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Executive Summary  

This report provides the first comprehensive investigation into the biology and ecology of the Western 

School Prawn (Metapenaeus dalli) in the Swan-Canning Estuary in south-western Australia. It provides 

knowledge to help manage the fishery and evaluate release strategies for the aquaculture-based enhancement 

of this species. The study involved Murdoch University, the Department of Biodiversity, Conservation and 

Attractions (DBCA) (formerly Department of Parks and Wildlife and the Swan River Trust) and the 

Australian Centre for Applied Aquaculture Research (ACAAR). It was designed to complement a 

concurrent project to develop aquaculture techniques to produce and release M. dalli and re-engage the local 

community with prawning and the estuary (led by ACAAR, DBCAôs Parks and Wildlife Service and the 

West Australian Fish Foundation), funded by the Recreational Fishing Initiatives Fund. The Fisheries 

Research and Development Corporation provided matching funds for the current study. Biological data on 

M. dalli were collected from 20 sites in nearshore and 16 in the offshore waters of the Swan-Canning 

Estuary, ranging from the mouth of the system to ~40 and 30 km upstream in the Swan and Canning rivers, 

respectively, in every lunar month between October 2013 and March 2016. Laboratory studies were also 

completed to investigate the survival and growth of larval prawns in different salinity, water temperature 

and algal food conditions. Results were presented as part of the Prawn Watch program to engage the 

community in the research and encourage stewardship of the fishery and the estuary.  

 

Background 
Both M. dalli (an estuarine species) and the Western King Prawn Penaeus (= Melicertus) latisulcatus (a 

marine species) were the focus of a small commercial and iconic recreational fishery in the Swan-Canning 

Estuary before catches declined significantly. The commercial fishery, which had a peak catch of 15 tonnes 

in 1959, closed in the mid-1970s and recreational fishing, which involved >50,000 people in the 1980s, also 

declined, with the last significant catches recorded in the late 1990s. The reasons for the decline are unclear 

and restocking was seen as a possible means of increasing the population size of M. dalli in the estuary. The 

two restocking projects enabled the development of new aquaculture techniques for M. dalli and subsequent 

releases from 2012 to 2016. These were linked to Prawn Watch and community engaged in restocking effort. 

This project provided the funds to undertake the research and development side of the restocking, enhance 

our understanding of the biology and ecology of M. dalli and the subsequent monitoring of the population 

post-release of hatchery-reared individuals. 

 

Aims 
In light of the above, the aims of the project were to: 

1. Evaluate the current stock status and factors affecting the natural recruitment of M. dalli in the Swan-

Canning Estuary. 

2. Evaluate the costs and benefits of releasing M. dalli in the Swan-Canning Estuary. 

3. Optimise release strategies (i.e. stocking densities, size and location at release) for M. dalli. 

4. Increase stewardship of the recreational M. dalli fishery in the Swan-Canning Estuary. 

 

Methodology  
The biological characteristics, population size and recruitment of M. dalli were studied, over 31 consecutive 

lunar months, by sampling 20 sites in the nearshore (< 2 m deep) and 16 sites in the offshore (> 2 m deep) 

waters of the Swan-Canning Estuary using hand and otter trawls. Data from the 1,040 trawls from nearshore 

and 832 samples in the offshore were used to provide the first quantitative estimates of growth and mortality 

for M. dalli, define the timing of reproduction, size-at-maturity and fecundity and egg production in the 

estuary and investigate variation in densities of prawns among regions, seasons and years and with salinity, 

water temperature and dissolved oxygen concentration. The survival and growth of M. dalli larvae was 

investigated under different salinity, water temperature and algal feeding treatments in the laboratory. The 

sediment preference of juvenile prawns and the significance of fish predation on postlarval prawns (13 days 

old = PL13) following two releases of ~ 130,000 PL13 were investigated using an innovative new method 

to inform the best time to release hatchery-reared individuals. The biological parameters estimated from the 

quantitative models and production practises/costs were used to develop a preliminary bio-economic model 
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of M. dalli releases using the EnhanceFish program. Information from the field and laboratory studies on 

survival under different conditions were synthesised in a novel tool that facilitates a structured approach to 

evaluating release strategies ï the Survival Maximization-At-Release Tool (SMART). 

 

Results 

The results from this project achieved the following: 

¶ Clearly identified spatial and temporal patterns in the abundance and distribution of M. dalli in the Swan-

Canning Estuary; including the marked seasonality in their presence in the nearshore waters during the 

summer breeding season (Oct-Mar) and a migration into offshore waters (> 2 m deep) in autumn/winter. 

Metapenaeus dalli were not found in the entrance channel of the estuary, which, with the information on 

their reproduction, confirms that they complete their life-cycle in the estuary. 
 

¶ Described the larval development of M. dalli and their response (growth and survival) to different water 

temperatures, salinities and algal diets. Optimum water temperatures were 26 °C, salinity 35 and the best 

algal diet was a mixed feed containing Chaetoceros muelleri and Tetraselmis suecica.  
 

¶ For the first time, estimated quantitatively the pattern of growth, mortality and size-at-maturity, finding 

a highly seasonal pattern of growth (virtually no growth in winter) and large differences in growth and 

survival between male and female prawns. Females grow about 25% longer than males and die faster 

than males. 
 

¶ Clearly identified the time of reproduction (mainly November to February) when water temperatures are 

>18 °C and salinity >25. Described quantitatively changes in reproductive tissue associated with 

spawning, the number eggs produced by M. dalli and identified the factors that influence spawning.  
 

¶ Estimated rates of predation by a suite of small fish species following the release of ~130,000 post-larval 

M. dalli during the day and night. These studies identified key predators of hatchery-reared prawns (i.e. 

the Gobbleguts Ostorinchus rueppellii and the Hardyhead Atherinomorous vaigiensis), found that 

predation is a significant source of mortality and the results provide the basis for recommendations on 

release-strategies that are likely to increase the immediate post-release survival.  
 

¶ Produced a quantitative sediment map for the Swan-Canning Estuary and identified areas of preferred 

habitat based on organic matter content and grain size. Metapenaeus dalli was found to have a preference 

for fine sediments, which facilitate fast and easy burial. 
 

¶ Developed a structured, quantitative approach for evaluating the potential success of different release 

sites (SMART) that also provides a mechanism for engaging stakeholders in discussions on release 

strategies any target species. The SMART synthesized all available information on M. dalli and the co-

occurring fish/crustacean species collected during this project to identify optimum release sites and 

times. Releases in the Lower Canning River and Perth Water during early to mid-summer (December to 

January) were predicted to lead to maximum post-release survival. This tool could readily be applied to 

other species. 
 

¶ The preliminary bio-economic model evaluated releases ranging from 650,000 to 5 million M. dalli and 

size-at-release from 1 mm carapace length (CL) to 10 mm CL. The greatest potential returns were 

obtained when the 5 million prawns were released at a size of 10 mm CL, however, such an aquaculture 

effort would require substantial capital expenditure to produce the required number of juveniles. At the 

current low population level, without any restocking, the population biomass was projected to remain 

virtually unchanged over a five-year period. 
 

¶ Engaged with the community through the Prawn Watch program to involve them in the collection of 

mature females for the aquaculture production of M. dalli, providing information on the distribution and 

abundance of prawns, increasing awareness of the biology and ecology M. dalli, as well as encouraging 

stewardship of the recreational fishery and the estuary more broadly. These activities and associated 

press releases on the project resulted in significant publicity for the project. 
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¶ Through data collection, information sharing, training and awareness raising, the project has shown 

improvements in community understanding of the fishery, sustainable fishing practice and river 

management issues. 
 

¶ Discussed the results from the project and their implications for management of the M. dalli  recreational 

fishery in the Swan-Canning Estuary with representatives from Recfishwest, the Department of Primary 

Industries and Regional Development and the Department of Biodiversity, Conservation and Attractions. 
 

¶ Provided training for four Honours students (all attained first-class Honours) and two PhD students (who 

are both nearing completion). These studies contributed greatly to the overall extent and scope of studies 

that were completed as part of this project. 
 

Implications 

¶ As yet, the life-cycle of M. dalli has not been closed for aquaculture production, which constrains the 

production of hatchery-reared prawns for release into the estuary to the months between November and 

February when prawns in reproductive condition are present in the estuary and can be collected. 
 

¶ The timing of reproduction and estimates of size-at-maturity and egg production indicate that limited 

temporal closure may conserve some spawning in the system and complement any aquaculture-based 

enhancements of M. dalli. 
 

¶ The results from the predation studies suggest that releases should be carried out in shallow waters during 

the day, when the abundance and feeding activity of key predators is lower than at night. 
 

¶ The results from the preliminary bio-economic model highlighted the importance of size-at-release and 

density-at-release to the post-release survival. If larger size-at-releases are required, production methods 

will need to be developed to release small juvenile M. dalli, instead of PL13 prawns. 
 

¶ The results from the study highlight the importance of multi-disciplinary research for evaluating release 

programs and the need to adopt a responsible approach to release programs to consider factors such as 

size-at-release and density-at-release, not just maximising the numbers that can be produced and released 

in the shortest possible time. 
 

¶ The data from the studies of larval biology, ecology of M. dalli, growth and survival, and from 

reproduction and predation combined with in the SMART provides an understanding of the optimum 

areas for spawning and larval survival and, as a consequence, good release sites. The SMART approach 

could be modified and adapted to consider release strategies for other species/environments. 
 

¶ The results of this study are valuable for providing a range of managerial, stakeholder and community 

groups with a greater understanding of release programs, their objectives and the need for responsible 

programs to maximize their potential success and to complement traditional fisheries management. 
 

Recommendations 

¶ Continue to promote the findings of this research to fishery/environmental managers, Recfishwest and 

user groups in order to progress a set of recommendations to improve the sustainability of the recreational 

prawn fishery in the Swan-Canning Estuary. 
 

¶ Further develop the bio-economic model to incorporate the new knowledge gained from this research 

and ecological research is initiated to investigate the significance of size-at-release and density-at-release 

in determining post-release survival. Repeat the predation experiment to determine the role that habitat 

complexity (the presence of seagrass/algae) may have on predation rates. The results from the above 

components could be used to further development the SMART. 
 

¶ Discuss the results from this study in a workshop with researchers, managers, recreational fishers and 

other interested community members to increase knowledge and understanding of release programs and 

their potential to contribute to rebuilding fish stocks or enhancing their production. 

 

Keywords: Aquaculture-based enhancement, recreational fishing, restocking, post-release survival, larval 

ecology, larval taxonomy, fish predation 
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Introduction 

The global marine fishery catch has not increased since the mid-1990s, despite substantial 

advances in the effectiveness of fishing effort through technological change (Pauly et al., 2002; 

FAO, 2012). At the same time, declines in the abundance of top-level predators and changes in 

ecosystem function due to industrial-level fishing have been documented (Myers and Worm, 

2003; Baum and Worm, 2009). To reduce the impact of fisheries, Pauly et al. (2002) suggested 

that fishing capacity needs to be greatly reduced and significant spatial closures employed 

throughout the worldôs oceans to allow fisheries to recover. However, this places significant 

economic and social hardship on businesses and communities that previously had open access 

to these fishing zones (Mascia et al., 2010; Bennett and Dearden, 2014). 

An alternative potential management intervention for rebuilding stocks and increasing 

production is the application of release programs to introduce individuals cultured from 

aquaculture into the natural environment (Bell et al., 2005; Bell et al., 2008; Leber, 

2013). While restocking and stock enhancement both involve the release of aquaculture-raised 

animals into natural systems, the status of the wild stock and purpose of the release differ 

significantly between restocking and stock enhancement. Thus, restocking involves the release 

of cultured juveniles to restore over-exploited or severely depleted wild populations and it 

attempts to achieve long-term benefits by recovering the spawning biomass (Bell et al., 2005; 

Bell et al., 2008; Leber, 2013). In contrast, stock enhancement seeks to improve fishing yield 

by increasing recruitment when the spawning biomass has not been depleted.  

Individuals from several species of prawns or shrimp in the Penaeidae are released on a very 

large, commercial scale (hundreds of millions to billions) in Japan (Hamasaki and Kitada, 2006) 

and China (Bell et al., 2005; Wang et al., 2006; Loneragan et al., 2013a). Smaller scale, 

commercial releases of penaeids have also been practised in Kuwait, Sri Lanka, the United 

States and Australia (Bell et al., 2005; Loneragan et al., 2013a). Recent research in Australia 

has focussed on release programs for penaeids to ñenhanceò recreational fishing; one for Eastern 

King Prawns Penaeus plebejus, to overcome recruitment limitation caused by a physical barrier 
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to prawn larval recruitment (Taylor, 2017; Taylor et al., 2017b) and the second, to investigate 

the potential for rebuilding the stocks of the Western School Prawn Metapenaeus dalli (this 

study), i.e. evaluating the potential to restock this species. 

The genus Metapenaeus is one of 25 extant genera belonging to the Penaeidae, and comprises 

29 species that occur exclusively throughout the inshore coastal and estuarine waters of the 

Indo-West Pacific (De Grave, 2014). In this region, species of Metapenaeus contribute to 

important commercial and recreational fisheries and aquaculture production (Dichmont et al., 

2006; Kompas et al., 2010). For example, in subtropical and temperate New South Wales, an 

average of 1,410 tonnes of prawns, valued at more than AUD $18 million, were caught annually 

between 2004 to 2009, in inshore and estuarine environments, with Metapenaeus macleayi and 

Metapenaeus bennettae comprising 54% and 32% of the total catch by weight and value, 

respectively (Montgomery, 2010). Prawns found in the estuaries of this region, predominantly 

Penaeus plebejus and M. macleayi, are also exploited by recreational fishers who remove 

~4,700 tonnes annually (Montgomery, 2010). 

Metapenaeus dalli, the Western School Prawn, is the only metapenaeid found in temperate 

south-western Australia (Racek, 1957). The species typically occurs in shallow, inshore marine 

waters (< 30 m deep) along the western coast of Australia from Darwin in the north to Cape 

Naturaliste in the south and also in Java, Indonesia (Grey et al., 1983). However, in latitudes 

below 31º S, it is only found in estuaries and is believed to complete its entire life cycle within 

these systems (Potter et al., 1986b; 1989; Fig. I.1) and is thus classified as a solely estuarine 

species in this region (Potter et al., 2015a; 2015b; Fig. I.1).  

Both M. dalli and the Western King Prawn Penaeus latisulcatus (a species that spawns in the 

marine environment, but spends significant time in estuaries, i.e. a marine estuarine-

opportunist; Fig. 1; Penn, 1980) were the focus of a small commercial and iconic recreational 

fishery in the Swan-Canning Estuary. The commercial fishery catch peaked at 15 tonnes in 

1959, but declined afterwards leading to its closure in the mid-1970s (Smith, 2006). At its peak, 

recreational prawning in this estuary involved over 50,000 people and became an iconic 
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pastime, particularly during the Christmas period (Smithwick et al., 2011). However, 

recreational catch rates also declined, with the last significant catches recorded in the late 1990s. 

The reasons for the decline are unclear, however, it is likely due to a combination of overfishing, 

changing environmental conditions and recruitment failure (Smith, 2006; Smith et al., 2007). 

Smith et al. (2007) also concluded that, despite the large reduction in fishing pressure, M. dalli 

populations were still low and had not recovered and, due to their small, discrete breeding stock, 

were reliant on self-replenishment. Thus, given the long-term recruitment failure, restocking 

was seen as a possible means of increasing the population size of M. dalli in the Swan-Canning 

Estuary by bypassing the recruitment bottleneck during the high mortality stage of larvae 

through to juveniles (Smith et al., 2007). 

 

 

Fig. I.1. Conceptual models of the life cycle of (a) solely estuarine and (b) marine estuarine-opportunist 

species of prawn. 

 

In late 2011, the Swan River Trust (now within the Department of Biodiversity, Conservation 

and Attractions) approached Murdoch University and the Australian Centre for Applied 

Aquaculture Research, to collaborate in a project utilising stock enhancement to investigate the 

causes of decline of M. dalli. Discussions were then held with Department of Fisheries (now 

Department of Primary Industries and Regional Development) and Recfishwest on the 

possibility of developing a release program for M. dalli in the Swan-Canning Estuary. Both 

organizations strongly supported a stock enhancement effort and funding of two projects 
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through the Recreational Fishing Initiatives Fund to pilot the production and release of M. dalli 

from 2012 until 2016 (Jenkins et al., 2015; 2017). In addition those two projects (entitled: 

ñGrowing community engagement by growing prawnsò and ñRe-establishing recreational 

prawning in the Swan-Caning Estuaryò) also supported a community engagement program, led 

by the Department of Parks and Wildlife (now Department of Biodiversity, Conservation and 

Attractions), and known as Prawn Watch. 

The projects that were funded through the Recreational Fishing Initiatives Fund only provided 

for production and release of M. dalli and the Prawn Watch program. That is, there was not 

funding for the necessary research and development side of the restocking or understandings 

the biology and ecology or M. dalli or monitoring of the population following the releases of 

hatchery-reared individuals. This shortfall was recognised by partner organizations, at that time 

Department of Parks and Wildlife and the Australian Centre for Applied Aquaculture Research, 

who provided funding and in-kind support to this project, 

This project aims to evaluate the biology and ecology of M. dalli, investigate possible reasons 

as to why the numbers of this iconic species declined in the past and develop methods to help 

maximise the effectiveness of the release program. The release of cultured M. dalli through 

stock enhancement provides a mechanism for testing whether it is possible to rebuild the stocks 

and thus the recreational fishery for this species. It also allows us to evaluate whether the current 

environment of the Swan-Canning Estuary will support released individuals. The stock 

enhancement and associated community engagement program have the potential to increase the 

recreational fishing experience in the Swan-Canning Estuary and provide recreational fishers 

and the broader community with a greater understanding of the biology and ecology of prawns 

and the environmental conditions of the system.  

This project, combined with the Prawn Watch program, also provides opportunities to engage 

fishers in improved stewardship of the fishery and the Swan-Canning Estuary. 
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Objectives 

The project had seven objectives. 

1. Evaluate the current stock status and changes over time of Western School Prawns in 

the Swan-Canning Estuary (Section 1).  

 

2. Evaluate factors affecting the natural recruitment of Western School Prawns in the 

Swan-Canning Estuary (Section 1). 

 

3. Establish a bioeconomic model of the Western School Prawn population and the factors 

influencing it. (Section 2). 

 

4. Evaluate the costs and benefits of releasing Western School Prawns in the Swan-

Canning Estuary (Section 2). 

 

5. Optimise release strategies (i.e. stocking densities, size and location at release) for 

Western School Prawns (Section 3). 

 

6. Contribute to the improved understanding of the Western School Prawn, improved 

stewardship of the fishery and the Swan-Canning Riverpark (Section 4). 

 

7. Contribute to a citizen science program that is complementary to scientific investigation. 

(Section 4). 
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Quotation 

 

ñThis multidisciplinary program has taught us several valuable lessons. First and foremost is 

the importance of understanding the basic biology and life cycle of the studied model (i.e., the 

candidate for restocking) within its ecosystem. Specific restoration approaches must be tailored 

to the species of interest in the context of the targeted system. Second is the importance of 

integrated approaches to stock restoration. A blue crab restoration program must be based on 

a holistic approach, which integrates understanding of the released species with the system to 

be restored, such as the ecology of the habitat, seasonality patterns, and biological cycles. 

Moreover, blue crab restoration cannot be successful without integrating adequate 

management strategies to protect the wild and released animals until sexual maturity and 

spawning. All stakeholders in the resource to be restored must join forces and work in concert, 

including the fishery and seafood industry, policymakers, environmental activists, and 

scientists. Finally, a successful stock restoration program must be guided by thorough and solid 

science that addresses the multiple and complex facets reviewed here.ò 

 

Zohar et al. (2008) on when evaluating a five year project to restock the Blue Crab 

(Callinectes sapidus) in Chesapeake Bay (USA). 
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Section 1. Biology and ecology of the 
Western School Prawn 

This section details research relating to objective 1, i.e. evaluate the current stock status and 

changes over time of Western School Prawns in the Swan-Canning Estuary and objective 2, 

i.e. evaluate factors affecting the natural recruitment of Western School Prawns in the Swan-

Canning Estuary. Six main components of the ecology of this prawn species were evaluated: 

1. Abundance and distribution of Western School Prawns in the Swan-Canning Estuary 

(PhD studies of Brian Poh). 

2. Quantitative determination of ovarian development in the Western School Prawn (PhD 

studies of Jason Crisp). 

3. Reproductive biology of the Western School Prawn in the Swan-Canning Estuary (PhD 

studies of Jason Crisp). 

4. Larval development of Western School Prawns reared in the laboratory (PhD studies of 

Jason Crisp). 

5. Effects of water temperature and salinity on the survival and growth of larval Western 

School Prawns (PhD studies of Jason Crisp). 

6. Effects of monspecific and mixed culture algal diets on survival and growth of larval 

Western School Prawns (PhD studies of Jason Crisp).  

7. Quantitative classification of sediments in the Swan-Canning Estuary (Honours studies 

of Amber Bennett). 

8. Relationship between sediment type and the spatial distribution, size structure and 

preference of the Western School Prawn (Honours studies of Amber Bennett). 
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1.1. Abundance and distribution of the Western School Prawn in the 
Swan-Canning Estuary 

 

Summary 

The distribution, abundance and size structure of the Western School Prawn Metapenaeus dalli 

Racek were investigated through an extensive, two-year sampling program (832 otter trawls 

and 1,040 hand trawls) within a microtidal estuary in temperate south-western Australia. 

Sampling was carried out every lunar month at 20 sites and 9 subregions in shallow waters by 

hand trawl (< 1.5 m deep) and at 16 sites and eight subregions in deeper waters (> 2 m) by otter 

trawl. The incidental catch of other species, consisting of other invertebrates and teleosts, was 

also recorded. Densities of M. dalli were highly seasonal, with greatest values recorded in the 

nearshore waters from October to February, and in the offshore waters from March to July. 

Prawn densities were also variable across the estuary, with highest densities of M. dalli found 

in the Lower Canning, Middle Swan, and Upper Melville Water regions. Spearmanôs rank 

correlation showed a positive relationship between the density of M. dalli in nearshore waters 

and surface water temperature in all nine subregions, whilst densities of M. dalli in the offshore 

waters were negatively correlated with bottom water temperature in most of the estuary, a result 

of the movement of breeding adults, as well as the subsequent recruitment. Carapace lengths 

remained relatively unchanged over the late autumn and winter months (May to August), before 

rapidly increasing in late spring as temperatures increased. The spatial and temporal distribution 

of M. dalli contrasted greatly with the other crustacean taxa in the estuary, particularly that of 

the Western King Prawn Penaeus latisulcatus; which was concentrated mainly in Lower and 

Upper Melville Water, but not caught further upstream. Non-metric multidimensional scaling 

revealed that the distribution of M. dalli was statistically indistinct from that of the apogonid 

Ostorhinchus rueppellii; which predates heavily on post-larval M. dalli, and that of two 

scyphozoans Aurelia aurita and Phyllorhiza punctata; which are likely to predate on M. dalli 

larvae. These findings highlight the significance of site selection and potential predation risk 

for any aquaculture-based enhancement programs aimed at increasing the population size of 

M. dalli. 
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Rationale and aims 

Estuaries are highly productive ecosystems, receiving nutrients from a range of sources 

including rivers, run-off, tidal water movement, the atmosphere and waste input (Whittaker and 

Likens, 1975; McLusky and Elliott, 2004; Bianchi, 2006). Their high productivity provides 

important food sources for many taxa, enabling juveniles to grow rapidly. In addition, these 

systems lower predation risk due to the reduced presence of large predators (Blaber and Blaber, 

1980; Potter et al., 2016). For these reasons, estuaries are often used as nursery areas by fish 

and crustacean species (Haywood et al., 1995; Perkins-Visser et al., 1996; Beck et al., 2001; 

Tweedley et al., 2016b). The ecological value of estuaries for fisheries is reflected in the 

proportion of commercial and recreational fishery species that utilise these productive, sheltered 

waters. For example, Lellis-Dibble et al. (2008) estimated that estuarine species contributed 46 

% by mass and 68 % by value to commercial fish and shellfish landings in the United States 

between 2000 and 2004, while Creighton et al. (2015) estimated that >75 % of commercial fish 

catch and, in some regions, up to 90 % of all recreational angling catch in Australia comprised 

species that use estuaries. This significant contribution of estuaries parallels findings on the 

commercial fisheries of south-western Australia 30 years ago (Lenanton and Potter, 1987). 

As estuaries are located at the interface between fresh and marine waters, their physico-

chemical conditions change markedly spatially, as well as over a range of temporal scales, 

e.g. tidal cycle, monthly, seasonally and inter-annually (Gallegos et al., 2005; Sutherland and 

OôNeill, 2016; Tweedley et al., 2016b). Typically, these are influenced by tidal range and 

longer-term patterns in weather. For example, salinity in the Fraser Estuary of British Columbia, 

which has a tidal range of 4 m, varied by almost 30 over a tidal cycle (Geyer and Farmer, 1989). 

In contrast, in permanently-open microtidal estuaries (tidal range < 2 m), salinity changes little 

over a tidal cycle, but can change by 30 over the course of a year (Tweedley et al., 2016b). 

Given the dynamic nature of estuaries and their physico-chemical environments, the 

composition of their faunal communities also changes spatially and temporally (Palma et al., 

2013; Becker et al., 2016). In the temperate estuaries of south-western Australia, the community 

structure and composition of the fish fauna show major differences associated with the 
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longitudinal gradient in both the Swan-Canning and Peel-Harvey estuaries (Loneragan et al., 

1986; 1987; Loneragan and Potter, 1990; Valesini et al., 2009; Potter et al., 2016). 

Temporal differences in the abundance of benthic macroinvertebrate species have been related 

to the timing of spawning, and recruitment and thus are also influenced by environmental 

parameters, such as water temperature and salinity, due to their effect on growth, survival and 

reproductive success (Rainer, 1981; Kalejta and Hockey, 1991; Sardá et al., 1995{Platell, 1996 

#467). Due to the wide variety of habitats found in estuaries, which typically comprise a 

different faunal community, it is therefore also expected that the temporal (i.e. seasonal) 

changes in species composition would also vary spatially among the regions or habitats present 

within the estuary (Young and Potter, 2003). 

Many penaeid species are associated with coastal and estuarine systems at some stage of their 

life cycle, particularly the postlarvae and juveniles, which recruit to nursery areas in estuaries 

for species that spawn in marine environments (Subramanian, 1990; RἚnnbἌck et al., 2001; 

Khorshidian, 2002; Macia, 2004). Aspects of the spatial distribution of many species of penaeid 

has been investigated, including analyzing the distribution of post-larval recruits away from the 

marine environment (Vance et al., 1996; 1998; Galindo-Bect et al., 2010) and of adults and/or 

juveniles between different habitats (RἚnnbἌck et al., 2001; Vance et al., 2002) and substrates 

(De Freitas, 1986; Somers, 1987; Kenyon et al., 2004; Gribble et al., 2007; Munga et al., 2013). 

Abiotic variables have been correlated to the distribution of various penaeids species with, for 

example, water temperature, dissolved oxygen concentration and rainfall influencing the catch 

of Metapenaeus macleayi in the Hawkesbury-Nepean River, New South Wales (Pinto and 

Maheshwari, 2012). Moreover, water temperature was found to be the major factor influencing 

the recruitment of Penaeus esculentus in Moreton Bay, Queensland (Kienzle and Sterling, 

2016) and salinity the main environmental variable influencing the distribution of Penaeus 

monodon and Peneaus indicus in the Saadan Estuary, Tanzania (Mosha and Gallardo, 2013). 

The movement of juveniles of Penaeus merguiensis from mangrove areas in the Gulf of 

Carpentaria, northern Australia and Metapenaeus macleayi south-eastern Queensland was also 

correlated with rainfall and river flow (Loneragan and Bunn, 1999; Vance et al., 2002). 
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Understanding the patterns of abundance and distribution of a species are particularly important 

for those species that are the target of fisheries and that complete their life cycle in estuaries, as 

there is unlikely to be recruitment from adjacent marine waters to supplement the population if 

overexploitation occurs. The Western School Prawn Metapenaeus dalli, is found along the 

western coast of Australia from Darwin in the north to Cape Naturaliste in the south, and also 

in Java, Indonesia (Racek, 1957; Grey et al., 1983). It typically occurs in shallow inshore marine 

waters (< 30 m deep), however, at the southern limit of its distribution (i.e. south of ~31°S), it 

is found only in estuaries and completes its entire life cycle within these systems (Potter et al., 

1986b; Broadley et al., 2017). This species, together with the Western King Prawn, Penaeus 

(= Melicertus) latisulcatus, were the focus of a small commercial fishery that closed in the mid-

1970s due to sustained low catches (Smith, 2006), and an iconic recreational fishery, which, at 

its peak, involved over 50,000 people, particularly during the Christmas period (Smithwick et 

al., 2011). However, recreational catch rates also declined, with the last significant catches 

recorded in the late 1990s (Maher, 2002) and the population has not recovered, despite the large 

reduction in fishing pressure (Smith et al., 2007). A restocking project was initiated between 

2012/13 and 2015/16 to evaluate the feasibility of aquaculture-based enhancement to rebuild 

the population of M. dalli in the Swan-Canning Estuary. During this time, about 4.5 million 

M. dalli post-larvae (Jenkins et al., 2017) were released into the Swan-Canning estuary. 

The general biology of M. dalli has been investigated in the Swan-Canning Estuary (Potter et 

al., 1986b) and the Peel-Harvey Estuary (Potter et al., 1989), 80 km south.  The study in the 

Swan-Canning Estuary was carried out over 30 years previously at the time when the M. dalli 

recreational fishery was very active. This study and that of Broadley et al. (2017) provide 

valuable information on the patterns of growth and reproduction for the population in the 

system, but did not investigate the pattern of distribution and abundance within the estuary in 

detail. There is thus a need to understand the patterns of abundance and distribution of this once 

iconic fisheries species. The aims of this study were to (i) describe the spatial and temporal 

patterns of abundance of M. dalli and determine whether the patterns are correlated with any 

abiotic variables, (ii) describe the spatial and temporal patterns of abundance of different size 

classes of M. dalli, (iii) compare these patterns with those of a potential penaeid competitor in 
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the system, P. latisculatus, and (iv) identify the fish and key invertebrate species that exhibit 

similar spatial and temporal patterns of distribution to those for M. dalli, to evaluate potential 

key predators and how their distribution might affect the M. dalli population. 

 

Methods 

Study site  

The Swan-Canning Estuary is a drowned river valley system located in south-western Australia, 

which is ~50 km long, covers an area of ~55 km2 and remains permanently-open to the Indian 

Ocean {Brearley, 2005 #27}. The estuary comprises a narrow entrance channel that opens into 

two basins (Melville and Perth Water) and the tidal portions of the Swan and Canning Rivers, 

which extend ~29 and 13 km upstream from their entry points into Melville Water, respectively. 

Al though the majority of the estuary is shallow, i.e. < 2 m in depth, it reaches a maximum depth 

of ~20 m in the entrance channel. South-western Australia experiences a Mediterranean climate 

(Gentilli, 1971), with hot, dry summers and cool, wet winters with  ~80 % of rainfall occurring 

between June and September (Hodgkin and Hesp, 1998). This, combined with the microtidal 

tidal regime (< 1 m variation in tide height), results in marked seasonal variations in water 

physical-chemical conditions in this salt-wedge estuary. Salinities are typically stable and 

relatively high throughout much of the estuary during the austral summer (December to 

February), but during winter, may vary markedly along the estuary following substantial 

freshwater discharge, leading to marked stratification of the water column and hypoxia 

(Tweedley et al., 2016b). 

The estuary flows through the capital city of Perth, which supports ~78 % of the 2.6 million 

people in the state of Western Australia (Australian Bureau of Statistics, 2015). It is valued 

highly for its aesthetic, commercial, environmental and cultural importance (Malseed and 

Sumner, 2001). Recreational fishing is an iconic activity in WA, with an estimated 711,000 

participants in 2014/15 (Ryan et al., 2015), and the Swan-Canning Estuary is a popular hotspot 
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for recreational fishers, with an estimated effort of 30,338 fisher days occurring in 1998/99 

(Malseed and Sumner, 2001).  

 

Sampling procedure 

Metapenaeus dalli were sampled during the night at two locations within 20 sites in the shallow, 

nearshore waters (< 2 m deep; Fig. 1.1.1) using a hand trawl net, and 16 sites in the deeper, 

offshore waters (2-17 m deep) using a small otter trawl net, on each new moon phase between 

October 2013 and 2015 (i.e. 26 consecutive lunar cycles). Each site was allocated to both a 

region and subregion (Fig. 1.1.1), with one trawl sample collected from each of the two 

locations within each site on each sampling occasion. Sampling in nearshore waters was 

conducted using a 4 m wide hand trawl constructed from 9 mm mesh. The width of the hand 

trawl net during trawling was, on average, ~2.85 m, but varied slightly amongst trawls 

depending on the condition of the substratum, presence of submerged obstacles and localised 

wind and wave conditions. A trawl of 200 m (swept area of ~570 m2 each) were carried out at 

each location in each site on each sampling period, covering a total area of 22,800 m2 on any 

single lunar cycle. Sampling in the offshore water employed a 2.6 m wide otter trawl net, with 

25 mm mesh in the body, and 9 mm mesh in the cod end. The net was towed at a speed of ~1.6 

knots (~3 km h-1) for five minutes, covering a distance of ~250 m. A trawl of ~650 m2 was 

completed at each location within each site on each sampling period covering a total area of 

20,800 m2 each lunar cycle.  

 

After each hand or otter trawl, the contents of the net were emptied into a container and each 

M. dalli was counted, sexed, measured and returned alive to the water. The carapace length 

(CL), i.e. orbital indent to the posterior edge of the carapace, of each individual was measured 

(0.01 mm) using digital vernier callipers. Females were identified by presence of a thelycum 

and males by the presence of a petasma. Small individuals, without an obvious thelycum or 

petasma, were recorded as juveniles. Female prawns were also inspected to determine if they 

were gravid, i.e. had large green ovaries, as described by Crisp et al. (2017a) and/or possessed 
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a spermatophore. The abundance of each penaeid, stomatopod, brachyuran, teleost and 

scyphozoan species collected together with M. dalli were also recorded, except in the case of 

Craterocephalus mugiloides, Atherinosoma elongata and Leptatherina presbyteroides, which 

were grouped together as óAtherinidaeô. These species have similar morphologies and are very 

abundant, and it was not possible to identify them to species at night quickly enough whilst still 

being able to return them live to the water. As with any crustaceans, all teleosts and scyphozoans 

were returned to the water alive, as per the conditions in Murdoch University Animal Ethics 

Committee permit #RW2566. 

 

  

Fig. 1.1.1. Map showing (a) Australia and the distribution of Metapenaeus dalli in inshore marine waters 

(light grey) and solely in estuaries (dark grey) and (b) 20 nearshore and 16 offshore sites in Swan-

Canning Estuary sampled over 26 consecutive lunar cycles between October 2013 and October 2015. 

Dotted lines denote the separation among the five broad regions (bold face) of the estuary. Codes for 

regions and subregions are given in square brackets. 

 

Salinity, water temperature and dissolved oxygen concentration at the surface and bottom of 

the water column were recorded at each offshore site on each sampling occasion using a Yellow 
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Springs International Model 556 water quality meter. Data were also obtained from the 

Department of Water and Environmental Regulation, Western Australia, who records these 

variables at sites throughout the Swan-Canning Estuary every 

week (http://wir.water.wa.gov.au/Pages/Water-Information-Reporting.aspx). 

A salinity stratification index was calculated by subtracting the salinity at the surface of the 

water column from that at the bottom (Jenkins et al., 2010). Monthly rainfall and average 

maximum air temperature data for Perth airport were obtained from the Bureau of Meteorology 

(http://www.bom.gov.au/climate/data/) between January 2013 and December 2015. The 

Department of Water and Environmental Regulation provided monthly discharge data from 

tributaries entering the Swan-Canning Estuary over the same period. 

 

Statistical analyses 

Univariate tests 

The density of M. dalli recorded in each sample from sites in the nearshore and offshore waters, 

in each of the 13 periods in each year (2013/14 and 2014/15) were subjected to separate two-

way Permutational Multivariate Analysis of Variance (PERMANOVA; Anderson et al., 2008) 

tests, to determine whether density differed significantly among Periods (13 levels and fixed), 

Subregions (8 or 9 levels and fixed; Fig. 1.1.1) or the interaction between these main effects. 

Tests were conducted separately for data collected from the nearshore and offshore waters in 

each year. Year was not included as a factor due to the potentially confounding effect of the 

ongoing restocking program, which released 1,000, 600,000 and 2,000,000 post-larval M. dalli 

into the nearshore waters of the Swan-Canning Estuary during the 2012/13, 2013/14 and 

2014/15 periods respectively (Jenkins et al., 2017). As the densities of male and female prawns 

were highly correlated (see results), they were combined to investigate the variation in total 

M. dalli density. When a main effect or interaction term was significant and contributed > 25 

% to the mean squares, a pairwise PERMANOVA test was used to identify the pairwise 

combination of a priori groups responsible for that difference.  

http://wir.water.wa.gov.au/Pages/Water-Information-Reporting.aspx
http://www.bom.gov.au/climate/data/
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Spearmanôs rank correlation tests were employed to elucidate whether the density of M. dalli 

correlated with any of the environmental variables in the water column, (i) within a subregion 

over time, and (ii) within a period and across the subregions. These variables included water 

temperature, salinity and dissolved oxygen concentration at the surface of the water column and 

the density of M. dalli in nearshore waters, and water temperature, salinity and dissolved oxygen 

concentration at the surface and bottom of the water column and the stratification index, and 

the density of M. dalli in offshore waters. The null hypothesis of no significant relationship 

between two variables was rejected when p = <0.05, however, due to the limited number of 

subregions and thus replicates for correlations within a period, p values of 0.05-0.1 were also 

classed as being influential.  

Differences in the mean CL of male and female M. dalli found in the nearshore and offshore 

waters of a region were tested using a non-parametric Kruskal-Wallis test in SPSS v22. Note 

that a region was only included in the analysis for a given period if a minimum of 30 individuals 

were caught. To provide a visual indication of the reason(s) for any pairwise differences in 

mean CL among regions in a period, the number of individuals in each 1 mm CL size class in 

each region/period combination were calculated. These data were standardized by the 

percentage contribution each size class made to the total number of M. dalli in each region in 

each period, and used to construct a shade plot, which is a simple visualisation of the data, 

where a white space for a size class demonstrates that no individuals were collected at that CL 

in a region/period combination. The depth of shading on the plot, from grey to black, is linearly 

proportional to the percentage contribution of that size class to the total catch in the 

region/period combination (Clarke et al., 2014b; Valesini et al., 2014). 

 

Multivariate tests 

The variation in composition of the fauna was investigated using multivariate analyses to 

determine whether the distribution and abundance of M. dalli were similar to that of potential 

competitors and predators. The densities of all species caught in the nearshore and offshore 

waters (i.e. M. dalli and other penaeid, stomatopod, brachyuran, teleost, elasmobranch and 
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scyphozoan species) were fourth-root transformed to balance the contributions of common and 

rare species, by down-weighting the contributions of taxa with high densities (Clarke and 

Warwick, 2001). The resultant data were used to construct separate Bray-Curtis resemblance 

matrices for the nearshore and offshore waters, each of which was subjected to a three-way 

PERMANOVA to determine whether species composition differed among Years (2 levels; 

fixed), Periods (26 levels; with 13 nested within each Year) and Subregions (8 or 9 levels; fixed) 

and whether there were any significant interactions between the main effects. As all main effects 

and the interaction terms differed significantly (P = 0.001) in both nearshore and offshore 

waters, the fourth-root transformed density of each species in each subregion/period 

combination was averaged. 

These data were subjected to coherent species analysis (Somerfield and Clarke, 2013; Tweedley 

et al., 2015) to determine whether the pattern of change in the abundance of M. dalli spatially 

and temporally was statistically indistinguishable to any other species. Species occurring in less 

than 10 of the 1,040 (< 1%) and 832 (<1.25%) of the total number of samples from the nearshore 

and offshore waters, respectively, were excluded from this analysis as they add only random 

noise to the species similarities (Clarke and Warwick, 2001; Veale et al., 2014). As M. dalli 

were virtually absent from the nearshore waters between April and September, sampling periods 

falling within this period were removed from this analysis. The transformed and averaged 

species density data were used to construct Bray-Curtis resemblance matrices, which were, in 

turn, subjected to hierarchical agglomerative clustering with group-average linking 

(CLUSTER) and an associated Similarity Profiles (SIMPROF) test employing the type 3 

SIMPROF permutation procedure (Somerfield and Clarke, 2013). Separate analyses were 

carried out for the nearshore and offshore waters. 

Visualization of the ócoherent species groupsô was achieved by plotting the transformed 

densities of each species in each subregion/period combination on a shade plot (Clarke et al., 

2014b) and placed in optimum serial order using the Bray-Curtis resemblance matrix, 

constrained by the cluster dendrogram (Clarke et al., 2014a). Thus species (y axis) are ordered 

according to their abundance across subregions and periods, with those species with statistically 
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indistinguishable patterns of abundance grouped together. Subregion/period combinations 

(x axis) were ordered from left to right with increasing distance upstream in the estuary, and 

within each period in chronological order from October 2013 to October 2015. 

 

Results 

Climatic and physico-chemical conditions 

Mean maximum air temperatures between January 2013 and December 2015 exhibited a 

sinusoidal trend, with the lowest values recorded in July of each year (~18°C) increasing 

sequentially to a peak the following February (~34°C; Fig. 1.1.2a). Total annual rainfall ranged 

from 704 mm in 2013 to 578 mm in 2015, with the majority of rain (72-86 %) falling between 

May and September (Fig. 1.1.2a). In contrast, very little rainfall occurred during the austral 

summer, i.e. December, January and February (i.e. 3 % over the three years). Annual flows 

from the Swan and Canning rivers were markedly greater in 2013 and 2014 (218 and 175 GL, 

respectively) than in 2015 (78 GL; Fig. 1.1.2b). The Swan River was responsible for the 

between 77 and 86 % of freshwater dischage in to the Swan-Canning Estuary, with the majority 

of the flow occurring between July and October (82-93 %; Fig. 1.1.2b). Flows were greatly 

reduced between December and April, typically < 2 GL/month (Fig. 1.1.2b). 

As with air temperature, LFDA 5; Kirkwood et al., 2001the temperature of the water column 

in each region underwent a pronounced seasonal pattern. Temperatures of the surface waters 

typically ranged from ~15 °C in June/July to ~26 °C in Janurary/February (Fig. 1.1.3a). 

Seasonal differences were greatest in the Upper Canning Estuary and lowest in Upper and 

Lower Melville Water and the Lower Canning Estuary. Temperatures in surface waters were 

almost always > 20 °C between October and April and < 20 °C during May-September 

(Fig. 1.1.3a). Temporal patterns in bottom water temperature mirrored those in the surface 

waters, but showed less variation than those in the nearshore waters, i.e. temperatures were 

typically greater in the offshore than nearshore waters in the colder months between May and 
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September, and the converse applied in the warmer months between October and March 

(cf Fig. 1.1.3a,b). 

Surface salinity ranged from 1 in the Upper Canning Estuary during October 2014 to 38.4 in 

that same region in March 2014 (Fig. 1.1.3c). With the exception of October 2013, salinities in 

Lower Melville Water were > 20, whereas in all other regions they declined to Ò 10. Ranges in 

salinity varied markedly among the regions, from 16 in Lower Melville Water to 36 in the Upper 

Canning Estuary. Within a period, salinities were most similar across regions during summer 

(January-April), typically differing by < 5, but were as different as ~25 in May and June 2014. 

The lowest bottom salinity was 9.7 in the Middle Swan Estuary in October 2013, while the 

highest was 37.7 in the Lower Melville Water during March 2014 (Fig. 1.1.3d). Salinities in the 

bottom waters ranged far less than the corresponding surface waters, e.g. bottom salinities in 

Lower Melville Water differed by only 7 over the two years. The stratification index (bottom ï 

surface salinity) exceeded 4 in most regions in October/November 2013, between May and 

October in 2014 and in August to October in 2015 (Fig. 1.1.3e). The water column was most 

stratified in the Lower Canning and Lower and Upper Melville Water and least stratified in the 

Middle Swan Estuary. 

Dissolved oxygen concentrations in the surface waters in each region/period combination 

always exceeded 4 mg/L (Fig. 1.1.3f). Although values were lower in the bottom waters, they 

also typically exceeded 4 mg/L. However, hypoxic conditions (i.e. < 2 mg/L; Tweedley et al., 

2016a) were recorded in the Lower Canning Estuary in October/November 2013 and 

August/September 2014, and in four periods between August 2014 and February 2015 in the 

Middle Swan Estuary (Fig. 1.1.3g). 
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Fig. 1.1.2. Monthly (a) total rainfall (mm, histogram) and average maximum air temperature (°C, line) 

for Perth and (b) freshwater discharge volumes (GL) into the Swan-Canning Estuary data for the Swan 

and Canning rivers between January 2013 and December 2015. Climate and flow data obtained from 

the Bureau of Meteorology (http://www.bom.gov.au/climate/data/) and Department of Water and 

Environmental Regulation (http://wir.water.wa.gov.au/Pages/Water-Information-Reporting.aspx), 

respectively. Horizontal line denotes the months in which sampling for Metapenaeus dalli occurred 

(i.e. October 2013 to October 2015). 

  

0

5

10

15

20

25

30

35

40

0

50

100

150

200

A
ir
 t

e
m

p
e
ra

tu
re

 (
ÁC

)

R
a
in

fa
ll
 (

m
m

)
Rainfall Temp(a)

0

20

40

60

80

100

120

J F M A M J J A S O N D J F M A M J J A S O N D J F M A M J J A S O N D

2013 2014 2015

D
is

c
h

a
rg

e
 (

G
L

)

Month and year

Swan Canning(b)

http://www.bom.gov.au/climate/data/
http://wir.water.wa.gov.au/Pages/Water-Information-Reporting.aspx


 

   33 

  

  

 

  
 

Fig. 1.1.3. Mean values for (a) surface and (b) bottom water temperature, (c) surface and (d) bottom 

salinity, (e) index of stratification and (f) surface and (g) bottom dissolved oxygen concentration 

recorded in each of the five regions of the Swan-Canning Estuary in each period between October 2013 

and October 2015. Region codes given in Fig. 1.1.1. Note that due to the shallow water depth only 

surface values for were recorded in the Upper Canning Estuary region. 
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Density of Metapenaeus dalli 

The mean density of male and female M. dalli (500 m-2) in the nearshore waters of the Swan-

Canning Estuary varied markedly among periods, being substantially greater between October 

and February (1-5) than other periods (< 1), and few prawns were caught between May and July 

(Fig. 1.1.4a). This marked seasonal pattern was also present in all four regions of the system. 

Densities during the October to February portion of the year varied among regions, being 

greatest in the Lower Canning Estuary, followed by Upper Melville Water and the Middle Swan 

Estuary (Fig. 1.1.4). Slightly larger densities were recorded during this time of year in 2014/15 

than 2013/14. Substantial densities of M. dalli were caught in the nearshore waters over a longer 

period in 2014/15 than in the previous year, except in November/December (Fig. 1.1.4). 

A less prominent seasonal pattern in the density of M. dalli was present in the offshore waters. 

Generally, densities (prawns 500 m-2) increased from 0.6 in October 2013 to a peak of 27 in 

May 2014 before declining until March 2015, reaching a peak in May 2015 (42) and 

subsequently declining again until October 2015 (Fig. 1.1.4b). Similar seasonal patterns were 

present in the Middle Swan Estuary and Lower Canning Estuary and, to a lesser extent, in Upper 

Melville Water. The first two regions recorded by far the largest densities, with far fewer 

M. dalli recorded in Lower Melville Water (Fig. 1.1.4). 

The mean densities of male and female M. dalli were very similar (Fig. 1.1.4), and were highly 

correlated in both the nearshore and offshore waters (r = 0.943, n = 130 p = <0.001; and 

r = 0.919, n = 104, p = <0.001, respectively). Thus in all subsequent results, the abundances of 

males and females were combined. 
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Nearshore Offshore 

  

  

  

  

 

 

 

 

Fig. 1.1.4. Mean density (500 m-2) of male and female M. dalli in the (a, c, e, g, i, k) nearshore and (b, 

d, f, h, j) offshore waters of the Swan-Canning Estuary each period between October 2013 and October 

2015 for the system as a whole and for each region separately. (a, b) total estuary, (c, d) Lower and (e, f) 

Upper Melville Water, (g, h) Middle Swan Estuary and (i, j) Lower and (k) Upper Canning Estuary. 

Note no offshore data for Upper Canning Estuary, due to shallow depths and a limited data in December 

2014 due to engine failure. 
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Spatial and temporal abundance of Metapenaeus dalli and relationship to environmental 

conditions 

Two-way PERMANOVA of the 2013/14 data detected a significant difference in the densities 

of Metapenaeus dalli among Periods and Subregions in the nearshore waters of the Swan-

Canning Estuary in 2013/14, but the Period × Subregion interaction was not significant (Table 

1.1.1a). The majority of the variation in density was explained by Period (61 %), with densities 

being significantly greater in December 2014 (~5 M. dalli 500 m-2, Fig. 1.1.5a), and, to a lesser 

extent, October and November of the same year, than in the Periods between March and August 

2015 (< 0.25 M. dalli 500 m-2; Annex 1.1.1a). Densities in January and February 2015 were 

also typically greater than those recorded in May-July (Fig. 1.1.5a). Among Subregions (18 % 

of variation in density), the greatest densities were recorded in North Melville and Perth Water 

and the Lower and Middle Canning Estuary and least in the Entrance Channel (Fig. 1.1.5b).   

Densities of M. dalli in 2014/15 differed significantly among Periods, Subregions and the 

Period × Subregion interaction, with the two main effects explaining the majority of the 

variation in the mean squares for density (Table 1.1.1b). Significantly greater densities were 

caught between October 2014 and February 2015 (i.e. austral spring and summer) and October 

2015 than the periods between March and September 2015 (Annex 1.1.1b; Fig. 1.1.5c). The 

subregions with the highest mean densities of prawns were those in the middle of the Swan-

Canning Estuary, i.e. Perth Water and the Lower Canning Estuary and, to a lesser extent, North 

and South Melville Water, and the Middle Swan and Canning rivers (Fig. 1.1.5d). 

In the offshore waters, two-way PERMANOVA detected a significant difference in the 

densities of M. dalli among Periods, Subregions and their interaction term in both 2013/14 and 

2014/15 (Table 1.1.1c,d; Annex 1.1.2). In contrast to the nearshore waters, densities in 2013/14 

were lowest during the austral spring and summer, i.e. September to February (< 10 M. dalli 

500 m-2) and significantly greater between March and July, with the largest values recorded in 

May, ( ~27 M. dalli 500 m-2, Fig. 1.1.5e). This seasonal trend was also present in 2014/15, albeit 

less marked, which is reflected in the reduction of the proportion of the variance explained by 
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Period (21 %) compared with 2013/2014 (53 %; Table 1.1.1c,d). In both years, mean densities 

of M. dalli typically increased sequentially in an upstream direction, with the lowest values 

recorded in the Entrance Channel and highest in the Lower Canning Estuary and Middle Swan 

Estuary (Fig. 1.1.5f, h). Differences among subregions were more pronounced in 2014/15 than 

2013/14. 

 

 

Table 1.1.1. Mean squares (MS), percentage mean squares (%MS), pseudo-f (pf) and significance value 

(P) from two-way PERMANOVA tests on the density of Metapenaeus dalli per 500 m2 among periods 

and subregions in the Swan-Canning Estuary between October 2013 and 2015. Significant differences 

(P = < 0.05) highlighted in bold. Grey shading denotes factors that were particularly influential 

(i.e. %MS > 25). 

 

 df MS %MS pf P 

Nearshore      

(a) 2013/14      

Period 12 101.21 61.11 6.652 0.001 

Subregion 8 29.93 18.07 1.97 0.035 

Period × Subregion 96 19.27 11.64 1.27 0.085 

Residual 403 15.22                   

 (b) 2014/15      
Period 12 88.72 36.14 3.79 0.001 

Subregion 8 89.22 36.35 3.81 0.001 

Period × Subregion 96 44.12 17.97 1.89 0.002 

Residual 403 23.40                    

      

Offshore      

(c) 2013/14      
Period 12 33.56 52.80 9.58 0.001 

Subregion 7 19.88 31.28 5.68 0.001 

Period × Subregion 84 6.616 10.41 1.89 0.001 

Residual 312 3.502                         

(d) 2014/15      
Period 12 41.92 20.75 13.28 0.001 

Subregion 7 145.87 72.21 46.22 0.001 

Period × Subregion 84 11.06 5.47 3.50 0.001 

Residual 312 3.16                    
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Fig. 1.1.5. Mean and 95% confidence limits of the density of Metapeanus dalli among (a, c) periods and 

(b, d) subregions in the nearshore waters of the Swan-Canning Estuary 2013/14 and 2014/15, 

respectively and in (e, g) periods and (f, h) subregions in the offshore waters of the Swan-Canning 

Estuary 2013/14 and 2014/15, respectively. Subregion codes given in Fig. 1.1.1. 
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Spearmanôs rank correlations demonstrated that the density of M. dalli in seven of the nine 

subregions in nearshore waters was positively correlated with surface water temperature 

(ɟ = 0.45 ï 0.67; Table 1.1.2a). Significant and negative correlations were also detected for 

surface dissolved oxygen concentrations in four regions, while asingle positive and negative 

correlations were detected in the Middle Swan and North Melville Water subregions 

respectively (Table 1.1.2a). Trends in the correlation between the density of M. dalli and 

environmental variables were less clear among periods. Density was negatively related to 

surface water temperature and salinity during February and March 2014, and for salinity, also 

in February 2015 (Table 1.1.2b). Density was positively correlated to either one or both of these 

physical-chemical variables in November and December 2014, January 2015, and also some 

periods between April and September of both years. 

Surface and bottom water temperatures were negatively correlated to the density of M. dalli in 

five of the eight offshore subregions (ɟ = -0.28 ï -0.61 and -0.35 ï -0.64, respectively), and 

positively correlated in Lower Melville Water (ɟ = 0.50 and 0.59, respectively; Table 1.1.2c). 

Surface salinity was positively correlated to density in Lower Melville Water, but both surface 

and bottom salinity exhibited the reverse trend with density in Perth Water. As with the 

nearshore waters, the patterns of correlations among periods were less clear than those among 

subregions. However, surface and bottom salinities, and to a lesser extent, surface and bottom 

dissolved oxygen concentration, were negatively correlated with density in most periods 

between October 2014 and October 2015 (Table 1.1.2d).  

 




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































