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ADMB
BH
BHA
BHB
BRD

Bo

B2o
Bao
Bso

Beo

Bumsy
By

Catchrate

CFISH
Chl-a
DAF

ERSSTv5

E,orS

eu
Fgao
Feso
Fusy

Faso

Fishing year

AD Model Builder, a statistical application

Bustard Heada scallop fishergone.

Scallop replenishment area A within Bustéield.

Scallop replenishment area B within Busteiehd.

Bycatch reductionlevice.

Exploitable biomass: the combined weight of legal stedlop.

Mean equilibrium vigin exploitable biomass: average biomass level before fishing.
Exploitable biomass equal to 20% aof. Bhis is a limit referencpoint.

Exploitable biomass equal to 40%R¥:

Exploitable biomass equal to 50%R¥

Exploitable biomass el to 60% of B. This is a potential target reference point3
within the Sustainable Fisheri€s¢rategy.

The exploitable biomass that can support a potential harvesbdfum sustainablgeld.
Exploitable biomass in fishing year y. Foraexple B2ois

Index of scallop abundance, referred to as the averageredtcstandardised to a
constant vessel, fishing power and fishing effort thrdimgk.

The Queensland commercial fishery logbook database.
Chlorophylta conentration.
Department of Agriculture and Fisheries.

Extended Reconstructed Sea Surface Temperatureavglobal monthly dataset for sea
surface temperature.

Number of eggs (egg production) in fishing year y. The biomass refepeinte
terminology, like Bor Eusy, alsoapplies.

Effort units = standardised bedays x standardised huihits.

Harvest rate for equilibrium exploitable biomass equal to 40%.o0f B
Harvest rate for equilibrium exploitable biomass equal & 50 Bo.
Harvest rate for equilibriunvSY.

Harvest rate for equilibrium exploitable biomass equal to 60Bg.of
Fishing year y was from November until October the following year. For example, fishing

year label 2018 was from Novee2017 to October 2018, where November was fishing
month 1 and October was fishing month 12.

vi



Fi

FQ
GLM
GBRMP
Harvest
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ML
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MSY
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OISST
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Ro
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SpatiatM2
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SST

t

TED

Kégarilslangr aser

FisherieQueensland.

Generalised linear model.

Great Barrier Reef MarinRark

Number or weight of scallop caugid retained.

Hervey Bay, a scallop fishempne.

Scallop r@lenishmentrea A within Herveyay.

Scallop r@lenishmenarea B within HerveBay.

Voluntary daily trawl logbook records of prawn and scallop catch rates prior to 1988.
Linear mixed model used to standardise catch rates.

Markov chain Monte Carlo methods.

Maximumlikelihood.

Minimum legal sizé commercial shell measure.

Maximum Sustainabl¥ield.

Negative lodikelihood.

The National Oceanic aritmospheric Administration, an American scientific agency.
The zonecombined (region 3) stock model analysis throMgTLAB.

Optimum Interpolation Sea Surfagéemperature.

Representative Ared&rogram.

Recommended biological ¢

The scallop fishery for the main fishing areas of Yeppoon, Bustard Head and Hervey
Bayand excludes the Kobégari zone.

Restricted maximum likelihood, an estimation method in linear mixed models.
Relative standard error, which is tsiandard error divided by tineean.

Mean equilibrium virgin recruitment: average recruitment level before fishing.
Tenarea ADMB stock modednalysis.

Tenarea MATLAB stock model analysis.

Scallop replenishmeiirea.

Sea stfacetemperature.

Tonnes.

Turtle exclusiordevice.
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TrackMapper Software to join and spatially analyse VMS and CFISH loglutadé.

VMS Vessel monitoring system, high spatial resolution satellite coordinates.
Y Yeppoon, a scallop fishegpone.

YA Scallop replenishment areawithin Yeppoon.

YB Scallop replenishment areavBthin Yeppoon.
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Executive Summary

What is the report about?

This project undertook urgent analyses to understand treofad@erfishing and the environment
on saucer scallops.

Results of this studindicateda continual decline inumbers of spawning scallogdigh levels of fishing
effort since the 1980s contributed to stock depletionaddition, environmental influences such as
increased sea surface temperatures (SST) may dmplified scallop mortality rates.

These findings can be applied to efforts for stock rehabilitation for the scallop fishery b¥eymmmon
and Kobégar i Reeamamended mdanagenzent dctions inchedection ofthe spatial intensity
of fishing effort applied, and ensng sufficient annual spawnirtg support the scallop population and
fishery.

Background

The saucer scallop fishery was once Queensl and®és
(adductor muscle meateight) peaked reg 2000 tonnes (t) in 1993 and were valued near AUD$30

million. In recent years, fishery productivity and performance declined. The scallop harvest of 175 t in the
2016 fishingyear was the lowest on record since 1988. There has been concern amongniistagygrs,

scientists, fishers and other stakeholders over this decline.

These concerngronptedthe Queensland Department of Agriculture and Fishésiaadertakea stock
assessment of saucer scallops in-80d6. Findings showed that standardised cattds were the lowest
onrecord signifying thelosvpachmates20 of dafi)z7lestintatesAs a result,
scallops were classified as overfished

Although it was clear that fishing practices had impacted scallop abundance, the nviecofreental
factors was less clear. In the absence of necessary data to drive informed management of harvest controls,
a series of closure were introduced to prevent further stock declines.

There is now a need to understand the respective roles of feffidmgand environmental drivers on
scallop abundance. There is also a need for new management procedures that are apjpepriate
thepresenpoor status of the scallop population.

Objectives

1. Design stock model structures and estimate associationedresaucer scallop abundance and
environmental variables.

2. Improve indicators and stock model predictions to estimate the current population size of saucer
scallops for management procedures.

Methodology

A series of linear regressiongre applied ta@orrelateNovember January catch rates with
environmental influences both spatially and tempordlhe study design includddo environmental
variables: chlorophyla concentration (Ckd) and sea surface temperature (SST).

Fishery area mapping was combirveith surveyed scallop densitiés produce estimates of scallop
population size. Scallop densities (i.e. the number of scallops per hectare) were determined using spatial
statistical methods (gestatistical kriging) for terareas.

Age-based populationythamic modelsvere built, and includesea surface temperature, and scallop
biological, harvest, catch rate, and densitgadata The modelsvere used tpredict spawnindevels as
indicators of scallop abundance for thikole fishery. They alsased tgprovide reference points or

iX



simple projections (forecasts) for fishery manageretibns

The stock modelexaminedscallop data on a monthly basis for the fishing years 1956 ta Z6&8

models represented the processes of scallop births, growth, uepoodand mortalityisingevery month
age classes from one to 48 monthyéar life cycle).Ten areas covering four large zones and six scallop
replenishment areas (SRAaithin the three larger zones of Yeppoon, Bustard Head and Hervey Bay
were modHed.

As statistical errorsan be expected to increase vagatially split dataa simple validation can be
performed byunning a simpler hespatial modeby which results may be compared.

Results/key findings

Above average winter SST was negativelsogsated with scallopurvival, abundance, and catch
ratesduring the next seasgrdespite that thecale of increase in sea surface temperatures (SST
anomalies) ovetheyearsstudiedwas not large (up to one degree Celsi@g)eensland scallops have
notendured high sea surface temperature anomiethose experience in Western Australia
202010/11, which were recorded as highia&°Z. Chlorophyll associations were inconsistent.

Results showed significant effects of rising winter SST on naturdhiitgr For the range of SST

anomalies, it was unclear if this relationship was a primary cause of the scallop population decline, or a
coincidental longerm association. The SST data were confounded with abundance, with SST rising at the
same time thattaindance was falling. As a result, any change in abundance may have been overly
ascribed to SST, rather than to other elements such as another undocumented environmental effect, or a
greater effect of fishing than the model estimated.

Modelledestimates for spawning biomass (egg productiavijh elevated SSTh 2018were less tha@0

per cent of 1956 levels. This result, in the context of future fishery management and harvest strategies,
suggested harvest/effort control rugmuld incorporate theighernatural mortality that could occur with
elevated SSTs. This is an important consideration, given that many years in the last two decades
experienced above average wingSTs.

The results from the simpler n@patial model, excluding SST, suggested tl@veiing biomass in region
3 (Figure 3,paged) in 2018 was at 22 per cent (95 per cent confidence inter8R1er cent) of the
virgin (unfished) level in 1956.

Model results indicate that tlseallop spawning population size was less than the spawning level required
for maximum sustainable yield (MSY) at 45 per cé&aross analyses, results revealed broader

uncertainty between models, having different structural setups, data and assuMfitemshe greater
uncertainty is considered, the results suggested the 2018 spawning biomass wasikZ€lgyer@@ent of

virgin levels in 1956, with a midpoint of 180 per cent.

For 2018, results suggested up to 160 t of scallop meat was a sustaindbiiarmeake from region 3.

After heavy fishing, mi ni mal stock appeared to be
nonspatial model presented in this study projected that trawling be limited to approximately 60 000 effort
units in order tgpromote a higher biomass, which is one of the ecological objectives of the Queensland
Government d6s Sust ai nd2027eThdeifost hnits eguats to &out 14Q0&shigg 2 01 7
days, scaled to the modern fishing power of the fleet.

The dramaticize of difference between forecasts with and without SST was grounds to treat the effects of
rising sea surface temperature carefully.

The spawning biomass results of the 2018 stock assessment were marginally higher than the 2016 stock
assessment. Thigas likely a result of fishery management changes in 2017.

Further minor work is required to strengthen and select a modelling method for regular stock assessment.

The nonspatial model is recommended for ease and consistency. However, before usinggammert
procedures, the present model needs to demonstrate valid inferences that match the pending new estimate
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of natural mortality from the FRDC project 20048.

Table 1. Summary results for region 3, including Yeppoon, Bustard Head and Hervey Bay.

Indicator Result

Current spawning biomass / unfished biomass 22 per cent

Maximum sustainable yield (MSY) spawning biomass / unfished bion 45 per cent

Potential MSY (tonnes meat / year) at MSY biomass 363499t

Potential MSY harvest from the 2018 bicsaa 161t

Current harvest (tonnes meat in 2018) 166t

Harvest proportions All commercial trawl
Potential harvest at 60 percent biomasg)(B 333448t

Trawl effort units to build to & <60 000

Time to build to Bo 101 20 years

Implications for relevant stakeholders

1. Out puts of the project wild.l inform new manageme
Sustainable Fisheries Strategy. Fishers may need to operate under new rules. Use of the scientific
advice herein may result in a doubling ofremt fishery yields from below 200 t to near 400 t in
future (O0O10) years. Use of results may help ach
profit levels, and improve fishery sustainability and supply to domestic and oversdass.

2. Industry to be aware that elevated sea surface temperatures may reduce scallop spawn survival, catch
rates, landings and profits. Monitoring of sea temperatures and forecasts may help plan annual fishing
investment.

3. Shortterm model forecasts (< 10 yearsjitate that return tdevels of harvest greater than
400 t are unlikely to occur. Processors and fishers need to consider the results in their business
plans.

Xi



Recommendations

© N

Revise fishery management to better control fishing effort, to help increaltgpbiomass.

Update estimates of natural mortality and growth, using all historical tagging data and new data from
FRDC2017048.

Continue annual fishery independent abundance surveys of scallops to validate stock status and to
optimise management praties. The abundance of scallops aged 1+ years during winter was the
critical index for measuring spawning biomass (that is the potentigiredgction).

Surveys need to calculate their catching efficiency, with measures of effective trawl swept area, and
the percentage of scallops caught per sweep.

Monitor, assess and report on sea surface temperature/ocean anomalies, and consider forecasts in
management discussions. Use of-sppecific sedloor water temperature sensors may provide better
data.

Reviewthe timeseries data on trawl fishing power through compulsory logbooksheats.

Continue to evaluate and improve the time series of standardisedatatch

Continue to adjust data and models, to improve estimates and forecasting, and accuragnoérefe
points.

Keywords

Saucer scallopylistrum ballotj Amusium ballotiindicators, reference points, management, stock
assessment, sea surface temperatures, population dynamics
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1 Introduction

1.1 Background and need

The Australian east coast saucer sgafidistrum ballotj formerly Amusium ballojifishery used to be
Queensl andbs most valuable commercially fished sp
muscle meatveight) in 1993 and were valued around AUD$30 million (Kailola et al., 1993&cent years,

fishery productivity and performance has declined. The reported annual scallop harvest of 177 t in the 2016
fishing-year was the lowest in the mandatory logbook database, which commenced in 1988. There has been
growing concern among otténawl fishers, fishery managers and scientists over the decline.

The fishery concerns resulted in the Queensland Department of Agriculture and Fisheries (DAF) undertaking
a stock assessment of saucer scallops iR2@id (Yang et al., 2016). Findings stenhthat standardised

catch rates from January 2015 to April 2016 were the lowest on record. These low catch rates indicated that
the spawning stock in 2015 was at or less than 20% of early estimates in 1977 (Yang et ath@ei&e
demonstrating thahe stock was overfished

Publication of the assessment findings in late November 2016 was coordinated with a DAF ministerial
announcement on impending changes to fishery management. Important discussions followed between
Fisheries Queensland (FQ witHdAF), and scallop trawl fishers and processors in Tin Can Bay, Hervey
Bay and Bundaberg.

The scallop stock assessment was independently reviewed to confirm conclusions (Rago and Hart, 2017).
The independent review said:

OThestocksat best nsitonabdle@ | @Tiamago category, and may very
AEnvironmentally | imitedd categories. Wi th regard
clear that poor product i vi tcentributed te the recénedeclines. Omthee nt a
other hand, the declines, by their very definition, indicate that the fishery has removed more than the stock
could naturally replenish, which implies that the stock is beingoverfidhed.

While fishing contributedo the low abundance of scallops, the influence of environmental conditions was
unclear, and no harvest control rules were in place to prevent overfishing. Given these considerations, fishery
management introduced a series of closures to prevent fuetiaras, while allowing some harvest to

support fishers and processors income.

The new scallop fishing closures were from tid@nuary 2017. All six scallegeplenishmenaireas (SRAS)
located off Yeppoon, Bustard Head and Hervey Bay remain closedunttigr notice Figure J. In

addition, fishers cannot take or be in possession of scallops in the regulated waters békaearid 31
October (the extended spawning season) each year.
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Figure 1. Scallop replenishmeateas.

There is now a need to understand the respective roles of fishing effort and environmental drivers on scallop
abundance, specifically in relation to the current poor state of the stock. There is also a need to clarify
management procedures that appropriate to the causes of the current poor stock status of scallop.

As most of the scallop fishery is located in waters of the Great Barrier Reef Marine Park (GBRMP), which is
a World Heritage Area, there is an obligation to maintain biodiversityeaoslystem services. In addition,

there is a need to maintain the Wildlife Trade Operation approval, which is required for processors to export
scallops.

Results from this study, and the parallel FRDC project 2R3 will assist stakeholders and thedishy 6 s
managers to rebuild the scallop stock. The outputs will also assist addressing the terms and conditions
required by the Australian Government to sustain the stock.

This project undertook analyses of fishing and environmental influences on scallopgrdve predictions

for management and stock indicators. The improvements include increasing model efficiency and improving
data inputs such as standardised catch rates and environmental influences. For saucer scallops, the project
addresses the FRDC Natal RD&E priorities: 1) well managed sustainable fisheries and 3) maximising
benefits from fisheries.

1.2 Scallops and the fishery

1.2.1 Saucer scallops

The Australian east coast saucer scalids{rum ballotj formerly Amusium ballo)iis a marine bivalve

mollusc with a hinged shell. They belong to the taxonomic family Pectinidae. Saucer scallop shells are white
on the lower side and brown on the upper half skajufe 3. They can potentially grow to about 14 cm in

shell heightand, in some instances, live for at leddh $ears (Dredge, 1985; Campbell et al., 2010b). Saucer
scallops on the main fishing ground between Yeppoon and Hervey Bay are a single population (stock)
(Dredge, 2006), with s cikelylobeless conhexted tostipe anaimgroana.s t o f

14



Figure 2. Saucer scallops.

The scallop adductor meat is a delicacy and sold without roe. Nationally and internationally, they
command a premium price, with public Queensland retail prices observed inbAd¢D$50 per

kilogram of meat. Individual meat weights typically rangé&# g per scallop. The average meat condition
and weight varies seasonally, and is higher between December and March.

The saucer scallop can swim short distances, which suitsténeti@w! fishing method. Scallops tend to
sit or partially bury on the bottom, but when the net ground line disturbs the sea flo@yiheypwards
and are then efficientlgaught in the trawl net.

Scallop spawning success and survival can vary dapgond environmental conditions. Scallops normally
spawn during winter and spring, and release eggs and sperm into the water where fertilisation takes place
(Dredge, 1981). Most scallops with a shell height greater than 9 cm can spawn during the season. By
November, spawning is normally complete, and most scallops then allocate energy into growth before
spawning again next winter.

Small scallop larvae hatch from the fertilised eggs. After about one day, larvae enter a pelagic phase and
spatially disperse ith ocean currents. Generally, scallops have a larval phase of up to 30 days. After this
time, they settle to the sea floor. Once settl ed,
scallop of 45 cm shell height (SH) and appear teate aggregations or beds of scallops. By about

12 months of age, they grow to about 9 cm shell height as adults, mature and spawn.

Scallops feed on minute marine plants and animals, which they catch from seawater by a filtering mechanism
involving the gils and cilia. Large fish, turtles, rays, squid, octopus, bugs, crabs and sea stars are natural
predators of scallops.

1.2.2 Thefishery

Otter trawling for scallops in Queensland is generally by vesse)1 in length. The vessels typically

have main enginesf 300'400 HP and tow nets (combined main nets plus try gear) up to 55 m wide at a
speed of 213.6 knots (Yang et al., 2016). The main trawl nets are oftenggead(with some triple and

five netgears), spread by kilfoil/lourve otter boards, with sgumesh net co@nds for bycatch reduction

and turtle exclusion devices. In 202818, about 100 vessels per year reported scallop harvest, compared to
around 300 vessels per year in 19B307.

Trawl efficiencies can range betweeri @82%. Joll and Penn 9B0) estimated ottdarawl efficiency of

about 62% based on Lesl®Lury depletion experiments. Miller et al. (2019) estimated drédgd

efficiencies between 27% and 40% using paired photogralpbige tows. Herein, the project considered

the full published range of trawl efficiencies to catch scallops between 20% and 62%, and the effective

width of the trawl path was equal to the distance between the otter boards (Joll and Penn, 1990; Miller et al.,
2019).

15



Trawl Regions

Northern Area
{Region 1)

Central Area
(Region 2)

1
Southern Offshere
(Region 4)

Moreton Bay -
(Region 5)

Legend

Tiger Endeavour Prawn

B oo scalor
T

Red Spot King Prawn

Figure 3. East coast trawl fishery dividetto five management units (Department of Agriculture and Fisheries, 2019). The scallop sector is
region 3, south of 223 to Hervey Bay.

Management of scallop fishing has varied over time. Knowing these changes is important for understanding
trends in thdishery data Table 3. Harvests before 1988 had smaller minimum legal size limits (MLS
commercial shell height of less than 9 cm). From 1989, seasonal minimum legal sizes of 9 cm and 9.5 cm
applied. A number of spatial claes have applied since 1997, including the current permanent closures
(noted above antlable 3, although these were fished rotationally from 2001 to 2016. Some Great Barrier
Reef Marine Park green zone closures also frihgescallop trawl area (shown belowHigure 4.

New management proposals are in discussion to reform the Queensland east coast otter trawl fishery
(Department of Agriculture and Fisheries, 2019). The proposals considerdti¢o better control fishing

effort at the species level, and this is desirable for the sustainability of this scallop fishery. Currently in
2019, each trawl vessel owns effort units (eu) defined as allocated fishing days multiplied by standardised
hull units (a measure of the vessel's fishing capacity, O'Neill and Leigh, 2006), which can be fished on any
permitted trawl species (e.g. prawns, bugs and scallops), and generally at any time and area on the east
coast.

The future proposal under consideratis to reallocate effort unit limits into a regional total allowable
effort, within an eastoast wide total allowable commercial effort (TACE) limit. This may involve the
following aspects (Department of Agriculture and Fishe649):

9 Divide the ealscoast into five regions based on the major target species fished (scallop is region 3,
Figure3).

1 Set regional effort limits fomaximumsustainable yield (MSY) or less, and adjust as needed
through fishingeffort control wles.

1 Allocate effort units to those regions based on fishing history from vessel traigkang
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Table 2. History of fishery management for saucer scallop.

Description Date Management Plan
Shell Height (SH) 1977 No minimum legal size (MLS)
November 180 8 cm shell height (SH)
July 1984 8.5 cm SH
October 1987 9 cm SH
March 1989 9.5 cm SH April October
9 cm SHNovembef March
May 1989 9.5 cm SH May/October
9 cm SH Novembéipril
PostMay 2009 9 cm yearound
Net and mesh sizes Prel1984 No restictions
July 1984 7.5 cm mesh restriction

PostNovember 1984

8.2 cm mesh restriction
109 m combined head and foot rope length restriction

March 2015 8.8 cm square mesh ceahd

Daviiaht Trawl October 1987December 1987 Daylight trawl ban

yig PostFebriary 1989 Daylight trawl ban

Closures November 1988 Designated shucking areas
February 1989 Three 10 x 10 minute closed areas
May 1989 Closed areas removed
1997 2000 3permanenthc | osed Oscall op rep
September 2000 Southern sure (south of 22S)

20" Septembér30" October annually

Januan2001 Scallop replenishment areas open rotationally to trawlin
Januan2017 Scallop replenishment areas closed, and May to Octobe

whole-of-scallopfishery closure

1.3 Scallops and their ocean environment

1.3.1 Oceanographic

148°E 150°E 152°E 154°E
Hirl Current
16°s4 e M SIS F16°S
)
F18°s
% ‘.,.B.. .
'
20°s4 . —120°S
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Figure 4. Harvest distribution of the scallfighery1988 2013 and the Capricorn Eddy. The blue, green and red are zones in the

Great Barrier ReeMarine Park.
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Associations of environmegittrends on Australian fisheries and marine species has been a focus of
research in the last decade. A review of recent Australian literature from 2009 tsi2@that over 400
publications have investigated the impact of marine climate change endss(Ling and Hobday, 2019). A
number of these studies investigated climate change associations on fish and invertebrates. The studies
primarily investigated effects @fcean temperature warming, circulation, sea level, weather and some
environmental intiences originating from human activity.

For Queensland saucer scallops, recent studies have identified some key oceanographic influences on
scallops (Morison and Pears, 2012; Courtney et al., 2015).

A survey by Morison and Pears (2012) concluded tlah#alth and productivity of scallops may be
reduced by higher sea surface temperatures, ocean acidification, changed rainfall patterns, increased tropical
storm intensity and flooding, and altered ocean circulation.

Thisreduced healtbouldbe relatedo their sedentary life and reliance on the quality of available habitat.
Changed ocean currents, higher sea surface temperature and ocean acidification could disrupt spawning
patternsand volume, and recruitmesiiccess.

Courtney et al. (2015) investigdtsome of the abowassociationgjuantitatively analysingassociations of

scallop abundance with measures of freshwater flow, sea surface temperature, sea level, strength of ocean
currents from the Capricorn Eddy, chloropkgland the southern oscillaticndex. In summary, the

research found many associations with November catch rates e$ieggilscallops. Some of the key results

of Courtney et al. (2015) were:

9 Elevated sea surface temperatures during the winter spawning period were associatagewith lo
catch rates of scallop the following November. The association could signal reduced scallop
recruitment or reduced juvenile survivate.

1 Ocean currents and sea levels from the Capricorn Edd¥ige 4 correlated wth sea surface
temperatures. Increased temperatures from the eddy current associated with lowatesatch

1 Chlorophylta associations varied spatially, and appeared to have positiveéeshuetfects.

1 Positive associations of fresh water flow from adjgaiver systems to the fishery; this result may
correlate with preliminary chlorophy# findings.

1 No significant associations for the southern oscillatialex.

1 Movements of larval scallop were dependent on ocean current strength and directiowgand lar

swimming behaviour in the water column. Modelling suggesteesselfiing (spawning and
recruitment) within the key fishing areas of Y
These areas were important for sustaisicajlops.

The resultof Courtney et al. (2015kinforced the high complexity and interactive influences on
scallop life historiestHowever for the purpose of stock assessment and management planning, it is
ideal that key processes be clearly identified.

Courtney et al. (2() tested the use of three environmental variables to determine if they improved a stock
assessment. Using the scallop model of Campbell et al. (2012), the environmental information was included
to predict annual recruitment of young scallops. Use of cployll-a produced no improvement. Use of
wholefishery or Capricorn Eddy sea surface temperatures from the previid2@ 2dnths, resulted in

improved model fits, and improved prediction of scallop recruitment. The result translated to an annual
maximum sstainable yield (MSY) of 468 t for the sea surface temperature data, and 526 t without, covering
Queensland waters south of 22° S. A constant natural mortality rate defined the spawner recruitment
relationship and MSY.

Further exploratory analyses usimg tspatial agstructured model of Campbell et al. (2012) found no

evidence that environmental drivers could aid prediction of scallop recruitment (Madden, 2016). This may
imply that there is insufficient data to detect environmental effects on recruitonenat if environmental
drivers are significant -cycl stage (Mddeeyn, 200@).yThedaftelr cormmenta d i
was relevant to investigate an environmental effect on scallop survival dynamics, rather than recruitment
alone. Even thagh the Madden (2016) conclusion was different, the results of Courtney et al. (2015) did
suggest that estimating recruitment anomalies was better than using environmental information to predict
past annual recruitments of new scallops.
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Improving stock asessment with a key environmental relationship was one objective of this project, in order
to inform management procedures. This project further investigated the Courtney et al. (2015) environmental
associations for sea surface temperatures and chlora@ptiie relative roles played by these environmental

and fishing influences on scallops needed to be qualified, and if clear and uncomplicated, accounted for in
stock assessment and management procedures.

1.3.2 Seabed habitat

Knowledge of seafloor features suah hardness, sediment composition and structural macrobiota to classify
seabed habitat could help improve measures of fishing pressure on scallop and stock assessment advice.
Only preliminary habitat information was available to this project, from SRE&C project 201048, and
suggested that scallops were generally associated with sediments containing low levels of mud. This habitat
information and the concepts of use are below. More research, from the proje®30uill better clarify

seabed halits and relationships with scallop aggregations.

Knowledge of spatial patterns of scallop aggregation and their seabed habitat, matched against spatial
patterns of fishing, can improve estimates of fishery area, scallop densities and population size. More
importantly, this information can improveanagememntesults by accounting for spatial variability in

fishing throughmeasuement ofharvest rate fractions

Normally, fishing effort applied in a highly preferred scallop habitat results in higher fsatlvastthe same
effort applied in a less suitable habitat. If scallop habitat can be categandeshiapped with predictive
densities this informationcan improve estimats of scallop mortality.This refined habitat and density
estimation could likewiseefine management planning controls, sucb@anal numbers of fishing vessels
and effort.

Adjusting measures of fishing mortality for habitat type has received increased attention because more
fisheries are monitoring fishing effort with higher spatedalution tools, such as vessel monitoring systems

(VMS) (Smith et al., 2017). To investigate these ideas, FRDC project@®BLi5 collecting data on seabed

type within the scallop fisherfRelationships between physical properties of the seabed (ecgnfsaye

gravel, percentage sand, percentage mud, percentage carbonate and bottom hardness) and scallop abundanc
will be assessed

Preliminary analyses of associations between sediments and survey data from the yéagH098a@wed

4 Legend
g

| Mud

- | Percentage

AT

Figure5. Themudcontent(%) in sediment&romthecentralQueenslandoastalregionandtherelativeabundancef scallopsobtained
from suneys from1997 2000.
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FRDC project 201-D48 is also using mutbeam echeoundings (MBES) to derive information on the

seabed, to examine seabed profiles affecting the distribution and preferred habitat of saucer scallops.
Analysis of existing and new MBEStasets will cover part of the scallop fishing grounds. In addition,

seabed sediments, sediment cores, underwater video/photography, oceanographic sensors, satellite imagery
and GIS will expand information on the seabed.

Existing MBES data provide higépatial resolution of the underwater depths of the ocean floor for the
Hervey Bay zone, which is an important area in the scallop fishery. THeledtmap irFigure 6illustrates
the paleechannel of the Mary River systemhich formed in the previous ice age, as well as dunes in the
southern bay. The rigitand side oFigure 6shows a high spatial resolution TrackMapper image of the
intensity of scallop trawl fishing effort (in hours, from \BWlata). The intensity of fishing effort in the area
is around properties of the palebannel, which may relate to seabed hardness of the channel.

When complete and available, the seabed habitat information will be used for refining later stock
assessmes. Despite that, the population modelling herein has factored for measures of fishery area based on
trawl survey, VMS and TrackMapper information.

The above descriptions are examples of how the physical properties of the seabed may help identify the
preferred habitat of saucer scallops. Eventually, such combined information will classify the entire sea floor
throughout the scallop fishery. This information could improve measures of fishing pressure and hence
improve fishery management. FRDC project 2048 will inform more on the relationship between

seafloor properties and scallop abundance.

Paleo-channel

b~ //of Mary River b~
/ /

¢

Figure 6. The image on the left shows high spatial resolution bathymetry in the Hervey Bay area, including bottom diu@es and t
palecchannel of the Mary River hE image on the right shows high spatial resolution scallop trawl fishing effort (in hours trawled
where yellow is few hours and red is high fishing effort). High fishing effort is associated with thelpaieel.

1.4 Past FRDC research and assessment results

Several research assessments have occurred since scallop abundance declined in 1996 (Yang et al., 2016).
The following summary waagssembledrom the briefing of Yang et al. (2016):

1 In 1998, an agstructured population analysis predicted strong reoent of scallops in 1992,
estimates for weak recruitment 8891, 1993 and 1996 (Dichmont et #D99).

1 The 2005 agstructured analysis estimated the exploitable biomass in 1997 to be less than the
biomass for maximum sustainable yielddB< Bwusy), but higher, close to gy, in 19992001
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(O'Neill et al., 2005). MSY was near 600 t for waters south of 22° S to HBayey

1 In 2010, results suggested the scallop replenishment areas should not be removed and closure times
should be increased td 8yeargo ensure successful spawning and recruitment of scallop
(Campbell et al., 2010a). Investigation of vessel monitoring system (VMS, latitude and longitude
spatial coordinates) data revealed high trawl intensities for the opening of scallop replenishment
areas.

1 In 2012, the agstructured analysis was expanded to better model scallop aggregations and long
term 19772009 standardised catch rates (Campbell et al., 2012). The results varied depending on
the parameters and data used. Modelling of theteng data suggested the spawning population
(stock) ratio Sood S1e77Was low at 27% and the stock was near the overfished level of 20% (Fisheries
Queensland, 2017). Estimates increasedv& Br above when down weighting or removing early
1977 1987 data. MSY ws near 550 t, for waters south of 22° S inclutirigg a r i

1 Alsoin 2012, a risk evaluation was published on the chance of overfishing scallops (Pears et al.,
2012). The evaluation of literature and expert/stakeholder opinions suggested low risk based on
assumed species resilience and impacfiles.

1 In 2015, as described on pageesearch identified associations between scallop catch rates and
environmental variables, particularly chlorophgllsea surface temperature antes and physical
features of the Capricorn Eddy (Courtney et al., 2015). A stock assessment with the environmental
data estimated MSY near 468 t when the sea surface temperature data were included, and 526 t when
they were not. This was for waters soaft22° Sincludindk 6 g a r i

1 The 2016 stock assessment, using the model of Campbell et al. (2012) witarlordggata,
estimated low spawning ratios afH% of 1977 levels. Estimates were higher &200, when
19777 1987 catch rate data were excluded. NoYMSB reference points weoalculated.

The work herein focused on using all lelegm data, which better reflects the recent status of the scallop
fishery. Down weighting or removing early data tended to confuse past results and messages, and estimates
varied with larger confidence intervals.
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2 Objectives

The objectives as stated in the proposal were:

1. Design stock model structures and estimate parameter values for the associations between saucer scallop
abundance and environmental variables, includingas@enof scallop recruitment changing in parallel
with changes in areas of the different haliitpes.

2. Improve spatial indicators and stock model predictions to estimate the current population size of saucer
scallops and develop managemgricedures.

For clarification, the first objective only considered the measure of the overall fishery area relative to the
inclusion of survey scallop densities from the project FRDC 21187

Data on sedottom hardness, derived from mditam echo soundings, sedimnmgipe and grain size are

being collected under the FRDC 20048 project, at the time of writing this report. In addition to the habitat

data and mapping, FRDC 200748 i s al so deriving new estimates o
rate (M), which will also be incorporated in future assessments of stock. This new information on habitat and

M is not yet available because FRDC 2@UB has a longer project duration and later completion date than

the present FRDC 204057 project. Subsequently, thigormation will be for refining future stock

assessments.

Study design and analytical selections for this studywede using the most up to date data and
information available

A proposed management procedure (harvest strategy) framework is usiderleFisheries Queensland.
The framework will consider a selection of status indicators and reference points for the region 3 fishery
(shown inFigure 3.
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3 Methods

3.1 Harvests and catch rates

The scallop harvest and catcleranformation were obtained from four data sourdexble 4. Each data set

played an essential part in building the data inputs to the stock assessment model and overall description of
the scallop fishery. Protocols for pessing the data were previously published (O'Neill et al., 2005; O'Neill
and Leigh, 2006; Campbell et al., 2010a; Campbell et al., 2012; Yang et al., 2016). This is summarised
below and in the Appendik2.1(Table 14 Table 15 Table 16andTable 17 pager1l).

The scallop fishery spatial domain was between 22° 2&h& latitudes, along the east coast of

Queensl and, Australia. Logbwmkpasgiefciieedd c(02ad3Iz700C0
saucer 6 (232i7Muddodl )(,2 362s7c00I0IBopeanmd ¢282KFI0DOP5). Only
harvests wee against the nesaucer scallop codes, more so in early logbook years than later years.

The time series structure of data was by fishing years and calendar months, from November to October. For
example, fishing year label 2018 was from November 200ctober 2018 where November was fishing
month 1 and October was fishing month 12.

Spatial structure of the data was by ten spatial areas (six of which were scallop replenishment areas),
covering four large zones, as summarisetdhle 3(also displayed graphically irigure 42 pager0,
Appendix12.1).

Table 3: A summary of the spatial structure of the fishery, separated irds aod areas.

Zone Area
Yeppoon
Yeppoon Yeppoon SRA A (YA)

Yeppoon SRA B (YB)
Bustard Head

Bustard Head Bustard Head SRA A (BHA)
Bustard Head SRA B (BHB)
Hervey Bay
Hervey Bay Hervey Bay SRA A (HBA)
Hervey Bay SRA B (HBB)
Kdbgari ajKdgari area

Scallop catch rate analyses used daily information by the four large (Fogee 43 page70, Appendix

12.1), using key fishing grids and species criteriagg@pdix12.1,Table 14, Table 15 Table 16andTable
17,page71). The catch rate data included approximately 95% of all catch and effort data. Tallies of scallop
harvest, however, used all daily and bulk (> daily) catch information by ten areas and all waters within the
fishery domain.

All harvest data (logbockeports) were recorded as humber of scallop baskets, and converted to kg meat
weight where required. Harvest statistics were in terms of fishing years and months from November to
October. In general, a basket of whole scallopged about 283 kg (pers. comm. Zeller and Courtney,
2019). For meat weight, a basket of scallop weigheid7skg (O'Neill et al., 2005). Basket capacities vary
with the size of scallops, and meats weigh less during winter spawliahtp (29 page80, Appendix12.4).

For a 9 cm sized scallop, an approximate ratio of whbddl to meat weight was 5.7 (Williams and Dredge,
1981).

Table 4. List of harvest anaich rate data

Time series Data Description
Jan 1956Dec 1987 Historical data Total annual meat weight harvest in tonnes by calendar year (Dredge, 200¢
Jan 197vDec 1987 HTrawl Voluntary daily trawl logbook records by 30x30 minute grids. The data

collections were from research projects prior to 1988, and known as the
historical catch rate data or HTrawl (O'Neill et al., 2005; O'Neill and Leigh,
2006; Yang et al., 2016). Records in baskets. This dataset was bas&d&n 5
per year of fishers voluntary gigipation in the logbook program (O'Neill and
Leigh, 2006).
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Jan 19880ct 2018 Commercial Daily basket and effort data from compulsory commercial logbook data in
Logbook or CFISH  30x30 minute grids.

Vessel Monitoring  Effort data from VMS tracking data. The spatial scale of these data were fir
Nov 200G Oct 2018 System (VMS) and  than the logbook data.
TrackMapper

Harvest levels from the historical dafieable 4 suggested that the fishery was built from around 1956.
Dichmont et al. (1998) reported that fishing of scallops commenced in th&d%sds, when prawn trawlers
worked out of Hervey Bay taking appreciable quantities. The research presented in this study differed from
previous assessment reports of Campbell €2@L2) and Yang et al. (2016), in that the assumed first year

of the scallop fishery was changed from 1977 to 1956. By starting in 1956, analyses utilised more data and
enabled a better account of the history of fishing.

The historical harvest data (Drey@006) were total annual tonnages of scallops by calendar yeér 1956

1987. The steps to convert tonnages into number of baskets, for ten areas and each fishing year and month
are inTable 5.The steps listed iable 5used a generalised linear model (GLM) for scallop catches

(baskets), setup with an ovetispersed Poisson distribution and logarithm link function. The GLM terms
considered different fishing years, and months by areas, to defasenal patterns for the annual data.

Table 5. Conversion of historical harvest data by annual weight and calendar year to number of scallop baskets by fishing yea
month and ten areas.

Step Description Method

A Poisson GLM analysed the HTrawl data for 19888 to give the proportion of
baskets harvested by fishing month and seven logbook grids (Yeppoon, grid S28
Fishing month and logbook Bustard Head, grid¥ 0, Her vey Bay, grid V32 ant

grid conversion Converted  \/~ne) 15ISTRIBUTION=Poisson; LINK=logarithm; DISPERSION=4] baskets

1 the annual data to fishing £\ pjyIDUALLY fishyear-+fishingmonth*sevengrids
month and seven logbook
rids.
g The proportional distribution by fishing month and seven logbook grids split annu
data b give harvest (in tonnes) by fishing year, fishing month and seven logbook
(Table 18 Appendix12.1,0n pager2).
Trackmapper (using VMS data November 200ttober 2018) calculated the averac
Tenarea conversion monthly proportion of harvest for splitting: grid S28 into Yeppoon, YA and YB; gri
2 Converted tk data from step T30 into Bustard Head, BHA and BHB, and grid V32 into HerBey, HBA and
1to ten areas. HBB. The calculations gave harvest in tonnes by fishing year, fishing months anc

areas. Se Table 19Appendix12.1,page73.

Baskets corarsion:
3 Converted tonnes in st&to  The conversion of meat weights to baskets Usdile 29 Appendix12.4,on page0.
baskets.

The collations and procsisg of the HTrawl catclhate data were in previous projects (O'Neill et al., 2005;
O'Neill and Leigh, 2006; Yang et al., 2016). The data represented volmgaigokreported daily scallop
harvests (in baskets, per vessel day and grid) between 1973&mhdtior to the implementation of the
compulsory CFISH logbook system in 1988. Table 8.3.7.1 in Project No 1999/120 (O'Neill et al., 2005)
describes the historical trawl data.
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Yang et al. (2016) made minor chahgesanhd tkhemHmed

rates from 11 vessels common in the-jaied postl988 logbook data sets. The catch history of the 11 boats
indicated that all but one vessel showed a4@mmm decline in their catch of scallops, both in daily catch of
baskets, awell as daily catch of baskets per hours fished. The single vessel without a sharp decline in catch
rates did not have high catch rates in 1980 and 1981. The reasons for this were not known (Yang et al.,
2016). The investigations of the HTrawl data by Yangl. (2016) provided no evidence to contradict a

decline in scallop catch rates to 1987.

Despite the 197471987 decline in catch rate (shownFigure 20,0n page33), results depend on the

assumption of proportionality of catch rates to scallop abundance. The amount of HTrawl spatial and
temporal data from 1977987 was less than that of the compulsory harvest reports after 1987. Further, there
is a need to investigate the decline in cattbsréo exclude questions on the amount of bias by time and

space in the data, and influence of spatially aggregated fishing to cause depletion in catch rates during 1977
1987. These questions and caveats are pivotal, and the methods for catch ratissiiadaimed to

address some of the uncertainty and mitigate possible bias. Yang et al. (2016) discussed the data in more
detail.

VMS and logbook data, in TrackMapper, provided commercial harvest data from November 2000 to October
2018. All boats had VI8 tracking with latitude and longitude coordinates (Good et al., 2007; Courtney et

al., 2016). TrackMapper grouped the harvest per vessel from the logbook sources into ten areas. With finer
spatial resolution, TrackMapper data calculated average montpgmions of scallop baskets in the ten

areas, to split the historical Dredge (2006) annual harvest summary. Generally, vessels only fished one area
per night, even for the SRABiQure 44 page73in Appendix12.J).

For the logbook spatial grid data 192818, it was possible to divide the number of scallop baskets
harvested by fishing year, month, day, vessel and four zones, namely Yeppoon (logbook gBds$a®&),
Head (l ogbook grid T30), Hervey Bay (TabeSbhndok gr i
VMS data further divide harvests into areas: logbook grid S28 into harvest from Yeppoon, YA and YB,;
logbook grid T30nto Bustard Head, BHA and BHB; and logbook grid V32 into Hervey Bay, HBA and

HBB. This produced the harvest data in the required format for stock model input.

Catch rate analyses were limited to a faane spatial stratification. The temea approachbave for total
harvest was less reliable for catch rates 19918, due to overly reducing the number of data per strata
compared to the number of REML parameters for different fishing years, months, areas and vessels.

The time series of standardised batates of logransformed baskets of scallops per kaet were analysed
through linear mixed models. Four catch rate standardisations investigated temporal and spatial patterns of
legal sized scallop abundance. The analyses were for:

1. Fishingyear by morth by zonetrends, using only data frodanuary 19881 October 2018 This
analysis investigatefur zones and only used the mandatory CFISH logbook data (not the HTrawl

data from 19771 98 7 ) . Logbook grids, nested efieddhi n the

VCOMPONENTS [FIXED= zone*fishyear*fishingmonth+loghours+loghp+logspeed+sonar+gps2+nettype+ggear4+boards;
FACTORIAL=2] RANDOM=boat_mark+grid; REML logn

2. Fishingyear by month by zone using data from the longer periddnuary 19777 October 2018
This analysis investigatéddur zonesand included both the voluntary HTrawl data (191/87),
and the mandatory CFISH logbook data (1988L8). Boat marks identified all fishing vessels
across the data. This analysis factorised the four large zonedfsetd/essel gear information from
analysis 1. The vessel gears for HTrawl data 12987 were as in past data and repQirele 24
page76) (O'Neill et al., 2005; O'Neill and Leigh, 2006al¥g et al., 2016). The gear data were also
relevant for the fourth standardisation summarisedjeistv.

VCOMPONENTS [FIXED= zone*fishyear*fishingmonth+loghours; FACTORIAL=2] RANDOM=boat_mark;
REML lognoffset

3. Fishingyear by monthtrend. This was simitato analysis 1, fodanuary 19881 October 2018 but
removed the Koébgari data. The result focused o
combined fishing ground (for the proposednagement region 3Figure3), rather tharzone
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interactions. The Koégari data were removed for
the main fishing grounds. Kégar.i is associated
because of the relatively high chtrates associated with the area in 2017, it may mask the overall

trend in catch rates in recent years, if included.

VCOMPONENTS [FIXED= fishyear*fishingmonth+loghours+loghp+sonar+gps2+nettype+ggear4; FACTORIAL=2]
RANDOM=boat_mark+grid; REML logn

4. Fishing year by monthfor January 19771 October 2018(similar to analysis 2), but removed the
Kébgari data. The result focused on a single fi
fishing ground for the proposedanagement region IFigure3).

VCOMPONENTS [FIXED= fishyear*fishingmonth+loghours; FACTORIAL=2] RANDOM=boat_mark+grid;
REML lognoffset

Catch rates were standardised to a typical modern vessel, namely a vessel with about 337 HP, fishing for
12 hours (full nigts fishing), with sonar, GPS mapping, quad gear and drop chain.

The datasets and methods herein for the catch rate standardisations were collated and built from the projects
O'Neill et al. (2005), O'Neill and Leigh (2006), Campbell et al. (2010a), Cdhwgtlz. (2012) and Yang et

al. (2016). The catch rate standardisations used the statistical application of linear mixed models (LMM)
using restricted maximum likelihood (REML). The analyses used daily logbook information.

As in previous projects, catchtes were standardised for changes in fishing power through time due to shifts
i n the f-prefile{ed.changmegmurabler of higher versus lower catching vessels) and variation in
gear technologies (e.g. engine sizes, net types, and the uséalfgisitioning systems). See Appentiix7

for trends in vessel gears, on p&ge

The standardisation models2lincluded a fixed zone term that had not been included in previous
standardiations. Thus, model$ 2 produced a series of monthly average catch rates foi 2088 or 1977
2018, by four zones.

The LMM (REML) theory correlated the logarithm of catgin baskets to covariates: 4) which included
zone, fishing year and fishing month as factors and the associated interactigyvehizh included the
logarithm of hours (fished) and engine horse power (HP), trawl speed, the use of sonar and @RS, net
ground gear type and boards;/8ncluded vessels. The structure of the LMM was as follows:

log(p=1To+Lm+Lom+ds,

wherd was the intercepty; and 51, were vectors of coefficients associated with the dai@nd=,,
respectively.swere vectors of random effects for vessels, and fishing grids where used, following a
Gaussian distribution with mean zero and constant varigh@nd was a vector of errors following a
Gaussian distribution with mean zero and camisvariance 2. Specifically, 1, represented scallop
abundance and, the fishing efforts and powers. Coefficients and variances were estimated using REML
via the statistical package GENSTAT 19 (VSN International, 2018).

For prediction of standardiseatch rates, the fixed term variables were set as outlined in Appeh8ian
page75. The settings were important to ensure the catchability scale for catch rates was appropriate, for later
calculating effort based reference points from the population model predicted harvest and catch rates.
Therefore, catch rates were for a potential modern fleet. Boat settings were for the maximuraseragal
fleetvessel effect in 2007. Thus, the vésgih a log parameter value closest to the 2007 fleet average set

the vessel term for prediction. These settings defined predictions according to a modetiteetgsefile,

using the 2018 trend for drop chain ground gear, quad net gear, GPS, souiat 2atours fishing per

night/day, and 337 engifeorsepower. Mean predictions, from the log scale, were exponentially back
transformed and bias corrected by adding half of the model residual variance (McCullagh and Nelder, 1989;
O'Neill et al., 2010). Aditions or subtractions were also included for calculating confidence intervals, and
adjusting for any offsets.
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3.2 Environmental variables

This study used statistical analyses to investigate associations between environmental data and scallop catch
rates, loth temporally and spatially. From this, the identified environmental variables, significantly

correlating to the scallop catch rates, helped tune the population model for stock assessment to examine
possible environmental impact on scallops. This metbot® describes the statistical analyses to identify

the relevant variables.

Standardised catch rates were employed to represent scallop abundance, as used by Courtney et al. (2015).
Analyses used catch rates of November, December and January. Seatsorfsrature (SST) and

chlorophylta (Chla) concentration were the considered environmental drivers on scallop abundance. This
was based on findings from Courtney et al. (2015). The analyses presented in this study extended the work
and findings of Courtey et al. (2015)o includespatial associations patterns using updated SST ara Chl

datg and the November catch rates to fishing year 2018.

The two selected variables, SST and-€hlvere analysed in two different analysese investigated the
tempoal-spatial correlation patterns between the November catch rates, and SST-arid @telceding

months. The other examined the temporal correlation between SST in preceding months and catch rates of
November, December addnuary.

3.2.1 November catch rates (eReefs data source, 20021 2016)

A series of linear regressions correlated November standardised catch rates with environmental influences,
both spatially and temporally. November catch rates were selected for use in analyses because:

There is little fishingeffort in the preceding months from May to October, when meat weigbbis

due to gonad development and reproductive outpusfiavning).

Scallop abundance is generally at its peak at this time frommaw@uitment.

November generally produces thglnést catch, accounting for about one quarter of amamaést.

There has been a constant minimum legal size (MLS commercial shell height) of 9 cm in November,
even though the MLS had varied during other months. Past management had imposed an elevated
MLS of 9.5 cm from 1 May to 31 October. This aimed to discourage harvesting of small scallop
during thesenonths.

=A =4 =9 =

The Chia, and SST data were obtained from eReefs (https://ereefs.org.au/ereefs), which provided their
spatial information in high resolutionh& Chta data were monthly data from 7/2002 to 11/2016 with spatial
resolution 0.6 x 0.6 minutes. The SST data were also monthly from 4/2002 to 11/2016 with spatial resolution
1.2 x 1.2 minutes. Note that eReefs only providedaland SST data north @ltitude 25.5° S degrees. The
Chl-a, and SST data were used to correlate with November standardised catch rates which were derived for
the whole scallop fishery.

Normal linear regression was applied to reveal the spatial associations between the Naesiohelised
catch rates and the environmental variablesaChihd SST. Letgmlenote November standardised catch rate
of yearwy and@ gpa value of Chia or SST at locationat timelag 0in yearw Time-lag Owas expressed
months before Namber, wher@ nh . The linganregression model correlated the logarithm of
Novembergyto the environmental variable at locatidrat timelag 0as follows:

109(6) = o+ T i a0+ Tiow

where ; sandf | swere the intercept and slope anggwas an error term following the Gaussian
distribution with mean zero and variangg, Specifically, the slope; measured the relationship between
the logarithm of Novemben,and the environmental variablés interpretation was that one unit change of
@ changed the November standardised catch ragf ; o).

Parameter estimation and inference was in the framework of Bayesian statistics and completed using
MCMCpack (Martin et al., 2011) in the sisdical package R (R Development Core Team, 2018). No priors
were given to parameters to have less subjective impacts on inferences. Each model analysis conducted

10 000 iterations of Markov chain Monte Carlo (MCMC) sampling, with the first one thoiisaattbns as
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burrvin.

3.2.2 November to January catch rates (NOAA data source, longer timeseries)

Two additional analyses (linear regressions as above) extended information on associations of catch rates
with sea surface temperature (SST) data. These anaigheded data from two additional key fishing
months (December and January).

Analysis 1 used daily Optimum Interpolation Sea Surface Temperature data (OISST) from NOAA (Banzon
et al., 2016). The daily OISST data were from September 1981 to Octoben2bl® spatial grid
resolution of 0.25 degrees. Calculation of monthly OISST was from the mean of daily temperatures.

The linear regressions usegbdenote the standardised catch rate of the selected month of yewiuy, the
SST value at timéag oin yearc Time-lag 6expresse@months before the selected month, whisre
mth 8 Thk gmjple linear regression model regressed theitlogeof uy,0n &y, at timelag 6as follows:

log(Gy) =1 o+ 1 ¥+ T oo

wherel sand swere the intercept and slope, angwas the error term following the Gaussian distribution

with mean zero and variangg. Slopg ymeasured the relationship between the catch rate of the selected
month and SST.

The second analysis extended the SST time series
data were monthly from January 1900 to October 2018, with a spatiaégaldition of two degrees. The
ERRSTV5 data were a time series of mean SST around the scallop fishery.

To predict the SST for the scallop fishery from 1900 to 1981, the OISST monthly SST data were linearly
regressed on the ERSSTv5 SST dRfx(.6043). Tle model fitted the data from 9/1981 to 10/2018. Then,
the fitted model predicted the SST for 180081, given the ERSSTv5 SST data for those years.

Figure 7illustrates that ERSSTV5 covered the scallop fishery less thanTOT®® OISST data provided a
more suitable spatial correlation with scallop catch rates. ERSSTv5 was used to hindcast OISST to 1900.

Hind casting was to enable annual winter SST data for the population model analysis, where the scallop
fishery and data we from 1956.

SST:201306 SST:201306
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Figure 7.The spatial distribution of OISST (left panel) and ERSSTv5 (right panel) in June of 2013.

3.3 Mapping and surveys
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3.3.1 Surveys

A fishery independent trawl survey provided the scallop density data (number of scallops per hectare). The
suy vey focused on scallops grouped by age (0+ or O
2006 and 201i72018. In addition, for 2018, density estimates of commercial sized scallops informed on
potential fishery yields. This was for an assumegtautionary catchability value of 0.6205 (Joll and Penn,

1990). The methods outline the density data appropriate for the stock modelling.

The model presented herein was adapted to use the most recent survey data (as per FRDC pi@fé)t 2017
conductedunder a random, stratified desigrhe survey area covered the fishery domain in 12900 and

2017 2018,but was largely restricted to the SRAs in 202006 due to funding constraints.

Sampling east of Kogari ( Fr as bookdatsdver thellgst tveoalenadesn c e d
indicate increasing catches of scallops in this southern part of the fishery.

Other changes to survey designludedthe use and analysis iofipacts ofturtle exclusion devices (TED)

and bycatch reduction devices (BRDthe survey nets, and relatively small changes to the fishery spatial
domain after the expansion of protected green zones. TEDs and BRDs became mandatory after 2000. Since
2004, trawl sampling excluded green zones, as part of the Great Barrier Rieef Riak (GBRMP)

boundaries and Representative Areas Program (RAP).

Normally around 200400 sites, including calibration sites where all trawlers sampled together, were
surveyed each year by two or three chartered otter trawlers. Each site was onkmdetioag in distance
trawled.

Unfortunately, for various reasons, there were some differences in the survey sampling strata between years,
and due to theeed to use tender process to charter vessels, there was little control over which vessels
participated each year. Calibration analyses, by FRDC-P@87 aimed to standardise vessel differences.
Sampling was largely restricted to SRASin2l®D 06, and t he K©6gd2018. sampl ing

The 0+ age group included scallops < 7.8 cm shell heigit,ahnhe 1+ age group includ
The spatial abundance of the two age grqarpsidedinsight on scallop recruitment of small shalhd on
mortality rates of large scallophese data were incorporated into the-bgsed stock model.

Scallg densities for each of the ten areas were estimated using local krigirgigtistical interpolation)

models on the survey data. Predictions were derived for three groups: 1) 0+ age group for scallop sizes less
than 7.8 cm shell height; 2) 1+ age grdapscallop sizes larger than or equal to 7.8 cm shell height; and 3)
commercial legal sized scallops greater than or equal to 8.8 cm shell height. The 8.8 cm shell height (vertical
scientific measure) was equivalent to 9 cm in commercial measuremeningmashell diameter, from any

angle). The predictions were for the commercial fishing grounds.

The kriging model constructed spatial survey densities (number of scallops per hectare) for the survey years.
The kriging model assumed scallops were spatiadiyiduted as a Gaussian spatial random fig®l: w»

0, whereOrepresented the fishery domain. The scallop density(dhta[¢X ¥)h & ¥ h weee the

survey estimates at sitegh  &. With these data, the kriging interpolated the surface of the random field

(¥, and then pradted the scallop densities for the ten areas of the fishery domain.

Local kriging methods suited the spatial aggregating patterns of the scallop population. The reason was that
the local kriging conducted a prediction for a site using all neighbouriagagaund the site (Schabenberger
and Gotway, 2005; Bivand et al., 2013). The local kriging method addressed the spatial correlation via the
spherical variogram functioff) at distancéas follows (Cressie],993:

" T Q 1

' aQ p Q o

I Q _ = — = = m Q |h

e q G |
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Vg — — | Q
where—was the nugget effect-the sill parameter andthe range. The three parameters should each be
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positive. Spherical variograms are widely used in applied geostatistics (Rivoirard et al., 2000). The Cressie
Hawkins estimator produced the variogram (see Section 2.4.3 of Cressie (1993); Section 4.4.2 of
Schabenberger and Gotway (2005)). The selea#gghbourhood size and distance determine the local

kriging model.

The prediction of scallop density for each area was formed on small blocKs it ared] || | = 1N

instead of at a poin¥ Hence, predictions utilised the charafesupport equation (Cressie, 1993;
Schabenberger and Gotway, 2005):

& || 2 o vow
sle

The performance of the local kriging relied on the ca@tappropriate neighbourhood size, and on fitting
spherical variogram. Obtaining an empirical (observed) variogram for fitting required grouping data into
distance intervals. The interval widths were from cneslgdation of the mean squared predictioroe
(MSPE).

The crossvalidation procedure used a set of values of neighbood size and distance. The range of
values considered neighbourhood sizes betwee#01km and distance$ 80 km. MSPE was as follows:

(I 4 Ov
&

¢

B
-30%

where® v  was the kriging prediction a@f( ¥ when the local kriging was fitted to the whole data points
without &Y ¥9. The smallest value of MSPE set the neighbourhood size and distance.

For predicting the density of ten areas, the kriging involved dividing each area into 100 thousand square
cell s. R p ac k a g e6 cangpletedahte analpsés (Releesn®,i 2004; Bitandlet al., 2013; R
Development Core Team, 2018).

Assumed survey celt efficiencies (catchability) scaled the density estimates up, dividing by the
experimental estimates of 0.20, 0.30, 0.40 and 0.6205 (Joll and Penn, 1990; Miller et al., 2019).

3.3.2 Mapping commercial scallop fishing

The commercial scallop harvest and modellinformation are essential statistics to manage the fishery. For
consistency, it was important that the corresponding survey density estimates of scallops also represented the
commercial fishery area.

TrackMapper analysed raw scallop VMS and harvest, datprovide monthly catch and effort data from
January 2000 to October 2018 at 0.01 degrees spatial resolution (for information on TrackMapper, see
Courtney et al., 2016Jigure 8illustrates an example of these data, shgwhe changed spatial distribution

of fishing between January of 2012 and January of 2013. The differences and change in spatial distribution
of fishing revealed the scallop grounds that vessels had fished over time.

To reveal the broader area of comaialr scallop fishing, TrackMapper outlined the areas fished for the

VMS data 20002018, including all six SRAs. TrackMapper defined the commercial fishing grounds
(Yeppoon, Bustard Head, Hervey Bay, and okKlad ar i ou
been at least one hour between January 2000 and October 2018. For the six SRAs, all fishing effort could
describe the fishing arekigure 9shows the resulting measure of the commercial fishing area. The areas (in
hectares) of the ten areas for the stock model were Yeppoon: 429752.899, YA: 27710.891, YB: 31679.795,
Bustard Head: 378212.953, BHA: 31500.696, BHB: 31515.614, Hervey Bay: 264299.1543 HBA:342,

HBB: 30400.289 and Kbégar:i (Fraser I sland): 231445

The R software environment was used to calculate the area estimates with a set of GIS related R packages:

Amapt ool s 64 (Bivand and bewirk@.h9 2018), /7 gdBil wawveret oal 1, 3
version 0.42 (Bivand and Rundel, 2018),é&n fi s p 0 vlgRPebesnmmand Bivadd, 2005).
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Combining the regional area estimates with the predicted scallop densities from kriging, and assumed survey
catch efficiencies, provided an estimate of scallop abundance for the stock model.
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Figure 8. Thespatial distribution of TrackMapper analysed scalfighing effort (in hours) in January of 2012 (left map) and in
January of 2013 (right map).
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Figure 9. The outline of commercial scallop fishing based on overlapping TrackMapper spatial informmatiatafiuary 2000 to

October 2018.
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3.4 Population models

3.4.1 Population model with SST mortality integration

The scallop stock model is an adgased population dynamic mogdehd is catckdriven to estimate fishing
mortality. The model is an adaptation of thased by Campbell et al. (2012) and O'Neill et al. (2014),

which predicts indicators of scallop abundance for the whole fishery and regionally. It also provides

reference points and projections for management procedures to support the Queenslandi&ustainab
Fisheries Strategy.

The model assessed scallops monthly from the fishing years 1956 to 2018, counting scallop age classes from
one to 48 months {gear life cycle). The model accounted for the processes of scallop births, growth,
reproduction and motity in every fishing yeamonth. The model operated in two phases: (i) historical
estimation of the scallop population (stock) from the fishing yearsiP28@® and (ii) simulations of model

values and errors to evaluate reference points and calculatgermef intervals. In addition, the model

accounts for the broader spatial distribution of scallop abundance.

The model included ten areas, comprising four large zones and six smaller scallop replenishment areas
(SRAs).Figurellillustrates the areas defined for the stock model. The structure of standardised catch rates
and related assessment diaifauts were monthly for either ten areas (separating the SRAS) or four zones
(grouping each SRA into their larger zone).

Elevated SST in June-August are associated with reduced survival rates of scallops over the following months

2013 scallop fishing year 2014 scallop fishing year 2015 scallop fishing year 2016 scallop fishing year 2017 scallop fishing year

SST June-August SST June-August SST June-August SST June-August
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Figure 10. Example pattern of mean winter SST used to model natural mortality in the population dynamics.

The details of the population model are in Apperidx (from pager8; Table 28 Table 2%andTable 30.
Normal negative logdikelihoods calibrated the model to data inputs and parameter settings (O'Neill et al.,
2018); also se@able 30for ADMB detail.

The model consisted of three elements:

1) process dynamics of scallop births, growth, and mort@liaple 28in Appendix12.4),
2) parameters for the dynami€Bable 29in Appendix12.4) and
3) objective functions for matching predictions to datakile 30andTable 31in Appendix12.4).

The process element was the core of the model and accounts for the dynamics of the population (fishery
stock), as inferred by the estimated and fixed parameters. The objective function was the combination of
negative logikelihood functions and priors (or penalties). Importantly, the winter SST environmental factor
was associated with natural mortality.
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YA
E:B’ Yeppoon

Fraser Island region

Figure 11. Ten areas for the scallop fishery from north to south: YA, YB, Yeppoon, BHA, BHB, Bustard Head, HBA, BB, Herv
Bay and Koégari (Fraser I sland) area. YA, YB, BHA, BHB, HBA a

The primary analyses considered two scenarios that exploited a mixture of both coarse and higher resolution
spatial data. In both scenarios tbeif coarse zones were general Yeppoon (Yeppoon, YA, YB), general
Bustard Head (Bustard Head, BHA, BHB), gener al He
(east Fraser Island) zone.

9 Scenaridl:
0 The harvest data of the ten areas from fishing yed6 2018.
0 The standardised catch rates of the four zones from fishing years 3¥i8to
1 Scenarid®:
0 The harvest data of the ten areas from fishing years 1288 &
0 The standardised catch rates of the four zones from fishing years 883Bto
In addition, the annual means of winter SST from 1956 to 2018 were associated with natural mortality.
The sensitivity analyses were:
1 Survey catch efficienc§+) for 1+ scallop:0.2, 0.3, and0.4, instead of the base cas@®d205
1 Four hierarchical optimigin procedures in ADMBTable 20 Appendix12.2).
1 Five sets of initial valuesTable 21 Appendix12.2).
The sensitivity analys for a scenario produced many different cases (3 catch efficiendieptimisation

procedures 5 sets of initial values 2 effects with and without SST).
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ADMB computer software optimisation and MCMC algorithms fitted the model to data, and qdantifie
model parameter variances (Fournier et al., 2012).

The model estimation process in MATLABMathWorks, 2020) consisted of a maximum likelihood (ML)

step followed by Markov chain Monte Carlo sampling (MCMC); similar to ADMB. The flow of the
estimation proess is summarised Figure 12.The maximum likelihood step used MATLAB global
optimisation (MathWorks, 2020), followed by a customised simulated annealing program to find and check
the parameter solutions and estimate gr@meter covariance matrix. The maximum likelihood step was
effective for identifying optimal estimates for the negativellkglihood (combinedLL fitting functions).

The simulated annealing started fronLh scaling factor of 100 and then reduced & 1, 0.1 and finally

0.01. For each scaling factor, the annealing process ran for 10 000 iterations paeatieter.

A customised MCMC followed on from the simulated annealing uskihd; &caling factor of one with fixed
covariance. The MCMC used parat@rby-parameter jumping, following the Metropolitastings algorithm
(Metropolis et al., 1953; Hastings, 1970; Gelman et al., 2004). The final parameter distributions were for
1000 posterior MCMC samples thinned from one solution stored per 100 sah@ME parameter traces
and autocorrelations were assessed for convergence and independence (Plummer et al., 2006).

All three fitting procedures (MATLAB optimisation, custom simulated annealing, and custom MCMC)
confirmed model convergence and parametémasts. The three procedures ensured checking and
consistency in model fitting.

The population model dynamics and parameters calculated fishery reference points in MATLAB. This was

by optimising the dynamics using an average annual fishing mortalitl,réde each MCMC posterior

parameter sample. The optimising was for the equilibrium reference poinis BBy, Bsoand Bo(see

glossary). All parameter uncertainties were included except stochastic recruitment variation, which was set to
one. The avexge fishingmortality pattern for the years 2012018 split the annu# into monthly rates. The
monthly fishing mortality rates were then converted into harvest rates, where the harvest éatelwas

‘Q o "Q. The monthly harvestateu connected wh equatiorb, in Table28 on page78 (Appendix12.4).

Model development and verification used three software packages ADMB, MATAABR (Fournier et
al., 2a2; R Development Core Team, 2018; MathWorks, 2020). Model optimisations were only through
ADMB and MATLAB. R supported ADMB data loading and graphical outputs.

Even though the population dynamics were the same in all software packages, there wetdéferdriees
in the handling of some model aspedtalfle §. These differences were in:

1 Negative loglikelihoods {Table 30andTable 31from pageB2). The models covered different
methods to penalise overly high harvest rates, and include minimum standard deviations in negative

log-likelihoods.

9 Catchability parameters. They were estimated in ADMB, and integrated out in MATLARI¢HAd
2001).

1 HyperparametersTable 30. These additional parameters were set in ADMB. They were not in
MATLAB.

1 Estimated annual recruitment deviations. Their standard deviation was constrained within reasonable
bounds in MATLAB (Table 31, and treated freely ikDMB.
1 SST effects on natural mortalitilj. ADMB used a logit link and MATLAB a logarithfiorm.

The differences in models, were not in the software itself, but in their settings.filEénerdimodels

| abel s/ titiMdd wWererteeepADNB | c oM &n gf, o rarsaVEE LA n
coding,-spaadi ah 6 rcdmbined (relgien 3zanatyss through MATLAB. The repatial
ADMB coding had large recruitment deviai®and annual jumps, and was not reported. However, the
general timeseries trend from this model was similar to others.
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Table 6. Differences in the ADMB and MATLAB spati@del operation and tuning.

Model aspect

ADMB i spatial M1

MATLAB i spatial M2

References for method

Negative loglikelihoods ¢
LL) for catch rates

Negative loglikelihoods
for high harvest rates

Catchability parameters for
fitting catch rates

Hyperparameters

Annual recruitment deviation:

Natural mortality M

Number of estimated
parameters

iz(log(Z“) +2log(,) + 1),

no minimum standard
deviation setting.

Harvest rates constrained
between 0 and 1 using a

truncated normal equation 1¢

Table 30on paged2.

Estimated five parameters fol

fisheryand survey 0+ catch
rates,Table 29on pages0.

Eight parameters for vague

prior distributions. They were

userset large standard
deviations.

Unconstrained andlawed
large deviations. 31
parameters for 1982018.
Vague prior normal
distribution. Mean of
distribution was nonzero.

Logit link for estimated SST
effect.

51

%(Iog(Z“) + 2log(,, ) + (H1)?),

minimum standard deviation set
based on LLMREML estimates.

Harvest rates peatised above 0.8,
using a normaiLL, Table 31on

page85.

The five parameters were closed

form median estimates of

standardised catch rates divided
the midyear biomass. No direct

estimated parameter

Not required.

Constrained. 30 (1) parameters
for 1988 2018. Penalised normal
TLL for standard deviations above

0.2. See théLL form above in

row 1L Mean of distribution was

zZero.

Log linear equation for estimated

SST effect.

45

Haddon (2001)

O'Neill et al. (2018)

Tanner (1996) for M1

Francis (2011) for M2

Haddon (2001)

O'Neill et al. (2018)

Fournier et al. (2012) for
ADMB.

O'Neill et al. (2014) and
Courtney et al. (2014) for
M2.

McCullagh and Nelder
(1989)
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Figure 12. Flow of operations for the stock model from loading the data to evaluating model predictions.



3.4.2 Model projections

Hypothetical scenarios projected future fishing in the stock models. The projection methods were simple
expectationdased on the data and maximum likelihood parameter estimates (Richards et al., 1998).

The nonspatial model, for region 3 with no temperature effect andiB¥IB catch rates, projected 20
years into the future under the following assumptions:

T

The fishirg effort (harvest rate) pattern was modelled using two scenarios: either 1) as it was in 2017
and 2018 (open six months of the year, with SRAs closed all year round), or 2) a new propesed four
month scenario (open December, January, March and April SKRtks closed). Discussions
between fishery management and industry indicated a preference for tineciotinscenario.

The maximum likelihood parameter estimates defined the forward predictions, with deterministic
recruitment according to the Bevertbiolt function and constant M = 0.09 paonth.

Various levels of fishing effort were set for the futuralfle 3. The model predicted spawning
biomass, harvest and catch rates until 2038 (20 yeavard).

The model projectias determined the number of years for spawning stock (spawning egg
production, labelled E) to recover to 40% of virgingE45% (E&s), 50% (Esg), and 60% (k) under
the two patterns of fishing effort (simonth fishery or foumonthfishery).

Table 7.Levels of fishing for the forward projection model.

Boat-days 0 215 858 1502 2145 2243 5000

Effort units 0 11825 47190 82610 118000 123365 275000
- - 10% of 40% of 70% of Status quo Higher

Description No fishing 2145days 2145days 2145days  proposal MSY example

The spatiaM2 model, with SST effect and 1972018 catch rates had the following-Z@ar projection
assumptions:

1
)l

The fishing effort pattern was the sameabsve.

Recruitment deviations used for the forward projections were guided by rak{@989 2018)
estimates.

There were two temperature settings to vary natural mortalityVBteh{e average temperature from
1950 1956 (past SST), and the last 20 years of temperature (c88&ht

The maximum likelihood parameters defined the forwaedlictions.

Levels of fishing effort were set asTable 7,and the model predicted spawning biomass until 2038
(20 yeardorward).

The scallop stock model used information from various sources to predict the spawckrg@teass and

other indicators, and reference points. The data sourcesBablen8.Environmental data were from

publicly available monitoring programs, such as NOAA (National Oceanic and Atmospheric Administration
T US <ience agency) and eReelfgtps://ereefs.org.au/erekfs
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Table 8. List of data for project analyses and the population model.

Data name Time Space Units Source
Historical catch 1977 to 1988 (annually) None Weights (kg)  Dredgeet al. (2016)
CFISH catch* Jan 1988 to Oct 2018 (monthly) 30 x 30 minutes Baskets DAF
VMS catch** Jan 2000 to Oct 2018 (monthly) 0.6 x 0.6 minutes Weights (kg) DAF
VMS effort** Jan 2000 to Oct 2018 (monthly) 0.6 x 0.6 minutes Hours DAF
VMS CPUE** Jan 2000 to Oct 2018 (monthly) 0.6 x 0.6 minutes Weights kg DAF
per hour
Standardised catch  Jan 1988 to Oct 2018 (monthly) 4 zones and 10 areas Baskets per DAF
rates boatday
Density Every October from 1997 to Pointreferenced Numbers per DAF
2006 and 2017 to 2018 (longitude, latitude) hectare
Sea surface Apr 2002 to Oct 2018 (monthly) 1.2 x 1.2 minutes Celsius (°C) eReefs
temperature (SST)
Chlorophyll a (Chla)  Jul 2002 to Oct 2018 (monthly) 0.6 x 0.6 minutes Mg/md eReefs
SST 1 Sept 981 to Oct 2018 (daily) 15.0 x 15.0 minutes Celsius (°C) NOAA OISST
SST Jan 1854 to Oct 2018 (monthly) 2.0 x 2.0 degrees Celsius (°C) NOAA ERSST v5
Winds 1978 to 2018 Latitudei daily mean km hourtand BOM
degrees
Lunar 1978 to 2018 N/A Luminance DAF
Fishing power 1978 to 2018 N/A Per boat DAF

* The mandatory CFISH logbook data, ** Vessel monitoring system data

3.4.3 Model scenarios

A number of scenarios (i.e. data and model settings) were analysed that exploited a mixture of-both four

zone and teiarea patial data. There were many investigations, including:

)l
)l

Spatial terarea or nofspatialmodels.
Harvest data from all ten aredsdure 42eft map on pag&O0) for fishing years 1956 to 2018r
combined across zones for the proposed management redimuBe(3,page3).

i Standardised catch rates were for four zoRagufe 43 from fishing years 188 to 2018, or from
fishing years 1989 to 2018, or combined across zones for the proposed managemesit region

= =4

The annual means of winter SST were associated with natural mqivlity
Survey catch efficienc§+) for 1+ aged scallop, for the proportion values of 0.2, 0.3, and 0.4. The

catchability value of 0.6205 from Joll and Penn (1990) was tested, but model fits generally

overestimated these adjusted densities. Lower catchabilit9.@.#nproved model s, and aligned

closer to values from Miller et gR019).
1 Optimisation procedures and initial model parameddues.

The different mo dpatiald1l oathederasr/ etai t A eMB smaimlabI2§os i ¢, tOh e
tenrarea MATLAB analysis, anchon-spatiald  f o r -dorhbinedZregioe 3) analysis through

MATLAB. Table 6,0n page23and above, listed the method differences.

The modelling of scallop natural mortalities was set ardghadnean of 8.6% per month (Dredge, 1985).
From the mean, spatid1 estimated natural mortality varied arourid 3% per month for 1972018 catch
rates, andi713% for 19882018 catch rates. For the log linear form in spa#id| natural mortality varied
between v12% per month.
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3.4.4 The previous model by Campbell et al. (2012)

Previous stock assessments have used thbasgal dynamic population model described in Campbell et al.
(2012), which was conditioned by fishing effort rather than by harvest (Canaplaéll 2012; Yang et al.,

2016). Estimates from the previous Campbell et al. (2012) model were compared to the models developed in
this study.

The previous model was based on monthly-leased dynamics, and allowed for more complexity than the

new model The Campbell et al. model contained different statistical weightings of data components,
incomplete data structures, spatial patterns of scallop aggregations and their catchability, and 41 spatial
areas. The model can allow for variable changes in $patrgoral recruitment, ability for fishers to exploit
high-density areas, and history of fishery management. The Campbell et al model treated fishing year 1977
as the virgin stock reference year (i.e. earlier 19986 data was not included) and included e K& gar i
(Fraser Island) zone (i.e. data from all four zones). The Campbell model did not include temperature effects,
and used the zone combined catch rate index. In addition, the Campbell model only usedpius ¢@+o

age group) survey data as arrétment index, and not the survey 1+ data.

The Campbell et al. (2012) model also had nearly twice the number of model parameters of the newer model
design herein. The Campbell model had 95 parameters (listed in the original report) whereas the new model
had 51 parameters (listedTiable 29. The full 95 parameters were difficult to estimate within the ADMB
framework, which was a reason to investigate new, simpler models.

Two scenarios were fitted in the Campbell et2012) model: the catch rates of fishing years 12088
(called M1); and the catch rates of fishing years 12898 (called M3). The labels M1 and M3 were for
consistency with the 2016 stock assessment (TaBle¥ang et al., 2016).

ADMB computer softwae optimisation and MCMC algorithms fitted the model to data, and quantified
model parameter variances (Fournier et al., 2012).
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4 Results

4.1 Harvests and catch rates

4.1.1 Harvests

Scallop harvests by month from the period 12888 are irFigure 13 The figure shows that scallop

harvest follows a typical seasonal change. Harvests were low before 1969. Harvests built to highs around
1993, and steadily decreased thereafter. Harvests were generally higher from November to March, and were
low in 2014 2017.

In each fishing year, maximum harvest generally occurred in early summer months when young scallops
were recruited into the fishery (Williams and Dredge, 1981). The seasonal pattern changed in later years,
with most scallops harvestedtlveen November and JanuaRgure 14. In the last five years (2012018),

70i 85% of the annual harvest taken was between November and January. Harvests in the months after were
small compared to early years.

The increasetarvest of Novembédanuary scalloprigure 14 were likely attributed to the November
opening of the fishery and January opening of SRAs. High fishing pressure during Na\dambary
increasingly appeared in stock assesgmesults, particularly for January.

Figure 15shows the annual decline in harvests by zone across the fishery. Before 2002, harvests were
normally O 800 t of meat weight pe Sincé20%lhanmuag year,
harvests were mostly O 400 t. Declines were notahb
sporadic; they increased in 2013 and 2018, with a rouflydar cycle between good harvest years.

60

50 -

—_

<

3

g 40

=

x

o

@

x> 30

n

@

o

—-—

3

=20

@

T

10 -
0 [
© 0 O M SO MO NTT©0ONTODONTTODONT © DO N © 0
DWW OOOORNNENNGERGO®OWODDDOOONDDDPOOOOOD v = — —
0D DO DO DD ODRDOODNRD DO OO0 O OO
rrrrrrrrrrrrrrrrrrrrrr NNNNNNNNANS

Fishing year

Figure 13. Monthly scallop haests, from waters between 22.5° S and 27.0° S latitudes along the east coast of Queensland. Since
2002, clear spikes in harvest occurred in the months of November and January.
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Figure 15. Annual scallop harvest in meat weight (tonnes).
Inspection of scallop harvests by fishing month and area showed strong spikes of high Rianues1.§.

Since 2001, the opening of SRAs in January have produced high harvests for only a month, with little
thereafter Figure 1§. January fishing in the small SRAs was generally crowded. Vessel numbesgslyypi

ranged 2040 per SRA per month, and the maximum number was 69 vessels in HBA for January 2009. From
February onwards, vessel numbers dropped typically to less than 10 per SRA per month. Fishing in the SRAs
generally yielded 30% (range120%) of annal scallop harvest.
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For the larger zones of Yeppoon, Bustard Head and Hervey Bay, outside of th€F&frifs 42map, on
page70in Appendix12.1), monthly havests tended to be highest from November to Febridguie 16.

Vessel numbers typically rangedi 2@ per large noiSRA area per month, during November to February,

and less than 10 for the remainder of the fishing year.
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Figure 16. Monthly scallop harvest by ten areas, Yeppoon, YA (Yeppoon SRA A), YB (Yeppoon SRA B), Bustard Head, BHA (Bustard

Head
Island).
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4.1.2 Catch rates
Analysis1:19882 018 f or Yeppoon, Bustard Head, Hervey Bay

The catch rates for 1988018 for Yeppoon, Bustard Head and Hervey Bay showed late improvement in

March 2018, around 15 baskéEsgure 173. Céach rates were still low for November 2017 and January 2018,
compared to early years, but improved on 2@0D47. The highest catch rate in these areas was 56 baskets

from Yeppoon, 49 baskets from Bustard Head, and 46 baskets from Hervey Bay. Notaldeglmalling

failed recruitment, were in 1997 and 20260 1 7 . Catch rates in Kbdgar.i wer e
higher than 55 baskets perbday on f our occasions in 31 years. K
2018.

The 95% confidence inteslls on mean catch rates were about +3 baskets peddwpételative standard
error, RSE, of 15%) for all zon€Bigure 17.
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Figure 17. Standardised monthly mean catch rates of scallop for four zones, with SRAs imechadE2B8 2018. Breaks in the time
series after 2000 represent the southern temporal closure from 20 September to 1 November annually. Additional closures for
scallop fishing covered ApfiDctober 2017 and ApiilOctober 2018.

Analysis 2: 19772018 for Yo p 0 0 n Bustard Head, Hervey Bay and K

The trend in longerm mean catch rates showed a marked contrast betweem@neost1988(Figure 18.

The contrast of the 2018017 decline against the time series was, like9®7]1 alarming. These low catch

rate years appeared to signal low recruitment and limited stock to support fishery income and profit. In terms
of reference point management and harvest strategies, settings need to help avoid these events from

occurring.

For pre 1988 fishing years, catch rates in Yeppoon, Bustard Head and Hervey Bay started relatively high

from 19771978, declined in 1979982, spiked in 1983, and declined again in 19888. The spikes in

catch rates in 1983 were from observations of atamy 5 boatdays per month for Yeppoon, 1 baizty

per month for Bustard Head, and 11 bdaa y s per mont h for Her veig988B8ay. C:
were infrequent. The highest monthly catch rateslp&8 exceeded 200 baskets per lutzgtin Yeppon,

Bustard Head and Hervey Bay and exceeded 350 baskets perdoat i n Kbégar i . Post 19¢
rates were generally less than 30 baskets.
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For comparing means dfigure 18the 95% confidence intervals on cateles were in the range of +i28
baskets (RSE 147%) prel988 and + 3 baskets (RSE 15%) thereafter for Yeppoon, Bustard Head and

Hervey Bay. They were + 29 2 (-1REB BEnd & 3 Fagkéts (RSE r158%6) thereafter for

basket s

Kbégar.i
Yeppoon Bustard Head
250 1 250 1
200 ¢ 200
150 150
100 100
| M 1 M
L O ) b e At MM . i il ma Aavh it
© MNO-TOUOUNOODTTOUNOODOTTONMUONO MW N MNO-TOOUNOOTOUONDTTOUOND MM
— NNV O OO O O v v v ™ NNV VOVOANDDANNOOO0O O ™ v v
© [ NoNoNoNoRO RN Ne) o Neo)Neo) ool ool )il o] D000 OO0 OOO
o Frrrrrrrrer - ANNNNNNNN i SUR SV SR S S SV YISV oY
Q
g 250 Hervey Bay Fraser Island
n 350 1
T 200t 300
2 250
© L
8 150 I
o 200
© 100 150 |
L§ ” MIW‘M/\...W 1007Uﬁ
< 501
.g 0 I N ) : 0 .“L.’V'V‘I\up“&“-k” Acre ¢ 0 i ‘WM}\I» \IKIMUU\I\’\'NV\KT\‘ 9.
S MNO-TOUOUNOOTOHOULUNDDTMWUONO MWLM~ MNO-—TOUOUNMNOOTOUONDTMNMWUONO —MW N
n NNV ONINOOODNOOO0 OO v~ v v v NS00V OO0O0 OO v~ v v v
SRR OORRNESGEIRCRRARRR it S e s s SRR
Fishing year Fishing year

Figure 18. $andardised monthly catch rates of scallop for I®18, with SRAs included.

Analysis 3: 19882 0 1 8 |,

proposed

management

region

3

(i

e.

Figure 19shows that region 3 catch rates improved in 2018, up tzagkets from the 2018017 lows. This
improvement was for March and April 2018. However, despite the improvement, catch rates were still low
for the previous normatkecruitment months of November 2017 and January 2018. The March and April

2018 improvemetnmay signal a late cohort recruiting to the fishery in the Yeppoon and Bustard Head zones.
This was a positive signal for the fishery, but it may only reflect an aggregated pattern of fishing. To improve
understanding of scallop abundance, informatio2@i 2020 catch rates need to veiifigreases.

The 95% confidence intervals on mean catch rates were about £3 baskets-gaypbwadéth an RSE of 15%
(Figure 19.
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Figure 19. Standardised monthly catch rates 12888t r t he proposed management region 3 (
time series represent the southern temporal closure from 20 September to 1 November and whole fishery closuiigSdtmtpril
2017 and April October 2018.

Analysis 4: 19772018, pr oposed management region 3 (i.e. ex

The trend in londerm predicted mean catch rates showed a marked contrast betwemmrestL 988
(Figure 20. The trend in catch rates followed the same pattetineaisend in catch rates for the separate
zones of Yeppoon, Bustard Head and Hervey Bdsigare 18 For comparing means, the 95% confidence
intervals on catch rates were generally in the rangei 211Baskets (RSE 2680%) pre-1988 and

*+ 3 baskets (RSE 15%) thereafter.

225

200

N
~
(&)

-

<

o
T

B

N

(92}
T

-
o
o

~
(8]
T

Standardised baskets per boat day
()
o
T

N
[$)]

R i b AN

0
1977 1979 1981 1983 1985 1987 1989 1991 1993 1995 1997 1999 2001 2003 2005 2007 2009 2011 2013 2015 2017
Fishing year

Figure 20. Standardised monthly catchrates 120 18 f or t he proposed management region

For all analyses, there were no concerning residual patterns (see diagnostic ploperidix12.5after

page86). Generally, the histograms of standardised residuals were normal in shape, and the scatter plots
showed no patterifrigure 47to Figure 50illustrated some outlying data with residuals in exces8 ahd

+3. These residuals were few in comparison to the number of data, and their occurrence typical for logbook
data.
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4.2 Environmental correlations

Initial analyses focused on two variables, sea surface temperature (SST) and chlorop@y/lt@Mmleasure
associations with November catch rates of scallops from 2002 to 2016. Above average SST was negatively
associated with catch rat@sigure 2). Associations with Chkh were inconsistenf{gure 22, and less

apparent compared to earlier analyses by Courtney et al. (2015). The weakeGionship indicates no

direct effect on scallop reprodimt dynamics.

Figure 21andFigure 22show the estimates of associatiobsl{y space and temporal lags. The results
illustrated associations where the 95% confidence intervals did not covdi.eestatistically significant
slopes/correlations). The results focused on the scallop fishery domain.

Temperature results, illustrated by the predominant blue colour, were indicative of a negative relationship
between the November catch rates andl 8% several time lagd-{gure 2). This was generally more

notable for SST during the preceding wirsgawning months. The result suggested above average winter
SSTs might affect scallop survival.

November catch rate assations with Chla were less obvious and spatially confinEjgre 23. Results

were unremarkable with marginal negative (green/blue colour) or positive (red/orange colour) estimates
identified depending on the latitude aimde lag. Any influence of Ckh on catch rates was not obvious, and
less than SST.

Additional analyses extended information on associations between scallop catch rates and SST from 1988 to
2017.Figure 23presents the figry wide correlations between November, December and January catch

rates, and SST. The results indicated that higher temperatures might lower catch rates. More specifically,
higher winter SSTs (JuhAugust) were negatively associated with Novermbanuarycatch rates.

Given this result, the population model tested the-kimg series of winter SSTFigure 24. Figure 23

shows the predicted winter SST for the scallop fishery from the linear regression model in which the OISST
winter SST data were regressed on the ERSSTv5 winter SSTYat8.6043). The mean winter SST

increased since the 1970s and varied between 20 and 22 °C. The population model setup was for a linear
relationship between annual changes in natural mgr{di) and for annual mean winter SSTs; illustrated in
Figure 24The results are in the report section for population model estimates oA &gpasons for

examining a natural mortality relanhship, rather than a recruitment association, were to:

1 Explain declines in the Queensland fishery and catch rates. Scallops can sometimes live for around
four years, and catch rates of legal sized scallop consist of multiple age groups. Therefimegrthe
SST associations noted above, may have resulted from enduring natural mortality affects rather than
annual recruitment affectdone.

1 Examine natural mortality affects separate from the annual recruitment deviations estimated by the
model. Past modihg of environmental covariates affecting annual recruitment produced mixed
results (Courtney et al., 2015; Madden, 2016); as described in theingmaitiction.

9 Consider past findings of high temperature mortalities on Western Australian (WA) soathiqs,
affected all sized scallops and not just young recruits (Kangas et al., 2007; Caputi et al., 2014; Caputi
et al., 2016). The WA studies showed negative correlation between SST in the preceding months
with a November survey 0+ recrititdex. Generajl, SST from the preceding Decemib&nuary
had the stronger correlation. However, elevated SST during the preceding winter spawning period
AprilT June also had a significant negative correlation with the 0+ reécdgk. From the WA
studies/papers, no spic SST effects described scallop recruitment or survival, but their papers
gave the general impression that high SST reduced overall survival of scallops. Of note was that the
main SST period identified by WA researchers was a longer lag1a frionth &g effect for 0+)
than herein for Queensland 8month lag effect on legal sized 1+ agedllops).
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Figure 21. The posterior means]af in the case of SST against the November standardised catch rates for the whole fishery. The
figure only illustrates results with 95% confidence intervals not covering zeemdXyaxis of each plot expressed longitude and

latitude, respectively.i, measured the correlation, with one unit change of SST altered November standardised catch rates by

‘Q o ). Data were for November catch rates and SST April 2002 to November 2016. The predominant blue colour was indicative
of a negative relatioship between the November catch rates and SST for several lags.
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Figure 22. The posterior means]afin the case of Chh against November standardised catch rates for the whole fishery. The
figure only illustrates results with 95% confidence iméds not covering zero.-Xand yaxis of each plot expressed longitude and
latitude, respectively.i, measured the correlation, with one unit change of&hltered November standardised catch rates by

‘Q o ). Data were for November catch estand Chh from April 2002 to November 2016 The blue/green colours were indicative
of negative relationships between the November standardised catch rates and Chl
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4.3 Population indicators

4.3.1 Survey estimates

Fisheryindependent trawl surveys provided estimates of scallop densities (numbers per hectare) in October
for years 19972006, and 20172018 {Table 9. In addition to scale densities to the broader area of

commercial scallopighing, TrackMapper outlined the areas fished (footprint) for all VMS datai 2008,
including all six SRAsFKigure 25. The hectare estimates féigure 25are inTable 9.

Resulting estimates of scallop densities varied between areas and §lialdgsD). The following summary
provides key results, with the caveat of some confounding between changes in survey estimates and survey
error. Note that the observed trawl densities were 38% lower than the catchability adjusted Vidides
andTable 10.

For young scallops, adjusted measures of recruitment aged < 1+rny/€aldd &, the surveys indicated:

f I'n 2018, |l ow densities of scallops O 20 per he
HerveyBay.
T Densities were higher near 60 scallops per hec

20 per hectare i2017.

In 2018, the general SRrecruitment signals were down, compared to early suyreays.
HBB had quite low densities in 2002, 2005 20d 7 2018.

No significant recruitment signals, except for YALPO7.

= =4 =9

For adjusted measures of Tabe®wheisuvgysisdicatedk aged O 1+

1 Densities varied across areas and years from one to 679 scallop per hectare. The median coefficient
of variation per aregear estimate based on standard errors was a@&tit

1 The low density of one scallogphectare in SRA Yeppoon A in 2017 was alarming. Similarly, the
estimate for Bustard Head at eight scallop per hectare. In general, the 2017 estimates were
comparable to the low estimates in 1997, when the fishery was widely believeoverfished.

T Ony the Kbégar.i and HBA areas had a Fgud26i ci ent
spatially illustrates this. BHB was the only SRA that had a sufficient density of scalltf7in

9 Surveys in 2000 and 2001 showegimved densities of scallops, generally for the SRAs after
continual closure. Increased densities also occurred for BHA and HBA in 2004, YA in 2006, and
BHA, BHB and HBA in 2018. The overall 2018 result was generally healthier than 2017, except for
t h e ariKage@which was heavily fished through 2Q&8ure26).

For 2018, density estimates of commercial sized scalltgtslé 10 were used to guide potential fishery

yields (Table 1). Potential recommended biological catches (RBC yields) for region 3 were about 164 t for
Fusy fishing and 110 t for more sustainable and profitaltefishing (Table 1). These yields were from

the calalation of commercialegatsizeddensity (O 9 ¢cm) I area I 7.6 ¢
harvestrate-proportion, scaled to tonnes (t). The RBC estimates were similar to the stock model estimates
reported inTable 13 Estimates of RBC varied depending on the areas and the assumed survey catchability
(Table 1).
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Table 9. Mean modelled (kriging) scallop densities per hectare by survey area and year. Table (a) were 0+ aged deshsties for
heights < 7.8 c¢cm, and Table (b) for O 1+ aged densilities f
indicates no survey. The densities were scal ed upmebtpf a su
densities to other catchability values is by x 0.6205, and then divided by the different catchability value, e.g. 000.2.40.3

r
vV e

(a) 0+ densities, shell height less than 7.8 cm

Area name Area 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2017 2018
(ha)
Yeppoon 429753 46 (17) 19 (10) 4 (15) 40 (7) - - - - - - 32(10) 13 (7)
YA 27711 447(7) 38(2) 83(3) 134(4) 160(6) 176(4) 69(6) 87(9) 129(4) 42(5) 230(9) 51 (6)
YB 31680 26(5) 81(3) 10(3) 84(4) 18(7) 79(3) 38(7) 39(8) 87@) 15(4) 4709 50(5)
Bustard Head 378213 81 (17) 17(10) 16(16) 22 (7) - - - - - - 16 (13) 22 (7)
BHA 31501 126(7) 40(3) 50(4)  55(4) (11032) 30(3) 103(5) 49(11) 52(3) 30(3) 26(8)  48(6)
BHB 31516 (11452) 62(2) 34(5) 32(6) 64(6) 35(3 @ 79(6) 60(7) 22(3) 19(4) 17(8) 62(7)
Hervey Bay = 264299 29 (15) 13(6) 80 (13) 32(7) = - - - = = 38(11) 12(7)
HBA 31401 68(7) @ 24(4) 286(6) 144() 15(6) 17(3) 62(5) @ 116(7) 28(3) 12(4)  20(12) 36(9)
HBB 30400 30(8) 41(2) 160(3) 126(4) 20(6) 5(3) @ 18() 20(7) 6(3) @ 31(4) 10(7) 4(6)

K 6 g aFraser 231445

Island N - - - - - 9(12) 58 (7)

(b) 1+ densities, shell height greater than or equal tor.8

Area

Area 1997 1998 1999 2000 ~ 2001 2002 2003 2004 = 2005 2006 2017 2018
name (ha)

Yeppoon 429753 42 (23) 49 (43) 36(23) 91 (37) - - - - - - 50 (19) 117 (22)
YA 27711 16(8) 101 (41) 109 (17) 423(11) 452(36) 22(8) 92(19) 31(45) 98(7) 346(20) 1(15) 177 (23)
YB 31680  63(5) 60 (45) 104 (14) 144 (11) 464(32) 23(10) 72@3) 41(41) 133(7) 217 (14) 122(13) 181(18)

Bustard 378713 58(22) 81(43) 114 (24) 59 (37) - - - - - - 8(24) 127 (20)

Head
BHA 31501 140 (7) 202 (42) 132 (15) 405 (11) 420 (54) 118(8) 54(23) 453(56) 25(6) 51(13) 23(11) 311 (22)

BHB 31516 650(14) 271 (41) 234 (17) 316 (16) 357 (33) 177(8) 157 (18) 162 (37) 53(7) @ 160 (14) 33(12) 373 (25)

Hg;‘l’;y 264299 30(14) 92(43) 97(21) 58(37) - - - - - - 84 (18) 155 (25)

HBA 31401 109 (7) 181 (41) 258(19) 305(15) 244 (30) 94(6) @ 63(19) 678 () 138(6) 176 (14) 271 (17) 328 (13)
HBB 30400 90 (9) 99 (42) 18(17) 126 (13) 38(29) 34 (6) 8 (18) 40 (39) 15 (5) 54 (14) 39(10) 92 (21)
Kdgar

Fraser = 231445 - - - - - - - - - - 592 (23)  15(15)
Island

51



Table 10. Mean modelled (krigihcommercial scallop densities per hectare by survey area and year. The densities were for

commerci al

shel l

heights

O 8.8

¢ imndicates o isutvey: Tthe densities wese sealeceup byn
a survey catchability value 470.6205 (Joll and Penn, 1990). Adjustment of densities to other catchability values is by x 0.6205, and
then divided by the different catchability value, e.g. of 0.2, 0.3, or 0.4.

Area

Area 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2017 2018
name (ha)

Yeppoon 429753 32 (18) 41(37) 28(17) 70 (27) - - - - 26(12) 66 (17)
YA 27711 11(6) 79(36) 93(13) 224(9) 167(29) 14(6) 36(14) 13(40) 61(6) 121(15) 0(10) 159 (18)
YB 31680  48(4) 39(39) 77(11) 107 (9) 442(26) 14(7) 59(17) 22@36) 117(5) 135(10) 64(9) 137 (13)

B}‘fet:(;d 378213 46(17) 60(37) 83(18) 42 (27) - - - - 6 (15) = 50(16)

BHA 31501 120(6) 160(36) 111(12) 267 (9) 319 (42) 82(5) 45(17) 442(50) 9(4)  39(9)  17(8) 240 (18)
BHB 31516 536(l1) 181(36) 164(13) 169 (12) 227 (27) 103(6) 121(14) 123(32) 39(5) 140(10) 25(8) 164 (21)
ngg;y 264299 24 (11) 77(37) 73(16) 50 (27) - - - - 83(12)  135(20)
HBA 31401 80(6) 175(36) 231(15) 280 (11) 240(24) 91(5) 56 (15) 653(34) 112(4) 135(10) 255(12) 318 (12)
HBB 30400 71(7) 94(37) 8(13) 120(10) 37(24) 33(5) 7(14) 30(34) 11(4) 36(10) 38(7)  90(16)
Kdgar
Fraser = 231445 - - - - - 447 (14) 11 (15)
Island

Table 11. Yield reference points from the 2018 esurirhe estimates were mean tonnages (scallop meat weight), with normal 95%
confidence intervals in parenthesis. Harvest rates were Tralnte 13 Survey catchability assumed 0.6205. For a lower catchability
of 0.3, potentialields will double in the table.

Reference point Ha;:;iﬁ;:]ate All ten areas Region 3 Re%g;\z’ no
o 0.23 184 (166 : 203) 180 (164 :196) 127 (114 :141)
Fusy 0.21 168 (151:185) 164 (150:179) 116 (104 : 129)
Faso 0.19 152 (137 :168) 149 (136:162) 105 (94 : 117)
Feso 0.14 112 (101:123) 110(100:119) 78 (69 : 86)
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Figure 25. Il'llTustration of the broader fished areahoufobot prin
fishing. The area hectare measures ard@able 9.Scallop trawling was based on the vesgeed derived from VMS consecutive
polling distances, and where the fishers reported a catch of scallop.
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Figure 26. Observed (unadjusted) survey densities for all scallops 2018. The left bubble plots illustrate the data and survey
sites. The righplots illustrate the spatially modelled densities.

4.3.2 Model estimates

Biomass ratios were similar for the different survey catch efficiencies, and reported results mostly focussed
on the midpoint 0.3 setting.

The models analysed natural mortalit§) (with annual changes in mean winter SST. The logit form of
linearly relatingM and SST was greater for spatidl modelling of 197v2018 catch rates, than for 1988
2018 catch ratedigure 27andFigure 2§. The log linear form, used in spatidP, estimated a more
tempered relationshig-{gure 29. The assumed survey catch efficiency did not change estimates. Results
were sensitive to changing natural mortality withated SST effects.

Based on the data, estimates of temperature vakimgrecent years 2012018 were above the mean in all
analysesKigure 27 Figure 28andFigure 29. The modelled consequence was for conditions for reduced
scallop survival, abundance and fishery yield. This result, in the context of future fishery management and
harvest strategies, suggested harvest/effort control rules might need alléaverigh M, in the order of 8%
suggested by the range chang#linThis is an important consideration, given that many years in the last two
decades experienced above average winter SSTs, in the orddrlo0 06 warmer waters than the reference
winter SST of 21.096°C for 1977, when Dredge (1985) tagged scalldpigiufe 27.
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Figure 27. Natural mortality predicted from the spatdll model using catch rates 1972018, for a) survey catchability 0.2, b) 0.3,
and c) 0.4Per cent scale 4-exp(M).
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Figure 28. Natural mortality predicted from the spatMll model using catch rates 198818, for a) survey catchability 0.2, b) 0.3,
and c) 0.4. Per cent scalelexptM).
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Figure 29. Natural mortality predicted frothe spatialM2 model using catch rates 1972018, for a) survey catchability 0.2, b) 0.3,
and c) 0.4. Per cent scale =exp(M).

The resulting influence of temperature varying natural morta¥fywas significant on measures of

spawning biomass. Trde inFigure 30diverged between two versions of the-tara spatial model. This

was due to the higher temperatiglogit) effects, lower estimated steepness at the 0.2 limit, differences in
the negative lodikelihood furctions, extra parameters and method used to control occurrences of high
harvest rates approaching 100% to calibrate the sipatiahodel Table 6,0n page?3). The spatiaM2

calibration also reulted in low steepness between 0.2 and 0.3, but gradually penalised overly high harvest
rate solutions > 80%, to produce a higher prediction with more tempered recruitment deviations. Apart from
these key differences in calibration, both models had tine g@pulation dynamics.

In Figure 30spatiatM1 spawning biomass ratios diverged early. This related to higher mantingm

spikes in SSTs in 19580, 1965 and 1974. The spatMl stronger temperature effect, high 1923818
recruitment deviations (log standard deviation = 0.68), and no recruitment compensation behaviour with
steepness near 0.2, set the biomass trajectory on a lower path than thd/@oetalel. From 1977, when
catch rate information was available, thend in the models were generally similar. The spMilrend,

with marginal recruitment compensation around 0.26 and the deviations 20483 0g standard deviation

= 0.44), predicted an increased 202809 spawning biomass above 20%. The increasénvhe catch rate
data(Figure 18. Estimated spawning biomass ratios, with SST affedfingiere low in 20162018, around
10% of 1956 levelsHigure 30.

To expand on results Figure 3Q the separated mortality components illustrate the relative roles of SST and
harvests on scallop survivdigure 3). Figure 31summarised annual mortality componemsross areas, in

the population equation for scallop survival, eXp(equation 5 infable 28,0n page/8 Appendix12.4). In

Figure 31the relative SST effect measured change in natural mortality from the mean instantaneous rate of
0.09per month, and compared against the relative harvest effect on scallop mortality. The model analyses
and the resulting mortality fractions kigure 31suggested:

1 The mortality effects were higher in the logit formulation in spdiia| than the loginear form in
spatiatM2. However, the patterns were the same.

1 Before 1988 irFFigure 31the blue index for SST effect was proportionally higher than the harvest
component (red index). This was when scallop biomassigher.

1 The blue index prd980 generally suggested better SST conditions for scallop spawning and
survival (negative values lml zero), except for the years of 1959, 1965, 1970, 1971, 1974, and
1979.
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1 Before 1980, the model analyses suggestetthad SST influences on scallop survival were more
than the harvests (harvests showfigure 13 page28).

9 After 1988, the harvest effect increased to either match or dominate the mortality component
(fraction).

1 For example in 2001, the high harvest rate on available scallop negated the reduced scallop mortality
from lowerSST.

1 The model results suggest that fishing has played a role in the depletion of scallops 4i886ghe

1 Interestingly, the extreme flood years of 1974 and 2011 coincided with increased3&mter

Figure 32illustrated thenfluence of SSTs on the results of the models. Removing theNs&Jationship in
spatiatM1 resulted in higher spawning biomass ratios. For the solution without SST, there was higher
recruitment compensation and lower measures of harvest rates.-B8 nesults, using 1972018 catch
rates, suggested that catch rates fell sharply at about 12% spawning biomass ig20&é@@). The
estimate increased to 30% spawning biomass in 2018. Similar to findings from the Canuula||
(described irt.3.2.), the result from using 1988018 catch rates and no temperature data was too varied
and unstableRigure 3d).

The result from the neapatial model analysis sugged the 2018 region 3 spawning biomass was at 22%
(95% confidence interval 132%) of virgin level in 1956Kigure 33. The closdfitting confidence intervals
were a product of the loAgrm decline in catch rates, steeprigmiag low near its theoretical limit of 0.2

andi LL constraints. Broader uncertainty was revealed by comparing between model analyses, having
different structural setups and assumptions. These results, considering 95% confidence intervals around
predicticns were generally £130% on all biomass ratios, suggested the 2018 region 3 spawning biomass
was below 3040% of virgin levels in 1956Fjgure 34.

Some example parameter estimates and model diagnostics are in the repodiA[2.6,Figure 61on
page97.As noted above, measures of reproductiverébe steepness) were low. This important

parameter indicates that the fisp@eeds to ensure that sufficient spawning biomass is present each year
during winter to support future yields and profitability.

Annual recruitment variability (log standard deviation) was high betweeil @34 scallop
catchability/availability increasd by 50 100% to match January catch rates when closures opened to fishing
(e.g. the January effect is illustrated beloviFigure 38for catch rate reference points 202016), and

seasonal recruitment and catchability padevere present.
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Figure 33. Spawning bioass ratio from the nespatial model, using 1972018 catch rates, and survey 1+ catchability of 0.3. The
line-shades illustrate 95% confidence intervals from the MCMCs.
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Figure 34. Spawning biomass ratios from select models, to demonstrate the ranggicifons. All used a survey 1+ catchability of
0.3.

4.3.2.1 The previous model, Campbell et al. (2012)

Figure 35showed the M1 spawning ratios from fishing years 12083 related to fishing year 1977. The
model predited a low spawning biomass in 2016, with a marginal increase ifi 2018. The 2018
spawning prediction was about 10% of virgin.

The estimated spawning ratios for M3 were very different to model predictions using th2Qll87@atch

rates(Figure 35. The Campbell model estimated higher and more variable spawning biomass ratios without

the knowledge fromtheptk 988 catch rates. Sensitivity analysis
unstable for M3 using 1982018 catch ri@s Figure 36. The 2016 stock assessment reported that the result

of M3 was less reliable with large confidence intervals (Yang et al., 2016). Hence, M3 was not an acceptable
result.

——1977-2018 catch rates
——1988-2018 catch rates

197
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Figure 35. Spawning biomass ratiosifin the Campbell et al model.
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stable. Scenarios represent different optimisations. The S ratio labels are the samgpaswvifiag ratio E labels in other figures.

4.3.3 Indicators and reference points

The development and reporting of fishery status indicators are crucial for the provision of information
needed to manage fished stocks. It is equally vital for underpinning maerigerocedures that seek to
reach stock sustainability goals (Sloan et al., 2014).

Fisheries Queensland is planning new management procedures for the scallop fishery. Appropriately, this
report provides new information on scallop indicators and refeigiogs to support procedures for region 3
(Figure 3.

In summary, region 3 indicators and reference points (for spawning biomass, fishing harvest, effort and catch
rates) assumed a constant rate of natural mortdityn ime. However, reference points were less clear,
complex, and impractical in the planned management procedure when results were split spatiallyMbr when
varied in time with changing SST. Simple biomass projection methodology (Richards et al., 1998)nbased
levels of fishing effort rather than specific reference points, were easier to investigate than spatial and
temperaturelependent estimates . Results provide options to avoid ovarvesting, and help promote

more profitable and successful fishing.

The nonspatial model (region 3) generated the equilibrium reference pdmitée(12 and calculated that:

§ The maximum sustainable yield was around 430 t. This was wyaB45% of unfished 1956
biomass. This equilibrim point was associated with a standardised effort of 2243dagatper
year. Boatdays were standardised according to a modern day vessel. That is a vessel with 337 HP,
fishing 12 hours a night, with sonar, GPS, quad gear and drop dladile 6. This was for a boat
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of around 55 standardised hull units. Effort units = standardised days x standardised hull units
(O'Neill and Leigh, 2006).

q Estimated equilibrium yield atéggwas 393 t, with associated effort of 1521 bdats peryear.
q Estimated equilibrium yield atsBwas 425 t, with associated effort of 1977 bdays peyear.
q Estimated equilibrium yield atdwas 427 t, with associated effort of 2475 bdays peyear.

A plot of the total harvest from region 3 (Yeym, Bustard Head and Hervey Bay) showed that since 2013
harvest was below MSY and equilibrium yield faf B-igure 37. Furthermore, estimated spawning
biomass ratios in 2018 were less than levelsyef Br Bso. Higher bionass is required to attain potential
equilibrium harvests.

A plot of observed catch rates and equilibrium catch ratEgyure 38showed that since 2015 observed
catch rates have always been below all three equilibriurh cates.

Table 13shows the expected yields, for harvest rates applied to the 2018 biomass. For fishing 2018 biomass
at MSY, the yield is around 161 t, which was about the current 2018 harvest in region 3. The effort to fish
the 161 t would correspond to the same number ofdimzat at equilibrium MSY. Thus in order to rebuild

the scallop population to a higher level, the fishing effort may need to be less than current.

Table 12. Equilibrium reference points for region Jefpresents the equilibrium harvest rate, listedable 13.The estimates were
medians from MCMC, with 95% confidence intervals in parenthesis. The estimates assumed &@&180dattern of fishing, with
SRAs closed.

Equilibrium vield Effort Effort units Catch rate
(tonnes) (boat-days per year) (baskets per boatday)
Feaoat Bao 427 (360 : 497) 2475 (2151 : 2863) 136101 (118318 : 157447 23 (21:25)
Fwmsy at Busy 430 (363 :499) 2243 (1938 : 2642) 123338 (106613 : 145291 25 (23 : 28)
Fesoat Bso 425 (360 : 490) 1977 (1723 : 2271) 108729 (94744 : 124893) 28 (26 : 32)
Feesoat Bso 393 (333 :448) 1521 (1330:1739) 83661 (73158 : 95625) 34 (31:38)

Table 13. Reference points for 2018 region 3. The estimates were smdrarMCMC, with 95% confidence intervals in
parenthesis. The estimates assumed theiZB pattern of fishing, with SRAs closed.

Harvest rate

Current fraction Yield (tonnes) Effort (boat-days per year) Effort units

Feaoat Beois 0.23 (0.16: 0.33) 177 (140:229) 2466 (2150 : 2836) 135656 (118244 : 155971)
Fwvsy at Brois 0.21(0.15:0.31) 161 (127:211) 2239 (1940 : 2623) 123128 (106675 : 144265)
Fesoat Brois 0.19 (0.13:0.26) 142 (113:183) 1979 (1728 :2266) 108861 (95064 : 124614)
Fesoat Brois 0.14 (0.10: 0.20) 110 (87 :141) 1530 (1341 : 1744) 84175 (73741 : 95943)
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Figure 38. Standardised catch rates and reference points for r&y{¥eppoon, Bustard Head and Hervey Bay). The white area
represents biomasses less tharzBthe red area betweernuBrand Bso, and the green area betweegy8nd Bo. The reference
points were for a commercial 9 cm minimum legal size.

The nonspatialforward projections of fishing efforffable 7,page25) are inFigure 39 Under no fishing,

the spawning stock biomass ratio (labelled E) increased to almast state after 20 years. Under MSY
fishing effort and current fishing effort pattern (i.e.-sionth fishery), the spawning stock approached 43%
after 20 years, which was near the 45% ratio under MSY equilibrium. For the fishing efforts projected,
except br 5000 boatay example, the spawning stock generally increased after 20 years, withrtrangix
fishery having slightly higher spawning ratios than the{month fishery. Under a high fishing effort of

275 000 effort units (or 5000 bedays), the spaning stockdeclined.

For a proposed status quo fishing effort of 118 000 units, the spawning stock after 20 years reached 43% and
39% for the sixmonth and fowimonth fisheries respectively. The femonth fishery projection had lower

ratios than the simonth, due to the same effort fished at high concentration. The stock benefits of a four
month fishery would be realised with a proportional matching of reduced effort.

For the fourmonth fishery, harvest reached levels of 395 t after 20 yEmysre 39. A six-month fishery
reached marginally high harvest levels of 406 t after 20 years.

Average annual catch rates for the fouwnth fishery reached about 22 baskets pertaaafter 20 years,
and about 24 baskets per bday for the sixmonth fisheryFigure 39.

Figure 40shows the number of years required to attain the reference points, for a range of fishing efforts. For

63



example, spawning levels were ardw0% (&) after 16 years, for a sixionth fishery and 118 000 effort
units.

The horizontal dotted line iRigure 40was based on a recovery time that was suggested by the Australian
Government (Australian Government, 200F9r saucer scallop, the calculation was as follows: recovery

time is the minimum of 1) the mean generation time plus ten years, or 2) three times the mean generation
time (Australian Government, 2007). The mean generation time is the average ageaductieply

mature animal in an unexploited population. For saucer scallops, the mean generation time is about 1.5 years.
Thus based on the Australian Government (2007) definition, a suggested recovery time for the saucer scallop
population could be threenes the mean generation time, namely five years. Note that no recovery time

lines currently exist in Queensland Governmaoiicy.

Historic
— 0d, 0 eu = no fishing

215d = 10% of 2145 d, 11825 eu
— 858 d = 40% of 2145 d, 47190 eu

1502 d = 70% of 2145 d, 82610 eu
- 2145 d, 118000 eu = new proposal
2243 d = MSY, 123365 eu

5000 d, 275000 eu = higher example

] a) Six month fishery ] b) Four month fishery
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Figure 39. Simple forward projections of a range of annual fishing efforts, for a) depositing the effort intoangixfishery, and b)
into a fourmonth fishery. Each row of plots illustrate forecasts for the annual spawning biomass ratio, harvest and catch rate. The
projections assumed deterministic recruitment in the-spmatial model for region 3.
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Figure 40. Rojected recovery times (years orayis) for a range of annual fishing efforts (effort units eaxis) to achieve

spawning biomass reference points (E), for a) depositing the effort intengosith fishery, and b) into a founonth fishery. The
projections assumed deterministic recruitment in the-gpatial model for region 3. The new proposal line was a hypothetical value
discussed in early management meetings with industry.

The projections that used spatial models with -88llienced natural mort&y were more speculative, more
complex, and required subtle understandkigure 4). The outline of projection settings for spalid? is
belowTable 7,page25.

Under the SST scenario for 190®50, spawning biomass reached 34% gdfter 20 years, if there was no
fishing pressure in future yeafSigure 45). Under a proposed fishing effort of 118 000 effort units (eu),
spawningbiomass was 30% ofy@after 20 years, under the assumption that future SSTs were around those
observed from 190@950. Under higher fishing pressure of 275 000 eu, spawning biomass increased to only
26% after 20 years for the past SST scenario.

If SSTs were projected to be the same as the 12098 period, then spawning stock did not recover,
irrespective of the fishing effort or recruitment deviatibig(re 4b). Spawning biomass was 5% after 20
years even under no futuiishing pressure.

From the depleted spawning stock in 2018, which was nearBiQUe 41projections illustrated that
recruitment deviations and SSTs might limit population growth. Generally, there was little difference in
future spawning ratios between the projected fishing efforts less than 50afalgsaResults ikigure 4k
mimicked improved habitat and environmental conditions for scallop survival, via reducing average SSTSs.
Whereas, ifSSTs remained similar to those during 1999 to 2018 (above average), then population growth
may be more limited.

All projection results were illustrative, to help inform fishery management decisions. It was impossible to
speculate future outcomes, SSTsruément deviations, and zo#sy-month harvest rates. Although they
were speculative, the dramatic difference between forecaBigure 45, andrigure 4b were evidence to
treat rising SST féects seriously.
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Figure 41. Spawning stock ratios (E) for various levels of fishing effort and two levels of sea surface temperaturesapgoakt
to the 19001950 average, and b) equal to the 192018 annual pattern. Projected recruitment déwias used the 1992018

pattern, for spatialM2.
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5 Discussion

The scale of increase in SST over years was not immense, but the increasing trend was clear from the data.
For Western Australian saucer scallops, which experienced a sudden marine heat atanelesummer

of 2010/11, the SST anomalies were in the ordei 4f°Z above average (Caputi et al., 2014); much higher
than for Queensland scallop betweeri 0.8 °C(Figure 273. Irrespective of the scale, increasing S$iay

affect population levels of scallops, and may have lasting effect of reduced survival or recruitment of
scallops. The occurrence of SSTs conducive for spawning is crucial to ensure adequate recruitment, larval
development and scallop survival (Capeital., 2014).

Interestingly, based on SST data, it has been hypothesised that SST affects othspaivrarg species.

For example, it was hypothesised that the length of spawning seasons flvddrenapper in Queensland

was reduced when SST foest data were increased (P Hamer work for: Wortmann et al., 2019). For
Queensland scallops, the monitoring of SST patterns may help understand the annual variation in the timing
and length of spawning season, which could inform harvest strategy decisimg.ma

While scientifically interesting, the results from using SST were difficult to interpret for the purpose of
fishery management, and the models could not calculate usable reference points. This was because of the
changing values d¥l, and the assodiad impact on the spawnegcruitment dynamics. Use of such an
approach in fishery management would introduce unwanted complexity.

In addition, the performance of the spatial models was limited by assuming common recruitment deviations
across zones. Thigas to avoid compounding the number of estimated parameters for the full recruitment
variation (interaction) between years and zones.

All analyses resulted in model convergence (maximum likelihood estimates), and satisfactory goodness of fit
to the trendé$n data. However, the structures and settings of the model could not predict all catch rates or
densities perfectly. This indicates some variance in the data remains unexplained, and the random temporal
spatial patterns of residuals were difficult toaepe between errors relating to data observations, scallop
catchability and abundance dynamics of scallop recruitment and survival. Tegtldg adnstraints helped
improved sensible estimates, but did limit MCMC behaviour. All models responded pobidy teteepness,

and it was a challenge to estimate away from the theoretical (linear) low limit of 0.2. Therefore, estimates of
steepness and virgin recruitmentwere highly correlated. Further minor work is required to investigate low
steepness, and ggibly substitute the Bevertétolt recruitment equation for a Ricker form (Haddon 2001).

The primary assumption in the modelling was that the Queensland voluntarily record®89reatch rates
were standardised suitably against gi#88 catch rates.hHe prel989 catch rates provided crucial contrast
to model change in abundance between 1956 and 2018. Without this contrast, model outputs were less
certain as found for analyses using only 1288 8 catch rates. To standardise#89 catch rates to the
2018 fleet, fishing power characteristics were set to be the same as those of t1989¥@ssels. Further
work is required to verify historical ptE989 standardised catch rates and fishing power.
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6 Conclusion

This project has described data, methodalyaes, and results to inform management procedures, and to
explain the respective roles of fishing and environmental influences on saucer scallops. It has also
highlighted new models for setting sustainable harvest and fishing effort. In this regaesultse

demonstrated the importance of using and regularly conducting surveys to help calibrate information for
fishery stock assessment and management. This has produced results to help understand and rebuild the
scallop fishery. The work contained inghieport has national relevance to other scallop fisheries.

6.1 Associations between saucer scallops and environmental variables

Analyses focused on correlations between scallop catch rates and SST-and@hle average winter SST
was negatively associatedth scallop catch rates over the months that followed. Associations with Chl
were inconsistent, compared to earlier analyses by Courtney et al. (2015), which found a significantly high
correlation of 0.85 between November standardised commercialraggshand Cké in June (five months
earlier). This initial correlation was based on relatively few years of observationg 22032 n=12) due to

the relatively short time series for the available-&llata, which were from the MODIS Agqua satellite that
was launched in May 2002. The correlation was confirmed using updated catch ratesalat@Hiom

2014, but the relationship was much weaker when additional data from 2015 and 2016 were eventually
included.

The designed population models tested thertime series of winter SSTs. The scale of increase in sea

surface temperatures (SST anomalies) over years was not immense, and the Queensland scallop fishery does
not appear to have endured high SST anomalies like thé 2012 marine heat wave eventWestern

Australia (Caputi et al., 2014). Results were most sensitive to the assumption of natural mortality, and related
SST effects.

The SST data were confounded with abundance, with SST rising at the same time that abundance was
falling. As a result, anchange in abundance maybe overly ascribed to SST, rather than to other elements of
the model. However, the falling abundance could well be due to another undocumented environmental effect,
or a greater effect of fishing than the model estimated. Tex tdtld be revealed by a lower natural

mortality rate than Dredgd 985).

The modelled consequence of increased SST was for reduced scallop survival, abundance and fishery yield.
This result, in the context of future fishery management and harvesgissasuggested harvest/effort

control rules might need allowance for high natural mortalities, in order of 8% per month suggested by the
range change iNl. This is an important consideration, given that many years in the last two decades
experienced abowaverage winter SSTSs.

The stock assessment can suitably describe scallops with and without the SST data. The simpdtiahon
and nortemperature model herein, together with suitable target reference points and harvest/effort control
rules, could effetively manage the fishery. Verification of any management procedures is best through
Management Strategy Evaluation (Punt et al., 2001; Punt et al., 2016).

In addition to this advice, estimates of natural mortality are soon to be revised, and potentatid, by

FRDC project 201-D48. This may suggest saucer scallops are ldihge=t and that measures of fishing

mortality are higher than estimated previously and herein, therefore better explaining the declines in catch
rates prel988. Lower estimated aatural mortality will change the research assumptions. Irrespective,

scallops have a strong spawnecruitment relationship, and historical fishing has played a key role in the
stockds depletion. Clearl y, ma neyencyg gomts, and atfimebther v e s t
data suggested extreme harvest rates. Management procedures need to ensure a sufficient winter spawning
stock remains each year to support the scallop population and fishery.
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6.2 Saucer scallop population size and results for management
procedures.

The results from the nespatial model analysis suggested the 2018 region 3 spawning biomass was at 22%
(95% confidence interval 132%) of virgin level in 1956Kigure 33. Broader uncertainty was reved by
comparing model analyses, having different structural setups and assumptions. The greater uncertainty in
results suggested the 2018 region 3 spawning biomass was below 40% of virgin levels FigLi8&3§
(consideing 95% confidence intervals around predictions were genefittyand +10% on estimates). The
results indicate that the scallop spawning population size was less than spawning levels for MSY at 45%.

The population results provide support for the new owpd Queensland Government management

procedures. For 2018, the precautionary result suggested up to 160 t of scallop meat was a sustainable
harvest from region 3. After heavy fishing, mi ni m
the refeence points and model projections, around 84 000 effort units will lead to higher biomass to achieve
the Sustainable Fisheries Strategy ecological objectives. The effort units equate to about id&¢sboat

scaled to the potential fishing power of thesfle

To improve management procedures, settings of recommended biological catches (RBC) and fishing efforts
need to weigh up the uncertainty and risk levels in results, confirm a target reference point, and ensure from
model projections that any RBC wiltgruce increasing spawning biomass for the short term. This is critical
given scallop spawning biomass is depleted below the MSY biomass level.

Currently, no Queensland Government policy defines a harvest control rule for rebuilding/increasing fished
popuation biomass. The Australian Government (2007) and Sainsbury (2008) provide example guidance,
and suggest rebuild times based on considering the life history characters of the fished species. The
Australian Government (2007) summarises:

1 Typically, recoery times are the minimum of 1) the mean generation time plus ten years, or 2) three
times the mean generation time. Note that the mean generation time is the average age of a
reproductively mature animal in an unexploited population. For saucer sciliepsean generation
time is about 1.5years.

9 Further, for stocks above B (20% spawning biomass ratio), but below the level that will produce
maximum sustainable yield (Bv), it is hecessary first to rebuild stocks tasB Once stocks are
above Rusv, rebuilding shall continue toward the target biomass& However, the rate of
rebuilding may be slower and shall be determined in a way that considers the appropriate balance
between shofterm losses and longer term econogams.

Reference points faviSY indicated catch rates below 25 baskets per-Bagt as a threshold, gauged poor
abundance of scallops on the ground. This measure can allow fishers to judge the cost/benefit of fishing in
different areas and times, as well as for management to muaaitam year trends of the fishery to tailor
appropriate harvest control rules.

The project, met hods and results feed directly in
modetbased harvest strategy for scallops. Use of thespatial agéhased assessment herein, provides the

best rapid and repeatable assessment methodology to produce a harvest control rule (e.g. like the rules by the
Australian Government (2007)). The estimated recommended biological catches and fishing effort are the

best aailable advice on what sustainable fishing pressure is for the scallop population.
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7 Implications

Adoption of the findings and recommendations may result in the following:

1.

Outputs of the project will inform new management procedures; which are happederghe
Queensl and Governmentdéds Sustainabl e Fisheries
rules. Use of the advice herein, may result in a doubling of current fishery yields from below 200 t to
near 400 t in futurgears.

An opportunity for fshers to improve planning and profitability of their fishing operations, through

an understanding of expected current and future harvests. Use of results will help to produce and
maintain higher catch rates than would otherwiseur.

Recognition of impreed fishery sustainability for domestic and oversearketing.

Industry are now more aware that elevated sea surface temperatures may reduce scallop abundance,
catch rates, landings apdofits.

Shortterm model forecasts indicate that past levels ofdsirv 400 t are unlikely. This needs to be
considered by fishers and processors, and the fishery managers in regard to managing effort and the
number of licensed vessgperators.

In terms of outcomes from the research, fishery managers have been irdicdedlg through discussions
with project staff and through the projectédés join
postproject, and strengthened from inputs from the traatking group.
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8 Recommendations

Based on findings from thiswugdy, further research and other activities needed to improve and develop
management of the scallop fishery include:

1.
2.

Management procedures need to control fishing efforts to increase $tatitass.

Maintain closure of the SRAs in the shtetm until sone spawning recovery is measured. If SRAs are
reopened in the future, thenegaluate the length of closed seasons (how long they need to be open and
closed). It appears scallop abundance increases proportionally to the closed duration, and past modelling
suggested closure times of at least three years (Campbell et al., 2010a). This signal was in the survey
densityestimates.

Update estimates of natural mortality and growth, using all historical tagging data and new results from
FRDC2017048.

The governmetnand industry need to continue the annual fishery independent abundance surveys to
validate stock status and to optimise management procedures. A rigorous survey design is crucial.
Digital instruments are required to better measure the depth, positiswaptarea of each survey trawl

and vessel, and improve calibration measures between survey vessels -lGsadrsurveys of the

seafloor result in higher detection efficiency of Atlantic sea scallops compared to dredge surveys, and
may also be more efiient than the trawl method used in Queensland surveys (NEFSC Sea Scallop
Working Group, 2018). Experiments designed to measure scallop catchability would improve
interpretation of each yearés survey dagmsneti es.
directly from the surveinformation.

Monitor, assess and report on sea surface temperature/ocean anomalies, and consider forecasts in
management discussions. Consider deployment e$pgéeific sedloor water temperatuigensors.

Review the timeseries data on trawl fishing power through compulsory logbook gear sheets. The impact
of improved technology is an important consideration for standardising indicators of abundance (catch
rates). Some fishing technologies have been included in this mssesbut others have not due to lack

of information. In many fisheries, there are advances in technologies in addition to those assessed in this
report. Fishing effort continues to change with ongoing technolagiis@ncement.

Continue to evaluate and jomove the time series of standardised catch rates. Validation of catch data is a
priority for fisheries management across all commercial fisheries. Improved information on hours fished,
the fishing gear used, and precise fishing location information @hre1S and TrackMapper) will

enable modelling of the changing dynamics of fishing and produce better indices of abundance.
Dedicated work is also required to analyse the HTrawl catch rate data for the ye&9837The

guality of the HTrawl data may imgve by further checking anerification.

Further work on model projections and management strategy evaluations regyibed.
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9 Further development

Further estimation of scallop recruitment deviations is required to develop the spatial stock model. Time
prevented this, and the methods are below.

The model has enough catch rate data to fit one recruitment deviation per year, covering all areas. The
biomass, which ultimately depends on the recruitment, is fitted to catch rates, for which there isaalready
error structure.

The standard interpretation is that the error in fitting catch rates is composed mainly of experimental error in
the catch rates (i.e. the error is primarily in the catch rates, not the recruitment). A major point is that it

actually nakes no difference to the modating procedure if it is instead assumed that the error is due to
regional deviations in recruitment (i.e. it is primarily in the recruitment, not the catch rates).

To make this work, total biomass in each year (summed @l areas) needs to match the overall catch rate
in that year. Then the total spawning biomass will be accurate. This is only needed for thectotent
relationship, because the spawning biomass is summed over all areas.

A straightforward way t@achieve this match of predicted biomass to observed catch rates in each year is to
use a Poissonquasii kel i hood i nstead of the |-mgmachingal | i kel

The detail below provides the formulae for the Poisson dikadihood for catckrate matching.

Note also that there may be a case to do a separa
Oceanographic modelling suggests that the spawnin
(Courtney et i, 2015). If so, the population spanning the other zones could be analysed separately from
Kbégar.i

Poisson negative lodikelihood for matching biomass to standardised catch rate.

Notation

Xk = standardised catch rates at time steparea or zon& before scaling to biomassote time steps should
be the same in each area

s«= scale factor for standardised catch rates in area orkzonsonvert them to units of biomass
yik = standardised catch rates after scaling to biomass s

s = dispersion parameter for converted catch ratesq not depend on area or zpne

» = estimator ofs

n«= number of catch rates in area or z&righould be the same for each area or Zone

n«= degrees of freedom for catch rates in area or kone«minus number of parameters estimated,
generally =n¢i 1 to account for estimation ef.

mi.= predicted biomass from population model at time sief@area or zonk
B, = maximum likelihood estimator of m, fromthe poplation model

-LL = negative logikelihood

Recap on the lognormal model

8. ‘
s =expia (logx, -logm, )/r]( : makes the geometric meanyof match that of.
\

li=1
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£=\/é allogy;, -log mY / as.
k

k i=1

NLL = § agogs 44(y, /,p)z/ % which, after we substitut€ describedn Haddon (2001)nto

k i=1

the likelihood and substitute for nx, comes toaa n, |@g . Some userwould useny instead of,
Gk -
that is fail to correctfor the number of parameters that have to be estimated.

Formulae for the Poisson model

s =a %./ am.,makes tharithmeticmean ofy;x match that ofx.

i=1 i 2
£=23 a‘yI Iog Yie/ qg akr provided the above scaling has been done to rggke, = § 7,
k i=1 i=1 i=1
. The term involving logi k is deflned to be zero when = 0. The equation corresponds to estimating
the dispersiorparameter by the mean deviance, as is commonly done in generalised linear models.

NLL = § aezlogs J{/p Y. Ytlog yk/ p)}/ . After wesubstitute€ into the likelihood and
k i=l1

o

. a.. 0

n for n, thisreducegos s 7, 1§9 k.
G K -

The termilogs is inserted to make the maximdikelihood estimator ofs simplify to the mean

devianceAlthough technically this is a qualskelihood rather than a proper liketibd, it can also be
derived from a larggsample approximation of the Poisson likelihood (see below).

The advantage of the Poisson model

The major advantage of the Poisson model is that maximum likelihood estimates of biomass exactly satisfy
the equation

é. k:é.yik, (1)
k k

provided that the population model includes a recruitment deviation at each timarstiejhe biomasses are
not fitted to any data in addition to the catch rates. The lognormal model does not satisfy this equation.

A similar equation applies if recruitment deviations apply to aggregates of time steps, that is, the time step
may be monthly but the recruitment deviation may be annuais i set of time steps within a year, then,
instead of equatiofd), we will have

aaﬁﬁaaxk (2)

ik ik

Again the total biomass, this time averaged over the year, will be matched.

Equationgl)and(2ma ke t he model 6s t ot athatbi omass accurate

1 regional recruitment deviations are present but not explicitly modatieéd
9 the scaled, standardised catch rgtesrather than being subject to large experimental errors,
accurately represeabundance.

The accuracy of the biomass inturnensuret hat there are no major errors

biomass and subsequent recruitment.
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It is true that catch rates are assumed to represent exploitable biomass, which may differ from spawning
stock size, and this difference can affect the @axyuof this method. For animals such as scallops there
should be little difference. Inclusion of additional data such as survey catch rates (including small scallops
from the previous agelass) and survey lengthequency distributions could also prodwsmme inaccuracies

in equation(1). Again these should be small if the amount of additional dataad.

Derivation of the -LL from the Poisson likelihood

For an integer variatg~ P(r7), the Poisson likelihood is
lik =exp( 1) #y!.
For inclusion of the dispersion parameseand nonrinteger values of;, the likelihood becomes

o /s,

ik =(1/s)exp( -m X /'S @ s,
where the factor of/s accounts for the change in spagof the discrete values pfvhen they are scaled
by s.

We use StirlingG@sH)ftboxxiel asxY wh.i ¢ hT hiesn
ik (/s)exo( - m X /sy ) S exd v/ )
Ignoring the factoy”, which depends on data only, this becomes
ik (155 Jexo{(y - 7 W /9",

which matches the formula above for the negativdiladihood.
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10 Extension and Adoption

The project was, and will continue to be, extended and communicated to the end users, such as fishery
managers, other researchers, industry, and where apglitadbroader community.

The direct beneficiaries of the research are Fisheries Queensland, the trawl management working group, and
industry.

The research provided a number of benefits, and updated our understanding and expectations of the scallop
fishery. Principally, this was:

1 Detailed specifications for future stock assessment and management strategy evaluations. This will
enable Government and industry to better invest in fishery dependent and survey data, improve
fishery production, and contribute tomanagement through a harvest strategy frame(i#sk

9 Aspects herein have, and will continue to help harvest strategy design. This includes improved
information for indicators, reference points and harvest camnilex.

Scallop survey results (sisteroject FRDC 201-048) and data analyses from this project were presented to
the Queensl and Governmentodés Sustainable Fisheries
and Fisheries, 2018).

Discussions of results from both projects agaimsirtobjectives (FRDC 201348 and 201-D057) occurred

at the joint project steering committee meetings. The last meeting was at the Brisbane Airport Novotel on the
14/12/2018. Members of the committee include fishers, processors, Fisheries Queensaedt tBarrier

Reef Marine Park Authority, scientists from DAF, Department of Environment and Heritage Protection,
James Cook University (JCU), and Western Australia Departmétisiudries.

A combined extension strategy for the associated scallop préjRE€ 2017057 and FRDC 201848 was
developed. As the two projects are working in collaboration there was no benefit in developing two separate
extension strategies. Public extension of all scallop results is to occur by FRDO4B) Bt the end of the

project.

To date, the fieldbased project FRDC 20418 has led findings and communications. In this regard, scallop
survey results are with Fisheries Queensland, and the associated expert panel and the travgnaopking

Progress:

1) Method 1: Milestoneeportsi were available to the FRDC, Fisheries Queensland and the DAF trawl
working-group.

2) Method 2: Media releaseNo media release has been actioned to date. Extension of the project to
stakeholders commenced at the first project steering commititingnen 7/9/2017. Soon after
DAF was in caretaker mode for the State election, and Departmental communications were restricted
until January 2018. Scallop survey results are now public, and have been presented to the DAF
expert panel and trawl working grp. Fisheries Queensland are reviewing the survey results for
fishery management in 2019. No formal media release is appropriate at this time and
communications are to be actioned by Fisheries Queensland as soon as appraiyiztey with
the reporpublication.

3) Method 3: FRDC website or Facebdoko results or data are appropriate to release at this time.
This extension method will be actioned only after direction from the FRDC, DAF and UQ, in
conjunction with FRDC 201048 investigators. Significafindings will be disseminated through
social media (e.g. FRDC Facebook) as approved by FRDC, Fisheries Queensland and UQ at the end
of the project; along with Method-4Presentation of final results aretommendations.

Presentation of final project fifings, by Dr W=H. Yang, was at the Southern Inshore Trawl Region Harvest
Strategy Workshop 234 May 2019. The workshop was at the Hervey Bay Boat Club. There were about 16
fishers and processors present, many of whom raised points and questions. i@desal);, appreciated the
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work. The main scientific focus from industry was how we define a scallopdagatnd how this
subsequently affects the standardised catch rateseémes.

Dr W. Yang presented mathematical aspects of the scallop modeltingp® o6 Bi ometri cs by t

meeting in Kingscliff 2017, and the Satellite Workshop Applied*2 Probability event hosted by CARM, UQ
in 2019.

Dr . M. OO6Neill presented at the August 2019 Tr awl
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12 Appendices

12.1Data zones, areas and rules
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Figure 42. Spatial stratification of ten areas for the harvest data and thepgadipulation model (left figure), and the right figure
illustrates the corresponding logbook grids.
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Table 14. Historical commercial scallop data, (Dredge, 2006).

Data Details Notes

Time period 1.1.195631.12.1987

Records Annual records were by calendar year.

Harvests Meat weight was in tonnes. Converted to baskets using the conversiomfii@ble 29.

Spatial Aggregated teover the main fishing waters Trawling for scallops commenced in the riiI50s off the central

coverage of eastcoast latitudes south of 22° S Queensland coast, between 23° S and 25° S (Ruello, 1975). Wk
inclusive and north of 27° S inclusive. more than 90% of averagaraual scallop landings were taken fron

these latitudes, grounds in the vicinity of Hydrographer's Passac
(just north of 22° S) received intermittent recruitment and
occasionally produced commercial quantities of saucer scallops
(Dredge, 2006).

Table 15 HTrawl logbook catch rates. The scallop data were voluntary daily records per vessel between 1977 and 1987, prior to the
implementation of the compulsory CFISH logbook system in 1988. Table 8.3.7.1 in Project No 1999/120 (O'Neill et al., 2005)
provides adescription of historical trawl data sources and location of the data.

Data Detalils Notes
Time period 1.1.197731.12.1987

Records Daily records per vessel.
Harvests Baskets of scallops. Baskets used.
Logbook grids.  S28, S29, T28, T29 (Yeppoon), Previous projects used HTrawl data (O'Neill et al., 2005; O'N¢

S3Q T30, T31, U30, U31 (Bustard Head) om0 -eigh, 2006; Yang etal., 2016).

U32, V31, V32, W32 (Hervey Bay),
w33, W34, W35 (Kobg

Table 16. Queensland commercial logbook data (CFISH).

Data Details Notes

Time period 1.1.198830.10.2018

Records Daily records per vessel.

Harvests Baskets of scallop. Baskets used.
Area This covered the main fishing waters of

eastcoast latitudes south of 2%°
inclusive and north of 278 inclusive, ad
east of 149° E and west of 154° E
inclusive.

Species codes Caabspeciesid = 23270000 (scaliop Identified scallop for calculating
unspecified), 23270001 (scallepaucer), harvests.
23270003 (scallopmud) and 23270005
(scallop- queen).

Logbook gris for catch rate analysis S28, S29, T28, T29 (Yeppoon), These grids repr
S30, T30, T31, U30, U31 (Bustard Head 'Ot Scallop effort
U32, V31, V32, W32 (Hervey Bay),
W33, W34, W35 (Kbdg

Fishing method codes FishingMethodID=7, 37 Identified otter trawling.




Table 17. TrackMapper data (Good et al., 2007; Courtney et al., 2016).

Data Details Notes

Time period 1.11.200030.10.2018

Harvest and effort records Records for baskets of scallops and hours fished. VMS supplied the effdrdata.
Area Single area: this covered the main fishing waters of eas

coast latitudes south of 2%°inclusive and north of 28° S
inclusive, and east of 149° E and west of 154° E inclusi

Species codes Caabspeciesid = 23270000 (scaliopnspecified, Only minor harvests were against th
23270001 (scallopsaucer), 23270003 (scallepnud) and  nonsaucer scallop codes.
23270005 (scallopqueen).

Start time Exact. Start time = 0, End time = 24 hours

Spatial resolution 0.6 minute (1.1 km).

Vessé speed Between 0.9 m/s (1.8 knots) and 1.8 m/s (3.5 knots). Trawling was between these speeds
Catch selection >0 The scallop catch can be any

component of the
record, including records where
scallop was a minor component of tt
catch.

Table 18. Proportions of harvest by month and seven areas, from the GLM on HTrawl catch raté989.77

Calendar Yeppoon Bustard Head Hervey Bay
month (excluding S28) S28 (excluding T30) T30 (excluding V32) V32 Kégal
1 0.03896 0.02771 0.0349 0.02814 0.00106 0.01726 | 0.00049
2 0.03493 0.01540 0.02139 0.01592 0.00256 0.01229 | 0.00046
3 0.00789 0.02061 0.03372 0.01247 0.00038 0.00986 | 0.00002
4 0.00864 0.00561 0.00572 0.01512 0.00727 0.00889 | 0.01183
5 0.00584 0.00713 0.00467 0.00578 0.00014 0.00358 0.00276
6 0.00412 0.00215 0.00904 0.01052 0.00469 0.00375 | 0.00036
7 0.00455 0.00510 0.01459 0.01213 0.00155 0.00488 0.00064
8 0.00774 0.01547 0.02270 0.02102 0.00385 0.00732 | 0.00049
9 0.01251 0.00310 0.00795 0.01504 0.00051 0.02760 0.00169
10 0.02038 0.00976 0.01079 0.04097 0.00455 0.01088 | 0.00008
11 0.03757 0.01285 0.01984 0.03479 0.00470 0.01228 0.00171
12 0.04366 0.01731 0.02274 0.02371 0.00827 0.00776 0.00086

The overdispersed Poisson GLM, applied to the HTrawl data 19987 (Table 15, gave the proportion of
baskets harvested by fishing month and area, where area was defined by Yeppoon (excluding grid S28), grid
S28, Bustard Head (excluding grid T30), grid T30, Hervey Bay (excluding grid V32), gridiv@2aK 6 g a r i
(Table 18. The proportions ifable 18divided the historical datd &ble 14 by areas and months. The

monthly proportions were from TrackMapper.
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Table 19. Monthly proportions of harvest in SRA and-86A areas for the logbook grids S28, T30 and V32.

Calendar S28 T30 V32
month Non-SRA YA YB Non-SRA BHA BHB Non-SRA HBA HBB
1 0.4116 0.1045 0.4839 0.1019 0.5169 0.3813 0.0743 0.8805 0.0452
2 0.3799 0.5313 0.0888 0.3263 0.0553 0.6184 0.529 0.1511 0.3198
3 0.6411 0.3045 0.0543 0.6145 0.0837 0.3018 0.6438 0.3331 0.0232
4 0.7143 0.2176 0.0682 0.5014 0.1656 0.333 0.5731 0.3725 0.0545
5 0.9173 0.0134 0.0693 0.3005 0.0615 0.638 0.5273 0.4402 0.0325
6 0.8406 0.0808 0.0786 0.0692 0.7895 0.1413 0.6835 0.2861 0.0304
7 0.9052 0.0686 0.0263 0.1835 0.6519 0.1646 0.5539 0.3708 0.0753
8 0.9405 0.0528 0.0067 0.3132 0.3155 0.3713 0.4873 0.4558 0.0569
9 0.8421 0.011 0.1469 0.3217 0.363 0.3153 0.4639 0.5031 0.033
10 0.8421 0.011 0.1469 0.3217 0.363 0.3153 0.4639 0.5031 0.033
11 0.4116 0.1045 0.4839 0.1019 0.5169 0.3813 0.0743 0.8805 0.0452
12 0.4116 0.1045 0.4839 0.1019 0.5169 0.3813 0.0743 0.8805 0.0452

TrackMapper calculated the t2onth proportions of haests among the SRAs and ABRA areas of a grid
(Table 19. The six nested SRAs were in three of 30 min x 30 min grids: YA and YB are in S28; BHA and
BHB in T30; HBA and HBB in V32. Each grids harvest divided into two SRfasiand one neBRA area.

The 12month proportions of the three areas of a grid used data from fishing years 2001 to 2018. For each
month, the proportion of an area of a grid was the ratio of the mean of the area over the sum of the three
catch means of ehgrid (Table 19. The monthly proportion of harvest in SRA and +8RA areas iTable

19, were applied to the harvest from the Queensland commercial logbt@otodeansform the harvest data
1988 2018 into ten areas as definedrigure 42.
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Figure 44. Proportion of each vesselsdéd daily fishings effort

within SRA compared to the total number of pings for the day. Data was from TrackMapper (VMS data). The frequency is the count
of the number of boatays with a proportion.
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12.2 Sensitivity analysis

Table 20: Phase settings for the model parameters. Four optimizai@edures were conducted: Procedure 1, 2, 3 and 4. In an
optimization procedure, the given number for a parameter indicates the phase of the ADMB optimization procedure, ie. when th
parameter will be included in the optimization procedure. Note thag@garepresents a specified parameter space for a parameter

where the ADMB optimization process will explore.

Procedure 1| Procedure 2| Procedure 3| Procedure 4
Parameter Meaning
(range) (range) (range) (range)
— von Mises distribution measure of &tioni recruitment pattern. 3¢kh ) g 2(Hkbh ) By 3(Hh ) K 3(Hh ) H
I von Mises distribution measure of concentratiaecruitment 6 (10 4,10?) 6 (10 4,10%) 7 (10 4,10%) 6 (-Hoh ) H
pattern.
, Steepnes€s a function of ; that is, Q= “*T)’, 1 (-10,10) 2 (-10,10) 6 (-10,10) 1 (-10,10)
5+expl,
o “YoxdiS recruitment in virgin years in zofgand formulated as a 1(Hbh ) 1¢Hh)H 1¢Hh)H 1¢Hbh) H
function off g "Yoig= exp(ry) x 10°.
o Annual recruitment deviations of fistg years 1982018. 2(tbh ) W 3(Hh ) H 2(Hh)H 2(Hbh) H
To Winter sea surface temperature effect on natural mortality 4(tbh ) K 4(tbh ) | 4(tbh ) B 4(+h ) H
laa Intercept for catchability in zori® 5(tbh ) Hf 5(tbh ) H 5(Hh) H 5(Hbh) H
I jan Closure effect on catchability. 5(tbh ) Hf 5(tbh ) H 5(Hh) H 5(Hbh) H
f g0+ Catchability of 0+ scallop(©) = exp(r gson) 5(tbh ) Hf 5(tbh ) H 5(Hh) H 5(Hbh) H

Table 21: Five sets of initial values for the model parameters. Initial vétuespatial and temporal parameters (i.eg —»and
[ 1 hwere generated from Gaussian distributions randomly. For those parameters, the distributions are presented instead of
generated values.

Parameter Setl Set 2 Set 3 Set 4 Set 5
— 8.81 8.81 8.81 7.00 7.00
I 4.81 4.81 4.81 5.00 5.00
11 11 1.1 1.03 1.03
o G(0,2) G(0,2) 0(0,2) 0(0,2) G(0,2)
- 6(0,1) 6(0,2) 0(0,2) 0(0,2) 6(0,2)
. 0 0 0 0 0
47 6(0,1) 6(0,2) 0(0,2) 0(0,2) G(0,2)
[ jan 0 0 0 0 0
Il gso+) -3.91 -3.91 -3.91 -3.91 -3.91
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12.3GenStat REML code and catch rate settings

Table 22. GenStat code used to predict saucer scallop standardised catch raie201838nalysis 1.

VCOMPONENTS [FIXED=
fishyear*fishingmonth*area+loghours+loghp+logspeed+sonaidgpsttype+ggeard+boards;
FACTORIAL=2]\ RANDOM=boat_mark+grid; INITIAL=1; CONSTRAINTS=positive

REML [PRINT=model,components,deviance,waldTéRSE=allestimates; MVINCLUDE=*;
method=ai;] logn

vpredict [print=description,predictions,se; PRED=Lnormym; SEsrimymSE]
fishyear,fishingmonth,area, ggear4,nettype,gps2,sonar,loghp,loghours2,boat_mark;
levels=***1(1),!(3),!(1),!(1),!(5.843),!(2.508),!(42)

For prediction, the fixed term variables were set as outlin@alite 23 Boat number 42 matched the
maximum annuaaverage fleevessel effect. This was in 2007. Thus, the vessel with a log parameter
value closest to 0.11586, which was boat 42, set the vessel term for prediction. These settings defined
predictions according ta modern vessdleet profile. This was to ensure the catchability scale for catch
rates was appropriate, i.e. set to the historical best (modern) fleet, for deriving fishery reference points.

Table 23. Values of REML fixed terms for predicting stadided catch rates 1988018, analysis 1.

Term Set to Reason

Ground gear Drop chain Most popular ground gear.

Net type Quad gear Since 2007, there was a shift to using quad gear.

GPS Using GPS Most vessels used GPS by the late 1990s.

Sonar Using sonar Sonar was associated with vessels with higher harvests.

log(hours) 2.508 Based on the mean of log hours fished per vesgét 2007
2018. This was 12.28 hours.

log(HP) 5.822 Yearly mean of 2018 log(engine horse power HP). This w
337 HP.




Table 24. @nStat code used to predict saucer scallop standardised catch ratéd20987analysis 2.

The numbers for offsetting fishing power (offsetlog) were from the linear predictors for HP, sonar, GPS, net type argtground
from the REML model analysis 1988 2018, inTable 22.The variable loghours in the vpredict command was set 2.508, as
explained inTable 23Boat 23 implied the log boat/fleet effect of 0.1335.

The gear data 1977987 repesented vessels having a standard flat otter board (board type 1, zero effect), drop chain ground gear
(gear 1, zero effect), triple otter trawls (gear 3), no GPS and 12.4% presence of sonar. Vessel HP data were available. These
datasets were collated umd€RDC Project No 1999/120 (O'Neill et al. 2005) and then 2006/024 (O'Neill and Leigh 2006;

Campbell et al. 2010). Table 8.3.7.1 in Project No 1999/120 (O'Neill et al. 2005) provides a description of historitaterawl

sources and descriptions and iradés a pathway to the data.

6Source: z Da rescarctBRDCIOIOREAsh&CcIMAIW Tr awl . mdb 6 .
"Take parameter estimates from 1988...2018 reml| analysis"

calculate offsetlog =
loghp*0.38869+sonar*0.18492+gps2*0.0457+(nettype.eq.3)*0.2994+(nettydg*0.2323+(nettype.eq.5)*0.2666+(ggears.eq.3)
*0.048356+(ggear4.eq.4)9.060586+(ggeard.eq.51.27314

calculate lognoffset=lognffsetlog

VCOMPONENTS [FIXED= fishyear*fishingmonth*area+loghours; FACTORIAL¥2]
RANDOM=boat_mark; INITIAL=1; CONSTRAINTS=psitive

REML [PRINT=model,components,effects,deviance,waldTests;
PSE=allestimates; MVINCLUDE=*; method=ai;] lognoffset

vpredict [print=description,predictions,se; PRED=Lnormym; SE=LnormymSE] fishyear,fishingmonth,area,
loghours,boat_mark;
levels=***1(2.508),!(23)

Table 25. Genstat code used to predict saucer scallop standardised catch rates, analysis 3. The variables in the Vixed s=ms
as outlined below iTable 26 Boat mark 206 matched the 2007 fishitegt, with a log effect of 0.104.

VCOMPONENTS [FIXED= fishyear*fishingmonth+loghours2+loghp+sonar+gps2+nettype+ggear4; FACTORIAL=2]
RANDOM=boat_mark+grid; INITIAL=1; CONSTRAINTS=positive
REML [PRINT=model,components,effects,deviance,waldTests; P SEthallées; MVINCLUDE=*; method=ai;] logn

vpredict [print=description,predictions,se; PRED=Lnormym; SE=LnormymSE] fishyear,fishinginonth,
ggear4,nettype,gps2,sonar,loghp,loghours2,boat_mark; levels=**1(1),!(3),!(1),!(1),!(5.867),!(2.4964),!(206)

Table26. Values of fixed terms in the REML for predicting standardised catch rates2Da®3 analysis 3.

Term Set to Reason

Ground gear Drop chain Most popular ground gear.

Net type Quad gear Since 2007, there was a shift to using quad gear.

GPS Using GPS Most vessels used GPS by the late 1990s.

Sonar Using sonar Sonar was associated with vessels with higher harvests.

log(hours) 2.4964 Based on the estimated mean of hours fished 2B,
which backtransformed to 12.28 hours per day.

log(HP) 5.867 Yealy mean of 2018 log(engine horse power HP). This w:
353 HP.




Table 27. GenStat code used to predict saucer scallop standardised catch rates, analysis 4. The offsetlog calculatiothe/as fro
linear predictors for HP, sonar, GPS, net type and ground .g8aat mark 231 set the predictions based on the 2007 fleet, with a log
effect of 0.13745.

"Correct predictions for offset and bias correction by using the linear predictors from the REML model f@01838

calculate offsetlog =
loghp*0.3897+sonar*Q.861+gps2*0.02507+(nettype.eq.3)*0.3119+(nettype.eq.4)*0.2241+(nettype.eq.5)*0. 1954+
(ggear4d.eq.3)*0.01670+(ggear4.eq-0)07124+(ggeard.eq.5)3.25040

calculate lognoffset=lognffsetlog

VCOMPONENTS [FIXED= fishyear*fishingmonth+loghours2; FACTORIAL¥2
RANDOM=boat_mark+grid; INITIAL=1; CONSTRAINTS=positive

REML [PRINT=model,components,effects,deviance,waldTests;
PSE=allestimates; MVINCLUDE=*; method=ai;] lognoffset

vpredict [print=description,predictions,se; PRED=Lnormym; SE=LnormymSE] fishyeandisiointh,loghours2,boat_makk;
levels=**,1(2.496917),!(231)

calculate predym=exp(Inormym+ems5/2+offsetlogyrv$[!(231)])
calculate predym_lowci = exp(Inormym + ems5l8ormymse*1.96+offsetlogyrv$[!(231)]) "lower 95% CI"

calculate predym_upci_nz = exp(Ingym + ems5/2 + Inormymse*1.96+offsetlogyrv$[!(231)]) "upper 95% CI"
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12.4Population model

The scallop stock model composed of the following components: 1) dynamics population prabks2§,
parametersTable 29 and tuning functionsTi@ble 30 to fit the model to data. The equations and parameters
were as follows:

Table 28. Equations for the adpased population dynamics.

Aged-Based Population Dynamics

Notations to represent time, space and scallop age Equation

1  Fishing yearostarted from 1956 and finished in 2018. Fishing years defined as a time interva
starting from November of calendar yeaf to October of calendar year

1  Population dynamiwere presented in monthly time stéfisom 1 to 756 (i.e. 12 months 63
fishing years.)

1  Scallop ages were stratified into 48 months denotediy8 ,48. Saucer scallops were assumed t
live for up to four years of age.

1  The scallop fishery was spally stratified into ten areas denoted®y1,8 ,10.
Number of Scallopsi o:o

The number of scallog$as at age®in spatial zonéQat monthly timestepowas modelled with the
following recursive equation,

Y f or p
8 1)
Or 5 AODBO: & foxr clBh @

Note thatl s kgpresented the number of scallops at the beginning ofstieps; in addition, it also
represented the number of scallops at the end ofdtem® 1.

Recruitment number Yab
The number of scallops recruitéthat age groupx1 in spatial zon&at timestepowas defined as follows,

(¢
Y —— A@D % 2)
| 1O

where—,was annual recruitment deviatiohfishing yeara Besides, assume= 0 for ®= 1956h 1987 h

Annual number of eggsQs

The number of egd&:produced in fishing yeabwas defined by the relation,

o ™ 0 Mat Fec Spaw@n ®)

1 Matawas the proportion of scallop mature at @ge

1 Fegwas the number of eggs produced by a scallop abhage

1 Spawnwas the 12 month spawning pattern, defining proportion of annual egg productéhrced

at timestepo. It was important to ote that the sum of Spayawver the 12 fishing months of fishing
yearwwas equal td.

1 The value 0.5 represented the assumption that héthewerefemales.

T Spawning from the Kbdgari area was no trenigon c
not support a recruitment linkage to the main fishing grounds Hervey Bayoathd

Recruitment pattern %e:



For each fishing montg, within each fishing year, the proportion of recruitment was modelled as follows

% AGPATO & —JIpcT AgbAT @ & — h
whered swas the fishing month at tirgtepoin fishing yearwand ranged from 1 (i.e. November) to 12 (i.e
October). For each fishing year, the sum over 12 moméssequal tdo%e = 1. Notice that equation (4) is a

modification version of the von Mises distribution for discrete variables, and circumvents the use of the
modified Bessel function of order 0 to reduce computation cost.

Survival rate exp o %

Survival rate exp(&» ¢@t agewin spatial zonéat monthly timestepowas the product of the survival rate:
from monthly natural mortality «of fishing yearwand harvest ratesq, The mathematical expression was
written withthe following form

exp Gao)= exp( Uo  pls B0).

The equation factors represented survival rates from natural mortality and fishing, respectively.
Harvest rate 6

) 6 6 @ ),

wheredwwrepresented the total harvest (in baskets) in Zatdimestepd, andcswas the converter for
basket and meat weight.

Midmonth exploitable biomassed forms 6() and 6(2:

o) BUO 00 expmd ,

0 6 00 Agpmd p 6

Note that® andd @ were presented in kilograms. The difference between the two wdd tgiressed the
midmonth exploitable biomass before fishing & the exploitable biomass in the middle of a fishing

pulse.® was used to calculate harvest rates and should be largé tkfamvas used to connect catch rates.
Use of equatiof®) with fixed 2018 values a¥* , described biomass trends without MLS changes.

Vulnerability to fishing 8 Us @nd 0* :

Vulnerabilitiests @nd0? of agedat timestepc‘)incorporatqd the probability density of leng@ Jlat age
@ selectivity of nets  /kand selectivity of tumbl€i@ /W.Se) with respect to minimum legal size MkS
Us @lso included discard mortalitos 0 was used to formulate midmonth exploitable biomasses (see
Equations (7) and (8)) ang aised for survival rate of Equation (5). Both' ef@ndu* were written as
Vo, pQUB o JEQ MLSy)+ (p "Q /MLSe)) Q)b

U=, AU SR /MLS) Qb

Specifically, for the period prior to 1981, there was no minimum legal siza)samdy’ , that is,Us &
U=_ "o /Bb

Fishery data indicatorsd midmonth catch ratescs?, density for 0+G§° and 1+¢§*:

® 16 o,

. f B 0 Agpmd 0 /b x¢/ .

® . h
(o]

. f B 0 Agpmd 0 /b x¢/ .

w h

F

4

®)

6)

™
®

©
(10)

(11)

(12)

(13)



wherer] was the catchability in zori@at timestepo, i andn were the catch effiehcy for 0+ and 1+
scallop, respectively, arfil was the area of zori@ The units ofo  was baskets per standardidestday, and
@ and®  were numbers per hectare. Catchabiiitywas modelledo reflect the closure effect (see model

parameters). We note that  was a fixed setting at 0.3, and two other values 0.2 and 0.4 were sens(tidglies
and Penn, 1990; Miller et al., 2019).

Table 29. Population model parameters andrgéins.

Model parameters
Known Equations and values Notes
Shell height (length mm) at age The estimate of standard
b)) b - PTT BuakX TP8 @I W deviation of the error term was 2.285 mm (Campbell et al.,
2010b).
% /b The normal probabty density of length at ag& with
mean/kand varianc®.2852.
. . The probability of length less than or equabtat agei
O/b 0) "Q JTbOb P Y g a g
Proportion mature at lengthestmated on Dredge (1981)
Matr Mayt expyx c ™ Yyu b data. For the data, the maturity asymptote was less than or
P expigq ™ Yusb
Mats Q(Maty) "Q(BMatirb Proportion mature at age based on Ma@and/lsD
H2.2852).
Fea Fecundity of shell height @ged(Dredge, 1981; O'Neill et al.
- oc¢ Uy 2005), used in Equation (3) to produce annual number of e
0.0072 oN November Monthly spawning pattern (Dredge, 1981; O'Neill et al., 200
0.0000 oN December used in Equation (3) to produce annual number of eggs.
0.0144 oN January
0.0288 oN February
0.0899 OoN March
0.1331 oN April
Spaw | 1403 oN May
0.1439 ON June
0.1439 oN July,
0.1403 ON August,
0.0863 ON September,
0.0719 oN October.
0 Meat weght (kg) at aged(O'Neill et al., 2005), used in
@ 0O p& vwpm Equation (7) and (8).
6.5 ON November Baskets to meaweight conversion (kg per basket) (O'Sullival
7 oN December et al., 2005), used in Equation (6) and (10).
7 ON January
7.5 ON February
7 ON March
- 6.5 o~ April
w@ 6 ON May
5 o~ June
5 o July,
5 ON August,
5.5 ON September,
6 oM October.
"o b Logistic retention curves . See Figure 9 in Campbell et al. (2Mb) for 88 mm diamond
, Aged @b mesh and TED (in brown colour) and 100 mm mesh V&b
p AG® /b and a squarenesh coekend (in bluecolour).









































































