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Abstract 

Ocean boundary currents and associated shelf processes and their variability influence the 

dispersal of material impacting marine organisms that release long-lived pelagic larvae into the 

water column. The post-larvae (puerulus) of the Western Rock Lobster (Panulirus cygnus) has 

a pelagic larval duration of 9 to 11 months before settling in nearshore areas along the west 

coast of Australia. The abundance of pueruli, used as an index of the available stock 3 to 4 

years into the future, experienced several years of unusually low settlement during the late 

2000s. Relationships to proxy environmental variables, such as the Fremantle Mean Sea Level 

for the strength of the Leeuwin Current were non-existent, providing the motivation for this 

study. This thesis aims to examine oceanographic processes that influence the settlement 

patterns of P. cyngus and how these have changed over the past twenty years. The results 

highlight the significant shifts in settlement patterns that have occurred during and after the 

period of unusually low settlement. This included the distinction of an early and late portion of 

settlement over the austral spring and summer months, whereby there have been significant 

decreases in early settlement across the fishery. The pueruli settlement decrease was 

synonymous with sustained low kinetic energy conditions and cooler waters in the South-East 

Indian Ocean. These changes in the settlement were reproduced in particle tracking 

simulations, suggesting that transport processes during the period of the low settlement were 

not conducive to transporting pueruli towards key latitudes along the coast. In addition, 

simulations were completed surrounding a suspected low-catch zone at the centre of the 

fishery, finding that a low puerulus supply was not likely the cause. By removing some 

uncertainties of the P. cyngus pelagic larvae duration, this research isolates the oceanographic 

conditions surrounding the continental shelf as the reason for the period of unusually low 

settlement and observed changes in settlement patterns. 
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Chapter 1 Introduction 

From the highly valuable commercial species in the North Sea (Malakoff & Stone, 2002) to 

small indigenous groups in Indonesia (McLeod et al., 2009), fish species have been exploited 

for hundreds of years. The last 60 years, however, saw dramatic increases in fishing efficiency 

(Rousseau et al., 2019). Ultimately, this has been overarched with a focus on overfishing 

(Kleisner et al., 2013; Ye et al., 2013), other impacts such as bycatch (Davies et al., 2009) and 

pollution (Beaumont et al., 2019) whilst combating climate change scenarios and impacts to 

marine biodiversity (Cheung et al., 2009). Looking forward, fisheries will experience various 

environmental challenges in the face of climate change (Hobday & Cvitanovic, 2017). Whether 

these are marine heatwaves or shifting currents, the more we know and be able to predict, the 

better fisheries managers can adapt (Caputi et al., 2016; Feng et al., 2009; Kajtar et al., 2021).  

Distinguishing between shifts in species' population due to climatic shifts or anthropogenic 

factors such as over-exploitation is a crucial challenge to successfully managing any harvested 

resource (Lehodey et al., 2006). For example, large-scale climate patterns such as the Pacific 

Decadal Oscillation (PDO) have been linked to Pacific Salmon (Kilduff et al., 2015), North 

Pacific Groundfish (S. Hare & Mantua, 2000) and the Dungeness Crab (Rasmuson et al., 2022). 

A positive North Atlantic Oscillation (NAO) phase has shown unfavourable conditions for 

North Sea Cod (Rose et al., 2000; Sirabella et al., 2001). However, positive effects on prey 

availability for other Cod stocks (Ottersen & Stenseth, 2001). Conversely, for the North Sea 

Sole, 90 years of data have demonstrated that it was not only fishing pressure but also climate 

change that caused a shift in its distribution (Engelhard et al., 2011). Similarly, there are many 

examples of climate conditions correlated with shifts in fish stocks (Alheit & Hagen, 1997; J. 

Hare & Able, 2007). However, many of these relationships have not stood the test of time, 

given the undoubtedly complex dynamics for a species from hatching to harvest (Myers, 1998). 

In Western Australia, we have our example of this relationship breakdown with the Western 

Rock Lobster.   

In Australia, aquaculture and fisheries are worth over $A2.5 billion annually; therefore, 

sustainably managing these industries is a priority (Harvey, 2020). The marine environment of 

Australia is particularly distinctive, with both east and west coasts bound by poleward flowing 

boundary currents, bringing warm water from the equatorial regions (Poloczanska et al., 2007). 

Off the west coast of Australia (Figure 1.1a), the Leeuwin Current (LC) flows south along the  

200 m isobath as the longest boundary current in the world, stretching 5500 km from the North-
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west Cape to Tasmania (Ridgway & Condie, 2004). The LC transports warm, oligotrophic 

water southward while generating mesoscale features such as eddies and meanders (Figure 

1.1b) (Waite et al., 2007). Its strength varies with the El Niño Southern Oscillation Cycle 

(ENSO), increasing over La Niña periods and decreasing over El Niño periods (Pearce & 

Phillips, 1988; Wijeratne et al., 2018; Zheng et al., 2018). Over austral summer, south-westerly 

winds drive a northward surface current, the Capes Current on the shelf, contributing to a 

decrease in the LC strength and shifting it offshore (Pearce & Pattiaratchi, 1999). Subsequently, 

these fluctuating conditions of the LC can positively and negatively impact associated marine 

flora and fauna (Coleman et al., 2011; Lenanton et al., 2009). 

One such species is the Western Rock Lobster (Panulirus cygnus), endemic to Western 

Australia (Figure 1.1c). Mature female Western Rock Lobsters spawn and hatch their eggs 

between September and December each year, sometimes multiple times (Melville-Smith et al., 

2009). Newly-hatched larvae, or phyllosoma, are transported hundreds of kilometres offshore 

by the prevailing currents (Pearce & Phillips, 2011). Records of the first phyllosoma captured 

offshore date back to 1837, described as “perfectly transparent” (Gray, 1992). They undergo 

several moults before returning to the continental shelf 8 to 10 months later (Griffin et al., 

2001). At this stage, they metamorphose into nektonic (non-feeding) swimming post-larvae, or 

puerulus, to cross the shelf and reach nearshore reef habitats (Phillips & Olsen, 1975). Links 

between the LC, with the Fremantle Mean Sea Level (Figure 1.1b) used as a proxy for the 

strength (Feng et al., 2003), has been the primary predictor of the pueruli abundance for many 

years (Caputi & Brown, 1993). Pueruli abundance, or puerulus settlement into the fishery, has 

been monitored since 1968 at Seven-mile Beach, just north of Dongara (Figure 1.1b) and has 

since expanded to eight sites throughout the fishery (de Lestang et al., 2012). 
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Figure 1.1 (a) The continent of Australia and Western Australia (b) Sea surface temperature in ⁰C, a 3-day mean 

from Integrated Marine Observing System (IMOS) on 30 May 2018 off Western Australia, including noted 

locations and the distribution of P. cygnus (c) Western Rock Lobster species painting (Alice Ford) 

P. cygnus is Australia’s most valuable single-species caught fishery (Plagányi, McGarvey, et 

al., 2018). It has a long-standing significance economically for Western Australia and socially, 

with recreational fishers catching “crayfish” since the late 1800s (Gray, 1992). Their vast 

abundance was noted in 1894 when a Department of Fisheries was first established. 

“The crayfish abounds near the reefs which fringe the island along the coast.”  

(William Saville-Kent 1883, in Gray 1992) 

It was the first fishery to be acknowledged by the Marine Stewardship Council as a sustainably 

managed fishery in 2000 (Bellchambers et al., 2016). This certification was possible partly due 

to the puerulus monitoring program, which informs the legal harvesting size lobster stock 3 to 

4 years later (Phillips, 1986). The puerulus index (PI) is the annual sum of the monthly mean 

of puerulus abundance derived from all monitoring sites over the settlement season (May – 

April) (de Lestang et al., 2012). Therefore, when the PI unexplainably reached a low point in 
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2008 and 2009, there were investigations into why this occurred (Brown, 2009; Caputi et al., 

2014; de Lestang et al., 2015). The low PI was unexpected due to environmental parameters, 

such as the LC, that it had previously correlated to (Caputi et al., 2010; Caputi & Brown, 1993; 

Pearce & Phillips, 1988). However, despite the gradual recovery of the PI, it no longer 

correlated to previous environmental parameters (Säwström et al., 2014). The breakdown of 

relationships, while uncovering the causal factors behind the relationships, was the primary 

motivation for this research. Additionally, to understand whether the oceanographic drivers 

have shifted since the recovery of the PI. 

Therefore, this thesis describes the relationship between oceanographic conditions off Western 

Australia and the pelagic early-life stages of the Western Rock Lobster (Panulirus cygnus). I 

focus on understanding the changes in puerulus settlement patterns that have occurred over the 

last thirty years. Namely, the temporal changes over the puerulus settlement season, defined as 

between May to April, and spatial changes in settlement over the monitoring sites. Using 

primarily three-dimensional hindcast data, I then characterise the physical environment of the 

South-East Indian Ocean and the shelf conditions of Western Australia. This information is 

compared against puerulus settlement through statistical examination and observational 

methods. Long-term environmental conditions are also explored against puerulus settlement. 

Finally, Lagrangian particle tracking simulations are implemented for the early-life cycle's 

hatching, offshore and settlement stages. These simulations illustrate the differing effects of 

oceanographic conditions on the three main early-life cycle phases through the lens of 

understanding why the period of low puerulus settlement occurred. The settlement, or puerulus 

stage, is then simulated once more to ascertain whether a suspected low-catch zone in the centre 

of the fishery was due to limited pueruli supply.  

Overall, to understand the physical oceanographic environment’s influence on P. cygnus 

larvae, I address the following four questions in this thesis: 

1. What are the characteristic patterns of puerulus settlement throughout the fishery? 

(Chapter 3)  

2. What relationships exist between puerulus settlement and direct oceanographic 

parameters? (Chapter 4) 

3. What are the transport pathways of the different larval stages of P. cygnus from 

hatching to settlement?  (Chapter 5) 
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4. Are transport pathways of puerulus from the shelf to nearshore areas the cause of a low-

catch area within the fishery? (Chapter 6) 

Together, answering these questions contributes to a more thorough understanding of the 

influences of the ocean environment on this crucial species at their most vulnerable age. In 

addition, these answers help to focus the understanding of future scenarios regarding puerulus 

settlement and oceanographic conditions on the Western Australian shelf.  

Ahead of answering these questions, I provide a background on the Western Rock Lobster 

fishery and the species’ environment (Chapter 2), namely, the Western Australian circulation 

patterns, including the Leeuwin Current System and associated continental shelf processes. 

Within this chapter, I elaborate on how oceanographic conditions are connected to the 

successful settlement of puerulus. In closing, Chapter 7 discusses the main conclusions from 

the research in Chapters 3 to 6 and gives recommendations for future research and current 

thinking.  

Each chapter has a preamble that provides a brief introduction and rationale to aid thesis flow 

and narrative. Co-authors, other than my supervisors, are declared at the start of each chapter. 

As such, “we” instead of “I” is used throughout the rest of this thesis where relevant. For 

brevity, references have been consolidated. Chapters 3, 4, 5 and 6 have been published or 

prepared for publication as individual bodies of work in peer-reviewed journals. As each 

chapter is a standalone scientific paper, there is unavoidably some repetition, particularly 

within each introduction section. 
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Chapter 2 Background 

 

 

This chapter provides an overview of the Western Rock Lobster as a spiny lobster species 

endemic to the west coast of Australia and as a fishery. It provides a broad perspective on the 

decline in puerulus settlement on the fishery and the management changes that followed. The 

remainder of the chapter concentrates on the physical oceanographic environment of P. cygnus 

before detailing current understandings of the relationships between the species and their 

environment in their first year of life.  
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2.1  The fishery 

Fisheries and associated aquaculture are key industries in Australia and are worth over $A2.5 

billion (Poloczanska et al., 2007). From a societal perspective, it is estimated that 3.4 million 

Australians engage with recreational fishing each year, with an estimated 250 tonnes of 

Western Rock Lobster caught annually (Campbell & Murphy, 2005; Plagányi, McGarvey, et 

al., 2018). Fishing for 'crayfish' is evident in Australian colonial documents from the mid-1800s 

(Gray, 1992). In the 1890s, the industry took a more formal shape alongside other developing 

industries in Western Australia. By 1969, the colloquial 'crayfish' name was officially termed 

the "Western Rock Lobster" to distinguish itself in export markets that had commenced 20 

years prior (Figure 2.1). The species name, Panulirus cygnus, is derived from the Latin name 

of the black swan, the state emblem of the Swan River Colony and was designated in 1962 

(Gray, 1992).  

 

Figure 2.1 Crayfish image from advertising (Gray 1992) 

Links between the environment and fished species have been long researched (Chittleborough, 

1975; Delord et al., 2008; Francis & Sibley, 1991; Wells, 1915). In particular, the discovery of 

broad-scale climate patterns linked to the Pacific Decadal Oscillation came about from 

observations of the variability in commercial salmon landings around the Pacific Basin 

(Mantua et al., 1997). For the Western Rock Lobster, much of the research and knowledge 

gained regarding environmental influences over the past fifty years is due to this species' 

economic and social importance. The ocean environment off the West Australian coastline 

influences various life stages of P. cygnus from maturation to spawning and transportation as 
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larvae and is described in the following sections (Caputi & Brown, 1993; de Lestang & Caputi, 

2015; de Lestang & Melville-Smith, 2006).   

Monitoring of post-larvae (puerulus) began in 1968 at Seven Mile Beach, just north of Dongara 

(Figure 1.1b), to catch juveniles in order to better understand their growth to maturation and 

survival (Figure 2.2) (Booth & Phillips, 1994; Phillips, 1972). These pueruli were regarded as 

having settled or recruited into the fishery. From then, key patterns regarding the peak timing 

of puerulus settlement (September to January at the time) and links to the timing of hatching 

(earlier hatching implying earlier settlement) were uncovered (Phillips et al., 1979). Most 

importantly, Phillips et al. (1986) linked the amount of puerulus settlement to the catchable 

stock numbers 3 to 4 years in the future, making this monitoring vital to the management of P. 

cygnus stocks. This monitoring program was a contributor, among other monitoring conditions 

such as gear and bycatch, leading to Marine Stewardship Certification in 2000 and subsequent 

recertification as a sustainable fishery (Bellchambers et al., 2016).   

 

Figure 2.2. Puerulus settlement at monitoring sites throughout the Western Rock Lobster fishery. Latitudes of 

monitoring sites are Abrolhos 28.45S, Port Gregory 28.19S, Dongara 29.25S, Jurien Bay 30.31S, Lancelin 

31.02SS, Alkimos 31.63S, Warnbro 32.34S and Cape Mentelle 33.96S. Available from 

http://www.fish.wa.gov.au/Species/Rock-Lobster/Lobster-Management/Pages/Puerulus-Settlement-Index.aspx 

 

http://www.fish.wa.gov.au/Species/Rock-Lobster/Lobster-Management/Pages/Puerulus-Settlement-Index.aspx
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2.2  The P. cygnus life-cycle 

Mature Western Rock Lobster females mate each year between August and September, with 

multiple broods produced in one season (Chubb, 1991). P. cygnus larvae, or phyllosoma, then 

hatch between September and February in depths of 40 to 100 meters over the latitudes of the 

fishery. They then rise to the surface and are transported off the shelf by surface currents. From 

this point, they become widely dispersed throughout the South-East Indian Ocean, defined 

from Western Australia's coast westwards to 105⁰E. Over this time, they undergo ontogenetic 

vertical migration (OVM) (Feng et al., 2011; Rimmer & Phillips, 1979). Therefore, changing 

with age, they can vertically migrate to different depths throughout the water column, tending 

to deeper waters during daylight hours (Figure 2.3) (Phillips & McWilliam, 1986). They do 

this through the feather-like structures on their legs (Phillips & Olsen, 1975). Nine phyllosoma 

stages have been identified with varying depth distributions offshore and increasing speeds of 

ascension and descension (Phillips & McWilliam, 1986) (Figure 2.3). The later stages move 

deeper in the water column and are more sensitive to light and surface winds (Griffin et al., 

2001). They can moult up to 20 times, although they have a distinct early and mid-stage shape 

(Figure 2.4). Research into this life stage commenced with lab experiments and was further 

corroborated by in-situ observations (Rimmer & Phillips, 1979; Ritz, 1972). The OVM, 

throughout their development, is suspected of playing a vital role in their dispersal and eventual 

return to the coast. Their pelagic larval phase concludes when phyllosoma return to the 

continental shelf 8 to 10 months after hatching and metamorphose into a nektonic (non-feeding) 

puerulus (Figure 2.3) (Lemmens, 1994). Once  pueruli, they have swimming speeds of up to 

0.5 ms-1 and moult into juveniles a month later (Caputi & Brown, 1993). 
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Figure 2.3 Diurnal vertical migration of P. cygnus with age, as modelled by Griffin et al. 2001 through the nine 

early-life stages through to puerulus (Griffin et al. 2001) 

The initial trigger of metamorphosis into puerulus and subsequent detection of coastal habitats 

is uncertain and environmental indicators have not been strongly associated with 

metamorphosis triggers for P. cygnus. However, for Panulirus argus, red macroalgae increases 

settlement, and Jasus edwardsii has been found to use acoustic and substrate cues as controlling 

conditions for settlement  (Goldstein & Butler IV, 2009; Stanley et al., 2015). The specific 

energy reserves required for metamorphosis are likely reached near the continental shelf 

(Espinosa-Magaña et al., 2018; McWilliam & Phillips, 1997; Phillips & McWilliam, 2009).  

 

Figure 2.4. Early-life stages of P.cygnus, illustrations by Alice Ford that are adapted from microscope images in 

Gray (1992).  
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Very little information is available on the swimming pueruli stage due to low densities over 

the wide area of nearshore waters, making real-world observations difficult, not only for P. 

cygnus but other spiny lobster species. Tank studies regarding swimming energetics and lipid 

reserves have shown limits to their swimming speed over time (Limbourn et al., 2009). Their 

successful recruitment is highly dependent on their energy reserves (Wilkin & Jeffs, 2011). 

Energetic cost is also affected by temperature, with warming temperature increasing the energy 

depleted while swimming (García-Echauri et al., 2020; Goode et al., 2019). Biogenic reef 

sounds and coastward swimming are found to increase settlement for Jasus edwardsii, while 

increased wind speeds decrease their ability to detect the reefs (Hinojosa et al., 2016; Stanley 

et al., 2015). Environmental conditions have not been consistently correlated with settlement 

patterns to suggest that swimming abilities and reef sounds or other orientation cues would not 

contribute to settlement  (Jeffs et al., 2005).  

For P.cygnus, much is still uncertain regarding puerulus movement to the nearshore. Ritz 

(1972) showed that puerulus likely reach the nearshore at a subsurface depth and can be found 

up to 160 km from shore. Following this, Phillips and Penrose (1985) suggested that puerulus 

could not hear reef noise beyond approximately 40 km from the source. Given this evidence 

and the wide continental shelf of Western Australia (Feng et al., 2010), until they have swum 

across the continental shelf, reef sounds would not be a viable tool for orientation. Overall, it 

has been suggested that the austral summer conditions of southerly winds, together with their 

swimming abilities, likely assist the transport of puerulus onshore (Feng et al., 2011; Lemmens, 

1994; Pearce & Phillips, 2011; Phillips & Olsen, 1975). 

Once puerulus have reached the nearshore, they gain colour and become post-puerulus or early 

juveniles. Over this time, they may be caught within puerulus collectors mimicking seaweed, 

where their abundance (Figure 2.2) is indicative of stock 3-4 years into the future. Aside from 

this, they are thought to hide in caves or reef areas typically covered with seagrass and are 

likely solitary (Jernakoff, 1990; Jernakoff et al., 1994). At a post-puerulus stage, for fishery 

purposes, they are 0 years old. After approximately four years, between November and 

February, and just before attaining sexual maturity, lobster typically moult to have a white/pink 

exoskeleton and migrate by walking offshore, generally in a north-westerly direction, to deeper 

breeding areas (> 100 m) (de Lestang, 2014; de Lestang & Caputi, 2015). Because of this 

colouration, they are known colloquially as "whites". At this time, they are usually of size as 

catchable lobsters (76 mm carapace), ranging from 60 to 90 mm in length (Melville-Smith et 

al., 2003).  
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2.3  The environment of P. cygnus 

The Western Rock Lobster has a vast geographic range covering the North-West Cape 

southward to Augusta (Figure 1.1b) and a wide range of temperatures differing by over ten 

degrees in one day (Hood et al., 2017). Consequently, the environmental effects on the species 

at different life stages vary regarding growth rates (Johnson et al., 2011; Melville-Smith et al., 

2010), migration patterns (Melville-Smith et al., 2003) and mortality (Chittleborough, 1975). 

Within this section, I focus on Western Australia's offshore and continental shelf conditions 

concerning the early-life stages of P. cygnus.  

 

2.3.1  Leeuwin Current 

A wind-driven subtropical gyre is formed within each major ocean basin, causing a poleward 

flow along the western side and an equatorward flow on the eastern side. In the Indian Ocean, 

the gyre is bound to the north by the westward flowing South Equatorial Current (SEC). On 

the western boundary of the gyre, the Agulhas Current flows poleward along the African 

coastline. As a result of the oceanic connection between the Pacific and Indian Oceans through 

the Indonesian Archipelago, an alongshore pressure gradient off the west coast of Australia 

drives a poleward flow, the Leeuwin Current (LC), along the eastern boundary of the southern 

Indian Ocean (Church et al., 1989; Cresswell & Golding, 1980; Godfrey & Ridgway, 1985; 

Pearce & Griffiths, 1991). This meridional steric pressure gradient causes a net onshore 

geostrophic flow, suppressing Ekman-driven circulation (westward), causing downwelling 

along the shelf (Pearce & Pattiaratchi, 1999). Originating from the northwest cape of Australia 

and fed by Holloway and south Indian Counter-Currents (Wijeratne et al., 2018), the LC 

transports warmer, lower salinity, lower nutrient water south along the continental shelf break 

(~200 m depth contour) of WA (Figure 2.5). Due to the topographic changes along the shelf, 

it periodically meanders and generates eddies (circular features), which can detach from the 

primary current and disseminate westward (Domingues et al., 2006; Fang & Morrow, 2003; 

Waite et al., 2007).  

The LC is characterised as shallow (< 300m) along the shelf break with the subsurface 

equatorward counter-current on the continental slope, the Leeuwin Undercurrent, flowing at 

depths between 200 and 600 meters (Rennie et al., 2007; Schiller et al., 2008; Wijeratne et al., 

2018; Woo & Pattiaratchi, 2008). The geostrophic transport of the LC averages 4 Sv, whilst 

the coastal sea level deviation at 32⁰S (Fremantle) can be additionally used as a proxy for its 



Chapter 2  

 

13 

 

strength (Feng et al., 2003; Wijeratne et al., 2018). During the spring and summer months, 

along-shore southerly wind stresses increase, generating coastal currents (Gersbach et al., 

1999) and reducing the LC strength and causing to migrate offshore. These coastal currents, 

the Capes and Ningaloo Currents, favour upwelling conditions (Hood et al., 2017; Woo & 

Pattiaratchi, 2008).  

Around May each year, as the LC strength increases, there is a peak in the generation of long-

lived anticyclonic (warm core) eddies (Fang & Morrow, 2003). Eddies are a circulation or 

ellipsoidal mesoscale circulation feature formed through current and topographic interactions 

(Domingues et al., 2006; Olson, 1991). They play a major role in the cross-shelf exchange of 

water and nutrients from coastal areas to offshore (Holliday et al., 2012; Moore et al., 2007; 

Weller et al., 2011). Conversely, there is increased retention of waters on the continental shelf 

areas sheltered from the LC (Feng et al., 2005). Thus, both cyclonic (cold core) and 

anticyclonic eddies are critical to primary production and transport processes in the South-East 

Indian Ocean (Greenwood et al., 2007; Koslow et al., 2008; McCosker et al., 2020; Waite et 

al., 2016, 2019).  

Inter-annual variability of the LC is connected to the climate forcing of the El Niño Southern 

Oscillation (ENSO). ENSO periods occur every 3 to 7 years has two phases, El Niño and La 

Niña, which can be characterised by the Southern Oscillation Index (SOI) as the normalised 

atmospheric pressure difference between Darwin and Tahiti (Figure 2.5) (Harrison & Larkin, 

1998). ENSO signals are propagated from the western Pacific Ocean to the north Western 

Australia coast as coastally trapped waves influence sea levels (Clarke & Liu, 1994; Meyers, 

1996). ENSO patterns are also associated with trade winds and rainfall over Australia. During 

El Niño years (negative SOI), the strength of the LC decreases due to lower sea level anomalies 

(Clarke & Li, 2004; Feng et al., 2003). Conversely, it increases by approximately 1 Sv during 

the La Niña periods, causing an increase in eddy generation (Feng et al., 2003; Wijeratne et al., 

2018). These conditions of increased volume transport and heat advection contribute to the LC 

having the highest eddy kinetic energy of eastern boundary currents (Feng et al., 2005). 
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Figure 2.5 Southern Oscillation Index patterns regulate fluctuations in sea level off north Western Australia. 

Higher sea levels in off north-Western Australia (La Niña) are caused by a stronger Indonesian Throughflow 

causing an increased sea level gradient and therefore increasing the Leeuwin Current strength. The opposite 

occurs during El Niño periods. 

Unprecedented events, aligning with climate change impacts, have influenced the LC in recent 

years. For example, at the end of February 2011, extreme sea surface temperature anomalies 

of +5⁰C were recorded over two weeks (Wernberg et al., 2012). This was caused by a rapid 

transition from El Niño to La Niña conditions at the end of 2010, driving an unseasonably high 

LC over the austral summer, including an anomalously high air-sea heat flux into the ocean 

(Feng et al., 2013; Pearce & Feng, 2013). Under climate change scenarios, natural variability 

in the ocean region off Western Australia will likely lead to more extreme events and variations 

in the annual temperature cycle (Caputi et al., 2009; Feng et al., 2015; Pattiaratchi & Buchan, 

1991; Pearce & Feng, 2007). Additionally, regions of high eddy activity are predicted to 

increase while tropical oceans decrease (Martínez-Moreno et al., 2021). 

Compared to other boundary currents, the low biological productivity of the LC provides a 

unique environment of both positive and negative impacts on marine species. Located on the 

eastern margins of an ocean basin with favourable upwelling winds, a highly productive 

environment is expected with potentially high pelagic finfish populations. However, upwelling 

is suppressed due to the LC resulting in an oligotrophic environment while the ocean dynamics 

influence the pelagic larval phases of different species (Caputi et al., 1996; Lenanton et al., 

1991). For example, the current negatively impacts the larval life of the scallop (Amusium 

balloti) and pilchard larvae (Sardinops sagax neopilchardus). However, it is known to 
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positively impact the recruitment of Western Australian salmon (Arripis truttaceus) and 

Australian herring (Arripis georgianus) to South Australia (Caputi et al., 1996). In parallel, it 

negatively impacts the recruitment of herring and Australian Sardines to southWest Australia. 

Despite correlations with associate values for these species, the causality behind these 

relationships are largely unknown (Holliday et al., 2012).  

2.3.2  Capes Current 

As mentioned in the previous section, the continental shelf processes over the P. cyngus range 

are wind-driven and have been recorded for some time (Cresswell et al., 1989; Gersbach et al., 

1999; Pearce & Pattiaratchi, 1999; R. Smith et al., 1991). Over the spring and austral summer, 

strong equatorward wind stress generates surface currents inshore of the LC (Figure 2.6). 

Between Cape Leeuwin and Cape Naturaliste, one such current is formed predominantly from 

sea breeze conditions termed the Capes Current (CC) (Figure 2.6) (Pattiaratchi et al., 1997; 

Pearce & Pattiaratchi, 1999). The CC can flow at surface current speeds of up to 0.5 ms-1 and 

is frequently visible in satellite (as colder water), modelled and in-situ data (Cosoli et al., 2020; 

Pearce & Pattiaratchi, 1999; Schiller et al., 2008). In addition, sporadic upwelling plumes have 

been observed in the area, increasing productivity (Hanson et al., 2005; Pearce & Pattiaratchi, 

1999). The northward transport mechanisms of the current also presumably assist Western 

Australian salmon (Arripis truttaceus) and tailor (Pomatomus saltatrix) larvae (Feng et al., 

2010; Pearce & Pattiaratchi, 1999).  
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Figure 2.6 Satellite sea surface temperature images showing the Capes Current (a) Cool northward flowing 

waters form the Capes Current between Cape Leeuwin and Cape Naturaliste (Pearce & Pattiaratchi, 1999) (b) 

Leeuwin current flowing in summer with cool water bound inside (from HRPT AVHRR SST skin retrievals on 

Integrated Marine Observing System) (Griffin et al., 2017)  

2.4  Links between P. cygnus larvae and their environment  

The role of oceanographic processes on the transport of larvae is fundamental to understanding 

the recruitment dynamics of marine populations (Pineda et al., 2007). The difficulty lies in 

establishing whether the variability in recruitment, or settlement patterns, can be attributed to 

a specific forcing mechanism within the physical oceanographic processes. For some time, 

ENSO periods (Kilduff et al., 2015; Kumar et al., 2014) and current patterns (Cimino et al., 

2020; Singh et al., 2018) have been linked to fluctuations in zooplankton, tuna and salmon 

(Koslow et al., 2008; Mysak, 1986; Thompson et al., 2014). On a more local scale, mesoscale 

processes causing upwelling on the coast of Africa increases the abundance of neritic larvae 

(Rodríguez et al., 2004), while the Coral Sea Gyre controls inter-annual variations in Panulrius 

ornatus recruitment (Plagányi, Haywood, et al., 2018) and the North-East monsoon increases 

recruitment success of short-lived small pelagic fish in the Bohol Sea (Pata et al., 2021). 
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Regarding P. cygnus, this research began in 1988, where fluctuations in the puerulus index (PI, 

puerulus settlement for the season) were correlated to fluctuations in the Fremantle Mean Sea 

Level (FMSL) (Figure 2.7 and Figure 2.8).  FMSL was used as a proxy for the strength of the 

Leeuwin Current (Feng et al., 2003; Pearce & Phillips, 1988). Specifically, the cross-shelf 

gradient increased when the LC was strong; therefore, the sea level correspondingly increased  

(Feng et al., 2003; Pearce & Phillips, 1988, 2011). The LC is stronger during the La Niña 

periods, and therefore the puerulus index (PI) similarly correlated to the SOI (Figure 2.8). Much 

of the resulting research drew upon this seminal understanding. These oceanographic 

conditions were therefore linked to the early-life cycle of P.cygnus from hatching to settlement 

(Pearce & Phillips, 1988; Phillips & McWilliam, 1986). The increased eddies and meanders 

associated with the increased strength of the LC were hypothesised to assist the transport of 

late-stage phyllosoma to the shelf and eventual puerulus to nearshore areas (Caputi & Brown, 

1993; Griffin et al., 2001; Pearce & Phillips, 1988). 

 

Figure 2.7  Early life-cycle of P.cygnus from Pearce & Phillips (1988) (A) phyllosoma hatch in summer, (B) are 

then driven offshore by summer winds to be (C) dispersed into the open ocean. They then (D) are transported 

towards the coast and (E) undergo metamorphosis before, (F) they swim to the coast as puerulus. 

Considerable research has been completed regarding phyllosoma offshore conditions within 

cyclonic (cold-core) and anticyclonic (warm-core) eddies (Hood et al., 2017; O'Rorke et al., 

2015; Waite et al., 2019; Wang et al., 2015). Phyllosoma are more abundant within anticyclonic 

eddies, however, in a better condition within cyclonic eddies (O'Rorke et al., 2015; Wang et 

al., 2015). Therefore, chlorophyll concentrations, higher within anticyclonic eddies, are not 
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necessarily indicative of a beneficial prey-field to phyllosoma (O'Rorke et al., 2012; Waite et 

al., 2019).  

 

Figure 2.8  Figures from previous research on the links between the puerulus index, Fremantle Mean Sea Level, 

and the Southern Oscillation Index in (a) Pearce and Phillips 1998 (b) Caputi 2001 and (c) Caputi et al. 2010 

Links relating to phyllosoma growth and the temporal and spatial patterns of puerulus 

settlement have also been deduced from the environmental conditions. Temperature has been 

found to influence all life stages of P. cygnus (Chittleborough, 1975; de Lestang et al., 2009, 

2015; Melville-Smith et al., 2010; Pearce & Phillips, 2011). For phyllosoma, it accelerates their 

growth and survival as larvae, but at an expense to their size as puerulus (Melville-Smith et al., 

2010). The sea surface temperature offshore, as the LC is increasing in strength (February – 

April), correlated to the PI for the upcoming season (5 – 6 months away) (Caputi et al., 2001). 

Additionally, the strength of the LC as phyllosoma return to the shelf (June – December) 

correlated to the mean latitude of puerulus settlement, whereby the stronger the poleward-

flowing current, the further south the mean latitude of puerulus settlement (Figure 2.9) (Caputi, 
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2008). As a proxy for storms, rainfall between July and November had previously been 

correlated to the season's PI (Caputi & Brown, 1993). However, this relationship began to break 

down by the mid-2000s (Caputi et al., 2010). Finally, where PI was high, settlement usually 

occurred earlier in the season (Caputi et al., 2001). 

 

Figure 2.9 Fremantle mean sea level (cm) between June and December plotted against the mean latitude of puerulus settlement 

(Caputi, 2008) 

To better understand these correlations to puerulus settlement, particle tracking methods were 

first to model the P. cygnus early life cycle by Griffin and colleagues (2001) (9 to 11 months). 

Lagrangian particle tracking transports larvae by a displacement depending on the vertical and 

horizontal velocities exerted on each particle or model phyllosoma (van Sebille et al., 2018). 

Mechanisms surrounding that displacement can be modified to most accurately represent 

known conditions on how the particle moves, whether that be diurnal vertical movement, 

buoyancy or swimming abilities. These methods can be applied to understand shelf or transport 

processes (Cetina-Heredia, Roughan, van Sebille, et al., 2019; Feng et al., 2010; Jones et al., 

2020) or larval movement of species, in particular those with pelagic larval durations such as 

lobster or fish species (Chassé & Miller, 2010; Kvile et al., 2018; Miyake et al., 2009; Peliz et 

al., 2007; Roughan et al., 2011; Velo-Suárez et al., 2010).  

Griffin et al. (2001) focused on the advective and dispersive effects of the Leeuwin Current 

using hindcast (past-time) ACOM3 3D velocity fields developed by CSIRO. The primary aim 

was to understand whether it was the advective processes of the LC that were the cause for the 

correlation with PI. P. cyngus larvae were modelled as nine stages (Figure 2.3) with ontogenetic 

vertical migration (OVM) and swimming at the puerulus stage. Using six years of data, forming 
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three levels of settlement, the model revealed that puerulus could return to the coast due to the 

strong south-westerly summer winds and associated surface currents, therefore overcoming the 

southward flowing LC (Griffin et al., 2001). In addition, there was general agreement with the 

observed distribution of phyllosoma offshore (Phillips, 1981; Rimmer & Phillips, 1979). 

Another key finding was that strong LC seasons were associated with a more southern 

distribution in the settlement, which was confirmed in future research (Caputi, 2008; Caputi et 

al., 2003). However, the model failed to produce large inter-annual PI fluctuations, even though 

the strong and weak LC effects were evident in velocity estimates. Therefore, this work 

suggested that puerulus settlement was controlled by other environmental parameters not 

included in the model, while noting that advection processes may have been not adequately 

quantified (Griffin et al., 2001). 

Building on this work, Feng et al. (2011) modelled the early life cycle of P. cygnus over nine 

years using improved velocity fields from the Bluelink reanalysis (BRAN), which had been 

developed for the Australian region (Schiller et al., 2008). Similar to Griffin et al. (2001), OVM 

was implemented alongside Stoke’s drift and wind correction methods to achieve a similar 

latitudinal distribution of particle settlement to observed puerulus settlement. Particles became 

well-mixed offshore, and northern locations, particularly the Abrolhos Islands, were key 

hatching areas for successful particle settlement, presumably due to the warmer temperatures. 

They further identified that particles released (or hatched) earlier (October – December) lead 

to higher survival. This research was partially prompted by a need to better understand the 

environmental effects on the early life cycle due to a decline in puerulus settlement over all 

latitudes of the fishery in 2007 and 2008, no longer following the FMSL and SOI trajectory 

(Feng et al., 2011).  

The consecutive years of low puerulus settlement were a catalyst for changes in fishery 

management and a reassessment of the correlations between puerulus and environmental 

variables (de Lestang et al., 2012, 2015). The fishery changed to an Individual Transferrable 

Quota system, and significant fishing effort reductions to spawning stock were introduced 

(Caputi et al., 2021; de Lestang et al., 2012). A risk workshop found it most likely that a 

combination of environmental effects and overfishing of the spawning stock was the cause 

(Brown, 2009). However, after an increase in the spawning stock, reported by the Independent 

Breeding Stock Survey, puerulus settlement remained low, although slightly recovered, 

through a La Niña year where higher than average puerulus settlement was expected (de 

Lestang et al., 2015). A reassessment of environment indices suggested that the timing of 
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spawning, storm activity between May and October and offshore water temperature in February 

were responsible for 71% of the variability in puerulus settlement between 1993 and 2013 (de 

Lestang et al., 2015). A reduction in synoptic storm events (Weller et al., 2012) and weakened 

phyllosoma conditions offshore (Säwström et al., 2014; M. Wang, O’Rorke, et al., 2015) also 

drew links to the low puerulus settlement. 

Upon puerulus recovery to previous maxima by 2013 (Figure 2.2), particle tracking work was 

expanded to cover 18 years (Caputi et al., 2018; de Lestang et al., 2016). It aimed to improve 

the fit of the model settlement to the observed settlement inter-annually, spatially and within 

each season (Caputi et al., 2018). They captured the PI through sensitivity analysis relating to 

wind and wave forcing, swimming speeds, growth patterns, and the maximum amount of time 

as a puerulus. However, there were compromises through optimisation between one model 

capturing the PI more effectively and another capturing the monthly variation in settlement 

within a season. Findings importantly drew upon the likelihood of a timing mismatch having 

occurred during the low settlement years. For example, the timing of hatching, phyllosoma 

development offshore, and oceanographic conditions near the shelf upon their return must be 

aligned. Weakened winter storms and increasing Leeuwin Current in the summer months were 

highlighted as causal conditions behind the possible misalignment and years of unusually low 

puerulus settlement (Caputi et al., 2018). 

2.5  Summary 

This background chapter introduced the Western Rock Lobster with a focus on their pelagic 

early-life cycle. With that context in mind, it provided a detailed summary of the conditions of 

the South-East Indian Ocean and the shelf conditions off Western Australia that influence this 

vulnerable life stage. The Leeuwin Current is a key driver to larvae transport and oceanographic 

conditions over the 9 to 11 month pelagic larval duration until settlement in the fishery as 

puerulus (Pearce & Phillips, 1988). In particular, the entrainment of P. cygnus phyllosoma 

within the mesoscale eddies of the Leeuwin Current are vital to their health, movement and 

subsequent return to the continental shelf (Feng et al., 2011; M. Wang, O’Rorke, et al., 2015).  

An unusually low puerulus settlement period occurred in 2008 and 2009, where previous 

correlations of proxy environmental variables to puerulus settlement patterns broke down, 

causing management changes in the fishery  (de Lestang et al., 2015). Subsequent research has 

focused on replicating the decline and recovery through particle tracking and finding whether 

its cause was due to nutritional conditions of phyllosoma offshore (O’Rorke et al., 2015; 
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Säwström et al., 2014; M. Wang, Mackenzie, et al., 2015). Particle tracking models have 

replicated the low settlement years (Feng et al. 2015; Caputi et al., 2018). However, the shifts 

in settlement patterns within a season have not been captured or identified (Caputi et al., 2018). 

Furthermore, the primary reasons behind this period have not been explicitly identified, but it 

was likely a culmination of several factors. This thesis focuses on characterising the shifts in 

settlement patterns and characterising the oceanographic processes driving these shifts.  
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Chapter 3 Changes in Panulirus cygnus settlement 

along Western Australia using a long time series 

 

Before this research, the knowledge surrounding the changes in Western Rock Lobster puerulus 

settlement patterns over the last 20 years was relatively unknown. Despite consistent 

monitoring, the differences in settlement patterns both temporally and spatially had not been 

characterised. This chapter was approached as the starting point to understanding what, if any, 

significant changes in puerulus settlement within the fishery had occurred since the years of 

low puerulus settlement and the subsequent recovery.  
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3.1  Abstract 

The pelagic development stages of many marine invertebrate species dictate their spatial and 

temporal distribution once reaching their benthic second phase of life. This life cycle is 

associated with the Western Rock Lobster (Panulirus cygnus) along the coast of Western 

Australia.  Over the past 50 years, the number of puerulus reaching the nearshore reefs after 

their first nine to eleven months of pelagic life in Western Australia has been monitored. These 

numbers, collected now at eight sites over the latitudes of the fishery, are indicative of the 

catchable stock 3 to 4 years into the future. In 2008, the fishery experienced a recruitment 

failure that lasted for several years before recovering to mean numbers pre-2008. This was 

associated with spatial and temporal shifts in the patterns of puerulus settlement. Previous 

research has hypothesised that physical and biological conditions in the South-East Indian 

Ocean no longer favoured their survival. However, this decline has not been attributed to a 

single process. Here we characterise the data using ANOVA and pairwise comparisons to better 

understand the typical patterns after the decline. Our results demonstrate that there has been a 

significant reduction in puerulus numbers over the first half of the season at all sites post 

decline. For the sites south of Lancelin, there has been a significant reduction in puerulus 

numbers over the whole season. In addition, sites showing signs of recovery indicate that most 

settlement occurred in the second half of the season. We anticipate these results to be the 

starting point for focused research into the environmental changes that may have occurred to 

generate these shifts in settlement numbers from a timing and spatial perspective.   
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3.2  Introduction 

The early life history of most marine fishes and invertebrates have a bi-phasic life cycle with 

pelagic and benthic stages. In the pelagic phase, larvae and eggs in the upper water column can 

be transported long distances over many months. They return to the coast, settle and live as a 

benthic adult.  Data on larval settlement are valuable for stock monitoring as many 

oceanographic, biological, and anthropogenic processes influence their distribution, 

abundance, and survival. In many fisheries, insufficient data are available on critical life stages 

or the environment, and over a large enough spatial and time scales, to provide advance 

warning of any changes. One of the longest time series of fishery catch is from the northeast 

Pacific Ocean of two salmon species: the Gulf of Alaska pink salmon and Oregon Coho 

salmon. The time series extends over many decades to the mid-1920s (Francis & Sibley, 1991), 

and their year-to-year variability led to the discovery of the Pacific Decadal Oscillation (PDO) 

and longer-term variability in sea surface temperature in the Pacific Ocean (Mantua et al., 

1997). For many years, the PDO served as a useful index for predicting fish productivity and 

distribution patterns in the northeast Pacific, but these relationships broke down around 1988 

(Litzow et al., 2020). The availability of long-term time series on fish catches was invaluable 

in evaluating these changes.  

The Western Rock Lobster (Panulirus cygnus), a benthic species with a pelagic larval stage, 

was the first post-larvae (puerulus) to be successfully collected at regular intervals (Phillips, 

1972). This has provided over half a century of recruitment data at several sites within the 

fishery, which is a rarity (Geromont & Butterworth, 2015; Smith et al., 2009).  The longevity 

of this dataset and its importance in the effective management of the fishery lead to it being the 

first species in the world to achieve the international gold standard in sustainability with 

accreditation from the Marine Stewardship Council (Bellchambers et al., 2016). The dataset 

has been used to develop a Puerulus index (PI) of settlement of P. cygnus at key sites across 

the fishery for management to predict catches 3 to 4 years to the future (Chapter 2; de Lestang 

& Caputi, 2015; Phillips, 1986). The PI is the annual (May – April) sum of the monthly mean 

of puerulus numbers currently collected at eight sites spanning the lower two-thirds of the 

fishery (Figure 3.1). 
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Figure 3.1 The extent of the Western Rock Lobster Fishery (WRLF) (green). The zones and key areas of the WRLF 

are in blue (de Lestang et al., 2012). These spatially define management controls. Current puerulus survey sites 

are indicated by the locations in bold. Schematic includes the referenced currents systems in grey. Eddies 

generated by the Leeuwin Current flow down the continental shelf are seen, and the approximate location of the 

Cape Current is included 
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The study region (Figure 3.1) is strongly influenced by the Leeuwin and Capes Currents 

(Chapter 2; Pattiaratchi & Woo, 2009; Wijeratne et al., 2018). In contrast to other eastern 

boundary currents that consist of equatorward surface flow accompanied by large-scale 

upwelling (Bakun, 1990; Montecino & Lange, 2009), the poleward flow of the Leeuwin 

Current (LC) promotes a downwelling system (Cresswell & Golding, 1980). The LC is 

associated with strong seasonal and inter-annual variability with stronger (weaker) currents 

during the winter (summer) and La Niña (El Niño) events (Pattiaratchi & Buchan, 1991; 

Wijeratne et al., 2018). The peak transport of the LC usually occurs in June, with a minimum 

in October.  There is a weaker secondary peak in December/January (Wijeratne et al., 2018). 

The LC also supports a highly energetic mesoscale eddy field (Figure 3.1) compared to other 

eastern boundary current systems (Pattiaratchi & Siji, 2020). The mean monthly sea level at 

Fremantle (Figure 3.1) has been used as a proxy for the strength of the LC (Feng et al., 2003; 

Pattiaratchi & Buchan, 1991). The Capes Current (CC), a seasonal inner shelf wind-driven 

current (Figure 3.1), flows northward inshore of the LC during summer months (Gersbach et 

al., 1999; Pearce & Pattiaratchi, 1999). 

Eggs hatch from berried P. cygnus females from November to February within the study 

region, after a temperature-dependent incubation period of up to two months (Gray, 1992). 

Once hatched, larvae are transported offshore by strong alongshore winds and a weaker LC 

into the deeper ocean, where they transform from the pelagic phyllosoma larval stage to 

settlement ready, in the more actively swimming puerulus larval stage over 9 to 11 months 

(Chapter 2; Feng et al., 2011; Phillips, 1981). The phyllosoma undertake diurnal vertical 

migration and exhibit nutrient and water temperature-dependent growth during this time 

(O’Rorke et al., 2014). Metamorphosis into puerulus occurs during late austral winter-spring 

(Caputi & Brown, 1993). The circulation patterns of the open ocean likely give rise to spatially 

varied transport of the puerulus, with the majority of the settlement occurring in shallow areas 

along the Western Australian coast (Caputi, 2008; Feng et al., 2011). 

Historically, the variability in settlement of P. cygnus has been attributed to environment 

drivers offshore (Caputi, 2008; Caputi et al., 2001; Griffin et al., 2001). In the late 1980s, a 

positive relationship was found between the strength of the southward flowing Leeuwin 

Current (with Fremantle Mean Sea Level (FMSL) in April as a proxy) and the PI (Pearce & 

Phillips, 1988). Similarly, the FMSL from June to September correlated with the mean latitude 

of settlement prior to 2007 (Caputi, 2008). If the LC was stronger, the mean latitude of 

settlement was further south. La Niña phases were also found to coincide with an above-
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average PI, thought to be due to a strengthened LC during these phases, with the Southern 

Oscillation Index (SOI) as an indicator (Clarke & Li, 2004; Pearce & Phillips, 1988). Offshore, 

sea surface temperature, the bottom temperature throughout the spawning season and westerly 

(onshore) winds in spring have also been identified as co-varying with the PI of the coming 

season (Chapter 2; Caputi et al., 2001, 2010; Chittleborough, 1975).  

Abnormally low puerulus settlement across all collector sites of the fishery were observed 

between the 2008 to 2009 seasons (Caputi et al., 2014; de Lestang et al., 2015). In 2008, the 

settlement was expected to increase due to environmental indicators but instead remained at 

historically low levels until a recovery was observed in 2010 (Figure 3.2). Research on this 

period of PI decline included an examination of overfishing of the spawning stock (de Lestang 

et al., 2015) and whether survival conditions were no longer met in the early pelagic life stages 

(Säwström et al., 2014). Despite the extensive records on puerulus settlement, the primary 

focus on how this recruitment anomaly occurred centred on the PI for the whole fishery and 

not the individual monitoring sites (Figure 3.1). Additional years of data since the recruitment 

failure have revealed different possible responses across sites and over the settlement season. 

The aims of this study are to: (1) examine spatial and temporal variability in puerulus settlement 

across the fishery using a time series of several decades; and (2) elucidate factors that may have 

contributed to the recruitment failure in 2008-2009. 

3.3  Methods 

3.3.1  Puerulus settlement data 

Puerulus settlement is surveyed year-round, currently at eight sites across the fishery (Figure 

3.1 and Table 3.1) using artificial seagrass-like collectors (Phillips, 1972). The first collectors 

were deployed at Seven-Mile Beach near Dongara in 1968 (Figure 3.1), with sites chosen based 

on observed habitat association of juvenile P. cygnus (Phillips, 1972). Puerulus settlement 

sampling is conducted as close as possible to the full moon, but may occur five days on either 

side. Puerulus are likely to have settled on the previous new moon period, giving approximately 

monthly data (de Lestang et al., 2012).  
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Table 3.1 Summary of locations used for puerulus collection and those used to calculate the Puerulus Index (de 

Lestang et al., 2012) 

 

For this study, we used all available puerulus settlement data from 1968 onwards to assess 

changes in the magnitude of settlement (Table 3.1). For each site, monthly puerulus settlement 

was calculated as the average number of puerulus counted per collector.  If a site was not 

sampled for a month, the proportion that month contributed on average to a settlement season 

was used to estimate the missing month’s likely proportional settlement level.  The annual PI 

for a given site is the sum of monthly mean values between May and April. The standardised 

fishery-wide puerulus index, PI, is calculated based on the monthly mean puerulus settlement 

numbers from all eight sites, using a Generalised Linear Model to adjust for unbalanced 

sampling (if it occurred) between site and month (de Lestang et al., 2012), thus obtaining an 

annual index (marginal means computed by the emmeans() R package (Lenth, 2018)). 

The spatial and temporal distribution of settlement over the latitudes of the fishery were 

investigated from 1984 onwards when most sites were being frequently serviced and providing 

consistent data. The timing and latitude of the settlement are separate indices derived from all 

sites’ data. The timing of settlement was calculated as the mean day since May 1 of the season, 

weighted by the monthly magnitude of settlement. This was calculated here for the whole 

fishery and each site. We have chosen to focus on sites individually as changes in the PI have 

responded differently over the last twenty years. 

3.3.2  Statistical analysis 

Three fixed factors were used to test changes in the mean numbers of puerulus before and after 

the low settlement period across the fishery: in the early or late part of the season (2 levels; 

Early and Late), before or after the period of low settlement (2 levels; Before and After), and 

the Site (8 levels; Port Gregory (PBK), Abrolhos (ABR), Dongara (DON), Jurien Bay (JUR), 

Lancelin (LAN), Alkimos (ALK), Warnbro (WBK) and Cape Mentelle (MBK). Monthly 

settlement numbers were averaged by each collector for both the early (May to October) and 

Puerulus collector site Date range Collectors used for the PI 

Port Gregory (PBK) 1995 – to present All (5 collectors) 

Rat Island, Abrolhos (ABR) 1971 – 1978; 1984 – to present 1 – 4 (omitting #5) 

Seven Mile Beach, Dongara (DON) 1968 – to present All (6 collectors) 

Jurien Bay (JUR) 1969 – to present 1 – 5 (omitting #6) 

Lancelin (LAN) 1990 – to present All (5 collectors) 

Alkimos (ALK) 1982 – to present All (5 collectors) 

Warnbro (WBK) 1984 – to present All (5 collectors) 

Cape Mentelle (MBK) 1984 – to present All (5 collectors) 
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late (November to April) portions of the settlement season, with seasons before and after the 

period of low settlement used as replicates. A repeated measure analysis of variance was 

conducted, with Collector identity (6 levels; nested in Site) included to account for repeated 

sampling, using the PERMANOVA+ add-on package for PRIMER v6 using 9999 permutations 

(Anderson et al., 2008), and a Euclidean distance measure. Significant terms and interactions 

were investigated using a posteriori pairwise comparisons with the PERMANOVA t statistic 

and 9999 permutations (Anderson, 2001). 

3.4  Results 

3.4.1  Magnitude of settlement  

3.4.1.1  Concurrent seasonal settlement across the fishery 

High and low puerulus settlement seasons occur concurrently across all sites, with the highest 

numbers occurring in the central latitudes of the fishery at Dongara, Jurien Bay and Lancelin. 

Lancelin recorded the highest PI for one collector site in the 1995 season with 262 (Figure 3.2). 

The highest mean PI across the whole fishery was during the 1974 season when all existing 

sites (Abrolhos, Dongara and Jurien Bay) experienced a peak in settlement (Figure 3.2b, c and 

d).  Since data collection began, there has been a general trend in highs and subsequent lows 

approximately every five years (Figure 3.2). This is consistent at all sites apart from Cape 

Mentelle, which has consistently low puerulus numbers. The high/low settlements often 

coincided with ENSO events with higher settlement during La Niña years (1974, 1988-1989, 

1999) and lower settlement index during El Niño years (1982, 1988, 2002). There were also 

contrasts to this pattern with a higher settlement index in 1988 associated with El Niño and a 

lower settlement index during the La Niña event in 2011. After the higher settlement in 1999-

2000, there was a gradual decrease in the PI with the minimum values recorded in 2008-2009. 

We define recruitment failure for the 2008 and 2009 seasons. The PI gradually increased from 

2010 onwards (Figure 3.2i). 
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Figure 3.2  Annual Puerulus Index (PI) at all survey sites currently in use. The fishery-wide PI is calculated as a 

mean of all eight sites. The grey shading indicates the period of low settlement index, which occurred over the 

whole fishery. 
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3.4.1.2 A change in the magnitude of monthly settlement: before and after the puerulus 

decline 

The monthly puerulus settlement over the season (May – April) differs between the sites, 

although sites closer in latitude to one another vary more similarly, even in their response to 

the period of low settlement (Figure 3.3). At the northern latitudes of the fishery (27°S – 29°S), 

Port Gregory would, on average, peak in August and September before gradually declining 

until the end of the season. This is in comparison to now, where the peak monthly puerulus 

settlement, post-2010, has now decreased in magnitude by half and occurs in December and 

February (Figure 3.3). Regardless of the period of low settlement, the peak month for the 

Abrolhos puerulus settlement has consistently occurred in December.  Across the central sites 

(Dongara, Jurien Bay and Lancelin), the timing of settlement appears to have shifted toward 

later in the season (Figure 3.3). Both Warnbro and Cape Mentelle have declined to low puerulus 

numbers with no distinguishable patterns. Across the latitudinal range of PI collection, monthly 

numbers of puerulus settlement have decreased more in the first half of the season than the 

second. This is particularly clear for the central sites where the greatest puerulus numbers are 

typically recorded.   
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Figure 3.3  Average monthly puerulus settlement over the season (May - April) at each survey site before (grey) 

and after (red) the 2007 downturn in the puerulus index, with 2007 to 2009 seasons removed. In order of latitude 

from north to south (a) Port Gregory (b) Abrolhos (c) Dongara (Seven Mile Beach) (d) Jurien Bay (e) Lancelin 

(f) Alkimos (g) Warnbro and (h) Cape Mentelle. 

3.4.2  Timing of settlement 

The mean timing of settlement over all the sites has shifted to later in the year (Figure 3.4). 

Before 2008 and 2009, the peak mean settlement occurred in October and November, and post-

2009, it is in December (Figure 3.4).  The mean timing of settlement at each individual site has 

shifted 23 days later post-2009. 
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Figure 3.4 Adjusted settlement ridgeline plot over all the puerulus sites from 1990 to 2018, displaying the timing 

of puerulus settling into the fishery throughout the season. The red line indicates the mean timing for the whole 

season starting May 1. Light grey seasons are those with a PI in the lowest ten percentile. The dark grey seasons 

had a PI in the highest 90 percentile.   

Prior to 2007, there were puerulus settling into the fishery from August through to February, 

with high PI years exhibiting characteristics of two peaks in settlement over the season (e.g. 

1984, 1995 and 2000) (Figure 3.4). Across all locations, aside from Abrolhos, half of the 

settlement occurred before the end of October. This implies that the puerulus settling over the 

fishery was relatively evenly distributed between the first and second 6 months of the season. 

After 2009, the settlement was minimal in the first half of the season, with most puerulus 

settling after September, with the two settlement peaks no longer being distinguishable (Figure 
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3.4). The ratio of May to October settlement to November to April settlement decreased by 

approximately 30% after 2009, with over 70% of the settlement now occurring after October. 

 

Figure 3.5  Mean puerulus numbers in the early (May – October) and late (November – December) half of the 

seasons before (pre-2007) and after (post-2009) the low settlement period. The interaction between site, timing 

and before or after the decline was significant in the ANOVA model. Results of pair-wise comparisons are 

indicated by an alphabetic character. 
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Before the period of low settlement, most sites had significantly higher settlement earlier in the 

season (PBK, t=3.79 p<0.001; ABR, t=8.47 p<0.001; DON, t=5.78 p<0.001) except for Jurien 

Bay and Lancelin, which did not vary across the season (Figure 3.5). Historically, Abrolhos 

was different, with consistently more settlement in the latter half of the season. After the period 

of low settlement, settlement is now generally lower across many sites. However, there has 

been a striking shift where the settlement regime of the majority of coastal settlement sites now 

resembles patterns observed at Abrolhos, with significantly greater settlement occurring in the 

latter half of the season (Figure 3.5) (PBK, t=2.45 p=0.27; ABR, t=7.21 p<0.001; DON, t=6.53 

p<0.001; JUR, t=5.48 p<0.001; LAN t=5.26 p<0.001). The exceptions are Warnbro, Alkimos 

and Cape Mentelle, which now have generally very low puerulus settlement throughout the 

year. 

3.5  Discussion 

Using a long-term time series of puerulus settlement along the coast of Western Australia, this 

study has shown that, although the number of puerulus settling has returned to historical levels 

in the northern section of the fishery, patterns of puerulus settlement at all coastal sites remain 

very different to those prior to 2007. This is despite offshore conditions and egg production 

within the fishery being conducive to successful recruitment and associated high stocks (de 

Lestang et al., 2015). By describing PI changes that have occurred and contrasting them 

between sites along the coast and times of the year, we have identified several indicators that 

could prove vital in disentangling both the cause of the recruitment failure, including longer-

term implications for the Western Rock Lobster fishery (Table 3.2).    

Table 3.2 Summary of identified contrasts in puerulus settlement patterns before and after the P. cygnus 

recruitment failure in 2008 

 

Puerulus settlement levels in the northern areas of the fishery have recovered since the decline 

to exhibit similar seasonal fluctuations with peaks in PI every few years (Figure 3.2). In 

contrast, sites south of Lancelin indicated significant decreases in PI magnitude in the early 

and late stages of the season (Figure 3.5) with little recovery (Figure 3.2). Lancelin, a location 

 Pre-2008 Post-2008 

Timing 
~ October for coastal ~ December/January for coastal 

~ December/January for Abrolhos ~ December/January for Abrolhos 

Magnitude 

Highest = Dongara, Jurien Bay and 

Lancelin 

Highest = Dongara and Jurien Bay 

 South of Lancelin = less recovery 
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with very high recruitment numbers before, has also recovered but to a lesser extent than its 

adjacent northern counterpart, Jurien Bay (Figure 3.2). Therefore, we can closely examine the 

conditions that may prevent puerulus from recruiting at these southern sites, causing this break-

point at Lancelin, including patterns before and after the decline.  

In most cases where there has been a recovery in the magnitude of settlement, patterns in 

monthly settlement numbers over the season have shifted (Figure 3.3c and f, and Figure 3.5c 

and f). Abrolhos, the only site located offshore, has changed the least in its monthly settlement 

characteristics over a season and, therefore, the least in its settlement timing (Figure 3.3 and 

Figure 3.5). Abrolhos was previously an outlier regarding its later timing of settlement through 

being located within an island chain offshore (de Lestang et al., 2016). A decade later, the 

coastal settlement regime now resembles the historic offshore settlement regime (Figure 3.5). 

In the early half of the season, settlement numbers have declined, but they recovered later at 

Port Gregory and all sites further south (Figure 3.5). This shifts the mean timing of settlement 

to approximately a month later. Before 2008, the more southern sites rarely exhibited a 

secondary peak in settlement in the latter portion of the season, even during a high puerulus 

season (Figure 3.6). Therefore, it is possible that the first larvae to hatch, September to 

December, is where potential system mismatches lie, as they would be the early recruits within 

a season. The latter portion of the season has recovered to normal levels at most northern sites, 

with Dongara being significantly higher in this section than before (Figure 3.5). Abrolhos, the 

offshore site, reflects minimal changes, suggesting that puerulus journey across the shelf to the 

nearshore is where changes may have occurred. Future research needs to examine changes on 

the continental shelf that may have occurred, particularly during the peak months of settlement 

at the different sites. 

Between and within years, there was a strong pattern of synchronicity in PI between adjacent 

sites, suggesting that local oceanic conditions likely contribute to variation in puerulus 

settlement (Figure 3.3). This is not surprising, as multiple spawning periods over one season 

or a few months lead to altering dispersal patterns and considerably different oceanographic 

forcing for many pelagic larvae (Schilling et al., 2020). As a whole, the mean timing of 

settlement during peak years (highest 90%) has been during October. In contrast, now, the 

mean timing of settlement is usually in late December, irrespective of the puerulus numbers. 

Years with high puerulus numbers provide an opportunity to disentangle relationships with 

environmental predictors, i.e. low PI numbers at a site would not be due to a poor spawning or 

high phyllosoma mortality but instead changing environmental conditions (Figure 3.6). In 1995 
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and 2000, Abrolhos peaked in the second half of the season. Sometimes a similar timed peak 

is experienced in Dongara (1995) and sometimes not (2000). Nevertheless, since the recovery 

of settlement (post-2009), the peak in Dongara settlement during higher years was only in line 

with those experienced at Abrolhos (2013 and 2016). The same was true for Jurien Bay and 

Lancelin, now only experiencing a late peak in settlement, with Lancelin to a lesser extent 

(Figure 3.6). Before 2007, multiple peaks were typical with consecutive months of high 

settlement (Lancelin 1995, Jurien Bay 1996) (Figure 3.6). These patterns suggest that there 

may have been a change in the locations (latitude) and timing of cross-shelf transport in the 

system since the decline, particularly over the southern sites. This cross-shelf transport changes 

with the preferential latitudes of mesoscale eddies off the continental shelf (Feng et al., 2010). 

Therefore, considering the decline at Lancelin and evidence of more northward settlement at 

Quobba during the years of decline, the presence of eddies and differences in cross-shelf 

transport should be examined (Brown, 2009; de Lestang et al., 2015). 

 

 

Figure 3.6 Monthly puerulus numbers on collectors at each monitoring site over select seasons from north to 

south as the top to bottom of the page. 
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Given the changes highlighted above, seasons with substantial puerulus collection at one or 

more sites indicated there must have been some egg production along the coast 9 – 11 months 

prior. Therefore, when little to negligible settlement was experienced at any of the eight 

collector sites (2007 – 2010), there was the possibility of reduced larvae supply to the system 

(Brown, 2009) or increased larval mortality. Independent Breeding Stock Surveys indicated no 

change in the mature female stock before the PI decline (de Lestang et al., 2015). However, 

there was the possibility that surveys were not representative of all mature females. Risk 

assessment on the low puerulus settlement indicated that 35 – 50% of the decline was likely 

due to poor breeding stock levels around the Abrolhos and Big Bank area, which suggest the 

possibility was known (Brown, 2009). Management actions were taken at the time, and current 

stock levels indicate that breeding stock levels are now at record highs. However, patterns in 

the magnitude and timing of settlement throughout the fishery have undoubtedly changed. 

Depending on environmental conditions, it has been suggested that certain breeding areas 

would have more successful puerulus recruits to the fishery. Previous research has indicated 

that the puerulus reaching the Abrolhos were possibly less influenced by broad-scale 

environmental conditions and more by the spawning stock (Caputi et al., 1995). Consequently, 

the Abrolhos recovery has occurred with a similar month-to-month pattern. It may have been 

affected by the low breeding stock, but offshore broad-scale environmental conditions have 

been consistent. However, for coastal sites, the recovery in the spawning stock may have 

occurred in a way that has resulted in a timing mismatch or shift in environmental drivers, such 

as the Capes Current, which now resembles the Abrolhos (Caputi et al., 2018) 

Previous studies on the variability of puerulus settlement and links to the ocean environment 

have concentrated on processes in the deeper ocean, offshore of the continental shelf.  These 

have included the strength of the Leeuwin Current, using the Fremantle Mean Sea Level as a 

proxy (Caputi & Brown, 1993; Pearce & Phillips, 1988); the mesoscale eddies in the Leeuwin 

Current promoting onshore transport of puerulus (Hood et al., 2017; Säwström et al., 2014) 

and the condition of larvae within the offshore eddies (Fitzgibbon et al., 2014) and, surface 

gravity waves generated through Stokes drift (Feng et al., 2011). Individual-based modelling 

(IBM) efforts for P. cygnus, with the most recent in 2018, performed reasonably well and 

included the season of recruitment failure. However, their focus was on capturing the annual 

PI over several decades and not specifically examining the reasons behind the decline in 

settlement (Caputi et al., 2018; Feng et al., 2011). The hydrodynamic models used in these 

studies furthermore had low spatial resolution (~10 km) and could not resolve the physical 
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processes on the continental shelf without some adjustment (Caputi et al., 2018). Based on the 

results presented in this study, we believe that the main focus on why these shifts have occurred 

should be on the processes operating on the continental shelf. The main driver of circulation 

along the Western Australia continental shelf is wind, particularly over the summer months 

and the associated Capes Current (Gersbach et al., 1999; Wijeratne et al., 2018). Another 

contributing factor may be the second peak of the Leeuwin Current in January (Wijeratne et 

al., 2018). 

The years of recruitment failure (2007 – 2009) can be interrogated from a “whole of fishery” 

perspective. The period 2000-2007, before the minima in PI, was associated with cooler sea 

surface temperature anomalies (SSTA) that progressively became cooler over time (Pattiaratchi 

& Hetzel, 2020). Here, the SSTA decreased from -0.5⁰C in 2001 to -1.75⁰C in 2006. Similar 

trends decrease over the period 2000-2007 were recorded in kinetic energy and eddy kinetic 

energy across the study region (Pattiaratchi & Siji, 2020). From 2004 to 2013, the heat content 

in the subtropical Southern Indian Ocean increased, generating three consecutive positive 

Indian Ocean Dipole events, one of which also corresponded with a La Niña event (2007) (Cai 

et al., 2009; Volkov et al., 2020). This extended period of “hiatus” conditions in the system and 

unprecedented conditions could have contributed to the recruitment failure.  The region also 

experienced a severe marine heatwave (Ningaloo Niña) during 2011 that significantly affected 

the coastal ecosystem (Feng et al., 2015). This event may influenced the recovery of the 

settlement index after 2008-09. The changes in the ocean environment that may have 

contributed to the recruitment failure and the subsequent shifts in recruitment patterns 

highlighted here will be investigated in future research. 

Over a decade after the period of low puerulus settlement, we understand that a broad-scale 

South-East Indian Ocean physical change was not the sole reason behind the changes in 

recruitment patterns, as one sustained change likely did not occur to alter all sites equally. 

However, breaking down each stage of the P. cygnus early pelagic life cycle highlights how 

many physical and biological impacts there are on their survival, including a successful 

breeding stock. Over the period of unusually low settlement, all worse case scenarios may have 

coincided, only to recover in a slightly shifted manner. The significant changes in the fishery 

since the recruitment failure (2008 – 2009) can now be dissected as likely nearshore responses 

as opposed to a shift in the South-East Indian Ocean conditions. 
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3.6  Conclusion 

In summary, we have dissected significant points of contrast before and following the 

recruitment failure in 2008 to generate the data required to examine the relationships between 

puerulus recruitment and the physical marine environment.  The number of successful recruits 

reaching the Abrolhos has changed the least whilst the three southern-most collector sites 

(Alkimos, Warnbro and Cape Mentelle) have markedly declined. Monthly settlement patterns 

in the central sites and Port Gregory have shifted to peaking in the second half of the season, 

similarly to what is exhibited at the Abrolhos. Due to these changes, the mean latitude of 

settlement has shifted further north since 2008. Particle tracking efforts during the years of 

decline, before and after, will help answer some of these questions surrounding the mechanisms 

driving their transport month to month and clarify the reasons behind the decline. 
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Chapter 4 Using an oceanographic model to investigate 

the mystery of the missing puerulus 

 

This chapter used direct oceanographic parameters to uncover relationships, given the 

breakdown of previous relationships between proxy environmental variables, such as the 

Fremantle Mean Sea Level and the puerulus settlement outlined in Section 2.4. Generalised 

additive model analysis was used to compare oceanographic predictor variables to the puerulus 

settlement at each monitoring site over the early and late portions of the season. Additionally, 

inter-annual and seasonal fluctuations over the past twenty years in the South-East Indian 

Ocean and on the continental shelf were addressed concerning this mystery of the missing 

puerulus.  

 

 

Citation: Kolbusz, J., Langlois, T., Pattiaratchi, C., & de Lestang, S. (2021). Using an 

oceanographic model to investigate the mystery of the missing puerulus. Biogeosciences (pre-

print), 1–37. https://doi.org/10.5194/bg-2021-128    
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4.1  Abstract 

Dynamics of ocean boundary currents and associated shelf processes can influence 

onshore/offshore water transport, critically impacting marine organisms that release long-lived 

pelagic larvae into the water column. For example, the Western Rock Lobster, Panulirus 

cygnus, endemic to Western Australia, is the basis of Australia's most valuable wild-caught 

commercial fishery. After hatching, Western Rock Lobster larvae (phyllosoma) spend up to 11 

months in offshore waters before ocean currents and their ability to swim transports them back 

to the coast. The abundance of Western Rock Lobster post-larvae (puerulus) provides a 

puerulus index used by fisheries managers as a predictor of lobster abundance 3-4 years later. 

This index has historically been positively correlated with the strength of the Leeuwin Current. 

In 2008 and 2009, the Leeuwin Current was strong, yet a settlement failure occurred throughout 

the fishery, prompting management changes and a rethinking of environmental factors 

associated with their settlement. Thus, understanding factors that may have been responsible 

for the settlement failure are essential for fisheries management. Oceanographic parameters 

likely to influence puerulus settlement were derived for 17 years to investigate correlations. 

Analysis indicated that puerulus settlement at adjacent monitoring sites have similar 

oceanographic forcing with kinetic energy in the offshore and the strength of the Leeuwin 

Current being key factors. Settlement failure years were synonymous with ‘hiatus’ conditions 

in the South-East Indian Ocean and periods of sustained cooler water present offshore. Post-

2009, there has been an unusual but consistent increase in the Leeuwin Current during the early 

summer months with a matching decrease in the Capes Current, which may explain an observed 

settlement timing mismatch compared to historical data. Our study has revealed that a 

culmination of these conditions likely led to the recruitment failure and subsequent changes in 

puerulus settlement patterns.   
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4.2  Introduction 

Fisheries management of the Western Rock Lobster (Panulirus cygnus), Australia’s most 

valuable wild-caught single-species fishery (de Lestang et al., 2018), utilizes an index of P. 

cygnus post-larvae (puerulus) settlement as one of its leading stock diagnostics. Over the past 

four decades, this index has been used to predict catches 3 to 4 years in advance (Caputi & 

Brown, 1993; de Lestang et al., 2015; Phillips, 1986), while historically being positively 

correlated with the strength of the Leeuwin Current (Lenanton et al., 1991; Pearce & Phillips, 

1988). There was an unexpected decline in puerulus settlement numbers during the 2008 and 

2009 settlement seasons (May - April). In response to this, the Department of Primary 

Industries and Regional Development, Western Australia (DPIRD, WA) fisheries managers 

made significant reductions to landings. In addition, they restructured the management system 

from input to output controls (Caputi et al., 2021). Puerulus settlement has subsequently 

recovered, but despite research regarding overfishing or possible biological and oceanographic 

conditions causing the change (de Lestang et al., 2015; Säwström et al., 2014), no discernible 

factor(s) explaining the puerulus settlement decline have been identified to date. Other research 

has shown that, since the recovery in puerulus numbers, there has been a latitudinal and timing 

shift in puerulus settlement compared to historical data (Chapter 3). The majority of the 

reduction has occurred in the first half of the puerulus settlement season (May – October). 

Additionally, in the southern sites, there has been a significant reduction over the whole season. 

In contrast, those in the north have maintained levels of puerulus settlement during the second 

half of the season (Chapter 3).  

 

Figure 4.1 Early life-cycle schematic of P. cygnus. Below the arrow indicates each stage's approximate timing 

(black) and location (blue). Above the arrow displays their growth, image credit Alice Ford. 
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Berried Western Rock Lobster females release their larvae (phyllosoma) throughout the study 

region (Figure 4.1 and Figure 4.2a). They are then transported offshore by the prevailing 

currents into the open ocean, where they transform through a series of temperature-dependent 

moults (Figure 4.1). After approximately eight months, they undergo their final metamorphosis 

into the actively swimming nektonic puerulus (Figure 4.1). The onshore movement of puerulus 

across the continental shelf peaks between September and February (de Lestang et al., 2018; 

Phillips, 1981). Therefore, circulation patterns of the South-East Indian Ocean influence 

spatially varied cross-shelf transport of the puerulus (Caputi, 2008; Feng et al., 2011). After a 

maximum of approximately 30 days, they reach shallow areas of reef and seagrass habitats as 

early juveniles (Feng et al., 2011).  

In the late 1960s, puerulus collectors resembling artificial seaweed were developed and 

deployed at several shallow-water sites within the fishery (Phillips 1981). Puerulus are 

currently counted at eight sites spanning the latitude of the fishery, with the centrally-located 

Dongara collectors (Figure 4.2a) now providing over 50 years of in-situ data (Chapter 3). The 

puerulus settlement index (puerulus index, PI) is derived from this data, with the majority of 

puerulus settlement occurring between August and January (de Lestang et al., 2012). Therefore 

the puerulus settlement season occurs between May to April. 

Research on the interaction between the physical environment and PI began in the 1980s with 

a strong positive relationship found between the strength of the Leeuwin Current (LC), with 

Fremantle Mean Sea Level (FMSL) as a proxy (Lenanton et al., 1991; Pearce & Phillips, 1988). 

Consequently, La Niña phases were also found to coincide with an above-average PI, thought 

to be due to a strengthened LC during these phases, with the Southern Oscillation Index (SOI) 

as an indicator of El Niño Southern Oscillation phases (Caputi et al., 2001; Clarke & Li, 2004; 

Pearce & Phillips, 1988). These relationships were identified through long-term correlations 

between the PI, FMSL, and SOI (Figure 4.3).  Since 1988, studies have also demonstrated that 

the inter-annual variation in PI was influenced by the sea surface temperature (SST) and 

westerly (onshore) winds (Caputi, 2008; Caputi et al., 2010; Caputi & Brown, 1993). Caputi et 

al. (2001) defined a significant area overlapping with the spatial extent of the LC, where SST 

(27°–34°S, 105°–117°E) in February-April had a positive relationship with the PI of the 

subsequent season. The bottom temperature during the spawning season has also been 

identified as a cue for hatching and therefore has a possible influence on the puerulus settlement 

season to follow (Chittleborough, 1975; de Lestang et al., 2015). 
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Figure 4.2 (a) Locations of puerulus survey sites included within this study and other locations of note. The north 

and south refer to the midpoint used in this analysis. In particular for kinetic and eddy kinetic energy calculation. 

Red boundary is the extent of environmental variables. Inset shows location of the coastline in Australia (b) 

Schematic of the major currents systems thought to influence early-stage P. cygnus larvae movement. Relative 

arrow size and location show characteristic currents. Eddies generated by the LC flow down the continental shelf 

are also indicated. 
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Following the decline in the PI in 2008 and 2009 (Figure 4.3), the relationships mentioned 

above between the PI and oceanographic factors broke down (Caputi et al., 2014; de Lestang 

et al., 2015; Feng et al., 2011). Through one of the strongest La Niña phases on record (2011), 

the PI still did not recover to the previously expected high values (Benthuysen et al., 2014; 

Boening et al., 2012). These changes have been generally attributed to increasing water 

temperatures during the spawning period, resulting in an earlier onset of spawning and a 

decrease in the number of storms occurring near puerulus settlement (de Lestang et al., 2015). 

Since this decoupling between proxy parameters and PI, additional years of contrasting 

settlement have been recorded, thus providing a larger dataset to re-examine these relationships 

following the period of low settlement.  

 

Figure 4.3 Time series of annual (a) fishery-wide PI (May – April); (b) Fremantle Mean Sea Level (FMSL) over 

June to December (m); and, (c) Southern Oscillation Index (SOI) (May –April). Grey shaded seasons indicate the 

less than expected PI based on a priori relationships (Caputi et al. 2001). Blue and red shading indicate a La 

Niña and El Niño periods, respectively. Updated to 2018 and modified from Figure 5 in Caputi et al. 2001. 

This study aims to understand the recruitment failure and subsequent shifts in settlement 

patterns, particularly regarding direct physical oceanographic parameters over the 9 to 11 

months before settlement. Previous research had highlighted that the causal factor of the 
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correlation between the LC strength and PI before 2009 was unclear. Several suggestions have 

been made as to whether it was due to the warmer waters the LC brings, high eddy retention of 

larvae close to the coast, or better nutritional development within eddies (Caputi et al., 2001; 

Lenanton et al., 1991; O’Rorke et al., 2015; M. Wang, O’Rorke, et al., 2015). Other parameters 

defining the oceanographic conditions in the region, including the northward-flowing Capes 

Current (CC) (Figure 4.2b), cross-shelf flows and the Kinetic and Eddy Kinetic energy, have 

been previously suggested as influencing the PI but not investigated (Hood et al., 2017; Koslow 

et al., 2008). The recent availability of high resolution 3D numerical oceanographic model 

output over an extended period (Wijeratne et al., 2018) eliminates the need to use proxies to 

represent oceanographic processes. Therefore, we calculated directly predicated oceanographic 

parameters at various locations throughout the fishery to investigate alongside puerulus 

settlement. 

4.3  Study Region 

Water circulation off the west coast of Australia is driven by the Leeuwin Current (LC) System 

that incorporates the Leeuwin Current, the Leeuwin Undercurrent and summer wind-driven 

currents, the Capes (CC) and Ningaloo (NC) currents, on the continental shelf (Figure 4.2b) 

(Pattiaratchi & Woo, 2009; Woo & Pattiaratchi, 2008). The LC is generated through a 

meridional pressure gradient resulting from the difference between lower density water off 

northWest Australia and the denser water of the Southern Ocean (Hamon, 1965; Pattiaratchi & 

Buchan, 1991; Pearce & Phillips, 1988). The mean southward volume transport of the LC peaks 

around 32.8⁰ S due to South Indian Counter Current input (Wijeratne et al., 2018). Near 28⁰S 

statistical analysis has shown a break-point in the LC, suggesting responses from the currents 

forcing along the coastline may differ on either side of this latitude (Berthot et al., 2007; 

Chittleborough, 1976). The El Niño Southern Oscillation (ENSO) cycle causes the pressure 

gradient to decrease/increase during an El Niño/La Niña episode, resulting in a weaker/stronger 

LC and cooler/warmer sea surface temperature SST (Feng et al., 2003; Pattiaratchi & Buchan, 

1991; Wijeratne et al., 2018). This is supported by strong correlations between the Southern 

Oscillation Index (SOI as an indicator of ENSO phases) and LC transport at 34⁰ S with a 6-

month lag (Schiller et al., 2008). 

The LC is stronger during austral winter (May – July) and weaker during the austral summer 

(November- March) due to variations in the equatorial wind stress and the Australasian 

monsoon season (January – March) (Pattiaratchi and Siji, 2020; Pattiaratchi and Woo, 2009; 
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Smith et al., 1991; Wijeratne et al., 2018). A weaker secondary peak in the LC also occurs over 

December/January (Wijeratne et al., 2018). Southerly wind stresses overcome the alongshore 

pressure gradient during the summer months, moving upper layers offshore and favouring 

upwelling onto the continental shelf (Pearce & Pattiaratchi, 1999). The CC can be identified 

through cooler waters initiated around 34⁰ S, extending to 27⁰ S inshore of the LC (Figure 4.2b) 

(Gersbach et al., 1999). The LC migrates offshore and is weaker over these sea-breeze 

dominated summer months, whereas, during winter, it floods the shelf and dominates the 

distribution of water masses (Cresswell et al., 1989; Pattiaratchi et al., 1997; Woo & 

Pattiaratchi, 2008). 

Mesoscale eddies have been identified in the LC system for more than 30 years (Andrews, 

1977; Cosoli et al., 2020; Pearce & Griffiths, 1991). The LC, and its associated flows, become 

unstable with the significant variations in topography over the latitudinal extent of the current, 

generating eddies, meanders and offshoots (Batteen et al., 2007). Therefore, as the LC strength 

increases, the system becomes more unstable, causing kinetic energy to increase (Feng et al., 

2005; Pattiaratchi & Woo, 2009). The Abrolhos Islands at 28.8⁰ S and the narrowing of the 

continental shelf slope south of Dongara and the Perth Canyon are major topographic features 

for the preferential generation of these eddies (Figure 4.2b) (Cosoli et al., 2020; Feng et al., 

2005; Huang & Feng, 2015; Meuleners et al., 2008; Rennie et al., 2007). They have a mean 

radius of ~100 km and generally keep their original formation, lasting approximately eight 

months (Cosoli et al., 2020; Fang & Morrow, 2003).  

4.4  Methods 

4.4.1  Puerulus settlement data 

Puerulus settlement is surveyed year-round, currently at eight sites across the fishery (between 

34 - 27°S) using artificial seagrass-like collectors. Sampling is conducted as close to the full 

moon but may occur five days on either side. Therefore, puerulus are likely to have settled on 

the previous new moon period, giving approximately monthly data (de Lestang et al., 2012). 

The monthly puerulus settlement at each site is calculated as the average number of puerulus 

per collector. For this study, we used the puerulus settlement data from 2001/02 season to 

2016/17 at each of the eight sites (Figure 4.2a), aligned with high-resolution oceanographic 

data hereafter detailed and estimates of Western Rock Lobster spawning biomass. Puerulus 

settlement data for each site was split into “Early” (May – October) and “Late” (November – 

April) portions, as described in Chapter 3.  
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4.4.2  Oceanographic data 

To explore the variation in puerulus settlement, alongside the prevailing oceanographic 

conditions, a single value for the respective early or late portion of the season was determined. 

Where relevant, the oceanographic variable was the same for both portions.  

4.4.2.1  Numerical model outputs 

The Regional Ocean Modelling System (ROMS) has been used in hindcast mode (past-time) 

for the whole of Australia (ozROMS) to resolve subsurface and surface currents and the 

associated volume transports (Wijeratne et al., 2018). This is a fully three-dimensional 

circulation model, resolving processes along the continental shelf, including tides, setting it 

apart from other ocean models for the same region. The grid was set at a horizontal spacing of 

3 km to allow for topographic detail, providing predicted water movement. At the time of 

writing, ozROMS model output was available for the period 2000-2017. Details and validation 

of the model are described by Wijeratne et al. (2018). Examination of this predicted data set 

allows for the strength of the Leeuwin Current (LC), Capes Current (CC), and cross-shore 

transport to be determined, as well as estimates of kinetic (KE) and eddy kinetic energy (EKE) 

(Pattiaratchi and Siji, 2020). Their fluctuation is indicative of the conditions off the west coast 

of Australia.  

Monthly surface KE and EKE was calculated from ozROMS to characterize the variability in 

the currents. A monthly time series was estimated following Eq. (1) for KE and Eq. (2) for 

EKE:  

𝐾𝐸 = √
𝑢2+ 𝑣2

2
 ,          (1) 

𝐸𝐾𝐸 = √
𝑢′2+ 𝑣′2

2
 ,          (2) 

where 𝑢 and 𝑣 are the monthly mean meridional and zonal velocities, respectively (Caballero 

et al., 2008), and 𝑢’ and 𝑣’ are the monthly averages with the climatological means subtracted 

to remove seasonality (Luo et al., 2011). The months that phyllosoma are offshore, depending 

on when they have hatched, can be between October (year – 1) to March (year + 1). Therefore, 

the calendar year from January to December was used to obtain average offshore conditions 

spanning the possible time frame offshore. Due to different mean oceanographic conditions, 

we considered a north and south offshore box (Figure 4.2a) that covered the approximate extent 

of where phyllosoma are transported (Berthot et al., 2007; Feng et al., 2010, 2011). For our 
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analysis, we have not defined the directionality and size of eddies. Still, it is an important 

consideration pertinent to larvae energy stores that would require further modelling outside the 

scope of the current study (Cetina-Heredia et al., 2019).  

The monthly transport estimates of LC and CC (in Sverdrups, Sv = 106 m3s-1) were derived 

using the ozROMS hindcast dataset (Wijeratne et al., 2018). The transport for each current was 

defined as follows: (1) CC as northward volume transport of water across latitudes 27°S, 30°S 

and 34°S in water depths less than 100 m; and, (2) LC as southward volume transport of water 

across latitudes 27°S, 30°S and 34°S but in water depths greater than 100 m but limited to 

upper 300 m of the water column (Appendices Table S1).  For the LC austral winter strength, 

the transport over June, July and August was averaged, and for summer, December, January 

and February were averaged. The LC summer period corresponds to recently hatched larvae 

(spawning season, s -1) leaving the continental shelf and puerulus returning in the “Late” 

portion of the season (settlement season, s) (Figure 4.1). The LC winter period corresponds to 

when puerulus are returning to the shelf (settlement season, s). The CC strength was divided 

into early (September, October and November) and late (December, January, February and 

March) and corresponded to the time when recently hatched larvae were leaving the continental 

shelf (spawning season, s -1) and puerulus returning in the “Early” and “Late” portions of the 

settlement season respectively.  

Cross-shelf transport (in Sv) was calculated for each monthly time step between the depth 

contours (200 – 50 m) over 2 degree latitudinal bins (26 - 28⁰ S, 28 - 30⁰ S, 30 - 32⁰ S and 32 - 

34⁰ S) (Appendices Table S1). These latitudinal bins were chosen closest to account for 

differences in topography and cross-shelf flow differences across the survey sites. Monthly 

averages for each latitudinal bin indicated that the variability in transport is highest over April 

to September. These months correspond to the eastward “on” movement of puerulus. Recently 

hatched larvae cross the shelf (westward, “off” in the spawning season) to the open ocean 

between September and March (Figure 4.1).  These two sets of months were averaged to get 

values of cross-shelf transport (as phyllosoma “off” and as larvae “on”) for each season. 

Temperatures in the model layer immediately above the seabed (‘bottom temperature’) over 

the spawning depths (40 – 80 m) were retrieved from ozROMS due to the absence of in-situ 

data (de Lestang et al., 2015). The predicted values were averaged over a northern and southern 

subset (Figure 4.2a) of the whole spawning season (September - March). Due to the ozROMS 

hindcast starting in 2000, values were only available from the 2001 season since the spawning 

season is the calendar year before settlement. Despite de Lestang and colleagues (2015) using 



Chapter 4  

 

52 

 

monthly values, we found only a small variation between the months and therefore used a 

single bottom temperature value to represent a season. The temperature in the top 100 m of the 

water column, east of 108⁰E, as a mean annual value from ozROMS was also included. This 

accounts for temperature variation over the migrating depths phyllosoma occupy over their 

early pelagic life-cycle (Feng et al., 2011; Griffin et al., 2001).  

4.4.2.2  Satellite-derived sea surface temperature (SST) 

Satellite-derived SST data for the study region were obtained from the Integrated Marine 

Observing System (IMOS) Australian Ocean Data Network (AODN) portal 

(portal.aodn.org.au). The climatology data, centred on the base period 1993 – 2020, SST Atlas 

of Australian Regional Seas (SSTAARS) (Wijffels et al., 2018) were used to derive monthly 

SST anomalies for the region extending offshore to 108⁰E (extent Figure 4.2, see also 

(Pattiaratchi & Hetzel, 2020). This was to reflect the extensive duration (~9 months) of the 

pelagic larval and pre-settlement stage of P. cygnus (Phillips, 1981). All monthly SST 

anomalies were initially included in the analysis due to the likely importance of temperature 

on all stages of the pelagic larval stage (Caputi et al., 2001; de Lestang et al., 2015). 

4.4.3  Independent Breeding Stock Survey (IBSS) 

Independent Breeding Stock Surveys (IBSS) have been conducted annually since 1992 over 

the last new moon (~ 15 November) before the start of the fishing season (de Lestang et al., 

2018). The catch rates of spawning females from this survey (adjusted for fecundity) provide 

a standardized egg production index. It is conducted at up to six sites spanning the fishery and 

close to the peak in egg production (November)  (Caputi et al., 1995; Chubb, 1991; de Lestang 

et al., 2016). Therefore, IBSS was included in our analysis, accounting for variability in the 

number of hatching larvae.  

4.4.4  Generalised additive modelling 

The oceanographic variables likely to influence water movement and the distribution and 

survivorship of P. cygnus, detailed above, were considered as predictors of the puerulus 

settlement within a generalized additive model (GAM). In addition, the IBSS was included as 

a predictor to include variability in the number of hatching larvae. Due to the extensive 

latitudinal range of the settlement data, some environmental variables were dividing into 

northern, central or southern areas depending on the data type and availability. A value was 

obtained for each possible predictor variable to align with each half of the puerulus season 



Chapter 4  

 

53 

 

(Appendices Table S1). Firstly, linear regression analysis was performed to assess whether 

strong (>0.70) correlations existed between variables. Where valid, a case by case approach 

was taken to determine whether both, an average, or one of the two variables was included in 

the overall model before the time series modelling - this eliminated potential problems with 

collinearity and overfitting (Graham, 2009). Bottom temperatures were all highly correlated 

(>0.89) and therefore averaged to give a single variable. Co-correlation between the SST of 

adjacent months lead to a winter and summer average being used. 

GAMs with full subset model selection (FSSgam) were used to investigate the influence of the 

final 16 (8 eights, early and late settlement periods) different response variables (Fisher et al., 

2018). Predictors were initially limited to a maximum of three knots per spline. However, due 

to the relatively small sample size and heterogeneous distribution of the predictors, cross-shelf 

transport remained, but other predictors were treated as linear relationships. Model sizes were 

limited to three predictors to prevent overfitting. Model selection was based on Akaike’s An 

Information Criterion (AIC, Akaike, 1973) optimized for small samples sizes (AICc, Hurvich 

and Tsai, 1989). The best models selected were the most parsimonious within two AICc units 

of the model with the lowest AICc (Burnham & Anderson, 2002). Importance scores for each 

variable were obtained by summing the AICc weights of each model that each variable 

occurred within (Fisher et al., 2018).  

The data for each oceanographic and meteorological variable were collated into annual values. 

They resulted in a total of 39 possible predictors of the late puerulus settlement (eight sites) 

and 33 possible predictors of the early puerulus settlement at sites (8) (Appendices Table S1). 

LC strength in summer and the late CC strength predictors for early settlement were omitted 

since they occur after early settlement each season. Considering the large number of predictors 

and interpretation of the results, a hypothesis table including each predictor was made (Table 

4.1). Given that the predicted data availability and the spawning season is in the calendar year 

prior, the relationship between all predictors and puerulus settlement was limited to the 2001 

to 2017 seasons.  

The R language for statistical computing (R Core Team 2018) was used for all data 

manipulation (Wickham et al., 2018) (dplyr, Wickham et al. 2018) and analysis (Wood, 2017) 

(mgcv, Wood 2011). In addition, MATLAB and the m_map toolbox were used for any spatial 

plotting (MATLAB, 2019b; M_Map: A mapping package for MATLAB, Version 1.4m).  

 

https://paperpile.com/c/gAEnsc/E4kzN/?prefix=FSSgam%2C%20
https://paperpile.com/c/gAEnsc/ZJ58h
https://paperpile.com/c/gAEnsc/KhVg4/?prefix=dplyr%2C
https://paperpile.com/c/gAEnsc/4MuJ7/?prefix=mgcv%2C
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4.4.5  Exploration of oceanographic patterns 

Findings of importance were expanded on from the results of the generalized additive model 

(GAM) analysis. Seasonal and inter-annual variability, not captured within the GAM, were 

explored. An extended period of low activity was experienced in the South-East Indian Ocean 

between 2001 and 2007 (Pattiaratchi & Siji, 2020). Given that processes in the ocean do not 

respond instantaneously, these ‘hiatus’ conditions were explored as a whole. ENSO 

information (SOI) and the Fremantle Mean Sea Level (FMSL) was obtained from the Bureau 

of Meteorology (Bureau of Meteorology, 2021a, 2021b). Altimeter data was accessed from the 

IMOS AODN to investigate the relationship between the PI and the energy system, in 

particular, the long-term KE and EKE over the South-East Indian Ocean (Pattiaratchi & Siji, 

2020) 

During the summer, the Capes Current and Leeuwin Current interactions were also addressed 

(Pattiaratchi & Woo, 2009; Wijeratne et al., 2018). First, the LC and CC summer period 

strengths were standardized for each season, and then the difference between the two was 

plotted alongside the early and late puerulus settlement levels.  
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Table 4.1 Predictor variables and metrics used in multiple regression to investigate variability in puerulus 

settlement and subsequent hypothesis. The subscript s identifies the relativity of a month to the puerulus settlement 

season (May - Apr) in question. s - 1 is within the season prior, and s + 1 is after. –ve denotes a negative 

relationship, and +ve denotes and positive relationship 

Predictor variable Metric used Hypothesised relationship to puerulus 

settlement 

Leeuwin Current 

(LC) 

Southward strength of the current in 

Sverdrups (Sv) at northern, central and 

southern locations for three periods:  

1.Larvae hatching / transport offshore 

(Decs-1 - Febs-1).  

 

2. Puerulus transport towards continental 

shelf (Mays - Junes) 

 

3. Peak settlement (Decs - Febs). 

 

 

 

1. -ve (all sites). 

 

 

2. +ve (all sites). 

 

 

3. -ve (north sites), +ve (south sites). 

 

Capes Current 

(CC) 

Northward strength of the current in Sv 

at a north, two central and a south 

location over two periods: 

1. Larvae hatching / transport offshore 

(Seps-1 - Novs-1 (early) and Decs-1 - Febs-

1(late)) 

 

2. Peak settlement (Seps - Novs(early) 

and Decs - Febs(late)) 

 

 

 

 

1. +ve (all sites) 

 

 

 

2. +ve (north sites), -ve (south sites) 

Kinetic and eddy 

kinetic energy 

Kinetic and eddy kinetic energy of the 

South-East Indian Ocean in cm2/s2 over 

a north and south area defined in Figure 

2a.  

1. phyllosoma offshore 

(Jans-1 - Decs) 

 

 

 

 

 

1.  +ve (all sites) 

 

Cross-shelf 

transport 

Cross-shelf transport over the 

continental shelf (150 - 50 meters) in Sv 

over a northern, two central and southern 

latitudinal bins.  

1. Larvae hatching / phyllosoma 

transport west (Seps-1 - Mars-1) 

 

2. Puerulus transport east (Aprs-1- Seps) 

 

 

 

 

1. Westerly (-Sv) +’ve  

 

 

2. Westerly (+Sv) -’ve  

 

Temperature Water temperature over three periods. 

1. SST summer (Seps-1 - Mars-1) and SST 

winter (Aprs-1 - Augs)   

 

2. Bottom temperature during spawning 

(40 - 60 m depth, Seps-1 - Mars-1)  

 

3. Top 100 m  

Early-stage phyllosoma.  

(Jans-1 - Decs) 

 

 

1. SST +ve (all sites) 

 

 

2. -ve (all sites) 

 

 

3. +ve (all sites) 

  

Independent 

Breeding Stock 

Surveys (IBSS) 

1. IBSS index for the spawning season 1. +ve (all sites) 
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4.5  Results and Discussion 

Results and discussion are combined into three sections (1) time-series exploration of P. cygnus 

settlement between 2001 and 2017 and associated oceanographic conditions experienced by 

the larvae to represent each puerulus settlement season (May to April); (2) exploring the 

correlation of oceanographic conditions with settlement data through a general additive model 

analysis, and (3) inter-annual and seasonal oceanographic variability.  

4.5.1 Time-series patterns 

Puerulus settlement differs dramatically over the latitudes of the fishery, with central latitudes 

experiencing the highest numbers (Figure 4.4). At the Abrolhos (Figure 4.4a), the late 

settlement is consistently higher and remained consistent after the recruitment failure, which is 

expected (Chapter 3). Other sites display similar early and late puerulus settlements before 

2008.  However, after 2009, recovery occurs predominately in the latter half (Figure 4.4Figure 

4.3a, c, d and e). 
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Figure 4.4 Monthly average puerulus counts for each monitoring site (black line) with the early (May - October, 

blue) and late (November - April, red) puerulus settlement for the season. The index is a sum of the included 

monthly average puerulus counts. Grey shaded seasons (2008 and 2009) indicate the less than expected PI based 

on a priori relationships (Caputi et al. 2001). 
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The three temperature variables (SST, top 100 m temperature and bottom temperature) all 

followed a similar pattern to one another (Figure 4.5a-c). They gradually decreased from highs 

in 2000 to a low in 2005 before slightly increasing from 2008, all reaching maxima in 2011 

when a marine heatwave occurred in February (Wernberg et al., 2012). A decrease of 

approximately 1-2°C in bottom temperature during the spawning season was evident over the 

early 2000s, which shifted over the low PI seasons (grey seasons, Figure 4.5a-c). It then 

increased again by 2012 (Figure 4.5). Until the heatwave, the variation in PI at some sites 

(Lancelin and Port Gregory) additionally aligned with the SST fluctuations. This is likely the 

bottom temperature variation captured by de Lestang et al. (2015). The winter months (June to 

August) had less than one degree of between year annual variability over the entire temporal 

scale.  

The IBSS was consistently under 0.5 from 2002 until the 2011 season before increasing three-

fold by 2013 to record-highs (Figure 4.5d) (de Lestang et al., 2016). Previous studies have not 

found the IBSS to be implicated in the recruitment failure (de Lestang et al., 2015). However, 

it was included in the current analysis for completeness and because studies of recruitment 

failures in other fisheries have frequently suggested spawning biomass to be a factor (Ehrhardt 

& Fitchett, 2010; Guan et al., 2019). In addition, the IBSS increased from 2011; this is likely 

due to the restrictive fisheries management. After the lower than expected puerulus settlement 

in 2008 and 2009, restrictions to fishing were designed to preserve spawning biomass. 

Therefore the IBSS was expected to increase. 
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Figure 4.5 Parameters calculated for seasonal analysis of PI (a) Sea surface temperature (°C) from 24 - 34° S 

and out to 108° E obtained from the SSTAARS daily dataset on the IMOS AODN portal from 1996 to 2016; (b) 

Temperature in the top 100 m of the offshore area from 24 - 34° S and east of 108°E over Jan - Dec, the average 

time phyllosoma are offshore (c) Average bottom temperature (40 – 80 m depths) (°C) of the spawning season for 

associated PI season for October to March in the northern (blue line, shown in Figure 4.2a) and southern latitudes 

(red line, shown in Figure 1a) of the fishery (d) The Independent Breeding Stock Survey Index (IBSS) lagged one 

year to give a spawning stock index for the year prior (de Lestang et al. 2016). Grey shaded seasons (2008 and 

2009) indicate the less than expected PI based on a priori relationships (Caputi et al. 2001). 
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The LC was the strongest over the winter months, reaching 7 Sv in the 2000 season at 34⁰ S 

(Figure 4.6a). However, the summer LC was strongest in 2010, at 27⁰ S. Both values align with 

strong La Niña conditions (Boening et al., 2012). This maximum, however, did not correspond 

to a maximum in winter LC strength (Figure 4.6b) (Wijeratne et al., 2018). Over the initial 

months of the CC forming (Figure 4.6c), it is, on average, strongest at 30⁰ S. The CC displayed 

a roughly a similar pattern across all latitudes with less variability in current at 27⁰ S where it 

is weakest (Figure 4.6c and d). CC minima occur over the 2010 to 2012 seasons in the early 

and late strength signals (Figure 4.6c and d). Spatial variations in the LC and CC were 

distinguishable with increased LC at the southern latitude (Figure 4.6a and b) and the strongest 

CC signature at 30⁰ S (Figure 4.6d) as reported previously by Wijeratne et al. (2018).  

 

Figure 4.6 Leeuwin (LC) and Capes Current (CC) strengths at 27⁰ S, 30⁰ S and 34⁰ S (a) LC (southward transport, 

Sv) over winter (May - July) and (b) summer (December - February) (c) CC (northward transport, Sv) (c) over 

the early portion of the summer (September - October) and (b) late portion of the summer (December - March). 

Grey shaded seasons (2008 and 2009) indicate the less than expected PI based on a priori relationships (Caputi 

et al. 2001). 

Water circulation at all latitudes of the fishery was predominantly driven by the LC with the 

changing topography down the coast causing less onshore flow on average within the centre of 

the fishery (29⁰ S) (Feng et al., 2010; Rennie et al., 2007; Wijeratne et al., 2018). Regions with 

a wider continental shelf generally have higher retention of waters, therefore, causing less 

cross-shelf transport of water. Depth-averaged cross-shelf transport of water was 

predominantly onshore at both 33°S and 29°S (Figure 4.7). This was not unexpected given the 
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steep topography of the continental shelf and LC interactions. Average monthly variations in 

cross-shelf transport indicated that between April and September, onshore transport increased 

at 33°S and 29°S, however, decreased at 31°S and 27°S (Figure 4.7). Coastal geographic 

features increase the spatial heterogeneity over the latitudes and how the LC interacts with the 

nearshore (Feng et al., 2010). At 27°S, on average offshore transport was possibly due to more 

mixing and a wider continental shelf. This is due to the topography of Shark Bay and the 

contribution of the Ningaloo Current (Figure 4.2b), likely playing a role (Woo & Pattiaratchi, 

2008).  

 

Figure 4.7 Cross-shelf transport (easterly) between 200 - 50 meters over 2-degree latitudinal bins (26-28⁰ S, 28-

30⁰ S, 30-32⁰ S and 32-34⁰ S), averaged for the (a) spawning “off” transport season (September-February, season 

-1) and (b) settlement “on” transport season when variation in cross-shelf transport is the highest (April-

September). Grey shaded seasons (2008 and 2009) indicate the less than expected PI based on a priori 

relationships (Caputi et al. 2001). 
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Figure 4.8 Monthly kinetic energy and eddy kinetic energy (grey) with yearly averages (January-December) (red). 

North and south divide are shown in Figure 4.2a. (a) KE (cm2 s-2) in the north (b) EKE (cm2 s-2) in the north (c) 

KE (cm2 s-2) in the south (d) EKE (cm2 s2) in the south. Grey shaded seasons (2008 and 2009) indicate the less 

than expected PI based on a priori relationships (Caputi et al. 2001). 

Variations in EKE and KE over the time series show approximately 5-yearly patterns (Figure 

4.8) in fluctuation with maxima in 2000, 2005 and 2011 aligning with ENSO events 

(Pattiaratchi & Siji, 2020). From 2002 to 2008, the KE and EKE were relatively low, indicating 

a weaker LC over those seasons. Particularly over the southern box, the decrease in KE and 

EKE and recovery by 2012 show similar patterns to the puerulus settlement (grey years, Figure 

4.8c and d). Additionally, the southern box shows increased variability, suggesting greater 

variability in the LC at southern latitudes (Figure 4.8c and d). Conversely, the northern values, 

particularly for KE, increased over the same time frame, with less variability (EKE), indicating 

that different forcing mechanisms, such as the South Indian Counter-Current, may play a role 

(Figures 8c and d). 
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4.5.2 Generalised additive model 

The generalized additive model (GAM) analysis shows that similar oceanographic variables 

tend to influence puerulus settlement at adjacent sites (Appendices Table S2 and S3). However, 

the Abrolhos (northern-most and offshore) and Cape Mentelle (southern-most) sites are unique 

(Figure 4.9, Appendices Table S2 and S3). As expected, the most significant relationships did 

vary between the early and late portions of the seasons and between sites (Table 4.1). Those of 

note are discussed hereafter.  

 

In contrast to our predictions (Table 4.1), sites were correlated by a negative relationship to KE 

in the north for early settlement (Figure 4.9a). This correlation was more robust for the northern 

sites. A strong KE implies a strong LC signature over the defined spatial area (Figure 4.2a). 

Comparatively, EKE and KE in the south had positive relationships to sites in the centre of the 

fishery for early and late settlement, suggesting a different forcing could be at play (Figure 

4.9). This was alluded to within the time-series analysis (Figure 4.8). The possibility that two 

adjacent parts of the South-East Indian Ocean would have opposing effects on the settlement 

at only two locations appears spurious. However, the southern and central flows of the South 

Indian Counter Current (sSICC, cSICC) flow eastward within the southern and northern KE 

‘boxes’ respectfully (Menezes et al., 2014). These current jets connect with the LC and may 

cause the temporal and spatial difference in KE and subsequent influences on puerulus 

settlement. In particular, for the Abrolhos, KE in the north is within the most parsimonious 

model for early and late settlement. Due to the sites’ location offshore, increased water 

movement may prevent puerulus from successfully settling on the islands within the defined 

area of KE. Instead, they could swim elsewhere with less resistance. This difference in KE 

relationships suggests different driving mechanisms over the fishery on both the temporal 

(early and late) and spatial (north and south) scale.  

 

  



 

 

 

 

Figure 4.9 Variable importance scores within 2 AIC of the top model from the multiple linear regression analysis (GAM) to predict the (a) early and (b) late settlement at sites. 

Full results are in Appendices Table S1 (early) and S2 (late). The timeline (above) indicates the timing of the variables from either the spawning season (s-1) where larvae are 

moving offshore (westward) and the settlement season (s) where larvae are moving eastward. Positive (red), zero (white) and negative (blue) relationships with variables are 

shown, and variables within the most parsimonious model for each site are indicated (X). 



 

 

 

The model results provide clues regarding the influence of the LC and CC (LC winter, LC 

summer, CC early and late) on phyllosoma when they are in later-life stages. Interestingly, the 

LC during the spawning season at 27⁰ S was within the most parsimonious model for Lancelin 

early settlement as a negative relationship (Figure 4.9a). Thus, for Lancelin, the LC may have 

been too strong for some early-stage phyllosoma to cross the shelf, to get westward, without 

being swept too far south for survival. Especially given the steep continental shelf at this 

latitude. In winter, a stronger LC (puerulus reaching the continental shelf) and a stronger CC 

(puerulus settling on reefs) were suitable for early settlement at Dongara. This was a 

hypothesized result (Table 4.1) and was also consistent at adjoining sites (Port Gregory for LC 

and Jurien Bay for CC, Figure 4.9a) (Pearce & Pattiaratchi, 1999). For later settlement, the 

opposite relationships occur. The LC in summer has a negative relationship to Port Gregory 

(and Abrolhos), and the CC has a negative relationship with Warnbro (Figure 4.9b). This was 

expected for Port Gregory, a northern site, to be negatively influenced by the southward-

flowing current (LC), transporting puerulus further southward. Similarly, southern sites are 

negatively influenced by the northward-flowing current (CC), transporting puerulus northward. 

However, these trends become vague over the central latitudes of the fishery where little to no 

relationships are found, especially during the summer of hatching (Figure 4.9a, CC 27⁰ S early).  

This draws attention to the spatial and oceanographic heterogeneity of the study sites. Given 

the mix of expected and unexpected and strong and weak results from the multiple regression 

analysis, particularly for the early settlement, it is clear complex forcing’s are at play in the 

system, with both currents flowing in opposing directions perpendicular to the direction 

puerulus are swimming. The influence of factors found to have the strongest correlation on 

puerulus settlement is presented in the following section (Section 4.5.3 ). 

The IBSS shows a strong positive relationship with Port Gregory, Dongara, Jurien Bay, 

Lancelin and Warnbro over the late settlement. However, it has little relationship with the early 

settlement (Figure 4.9a and b). Nevertheless, these positive relationships corroborate that the 

egg production influences the number of larvae returning to the coast as puerulus and may more 

accurately represent the spawning stock of puerulus reaching the coast over the latter half of 

the settlement season. Given the longer time series available for the IBSS and Dongara 

settlement, we reanalysed the relationship for a more extended period. We found that pre-2000 

that IBSS is a reasonable predictor with an R2 of 0.434 and explaining 30.3% of the deviance 

in the Dongara settlement (Figure 4.10).  In an ideal scenario, one would expect all sites, both 

early and late, to have a relationship with the spawning stock. For locations where increased 
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IBSS did not positively correlate with PI, it may be solely that the influence of oceanographic 

factors on the puerulus settlement was more substantial.  

Cross-shelf transport shows irregular patterns between the sites. Cross-shelf transport for the 

spawning season (27⁰ S, 29⁰ S and 33⁰ S, Figure 4.9a) has some positive links to increased 

settlement in the early half of the season for sites south of Dongara. However, this is the 

opposite for 31⁰ S (Figure 4.9a), but these relationships are less pronounced over settlement 

later in the year (Figure 4.9b). Various transportation pathways are likely working in opposing 

directions to influence settlement at different locations. Average cross-shelf transport has 

previously indicated a break over the mid-latitudes of WA (Wijeratne et al. 2018, Figure 4.9).  

 

Figure 4.10 Observed (black) and modelled (red) late Dongara (DON) settlement index from 1993 to 2018. The 

red line is the most parsimonious model extended to 1993. 

On an annual timescale, increased strength in KE in the northern offshore areas of the fishery 

(Figure 4.2) was associated with a decrease in puerulus settlement in the early portion of the 

season. It is not uncommon for the advective behaviour of large-scale eddies to negatively 

affect crustacean species (Medel et al., 2018; Nieto et al., 2014). Retention and dispersal of 

larvae can also differ in persistent eddy scenarios where a more uniform shape likely leads to 

retention and conversely a more eccentric shape leads to dispersal (Cetina-Heredia et al., 2019). 

Earlier studies suggest an increase in the number of eddies positively influence the retention of 

larvae and, therefore, transport across the shelf and to the nearshore (Cetina-Heredia et al., 

2019; Griffin et al., 2001; Malan et al., 2020; Yeung et al., 2001)(Cetina-Heredia et al., 2015; 

Cetina-Heredia, Roughan, Liggins, et al., 2019; D. Griffin et al., 2001; Yeung et al., 2001) . 

This is contradictory to our results. Our study used the mean annual KE over a large spatial 
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area, and the site in question is north of the highest density of puerulus settlement.  Using a 

large spatial area, we have omitted the influence of sub-mesoscale features within the region, 

which could impact a puerulus’ ability to cross the shelf and reach coastal habitats (Cosoli et 

al., 2020).  

The GAM analyses suggest that different environmental drivers influence PI at each site, but 

this varies depending on when puerulus returns to shore (early or late, Figure 4.9a and b).  

However, we can establish discernible patterns with some certainty and physical relevance. 

Sites closer in latitude have similar results, Abrolhos and Cape Mentelle being the exception. 

Abrolhos is located off the shelf and has historically had different trends in PI compared to 

other locations and even on the adjacent coast. The Abrolhos PI has also recovered to pre-

failure levels, whereas coastal locations have not, particularly at Lancelin and locations further 

south (Chapter 3). Cape Mentelle has historically had a low settlement and also has a unique 

location being the farthest south. Early settlement at Cape Mentelle also had little difference 

between top models within 2 AIC of the most parsimonious (cross-shelf transport at 33⁰ S 

during spawning season). Despite one variable having the highest importance and being in the 

top model, there was little difference between all models within 2 AICc units (Appendices 

Table S2).  

Given the several months over which lobster larvae hatch, followed by their prolonged pelagic 

life cycle and settlement estimated to occur some 9-11 months later (Phillips, 1981), the large 

amount of variation and lack of solid relationships between environmental or biological 

predictors and PI was not unexpected. However, we have revealed patterns up and down the 

coast, suggesting that both biological and environmental predictors can have a strong and 

sometimes consistent influence on puerulus settlement for adjacent sites.  

4.5.3 Variation in oceanographic conditions 

All the oceanographic factors examined here have been suggested to directly influence P. 

cygnus larvae at some point in their first year of life. Over time, the forcing and interactions 

between these environmental variables were too complex to examine in the multiple regression 

analysis. However, they may have as much influence on successful puerulus settlement as 

instantaneous values used. Furthermore, the various oceanographic mechanisms act differently, 

sometimes in competition (Figure 4.9a and b), to provide contrasting results for the different 

sites. Using the above multiple regression analysis results as an exploratory tool, we have 

additionally drawn upon patterns in the South-East Indian Ocean and WA coastal zone over 
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the last two decades. This includes lagging conditions, alongside the fishery changes, that may 

have contributed to the “worst-case scenario” and resulted in the recruitment failure in 2008 - 

2009.  

4.5.3.1 Inter-annual: Hiatus period and cross-shelf transport 

Over the past 30 years, links between ENSO events and the PI have been well documented 

using the SOI (Figure 4.3) (Caputi et al., 2001; Pearce & Phillips, 1988). Warmer temperatures 

are experienced during stronger LC conditions evident during the La Niña phase (positive SOI), 

providing better conditions for larval development. The SOI record since these relationships 

began highlights the possibility of sustained neutral ENSO conditions to be a reason for this 

breakdown (Pattiaratchi and Hetzel, 2020; Pattiaratchi and Siji, 2020). From 2000 until 2009, 

neither a moderate La Niña phase nor a moderate El Niño phase occurred, and consequently, 

the energy in the system also decreased (Figure 4.3). After 2009, an unusually strong LC (La 

Niña, 2011) was preceded by an unusually weak year (El Niño, 2010) (Huang & Feng, 2015). 

Before 2008 there were fluctuations in LC strength, or phases of moderate strength, over 

several seasons whilst the puerulus settlement also fluctuated similarly (Figure 4.3 and Figure 

2.8). An extended period (> 5 years) of low or neutral ENSO conditions, termed a hiatus, had 

not yet been experienced since puerulus collection began; therefore, the relationship 

breakdown is not surprising. Recovery in puerulus numbers began after the strong La Niña in 

2011, taking a few seasons to reach levels before 2000. If these strong La Niña conditions had 

not occurred, what would have been the response? Whether this delayed recovery was due to 

the climate inertia in the system adjusting or changes in recruitment numbers after changes in 

the fishing the spawning stock is uncertain.  
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Figure 4.11 (a) Kinetic energy and (b) eddy kinetic energy (cm2 s-2) from altimeter data, the (c) SST (⁰C) anomaly 

from SSTAARS and (d) PI for the whole Western Rock Lobster fishery. 

Similarly, SST anomalies (Figure 4.11) have periods of neutral conditions and below-average 

temperatures, respectively, from approximately 2000 to 2008 (Pattiaratchi & Hetzel, 2020). 

These extended low activity conditions may have caused a shift in the conditions experienced 

by pelagic Western Rock Lobster larvae. The patterns may be due to atmospheric and oceanic 

processes that imprint themselves upon the SST field. The ocean's thermal energy is transferred 

to the atmosphere via the sea surface, which the SST controls. Thus, SST on a spatial scale 

plays a crucial role in regulating climate and variability (Schlegel et al., 2021). The extended 

period of cooler SST anomalies may have contributed to the low 2008 and 2009 settlements. 

A decreasing PI over the start of the century was in line with these patterns. Then recovery 
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followed the maxima experiences with the 2011/12 La Niña (Boening et al., 2012), which 

perhaps took the system some years to return to conditions as usual. Thus, it may not be a 

season-specific factor that has caused the years of low settlement in the late 2000s. Instead, 

consecutive years of these ‘hiatus’ conditions (Figure 4.11) have driven a regime shift in the 

environment impacting P. cygnus pelagic life stages (DeYoung et al., 2004). 

 

Figure 4.12 Cross-shelf transport (easterly) between 2000 and 2018 off the shelf. The north and south divide are 

shown in Figure 4.2a. (a) North cross-shelf flux between 250-150 m and (b) 75-25 m. (c) South cross-shelf flux 

between 250-150 m and (d) 75-25 m. The yearly moving mean (red) and the positive and negative moving standard 

deviation (dashed black) are included. 

Despite cross-shelf transport being a forcing mechanism behind larval transport into the 

nearshore, there lacked a strong statistical relationship. Given the ‘hiatus’ conditions or shift 

after 2008 in the LC, one would expect some form of accompanying change in cross-shelf flux 

(Pattiaratchi & Hetzel, 2020). However, over the 50-metre contour, there are no noticeable 

inter-annual changes over the 18 years between the south or north boxes. In the south, there is 

minor variation in the standard deviation from the mean (Figure 4.12, dashed lines); however, 
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it is predominantly onshore transport on the shelf (50 m) and over the continental shelf (200 

m). The cross-shelf transport in the north shows an apparent increase in variability over the 

continental shelf (Figure 4.12a) after 2008, highlighting the increased movement in water over 

the northern part of the fishery. This is also where the LC increases over the summer (Figure 

4.6), and puerulus settlement shifts (Chapter 3).  

4.5.3.2 Seasonal: Capes Current and Leeuwin Current interactions during summer 

Before 2008, conditions were reasonably neutral over the early settlement season, leading to 

high/low puerulus settlement potentially controlled by oceanographic and biological factors 

(Figure 4.13). Since 2009, the LC has dominated (blue years skewed to the right, Figure 4.13), 

possibly causing average to low puerulus conditions across all sites. Except for Cape Mentelle 

which is the southern-most site and potentially most isolated from the LC (Figure 4.14h). 

Comparatively, over the late period of settlement (Figure 4.14), the CC dominates the system, 

with higher settlement occurring later in the summer. Thus, the years of recruitment failure 

have neutral conditions where neither the CC nor LC is particularly dominant over the latter 

portion of the season. The same exists for 2007 and 2008 during the early portion of the season. 

Interestingly, during these recruitment failure years, the spatial extent of the LC during spring 

months was more considerable or on par with the six months prior, when newly-hatched 

phyllosoma transport across the shelf into the open ocean may have also been impacted  (Huang 

& Feng, 2015).  

These patterns suggest that perhaps a timing mismatch is in play, suggested previously by de 

Lestang et al. (de Lestang et al., 2015). While puerulus are crossing the shelf, an increase in 

LC strength may transport them past Cape Mentelle, away from suitable habitats. In contrast, 

a strong CC is likely to assist transport northward along the shelf, increasing settlement over 

the later season. Interaction between these two critical currents over the shelf influences the 

movement of puerulus onshore and needs to be investigated in greater detail. Particle tracking 

modelling over these months would be a possible way to investigate these interactions; 

however, this is beyond the scope of the present study. 

.



 

 

 

 

Figure 4.13 Relationship of the more dominant current during the early spring/early summer (September - November) to early PI at monitoring sites (a) Abrolhos (b) Port 

Gregory (c) Dongara (d) Jurien Bay (e) Lancelin (f) Alkimos (g) Warnbro and (h) Cape Mentelle. The x-axis is the difference between the LC and CC standardized, providing 

an indication of which is more prominent at the time. Red indicates the seasons before the recruitment failure, blue indicates seasons after. 
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Figure 4.14 Relationship of the more dominant current during the late summer/early autumn (December - March) to late PI at monitoring sites (a) Abrolhos (b) Port Gregory 

(c) Dongara (d) Jurien Bay (e) Lancelin (f) Alkimos (g) Warnbro and (h) Cape Mentelle. The x-axis is the difference between the LC and CC standardized, indicating which is 

more prominent at the time. Red indicates the seasons before the recruitment failure; blue indicates seasons after.  



 

 

 

4.5.4 Conclusions and Implications 

The objective of the current study was to determine oceanographic and biological factors that 

may explain the previously unexplained failure of puerulus settlement (2008-2009) and 

subsequent change in the proportions of puerulus settling in early vs late parts of the season 

(Chapter 3). The study was completed through an exploratory multiple regression analysis 

encompassing direct oceanographic and biological factors likely to influence the pelagic early-

life cycle of P. cygnus. The main conclusions were as follows: 

 Local oceanographic and biological conditions greatly influence P. cygnus, as 

settlement of puerulus at adjacent sites along the coast tend to be influenced by similar 

oceanographic and biological variables. Offshore, the Abrolhos Islands had a unique 

yet consistent pattern of settlement that correlated with particular oceanographic and 

biological factors.  

 On a fishery-wide scale, the period of recruitment failure (2008 and 2009) and the 

associated low settlement period (2004 – 2010) coincided with a hiatus period in the 

Leeuwin Current system. This was associated with mainly neutral ENSO conditions 

and slightly cooler SST anomalies.  

 Increased KE in the northern region of the fishery was negatively correlated to puerulus 

settlement in the early period of the season, whilst the KE (and EKE) in the southern 

region was positively correlated at selected sites. This suggests different driving 

mechanisms over the whole range of latitudes that encompass the fishery for settlement 

early and later in the season.  

 Seasonal variation of the LC system likely controls the conditions that favour increased 

puerulus settlement. During the summer months of hatching, a strong LC negatively 

affects puerulus settlement at central sites after their pelagic phase. During the 

subsequent winter, the system is dominated by a strong southward LC and its associated 

eddies, which then assists onshore phyllosoma transport. Then, whilst the newly 

metamorphosed puerulus are moving onshore across the LC, should it be too strong, 

the current can negatively impact settlement at the northern sites but positively impact 

the southern sites.  

 An increase in the strength of the LC in the summer months since 2006, combined with 

a decrease in the strength of the CC over the early summer months, may have caused a 
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timing mismatch for puerulus settling on nearshore reefs. If the LC were stronger in 

summer, a strong CC would be needed to counteract the southward flow to get the 

puerulus transported northward, which has occurred in recent years. However, the CC 

in the latter half of the summer has been less variable and has not declined to the same 

extent, potentially explaining the trend of better settlement later in the season.    

 Between 2008 and 2011, the cross-shelf transport in the northern half of the fishery 

across the continental shelf became more variable whilst consistently offshore. This 

overlap with the period of recruitment failure suggests that cross-shelf transport in an 

offshore direction could have reduced the transport and subsequent settlement of 

puerulus onshore.  

 

These findings have implications for fisheries management and their modelling of future stocks 

of catchable Western Rock Lobsters. Environmental conditions are suspected of altering the 

puerulus settlement, which can be incorporated in planning and management. For example, 

reductions in the fishing effort can encourage an increase in larvae for the following season (de 

Lestang et al., 2015).  

Despite its exploratory nature, this study offers insight into factors potentially behind the 

recruitment failure that have not been addressed before. It also expands our current 

understanding of what oceanographic variables potentially influence puerulus settlement and 

how the variables themselves are intertwined in this complex system. With the available 

numerical modelled data, we can show that it is not solely the LC that is the dominating factor 

behind puerulus settlement variability but the CC, cross-shelf flow, and the system's state as a 

whole. 
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Chapter 5 Chasing lobsters: investigating a period of 

unusually low settlement of Panulirus cygnus using 

particle tracking 

 

This chapter addresses fishery-wide variability in larval dispersal and settlement driven by the 

oceanographic conditions. In particular, we simulate the dispersal of phyllosoma upon 

hatching, transport in the open-ocean, and puerulus movements towards recruitment areas with 

the addition of swimming capabilities. Given the findings from Chapter 3 and Chapter 4, the 

results were interpreted on a temporal (early and late) and spatial (north and south) scale. 

Comparisons over the puerulus settlement stages before, during and after the period of 

unusually low puerulus settlement between 2008 and 2009 are also made.  

 

 

Citation: Kolbusz, J., Pattiaratchi, C., Wijeratne, S., Langlois, T., & de Lestang, S. (2021). 

Chasing lobsters: investigating a period of unusually low settlement of Panulirus cygnus using 

particle tracking. In review at Fisheries Oceanography 
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5.1  Abstract 

Spiny lobsters are critically affected by ocean current movements over their long journey from 

hatching to swimming post-larvae (puerulus). Isolating three different larval stages of the 

Western Rock Lobster (Panulirus cygnus), we have applied three-dimensional particle tracking 

modelling techniques to better understand a period of unusually low puerulus settlement in the 

late 2000s. Model results reveal that transport mechanisms assisting puerulus to reach 

nearshore habitats may have been inhibited by a strengthening of the southward flowing 

Leeuwin Current over the austral summer at the settlement stage. As a result, particles were 

transported significantly less northward, in some cases southward, during and after the period 

of unusually low settlement. Hatching stage simulations and particle trajectories also suggest 

that there has been increased dispersal off the coast since the early 2000s, and particles were 

transported further offshore before settlement, and additional factors contributing to the 

decreased recruits into the fishery. Our study distinguishes the influence ocean circulation 

patterns off Western Australia have on three different larval stages to gain insight into changes 

in puerulus settlement.  
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5.3  Introduction 

Lagrangian analysis of ocean circulation and pathways is an important tool for understanding 

the dynamic motions of seawater and the nutrients, heat and biological matter within it 

(Hawkins et al., 2019; Jones et al., 2020; van Sebille et al., 2018). From a practical and 

theoretical perspective, it forms the backbone of understanding dispersal throughout the ocean 

at local or vast spatial and temporal scales. For example, distribution of marine species during 

their early larval stages can have varying consequences through high mortality due to current 

movements away from recruitment locations (Chiswell & Booth, 2008) or survival through 

retention in eddy systems (Cetina-Heredia et al., 2019; Hill et al., 1996) and connecting 

populations (Chiswell et al., 2003; Cowen & Sponaugle, 2009; Nolasco et al., 2018; Pires et 

al., 2020). Understanding these mechanisms for a single species influences their spatial 

management scales and their likely responses to environmental disturbances or shifts (Clavel-

Henry et al., 2020; Kvile et al., 2018). 

In the life cycle of spiny lobster species, the pelagic larval stages are of utmost importance to 

their survival (Section 2.2 ). The length of this offshore journey varies between several months 

(Palinurus elephas) to two years (Jasus edwardsii) (Booth & Phillips, 1994). Those with long 

pelagic larval durations can be transported up to thousands of kilometres offshore. However, 

behavioural changes at different development stages can control the dispersal, assisting their 

return towards preferential juvenile habitats (Butler IV et al., 2011). These behaviour patterns 

include vertical migration regulated by light changes. During the day, larvae (phyllosoma) sink 

to darker depths and, by night, return to prey-rich surface waters, defined as diurnal vertical 

migration (DVM). These depths during day and night also can change with age, known as 

ontogenetic vertical migration (OVM), and vary with the moon phases (Rimmer & Phillips, 

1979). Phyllosomas are within offshore current systems throughout these migrations (Figure 

2.7). They build up their lipid reserves to undergo their final metamorphosis into a puerulus 

(Stanley et al., 2015; Wilkin & Jeffs, 2011). At this stage, they have developed swimming 

abilities. In addition, they are nektonic (non-feeding) (Espinosa-Magaña et al., 2018; Jeffs et 

al., 2005), where their biochemical energy reserves assist their transport across continental 

shelves and towards reef or seagrass habitats (Phillips et al., 1978).   

For the spiny lobster species endemic to the west coast of Australia, the Western Rock Lobster, 

Panulirus cygnus (P. cygnus), their pelagic larval duration begins at hatching between 

September and February every year (Figure 5.1). Phyllosoma are first immersed in the ocean 
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between 40 to 100 meters (Melville-Smith et al., 2009) and subsequently driven off the 

continental shelf by alongshore winds and the region’s dominating eastern boundary current, 

the Leeuwin Current (LC) (Feng et al., 2011; Phillips, 1981; Wang et al., 2015). The LC eddies 

retain the larvae as zooplankton while they feed on soft-bodied prey with a preference for 

chaetognaths (Saunders et al., 2012; Säwström et al., 2014). They undergo a series of moults 

with nine distinct life stages, with OVM over 8 – 10 months in the South-East Indian Ocean 

(Braine, 1979). Then, metamorphosis to puerulus occurs before crossing the continental shelf 

(Figure 5.1) (Chittleborough & Thomas, 1969; Feng et al., 2010, 2011). The puerulus 

settlement season, whereby these recruits enter the fishery, is from May to April each year (de 

Lestang et al., 2012). Puerulus numbers are monitored at eight sites within the fishery every 

new moon (approximately monthly), with the lowest light and highest potential for collection 

(Phillips et al., 1978). These numbers form a puerulus index (PI) for fisheries management 

since, at this stage, they have ‘recruited’ into the Western Rock Lobster fishery.  

 

Figure 5.1 A schematic diagram representing the three major early-life stages of P. cygnus and their approximate 

locations off the west coast of Australia. This includes the approximate age and timing over the calendar year. 

The role of physical oceanographic processes on the survival of P.cygnus phyllosoma during 

these vulnerable stages has been previously investigated through particle tracking methods 

(Caputi et al., 2018; Feng et al., 2011; Griffin et al., 2001). Griffin et al. (2001) used Lagrangian 

methods in an individual-based model (IBM) in 2001. Modelling two sample years of low, 

high and average PI, they found a weak LC during early stages dispersed larvae west and north 
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due to wind. Conversely, as predicted pathways of puerulus crossed the continental shelf, a 

strong LC caused them to move south. Despite these differences and expected links to 

environmental factors, no changes were observed in the model PI (Caputi, 2008; Caputi & 

Brown, 1993). The modelling by Griffin et al. (2001), therefore, suggested that biological 

responses from the hydrodynamic processes were the likely reason for the recorded natural 

variation in puerulus settlement. Subsequently, Feng et al. (2011) used six categories of larval 

stage P. cygnus to define these within an IBM model. This model utilised BRAN forecasting 

(Schiller et al., 2008) to assess varying oceanographic conditions as a form of particle tracking 

for the larval-puerulus stage of P. cygnus. Caputi et al. (2018) built on this information by 

completing 24 model simulations to investigate the decrease in PI since the late 2000s. The 

model was forced with global and Australia-wide predicted atmospheric data with a resolution 

of 10 km grids (Caputi et al., 2018). 

In 2008 and 2009, contrary to environmental conditions (Brown 2009), an unexpected decrease 

in the PI was observed, prompting a change in fishery management (de Lestang et al., 2015). 

After the PI recovered, different patterns in the puerulus settlement were observed to occur. 

Differences include increased settlement in the north of the fishery (> 31S, Lancelin) and 

increased settlement in the second half of the season (November - March) as opposed to the 

previous peak being in October (Chapter 3). A single cause for the unusually low puerulus 

settlement and its subsequent changes is unknown, and it is likely that multiple events 

simultaneously occurred. A period of sustained cooler water and low energetic conditions in 

the South-East Indian Ocean overlapped with the low settlement seasons (Chapter 4). During 

early austral-summer months, there has been a consistent increase in the strength of the LC 

coinciding with a decrease in northward wind-driven Capes Current (CC) around 2008/09 

(Chapter 4). This may explain the shifts in early settlement post this period (Pattiaratchi & 

Hetzel, 2020; Pattiaratchi & Siji, 2020). Whether these changes in settlement patterns have 

occurred primarily due to shifting oceanographic conditions or whether a biological mechanism 

such as mature females spawning later is yet to be fully understood.   

It is essential to understand why these changes have occurred for future climate change 

scenarios and fishery management. Through using hindcast (in the past) oceanographic data, 

we can model the movement of particles and modify their movements to replicate those of P. 

cygnus larvae at various developmental stages. As referred to previously, this has been 

completed for P. cygnus before this study. We focus on differences in larvae movement before 

(2000-01), during (2007-09) and after (2010-13) the lower than expected puerulus settlement. 



Chapter 5  

 

81 

 

Given the changes in observed settlement patterns and shifts in the shelf and coastal currents, 

our top results focus on the last month of the P. cygnus pelagic early life-cycle, just before 

recruitment to the fishery.  

Our study aims to explain temporal variability in settlement across latitudinal ranges for the 

early and late settlement periods of P. cygnus. This was achieved through 3D Lagrangian 

particle tracking methods using 3D advection fields from a numerical model. In particular, we 

simulated the dispersal of phyllosoma upon hatching, transport in the open-ocean, and puerulus 

movements towards recruitment areas. We also evaluated differences in transport temporally 

(early and late) and spatially (north and south) within each settlement season. 

5.4  Study Region 

Off the west coast shelf of Australia, there is the southward flowing Leeuwin Current (LC, 

present in the upper 0 – 300 meters) and on the shelf is the northward-flowing wind-driven 

Capes Current (CC, surface) during the summer months (Figure 5.2a) (Chapter 2.3.2 ). The LC 

system includes the Leeuwin Undercurrent (LUC, > 300 meters) and the Ningaloo Current 

(NC) north of 24⁰S (Figure 5.2a)(Pattiaratchi & Woo, 2009; Woo & Pattiaratchi, 2008). The 

LC is a poleward flowing eastern boundary current generated by an oceanic pressure gradient 

between northWest Australia the Southern Ocean (Figure 2.5 and Figure 5.2a)(Hamon, 1965; 

Pearce, 1991). This pressure gradient increases during a La Niña period, resulting in a stronger 

LC, warmer sea surface temperature (SST) and increased rainfall over the Australian continent 

(Feng et al., 2003; Pattiaratchi & Buchan, 1991; Pattiaratchi & Hetzel, 2020; Pattiaratchi & 

Siji, 2020; Telcik & Pattiaratchi, 2014; Wijeratne et al., 2018). The opposite is true for El Niño. 

The mean southward volume transport of the LC peaks around 32.8⁰ S due to inflow from the 

South Indian Counter Current (Wijeratne et al., 2018).  

The LC, and associated currents, develop instabilities with the variations in topography over 

the extent of the current, forming eddies, meanders and offshoots (Andrews, 1977; Cosoli et 

al., 2020; Pearce & Griffiths, 1991). The region is associated with the most energetic eddy field 

along an eastern boundary (Pattiaratchi and Siji, 2020). The Abrolhos Islands, the narrowing 

of the continental shelf slope south around 30⁰ S, and the Perth Canyon are major topographic 

features for the preferential generation of mesoscale eddies between 28⁰ S and 33⁰ S (Figure 

5.2a) (Cosoli et al., 2020; Feng et al., 2005; Huang & Feng, 2015; Meuleners et al., 2008; 

Rennie et al., 2007). These eddies can persist for almost eight months, with a mean radius of 

~100 km and generally retain their original formation (Cosoli et al., 2020; Fang & Morrow, 
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2003). Contrary to other locations, the anticyclonic warm-core eddies of the South-East Indian 

Ocean have higher productivity than cyclonic cold-core eddies due to the entrainment of water 

from the continental shelf during their formation. As a result, eddies play a fundamental role 

in controlling species distribution and nutrient fluxes (Greenwood et al., 2007; Moore et al., 

2007). The increasing strength of the LC is transferred to increases in meanders and eddies 

along the continental shelf (Feng et al., 2005). 

 

Figure 5.2 A schematic diagram of the conditions along the west coast of Australia (a) Major currents and their 

approximate locations which influencing the transport of P. cygnus larvae, including the locations of key 

spawning areas in red (b) Mean surface currents in austral summer (c) mean surface currents in austral winter 

(d) mean currents at 150-meter depth in austral summer (e) mean currents at 150-meter depth in austral winter. 

Mean currents all calculated from ozROMS averaged velocities during 2000 – 2018. 

Surface current variability on the continental shelf within the study region is predominantly 

wind-driven (Figure 5.2b and c) (Pattiaratchi et al., 1997; Rafiq et al., 2020; R. Smith et al., 

1991). Southerly wind stresses overcome the alongshore pressure gradient during the summer 
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months, moving upper layers offshore and favouring upwelling onto the continental shelf 

(Pearce & Pattiaratchi, 1999). The CC is identified through these cooler waters, always inshore 

of the LC and usually inshore of the 50 m contour. It is initiated at approximately 34⁰ S, flowing 

northward towards 27⁰ S (Figure 5.2a) (Gersbach et al., 1999; Woo & Pattiaratchi, 2008). 

Variations in the southerly wind stress and the Australasian monsoon season (January – March) 

over the austral summer cause offshore migration and weaker LC (Feng et al., 2010; 

Pattiaratchi & Siji, 2020; Pearce & Pattiaratchi, 1999; Woo & Pattiaratchi, 2008). However, a 

weaker secondary peak in the LC can occur over December/January (Section 2.3.1 Wijeratne 

et al., 2018). Thus, the LC migrates offshore over these predominantly sea-breeze dominated 

summer months, whereas it floods the shelf during autumn/winter and dominates the 

distribution of water masses (Cresswell et al., 1989; Pattiaratchi et al., 1997; Woo & 

Pattiaratchi, 2008). 

5.5  Method 

5.5.1 3D hydrodynamic model 

Our Lagrangian particle tracking model was forced with hourly advection fields from a 3D 

hydrodynamic model based on the Regional Ocean Modelling System (ROMS). ROMS 

(ozROMS, the ROMS configuration for Australia) was run in hindcast mode for Australia and 

the Indo-Pacific region between 2000 and 2018 (Wijeratne et al., 2018). OzROMS is a fully 

three dimensional (3D), high spatial resolution (2-3 km) circulation model, configured to 

include the entire Australian continental shelf, slope and the adjacent deep ocean using ROMS. 

Forcing for ozROMS includes tides, winds, air-sea exchanges and external forcing through the 

boundaries. These features are a distinct advantage for our application since prior particle 

tracking studies of P. cygnus used a coarser resolution along the continental shelf. The details 

specific to the ROMS model set-up, hydrodynamic forcing and validation are found in 

Wijeratne et al. (2018).  

5.5.2 Particle tracking model 

Particle tracking was completed using the open-source larval transport model Ichthyop (Lett et 

al., 2008). Ichthyop can track the trajectories of particles in three dimensions through the 

ozROMS hydrodynamic model forcing at hourly intervals (Robson et al., 2017). "Particles", or 

in our case, simulated P. cygnus larvae, are released in the model domain, and the effects of 

the physical environment, particularly the currents, on the particles can be tracked.  
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Figure 5.3 Model scenario release and observation details for Run H (hatching scenario), Run O (offshore 

scenario), and Run S (settlement scenario) 

Given the longevity of the P. cygnus larval phase and the uncertainty surrounding their 

ontogenetic vertical migration (OVM) patterns offshore, we broke down the particle tracking 

model into three scenarios representative of the three life stages (Figure 5.3): (1) hatching (Run 

H: early-stage phyllosoma leaving shelf waters); (2) offshore (Run O: mid-stage phyllosoma); 

and, (3) settlement (Run S: early puerulus moving shoreward) (Table 5.1). We deliberately did 

not replicate the complete larval phase since this has been addressed before (Caputi et al., 2018; 

Feng et al., 2011; Griffin et al., 2001), and it is far more subjective to larval behavioural 

assumptions. Run H simulated newly-hatched phyllosoma in their first 90 days, released on the 

sea bed at 3 km spacing between the 40 and 80 m depth contours (Feng et al. 2011). Run O 

simulated phyllosoma already offshore for 60 days, released at 40 meters depth at 120 km 

spacing in depths greater than 300 m. Run S comprised of two simulations: (1) puerulus once 

they have crossed the continental shelf (80 m contour) as passive particles; and, (2) puerulus at 

the continental shelf (200 m contour) as particles with directional swimming capabilities. In 

both Run S simulations, particles were released at 40 m depth at 3 km spacing at the contours 

mentioned above. The 3 km spacing was chosen based on the size of the ozROMS horizontal 

resolution (Wijeratne et al., 2018).   

Existing research has suggested that shifts in the oceanographic patterns over the last 20 years 

have contributed to the changes in puerulus settlement patterns and perhaps the unusually low 

settlement in 2008 and 2009 (Chapter 3). Therefore, representative years for before (2000, 

2001), during (2007 – 2009) and after (2010 - 2012) the settlement decrease which intersected 

with ozROMS hourly data availability were simulated for computation efficiency (Robson et 

al., 2017). The P. cygnus larval cycles timing denotes that September to February of any given 
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year is the hatching scenario data for the following settlement season (Figure 5.3). Therefore, 

the settlement scenario is for the settlement season in question (Figure 5.3). Season throughout 

refers to the puerulus settlement season (May – April). 

Table 5.1 Summary of performed model scenarios, purpose and associated sensitivity testing. Release and 

observation details are in Figure 3. 

Scenario 

 

Investigate role of: Method Sensitivity tests and 

additional simulations 

Run H 

HATCHING  

 

dispersal at hatching 

inshore    

Particles (passive) released 

representing early-stage 

phyllosoma along WA in 

spawning depths 

OVM 

Abrolhos and Big Bank 

release (using OVM) 

Run O 

OFFSHORE  

dispersal of mid-stage 

phyllosoma once 

offshore  

Particles (passive) released 

representing mid-stage 

phyllosoma in offshore WA 

waters  

 

Run S 

SETTLEMENT  

oceanographic 

conditions over the 

continental shelf while 

puerulus are settling 

Particles (passive) released 

representing puerulus along the 

WA continental shelf 

Swimming towards the 

coast 

DVM 

 

 

5.5.2.1 Larval behaviour 

All particles were forced by hourly ozROMS velocity fields in u and v directions and simulated 

using the Runge Kutta numerical advection scheme with a time step of 15 seconds. The small 

internal time step was chosen so that the Courant-Friedrichs-Lewy (CFL) criterion was not 

violated, causing instabilities when calculating w velocities. Hourly velocity fields were used, 

allowing for tides to be resolved, although the tidal range is small (~ 0.5 m). The horizontal 

dispersion rate was set to 1x10-9 m2 s-1, as suggested by Peliz et al. (2007). Particles were 

released every ten days for the hatching (Run H) and offshore scenarios (Run O) and every five 

days for the settlement scenario (Run S) (Figure 5.3). The particle tracking model was set to 

output every 12 and 24 hours for Runs O and H, respectively.   

Within the settlement scenarios, particles were successfully "settled” if they reached depths of 

less than 40 meters, had been moving for at least one day and had stayed in depths of less than 

40 meters for at least two days. In contrast, if they had been moving for over 21 days and not 

crossed the 40-meter contour, they were assumed to be perished due to their nektonic state and 

inability to survive (Feng et al., 2011).  

Particles that moved outside the open ocean boundary (22⁰S – 36⁰S, 108⁰E – 117⁰E, Figure 

5.2) were considered out of bounds and removed. Particles were also removed if temperatures 
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were outside survival bounds of 10⁰C to 26⁰C. Particles that hit the coast were considered 

'beached' and removed unless it was within an appropriate settlement time frame in Run S. If 

particles did not leave the continental shelf (> 200 m) within 15 days of Run H, they were 

removed to account for high predation on the shelf (Caputi et al., 2018).  

5.5.2.2 Sensitivity testing and additional releases 

Ichthyop did not allow ontogenetic vertical migration (OVM) to occur with diurnal differences. 

However, for the first 90 days of P. cygnus life, diurnal vertical migration (DVM) occurs to a 

lesser extent, allowing similar day and night vertical migration to represent reality and testing 

against the passive Run H (Feng et al., 2011; Griffin et al., 2001). Ichthyop uses a similar 

method employed by the Connectivity Modelling System (CMS) to model OVM (Paris et al., 

2017). The user inputs a probability matrix where the particles should be at time intervals after 

release. Following a similar approach to Feng et al. (2011), the particles stay between 0 and 20 

meters for the first 30 days. Between 30 and 90 days, the particles move between 0 and 80 

meters. Additional simulations were completed using OVM for Abrolhos and Big Bank (Figure 

5.2 a), key spawning areas (Feng et al. 2011). Particles were released in ozROMS at grid cells 

between 40 and 30 meters depths at the Abrolhos and between 100 and 80 meters depth at Big 

Bank.  

In Run S, swimming scenarios used the swimming action built within Ichthyop. This java code 

was modified to include a swimming direction instead of a random direction, which is the 

default. The direction was kept at 64 degrees from north, towards the coast (Feng et al., 2011; 

Hinojosa et al., 2016; Jeffs et al., 2005). Three swimming speeds were tested, 0.05, 0.1 and 

0.15 ms-1. Given that puerulus likely do not continuously swim at one speed (Phillips & Olsen, 

1975), 0.05 ms-1 was considered the base Run S for the subsequent results to follow. As an 

additional sensitivity test, DVM was modelled for the Run S 0.05 ms-1 scenario with model 

puerulus near the surface at night and 20 meters depth during the day (Feng et al., 2011).  

5.5.3 Analysis and Interpretation 

5.5.3.1 Run H: Hatching Scenario 

The differences in the dispersal of particles after their first three months of life was the key 

response variable for Run H. Therefore, after 90 days, the locations of the particles for each 

iteration of Run H were collated into one-degree bins. This was completed for early (September 

– December) and late (January – March) releases to correspond to the early and late spawning 

events, which resulted in early and late settlements in the following year. The simulated 
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phyllosoma within each degree bin were transformed into a percentage of the total present after 

90 days to enable comparison between years.  

5.5.3.2 Run O: Offshore Scenario 

For Run O, particle dispersal was mapped at 10, 30 and 60 days after release. These were 

transformed into a percentage of particles still present within the number of days to make all 

years comparable.   

5.5.3.3 Run S: Settlement Scenario 

Each Run S output was processed by extracting only successfully recruited simulated puerulus 

that settled between 27.5⁰S and 32.5⁰S to align with the locations of observed puerulus 

settlement (de Lestang et al., 2012). If particles settled after November 1, they were treated as 

settling in the latter portion of the season (Chapter 3). The latitudinal distribution of settled 

particles was explored through histograms for passive particles and those with swimming 

capabilities. These histograms were completed for the early and late portions of the season. 

Grouping the release latitude and settlement latitudes of model puerulus into connectivity 

matrices gave a spatially comparable indication of how the particles moved before successful 

settlement.  

Given the results of the connectivity matrices, the shift between the release and settlement 

latitudes was explored further. Further exploration was only completed for Run S 0.05 ms-1 

scenario due to the number of successful particles settling being higher than passive. This speed 

also captured the observed low puerulus settlement while being the most representative of 

reality (Caputi et al., 2018). Three fixed factors were used to test changes in the mean latitude 

shift from release to settlement location before, during and after the low puerulus settlement: 

in the early or late season (2 levels; Early and Late), the location of settlement (2 levels; North 

(>31⁰S) and South (<31⁰S)) and before, after or during the period of low settlement (3 levels; 

Before, During and After). For example, if particles settled north of 31⁰S, they were said to 

have settled in the north of the fishery (Chapter 3). The mean latitude shift for each successful 

model puerulus recruit was averaged for both the early and late settlement season and separated 

into the north and south settlement. The years were treated as random and used as replicates 

nested within Period (8 levels; 2000-01, 2007-12). An analysis of variance was conducted to 

test for changes in the mean latitude shift of particles using the PERMANOVA+ add-on 

package for PRIMER v6 (using 9999 permutations, Anderson et al., 2008) and a Euclidean 
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distance measure. Significant terms and interactions were investigated using a posteriori 

pairwise comparison (Anderson, 2001). 

Comparison of DVM particles was completed with the Run S 0.05 ms-1 as the baseline. In 

addition, the contrast between the DVM and non-DVM particles was explored by dividing 

them into early or late successful settlements, as was completed for all Run S simulations.  

5.6  Results 

Only ‘alive’ particles, defined as those currently active, were considered in the analysis for all 

scenarios. There was an average of 88% mortality within Run H in passive transport 

simulations and 85% in the OVM transport simulations. There was an average of 44% mortality 

within Run O and 70% mortality or not-recruited within Run S. Reasons for mortality could 

include temperature, out of bounds, beached, not leaving the shelf within 15 days (Run H) or 

not reaching the recruitment zones within 21 days (Run S).  

5.6.1 Run H: Hatching Scenario 

Run H found that during and after the period of unusually low settlement, particles were 

dispersing to a greater extent in both early and late releases (Figure 5.4). In 2001 and 2007, 

however, the higher density area is further north (Figure 5.4). After 2007, the late release 

particles shifted southward. Before the low puerulus settlement, specific areas of higher density 

particle retention were likely within eddy features (Figure 5.4). 

5.6.1.1 Ontogenetic vertical migration releases 

After 90 days, the locations of ontogenetic vertical migration (OVM) particles are reasonably 

similar to those transported passively, with both displaying less concentration of particles after 

2007 (Figure 5.5g - l). After this time, throughout the period of unusually low settlement, 

dispersal to the north and south is more extensive for early and late releases. There was a 

considerable dispersal of particles to the north in 2007, dissimilar to the corresponding 

passively transported simulation. Interestingly, in 2012 after the period of unusually low 

settlement, the higher density locations were relatively close to the shelf. There is a higher 

density offshore at 33⁰S - 34⁰S, but it is still more dissipated than earlier. 

5.6.1.2 Key spawning location releases 

Run H particles released from the Abrolhos and Big Bank with OVM show similar dispersal 

patterns in the early releases (Figure 5.6), aside from 2012, where wider dispersal occurs. In 
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the early releases of 2007, a large portion (~ 10%) of particles end up at 32⁰S offshore, which 

is inconsistent with the other years (Figure 5.6e). Late releases (Figure 5.6) show higher spatial 

variation than early releases, with the highest density area moving further north and inshore 

with each simulation. Still, by 2012, the particles are widely dissipated (Figure 5.6l). 



 

 

 

 

Figure 5.4 Distribution of particles (assumed phyllosoma) after 90 days of passive transport from hatching areas (Run H). White values indicate the number of active particles 

used for the associated timeframe. Before the decline simulations: 2000 releases (a) and (b), 2001 releases (c) and (d), During the decline simulations: 2007 releases (e) and 

(f), 2008 releases (g) and (h), After the decline simulations: 2011 releases (i) and (j), 2012 releases (k) and (l). Early releases are from September – December of given year, 

late releases are January – February of the year after. 
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Figure 5.5 Distribution of particles (assumed phyllosoma) after 90 days of OVM transport from hatching areas (Run H). White values indicate the number of active particles 

used for the associated timeframe. Before the decline simulations: 2000 releases (a) and (b), 2001 releases (c) and (d), During the decline simulations: 2007 releases (e) and 

(f), 2008 releases (g) and (h), After the decline simulations: 2011 releases (i) and (j), 2012 releases (k) and (l). Early releases are from September – December of given year, 

late releases are January – February of the year after. 
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Figure 5.6 Distribution of particles (assumed phyllosoma) after 90 days of particle tracking with OVM transport from Abrolhos (ABR) and Big Bank (BB) which are key 

hatching areas (Run H). White values indicate the number of active particles used for the associated timeframe and figure. Before the decline simulations: 2000 releases (a) 

and (b), 2001 releases (c) and (d), During the decline simulations: 2007 releases (e) and (f), 2008 releases (g) and (h), After the decline simulations: 2011 releases (i) and (j), 

2012 releases (k) and (l). Early releases are from September – December of given year, late releases are January – February of the year after. 



 

 

 

5.6.2 Run O: Offshore Scenario 

Offshore releases of particles, representing the mid-stage phyllosoma life-stage over the winter 

months, revealed only minor differences between years (Appendices Figure S1). Despite the 

same number of particles, a large portion (approximately 20%) left the boundary in 2000 after 

only ten days. In 2011, a higher density of particles are along the shelf region at 34⁰S after 30 

days. By 60 days, the density of particles increased in areas off the shelf up to 112⁰E 

(Appendices Figure S1). The same patterns were seen in 2000. There was a reduction in relative 

density in the northernmost sections during 2011 and 2012 compared to the earlier years 

(Appendices Figure S1).  

5.6.3 Run S: Settlement Scenario 

5.6.3.1 Passive particles 

The maximum number of particles to settle in Run S (passive) was in 2009 (4362, Figure 5.7a), 

with most particles settling in the earlier portion of the season. However, there was an increase 

in settlement in the latter portion of the season after 2001 (Figure 5.7a).  

Before and after the low puerulus settlement, the peak latitude of settlement distribution peaked 

at 28.5⁰S. During the low settlement, this peak was further south at 30⁰S (Figure 5.8a). The 

latitudinal distribution of late settlement was similar to early settlement (Appendices Figure 

S2). In both early and late portions of the seasons, there was also a drop in the settlement 

between 29.5⁰S to 29⁰S each year (Figure 5.8a, Appendices Figure S2).  

5.6.3.2 Swimming particles 

The number of simulated puerulus settling tended to increase when swimming capabilities were 

increased (Figure 5.7b-d), with the conditions in the early portion of the season (September – 

November) being more favourable than later (December – March) in the season (Figure 5.8c-

d). Furthermore, settlement decreased over the early and late portions of the season in 2007 

and 2008 and was most prominent for the 0.05 ms-1 simulations (Figure 5.7b).  

The latitudinal distribution of modelled settlement occurred in two prominent peaks, similar to 

the non-swimming scenario (Figure 5.8a). However, the inclusion of swimming caused the 

distributions to widen into a more uniform spread across the latitudes. This change was more 

apparent with the increased swimming speeds. In most scenarios and seasons (including 

passive), very little settlement occurred north of 28⁰S, and there was also less settlement just 
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south of 29⁰S. The latter portion of the season had similar distribution patterns for all swimming 

particles (Appendices Figure S2).   

 

Figure 5.7 Proportion of particles released that settled within the early and late portions of the seasons (Run S) 

(a) Passive particles (b) Swimming particles at 0.05 ms-1 (c) Swimming particles at 0.01 ms-1 (d) Swimming 

particles at 0.15 ms-1. The number above the bars are the total number of particles settled for the simulation (early 

and late). Early settlement is the successful settlement between September and October. Late settlement is the 

successful settlement between November and March. 
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Figure 5.8 Settlement latitudes for successfully settled particles in the early portion of the season (Run S).  Early 

settlement is the successful settlement between September and October. (a) Passively transported particles (b) 

Swimming particles at 0.05 ms-1 (c) Swimming particles at 0.1 ms-1 (d) Swimming particles at 0.15 ms-1.  

5.6.3.3 Source-sink relationships 

For passive model puerulus, during the early portion of the season, the most important release 

region was around 27⁰S to 28 ⁰S (Figure 9a). However, for the latter portion of the season, this 

was further south around 30⁰S to 31⁰S for 2000-01 and 2007-09. It then shifted to be more 

similar to the early portion with a northern release latitude (Figure 9a). The spread of the 

release-settlement groupings moves further below the black line (where release and settlement 

latitudes are the same) over time in both the early and later portions of the season (Figure 9a). 

As a result, this shows that the particles are being transported further south before eventually 

settling.  



 

 

 

 

Figure 5.9 Connectivity matrices (as a percentage) of successfully settled particles in the early and late portions of the season (Run S). Early settlement is the successful 

settlement between September and October. Late settlement is the successful settlement between November and March. The black line corresponds to where the source (release) 

and sink (settlement) latitudes are the same. (a) Passively transported particles (b) Swimming particles at 0.05 ms-1. 

 



 

 

 

When swimming speed was added (0.05 ms-1), as particles moved directly toward the coast, 

their release and settlement latitudes were more similar (black line, Figure 5.9b). The most 

important release latitude was 30⁰S to 32⁰S for early settlement. This was less distinguishable 

for the latter settlement, where the latter settlement grouping was more dispersed than the 

earlier (Figure 5.9b). However, both early and late portions of the season show that the shift in 

latitude between release and settlement moved southward during and after the period of 

observed reduced settlement (Figure 5.9b).  

 

Figure 5.10 Mean latitude shift, in degrees, between the release and settlement latitude for particles swimming at 

0.05 ms-1 (Run S) (a) for before (2000-01), during (2007-09) and after (2010-12) the decline in the North ( > 

31⁰S) and South (< 31⁰S). Negative is therefore a movement south. The interaction between location (north or 

south) and period (Before, during or after) was significant in the ANOVA model. (a) for the early (September – 

October) and late (November – March) portions of the season in the North ( > 31⁰S) and South (< 31⁰S). The 

interaction between location (north or south) and timing (early or late) was significant in the ANOVA model. 

Results of pair-wise comparisons are indicated by an alphabetic character on (a) and (b). Positive is a northward 

shift, and negative is a southward shift. 
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A comparison of the latitudinal shift between the release and settlement latitude was calculated 

for all 0.05 ms-1 swimming particles (Appendices Table S3). Before the low settlement, 

particles from the north and south were typically transported northward (Figure 5.10). 

However, during and after the unusually low puerulus settlement, particles were typically 

transported southward if they originated in the north (during t=5.87, p(mc) < 0.01, after 

t=3.999, p(mc) < 0.05) and more weakly northward if they originated in the south (during 

t=8.153, p(mc) <0.005, after t = 7.024, p(mc) <0.01) (Figure 5.10a). Over the whole simulation 

period, transport in the north was not significantly different over the early and late portions of 

the season. However, in the south, the source-sink pattern of the late portion of the season 

changed to a significantly northward transport (t = 4.512, p< 0.005) (Figure 5.10b).   

Overall, particles were transported more southwards in the north during and after the period of 

low settlement (Figure 5.10). Trajectory mapping further supports this pattern, where settled 

particles in a predominant location in the north are more likely to originate from further 

northwards during and after the period of low settlement (Figure 5.11). In comparison to the 

south, where before the period of low settlement, particles typically originate from a range of 

latitudes along the continental shelf in both early and late releases (Figure 5.12), but over time 

there has been a tendency for particles to originate from further north, particularly in the late 

releases (Figure 5.12).



 

 

 

 

Figure 5.11 Drift trajectories for a subset of successfully settled particles that settled in the northern peak latitude area between 28.6S and 29.1S (Run S). Blue is their start 

location, and red is their end location. Red values indicate the number of successfully settled particles used for the associated timeframe and figure. Before the decline 

simulations: 2000 releases (a) and (b), 2001 releases (c) and (d), During the decline simulations: 2007 releases (e) and (f), 2008 releases (g) and (h) and 2009 releases (j) and 

(k), After the decline simulations: 2010 releases (l) and (m), 2011 releases (n) and (o), 2012 releases (p) and (q). Early settlement is from September – October of the given 

year, late settlement is November – March of the year after. 
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Figure 5.12 Drift trajectories for a subset of successfully settled particles that settled in the southern peak latitude area between 31.5S and 31.9S (Run S). Blue is their start 

location, and red is their end location. Red values indicate the number of successfully settled particles used for the associated timeframe and figure. Before the decline 

simulations: 2000 releases (a) and (b), 2001 releases (c) and (d), During the decline simulations: 2007 releases (e) and (f), 2008 releases (g) and (h) and 2009 releases (j) and 

(k), After the decline simulations: 2010 releases (l) and (m), 2011 releases (n) and (o), 2012 releases (p) and (q). Early settlement is from September – October of the given 

year, late settlement is November – March of the year after. 



 

 

 

5.6.3.4 Diurnal vertical migration 

The pattern of settlement, allowing for diurnal vertical migration (DVM) behaviour of particles 

(Figure 5.13), was relatively comparable to simulations without DVM (Figure 5.7b), although 

there was, on average, 15% less settlement in later periods compared to earlier in the settlement 

season (Figure 5.13). The late settlement shows a clear declining pattern until 2007 and then 

incrementally recovering to past the previous maximum by 2012 (Figure 5.13). This varies 

from the simulations without DVM (Figure 5.7b), where the late settlement did exhibit as much 

temporal variation.  An additional difference is an abrupt decline in the early settlement in the 

2010 season (Figure 5.13), which was not as pronounced without DVM (Figure 5.7b).   

 

Figure 5.13 Proportion of particles released that settled within the early and late portions of the seasons (Run S, 

as in Figure 7) for swimming particles at 0.05 ms-1 with diurnal vertical migration. The number above the bars 

are the total number of particles settled for the simulation (early and late). Early settlement is the successful 

settlement between September and October. Late settlement is the successful settlement between November and 

March.  

5.7  Discussion 

Our results suggest that the variations in observed puerulus settlement between the years 2000 

and 2012 are a product of variation in the localised driving forces of the Leeuwin (LC) and 

Capes (CC) currents over the summer months. The years of low settlement coincided with a 
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low energy period in the South-East Indian Ocean, where there were neutral ENSO conditions 

over an extended period (Cosoli et al., 2020). In 2011, when there was a strong La Niña, 

recovery in puerulus numbers began, but not to the expected extent based on the strength of 

the LC (de Lestang et al., 2015). This study demonstrated that cause of the settlement failure 

could be identified by isolating the different early-life cycle phases of P. cygnus and the forcing 

mechanisms at each dispersal phase. 

 After three months, the wider dispersal of particles by 2012 highlights that there has been less 

entrainment of particles within eddy structures, likely reducing their return pathway to the 

coast. The entrainment of phyllosoma and other long-lived larvae (Cetina-Heredia et al., 2019; 

Mullaney & Suthers, 2013; Woodings et al., 2019) within eddies is regarded as positive for 

prey availability and transport (Clavel-Henry et al., 2020; McCosker et al., 2020). It has 

previously been suggested that the period of unusually low settlement may have occurred due 

to a ‘rogue’ eddy system entraining newly-hatched larvae from the key spawning areas and 

transporting them offshore (Brown, 2009; Säwström et al., 2014; Waite et al., 2019). However, 

Run H has shown that this is unlikely to have occurred. Instead, there is a tendency for particles 

to become increasingly dispersed leading up to, during and after the period of low settlement, 

with limited evidence of entrainment in eddy structures.  

Particles released offshore during austral winter (Run O) were also influenced by the strength 

of the LC and the associated increase in eddy kinetic energy (EKE). The number of particles 

lost from the simulations was highest in 2000 when EKE peaked (Pattiaratchi & Siji, 2020). 

Fewer particles were lost. However, a similarly increasingly southern distribution of particles 

in 2011 coincided with another peak in EKE (Chapter 4 and Pattiaratchi & Siji, 2020). The 

only simulation where we observed increased density of particles overlapping with the flow of 

the LC was after 30 days in 2011, where the LC was undoubtedly the strongest (Benthuysen et 

al., 2014; Boening et al., 2012; Wijeratne et al., 2018). Alongside the increased dispersal in 

Run H, the strong LC in 2011 may have been too strong for phyllosoma to survive. Fisheries 

managers expected a significant increase in settlement given the strong La Niña conditions in 

2011 (de Lestang et al., 2015). However, only a slight increase in PI was observed (Chapter 3). 

The LC also had a more considerable spatial extent (Huang & Feng, 2015) throughout the 

unusually low settlement, which may have resulted in inadequate inertia to increase the PI 

substantially. 

Despite minor inter-annual differences, the number of particles that successfully settled during 

Run S remained relatively consistent. This was expected since we did not model transport over 



Chapter 5 

 

103 

 

the complete life cycle of the larvae (but see Caputi et al. 2018; Feng et al. 2011).  A slight 

decrease was recorded over 2007 and 2008 (Figure 5.7b), in line with the period of low 

settlement when swimming was added; however, not in 2009, where a low PI was also recorded 

(Chapter 3 and de Lestang et al., 2015). The lower number of successfully settled particles in 

the late portion of the season in Run S, including the diurnal vertical migration (DVM) 

sensitivity runs, suggests that the weak secondary LC peak over January and February inhibits 

puerulus from reaching the nearshore. The same likely does not occur over the early portion of 

the season where the CC is flowing northward, and LC would usually be weaker (Gersbach et 

al., 1999; Wijeratne et al., 2018).  

Separating the successfully settled particles from Run S into their locations along the coast 

revealed areas where shelf and nearshore processes assist puerulus transport to likely settlement 

locations. More temporal variability in settlement latitudes was seen within the early settlement 

than the late, although overall, they showed similar regions of increased settlement. Both 

passive and swimming particle simulations indicate a region in the north (28.2⁰S to 28.8⁰S), 

where settlement decreases throughout the low settlement period, causing the distribution to 

skew southward. This north region includes Dongara, where the puerulus index has historically 

been the highest and decreased significantly during the period of unusually low settlement (de 

Lestang et al., 2016). This suggests the transport conditions during the period of the unusually 

low settlement were not conducive to transporting puerulus towards these key latitudes within 

the fishery.  

Our settlement results have shown that particles are being transported from locations 

substantially and significantly further north during the period of unusually low settlement 

compared to prior (Figure 5.14). This trend also continued after the period of unusually low 

settlement (2010 – 2012). The latitudinal shift for north settling particles is similar in the early 

and late portions of the season.  However, particles move significantly further north to settle 

during the latter part of the season in the south. This matches observed changes in puerulus 

settlement, with a noticeable drop in the PI levels in southern sites during and after the 

recruitment failure.  In 2010 (the late portion being in early 2011 summer) and 2011, the LC 

was strong over the later portions of those seasons, thereby weakening the CC by flooding the 

shelf (Benthuysen et al., 2014), this likely decreased the number of observed puerulus 

compared to what was typically expected during a strong La Niña (Caputi, 2008). The 

difference in the early and late latitudinal shifts also matches the differences in recovery of the 
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puerulus index after the period of unusually low settlement experienced between the north and 

south of the fishery (Chapter 3). 

 

Figure 5.14 Schematic summarising the changes in the movement of puerulus onshore before, during and after 

the period of low settlement. Including the change in the wind-driven Capes Current strength influenced by the 

increase in the Leeuwin Current. Arrows are for visual representation are purposefully approximate. 

An increase, whether north or south, in degrees difference between the release and settlement 

latitude, may imply that the distance travelled of the particle has increased. The distance 

travelled for puerulus is highly important for its survival due to its nektonic state (Fitzgibbon 

et al., 2014; Lemmens, 1994). The further they travel, the higher the utilisation of energy 

reserves. With the increased dispersal of particles shown in our hatching runs, phyllosomas 

reaching the continental shelf to undergo metamorphosis may already have depleted energy 

reserves if they were not within eddy systems (Saunders et al., 2012; Waite et al., 2019). 

Particles that successfully settled in the south of the fishery, particularly during the late portion 

of the season, travelled further to reach settlement locations. In the north, despite there being a 
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southward shift in the direction they travelled to get to the settlement location (due to the LC 

summer increase), the distance travelled was more uniform over the periods. The differences 

in distance travelled may explain the more significant recovery in PI observed in the northern 

parts of the fishery (Chapter 3). 

Consistent with the literature on other spiny lobster species, our research shows the influences 

of nearshore oceanographic processes on the settlement of puerulus. For Jasus edwardsii, 

south-westerly wind-driven surface currents also assist transport to the South Australian 

coastline (Hinojosa et al., 2017). In addition, hurricanes and their associated sea-level changes 

have been correlated with the Caribbean spiny lobster, Panulirus argus (Briones-Fourzán et 

al., 2008). The Yucatan Current also has been linked to P. argus dispersal (Munoz de Ceote-

Hernandez et al., 2021). Throughout the unusually low settlement for P.cygnus, the boundary 

current, the LC, was stronger over the summer, flooding the shelf, and reducing the CC 

strength, while it functions to assist puerulus settlement. The same occurs within the East 

Australia Current, where the jet-like stream can act as a barrier to the settlement of Sagmariasus 

verreauxi (Cetina-Heredia et al., 2015; Roughan et al., 2011). In essence, it is a combination 

of offshore abundance and condition, followed by active swimming and oceanographic shelf 

processes that drive the successful settlement of P. cygnus and other spiny lobster species 

globally (Goldstein & Butler IV, 2009; Linnane et al., 2010; Singh et al., 2018; Yeung et al., 

2001). 

Our results add to the growing body of knowledge surrounding the influence of the LC and 

coastal currents on P. cygnus larvae and settlement patterns represented by PI (Chapter 2; 

Caputi & Brown, 1993; Pearce & Phillips, 1988). Our research indicates that localised 

influences of the LC interacting with CC can positively and negatively affect the successful 

settlement of P. cygnus puerulus. However, this depends on where and when it has reached the 

shelf and whether it is in the early or late portion of the season. Therefore, future work should 

include characterisation of the spatial scale of the LC and CC from satellite images in winter 

and summer.  

An increase in the dispersal properties of the LC during hatching, alongside its increased 

strength in summer, while the CC decreased, has likely given rise to alternative pathways for 

puerulus reaching the nearshore after the low settlement period. It is important to note that with 

only minimal field observations, little is definitively known about the movements of P. cygnus 

during its larval duration. In particular, cues for metamorphosis into puerulus and likely 

swimming speeds (Jeffs et al., 2005; Phillips & McWilliam, 2009). This is a limitation of our 
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study. In particular, biological processes such as variation in productivity and predation are not 

factors into this analysis aside from a timing constraint (40 days) to leave the shelf in Run H. .   

5.8  Conclusion 

Our findings have significant implications on fishery management and understanding of the 

transport mechanism of the early life of the Western Rock Lobster. The southward flowing 

Leeuwin Current (LC) and the northward-flowing Capes Current (CC) on the shelf interact 

over summer to generate different pathways for puerulus to reach nearshore areas. Before the 

unusually low puerulus settlement period, the LC was weaker, therefore not impeding the CC 

northward shelf flow. This allowed puerulus to be transported more directly to suitable habitats. 

During and after the period of low settlement, puerulus reached nearshore areas more 

successfully from further north, particularly in the southern latitudes of the fishery. The same 

occurred afterwards, although to a lesser extent. These differences were highlighted statistically 

and through trajectory mapping. We have shown that it is not so much the strength of the LC 

but somewhat nuanced pathways, influencing the CC in summer, which characterises puerulus 

settlement into the fishery. 
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Chapter 6 Oceanographic processes influence Western 

Rock Lobster post-larval supply to an area of low 

abundance of juveniles 

 

This chapter addresses small-scale variation at the centre of the fishery. It focuses on a region 

with an unusually low abundance of juvenile Western Rock Lobster. Initially, surface currents 

indicated that fluctuating hydrodynamic conditions might impede puerulus from reaching 

certain areas. This high gradient area is explored and characterised using lagrangian particle 

tracking methods and post-larval (puerulus) collectors. 

 

Citation:  

Kolbusz, J., Langlois, T., Brooker, M, Fitzhardinge, J., de Lestang, S. & Pattiaratchi, C. (2021). 

Oceanographic processes influence Western Rock Lobster post-larval supply to an area of low 

abundance of juveniles. Submitted to ICES Marine Science 
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6.1  Abstract 

A region of unusually low abundance of juvenile sub-legal Western Rock Lobster Panulirus 

cygnus has been described in the centre of their biogeographic distribution and the valuable 

fishery they support, from both studies of fisher perception and fisheries independent surveys. 

P. cygnus has a long pelagic larval duration that ends with post-larvae (puerulus) crossing the 

continental shelf to reach nearshore settlement regions. Variability in surface currents over the 

region suggested that flow patterns may impede the onshore movement of puerulus compared 

to adjacent areas with known high puerulus numbers and increased onshore water movement. 

Therefore, it is possible that the supply of puerulus could have created this Low-catch Zone 

(LCZ). Our research focused on assessing puerulus supply to this region using puerulus data 

collection methods and numerical simulations: (1) puerulus settlement within the LCZ was 

monitored over two years, and compared to a nearby existing and ongoing monitoring station; 

and, (2) lagrangian particle tracking methods were applied to model trajectories of puerulus in 

three dimensions from the shelf to the nearshore. Results from both puerulus monitoring and 

particle tracking methods indicate that substantial numbers of puerulus reach the LCZ. 

According to the particle tracking results, the potential settlement of puerulus is significantly 

higher within the LCZ than adjacent higher-catch zones with consistently high settlement rates. 

In the field, puerulus settlement rates were on average higher in the adjacent high catch zone, 

but highly variable at small spatial scales, suggesting the fine-scale location of collectors may 

be more important than broader scale oceanography. This study suggests that supply of 

settlement is unlikely to be the process explaining the LCZ but provides further evidence of 

variable puerulus settlement over relatively small scales (< 100 m). This highlights that fine-

scale flow dynamics in complex coastal features, for example, reef systems, and ecological 

settlement cues, may also have an important role.  
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6.2  Introduction 

Since 1968, monitoring Western Rock Lobster, Panulirus cygnus, post-larvae (puerulus) 

settlement has indicated subsequent recruitment three to four years later into the fishery when 

they become the legal size for capture (de Lestang et al., 2009). Thus, monitoring of puerulus 

settlement has been used to inform fishery management and set total allowable catch settings, 

helping to ensure the sustainability of this fishery. In particular, through a period of unusually 

low settlement in the late 2000s, this monitoring program indicated the need for reduced fishing 

effort, prompting the closure of key spawning ground locations to ensure the sustainability of 

the fishery (de Lestang et al., 2012). The puerulus settlement monitoring program consists of 

artificial collectors located at eight sites across the fishery extent, close to nearshore reef 

structures with seagrass to exploit their preferential habitat (Figure 6.1a) (de Lestang & 

Rossbach, 2018; Phillips, 1972).  

 

Figure 6.1 (a) The Western Rock Lobster fishery extent (WRFL) and key locations, leading to the insert for Figure 

2. (a) A schematic diagram of the major currents along the west coast of Australia and their approximate 

locations. Adapted from Figure 4.2. The extent of the figure is the extent of the particle tracking model. 
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The pelagic early-life cycle of P. cygnus begins at hatching between September to February 

each year in depths of 60 to 80 metres (de Lestang et al., 2012). Larvae (phyllosoma) are then 

transported hundreds of kilometres offshore, where they develop through a series of moults 

within the Leeuwin Current (LC) and its associated eddy system (Figure 6.1b) (Caputi, 2008; 

Wang et al., 2015). Phyllosoma are in the open ocean for 8 to 10 months before returning to 

the Western Australian continental shelf. Therefore, the puerulus settlement season is between 

May to April (Chapter 2 and Chapter 3), peaking in the middle of the austral summer (de 

Lestang et al., 2016).  

The summer oceanographic conditions along Western Australia consist of a weaker southward 

flowing LC offshore and a wind-driven northward-flowing current, the Capes Current (Figure 

6.1b), on the continental shelf in water depths generally less than 50 metres (Woo & 

Pattiaratchi, 2008). As late-stage phyllosoma reach the continental shelf, they undergo 

metamorphosis into swimming puerulus and can swim up to speeds of 0.5 ms-1 (Fitzpatrick et 

al., 1989; Phillips et al., 1978; Phillips & Olsen, 1975). Previous links have shown positive 

relationships between the strength of the LC and the puerulus settlement index (Caputi et al., 

2001; Pearce & Phillips, 1988). However, this relationship has broken down since the period 

of low settlement in the late 2000s (Chapter 3 and de Lestang et al., 2015) but nevertheless 

demonstrates that future recruitment to the fishery is highly susceptible to changes in the 

oceanographic conditions off Western Australia (Caputi et al., 2010; Caputi & Brown, 1993; 

Hood et al., 2017; Säwström et al., 2014). 

Anecdotal reports of a Low-catch Zone (LCZ) within the centre of the fishery were confirmed 

in a fishery-wide survey of fisher perceptions (Brooker et al., 2021) and a small scale fishery-

independent survey (Miller et al., submitted). Miller et al. (submitted) found the LCZ was 

characterised by a very low abundance of juvenile and sub-legal lobster compared to adjacent 

relatively high catch areas, and that the area was infrequently fished commercially. Miller 

(submitted) and Brooker (2021) studies suggested that the low catch rates within the region 

could be attributed to a reduced supply of settlement. This allowed us to define three different 

zones of potential variation in puerulus settlement for investigation (Figure 6.1a and Figure 

6.2a).  

Further motivation for this research was due to satellite sea surface temperature data showing 

colder water trapped in the shallow areas of the perceived LCZ during both summer and winter 

(Figure 6.2b and c). This suggested that the shallow areas of Cliff Head, 30 km south of 

Dongara, may be hydrodynamically disconnected from offshore, providing a possible 



Chapter 6 

 

111 

 

mechanism for reduced puerulus settlement. In addition, from over 50 years of puerulus 

settlement monitoring by fisheries scientists, it was apparent that Seven Mile Beach, 10 km 

north of Dongara, and Jurien Bay, 130 km south of Dongara, had higher than mean puerulus 

settlement rates within the fishery (de Lestang et al., 2012). Research completed by Edgar 

(1990) characterised Cliff Head, or in our case the LCZ, as “a broke limestone reef with dense 

beds of Amphibolis habitat entended along the coast between 20 and 80 metres from the shore”. 

Recent assessment of sediment cells along the Mid-West coast now describe the region as 

shallow with unstable sediments (Stul et al., 2014). Conversely, Seven Mile Beach, the HCZ, 

consists of small limestone patch reefs and turf habitats within 400 meters of the shore (Edgar, 

1990). These suspected strong gradients in puerulus settlement across a relatively small spatial 

scale, alongside probable local differences in oceanographic and habitat conditions, provided 

an opportunity to assess the influence of small scale (10’s km) variation in oceanographic 

forcing on settlement patterns at the centre of the biogeographic range of the Western Rock 

Lobster and the valuable fishery it supports. 

 

Figure 6.2 (a) High, medium and low-catch zones including cross-shore and alongshore explanations and depth 

contours (b) IMOS Winter SST satellite image (30 May 2018, 6-day average) with the zones (c) IMOS Summer 

SST satellite image (20 January 2018, 6-day average) with zones and key locations (Griffin et al., 2017). 
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Specifically, this chapter aims to determine the oceanographic processes contributing to high 

variability in puerulus settlement patterns in the LCZ through field observations and numerical 

modelling. Three zones of suspected contrasting settlement were defined as high, medium or 

low catch based on the likely differences in the number of puerulus and lobsters populations 

(Figure 6.2a, see Miller et al., submitted). Fieldwork consisted of deploying puerulus collectors 

to monitor spatial and temporal patterns in P. cygnus puerulus settlement. Numerical modelling 

consisted of using a three-dimensional hydrodynamic hindcast data to force a particle tracking 

model to understand the circulation patterns of the area and whether they constrain puerulus 

from specifically reaching the LCZ.  

 

6.3  Methods 

6.3.1 Puerulus collector data 

To investigate spatial and temporal patterns in puerulus settlement, collectors were deployed 

in October 2017, measuring the abundance of the puerulus settling within the LCZ relative to 

the adjacent areas with ongoing settlement monitoring programs. These were serviced on or 

around the full moon during the settlement season, between August and April, providing 

approximately monthly data. At each collector location, there were at least four of them, 

consisting of two comparable designs. At the start of the 2018 season (August), additional 

collectors were added to investigate settlement at additional nearshore reef sites (northernmost 

site in the LCZ, Figure 6.3). This additional site appeared to have similar hydrodynamics to the 

High-catch zone. This data was reported as a mean monthly settlement and standard deviation 

for the high-catch zone and LCZ collectors.  

6.3.2 Hydrodynamic model: ozROMS 

The Regional Ocean Modelling System (ROMS) has been used in hindcast mode (past-time) 

for Australasian shelf (ozROMS) and deep-water regions to resolve subsurface and surface 

currents and the associated volume transports (Wijeratne et al., 2018). This fully three-

dimensional circulation model is designed to resolve processes along the continental shelf, 

including tide, wind, air-sea fluxes, and ocean forcing, setting it apart from other ocean models 

for the same region. The model grid used here was set at a horizontal spacing of 3 km allowing 

for topographic variation to impact the predicted water movement. OzROMS model output, in 
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three-dimensions at hourly intervals, was available for the period 2000-2018 for zonal 

(eastward) and meridional (northward) velocities, including temperature and salinity.  

Cross-shelf transport and alongshore transport (in Sv=106 m3s-1) were calculated from the 

ozROMS data. This was completed for each monthly time step between the depth contours of 

120 to 40 meters over the High-catch zone (HZC) and Low-catch zone (LCZ) latitudinal bins 

and south of the LCZ (Figure 6.2a). In addition, the south of the LCZ was included to 

understand the general transport conditions over the whole area. These were averaged, and 

standard deviation was calculated for each month over the 18-year data set to obtain the mean 

conditions. 
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Figure 6.3 (a) Deployed puerulus collectors locations in the context of the high and low catch zones between 

September 2017 to March 2019 (b) High-catch zone deployed collectors (black) with the modified WA963 nautical 

chart (c) Low-catch zone deployed collectors (black) with the modified WA979 nautical chart. 
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6.3.3 Particle tracking: Ichthyop 

Particle tracking was completed using the open-source larval transport model Ichthyop (Lett et 

al., 2008). Ichthyop was used to determine whether particles reach the LCZ through tracking 

the trajectories of particles in three dimensions using ozROMS hydrodynamic forcing in u and 

v directions and simulated using the Runge-Kutta numerical advection scheme with a time step 

of 15 seconds. The small internal time step was chosen so that the Courant-Friedrichs-Lewy 

(CFL) criterion did not occur, causing instabilities when calculating w (vertical) velocities (Lett 

et al. 2008). The horizontal dispersion rate was set to 1x10-9 m2 s-1, as suggested by Peliz et al. 

(2007). “Particles”, representing P. cygnus larvae, were released at each ozROMS grid along 

the continental shelf (200 metres) at 40 meters depth between 26⁰S and 32⁰S (Figure 6.1). 

Hourly advection data from ozROMS allowed for the simulation of eight settlement seasons, 

2000-2001 and 2007-12, to be modelled. Particles were released from September to February, 

every five days, over the available years. We simulated only the last phase of the pelagic larval 

duration, the puerulus. This approach was adopted because the on-shelf variation in particle 

movement was the focal point alongside computational limits.  The effects of the physical 

environment on the particle was tracked, included but was not limited to horizontal advection 

and tracking of temperature.  

Particles were transported with swimming capabilities of 0.05 ms-1 towards the coast, 

undergoing diurnal vertical migration (DVM) to 20 meters depth during the day and the surface 

at night (Feng et al., 2011; Chapter 4). The recording frequency was set to output every 4 hours. 

If the particles had been moving for over 21 days, they perished due to their nektonic state 

(Feng et al., 2011). Particles that moved outside the open ocean boundary (22⁰S – 36⁰S, 108⁰E 

– 117⁰E) were considered out of bounds and removed. Particles were also removed if 

temperatures were outside survival bounds of 10⁰C to 26⁰C. 

6.3.3.1 Particle Flux  

Given the ozROMS horizontal resolution (3 km), we could not confidently assess the 

successful settlement of particles in shallow depths (< 15 m) due to the large number of reefs 

(Figure 6.3). Furthermore, the size of each zone of interest (Figure 6.3) is at a minimum of six 

ozROMS grid cells. Therefore, we developed a post-processing particle flux algorithm to 

assess the number of chances a particle has to settle within each zone along its trajectory. This 
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method of assessing particle flux allows for the movement and potential settlement of puerulus 

instead of an instantaneous assumption of settlement.  

A “chance” to settle or count was added if the particle trajectory went through a zone. The 

zones were spatially defined similarly to those by Miller (submitted). Whether this was for one 

or several time steps, it was counted as one chance if the particle remained within the zone. If 

the particle left the zone and then went back into the zone, that was counted as two chances. 

Therefore, some trajectories may have two or more chances to settle in each zone (Figure 6.4) 

until it either beaches or is no longer active (> 21 days). The algorithm was applied to all eight 

years’ simulation outputs, and a mean and standard deviation of the number of chances for each 

zone was calculated. The proportion of chances for particles to settle only into one zone was 

also calculated and the associated standard deviation. Additionally, if the particle only went in 

one zone, it was within the proportion of particles entering that zone. Finally, a permutational 

analysis of variance (ANOVA) (Anderson, 2001) was undertaken to compare the mean number 

of settlement chances across each zone. This was also conducted for the proportions of the 

chances of only entering one zone. The ANOVA was completed using the adonis function 

within the vegan package in R (Oksanen et al., 2020). 

 

Figure 6.4 The particle flux method used. This shows an example of a particle trajectory that is transported to 

eventually being beached. Here, two chances are counted in each of the three zones. 
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6.4  Results 

6.4.1 Puerulus collector data 

Puerulus collector data suggest that puerulus reach the LCZ, but these numbers are much 

greater on collectors in the HCZ, albeit with high levels of variance (Figure 6.5). After adding 

extra coastal collectors within the LCZ in the 2018-2019 season, the mean puerulus settlement 

recorded within the LCZ was greater than the first season, particularly in January and February 

2019 (Figure 6.3).   

 

Figure 6.5 The mean monthly puerulus settlement data from the (a) high-catch zone and (b) low-catch zone. Error 

bars represent the standard deviation. The bold italicised value indicates the number of collectors used for the 

season. The northernmost set of collectors in the low-catch zone was only added in 2018. 
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6.4.2 Mean transport conditions 

The meridional and zonal transport conditions over the zones depict differing conditions of 

water transport across and along the shelf. Zonal, or cross-shelf transport, is different within 

each area (Figure 6.6), with little monthly variation in line with seasonal conditions. For 

example, on the shelf adjacent to the HCZ, average values are near net-zero suggesting minimal 

onshore transport. Although the high standard deviation suggests over the winter months, this 

fluctuates between onshore (eastward) and offshore (westward) transport. In contrast, the shelf 

area adjacent to the LCZ exhibits predominantly offshore (westward) flow with no 

distinguishable monthly variation, as indicated by the small standard deviation. Whereas to the 

south of the LCZ, there is predominantly onshore (eastward) transport with a small increase 

over the summer months when puerulus settlement would be at its peak.   

Alongshore flows exhibit monthly variations consistent with the regional current and locally 

wind-driven systems (Figure 6.7). Across the HCZ and south LCZ latitudes on the shelf, there 

is a mean negative (southward) flux over the autumn and winter months, aligning with the 

southward flowing Leeuwin Current (Figure 6.7a and c). However, the LCZ, which is 

somewhat indented on the coast and potentially more isolated from the Leeuwin Current, has 

a mean northward flux during the winter months mainly due to the effect of wind patterns 

(Figure 6.7b). All three zones exhibit a mean northward flux of water over the summer months, 

reflecting currents driven by the predominantly south-westerly winds that coincide with the 

peak period of puerulus settlement.   
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Figure 6.6 Mean monthly cross-shore transport between the 120 - 40 metre contour at (a) the High-catch zone 

latitude, (b) the low-catch zone latitude, and (c) south of the low-catch zone. These locations are shown in Figure 

2a. Positive values denote eastward transport. They are calculated from monthly ozROMS hindcast data with 

error bars included as standard deviation. 
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Figure 6.7 Mean monthly along-shore transport (Sv) between the 120 - 40 metre contour at (a) the High-catch 

zone latitude, (b) the low-catch zone latitude and (c) south of the low-catch zone. These locations are shown in 

Figure 2a. Positive values denote northward transport. They are calculated from monthly ozROMS hindcast data 

with error bars included as standard deviation. 

6.4.3 Particle tracking outputs 

Particle tracking outputs illustrated that circulation patterns provide substantially greater mean 

and proportional chances for puerulus to settle in the LCZ than the HCZ. Over the eight 

puerulus settlement seasons modelled, our particle flux method found that the number of 

chances particles have to settle within the LCZ is significantly higher (p < 0.001, 41%) than 

those being able to settle within either the medium (MCZ) or HCZ (Figure 6.8). Furthermore, 

particles that reach the LCZ are usually (90% of the time) transported from the south and 

through the LCZ and Medium-catch zones (Figure 6.9). Particles transported only to the MCZ 

is significantly lower than the LCZ or HCZ (Figure 6.8). When particles reach the LCZ, 38% 

of the time, the particle is only transported there. In contrast, only ~8% of particles reach the 

HCZ (Figure 6.9), reflecting the minimal onshore transport in that zone described in the mean 

transport conditions.  

Tracking particle pathways shows that particles arriving within the LCZ usually originate from 

release points, as proxies for transport of offshore larvae, further north (Figure 6.10). The 
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pathway analysis shows how particles typically travel southward, correlated with the flow of 

the Leeuwin Current. As they reach nearer to the coast, they shift to being transported 

northward, correlating with the wind-driven Capes Current on the shelf. In some years, this is 

near 30⁰S (Figure 6.10 a, c, d and f), whereas in others, there is movement north and south 

before eventual settlement in the area (Figure 6.10 g and h).   

 

Figure 6.8 The mean number of chances for particles to settle within each zone (low-catch, medium-catch or high-

catch zones) over the 8 sample settlement seasons. Error bars are the standard deviation. Results of pair-wise 

comparisons are indicated by alphabetic character (p < 0.005).    

 

Figure 6.9 The proportion of the chances to particles settle only within the single zone (Low-catch, Medium-catch 

or High-catch zones) over the 8 sample settlement seasons. Error bars are the standard deviation. Results of pair-

wise comparisons are indicated by alphabetic character (p < 0.001). 
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Figure 6.10 Trajectories of particles that end in the Low-catch zone over the 8 sample settlement seasons (a) 

2000, (b) 2001, (c) 2007 ,(d) 2008 ,(e) 2009 ,(f) 2010 ,(g) 2011 and (h) 2012. 
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6.5  Discussion 

Contrary to initial expectations, the field observations and numerical simulations (larval 

dispersal modelling) in the current study found little evidence that post-larval supply is the 

reason for the Low-Catch Zone (LCZ) in the centre of the Western Rock Lobster’s 

biogeographic range and fishery. In-situ puerulus collectors highlight that there are likely fewer 

pueruli reaching the LCZ than the nearby High-Catch Zone (HCZ). However, numerical 

modelling suggests significantly more pueruli reach the LCZ. Regardless of these differences, 

both results highlight that there are likely other factors contributing to post-settlement mortality 

and growth processes (Meyer et al., 2021)  contribution to the low numbers of sub-legal and 

juvenile lobsters within the LCZ.  

The addition of five additional collectors to the LCZ in 2018 provides an insight into the high 

spatial variability of puerulus collectors. Although these additional collectors were only a few 

hundred metres northward of an existing site, there was a substantial increase in the mean 

number of pueruli at the siteThis subdues our certainty surrounding the LCZ having less pueruli 

supply. Similarly, with the Seven Mile location, where fisheries scientists have monitored 

pueruli since 1968, a single collector frequently collects more pueruli than those nearby (de 

Lestang et al., 2012). The number of pueruli reaching collectors for spiny lobster species has 

shown to increase where collectors are in direct influence of water flow (P. argus) (Gutierrez-

Carbonell et al., 1992; Ward, 1989) and lower water clarity (J. edwardsii) (Booth & Phillips, 

1994). The fine spatial scale but consistent variability (at 10’s m) in collector puerulus numbers 

observed including in other comparable studies (Booth, 2001; Booth et al., 2000; Eggleston et 

al., 1998; Phillips et al., 2001), suggests that there are fine-scale oceanographic, or potentially 

ecological cues, that influence settlement at a localised scale within our study Zones. 
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Figure 6.11 (a) The mean surface currents over October to February between 2000 and 2018 from ozROMS 

predicted hindcast data (Wijeratne et al., 2018) (b) The mean surface currents over October to February in 2019 

and 2020 from HF Radar installed by IMOS (Cosoli et al., 2020). Both (a) and (b) include the High, Medium and 

Low-catch zones indicated by the different colours.  

The mean oceanographic conditions when puerulus reach the nearshore over the summer 

season corroborate the findings of the particle tracking model (Figure 6.11). Generally, 
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particles are transported from offshore waters to the north before crossing the shelf at a more 

southern point to be then driven northward by wind-driven flows to settle in these zones. The 

Leeuwin Current is generally weaker in the summer  (Section 2.3.1; Wijeratne et al., 2018) but 

continues to flow along the continental slope (~ 200 metres). As the LC weakens further south, 

the northward-flowing Capes Current (CC) and other northward-flowing wind-driven currents, 

plus the swimming abilities of the pueruli, assist their transport to the nearshore (Pearce & 

Pattiaratchi, 1999; Pearce & Phillips, 2011). While alongshore transport differs seasonally, the 

magnitudes over the zones are similar. However, cross-shore transport suggests less interaction 

with the offshore in the HCZ, potentially concentrating pueruli numbers. This further 

emphasises nearshore wind-driven flows along the west coast (Figure 6.11) and their potential 

role in puerulus settlement.  

Wind-driven surface currents on the continental shelf have previously been underestimated in 

particle tracking models of the complete P. cygnus larval cycle (Feng et al., 2011). This was 

due to the coarser-resolution models that did not adequately resolve the width of the continental 

shelf. Therefore, previous studies included Stoke’s drift to ensure particles were not driven 

southward by the LC (Caputi et al., 2018; Feng et al., 2011). However, our results suggest that 

the cross-shelf flows at the specific latitudes of settlement are not indicative of local puerulus 

settlement (Figure 6.5b) (Fitzgibbon et al., 2014; Pearce & Phillips, 1988). Instead, summer 

season wind-driven northward-flowing currents are likely to entrain post-larvae as they cross 

the shelf and transport them further northwards along the coast (Figure 6.11). This is evident 

in both predicted data (ozROMS) and measured surface currents (High-Frequency Radar) in 

the region (Figure 6.11; Cosoli et al., 2020; Wijeratne et al., 2018). There is also a year-round 

average onshore cross-shelf flux to the south of the LCZ (Figure 6.6), which aligns with some 

pathways of particles eventually reaching the LCZ and HCZ to the north (for example, Figure 

6.10a). The transport of a puerulus to the nearshore is instantaneous and varies between pueruli, 

therefore, average conditions can only provide an overview. In addition, breaking waves over 

nearshore reefs, in abundance within this region (Figure 6.3), may also contribute. Releasing 

the particles along the continental shelf as model puerulus has shown that they can successfully 

reach nearshore areas from a range of latitudes along the continental shelf. 

Consistent with the literature on other spiny lobster species, our research shows the influences 

of nearshore oceanographic processes on the settlement of pueruli. For Jasus edwardsii, 

southwest wind-driven surface currents also assist in transport to the South Australian coastline 

(Hinojosa et al., 2017). Additionally, hurricanes and their associated sea-level changes have 
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been correlated with the Caribbean spiny lobster, Panulirus argus (Briones-Fourzán et al., 

2008). The Yucatan Current has also been linked to P. argus dispersal (Munoz de Ceote-

Hernandez et al., 2021). A consistent decrease in the strength of the Capes Current alongside 

an unusual but steady increase in the strength of the Leeuwin Current in the summer coincided 

with a period of low puerulus settlement  (Chapter 4). Throughout a period of unusually low 

settlement for P. cygnus, the LC was stronger over the summer, flooding the shelf and reducing 

the CC strength, which likely assists pueruli transport to the nearshore. The same occurs within 

the East Australia Current, where the jet-like stream can act as a barrier to the settlement of 

Sagmariasus verreauxi (Cetina-Heredia et al., 2015; Roughan et al., 2011). Therefore, 

successful settlement of P. cygnus can be considered a combination of offshore abundance and 

condition of larvae, followed by active swimming and oceanographic shelf processes 

(Goldstein & Butler IV, 2009; Linnane et al., 2010; Singh et al., 2018; Yeung et al., 2001). 

Here, larval dispersal modelling has complemented fieldwork efforts, providing evidence of 

post-larval supply to the LCZ. However, alongside the shortcomings of lagrangian modelling 

efforts mentioned earlier, the weaknesses of puerulus collection methods should also be noted. 

There are weaknesses in the study design of the placement of the puerulus collectors, hence the 

addition of modelling efforts. HCZ collectors' location was within 100 metres of fisheries 

monitoring sites where there are known high pueruli numbers. Conversely, LCZ collectors are 

deployed in an area with no previous collectors, and a slightly different habitat, despite efforts 

in the field to find habitat comparability. The LCZ has high sediment instability and is 

potentially vulnerable to changes in regional sediment transport dynamics (Stul et al., 2014). 

At the same time, the adjacent HCZ is characterised by higher relief topography and less 

vulnerable to changes in sediment transport. The high variability in puerulus collection and 

limitations of particle tracking methods subdue our results while still confirming that pueruli 

are supplied to the LCZ. Therefore, our results suggest that other processes influencing post-

settlement growth and mortality might be critical in the area, potentially related to habitat 

suitability or stability (Phillips et al., 2003) leading to the differences in juvenile and sub-legal 

lobsters between the two Zones found by Miller et al. (submitted).  

6.6  Conclusion 

Puerulus collectors were deployed, and particle tracking was conducted to investigate post-

larval supply to an area of surprisingly low abundance of juvenile and sub-legal Western Rock 

Lobster. This is termed the “Low-catch zone” (LCZ) adjacent to areas of high sub-legal and 
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legal lobster abundance, near the biogeographic centre of the Western Rock Lobster 

distribution and fishery. We found that a lack of supply of recruits is not a likely contributing 

factor to the strong gradient in the number of sub-legal and juvenile lobsters over the local 

region. From a physical oceanographic standpoint, three-dimensional hindcast data was used 

to calculate the region’s average cross-shore and along-shore flows. This highlighted that cross-

shelf flows are on average offshore at the LCZ but onshore to the south of this area. However, 

the same data was implemented as the physical oceanographic forcing for a particle tracking 

model where trajectories detailed that puerulus arrive in the LCZ from further south, and their 

likely transport north along the coast, by wind-driven surface currents. Furthermore, high 

variability in pueruli numbers between collectors suggests that there are likely important 

ecological and potentially physical processes operating at very fine scales (e.g. 10-100 m’s). 

These processes have important implications for interpreting puerulus collector data and the 

future study of patterns in settlement across the range and fishery for this species. 
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Chapter 7 General Discussion and Conclusions 

In 2021, the sixth Intergovernmental Panel on Climate Change (IPCC) report was released. It 

detailed some of what we already know, but with more certainty. Over the 21st century, 83% 

of the ocean is likely to warm, resulting in changes to currents, storms and upwellings (Masson-

Delmotte et al., 2021). As these patterns change, the species within the marine environment 

will change, altering their population dynamics and distribution. The better we understand the 

interconnectedness of the physical and biological oceanographic environment on its species, 

the better we will be prepared for what is to come (Hobday & Cvitanovic, 2017; Kleisner et 

al., 2021). For example, climate change has already influenced spiny lobster species' spatial 

distributions, reproductive timing, and larval development durations (Boco et al., 2021; 

Briones-Fourzán & Lozano-Álvarez, 2015; Woodings et al., 2019). This is especially relevant 

for Panulirus cygnus, the spiny lobster species endemic to Western Australia, located within a 

global marine warming hotspot in the South-East Indian Ocean (Hobday & Pecl, 2014).  

The research presented in this thesis considered the role of changing oceanographic processes 

on post-larvae (puerulus) settlement of P. cygnus over three decades of monitoring and through 

a period of unusually low settlement (2008 and 2009) within the fishery that followed a period 

of lower ocean current variability. The influence of the physical environment on the species is 

well documented (Caputi et al., 2010; Caputi & Brown, 1993; de Lestang & Caputi, 2015; 

Plagányi, McGarvey, et al., 2018). This focus is primarily due to fluctuations in fishery-wide 

puerulus settlement (puerulus index, PI), informing fishable stock numbers 3-4 years into the 

future, and therefore, sustainable fishery management. The low puerulus settlement was 

unexpected due to environmental parameters, such as the LC, that previously correlated to the 

puerulus index (Caputi et al., 2010; Caputi & Brown, 1993; Pearce & Phillips, 1988). However, 

recent changes in the spatial and temporal patterns in puerulus settlement, alongside a 

breakdown in the relationships between ocean variability and the PI, were the primary 

motivations for this research. In addition, this research aimed to uncover whether the 

oceanographic drivers and their relationship to puerulus settlement have returned to normal or 

changed since the period of unusually low settlement. These questions were addressed and 

developed through four research questions addressed using analysis of time series of puerulus 

settlement data and numerical simulations: 
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1. What are the characteristic patterns of puerulus settlement throughout the fishery? (Chapter 

3)  

Previous research found that during the unusually low puerulus settlement period, there was a 

trend of settlement to occur later in the season and occasionally further north (de Lestang et al., 

2012, 2015). This chapter aimed to better understand and evaluate these potential changes in 

puerulus settlement to provide a basis for later investigations into the role of oceanographic 

variability on settlement patterns (Chapter 2).  

Historically, we found that there were generally two peaks in the puerulus settlement over the 

typical settlement season, which we characterised into early (May – October) and late 

(November – April) periods. This was completed using the puerulus settlement data at eight 

monitoring sites across the fishery between 1995 and 2018. We completed ANOVA and 

pairwise comparisons at each site in the early and late portions of the season to investigate 

where and when significant changes in these patterns had occurred. Our results demonstrated 

that, since the period of unusually low settlement, there had been a significant reduction in 

puerulus numbers over the early portion of the season at all coastal monitoring sites. For the 

sites south of Lancelin (Figure 3.5), there was also a significant reduction in settlement over 

the late settlement period.  

These results showed definitively that the puerulus settlement patterns in the fishery had 

changed after the period of unusually low settlement. This change in puerulus settlement 

patterns may provide evidence of why previously robust relationships between oceanographic 

and environmental proxies such as Fremantle Mean Sea Level, representing the strength of the 

Leeuwin Current, were no longer good predictors of the PI. These patterns also suggested that 

previously unknown oceanographic processes, potentially more complex than a simple overall 

strength of a dominant coastal current, were likely to be better predictors of puerulus 

settlement. The availability of detailed three-dimensional hindcast hydrodynamic information 

for the region (Wijeratne et al., 2018) allowed subsequent chapters to study conditions 

potentially influencing the distribution and survival of larvae across their pelagic early life 

stages and up to settlement. Therefore the second aim of this thesis was: 

2. What relationships exist between puerulus settlement and direct oceanographic parameters? 

(Chapter 4) 

Across a three-decade time series, direct oceanographic parameters were compared against the 

early or late puerulus settlement across all monitoring sites. Multiple regression modelling 
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revealed that adjacent sites along the coast tended to be influenced by similar oceanographic 

and biological variables. For example, a stronger Leeuwin Current (LC) over the settlement 

period negatively correlated with settlement in the north of the fishery (Abrolhos and Port 

Gregory) and increased kinetic energy over the pelagic larval duration in the southern half of 

the fishery positively correlated with settlement in the south of the fishery (Lancelin and 

Alkimos).   

The period of unusually low settlement coincided with unusual variation in several 

oceanographic conditions. Cross-shelf transport over the continental shelf in the northern half 

of the fishery became more variable whilst being offshore on average. It also occurred after 

seven years of 'hiatus' conditions in the LC system. This was associated with neutral ENSO 

conditions and slightly cooler SST anomalies. Similar variations in oceanographic conditions 

such as sea-level change or temperature have been attributed to variation in settlement of other 

spiny lobster species (Briones-Fourzán et al., 2008; Hinojosa et al., 2017). For the Western 

Rock Lobster, the decreased along-shore and cross-shore transport could have lessened the 

movement and subsequent settlement of puerulus onshore. The next chapter aimed to 

specifically test this using particle tracking methods to investigate how the convergence of 

variation in these oceanographic conditions would have likely influenced the onshore transport 

and settlement of pelagic P.cygnus larvae. Therefore the third question was: 

3. What are the transport pathways of the different larval stages of P. cygnus from hatching to 

settlement?  (Chapter 5) 

By considering P. cyngus larvae at three stages, hatching, offshore and settlement, we identified 

the likely causes of the period of unusually low settlement. These simulations revealed that 

during the period of unusually low settlement, transport pathways (Run S; Section 5.6.3) 

assisting puerulus to reach nearshore habitats were likely to have been repressed by the a-

typical strengthening southward flowing LC over the austral summer. In addition, particle 

tracking simulations at the settlement stage show that particles were transported significantly 

less northward from their release location on the shelf, in some cases southward, during and 

after the period of unusually low settlement. Simultaneously, the oceanographic conditions 

over the hatching period (Run H, Section 5.6.1) promoted the increased dispersal of particles 

during and after the period of low settlement, potentially reducing the availability of larvae for 

coastal entrainment.  
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Overall, these results aligned with the changes in puerulus settlement answered by question 1. 

There were differences in recovery of the puerulus index in the north and south of the fishery 

after the period of low settlement. Before the period of unusually low settlement, the pathways 

for puerulus to get from the shelf to the nearshore in the north typically required less distance 

travelled and were less variable. However, during and after the period of low settlement, 

particles successfully settling in the south usually arrived from significantly further north than 

before and travelled a longer distance. Therefore despite the model showing settlement in the 

south of the fishery, there would likely have been a higher utilisation of energy reserves since 

they are nektonic at this stage with potentially greater than usual mortality (Fitzgibbon et al., 

2014; Lemmens, 1994). This could be further compounded by the increased likelihood of wider 

and longer dispersal as phyllosoma when their energy reserves could be more easily depleted 

if they were not within preferable cyclonic eddy systems rich in food sources (Saunders et al., 

2012; Waite et al., 2019). Understanding the utilisation of energy reserves and limits of 

available food resources over these distances travelled is a point for future research which will 

be discussed in the following section.  

The development of the particle tracking model, in particular the Run S scenarios, provided a 

method to uncover transport pathways on the WA continental shelf. This methodology was 

applied to a suspected low-catch zone at the centre of the fishery, leading to:  

4. Are transport pathways of puerulus from the shelf to nearshore areas the cause of a low-

catch area within the fishery? (Chapter 6) 

In the centre of the Western Rock Lobster fishery, fishers have reported an area of unexpectedly 

low catch rates. Subsequent fisheries independent surveys confirmed that the region has very 

low numbers of juvenile lobster compared to adjacent and comparable areas, defining the 'low-

catch zone' (LCZ). To further investigate the processes leading to these low numbers of 

juveniles in the area, we set out to investigate whether a limited supply of puerulus to the LCZ 

was a likely cause. To answer this question, we adapted the Lagrangian particle tracking model 

used for question 3 by releasing particles, modelled as swimming puerulus, on the shelf to 

understand whether they could be successfully advected to the zone. This was complemented 

by puerulus collectors deployed in the low-catch zone and surrounding medium and high catch 

zones. Cross-shelf and alongshore transport along the shelf (120 – 50 m) was also investigated. 

Both the particle tracking model and the puerulus collectors highlighted that puerulus did reach 

the LCZ. The observed number of puerulus within the low-catch zone was lower than those in 
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the high-catch zone, but with a large variation between individual collectors reinforcing the 

importance of fine-scale (10's m) location on the success of the high-catch zone collectors. 

However, particle tracking found that the "chances" of successful settlement were likely higher 

within the LCZ than comparable high catch zones to the north. This was due to high 

topographic variability in the region and the model being applicable at a fishery scale, although 

not highly resolved to capture reef outcrops. The transport pathways highlighted that puerulus 

likely reach the high-catch zone from the south, and first must be most likely transported 

through the low-catch zone. A nested nearshore hydrodynamic model would improve the 

understanding of oceanographic conditions over the region, better accounting for nearshore 

variation in bathymetry. This would also facilitate the investigation of likely processes 

responsible for the high variation in puerulus settlement between nearby collectors. This is a 

point for future research which will be discussed in the following section.  

 

The answers to the four questions above draw attention to the complex processes surrounding 

the recruitment processes for the Western Rock Lobster. Even then, this thesis has primarily 

considered physical oceanographic conditions, omitting biological conditions such as primary 

production and food availability. For example, water productivity, Chlorophyll A, has been 

explored alongside puerulus settlement; however, no distinct relationships were uncovered 

with limitations from satellite data regarding the Deep Chlorophyll Maximum (Caputi et al., 

2014; D. Griffin et al., 2001). Furthermore, Waite et al. (2019) showed that high chlorophyll 

signatures, such as those within anti-cyclonic eddies, do not always equate to a better 

nutritional condition of phyllosoma (O’Rorke et al., 2012, 2015). This is a limitation of our 

conclusions. However, there could likely be another thesis considering the biological 

conditions. 

Co-occurrence of recruitment or abundance of species with ENSO, any other climatic pattern 

or environmental variable, requires a thorough assessment of the driving forces. The fluctuation 

of climate patterns may not be the conditions themselves but rather associations with water 

temperatures or the timing of spawning. For P. cygnus, the correlation of a high puerulus index 

with La Niña conditions was abundantly evident (Pearce & Phillips, 1988), taking away from 

the causal factors behind this link. When the correlation deviated, many questions arose that 

had not been previously addressed and may have been if the relationship had been better 

scrutinised initially (Brown, 2009; de Lestang et al., 2015). For example, considerations that a 

strong La Niña may not always correspond to a strong LC with other conditions such as the 
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Ningaloo Niña (Feng et al., 2015) and wind conditions playing a role (S. Wang et al., 2021). 

This consideration was made for anchovy recruitment in California when correlations to ENSO 

conditions occurred (Mullin, 1996). It was identified that growth rates were more likely to be 

affected, drawing attention to the importance of timing. Similarly, the Sutcliffe hypothesis in 

the 1970s showed that the monthly discharge from the St Laurence River correlated to the catch 

of the American Lobster (Homarus americanus) and Atlantic Halibut (Hippoglossus 

hippoglossus) (Drinkwater & Myers, 1987; Sutcliffe, 1973). The mechanisms of the variability, 

whether that be nutrients or advective and diffusive properties of the run-off, were not 

understood and the hypothesis has since been disproven (Chasse & Miller, 2010; Sinclair et 

al., 1986). Chapter 6 highlighted the differences in local conditions influencing pueruli 

numbers whereas the other Chapters have focused on broader patterns surrounding the LC and 

CC. Overall, the results presented provide another example of the complexities surrounding 

spatial and temporal scales of environmental conditions influencing recruitment and 

confounding with one other.  

7.1  Summary and conclusions 

The overall aim of this thesis was to determine the role of oceanographic processes on the 

settlement of Panulirus cygnus. We determined that the puerulus settlement patterns of P. 

cygnus, as monitored by fisheries scientists, have shifted since there was an unusual period of 

low settlement in 2008 and 2009. Before 2008, most of the settlement occurred in the early 

(May – October) portion of the season. After the recovery, most puerulus settlement occurred 

in the late portion of the season (November – April). After the period of low settlement, 

recovery of the settlement regime has primarily only occurred north of Lancelin (> 31⁰S).  

We found that the Leeuwin Current's (LC) second peak in summer (Wijeratne et al. 2018) is a 

controlling factor in the amount of puerulus to reach the nearshore (Figure 7.1). When it is 

stronger, it inhibits the successful settlement of puerulus, or they may reach the nearshore but 

have likely been transported from further north, therefore, causing increased mortality (Figure 

7.1). There is the possibility of increased settlement in the far south (Cape Mentelle), where 

puerulus may have crossed the shelf in the southern half of the fishery. When the Capes Current 

(CC) is simultaneously strong, it is pushed nearer to the coast by the opposing LC (Benthuysen 

et al., 2014). Therefore, puerulus would be less likely to be transported northward to suitable 

habitats. Before the years of unusually low puerulus settlement, the more likely conditions were 

a weaker LC over the early and late settlement periods. Therefore, the shelf processes, 
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influenced by the CC, assisted puerulus to habitats once crossing the weaker LC over the shelf 

(Figure 7.1). Higher settlement is usually seen across the central latitudes of the fishery. In the 

latter portion of the season, this increased the settlement at the Abrolhos Islands.  When both 

currents are weaker over the summer, localised processes and likely short-term events control 

conditions. Depending on those conditions and the supply of puerulus, their swimming abilities 

would likely lead to high puerulus settlement over the preferred habitats of the fishery.   

 

Figure 7.1 Summary schematic of Chapter 3, 4, 5 and 6 findings detailing the influence of the Leeuwin Current 

over the summer months and Capes Current on the (a) early and (b) late settlement. This figure assumes a similar 

amount of late-stage phyllosoma return to the continental shelf. 

Our research mainly considered season to season variation in conditions. However, lag effects 

within the South-East Indian Ocean and the fishery undoubtedly have an influence. Hiatus 

conditions between 2001 and 2008 included neutral ENSO conditions that resulted in lower 

kinetic and eddy kinetic energy and slightly cooler sea surface temperature anomalies over an 
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extended period (Figure 4.11). Over the puerulus settlement record, this is the most prolonged 

period this has occurred. Alongside this, there was a weakening CC and strengthening LC 

(Figure 7.1) over the summer settlement periods. These conditions, alongside the possibility of 

gradual fishing of spawning stocks, meant that for puerulus settlement to recover, the system 

as a whole likely required several years. Despite the spawning stock being high for the expected 

high settlement of 2011, the La Niña was then too strong over the summer (Boening et al., 

2012), causing the LC to flood the shelf (Figure 7.1), making successful puerulus settlement 

less likely. Encompassing the changes in observed puerulus settlement (Chapter 3 and Chapter 

4), alongside particle tracking results (Chapter 5), we have been able to characterise the 

summer continental shelf conditions and expected puerulus settlement (Figure 7.1). Early and 

late settlement patterns differ not in puerulus settlement responses but rather the conditions 

causing puerulus settlement to be higher or lower. Notably, the CC is usually stronger over the 

late settlement period; therefore, puerulus are more likely to reach the Abrolhos over the late 

settlement period (Figure 7.1b). When the CC is stronger in summer and the LC is weaker, 

these conditions positively assist puerulus towards preferable habitats once they have crossed 

the shelf. When the opposite occurs, the stronger LC drives recently metamorphosed 

phyllosoma too far southward without the assistance of a stronger northward-flowing CC. This 

makes it more difficult for puerulus to settle successfully. A similar situation occurs if both the 

LC and CC are strong, given that the LC, when strong, floods the shelf and likely decreases the 

northward flow of the CC (Benthuysen et al., 2014). Conversely, if both the LC and CC are 

weaker than usual, the settlement would likely occur where mean conditions and locations of 

late-stage phyllosoma would be located, which is the centre of the fishery (Figure 7.1).  

In summary, we have highlighted the importance of understanding shelf processes alongside 

offshore processes for species with long pelagic larval durations. There is a clear benefit to 

modelling the whole early life cycle (Feng et al., 2011). However, isolating different stages 

associated with changing oceanographic characteristics isolates differences that may not have 

otherwise been found. Ultimately, this research has led to a better understanding of the role of 

oceanographic processes on the settlement of the Western Rock Lobster. In particular, it has 

provided a medium for understanding how the Leeuwin Current and Capes Current influences 

the critical life stage of an economically important species.  
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7.2  Recommendations for further research 

The results of this thesis have detailed the continental shelf dynamics relating to the settlement 

of pueruli. However, there are several avenues that future studies could explore. One of the 

most important would be the dynamics from the offshore to the shelf within eddies. Recent 

research has highlighted the importance of anticyclonic and cyclonic eddies on retainment of 

the phyllosoma and their nutritional benefits (Waite et al., 2019). Therefore, releasing particles 

within identified eddies in the winter months and identifying whether these transition to flows 

to the nearshore would be beneficial to our understanding. Alternatively, modelling the full 

pelagic larval duration using advective forcing that captures the Capes Current, such as 

ozROMS, may better capture these relationships. Furthermore, integration of energy reserves 

and growth indicators, alongside the distance travelled of the model phyllosoma released, 

would complement this.  

A limitation of this thesis was the omission of biological oceanographic conditions, namely 

primary productivity. The requirement of nutritional reserves for the metamorphosis of 

phyllosoma to pueruli has been mentioned throughout the thesis (McWilliam & Phillips, 1997; 

Phillips & McWilliam, 2009). From a biological standpoint, the surface levels of chlorophyll 

within the Leeuwin Current (LC) along the continental shelf should be explored over the last 

twenty years (Caputi et al., 2003). However, this should be coupled with a better understanding 

of the diet of P. cygnus (Saunders et al., 2012), linking to their pelagic journey prior to reaching 

the continental shelf as detailed above (Säwström et al., 2014).  

As mentioned in question 4, nearshore variability in oceanographic conditions likely leads to 

variability in puerulus collector abundance. Small-scale hydrodynamic simulation of currents, 

temperature and wave conditions surrounding collector arrays would provide valuable 

information on puerulus collector variability at each of the eight collector locations of the 

fishery. It has been understood that some collectors can catch more puerulus than another no 

more than 50 meters away. Furthermore, the inclusion of freshwater seeps and out-flows in 

simulations of the nearshore could be considered. These scenarios have not been investigated 

within a Western Rock Lobster context and would clarify whether this is a product of local 

oceanographic conditions or puerulus preference.  

In this context, the eight sites have been used for decades to indicate the fishable stock 3 to 4 

years into the future. Given the length of this time series and the predictability of the stock, 

these sites will unlikely change from a management perspective, but how representative of the 
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puerulus settlement are these sites? This would be an interesting study of experiment design at  

large spatial scales. In addition, monitoring the Capes Current and Leeuwin Current already 

exists from scientific agencies in Australia, such as the Integrated Marine Observing System 

(https://portal.aodn.org.au/). Predictability of the eight sites using Figure 7.1, available satellite 

data, and results would be a significant test for the thesis.  

We have shown how puerulus settlement patterns have changed both spatially and temporally 

throughout the fishery. It is unclear what influence these shifts over the last decade will or have 

caused to the species as they grow and eventually become a catchable lobster. It is possible that 

peak catchability over the summer months or the timing for the "whites" migration may shift 

(de Lestang & Caputi, 2015). None of these shifts have been documented. However, the follow-

on effects should be considered and brought into future research.  
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Appendices  

Supplementary material 

Table S1 Oceanographic data sources and sites used to calculate the 40 predictor variables included in time 

series analysis. Unless stated, the timing is within the season of puerulus settlement. Spawning season indicates 

that the variable is from the year prior or within the spawning season as larvae hatch. 

Predictor 

Variable 
Data source Northern Central Southern 

No. 

Variables 

Leeuwin Current 

strength  

(Austral winter 

mean) 

ozROMS 27⁰S 30⁰S 34⁰ S 3 

Leeuwin Current 

strength  

(Austral summer 

mean) 

Spawning season 

ozROMS 27⁰S 30⁰S 34⁰ S 3 

Leeuwin Current 

strength  

(Austral summer 

mean) 

ozROMS 27⁰S 30⁰S 34⁰ S 3 

Capes Current 

strength (Austral 

spring mean) 

ozROMS 27⁰S 30⁰S 34⁰S 3 

Capes Current 

strength (Austral 

summer mean) 

ozROMS 27⁰S 30⁰S 34⁰S 3 

Capes Current 

strength (Austral 

spring mean) 

Spawning season 

ozROMS 27⁰S 30⁰S 34⁰S 3 

Capes Current 

strength (Austral 

summer mean) 

Spawning season 

ozROMS 27⁰S 30⁰S 34⁰S 3 

Cross-shelf 

transport – 

offshore (spawning 

season) 150 – 50 m 

(September - 

March mean) 

ozROMS 
26-

28⁰S 

28-

30⁰S 

30-32⁰ 

S 

33-

33⁰S 
4 

Cross-shelf 

transport – 

onshore 150 – 50 

m 

(April - September 

mean) 

ozROMS 
26-

28⁰S 

28-

30⁰S 

30-32⁰ 

S 

33-

33⁰S 
4 

Bottom 

temperature  
ozROMS 24.5-30.5°S 30.5-34.5°S 2 
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(October - March) 

Spawning season 

EKE 

(January – 

December  mean) 

ozROMS 24.5-30.5°S 30.5-34.5°S 2 

KE 

(January – 

December  mean) 

ozROMS 24.5 - 30.5°S 30.5-34.5°S 2 

SST 

October – March 

mean (summer)  

April - September 

mean (winter) 

SSTARRS, Integrated 

Marine Observing 

System (IMOS, 

oceancurrent.imos.org.au) 

Australian Ocean Data 

Network (AODN) portal 

(portal.aodn.org.au)  

(Wijffels et al. 2018) 

WA waters extent 

 

21⁰S-36⁰S 

108⁰E to coastline 

 
2 

Temperature in 

the top 100 m   

(January – 

December  mean) 

ozROMS 

WA waters extent 

 

21⁰S-36⁰S 

108⁰E to coastline 

1 

Independent 

Breeding Stock 

Survey (IBSS) 

Spawning season 

DPIRD 

Index for whole fishery 

1 

Total predictor variables 39 
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Table S2 Top generalised additive models (GAMs) for predicting the early puerulus settlement at the eight sites 

from full subset analyses. Difference between lowest reported corrected Akaike Information Criterion (ΔAICc), 

AICc weight (ωAICc), variance explained (R2) and effective degrees of freedom (EDF) are reported for model 

comparison. Model selection was based on the most parsimonious model (fewest variables) within two units of 

the lowest AICc, and models are ordered by parsimony. 

Site Model ΔAICc ωAICc R2 EDF 

Abrolhos 
KE North 0 0.032 0.30511 2 

CC 27° S early + KE North 1.98 0.012 0.33571 3 

Port 

Gregory 

CC 30° S early (spawning season) + KE North + LC 

27 °S winter 
0 0.06 0.64656 4 

KE north +LC 27°S winter 0.668 0.043 0.56042 3 

Dongara 

CC 27° S early 0 0.017 0.24911 2 

KE north 0.584 0.012 0.24508 2 

CC 27° S early + KE north 0.933 0.01 0.34984 3 

KE north + LC 27⁰ S winter  1.523 0.008 0.43133 3 

KE north + Xshore 29⁰ S  (spawning season) 1.677 0.007 0.42171 3 

CC 27° S early + Xshore 27⁰ S   1.843 0.007 0.30153 3 

CC 27° S early + LC 27⁰ S winter  1.939 0.006 0.35149 3 

Jurien 

Bay 

CC 27° S early + LC 27⁰ S (spawning season) 0 0.018 0.37311 3 

CC 27⁰ S early + CC 27⁰ S late (spawning 

season)+KE north 
0.071 0.017 0.41751 4 

CC 27°S early + LC 30⁰ S (spawning season) 0.373 0.015 0.36202 3 

KE north + Xshore 31⁰ S 0.408 0.015 0.41185 3 

KE north + LC 30⁰ S (spawning season) + Xshore 29⁰ 

S  (spawning season) 
0.877 0.012 0.52731 4 

KE South + LC 30⁰ S (spawning season) + Xshore 

29⁰ S  (spawning season) 
1.186 0.01 0.59535 4 

CC 27⁰ S early +KE north+ LC 30⁰ S (spawning 

season) 
1.322 0.009 0.52225 4 

EKE south + LC 30⁰ S (spawning season)+ Xshore 

29⁰ S  (spawning season) 
1.446 0.009 0.58966 4 

CC 27°S early 1.735 0.008 0.1932 2 

EKE south + KE north+ Xshore 31⁰ S   1.755 0.008 0.53007 4 
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KE north + LC 27⁰ S (spawning season) 1.782 0.007 0.40766 3 

KE north + LC 30⁰ S (spawning season) + Xshore 31⁰ 

S  (spawning season) 
1.839 0.007 0.50423 4 

CC 27⁰ S early +KE north + LC 27⁰ S (spawning 

season) 
1.895 0.007 0.49805 4 

Lancelin 

KE north+ KE South +LC 27⁰ S (spawning season) 0 0.044 0.66194 4 

KE south+ LC 30⁰ S (spawning season) + Xshore 27⁰ 

S  (spawning season) 
0.977 0.027 0.54491 4 

EKE south + KE north+ Xshore 31⁰ S   1.26 0.023 0.5726 4 

KE north + KE South+ Xshore 31⁰ S   1.483 0.021 0.57312 4 

KE south + LC 27⁰ S (spawning season) 1.711 0.019 0.68503 3 

KE north + KE south 1.911 0.017 0.53142 3 

EKE south + KE north + LC 27⁰ S (spawning season) 1.953 0.017 0.60116 4 

Alkimos 

KE north + KE South+ SST Winter 0 0.02 0.68482 4 

KE south + SST Winter 0.084 0.019 0.59854 3 

CC 27 ⁰ S early + KE South + SST Winter 0.608 0.015 0.63389 4 

KE north 0.633 0.015 0.29904 2 

EKE South + KE north + SST Winter 0.91 0.013 0.6593 4 

EKE South + SST Winter 0.966 0.012 0.58518 3 

KE South + SST Winter + Xshore 27 ⁰ S  (spawning 

season) 
1.214 0.011 0.67061 4 

KE South + SST Summer + Xshore 31⁰ S  (spawning 

season) 
1.392 0.01 0.57343 4 

CC 27 ⁰ S early + EKE South + SST Winter 1.509 0.009 0.62109 4 

EKE North + KE South + SST Winter 1.535 0.009 0.66072 4 

KE north + KE South 1.838 0.008 0.48649 3 

EKE south + KE North 1.864 0.008 0.48183 3 

CC 27 ⁰ S early + KE South + SST Summer  1.92 0.008 0.55349 4 

KE north+ SST Winter 1.967 0.008 0.36099 3 

Warnbro 

Xshore 27⁰ S + Xshore 31⁰ S  (spawning season) 0 0.01 0.63867 3 

LC 27⁰ S winter  0.788 0.006 0.31409 2 

Xshore 27⁰ S 1.115 0.005 0.34867 2 
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CC 27⁰ S early +LC 27⁰ S winter  1.165 0.005 0.50841 3 

Xshore 29⁰ S  (spawning season) 1.166 0.005 0.26977 2 

Xshore 31⁰ S  (spawning season) 1.436 0.005 0.27396 2 

CC 30⁰ S early (spawning season) + Xshore 27⁰ S 1.579 0.004 0.47095 3 

LC 30⁰ S (spawning season) + Xshore 31⁰ S  

(spawning season) 
1.62 0.004 0.37919 3 

CC 27⁰ S early  1.699 0.004 0.28026 2 

IBSS+ Xshore 31⁰ S 1.701 0.004 0.50221 3 

CC 27⁰ S early + Xshore 29⁰ S 1.706 0.004 0.46989 3 

CC 27⁰ S early + Xshore 31⁰ S 1.719 0.004 0.44596 3 

LC 30⁰ S (spawning season) + Xshore 27⁰ S + Xshore 

31⁰ S  (spawning season) 
1.758 0.004 0.6657 4 

LC 27⁰ S winter + Xshore 31⁰ S 1.795 0.004 0.43706 3 

CC 27⁰ S early + Xshore 29⁰ S (spawning season) 1.805 0.004 0.4228 3 

Xshore 27⁰ S + Xshore 29⁰ S (spawning season) 1.986 0.004 0.50025 3 

Cape 

Mentelle 

Xshore 33⁰ S (spawning season) 0 0.008 0.33639 2 

LC 27⁰ S  0.008 0.008 0.39289 2 

Xshore 31⁰ S (spawning season) 0.408 0.006 0.31403 2 

CC 30⁰ S late (spawning season) 0.484 0.006 0.27898 2 

SST summer 0.484 0.006 0.34543 2 

CC 27⁰ S early (spawning season) 0.676 0.006 0.20266 2 

LC 30⁰ S (spawning season) 0.8 0.005 0.20202 2 

CC 34⁰ S early (spawning season) 0.945 0.005 0.16214 2 

CC 34⁰ S late (spawning season) 1.008 0.005 0.20141 2 

Bottom temperature 1.222 0.004 0.14284 2 

CC 27⁰ S late (spawning season) 1.262 0.004 0.16047 2 

CC 27⁰ S early  1.27 0.004 0.15818 2 

EKE north 1.37 0.004 0.13383 2 

Top 100m temp 1.446 0.004 0.12044 2 

LC 34⁰ S (spawning season) 1.528 0.004 0.10325 2 

Xshore 33⁰ S  1.533 0.004 0.09786 2 
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SST Winter 1.545 0.004 0.10168 2 

IBSS 1.583 0.004 0.09485 2 

CC 34⁰ S early 1.702 0.003 0.05667 2 

Xshore 31⁰ S 1.806 0.003 0.04445 2 

KE south 1.808 0.003 0.05125 2 

Xshore 27⁰ S (spawning season) 1.858 0.003 0.03529 2 

EKE south 1.879 0.003 0.03523 2 

Xshore 29⁰ S (spawning season) 1.933 0.003 0.02133 2 

Xshore 27⁰ S 1.979 0.003 0.01187 2 

KE north 1.979 0.003 0.01289 2 

 

Table S3 Top generalised additive models (GAMs) for predicting the late puerulus settlement at the eight sites 

from full subset analyses. Difference between lowest reported corrected Akaike Information Criterion (ΔAICc), 

AICc weight (ωAICc), variance explained (R2) and effective degrees of freedom (EDF) are reported for model 

comparison. Model selection was based on the most parsimonious model (fewest variables) within two units of 

the lowest AICc, and models are ordered by parsimony. 

Site Model ΔAICc ωAICc R2 EDF 

Abrolhos 

KE North 0 0.009 0.21872 2 

LC 27° S summer 0.456 0.007 0.1768 2 

KE North + LC 30° S winter 1.711 0.004 0.28972 3 

CC 30° S late (spawning season) + LC 27°S summer 1.904 0.003 0.30444 3 

Port 

Gregory 

IBSS + LC 30° S summer + Xshore 31⁰ S   0 0.103 0.70071 4 

IBSS + LC 30° S (spawning season) + LC 30° S 

summer 1.151 0.058 0.57984 4 

IBSS + LC 30° S summer 1.639 0.046 0.62492 3 

Dongara 

IBSS + LC 30° S (spawning season) 0 0.021 0.45068 3 

IBSS 0.808 0.014 0.4202 2 

IBSS + KE North 1.984 0.008 0.48773 3 

Jurien 

Bay 

IBSS + LC 30° S (spawning season) 0 0.056 0.51808 3 

EKE north + IBSS + LC 30° S (spawning season) 1.301 0.029 0.58445 4 

CC 27⁰ S early + IBSS + LC 30° S (spawning 

season) 1.702 0.024 0.55792 4 



 

173 

 

Lancelin 

KE south 0 0.013 0.55565 2 

EKE south 0.599 0.01 0.51543 2 

Top 100m Temp 1.922 0.005 0.31946 2 

KE south+ Xshore 27⁰ S  (spawning season) 1.953 0.005 0.55691 3 

EKE south + IBSS 1.96 0.005 0.47425 3 

Alkimos 

KE south + LC 27° S winter 0 0.021 0.53502 3 

EKE south + LC 27° S winter 0.01 0.02 0.50903 3 

CC 30⁰ S late + EKE south + LC 27°S winter 1.852 0.008 0.60733 4 

Warnbro 

CC 34⁰ S early + LC 27⁰ S winter 0 0.019 0.47117 3 

CC 34⁰ S early + Xshore 27⁰ S  (spawning season) 1.153 0.01 0.39126 3 

CC 34⁰ S early + LC 27⁰ S winter + LC 34⁰ S 

summer 1.612 0.008 0.44042 4 

LC 27⁰ S winter 1.705 0.008 0.42669 2 

CC 34⁰ S early + IBSS 1.877 0.007 0.41882 3 

CC 30⁰ S late (spawning season) + LC 27°S winter 1.973 0.007 0.61929 3 

Cape 

Mentelle Xshore 33⁰ S (spawning season) 0 0.014 0.48806 2 
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Figure S1 Distribution of particles (assumed mid-stage phyllosoma) after (a) 10 (b) 30 and (c) 60 days of particle 

tracking with passive transport (Run O). White values indicate the number of active particles used for the 

associated figure. 
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Figure S2 Settlement latitudes for successfully settled particles in the late portion of the season (Run S). Late 

settlement is successful settlement between November and March. (a) Passively transported particles (b) 

Swimming particles at 0.05 ms-1 (c) Swimming particles at 0.1 ms-1 (d) Swimming particles at 0.15 ms-1 
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Table S3 Pairwise test results for the latitude shift between release and settlement location for all pairs within 

Location, Period and Timing. P(MC) are P values based on Monte Carlo bootstrapping and were used for latitude 

shift, where the number of unique permutations was < 100 

Pairwise tests  T P 

North 

Early vs Late 0.47 0.68 

Before vs During 5.88 0.009 (MC) 

Before vs After 3.99 0.026 (MC) 

During vs After 2.38 0.074 (MC) 

South 

Early vs Late 4.51 0.005 

Before vs During 8.15 0.003 (MC) 

Before vs After 7.02 0.006 (MC) 

During vs After 0.23 0.819 (MC) 

Early North vs South 6.63 0.003 

Late North vs South 6.54 0.003 

Before North vs South 5.13 0.122 (MC) 

During North vs South 7.51 0.017 (MC) 

After North vs South 4.04 0.048 (MC) 

 




