between locations (Sydney 
and southern NSW) 
 

Long spawning season with peak 
spawning in summer (Perth, WA) 

Long spawning season, spring –
autumn. Continuous gametogenesis 
(Sydney, NSW) 
 

Two spawning events during autumn 
and summer. Ripest in early autumn 
and early summer (northern NSW) 
 

Long spawning season spring – 
autumn. Asynchronous spawning 
between locations (Tas) 

Fecundity NA NA NA 
Early life-history NA NA NA 
Habitat Lower intertidal and shallow subtidal 

to ~ 20 m. Biogenic structure (ascidian 
and tubeworm) and high complexity 
 

Shallow rocky shores 2 – 20 m depth. 
Algae dominated reefs and kelp 
forests. High complexity from 
biogenic structure (canopy forming 
algae and red turfing macroalga) 

Lower littoral, low-mid rockpools and 
sublittoral. High complexity from 
biogenic structure (canopy forming 
algae, ascidian and red turfing 
macroalga) 

Movement Limited, non-directional long-term 
movement, generally remain within 
preferred habitat.  
20–21 m year-1 (subtropical NSW) 

34–44 m year-1 (temperate NSW) 

Most move 1-5 m month-1. Some 
extensive short-term movements up to 
30 m month-1. Remain in localised 
kelp forests (NSW) 

Limited short-term movement, Higher 
mobility in spring/summer.  
Maximum mobility up to 150 m year-1 
(Tas) 

References (Mohring, 2007) 
(Cooling & Smith, 2015) 
(Chapter 3) 
(Chapter 4) 
(Chapter 5) 

(Joll, 1980) 
(Ward & Davis, 2002) 
(Vanderklift & Kendrick, 2004) 
(Ettinger-Epstein & Kingsford, 2008) 
(Wernberg et al., 2008) 
(Smoothey, 2013) 
(Kienzle et al., 2022)  

(Underwood, 1974) 
(Worthington & Fairweather, 1989) 
(Edgar et al., 2004) 
(Smoothey, 2013) 
(Keane et al., 2014) 
(Ab Lah et al., 2019) 
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The findings on reproduction (Chapter 3), size at maturity and growth of T. militaris 

(Chapter 5) indicate that the current minimum size limit may be biologically appropriate for 

this species. The current size limit allows for multiple reproductive events, as T. militaris 

can spawn periodically (at least three times) throughout the year (Chapter 3). The small size 

at sexual maturity allows temperate snails more than one year of reproduction before 

reaching legal harvesting size and over four years for subtropical snails (Chapter 5). 

Therefore, the subtropical snails have the potential to reproduce up to 13 times and the 

temperate snails up to 5 times before being legally harvested (Chapter 3 and 5). 

At the field sites included in this thesis, many large T. militaris (up to 130 mm shell height) 

were found. From the mark-recapture experiments (Chapter 4 and 5) over 20% of tagged 

snails across both subtropical and temperate regions were above the minimum size limit (75 

mm shell width). A presence of large individuals could indicate populations are not being 

overfished. However, due to their high intertidal abundance, T. militaris are easily accessible 

to recreational fishers at low tide. The lack of upshore movement to intertidal zones limits 

population recovery, making intertidal snails particularly susceptible to local depletion 

(Chapter 4), while subtidal snails may gain some protection due to reduced accessibility 

(Cooling & Smith, 2015). The clear habitat preferences and limited adult movement of T. 

militaris (Chapter 4) and other simultaneously managed species (Table 6.1), likely 

constrains snails to particular shores or regions of habitat. Therefore, turban snails may be 

highly susceptible to local depletion by harvesting as there is a limited capacity for exploited 

stocks to be replenished by adult movement from neighbouring populations.  

Further management intervention may be required if T. militaris populations are depleted 

through heavy harvesting, or the loss of suitable habitat. Information on total population 

sizes and the impacts of harvesting will inform the suitability of recreational catch limits. 

Additionally, stock assessments would help to inform whether total allowable catch limits 

should be established in the SUTS fishery. Further management intervention could involve 

differentiated total allowable catches (commercial fishery) or stricter input controls, such as 

enhanced spatial protections in vulnerable regions. These may help balance resource use, 

allowing higher harvesting in less vulnerable regions whilst safeguarding more vulnerable 

populations (i.e., subtropical). Harvesting may need to be restricted at the northern 

distributional limit until robust population assessments clarify whether climate change is 

driving a southward range contraction.  
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Given the limited mobility (Chapter 4) and extended, asynchronous reproduction (Chapter 

3) of T. militaris and other Australian turban snails (Table 6.1), spatial protection offers a 

suitable management approach to protect existing adult snails at locations with high 

harvesting pressure. Spatial management may provide optimal outcomes in terms of 

enhancing local population abundance, protecting adult snails, sustaining them as breeding 

populations and promoting population connectivity via larval dispersal (Nimbs et al., 2023). 

Spatial protection measures can effectively safeguard populations of benthic invertebrates 

such as turban snails from harvesting where greater abundances of T. militaris can be found 

in sanctuary zones or areas of low accessibility (pers. comm. Dr. Hamish Malcolm). Spatial 

protection should encompass areas with preferred turban snail habitat (i.e., intertidal regions 

with high complexity and abundance of macroalgae) (Worthington & Fairweather, 1989; 

Ettinger-Epstein & Kingsford, 2008; Smoothey, 2013; Cooling & Smith, 2015). Locally 

tailored no-take zones may offer protection in specific habitats yet allow harvesting in 

adjacent areas (such as the intertidal protection at Diggers Camp (NSW DPI, 2024)). 

Intertidal protection of invertebrates and diving-only harvest restrictions are used in other 

states (Table 1.1) and could be one solution to expanding spatial protection networks in 

NSW. 

Placing spatial protection in areas where stocks are depleted or harvesting pressure is high 

will help manage impacted populations locally by mitigating overexploitation risks. 

However, management planning should also allow stakeholder access to resources by 

allowing fishing in some areas or permitting certain activities (i.e., cultural harvesting). 

Protecting shores that are less accessible or currently under low harvesting pressure will also 

be important to safeguard naturally abundant populations (Cooling & Smith, 2015), as 

anthropogenic threats can change spatially over time. Spatial management of rocky shores 

with suitable habitats as 'no-take' areas would complement other measures, such as size and 

bag limits, to ensure the long-term sustainability of large vulnerable intertidal gastropods 

such as T. militaris. Enhancing spatial management regimes through marine park zoning 

will benefit turban snail populations whilst aligning with global biodiversity goals of 

increasing the area of marine habitat under protection (DCCEEW, 2023). 

Indigenous communities hold a deep connection to Country (including Sea Country), and 

cultural fishing fosters connection to Country, an expression of spiritual values and a means 

to feed family and community (Trân et al., 2016; State of New South Wales, 2023). 



122 

 

Recreational fishing regulations that limit cultural fishing can adversely impact cultural 

identity and connection, livelihoods and the generational sharing of traditional fishing 

knowledge (Faulkner, 2000; Trân et al., 2016). In NSW, cultural provisions for Aboriginal 

fishers include different harvesting limits for some species, waived fishing fees and special 

access for culturally significant species, sites or ceremonies (State of New South Wales, 

2023). Management of culturally significant species or locations should be informed by 

Indigenous knowledge holders and communities to develop effective harvest strategies that 

respect traditional practices, allow cultural access rights and integrate traditional 

management in decision-making (Schnierer & Egan, 2016). Conducting research, 

monitoring, and management planning in conjunction with traditional owners allows 

scientists to meaningfully engage with Indigenous communities and learn about culture and 

traditional knowledge (i.e., traditional fishing methods). Co-designed research and 

management also facilitates participation and training opportunities for traditional owners 

(Arrawarra Sharing Culture, 2009; State of New South Wales, 2023; Fredericks et al., 2025). 

For this research, I engaged with the Yaegl community for permissions to work on Yaegl 

Country and a cultural officer, Uncle Ferlin Laurie, was involved in the mark-recapture 

surveys at Diggers Camp (Chapter 4 and 5). Turban snail (Gugumbal) are a traditionally 

significant resource for coastal First Nations Australians (Smith et al., 2006; Arrawarra 

Sharing Culture, 2009), therefore future population monitoring, management and harvest 

strategies should be determined in collaboration with traditional owners. 

6.3 Outlook for future climate conditions 

Warming poleward waters are impacting marine species through range shifts, topicalization 

habitat loss, and altered life-history traits (Ridgway & Hill, 2014; Phillips et al., 2022). The 

southeast Australian seaboard is a region of accelerated ocean warming and a global climate 

change hotspot (Hobday & Pecl, 2013). The East Australian Current (EAC) is rapidly 

warming and facilitating the poleward movement of marine species (Suthers et al., 2011) 

with predictions indicating further intensification, especially in temperate regions south of 

~32° S (Ridgway & Hill, 2014; Champion et al., 2021; Gervais et al., 2021; Phillips et al., 

2022). For benthic species with limited movement, like T. militaris (Chapter 4), range 

expansions are generally driven by planktonic larval movement which are strongly 

influenced by ocean currents, including the cold-core eddies of the southern EAC (Suthers 
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et al., 2011; Pinsky et al., 2020). With an endemic distribution in the path of the EAC, T. 

militaris, has experienced a poleward range extension in recent decades. Under future 

climate scenarios, including a stronger EAC, it is likely that the population will continue to 

shift poleward, potentially resulting in its establishment in more temperate waters, while 

populations become diminished in subtropical regions. Additionally the EAC has facilitated 

the poleward range expansion and increased occurrence of harmful algal blooms 

(Hallegraeff et al., 2020). These algal blooms which can be harmful to marine molluscs 

(Neves et al., 2021) occur during Spring and late Summer on the southern NSW coastal 

shelf from the Port Stephens region (Harrison et al 2011; Hallegraeff et al., 2020). Therefore 

these events may indirectly threaten the southern populations of T. militaris. 

Turbo militaris was first documented in the Sydney region in the 1960s (pers. comm. Dr. 

Phil Coleman) and was first observed on the Illawarra coast in 2000 (Benkendorff, 1999). 

Currently, dense populations can be found in the Sydney region (pers. comm. Dr. Gary 

Hamer) and as far south as Wollongong (pers. comm. Dr. Jeremy Day). During fieldwork 

for a parallel study, in April 2021, Dr. Hamish Malcolm and I searched around the 

Wollongong/Shellharbour region over several days at multiple rocky shores with suitable 

habitat for T. militaris. We found one live snail at Barrack Point (34.6° S) and a few empty 

shells on the shore. Yet, snails were collected from Plantation Point, Jervis Bay (35.1° S) in 

August 2021 for a study on genomics (Nimbs et al., 2023). One individual has been sighted 

at Guerilla Bay in 2011 (35.8° S) (iNaturalist, 2025), otherwise T. militaris are not currently 

documented south of Jervis Bay (GBIF.org, 2025; pers. comm. Dr. Nathan Knott). The 

current southern distributional boundary is unknown but is likely to occur on the south coast 

of NSW around the Jervis Bay area.  

As waters are predicted to warm and the preferred thermal temperature of T. militaris (22 

°C (Ab Lah et al., 2017a)) is increasingly exceeded in the subtropical distribution, the 

species faces the risk of range contraction in the subtropics. In a parallel study in 2021, we 

failed to find any individuals at the previous northern distributional limit at Mooloolaba, 

Queensland (26.7° S). The most recent northernmost sightings of T. militaris were at 

Caloundra, Queensland (26.8° S) in 2017, and at Burleigh Heads, Queensland (28.1° S) in 

2024 (iNaturalist, 2025). There have been no other recorded observations of live T. militaris 

in Queensland since the early 2000s (GBIF.org, 2025). This suggests a progressive 
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contraction at lower latitudes, which could intensify harvesting pressure on subtropical 

populations that may already be vulnerable due to slower growth (Chapter 5). 

Given the lack of genetic separation within the species’ restricted distribution (Nimbs et al., 

2023), the large differences in growth (Chapter 5) and spatial asynchronicity in the 

reproductive cycle of T. militaris (Chapter 3) are likely driven by environmental conditions. 

Environmental factors such as water temperature and macroalgal assemblages vary 

latitudinally along the east Australian coast (Shalders et al., 2023) and are likely driving 

variability in growth of T. militaris. Thus, future changes in ocean climate may impact the 

life-history traits of T. militaris, altering reproductive timing, movement patterns and habitat 

suitability and growth. 

Warming waters may disrupt spawning capacity, as reproductive cycles are linked to water 

temperature (Chapter 3), leading to shifts in reproductive periodicity under future climate 

conditions. Future predictions of increased occurrence and severity of storm events 

(Sheehan, 2019) could impact spawning periodicity. Temperate populations of T. militaris 

appeared to spawn in rougher seas (Chapter 3) which, according to other studies on turban 

snails, likely triggers synchronised spawning (Grange, 1976b; Yamaguchi, 1988; Dwiono 

et al., 2001) and facilitates population connectivity through larval dispersal (Grange, 

1976b). In contrast, T. militaris in subtropical regions spawned in calmer conditions 

(Chapter 3), which offers potential advantages for fertilisation success (Denny & Shibata, 

1989; Simon & Levitan, 2011). Furthermore, storm events could increase snail dispersal 

through accidental displacements of adult snails in rough water conditions (Walsby, 1977). 

Although, as adult turban snails are restricted to coastal rocky reefs and rarely found 

crossing sand, there is potential for increased mortality, especially if displaced offshore >20 

m (Chapter 4). Turbo militaris associates with the vulnerable habitat formed by Idanthyrsus 

pennatus (Chapter 4; Cooling & Smith, 2015), which has undergone notable collapses 

during recent intense low-pressure systems off southeastern Australia which bring heavy 

rainfall, strong winds and rough seas (pers. obs.). Increased storm events could further 

endanger these important, fragile habitats and associated T. militaris populations. 

Climate change is likely to have regionally variable effects on T. militaris populations and 

their fisheries. Ocean warming associated with future climate scenarios may result in 

slower-growing and smaller-sized snails particularly for warm-water populations. 
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Furthermore, warming waters and a strengthening EAC may cause a poleward trend of 

slower-growing, smaller snails with lower natural mortality and hence a slower population 

turnover in the more temperate regions in NSW. Similar trends may be observed in other 

species with latitudinally variable life-history traits, such as L. undulata in Australia (Keane 

et al., 2014), T. cornutus in South Korea (Lee et al., 2014) or Megastraea undosa in 

California (Gluyas-Millán et al., 2000). Impacts to these fisheries could include lower 

biomass available for harvest due to slower-growing and smaller-sized snails, increased 

vulnerability to overfishing and reduced stock resilience due to slower population turnover. 

These factors will likely present management challenges in the future, including the need to 

adjust regulations, and economic consequences, such as reduced resource availability. 

As large herbivorous grazers, turban snails have a key functional role in rocky reef 

ecosystems (Wernberg et al., 2008; Anderson et al., 2011) and they have high value as a 

fisheries resource. Therefore, potential changes to their distribution or life-history traits may 

bring ecological, cultural and socio-economic consequences. Ecological impacts include 

altered ecosystems through changes in herbivory or competition for resources. For example, 

T. militaris, which was once absent along the NSW mid-south coast, is now outnumbering 

L. torquata (pers. comm. Dr. Jeremy Day), potentially intensifying competition for 

macroalgae. Furthermore, altered species distributions may result in inequitable resource 

access, economic losses in small-scale fisheries, and adverse effects on traditional 

harvesting and cultural values for First Nations Australians. Cultural and economic 

displacement may lead to fishers seeking other, potentially less sustainable resources, or 

travelling to harvest, increasing costs and impacting traditional practices. 

6.4 Future research priorities  

6.4.1 Distribution and latitudinal disparities 

Given the uncertainty regarding the distribution of T. militaris and the latitudinal disparities 

in reproduction and growth (Chapter 3 and 5), a key priority for future research includes 

determining the species current distribution and predicting changes to distribution under 

future climate change. Assessment of populations throughout southern Queensland could 

determine to what extent subtropical populations are being lost at the equatorward end of 

the distribution, whilst sampling throughout southern NSW would determine the extent of 
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the poleward extension and confirm the observations of T. militaris at higher latitudes. 

Documenting the current distribution could include targeted surveys in suitable turban snail 

habitats by scientists and traditional owners, collating data from broader-scale studies (such 

as marine park monitoring) and by verifying sightings from citizen scientists (i.e., 

iNaturalist.com). To determine the extent of a range shift or extension, data could be collated 

with museum records or traditional knowledge to construct historical distributional ranges 

over time and used to map historic, current and future habitat suitability. After determining 

the current distribution of T. militaris, stock assessments could be conducted along the full 

geographic range to inform appropriate catch limits (commercial fishing). To assess 

population size, mark-recapture surveys (as in Chapter 4 and 5) and monitoring surveys, 

such as the current monitoring by DPIRD to evaluate the impacts of harvesting in the SIMP 

should be conducted. 

In this thesis, reproduction (Chapter 3), mobility (Chapter 4) and growth (Chapter 5) of T. 

militaris has been documented at two spatially separate regions in NSW, separated by about 

3° of latitude. However, the current distribution spans approximately 8° of latitude (Figure 

1.7) and the geographic scope of the surveys was constrained due to the selection of 

appropriate study sites. The latitudinal disparities found in this study (Chapter 3 and 5) could 

be further explored by extending the geographical spread of sites, particularly closer to the 

distributional ends (i.e., in northern NSW or southern Queensland). Of the <20 sites 

originally visited in preparation for this study, the chosen sites represented locations that 

had suitable habitat, abundant populations of T. militaris, were easily accessible, safe (for 

the field team) in a range of environmental conditions and where travel expenses were 

within budget constraints. The choice of sites on the NSW mid-north coast also avoided 

locations where turban snail monitoring was occurring in the SIMP by DPIRD. Future 

studies could determine if life-history traits change gradually across a latitudinal gradient, 

suddenly diverge or if there is a disjunct distribution of life-history traits. Locations to 

explore for future research could be around southern Queensland (if T. militaris is still found 

to occur there), mid-range locations around the mid-north coast or Sydney, and southern 

sites around Wollongong and Jervis Bay. Furthermore, including offshore reefs such as at 

the Solitary Islands (mid-north coast region NSW) or Broughton Island (Port Stephens 

region, NSW) could provide further information more applicable to informing commercial 

harvest strategies in the SUTS fishery. 
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6.4.2 Population connectivity 

The limited mobility of adult turban snails (Chapter 4) and the genetic similarity across the 

population (Nimbs et al., 2023) supports the hypothesis that connectivity is primarily driven 

by larval transport. Early life-history information, including larval dispersal capabilities, is 

currently lacking for Australian turbinids (Table 6.1) and is clearly an important focus for 

future research. By modelling larval dispersal, we can gain an understanding of biological 

connectivity which is important in identifying and, if needed, protecting key breeding 

populations. Oceanographic modelling and larval sampling can be used for examining larval 

movement using physical and biological data (Schilling et al., 2020; Hinchliffe et al., 2021). 

Of particular interest is whether the strengthening EAC might enhance southward larval 

flow and population connectivity. Integrating larval dispersal and duration, settlement cues 

and thermal tolerance could provide more accurate projections of current and future 

distributions of T. militaris. 

From a parallel study, a high proportion (88%) of snails collected on the NSW south coast 

(Plantation Point, Jervis Bay) were large-sized (>80 mm shell height) (Nimbs et al., 2023). 

Further observations of turban snails in the Jervis Bay region indicate that T. militaris found 

on the NSW south coast are primarily large-sized, with smaller individuals rarely found 

(pers. comm. Dr. Nathan Knott). These observations could indicate that the population of 

large snails in Jervis Bay represent a larval recruitment pulse. The mean size of the large 

snails collected at Plantation Point was 100 mm shell height, which are estimated 4.5 years 

old, according to the temperate snail growth model (Chapter 5), implying that the snails 

were recruited in early 2017. Oceanographic modelling could help to determine whether 

past environmental conditions could have driven a strong larval recruitment pulse and 

predict if recruitment is likely to increase with changing ocean conditions. As ocean currents 

and temperature play a major role in facilitating larval movement (Pattiaratchi & Siji, 2020), 

potential drivers of larval recruitment could include unusually high sea surface temperatures 

(Commonwealth of Australia, 2018) or the presence of El Niño events, which strengthen 

the EAC (Pattiaratchi & Siji, 2020). Alternatively, smaller snails may have gone undetected 

if the juvenile habitat was not searched, which is possible given that observers were not 

actively looking for small turban snails. This raises the possibility that the apparent absence 

of small T. militaris in southern NSW reflects observational limitations rather than a true 

absence. 
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Turban snails likely settle in shallow areas of turf algae and kelp holdfasts, as these habitats 

are where the small juveniles have mostly been found (Chapter 5; Smith & Rule, 2002). 

Macroalgae is highly abundant on the NSW south coast (Lloyd et al., 2020; Shalders et al., 

2023) and potentially offer suitable settlement habitats for juvenile snails. However ocean 

warming, and the introduction of invasive species (e.g., urchin species), could result in the 

loss of macroalgae habitats with lasting consequences for T. militaris. 

6.4.3 Fecundity and fisheries productivity 

Information on reproductive output is required for assessing population resilience, stock 

sustainability and building biological appropriate management strategies (Officer, 1999; 

Llordra, 2002; Hoggarth et al., 2006). Given the latitudinal disparity in growth across 

different regions in the T. militaris fishery (Chapter 5), further studies on recruitment 

potential (i.e., fecundity and larval connectivity) are required for a comprehensive 

assessment on resilience across the fishery (Table 6.1). Estimates of reproductive output 

across subtropical and temperate regions will help understand how disparities in growth 

(Chapter 5) may impact productivity. Conceptually, by considering the timing and 

frequency of spawning, estimated at three times per year (Chapter 3), combined with growth 

models to predict age-at-size (Chapter 5) and size-based fecundity data we could provide an 

estimate of reproductive output. However there are no data on fecundity of T. militaris (or 

any harvested Australian species; Table 6.1), therefore research on size-based fecundity is 

a priority for future work. 

Many invertebrates, including turban snails have a higher fecundity with larger adult size 

(Mgaya & Mercer, 1994; Komatsu et al., 1995; Llordra, 2002; Linse et al., 2006; Martone 

& Micheli, 2012). The temperate snails are larger at a given age than subtropical snails 

(Chapter 5), consequently, the temperate snails may have a higher reproductive output per 

age. Over the lifetime, lower reproductive output in the subtropical snails could be offset in 

terms of reproductive potential as the subtropical snails are longer-lived. Furthermore, the 

longer period between maturity and legal fisheries size in subtropical snails (Chapter 5) 

allows for extra years of reproduction. Thus, in subtropical populations, the longer time 

between maturity and legal fishing size offers more reproductive time and may offset the 

potentially higher fecundity associated with larger snails in the temperate population.  
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Actual fecundity measurements would involve rearing animals in controlled conditions and 

inducing spawning (Murakoshi et al., 1993; Lee, 1997). Once spawned, oocytes can be 

collected by filtering the water and resuspended in a known volume of water where oocytes 

can be counted from a subsample and the total spawned fecundity can be calculated (Llordra, 

2002). For T. militaris spawning cues are not known, but for other turban snails these can 

include rough water or temperature fluctuations (Grange, 1976b; Yamaguchi, 1988; Dwiono 

et al., 2001; Matoto et al., 2002; Freije & Al-Sayed, 2009; Lee et al., 2014). The association 

of reproductive cycle with environmental variables for T. militaris (Chapter 3) could help 

in the conditioning and timing to trigger spawning if enhancement of the fishery is required 

in the future.  

To obtain potential fecundity (total oocytes in the gonad) from field collected snails, the 

ovary can be dissected and oocytes counted (Llordra, 2002). An understanding of the 

reproductive cycle (Chapter 3) will help to determine the best timing, when the gonads are 

ripest, for assessing potential fecundity. As turban snails have a very high number of oocytes 

(Murakoshi et al., 1993; Komatsu et al., 1995; Ramesh et al., 2010), including T. militaris 

(pers. obs.), this can be achieved by counting or measuring oocytes in a subsample, then 

back calculating this to represent the whole gonad (Komatsu et al., 1995; Ramesh et al., 

2010; Martone & Micheli, 2012). However, as the actual eggs available for fertilization in 

broadcast spawners may differ from the number of eggs in the ovary, histological techniques 

to determine the number of mature oocytes in the ovary may provide a means to estimate 

actual fecundity, if researchers are unable to induce spawning (Llordra, 2002). Drill-biopsy 

(Chapter 2) could also be used to help assess fecundity by facilitating selection of females 

and potentially sampling a known gonad biopsy volume counting eggs and projecting to 

volume of reproductive material for different sized snails.  

6.4.3 Future studies on growth 

The findings on growth disparities across latitudes (Chapter 5), underscore the need for 

further work to assess growth across the latitudinal gradient. Field-based studies, such as 

mark-recapture are a common method for aging marine animals. However, mark-recapture 

methods are time-intensive, require repeated sampling over long periods, and can be 

particularly challenging in marine environments. Additionally, the effectiveness of mark-

recapture experiments can be compromised by factors such as tag loss, emigration, predation 
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or harvesting of tagged animals. Analysing growth rings on calcified structures offers an 

alternative approach that may be more useful, especially in regions where mark-recapture 

studies are impractical. Given the logistical challenges of mark-recapture studies, growth 

band analysis could provide a more feasible method for expanding age and growth studies 

for T. militaris across a broader geographical range. 

Unique to turban snails is a markedly calcified operculum, which potentially presents an 

opportunity for age determination using growth striae if growth bands could be validated. 

Growth band studies have been successful in M. undosa (Gluyas-Millán et al., 2000), 

although the formation of the opercula is less complex than the paucispiral operculum in 

genus Turbo. Growth band studies have been attempted for T. sarmaticus; however, the 

study presented equivocal results for attributing banding to growth (Foster, 1997). A study 

on T. setosus found three types of banding in the opercula: translucent stress bands, daily 

bands and sub-daily bands (Sire & Bonnet, 1984). In order to assess the potential to 

accurately count growth bands in T. militaris, I undertook studies using fluorochrome 

marking techniques to determine growth ring periodicity in the operculum. Whilst the 

fluorochrome marking was successful, the consistency of bands could not be reliably 

determined. Details of the fluorochrome marking methods and results are outlined in 

Appendix D. 

To build on the current work, Laser Ablation Inductively-Coupled – Mass-Spectrometry 

(LA ICP-MS) techniques could be used to investigate the consistency of growth cycles by 

analysing strontium or magnesium ratios to calcium (Appendix E). Oxygen isotope analysis 

presents an alternative method to estimate age in marine gastropods (Bökenhans et al., 2016; 

Hollyman et al., 2018a). Oxygen isotope profiles and element ratios in shells can relate to 

sea temperature and therefore be used to determine growth periodicity (i.e., ratios fluctuate 

seasonally) (Sosdian et al., 2006; Spence et al., 2010; Bökenhans et al., 2016; Hollyman et 

al., 2018a). LA ICP-MS or oxygen isotope analysis on the opercula could be used to estimate 

age in T. militaris. Elemental ratios have been used for age studies in other shelled molluscs 

including magnesium:calcium in the whelk Neptunea antiqua (Richardson et al., 2005) and 

in oysters using LA ICP-MS (Spence et al., 2010; Durham et al., 2017). Additionally, the 

mussel Pinna nobilis was aged using strontium:calcium and magnesium:calcium 

(Richardson et al., 2004) and the cone snail Conus ermineus using strontium:calcium 

(Sosdian et al., 2006). Furthermore, LA ICP-MS techniques can be used to detect elements 



131 

 

such as manganese, copper, iron, nickel or barium, as found in bivalves (Barrat et al., 2023; 

Benthotage et al., 2023). Elements such as manganese be useful for validation of LA ICP-

MS results, and this could be achieved through manganese marking (Hawkes et al., 1997). 

Additionally, trace elements may be used to detect perturbations from environmental events 

(e.g., flooding and heatwaves) and, alongside a timeline of these events, trace elements 

could be useful for validation.  

6.5 Conclusion: towards an informed fishery for Turbo militaris 

This thesis has substantially improved our knowledge of the harvested marine gastropod, T. 

militaris. This research provides empirical data that enhances our understanding of 

population dynamics and can be used to inform regulations to support the management of 

turban snails in NSW. By revealing disparities in life-history parameters across latitudinally 

separate populations, this work offers essential insights into climate change impacts on this 

species and serves as a foundation for future research. This research on T. militaris 

exemplifies how spatial-scale studies are especially relevant for informing fisheries 

management and conservation for species spanning across geographical ranges and climate 

change hotspots. By addressing data deficiencies, this work advances our understanding of 

this species’ biology and ecology and identifies future research priorities. These findings 

will substantially contribute to the objective management of T. militaris, an ecologically 

important species and a valuable resource for cultural, recreational and commercial 

fisheries.  



132 

 

REFERENCES 

Ab Lah, R., Benkendorff, K., & Bucher, D. (2017a). Thermal tolerance and preference of exploited 
turbinid snails near their range limit in a global warming hotspot. Journal of Thermal 
Biology, 64, 100–108. https://doi.org/10.1016/j.jtherbio.2017.01.008  

Ab Lah, R., Bucher, D., Savins, D., Dowell, A., & Benkendorff, K. (2019). Temporal variation in 
condition index and meat quality of Lunella undulata (Turbinidae), in relation to the 
reproductive cycle. Molluscan Research, 39(2), 122–139. 
https://doi.org/10.1080/13235818.2018.1514241  

Ab Lah, R., Kelaher, B., P,, Bucher, D., & Benkendorff, K. (2018). Ocean warming and 
acidification affect the nutritional quality of the commercially-harvested turbinid snail 
Turbo militaris. Marine Environmental Research, 141, 100–108. 
https://doi.org/10.1016/j.marenvres.2018.08.009  

Ab Lah, R., Smith, J., Savins, D., Dowell, A., Bucher, D., & Benkendorff, K. (2017b). 
Investigation of nutritional properties of three species of marine turban snails for human 
consumption. Food Science and Nutrition, 5(1), 14–30. https://doi.org/10.1002/fsn3.360  

Acosta-Salmón, H., & Southgate, P. C. (2004). Use of a biopsy technique to obtain gonad tissue 
from the blacklip pearl oyster Pinctaga margaritifera (L.). Aquaculture Research, 35, 93–
96. https://doi.org/10.1111/j.1365-2109.2004.00978.x  

Afsar, N., Siddiqui, G., & Ayub, Z. (2013). Study of reproductive cycle of two archaeogastropods, 
Turbo coronatus and Monodonta canalifera. Pakistan Journal of Zoology, 45(2), 459–467. 
https://www.researchgate.net/profile/Nuzhat-Afsar/publication/236161542  

Ahmad, T. B., Liu, L., Kotiw, M., & Benkendorff, K. (2018). Review of anti-inflammatory, 
immune-modulatory and wound healing properties of molluscs. Journal of 
Ethnopharmacology, 210, 156–178. https://doi.org/10.1016/j.jep.2017.08.008  

Allen, A. M., & Singh, N. J. (2016). Linking movement ecology with wildlife management and 
conservation. Frontiers in Ecology and Evolution, 3, e155. 
https://doi.org/10.3389/fevo.2015.00155  

Allen, R. M., Metaxas, A., & Snelgrove, P. V. R. (2018). Applying movement ecology to marine 
animals with complex life cycles. Annual Review of Marine Science, 10, 19–42. 
https://doi.org/10.1146/annurev-marine-121916-063134  

Anderson, S. C., Flemming, J. M., Watson, R., & Lotze, H. K. (2011). Rapid global expansion of 
invertebrate fisheries: trends, drivers, and ecosystem effects. PLoS One, 6(3), e14735. 
https://doi.org/10.1371/journal.pone.0014735  

Andréfouët, S., Bruckner, A., Chabran, L., Campanozzi-Tarahu, J., & Dempsey, A. (2014). Spread 
of the green snail Turbo marmoratus in French Polynesia 45 years after its introduction 
and implications for fishery management. Ocean & Coastal Management, 96, 42–50. 
https://doi.org/10.1016/j.ocecoaman.2014.05.002  

Appledoorn, R. (1988). Age determination, growth, mortality and age of first reproduction in adult 
queen conch, Strombus gigas L., off Puerto Rico. Fisheries Research, 6(4), 363–378. 
https://doi.org/https://doi.org/10.1016/0165-7836(88)90005-7  



133 

 

Aquilino, K. M., Coulbourne, M. E., & Stachowicz, J. J. (2012). Mixed species diets enhance the 
growth of two rocky intertidal herbivores. Marine Ecology Progress Series, 468, 179–189. 
https://doi.org/10.3354/meps09893  

Aranda, D., Cárdenas, E., Morales, I., Zárate, A., & Brulé, T. (2003). A review of the reproductive 
patterns of gastropod mollusks from Mexico. Bulletin of Marine Science, 73(3), 629–641. 
https://www.ingentaconnect.com/content/umrsmas/bullmar/2003/00000073/00000003/art0
0007  

Arrawarra Sharing Culture. (2009). Project Fact Sheets. www.arrawarraculture.com.au 

Ashfaq, U., Mugridge, A., & Hatcher, B. G. (2019). Size at sexual maturity of waved whelk 
(Buccinum undatum) on the Eastern Scotian Shelf. Fisheries Research, 212, 12–20. 
https://doi.org/10.1016/j.fishres.2018.11.025  

Aswani, S., Flores, C. F., & Broitman, B. R. (2015). Human harvesting impacts on managed areas: 
ecological effects of socially-compatible shellfish reserves. Reviews in Fish Biology and 
Fisheries, 25(1), 217–230. https://doi.org/10.1007/s11160-014-9376-4  

Aswani, S., & Weiant, P. (2003). Shellfish monitoring and women's participatory management in 
Roviana, Solomon Islands. SPC Women in Fisheries Information Bulletin, 12, 3–11. 
https://www.spc.int/DigitalLibrary/Doc/FAME/InfoBull/WIF/12/WIF12_03_Aswani.html  

Atkinson, D. (1994). Temperature and organism size-A biological law for ectotherms? Advances 
in Ecological Research, 25(1), 1–58. https://doi.org/10.1016/S0065-2504(08)60212-3  

Atkinson, L., Mayfield, S., & Cockcroft, A. (2005). The potential for using acoustic tracking to 
monitor the movement of the West Coast rock lobster Jasus lalandii. Africal Journal of 
Marine Science, 27(2), 401–408. https://doi.org/10.2989/18142320509504099 

Atlas of Living Australia. (2023). Turbinidae. 
https://bie.ala.org.au/species/https://biodiversity.org.au/afd/taxa/679caea8-c424-4058-9fef-
8b2e0a35783e#overview 

Ault, J. S., & Demartini, J. D. (1987). Movement and dispersion of red abalone, Haliotis rufescens, 
in Northern California. California Fish and Game, 73(4), 196–213. 
https://www.academia.edu/66884609/Movement_and_dispersion_of_red_abalone_Halioti
s_rufescens_in_northern_California?uc-sb-sw=41538847  

Baillon, S., Hamel, J. F., & Mercier, A. (2011). Comparative study of reproductive synchrony at 
various scales in deep-sea echinoderms. Deep Sea Research, 58(3), 260–272. 
https://doi.org/10.1016/j.dsr.2010.12.010  

Barrat, J.-A., Chauvaud, L., Olivier, F., Poitevin, P., & Rouget, M.-L. (2023). Trace elements in 
bivalve shells: how "vital effects" can bias environmental studies. Chemical Geology, 638, 
e121695. https://doi.org/https://doi.org/10.1016/j.chemgeo.2023.121695  

Beaver, C. E., Geda, S. R., & Johnson, N. A. (2019). Standardizing a non-lethal method for 
characterizing the reproductive status and larval development of freshwater mussels 
(Bivalvia: Unionida). Journal of Visualized Experiments, 152, e60244. 
https://doi.org/10.3791/60244  

Beechey, D. (2005). The seashells of New South Wales. 
https://seashellsofnsw.org.au/Turbinidae/Pages/Turbo_militaris.htm 



134 

 

Bellido, J. M., Sumaila, U. R., Sánchez-Lizaso, J. L., Palomares, M. L., & Pauly, D. (2020). Input 
versus output controls as instruments for fisheries management with a focus on 
Mediterranean fisheries. Marine Policy, 118, e103786. 
https://doi.org/10.1016/j.marpol.2019.103786  

Benkendorff, K. (1999). Bioactive molluscan resources and their conservation: biological and 
chemical studies on the egg masses of marine molluscs. Doctor of Philosophy. University 
of Wollongong, Department of Biological Sciences, Department of Chemistry. 
Wollongong, New South Wales, Australia.  

Benkendorff, K., Rudd, D., Nongmaithem, B. D., Liu, L., Young, F., Edwards, V., Avila, C., & 
Abbott, C. A. (2015). Are the traditional medical uses of Muricidae molluscs substantiated 
by their pharmacological properties and bioactive compounds? Marine Drugs, 13(8), 
5237–5275. https://doi.org/10.3390/md13085237  

Benthotage, C., Cole, V., Schulz, K. G., & Benkendorff, K. (2023). Bioaccumulation of estuarine 
pollutants in leaf oysters (Isognomon ephippium) on the mid-north coast, New South 
Wales, Australia. Marine Environmental Research, 189, e106065. 
https://doi.org/https://doi.org/10.1016/j.marenvres.2023.106065  

Berg, D. J., Haag, W. R., Guttman, S. I., & Sickel, J. B. (1995). Mantle biopsy: a technique for 
nondestructive tissue-sampling of freshwater mussels. Journal of the North American 
Benthological Society, 14(4), 577–581. https://doi.org/10.2307/1467542  

Bökenhans, V., Bigatti, G., & Averbuj, A. (2016). Age estimation methods in the marine 
gastropod Buccinanops globulosus comparing shell marks and opercula growth rings. 
Marine Biology Research, 12(8), 881–887. 
https://doi.org/10.1080/17451000.2016.1209526 

Boman, E. M., Bervoets, T., de Graaf, M., Dewenter, J., Maitz, A., Meijer Zu Schlochtern, M. P., 
Stapel, J., Smaal, A. C., & Nagelkerke, L. A. J. (2019). Diet and growth of juvenile queen 
conch Lobatus gigas (Gastropoda: Strombidae) in native, mixed and invasive seagrass 
habitats. Marine Ecology Progress Series, 621, 143–154. 
https://doi.org/10.3354/meps12990  

Boman, E. M., Graaf, M., Nagelkerke, L. A. J., Stoner, A. W., Bissada, C. E., Avila-Poveda, O. 
H., Baqueiro-Cardenas, E. R., & Smaal, A. C. (2018). Variability in size at maturity and 
reproductive season of queen conch Lobatus gigas (Gastropoda Strombidae) in the wider 
Caribbean region. Fisheries Research, 201, 18–25. 
https://doi.org/10.1016/j.fishres.2017.12.016  

Borsetti, S., Munroe, D., Rudders, D. B., Dobson, C., & Bochenek, E. A. (2018). Spatial variation 
in life history characteristics of waved whelk (Buccinum undatum L.) on the U.S. Mid-
Atlantic continental shelf. Fisheries Research, 198, 129–137. 
https://doi.org/10.1016/j.fishres.2017.10.006  

Bourgeois, B., Payri, C. E., & Bach, P. (1997). Studies of age and growth of the gastropod Turbo 
marmoratus determined from daily ring density. Proceedings of the 8th International 
Coral Reef Symposium, 2, 1351–1356. 
https://www.documentation.ird.fr/hor/fdi%3A010015940  

Bradley, R. (1984). Reproduction in the giant clams Tridacna gigas and T. derasa in situ on the 
North-Central Great Barrier Reef, Australia, and Papua New Guinea. Coral Reefs, 3, 221–
227. https://doi.org/10.1007/BF00288258  



135 

 

Brian, J. I., & Aldridge, D. C. (2020). A rapid, non‐destructive method for sampling castrating 
parasites in endangered bivalve molluscs. Aquatic Conservation: Marine and Freshwater 
Ecosystems, 31(3), 729–735. https://doi.org/10.1002/aqc.3505  

Bruton, J., Baird, D., & Coetzee, P. S. (1991). Population structure and yield-per-recruit analysis 
of the giant periwinkle Turbo sarmaticus in the Cape St Francis region, South Africa. 
South African Journal of Marine Science, 11(1), 345–356. 
https://doi.org/10.2989/025776191784287754  

Capinpin Jr, E. C. (2018). Growth, movement and recovery of tagged topshell, Trochus niloticus, 
juveniles in Imondayon, Anda, Pangasinan, Northern Philippines. International Journal of 
Fauna and Biological Studies, 5(1), 01–04. 
https://www.faunajournal.com/archives/2018/vol5issue1/PartA/4-5-9-540.pdf  

Cárdenas, E., & Aranda, D. (2014). Growth parameters and density variation of a queen conch, 
Strombus gigas (Neotaenioglossa: Strombidae), population from Xel-Ha park, a marine 
protected area. Revista de Biología Tropical, 62(1), 45–57. 
https://pubmed.ncbi.nlm.nih.gov/24912342/  

Castell, L. L., Naviti, W., & Nguyen, F. (1996). Detectability of cryptic juvenile Trochus niloticus 
Linnaeus in stock enhancement experiments. Aquaculture, 144, 91–101. 
https://doi.org/https://doi.org/10.1016/S0044-8486(96)01320-8  

Catchpole, E., Freeman, S., Morgan, B., & Nash, W. (2001). Abalone I analyzing mark-recapture-
recovery data incorporating growth and delayed recovery. Biometrics, 57(2), 469–477. 
https://doi.org/https://doi.org/10.1111/j.0006-341X.2001.00469.x  

CDFW. (2018). 2018 Master plan for fisheries. A guide for implementation of the Marine Life 
Management Act. California: California Department of Fish and Wildlife. 
https://opc.ca.gov/wp-content/uploads/2018/07/2018-Master-Plan_FINAL.pdf 

Champion, C., Brodie, S., & Coleman, M. A. (2021). Climate-driven range shifts are rapid yet 
variable among recreationally important coastal-pelagic fishes. Frontiers in Marine 
Science, 8, e622299. https://doi.org/10.3389/fmars.2021.622299 

Chang, D. S. (2002). Studies on the stock assessment and management of the turban shell, Batillus 
cornutus in Jeju coastal waters, Korea. In. Doctor of Philosophy (pp. 94). Jeju National 
University, Department of Marine Biology.  

Chapman, M. G. (2000). A comparative study of differences among species and patches of habitat 
on movements of three species of intertidal gastropods. Journal of Experimental Marine 
Biology and Ecology, 244, 181–201. https://doi.org/https://doi.org/10.1016/S0022-
0981(99)00140-9  

Chick, R. C. (2023). Fishery statistics summary 2023 – Sea Urchin and Turban Shell Fishery – 
Red Sea Urchin (Heliocidaris tuberculata). NSW Department of Primary Industries. 
Fisheries NSW, Port Stephens Fisheries Institute. 
https://www.dpi.nsw.gov.au/__data/assets/pdf_file/0004/1487254/Fishery-Statistics-
Summary-2023-24-Red-Sea-Urchin.pdf 

Chim, C. K., & Tan, K. S. (2009). Vertical distribution, spawning and recruitment of Siphonaria 
guamensis (Gastropoda: Pulmonata) on a seawall in Singapore. The Raffles Bulletin of 
Zoology, 22, 269–278. https://lkcnhm.nus.edu.sg/wp-
content/uploads/sites/11/app/uploads/2017/04/s22rbz269-278.pdf  



136 

 

Clarivate Analytics. (2024). Web of Science. https://clarivate.com/webofsciencegroup . 

Clarke, P. J., & Komatsu, T. (2001). Successful culture and release of trochus in Solomon Islands. 
SPC Trochus Information Bulletin #8, 11–14. 
https://coastfish.spc.int/en/publications/bulletins/trochus/195-trochus-information-bulletin-
08  

Coates, J. H., Hovel, K. A., Butler, J. L., Klimley, A. P., & Morgan, S. G. (2013). Movement and 
home range of pink abalone Haliotis corrugata: implications for restoration and 
population recovery. Marine Ecology Progress Series, 486, 189–201. 
https://doi.org/10.3354/meps10365  

Cochrane, K. L. (2002). Chapter 5: The use of scientific information in the design of management 
strategies. In K. L. Cochrane (Ed.), A fishery manager's guidebook. Management measures 
and their application. Fisheries Technical Paper 424. Rome, Food and Agriculture 
Organization of the United Nations. https://www.fao.org/fishery/en/publications/79780  

Cohen, P. J., Allison, E. H., Andrew, N. L., Cinner, J., Evans, L. S., Fabinyi, M., Garces, L. R., 
Hall, S. J., Hicks, C. C., Hughes, T. P., Jentoft, S., Mills, D. J., Masu, R., Mbaru, E. K., & 
Ratner, B. D. (2019). Securing a just space for small-scale fisheries in the blue economy. 
Frontiers in Marine Science, 6, e171. https://doi.org/10.3389/fmars.2019.00171  

Commonwealth of Australia. (2018). Annual climate statement 2017. 
http://www.bom.gov.au/climate/current/annual/aus/2017 

Cooke, J. G. (1999). Improvement of fishery-management advice through simulation testing of 
harvest algorithms. ICES Journal of Marine Science, 56, 797–810. 
https://doi.org/https://doi.org/10.1006/jmsc.1999.0552  

Cooling, K., & Smith, S. D. A. (2015). Population dynamics of Turbo militaris (Gastropoda: 
Turbinidae) on rocky shores in a subtropical marine park: implications for management. 
Molluscan Research, 35(3), 173–181. https://doi.org/10.1080/13235818.2015.1052035  

Cowen, R. K., & Sponaugle, S. (2009). Larval dispersal and marine population connectivity. 
Annual Review of Marine Science, 1, 443–466. 
https://doi.org/10.1146/annurev.marine.010908.163757  

Creese, R. (1980). An analysis of the distribution and abundance of populations of the high-shore 
limpet, Notoacmea petterdi. Oecologia, 45, 252–260. 
https://doi.org/https://doi.org/10.1007/BF00346466  

Creese, R. G. (1988). Ecology of molluscan grazers and their interactions with marine algae in 
north‐eastern New Zealand: A review. New Zealand Journal of Marine and Freshwater 
Research, 22(3), 427–444. https://doi.org/10.1080/00288330.1988.9516314  

Cumplido, M., Marinho, C., & Bigatti, G. (2020). Nutritional composition of Patagonian marine 
gastropods during reproductive seasonality. Journal of the Marine Biological Association 
of the United Kingdom, 100(4), 567–576. https://doi.org/10.1017/s0025315420000454  

Cupul Magaña, F., & Torres-Moye, G. (1996). Age and growth of Astraea udosa Wood (Mollusca: 
Gastropoda) in Baja California, Mexico. Bulletin of Marine Science, 59(3), 490–497. 
https://www.researchgate.net/publication/233636614  



137 

 

DAFF. (2024). Aquatic Animal Health. Australian Government, Department of Agriculture, 
Fisheries and Forestry. https://www.agriculture.gov.au/agriculture-land/animal/aquatic 

Das, M. (1994). Age determination and longevity in fishes. Gerontology, 40, 70–96. 
https://doi.org/10.1159/000213580  

Datafit. (2009). Data curve fitting (nonlinear regression) and data plotting software. Version 9.0. 
United States of America: Oakdale Engineering. https://datafit.software.informer.com/9.0/ 

Davis, A. R., Benkendorff, K., & Ward, D. W. (2005). Responses of common SE Australian 
herbivores to three suspected invasive Caulerpa spp. Marine Biology, 146(5), 859–868. 
https://doi.org/10.1007/s00227-004-1499-z  

Day, R. W., & Fleming, A. (1992). The determinants and measurement of abalone growth. In S. A. 
Shepherd, M. J. Tegner, & S. A. Guzmán Del Próo (Eds.), Abalone of the world; biology, 
fisheries and culture (pp. 141–164). Blackwell: Oxford.  

DCCEEW. (2018a). Assessment of the NSW Sea Urchin and Turban Shell Fishery. Port Stephens, 
NSW, Australia: NSW Government. Department of Primary Industries. 
https://www.dcceew.gov.au/environment/marine/fisheries/nsw/sea-urchin-turban-shell 

DCCEEW. (2018b). Assessment of the take of scallops, sea urchin, specimen shells and turban 
shells in the South Australian miscellaneous fishery. Australian Government, Department 
of Climate Change, Energy, the Environment and Water. https://www.dcceew.gov.au/ 

DCCEEW. (2023). A new global biodiversity framework: Kunming-Montreal Gobal Biodiversity 
Framework. NSW Government. Department of Primary Industries. 
https://www.dcceew.gov.au/environment/biodiversity/international/un-convention-
biological-diversity/global-biodiversity-framework 

Dehnel, P. A. (1955). Rates of growth of gastropods as a function of latitude. Physiological 
Zoology, 28(2), 115–144. https://doi.org/https://doi.org/10.1086/physzool.28.2.30163680  

Denny, M. W., & Shibata, M. F. (1989). Consequences of surf-zone turbulence for settlement and 
external fertilization. The American Naturalist, 134(6), 859–889. 
https://doi.org/10.1086/285018  

Devambes, L. C. (1961). Report on a supplementary survey of trochus and green snail reefs in the 
central and southern groups of New Hebrides. SPC. South Pacific Commission, Noumea. 
https://pacificdata.org/data/dataset/oai-www-spc-int-3a4fa3ac-ab6c-451a-8f89-
844756894736 

Dixon, C. D., & Day, R. W. (2004). Growth responses in emergent greenlip abalone to density 
reductions and translocations. Journal of Shellfish Research, 23(4), 1223–1228. 
https://www.researchgate.net/publication/249967987  

Dobson, G. (1997). Preliminary studies of the induced spawning of Trochus niloticus (Linnaeus) 
using artificial stimuli. In C. L. Lee & P. W. Lynch (Eds.), Trochus: Status, Hatchery 
Practice and Nutrition (pp. 60–63). Canberra: Australian Centre for International 
Agricultural Research. 
https://www.aciar.gov.au/sites/default/files/legacy/node/2298/pr79_pdf_64658.pdf  



138 

 

Dobson, G., & Lee, C. (1994). Improved method of determining the sex of the marine top shell, 
Trochus niloticus (Mollusca: Gastropoda) for spawning. Aquaculture, 139, 329–331. 
https://doi.org/https://doi.org/10.1016/0044-8486(95)01170-6  

Doerr, J. C., & Hill, R. L. (2007). A preliminary analysis of habitat use, movement and migration 
patterns of queen conch, Strombus gigas, in St. John, USVI, using acoustic tagging 
techniques. Proceedings of the 60th Gulf and Caribbean Fisheries Institute, 5–9, 509–515. 
https://api.semanticscholar.org/CorpusID:56252302  

Doerr, J. C., & Hill, R. L. (2013). Home range, movement rates, and habitat use of queen conch, 
Strombus gigas, in St. John, U.S. Virgin Islands. Caribbean Journal of Science, 47(2–3), 
251–259. https://doi.org/https://doi.org/10.18475/cjos.v47i3.a13  

Durham, S. R., Gillikin, D. P., Goodwin, D. H., & Dietl, G. P. (2017). Rapid determination of 
oyster lifespans and growth rates using LA-ICP-MS line scans of shell Mg/Ca ratios. 
Palaeogeography, Palaeoclimatology, Palaeoecology, 485, 201–209. 
https://doi.org/10.1016/j.palaeo.2017.06.013  

Dwiono, S., Pradina, & Makatipu, P. (2001). Spawning and seed production of the green snail 
(Turbo marmoratus L.) in Indonesia. In C. L. Lee (Ed.), Secretariat of the Pacific 
Community Trochus Information Bulletin. Number 7 – January 2001 (pp. 9–13). Noumea, 
New Caledonia: Marine Resources Division, Secretariat of the Pacific Community.  

Edgar, G. J., Barrett, N. S., Morton, A. J., & Samson, C. R. (2004). Effects of algal canopy 
clearance on plant, fish and macroinvertebrate communities on eastern Tasmanian reefs. 
Journal of Experimental Marine Biology and Ecology, 312, 67–87. 
https://doi.org/10.1016/j.jembe.2004.06.005  

Ellis, S., & Sharron, L. (1997). The culture of soft corals (Order: Alcyonacea) for the marine 
aquarium trade. https://repository.library.noaa.gov/view/noaa/35519 

Emmerson, J. A., Hollyman, P. R., Bloor, I. S. M., & Jenkins, S. R. (2020). Effect of temperature 
on the growth of the commercially fished common whelk (Buccinum undatum, L.): A 
regional analysis within the Irish Sea. Fisheries Research, 223, e105437. 
https://doi.org/10.1016/j.fishres.2019.105437  

ESRI. (2023). ArcGIS Pro [3.2]. Redlands, California: Environmental Systems Research Institute. 
https://www.esri.com/en-us/arcgis/products/arcgis-pro/overview 

Ettinger-Epstein, P., & Kingsford, M. J. (2008). Effects of the El Niño southern oscillation on 
Turbo torquatus (Gastropoda) and their kelp habitat. Austral Ecology, 33(5), 594–606. 
https://doi.org/10.1111/j.1442-9993.2007.01824.x  

Fabens, A. (1965). Properties and fitting of the von Bertalanffy growth curve. Growth, 29(3), 265–
289. https://www.cabidigitallibrary.org/doi/full/10.5555/19661402866  

FAO. (2020). The State of World Fisheries and Aquaculture 2020. Sustainability in action. Rome: 
Food and Agriculture Organization of the United Nations. 
https://openknowledge.fao.org/handle/20.500.14283/ca9229en 

FAO. (2021). FishStatJ: Universal software for fishery statistical time series. Fisheries Division, 
Statistics and Information Branch. Rome, Italy. 
https://www.fao.org/fishery/en/statistics/software/fishstatj 



139 

 

FAO. (2022). Turbo cornutus (Lightfoot). Food and Agriculture Organization of the United 
Nations. https://www.fao.org/fishery/en/aqspecies/2656/en 

FAO. (2024). The State of World Fisheries and Aquaculture 2024. Blue transformation in action. 
Rome: Food and Agriculture Organization of the United Nations. 
https://openknowledge.fao.org/handle/20.500.14283/cd0683en 

Faulkner, A. (2000). A study of Aboriginal fisheries in northern New South Wales, Australia. 
Human Dimensions of Wildlife, 5(4), 83–88. 
https://doi.org/https://doi.org/10.1080/10871200009359197  

Fischer, S. H., De Oliveira, A. A., Mumford, J. D., & Kell, L. T. (2022). Exploring a relative 
harvest rate strategy for moderately data-limited fisheries management. ICES Journal of 
Marine Science, 79(6), 1730–1741. https://doi.org/https://doi.org/10.1093/icesjms/fsac103  

Foster, G. G. (1997). Growth, reproduction and feeding biology of Turbo sarmaticus (Mollusca 
Vetigastropoda) along the coast of the eastern cape province of South Africa. Doctor of 
Philosophy (pp. 250). Rhodes University, Faculty of Science, Zoology and Entomology, 
South Africa. https://core.ac.uk/reader/145046740  

Foster, G. G., & Hodgson, A. N. (1998). Consumption and apparent dry matter digestibility of six 
intertidal macroalgae by Turbo sarmaticus (Mollusca: Vetigastropoda: Turbinidae). 
Aquaculture, 167, 211–227. https://doi.org/10.1016/S0044-8486(98)00315-9  

Foster, G. G., Hodgson, A. N., & Balarin, M. (1999). Effect of diet on growth rate and 
reproductive fitness of Turbo sarmaticus (Mollusca: Vetigastropoda: Turbinidae). Marine 
Biology, 134, 307–315. https://doi.org/10.1007/s002270050548  

Frank, P. W. (1969). Growth rates and longevity of some gastropod mollusks on the coral reef at 
Heron Island. Oecologia, 2, 232–250. https://doi.org/https://doi.org/10.1007/BF00379161  

Frank, P. W. (1975). Latitudinal variation in the life history features of the black turban snail 
Tegula funebralis (Prosobranchia: Trochidae). Marine Biology, 31, 181–192. 
https://doi.org/https://doi.org/10.1007/BF00391630  

Fredericks, J., Smith, H. B., Benkendorff, K., Scott, A., & Hall, K. C. (2025). Co-design and 
Traditional Owner participation in an assessment of abundance and size of Donax 
deltoides (garlaany, pipi) in Ngambaa Country, New South Wales, Australia. Marine and 
Freshwater Research, 76, e23235. https://doi.org/10.1071/MF23235  

Freije, A., & Al-Sayed, H. (2009). Lipids and glycogen utilization in the intertidal gastropod 
mollusc species Turbo coronatus (Gmelin 1791). Arab Gulf Journal of Scientific 
Research, 57(4), 204–215. https://agjsr.agu.edu.bh/publications/paper/402  

Fretter, V., Graham, A., Ponder, W. F., & Lindberg, D. L. (1998). Prosobranchia Introduction. In 
P. L. Beesley, G. J. B. Ross, & A. Wells (Eds.), Mollusca: The Southern Synthesis. Fauna 
of Australia (Vol. 5, pp. 605–638). Melbourne: CSIRO Publishing.  

Froese, R., & Pauly, D. (2000). Fish Base 2000. Concepts, design and data sources. Philippines. 
International Center for Living Aquatic Resources Management. 
https://hdl.handle.net/20.500.12348/2428 

GBIF.org. (2025). GBIF Occurence Download. https://doi.org/10.15468/dl.8z55aw 



140 

 

Gerland, P., Raferty, A., Ševčíková, H., Li, N., Gu, D., Spoorenberg, T., Alkema, L., Fosdick, B., 
Chunn, J., Lalic, N., Bay, G., Buettner, T., Heilig, G. K., & Wilmoth, J. (2014). World 
population stabilization unlikely this century. Science, 346, 234–237. 
https://doi.org/10.1126/SCIENCE.1257469  

Gervais, C. R., Champion, C., & Pecl, G. T. (2021, Jul). Species on the move around the 
Australian coastline: A continental-scale review of climate-driven species redistribution in 
marine systems. Global Change Biology, 27(14), 3200–3217. 
https://doi.org/10.1111/gcb.15634  

Gill, D. A., Lester, S. E., Free, C. M., Pfaff, A., Iversen, E., Reich, B. J., Yang, S., Ahmadia, G., 
Andradi-Brown, D. A., Darling, E. S., Edgar, G. J., Fox, H. E., Geldmann, J., Trung Le, 
D., Mascia, M. B., Mesa-Gutierrez, R., Mumby, P. J., Veverka, L., & Warmuth, L. M. 
(2024). A diverse portfolio of marine protected areas can better advance global 
conservation and equity. Proceedings of the National Academy of Sciences of the United 
States of America, 121(10), e2313205121. https://doi.org/10.1073/pnas.2313205121  

Gimin, R., & Lee, C. L. (1997). Early development and growth of juvenile Trochus niloticus 
reared under different salinities. In C. L. Lee & P. W. Lynch (Eds.), Trochus: status, 
Hatchery Practice and Nutrition (pp. 64–68). Canberra: Australian Centre for 
International Agricultural Research. 
https://www.aciar.gov.au/sites/default/files/legacy/node/2298/pr79_pdf_64658.pdf  

Glazer, R. A., Delgado, G. A., & Kidney, J. A. (2003). Estimating queen conch (Strombus gigas) 
home ranges using acoustic telemetry: implications for the design of marine fishery 
reserves. Gulf and Caribbean Research, 14(2), 79–89. 
https://doi.org/10.18785/gcr.1402.06  

Gluyas-Millán, M. G., Quiñónez-Velázquez, C., Massó-Rojas, J. A., & Melo-Barrera, F. N. 
(1999). Differences in the length-age relationship of the snail Astraea undosa (Wood, 
1828) between two localities of Tortugas Bay, Baja California Sur, Mexico. Ciencias 
Marinas, 25(1), 91–106. https://doi.org/10.7773/cm.v25i1.647  

Gluyas-Millán, M. G., Quiñónez-Velázquez, C., & Talavares-Maya, J. (2000). Population 
parameters of the snail Astraea undosa (Wood, 1828) from the west coast of the Baja 
California Peninsula. Ciencias Marinas, 26(4), 643–658. 
https://doi.org/10.7773/cm.v26i4.610  

Golden, C. D., Allison, E. H., Cheung, W. W., Dey, M. M., Halpern, B. S., McCauley, D. J., 
Smith, M., Vaitla, B., Zeller, D., & Myers, S. S. (2016). Nutrition: Fall in fish catch 
threatens human health. Nature, 534(7607), 317–320. https://doi.org/10.1038/534317a  

Golden, C. D., Koehn, J. Z., Shepon, A., Passarelli, S., Free, C. M., Viana, D. F., Matthey, H., 
Eurich, J. G., Gephart, J. A., Fluet-Chouinard, E., Nyboer, E. A., Lynch, A. J., Kjellevold, 
M., Bromage, S., Charlebois, P., Barange, M., Vannuccini, S., Cao, L., Kleisner, K. M., 
Rimm, E. B., Danaei, G., DeSisto, C., Kelahan, H., Fiorella, K. J., Little, D. C., Allison, E. 
H., Fanzo, J., & Thilsted, S. H. (2021, Oct). Aquatic foods to nourish nations. Nature, 
598(7880), 315–320. https://doi.org/10.1038/s41586-021-03917-1  

Grange, K. R. (1976a). Larval development in Lunella smaragda (Gastropoda: Turbinidae). New 
Zealand Journal of Marine and Freshwater Research, 10(3), 517–525. 
https://doi.org/10.1080/00288330.1976.9515634  



141 

 

Grange, K. R. (1976b). Rough water as a spawning stimulus in some trochid and turbinid 
gastropods. New Zealand Journal of Marine and Freshwater Research, 10(1), 203–216. 
https://doi.org/10.1080/00288330.1976.9515607  

Guallart, J., Calvo, M., Acevedo, I., & Templado, J. (2013). Two-way sex change in the 
endangered limpet Patella ferruginea (Mollusca, Gastropoda). Invertebrate Reproduction 
& Development, 57(3), 247–253. https://doi.org/10.1080/07924259.2012.754794  

Guallart, J., Peña, J. B., Pérez-Larruscaín, J., Luque, A. A., & Templado, J. (2020). Filling gaps: 
closing the life cycle of the endangered Mediterranean limpet Patella ferruginea Gmelin, 
1791 (Gastropoda, Patellidae). Mediterranean Marine Science, 21(2), 400–419. 
https://doi.org/10.12681/mms.22508  

Guillen, J., Natale, F., Carvalho, N., Casey, J., Hofherr, J., Druon, J. N., Fiore, G., Gibin, M., 
Zanzi, A., & Martinsohn, J. T. (2019). Global seafood consumption footprint. Ambio, 
48(2), 111–122. https://doi.org/10.1007/s13280-018-1060-9  

Guzmán Del Próo, S. A., Reynoso-Granados, T., Monsalvo-Spencer, P., & Serviere-Zaragoza, E. 
(2003). Larval and early juvenile development of the wavy turban snail Megastraea 
undosa (Wood, 1828) (Gastropoda: Turbinidae). The Veliger, 46(4), 320–324. 
https://biostor.org/reference/132929 

Hallegraeff, G., Davies, C., & Rochester, W. (2020). Range expansion of the red tide 
dinoflagellate Noctiluca scintillans. In A. J. Richardson., R. Eriksen., T. Moltmann., I. 
Hodgson-Johnston., & J. R. Wallis. (Eds.), State and Trends of Australia’s Oceans Report. 
Integrated Marine Observing System. https://doi.org/10.26198/5e16ad2e49e85 

Hamer, G. (2024). Turbo militaris – Summary of tag/recapture data. Turban Snail Research. 
https://turbansnails.blog/7-turbo-militaris-summary-of-tag-recapture-data/ 

Hamilton, P. V. (1978). Intertidal distribution and long-term movements of Littorina irrorata 
(Mollusca: Gastropoda). Marine Biology, 46, 49–58. https://doi.org/10.1007/BF00393820  

Hamilton, P. V. (1996). Tidal movement pattern of crown conchs, Melongena corona Gmelin. 
Journal of Molluscan Studies, 62, 129–133. https://doi.org/10.1093/mollus/62.1.129  

Harrington, L., Fabricius, K., De'Ath, G., & Negri, A. (2004). Recognition and selection of 
settlement substrata determine post-settlement survival in corals. Ecology, 85(12), 3428–
3437. https://doi.org/10.1890/04-0298  

Harrison, P. J., Furuya, K., Gilbert, P. M., Xu, J., Liu, H. B., Yin, K., Lee, J. H. W., Anderson, D. 
M., Gowen, R., Al-Azri, A. R., & Ho, A. Y. T. (2011). Geographical distribution of red 
and green Noctiluca scintillans. Chinese Journal of Oceanology and Limnology 29(4), 
807–831. https://doi.org/10.1007/s00343-011-0510-z 

Haskell, D. G., & Pan, J. W. (2010). The short-term effects of foot clipping as a nonlethal method 
of obtaining tissue samples from terrestrial gastropods. Journal of Molluscan Studies, 
76(3), 301–302. https://doi.org/10.1093/mollus/eyq021  

Hawkes, G.P., Day, R. W., Wallace, M. W., & Harriden, T. D. (1997). Optimum conditions using 
manganese as a shell marker for abalone age validation studies. Molluscan Research, 
18(2), 169–181. https://doi.org/10.1080/13235818.1997.10673691 



142 

 

Hawkins, S. J., Evans, A. J., Firth, L. B., Genner, M. J., Herbert, R. J. H., Adams, L. C., Moore, P. 
J., Mieszkowska, N., Thompson, R. C., Burrows, M. T., & Fenberg, P. B. (2016). Impacts 
and effects of ocean warming on intertidal rocky habitats. In D. Laffoley & J. M. Baxter 
(Eds.), Explaining ocean warming: causes, scale, effects and consequences (pp. 147–176). 
Gland, Switzerland: IUCN. https://doi.org/10.2305/IUCN.CH.2016.08.en  

Hayakawa, J., Nakamoto, K., Kodama, M., & Kawamura, T. (2021). Aggregation of adult abalone 
Haliotis discus hannai during the spawning season, and its associations with seasonal and 
interannual changes in the macroalgal community. Marine Ecology Progress Series, 670, 
105–120. https://doi.org/https://doi.org/10.3354/meps13753  

Hayakawa, J., Ohtsuchi, N., Kawamura, T., & Kurogi, H. (2018). Ontogenetic habitat and dietary 
shifts in Japanese turban snail Turbo cornutus at Nagai, Sagami Bay, Japan. Fisheries 
Science, 84(2), 201–209. https://doi.org/10.1007/s12562-017-1170-5  

Hazlett, B. A. (2009). Daily movements of some tropical marine gastropods. Marine Behaviour 
and Physiology, 11(1), 35–48. https://doi.org/10.1080/10236248409387033  

Henry, G. W., & Lyle, J. M. (2003). The national recreational and Indigenous fishing survey. 
Canberra: Australian Government Department of Agriculture Fisheries and Forestry,. 
https://www.frdc.com.au/sites/default/files/products/1999-158-DLD.pdf 

Henry, P. Y., & Jarne, P. (2007). Marking hard-shelled gastropods: tag loss, impact on life-history 
traits, and perspectives in biology. Invertebrate Biology, 126(2), 138–153. 
https://doi.org/10.1111/j.1744-7410.2007.00084.x  

Heslinga, G. A., & Orak, O. (1984). A permanent tag for large marine gastropods. Aquaculture, 
36, 169–172. https://doi.org/https://doi.org/10.1016/0044-8486(84)90062-0  

Hesse, K. O. (1979). Movement and migration of the queen conch, Strombus gigas, in the Turks 
and Caicos Islands. Bulletin of Marine Science, 29(3), 303–311. 
https://www.ingentaconnect.com/content/umrsmas/bullmar/1979/00000029/00000003/art0
0003  

Hickman, C. S. (1998). Superfamily Trochoidea. In P. L. Beesley, G. J. B. Ross, & A. Wells 
(Eds.), Mollusca: The Southern Synthesis. Fauna of Australia (Vol. 5, pp. 671–692). 
Melbourne: CSIRO Publishing.  

Hicks, C. C., Cohen, P. J., Graham, N. A. J., Nash, K. L., Allison, E. H., D’Lima, C., Mills, D. J., 
Roscher, M., Thilsted, S. H., Thorne-Lyman, A. L., & MacNeil, M. A. (2019). Harnessing 
global fisheries to tackle micronutrient deficiencies. Nature, 574(7776), 95–98. 
https://doi.org/10.1038/s41586-019-1592-6  

Hinchliffe, C., Smith, J. A., Everett, J. D., Falster, D. S., Lara-Lopez, A., Miskiewicz, A. G., 
Richardson, A. J., Schilling, H. T., & Suthers, I. M. (2021). Modelling the distribution of 
larval fish in a western boundary current using a multi-voyage database. Reviews in Fish 
Biology and Fisheries, 31(2), 399–415. https://doi.org/10.1007/s11160-021-09647-x  

Hobday, A. J., & Pecl, G. T. (2013). Identification of global marine hotspots: sentinels for change 
and vanguards for adaptation action. Reviews in Fish Biology and Fisheres, 24(2), 415–
425. https://doi.org/10.1007/s11160-013-9326-6  

Hoggarth, D. D., Abeyasekera, S., Arthur, R. I., Beddington, J. R., Burn, R. W., Halls, A. S., 
Kirkwood, G. P., McAllister, M., Medley, P., Mees, C. C., Parkes, G. B., Pilling, G. M., 



143 

 

Wakeford, R. C., & Welcomme, R. L. (2006). Stock assessment for fishery management – 
A framework guide to the stock assessment tools of the Fisheries Management Science 
Programme (FMSP). In FAO Fisheries Technical Paper. No. 487 (pp. 261). Rome: Food 
and Agriculture Organization of the United Nations. 
https://www.fao.org/fishery/en/publications/query/Lycodes%20mcallisteri,McAllister  

Holguin Quiñones, O. E., & Michel-Morfin, J. E. (2006). Population structure and accompanying 
biota of the snail Turbo (Callopoma) funiculosus (Gastropoda: Turbinidae), on Socorro 
Island, Revillagigedo Archipelago, Mexico. International Journal of Tropical Biology and 
Conservation, 54(4), 1079–1084. https://doi.org/10.15517/rbt.v54i4.3081  

Hollyman, P.R., Chenery, S. R. N., Leng, M. J., Laptikhovsky, V. V., Colvin, C. N., & 
Richardson, C. A. (2018a). Age and growth rate estimates of the commercially fished 
gastropod Buccinum undatum. ICES Journal of Marine Science, 75(6), 2129–2144. 
https://doi.org/10.1093/icesjms/fsy100 

Hollyman, P. R., Laptikhovsky, V. V., & Richardson, C. A. (2018b). Techniques for estimating the 
age and growth of molluscs: gastropoda. Journal of Shellfish Research, 37(4), 773–782. 
https://doi.org/10.2983/035.037.0408  

Horwitz, L., Maggs, T., & Ward, V. (1991). Two shell middens as indicators of shellfish 
exploitation patterns during the first millennium AD on the Natal north coast. Natal 
Museum Journal of Humanities, 3(10), 1–28. 
https://doi.org/https://hdl.handle.net/10520/AJA16815564_294  

Hu, N., Yu, Z., Huang, Y., Liu, D., Wang, F., & Zhang, T. (2021). Elevated temperatures increase 
growth and enhance foraging performances of a marine gastropod. Aquaculture 
Environment Interactions, 13, 177–188. https://doi.org/10.3354/aei00398  

Hughes, R. (1986). A functional biology of marine gastropods. The Johns Hopkins University 
Press.  

Hwang, B.-K., & Shin, H.-O. (2010). Movement range and behavior of acoustic tagged abalone 
(Haliotis discus hannai) in Jeonnam marine ranch. Bulletin of the Korean society of 
Fisheries Technology, 46(3), 232–238. https://doi.org/10.3796/ksft.2010.46.3.232  

Igari, T., Matsumoto, N., & Kitaue, K. (2001). Growth of the juvenile green snail, Turbo 
marmoratus in Tokunoshima Island, Kagoshima Prefecture. Suisanzoshoku, 49(3), 413–
414. https://doi.org/https://doi.org/10.11233/aquaculturesci1953.49.413  

iNaturalist. (2025). Military Turban (Turbo militaris). Retrieved 21/01/2025 from 
https://www.inaturalist.org/taxa/551104-Turbo-militaris 

IUCN. (2022). The IUCN Red List of Threatened Species. Version 2022-2. 
https://www.iucnredlist.org 

Joll, L. (1980). Reproductive biology of two species of Turbinidae (Mollusca: Gastropoda). 
Australian Journal of Marine and Freshwater Research, 31, 319–336. 
https://doi.org/10.1071/MF9800319  

Joll, L. M. (1975). Reproduction and growth in two species of Turbinidae (Gastropoda 
Prosobranchia). Doctor of Philosophy. University of Western Australia, Perth, Australia.  



144 

 

Kay, A., Wells, F. E., & Ponder, W. F. (1998). Class Gastropoda. In P. L. Beesley, G. J. B. Ross, 
& A. Wells (Eds.), Mollusca: The Southern Synthesis. Fauna of Australia (Vol. 5). 
Melbourne: CSIRO Publishing.  

Keane, J. P., Lyle, J. M., Mundy, C., & Hartmann, K. (2014). Periwinkle fishery of Tasmania: 
supporting management and a profitable industry. Hobart: Institute for Marine and 
Antarctic Studies. 
https://www.imas.utas.edu.au/__data/assets/pdf_file/0007/743227/Periwinkle-Fishery-of-
Tasmania.pdf 

Khor, S., Wood, S. A., Salvitti, L., Ragg, N. L., Taylor, D., McNabb, P., & Cary, S. C. (2013). 
Development of a non-lethal biopsy technique for estimating total tetrodotoxin 
concentrations in the grey side-gilled sea slug Pleurobranchaea maculata. Toxicon, 74, 
27–33. https://doi.org/10.1016/j.toxicon.2013.07.024  

Kidneys, A. (1994). Effect of tagging on the growth rate of the neogastropod, Buccinum undatum 
in the laboratory. Fisheries Research, 20, 283–289. https://doi.org/10.1016/0165-
7836(94)90088-4  

Kienzle, M., Broadhurst, M. K., & Hamer, G. (2022). Bayesian estimates of turban snail (Lunella 
torquata) growth off south-eastern Australia. Fisheries Research, 248, e106218. 
https://doi.org/10.1016/j.fishres.2021.106218  

Kikutani, K. (1991). Status of Trochus niloticus mariculture in the Republic of Palau. In South 
Pacific Commission Workshop on Trochus Resource Assessment, Development and 
Management (pp. 9p). Port Vila, Vanuatu: South Pacific Commission.  

Kikutani, K., Ohba, H., & Yamakawa, H. (2002). Distribution and gut contents of the green snail 
Turbo marmoratus in Tokunoshima Island, Ryukyus (southern Japan). Journal of Tokyo 
University of Fisheries, 88, 47–52. https://agriknowledge.affrc.go.jp/RN/2010661261.pdf  

Komatsu, T., Murakoshi, M., & Nakamura, R. (1995). A study on the reproduction of the green 
snail, Turbo marmoratus in the Ryukyu Islands, Southern Japan. Aquaculture Science, 
43(3), 297–304. https://doi.org/10.11233/aquaculturesci1953.43.297  

Kurihara, T., Shikatani, M., Nakayama, K., & Nishida, M. (2006). Proximate mechanisms causing 
morphological variation in a turban snail among different shores. Zoological Science, 
23(11), 999–1008. https://doi.org/10.2108/zsj.23.999  

Lasiak, T. (1986). The reproductive cycle of the intertidal gastropod Turbo coronatus Gmelin 
1791, on the Transkei coast. South African Journal of Zoology, 21, 153–155. 
https://doi.org/10.1080/02541858.1986.11447972  

Lasiak, T. (1991). The susceptibility and/or resilience of rocky littoral molluscs to stock depletion 
by the Indigenous coastal people of Transkei, Southern Africa. Biological Conservation, 
56, 245–264. https://doi.org/https://doi.org/10.1016/0006-3207(91)90060-M  

Lasiak, T. (1992). Contemporary shellfish-gathering practices of indigenous coastal people in 
Transkei: some implications for interpretation of the archaeological record. South African 
Journal of Science, 88, 19–28. 
https://doi.org/https://journals.co.za/doi/pdf/10.10520/AJA00382353_9423  



145 

 

Le Quesne, W. J. F., & Hawkins, S. J. (2006). Direct observations of protandrous sex change in the 
patellid limpet Patella vulgata. Journal of the Marine Biological Association of the United 
Kingdom, 86, 161–162. https://doi.org/10.1017/S0025315406012975  

Lee, C., & Toelihere, M. (1997). Cooperative research into the biology of the topshell Trochus 
niloticus from northern Australia and eastern Indonesia – an end-of-project review. In C. 
L. Lee & P. W. Lynch (Eds.), Trochus: status, Hatchery Practice and Nutrition (Vol. 
ACIAR Proceedings No. 79, pp. 7–13). Canberra: Australian Centre for International 
Agricultural Research. 
https://www.aciar.gov.au/sites/default/files/legacy/node/2298/pr79_pdf_64658.pdf  

Lee, C. L. (1997). Design and operation of a land-based closed recirculating hatchery system for 
the topshell, Trochus niloticus, using treated bore water. In C. L. Lee & P. W. Lynch 
(Eds.), Trochus: status, Hatchery Practice and Nutrition (Vol. ACIAR Proceedings No. 
79, pp. 27–32). Canberra: Australian Centre for International Agricultural Research. 
https://www.aciar.gov.au/sites/default/files/legacy/node/2298/pr79_pdf_64658.pdf  

Lee, J.-Y., Yang, H.-S., Kang, D.-H., Jeung, H.-D., Hong, H.-K., Lee, H.-J., Kang, H.-S., & Choi, 
K.-S. (2014). Spatial variation in the annual reproductive cycle of Turbo (Batillus) 
cornutus (Gastropoda: Trochidae) at Jeju Island, Korea. Invertebrate Reproduction & 
Development, 58(1), 23–33. https://doi.org/10.1080/07924259.2013.797934  

Lee, J. H. (2000). Sexual maturation of the turban shell, Lunella coronata coreensis (Gastropoda: 
Turbinidae), on the west coast of Korea. Journal of the Korean Society of Fisheries and 
Ocean Technology, 33(6), 533–540. 
https://koreascience.kr/article/JAKO200024839398261.page  

Lee, J. H. (2010). Gonadal development and reproductive cycle of the top shell, Omphalius 
rusticus (Gastropoda: Trochidae). Korean Journal of Biological Sciences, 5(1), 37–44. 
https://doi.org/10.1080/12265071.2001.9647580  

Lee, J. S., Ju, S. M., Park, J. S., Jin, Y. J., Shin, Y. K., & Park, J. J. (2010). Germ cell aspiration 
(GCA) method as a non-fatal technique for sex identification in two bivalves (Gomphina 
verneriformis and Tegillaca granosa). Development and Reproduction, 14(1), 7–11. 
https://www.koreascience.or.kr/article/JAKO201027463259497.page  

Leiva, G. E., & Castilla, J. C. (2002). A review of the world marine gastropod fishery: evolution of 
catches, management and the Chilean experience. Reviews in Fish Biology and Fisheries, 
11, 283–300. https://doi.org/10.1023/A:1021368216294  

Lester, S. E., Halpern, B. S., Grorud-Colvert, K., Lubchenco, J., Ruttenberg, B. I., Gaines, S. D., 
Airamé, S., & Warner, R. R. (2009). Biological effects within no-take marine reserves: a 
global synthesis. Marine Ecology Progress Series, 384, 33–46. 
https://doi.org/10.3354/meps08029  

Leung, J. Y. S., Connell, S. D., Nagelkerken, I., & Russell, B. D. (2017). Impacts of near-future 
ocean acidification and warming on the shell mechanical and geochemical properties of 
gastropods from intertidal to subtdal zones. Environmental Science and Technology, 
51(21), 12097–12103. https://doi.org/10.1021/acs.est.7b02359  

Linse, K., Barnes, D. K. A., & Enderlein, P. (2006). Body size and growth of benthic invertebrates 
along an Antarctic latitudinal gradient. Deep Sea Research Part II: Topical Studies in 
Oceanography, 53(8–10), 921–931. https://doi.org/10.1016/j.dsr2.2006.03.006  



146 

 

Llordra, E. (2002). Fecundity and life-history strategies in marine invertebrates. Advances in 
Marine Biology, 43, 87–170. https://doi.org/https://doi.org/10.1016/S0065-
2881(02)43004-0  

Lloyd, H. B., Cruz‐Motta, J. J., Glasby, T. M., Hutchings, P. A., Gribben, P. E., & Taylor, A. 
(2020). Unusual but consistent latitudinal patterns in macroalgal habitats and their 
invertebrate communities across two countries. Diversity and Distributions, 26(8), 912–
927. https://doi.org/10.1111/ddi.13070  

MacArthur, L. D., Babcock, R. C., & Hyndes, G. A. (2008). Movements of the western rock 
lobster (Panulirus cygnus) within shallow coastal waters using acoustic telemetry. Marine 
and Freshwater Research, 59(7), 603–613. https://doi.org/10.1071/MF07239 

Mackay, D., & Moreau, J. (1990). A note on the inverse function of the von Bertalanffy growth 
function. Fishbyte, 8(1), 28–31. https://hdl.handle.net/20.500.12348/3147  

Mackay, D., & Underwood, A. (1977). Experimental studies on homing in the intertidal patellid 
limpet Cellana tramoserica (Sowerby). Oecologia, 30, 215–237. 
https://doi.org/https://doi.org/10.1007/BF01833629  

Maire, E., Graham, N. A. J., MacNeil, M. A., Lam, V. W. Y., Robinson, J. P. W., Cheung, W. W. 
L., & Hicks, C. C. (2021). Micronutrient supply from global marine fisheries under 
climate change and overfishing. Current Biology, 31(18), 4132–4138. 
https://doi.org/10.1016/j.cub.2021.06.067  

Mamo, L. T., Benkendorff, K., Butcherine, P., Coleman, M. A., Ewere, E. E., Miranda, R. J., 
Wernberg, T., & Kelaher, B. P. (2019). Resilience of a harvested gastropod, Turbo 
militaris, to marine heatwaves. Marine Environmental Research, 151, e104769. 
https://doi.org/10.1016/j.marenvres.2019.104769  

Marshak, A. R., Appeldoorn, R. S., & Jimenez, N. (2006). Utilization of GIS mapping in the 
measurement of the spatial distribution of queen conch (Strombus gigas) in Puerto Rico. 
57th Gulf and Caribbean Fisheries Institute, 57, 31–48. 
https://api.semanticscholar.org/CorpusID:133560441  

Martins, G. M., Jenkins, S. R., Hawkins, S. J., Neto, A. I., Medeiros, A. R., & Thompson, R. C. 
(2011). Illegal harvesting affects the success of fishing closure areas. Journal of the 
Marine Biological Association of the United Kingdom, 91(4), 929–937. 
https://doi.org/10.1017/s0025315410001189  

Martone, R. G., & Micheli, F. (2012). Geographic variation in demography of a temperate reef 
snail: importance of multiple life-history traits. Marine Ecology Progress Series, 457, 85–
99. https://doi.org/10.3354/meps09693  

Matoto, S. V., Shimizu, T., Mita, H., Tsuchiya, K., & Segawa, S. (2002). Reproduction and 
metabolism of Turbo (Batillus) cornutus in Chiba, Japan. Fisheries Science, 68, 330–333. 
https://doi.org/10.2331/fishsci.68.sup1_330  

Mattos, Y., & Romero, M. S. (2016). Imposex in Thaisella chocolata (Duclos, 1832) (Gastropoda: 
Muricidae) Caldera Bay, Chile. Latin American Journal of Aquatic Research, 44(4), 825–
834. https://doi.org/10.3856/vol44-issue4-fulltext-18  



147 

 

Mazariegos-Villarreal, A., Fierro-Jaúregui, M. d. L., León-Cisneros, K., & Serviere-Zaragoza, E. 
(2017). Diet of the wavy turban snail, Megastraea undosa (Gastropoda: Turbinidae), in 
subtropical rocky reefs. Pacific Science, 71(4), 523–534. https://doi.org/10.2984/71.4.9  

McCann, B. N., & Johnson, D. W. (2021). Estimating growth, size-dependant mortality, and tag 
loss in a mark-recapture study: demography of wavy turban snails in Southern California, 
USA. Marine Ecology Progress Series, 659, 97–112. https://doi.org/10.3354/meps13604  

McClanahan, T. R. (2002). The effects of time, habitat, and fisheries management on Kenyan 
coral-reef-associated gastropods. Ecological Applications, 12(5), 1484–1495. 
https://www.jstor.org/stable/3099986  

McGrath, J. R., Cleghorn, N., Gennari, B., Henderson, S., Kyriacou, K., Nelson-Viljoen, C., 
Nilssen, P., Richardson, L., Shelton, C., Wilkins, J., & Marean, C. W. (2015). The 
Pinnacle Point shell midden complex: A mid-to late Holocene record of later Stone Age 
coastal foraging along the Southern Cape Coast of South Africa. South African 
Archaeological Bulletin, 70, 209–219.  

McLachlan, A., & Lombard, H. W. (1980). Seasonal variations in energy and biochemical 
components of an edible gastropod, Turbo sarmaticus (Turbinidae). Aquaculture, 19, 117–
125. https://doi.org/10.1016/0044-8486(80)90013-7  

McLachlan, A., & Lombard, H. W. (1981). Growth and production in exploited and unexploited 
populations of a rocky shore gastropod, Turbo sarmaticus. The Veliger, 23(3), 221–229. 
https://www.biodiversitylibrary.org/partpdf/93713  

McShane, P. E., & Naylor, J. R. (1995). Small‐scale spatial variation in growth, size at maturity, 
and yield‐ and egg‐per‐recruit relations in the New Zealand abalone Haliotis iris. New 
Zealand Journal of Marine and Freshwater Research, 29(4), 603–612. 
https://doi.org/10.1080/00288330.1995.9516691  

McShane, P. E., Smith, M. G., & Beinssen, K. H. H. (1988). Growth and morphometry in abalone 
(Haliotis rubra Leach) from Victoria. Australian Journal of Marine and Freshwater 
Research, 39(2), 161–166. https://doi.org/https://doi.org/10.1071/MF9880161  

Mgaya, Y., & Mercer, J. (1994). A review of the biology, ecology, fisheries and mariculture of the 
European abalone Haliotis tuberculata Linnaeus 1758 (Gastropoda: Haliotidae). Biology 
and Environment: Proceedings of the Royal Irish Academy, 94B(3), 285–304. 
http://www.jstor.org/stable/20499946  

Michel, E., McIntyre, P. B., & Chan, J. (2007). A snail's space sets a snail's pace: movement rates 
of lavigeria gastropods in Lake Tanganyika, East Africa. Journal of Molluscan Studies, 
73(2), 195–198. https://doi.org/10.1093/mollus/eym013  

Mohring, M. B. (2007). Density, size structure and morphological variation of Turbo militaris 
within the Solitary Islands Marine Park. Bachelor of Science (Marine Science and 
Management) with Honours. University of New England, Armidale, Australia.  

Moore, A., Schirmer, J., Magnusson, A., Keller, K., Hinten, G., HGaleano, D., Woodhams, J., 
Wright, D., Maloney, L., & Dix, A. (2023). National social and economic survey of 
recreational fishers 2018-2021. FRDC Project No 2018-161. Fisheries Research and 
Development Corporation. https://www.frdc.com.au/sites/default/files/products/2018-161-
NRFS_main%20report_FINAL_19Feb2023.pdf 



148 

 

Moore, C. M., Mills, M. M., Arrigo, K. R., Berman-Frank, I., Bopp, L., Boyd, P. W., Galbraith, E. 
D., Geider R J, Guieu, C., Jaccard S L, Jickells, T. D., La Roche, J., Lenton, T. M., 
Mahowald, N. M., Marañon, E., Marinov, I., Moore, J. K., Nakatsuka, T., Oschlies, A., 
Saito, M. A., Thingstad, T. F., Tsuda, A., & Ulloa, O. (2013). Processes and patterns of 
oceanic nutrient limitation. Nature Geoscience, 6(9), 701–710. 
https://doi.org/https://doi.org/10.1038/NGEO1765  

Motti, C. A., Cummins, S. F., & Hall, M. R. (2022). A review of the giant triton (Charonia 
tritonis), from exploitation to coral reef predator? Diversity, 14(11), e961. 
https://doi.org/10.3390/d14110961  

Muraeva, O., Maltseva, A., Varfolomeeva, M., Mikhailova, N., & Granovitch, A. (2017). Mild 
osmotic stress in intertidal gastropods Littorina saxatilis and Littorina obtusata (Mollusca: 
Caenogastropoda): a proteomic analysis. Biological Communications, 62(3), 202–213. 
https://doi.org/10.21638/11701/spbu03.2017.305  

Murakoshi, M., Komatsu, T., & Nakamura, R. (1993). Development of mass seed production 
techniques for green snail, Turbo marmoratus in Okinawan water. Aquatic Science, 41, 
299–309. https://doi.org/10.11233/aquaculturesci1953.41.299  

Murphy, J. J., Ochwada-Doyle, F. A., Hughes, J. M., West, L. D., Miles, N. G., Stark, K. E., & 
Taylor, M. D. (2023). Survey of recreational fishing in NSW, 2021/22 - Key results. 
https://www.dpi.nsw.gov.au/fishing/recreational/rfmp/research-surveys 

Naimo, T. J., Damschen, E. D., Rada, R. G., & Monroe, E. M. (1998). Nonlethal evaluation of the 
physiological health of unionid mussels: methods for biopsy and glycogen analysis. 
Journal of the North American Benthological Society, 17(1), 121–128. 
https://doi.org/10.2307/1468056  

Nathan, R., Getz, W. M., Revilla, E., Holyoak, M., Kadmon, R., Saltz, D., & Smouse, P. E. (2008). 
A movement ecology paradigm for unifying organismal movement research. The 
Proceedings of the National Academy of Sciences, 105(49), 19052–19059. 
https://doi.org/10.1073/pnas.0800375105  

Nayar, K. N., & Appukuttan, K. K. (1983). Trochus and turbo resources. Central Marine Fisheries 
Research Institute (CMFRI) Bulletin, 34, 81–84. http://eprints.cmfri.org.in/id/eprint/1046  

Nearmap. (2024). nearmap. http://maps.nearmap.com 

Neves, R. A. F., Nascimento, S. M., & Santos, L. N. (2021). Harmful algal blooms and shellfish in 
the marine environment: an overview of the main molluscan responses, toxin dynamics, 
and risks for human health. Environmental Science and Pollution Research, 28, 55846–
55868. https://doi.org/10.1007/s11356-021-16256-5 

Nieto-Vilela, R. A., Cumplido, M., Zabala, S., & Bigatti, G. (2021). Biochemical composition 
during the reproductive cycle of a novel gastropod resource from Atlantic Patagonia. 
Marine and Freshwater Research, 73(3), 388–397. https://doi.org/10.1071/mf21208  

Nimbs, M. J., Champion, C., Lobos, S. E., Malcolm, H. A., Miller, A. D., Seinor, K., Smith, S. D. 
A., Knott, N., Wheeler, D., & Coleman, M. A. (2023). Genomic analyses indicate 
resilience of a commercially and culturally important marine gastropod snail to climate 
change. PeerJ, 11, e16498. https://doi.org/10.7717/peerj.16498  



149 

 

NSW DPI. (2018a). Collecting from rocky shores in the Solitary Islands Marine Park. NSW 
Government, Department of Primary Industries. www.dpi.nsw.gov.au/fishing 

NSW DPI. (2018b). Sea Urchin and Turban Shell Restricted Fishery. NSW Government, 
Department of Primary Industries. 
https://www.dpi.nsw.gov.au/fishing/commercial/fisheries/sea-urchin-and-turban-shell-
restricted 

NSW DPI. (2018c). Solitary Islands Marine Park Guide. Coffs Harbour: NSW Government, 
Department of Primary Industries Fisheries. 
www.dpi.nsw.gov.au/SolitaryIslandsMarinePark 

NSW DPI. (2021). NSW Harvest Strategy Policy and Guidelines. NSW Government, Department 
of Primary Industries Fisheries. https://www.dpi.nsw.gov.au/fishing/harvest-
strategies/policyand-guidelines 

NSW DPI. (2023). NSW Recreational Saltwater Fishing Guide 2023-2024. NSW Government, 
Department of Primary Industries. 
https://www.dpi.nsw.gov.au/fishing/recreational/fishing-rules-and-regs/saltwater-
recreational-fishing-guide 

NSW DPI. (2024). Marine Parks. NSW Government, Department of Primary Industries. 
www.dpi.nsw.gov.au/fishing/marine-protected-areas/marine-parks 

Officer, R. (1999). Size limits for greenlip abalone in Tasmania (Technical Report Series, Number 
5, Issue. M. R. Laboratories. https://www.researchgate.net/publication/265049580 

Oksanen, J., Simpson, G., Blanchet, F., Kindt, R., Legendre, P., Minchin, P., O'Hara, R., Solymos, 
P., Stevens, M., Szoecs, E., Wagner, H., Barbour, M., Bedward, M., Bolker, B., Borcard, 
D., Carvalho, G., Chirico, M., De Caceres, M., Durand, S., Evangelista, H., FitzJohn, R., 
Friendly, M., Furneaux, B., Hannigan, G., Hill, M., Lahti, L., McGlinn, D., Ouellette, M., 
Ribeiro Cunha, E., Smith, T., Stier, A., Ter Braak, C., & Weedon, J. (2024). vegan: 
Community Ecology Package. https://CRAN.R-project.org/package=vegan 

Pattiaratchi, C. B., & Siji, P. (2020). Varibility in ocean currents around Australia. 
www.imosoceanreport.org.au 

Pauly, D. (1980). On the interrelationships between natural mortality, growth parameters and mean 
environmental temperature in 175 fish stocks. ICES Journal of Marine Science, 39(2), 
175–192. https://doi.org/10.1093/icesjms/39.2.175  

Peel, J. R., & Aranda, D. (2012). Growth and population assessment of the queen conch Strombus 
gigas (Mesogastropoda: Strombidae) by capture mark-recapture sampling in a natural 
protected area of the Mexican Caribbean. Revista de Biología Tropical, 60(1), 127–137. 
https://doi.org/10.15517/rbt.v60i0.19853  

Perry, R., Walters, C., & Boutillier, J. (1999). A framework for providing scientific advice for the 
management of new and developing invertebrate fisheries. Reviews in Fish Biology and 
Fisheres, 9, 125–150. https://doi.org/https://doi.org/10.1023/A:1008946522213  

Petraitis, P. (1982). Occurrence of random and directional movements in the periwinkle, Littorina 
littorea (L.). Journal of Experimental Marine Biology and Ecology, 59, 207–217. 
https://doi.org/https://doi.org/10.1016/0022-0981(82)90116-2  



150 

 

Phillips, L. R., Malan, N., Roughan, M., Harcourt, R., Jonsen, I., Cox, M., Brierley, A. S., Slip, D., 
Wilkins, A., & Carroll, G. (2022). Coastal seascape variability in the intensifying East 
Australian Current southern extension. Frontiers in Marine Science, 9, e925123. 
https://doi.org/10.3389/fmars.2022.925123  

Pinsky, M. L., Seldenm R L, & Kitchel, Z. J. (2020). Climate-driven shifts in marine species 
ranges: scaling from organisms to communities. Annual Review of Marine Science, 12, 
153–179. https://doi.org/https://doi.org/10.1146/annurev-marine-010419-010916  

PIRSA. (2017). Policy for the management of South Australian commercial miscelaneous dive 
fishing activities. Government of South Australia, Department of Primary Industries and 
Regions. 
https://pir.sa.gov.au/__data/assets/pdf_file/0004/311449/APPROVED_SA_Misc_Dive_fis
hery_Policy_for_management_Jan_2018_with_updat....pdf 

PIRSA. (2018). Protecting Intertidal Reefs in South Australia. Government of South Australia, 
Department of Primary Industries and Regions. 
https://www.pir.sa.gov.au/__data/assets/pdf_file/0004/235624/Intertidal_reef_brochure.pd
f 

PIRSA. (2024a). Commercial Fishing. Government of South Australia, Department of Primary 
Industries and Regions. https://pir.sa.gov.au/primary_industry/commercial_fishing 

PIRSA. (2024b). Recreational Fishing. Government of South Australia, Department of Primary 
Industries and Regions. https://pir.sa.gov.au/recreational_fishing 

Pittman, S. J., & McAlpine, C. A. (2001). Movements of marine fish and decapod crustaceans: 
process, theory and application. Advances in Marine Biology, 44, 205–294. 
https://doi.org/10.1016/s0065-2881(03)44004-2  

Ponder, W. F., Lindberg, D. R., & Ponder, J. M. (2020). Biology and evolution of Mollusca, Vol. 1. 
Boca Raton, Florida: CRC Press.  

Pope, J. (2002). Chapter 4: Input and output controls: the practice of fishing effort and catch 
management in responsible fisheries. In K. L. Cochrane (Ed.), A fishery manager's 
guidebook. Management measures and their application. Fisheries Technical Paper 424. 
Rome, Food and Agriculture Organization of the United Nations. 
https://www.fao.org/fishery/en/publications/79780  

Poray, A. K., & Carpenter, R. C. (2014). Distributions of coral reef macroalgae in a back reef 
habitat in Moorea, French Polynesia. Coral Reefs, 33(1), 67–76. 
https://doi.org/10.1007/s00338-013-1104-3  

PRIMER-e. (2017). PRIMER v7. https://www.primer-e.com/our-software/primer-version-7/ 

Prince, J., & Hordyk, A. (2018). What to do when you have almost nothing: A simple quantitative 
prescription for managing extremely data‐poor fisheries. Fish and Fisheries, 20(2), 224–
238. https://doi.org/10.1111/faf.12335  

Prince, J. D. (1991). A new technique for tagging abalone. Marine and Freshwater Research, 
42(1). https://doi.org/10.1071/mf9910101  



151 

 

Prince, J. D., Sellers, T. L., Ford, W. B., & Talbot, S. R. (1988). Recruitment, growth, mortality 
and population structure in a southern Australian population of Haliotis rubra (Mollusca: 
Gastropoda). Marine Biology, 100(1), 75–82. https://doi.org/10.1007/bf00392957  

Proudfoot, L. (2006). Population structure, growth and recruitment of two exploited infralittoral 
molluscs (Haliotis midae and Turbo sarmaticus) along the south east coast, South Africa. 
Master of Science (pp. 144). Rhodes University, South Africa. 
http://hdl.handle.net/10962/d1005430  

Proudfoot, L., Kaehler, S., McGarry, D. K., Uppink, P. A., Aereboe, M., & Morris, K. M. (2006). 
Exploitation status of infralittoral abalone (Haliotis midae) and alikreukel (Turbo 
sarmaticus) in the southern section of the Eastern Cape coast, South Africa. South African 
Journal of Science, 102, 162–168. https://doi.org/https://hdl.handle.net/10520/EJC96515  

Pulfrich, A., & Branch, T. A. (2002). Population dynamics and potential yield of three species of 
giant winkles in the Western Cape, South Africa. African Journal of Marine Science, 24, 
161–183. https://doi.org/10.2989/025776102784528709  

Purcell, S. W., & Pomeroy, R. S. (2015). Driving small-scale fisheries in developing countries. 
Frontiers in Marine Science, 2(44), 1–7. https://doi.org/10.3389/fmars.2015.00044  

Qin, Z., Yang, M., Zhang, J.-E., & Deng, Z. (2020). Effects of salinity on survival, growth and 
reproduction of the invasive aquatic snail Pomacea canaliculata (Gastropoda: 
Ampullariidae). Hydrobiologia, 847(14), 3103–3114. https://doi.org/10.1007/s10750-020-
04320-z  

Quist, M., Pegg, M., & DeVries, D. (2013). Chapter 15 - Age and growth. In A. Zale, D. Parrish, 
& T. Sutton (Eds.), Fisheries Techniques (Vol. Third Edition). American Fisheries 
Society. https://doi.org/10.47886/9781934874295  

R Core Team. (2021). R: A language and environment for statistical computing. R Foundation for 
Statistical Computing. Vienna, Austria. https://www.R-project.org/ 

Ramesh, R., Ravichandran, S., & Kumaravel, K. (2010). Annual Cycle of Reproduction in Turbo 
brunneus, from Tuticorin South East Coast of India. World Journal of Fish and Marine 
Sciences, 2(1), 14–20. https://www.idosi.org/wjfms/wjfms2(1)10/3.pdf  

Ramesh, R., Ravichandran, S., & Rameshkumar, G. (2009). Analysis of age and growth rate of 
Turbo brunneus. World Journal of Dairy and Food Sciences, 4(1), 56–64. 
https://idosi.org/wjdfs/wjdfs4(1)/10.pdf  

Reeve, L. A. (1848). Monograph of the genus Turbo. In L. A. Reeve (Ed.), Illustrations of the 
shells of molluscous animals (Vol. 4). London: L. Reeve & Co. 
https://www.biodiversitylibrary.org/item/87634  

Richardson, C. A., Peharda, M., Kennedy, H., Kennedy, P., & Onofri, V. (2004). Age, growth rate 
and season of recruitment of Pinna nobilis (L) in the Croatian Adriatic determined from 
Mg:Ca and Sr:Ca shell profiles. Journal of Experimental Marine Biology and Ecology, 
299(1), 1–16. https://doi.org/10.1016/j.jembe.2003.08.012  

Richardson, C. A., Saurel, C., Barroso, C. M., & Thain, J. (2005). Evaluation of the age of the red 
whelk Neptunea antiqua using statoliths, opercula and element ratios in the shell. Journal 
of Experimental Marine Biology and Ecology, 325(1), 55–64. 
https://doi.org/10.1016/j.jembe.2005.04.024  



152 

 

Ridgway, K., & Hill, K. (2014). The East Australian Current. In E. S. Poloczanska, A. J. Hobday, 
& A. J. Richardson (Eds.), Marine climate change impacts and adaptation report card for 
Australia 2009. NCCARF Publication 05/09, ISBN 978-1-921609-03-9.  

Robinson, L. J. (1992). Population and reproductive ecology of Turbo smaragdus in the Kaikoura 
region. Master of Science. University of Canterbury, Christchurch, New Zealand. 
http://dx.doi.org/10.26021/6598  

Romolo, R., Auliya, I., & Trijoko. (2021). Food preference, fecundity, proximate analysis on eggs 
and meat of Turbo crassus (W. Wood 1828) and Turbo setosus (Gmelin 1791) in 
Sepanjang Beach, Gunungkidul, special region of Yogyakarta. Journal of Tropical 
Biodiversity and Biotechnology, 6(2), e61873. https://doi.org/10.22146/jtbb.61873  

Rousseau, Y., Watson, R. A., Blanchard, J. L., & Fulton, E. A. (2019). Defining global artisanal 
fisheries. Marine Policy, 108, e103634. https://doi.org/10.1016/j.marpol.2019.103634  

Rowling, K., Hegarty, A., & Ives, M. (2010). Status of fisheries resources in NSW 2008/09. 
https://www.fish.gov.au/  

RStudio Team. (2020). RStudio: integrated development for R. Boston, Massachusetts: RStudio, 
PBC. http://www.rstudio.com/ 

Saha, S., & Layzer, J. B. (2008). Evaluation of a nonlethal technique for determining sex of 
freshwater mussels. Journal of the North American Benthological Society, 27(1), 84–89. 
https://doi.org/10.1899/07-004r.1  

Salas-Garza, A., Par´es-Sierra, G., G´omez-Rigalt, R., & Carpizo-Ituarte, E. (2009). The Larval 
Development, Metamorphosis and Juvenile Growth of the Turban Snail Lithopoma 
(Astraea) undosa (Wood, 1828) (Gastropoda:Turbinidae). Journal of the World 
Aquaculture Society, 40(4), 460–471. https://doi.org/10.1111/j.1749-7345.2009.00268.x  

Salas, S., Chuenpagdee, R., Seijo, J. C., & Charles, A. (2007). Challenges in the assessment and 
management of small-scale fisheries in Latin America and the Caribbean. Fisheries 
Research, 87(1), 5–16. https://doi.org/10.1016/j.fishres.2007.06.015  

Santhanam, R. (2018). Biology and Ecology of Edible Marine Gastropod Molluscs. Boca Raton: 
Apple Academic Press. https://doi.org/10.1201/b22350  

Schilling, H. T., Everett, J. D., Smith, J. A., Stewart, J., Hughes, J. M., Roughan, M., Kerry, C., & 
Suthers, I. M. (2020). Multiple spawning events promote increased larval dispersal of a 
predatory fish in a western boundary current. Fisheries Oceanography, 29(4), 309–323. 
https://doi.org/10.1111/fog.12473  

Schlaff, A., Menéndez, P., Hall, M., Heupel, M., Armstrong, T., & Motti, C. (2020). Acoustic 
tracking of a large predatory marine gastropod, Charonia tritonis, on the Great Barrier 
Reef. Marine Ecology Progress Series, 642, 147–161. https://doi.org/10.3354/meps13291  

Schneider, C. A., Rasband, W. S., & Eliceiri, K. W. (2012). NIH Image to ImageJ: 25 years of 
image analysis. Nature Methods, 9, 671–675. https://doi.org/10.1038/nmeth.2089  

Schnierer, S., & Egan, H. (2016). Composition of the Aboriginal harvest of fisheries resources in 
coastal New South Wales, Australia. Reviews in Fish Biology and Fisheres, 26, 693–709. 
https://doi.org/10.1007/s11160-016-9452-z  



153 

 

Searle, T., Roberts, R. D., & Lokman, P. M. (2006). Effects of temperature on growth of juvenile 
blackfoot abalone, Haliotis iris Gmelin. Aquaculture Research, 37(14), 1441–1449. 
https://doi.org/10.1111/j.1365-2109.2006.01580.x  

Seinor, K., & Benkendorff, K. (2023). Shell drilling and gonad biopsies provide a rapid, non-lethal 
method for in-situ assessment of reproductive periodicity in Turbinidae. Journal of 
Molluscan Studies, 89(2), e012. https://doi.org/10.1093/mollus/eyad012  

Seinor, K., Purcell, S. W., Malcolm, H., Smith, S. D. A., & Benkendorff, K. (2023). Extended and 
spatially asynchronous reproductive periodicity in a harvested, warm-temperate rocky-reef 
gastropod (Turbinidae). Fisheries Oceanography, 1–12. https://doi.org/10.1111/fog.12653  

Seinor, K., Purcell, S. W., Malcolm, H. A., Creese, R., & Smith, S. D. A. (2025). Long-term 
mobility of a harvested, rocky-reef gastropod. Fisheries Management and Ecology, 
e12794. https://doi.org/10.1111/fme.12794  

Seinor, K., Smith, S. D. A., Logan, M., & Purcell, S. W. (2020). Biophysical habitat features 
explain colonization and size distribution of introduced trochus (Gastropoda). Frontiers in 
Marine Science, 7(223). https://doi.org/10.3389/fmars.2020.00223  

Setyono, D. D. E. (2006). Reproductive aspects of the tropical abalone, Haliotis Asinina, from 
southern Lombok waters, Indonesia. Marine Research in Indonesia, 30, 1–14. 
https://doi.org/10.14203/mri.v30i0.420  

Shalders, T. C., Champion, C., Benkendorff, K., Davis, T., Wernberg, T., Morris, S., & Coleman, 
M. A. (2023). Changing nutritional seascapes of kelp forests. Frontiers in Marine Science, 
10, e1197468. https://doi.org/10.3389/fmars.2023.1197468  

Sheehan, E. V. (2019). Motion in the ocean- Paradigm shift in movement ecology requires 
"sedentary" organisms to be redefined. Journal of Animal Ecology, 88(6), 816–819. 
https://doi.org/10.1111/1365-2656.13006  

Shepherd, S. A. (1986). Movement of the Southern Australian abalone Haliotis laevigata in 
relation to crevice abundance. Australian Journal of Ecology, 11(3), 295–302. 
https://doi.org/10.1111/j.1442-9993.1986.tb01399.x  

Shepherd, S. A., & Godoy, C. (1989). Studies on southern Australian abalone (genus Haliotis) XI. 
Movement and natural mortality of juveniles. Journal of the Malacological Society of 
Australia, 10(1), 87–95. https://doi.org/10.1080/00852988.1989.10674009 

Sherwood, J. E. (2018). The moyjil site, south-west Victoria, Australia: Prologue – of people, 
birds, shell and fire. Proceedings of the Royal Society of Victoria, 130, 7–13. 
https://www.publish.csiro.au/rs/pdf/RS18003  

Shiell, G. (2006). Effect of invasive tagging on the activity of Holothuria whitmaei 
[Echinodermata: Holothuroidea]: A suitable mark-recapture method for short-term field 
studies of holothurian behaviour. Marine and Freshwater Behaviour and Physiology, 
39(2), 153–162. https://doi.org/10.1080/10236240600688789 

Sigman, D. M., & Hain, M. P. (2012). The biological productivity of the ocean. Nature Education 
Knowledge, 3(10), 21. https://www.nature.com/scitable/knowledge/library/the-biological-
productivity-of-the-ocean-70631104/  



154 

 

Simon, T. N., & Levitan, D. (2011). Measuring fertilization success of broadcast-spawning marine 
invertebrates within seagrass meadows. Biological Bulletin, 220(1), 32–38. 
https://doi.org/10.1086/BBLv220n1p32  

Sire, J. Y. (1984). La technique du marquage vital dans l'étude de la croissance de la coquille 
l'opercule calcifié du gastéropode Polynésien, Turbo setosus Gmelin (Prosobranches: 
Turbinidae). Zoologie, 109(1), 99–112.  

Sire, J. Y., & Bonnet, P. (1984). Growth and structure of the calcified operculum of the Polynesian 
gastropod Turbo setosus (Prosobranchia: Turbinidae): determination of individual age. 
Marine Biology, 79(1), 75–87.  

Smith, B. D. (1987). Growth rate, distribution and abundance of the introduced topshell, Trochus 
niloticus Linnaeus on Guam, Mariana Islands. Bulletin of Marine Science, 41(2), 466–474. 
https://www.ingentaconnect.com/content/umrsmas/bullmar/1987/00000041/00000002/art0
0031  

Smith, S. D. A. (1988). An update for the "Proposal for a marine reserve in the waters of Solitary 
Islands, Coffs Harbour - Wooli area of New South Wales" (D. A. Pollard, 1981) and the 
results from surveys of major coastal headland rock platforms in the proposed Marine 
Park area. University of New England, Armidale, Australia.  

Smith, S. D. A., Davey, A., & Cain, R. (2006). Monitoring the effects of traditional harvesting on 
intertidal gastropods at Arrawarra Headland, Mid-North Coast, NSW. University of New 
England, Armidale, Australia.  

Smith, S. D. A., Mohring, M. B., & Davey, A. (2007). Variation in the external morphology of 
Turbo militaris Reeve, 1848. Australasian Shell News, 132, 4–5. 
https://www.malsocaus.org/newsletter  

Smith, S. D. A., & Rule, M. J. (2002). Artificial substrata in shallow sublittoral habitat: do they 
adequately represent natural habitats or the local species pool? Journal of Experimental 
Marine Biology and Ecology, 277(1), 25–41. 
https://doi.org/https://doi.org/10.1016/S0022-0981(02)00242-3  

Smoothey, A. F. (2013). Habitat-associations of turban snails on intertidal and subtidal rocky reefs. 
PLoS One, 8(5), e61257. https://doi.org/10.1371/journal.pone.0061257  

Son, M. H., Lee, C. I., Park, J. M., Kim, H. J., Riedel, R., Hwang, I., Kim, Y.-N., & Jung, H. K. 
(2020). The northward habitat expansion of the Korean top shell Turbo sazae (Gastropoda: 
Vetigastropoda: Turbinidae) in the Korean Peninsula: effects of increasing water 
temperature. Journal of Marine Science and Engineering, 8(10), e782. 
https://doi.org/10.3390/jmse8100782  

Sosdian, S., Gentry, D. K., Lear, C. H., Grossman, E. L., Hicks, D., & Rosenthal, Y. (2006). 
Strontium to calcium ratios in the marine gastropod Conus ermineus: Growth rate effects 
and temperature calibration. Geochemistry, Geophysics, Geosystems, 7(11), 1–17. 
https://doi.org/10.1029/2005gc001233  

SPC. (2022). Size limits and other coastal fisheries regulations used in the Pacific Islands region. 
Noumea, New Caledonia: Secretariat of the Pacific Community. https://pacific-
data.sprep.org/dataset/size-limits-and-other-coastal-fisheries-regulations-used-pacific-
islands-region-0 



155 

 

SPC, & LMMA Network. (2021). Information sheets for fishing communities. Green snail, Turbo 
marmoratus. Noumea, New Caledonia: Secretariat of the Pacific Community. 
https://lmmanetwork.org/2021/08/24/lmma-information-sheets/ 

Spence, B., Gillikin, D. P., Goodwin, D. H., Byrne, D., Roopnarine, P., & Anderson, L. (2010). 
Rapid age determination of oysters using shell Mg Ca ratios.  

Sprung, J., & Delbeek, J. (1997). The reef aquarium. A comprehensive guide to the identification 
and care of tropical marine invertebrates (Vol. 2). Florida, United States of America: 
Ricordea Publishing.  

State of New South Wales. (2023). Aboriginal Fishing. NSW Government. 
https://www.dpi.nsw.gov.au/dpi/fishing/aboriginal-fishing 

Steer, M. A., & Semmens, J. M. (2003). Pulling or drilling, does size or species matter? An 
experimental study of prey handling in Octopus dierythraeus. Journal of Experimental 
Marine Biology and Ecology, 290(2), 165–178. https://doi.org/10.1016/s0022-
0981(03)00076-5  

Stewart, J., Hegarty, A., Young, C., Fowler, A., & Craig, J. (2015). Status of Fisheries Resources 
in NSW 2013-14. https://www.fish.gov.au/ 

Stieglitz, T. C., & Dujon, A. M. (2017). A groundwater-fed coastal inlet as habitat for the 
Caribbean queen conch Lobatus gigas—an acoustic telemetry and space use analysis. 
Marine Ecology Progress Series, 571, 139–152. https://doi.org/10.3354/meps12123  

Stobart, B., Mayfield, S., & McGarvey, R. (2013). Maximum yield or minimum risk: using 
biological data to optimize harvest strategies in a southern Australian molluscan fishery. 
Journal of Shellfish Research, 32(3), 899–909. https://doi.org/10.2983/035.032.0333  

Stoner, A. W., & Lally, J. (1994). High-density aggregation in queen conch Strombus gigas: 
formation, patterns, and ecological significance. Marine Ecology Progress Series, 106, 
73–84. https://doi.org/10.3354/meps106073  

Stoner, A. W., Mueller, K. W., Brown-Peterson, N. J., Davis, M. H., & Booker, C. J. (2012). 
Maturation and age in queen conch (Strombus gigas): urgent need for changes in harvest 
criteria. Fisheries Research, 131–133, 76–84. https://doi.org/10.1016/j.fishres.2012.07.017  

Suthers, I. M., Young, J. W., Baird, M. E., Roughan, M., Everett, J. D., Brassington, G. B., Byrne, 
M., Condie, S. A., Hartog, J. R., Hassler, C. S., Hobday, A. J., Holbrook, N. J., Malcolm, 
H. A., Oke, P. R., Thompson, P. A., & Ridgway, K. (2011). The strengthening East 
Australian Current, its eddies and biological effects — an introduction and overview. Deep 
Sea Research Part II: Topical Studies in Oceanography, 58(5), 538–546. 
https://doi.org/10.1016/j.dsr2.2010.09.029  

Svärdh, L. (2003). Tissue sampling from live blue mussels, Mytilus edulis. A field study from the 
Swedish west coast. Journal of Sea Research, 49(3), 221–225. 
https://doi.org/10.1016/s1385-1101(03)00003-0  

Sypniewski, L. A., Hahn, A., Murray, J. K., Chalasani, V., Woods, L., Piao, D., & Bartels, K. E. 
(2016). Novel Shell Wound Care in the Aquatic Turtle. Journal of Exotic Pet Medicine, 
25(2), 110–114. https://doi.org/10.1053/j.jepm.2016.03.010  



156 

 

Tacon, A. G. J. (2022). Contribution of Fish and Seafood to Global Food and Feed Supply: An 
Analysis of the FAO Food Balance Sheet for 2019. Reviews in Fisheries Science & 
Aquaculture, 31(2), 274–283. https://doi.org/10.1080/23308249.2022.2124364  

Takada, Y. (1996). Vertical migration during the life history of the intertidal gastropod, 
Monodonta labio on a boulder shore. Marine Ecology Progress Series, 130, 117–123. 
https://www.int-res.com/articles/meps/130/m130p117.pdf  

Taniguchi, I., & Rogers-Bennett, L. (2001). Wavy Turban Snail. California Department of Fish 
and Game. California's Living Marine Resources: A Status Report (2001), 140–141.  

Tasmanian Government. Fishing Tasmania. https://fishing.tas.gov.au/ 

Taylor, J. D., & Glover, E. A. (1999). Penetrating the defences: opercular drilling by Dicathais 
orbita (Mollusca: Gastropoda: Muricidae) on the turbinid gastropod Ninella torquata. In 
D. I. Walker & F. E. Wells (Eds.), The Seagrass Flora and Fauna of Rottnest Island, 
Western Australia (pp. 177–198). Perth: Western Australian Museum.  

Teixeira, C. M., & Silva, P. M. (2023). The huge dilemma: how to increase seafood consumption 
for health benefits without impacting fisheries' sustainability? International Journal of 
Food Science & Technology, 59(2), 661–672. https://doi.org/10.1111/ijfs.16841  

The State of Queensland. (2024). Recreational Fishing. Queensland Government. 
https://www.qld.gov.au/recreation/activities/boating-fishing/rec-fishing 

The State of Victoria. (2024). Recreational Fishing Guide. https://vfa.vic.gov.au/recreational-
fishing/recreational-fishing-guide 

Then, A. Y., Hoenig, J. M., Hall, N. G., & Hewitt, D. A. (2015). Evaluating the predictive 
performance of empirical estimators of natural mortality rate using information on over 
200 fish species. ICES Journal of Marine Science, 72(1), 82–92. 
https://doi.org/10.1093/icesjms/fsu136  

Torrejon-Magallanes, J. (2020). sizeMat: Estimate size at sexual maturity. R package version 
1.1.2. https://CRAN.R-project.org/package=sizeMat 

Trân, T., Smyth, L., Kennett, R., Egan, H., Stewart, Y., Stewart, W., Brierley, J., Nye, A., & 
Butler, T. (2016). What's the catch? Aboriginal cultural fishing on the NSW south coast. 
Australian Environment Review, 31(5), 182–185. 
https://www.researchgate.net/publication/325398103  

Tsakiris, E. T., Randklev, C. R., & Conway, K. W. (2016). Effectiveness of a nonlethal method to 
quantify gamete production in freshwater mussels. Freshwater Science, 35(3), 958–973. 
https://doi.org/10.1086/687839  

Underwood, A. (1974). The reproductive cycles and geographical distribution of some common 
Eastern Australian Prosobranchs (Mollusca: Gastropoda). Australian Journal of Marine 
and Freshwater Research, 25, 63–88. https://doi.org/10.1071/MF9740063  

Underwood, A. (1977). Movements of intertidal gastropods. Journal of Experimental Marine 
Biology and Ecology, 26, 191–201. https://doi.org/10.1016/0022-0981(77)90107-1  

Underwood, A., & Denley, E. J. (1984). Paradigms, explanations, and generalizations in models 
for the structure of intertidal communities on rocky shores. In D. R. Strong, D. Simberloff, 



157 

 

Abelem L G, & A. B. Thistle (Eds.), Ecological Communities. Conceptual Issues and the 
Evidence (Vol. 613). Princeton. Princeton University Press. 
https://doi.org/https://doi.org/10.1515/9781400857081  

Underwood, A. J. (2000). Experimental ecology of rocky intertidal habitats: what are we learning? 
Journal of Experimental Marine Biology and Ecology, 250(1–2), 51–76. 
https://doi.org/10.1016/s0022-0981(00)00179-9.  

Vanderklift, M. A., & Kendrick, G. A. (2004). Variation in abundances of herbivorous 
invertebrates in temperate subtidal rocky reef habitats. Marine and Freshwater Research, 
55, 93–103. https://doi.org/10.1071/MF03057  

Vasconcelos, P., Gaspar, M. B., Pereira, A. M., & Castro, M. (2006). Growth rate estimation of 
Hexaplex (trunculariopsis) trunculus (Gastropoda: Muricidae) based on mark/recapture 
experiments in the Ria Formosa Lagoon (Algarve Coast, Southern Portugal). Journal of 
Shellfish Research, 25(1), 249–256. https://doi.org/10.2983/0730-
8000(2006)25[249:Greoht]2.0.Co;2  

Vasconcelos, P., Lopes, B., Castro, M., & Gaspar, M. B. (2008). Comparison of indices for the 
assessment of reproductive activity in Hexaplex trunculus (Gastropoda: Muricidae). 
Marine Biology Research, 4(5), 392–399. https://doi.org/10.1080/17451000802020436  

Veitch, F. (1974). The preparation of "shell windows" in oysters. Marine Chemistry, 2(1), 65–68. 
https://doi.org/10.1016/0304-4203(74)90007-3  

Visser-Roux, A. (2011). Reproduction of the South African abalone, Haliotis midae. Doctor of 
Philosophy (Animal Sciences) (pp. 88). University of Stellenbosch, South Africa. 
https://scholar.sun.ac.za/items/d93cb8ee-34d5-41af-a3d7-ae3f19ffdd8f  

von Bertalanffy, L. (1938). A quanitative theory of organic growth (inquiries on growth laws. II). 
Human Biology, 10(2), 181–213. https://www.jstor.org/stable/41447359  

Walsby, J. R. (1977). Population variations in the grazing turbinid Lunella smaragda (Mollusca: 
Gastropoda). New Zealand Journal of Marine and Freshwater Research, 11(2), 211–238. 
https://doi.org/10.1080/00288330.1977.9515674  

Ward, D. W., & Davis, A. R. (2002). Reproduction of the turban shell Turbo torquatus Gmelin 
1791 (Mollusca: Gastropoda), in New South Wales, Australia. Marine and Freshwater 
Research, 53, 85–91. https://doi.org/10.1071/MF00066  

Weidland, A. B. S., Taylor, C. M. E., & Avern, D. E. G. (1998). Subfamily Turbinidae. In P. L. 
Beesley, G. J. B. Ross, & A. Wells (Eds.), Mollusca: The Southern Synthesis. Fauna of 
Australia (pp. 675–676). Melbourne: CSIRO Publishing.  

Wernberg, T., White, M., & Vanderklift, M. A. (2008). Population structure of turbinid gastropods 
on wave-exposed subtidal reefs: effects of density, body size and algae on grazing 
behaviour. Marine Ecology Progress Series, 362, 169–179. 
https://doi.org/10.3354/meps07416  

Werner, I., Flothmann, S., & Burnell, G. (1995). Behaviour studies on the mobility of two species 
of abalone (Haliotis tuberculata and H. discus hannai) on sand: Implications for reseeding 
programmes. Marine and Freshwater Research, 46(3), 681–688. 
https://doi.org/10.1071/MF9950681 



158 

 

WoRMS Editorial Board. (2024). World Register of Marine Species. 
https://www.marinespecies.org/ 

Worthington, D. G., & Fairweather, P. G. (1989). Shelter and food interactions between Turbo 
undulatum (Archaeogastropoda: Turbinidae) and coralline algae on rocky seashores in 
New South Wales. Journal of Experimental Marine Biology and Ecology, 129, 61–79. 
https://doi.org/10.1016/0022-0981(89)90063-4  

Wright, W., & Lindberg, D. (1979). A non-fatal method of sex determination for patellacean 
gastropods. Journal of the Marine Biological Association of the United Kingdom, 59, 803–
803. https://doi.org/10.1017/S0025315400045793  

Wyeth, R. C. (2019). Olfactory navigation in aquatic gastropods. Journal of Experimental Biology, 
222(1), e222. https://doi.org/10.1242/jeb.185843  

Yamaguchi, M. (1988). Biology of the green snail Turbo marmoratus and its resource 
management. In Workshop on Pacific Inshore Fisheries Research (Vol. 11, pp. 1–9). 
Noumea, New Caledonia: South Pacific Commission.  

Yamaguchi, M. (1992). Chapter 15. Green Snail. In FFA Report 92/61. http://www.ffa.int  

Yeo, H. H. J., Loke, L. H. L., & Todd, P. A. (2024). Population size and movement ecology of 
intertidal gastropods on rocky shores and seawalls in Singapore. Journal of Molluscan 
Studies, 90(2), e106. https://doi.org/10.1093/mollus/eyae016  

Zacharias, M. A., & Kushner, D. J. (2006). Sea temperature and wave height as predictors of 
population size structure and density of Megastraea (Lithopoma) undosa: Implications for 
fishery management. Bulletin of Marine Science, 79(1), 71–82.  

Zarco‐Perello, S., Carroll, G., Vanderklift, M., Holmes, T., Langlois, T. J., Wernberg, T., & 
McArthur, C. (2020). Range‐extending tropical herbivores increase diversity, intensity and 
extent of herbivory functions in temperate marine ecosystems. Functional Ecology, 
34(11), 2411–2421. https://doi.org/10.1111/1365-2435.13662  

 



159 

 

159 

 

APPENDICES 

APPENDIX A. Chapter 2 supplementary material 

 

Figure A1. Oocyte size frequencies of Turbo militaris (n = 3) from the top, inner-middle, 

outer-middle and bottom regions of the female gonad. 
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APPENDIX B. Chapter 4 supplementary material 

Table B1. Multivariate PERMANOVA results for annual displacement distance, elevation 

change and displacement direction of Turbo militaris at four locations in New South Wales, 

Australia, with shell height (mm) and shell morphology (ratio of shell width with spines to 

shell width without spines) as covariates.  

Source df SS R2 F p 

Location 3 54.77 0.048 2.772 0.005 

Shell height 1 13.54 0.012 2.055 0.113 

Shell morphology 1 7.70 0.007 1.169 0.333 

Residual 162 1066.99 0.934   

Total 167 1143.00 1   

 

Table B2. Results of back step-selection PERMANOVA analysis for annual displacement 

distance, elevation change and displacement direction of Turbo militaris at four locations 

in New South Wales, Australia. 

Source df SS R2 F p 

Annual displacement distance 

Model 3 7.92 0.047 2.723 0.044 

Residual 164 159.08 0.953   

Total 167 167.00 1   

Elevation change 

Model 3 3.08 0.018 1.028 0.375 

Residual 164 163.92 0.982   

Total 167 167.00 1   

Displacement direction 

Model 3 8.10 0.049 2.787 0.044 

Residual 164 158.90 0.952   

Total 167 167.00 1   
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Table B3. Results from a paired t-test comparing the difference in displacement distance of 

Turbo militaris between the six- and twelve-month recapture timeframes for animals 

captured on both occasions from mark-recapture experiments in New South Wales, 

Australia. 

 Mean 

difference 
SD SE 

95% CI df t p 

Upper Lower    

Six - Twelve 0.085 0.253 0.121 -0.167 0.337 22 0.699 0.492 

 

Table B4. Results of logistic regression on the effect of shell height (mm) or Turbo militaris 

on recapture from mark-recapture studies over 12 months at four locations in New South 

Wales, Australia. 

 Estimate SE z p 

Intercept -1.169 0.049 -2.365 0.018 

Shell height 0.001 0.007 0.096 0.923 
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Figure B1. Size-frequency histograms of the shell height (mm) at tagging of Turbo militaris 

during mark-recapture studies at Woody Head (a), Diggers Camp (b), Big Rocky (c) and 

Fishermans Bay (d), New South Wales, Australia. 
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Figure B2. Location of tagged Turbo militaris and recapture search tracks at Woody Head 

(a, b), Diggers Camp (c, d), Big Rocky (e, f) and Fishermans Bay (g, h), New South Wales, 

Australia. Habitat features labelled. Aerial images sourced from Nearmap (2024). 
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Figure B3. A tagged Turbo militaris recaptured at one of the field sites, showing growth 

from non-geniculate crustose coralline algae over the tags. Location of the tags indicated by 

the black ovals. Animal height: 70 mm. 
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Figure B4. Elevation at tagging and recapture after 6 months and 12 months or Turbo 

militaris at Woody Head (a), Diggers Camp (b), Big Rocky (c) and Fishermans Bay (d), 

New South Wales, Australia. 
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APPENDIX C. Chapter 5 supplementary material 

 

Figure C1. Correlation between shell height (mm) and shell width (mm) of Turbo militaris 

at the time of tagging from the mark-recapture study in New South Wales, Australia. 
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Figure C2. Shell height (mm) and proportion of Turbo militaris at first maturity from 

subtropical (a) and temperate (b) regions in New South Wales, Australia. The solid line 

indicates model fit from Bayesian regression analysis, and dashed lines indicate 95% 

confidence intervals. The grey dotted line indicates LM50, the shell height at 0.5 proportion 

mature. 
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Figure C3. Size frequency histograms of height at the time of tagging for Turbo militaris at 

two subtropical sites (a) and two temperate sites (b) in New South Wales, Australia. 

 

Figure C4. Size frequency histograms of height at time of recapture (6 and 12 months 

combined) of Turbo militaris at two subtropical sites (a) and two temperate sites (b) in New 

South Wales, Australia.  
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APPENDIX D. Fluorescent marking in the opercula of Turbo militaris 

Aim 

This work aimed to establish the periodicity of growth striae in the operculum of Turbo 

militaris. The specific objectives were to successfully obtain a fluorescent mark from 

calcein and tetracycline in the operculum and to determine if the number of growth bands 

between the marks (if two marks were present) or to the growing edge correlates to the 

number of days (or another cyclic measure) at liberty. Fluorochrome marking techniques 

have been used to determine a daily ring deposition in T. setosus (Sire, 1984; Sire & Bonnet, 

1984). 

Methods 

Twenty Turbo militaris within a wide range of sizes were collected from two rocky shores 

in New South Wales, Diggers Beach (30.3° S, 153.2° E) and Woody Head (29.4° S, 153.4° 

E). Upon collection, the turban snails were placed in a bucket with a small amount of 

seawater and transported to the National Marine Science Centre (NMSC) immediately. The 

maximum height, maximum width without spines and maximum width with spines were 

measured to the nearest mm using Vernier callipers. At the NMSC, turban snails were placed 

into a raceway tank with continual water flow and aeration and allowed to acclimatise for 

five days.  

Following acclimatisation, turban snails were removed from the tanks and placed in a large 

bucket with aeration and continual water flow of filtered seawater. A calcein fluorochrome 

solution was prepared by dissolving 2 g of calcein powder in filtered seawater adjusted to a 

pH of approximately 6. Water flow to the bucket was stopped, and the water was filled to 

20 L. The calcein solution was added to the water (Figure D1) to produce a final solution of 

200 mg / L. The bucket was covered, insulated with shade cloths, and left for 12 hours. After 

12 hours, the turban snails were removed, rinsed in seawater, and placed back in the 

raceway. Approximately three months later, the turban snails were subject to a tetracycline 

fluorochrome solution using the same method. 
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Figure D1. Fluorochrome bathing of Turbo militaris; individuals in 20 L of filtered seawater 

and calcein at 200 mg / L concentration. 

The turban snails were housed in the raceway tank for 12 months. In the tank, bricks and 

blocks were added to enhance biofouling and provide refuges for turban snails. Mixed algae 

collected from nearby rocky shores were added to the tanks periodically. Added algae, 

combined with heavy natural biofouling, meant the turbos could graze ad libitum. 

Throughout the housing period, four individuals perished, and eight were removed earlier 

than the 12-month period for investigation of the success of fluorochrome marking. The 

remaining snails were removed and dissected at the cease of the 12-month housing period. 

The opercula were prepared in dark conditions to avoid deteriorating the fluorochrome 

marks. The maximum height, maximum width without spines and maximum width with 

spines were measured to the nearest mm using Vernier callipers. The shell was cracked open 

using a hammer, and the soft body and operculum were removed. The maximum diameter 

of each operculum was measured to the nearest 0.1 mm using digital Vernier callipers. Sex 

was visually determined by viewing the colour of the gonad: dark green for females and 

cream for males.  

Each operculum was immersed in water and cleaned by brushing with a coarse brush to 

remove organic matter. Opercula were set in polyester clear casting resin (Figure D2a). Thin 

sections, ~0.5 mm were cut using a low-speed cutting saw with a wafered diamond edge 

blade (Figure D2b). Sections were cut perpendicular to the foot attachment on the opercula 
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across the widest point, ensuring the section aligned through the centre of the growth spiral. 

Each section was mounted onto glass slides using super glue. The top side of each section 

was polished on a series of fine grain (240, 600 and 1200 grit) wet and dry sandpaper on a 

low-speed wet orbital sander. The polished samples were rinsed in ultrapure water.  

Figure D2. Turbo militaris operculum set in clear casting polyester resin blocks (a). A thin 

section cut perpendicular to the foot attachment surface using a low-speed saw with a 

diamond edge blade (b). 

Each opercula section was viewed using 40 x magnification on a biological microscope 

(Olympus BX53) fitted with a fluorescent lamp illuminator (Lumen Dynamics X-Cite 

120Q). Each sample was viewed under ultraviolet light for detection of fluorescent marks. 

Where a fluorescent mark was present, photomicrographs of the region including the mark 

to the growing edge were taken under ultraviolet light, using a microscope-fitted camera 

(MIcrome 20 Pro). The same region was then photographed under transmitted LED light. 

Photos were imported into Adobe Lightroom (v28.3), where the photo merge tool was used 

to stitch the images together for each sample. On the images taken under LED light, the 

location of the fluorescent mark was noted and the number of bands between the fluorescent 

mark and the growing edge was counted using the count tool in Adobe Photoshop (v28.3). 

(a) (b) 

Photo: Peta Schofield 
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Results 

The average shell height of snails at the start of the experiment was 75 mm (± 3 mm SE). 

The maximum growth increment for snails that remained in the tanks for ~12 months was 4 

mm; however, some snails had a zero-growth increase over the study. 

Fluorescent marking had a 44% success rate with marks visible in 10 opercula. The calcein 

mark appeared a yellow-green colour under ultraviolet light and the tetracycline was orange 

(Figure D3a). Of the successfully marked individuals, six opercula had a calcein mark and 

four opercula had both calcein and tetracycline marks.  

 

Figure D3. Turbo militaris opercula viewed under ultraviolet light showing a calcein and a 

tetracycline mark (a). The same sample viewed under transmitted LED light (b). Arrows 

indicate the location of the fluorochrome marks. 
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Growth banding was not always clearly visible (Figure D3), which introduced uncertainty 

of growth band counts. The number of bands between the fluorochrome marks and the 

growing edge was highly variable among individuals and did not match the number of days 

at liberty (Figure D4a). Alternation of wide translucent and thin opaque bands were apparent 

on some opercula, however, these were not consistent between individuals and no clear 

patterns were observed (i.e., moon cycles or season). There was considerable variability in 

band counts among individuals (Figure D4a), further complicating their reliability as a 

measure of age. Additionally, there was no clear relationship between the shell height (mm) 

or the growth increase (mm) and the number of bands between the calcein mark and the 

growing edge (Figure D4b). 

Figure D4. The number of bands between fluorescent marks and the growing edge of Turbo 

militaris opercula and the number of days at liberty (a). Closed points represent samples 

with only a calcein mark (n = 6) and open points represent samples with both calcein and 

tetracycline marks (n = 4). The number of bands between calcein marks and the growing 

edge and the growth increase (shell height – mm), and initial shell height (mm) depicted by 

bubble size (b). 
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APPENDIX E. Laser ablation inductively-coupled mass-spectrometry of 

Turbo militaris opercula 

Opercula preparation 

Turbo militaris were collected from seven rocky shores along the New South Wales coast: 

Hastings Point (29.2° S, 153.3° E), Woody Head (29.2° S, 153.2° E), Nambucca Heads 

(30.4° S, 153.0° E), Crowdy Head (31.5° S, 152.5° E), Big Rocky (32.8° S, 152.1° E), 

Sydney (34.0° S, 151.2° E), and Jervis Bay (35.1° S, 150.4° E). Samples were collected in 

collaboration with a study on genomics (Nimbs et al., 2023), a method development study 

(Woody Head samples) (Chapter 2) and a tagging study (Sydney samples) (Hamer, 2024). 

Three large individuals (shell height <80 mm) were selected from the snails collected at 

each site for opercula studies.  

Measurements, dissections and preparation of the thin opercula sections were carried out as 

per the method outlined in Appendix D. The thin sections were adhered to glass slides using 

the clear bonding agent, Crystal Bond, and then each section was polished (as per Appendix 

D). One additional sample was sectioned parallel to the foot attachment edge, including the 

centre growth spiral (Figure E1a). Each opercula slide was viewed using a dissecting 

microscope (Nikon SMZ745T) using 3 x magnification. Multiple photomicrographs across 

the whole sample were taken of each sample using a microscope-fitted camera (MIcrome 

20 Pro). The set of images for each sample was imported into Adobe Lightroom (v28.3), 

where the photo merge tool was used to merge the photos into one image for each opercula 

(Figure E1).  
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Figure E1. Turbo militaris opercula on the axis parallel to the foot attachment (a) and the 

perpendicular axis (b), derived from a series of merged photomicrographs taken with a 

dissecting microscope. Samples were collected from Jervis Bay, New South Wales, 

Australia. The red box denotes the approximate region for laser ablation mapping. 

Proposed method 

The proposed method includes analysis of the opercula sections using Laser Ablation 

Inductively-Coupled – Mass-Spectrometry (LA ICP-MS). The perpendicular sectioned 

samples will be ablated using a mapping technique over a region encompassing all growth 

directions (Figure E1b). The whole surface will be mapped from the parallel section (Figure 

E1a) and one perpendicular section to visualise the growth pattern from the two 

perspectives. Elements to consider in the LA ICP-MS to analyse growth include strontium, 

magnesium, and calcium. Ratios of strontium:calcium and magnesium:calcium will then be 

used to assess growth cycles. Other trace elements including barium, copper, iron, 

manganese and nickel will be included in the LA ICP-MS analysis to potentially detect 

environmental perturbations.  

(a) (b) 
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