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Executive Summary

This report provides the first comprehensive investigation into the biology and ecology of the Western
School PrawnNletapenaeus daliin the SwarCanning Estuary in soutlvestern Australialt provides
knowledge to help amage the fishery and evaluegtéease stragies for the aquacultutssednhancement

of this species. The studyolved Murdoch University, th®epartment of Biodiversity, Conservation and
Attractions (DBCA) (formerlyDepatment of Parks and Wildlife andhe 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 k&lelatieand reengage the lota
community with prawning and the estuary (led by ACAARBCAG6s Par ks ananda | dlI i f
West Australian Fish Foundation), funded by the Recreational Fishing Initiatives Foadrisheries
Research and Development Corporaoovided matchingunds for the current study. Biological data on

M. dalli were collected from 2@ites in nearshore arikb in theoffshore waters of the Swabanning

Estuary, ranging from the mouth of the system to ~40 and 30 km upstream in the Swan and Canning rivers,
resgectively, 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 conditiondResultswere presented gsart 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 PRawraeus=£ Melicertus) latisulcatuga

marine species) were the focus of a small commercial and iconic recreational fishery in tHeaBwiag

Estuary before catches declined significantly. The commercial fisivbich had a peak catch of fidhnes

in 1959, closed in the miti970s and reeational 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 popukatidisdalli in the estuary. The

two restocking projects enabled the development of new aquaculture technidqueddtirand subsequent
releases fnm 2012 to 2016These were linked to Prawn Watch and community engaged in restocking effort.
This projet provided the funds to undertake the research and development side of the restocking, enhance
our understanding of the biology and ecologWwbfdalli and the subsequent monitoring of the population
postrelease of hatchemgared 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 recruitnh&ndaifi in the Swan
Canning Estuary.

2. Evaluate the costs and benefits of releadnglalli in the SwarCanning Estuary.

3. Optimise release strategie®(stocking densities, size and location at releasdyifatalli.

4. Increase stewardship of the recreatidvaballi fishery in the SwaiCanning Estuary.

Methodology

The biological characteristics, population size anduittent ofM. dalli were studied, over 31 consecutive

lunar months, by sampling 20 sites in the nearshofenideep) and 16 sites in the offshore (m deep)

waters of the Swa@anning Estuary using hand and otter trawls. Data from the 1,040 trawlsdesshore

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, sta¢maturity and fecundity and egg production in the
estuary and investigate var@n in densities of prawns among regions, seasons and years and with salinity,
water temperature and dissolved oxygen concentration. The survival and groMttdalii larvae was
investigated under different salinity, water temperature and algal feedaigents 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 30,000 PL13 were investigated using an innovative new method

to inform the best time to release hatcheeared individuals. The biological parameters estimated from the
guantitative models and production practises/costs were used to depedi;manarybio-economic model



of M. dalli releases using the EnhanceFish prografortmation 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 strategiethe Survival M aximizationAt-Releasel ool (SMART).

Results
The results from this project achieved the following

T

Clearly identified spatial and temporal patterns in the abundance and distribiNlodadli in the Swan
Canning Estuary; including the marked seasonality in their presence in the nearshore watethedur
summer breeding season (@4ar) and a migration into offshore watersZn deep) in autumn/winter.
Metapenaeus dallivere not found in the entrance channel ofeteary, which, with the information on
their reproduction, confirms that they colete their lifecycle in the estuary.

Described the larval developmentMf 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
algaldiet was a mixed feed containi@naetoceros muelleendTetraselmis suecica.

For the first time, estimated quantitatively the pattern of gromtirtality and sizeat-maturity, finding

a highly seasonal pattern of growth (virtually no growth in winter) and large differengeswth 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 producedvbydalli and idenfiied the factors that influence spawning.

Estimated rates of predation by a suite of small fish species following the release of ~130;00)0adost

M. dalli during the day and night. These studies identified key predators of hatehesd prawns.é.

the GobblegutgOstorinchus rueppelliand the Hardyhead\therinomorous vaigiengisfound that
predation is a significant source of mortality and the results provide the basis for recommendations on
releasestrategies that are likely to increase the imdiage postelease survival.

Produced a quantitative sediment map for the S@amning Estuary and identified areas of preferred
habitat based on organic matter content and grain&@penaeus dalivas found to have a preference
for fine sedimentsyhich 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 antarget species. The SMART synthesized all available informatidvi. atalli and the ce
occurring fish/crustacean species collected during this project to identify optimum release sites and
times. Releases in the Lower Canning River and Perth Water darigg@midsummer (December to
January) were predicted to lead to maximumpelstase survival. This tool could readily be applied to
other species.

The preliminary bieeconomic model evaluated releases ranging from 650,006idicéh M. dalli and
size-atrelease 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 sizemilGL, however, such an aquaculture
effort would require substantial capital expenditure to predbe required number of juveniles. At the
current low population level, without any restocking, the population biomass was projected to remain
virtually unchanged over a fivgear period.

Engaged with the community through the Prawn Watch program tdévéntieem in the collection of

mature females fahe aquaculture production bf. dalli, providing information on the distribution and
abundance of prawns, increasing awareness of the biology and ekbldgifi, 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.



Through data collection, information sharing,inilag 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 managemenk/bfdak recreational
fishery in the SwaiCanning Estuary withepresentatives from Recfishwest, the DepartroeRtimary
Industries and Regional Development and the Department of Biodiversity, Conservation and Attractions

Provided training for four Honoursuslents (all attained firstlass Honours) and two PhD students (who
are both nearing completion). These studies contributed greatly to the overall extent and scope of studies
tha were completed as part of tiigoject.

Implications

T

As yet, the lifecycle of M. dalli has not been closed for aquaculture production, which constrains the
production of hatcheryeared prawns for release into the estuary to the months between November and
February when prawns in reproductive condition are present in theyeastubcan be collected.

The timing of reproduction and estimates of sitenaturity and egg production indicate that limited
temporalclosure may conserve some spawning in the system and complement any aquaasitdre
enhancements ofl. dalli.

Theresults 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 beconomic model highligkd the importance of sizg-release and
densityat-release to the postlease survivalf larger sizeat-releases are required, production methods
will need to be developed to release small juvevilelalli, instead of PL13 prawns.

The results from t study highlight the importance of mutlisciplinary research for evaluating release
programs and the need to adopt a responsible approach to release programs to consider factors such as
sizeat-release and densipt-release, not just maximising the nioens that can be produced and released

in the shortest possible time.

The data from the studies of larval biology, ecologyMf dalli, growth and survival, and from
reproduction and predation combined with in the SMART provides an understanding ofitmenop

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/speic@sments.

Theresults of thisstudy are valuable for providingrange 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.

Recommenations

1

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 Swa@anning Estug.

Further develophe biceconomic model to incorporate the new knowledge gained from this research
and ecological research is initiated to investigate the significance dtsiglease and densigt-release

in determining postelease survival. Repethe predation experiment to determine the role that habitat
complexity (the presence of seagrass/algae) may have on predation rates. Th&oesthts above
components could be used to further development the SMART.

Discuss the results from thisudy 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 productio

Keywords: Aquaculturebased enhancement, recreational fishing, restockingrelesise survival, larval
ecology, larval taxonomy, fish predation
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Introduction

The global marine fishery catch has not increased since thd 98{k, despite substantial
advances in the effectiveness of fishing effort through technological cfiRagket al, 2002;

FAO, 2012) At the same time, declines in the abundance ofdegl predators and changes in
ecosystem function due to industraVel fishing have been document@dyers and Worm,

2003; Baum and Worm, 20Q9)o reduce the impact of fisheri€gulyet al (2002)suggested

that fishing capacityneeds to be greatly reduced and significant spatial closures employed
throughout the worl dbés o cHowenes, this places kignificant f i s h «
economic and social hardship on businesses and commuhétgs¢viously had open access

to these fishing zonddlasciaet al,, 2010; Bennett and Dearden, 2Q14)

An alternative potential management intervention for rebuilding stocks and increasing
production is the application of release programs to introduceidodls cultured from
aguaculture into the natural environmeiigell et al, 2005; Bell et al, 2008; Leber,

2013) While restocking and stock enhancement both involve the release of aquaaittede
animals into natural systems, the status of the wfitldtk and purpose of the release differ
significantly between restocking and stock enhancement. Thus, restocking involves the release
of cultured juveniles to restore ovexploited or severely depleted wild populations and it
attempts to achieve lortgrmbenefits by recovering the spawning biom@sill et al, 2005;

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

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

Individuals fromse\eral species of prawns or shrimp in the Penaeidae are released on a very
large, commercial scale (hundreds of millions to billions) in Jéidamasaki and Kitada, 2006)

and China(Bell et al, 2005; Wanget al, 2006; Loneragaret al, 2013a) Smaller sca,

commercial releases of penaeids have also been practised in Kuwait, Sri Lanka, the United
States and Australi@Bell et al, 2005; Loneragagt al, 2013a) Recent research in Australia

has focussed on rel ease pr ognalishmg; ofedor Eagtegnn a e i d-

King Prawn$Penaeus plebejuso overcome recruitment limitation caused by a physical barrier

12



to prawn larval recruitmer{fTaylor, 2017; Tayloet al, 2017b)and the second, to investigate
the potential for rebuilding the stks of the Western School Prawfetapenaeus dalljthis

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

The genudvietapenaeuss one of 25 extant genera belonging to the Penaeidae, and comprises
29 species that occur exclusively throughdwg inshore coastal and estuarine waters of the
Indo-West Pacific(De Grave, 2014)In this region, species dfletapenaeusontribute to
important commercial and recreational fisheries and aquaculture prod(i2totvmontet al,

2006; Kompa<t 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 environmentdJiettipenaeus macleagnd
Metapenaas bennettaeomprising54% and 32% of the total catch by weight and value,
respectively(Montgomery, 2010)Prawns found in the estuaries of this region, predominantly
Penaeus plebejuand M. macleay;j are also exploited by recreational fishers who remove

~4,700 tonnes annual(ontgomery, 201Q)

Metapenaeus dallthe Western School Prawis the only metapenaeid found in temperate
southwestern Australi§Racek, 1957)The species typically occurs in shallow, inshore marine
waters (<30 m deep) along éhwestern coast of Australia from Darwin in the north to Cape
Naturaliste in the south and also in Java, Indongaiay et al, 1983) However, in latitudes
below 31° S, it is only found in estuaries and is believed to complete its entire life cycte withi
these system@otteret al, 1986b; 1989; Fig. I.1andis thus classified as a solely estuarine
species in this regiofPotteret al,, 2015a; 2015b; Fig. 1.1)

Both M. dalli and the Western King PravRenaeus latisulcatu@ species that spawns in the
marine environment, but spends significant time in estuaries,a marine estuarine
opportunist; Fig. 1; Penn, 198@kre the focus of a small commercial and iconic recreational
fishery in the Swai€Canning Estuary. The commogal fishery catch peaked at 15 tonnes in
1959, but declined afterwards leading to its closure in thel®rds(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 duringhe Christmas periodSmithwick 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 oxgrfishin
changing environmental conditions and recruitment fai{Sraith, 2006; Smittet al, 2007)

Smithet al. (2007)also concluded that, despite the large reduction in fishing preséude]li
populations were still low and had not recovered and, dilretosmall, discrete breeding stock,

were reliant on selfeplenishment. Thus, given the letegm recruitment failure, restocking

was seen as a possible means of increasing the population Bizdadh in the SwarCanning

Estuary by bypassing the re@dment bottleneck during the high mortality stage of larvae

through to juvenilegSmithet al, 2007)

Marine environment

(b) Marine estuarine-opportunist

Estuarine environment

Marine environment

Fig. I.1. Conceptual models of the life cycle of (a) solely estuarine and (b) marine estygporéunist
species of prawn.

In late 2011, the SwaRiver Trust fow within the Department of Biodiversity, Conservation
and Attractiony approached Murdoch University and theistralian Centre for Applied
Aquaculture Researclo collaborate in a project utilising stock enhancement to investigate the
cau®s of decline oM. dalli. Discussions were then held with Department of Fishénew
Department of Primary Industries and Regional Developmant) Recfishwst on the
possibility of developing aelease prograrfor M. dalli in the SwarCanning EstuaryBoth

organizations strongly supported a stock enhancement effort anshguoidtwo projecs
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through theRecreational Fishing Initiatives Fuial pilot the production and release\df dalli

from 2012 until 201Jenkinset al, 2015; 2017)In additionthose two projects (entitled:
AGowing community engageamean {eStiBshinggreceeationalg pr @
prawningintheSwa€ani ng Est uar yaconmunityengagesnenpppogrant, ledd

by the Department of Parks and Wildlife (how DepartimefnBiodiversity, Conservation and

Attractions) and known a®rawnWatch.

The projects that were funded through the Recreational Fishing Initiatives Fund only provided
for production and release M. dalli and the PrawitwWatch programThat is, there wasot

funding for the necessary research and development side of the restocking or understandings
the biology andecologyor M. dalli or monitoringof the population following the releases of
hatcheryreared individualsThis shortfall was recognised by p#r organizationsat that time
Departmentf Parks and Wildlife and the Australian Centve Applied Aquaculture Research,

who provided funding and ikind support to this project,

This project aims tevaluate théiology and ecologwf M. dalli, invegigatepossible reasons

as towhy the numbers dahis iconic speciedeclined in the past ardevelop methods to help
maximise the effectiveness of the release program. The release of citudadli through

stock enhancement provides a mechanism fangew/hether 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 Swa@anning Estuary will support released individuals. The stock
enhancement and assated community engagement program have the potential to increase the
recreational fishing experience in the Swaanning Estuary and provide recreational fishers

and the broader community with a greater understanding of the biology and ecqabiogyioé

and the environmental conditions of the system.

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

fishers in improved stewardship of the fishery and the S@aming Estuary.
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Objectives

The project hadevenobjectives.

1. Evaluate the current stock status @hdnges over time aestern School Prawns in

the SwarCanning Estuary (Section 1).

2. Evaluatefactors affecting the natural recruitment \Western School Prawns in the
SwanCanning 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 strategieise( 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 Swaanning RiverparkSection 4).

7. Contribute taa citizen science program that is complementary to scientific investigation.
(Section 4).
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Quotation

AThis multidisciplinary program has taught
the importance of understanding the basic biology anctlitde of the studied modelg, 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 tdogk 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 andhwoncert,
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 multiphel @omplex facets revied hered

Zoharet al. (2008)on when evaluating a five year project to restockBlue Crab

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

This section details research relating to objectiveelevaluate the current stock status and
changes over time of Western School Prawns in the &Waming Estuary and objective 2,
i.e. evaluate factors affecting the natural recruitment of Westerndbéhrawns 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 -8a&aning Estuary

(PhD studies of Brian Poh).

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

studies of Jason Crisp).

3. Reproductive biology of the Western School Prawn in the S®aming Estuary (PhD

studies of Jason Crisp).

4. Larval development of Western School Prawns reared in the laboratory (Rhé&ssif

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@wns (PhD studies of Jason Crisp).

7. Quantitative classification of sediments in the S\Wamning Estuary (Honours studies

of Amber Bennett).

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

preference of the Western Sch®rawn (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 SchoolNetapenaeus dalli
Racekwere investigted through an extensive, twear sampling program (832 otter trawls

and 1,040 hand trawls) within a microtidal estuary in temperate -seegtern Australia.
Sampling was carried out every lunar month at 20 sites and 9 subregions in shallow waters by
hard trawl (<1.5m deep) and at 16 sites and eight subregions in deeper wagens) (3y otter

trawl. The incidental catch of other species, consisting of other invertebrates and teleosts, was
also recordedDensitiesof M. dalli were highly seasonal, witlreatest 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 denditieabif found

in the Lower Canning, Middle Swan, atdpper Melville Water regionsSpearmaé s r a n k
correlation showed a positive relationship between the densitfy @élli in nearshore waters

and surface water temperature in all nine subregions, whilst densikieglafli 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 autanthwinter 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 Kig PrawnPenaeudatisulcatus which was concentrated mainly in Lower and
Upper Melville Water, but not caught further upstream. Id@tiric multidimensional scaling
revealed that the distribution &f. dalli was statistically indistinct from that of the aumid
Ostorhinchus rueppelliiwhich predates heavily on pdarval M. dalli, and that of two
scyphozoangwurelia aurita and Phyllorhiza punctatawhich are likely topredate orM. dalli

larvae. These findings highlight the significance of site seleeim@hpotential predation risk

for any aquaculturdased 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, ra-off, tidal water movement, the atmosphere and waste (Nyhittaker and
Likens, 1975; McLusky and Elliott, 2004; Bianchi, 2008her high productivityprovides
important food sources for many taxa, enabling juveniles to grow rapidddition, thes
systemdower predation risklue to the reduced presence of large predéBtaber and Blaber,
1980; Potteet al, 2016) For these reasons, estuaries are often used asynarsas byfish

and crustacean speci@saywoodet al, 1995; Perkingd/isseret al, 1996; Becket al, 2001;
Tweedleyet al, 2016b) The ecological value of estuaries for fisheriegaflected in the
proportion ocommecial and recreational fishegpecies that utilise these productisieeltered
waters For examplel_ellis-Dibble et al. (2008)estimated that estuarine species contributed 46
% by mass and 68o by value to commercial fish and shellfish landings in the United States
between 2000 and 2004, whizeightonet al. (2015)estimatedhat>75 % of commercial fish
catch and, in some regions, up to%®f all recreational angling cat¢h Australia comprised
species that use estuaridis significant contribution of estuaries parallels findings on the

commercial fisheries of soutestern Austilia 30 years agfienanton and Potter, 1987)

As estuaries are located at the interface between fresh and marine waters, their physico
chemical conditions change markediyatially, as well agver a range of temporal scales,
e.g.tidal cycle, monthlyseasonally and inteannually(Gallegoset al, 2005; Sutherland and
O6 Nei | I, 2 Oet &.,; 2016byv Eypicdlly, ¢hgse are influenced by tidal range and
longerterm patterns in weather. For exampghinity in the Fraser Estuaoy British Columbia
which has a tidal range ofd, varied by almost 30 over a tidal cyfgeyer and Farmer, 1989)
In contrastin permanenthopen microtidal estuaries (tidal rang@ m), salinity changes little
over a tidal cycle, it can change by 36ver the course dd year(Tweedleyet al, 2016b)
Given the dynamic nature of estuaries and their phydiemical environments, the
composition of their faunal communitiatsochanges spatially and tempora{ialmaet al,
2013; Beckeet al, 2016) In the temperate asaries of souttwestern 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 Sw&anning and Pedllarvey estuariefLoneragaret al,

1986; 1987; Loneragan and Potter, 1990; Valediai., 2009; Potteet al, 2016)

Temporal differences in the abundance of benthic macroinvertebrate species have been related
to the timing of spawning, and recruitment andstlare also influenced by environmental
parameters, such as water temperature and salinity, due to their effect on growth, survival and
reproductive succeg¢Rainer, 1981; Kalejta and Hockey, 1991; Satal., 1995{Platell, 1996

#467) Due to the wide w#ety of habitatsfound in estuarieswhich typically comprise a
different faunal communityit is therefore also expected that the tempdgral seasonal)
changes in species composition would ataxy spatially amongheregionsor habitats present

within the estuaryYoung and Potter, 2003)

Many penaeid speciese associated witcoastal and estuarine systems at some stage of their

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

for species that spawn in marine environrmdntSu br amani an, etlaQ 200; R'Enn
Khorshidian, 2002; Macia, 2004 spects of thegatial distribution omany species of penaeid

has beeinvestigatedincluding analyzing the distribution of pdstval recruits away from the

marine environmern(fVanceet al, 1996; 1998; GalindBectet al., 2010)and of adults and/or

juveniles between different habitgtsR "En neb 8 2001; Vanceet al, 2002)and substrates

(De Freitas, 1986; Somers, 1987; Kengbal, 2004; Gribbleet al,, 2007; Mungaet 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 Metapenaeusnacleayiin the HawkesbumNepean River, New South Wal¢Binto and
Maheshwari, 2012Moreover, water temperature was found to be the major factor influencing
the recruitment oPenaeus esculentus Moreton Bay, Queenslan@ienzle and Sterling,

2016) and salinity the main environmental variable influencing the distributioReoheus
monodonand Peneaus indicus) the Saadan Estuary, Tanzaflidosha and Gallardo, 2013)

The movement of juveniles d?enaeus merguiensfsom mangrove areas in th@ulf of
Carpentaria, northern Australia aNtétapenaeus macleagoutheastern Queensland was also

correlated with rainfall and river flogoneragan and Bunn, 1999; Vareteal, 2002)
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Understanding the patterns of abundance and distribution of a specpgticularly important

for thosespecieghat 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/estern School Prawhletapenaeus dalliis found along the
western coast of Australia from Darwin in the north to Cape Naturaliste in the andthlso

in Java, IndonesigRacek, 1957; Gregt al, 1983) It typically occurs in shallow inshore marine
waters € 30 m deep), however, at the southern limit of its distributi@agouth of~31°S), it

is found only in estuaries and completes its entire life cycle within these sy§tetteset al.,

1986b; Broadlet al, 2017) This species, together withe Western King PrawrRenaeus

(= Melicertug latisulcatus were the focus of a small commercial fishery that closed in the mid
1970s due to sustained low catcl®miith, 2006)andaniconic recreational fishery, which, at

its peak, involved over 50,000 people, particularly during the Christmas g&nathwick et

al., 2011) However, recreational catch rates also declined, with the last significant catches
recorded in the late 199(Q8laher, 2002and the population has not recovermespite the large
reduction in fishing pressu&mith et al, 2007) A restocking project was initiated between
2012/13 and 2015/16 wvaluate the feasibility of aquacultdrased enhancement to rebuild

the population oM. dalli in the SwarCanning EstuaryDuring this time, abou4.5 million

M. dalli postlarvae(Jenkinset al, 2017)were released into the Sw&anning estuary

The general biology d¥1. dalli has been investigated in the Sw@anning Etuary(Potteret

al., 1986b)and the PeeHarvey EstuaryPotteret al, 1989) 80 km south. The study in the
SwanCanning Estuary was carried out over 30 years previously at the time whdn dhaéi
recreational fishery was very active. This study #mat of Broadleyet 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 tinderstand the patterns of abundance and distribution of this once
iconic fisheries species. The aims of this study wer@) describe the spatial and temporal
patterns of abundance bf. dalli and determine whether the patterns are correlated with any
abiotic variabés, (ii)describethe spatial and temporal patterns of abundance of different size

classes oM. dalli, (iii) compare these patterns with those of a potential penaeid competitor in
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the systemP. latisculatus and (iv) identify the fish anlley invertebrate species that exhibit
similar spatial and temporal patterns of distributiothtmse forM. dalli, to evaluate potential

key predators and how their distribution might affectNhedalli population.

Methods

Study site

The SwarCanning Estuary iadrowned river valley system located in scutestern Australia,
which is~50 km long, covers an area-eéB5 kn? and remains permanentbpen 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 Melville Water, respectively.
Although the majority of the estuary is shallow, < 2 m in depth, it reaches a maximum depth

of ~20 m in the entrance channel. Seutbstern Australia experiences a Mediterranean climate
(Gentilli, 1971) with hot, dry summers and cool, wet winters wiB0 % of rainfall occurring
between June and Septemfidodgkin and Hesp, 1998This, combined with the microtidal

tidal regime € 1 m variation in tide height results in marked seasonal variations in water
physicatchemical conditions in this saliedye 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 toarked stratification of the water columand hypoxia

(Tweedleyet al, 2016b)

The estuary flows through the capital city of Perth, which supp@@%%6 of the 2.6 million
people in the state of Western Austrglfeustralian Bureau of Statistics, 201%) is valued
highly for its aesthetic, commercial, environmental and cultural importdvieéseed and
Sumner, 2001)Recreational fishing is an iconic activity in WA, with an estimated 711,000

participants in 2014/18Ryanet al, 2015) and the Swai€anningEstuary is a popular hotspot
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for recreational fishers, witan estimaed effort of 30,338 fisher daysccurring in1998/99

(Malseed and Sumner, 2001)

Sampling procedure

Metapenaeus dallwere sampleduring thenight attwo locations withir20 sites irthe shallow,
nearshore waters (& m deep; Fig. 1.1.1) using a hand traw! et 16 sites irthe deeper,
offshore waters (27 m deeplsing a small otter trawl net, on each new moon phase between
October 2013 and 201%€.26 consecutive lunar cycledtach site was allocated to both a
region andsubregion (Fig. 1.1.1), witlone trawl samplecollectedfrom each of the two
locations withineach site on each samplimgcasion. 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?.85 m, but varied slightly amongst trawls
depending on the condition of the stidatum, presence of submerged obstacles and localised
wind and wave condition# trawl of 200 m (swept area 5670 nt each)were carried out at
eachlocation in eaclsite on each sampling periotbveing a total area of 22,8002 on any
single lunar cgle. Sampling in the offshore water employed ar2.6vide otter trawl net, with
25mm mesh in the body, and 9 mm mesh in the cod end. The net was towed at a sfhéid of
knots 3 km h?) for five minutes, covering a distance €250 m.A trawl of ~650 nf was
completed at eaclocation within eactsite on each sampling period covering a total area of

20,800m? 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, measd 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 mals by the presence of a petasi8aall individuals without an obviousthelycum or
petasmawere recorded as juveniles. Female prawns were also inspected to determine if they

were gravidj.e. had large green ovaries, as describe@€hgpet al (2017a)and/or possessed
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a spermatophore. The abundance of each penaeid, stomatopod, brachyuran, teleost and
scyphozoan species collected together Wthdalli were also recorded, except in the case of
Craterocephalus mugiloideétherinosoma elongatandLeptatherina presbyteroidesvhich

were grouped t og.e'hebespecies havedsintiahneorphologied and dre very
abundant, and it was not possible to identify them to species at night quickly enough whilst still
being able to return them &uo the waterAs 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.
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Fig. 1.1.1 Map showing (a) Australia and the distributiorMétapenaeus dalin inshore marine waters

(light grey) and solely in estuaries (dark grey) and (b) 20 nearshore and 16 ofiséeie Swan

Canning Estuary sampled over 26 consecutive lunar cycles between October 2013 and October 2015.
Dotted lines denetthe 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 reted at each offshore site on each sampling occasion using a Yellow
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Springs International Model 556 water quality metéata were also obtained from the
Department of Water and Environmental Regulation, Western Australia, who records these
variables at $es throughout the Swebdanning Estuary every

week(http://wir.water.wa.gov.au/Pages/WataformationReporting.aspx

A salinity stratification index was calculated by su#ating the salinity at the surface of the
water column from that at the bottof@enkinset 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/dajabetween January 2013 and December 2015. The
Department of Water and Environmental Regulation provided monthly discharge data from

tributaries etering the Swai€Canning Estuargver the same period.

Statistical analyses

Univariate tests

The density oM. 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 Varial@ERMANOVA; Andersoret al, 2008)

teds, to determinavhether density differed significantly amoRgriods (13 levels and fixed),
Subregions (8 or 9 levels and fixelig. 1.1.) or the interaction between these main effects.
Tests wereonducted separately for data collected from the nearsimal 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 2,000,00&ed$l. dalli

into the nearshore waters of the Swaannnhg Estuary duringhe 2012/13, 2013/14 and
2014/15periodsrespectivelyJenkinset al, 2017) As thedensities of male and female prawns
were highly correlated (see resultd)ey were combined to investigate the variatiototal

M. dalli density. Whera main effect pinteraction term was significant and contrilite25

% to the mean squarea pairwise PERMANOVA test wassedto identify the pairwise

combination ofa priori groups responsible for that difference.
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Spearma@ sank correlation tests we employed to elucidate whether the densitiviotalli
correlated with any of thenvironmental variableis the water column(i) within a subregion
over time and(ii) within a period and across the subregions. Thes@blesincluded water
temperatue, salinity and dissolved oxygen concentratitihe surface of the water colurand

the density oM. dalli in nearshore waterand water temperature, salinity and dissolved oxygen
concentration at the surface and bottom of the water column and tlifcatian index and

the density oM. dalli in offshore waters. The null hypothesis of no significant relationship
between two variables was rejected wipen <0.05, however, due to the limited number of
subregions and thus replicates for correlatiorthiwia periodp values of 0.08.1 were also

classed as being influential.

Differences in the mean CL ofiale and femal&l. dalli found in the nearshore and offshore
waters of a region wertested usin@ norparametric KruskalWallis test in SPSS v22ote

that a region was only included in the analysis fgivanperiod ifa minimum of30 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 standdrgizéée
percentage contribution each size class made to the total numedafii in each region in
each period, and used to construct a shade wluth is asimple visualisatiorof the data
where a white space for a size class demonstratesdiraividuals were collectedt that CL

in a region/period combinatiomhe depth of shadingn the plotfrom grey to blackis linearly
proportional to the percentage contribution of that size class to the total cattie in

region/period combinatio(Clarkeet al, 2014b; Valesinet al, 2014)

Multivariate tests

The variation in composition of the fauna was investigated using multivariate analyses to
determine whether the distribution and abundandd.afalli were similar to that of potential
competitors and nedators.The densities oéll species caught in the nearshore and offshore

waters (.e. M. dalli and other penaeid, stomatopod, brachyuran, teleost, elasmobranch and
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scyphozoan specipwere fourthroot transformed to balance the contributions of comnmoh a
rare species, by downeighting the contributions of taxa with higtensities(Clarke and
Warwick, 2001) The resultant data were used to construct separate(Bndig resemblance
matricesfor the nearshore and offshore watezach of which was subjed to a threevay
PERMANOVA to determine whether species composition differed anvesys (2 levels;
fixed), Periods (26 levels; with 13 nested within edaar) andSubregions (8 or 9 levels; fixed)
and whether there were any significant interactionséen the main effects. As all main effects
and the interaction tersndiffered significantly P =0.001) in both nearshore and offshore
waters the fourthroot transformed density of each species in each subregion/period

combination was averaged.

These datavere subjected to coherent species ana($gmerfield and Clarke, 2013; Tweedley

et al, 2015)to determine whether the pattern of change in the abundamtedaflli spatially

and temporally was statistically indistinguishable to any other specieseSpecurring in less

than 10 of the 1,04(< 1%)and 832<1.25%) of the total number sdmples from the nearshore

and offshore waters, respectively, were excluded from this analysis as they add only random
noise to the species similariti€Slarke andwarwick, 2001; Vealet 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 weweed to construct Bra@urtis resemblance matrices, which were, in
turn, subjected to hierarchical agglomerative clustering with gawepage linking
(CLUSTER) and an associated Similarity Profiles (SIMPROF) test employing the type 3
SIMPROF permutatiorprocedure(Somerfield and Clarke, 2013fpeparate analyses were

carried out for the nearshore and offshore waters.

Visualization of the O6coherent species grou
densities of each species in each subregion/periotioation on a shade pl¢Clarkeet al,

2014b) and placed in optimum serial order using the BCaytis resemblance matrix,
constrained by the cluster dendrogr@@harkeet al, 2014a) Thus speciesy/(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) wereordered from left to right with incesing 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
sinwsoidal trend, with the lowest values recorded in July of each yd&°C) increasing
sequentially to a peak the following Februar$4°C;Fig. 1.12a). Total annual rainfall ranged
from 704 mm in 2013 to 578 mm in 2015, witie majorityof rain (72-86 %) falling between
May and SeptembelF{g. 1.12a). In contrast, very little rainfall occurred during the austral
summer,i.e. December, January and Februéirg. 3 % over the three yeard)nnual flows
from the Swan and Canning rivers were markedly great2013 and 2014 (218 and 175 GL,
respectively) than in 2015 (78 GIEig. 1.12b). The Swan River was responsible for the
between 77 and 8 of freshwater dischage in to the Sw@anning Estuarywith the majority

of the flow occurringbetween July an@ctober (8293 %,; Fig. 1.12b). Flows weregreatly
reduced between December and April, typically GL/month(Fig. 1.12b).

As with air temperaturd,FDA 5; Kirkwood et al, 200Xhe temperature of ¢ghwater column

in each region underwent a proncad seasonal pattern. Temperatures of the surface waters
typically ranged from~15°C in June/July to~26°C in Janurary/FebruaryFig. 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 and20°C during MaySepember

(Fig. 1.13a). Temporal patterns in bottom water temperature mirrored those in the surface
waters but showed less variation than those in the nearshore wiatetsmperaturesvere

typically greatetin the offshorghannearshoravatersin the cotler monthdetween May and
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Septemberand the converse applied in the warmer mortesveen October and March

(cfFig. 1.13a,b).

Surface salinity ranged from 1 in the Upper Canning Estuary during October 2014 to 38.4 in
that same region in March 201Hig. 1.13c). With the exception of October 2013, salinities in
Lower Melville Waterweree2 0, whereas in all other regions
salinity varied markedly among the regions, from 16 in Lower Melville Water to 36 in the Upper
Cannirg Estuary. Within a perigdalinities were most similacross regionduring summer
(JanuaryApril), typically differing by< 5, butwere as different as25 in May and June 2014.

The lowest bottom salinity was 9.7 in the Middle Swan Estuary in Octdde8, 2vhile the
highest was 37.7 in the Lower Melville Water during March 2#id. (1.13d). Salinities in the
bottom waters ranged far less than the corresponding surface eagel®ttom salinities in
Lower Melville Water diffeedby only7 over thewo yearsThe gratificationindex (bottomi

surface salinity)exceeded 4 in most regions in October/November 2013, between May and
October in 2014 and in August to October in 20&#.(1.13e). The water column was most
stratified in the Lower Canning dri.ower and Upper Melville Water and leastatifiedin the

Middle Swan Estuary.

Dissolved oxygen concentrations in the surface waters in each region/period combination
always exceeded 4 mg/Eify. 1.13f). Although values were lower in the bottom waténgy

also typically exceeded 4 mg/L. However, hypoxic conditipres< 2 mg/L; Tweedleet al.,

2016a) were recorded in the Lower Canning Estuary in October/November 2013 and
August/September 2014, andfour periods between August 2014 and February 2015 in the
Middle Swan EstuaryHig. 1.13g).
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Fig. 1.12. Monthly (a) total rainfall (mm, histogram) and average maximum air temperature (°C, line)
for Perth and (b) freshwater discharge volumes (GL) into the Saaning Estuary data for the Swan
and Canning rivers between January 2013 and December 2015.eCéinthflow data obtained from

the Bureau of Meteorologyhttp://www.bom.gov.au/climate/dajahAnd Department of Water and
Environmental Regulation hfttp://wir.water.wa.gov.au/Pages/WateformationReporting.aspy
respectively. Horizontal line denotes the months in which sampliniyl&@apenaeus dalloccurred
(i.e.October 2013 to October 2015).
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Fig. 1.13. 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 S\amnng Estuary in each period between October 2013
and October 2. Region codes given in Fig. 1.1Note 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 femi&ledalli (500 m?) in the nearshore waters of the Swan
Canning Estuaryariedmarkedly among periods, being substantially greater between October
and February (b) than other periods (1), and few prawns were caudigween May and July

(Fig. 1.14a). This marked seasonal pattern was also preseaiitfour regionsof the system
Densities during the October to February portion of the year varied among regions, being
greatest in the Lower Canning Estuary, followed Ippé&r Melville Water and the Middle Swan
Estuary Fig. 1.14). Slightly larger densities were recorded during this time of year in 2014/15
than 2013/14Substantial densities ®fl. dalli were caughin the nearshore waters over a longer

periodin 2014/15than in the previous yeagxcepin November/Decembé€Fig. 1.1.4)

A less prominent seasonal pattern in the density.afalli was present in the offshore waters.
Generally, densitiepfawns500 m?) increased from 0.6 in October 2013 to a peak ofn27 i
May 2014 before declining until March 2015, reaching a peak in May 2015 (42) and
subsequently declining agaimtil October 2015Kig. 1.14b). Similar seasonal patterns were
present in the Middle Swan Estuary and Lower Canning Estuary and, to axésserie Upper
Melville Water. The first two regions recorded by far the largest densities, with far fewer

M. dalli recorded in Lower Melville WateF{g. 1.14).

Themean densitiesf male and femal®. dalli were very similar (Fig. 1.4), and werénighly
correlatedin both the nearshore and offshore watrs 0943, n = 130p =<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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Spatial and temporal abundance of Metapenaeus dalli and relationship to environmental

conditions

Two-way PERMANOVAof the 2013/14 datdetected a significant difference in the densities
of Metapenaeus dallamong Periosland Subregionin the nearshorevaters of the Swan
Canning Estuary in 2013/14, but tReriodx Subregionnteractionwas notsignificant (Table
1.11a). The majority of the vart#on in densitywas explained by Peridé1 %) with densities
being significantly greater in December 2014 f45dalli 500 n?, Fig. 1.1.5a)and, to a lesser
extent, October and November of the same year, than Retlols between March and August
2015 € 0.25M. dalli 500 m? Annex1.1.18). Densities in Janugrand February 2015 were
also typically greater than those recorded in Maly (Fig. 1.1.%). AmongSulregions(18 %

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

and the Lower and Middle Canning Estuangd least in the Entrance Chanrigp( 1.1.%).

Densities ofM. dalli in 2014/15differed significantly among Perisd Subregios and the
Period x Subregion interactignwith the two main effects explaining the majority of the
variationin the mean squares for densffyable 1.11b). Significantly greater densities were
caughtbetween October 2014 and February 2035 dustral spring and sumar) and October
2015than the periods between March and September 28d/ek 1.11b; Fig. 1.1.%). The
subregions with the highest mean densities of prawns were those in the middle of the Swan
Canning Estuary,e. Perth Water and the Lower Canning Estuary and, to a lesser extent, North

and South Melville Wateand the Middle Swan and Canning rizdfig. 1.1.5d).

In the offshore waters, twavay PERMANOVA detected a significant difference in the
densities oM. dalli among Periosl Subregios and their interaction term in both 2013/14 and
2014/15 Tablel.11cd; Annex1.12). In contrast to the neshore waters, densities in 2013/14
were lowest during the austral spring and summerSeptember to Februaryg (0 M. dalli

500 m?) and significantly greater between March and July, with the largest values recorded in
May, (~27 M. dalli 500 m?, Fig.1.1.58. 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 %, Tafld1cd). 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. 1.1.5, h). Differences among subregions were more pronauimc2014/1%han

2013/14

Table 1.1.1.Mean squares (MS), percentage mean squares (Yei8)def (pf) and significance value

(P) from two-way PERMANOVA tests on the density ietapenaeus dalfier 500 miamong periods

and subregions in the Sw&anning 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
Periodx 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
PeriodX Subregion 96 4412 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
PeriodX 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 14587 72.21 46.22 0.001
Periodx 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 densitieatapeanus dalikmong (a, ¢) periods and
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Estuary 2013/14 and 2014/15, respectively. Subregion codes given inlFlg. 1.
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Spearmands rank correl at i oM. gallidnesaevennosthernme e d
subregions in nearshore waters was positively coeelatith surface water temperegu

( F0.457 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 theiddle Swan and North Melville Water subregions
respectively (Table 1.1.2a). Trends in the correlation between the dendy adlli and
environmental variables were less clear among periods. Density was negatively related to
surface water temperature asalinity 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
physicatichemical 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 dekisithalhifin

five of the eight -028if0s6h and@®35is-0.6%y resgectivety)s and } =
positively correlated n Lower Mel vill e Water (3 = 0.50
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. Ashaith t

t

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 @etisity in most periods

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

39

f






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































