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1. NON-TECHNICAL SUMMARY

2006/008 Assessing data poor resources: developing a
management strategy for byproduct species in the
Northern Prawn Fishery

PRINCIPAL INVESTIGATOR: Dr D. A. Milton

ADDRESS: CSIRO Division of Marine and Atmospheric Research
PO Box 120,
Cleveland QLD 4163 AUSTRALIA
Telephone: 07 3826 7241  Fax: 07 3826 7222

OBJECTIVES:

1. To identify, collate and analyse all available datethe distribution, biology, population
dynamics and catches of byproduct species (omat Bpecies groups) in the NPF in order
to identify knowledge gaps and provide criticagitiistory parameters for modelling
byproduct populations.

2. To investigate the feasibility of dividing the bypiuct groups recorded in NPF commercial
logbooks into individual component species on thgidof available research data.

3. To develop models of impacts on byproduct speciéstive purpose of (a) assessing the
sensitivity of results to uncertainty in the biokog) parameters with a view to determining
minimum data requirements and (b) assessing thavweleffect on population size of each
byproduct species (or group) under alternative preMnagement scenarios.

Assessing data poor resources: developing a management strategy for byproduct species in the Northern Prawn
Fishery
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OUTCOMES

* The species composition of the byproduct of thetiNon Prawn Fishery has been
identified and trends in the catch examined.

« Life-history characteristics of bug, squid, cutdbdfand species caught as byproduct|by
the NPF have been documented from the Gulf of Ceaigpia.

e Statistical models have been developed to prelgicptoportions of squid, cuttlefish
and bug species from aggregated data reportedjlotks.

« Estimates of harvest reference catch limits fohdagroduct group have been made
with a new method.

« The estimates of harvest reference catch limitgegdoetween:
Squid: 267 — 345t

Cuttlefish: 258 — 306 t
Bugs: 1716 — 2058 t
Scallops: 159 — 213 t

e Simple models of the bug catch in the NPF have beesloped and alternative
management scenarios evaluated. For each scemaxde)s optimise benefits to the
fishery and the bug population while taking compdia costs into account. They
incorporate environmental and economic factorsitifatence catch.

e The current minimum legal size (MLS) fishery redida restricting the retention of
bugs < 75 mm carapace width was best for the bpglption, but not the fishery
under all scenarios except when catch increasestamtially. If a large increase in
catch occurs, the best management regulation wiasrease the minimum legal size|to
80 mm. When compliance costs are ignored, theMeStfalls to between 65 and 70
mm CW.

« A simple model predicted that total catch and oVeedue were maximised when the
MLS was set at 65 mm. This is consistent withléige maximum sustainable catch
limits found with the new method.

e The Australian Fisheries Management Authority manatihe Northern Prawn Fishery
Management Advisory Committee and the NPF Resotissessment Group have been
advised on the most appropriate management strigegach byproduct group and the
report updated following feedback.

OBJECTIVE 1: BIOLOGY, POPULATION DYNAMICS AND CATCH OF
BYPRODUCT SPECIES

Byproduct in the Northern Prawn Fishery (NPF) hasrbrecorded in up to 30 categories in
commercial fisher logbooks. Among these, four gaties comprise over 90% of the catch.
These groups, squid, cuttlefish, bugs and scaliopsnade up of multiple species — six squid,
five cuttlefish, two bug and two scallop specid$e life-history characteristics of these
species were examined from samples collected bpjEMA-funded NPF prawn monitoring
surveys that began in 2002.

Size at maturity, spatial and temporal patterrisr@eding and number of eggs laid were
examined for all species. The smaller mud Bhgnus parindicumatured at a similar size to
the current MLS for bugs (75 mm carapace width (@W$2 mm carapace length (CL)). The
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larger reef bugT. australiensignatured at 85 mm CW (59 mm CL) and were immattithea
MLS. However, reef bugs only make up a small propo of the bug catch in the NPF (<
10%) and so there was no detectable impact ondpelation.

Spatial, temporal and environmental variables vimportant factors in the distribution and
abundance for squid, cuttlefish, bug and scall@rigs in the Gulf of Carpentaria. The squid
and bug groups showed a decline in their catcls faben the fishery-independent NPF prawn
monitoring surveys between 2002 and 2008. Therealso relatively high inter-annual and
seasonal variability in their abundances. Squadilags from the NPF commercial fishery were
highly variable between years. Squid aggregatieere targeted in some years resulting in
annual catches of more than two to four times dng{term mean. Commercial catches of
bugs showed a steady decline from 1998 to 2007clékr temporal patterns in abundances
were evident for the cuttlefish and scallop growphe Gulf of Carpentaria. However,

monthly commercial landings of cuttlefish increagedpring (October — November) each year.

Squid were more abundant in the shallower waterewhttlefish and scallops had higher
catches in deeper waters. The two bug specieseshthw clearest trends in abundance with
species being separated on depth, region and atéstpe. Highest catchesTfparindicus
were in the 15 — 35 m depth zone, around Morningiwh Karumba and on grounds with
substrates comprising 20 to 60% mud. In contiasiustraliensishowed a distinct
preference for deeper offshore waters (> 35 — 4@nm)nd Vanderlins and Weipa and on
grounds with a high percentage of sand.

Most squid, cuttlefish and bugs spawned on the pifishing grounds in the Gulf of
Carpentaria. Squid, cuttlefish and bugs spawnetiramously throughout the year, with a
greater proportion of each population involved dgrihe dry season (May — November).
Juvenile scallops and bugs were only caught duhiagre-season surveys (January —
February) and were probably the progeny from spagvtiiat occurred during the previous dry
season.

OBJECTIVE 2: PREDICTING THE SPECIES COMPOSITION OF LOGBOOK
BYPRODUCT RECORDS

The species composition of subsamples of the byjatachtch from the NPF prawn monitoring
surveys were used to develop statistical modeapsedict the species composition of logbook
byproduct records. Two types of models were dgeslo- a two-species model for bugs, and
separate multi-species models for squid and cigttiefA range of temporal, spatial and
environmental predictors were used in the analy$é® models explained > 60% of the
variation in the proportion of each species withibyproduct group. For bugs, over 90% of the
commercial catch is mud bugs parindicus The most important squid species were
Uroteuthissp 3 andUroteuthissp 4. Large hauls of squid (> 400 k§).evere made by some
vessels several times each year and these weretpretb beUroteuthissp 4. An AFMA
scientific observer collected samples of squid fiame such aggregation in May 2007. The
whole sample (n = 119) welédroteuthissp 4 in either breeding or post-breeding condition
The sample species composition confirms the priedistmade by the statistical model and
suggests that the data may be useful for stoclssismnt.

Assessing data poor resources: developing a management strategy for byproduct species in the Northern Prawn
Fishery
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OBJECTIVE 3: EVALUATION OF MANAGEMENT SCENARIOS FOR
BYPRODUCT SPECIES

Evaluating management strategies for byproductispaa fisheries will always be hampered
by a lack of data and poor data quality. We haldressed this issue in two ways — by
estimating a biologically-sustainable total anntetch for each of the four main byproduct
groups and by undertaking a management scenarioatioa of the current bug regulations.
Both methods required developing new approach#ésetproblem and each approach will
potentially have broad applications to other figg®and issues. They each rely on fishery-
independent estimates of abundance obtained freNiF prawn monitoring surveys. These
surveys will continue for at least the next twongeand will allow the optimal catches of each
byproduct species s to continue to be updated adttitional data.

We calculated the biologically-sustainable totatal catch from the biomass estimates of the
NPF prawn monitoring surveys and life-history cloéeastics of each group. These indices
show that the recent annual catches of each byptrggdaup are a small proportion of the
estimated biologically-sustainable total annuatiedor those groups. Bugs had the highest
estimate of between 1716 — 2058 t, much higher theamecent catches of 15 -25t. The
estimated ABCs of squid and cuttlefish were simiB06 + 39 t and 282 + 24 t respectively).
The sustainable allowable catch of squid was siniilahe recent commercial catch (~200 t)
and below the current AFMA reference catch triggfegs00 t. However, historical catches of
squid from areas within the NPF but outside theemtrcommercial prawn fishing grounds
suggest that our calculated biomass for squid reagrbunderestimate. If squid catches
increase by more than 50% in the NPF and exceedBi further studies may be required to
improve our estimate of the true biomass of squithe Gulf of Carpentaria. Until that occurs,
the squid catches should continue to be monitofdt estimate of sustainable total annual
catch of scallops of 159 — 213 t is the lowestheffour groups analysed. However, the recent
commercial catch of scallops has been < 2 t andedidbelow the estimate.

Bugs are the only byproduct group in the NPF widtnagement regulations restricting their
catch. We undertook a management scenario evatuatithe current MLS restriction on bugs
under a range of fishing effort scenarios. We tged a model of the bug fishery and the
environmental, economic and management factorsenfling catch. The cost of fisher
compliance was included in the model in two walkisotigh the estimation of a sustainable
catch trigger and explicitly recognising the castsompliance. We assessed the benefits to
the fisher and the resource of changing the ML&ff® mm CW or removing the restriction
altogether. Four scenarios were compared — (f)sstpio (95% compliance, 5% decline in
biomass and passive management (existing reguia}id®) decline in bug biomass of 20%,
20% increase in fishing effort with 50% complianoaler passive management, (3) 50%
reduction in bug biomass, 50% increase in effatcompliance and passive management or
(4) status quo, but with active management (changent regulation) and ignore additional
compliance costs. The optimal solution under scesd and 2 was to retain the current MLS
regulation banning the retention of bugs < 75 mm.QWider the most extreme fishery
scenario 3, it was better to increase the MLS t;m8DCW. Under scenario 4, when
compliance costs were ignored and the MLS is abletchanged, then a MLS of 65 — 70 mm
CW is optimal. By recognising compliance as a cib&t model penalised the catch
optimisation and thus provided a more conservatiteome.
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If compliance was not included, as in scenaridné,rodel predicted that a reduction in the
MLS would be associated with a substantial incréaslkee probability of causing a large
decline in the biomass of bugs. This increasddisisonsistent with the situation in the NPF
in the late 1990s. At that time, a decline in¢h&ch rate for bugs led to the introduction of the
current MLS regulations to further protect the aghalpulation. Studies of other bug species
elsewhere have also found that they are more stisieef over-fishing than other
invertebrates of similar size or age. These stuplievide further circumstantial support of the
results from the model under recent fishing effognarios.

Within the management scenario modelling, analgesved that the total catch of bugs was
maximised when the MLS was reduced to 65 mm CWs 3ize was below the MSL optimal
solution from the most realistic scenarios in thadel (75 mm), but consistent with the high
sustainable total catch estimate for bugs. Theaste modelling optimises the MLS solution
by maximising a function that trades off fisherfiydug sustainability and compliance costs.
It will always be conservative compared with apptass that ignore these hidden costs.
Further fine-tuning of the management scenario misdedvisable before it could be used
operationally to assess alternative managemerdregpfor bugs.

KEYWORDS: squid, cuttlefish, bugs, scallops, acceptabledgickl catch, management
scenario modelling, Bayesian Belief Network

Assessing data poor resources: developing a management strategy for byproduct species in the Northern Prawn
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3. BACKGROUND

In the Northern Prawn Fishery (NPF), commercialiytable species of marine organisms that
are caught during trawling can be retained. Thstralian Fisheries Management Authority
definesbyproductas “the part of the catch that is caught incidént{a non-target species) and
IS retained for commercial value or consumptiorboard the vessel” (AFMA 2009). In the
NPF, byproduct species include squid, bugs, scallepme fish and scampi (Ciccosillo 2008).
AFMA have implemented a range of restrictions omadyproduct groups in the NPF with the
intention of allowing the stocks to rebuild andcale available to other fisheries.

Australia introduced a Harvest Strategy Policy (Hf8lP all Commonwealth fisheries that aims
to cease overfishing and rebuild overfished stoddse HSP is underpinned by a target and
limit reference point biomass {kks and B,y). All fisheries had to implement harvest
strategies consistent with the HSP Bydanuary 2008. The harvest strategy for the NPF wa
submitted to the AFMA Board in late 2007 and camgaiatch limits for squids, several fish
species groups, mud crabs and tropical rock lobst€here was a restriction on minimum legal
size (MLS) of bugsThenusspp) and no berried female bugs can be retaieéelr (r
http://www.afma.gov.au/fisheries/northern_trawlsh@rn_prawn/mgt/opinfo/docs/2008/sectio

n_02.pdj

In the NPF, as in most fisheries, limited datazarailable on the catches and biology of
byproduct species. This is a situation that ceakallenges for fishery managers. Since the
introduction of the Environmental Protection anddversity Conservation Act and the
Strategic Assessment process for fisheries, infooma@n byproduct has become critical for
the fishery to demonstrate its sustainability. d¥emendations from the Strategic Assessment
of the NPF in 2005 were that the fishery needeatkteelop harvest strategies for all byproduct
species with suitable biological reference poimd mmanagement responses.

Byproduct in the NPF includes four major groupsiidgcuttlefish, bugs and scallops,
comprising at least eight species. Research lset groups in the NPF has been limited and
data on individual species distribution and abucdaare rare. Models that utilize minimal

data to help assess the relative benefits of @teemanagement strategies provide a first step
towards assessing fishery sustainability. Thiggmtoproposed to analyze the data collected by
the annual NPF prawn monitoring project for basatdgy and dynamics and to model the
impact of different prawn management options oraygroduct populations. Existing models
and others currently being developed will be medifiather than be developed from first
principles. This technique should be transferédlether data poor bycatch species and other
data poor fisheries.

Assessing data poor resources: developing a management strategy for byproduct species in the Northern Prawn
Fishery
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4. NEED

World-wide declines in prawn prices and rising faests have led to a shift in fisheries
practices in the Northern Prawn Fishery (NPF). 6ueh change is an increase in targeting of
valuable byproduct groups such as bugs and squitle research has been done on byproduct
in the NPF or in other tropical prawn trawl fisteeri The 2002 catch of byproduct in the NPF
was almost 250 t (AFMA), comprised of four main@pe groups, squid, cuttlefish, bugs and
scallops, of at least eight species. Howevercéteh of squid alone has been 400 t in some
years. The impact of trawling on these groupshea®r been assessed. This situation is
common among many Australian fisheries. Despgevidue of byproduct being substantial,
the fisheries managers lack sufficient data to thalfe specific assessments or even to evaluate
options for their management. Thus, there is @ neelevelop methods to help identify
management options for groups that are data pe@blyproduct species in the NPF. New
approaches developed in this fishery will be agflie to other Australian trawl fisheries,
especially the Torres Strait Trawl, Queensland Eastst Trawl and Western Australian prawn
trawl fisheries. Operational advice from this ajwill contribute to at least two possible
management strategies: the first would be to cbfistoing on byproduct through species-
specific stock assessments. The second would @entool effort on byproduct through spatial
and temporal closures by identifying the key ameas seasons when these byproduct groups
are most vulnerable. The most efficient approachssess the relative merit of alternative
management options is to adapt existing trawl ihpasessment scenario models to account
for non-target catch in their strategy evaluations.
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5.

OBJECTIVES

To identify, collate and analyse all available data on the distribution,
biology, population dynamics and catches of byproduct species (or at
least species groups) in the NPF in order to identify knowledge gaps and
provide critical life-history parameters for modelling byproduct
populations.

To investigate the feasibility of dividing the byproduct groups recorded
in logbooks into individual component species on the basis of available
research data.

To develop models of impacts on byproduct species with the purpose of
(a) assessing the sensitivity of resultsto uncertainty in the biological
parameters with a view to determining minimum data requirements and
(b) assessing the relative effect on population size of each byproduct
species (or group) under alternative prawn management scenarios.

Assessing data poor resources: developing a management strategy for byproduct species in the Northern Prawn

Fishery
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6. DESCRIPTION OF BYPRODUCT IN THE NORTHERN
PRAWN FISHERY

6.1 Abstract

In the NPF, about 30 different categories of bypatdave been recorded in logbooks since
1998. The total annual byproduct catch has vdvetdieen 6 and 400 t since that time. Squid
(Loliginidae) are the most important componenthaf tatch and represent between 50 and 80%
of the byproduct recorded. Other commercially-adle byproduct groups include bugs
(Thenuy, cuttlefish (Sepiidae), scallops and mixed fightal byproduct catch has been
declining as the trawl effort in the NPF has besguced. However, trends in recorded

landings of each group are not a reliable indelyproduct abundance. The retention of
byproduct and subsequent recording in logbooksléed to a complex combination of fishery
operational costs, prawn and byproduct prices, pramd byproduct catch rates and vessel
crew behaviour.

Anecdotal evidence from fishers suggests thatritreduction of the minimum legal size for
bugs in 2001 has led to a decline in overall lagslias only a small proportion of the catch can
be retained. This appears to have led to an iserigarelative catch of squid. Squid are lower
priced, but are more abundant than bugs and hagtehes are more readily made.

6.2 Data

The logbook records of byproduct in the NPF wereioled in an electronic format from
AFMA. AFMA categorised the reported species irttowt 30 different categories based on
commonly used names. We have grouped these fuitherl4 categories that summarise the
most frequently reported byproduct groups.

6.3 Species composition

The total landings of byproduct in the NPF havenbaéeclining since logbook records became
compulsory (Figure 6.1). The 1998 landing of 4%k the highest recorded with the lowest
in 2006 (10 t). The total landings increased i@2® about 200 t. The majority of the
byproduct reported was squid (Figure 6.2). Noydrave the total landings declined, but the
species composition reported in logbooks has beacmmenated by squid, with bugs becoming
less important (Figure 6.3). Annual landings afidgqanged from about 400 t in 2001 to only
5tin 2006. The other byproduct group that wagadrtant in the late 1990s were bugs (Figure
6.3). The landings of bugs have declined from tli#01998 to less than 3 t in 2006. A similar
reduction in landings was seen for the mud scalojusium pleuronectéfigure 6.3 c) with
none being recorded in 2006. In 2007, the NPFrdmxbabout 0.2 t of mud scallops. This is
down from the highest reported catch of 30 t in®00
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Other groups of byproduct also show a trend wighlthwest reported landing occurring in 2006
(Figure 6.1). In some years, up to 20 t of mixist fvere landed. This comprised a wide range
of species, including high-valuaitjanusspecies, gruntd?omadasysPlectorhinchusand

several trevallies (Carangidae). Reef fish renthinemall component of the reported
byproduct catches since records began in 1998.lafuengs of some of the other byproduct
groups such as fish and cuttlefish have remainadsanilar proportion of the overall

byproduct landings (Figure 6.2), but the quantitiase also declined. The annual cuttlefish
(Sepiad landings have varied between 3 — 10 t (Figurech.4

500

Total landings (t)

0 I I I I \

1998 2000 2002 2004 2006 2008
Year

Figure 6.1. The total reported landings of byproduct in the Northern Prawn Fishery since logbook records

became compulsory in 1998.

Assessing data poor resources: developing a management strategy for byproduct species in the Northern Prawn
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Figure 6.2. Species composition of the byproduct recorded in the NPF logbooks in (a) 1998 and (b) 2007
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Figure 6.3. Trends in the reported landings of squid, bugs and mud scallops in the NPF since 1998.
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Figure 6.4. Trends in annual landings of fish byproduct (Mixed fish and Reef fish) and Cuttlefish (Sepia
species) in the NPF since 1998.
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6.4 Discussion

The species composition of the byproduct catchesrded in the logbooks of the NPF has
changed over time. Squitdioteuthisspecies) were the most important byproduct grgup b
weight. The second most important group was biafewed by mixed fish, scallops and
cuttlefish. All were relatively important comporigsiof the landings in different years. There
appears to be a strong negative relationship betsgeid and bug catches (Figure 6.5). The
reasons for this relationship are unclear. Squd the most important byproduct group
recorded and there were no significant relatiorshigtween squid catches and the other
byproduct groups, or with prawn catches. The dtiastof bugs retained may be dependent on
the catches of squid. If very large catches ofcsgte made, then fewer bugs may be retained.
This may be due to the fishing grounds for theseigs being quite separate or the trawl
methods being different. We will examine factariiiencing the distribution and abundance
of byproduct species in Chapter 8.
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0.6

0.4 4

Proportion of squid landed

0.2 4

0 T T T ]

T
0 0.1 0.2 0.3 0.4 0.5
Proportion of bugs landed

Figure 6.5. The relationship between the reported total annual logbook catches of squid and bugs in the
NPF.

There have been major changes in the value ofrtngmcatch and fleet size in the Northern
Prawn Fishery over the last 10 yrs (refer
http://www.afma.gov.au/fisheries/northern_trawldhern_prawn/at_a_glance.htmrhese
changes have resulted from industry restructureng eonsequence of overfishing on tiger
prawns and the recent economic downturn in theevafuihe catch at a time of increasing fuel
prices. This 10-yr period has also coincided aitleduction in the quantities of the main
byproduct groups. The dramatic reduction in tHee/af prawn production in 2002 — 2003
also coincided with a reduction of over 60% in ¢juantity of byproduct recorded (Figure 6.1).
This reduction in byproduct recorded appears tallmst entirely due to a reduction in the
quantity of squid landed (Figure 6.3). As the éishdoes not normally target squid, it is
difficult to assess whether this change in theilagglof squid are related to their abundance.
Historical records suggest that catches of ove043@" have been taken in the Arafura Sea
and Gulf of Carpentaria in the past (Edwards 1#88)ning and Willan 2004). The life
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history of the loliginid squidsl{roteuthisspecies) is one of rapid growth, early maturitg an
short life-span (< 1 yr) and spawning multiple b&te of eggs (Jackson 2004). Thus, these
species appear to be adapted to high natural ritgrald environmental uncertainty. It would
seem unlikely that the decline in the reporteditaticsquid is related to fishing mortality.

Large catches of squid are possible at spawningeggtions and these appear to be somewhat
predictable (see Chapter 7, Figure 7.4). This hae led to local depletions, but the fact that
aggregations have been targeted in the same rgggutcessive years suggests that their
populations are resilient to the removal of larggpprtions of these aggregations. Possibly the
relative pricing and abundance of squid and bugshleahe main factor influencing fishers to
differentially keep more or less of these groupsaother factor influencing these patterns was
the introduction of a MLS for bugs in 2001. Theshmeant that only a small proportion of
bugs caught can be retained (< 10%: M. O'Brien jpgysim.). Indeed, the bug catch since
2001 has been relatively stable and thus suppthtedontention.
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7. LIFE HISTORY OF BYPRODUCT SPECIES IN RELATION TO
MANAGEMENT OF THE NORTHERN PRAWN FISHERY

7.1 Abstract

Life-history traits relevant to possible future rmgement options were examined for eight
abundant invertebrate species caught as byproduiceiNPF. Understanding these species-
specific life-history characteristics will assiatthe management and sustainability of these
species. Bugs henus parindicuandT. australiensisdiffered in their size at maturity and
fecundity. Thenus parindicusatured at a smaller size and was less fecundlthan
australiensis Both species had a similar seasonal spawnirigrpatvith most recruitment
early in the year (January — March). Our estimafesze at which 50% of females are mature
(CLsg) suggest that current MLS fdhenusare probably adequate for parindicus but allows
retention of immaturd. australiensis However,T. australiensionly contribute a small
proportion of theThenuscatch and are likely to be somewhat protectedby preferred

habitat not overlapping greatly with the NPF Tifenusstocks were considered to be in decline
or at risk, then increasing the minimum legal $@80 mm CW should be considered. This
would potentially increase egg production and redihe likelihood of recruitment overfishing,
particularly forT. australiensis.Squid and cuttlefish species also showed vanatio

fecundity, size at maturity and reproductive sealitn We suggest that squid and cuttlefish
stocks are most likely underexploited based orohicsl catches. At current fishing levels, we
also suggest that squid appear to be resiliemte@pportunistic targeting of spawning
aggregations in similar NPF regions over successaes. Despite this, we recommend that
spawning aggregations (squid) or high catch ratesitlefish (> 50 kg.d) be monitored.
Samples should be taken from these aggregatioorsler to determine species-specific
biological information that will provide baselinata for future management options. One of
the potential management options could be resinston fishing of spawning aggregations.
However, with predictions of rising water temperatiin northern Australia over the next few
decades, squid and cuttlefish populations may as&e If these predictions eventuate, a
targeted fishery for squid and cuttlefish couldubbeertaken. Should this occur, more rigorous
assessments of their populations will need to Insidered.

7.2 Introduction

The level of sustainable harvest of animal popaoietiis related to their ability to reproduce
and replenish their populations. Thus, understandspects of their life history are critical to
setting realistic harvest limits. Size at sexuatumty, fecundity, reproductive seasonality,
spawning sites, and growth rates are some of ttst important life-history parameters needed
for stock assessment and setting sustainable éxipbwi levels (Chubb 1994). For the bugs
Thenusspp, there have been few detailed studies of lifieinistory. Courtney (2002) and
Jones (2006) have summarised the most detailegkstirdm north eastern Australia which
provided information on growth, longevity, matuceatj fecundity and seasonal productivity.
Growth rates of both species are similar up to @@L (~ 2 yrs old). After thaffhenus
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australiensiggrow larger and live longer (at least 6 — 8 yrg)ntT. parindicus(4 — 6 yrs)
(Courtney 2002).

The taxonomy and life history of the squid andlefigh species in northern Australia are
poorly known (Dunning and Brandt 1985; Moltscharkyysand Doherty 1994; Dunning et al.
1998). Preliminary genetic studies in the earl9dfhave shown the Australian taxa to be
different from similar species in southeast Asi@g¥man 1993). The two most abundant squid
speciesProteuthissp 3 andJroteuthissp 4 occur across northern Australia (Yeatman 1993)
They occur in a wide variety of habitats from caasttertidal areas, offshore to at least 170 m
(Moltschaniwskyj and Doherty 1994; 1995). These sguid species have rapid population
turnover, as they are short-lived (< 1 yr) earlytumiag species, and produce many relatively
large eggs in a protective capsule (Jackson andeli®rd003; Jackson 2004). Their
population dynamics appear to be driven mostlyléyilble reproductive and somatic growth
rates that respond to environmental variabilityhsas temperature and food availability (Boyle
and Boletzky 1996; Jackson and Moltschaniwskyj 2001

The largest species of cuttlefish in northern Aalsr Sepia pharaoniss widespread from
eastern Africa, southern China, southeast Asiatthern Australia (Reid 1998; Anderson et
al. 2007). Itis an important component of thelefish catches throughout its distribution,
with landings of almost 100,000 t in Thailand ahe Philippines in 1995 (Dunning 1998). In
southeast Asigs. pharaonisoccur mostly in waters between 10 and 40 m déepmales

mature at 142 mm mantle length (ML) and spawnirgucethroughout the year, with peaks in
January — February and July — September (Reid 19R8ently, Anderson et al. (2007) found
thatSepia pharaonisictually comprises five species of cuttlefish,heapparently differing in
their life history (Norman 2000). Of the five spexAnderson et al. (2007) identified, one was
restricted to northern Australia.

Tropical cuttlefish live up to two years (BouhleichMusaibli 1985; Meriem et al. 2001) and
adults of many species are thought to spawn ortg @md then die (Norman and Reid 2000).
However, other studies suggest that some cuttlsfigities such &epia pharaoni¢Gabr et

al. 1998) and. officinalis(Boletzky 1987) are capable of multiple spawningin their short
breeding season.

This chapter describe studies that were undertetkahpidentify size at maturity, fecundity and
examine spatial and temporal variations in reprtdecondition for species in the three most
economically-important byproduct groups caughtie NPF; ii) consider new species-specific
biological information in relation to current mamagent measures and fishing activity, in order
to aid sustainability assessments; and iii) propese alternate management measures if
required.

7.3 Methods and material

7.3.1 Field sampling

Between August 2002 and February 2008 byproducpkmtbugs, cuttlefish, squid and
scallops) were collected from prawn trawlers dufN®f- prawn monitoring surveys.
Preliminary studies of samples of scallops fourad thwould be difficult to identify the
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reproductive cycle of scallops in frozen sampl€lus, no life-history studies were undertaken
on scallops. These NPF prawn monitoring survey®wadertaken twice a year, the first in
January — February where approximately 200 sitee w@mpled. The second survey was made
in July — August when samples from approximatel§ 8ides were taken (Figure 7.1). The
sampling sites were allocated among six geograglgions based on commercial fishing

effort: Weipa; Karumba; Mornington; Vanderlins, #oGroote and north Groote. Within
regions, the locations of trawls were stratifieddapth. All trawls were made at night when
prawns are most active. Each trawl was made foni®dites at 3.2 knots. For consistency, all
vessels used twin rig 12 fathom ‘Florida Flyer' syefith 50 mm diamond mesh and a codend of
50 mm mesh that were 120 meshes long and 150 mesimat A single straight bar top
opening Turtle Excluder Device (TED) was used icheaet. After each trawl, the bugs were
identified to species and total weights and numben® separately recorded for each net. Up
to 100 individuals of each species of bug were mesk(carapace length in mm: CL) per

trawl, and sex and their egg-bearing condition r@ed. During each survey, up to 10 berried
females per region were retained for further repotile analysis. All squid and cuttlefish

were counted and weighed on board, frozen andnmeduio CSIRO Marine and Atmospheric
Research laboratory for further analysis.
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Figure 7.1. Map of the Gulf of Carpentaria showing the location of the NPF prawn monitoring survey sites
sampled for byproduct life-history studies between 2002 and 2008.
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7.3.2 Bug life history

In the laboratory, egg-bearing bugs were identifeedpecies, weighed, measured (carapace
length in mm), and the eggs removed and weighéd(Q@1 g). Identification of species was
based on the taxonomic descriptions of Burton aadé)(2007). To measure fecundity, eggs
from a subsample of about 0.2 g were counted. cbhat of eggs from the subsample was then
raised proportionally to the total egg weight id@rto determine the total number of eggs
produced.

The mean length at sexual maturiGL{y) of female bugs was defined from the mean size of
berried females in the population. It was estimdd fitting a logistic function of the form:

= 1 7.1
Y T exe(—k(cL-cL)) 7

wherey is the proportion of berried females in each siass CL), k, the parameter
determining the slope of the maturity curve &id, is the estimated mediL when 50% of
the carapace length class were berried.

7.3.3 Squid and cuttlefish life history

The volume of squid and cuttlefish caught duringhesurvey was too large to enable complete
processing of all individuals. Instead, we subdathghe catches, stratified by region, season
and year. For the trawl catches examined, we ifilsthiand dissected all squid and cuttlefish
caught. Identification of species was based oartamic descriptions provided by Yeatman
and Benzie (1993; 1994). Specimens were measoradtle length in mm: ML), weighed (
0.001 g), sexed and gonads removed and weighedadesomatic index (GSI) was calculated
using the following formula:

GSI (%) = (gonad weight/(body weight — gonad wejgkt100 (7.2)

To measure fecundity of animals with enlarged eggsibsample of ovary was taken, weighed
and the number and size of eggs was measuredcolim of eggs for the subsample was then
raised proportionally to the total gonad weight.

Squid spawning aggregations

Anecdotal evidence from fishers suggested that smsd reported in the logbooks were taken
when spawning aggregations were found. To vehiéylogbook records and assess the species
composition and reproductive status of squids caaglarge aggregations, we examined a 20
kg subsample taken by an AFMA scientific observeboard a commercial trawler that found

a large squid aggregation in May 2007. The subtamas sent to CSIRO and the sample was
processed in a similar manner to other scientdioges. The total commercial catch of squid
from this aggregation was estimated to be at 2@t (Dee White unpubl. data). Daily

logbook records of the vessels fishing this aggregashowed each vessel caught > 400 kg of
squid.d". We examined the commercial logbook records (abks from 1998 —2007) to assess
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the spatial and temporal variation in catches 408 kg of squid.din order to assess the
predictability of these spawning aggregations.

7.3.4 Spatial and temporal variation in spawning

To calculate the percentage of mature femalesawsimg condition we needed to define
several criteria. First, it was necessary to idigthe mature female population for each
byproduct species. Secondly, to determine whidividuals of these were in spawning
condition. To set the first criteria, we found thenimum size of cephalopods with enlarged
gonad development based on their GSI. For buggstmmated the mean size at maturity
(CLsg) from berried females (see above). We estimdtegbtoportion of mature females in the
population at each region (Karumba; Mornington; 8ins; north Groote; south Groote;
Weipa) and season (Wet (January — March); Dry (JuDetober)) based on the following
criteria: Sepia ellipticaandS. papuensis females> 40 mm ML,S. pharaonisandS. smithi>

60 mm ML, Uroteuthissp 3> 80 mm ML, Uroteuthissp 4> 90 mm ML,T. parindicus> 52

mm CL andT. australiensis 59 mm CL. To determine the percentage of matmsafes in
spawning condition, we used the following critegattlefish spawning individuals were those
that had enlarged oocytes (GSI12.5%), for squid with enlarged oocytes (GSI5%) and for
bugs, if they were egg-bearing.

7.4 Results

7.4.1 Overall catch summary

A total of 191,411 byproduct specimens (bugs, squidl cuttlefish) were collected (Table 7.1).
Of these, 13,731 were examined for species composESI, sex ratio, length-weight
relationships and fecundity. Bugs were the moahdhnt species examined as they were
readily identified and sexed in the field. Cut&fwere the most abundantly caught byproduct
group, but the need to examine them internallysfigrcies identification and reproductive
condition limited the number of specimens identifend processed (Table 7.1).

7.4.2 Size at maturity

The carapace length of mature fembl@arindicusranged from 30.3 to 81.5 mm and from
52.7 to 89.5 mm fof . australiensis The estimated mean carapace length of fematesxagl
maturity (Clsg) was 52.0 £ 0.5 mm foF. parindicusand 58.9 £ 0.5 mm foF. australiensis
(Figure 7.2). The mean size at maturity of eadtiigs was described by the equations:

1

y= 1+ g(~027002CL-52¢05) =0.99

T. parindicusfemales:

1

1 + g(~053+004(CL-589+05))

T. australiensisemales:y = r’=0.98
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Table 7.1. Summary of total number of byproduct specimens collected in the Gulf of Carpentaria and
processed for life-history studies from August 2002 to February 2008. (* species could not be identified at
sea).

Collected Laboratory

Byproduct Group  Common Name Species at sea processed
Bugs Mud Bug Thenus parindicus 127308 240
Reef Bug Thenus australiensis 3127 8
Squid* U. etheridgeicomplex Uroteuthissp 3 2433
U. chinensiscomplex  Uroteuthissp 4 816
Squid Unidentified 14873 -
Cuttlefish* Ovalbone Cuttlefish  Sepia elliptica 6981
Papuan Cuttlefish Sepia papuensis 571
Pharaonis Cuttlefish  Sepia pharaonis 1129
Smiths Cuttlefish Sepia smithi 1553
Cuttlefish Unidentified 46103 -

Among the two species of squidroteuthissp 3 females matured at a slightly smaller siam th
Uroteuthissp 4 (Figure 7.3)Uroteuthissp 3 as small as 80 mm ML had enlarged gonads and
GSI > 5%. Uroteuthissp 4 matured at about 90 mm ML and a similar sizbe largest
cuttlefish,Sepia pharaonis GSI values of mature and spawning animals foh eattlefish
species were lower (< 8%) compared with the tiwoteuthissquid species (up to 20%)

(Figure 7.3).

7.4.3 Spawning

The seasonal pattern of spawning by bugs was sifoildhe two species, although with a shift
in the timing (Figure 7.4). Both species reachatbaimum percentage of berried females in
the late dry season (August — October), when al®@%t of the mature populations were
berried. InT. parindicus the spawning season appears to be protractedsaitie berried
females in most months (Figure 7.4). Wherea§, iaustraliensisthere were few females
caught later in the wet season (March) and none Wwerried.

The spawning season for the squid and cuttlefisiiep also appears to be extended for
several species (Figure 7.5). Mean GSlIs were higher in the dry season (August — October)
for bothUroteuthisspecies an&epia smithandS. papuensisThe seasonal pattern of
reproduction was less clear in the other two speaieuttlefish §. ellipticaandS. pharaoniy
with a similar mean GSI throughout the year (Figius.
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Figure 7.3. The gonadosomatic Index (%) for females of two species of squid and four species of
cuttlefish caught in the Gulf of Carpentaria from August 2002 to July 2008.
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7.4.4 Squid spawning aggregation

The squid spawning aggregation subsampled in M8y 2@as located west of Mornington
Island in the Gulf of Carpentaria (Figure 7.6).tdtal, 119 adult squid weighing 7.3 kg were
processed. All squid examined were identifiedlesteuthissp 4, comprising 57 males and 62
females (M/F ratio of 0.92). The female squid edrwidely in their GSI (Table 7.2), with

some specimens clearly spent and suffering soméemaanscle breakdown. The size
composition was strongly skewed to males amondgitger specimens. However, a cohort of
smaller males was also present in the aggregdfigare 7.7). Several other large catches of
squid recorded in the logbooks also occurred in Bay in the vicinity of Mornington Island
(Figure 7.6). Large catches later in the year {&aper — October) were made further west,
around Groote Eylandt. These aggregations appda telatively predictable as large catches
were made in the same areas in May 2001 and 2002 .species involved in these
aggregations may have been either of thelWnaieuthisspecies, as both showed an increase in
mean GSI at this time (Figure 7.5).
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Figure 7.6. Map of the Gulf of Carpentaria showing the location (circled) of the Uroteuthis sp 4 spawning
aggregation examined. Other probable squid aggregations (catches > 400 kg.vessel.d’l) in September or
October in other years are also shown.
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Table 7.2. Biological data collected from the Uroteuthis sp 4 spawning aggregation around Mornington
Island on 23™ May 2007 (ML = mantle length (mm), BW = body weight (g)).

Sex n ML range  Mean ML BW range Mean BW GSlrange Mean GSI
(mm) + SE (9) + SE (%) + SE

Male 57 117-280 198+5.9 27.5-142.2 74+3.8 .21662.4 0.9+0.06

Female 62 118-175 139+1.7 28.8 -87.2 48+1.8.85—-144 54104
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Figure 7.7. Percentage length-frequency distributions of Uroteuthis sp 4 caught from a single spawning
aggregation (23 May 2007) west of Mornington Island (see Figure 7.6). White bars represent females;
black bars represent males.

7.4.5 Fecundity

Of the cephalopods examined, cuttlefish were camalaly less fecund than squid (Table 7.3).
Among the cuttlefish the two smaller speciggpia ellipticaandS. papuensjsad similar

mean fecundities. Their mean fecundities were@pprately 60% of the fecundity of the two
larger speciess. pharaoniandS. smithj which also produced a similar number of eggs. Of
the squidUroteuthissp 4 was approximately 1.5 times more fecund thanteuthissp 3,
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although relative fecundities were similar. Thetwgs also showed a similar pattern with
Thenus australiensiproducing approximately 1.5 times more eggs tharsmalleiT.
parindicus(Table 7.3).

Table 7.3. Mean size and fecundity and relative fecundity (eggs.g’l) + SE of cuttlefish, squid and bug
species in the Gulf of Carpentaria from August 2002 to February 2008.

Group Species Si?;rrrz?)nge Size (mm) felc\:/luerijr;ty fzslljit(ij\i/g/
+ SE + SE + SE
Cuttlefish Sepia elliptica 67 —-121 89+1 180 + 10 58 +3 89
Sepia papuensis 66 — 89 76 £2 172 +18 122 £ 17 15
Sepia pharaonis 86 — 190 155+ 3 343 +£40 34+3 35
Sepia smithi 100 — 140 118+ 2 274 + 30 42+3 39
Squid Uroteuthissp 3 59 - 143 102 £ 13 3341 + 1001 698 + 140 6
Uroteuthissp 4 125 - 222 170+ 11 4779 £ 677 641 + 34 17
Bugs Thenus parindicus 40-70 55+0.5 11350 + 328 1426 £ 20 240
Thenus australiensis 61— 75 702 16829 + 2481 1494 + 114 8

7.4.6 Commercial logbook effort

The commercial catch of bugs is spread throughwientire Gulf of Carpentaria fished area
(Figure 7.8). The mean retained catch rate in maggons was < 25 kg'dbut there were
localised areas where > 100 kgliave been landed. These were mostly in the smastern
Gulf around Karumba. Here, the catch comprisedsairaxclusivelyrl. parindicus Berried
female bugs were caught in all regions. HoweVer pgroportion of berried females of each
species offhenusvaried, mostly between seasons rather than syaagure 7.8).

The spatial distribution of squid catches was mestricted than those of bugs (Figure 7.9).
However, the reported catches were much largerftirathe bugs, with over 500 kg'd

recorded from several locations in the Vanderlimd Blornington regions. These catches were

mostly Uroteuthissp 3. Spawning occurred throughout the year, witigher proportion
spawning during the dry season in most regionsu¢€ig.9).
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season percentage (histogram) of the adult female population that are berried. (T.pari: Thenus parindicus,
T.aust: Thenus australiensis).
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In contrast, the commercial logbook records oflefitth were from the southern and western
parts of the Gulf of Carpentaria (Figure 7.10).tdBaates of cuttlefish were lower than for the
other two groups, with the highest catch rates ogrfiom the Vanderlins region. The
spawning pattern varied among species, with thatgse proportion of each species in
spawning condition during the dry season (Figut®)/. Some species such&ssmithiandS.
pharaonisonly spawned in the north western Gulf of Carpeataround Groote during the dry
season. The shallow water around Karumba wasrlyeregion wheres. papuensiandsS.
pharaonisdid not spawn. The other two speci®sellipticaandS. smithi spawned throughout
the year in all regions (Figure 7.10).

7.5 Discussion

The life-history patterns of byproduct species ¢taug the NPF varied widely. We found
species-specific differences in size at maturgguhdity and temporal and spatial reproductive
condition and behaviour. The species examinealarestrategists that are characterised by
being short lived, small in size, early maturingl gmoduce one or more batches of eggs during
an extended spawning season.

7.5.1 Bugs

The overall reproductive patterns appear to belairfor both species of buglienus
parindicusandT. australiensis We found thal. parindicusmature at a smaller size th@n
australiensisand at a similar size to this species on the Qalerd east coast (Jones 2006).
The average fecundity af. parindicusin the Gulf of Carpentaria was similar to estimédtes
north eastern Australia (Jones 2006). Howeverfabendity estimates for. australiensis

from the Gulf of Carpentaria were considerably lowmeour study (~17000 eggs) compared to
Jones (2006) (~32000 eggs) and to that of Hos4&ir) (~21000 eggs). Fecundity of bugs
increases with size (Jones 2006; Oliveira et @820 The specimens caught in the Gulf of
Carpentaria were of a smaller mean size (70 + 2Ghjncompared to 78 mm CL (Jones 2006)
and thus proportionately less fecund. Anothertsapical to temperate water scyllarldacus
peronii, also shows a similar relationship between sizkfaoundity (Stewart and Kennelly
1997). It is worth noting that whil€. australiensiss more fecund per egg clutch,
parindicusmay in fact have similar reproductive potentiatteesy mature earlier at a smaller
size and have similar relative fecundities.

According to Jones (2006), both species produtsaat two egg clutches per year, with peak
recruitment immature bugs to the fishing groundtheawet season (January — March). We
also detected a strong recruitment to the fisharind the wet season for both species (Milton
et al. 2008). It appears that the majority of spiangy activity occurs in the late dry season
(August — October) in which the percentage of leerfemales increased from ~15% in July to
over 40% in October. It is unclear whether thigveping pulse extends into November and
December as samples were not collected during thes¢hs. There was potential for some
spawning activity for both species throughout teary There were small percentages of
berried females in their populations at all tim&®ar-round spawning may be a response to the
variability of environmental conditions in northefustralia as rainfall patterns and nutrient
inputs are highly seasonal. For example, othatiasthave found that large fluctuations in
environmental conditions such as temperature,igglimind and currents have the potential to
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influence the survival of larvae of other lobstpesies (Rothlisberg et al. 1994; Marinovic
1996; McWilliam and Phillips 1997; Caputi et al.(A).

7.5.2 Squid and cuttlefish

Reproduction in loliginid squids and sepiid cuigafis complex. They have a wide spectrum
of behaviour, a large energy investment over aaradd part of the short life cycle (Hanlon
1998). Uroteuthissp 3 andJroteuthissp 4 are the shortest-lived species (4 — 6 months:
Jackson and Choat 1992; Jackson and Yeatman 18R&rBongkol et al. 2007) and both
mature in about 75 — 100 days (Jackson 1993; Sukrgkol et al. 2007). There were
considerable differences in the sizes at matuoitffédmales among the six cephalopod species
analysed. For exampldgroteuthissp 3 had developed gonads when they were as aséll

mm ML. This was a similar size to that of the deratuttlefish species. ellipticaandS.
papuensis In contrastSepia pharaonisS. smithiandUroteuthissp 4 appear to mature at
larger sizes, 60 — 90 mm ML. Gabr et al. (1998nfdSepia pharaonig the Suez Canal
matured at 90 mm ML. A marked plasticity has beeted in size at maturity for a number of
cephalopodsL(ligo opalescensHixon 1983;Loligo pealej Macy 1982 Photololigo edulis
Natsukari and Tashiro 199Mlloligo vulgaris reynaudjiAugustyn et al. 1992; arfgepia
pharaonis Dunning et al. 1994). Factors such as size,fagd, availability and environmental
conditions such as temperature and day length Inese reported as possible explanations for
these differences in size at maturity (Natsukad &ashiro 1991; Jackson 1993; Jackson and
Yeatman 1996).

The squid in northern Australia invest more enengy reproduction than cuttlefish. Their
gonad represented up to 20% of total body weigfenimale squid compared to < 8% for all
cuttlefish species. The mean fecundity among #phalopods showed considerable variation.
The squid species produced between 3000 — 5000peggpawning, which is similar to that of
another tropical squid from the eastern Atlantie@rcLoligo vulgaris(Coelho et al. 1994).

The cuttlefish however, produced considerably feawvet much larger eggs with mean
fecundity ranging from 173 to 343. Our estimatasS. pharaonisvere similar to that of Gabr
et al. (1998). This is interesting considering thay are now thought to be a different species
(Anderson et al. 2007), geographically separatelitiams more likely to vary in their life-
histories. The fecundity estimates for the otBepiaspecies are the first to be published.
Differences in reproductive capacity between saguid cuttlefish are probably related to the
trade-off between fecundity, egg size and longeffgcl and Jackson 2008). Cuttlefish also
have more elaborate egg protecting behaviour bpdayeir eggs in or under structures. This
approach is likely to provide some level of proikatiagainst predators compared to squid that
mostly lay egg capsules on the sea bed.

Squid and cuttlefish populations spawn throughoostnof the year in northern Australia, with
seasonal peaks in productivityroteuthissp 3,Uroteuthissp 4,Sepia smithandS. papuensis
had an obvious spawning peak in the late dry se¢g@eptember — October). In contrést,
elliptica andS. pharaonisdid not show clear seasonality in spawning. Adig to Jackson
(1993), Moltschaniwskyj (1995) and Sukramongkahle{2007), othebJroteuthisspecies
spawn in large aggregations throughout the yedh maaks in spring and autumn. We also
detected an increase in spawning during springtégaper — October). However, we were not
able to collect samples during autumn. The oppdstic sampling of a spawning aggregation
in May 2007 (autumn) suggests that at léfstteuthissp 4 does spawn at this time. Another
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tropical squidPhotololigo edulisalso spawns in spring and autumn in the southash Ehina
Sea (Wang et al. 2008). The protracted spawniagmses of these species may be a strategy to
compensate for variable environmental conditioas tdan affect hatching (Boyle and

Rodhouse 2005). In comparison, Boletzky (1988pibthat cuttlefishepia officinaliy were
capable of intermittent spawning in captivity oeeperiod of seven months. He suggested that
protracted spawning is likely to be important undenrtain environmental conditions to
counteract high mortality rates.

7.5.3 Management Issues

Current regulation of catches of bathenusspecies in the NPF is through a minimum legal
size (MLS) and the prohibition of taking berriedri@es. Our estimate of size at maturity for
T. parindicusof 52 mm CL is below the current MLS of 55 mm G15(mm CW). As a result,

a proportion of the mature females can spawn befayg are vulnerable to fishing. As
parindicusaccounts for over 90% of tAdenuscatch in the NPF (Chapter 8), the current
regulation should reduce the risk of recruitmerdréighing. In contrasfl. australiensis

mature at 59 mm CL and larger than the MLS. Tthescurrent MLS regulation does not
protecting the adult population of this speciesawdver, the habitat preference fiar
australiensigmay provide a level of protection, as they prefearser substrates and deeper
water (> 40 m) (Jones 2006; Chapter 8). The lefrelrrent commercial fishing effort in the
NPF is higher in shallower water (< 40 m) and angbfter substrates preferred by the targeted
prawn species. However, if tie australiensigopulation in the NPF was considered to be in
decline or at risk, then a possible managemenboptiould be to increase the MLS to 80 mm
CW for both species. This would increase egg prtidao and reduce the likelihood of
recruitment overfishing om. australiensigCourtney 2002).

Many species of cephalopods, includldigpteuthissp 3 andJroteuthissp 4, aggregate when
spawning (Dunning et al. 1994). This makes thetemally more vulnerable to targeted
fishing. The targeting of squid aggregations bydesal trawling has the potential to heavily
disrupt spawning, but also damage egg capsulezhatiao the seabed. Spawning aggregations
have been reported for other squid species, suchlig® vulgaris reynaudiin South Africa
(Sauer et al. 1992),. pealeioff the U.S. east coast (Arnold 1962) andlfoopalescensff
California (Fields 1965). In contrast, cuttleffe usually solitary animals except during
spawning (Naud et al. 2004). Large cuttlefish spagy aggregations have only been reported
for one species in southern Australiepia apam#Hall and Hanlon 2002). We found no
evidence of large spawning aggregations for arth@tuttlefish species examined. However,
several commercial catches > 50 kg Hhgve been reported in regions north of the Vairterl
and south Groote. This may indicate some levelggfregation for spawning and should be
investigated further to determine the reproductivaracteristics of the species being caught.

Historical catches from Taiwanese trawlers in nemthAustralia indicate that the recent
average annual catch of around 116 t of squid amaf Suttlefish in the NPF from 1998 — 2005
is well below harvest capacity. For example, i78,9Taiwanese trawlers caught 968 t of squid
and 106 t of cuttlefish were caught in the GulfOafrpentaria by Taiwanese trawlers (Liu and
Yeh 1982). In the area northeast of Groote alartetal catch of ~48 t of squid were caught
from 55 hauls (Liu and Yeh 1982). Therefore theent annual take of squid before
management action is required (500 t) is probabhservative. The fact that squid
aggregations in the same regions within the NPIe theen targeted over several years without
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local depletion suggests resilience at the cuteara of fishing. However, if this trigger point
is reached then one management option might bermduce a spatial or temporal closure of
known squid spawning grounds as has been impleheiewhere (Sauer et al. 1992;
Moltschaniwskyj et al. 2002). Therefore the idBadition of species-specific spawning
aggregations should be a priority. AFMA shouldamage collection of samples from these
aggregations by fishers or scientific observersrder to determine their biological
characteristics. This will provide baseline ddtattcan be used to confirm the species
composition predictions (Chapter 9) and thus madteesbinformed management decisions in
future.

7.5.4 The future?

According to Jackson (2004), tropical squid tolerand even thrive in very warm conditions.
Therefore, they are likely to be favoured by thedicted increase in sea water temperature in
northern Australia due to climate change. Globalming is likely to increase growth rates
and accelerate their fast life histories. Thisldaasult in an increased rate of population
turnover and potentially lead to population expansiPecl and Jackson (2008) predict that
warmer temperatures will also lead to smaller eggssmaller size at maturity. Thus, the
overall effects of warming seas are difficult tegict. Should warmer waters lead to a higher
turnover rate squid may have the potential to becorare of a targeted species in the future
rather than as byproduct. As a result more rigpteahniques to define stock size may need to
be considered. These may include traditional stedessments methods such as those
described by Pierce and Guerra (1994), or newéntgues that combine hydroacoustic and
minimum demersal survey swept area estimates @fripg biomass (Lipinski and Soule
2007). There has also been some recent successrating stock size from environmental
conditions, particularly sea surface temperatural(Ma et al. 1999; Agnew et al. 2002). New
risk assessment methods (Zhou and Griffiths 20@&)rely on evaluating the proportion of the
cephalopod population being trawled by the NPFatalgo be investigated (see Chapter 10).
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8. FACTORS AFFECTING THE DISTRIBUTION AND
ABUNDANCE OF BYPRODUCT SPECIES IN THE
NORTHERN PRAWN FISHERY

8.1 Abstract

The effect of a number of spatial, temporal andrenmental variables on catches (in ghha

of squid, cuttlefish, bug and scallop byproductcspe were examined with generalised additive
models. The variables used were year, month, depthdistance from the coastline (RLand),
distance along the coastline from a fixed point g®Pand sediment composition (percentage
mud and sand). Catch rates from recent NPF prammitaring surveys on the major prawn
grounds were also compared to historical CSIROnéiie and observer survey data and
commercial logbook catches to identify any tremd€PUE over time.

Mean catch rates of squid from the NPF prawn maonigosurveys declined from around 15
g.ha' in 2002 to only 5 g.h&in 2008 in the Gulf of Carpentaria. Catches dflefish however
have remained relatively stable from 2002 to 2088ging from 16 to 30 g.Ha The
abundance of bugs also declined from around 175" ¢h2003 and 2004 to 120 g-ha 2006
and 2007, and increased again in 2008. Scallah cates varied between years, showing
higher catches in 2002, 2005 and 2007 with conalidgdower catches in 2003, 2006 and
2008.

A number of factors affected byproduct catch ratgsoth the NPF prawn monitoring surveys
and the NPF commercial fishery. The abundanceast squid species differed seasonally and
inter-annually. There were significantly highetatees from the NPF prawn monitoring
surveys in January — February and June — Auguzd@3 — 2004 and 2007 — 2008. Squid were
more abundant in shallow water (10 — 15 m), esfigdlze smaller specie®\( noctiluca
Uroteuthissp 1 andJroteuthissp 2). These species were also more abundambandg with
mud substrates, whereldsoteuthissp 4 was more abundant in relatively sandy aréagre

were no strong regional differences in catch rat¢le Gulf of Carpentaria, except that

slightly higher commercial catch rates were recdrai@und Mornington and Karumba regions.

There was no significant seasonal trend in cusitefibundances in the Gulf of Carpentaria.
The commercial landings were lowest in April, iresing steadily throughout the rest of the
year. All five cuttlefish species had high catchrethe deeper offshore waters (> 25 m),
although two specie$( ellipticaandS. smithj also had high catch rates in shallow coastal
waters (< 10 m). Cuttlefish species were leashdbant around the Weipa region. Most
cuttlefish speciess. elliptica, S. papuensjsS. smithiandMetasepia pfeffeyihad slightly

higher catch rates when substrates were a mixfusarg and mud rather than predominantly
one type or another.

The mud bugT. parindicus showed a distinct seasonal pattern in commelanalings.

Greater quantities of mud bugs were retained eanlithe year compared to later in the year
(April — August) and a greater proportion of reafjb were recorded during September to
November compared to earlier in the year. No segquattern was detected in the NPF prawn
monitoring surveys for either species. Highestlvas ofT. parindicusoccurred in the 15 — 35
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m depth zone, around Mornington and Karumba, angroands with substrates comprising 20
—60% mud. In contrast, australiensishowed a distinct preference for deeper offshore
waters (> 35 — 40 m), around Vanderlins and Weipd, on grounds with a high percentage of
sand.

There was no obvious inter-annual or seasonalrpatte scallop abundances in the Gulf of
Carpentaria, except catches were slightly highénenGroote region and in deeper offshore
waters (> 50 m). An understanding of the relatigps between abundances and spatial,
temporal and environmental variables is importanfptedicting population fluctuations. It
will also be a valuable tool for the managemertheke byproduct stocks by providing
standardised indices of their abundances and populdistributions outside of the current
NPF commercial fishery areas or seasons.

8.2 Introduction

Of the four main byproduct groups, cephalopodspapbably the most important marine
resource worldwide, with several species the tasgebommercial fisheries (Pierce et al. 1994,
Pierce and Guerra 1994; Perez and Pezzuto 199% Bed Robin 2001; Lu 2002; Wang et al.
2003; Reiss et al. 2004; Zuur and Pierce 2004; Band Ichii 2005; Glazer and Butterworth
2006; Nottage et al. 2007; Sukramongkol et al. 20@¥wever, in many of these fisheries
there is a common trend of highly fluctuating catshboth seasonally and inter-annually
(Pierce et al. 1994; Bellido et al. 2001; Denis &unibin 2001; Schon et al. 2002; Pierce and
Boyle 2003; Reiss et al. 2004; Chen et al. 2006eRet al. 2006). This pattern coupled with
their life-history characteristics: generally shiived (1 — 2 years) (Pierce and Boyle 2003)
with migratory and spawning aggregation behavimakes fishery management difficult as
their populations are sensitive to environmentadtflations (Pecl and Jackson 2008).
Information on the spatial, temporal and environtakfactors determining their distributions
and their high annual variability in abundanceaiiable data for effectively assessing and
managing these stocks.

Several studies have investigated the correlati@patial, temporal and environmental effects
on the distribution and abundance patterns of thes@e groups, especially cephalopods
(Rainer 1984; Jones 1993; Schon et al. 2002; Waab 2003; Mqgoqi et al. 2007; Semmens et
al. 2007). In northern Australia, Jones (1993nfibthat the bug speci€Bhenus parindicus
andT. australiensisvere highly aggregated or patchy in distributidthvgignificant variability

in catches. He reported that they differed in tadlwharacteristics, suggesting their abundance
was most influenced by sediment type and waterhdeytang et al. (2003) reported that the
cuttlefish,Sepia officinalisshowed clear annual migration patterns within Ehefitlantic

coastal waters. Local abundances were positivehetated with sea surface temperature and
depth. However, very little is known about thesetk of these environmental conditions on the
distribution and abundance of these byproduct sgenithe Gulf of Carpentaria.

The aims of this chapter are to assess the effestwronmental parameters on the catch rates
of byproduct species by (1) analysing availableaesh and commercial catch data and
associated spatial, temporal and environmentaltddtientify potential factors that influence
the distribution and abundance of byproduct grabpsughout the NPF; (2) identify temporal
trends in CPUE by comparing catch rates from reb# prawn monitoring surveys to
historical CSIRO scientific and observer surveyd esmmercial logbook catches.
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8.3 Methods and materials

All available catch and effort data on speciesdaaheof the four byproduct groups (squid,
cuttlefish, bugs and scallops) caught in the GLiCarpentaria were used for catch rate
analysis. The datasets were sourced from currBit pdawn monitoring surveys (2002 —
2008), historical CSIRO scientific and observewnsys (1990 — 2005) and NPF commercial
logbook data (1998 — 2007). Each of the datasets standardised for gear and effort to catch
weight (g) per trawl swept area (ha) and collated & central database. This data is stored at
CSIRO Marine and Atmospheric Research, Cleveland.

For each trawl record, the swept trawl area (ha egdculated using the following equation:
Swept Area (ha) =a(* L, * n * Trawl duration* Trawl speei10000 (8.1)

wherea is the conversion estimator of the linear trawhvigth of a net (0.66 of headrope
length),L;, is the length of one trawl net headrope (in metres the number of nets towed,
Trawl durationis in hours;Trawl speeds in m.hi.

Only data records with a latitude and longitudehimitthe NPF boundaries were used. The
spatial, temporal and environmental variables digethe catch rate analysis were year, month,
depth (m), distance from the coastline in unitdegrees (RLand), distance along the coastline
from a fixed point in units of degrees (RDist) a®tliment composition (mud and sand %)
(refer to Chapter 9 for more details). This dataesecluding depth (available for individual
trawls), was based on a 6 nautical mile latitude langitude grid. Therefore, the Gulf of
Carpentaria was also divided into 6 nautical mile) grids. Each trawl data record was
assigned a latitude and longitude position corredpmy to the centre of the six nm grid that it
fell within to match with the spatial, temporal agavironmental datasets.

For the NPF prawn monitoring surveys led by CSIRGNA Project 2005/1024), the

following data were collected from 2002 to 2008@ps, numbers and weights of bugs and
scallops were recorded. Numbers and weights aigaiid and cuttlefish caught were recorded,
however only about 20 — 25% of the total catchtli@se two groups were identified to species
(Chapter 7). Using this subset of data, speciesha@mpositions (by weight) were predicted
for the remaining NPF prawn monitoring catch datords where individuals were not
identified to species (Chapter 9).

CSIRO have undertaken several scientific surveylffarent parts of the Gulf of Carpentaria
between 1990 and 2005 (Table 8.1). The objecti¥éisese surveys varied between projects,
but all involved a stratified random trawl survegs@yn. Byproduct catches from all trawls
during these surveys were recorded to species vgossble, counted and weighed. No
biological data on the byproduct species were ctilkin association with these surveys,
although Dunning et al. (1994) summarised someogio&l data for the cephalopod catches of
the two most comprehensive surveys in 1990 and.1991

Byproduct catch in the NPF is recorded in commétogbooks under broad byproduct groups;
squid, cuttlefish, bugs and scallops. Therefdre species catch composition of the bug (all
recorded), squid and cuttlefish groups (predictethfsubsamples processed) obtained from the
NPF prawn monitoring surveys were used to prediietspecies compositions of each
commercial trawl between 1998 and 2007. The NRkpmMonitoring survey species
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compositions were assigned to each of the comméoghbook data records based on their six
nautical mile latitude and longitude grid desigoati As scallops retained by NPF vessels are
generally only one speciesmusium pleuronectethe commercial logbook catch records for
scallops were assigned to this species only. heset commercial logbook predictions, it
should be noted that weights recorded in the logbomly reflect the proportion of the
byproduct catch that was retained and not the taith of byproduct for each vessel.

It was not possible to compare actual catchesaf ethe byproduct groups caught during the
NPF prawn monitoring and CSIRO scientific and obeesurveys to the catch rates recorded
in the NPF commercial logbooks. The latter repmesaly the proportion of byproduct catch
that was retained and recorded by trawlers (nat t@ttches). However, patterns in catch rates
can be compared between the commercial and séiemifearch trawls. Catch rates (¢hha

for each byproduct species were analysed with a#m spline term for the independent
variables; year, RDist, RLand, percent mud, persant and depth. Month was treated as a
fixed effect for the three datasets. Year wadékas a fixed effect only for the NPF prawn
monitoring surveys and CSIRO scientific and obsesuevey datasets. Each of the three
datasets (1) NPF prawn monitoring surveys, (2) @s#Rientific and observer surveys and (3)
NPF commercial logbook data were analysed sepgraldlis was done to independently
compare the influence of each variable on the cattds of each byproduct species. As the
catch rates for most species were not normallyidiged, CPUE was log transformed. The
three datasets were then analysed with a genatadditive model (GAM) in R.

8.4 Results

8.4.1 Species composition of catches

The sources of each NPF byproduct dataset, thepameds of the data collected, the numbers
of trawls, trawl hours and numbers of animals afhelayproduct group are summarised (Table
8.1). Of the squid samples collected from the [gREwNn monitoring surveys, the dominant
species varied depending on the region sampledi@&#® 1). Uroteuthissp 3 was the most
abundant species overall, between 25% at Weip& a¥dat Karumba and Mornington. The
largest of the squid species (in length)pteuthissp 4, was most common at Weipa and
Vanderlins, making up between 47 and 64% of thédsiguhese two regions. Two of the
smaller specief\estuariolus noctilucandUroteuthissp 2, were only common around
Karumba and Groote, respectively (Figure 8.1).

The most abundant species of cuttlefish caughthdutie NPF prawn monitoring surveys was
Sepia ellipticaranging between 53 and 94% of the cuttlefishic@tegure 8.2). 8pia smithi
was also abundant, especially around MorningtonVelegba, comprising about 20% of the
cuttlefish.

One species each of bug and scallop dominatedatichas across the six regions sampled;
Thenus parindicuandAmusium pleuronectesomprising at least 93% and 85% of the catch of
each group respectively (Figure 8.3, Figure 8APound Karumba and Groote, the species
composition of the bugs was comprised almost ekalysof T. parindicus (> 99%). The reef
bug (Thenus australiensisvas more prevalent around Weipa than other ragip8% of the

bugs caught).
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8.4.2 Overall catches of byproduct groups

Overall catch rates of squid during the NPF pravemitoring surveys have declined from
around 15 to 5 g.habetween 2002 and 2008 (Figure 8.5). In previoBHRO scientific and
observer surveys in the Gulf of Carpentaria, thehes of squids have been variable but
generally higher than during the NPF prawn moniigsurveys, ranging from 20 to 90 g'ha
(Figure 8.5). This may be a result of the methibdada collection between the two data
sources. The CSIRO scientific and observer surweys undertaken at different times of the
years and at a number of different regions actos$ulf of Carpentaria. This pattern differed
from that of the prawn monitoring surveys that sged the same sites each survey.

The catch rates (in weight) of cuttlefish caughtimyithe NPF prawn monitoring surveys was
around twice that recorded for the squids and veagilly consistent during the period from
2002 to 2008; ranging from 16 to 30 g'H{&igure 8.5). The catches of cuttlefish from CSIR
scientific and observer surveys showed a similttepato the catches of squid with generally
consistent catches for most years, and severad ydan higher catches were made; 1995,
1996 and 2005 (Figure 8.5).

Catches of bugs from the NPF prawn monitoring sys\ahowed a decline in catch from
around 175 g.hain 2003 and 2004 to 120 g-hm 2006 and 2007 (Figure 8.6). This was
followed by an increase in 2008 to the levels ded¢he 2003 survey year. However, catches
of bugs during the previous CSIRO scientific andexler surveys was considerably lower,
less than 75 g.Afain most years from 1993 to 2004. There wereyears, 1995 and 2005,
when mean catch rates were similar to NPF prawntoramg survey catches (Figure 8.6). The
catches of scallops were also variable across ysaosving higher catches in 2002, 2005 and
2007 (Figure 8.6). Scallop catches recorded diypiegious CSIRO surveys were generally
lower than in the NPF prawn monitoring surveys.

The commercial logbook data showed that althoughvttume of squid caught and retained
each year were high (Table 8.1), mean catch rdtegtained squid have been relatively stable
at < 20 g.hd (Figure 8.5). However during 2001, 2002 and 2@0& annual mean catch was
more than double (> 40 g:flgand as high as 80 g:h&Figure 8.5). This was due to several
vessels finding and targeting large spawning agdregs of squids (Chapter 7, Table 8.1).
Apart from these large patchy catches of squids,astimated that the commercial fleet retains
around half of the volume of squids that they canctine trawls when compared with the
catches made during the NPF monitoring surveysdrsame regions.

Assessing data poor resources: developing a management strategy for byproduct species in the Northern Prawn
Fishery
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Table 8.1. Summary of the dataset sources, date ranges, number of trawls, trawl hours and numbers of animals of each byproduct group from northern Australia used in
the catch rate analysis. No. trawls = number of individual trawls, except for the NPF commercial logbook dataset where it refers to trawl effort in days.

Total catch weight (kg)

Dataset Project Date range tr:v(\)/ls -Ir;:)aml; _ _
Squid  Cuttlefish Bugs Scallops
NPF prawn monitoring surveys 2002 Pre-season surkayg 02 169 84.4 28.6 99.0 296.6 536.7
2003 Pre-season surveyan — Mar 03; Jul — Oct 03 844 419.0 134.6 507.4 2779.0 1648.2
2004 Pre-season surveyan — Mar 04; Jul — Oct 03 815 406.6 204.4 657.1 2624.0 1880.3
2005 Pre-season survelyeb 05; Jul 05 516 257.2 70.0 430.0 1446.9 1603.7
2006 Pre-season surveyan — Feb 06; Jun — Jul 06 511 256.4 64.4 365.6 1081.8 954.9
2007 Pre-season survelyeb 07; Jun — Jul 07 517 258.3 64.0 562.8 1132.1 1450.1
2008 Pre-season surveyan — Feb 08 301 150.9 20.8 340.2 974.0 657.4
CSIRO scientific and Tropical fish ecology  Aug —t@8; Mar — Nov 94 40 10.6 - - 1 2
observer surveys Effects of trawl design Nov 93) Fé&Nov 95 442  370.6 - - 463.9 341.0
TED and BRD design  Sep 96 — Jun 98 225 697.0 - - 299.0 879.3
Bycatch sustainability Feb 97 — Oct 98 1073 571.3 170.3 125.0 423.6 504.8

TED and BRD design  Aug — Nov 01 502 1728.2 - - - 49.1
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Total catch weight (kg)

Dataset Project Date range tr:v(\)/ls 'Ir;:)a;v;/; _ _
Squid  Cuttlefish Bugs Scallops
Bycatch monitoring Sep 03; Apr 04; Apr 05 117 1235 - 16.8 30.6 34.3
Effects of trawling Feb — Mar 05 162 29.0 13.2 24.9 31.8 20.2
NPF commercial logbook 1998 Logbook data Apr — Déc 23428 260617 260062 6255.0 131923.8 26654.5
1999 Logbook data Apr — Nov 99 18334206667 39590 5342.0 69501.6 13434.0
2000 Logbook data Apr — Nov 00 16416185617 37345 49595 82672.2 37257.3
2001 Logbhook data Jan — Nov 01 16687171575 367218 3107.0 281515 6064.3
2002 Logbook data Apr — Nov 02 12997142680 176926  3733.5 35221.0 10452.0
2003 Loghook data Mar — Nov 03 12617142350 5809 4121.2 32908.9 3610.5
2004 Logbook data Apr — Dec 04 11778126865 20417 3654.0 19801.2 2174.8
2005 Loghook data Apr — Nov 05 11422125580 14745 6252.0 26067.0 3425.0
2006 Logbook data Apr — Nov 06 10302 86659 4014 504.0 2350.0 154.0
2007 Logbhook data Apr — Nov 07 7587 71940 174978 3336.0 12213.6 8969.0

Assessing data poor resources: developing a management strategy for byproduct species in the Northern Prawn Fishery
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Figure 8.1. Species composition of squid caught in the Gulf of Carpentaria during the NPF prawn monitoring surveys between 2002 and 2008.
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Figure 8.2. Species composition of cuttlefish caught in the Gulf of Carpentaria during the NPF prawn monitoring surveys between 2002 and 2008.
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Figure 8.3. Species composition of Thenus bugs caught in the Gulf of Carpentaria during the NPF prawn monitoring surveys between 2002 and 2008.
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Figure 8.4. Species composition of scallops caught in the Gulf of Carpentaria during the NPF prawn monitoring surveys between 2002 and 2008.
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Only the larger-sized cuttlefish were retainedcbgnmercial trawlers, similar to the situation
with commercial squid catches. Therefore catobsréiom the commercial logbooks were
expected to be much lower than from the NPF prawnitoring surveys (Figure 8.5). The
mean retained catch of cuttlefish was less tha:tnalg However, the actual mean catch rates
for cuttlefish from NPF commercial trawlers betwd&98 and 2007 is likely to be similar to
the NPF prawn monitoring survey catches as trawkiag done in similar areas and at similar
times of the year. From the catches obtained duhia NPF prawn monitoring surveys, the
commercial fleet appears to retain only about 10%h@weight of cuttlefish caught in trawls
(Figure 8.5). The NPF commercial vessels retaordg a small proportion of their catch of
bugs and scallops (Figure 8.6). The catches of theg were retained by the NPF commercial
vessels each year has decreased from 1998 to 0@ &bout 20 to 10 g.Hawhile the catches
of scallops over the same time period have remaieletively stable.

8.4.3 Effects of predictors on byproduct species ca  tches

For each of the three datasets, the effects ahttependent variables; RDist, RLand, % mud,
% sand and depth (m) and the fixed effects; yedmaonth, on the catch rates (Log CPUE) for
each of the byproduct species were estimated \eitieiglised additive models (GAMS).

Squid

Catches of each of the squid species showed distimuial and seasonal patterns (Figure 8.7 —
Figure 8.9). For the NPF prawn monitoring survelysre were significantly higher catches in
the years 2003, 2004 and 2007, 2008; and in theéhwai February and June to August. There
was a similar inter-annual pattern seen in theipted catches of each squid species from the
NPF commercial vessels. Mean catch rates of equall species retained by commercial
vessels had increased slightly in 2002, decline2Did8 and then significantly increased from
2004 to 2007 (Figure 8.10 — Figure 8.12). Howetlex,retained commercial catches of these
squid species were much higher in the month of kklgrcompared to other months.

The squids were also generally caught at highesriatthe shallower inshore areas of the Gulf.
This was especially true for the smaller squid smtiroteuths sp 1 Uroteuthissp 2 andA.
noctiluca where catches were highest in waters less than déep and where the substrate
was predominately mud. The predicted commerciihess for these three species appeared to
be higher in areas where the sediment type wasraitbstly sand or mostly mud, compared to
areas with a mixture of sand and mud substratei(€i§.10). For the larger squid species,
Uroteuthissp 3 appeared to be more abundant in deeper veatdtsroteuthissp 4 had higher
catch rates in areas with sandier substrates @, Figure 8.12).
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Figure 8.5. Trends in mean catch rates (g.ha’1 + SE) of (a) squid and (b) cuttlefish caught in the Gulf of

Carpentaria.
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Figure 8.6. Trends in mean catch rates (g.ha’1 + SE) of (a) Thenus bugs and (b) scallops caught in the
Gulf of Carpentaria.
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Figure 8.7. Adjusted mean squid Uroteuthis spp catch rates (Log CPUE in g.ha'l) + 95% confidence
interval of significant effects in models from the NPF prawn monitoring surveys in the Gulf of Carpentaria
(RDist is low at Groote Eylandt and high in Weipa; Significance levels: *** < 0.0001; ** < 0.01; * < 0.05).
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Figure 8.10. Adjusted mean squid Uroteuthis spp catch rates (Log CPUE in g.ha'l) + 95% confidence
interval of significant effects in models from NPF commercial logbook records from the Gulf of Carpentaria
(RDist is low at Groote Eylandt and high in Weipa; Significance levels: *** < 0.0001; ** < 0.01; * < 0.05).
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Figure 8.11. Adjusted mean squid Uroteuthis sp 3 catch rates (Log CPUE in g.ha‘l) + 95% confidence
interval of significant effects in models from NPF commercial logbook records from the Gulf of Carpentaria
(RDist is low at Groote Eylandt and high in Weipa; Significance levels: *** < 0.0001; ** < 0.01; * < 0.05).
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Figure 8.12. Adjusted mean squid Uroteuthis sp 4 catch rates (Log CPUE in g.ha‘l) + 95% confidence
interval of significant effects in models from NPF commercial logbook records from the Gulf of Carpentaria
(RDist is low at Groote Eylandt and high in Weipa; Significance levels: *** < 0.0001; ** < 0.01; * < 0.05).
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The analysis of the NPF prawn monitoring surveymibthat catch rates of thiroteuthisspp
group @. noctiluca Uroteuthissp 1,Uroteuthissp 2) andJroteuthissp 4 were similar
throughout most of the coastal Gulf region; frono@e Eylandt to Weipa (Figure 8.7, Figure
8.9). The mean catch rateldfoteuthissp 3 was significantly lower around the north east
side of the Gulf (Weipa) (Figure 8.8). Howeveeréawere no trawls recorded from the south
eastern region from the area north of Karumba thsof Weipa (Figure 8.8). From the NPF
commercial logbook data, catch rates for each@stuid species were markedly higher
around the Mornington to Karumba region comparesther regions within the Gulf (RDist
between 26 and 29). Although there was a distelationship with higher commercial mean
catches in waters closer to the coastline (RLamdtden 0.0 and 0.6), the predicted catches in
the deepest waters trawled were also high butbari@&igure 8.10 — Figure 8.12).

Cuttlefish

Most cuttlefish species caught during the NPF pravemitoring surveys showed a steady
increase in catches from 2002 to 2007 followed byrasiderable increase in the 2008 survey.
However,S. smithishowed a significant decrease in catches in 206&ared to other years.
The most common specie€®epia ellipticahad similar catch rates across most years of the
surveys. All five species also showed a geneealdiof similar catches in most months with a
significant decline in March. However, the abunzianfS. smithiwas significantly lower in
both March and October than other months (Figut8 8.Figure 8.17). The annual and
monthly catch rates from the CSIRO scientific abdeyver surveys in the Gulf from 1997 to
2005 have been relatively stable for most spediesttiefish (Figure 8.18 — Figure 8.21). The
predicted annual catch of each species of cutfiéfem the commercial vessels has also been
relatively stable from 1998 to 2007 (Figure 8.2Rigure 8.26). However, there are significant
differences in the commercial landing of cuttlefestross months with lowest catches in April,
steadily increasing through the year to a high avéinber.

There was no clear correlation with cuttlefish admmce and environmental effects for most
species of cuttlefish caught during the NPF pravamitoring surveys and CSIRO scientific
and observer surveys. Most of the cuttlefish sge@.elliptica, S. papuensjsS. smithiand
Metasepia pfeffeyigenerally had slightly higher abundances whermstsates were low in sand
composition (< 40% sand), but also had lower abooeis when mud was high (> 60%) (Figure
8.13, Figure 8.14, Figure 8.16, Figure 8.18, Figud®, Figure 8.21). Greater quantities of
most cuttlefish species were retained by the NRRncercial fishery from areas where
substrates comprised a mixture of sand and mudr#tan predominantly one type or another
(Figure 8.22 — Figure 8.26).

Catches of all five species of cuttlefish were Higantly lower around Weipa compared to the
other five regions sampled during the NPF prawnitoong surveys (Figure 8.13 — Figure
8.17). AlsoMetasepia pfefferdlid show slightly higher catch rates around thaed&lins and
Mornington than the western side of the Gulf of gémtaria (Groote Eylandt). From the
CSIRO scientific and observer survey data, mostefigth species showed no significant
difference in catches among any of the regionsiwitie Gulf of Carpentaria. However, mean
catch rates for two species, pharaonisandS. smithi did show slightly higher catches along
the eastern side of the Gulf of Carpentaria (Figug®, Figure 8.21). The retained catch of
cuttlefish from the NPF commercial fishery was alguilar between most regions of the Gulf.
Although there appeared to be distinctly higheclas predicted from around the Karumba
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region (Figure 8.22 — Figure 8.26). This was dua small number of logbook records where
larger volumes of cuttlefish were retained by thenmercial vessels in this region compared to
elsewhere.

There were depth preferences for most of the disttlspecies caught during the NPF prawn
monitoring surveys and the CSIRO scientific andeobsr surveys Sepia ellipticaandS.
smithiwere both more abundant further offshore, betwgeand 40 m depth (Figure 8.13,
Figure 8.16, Figure 8.18). However, they were [@tlo abundant in very shallow coastal
waters, less than 10 m deep (Figure 8.13, Figu&) 8.This pattern was also found for
elliptica from NPF commercial logbook records where higleasth rates were from either
shallow coastal waters (< 15 m deep) or in the 80 s depth range (Figure 8.22). However
for S. smithj highest catches were predicted within the 10 m2fepth range, with catches
declining with increasing depth (Figure 8.25). marthe NPF prawn monitoring surveys, the
other three cuttlefish specieSdpia papuensi$. pharaoniandMetasepia pfeffeyishowed
distinct depth preferences where catch rates sigmifly increased with depth and distance
from shore (Figure 8.14, Figure 8.15, Figure 8Rigure 8.19, Figure 8.20). The NPF
commercial logbook data showed highest catchethése three species were also in the deep
offshore waters 20 — 50 m, except kdr pfefferiwhere catch rates increased with depth but
declined with distance from shore (Figure 8.26).



FACTORS AFFECTING THE DISTRIBUTION AND ABUNDANCE OF BYPRODUCT

SPECIES IN THE NORTHERN PRAWN FISHERY

69

Sepia elliptica
i‘a**?r':l _ I:l*':l
= oom
§ o- g o
==1 S !I S
Pl | e
@ o g o
—— 4 ' - s 3 . ' N ma L
20 22 24 26 28 30 20 40 &0 a0
RDist Percent_lMud
TEE =
(c™) 5
—_— o >_ -==
g <] £l — -
= ] § . e T
5 = g a, ___,_. -
F . £ o
A PR = C I B BN B W B
] 1 | I E I I I I I | |
0.0 0.2 04 06 0.8 1.0 12 2002 2004 2006 2008
RLan«d Year
TEE —
(e™) = .
g o 2 7]
m o [=Rr . —_
=]
E' - & = = ———
i = M g = - — o o o -t
3 51
| - o =
o = | | ] L] L} 1| i -
E I ] I I I I I ]
10 20 20 40 20 1T 2 3 & 7 & 2 10
Depth_m Wonth

Figure 8.13. Adjusted mean cuttlefish Sepia elliptica catch rates (Log CPUE in g.ha'l) + 95% confidence
intervals of significant effects in models from the NPF prawn monitoring surveys in the Gulf of
Carpentaria. (RDist is low at Groote Eylandt and high in Weipa; Significance levels: *** < 0.0001; ** <

0.01; * < 0.05).
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Figure 8.14. Adjusted mean cuttlefish Sepia papuensis catch rates (Log CPUE in g.ha'l) +95%
confidence intervals of significant effects in models from the NPF prawn monitoring surveys in the Gulf of
Carpentaria. (RDist is low at Groote Eylandt and high in Weipa; Significance levels: *** < 0.0001; ** <
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Figure 8.16. Adjusted mean cuttlefish Sepia smithi catch rates (Log CPUE in g.ha'l) + 95% confidence
intervals of significant effects in models from the NPF prawn monitoring surveys in the Gulf of
Carpentaria. (RDist is low at Groote Eylandt and high in Weipa; Significance levels: *** < 0.0001; ** <
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Figure 8.17. Adjusted mean cuttlefish Metasepia pfefferi catch rates (Log CPUE in g.ha'l) +95%
confidence intervals of significant effects in models from the NPF prawn monitoring surveys in the Gulf of
Carpentaria. (RDist is low at Groote Eylandt and high in Weipa; Significance levels: *** < 0.0001; ** <

0.01; * < 0.05).
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Figure 8.18. Adjusted mean cuttlefish Sepia elliptica catch rates (Log CPUE in g.ha'l) + 95% confidence
interval of significant effects in models from CSIRO scientific and observer surveys in the Gulf of
Carpentaria. (Significance levels: *** < 0.0001; ** < 0.01; * < 0.05).
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Figure 8.19. Adjusted mean cuttlefish Sepia papuensis catch rates (Log CPUE in g.ha'l) +95%
confidence interval of significant effects in models from CSIRO scientific and observer surveys in the Gulf
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Figure 8.20. Adjusted mean cuttlefish Sepia pharaonis catch rates (Log CPUE in g.ha‘l) +95%
confidence interval of significant effects in models from CSIRO scientific and observer surveys in the Gulf
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0.01; * < 0.05).
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Figure 8.21. Adjusted mean cuttlefish Sepia smithi catch rates (Log CPUE in g.ha'l) + 95% confidence
interval of significant effects in models from CSIRO scientific and observer surveys in the Gulf of
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0.01; * < 0.05).

Assessing data poor resources: developing a management strategy for byproduct species in the Northern Prawn
Fishery



76

Sepia effiptica

[amm ]l Eb**t)
o
- i
o o g o
B | o] = —
R E oo
=
T L — 210 L L3
20 22 24 26 28 30 o 20 40 B0 BO
RDist Percant_Mud
Cﬁﬁﬁ] Ed'ﬁﬁ?-‘]l
— - - E - =
& ;)
0 - [y B
{é §| \M—
3 °7 F 2
E E o]
[ g "
L. —— LR~ (1L 7
0.0 0.2 0.4 0.6 L] 1.0 12 20 40 B0 B0
RLand Percent_Sand
[emm ]l l:fr-n :l
& T - =
= -
L S T 8 & -
5 ‘x_’J'/ B
£ - o] T
§ $
o - R
@
| E— T ¥ T s } t f i t
o 10 20 3 40 =0 1998 2000 2002 2004 2008
Depth_m “ear
£ (g}
w =
= ©
= —_—— R
(=] = - = - ___
B T
g - T -
B ——eem -
H o | - E EN B B B =m
E g T T T T T T T
4 5 B B 8 m N
Month

Figure 8.22. Adjusted mean cuttlefish Sepia elliptica catch rates (Log CPUE in g.ha™) + 95% confidence
interval of significant effects in models from NPF commercial logbook records from the Gulf of
Carpentaria. (RDist is low at Groote Eylandt and high in Weipa; Significance levels: *** < 0.0001; ** <

0.01; * < 0.05).
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Figure 8.23. Adjusted mean cuttlefish Sepia papuensis catch rates (Log CPUE in g.ha'l) +95%
confidence interval of significant effects in models from NPF commercial logbook records from the Gulf of
Carpentaria. (RDist is low at Groote Eylandt and high in Weipa; Significance levels: *** < 0.0001; ** <

0.01; * < 0.05).
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Figure 8.24. Adjusted mean cuttlefish Sepia pharaonis catch rates (Log CPUE in g.ha‘l) +95%
confidence interval of significant effects in models from NPF commercial logbook records from the Gulf of
Carpentaria. (RDist is low at Groote Eylandt and high in Weipa; Significance levels: *** < 0.0001; ** <

0.01; * < 0.05).
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Figure 8.25. Adjusted mean cuttlefish Sepia smithi catch rates (Log CPUE in g.ha'l) + 95% confidence
interval of significant effects in models from NPF commercial logbook records from the Gulf of
Carpentaria. (RDist is low at Groote Eylandt and high in Weipa; Significance levels: *** < 0.0001; ** <
0.01; * < 0.05).
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Figure 8.26. Adjusted mean cuttlefish Metasepia pfefferi catch rates (Log CPUE in g.ha™) + 95%
confidence interval of significant effects in models from NPF commercial logbook records from the Gulf of
Carpentaria. (RDist is low at Groote Eylandt and high in Weipa; Significance levels: *** < 0.0001; ** <
0.01; * < 0.05).
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Bugs

While there were no obvious annual patterns seémeicatches of the reef bugs, there were
significant inter-annual differences for the mudylmaught during the NPF prawn monitoring
surveys (Figure 8.27, Figure 8.28). The mean cattzhof mud bugs declined from 2002
through to a low in 2006, and then increased to tlighest mean annual catch recorded in
2008. The mean annual catches of the reef andoungsi from the CSIRO scientific and
observer surveys and NPF commercial vessels didhmt a similar pattern to the NPF prawn
monitoring survey data. Catches of mud bugs flatetd slightly between years but remained
mostly stable across the period of 1993 to 2009ROSscientific and observer surveys) and
1998 to 2007 (commercial vessels) (Figure 8.29u1ei 8.32). There was also no obvious
seasonal pattern in the catches of either spetimsgs from the NPF prawn monitoring
surveys or CSIRO scientific and observer survegstgdpom the months of April — May and
September — October where catches were slightlgddigure 8.29, Figure 8.30). There
appeared to be a distinct seasonal pattern indimenercial catches where greater quantities of
mud bugs were retained earlier in the year (ApAugust) and a greater proportion of reef
bugs recorded during September to November compareither months (Figure 8.31, Figure
8.32).

From the NPF prawn monitoring and CSIRO scientfid observer surveys, highest catches of
the mud bugT. parindicu$ were recorded when the substrates comprised @0%omud.

Catch rates declined when the percentage of mudased or decreased beyond this range
(Figure 8.27, Figure 8.29). This was also supmbistethe NPF commercial logbook data

where the greatest numbers of mud bugs retaineel frean areas where the mud composition
of the substrates were between 10 and 60% (FigBdg.8The total weights of mud bugs in

NPF commercial catches were also significantly lowken the substrate was greater than 40%
sand. For the reef bugs caught during the NPFmpraanitoring surveys, high percentages of
sand and low mud in the substrate were generalyceested with higher catches (Figure 8.28,
Figure 8.30). However, high but variable catchesenalso associated with low sand and high
mud substrate composition. There was no cleaeipattith substrate type and reef bug catches
recorded in the NPF commercial logbook data. ®ngd catches of reef bugs were recorded
on grounds where substrates comprised of eithe{4o20%) or high (> 60%) sand or 50 —

80% mud (Figure 8.32).

There were very distinct differences in abundanitk depth and distance offshore between the
two bug species caught during the NPF prawn mdngand CSIRO scientific and observer
surveys. The mud bud (parindicug showed highest catch rates within the 15 — 3%pitd

zone (Figure 8.27). Mean catches were lowestdrirthhore coastal area (< 10 m) and deeper
than 40 m. Catch rates appeared to be similardigtance offshore (RLand) except for a few
trawls further offshore where catches were highe fleef bugT. australiensisshowed a

distinct preference for deep offshore waters, grethian about 35 — 40 m and more than 60
nautical miles (> 1.0 RLand) from the Gulf coadliffrigure 8.28, Figure 8.30). The catches of
mud and reef bugs from the commercial vessels alsreclosely related to depth and distance
from shore (Figure 8.31, Figure 8.32). The catafenud bugs recorded by NPF commercial
fishers in the Gulf were relatively consistent frehallow to about 30 m but dropped steeply
when vessels fished in deeper waters or more taraétical miles offshore. Further, the
pattern for the reef bug was similar to that foimthe NPF prawn monitoring surveys;
increasing catches with increasing depth and distémom shore (Figure 8.32).
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The highest catches of the mud biliggarindicu3 within the Gulf were recorded around the
Mornington and Karumba regions during the NPF pravamitoring surveys and from NPF
commercial logbooks (Figure 8.27). This contrastéti the reef bug catches where highest
abundances recorded from the surveys and logboekes avound the Vanderlins and Weipa
regions (Figure 8.28, Figure 8.32).

Scallops

The predicted catches of mud scallofpm(sium pleuronectgfrom the NPF prawn

monitoring surveys remained relatively stable fr2002 to 2008, except for a steep decline in
2006 (Figure 8.33). While catches also remain&tively stable through most months of the
year, there were significantly higher catches srtionths of September and October. A
similar pattern was seen in the annual catcheseofan scallopAnnachlamys flabellata
However, the monthly catch rates forflabellatawere less variable with slightly higher
catches made early and late in the year (Figu) 8.Bhis pattern was not reflected in the
CSIRO scientific and observer survey or the NPFroencial logbook mud scallops data.
Catches of this species were more variable duhadXSIRO scientific and observer surveys,
especially in 2003. That year showed the highestmtatch rate but also had the lowest trawl
effort (Figure 8.35). The annual retained catcimafl scallops by the NPF commercial vessels
tended to show an inverse pattern to the NPF praamtoring survey catches. The highest
weights of scallops retained on NPF commercialelsssere in the 1998 — 2000 and 2005 —
2006 periods (Figure 8.36). The mean monthly cedtds forA. pleuronecteslso showed a
different pattern to the NPF prawn monitoring syeseith highest catches recorded in mid-
year months rather than at the end of the yeaereltvas no data for the fan scallép (
flabellata) from the CSIRO scientific and observer surveytherNPF commercial logbook
data.

In the NPF prawn monitoring surveys, the mud sgadlinl not appear to have a distinct
sediment preference. Highest catches were madélmr mostly sand or mud substrates.
Lowest catches were found in areas where the setlimaere gravely (low mud and sand)
(Figure 8.33). There were few obvious catch pagsten relation to sediment types from the
retained catch records of the NPF commercial logltata, except that greater quantities of
scallops are generally retained by commercial dpesan areas where the substrate is mostly
mud or mostly sand (Figure 8.36). In contrastadedm the CSIRO scientific and observer
surveys found that this species appeared to be atmnedant when the percentage of mud and
sand in the substrate was low (Figure 8.35).

The catch rates for the mud and fan scallop speetes generally similar among each of the
NPF prawn monitoring survey regions and CSIRO difierand observer survey regions in the
Gulf, except for slightly higher abundances in sbeth Groote region (Figure 8.33 — Figure
8.35). Catches of the mud scallop were signifigdotver in the shallow inshore waters, less
than 15 m depth (Figure 8.33). This was also supddy the NPF commercial logbook data.
However, the highest retained catches of mud gumlieere recorded from outside the NPF
prawn monitoring survey area; northwest of Gove iandaters deeper than 50 m (Figure
8.36).
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Figure 8.27. Adjusted mean bug Thenus parindicus catch rates (Log CPUE in g.ha™) + 95% confidence
interval of significant effects in models from the NPF prawn monitoring surveys in the Gulf of Carpentaria
(RDist is low at Groote Eylandt and high in Weipa; Significance levels: *** < 0.0001; ** < 0.01; * < 0.05).
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Figure 8.28. Adjusted mean bug Thenus australiensis catch rates (Log CPUE in g.ha'l) +95%
confidence interval of significant effects in models from the NPF prawn monitoring surveys in the Gulf of
Carpentaria (RDist is low at Groote Eylandt and high in Weipa; Significance levels: *** < 0.0001; ** < 0.01;
* < 0.05).
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Figure 8.31. Adjusted mean bug Thenus parindicus catch rates (Log CPUE in g.ha'l) + 95% confidence
interval of significant effects in models from NPF commercial logbook records from the Gulf of
Carpentaria. (RDist is low at Groote Eylandt and high in Weipa; Significance levels: *** < 0.0001; ** <
0.01; * < 0.05).
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Figure 8.32. Adjusted mean bug Thenus australiensis catch rates (Log CPUE in g.ha'l) +95%
confidence interval of significant effects in models from NPF commercial logbook records from the Gulf of
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0.01; * < 0.05).
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Figure 8.33. Adjusted mean scallop Amusium pleuronectes catch rates (Log CPUE in g.ha'l) +95%
confidence interval of significant effects in models from the NPF prawn monitoring surveys in the Gulf of
Carpentaria (RDist is low at Groote Eylandt and high in Weipa; Significance levels: *** < 0.0001; ** < 0.01;
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Figure 8.34. Adjusted mean scallop Annachlamys flabellata catch rates (Log CPUE in g.ha‘l) +95%
confidence interval of significant effects in models from the NPF prawn monitoring surveys in the Gulf of
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Figure 8.35. Adjusted mean scallop Amusium pleuronectes catch rates (Log CPUE in g.ha'l) +95%
confidence interval of significant effects in models from CSIRO scientific and observer surveys in the Gulf
of Carpentaria (RDist is low at Groote Eylandt and high in Weipa; Significance levels: *** < 0.0001; ** <
0.01; * < 0.05).
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Figure 8.36. Adjusted mean scallop Amusium pleuronectes catch rates (Log CPUE in g.ha‘l) +95%
confidence interval of significant effects in models from NPF commercial logbook records from the Gulf of
Carpentaria (RDist is low at Groote Eylandt and high in Weipa; Significance levels: *** < 0.0001; ** < 0.01;
* < 0.05).
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8.5 Discussion

The NPF prawn monitoring survey had a similar byoiei species composition, distribution
and relative abundances comparable with the NPFeomal fishery. We used these data as a
proxy for predicting the species compositions ef MPF commercial catches that were
recorded in logbooks only to broad byproduct grlayels (Chapter 9). This however assumed
that the proportion of each species within a bypobdroup that was retained by the
commercial fleet was also similar to the catch prapns of the NPF prawn monitoring

surveys. This may not have been the case as thmerzial sector generally only retains the
larger-sized animals and therefore the larger-grgwspecies.

The relationship between the spatial, temporaleandronmental variables and the abundance
of the byproduct species may have also been infeeiby the sampling designs of these
surveys. As these byproduct groups are mostlglérdal catch of prawn trawling, the majority
of catch data (NPF prawn monitoring surveys and N&tRmercial logbooks) was collected
from areas of importance for targeted prawn specldégrefore, CSIRO scientific and observer
survey data was included to provide species catdicamposition information from different
areas, habitats and times not covered in the NRrrpmonitoring surveys or the NPF
commercial fishery. However, for some surveysdiiehes of byproduct groups, especially for
squid, were not identified to a species level dretdfore only used in the overall mean catch
rate comparisons. This reduced the number ofr@atards available for the correlation
analysis and resulted in poorer model fits (laggandard errors) in the predicted catch rates
for each of the spatial, temporal and environmerdahbles.

8.5.1 Squid and cuttlefish

The species compositions of squid and cuttlefisbhess in the Gulf of Carpentaria appears to
have remained stable from earlier research sumvkelyge Gulf of Carpentaria in 1990 — 1991
(Dunning et al. 1994) to the 2002 — 2008 NPF pravamitoring surveys. Dunning et al.
(1994) recorded five taxa of loliginid squid andese taxa of cuttlefishes from CSIRO
scientific surveys across the Gulf in 1990 and 19Bhey reported that the squid catches were
dominated byPhotololigocf. chinensigsplit and renamediroteuthissp 3 and 4) (75 — 80%)
andPhotololigocf. edulis(split and renamediroteuthissp 1 and 2) (17 — 20%). For the
cuttlefish catches; he four@l ellipticawas the most abundant (50 — 57%), followedby
pharaonis(29 — 36%) and&. papuensi€d%). In our studyJroteuthissp 3 andJroteuthissp 4
together also comprised between 60 and 94% ofwbrath squid catch. However, unlike in
these previous 1990 and 1991 survé&reteuthissp 2 was relatively abundant around the
western region of the Gulf of Carpentaria whereas between 17 and 38% of the total squid
catch. Furthermorey. noctilucawas caught in most regions during the recent NRaiwp
monitoring surveys, but was not recorded in the01®91991 surveys (Dunning et al. 1994).
Aestuariolus noctilucés a small species that was found to prefer thg skallow coastal
waters. Due to the larger size of the survey Vesse during the earlier survey; this shallower
habitat (< 7 m) was not sampled in the 1990 and. 599dy. Lu et al. (1985) recorded catches
of A. noctilucafrom trawls in depths of 3.5 — 7 m around the Beast Gulf, where it was also
recorded at its highest proportion of the squiditauring the NPF prawn monitoring surveys.
Dunning et al. (1994) also found that highest casabfP. cf. chinensiswvere from the east and
south regions of the Gulf and lowest in the nordsigrn Gulf and catches Bf cf. eduliswere
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most common around the Weipa region. Most of thedsspecies in our study showed little
difference in catch abundances across the regmiieiGulf, except fodroteuthissp 3 where
mean catches were lowest around Weipa.

The most common species of cuttlefish caught ifNRE prawn monitoring surveys,

elliptica, had a wide distribution in the Gulf of Carpersiafrom Groote Eylandt in the west to
Weipa in the east. This species was also the widsty distributed and abundant cuttlefish in
the 1990 — 1991 research surveys (Dunning et 84)19The two other common cuttlefish
speciesS. pharaonigandS. papuensigiere most abundant in the south to southeastdaalf
east Gulf regions, respectively, during the eadigveys in 1990 — 1991 (Dunning et al. 1994).
In this study, these two species were widely disted throughout the Gulf. Furthermore,
highest abundances 8t pharaonigvere also found around the south and southea$t Gul
(Mornington and Vanderlins) but also Weipa andSopapuensiaround Weipa and
Mornington. From the NPF prawn monitoring survg region around Karumba appeared to
be markedly different in species composition todtteer regions; almost exclusively
comprising a single cuttlefish speci&s,elliptica

Cephalopod fisheries world-wide, predominantlyamperate waters, show marked inter-
annual and seasonal fluctuations in squid andefigi landings (Georgakarakos et al. 2002;
Schon et al. 2002; Pierce and Boyle 2003; Cheh 2086; Glazer and Butterworth 2006).
There is also much evidence to suggest that thesteidtions are strongly correlated with their
migratory and spawning behaviours and changesvim@mmental conditions (Boletzky 1983;
Bartol et al. 2002; Schon et al. 2002; Valavaniale2002; Pierce and Boyle 2003; Zuur and
Pierce 2004). The overall mean catches of squiddd during the NPF prawn monitoring
surveys appeared to decline from 2002 to 2008. d¥ew individual species showed inter-
annual variations in the catch. There were higha&n average catches recorded during several
years followed by a sharp decline in catch abunelamthe following years. This pattern was
seen in catches from both the NPF prawn monitagingeys and NPF commercial fishery.
Reiss et al. (2004) suggested that temperatur@nasf the dominant mechanisms affecting
the abundance afoligo opalescens southern California Bight. They showed tha th
abundance of this species varied with changes Mirkdd conditions. Prior to the El Nino in
1997 — 1998, squid were found all along the caashfPoint Conception to Vancouver, British
Columbia. During the summer of the 1998 EIl Nirnqyid abundance in trawl samples was very
low with a considerable fraction of their trawlesitcontaining no squid at all. No evidence for
a shift in the abundance of squid to the more mortlareas was observed, nor was there any
apparent shift to slope waters from shelf watésllowing this in 2001, when the water
temperatures returned to normal, squid were adaindant all along the coast. They proposed
that the decrease in abundance of this species wesllt of a decline in the production of
offspring during the El Nino when the sea temperatuas warmer than normal, rather than a
shift in habitat (Reiss et al. 2004). There waslear relationship in the peaks or troughs in
squid catches from the NPF prawn monitoring sunagy§PF commercial fishery and the
recorded EIl Nino (1997, 2002 — 2003, 2006 — 200 )aoNina (1998, 2000, 2008) events in
Australia.

In the squid fishery in Scottish wateksligo forbesishowed consistent seasonal patterns in
catches with peak landings of maturing and matguédsbetween October and November from
coastal waters (Bellido et al. 2001). They repbttet the seasonal abundance of this species
was related to their annual life cycle: highestliags were when squid were recruiting to the
fished area when the population were approachiegding condition (in winter). The catches



FACTORS AFFECTING THE DISTRIBUTION AND ABUNDANCE OF BYPRODUCT 95
SPECIES IN THE NORTHERN PRAWN FISHERY

were lowest after winter when the squid disappeémad their spawning grounds. In
Chesapeake Bay of the United States, catches abtnenercially-important squid,
Lolliguncula brevisincreased when higher salinities and water teatpegs occurred within
the bay (Bartol et al. 2002). They reported thase variables had a profound influence on
both annual and seasonal variability in the spedisibution. Squid were more abundant in
summer and autumn compared to spring and wintatdBet al. 2002). The squitpligo
vulgarisreynaudiiis the main species of the South African cephaldjshery and it also
shows inter-annual and seasonal fluctuating larsd{8ghon et al. 2002), similar tiroteuthis
species in the NPF. This has significant econamjgact on the fishery and management of
this resource. Peak summer catch rates were eghiorshallow water depths (< 30 m), and
decrease with depth, with the opposite trend ogogiduring winter (Schon et al. 2002).

Highest mean catches of squid from the NPF prawniteiang and CSIRO scientific and
observer surveys were generally associated witthoster water and during January to
February and June to August. However, there wexesfjuid caught outside of the main
months sampled during the NPF prawn monitoringeys\(January — February and August —
September). Thus, these surveys may be unabkgtéctdch strong seasonal pattern. Rainer
(1984) reported highest squid catches were mastlge winter months, and lowest in autumn
and spring, in the shallow coastal waters (10 m]1®f the southeast Gulf of Carpentaria.
Although Dunning et al. (1994) found that most siquiere caught in waters less than 30 m, he
reported that they occurred across the entire dapite sampled (7 — 63 m) and there was no
clear relationship between abundance in trawlsdamth. He suggested that this was possibly
a reflection of the slight depth gradients withie Gulf of Carpentaria. In the Gulf St.

Vincent, South Australia, juvenile and sub-adulpplations of the southern calamary
(Sepioteuthis australjgpredominantly occur offshore in waters greatanttO m, while the
mature adults migrate and aggregate inshore artw@idshallower spawning grounds (Steer et
al. 2007).

According to NPF commercial fishers, squid appedrd more abundant at certain times of the
year in the Gulf of Carpentaria; possibly coincglimith their breeding cycle (Dunning et al.
1994). Similar to that study, we found no obviaggregations of mature squid or spawning
aggregations during the NPF prawn monitoring suoe@SIRO scientific and observer
surveys. There was a depth and seasonal relaifoegident for squid catches in the NPF
commercial fishery with highest mean catches rembid the shallow waters early in the year.
However, the highest trawl catches of squid, up2a d*, were in the deeper waters (> 21 m)
around Mornington. Squid are known to aggregateediately prior to spawning (Dunning et
al. 1994; Wang et al. 2003; Bower and Ichii 200&m$&ens et al. 2007) and in the NPF, squid
egg cases were observed during these large haulsy@ers. comm.). Therefore it is likely
that the waters around Mornington are an imporaed in the Gulf for squid aggregating and
spawning (see details in Chapter 7).

Abundances of the cuttlefis®epia officinalign the English Channel were correlated with

depth and sea surface temperatures, expandingdibibution further north in the spawning
season in warm years, and shifting further souttowier years (Wang et al. 20038 epia
officinalis is the main cephalopod species caught in the Rratlantic fishery in northeast
Atlantic (Denis and Robin 2001). Landings of thmcies in the fishery showed seasonal catch
variability with a decrease in summer (June — Jugyl highest catches in winter and spring.
This seasonal catch trend followed the migratiotiewfS. officinalis Denis and Robin

(2001) reported high commercial landings when acluitiefish were concentrated on coastal
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spawning grounds in spring and lowest catchesrnmser corresponding to their minimum
levels of stock after the death of spawners andrigeation of the remaining stock towards
their wintering areas in deeper offshore watetautumn.

The catches of cuttlefish from the NPF prawn mamgpsurveys and NPF commercial fishery
were relatively stable through 1998 to 2008. Muscies of cuttlefish caught in the Gulf of
Carpentaria did show a preference for deeper oféshvaters. However, there was no clear
seasonal pattern in catches, except for an inciedaadings through the year for the NPF
commercial fishery. This may be due to their history or the size-selectivity in cuttlefish
retained by the NPF commercial fishery. Most efish species are known to be short-lived
and fast growing (Wang et al. 2003). It may be thare is a greater proportion of larger or
mature cuttlefish on the NPF prawn trawl grounds ia the year. However, only two species
of cuttlefish,S. smithiandS. papuensjshowed clear seasonal spawning patterns (Ch@pter
It is possible that during certain times in thevmmaseason where commercial fishers are
landing the most prawns, it is not economical @cpicable to retain cuttlefish. Alternatively,
there may be a trend for commercial fishers to tiaweeper waters later in the year, when
cuttlefish are more abundant.

8.5.2 Bugs

From a previous study in the southeast Gulf of €argria, Jones (1988) compared population
structures ofrhenus parindicuffom 1963 (prior to the establishment of the NRF)983 and
found that significant changes occurred that &elylito be attributable to commercial fishing
activities. Catch per unit effort far. parindicusin 1983 was 1.8 bugs.ha44% lower than the
3.2 bugs.harecorded in the 1963 — 1964 period. There wasalss% reduction in mean size
of bugs, resulting in a 65% reduction in the exgldistanding stock af. parindicusin the

Gulf over a 20 year period (Jones 1988). SimilaHg abundances of bugs caught in the NPF
prawn monitoring surveys and NPF commercial fislhegt also decreased over time. Itis
possible that this decline may be a result of Iterga commercial fishing pressure. However,
the NPF commercial fishery is regulated to onlairebugs greater than 75 mm carapace width
and restrictions on berried females. It was shthatthe length at maturity for the mud bug,
the more common of the two species, was considelalkr than this size (Chapter 7).
Furthermore, there is evidence that the survival od bugs caught and discarded is very high,
98% of bugs survive post-trawl (Wassenberg and3983). While there was about 30 to 50%
decline in the catches between 1998 and 2007, #am rwatch rate recorded in the NPF prawn
monitoring surveys in 2008 had increased to thel&erecorded during the earlier survey years
(2002 — 2004). Itis possible that, like the scand cuttlefish, their abundances are spatially
and temporally variable across the Gulf of CarpesataAlso, the NPF commercial effort
distribution is continually changing over the st years. It may be that the commercial
fishery is no longer fishing in areas where bugsaundant.

These twolrhenusspecies are known to have highly aggregated chpatistributions in
northern Australia with significant seasonal vailigbin their catches (Jones 1993). Jones
(1993) reported thak. parindicuswere more abundant in the south eastern Gulf duhie
months of February to June and October. HoweVEef,awnsville in north eastern Australia,
catches off. australiensisvere more uniformly distributed through the ye@here was a
strong seasonal pattern in the NPF commercial fysheg catches, where mud bugs were
predominantly caught in the early part of the yarad the reef bugs later in the year. This
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pattern was similar to the catches of cuttlefisth aray also indicate that the NPF commercial
fishery is shifting effort from the shallow watansthe start of the year and into deeper waters
closer to the end of the year or possibly concéintzanore effort in the Vanderlins or Weipa
regions at that time.

Jones (1993) also found differences in the habltatacteristics between the species,
suggesting sediment type and water depth were tis¢ imfluential factors. He reported that
the mud bugT. parindicus was most abundant in relatively shallow, insheaters (10 — 30

m) with predominantly mud and silt sediment. Imiast, the reef bud;. australiensiswas
more abundant in deeper offshore waters (40 — 5@ith)coarser sand sediment. In our study,
the distribution and abundance of the two bug giti the Gulf of Carpentaria clearly
separated by depth and sediment typleenus parindicusvas more abundant in the 15 - 35 m
depth zone on muddy substrates in the south eaStdfmegion. Thenus australiensisas

mostly restricted to the Vanderlins and Weipa regiim waters deeper than 35 — 40 m with
mostly sandy substrates.

8.5.3 Scallops

The saucer scallogymusium japonicum ballgtforms a major fishery resource along the
eastern Queensland coast of Australia. This spatipports both a targeted dredge fishery and
is a byproduct of the Queensland East Coast OttaxlTFishery (Jebreen et al. 2003). They
are known to have an aggregated distribution atbageastern coast. Both fisheries have
seasonal peaks in catch from January to March lamd ster-annual catch fluctuations
(Jebreen et al. 2003). The most common scallogiespén the Gulf of Carpentaria was the
mud scallopA. pleuronectesvhich is smaller in size compared to the easttcg@ecies.
Although the catch rate for this species duringNiR& prawn monitoring and CSIRO scientific
and observers surveys was high compared to othobdyct groups in the Gulf, the retained
catches of mud scallops by the NPF commercial séetivveen 1998 and 2007 was low. The
NPF commercial landings were also relatively stdigdveen years. Anecdotal evidence from
fishers suggests that this species does not grenntarketable size in the Gulf of Carpentaria.

8.6 Conclusion

Spatial, temporal and environmental variables vienad to be important factors influencing
the distribution and abundance of the squid, digtiebug and scallop species in the Gulf of
Carpentaria. We examined their influence on catéh¢hree datasets and found consistencies
among many of the factors. This was especially tou the NPF prawn monitoring surveys

and the NPF commercial fishery logbooks. This naissurprising as both the NPF prawn
monitoring surveys and NPF commercial fishery detge collected from similar regions

within the Gulf and the catches were made at sirtiilaes of the year.

The squid and bug groups showed a steady declitieincatch rates from NPF prawn
monitoring surveys between 2002 and 2008. Therealso relatively high inter-annual and
seasonal variability in their abundances. No deawporal patterns in abundances were
evident for the cuttlefish and scallop groups ia @ulf of Carpentaria. Squid were more
abundant in the shallower waters while cuttlefist acallops had higher catches in deeper
waters. The two bug species showed the cleardstatices in distribution, with species being
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separated on depth and substrate type. Therealgrastrong regional differences in catch
rates of each of the byproduct species.

An understanding of these relationships betweenddmces and the spatial, temporal and
environmental variables is critical to forecastbats and fluctuations and may also be a
valuable tool in the successful assessment andgaarent of these byproduct stocks by
providing reliable predictors for their abundanaes population distributions outside of the
current NPF commercial fishery areas or seasons.
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9. PREDICTING SPECIES COMPOSITION OF BYPRODUCT
IN NPF LOGBOOK RECORDS

9.1 Abstract

Byproduct records in the NPF fishery logbooks amuged into about 30 multi-species
categories. In order to be able to examine theefisimpacts on species’ populations, we need
to be able to estimate catch rates of each sped¥esexplored two statistical techniques for
modelling the species composition of the catchaahebyproduct group taken during NPF
prawn monitoring surveys. The first method wagaegalised additive modelling (GAM)
approach based on previous work by Venables anldniot (2004). The second was a
bagged classification tree that predicts byprodpeties composition from aggregated
predictions formed from classification tree modaliit on bootstrap samples of the data.
Models were developed for all byproduct groups pkseallops. We found that after
removing small scallops from the NPF prawn monitgrsurvey data to reflect what is retained
commercially, only one scallop species remained.

Predictors of species composition of byproduct vggoeiped into the following categories:
spatial (latitude, longitude, distance along thastpdistance from land, depth), temporal
(seasonal, long-term trend), and environmental @@ecent mud, sand and gravel). The
models produced for each byproduct group highliglatéarge spatial component followed by a
slight temporal influence and some influence ofireedit composition.

In summary, the squiddroteuthissp 3 and sg dominate catches throughout the NPF prawn
monitoring survey regions. High proportionslrbteuthissp 3 were caught in shallower
waters irrespective of sediment type. Whereasglaeh proportion ofJroteuthissp 4 occurred

in deeper, sandy regions. The Ovalbone cuttlSeshia ellipticavas the dominant species
caught, occurring in high proportions in muddy oeg, particularly shallow areas. Pharaoh
cuttlefish(Sepia pharaonjswere more abundant in deeper waters. A highgpgtion of

Smiths cuttlefish$epia smithiwere found in sandy, deeper waters. Both the Rapua
papuensisand Flamboyant cuttlefiskletasepia pfefferoccurred in low proportions across the
region. High proportions of mud bugbBhenus parindicyswvere observed right across the NPF
prawn monitoring survey region and their distribatappeared to be influenced by both spatial
and temporal variables and the presence of mudoritrast, Reef bugehenus australiensis
tended to be located in deeper waters where thmeatlwas typically sandier.

9.2 Introduction

9.2.1 Overview of the species-split problem

One problem associated with placing restriction®yproduct catches is determining how
many of each species are caught. Although byptashecies are regularly caught in the NPF,
logbook information is limited to simply the bypnoat group name (e.g. cuttlefish or squid) as
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the focus is generally on the target catch. Fumioee, the identification of byproduct species
is difficult and time consuming, often requiringgsé examination in the laboratory.

CSIRO and AFMA scientific observers on board conuiaffishing vessels have been able to
collect catch data on byproduct species. We deeel@a statistical model for four byproduct
species groups (squid, cuttlefish, bugs and scglittyat will enable prediction of species
composition based on spatial, temporal and enviesriah characteristics of six regions in the
Gulf of Carpentaria. We apply these predictionsIRi- commercial logbook data, to enable
these data to be available for individual byprodipecies stock assessments.

9.2.2 Existing methods for the species-split proble m

The species-split problem involves “catch alloadtjavhere a catch group (e.g. squid) is
divided into species according to explanatory \@es. Often the information available for
building a predictive model is limited and this geats many challenges, particularly when
more than two species exist for a particular figlggoup as in the case of squid, and cuttlefish.

Little information exists on catch allocation fastiery-related species (Venables and Dichmont
2004). They developed a generalised additive mimdgdredicting the proportion of catch
allocated to a particular prawn species. Othediptive species composition models have used
genetic tagging studies and focussed on allocéishgstocks to different regions (Shaklee et

al. 1999).

The approach adopted by Venables and Dichmont {2@0éd on applying generalised linear
and additive modelling to the NPF prawn monitorsogvey data. They predicted the
proportions of prawn species (either tiger, endaaeo banana) comprising the total catch.
The approach considered a quasi-likelihood for Miodethe proportion of each prawn species
by weight in the catch as a function of smoothechsein the model. The smoothed terms
consisted of a combination of spatial, temporal amdronmental variables (Venables and
Dichmont 2004). Although their approach was susitgst predicting the species proportion
from logbook data, their approach is limited taations where only two species exist. In
cases where a particular biological group consisteore than two species, the problem
becomes much more complex. This problem requinesdtarnative approach, which we
explore for up to six species of squid and cutlefi

Where the response consists of more than two cagsgmany approaches adopt either to: (1)
assemble first, predict later or (2) predict fietsemble later strategies (Ferrier and Guisan
2006). In these approaches, clustering algorithracoupled with generalised linear or
additive models to predict species assemblagesptore assemblage relationships depending
on the approach used. Multivariate methods su¢hagproposed by De’Ath (2002) aim to
predict and assemble together. In this approachr@mental variables are used to partition
the assemblage data into similar groupings accgrdirm deviance criterion. An alternative
strategy for situations where the number of spegiesps is small is a classification tree.

Here, weights can be set to reflect the total weddleach species caught. The latter approach
is explored further in this chapter for the muftesies squid and cuttlefish catches.
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9.3 Methods and materials

9.3.1 Species composition

Byproduct species (squid, cuttlefish, bugs andsgs) were collected from annual January
and July — August prawn monitoring surveys betw2@d? and 2008 in the NPF. For the
analyses in this chapter we have defined five regand have lumped north and south Groote
compared with Chapter 7 (Figure 9.1). Regionsgfisimclude Weipa (purple), Groote (red),
Mornington (green), Vanderlins (blue) and Karumbiage) (Figure 9.1). Details of field
sampling and identification of species are desdribeChapter 7.

Latitude
15 -14 -13 -12

-16

Karumba
Mornington
- ® Vanderlins
= Weipa

-17

-18

136 137 138 139 140 141 142

Longitude

Figure 9.1. Map of regions in the Northern Prawn Fishery that the NPF prawn monitoring survey catch
data were allocated.

In the laboratory, it was not possible to procdkeudtlefish and squid samples due to time
constraints. A strategy was undertaken to obtegrbest representation of species both
spatially and temporally (refer Chapter 7) (Tahl&)9

Species composition of the byproduct groups areriesi in detail in Chapter 8. The
byproduct catches made during the NPF prawn mongaurveys were widely distributed
throughout the monitoring region in the Gulf of @antaria (Table 9.1, Figure 9.2). Itis clear
from these maps that each region was not visitedistently through time. For example, the
Vanderlins region was visited in August in 2002 2003 but in the remaining years, sampling
in the region occurred in January, February, JuueJaly.
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Table 9.1. Summary of the frequency (%) each species occurred in samples for each byproduct group
collected from each region during the NPF prawn monitoring surveys between 2002 and 2008.

Byproduct Species

Region (%)

group
Weipa Groote Mornington Vanderlins  Karumba
Squid Aestuariolus noctiluca 12.5 5.1 14.5 9.8 48.2
Uroteuthissp 1 1.4 0 0 0 1.2
Uroteuthissp 2 5.6 27.4 13.8 6.6 7.1
Uroteuthissp 3 41.7 70.9 61.4 57.4 76.5
Uroteuthissp 4 52.8 37.6 55.2 62.3 20.0
Sepioteuthis lessoniana 1.4 0 2.1 0 0
Cuttlefish  Sepia elliptica 89.9 96.8 88.8 93.0 97.0
Sepia smithi 33.7 354 59.3 52.0 41.6
Sepia pharaonis 29.6 22.8 45.0 66.0 2.0
Sepia papuensis 20.7 9.5 37.6 34.0 4.0
Metasepia pfefferi 5.9 7.0 13.2 14.0 0
Bugs Thenus parindicus 98.5 99.7 99.6 99.2 100
Thenus australiensis 39.0 4.0 23.7 35.8 1.2
Scallops  Amusium pleuronectes  99.7 99.6 97.5 100 99.0
Annachlamys flabellata  26.0 13.3 50.1 22.8 5.2




PREDICTING SPECIES COMPOSITION OF BYPRODUCT IN NPF LOGBOOK RECORDS 103

Aug = Jan Jun Dct
Feb = Jul bar = Sep ™

136 137 138 139 140 141 142

Latitude

I
136 137 135 139 140 141 142 136 137 135 139 140 141 142

Longitude

Figure 9.2. Spatial distribution of sampled byproduct catches from trawls made during the NPF prawn
monitoring surveys sorted by year and month.

9.3.2 Environmental variables

Several explanatory variables were expected taénite species distribution and thus predict
species composition for each byproduct group. Tirededed spatial and temporal terms
(Table 9.2). These variables were grouped intddhewing categories: spatial, temporal and
environmental data. Subsets of these variablesapped in Figure 9.3 and Figure 9.4. A
more detailed description of the variables is pitedi below.

Spatial variables included grid coordinates, laand longitude, depth, NPF area, or a more
coarse classification such as NPF region (e.g. tdhey Mornington, Groote). As well, derived
spatial coordinates such as RLand and RDist, reptéle distance from the coastline in
degrees and the distance along the coastline irrdegespectively. RDist in particular is
useful for capturing changes along the coastlinehvinay show a difference in species
composition.

The spatial variable, RLand tried to capture changespecies composition as boats fished in
deeper waters and is therefore related closelgpohd(Figure 9.3 a, ¢). These spatial variables
have been found useful in models of prawn spe@awosition in previous studies of northern
Australian fishing regions (Venables and Dichmdd®4). In that study, a spline term of RDist
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in particular was important in predicting the sgsotomposition of tiger prawns that showed
significant differences across the NPF.

Table 9.2. Summary of explanatory variables used in developing the models of species composition.

Variable Type Variable Label Interpretation
Spatial Latitude and Longitude  Geographical co-ordinates
RDist Distance along the coastline
in degrees from a fixed point
RLand Distance from the coastline in

degrees (1 degree ~ 111
kilometres (60 nm))

Depth Depth in metres
Area Fishing Region
Temporal Month Fishing month
Year Fishing year
Day Long-term trend: Number of
days since *lJanuary 1970
BDay Byproduct Day: Day in
fishing year when byproduct
was caught
Environmental Mud Percent mud (%)
Sand Percent sand (%)
Gravel Percent gravel (%)

Temporal variables included month, year, a longiteend that we refer to as “Day” and a
seasonal term called “BDay”. The long-term tremdalculated as the number of days since the
1* of January 1970, while the seasonal term represbatday number within a byproduct
fishing year ranging between 1 and 365. The tiemges for this dataset consists of six years
from 2002 to 2007, with only a subset of months\geiurveyed within a particular year

(Figure 9.2).

The months in which samples were collected, weteowosistent from year to year. For
example, in 2002, data from the month of August thasonly month where data was obtained
for byproduct species as it was the start of th& MRwn monitoring survey project. In 2003
and 2004, samples was collected in January/Fehritasch and then in July and October. For
the three most recent years samples were coll@tteebruary, June and July.

Sediment type was the only environmental variai#glable for this analysis. Fishers do not
record sediment type in their logbooks but do réddocation. Using data from other studies,
where sediment type has been mapped in the NPBbtaed sediment composition for
locations in the logbooks.



PREDICTING SPECIES COMPOSITION OF BYPRODUCT IN NPF LOGBOOK RECORDS 105

Rland (Degrees)

[
bt} -
= |
fab]
~
Z o |
£ 2
—
o .
[ -
s -
' T T T T T T T T
135 138 137 138 139 140 141 142

Longitude

(@)

Depth (m)

Latitude

135 136 137 138 139
Longitude

(©)

140

T
141

T
142

Latitude

-7 -16 -15 -14 -13 -12

-18

Latitude

RDist (degrees)

18 26 32
T T T T T T T T
135 136 137 138 139 140 141 142
Longitude

(b)

% Gravel

135 136 137 138 138 140

Longitude

(d)

Figure 9.3. Map of explanatory variables showing (a) RLand: distance from the coastline in degrees, (b)
RDist: distance from a specific point along the coastline (lat = -16.925°¢ long = 122.1139, (c) depth in

metres and (d) percentage gravel.
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Figure 9.4. Map of explanatory variables showing (a) percentage mud and (b) percentage sand within the
Northern Prawn Fishery fishing zones.

9.3.3 Data analysis

Byproduct catches from the NPF prawn monitoringyeys used in the predictive models
contained all individuals caught and thus weredu@ctly comparable with catches reported in
commercial logbooks. The discrepancies betweetwbesources arose for two reasons and
these are outlined below.

Discrepancy 1: Size threshold

The commercial logbooks report the total weighalbbyproduct retained by fishers. Fishers
usually only retain animals that exceed an econaeizee threshold. For most byproduct
groups, small individuals were discarded. Thia goblem only if the discard proportion
survives. If the discarded byproduct survives,Nif= prawn monitoring survey catches will
be biased. They will contain an unknown proportbthe true catch that would be discarded
under commercial conditions. For bugs and scallbpesdiscarded proportion was assumed to
survive. To build an accurate model to prediccgmecomposition, we need to separate small
from the large individuals in the NPF prawn moriitgrsurvey dataset to reflect the proportion
kept commercially. The size restrictions for tlypioduct groups (Table 9.3) were not
officially recorded (except bugs) and we based tbartypical commercial fishing practices
communicated by industry.

During the NPF prawn monitoring surveys, the budeefusspecies) were measured for
carapace length (in mm). The NPF is regulated tmynémum legal size (MLS) of 75 mm
carapace width and a restriction on retaining eggying females. Determining the bug discard
proportion in the NPF prawn monitoring survey dzda be undertaken by examining length-
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width relationships of a subsample of individuaéaps, and predicting the widths of
individuals that are over a certain carapace le(gfihmm) and adjusting for the proportion
berried in the sample. Those that have a lengthtlean the size limit (Table 9.3) represent
those animals in the NPF prawn monitoring survepskt that would have been discarded
under commercial practices and were therefore discbfrom the analysis. In addition to
predicting widths, individual weights of animalsygn their length can also be predicted and
used to determine a total weight per catch. Festjuid, cuttlefish and scallop groups, the
small individuals caught during the NPF prawn maoiitg surveys that were under the
minimum commercial size threshold were also disedifdom the analysis.

Table 9.3. Size limits set for byproduct species in the Northern Prawn Fishery. + = mantle length (in mm),
* carapace width of males and non-berried females, * = shell width (in mm).

Byproduct Group Size Limit Survival of Smaller
Individuals

Bugs 75 mm* Yes

Scallops 63.5 mm» Yes

Squid 125 mm No

Cuttlefish ~100 mrh No

Discrepancy 2: Null reporting

As the commercial logbook records only report aténoer a certain size threshold, there will
be situations where the entire catch containediiddals below the nominated threshold level.
As a result, a zero or null value will be reporiredhe logbook. It is difficult to disentangle the
interpretation of a zero in these instances aall{@nimals were below the size threshold, (b) or
no animals were caught during that night of fishifoy or the volume of byproduct catch did

not warrant animals being retained and processed.

Unlike the size threshold issue, determining the total weight of the catch in the commercial
logbook data is much more complicated. We inifialbnsidered trying to estimate the weight
of the catch missing using a joint model of therfor

[W]=[wWl s q+[w]I>{ (9.1)

whereW represents the total weight of theth trawl, | represents the length of individuals
caught in the trawlt represents the size limit (Table 9.3) a[nﬂi represents a suitable
probability distribution in which to model the chtaweight. The NPF prawn monitoring survey
data provides all three sources of information showEquation 9.1. However, the NPF
commercial logbook data only provides informationtbe second distribution shown on the
right hand side of Equation 9.1. As a result,neating the first component in this equation is a
complex task. We could consider fitting a zerdatédd model to the NPF prawn monitoring
survey data to estimate the components of the jpotdel shown in Equation 9.1. However,
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the trawling intensity is quite different for batypes of surveys. The NPF prawn monitoring
surveys are typically 30 minute trawls compareddmmercial trawls of duration around three
hours. This makes the estimation task a diffionk and for that reason, we have chosen to
concentrate only on “Discrepancy 1” (accommodatitggsize threshold) in this report but
acknowledge a possible bias in predicted propostishen estimated from the commercial
logbook records.

Length-Weight and Length-Width Relationships for Thenus spp

The development of length-weight and length-widtlationships for the bugs was necessary to
determine weights of individual animals and theportion of animals discarded respectively.
This allowed for the development of a more plaws#did accurate predictive model of species
composition that could be applied to the commedtahset. Two types of models were fitted
to size related data collected for specific bypaidiwoups where length-weight and length-
width relationships were required.

The first model developed a relationship betweeigkes of individuals (- , W, ) and their
corresponding lengthd (,l,, ) for females £) and malesNl) as shown in Equétion 9.2. This
model was used to predict 'Weights of individuahaads which can be summed to find a total
weight that is used in the model. In Equation €¢h2,indexi represents the index for
individual bugs.

log(w; ) =a,, +a log(l; )+ e

(9.2)
09, )= @y, * 1y, l0gll, )+,

The second model formed a relationship betweemvitith (WdF, \ qui ) of an individual and
its length @F, N M ) for each sex (Equation 9.3). This type of madats necessary for certain
byproduct groups such as bugs, where the sizéatestrrelates to the width of the animal and
not the length. In the NPF prawn monitoring surdaja, only lengths are recorded.

log(wd;. ) =a, +a, log(l. )+ €

(9.3)
log(wd,, )=a,, +ay, log(l, )+€,

Errors were appropriately included in both equation

For each type of relationship explored, a robustdr model was fitted to the log transformed
data. The log transformation was necessary toigeec relationship that is approximately
linear, and distributions that are approximatelynmal.

Robust regression is a statistical method usefulnimdelling data containing outliers or
influential points, which are sometimes reflectedhie relationships described above. The
concept is analogous to using the median as a meeatlocation, instead of the mean, for data
with outlying observations. The median is a masstant measure of location than the mean.
Robust regression differs from standard statistiegtession methods such as least squares
because it attempts to down-weight highly variatideervations occurring at the tails of the
distribution that might influence the estimatesirthe regression model.
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The aim of this type of analysis is to obtain adicgve model with realistic standard errors
that is highly efficient and not heavily influencky outlying points. Occasionally these
outlying points are the result of errors made thfothe data entry process but more often,
these outlying points are correct. In the latteragion it is important not to remove the
outlying observation, but adjust the model accaglyio avoid underestimating coefficients
and variance estimates. TheRob function from the robust package in R was usd to
these types of models.

Two Species Split

For byproduct groups consisting of two speciesadepted an approach consistent with that
described by Venables and Dichmont (2004). Theahassumes that the proportiohjs a
random variable with mean and variance of the form

E(Y)=u, Var(Y)= % (9.4)

where i represents the ideal proportion about which tepaase is distributed, represents
the total weight of the byproduct species caughd, ¢ is an unknown scalar constant. The
expression for the variance in Equation 9.4 iscstmed such that the variance is at a maximum
when 4 is equal to 0.5 and is at a minimum whgnis close to either O or 1.

In this model the predictor variables relate lilgéw Y via the ideal proportionj/ through a
logistic link. The linear predictor, which is shovwn Equation 9.5, may consist of a
combination of linear and non-linear terms. A mite@ible model that we consider however is
a generalised additive model (GAM) as implementedeénables and Dichmont (2004).

Iog(ﬁ)=n=,80+,81x1+...+,8pxp (9.5)

whereg ;is the slope parameter for the range of environalemtd spatial predictoss. Like
Venables and Dichmont (2004), we considered anopimt spline to estimate the relationships
between latitude and longitude, and RDist and Rlamtismoothed terms for sediment,
temporal terms and depth. In some situations weidered fitting a tensor spline to
investigate the interaction between temporal véegmbuch as BDay and spatial variables such
as RDist.

We implemented this model in R with thgcv package and in particular tgamfunction

with a quasi-likelihood that specifies explicitthe mean-variance relationship shown in
Equation 9.4. Validation of each model was perfuinwith cross-validation or alternatively,
using a test dataset with the Hellinger distancepged between the predicted and actual
proportions. The Hellinger distance is an idealrrodor comparing vectors of proportions as

it requires that each vector has positive or zégments. For the current problem, the vectors
represent the actual and predicted species propertiOne attractive property of the Hellinger
distance is that the vectors of these proportiepsasent points on a sphere. Points that are
close together indicate similarities between thedlmted and actual species composition, while
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those further apart suggest differences betweepreicted and actual composition. The
distance metricy (Rao 1995) is defined as

dy(a b= {i(ﬁj ~Vh )T (9.6)

j

whereJ represents the number of observations from whidistance is calculated aadandb
are the observed and predicted values.

Multi-Species Split

We investigated a range of models for predictirgdpecies composition of byproduct groups
with more than two species. Models investigat@tlicled neural networks, a multinomial
model and classification trees with and withoutdiag. After some initial exploration, we
found the bagged classification tree to performhtst, followed by a pruned classification
tree. Consequently, subsequent analyses focust anodel development of the
classification tree. We evaluated each type of rhosiag the Hellinger distance, which was
used to compare the actual and predicted speciegasition.

Classification trees have become a popular toetlogy for classifying species into classes
according to a suite of important predictor vargshl The approach, which is based on the

ideas of Breiman et al. (1984) is non-parametrithensense that the input data does not need to
be of a specific parametric form and can be ordicetiegorical, continuous or binary, or even a
mixture of these different data types. Missingueal are also allowed, which make analysis
flexible and case weights can be added to reflé@rences in catch size. For byproduct, in
particular squid and cuttlefish, the classes medealepresent the species caught in each trawl.

Classification trees operate by partitioning theadato similar groups according to the gini
criterion. The gini criterion is a type of misc#fgcation error and therefore partitioning is
conducted in such a way as to reduce the overatlassification rate. Once a large tree is
grown, the tree is pruned back using cross-vabaatirom which, an optimal tree is selected.
This is typically the tree yielding the lowest cseslidated error rate. However, other trees of
slightly smaller size but comparable in accuracywithin one standard error) could also be
selected. Predictions are formed by running davendthe branches of the tree until a terminal
node is reached and a classification is assigi®eé.r part package in R allows for the
construction of such a model and is based on tlieads outlined in Breiman et al. (1984) and
Therneau and Atkinson (1997).

To improve model prediction, aggregating methodeehseen proposed, namely bagging,
which was first introduced by Breiman (1996) angdaxtended and implemented in R
(Breiman 2001). Breiman identified instability tvithe classification tree model brought about
by the greedy nature of the partitioning algorithie found that through bootstrap
aggregation, otherwise termed as “bagging”, preshistcould be improved by eliminating the
bias inherent in the classification tree methoere;lunpruned classification trees were fitted
on bootstrap samples of the data. Predictionfoanged for each tree model and averaged
across models to form a “bagged” prediction. Alttjo achieving more accurate predictions,
no tree is produced and this can be considereavafdt of the approach if a model is
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required. Despite this, other pieces of informatian be retrieved from the modelling process
that can aid in the interpretation of the modethe3e were namely, variable importance
rankings and partial dependence plots that shaatioakhips between predictor variables and
the predicted class.

An implementation of the approach is available iasRpart of the andontor est package.
However the package does not implement case weightsh is important for analysing
byproduct species. To overcome this problem, waeémented “bagging” the traditional way
as outlined in Breiman (1996). We used the “odbad” samples to form the predictions as on
average, 37% of the samples will not be preseaningiven bootstrap. This provided an
adequate test dataset on which to base the prwBdfBreiman 2001).

Standard errors are not automatically producedrasudt of this model and will require further
investigation if they are to be incorporated in@k assessment of byproduct species. As
standard errors are not an integral part of curstotk assessments of the target prawn species
in the NPF, we only focused on the predictions ftbase types of models.

9.4 Results

9.4.1 Bugs

Determining the discard proportion

The minimum legal width (MLS) of bugs in the NPF/& mm and those that get discarded
from a commercial catch are assumed to survivethAgatches from the NPF prawn
monitoring surveys are of carapace length and daccurately reflect the size composition of
commercial catches, we converted survey carapagghleo width (Table 9.4) in order to
remove those animals that have a width below 75 mm.

Table 9.4. Summary of the carapace length-width relationships for the two bug species combined.

Term Coefficients SE t-value p-value
Intercept 0.5934 0.0575 10.32 <0.001
log(length) 0.9405 0.0140 67.16 <0.001

Figure 9.5 (a) shows the results from fitting austoregression to the carapace length-width
data for bugs. The data is overlayed on the strdilge which forms the relationship between
the log of the width and log of the length of indival bugs. Influential points (highlighted in
red) are down weighted in the robust regressionnandels are fit separately for each species
and each sex. Despite the limited data for thEleg (T. australiensisand male mud bugd (
parindicug, the results indicate little differences betwéesm sexes of each species. As a
result, we fit a length-width relationship to buggoring sex (Table 9.5).
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Carapace length-weight relationships were also exedrto predict the individual weights in
the NPF prawn monitoring survey data so that d wegight could be estimated from each
trawl. Figure 9.5 (b) displays the results of fihevith the estimates in Table 9.5. Once again,
points deemed influential are displayed in red aredtherefore down weighted when
estimating the fitted line. Results indicate thiatilar relationships exist for each species and
each sex within species.
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Figure 9.5. Robust regression relationships for (a) the log of bug carapace width versus the log of bug carapace length broken down by species and sex, and (b) the log of
bug weight versus the log of bug carapace length broken down by species and sex. Red points indicate highly influential points that are down weighted in the regression

model. Note hame replacements: T. parindicus replaces T. indicus and T. australiensis replaces T. orientalis.
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Table 9.5. Summary of the carapace length-weight relationships for the two bug species.

Term Coefficients SE t-value p-value

Thenus parindicus

Female: Intercept -7.4059 0.068 -109.10 <0.001
Female: log(Length) 2.9886 0.017 177.20 <0.001
Male: Intercept -7.4251 0.077 -96.35 <0.001
Male: log(Length) 2.9825 0.019 152.22 <0.001

Thenus australiensis

Female: Intercept -7.4562 0.072 -103.77 <0.001
Female: log(Length) 2.9901 0.018 168.17 <0.001
Male: Intercept -7.3113 0.069 -105.42 <0.001
Male: log(Length) 2.9543 0.018 166.15 <0.001

Model of Species Composition

A series of generalised additive models (GAMs) wdted to the bug data to model the
proportion of mud bug caught as byproduct in thé&NEross-validation was used to evaluate
the performance of each model in relation to thBimgger distance. The model that produced
the smallest distance in terms of cross-validatias the best fit for both spatial and temporal
terms (Figure 9.6). Table 9.6 contains a smoaitrapic term for latitude and longitude, RDist
and RLand, a smooth term for Mud, BDay, Day andtBeross-validation results (Figure
9.6) of the series of models examined show theitgt distance resulting from using the
training data to predict the proportion of mud bddne figure also indicates the results when
cross-validation is used (red line). The perceviahce explained for this model is 68.3%
(Table 9.6).

Figure 9.7 shows plots of the actual versus thdipted proportion when cross-validation is
used as opposed to just the training data. The ptweal some discrepancies between the
predicted and actual proportions.

Figure 9.8 shows termplots of the relationship leetmveach smoothed term in the model and
its relationship between the response on the smgile. These plots are only presented for the
main terms in the model. Each plot shows the smdlsxible relationship along with its error,
shown as a grey shadow around the curve and dotimgicating the locations of observed
data.
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Table 9.6. Generalised additive modelling results of the “best” model for the proportion of mud bugs in
the NPF prawn monitoring survey catches. Statistics summarising the performance of the model include

the percent deviance explained, adjusted R? and the cross-validated Hellinger distance.

Variable Effective Degrees Estimate SE p-value
of Freedom
Intercept 6.756 0.36 < 0.0001
Smooth Terms

s(Latitude, Longitude) 27.795 < 0.0001
s(RDist, RLand) 28.785 < 0.0001
s(Mud) 8.496 < 0.0001
s(BDay) 8.821 < 0.0001
s(Day) 8.949 < 0.0001
s(Depth) 6.637 < 0.0001
% Deviance Explained 68.3
Adjusted B 0.992
Cross-Validated Hellinger Distance 3.715
Number of Observations 3013
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Figure 9.7. Plots showing the actual and predicted proportion of mud bug based on (a) cross-validation
and (b) the training dataset.

Figure 9.8 (a) shows the termplot for Mud (peraant in substrate) and indicates a slight
decrease in the proportion of mud bugs when lowgrgages of mud were found, and
increased when the percent mud increased to appatedy 40%.

As expected, a cyclic term is apparent for BDag(Fe 9.8 b) and shows a decrease in mud
bug proportions during February, March, June aygl Jucreases are noted during April, May,
August and September, however there is large essuciated with these predictions. This is
largely due to the lack of data collected duringsth periods.

Figure 9.8 shows a steady increasing relationstigugh time for the long-term trend variable,
Day. This suggests that as time goes by, increasgobrtions of mud bug were caught.

The smooth term for depth in Figure 9.8 indicat@ses increases in the proportion of mud bug
in shallower waters, in particular, as well asame deeper areas of the Gulf of Carpentaria.
The predictions at these extremes have large eattaished due to the lack of data in these
areas and therefore need to be interpreted wittiorau
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Figure 9.8. Termplot showing the relationship between (a) percent mud, (b) day within year (BDay), (c)
long-term trend (Day) and (d) depth and proportion of mud bug predicted (logit-scale). Grey regions are
the 95% confidence limits around the means.

Although the inclusion of these terms in the mddeimud bug lead to a good predictive
model, there is a very large spatial componentdkplains most of the variability in the data
(Figure 9.9). They show the relationship betwescthesmoothed term in the model and its
relationship between the responses on the logk sdhese plots are only shown for main
terms presented in the model. Each plot showsriaoth, flexible relationship along with its
error, shown as a grey shadow around the curveand plot indicating the locations of
observed data for two periods throughout the ydaravit appears the prediction changes
somewhat: I March and 1 August. For years where data was not collectetherf' of the
month, we took the earliest event recorded. Ptiedis and their corresponding lower and
upper 95% confidence intervals are displayed imf@®.9 — Figure 9.12. In each series of
plots, the legend reveals a graduation of colauiigating the size of the proportion. A low
proportion is indicated by yellow while a high pospon is shown in red.
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Figure 9.9 and Figure 9.10 show maps of the suregipn in 2003 — 2007 with predictions
overlayed for the Lof March. Predicted proportions do not seem tnge dramatically
through time apart from some slight deviations@02. At this time, there is some increase in
the predicted proportion of mud bug near Weipalaner proportions in the Vanderlins and
Mornington regions. Confidence intervals do intliceome variability in the predicted
proportion in each year. For example, there isesantertainty suggested throughout the
Weipa region. However, some of this can be explhioy the lack of data collected between
Weipa and Mornington.

Figure 9.11 and Figure 9.12 show maps of the prediiproportion of mud bug in August.
Compared to the March predictions, the August ptemhs look somewhat similar.
Temporally, only slight changes in the predicteogartion are evident in 2005 and 2006
compared to the previous three years. The pretmt@portion of mud bug appears to have
increased across all spatial regions investigated.
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Figure 9.9. Plots showing the predicted proportion of mud bugs and corresponding 95% confidence
intervals throughout the prawn fishing grounds in the Gulf of Carpentaria for March 2003 — 2005. A higher
proportion of mud bugs in the catch corresponds to a more reddish colour.
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Figure 9.10. Plots showing the predicted proportion of mud bugs and corresponding 95% confidence
intervals throughout the prawn fishing grounds in the Gulf of Carpentaria for March 2006 — 2007. A higher
proportion of mud bugs in the catch corresponds to a more reddish colour.
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Figure 9.11. Plots showing the predicted proportion of mud bugs and corresponding 95% confidence
intervals throughout the prawn fishing grounds in the Gulf of Carpentaria for August 2002 — 2004. A
higher proportion of mud bugs in the catch corresponds to a more reddish colour.
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Figure 9.12. Plots showing the predicted proportion of mud bugs and corresponding 95% confidence
intervals throughout the prawn fishing grounds in the Gulf of Carpentaria for August 2005 — 2006. A
higher proportion of mud bugs in the catch corresponds to a more reddish colour.
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Table 9.7. Generalised additive modelling results for the catch allocation model that does not include
Day. This model predicts the proportion of mud bug occurring in the NPF prawn monitoring survey region.
Statistics summarising the performance of the model include the percent deviance explained, adjusted R?
and the cross-validated mean square error (MSE).

Variable Effective Degrees of Estimate SE p-value
Freedom

Intercept 6.932 0.380 < 0.0001

Smooth Terms

s(Latitude, Longitude) 28.237 < 0.0001

s(RDist, RLand) 27.921 < 0.0001

te(BDay, Depth) 21.701 < 0.0001

s(Mud) 8.179 < 0.0001

% Deviance Explained 67.6%
Adjusted B 0.992
Cross-Validated MSE 0.0148
Number of Observations 3013

Including Day in the model presents an issue witemgpting to split the commercial catch
from year to year. Unless the model is revisitednfyear to year, it is difficult to determine
whether the slight increasing trend (Figure 9.8 or whether it is purely an artefact of the
data collected. The relationship to the comme@ath data for the purpose of producing a
split into mud and reef bug could be problematictfas reason (Table 9.6). As an alternative,
we fitted a second model (Table 9.7) that inclualessotropic term for latitude and longitude,
RDist and RLand, a tensor spline for the interachetween BDay and depth, and a smooth
term for mud using a smoothing spline. The choictis model was once again determined
via cross-validation (plots not shown). In thisdeb the deviance drops only slightly, to
67.6%.

Maps of the predicted proportion of mud bug actbsssurvey region when Day is omitted
from the model and an interaction between BDaydemth is included showed some subtle
differences (Figure 9.13 — Figure 9.16). ThestemBhces are most apparent in the predicted
proportion of mud bug in the deeper regions offikiging grounds in the Gulf of Carpentaria.
The previous model that included a long-term treimolwed higher proportions of mud bugs in
deeper water in the southern Gulf of Carpentagaimiornington and the Vanderlins). In the
current model, these predictions are somewhat lowbere appears to be little difference
between years, which is not surprising as themn@ilong-term trend included in this model.
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Figure 9.13. Plots showing the predicted proportion of mud bugs and corresponding 95% confidence
intervals throughout the prawn fishing grounds in the Gulf of Carpentaria for March 2003 — 2005 for the
model that omits Day. A higher proportion of mud bugs in the catch corresponds to a more reddish

colour.
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Figure 9.14. Plots showing the predicted proportion of mud bugs and corresponding 95% confidence
intervals throughout the prawn fishing grounds in the Gulf of Carpentaria for March 2006 — 2007 for the
model that omits Day. A higher proportion of mud bugs in the catch corresponds to a more reddish
colour.
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Figure 9.15. Plots showing the predicted proportion of mud bugs and corresponding 95% confidence
intervals throughout the prawn fishing grounds in the Gulf of Carpentaria for August 2002 — 2004 for the

model that omits Day. A higher proportion of mud bugs in the catch corresponds to a more reddish
colour.
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Figure 9.16. Plots showing the predicted proportion of mud bugs and corresponding 95% confidence
intervals throughout the prawn fishing grounds in the Gulf of Carpentaria for August 2005 — 2006 for the
model that omits Day. A higher proportion of mud bugs in the catch corresponds to a more reddish
colour.

9.4.2 Scallops

Determining the discard proportion

Before formally analysing length-weight data andstoucting a relationship that can be used
to determine the discard proportion, we first irtiggged the distribution of lengths in the NPF
prawn monitoring survey data. Figure 9.17 sumrmaarthese distributions of the two species of
scallops investigated: mud scallgfnfusium pleuronectgand fan scallopAnnachlamys
flabellata). A red line representing the shell length atchithe discard for each species is
determined (63.5 mm), is overlayed on each histogrBased on this cutoff, all but a small
proportion of the fan scallops would be discardétie remainder of the NPF prawn

monitoring survey catches were mud scallops. Basetthis preliminary analysis, there is no
requirement for developing a model to split scalopo these two species as any attempt
would result in problems with estimation due to $heall number of fan scallops.
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Figure 9.17. Histogram of shell lengths for each species of scallop. Size cut-off is indicated by a red line
at 63.5 mm.

9.4.3 Squid

Determining the discard proportion

Information from industry indicates that any sqthidt is discarded during commercial fishing
does not survive. Species of squid that are keqpingercially typically consist dfiroteuthissp

3 andUroteuthissp 4 and usually greater than 125 mm mantle lengtiuid are generally not
the primary target during either the banana or figawn trawl seasons unless fishers find a
squid mark (aggregation). Based on this infornmtibere is no need to determine the discard
proportion for this byproduct group. Therefores thPF prawn monitoring survey data can be
considered representative of commercial fishingthamd can be used to develop a species
split model.

Model of species composition

As described above, onlyroteuthissp 3 andJroteuthissp 4 are typically retained in the
commercial catch and this usually occurs durinditier prawn season. Furthermore, the
remaining species were rarely caught (Appendix @)nsequently, we collapsed the six
species of squid identified in the NPF prawn mairiig survey data into three species groups
for analysisUroteuthissp 3 (comprising 45% of shot&)roteuthissp 4 (33% of shots) and
others (22% of shots). Here, the “other” categepresents the four less common species of
squid @estuariolus noctiluca, Sepioteuthis lessonianagteluthissp 1 andJroteuthissp 2).
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A classification tree weighted by the size of eaatth was used to predict squid species
composition and therefore the proportion of eaahdsgpecies caught during a trawl, based on
spatial, temporal and environmental predictors. dMmapared a pruned classification tree with
a bagged tree using the predicted and actual propsty the Hellinger distance. We used
spatial variables (latitude, longitude, RDist, Rdand depth), temporal variables (BDay) and
environmental variables (percent mud, sand andefyjravthe classification tree model. We
omitted the temporal variable, year, as this wqukel/ent the model being used for data
collected in future years of modelling. Our res@howed some improvement in using the
bagged tree model compared with the simpler pretessification tree.

To account for any possible variation within yeae, formed predictions using a test dataset
from the bagged tree model fof March and T August. The test dataset was constructed such
that the data reflected that in the NPF prawn noomig survey data. In Figure 9.18 and Figure
9.19, the predictions are shown on a graduatedicslmale from yellow to red with red

indicating a probability of one and yellow indicagia probability of zero. The model appears
to be dominated by spatial terms as there appedns some spatial separation between
Uroteuthissp 3 andJroteuthissp 4. These figures also indicate that sedimeyt play a role.

From both figuresUroteuthissp 3 were recorded in higher proportions in shadlosites at
Groote, the Vanderlins and Mornington, wHileoteuthissp 4 appeared in higher proportions
at sites in deeper regions of the Gulf. All othpecies were recorded in lower proportions
apart from some shallow sites near Weipa and Mgtam

There were some differences between the predictardarch and those for August. Higher
proportions oUroteuthissp 3 andUroteuthissp 4 were predicted across larger areas of the
Gulf in August compared to the March predictionggasting slight shifts in abundance of
these species.

Although we do not have a model to interpret, we sl investigate the contribution of each
variable to the overall fit and hence the predigiezbortion through partial dependence plots.
These plots show a variable’s contribution to tleled, while averaging across all other
variables in the model. Figure 9.20 — Figure 9ll2&trates partial dependence for a selection
of variables.

Although the contribution of sediment in the moidehot as strong as any of the spatial
variables, Figure 9.20 indicates that it does plagle in distinguishing between squid species
groups. It is clear that areas with a high pemgaif mud (and a lower percentage of sand)
lower proportions ofJroteuthissp 4 were caught. At these sites there was aegrnewoportion

of other squid species. Slight increases in propas are also noted for the mixed squid spp
group when the percentage of mud is highest. @mljght seasonal difference was found
across months for all species groups (Figure 921 a
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Figure 9.18. Plots showing the predicted proportion of the two Uroteuthis squid species (squid sp 3 and
4) and other squids (all species grouped) for March.

The partial dependence plot for depth indicategelahanges in proportions with increasing
depth. Itis clear that as we move to deeper wdtgoteuthissp 4 is most dominant and were
predicted to occur in higher proportions thdmteuthissp 3 and the other mixed squid species

group.

Figure 9.23 shows the partial dependence plotRRist and RLand. RLand shows some
strong variation in proportion for the differentesjes of squid. This probably reflects a
response to changes in depth as both RLand and deptelated. The partial dependence plot
for RDist (Figure 9.22 b) indicates increases m phoportion ofUroteuthissp 4 as RDist
becomes large at Weipa as shown in Figure 9.18&nae 9.19.
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Figure 9.19. Plots showing the predicted proportion of two Uroteuthis squid species (squid sp 3 and 4)
and other squid species (grouped) for August.
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Figure 9.20. Partial dependence plot showing the relationship between (a) percent mud and (b) percent
sand versus the proportion of the two Uroteuthis squid species (squid sp 3 and 4) and other squids
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Figure 9.21. Partial dependence plots showing the relationship between (a) day of year (BDay) and (b)
depth with the proportion of the two Uroteuthis squid species (squid sp 3 and 4) and other squids

(grouped).
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Figure 9.22. Partial dependence plot showing the relationship between (a) distance along the coast
(RLand) and (b) distance from land (RDist) of the two Uroteuthis species (squid sp 3 and 4) and other
squids (grouped).

9.4.4 Cuttlefish

Determining the discard proportion

Little information is available from industry ortar sources on discarding practices for
cuttlefish. The general consensus from industtizas cuttlefish are discarded if the majority
of the catch consists of animals of less than 180immantle length. As cuttlefish do not
survive once discarded, there is no requiremesgparate out the NPF prawn monitoring
survey catch into small and large individuals. é&hen this information we assumed that
cuttlefish species recorded in the NPF prawn monigosurvey catches were representative of
what commercial fishers catch and report in thajgbboks.

Model of species composition

A preliminary analysis of the cuttlefish data reedhat four species are fairly dominant across
most sites in the Gulf of Carpentaria. These gzeaiere Ovalbonesgpia elliptica -45% of
shots), Smith’'s$epia smithi 22%of trawls), Pharaoh’sSepia pharaonis- 17% of trawls)

and PapuanSepia papuensis 11% of trawls). The Flamboyant cuttlefidfietasepia pfeffe)i

is the least abundant across regions, recordethinf4rawls. In total, five species were
classified in a classification and regression tmeelel to determine species composition using
the predictor variables (Table 9.2). Similar taisigwe did not incorporate year into this
model.
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Predictions from a pruned classification tree wammpared with those produced from a
bagged tree model by the Hellinger distance. Tdmeparison indicated a slight improvement
in prediction performance using the bagged treeeho8imilar to the analysis for squid, we
produced maps of the predictions for two seasomscMand August, to examine possible
seasonal changes. Mapped predictions show végeyditference between the two time periods
suggesting little seasonal effect (Figure 9.23uféd.24). This is also demonstrated by the
partial dependence plot (Figure 9.26 a).

The prediction maps show a strong spatial separafithe three most dominant species of
cuttlefish, namely the Ovalbone, Smiths and Phavetihnthe Ovalbone cuttlefish being the
most dominant across the region. Téustlefish appears to be in higher proportions urddy
and/or shallow areas of the Gulf while the Pharadtiefish are in higher proportions in
deeper areas. This is also reflected in the paitipendence plots of sediment and depth
shown in Figure 9.25 and Figure 9.26 (b) respelstivAs RLand is closely related to depth,
Figure 9.27 (a) also reflects these differences.

Both the Papuan and Flamboyant cuttlefish specés wecorded in low proportions across the
region. However, there are slight increases irptioportion of the Papuan cuttlefish in some
deeper areas off Weipa and Mornington (Figure )24
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Figure 9.23. Plots showing the predicted proportion of five cuttlefish species for March.
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Predicted Proportion of Cuttlefish / August
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Figure 9.24. Plots showing the predicted proportion of five cuttlefish species for August.
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Figure 9.25. Partial dependence plot showing the relationship between (a) percent mud and (b) percent
sand versus the proportion of each species of cuttlefish.
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Figure 9.26. Partial dependence plot showing the relationship between (a) day of year (BDay) and (b)
depth versus the proportion of each species of cuttlefish.
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9.5 Conclusions

The NPF covers a large proportion of northern Aalstrout most logbook records of byproduct
come from the Gulf of Carpentaria. The AFMA-fundéBF prawn monitoring project has
been collecting prawn and byproduct data from gelarumber of trawl sites in the Gulf of
Carpentaria since 2002. We were able to use theseto develop statistical models of the
proportion of byproduct species in commercial cascim these regions. We found generalised
additive models and ‘bagged’ classification treebd the most appropriate methods to develop
statistical models capable of estimating catch asitjpn based on these spatial, temporal and
environmental predictors. Models were developedficbyproduct groups investigated,

except scallops. For this byproduct group, theroenaial size limit of the scallops retained
meant that only one species was represented icothenercial logbooks. Thus, we decided not
to develop a statistical model for predicting smaltomposition.

The models produced for all byproduct species iagtéd a large spatial component followed
by a slight temporal influence and some compositichanges due to sediment. High
proportions of the mud bufy parindicuswere observed across the NPF prawn monitoring
survey region and appeared to be influenced bya@atd temporal terms and the presence of
muddy substrates. Reef bugs 4ustraliensistended to be located in deeper waters where the
sediment is typically sandy.

The squid speciesiroteuthissp 3andUroteuthissp 4 were dominant in the NPF prawn
monitoring survey region compared with the otherfepecies. Higher proportions of
Uroteuthissp 3occurred in shallower regions irrespective of segitrtype while a higher
proportion ofUroteuthissp 4 occurs in deeper, sandy regions.

Ovalbone cuttlefish§. ellipticg was the dominant cuttlefish recorded in the naymy
dataset. It occurs in high proportions in muddyioas and in particular, shallow areas of the
Gulf. Sepia pharaonisvere more dominant in deeper waters, while higineportions ofS.
smithitend to be found in deeper, sandy regions. Bwi$t papuensiandMetasepigofefferi
occurred in low proportions across the region.

These models have been applied to the commergjhabtik records to estimate the species
composition of the commercial catch since t becasgmssary to records byproduct in
logbooks in 1998. It will allow an assessmenthaf status of the populations of each
byproduct species. Management scenarios can thergdored to ascertain the species most
impacted by fishing (see Chapter 11).

While the data for these models were based wasated in the Gulf of Carpentaria, the
models would also be relevant for other parts afheyn Australia, including the rest of the
NPF. Similar approaches may also be applicabletfuer species of concern in the NPF and
other fisheries that were not currently separatddgbook records.
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10. ESTIMATING THE ACCEPTABLE BIOLOGICAL CATCH
OF BYPRODUCT IN THE NORTHERN PRAWN FISHERY

10.1 Abstract

Formal fisheries stock assessment methods thabnetpmmercial logbook records are almost
impossible to apply to non-targeted catch. Thiseisause logbook records are not a reliable
index of abundance of these groups. We used tiagfian the NPF prawn monitoring surveys
to estimate the biomass of the main byproduct ggosiguid, cuttlefish, bugs and scallops in the
Gulf of Carpentaria. From these biomass estimatesjeveloped a new catch limit reference
value for each byproduct group. We have termegdriference point the ‘acceptable biological
catch’ (ABC). We compared the recent catch reabiddNPF commercial logbooks with our
estimates of ABC. We found that the recent catelnenly a small proportion of the
estimated ABC of bugs, scallops and cuttlefishis Buggests that the catches of these groups
do not need close monitoring by managers unlebmfigpractices change dramatically.

For squid, the recent catches were similar to ghienated ABC and could need further
analyses. However, historical catches of squithfameas within the NPF, but outside the
current commercial prawn fishing grounds, sugdest dur biomass value for squid may be an
underestimate. If commercial squid catches inerelaamatically in the NPF, further studies
may be required to improve our estimate of the hioenass of squid in the Gulf of
Carpentaria. Until that occurs, squid catches lshcontinue to be monitored.

The new ABC catch limit references provide an indéthe sustainable catch of each species
group and can be used as an indicator of the dthtbmmercial catches. In order for the ABC
estimate to be updated, the current fishery-indé@ehNPF prawn monitoring surveys need to
be maintained. Continuing these surveys will pidewvan index of the biomass of each
byproduct group on the main commercial prawn figlgnounds in the Gulf of Carpentaria.

10.2 Introduction

Stock assessments of byproduct species are exyreaneldue to the nature of its incidental
catch in a fishery targeting other species. Aer@sequence, there are often little data available
for rigorous analysis. This makes formal stocleasment of byproduct species very
challenging. In the early stage of this projeat, attempted to conduct a stock assessment
using biomass dynamics models for byproduct spediégse models failed to produce reliable
and reasonable results. The main difficultiesudeld: (1) we only have a very short data time-
series (1998 — 2007) in the commercial logbool;cémmercial logbook records are not a
reliable proxy for species occurrence becausersimay not always retain these byproduct
when they catch them; (3) as non-target spedies;datch and CPUE of these byproduct
groups varies greatly between years for some spsaieh as squid so that CPUE may not be a
reliable index for abundance; and (4) CPUE lackdrast for some species such as cuttlefish.

These difficulties have led us to develop alten®atnethods for assessing byproduct resources.
In this chapter we (1) describe methods for estitgatyproduct species biomass from NPF
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prawn monitoring surveys, (2) develop an explatatiate proxy for maximum sustainable
yield (MSY) based on life-history traits of eachpbyduct species and (3) estimated an
acceptable biological catch (ABC) based on thereggd biomass and exploitation rates.

10.3 Methods

Two NPF prawn monitoring surveys were undertaker gaar at up to 300 sites, in the Gulf

of Carpentaria since 2002 (Milton et al. 2008).e ™etails of the prawn monitoring surveys
have been described elsewhere (Chapter 7). Byptathundance appeared to vary between
seasons. As the July — August survey is clostradiger prawn fishing season that generally
catches the majority of the byproduct groups, wedubke survey data from the mid-year
surveys to estimate biomass. However, surveys wadertaken in all areas in the Gulf at mid-
year only in the last three years (2005 — 200 Her&fore, the analysis in this chapter has been
limited to the period from 2005 — 2007.

A key step in undertaking an assessment of theptetlole biological catch is to estimate
spawning biomass for each byproduct group. TheeattMLS for bugs retained by the NPF
commercial fishery is 75 mm CW (52 mm CL). There o size restrictions on the other three
byproduct groups for the NPF. However, a commeésize threshold for scallops was set at
63.5 mm shell width (Chapter 9), as smaller indrild would be both uneconomical to retain
and likely to survive once trawled and released.mfst squid and cuttlefish do not survive
trawling, we assumed that the commercial fishetghes all individuals. Bug and scallop sizes
were assumed to approximate sexual maturity iretigesups (Chapter 7). We first estimated
the proportion of the NPF prawn monitoring survajct equal to or larger than the MLS from
their length measurement in the surveys. Thenstimated the proportion of mature
individuals by weight according to the followindagonship between weight and lengtH:

Bugs: In(w) =0.59+ 0.94In[ (Chapter 9)
Mud scallop: w=-25.1+ 0.707 (n=112,7=0.96)
Fan scallop: w=-24.1+ 0.922 (n=61,7=0.98)

We stratified the surveyed area into six regionsesponding to prawn stock regions. We also
stratified the surveyed area into four depth rangesstimate the mean weight per unit of area
similar to the method used in the prawn surveydt@iiet al. 2008):

_ 1 m n WR di
D, =— N Ly (10.1)
T

whereWs 4 = weight of particular byproduct group in regi@nyeary, depth range and
sample, n = number of samples (trawlsh = number of depth strata, aagl, ;= swept area in
samplei. By assuming independent sampling between deégztasve estimated the variances

for Dy ,as:
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2 Z(DR,y,d,i_[_)R,y,d)2

N SR . i=1
V[Dg, Z Zd: v . (10.2)

Here we ignored the finite population correctioatfa as the trawled area in the survey was
much smaller than the total area in each regidme fishable biomass in yeamas then
estimated by:

_x Pry
B, ER: . A, (10.3)
where 5R,yi3 the mean weight per unit of swept area from EHqoal0.1,q, referred as relative
catch rate, is the survey gear (prawn trawl) edficly for catching each byproduct grodg,is
total area where fishers have reported catch gpeaoduct group during 1998 — 2007. We
obtainedq for bugs and scallops from a field study in the&mBarrier Reef: 0.47 for bugs and
0.73 for scallops (Pitcher et al. 2007). As n@infation on squid and cuttlefish is available,
we assumed = 0.4 for squicandg = 0.5 for cuttlefish. We considered sampling besw
regions to be independent and obtained the varimd#omass estimate as:

R

V[B,] = Z(%j V Dy ) (104

We estimated the acceptable biological catch foh deyproduct group based on their life-
history traits. We defined the potential accediblogical catch (ABC) for each byproduct
group as:

ABCy = UMSY By, (105)

whereUysyis a proxy for exploitation rate at MSY:

F 1
Uy = >y [1~-expEF - M 3:5[1— expt M ). (10.6)

Natural mortalityM estimates for each group were obtained from teealiure (Courtney 2002
for bugs, Hoenig 1983; Jensen 1996 for other groupa estimate oM for the three other
groups were obtained from calculations with théofeing two equations:

(1)In(M) = 1.44 — 0.982 Irig);
(2)M = 1.65% gt

In the above equationg = maximum reproductive age atyg; = average age at maturity and
were each obtained from the literature (bugs: J&O88, squids: Jackson and Choat 1992;
Jackson and Yeatman 1996, scallops: Jebreen24G8).
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10.4 Results

10.4.1 Biomass estimated from NPF prawn monitoring surveys

Estimated fishable biomass varied from year to yeaall byproduct groups (Figure 10.1 —
Figure 10.3). One species of scallop and one ep@&fibug dominated those two byproduct
groups (Figure 10.1, Figure 10.2). Bugs had tlgbdst biomass while the scallops the lowest.

10.4.2 Natural mortality estimated from life-histor ~ y parameters

All these byproduct species are short-lived tropiiceertebrates. Their estimated natural

mortality varies from 1.3 yrfor bugs to 8.1 yt for squid (Table 10.1). The proxy exploitation
rate at MSY is about 50%.
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Figure 10.1. Estimated biomass for the two scallop species in the Gulf of Carpentaria based on NPF
prawn monitoring survey data.
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Figure 10.2. Estimated biomass for the two bug species in the Gulf of Carpentaria based on the NPF
prawn monitoring survey data.
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Figure 10.3. Estimated biomass of cuttlefish aqudsspecies groups in the Gulf of
Carpentaria based on NPF prawn monitoring survéy. da
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Table 10.1. Life-history parameters, estimated natural mortality M, and proxy MSY exploitation rate Umsy
for different byproduct groups. Values for maximum age and age at maturity were obtained from the
scientific literature. * M was estimated directly for reef bugs by Courtney (2002). Mean M is obtained by
averaging from the equations shown above.

Species M Max age  Age at maturity Meavi Umsy

Bugs 0.92* 3.0 1.0 1.3 0.47
Squid 0.7 0.3 8.1 0.50
Cuttlefish 1.0 0.3 4.6 0.50
Scallop 2.0 0.5 2.7 0.50

10.4.3 Acceptable biological catch

The acceptable biological catch (ABC) for each bgpict group was estimated from biomass
in 2005 to 2007 (Figure 10.4 — Figure 10.7). Waided the NPF commercial logbook catch
of these byproduct groups in the Gulf of Carpeaténom 1998 to 2007 as a comparison. The
actual catch is much lower than the estimated A@tigs, cuttlefish and scallops. However,
the catch of squid may have exceeded the ABC iresgears, particularly 1998 and 2001
(Figure 10.7). The mean ABC for each group basethe three years’ estimates is shown in
Table 10.2.
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Figure 10.4. Comparison of NPF commercial loghook catch and the estimated potential acceptable
biological catch for the scallop group in the Gulf of Carpentaria.
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Figure 10.5. Comparison of NPF commercial catch and the estimated potential acceptable biological
catch for the bug group in the Gulf of Carpentaria.
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Figure 10.6. Comparison of NPF commercial catch and the estimated potential acceptable biological
catch for the cuttlefish group in the Gulf of Carpentaria.
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Figure 10.7. Comparison of NPF commercial catch and the estimated potential acceptable biological
catch for the squid group in the Gulf of Carpentaria.

Table 10.2. Mean potentially acceptable biological catch (ABC, in tonnes) and its 95% confidence interval
of each byproduct group in the Gulf of Carpentaria based on 2005 — 2007 NPF prawn monitoring survey
data.

Group Mean L95%CI  U95%CI
Scallop 186 159 213
Bugs 1887 1716 2057
Cuttlefish 282 258 306
Squid 306 267 344

10.5 Evaluation of ABC as a management tool

This is the first attempt to undertake a quantiaissessment of byproduct species caught by
the NPF in the Gulf of Carpentaria. This may ddedhe first quantitative assessment for data
poor byproduct species in the world. However, tluantitative assessment was undertaken
with new methods and there are several uncertaiitithe assessment. Caution is needed in
the interpretation of the results because of thesertainties. Where possible, we have tried to
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estimate the uncertainty and to include multiplprapches to estimating parameters such as
natural mortality.

The biomass estimates of each byproduct group ey larger uncertainty than our results
suggest. To be conservative, we only includedisineng grids where particular byproduct
groups have ever been recorded in the NPF comrhéoglaooks. Some groups, such as squid
and cuttlefish have a much wider distribution thi@e prawn fishing grounds (Edwards 1982;
Dunning et al. 1994). Edwards (1983) showed tlgificant squid catches from Taiwanese
fishery vessels working in northern Australia ie t970s were taken outside the commercial
prawn fishing grounds. CSIRO scientific surveysas the Gulf of Carpentaria in the early
1990s also landed squid catches in deeper watgositdéhe NPF prawn trawl grounds
(Dunning et al. 1994). We have not consideredutieertainties in relative catch rajdout

used a single number for each byproduct group. rélagive catch rate for cuttlefish and squid
may be too high, especially for the squid. Dunréngl. (1994) found higher catch rates in
trawls during the day as squids and cuttlefishkamvn to undertake diel vertical migrations.
The catchability estimata) for squid probably over-estimates the proportbthe population

in the path of the nets. This suggests that wbably have underestimated the total biomass of
squid in the Gulf of Carpentaria. Further workefine the ABC method needs to include a
sensitivity analysis of.

Regardless of the limitations of this approach, résilts are encouraging and consistent with
other published data on the same species groupm{byiet al. 1994; Pitcher et al. 2007). The
results suggest that the Gulf of Carpentaria castdch byproduct resources. In particular, the
estimated ABC for one of the most valuable byprodwmoups, bugs is over 1500 t. The current
NPF commercial catch is much smaller than thisresfee point. This indicates that increased
targeting of these species may well be profitablareas where high abundances of bugs co-
occur with the target prawn species.

For other groups such as squid and cuttlefishetieealso potential for a fishery that would
have minimal interaction with the NPF. Squid carhlarvested by methods such as by jigging
or liftnetting. Spawning cuttlefish can be hareestvith traps that would have limited
interaction with the NPF. Using these methods éuic and cuttlefish would produce a much
higher quality product than trawl capture and poédliy higher export market price (Dunning
et al. 2000).

Before any large increase in catch is encouragedieed to know the proportion of byproduct
discarded and its fate. The NPF commercial logbveckrds represent only a small proportion
of the actual catch of each group. Data from nonescientific observers onboard
commercial vessels suggests that only large catufheguid and cuttlefish are retained. The
proportion of small catches of most byproduct sgean the logbooks is small. This suggests
that fishers will only retain byproduct when thésesufficient quantity to market or when
prawn catches are low. Bugs are probably the gpeoduct group that the majority of the
legal-sized catch is retained when catches aremrft to be of economic interest (T. Courtney
pers. commn). Bugs are currently fetching a higher price lgkrgram than prawns and they are
easily processed. This means that it is relatig@typle to retain all legal-sized bugs thus
making them attractive to fishers. Discussion it A. A. Raptis fleet manager indicated
that the retention policy for some byproduct grouades between vessels.
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The NPF prawn monitoring surveys may provide abdé index of bug abundance. This
would enable our ABC estimates to be used as aerdppit for the NPF commercial catch of
each byproduct group while the NPF prawn monitosagyeys continue. Annual catches
approaching the ABC estimates or a measurablergeiiithe catch rates during the NPF
prawn monitoring surveys should trigger furtherdstigation of that byproduct group.

The harvest strategy for the NPF includes soménhdatuts for squid and size restrictions for
bugs. Our ABC estimates could be incorporatechasdaitional harvest limit for both these
groups and the cuttlefish and scallops. It wodglecautionary to retain the current MLS and
restriction on keeping berried bugs (see Chapteag vell as the ABC as an upper catch limit.
The NPF prawn monitoring surveys provide the oeliable data by which to estimate the
ABCs. It provides the means by which the ABC aftebyproduct group can be updated and
thus take account of changes in the biomass ogeyp.
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11. MANAGEMENT SCENARIO EVALUATION FOR BUGS OF
THE NORTHERN PRAWN FISHERY

11.1 Abstract

We undertook a management scenario evaluatioredfMtS of bugs with a Bayesian Belief
Network (BBN). This approach involved constructangonceptual model of the bug catch in
the NPF that took into account the influence ofiemnmental, fishery and management factors.
Four management scenarios were compared with tiNvedBa range of management
regulation options. These options included drogpie MLS, reducing it to 65 or 70 mm CW,
retaining the MLS at 75 mm or increasing it to 8@mThe four scenarios were: (1) the current
fishery situation, (2) an increase in fishing effon bugs of 20% with a 20% drop in CPUE and
50% compliance with the management regulationa (@)% increase in effort, 50% decline in
CPUE and no compliance and (4) actively decidehenge the current fishing regulation under
the status quo.

Under scenarios 1 and 2 (> 50% compliance and <@88ne in biomass), the BBN showed
that the current MLS regulation was the most opttimathe bug population, the fishery and
management. Under scenario 3, the optimal MLSin@eased to 80 mm. Under the last
scenario (scenario 4), a change in the MLS to betv&® and 70 mm was best. The retention
of the 75 mm MLS under the most realistic fishiitgations contrasts with the results from the
estimated acceptable biological catch (Chapter T@e ABC analysis suggests that the MLS
could be reduced to enable catches to increasaeVdw, this analysis only estimates the
maximum sustainable catch. It does not take inbmant the costs of implementing alternative
management strategies. The current MLS was int@dlin 2001 following declines in catch
rates (Chapter 6) and to better protect the breeatinlt bugs. The BBN takes these risks into
account and also takes additional compliance déosts optimisation. Thus, the solutions are
more conservative than the ABC, which only congdaaximizing catch.

11.2 Introduction

Management scenario evaluation (MSE) is usuallyetadten for commercial fisheries in a
population dynamics framework. To be reliable affdctive, an MSE needs sufficient data on
the temporal dynamics of the system, biologicarabi@ristics of the species and fishing effort
(Wang and Die 1996). Understanding the populadigmamics of a system is quite complex
and there is a strong assumption that the parasnetenodels can be estimated with some
degree of certainty. For byproduct species sudiugs, there are unlikely to ever be sufficient
data to undertake an MSE based on species poputhtitamics.

The lack of data for byproduct species lends itseffily to a Bayesian Belief Network (BBN).
Expert opinion can be incorporated into the netwaakpriors and conditional probabilities
that describe the causal links between nodes.furdamental idea behind the BBN is the
application of Bayes theorem (Gelman et al. 208@jch is used to construct posterior
probabilities of events occurring based on likelppscenarios that have a probability
associated with each scenario. On the surfac8M@Bovides a simple framework in which to
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estimate the most likely outcome from a numberlafigpible options. However, BBNs can
become complicated when you try to make the netwepkesentative of the natural
environment. This can lead to numerous causas lodtween factors that that are required to
realistically describe the system under investigati

As an example, we can construct a BBN of the @hatiip between a train strike and
likelihood that two colleagues, Norman and Martitl arrive late to work (Figure 11.1). The
BBN is defined through a set of nodes (represebyegctangles) that are linked together by
arrows, where the direction of the arrow indicatesnature and direction of the causal
relationship. In Figure 11.1 (a), a train strikdl Wwave an impact on either the arrival of
Norman or Martin to work. Therefore the arrowrighe direction of the impact. We then
populate the BBN with information about our beliefsthe impact the train strike has on their
travel to work. We know from past train recordattthere is a 10% chance of a train strike
occurring. This represents our prior that is assigto the TrainStrike (TS) node (top line).
While the probability that Norman makes it to thert on time is 0.9 (10% chance of being
late), the probability of Martin being late to datte train is 0.3. We also know that given that
there is a train strike, the chance that NormanMadin will be late to work is 80% and 60%
respectively. These represent the conditional gsdities which are assigned to the
NormanLate (NL) and MartinLate (ML) causal noddfswe want to know the posterior
probability of a train strike given that Norman avidrtin were late into work, we can simply
apply Bayes theorem as shown in Equation 11.1 (Eift.1 b).

TrainStrike

TRUE  100f | | |
FALSE  90.0 e
NormanLate MartinLate
TRUE  17.0m] | | TRUE 510/ |
FALSE  83.0 FALSE  49.0 ;|

p(NL&EM LTS p(T'S)
P(INLEML|TS)p(T'S) 4+ p(NL&M Linol' S)p(nel'S)
0.048
~0.96

p(TS|INL&ML) =

= 0.516

Figure 11.1. A BBN showing the causal relationship between a train strike and the chance of two
colleagues, Norman and Martin arriving late for work. The figure shows the marginal probabilities and
posterior probabilities given the model formulation.

Bayesian Belief Networks (BBNs) have become a papualol for understanding system
processes (Borsuk et al. 2004; Hamilton et al. 20Qittle has been done in the way of
management scenario evaluation for non-target spestich as byproduct. The construction of
a BBN involves the interaction between stakeholdemrsxperts who can provide knowledge or
expertise about the problem. The structure of &l B&juires a number of workshops to ensure
all aspects of the system are captured adequatehetBBN framework. Generally, the first
workshop aims to elicit the conceptual model wkillesequent workshops target specific
components of the model for the purpose of eligitielevant quantities, where no data exist.
The idea here is for a general consensus to beetbon the model and elicited components. If
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management scenario evaluation is the primary tigethen a subsequent workshop to
investigate appropriate management actions magbefizial.

The components of the BBN are constructed in sushyaas to facilitate easy and straight
forward elicitation. In the above example, a sinpRUE or FALSE was used to illustrate the
different states each node can be in. This presemery simple structure and therefore makes
the elicitation of priors and conditional probatdds fairly straight forward. For other

examples, it may be more beneficial to increasentimber of states defining a node (e.g. low,
moderate, high) or to an even much broader rangaloés (e.g. 0 — 10, 11 — 20, 21 — 30). The
broader the definition, the more difficult it is éticit the required conditional probabilities and
there is a trade-off between providing a node ighatformative as opposed to a node where the
elicited components are accurate. Care must lem takthe definition of these nodes and the
way in which the probabilities are elicited.

11.3 BBN Software

Although there are a range of packages availabledostructing BBNs, we used Netica to
facilitate BBN construction for this problem. Thikoice was based on our prior knowledge of
the package and its availability. Although Netacavides a good framework for eliciting
information and the model is easy to interpret evaluate once the structure is well defined,
the software does have a number of drawbacks.c&letinnot handle feedback loops easily in
the model and therefore only incorporates acytticcsures. An example of a feedback loop is
a predator-prey interaction or the temporal dynaricthe system. The former is not of real
interest in this example, however the latter is témporal dynamics are not straight forward to
implement in this framework, we chose to focus adelling current condition but provide
options for changes in effort and catch that magtmected over time.

A second issue with the software is that Neticandsfeach node in the network to be discrete,
irrespective of whether a continuous distributias bbeen specified. In other words, any model
developed is static. The discrete nature of eade implies that a continuous measure can be
easily compartmentalised by the specification gfrapriate bins. In our experience this
specification is not straight forward. Furthermdsetica uses Monte Carlo sampling (with and
without uncertainty) to populate conditional proliptables when deterministic functions or
continuous distributions have been defined at @ndlfe have found issues relating to the
uncertainty component of this sampling regime wbperating on the raw scale of the data.
We have also found that the choice of bins forphigose of compartmentalising the
continuous nodes is sensitive to the Monte Cantopliag. As a result, we have chosen to
represent any abundance measures reported intilierken the log scale and we have had to
reduce the number of bins in some instances tarertsat sampling could be undertaken. We
also did not incorporate 'uncertainty’ through thetica software. This approach provided
greater computational stability in the network tlifame chose to operate on the original scale
of the data.
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11.4 Workshop and Stakeholder Interaction

Due to the limited time available for the constroetof a BBN for the management of bugs in
the NPF, we could only hold one workshop and this wentred on the elicitation of the
conceptual model. Subsequent interaction betweeprimary stakeholders in this exercise
was conducted via email, phone and face-to-faegdntions to populate the model and
determine the inputs into various model componeis. stress the importance of holding
subsequent workshops to gain consensus on the miotlieled in this chapter.

Prior to the workshop we structured a short quastae which focussed on: (1) the
management of bugs, (2) measures of sustainalfBifyniological information and (4) factors
that impact catch. These four areas were idedtffiem previous work on the project
(Chapters 7 — 10). The responses to this questimnaaried and this seemed to depend on
people’s own experiences in the NPF and other fisbe Using this information, we held a
workshop on the 8September 2008 to discuss the questionnaire resp@nd constructed a
conceptual model for managing a bug fishery. Rresethe workshop were the following
people with key expertise: bugs population dynapniicsy Courtney (QDPI&F); bug biology:
David Milton, Gary Fry and Mark Tonks (CMAR); pojtion dynamics modelling: Shijie
Zhou (CMAR). The Northern Prawn Fishery Managenfahtisory Committee scientific
representative and MSE expert, Cathy Dichmont (CMARSs unable to attend but interacted
at a later date. We began with an overview ofpttogect, aims and objectives and then
commenced the discussions with a preliminary m@éigure 11.2). The key features of this
model were the impact factors on the biomass, aéténg what proportion of the population
remains and a performance measure for determirangwell the fishery is being managed and
its ability to recover. We then used the whitebldarconjunction with the questionnaire
outputs to populate/change the components of theegiual model.

How to Manage the Bug Fishery

Good
Spatia| Racovery
Region 1 \
Climatic
Impacts Caug‘@/
«— remainder
Spatial
\ p- r— — = | Performance
Region 2 population Measure
Economic |
Impacts
Spatial
Region 3
Paar
Other 9 Recovery
Impacts
V o
S @]
Y
) What are the What is being What is left? Abilityto  How well are
impact factors? caught? recover? we daing?

Figure 11.2. Initial conceptual model used at the workshop to engage workshop participants.
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The outcomes from the workshop can be summarisesvbe terms of the topics that were
discussed.

11.4.1 Overall Conceptual Model

It was identified that the overall conceptual mogilposed was a good starting point
for thinking about how to manage bugs. Howevestétwas much discussion
regarding the performance measure of the fishetlgarcontext of the BBN. Instead of
using the word recovery it was decided that a bé&tten to use is exploitation.

It was identified that a useful performance measwoeld be the exploitation rat¥, =
F/(M + F), whereM is the natural mortality anf is the fishing mortality. An optimal
value ofU indicates the fishery is sustainable while a largjeie ofU indicates that the
fishery may be in decline and will need to be madagrhe NPF is moving towards
having the Maximum Economic Yield as the overalffpemance indicator for the total
catch from the fishery. However, this measure wdod difficult to implement in the
BBN without substantial additional economic data.

It was suggested that data from tagging studieduxtad in the Queensland East Coast
Otter Trawl Fishery (QECOTF), which allowed estiroatof F andM could be used.

It was also suggested that we could use NPF praowitaning survey and NPF
commercial logbook data to obtain an estimate by examining the ratio of total
logbook catch with the estimated abundance fronstineey data.

11.4.2 Management Interventions

A number of management interventions were discusbé&ghagement interventions
currently in place consist of a minimum legal il S) of 75 mm and prohibition on
berried females. However, investigations in theOQEF have shown that the yield
was maximized when harvest size for bugs is 80 r@wourtney (1997) recommended
increasing the MLS to 80 mm or even 91 mm. Thssih@lications for a mixed
species fishery because the reef bhgnus australiensigrows to a much larger size
than the mud bud. parindicus So increasing the MLS should be considered as on
management option for the NPF.

A total allowable catch (TAC) was discussed atwioekshop. The regulator can
define a TAC quite subjectively by specifying a raenequal to some percentage of
the highest catch for one species in the logbostohy but it was agreed that this is
difficult to define. One approach is to consideug-off for determining a TAC, where
the cut-off represents 20% of the virgin stockocRtsizes below this cut-off would
instigate a closure. The workshop noted that eimate of ‘virgin’ stock may be
difficult to obtain.

Spatial management was considered to be an impdstare and it was determined at
the workshop that the model should be developedianigd to four spatial regions:
Groote, Mornington (including Karumba), Vanderlarsd Weipa. It was decided that
Mornington and Karumba should be considered togdtbeause of the varying
definitions of the boundaries between the two negiim the NPF prawn monitoring
survey and NPF commercial logbook data. It was déxided not to extend the spatial
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region to other areas of the NPF outside of thé GiuCarpentaria due to the lack of
data from those areas.

We discussed whether we should manage each spegiagtely. Investigations by
Courtney (1997) and others have shown that thespreaies of bugs grow to different
sizes and therefore should be managed using ditféfeS cut-offs. However, it was
decided that the implementation of any such managestrategy would be difficult.
Furthermore, since there is a higher proportiomoél bug in the NPF compared to the
QECOTF, it would not make sense at this point to&agg species or sexes separately.

In terms of managing bugs, it was identified thaideal method for managing, given
that there are two management interventions alreagdiace is to determine a trigger
value, where the trigger is defined by the fishimgrtality incurred from implementing
a specific management action multiplied by thenested biomass. If the total catch
recorded in NPF commercial logbooks exceeds theethamount then this triggers a
response for a more active management intervention.

11.4.3 Impact factors

Environmental

Workshop participants were unsure what environméatéors impact bug abundance
and it was suggested that we explore the impaan(ij of these environmental factors
using a statistical model applied to the NPF pravamitoring survey data.

There was some debate on whether environmentalrfaichpact more on mud bugs
than the less common reef bug in the fishery hénNIPF, bugs are generally caught
during the evening when fishers target tiger prawHsere was limited data available
from the banana fishery. Therefore, any data veenixe for the purpose of populating
a BBN should factor in tiger prawn fishing seasatches only.

Economic Issues and Compliance

There was some debate about whether the pricegsfiwas impacting the bug catch
and changing fishing behaviour. In the last 10ry¢lae price of bugs has doubled
compared to the price of prawns. The targetingratehtion of illegal-sized or berried
bugs was therefore seen as a major issue in thedXJEC The workshop felt it was not
a major issue in the NPF at present. There wadeaw evidence to suggest bugs were
being targeted in the NPF in the same way that Wee being targeted in the
QECOTF.

Reef bugs comprise the majority of the bug catdinenQECOTF and it has been
identified that the stripping of eggs is an isstiawever, mud bugs comprise the
majority of the catch in the Gulf and it was hypegised that fishers may not be
stripping eggs to the extent of that occurringiie QECOTF.

The two bug species are marketed in the same wiaig gresent time.
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Stressors

e Scientific observations on commercial trawlershia NPF and Qld east coast have
found that bugs have a reasonably good trawl! sakvate from trawling. However,
studies in the QECOTF have shown that as the lesfgtiawling increases, the
survival rate decreases. It is anticipated thateb hour trawl in the Gulf of
Carpentaria will reduce bug survival.

11.5 BBN Framework

11.5.1 Managing a single spatial region in a fisher vy

The outcomes described in Section 11.4 providedhtpetus for structuring a BBN for the
management of bugs in the NPF. We first considéregbroblem of managing a single spatial
region. The framework for managing a single spagigion in a fishery was broken up into
three components: (1) Sustainability, (2) FishifigiE and (3) Management (Figure 11.3).
Both the sustainability of the fishery and fishigffprt provide a causal mechanism for
determining whether management actions need togehan

The sustainability of the fishery is defined thrbugrious factors that impact on the biomass
of the species. Environmental factors certainy role but these factors alone do not
describe the variation in biomass experiencedsimefiies such as the NPF. Fishing obviously
plays a large role and incorporating fishing sgas and scenarios of compliance in relation to
these strategies is important for setting triggdu@s for maintaining the sustainability of the
fishery.

Fishing effort is captured in the model through e~ commercial catch records. Provided
that these records are accurate, we can use thisadeompare against a defined trigger to
determine whether a change in management is refjukechange in effort due to socio-
economic factors, or implemented management stestegn result in higher than usual
catches. If fishing effort and fishing mortaliy)(increase and the catch is above the trigger
limit, this will lead to a change in managementipos and lead to a change in measures.
Given this change (passive or active), we can &xg@fore various management options by
examining the benefit that the strategy has orighers and the resource and the negative
benefit incurred from enforcing a particular marmagat strategy (Figure 11.3).

A BBN was constructed initially for one spatial i@gin the Gulf of Carpentaria to form the
framework for models developed for the three reimginegions. The BBN for Groote
(Appendix C) incorporated the components of theceptual model above in terms of creating
a trigger limit value for maintaining sustainabyilicapturing effort through commercial catch
records and scenarios of changes in effort thatleay/to a change in management position.
Although various components of the model will bélioed in detail in Section 11.6, we
described the general framework here and howkslwith the conceptual model described
above.
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Figure 11.3. A conceptual model for managing a single spatial region in a fishery. The model compares
a defined trigger value with the recorded commercial catch to determine if management needs to change.

Appearing at the base of the network are impoffietors, identified through a statistical
model, that impact the density and hence the bisroBbugs. In this network, biomass is
defined as a deterministic function incorporating baseline density for the region, changes in
density due to environmental factors, fished arehthe state of the fishery (e.g. whether it is
stable or in a state of increase/decline). Fadt@simpact biomass in this model consist of
environmental variables which include sedimentaté, oxygen, wind speed and sea surface
temperature. These variables impact biomass thraudnange in the estimated density. Prior
probabilities based on empirical data from the NP&vn monitoring surveys define the priors
for the environmental variables, while conditiopabbabilities which define the causal
relationship between the environmental variablesaranges in density were obtained from a
generalised additive model.

A fishing strategy also impacts on the fisherytdsas the potential to cause changes to the bug
population. Given a particular management strageglylevel of fisher compliance, we can
determine an optimal fishing mortaliBy, that leads to a sustainable populatiég,: can then

be used to define a sustainability trigger in canjion with the natural mortality of the bug
population and the estimated biomass.

Further up the network, we have a distributionarhmercial catch recorded for a given
amount of effort. This catch together with thetaumability trigger and the state of the fishery
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can be used to determine the management actiois.action may be to remain passive and
continue to implement a 75 mm minimum legal sizé. @Ylor become active and change to a
management strategy that is more restrictive. Bamfagement strategy can be investigated by
considering the benefits for each. The maximisatibbenefits then leads to an optimal
solution, given the management position on theefigh

Although the network appears complex, only partdhefnetwork incorporate subjective
information. Table 11.1 outlines the componentthefnetwork, what data we used to define
each node and outlines how this information waswag in the network (e.g. via a
deterministic function, a constant or through @mpar conditional probability table, a
cost/benefit or proposed as a scenario evaluation).

11.5.2 Managing the Gulf of Carpentaria

The management of an entire fishery that may caam@inumber of spatial regions provides a
complicating factor. Not only do we have to deatewhether management needs to change
within each spatial region, but as a whole, we rteatbtermine how to manage the fishery.
Although it is in the interest of the managersxaraine the sustainability of each region in the
fishery separately, it is unreasonable to assumtethie spatial regions in a byproduct fishery
will be managed differently because byproduct idzig bugs is not the primary target of
fishers. Thus, we assume that if at least one@negéeds to be actively managed, then the
identified strategy would need to be implementedafbregions. Of course more complicated
scenarios could be considered but these are outsdscope of this analysis.

To keep the model relatively simple, we construBBa for each region separately rather than
incorporating all regions into the one BBN framekoiThese BBNs (Appendix C) are
structured in the same framework as described alem&iring that the priors and conditional
probability tables relate to each region. As owtti earlier, the optimal management strategy is
defined as the strategy yielding the maximum beémwéfihat action to the fishery. Where a
change in management is identified for any pardictggion, we would suggest adopting that
strategy across all regions.

11.6 Bayesian belief network components

The probabilities underlying the marginal nodeshef Bayesian Belief Networks (BBNS)
(Appendix B) and the relationship between nodeswierived from a combination of

empirical data (NPF prawn monitoring survey datd BFPF commercial logbook catch records
and environmental data), modelled data (via stedisinodels) and expert opinion (Table 11.1).
We describe how each source of data was used rotistruction of the BBN.
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Table 11.1. Data defining the nodes of the BBN for bugs in the NPF.

Node

Type of Information

Captured information

Impacts on density

Environmental predictors empirical data

Changes in density

Baseline density
Calculation of biomass

Biomass

Fished area

State of fishery
Trigger value

Fopt F trigger,
implemented strategy

Compliance
Sustainability trigger
Natural mortality
Catch
Commercial catch
Effort
Management
Management type
Benefit to fishers

Benefit to resource

Compliance enforcement

statistical model (GAM)

statistical model (GAM)

function
empirical data

subjective

Yield-per-recruit analysis

elicited
function

published study

empirical data

subjective

function/subjective
Value-per-recruit analysis
Egg-per-recruit analysis

subjective

prior
corudtiil probabilities

prior

deterministic
constant

scenario evaluation

deterministic

prior
deterministic

constant

prior

scenario evaluation

conditionalbadailities
b&redsts
befoeists

benefit/costs
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Figure 11.4. Map of the NPF prawn monitoring survey regions for bugs caught in the Gulf of Carpentaria.

11.6.1 Impacts on density

Data corresponding to four byproduct groups (bagtlefish, squid and scallops) of all sizes
were collected from the NPF prawn monitoring susvegtween 2002 and 2007. We focused
on the commercially important bugs, which comptige speciesT. parindicus(mud bug) and
T. australiensigreef bug). Although the NPF covers a large boldyater to the north of
Australia, the region of interest in this reportended between Cape York in Queensland and
Groote Eylandt in the north western parts of théf GuCarpentaria (Figure 11.4). Regions
covered in the NPF prawn monitoring surveys inclWdspa, Groote, Mornington and
Karumba and Vanderlins. Coastal areas are predoiynfished with some more central
regions of the Gulf also being surveyed during 2083igher proportion of mud bug was
observed across most regions in the Gulf with higineportion of reef bug occurring in parts
of Weipa, Vanderlins and Mornington (Chapter 9).

Environmental data consisting of wind speed, twos@face temperature measurements,
salinity, oxygen, nitrate, two chlorophyll measyresbidity and sediment were also available
for analysis. These were extracted from an extel@@abase of model predictions
corresponding to specific grid locations and da¢esrded in the NPF prawn monitoring
survey dataset. Most variables were derived frensery satellites and climatology maps. In
this analysis we used data obtained from the MQM&derate Resolution Imaging
Spectroradiometer), SeaWIFS (Sea-viewing Wide Fiéldew Sensor) and CARS (CSIRO
Atlas of Regional Seas) programs. Details of hashevariable was measured and/or created
is described elsewhere (NASA 2008; CARS 2006).
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11.6.2 Investigation of environmental variables

We merged the NPF prawn monitoring survey dataegavitonmental variables by year and
spatial location (six nautical mile grid positicam)d performed an analysis to investigate if any
environmental factors were important in the estiomabf bug density (in g.h3. We began the
investigation by fitting models to each speciesasaely and included a region and depth
variable in order to estimate a regional baselat e could include in the BBN. We
excluded any environmental variables that contam&dge number of missing observations
(chlorophyll and turbidity) and used a generaliadditive model (GAM) using thegcv
package in R (Woods 2006). Although includingrageral term such as year is important for
investigating changes in density through time, anfl it difficult to incorporate a temporal
term in the BBN with Netica. Instead, we providethodel for current condition with likely
scenarios of change that might occur through time.

We fitted a GAM where the mean log of the bug weigh(in g), recorded for trawlas a
function of regionR,, smoothed functions of the environmental predgtigx;) and adjusting
for the swept area through an offset tespas outlined in equation 11.2 below.

log(y;) =p; +€, (i=1,..., Nshot )

i =i+ OR; + > f(Xi;) (11.2)
;

The smooth terms in the above model are represéntdun plate regression splines, with
knots optimally positioned based on a generalisessevalidated score. We only considered
main effect terms in the model and excluded intevas because they were difficult to
interpret and translate into the BBN framework. &l&o only included environmental
variables that made sense biologically.

The resultant model had significant smooth terrokutting depth, mud, sea surface
temperature (SST), wind speed, oxygen and nitfeblé 11.2). The curves for the smoothed
relationships for the six environmental variablesvs the contribution to the mean density as
each variable increases (Figure 11.5). A rugiglaiso shown on the x-axis to indicate where
data was collected or more importantly, where i$ wassing. In summary, we found the
following:

e As depth increases from 10 to 40 m, we saw an aseré the bug density.

« As the percentage of mud increases we saw a genamdl of lower bug densities.
However, we notice that when mud dropped below 20%e substrate composition,
density also decreases.

» Aslight increasing trend in density when sea sigf@mperature increases. This same
trend is also noted for oxygen and nitrate.
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Figure 11.5. Plots of the component smooth functions for (a) depth, (b) mud, (c) SST, (d) wind speed, (e)
oxygen and (f) nitrate.
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« Wind speed appears to only impact density wheseithes about 5 nit.&t which
speed appears to slightly decrease bug densitthandncrease it once wind speed

increases beyond 6 rit.s

* Interms of regional baseline values, Morningtod tiee highest baseline estimates of
density (162 g.h3, followed by Weipa (140 g.H3, Vanderlins and Groote (73 g:ha

* Only 27.7% of the deviance was explained by thisi@hosuggesting that the density of

bugs is only partly explained by these environmidatzors.

Table 11.2. Parameter estimates and smoothed terms from the GAM fit to the NPF prawn monitoring
survey data. The parameter estimate + SE and p-value are shown for fixed effect regional coefficients.
For smoothed terms, the effective degrees of freedom (Edf) and p-value are displayed.

Variable Edf Estimate SE p-value
Regional coefficients
Mornington 5.085 0.053 < 0.0001
Groote 4.285 0.074 < 0.0001
Vanderlins 4298 0.055 <0.0001
Weipa 4.942 0.139 < 0.0001
Smoothed terms
s(Depth) 7.981 < 0.0001
s(Mud) 7.752 < 0.0001
S(SST) 8.613 < 0.0001
s(Wind Speed) 6.593 0.01
s(Oxygen) 8.094 < 0.0001
s(Nitrate) 7.658 < 0.0001
11.6.3 Translation of environmental variablestoth e BBN

The BBN framework requires any information to emslated into marginal or conditional
probabilities irrespective of how the informatioaswderived. To facilitate this translation, we
consider the causal relationship (Figure 11.6pnFthe GAM model we can determine the
change in density and baseline density as indidaggtle orange nodes in the diagram. The
NPF prawn monitoring survey data provides the pistribution as indicated by the green
node (Figure 11.6). The blue node, which represtr bug density, is simply a deterministic
relationship (as indicated by the dotted line).isTdeterministic relationship is the sum of the
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change in density and baseline density and repie#ien prediction we would obtain from the
statistical model.

The prior distribution is easily obtained for eagniable through inspection of histograms and
contingency tables constructed for a specific rasfgalues (e.g. Figure 11.7 a). However, the
conditional probability distributions representitig change in density with respect to a
specific value of an environmental variable welittle more challenging. To construct these
conditional probability tables we used the prediderms from the GAM and their
corresponding term plots (Figure 11.5). At a gaitr slice (x-value) through the spline, we
can determine the probability that the curve irgets this slice within a given y interval. For
example, the spline for oxygen (Figure 11.7 b) @spnts the midpoints at which a conditional
probability is determined for a specific change@msity. In each conditional probability table
we list the density cut-off which corresponds te thd dotted lines in Figure 11.7 (b). The
density valuesy represent values used in the BBN to calculatetiamge in density. We
selected the midpoint between two consecutive ffatto represeng. The priors and
conditional probabilities for each significant termthe GAM (Appendix C) show their relative
contributions. We incorporated depth into the basalensity for each spatial region as we
would expect depth across the regions investigateemain fairly constant. Furthermore, it
does not make sense to explore changes in deptBBN framework. We therefore assigned
a Normal distribution to the baseline density nodihe BBN that reflected changes in depths
observed across each region (Table 11.3).

Environmental Change in
Variable (prior) Density (g/ha)

v

Baseline
Density {(g/ha)

Figure 11.6. Causal relationship between important environmental factors and bug density. Solid lines
indicate a causal link with conditional probability tables assigned. Dotted lines indicate a deterministic
function that relates the respective nodes through some function relationship.
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Figure 11.7. Plots showing (a) a histogram of oxygen and (b) the component smooth function for oxygen
resulting from the GAM.

11.6.4 Calculation of biomass

The biomass node in the BBN represents a deterticifusiction that incorporates the baseline
density for the region investigated, changes irsifenlue to environmental factors, fished area
and a conversion factor to convert the biomaserindgs. The deterministic relationship can be
formally written as

B = Ki/exp(8,) (11.3)

where B represents the calculated biomd§sepresents the fished area in hectares,

Y represents the average density of bugs in tonnesegtare andj, represents the estimate of
the average yearly decline in biomass of bugs.leTab.3 shows the fishing area constants
used for each region in the Gulf of Carpentaria.

Table 11.3. Priors chosen for the baseline density node and fished area for the BBN of each region.
Depth is incorporated into the baseline estimate.

Region Prior Fishing are& (n ha)
Mornington N(u = 7.449,6 = 0.3297) 3864815.8
Groote N(n =6.1787 0 = 0.4453) 2037363.0
Vanderlins N(n = 6.557,6 = 0.3974) 2704136.3
Weipa N(n = 6.73280 = 0.5974) 753206.9
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The estimated average yearly declfigs estimated from a statistical model that includes
yearly term for data that has been collected ovamasiderable length of time. Fitting a yearly
term to the NPF prawn monitoring survey data reagal negative estimate for thetd € -

0.051 + 0.019), suggesting that on average, trehcate across all regions has been declining
over years. This was also observed by examinia@tterage weight of bugs recorded across
each region from 2003 — 2007 in both the NPF prengnitoring survey and NPF commercial
logbook catch datasets. In the BBN, we specifpderthat represents the status of the fishery
in terms of a rate of decling, This rate can be defined in termsJddy the following
expressiord = log(1 -x) which can be substituted into equation 11.3. eéX@ored scenarios
with rates of decline from zero to 80% (Table 11.4)

Table 11.4. Scenarios of decline examined in the BBN.

State of fishery T O

Stable (no decline) 0 0
5% decline 0.05 -0.0513
10% decline 0.10 -0.1054
20% decline 0.20 -0.2231
50% decline 0.50 -0.6931
80% decline 0.80 -1.6094

11.6.5 Calculation of the trigger value
Optimal Fishing Mortality, Foy

Yield-per-recruit is a standard steady-state mede¢ly used for stock assessment to
determine the optimal fishing mortality and maximsustainable yield for a given MLS. In a
steady-state fishery, yield-per-recruit can benestied from the following equation (Ricker
1975).

tm
Y/R =exp(—M(t. —t,)) Z {F/Z exp(—Z(i —t.))(1 —exp(—2))W,;} (11.4)

1=t~

whereY represents the steady state yield of the fisheiy,the number of recruitg, is the total
mortality which equals the instantaneous rate tdinah mortalityM plus the instantaneous rate
of fishing mortalityF, W is the mean weight of bugs at dagg is the age at recruitment to
fishable stocki, is the age of bugs at minimum legal size, &nepresents the maximum age
of bugs in the stock which is assumed to be 4.8sye@he calculation of yield-per-recruit is
based on the age increment of 0.1 year, so bugstinetsame age (rounded by 0.1 year) will be
treated as the same cohort. Other rigorous asgamspinderlie the equilibrium yield-per-
recruit including:
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e recruitment is constant, yet not specified (heheeeixpression 'yield-per-recruit’);
« all bugs of a cohort are hatched on the same date;

« fishing and natural mortalities are constant oterpost-recruitment phase;

* bugs older that, make no contribution to the stock.

Biological parameters required for the yield-pesruit analysis are outlined below in
Equations 11.5 — 11.8. These equations descrébgrtdwth curve of bugs (Equation 11.5), the
relationship between carapace length (CL) and weddht (W) (Equation 11.6), conversion
between carapace length (CL) and width (CW) (Equatil.7), and fecundity (Equation 11.8).
Although the two species of bugs have differentdgjizal characteristics, the parameters
defined in the equations below are based on mud @ugparindicug as they comprise the
majority of catch in the NPF (~ 90%).

Jones (1988) described the growth curve per damia bugs on the Queensland east coast as
L; (mm CL) =L, (1 — expk(t — Tp))) = 91(1- exp(0.002(+ 79))) (11.5)

whereL, represents the carapace length attdkys the growth rate per dal, is the

maximum size, andl, defines the starting carapace length=a0. More recently, the analysis
of tag-recapture data by Courtney (1997) estimhted 72.4. This was considerably lower
than that of Jones (1988) and a slightly highemjnaate k = 0.0023 per day.

There were 118958 mud bugs measured from the N&®#pmonitoring surveys carried out by
CSIRO in the Gulf of Carpentaria from 2002 to 20@8quantile regression shows that the
99% quantile of carapace lengths measured is 76 Although Jones (1988) provides
evidence of very large mud bugs (exceeding 100 rhjnabich would support his larde, (91
mm) estimate, we believe those of Courtney (19@Tieb represent the bug populations in the
Gulf of Carpentaria.

Based on the NPF prawn monitoring survey data,stienated the relationship of the carapace
length (CL in mm) and total weight (W in g) as

W = 0.00055CE°" (11.6)
The conversion between carapace length (CL) arabaae width (CW) was estimated by
CW = 1.7623CL° (11.7)

The sex ratio of mud bugs is typically constart:atthroughout the year, whereas reef bug
populations, have a preponderance of males, wstxaatio of 0.57 (Jones 1988). Fecundity
(Fe) was related to carapace length (CL) by

Fe=658.7CL — 26329 (11.8)

This estimate is based on 44 samples with cardpagéh range from 46.7 mm to 70.5 mm.
Jones also estimated in the same study that taasizhich 50% of the population is mature is
52 mm for mud bugs. This closely corresponds withresults from this study (Chapter 7).
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There has not been any reliable estimate of theralahortalityM for mud bugs. A rough
estimate of 1.2 can be calculated with the emgifaanula of Pauly (1980). Courtney (1997)
estimated the natural mortality of reef bugs i20/8" using the Ricker (1975) sequential
tagging method. Courtney (1997) also commentetthiaestimate oM for reef bugs is likely
to be high and includes a small (unquantified) congmt of fishing mortality. As mud bugs
grow faster than reef bugs and they have a shidgespan, we would expect thist of mud
bugs is no smaller than that of reef bugs. Indyfar-recruit analysis, a high leads to a high
optimal fishing mortalityF in general. Considering the risk of allowing fogh F, we opt for
the more conservative estimate of 0.918 in thidyaisin order to produce a conservative
optimal fishing mortality.

Using a yield-per-recruit analysis, we were ablelemntify an optimal fishing mortalityp:.

This represents the fishing mortality correspondothe maximum yield-per-recruit for
different minimum legal sizes (MLS). Currently7a mm MLS is enforced along with a total
ban on taking berried females. &> F,y indicates overfishing and can lead to an
unsustainable fishery, while &< F,, indicates sustainability, given the biological graeters
defining the yield-per-recruit are reliable. Thatimal fishing mortality for different minimum
legal sizes (Table 11.5, Figure 11.8) and the nseatainable yield (MSY) corresponding to
each MLS varied with MLS. As one would expect,sad see that as the MLS increases, the
optimal fishing mortality increases and the meastainable yield decreases.

11.6.6 Compliance

Fisher compliance plays an important role in mamggi fishery. Not only does it impact on
the sustainability of the fishery but it impacte #bility to manage due to the costs involved in
enforcing any management regulations. It is apgahat as the management regulations
become stricter (e.g. increasing the MLS), comgkatends to decrease because of the
increasing pressure faced to retain valuable datmhhas to be released (T. Courtney pers.
comm.).

We incorporated compliance in two components oBB&l. The first is in defining the
optimal fishing mortality that will lead to a sustability trigger. We call thigq in the

model. The second is in the weighting of managéermsieategies. We focus on the first
component in this section as the weighting of manaant strategies will be outlined in a later
section of this report.
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Table 11.5. Results of the yield-per-recruit aselfor mud bugs in the NPF assuming an
exploitation rate of EM.

Minimum legal size Maximum sustainable Fp

(mm) yield (MSY in t)
No restriction 144 0.80
65 146 0.95
70 137 0.95
75 129 1.00
80 125 1.15
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Figure 11.8. Yield-per-recruit curves for a range of minimum legal sizes (MLS). The optimal fishing
mortality is indicated by the maximum peak for each curve.
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Compliance can be thought of as a mechanism feriadf the optimal fishing mortality,, to
some new measure which we refer td-ag When fishers are 100% compliaft,; becomes
Fopr However, if fishers are always non-compliangrththe optimal fishing mortality for the
management strategy under investigation dropsetovtirst case for the fishery, no restriction
or F,. (See Table 11.5 for correspondifg; under this scenario). If compliance is represgnte
as a proportiorp. between 0 and 1 théf, represents a mixture of the optimal fishing
scenario and the worst case as outlined in Equatidh

I:trig = pc* Fopt+ (1 - p:) * I:nr (119)

Elicited information from fishers in the NPF suggekthat the rate of compliance to current
catch restrictions in this fishery is approximat®@8fo (M. Tonks pers. comm.). Based on this
information, we formed a prior probability distrifimn for compliance in the BBN with prior
probabilities as outlined in Table 11.6.

Sustainability triggers

The sustainability trigger in the BBN representieterministic equation that incorporates the
optimal fishing mortality given compliance, natunabrtality and the calculated biomass which
was based on density estimates and fished areasudtainability trigger d& may be
expressed through the following deterministic lielahip;

= Fn" i )
5‘1 — B . iy 1 =33 _,—[rh":,g"i‘-'?!'fj 1110
' Firig + M[ ‘ '] ( )

where B represents the calculated biomdsg, represents the optimal fishing mortality given
compliance and! represents the natural mortality of the specidss equation is based on the
Baranov catch equation (Quinn and Deriso 1999).

Table 11.6. Prior probabilities assigned to compliance proportions, which results in an estimate of pc =
0.954 (SE = 0.14).

Pe p(Pc)

0 0.0005
0.2 0.0095
0.4 0.02
0.6 0.03
0.8 0.07

1 0.87
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11.6.7 Calculation of total catch and investigating effort

Commercial catch data was used to determine theiainod bugs caught (in tonnes) averaged
over the last four years of fishing. Ideally itwid be useful to incorporate a yearly term to
investigate changes through time but as this taticamodel, we represented catch records
from 2003 — 2007 as a probability distribution defi by the Commercial Catch node in the
BBN (Table 11.7).

We then created an effort node that representetbeisan effort compared to the current
condition to facilitate management scenario ingedion. We defined effort as a multiplier of
current effort ranging between 1 (representingenreffort) to 20 (representing 20 times what
is observed currently). Given the prescribed ¢fiod commercial catch we can then
determine the catch that is based on a functi@iationship between the two. The comparison
of the catclgiveneffort, the sustainability trigger and the stattéhe fishery will determine

how best to manage the fishery. If the calculatgdh is less than the trigger value the
probability of managing the fishery passively wid#crease with increasing decline in the state
of the fishery. A passive management positionrémirsituation) results in no change to the
management and a 'business as usual’ stratedke tfalculated catch is greater than the
trigger value we would move to a more active manege position by implementing a higher
minimum legal size. The probability of managing fishery passively or actively given the
sustainability trigger, catch and state of thedishis shown in Figure 11.9. We can see that as
the state of the fishery gets worse the probahilitsgctively managing the fishery increases
irrespective of the ratio of the trigger to the eoencial catch.
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Figure 11.9. Probability of actively managing given the management position. Red indicates a probability
close to 1 while yellow indicates a probability close to 0.

11.6.8 Evaluating management strategies

At the initial workshop, we discussed a numberitiecent management strategies ranging
from increasing the minimum legal size to restoiot on the sex and individual species and
very strict measures such as a total allowableng@taC) and closures. Although some of
these measures will have major effects on catahesare clearly not feasible. Closures in
particular can not be enforced as byproduct doesepoesent the target species for fishers in
this fishery. For the same reason, it is alsddiff to enforce a TAC. Furthermore, defining a
TAC, catch limit or closure is difficult to do. €hefore, the only management scenarios we
considered were changes in the minimum legal dibeigs. Using the NPF prawn monitoring
survey catches, we limited the investigation ofimum legal sizes to none, 65 mm, 70 mm, 75
mm (current), and 80 mm carapace width. As thd GuCarpentaria is dominated by mud
bug, a MLS greater than 80 mm was not considered.
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Table 11.7. Priors chosen for the commercial catch node in the BBN defined for each region.

Region Prior

Mornington N(n = 1.278460 = 0.6235)

Groote N(u = 1.753955 = 0.4761)
Vanderlins N(n = 2.02415 = 0.5934)
Weipa N(p =-1.13791p = 0.6412)

We considered three mechanisms for weighting eaofagement strategy and ensured that
each was scaled to represent a value between D, avith 1 providing the most benefit and 0
providing the least benefit. The first weightingechanism represents the benefit of a particular
implemented strategy to a fisher. The secondas#nefit of implementing a strategy to the
resource while the third is the cost (or negatigediit) received from enforcing compliance.
Each of these utility functions will be describedmore detail in the following sections.

11.6.9 Benefits to the fisher

We adopted a value-per-recruit analysis to weiglsthenanagement strategy according to the
benefit to the fisher. As bugs caught in the NRFsald wholesale at $29 per kg, irrespective
of their size, we can determine the benefit or Wiy from a yield-per-recruit analysis which
was discussed earlier in this report. Given theagament position (passive or active) and a
management strategy we can define a maximum sablaigield (MSY) from this analysis.
This can be re-scaled by the maximum yield to obséawveighting between 0 and 1. Table 11.8
illustrates how the weighting was constructed. e\latN/A indicates a management strategy
that cannot be considered for the management positiopted.

11.6.10 Benefits to the resource

We used an egg-per-recruit model similar to theauténed in Courtney (1997) to determine
the percentage of virgin stock available aftenegimanagement scenario evaluation. This

model requires knowledge of the relationship betwtbe carapace length and the carapace

width corresponding to the strategy under invesibga(Equation 11.7). A corresponding age
for a given carapace length can be determinecheiadlationship shown in Equation 11.11;

Top = -log(1 — (CL/L.))k (11.11)

whereT,, represents the optimal age for a given minimurallege,CL represents the
carapace length,, represents the maximum size and is based on G&ystaestimate of 72.4
mm andk represents the annual growth rate (0.89.yiThe egg-per-recruit can then be
evaluated for a given agg,, exploitation ratel) = F/(F + M) and age at the minimum legal
size. The egg-per-recruit relationship with ageesponding to a minimum legal size of 75
mm retains 76% of the virgin biomass (Figure 11.1D)e age corresponding to this MLS is

Assessing data poor resources: developing a management strategy for byproduct species in the Northern Prawn
Fishery



172

approximately 1.55 yrs. We see that as age ineseéise number of eggs per recruit increases
and plateaus. This analysis results in a percerdfgirgin biomass retained for each MLS
investigated (Table 11.9). Note, a negative befgfissigned to the strategy where no
minimum legal size is enforced, representing a tregaenefit to the fishery.

11.6.11 Compliance enforcement

The third weighting used in this model is the qostnegative benefit) from enforcing a
particular management intervention. Although wendoknow the absolute cost of
implementing and enforcing a particular managerarategy, we can determine a weighting
between 0 and 1 which represents the relations#tipden the cost of compliance versus the
proportion who comply for a given minimum legalesizWe considered a model of the form;

C=g"° (11.12)

wherepc represents the compliance proportimrepresents the management weighting@nd
Is the cost of compliance. The management weiglagsigned to each management action
was subjective (Table 11.10) and for the purpodisfreport it was set such that the
relationship between the cost and compliance relsnsomething like that shown in Figure
11.11. Table 11.10 outlines the weighting usegrtmuce the relationships shown in Figure
11.11. If compliance is 0, indicating that no-aoenplies, irrespective of the management
strategy, the cost is larg€ € 1). If compliance is 1 then the cost of enfogca management
strategy decreases and it becomes 0 for no managertervention but increases as the MLS
increases.



MANAGEMENT SCENARIO EVALUATION FOR BUGS OF THE NORTHERN PRAWN 173

FISHERY

Table 11.8. Benefit to the fisher. Strategies not applicable under a given management position are
indicated by an N/A in the table. These correspond to a 0 benefit.

Management position Management strategy MSY Benefit
Passive No MLS 144.13 0.9858
Passive MLS 65 mm N/A 0
Passive MLS 70 mm N/A 0
Passive MLS 75 mm 129.08 0.8828
Passive MLS 80 mm N/A 0
Active No MLS 144.13 0.9858
Active MLS 65 mm 146.21 1
Active MLS 70 mm 137.12 0.9373
Active MLS 75 mm N/A 0
Active MLS 80 mm 125.03 0.8551

Table 11.9. Percent virgin biomass retained and corresponding benefit to the resource for a given
minimum legal size and management position.

Management position Management strategy  Virgin laigsn Benefit
retained (%)

Passive No MLS N/A -1
Passive MLS 65 mm N/A 0
Passive MLS 70 mm N/A 0
Passive MLS 75 mm 76.17 0.7617
Passive MLS 80 mm N/A 0
Active No MLS N/A -1
Active MLS 65 mm 42.32 0.4232
Active MLS 70 mm 62.17 0.6217
Active MLS 75 mm N/A 0
Active MLS 80 mm 88.61 0.8861
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Figure 11.10. Egg-per-recruit analysis showing the eggs-per-recruit for different ages.

Table 11.10. The relative management cost weightings (w) under different MLS options.

Minimum legal size Weightcf)
No restriction 5.0
MLS 65 mm 2.5
MLS 70 mm 1.67
MLS 75 mm 1.43

MLS 80 mm 1.0
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Figure 11.11. Plot showing the cost of enforcing compliance for given proportions of compliance and
minimum legal sizes (MLS).

11.7 Investigation of scenarios

11.7.1 Impact of environmental variables

Environmental factors may have a significant imgacthe distribution and abundance of bugs.
From our study, we found that sediment charactesisind spatial terms such as depth and
location are major factors that explain fluctuasiaf bug biomass. Whereas nutrients and
other environmental variables such as sea suréaapdrature have limited impact (~ 30% of
the deviance explained by the statistical mod€&his suggests that either other variables not
explored in these models may be important in ptadjdhe density of bugs (e.g. migration
characteristics, predator-prey relationships) at bug densities are predominantly determined
by their spatial location.
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11.7.2 Impact of compliance

Compliance has an indirect impact on the triggémeséghrough the optimal fishing mortality for
a given minimum legal size. It also impacts onrtl@agement decision through the
compliance enforcement costs. We found that iceaario where fishers are non-compliant,
this has the impact of substantially reducing tigger value by up to 20% compared to a fully
compliant fleet. We also found that a fleet thaswon-compliant would opt for a more
stringent management intervention.

11.7.3 Changes in effort and decline in biomass

The comparison of the commercial catch with thewdated trigger value is crucial in
determining the optimal management interventiohe &ffort node in the BBN is used to
investigate changes in NPF commercial catch andihimmpacts the management position (i.e.
remain passive or revert to an active managemévention). We found through scenario
evaluation that as we increased the effort, a ghiftanagement position from passive to active
to be more likely.

The state of the fishery also represents an impofégtor in managing the fishery. A
declining trend in biomass would trigger a strictmagement action in the scenarios we
investigated and this was irrespective of the fighihortality (Figure 11.9).

11.7.4 Scenario evaluation

As an example of scenario evaluation using the B&dated for each fishing region in the
Gulf of Carpentaria, we investigated three scesario

e Scenario 1: 0% compliant, 50% increase in effd@#decline in the fishery, passive
management

e Scenario 2: 50% compliant, 20% increase in ef20¥6 decline in the fishery, passive
management

e Scenario 3: 95% compliant, 5% decline in the fighpassive management — current
condition

» Scenario 4: 95% compliant, 5% decline in the fighactive management

The results of each investigation are presentddbie 11.11. Active management strategies
are highlighted in bold.

11.8 Discussion

We conducted an initial investigation of managenstrategies for bugs in the Gulf of
Carpentaria using BBNs in the Netica software. diese the BBN framework after careful
consideration of the problem, the species and dlere of the data collected (or available) for
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that species. Our analyses resulted in four BBNs,constructed for each spatial region in the
Gulf of Carpentaria to facilitate management scenavaluation.

Provided that the BBN is constructed properly aftects the problem accurately, we found
the BBN model to be an intuitive tool that incorgt@s a range of information from different
sources to quantify feasible management optiorss fijpe of model offers great flexibility
when it comes to incorporating new knowledge throogrginal probabilities (or priors) and
conditional probability tables.

Table 11.11. Evaluation of scenarios to identify the optimal management strategy for bugs in each region
of the Northern Prawn Fishery.

Region Scenario Cost of managing Optimal

NoMLS 65mm 70 mm 75mm 80 mm action

Groote 1 -1.01 -0.71 -0.68 0.31 -0.64AMLS 75 mm
2 -0.06 0.08 -0.05 0.88 -0.28 MLS 75 mm
3 -0.02 0.01 -0.11 1.32 -0.39 MLS 75 mm
4 -0.03 1.32 1.33 -0.25 1.23 MLS 70 mm
Vanderlins 1 -1.01 -0.27 -0.20 -0.20 -0.1IMLS80 mm
2 -0.06 -0.10 -0.03 0.86 -0.26  MLS 75 mm
3 -0.03 -0.03 -0.15 1.31 -0.43 MLS 75 mm
4 -0.03 1.32 1.33 -0.25 1.23 MLS 70 mm
Mornington 1 -1.01 -0.29 -0.22 -0.18 -0.13MLS80 mm
2 -0.06 0.06 -0.07 0.91 -0.31 MLS 75 mm
3 -0.03 -0.03 -0.15 1.31 -0.43 MLS 75 mm
4 -0.03 1.32 1.33 -0.25 1.23 MLS 70 mm
Weipa 1 -1.01 -0.22 -0.15 -0.26 -0.04MLS80 mm
2 -0.06 0.14 0.02 0.82 -0.21  MLS 75 mm
3 -0.03 0.06 -0.05 1.21 -0.32 MLS 75 mm
4 -0.03 1.32 1.33 -0.25 1.23 MLS 70 mm
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The results of the scenario modelling (Table 11shibwed that the current management
regulation of a MLS of 75 mm CW is the optimal mgeent action for both the current
situation and when the bug populations decline@ 2catch increases by 20% and there is
only 50% compliance. These results provide a d&pral to AFMA that no additional
management actions are required. This is proldaddpuse the population of bugs is large and
current catches are well below the optimal yieldhestes from all the analyses so far (Table
11.5; Chapter 10). These analyses suggest thatithent (2007) landings of 15 t is well below
both the steady-state MSY (129 t) or the acceptaiolegical catch (1887 + 171 t: Chapter
10). Although these two estimates of sustainaldke wary widely, and have different
assumptions, both are substantially larger thareatitotal catch reported in NPF commercial
logbooks.

The optimality of the current MLS regulation is sewhat surprising, given the yield is
maximised when the MLS is around 65 mm CW. Thénugitsolution is influenced by a

number of factors, including the relative weightofghe benefits to the fisher and the resource
and the empirical relationships used to developtiws. In the absence of additional
information, we assumed fairly simple relationshapsong the factors we considered. Changes
in the relative weighting of the benefits to theaerce or the costs of compliance or
management are likely to shift the optimal soluti&dnder the current passive management,
the benefits to the resource of changing the Mlesndlr(Table 11.9). This lack of benefit from
changing the MLS plus the increased compliancesaafsthanging from the current regulations
mean that the optimal solution is to retain theeotr MLS regulation.

The results of scenario 4 suggest that if AFMA dedito change the MLS and ignore the
compliance costs then the optimal solution woulddoeeduce the MLS to between 65 and 70
mm CW. This suggests that the compliance costslentenefits to the resource as very
influential in the optimisation of overall benefiEurther work to better define the actual
compliance costs may improve the confidence ddtakeholders in the outcome of the BBN.
The BBN also predicts that by shifting to an activenagement position, the probability of a
large decline in the state of the fishery will imase substantially. This is the tradeoff between
relative benefits to the resource and the fish&tsidies of related bug species have also
suggested that their populations are vulnerabtevéo-fishing (Spanier and Lavalli 2007;
Duarte et al. 2010). They recommend a MLS thatigate female spawners like that
implemented in the NPF (Stewart et al. 1997; Otaveit al. 2008; Duarte et al. 2010).

We found that the current catch data is also neeasitive to changes in bug biomass as would
be expected in a targeted fishery. This is dygant to bugs being a non-target species and the
current MLS. These appear to have resulted in centiad CPUE not being a reliable index of
abundance. The recent commercial logbook catghesaa to be relatively stable and
independent of the CPUE from the NPF prawn momigpsurveys. Fishers at the NPF
Resource Assessment Group indicated that only 8 proportion of the bug catch is retained

(< 10%, I. Booth and M. O’Brien pers. comm.).

In order to explore the sensitivity of the modethe influences of these factors, an additional
workshop with all stakeholders would be necessatysuch a workshop, the stakeholders
would have the opportunity to discuss and commarihe relationships developed to link
factors with management actions. They can alsesagbe relative weighting of different
factors in the model and highlight any unrealistues.
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While we have confidence in the outcomes of the M8t#eloped with the BBN, we do
acknowledge that the relationships and priors agexl from expert knowledge in the analyses
may not represent all views. This may lead to sbiases in the outcomes presented.
Additional weaknesses of the model relate to tladility of the software to handle feedback
loops, the need to categorise continuous nodethandlonte Carlo sampling approach used to
incorporate "uncertainty” into the model. Thessuiss have been recognised as potential
problems with BBNs elsewhere (Heckerman 1997; Beetoal. 2008).

We feel it is also necessary to outline some isselasing specifically to the BBN model for
bugs in the Gulf of Carpentaria that warrant furtb@nsideration before this BBN could be
used operationally in helping set management reéer@oints for the fishery. Ideally, these
issues could be resolved at a secondary workslapvidis attended by a broader range of
experts, including AFMA managers and fishers.

+ Biomass estimate

Fish stock assessment is challenging. Estimatimmdnss of a not well understood
species may turn out to be a misleading exerci$ere are a number of issues that
have arisen from estimating bug biomass in thismepFirstly, we needed to define the
area where the stock exists. In this study, theksarea is approximated by the fished
area which includes any grid (6 nm x 6 nm) wherg taich was recorded in logbooks
over the past ten years. Secondly, we assumeatélaecovered by the NPF prawn
monitoring surveys is representative of bugs algificilne surveys are designed to
estimate prawn abundance. Finally, we assumede@rnmdistribution of bugs in each
region. In the case of bugs, which tend to agdee@lones 1988), this assumption
could potentially lead to a very inaccurate estanah more reliable assessment would
have to use additional information, including thetdrical logbook catch and effort.
More intensive survey data in areas of high bugtcaill certainly improve the

regional biomass estimates.

e Yield-per-recruit analysis

The yield-per-recruit analysis is conducted foadiestate fisheries. However, the
NPF prawn monitoring survey data indicates thatelnas been some decline in bug
CPUE over the past five years. These declinesotiappear to be related to the
available biomass, but to the introduction of them¥m MLS in 2001 (Figure 6.3) (I.
Boot and M. O’'Brien NPF Industry Reps. pers. comriherefore, the calculated
optimal fishing mortality might be questionables fentioned in the yield-per-recruit
analysis, there are four rigorous assumptions. Wgsbthese four, the assumption of
constant fishing mortality is the most questionalesimple and feasible improvement
to this assumption is to assume that fishing mibyted proportional to fishing effort
across a year.

* Environmental factors — causality or phenomenon?

Without much knowledge of the factors most affegtine bug populations, the
environmental factors we considered in the studyhirmot actually be linked to their
abundance. Any inference on status of the biofnased on changes in these factors
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could possibly turn out to be unreliable. Furtimestigation into these possible
drivers is therefore recommended.

We noticed that there are significant interactiam®ngst the environmental factors
themselves and the environmental factors with titdewever it is a real challenge to
incorporate interactions in Netica, not to mentioat interaction terms are difficult to
interpret. As a result, we did not explore intéi@ts in the current model.

e Incorporation of reef bugs

As mud bug is the predominant species in the Gufaypentaria, we used biological
parameters based on this species for definingptimal fishing mortality and the
trigger value. Reef bugs have different biologiadracteristics and sediment
preference compared to mud bugs. Although rees oty comprised a small
proportion of the catch in the Gulf of Carpentgral0%), reef bugs are important for
measuring the health of the resource. It woulddmrable therefore to incorporate
reef bugs into the model in the future.

« Management actions and weightings

The management actions investigated and the waggh#issigned need further
scrutiny. We used a value-per-recruit and eggrpemndit analysis to define weightings
that describe the benefit to the fisher and resorespectively. With regards to
compliance we developed a relationship between tange enforcement costs and the
compliance proportion and this was determined stiviy. Input into these
approaches is required as the relationships maydse complex than we have
assumed. The weightings of the different attribw@ed their contribution to the overall
optimal outcome will vary with the context of theperts involved in the elucidations.
Additional input from a broader range of stakehaddacluding fishers, AFMA
managers and scientists may result in differenbwdtsolutions.

For proper implementation of this model, we sug@@sher investigation, refinement and
testing of the model components. Furthermore,wggeast the need for a further workshop to
capture expert opinion of the models that have llegived and whether they make sense in the
context of management of the NPF. We also sugherbngoing implementation of the
fishery-independent NPF prawn monitoring survejeese surveys are important in populating
the nodes in the BBN and being able to determinenvehmore active strategy for management
is required. The model presented in this reparhotioperate and be updated unless such
information is collected.
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12. BENEFITS AND ADOPTION

This project has made major advances in the asses@ffishing impacts on byproduct
species in the Northern Prawn Fishery (NPF). We hdentified the four main economically-
important groups of byproduct species. These yobgroups, squid, cuttlefish, bugs and
scallops make up most of the byproduct retainetheyNPF. We have identified the species
caught within each group by examining samples tdiketie Australian Fisheries Management
Authority (AFMA) - funded fishery-independent NPFa/n monitoring surveys. Studies of
these samples have provided insight into the egadog life history of each species within the
four main byproduct groups. We have been ableséotiie species composition of these
samples in combination with spatial, temporal amdrenmental variables to develop
statistical models to predict the byproduct specaaposition of NPF commercial logbook
records. This has enabled us to identify the bgypcospecies caught by the NPF and examine
trends in catch rates. We have been able to fgehe key factors most influencing the trends
in distribution and abundance of each byproductigge The data has also been used to
estimate the acceptable biological catch (ABC)anfhespecies group and define reference
catch limits for each group.

In order to estimate the proportions of each sgewithin the grouped NPF commercial
logbook records, new, novel statistical approacteesied to be developed that took the sparse
data available into account. The lack of adequmtees of abundance over an extended time
period made a stock assessment impossible withitraal fisheries models. We have
developed a new method to estimate the sustaicabdé limit (Acceptable Biological Catch)
for each byproduct group. This method combineshcedtes of byproduct species from the
NPF prawn monitoring surveys and life-history cleéeastics to calculate an allowable catch.

For the most economically-valuable byproduct grdugs, a management scenario evaluation
(MSE) of the current fishery regulations was unglegh. For this, we had to develop a novel
Bayesian approach that utilised both quantitatat& éind expert opinion. This MSE showed
that the current fishery regulation of a 75 mm pace width minimum legal size was effective
at optimising benefits to both the fishers andlihg populations in the NPF.

The study has shown that populations of most byprbspecies the NPF are lightly impacted
by prawn trawling at current levels of fishing etfoThe exception may be squid in 2007 when
the catch was similar to the estimated ABC. Waereged reference catch limits for each
byproduct group that can be used by AFMA to sewvedble catch limits. Further, our MSE for
bugs has shown that the current 75 mm (CW) minirtegal size is optimal for these species.
The current additional regulation restricting thke of berried female bugs should be retained
as an additional precautionary measure.

The new approaches to estimating species compositimulti-species group records in
logbooks developed in this project are widely agaddle to similar situations in other fisheries
worldwide. Furthermore, the approach of estimatingacceptable biological catch has wide
applicability in many data-limited fisheries. Mamenent scenario evaluation usually requires
large amounts of quantitative data in order to adézly compare options. Our Bayesian
approach will be applicable to MSEs and other decimaking situations in many fisheries
throughout the world. It is particularly usefulsituations where a lack of suitable data is
hampering objective decision-making. It providesechanism to incorporate the large amount
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of collective knowledge that is available in mdshéries. By developing suitable priors from
these expert opinions, this information can be npomated into the MSE model.

Adoption of the outcomes of the project would bpasted to be rapid as the current status of
the results has shown that most byproduct speogesralerexploited by the NPF. Current
regulations on MLS for bugs should remain. Themefice annual catch limit for squid of 500 t
appears to be higher than our estimates of an tdaebiological catch for this group. The
practice of targeting large aggregations of spawsijuid should be monitored. AFMA
scientific observers on board commercial vesselsrtiake large catches of squid or cuttlefish
(> 100 kg) should collect subsamples for analybigpecies composition. New ABC reference
catch limits can be calculated and updated annifathe NPF prawn monitoring surveys
currently funded by AFMA continue.
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13. FURTHER DEVELOPMENT

This study has applied two new approaches to dp\elmanagement strategy for byproduct in
the Northern Prawn Fishery (NPF). Both approaehesiovel ways to address the challenges
of assessing the effects of fishing on non-targetedh. Both methods rely on the availability
of fishery-independent data to estimate the bioroassich byproduct species group. We
found the recent catches of bugs, cuttlefish aatlagus are below their recommended
acceptable biological catch (Table 10.2). Thelcaftcsquid can approach the recommended
acceptable biological catch in some years.

These methods could benefit from further develogrbgnmproving the precision and
accuracy of the underlying parameters. They diswghat the current management
regulations in the NPF are adequate to minimiseisieof overfishing. More data will need to
be collected in order to improve the precision aoduracy of each method. However, the
costs of collecting these data may not be justdidtr species that are an incidental catch of
the fishery.

Our assessment of the ABC of each byproduct greaply for the Gulf of Carpentaria as this
is the region where we had fishery-independenthcdéta available. It is also the region with
the majority of prawn and byproduct catch. Thbs,lbyproduct catches from elsewhere in the
NPF, including the Top End and Joseph Bonapartél@wke been ignored. Although there
were few data in the NPF logbooks from these regiarchange in the distribution of
byproduct catches may require additional studiesder to take these catches into account in
assessments of the fishery impact.

The Bayesian Belief Network (BBN) model developedbugs in the NPF is a new approach
that may be applicable to many other data pooefiss. The models can be quite complex and
their utility is dependent on the quality of the¢alavailable. The software used in the BBN
(Netica) has the disadvantage that it only allot@§emodels. Thus the model is just a
snhapshot of the fishery, economics, complianceramdagement at that time. In order to
update the model to keep it relevant, addition&h ei@eds to be collected. The AFMA-funded
NPF prawn monitoring surveys are critical to theating and refinement of the model.

One of the outcomes of the BBN and the estimatéscoéptable Biological Catch (ABC) is
the indication that the bug population in the GaflfCarpentaria is underexploited. If the
management of the fishery changes and the MLSuUgs Is reduced from the current 75 mm
carapace width, the BBN will need to be updatecedhe new regulations have been
implemented.
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14. PLANNED OUTCOMES

1. Advice to management of actions required to manage fishing effort on each
byproduct species group.

The most commonly retained byproduct groups inNbethern Prawn Fishery are all relatively
short-lived (< 5 yrs) and have life-history stragsgadapted to unpredictable and often high
natural mortality. The Northern Prawn Fishery flleas reduced from about 100 vessels to 52
vessels in 2007. This has led to a reduction and¢raction in the fishing grounds trawled.
Thus, it is not surprising that the project hagibthat the current catches are below the
estimated sustainable catch for all groups excegsiply squid. For cuttlefish, scallops and
bugs, the results show that the current NPF conialaratch is a small proportion of the
estimated sustainable harvest. Thus, it appeatsithactive management intervention should
be required for these groups at current levelssbirig effort. Yield-per-recruit analyses for
bugs showed that yield would be maximised if theSikas reduced to 65 mm CW. Other
analyses undertaken also showed that the sustaiyiad for bugs was much higher than
current catches. However, management scenariollimgd®und that the optimal MLS was
the current 75 mm CW. There are a number of plesefasons why these different methods
produced apparently contradictory results. The Afpproach only examined the byproduct
populations from the fisher perspective. WherdesBBN scenario modelling attempted to
optimise the management action across potentiaflieno the fisher and resource while
accounting for compliance costs. Thus, the optgnéition from the BBN will be
conservative compared with the ABC estimates diesugble catch. Should AFMA decide to
relax the MLS regulation on bugs, the BBN indicatieat it would be better to reduce it to 70
mm CW. However, this reduction would be associatild an increased risk of population
decline.

For squid, the estimated annual sustainable catBR) from our analyses (between 200 — 400
t) is probably an underestimate. We know fromdristl studies that large populations of
squid occur outside the current prawn fishing gasunOur estimate of catchability for squid
by the NPF prawn monitoring survey vessels is ptebably an overestimate. These suggest
that the 2007 commercial catch of 200 t is suskd&éaThe current management reference
catch limit of 500 t for squid may be an overestiria the absence of other data. We
recommend that AFMA continue to monitor the cattbquid and that the reference catch
limit when catches be reviewed be reduced fromt3003100 t.

2. Compilation of existing knowledge about the distribution, abundance and
biology of species in the four main byproduct groups.

The project has examined a large volume of byprosamples collected from the AFMA-
funded NPF prawn monitoring surveys. This has kbimodels of the species composition of
each byproduct group in the NPF commercial logbdokse estimated. The results show that
there are clear differences in the distribution egldtive abundance of the two bug species and
the dominant species in the squid and cuttlefistugs. Location, depth and sediment type
appear to be good surrogates for the predicti@bahdance in these groups.

The spatial and temporal distribution of spawniggebch group has been identified. For the
two bug species, most spawning occurs in the sgnirga single recruitment occurs each year.



PLANNED OUTCOMES 185

Young bugs recruit to the fishery early in the iighseason (April — May). Berried (spawning)
female bugs are caught in the tiger prawn fishgmssn (July — November) but the impact of
their capture on the populations appear to be imadtie at recent levels of fishing effort.

Squid and cuttlefish species are short-lived arsr{fadobably < 1 yr) that spawn frequently
throughout the year in relatively predictable lomas in the southern Gulf of Carpentaria.
Squids appear to aggregate strongly for spawnidgtamtiming and locations of these
aggregations are relatively predictable. Someefisineturn to these spawning areas each year
and target these aggregations. Up to 200 t ofisgunostlyUroteuthissp4) can be caught
during a short period, suggesting that most ofathienals in the aggregation are caught. Many
of these squid have already spawned and were dyogaing to die, so their harvest will have
less impact on populations. However, the impadtaxfling on the large clusters of squid eggs
laid on the substrate is unknown and may requirtadn investigation.

The project has also greatly increased our undwtstg of the distribution, relative abundance
and life history of the main byproduct species. &8 now estimate the proportion of the
commercial catch made by each species based owa o proxy variables. This will allow
future monitoring of species-specific fishing imgacPredictions of potential fishing impacts
can also be made if the distribution or intensitfishing changes dramatically.

3. Demonstration of the extent that stock assessments can be conducted on NPF
byproduct species and demonstration of options for dealing with data poor
situations.

Catch of byproduct is by definition non-targeted &mus, commercial catch rates are unlikely
to represent an index of the abundance of the ptipanl This makes the application of
traditional fisheries stock assessment based omevaial catches almost impossible. Our
analyses of the commercial logbook catches of lyrbin the NPF show that traditional stock
assessment approaches are not appropriate forgpesies. The results suggest that current
catches are not having a detectable effect ondpalptions of most species. We have
developed novel alternate approaches to estimbtipgpduct biomass and the sustainable
catch of each group. These methods require ax ioidgbundance before they can be applied.
At present, AFMA supports fishery-independent NIP&ym monitoring surveys. Catches of
byproduct from these surveys have allowed us imest the acceptable biological catch
(ABC) for each byproduct species group. Theseeyigweed to continue to allow the ABC
estimates to be updated with the new annual bioestesates of each group. If these surveys
continue, annual updated estimates of the ABC dii égproduct group could be obtained and
an assessment made about the need for managenesweinion.

We have also developed a new approach to managecerdrio evaluation for data poor
resources. This approach can incorporate expewlinige in situations where data are
lacking. The method involves construction a Bagre®elief Network (BBN) model of the
fishery and potential factors that influence catifle showed that BBNs can be developed to
incorporate economic, biological and managemerdativies. The approach enables
management scenarios to be compared and optimeicst obtained. Continuation of the
AFMA-funded NPF prawn monitoring surveys is critifar the improvement and refinement
of the BBN model developed for bugs in the NPFisHurvey has been funded until 2010 and
is anticipated to continue. Further developmerihefBBN is needed before it can be used
operationally to evaluate alternative managemetiveg for bugs in the NPF. These
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developments include holding a follow-up expert katiop to discuss and possibly refine the
relationships and weightings of factors includeth@ model. The BBN model is sensitive to
the weighting applied to the three main objectiaed each is similarly influential on the
optimal solution.

4. ldentification of critical knowledge gaps limiting the ability to undertake such
assessments and recommendations on the most appropriate way to obtain
these data to ensure these assessments can be conducted in the future.

The project has undertaken extensive biologicalietuwith samples collected from the NPF
prawn monitoring surveys. The results of thesdistuhave provided the relevant life-history
parameters of most byproduct species for managenidrg project has developed a new novel
approach to estimating the biomass and sustaicabté of each byproduct group. This
method relies on catch-rate data from the fishedgpendent NPF prawn monitoring surveys.
These surveys provide a reliable index of abundé&rcgrawns (Milton et al. 2008) and other
species that are highly susceptible to trawlinchsasbugs, scallops and possibly cuttlefish.
While the surveys were not designed to sample ligprospecies, our analyses show the
surveys provide a similar estimate of abundancstter trawl survey designs (Chapter 9).

Our assessment of the acceptable biological cABIC) was less reliable for squid as they are
mostly nocturnal and feed in the water column ghni At this time, they would be much less
vulnerable to the demersal prawn trawls. In otdeabtain a more accurate estimate of squid
abundance, methods such as day-time trawling,ngggr small-mesh purse-seining may
provide a more accurate index of abundance. IEtdmemercial catch of squid increases
dramatically (> 50%), then a more accurate estimnbgguid biomass may be required. The
most cost-effective approach would be to make dag-trawls during the existing NPF prawn
monitoring surveys. These could also be usedltbrate night-time trawls and possibly
improve the accuracy of the current estimate afteattility applied to the catches from the
NPF prawn monitoring survey night-time trawls.
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15. CONCLUSIONS

The total landings of byproduct have declined asfighery has restructured and the size of the
fleet reduced. The byproduct of the Northern Pr&ighery (NPF) comprises a wide variety of
fish and invertebrates. Byproduct has been recoirdéogbooks since 1998 in up to 30 broad
categories. The most important components of yipedaluct are squid and bugs, followed by
cuttlefish and scallops. These four groups corepriger 90% of the byproduct landed by the
NPF in 2007. In recent years, squid has become mguortant, accounting for almost 80% of
the byproduct by weight.

We collected samples of the four main byproductigs(squid, bugs, cuttlefish and scallops)
during the NPF prawn monitoring surveys in the @dl€Carpentaria undertaken since 2002.
These samples were used to identify the speciepasition of each of the four byproduct
groups. Aspects of the life history of squid, bags cuttlefish were examined to provide
relevant parameters for population models and aghesgemporal and spatial patterns in
reproduction and abundance.

The squid catch comprised six specidsofeuthissp 1,Uroteuthissp 2,Uroteuthissp 3,
Uroteuthissp 4,Sepioteuthis lessoniarandAestuariolus noctilucabut was dominated by
Uroteuthissp 3 andJroteuthissp 4. Samples from a large squid aggregation W o
Mornington Island targeted by fishers in May 200mprised onlyJroteuthissp 4. Female
Uroteuthissp 4 in this sample were either in spawning camdior recently spent. This, along
with squid egg clusters in the trawl nets, indidateat this was a spawning aggregation. NPF
commercial logbook records showed that squid aggi@gs were fished in this area at the
same time of year in multiple years. Other simifage catches of squid were made near
Groote Eylandt in several years. This suggestsiiese are also probably spawning
aggregations dfJroteuthissp 4 or possiblyroteuthissp 3. Spawning by both of these species
occurred throughout the year, but with greatemisity during the dry season (May —
November). The occurrence of spawning aggregatiotiee same region each year suggests
that intensive fishing of these aggregations da¢sppear to have measurably affected their
populations to date. The squids were more aburidaftallower waters, especially the smaller
speciesA. noctiluca Uroteuthissp 1 andJroteuthissp 2). These species were also more
abundant in areas with muddier substrates, whéreasuthissp 4 was more abundant on
sandier sediments.

The bug catch in the NPF comprised two species, lmigdThenus parindicuand reef bugs.
australiensis Over 90% of the commercial catch is of mud bdggarindicus This species
occurred throughout the prawn fishing grounds en®ulf of Carpentaria. It was most
abundant in the 15 — 35 m depth zone, around thmikgton and Karumba regions and on
muddier substrates. There is currently a minimegal size (MLS) for bugs of 75 mm
carapace width (CW) in the NPF. This MLS allowg®to reach sexual maturity before being
retained. The mean size at maturityToparindicuswas 52.0 £ 0.5 mm CL (corresponding to
75 mm CW). This size was similar to the current®Alegulation in the fishery. The reef bug
T. australiensiglid not mature until 58.9 + 0.5 mm CL, a size figantly larger than the

MLS. Increasing the MLS to 80 mm CW will ensurefrbugs reach maturity before entering
the fishable population. However, reef bugs regmea small proportion of the total bug catch
and showed a distinct preference for deeper ofésivaters (> 35 — 40 m), around Vanderlins
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and Weipa. Therefore, most of their populatiorbatdy occurs beyond the main prawn

fishing grounds. We found no evidence of overfighon these species and the yield-per-
recruit analyses undertaken as part of the managiesnenario modelling suggests that the
yield would be maximised if the MLS was reduce®$omm. We recommend the current MLS
regulation be retained, but that considerationade made to reduce the MLS to 65 mm as the
bug population is currently underexploited.

Spawning by bugsThenu$ occurred throughout the year, with berried fenmaled and reef

bugs present in samples taken in both the wet andedisons. A greater proportion of females
of both species were berried during spring. Jugeniiere only caught in the January —
February surveys. This suggests that the spriagysing period contribute most of the
recruitment to the adult bug population in the GiilCarpentaria.

The cuttlefish catch from the NPF prawn monitorsugveys comprised five species
(Metasepia pfefferiSepia ellipticaS. papuensis, S. pharao@sdS. smithj, with S. elliptica
being the most abundant and widespread. Mostepeccurred throughout the prawn fishing
grounds. While their abundances varied spatiailyst species were more abundant in deeper
waters. Spawning occurred throughout the yeah sigreater proportion spawning during the
dry season. Most species spawned throughout #yged@arts of the Gulf of Carpentaria (25 —
40 m). OnlyS. ellipticaandS. smithspawned in inshore areas around Karumba. Fecuoidity
all species of cuttlefish was much lower than im $lyuids, varying between 170 and 350 eggs
per spawning compared to 3000 to 5000 eggs fodsquCuttlefish appear to compensate for
this lower productivity by having larger eggs that better protected in an egg case. They are
also much longer-lived than squid and presumaldyvepn successive years.

Two species of scallops were caught during the piawn monitoring surveys\inachlamys
flabellataandAmusium pleuronectesThe fan scallop\nnachlamys flabellataere rare,
comprising < 5% of the total scallop catch. Andeatlevidence from fishers indicated that only
larger scallops (> 65 mm) were retained. This rhd@at onlyAmusium pleuronectegould be
retained by fishersAmusium pleuronectagere more abundant in muddier regions and in
waters > 20 m deep. There was no temporal tregdteh rates from either the NPF prawn
monitoring survey or NPF commercial logbook recorti® studies were made of
reproduction, but smah. pleuronectesvere only caught in the January — February surveys
This suggests that most spawning occurs in spsingjlar to that found for the other byproduct
groups.

In order to estimate the species composition obgproduct in the NPF, we developed
statistical models to predict the proportion offeapecies within each byproduct group. A
range of spatial, temporal and environmental véemlvere used as predictors. Generalised
additive models were used to estimate the propwstad the two bug species. The separation
of multiple species of squid and cuttlefish reqdisedifferent approach. We used a bagged
classification tree approach to estimate the progps of each species in each trawl catch. The
models explained over 60% of the variation in thepprtion of each species, with spatial terms
being the most useful. The proportions of eacltisgavere then used to estimate the species
composition of NPF commercial logbook records. cBattes of each species from NPF
commercial logbooks, CSIRO scientific and obsesteveys and NPF prawn monitoring
surveys were then examined to assess the mairrdanfluencing abundances. Depth and
sediment type were both influential in explainirggtprns of distribution and abundance of
each species.
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The Australian government introduced a Harvestt&gsaPolicy in 2007 that included harvest
control rules or decision rules that control ttehéry according to the biological and economic
condition of the fishery (Dowling et al. 2008). \Weveloped a harvest control rule for each
byproduct group that consisted of an acceptablegical catch (ABC). The ABC is based on
biomass estimates from the NPF prawn monitoringestsr and published life-history traits of
each byproduct group. The ABCs of each byprodrmigwere compared with the recent
(2005 — 2007) NPF commercial catch. For all groeysept squid, the recent catch is only a
small proportion of the estimated ABC. For sqtiey ABC and recent commercial catch were
similar, suggesting that squid catches need todmgtored. There are large populations of
squid outside the prawn fishing grounds, suggeshagthe ABC may be underestimating the
potential sustainable catch.

We also undertook an alternative approach to exam@nagement scenarios for bugs. For
this byproduct group, we undertook a managememisgieevaluation (MSE) by constructing a
Bayesian Belief Network (BBN) of the fishery. TB8BN consists of a conceptual model of the
fishery and the environmental, economic and managéfactors influencing catch. The
current MLS regulation was examined and comparék alternative scenarios such as
reducing the regulation or increasing the sizetlinm most cases, the best scenario was to
maintain the current 75 mm CW minimum legal siZéis limit optimised the benefits to both
the fishers and the resource as well as kept mamagecosts to a minimum. Operationalising
the model for routine use in assessing the fisf@rpugs in the NPF will require additional
expert interaction to validate the relationshipd aightings of different factors in the model.
However, all analyses indicate that the bug popnah the Gulf of Carpentaria are
underexploited. Thus, if the management objeatiae to maximise the yield, then the MLS
for bugs could be reduced to 65 mm CW.
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APPENDIX A — INTELLECTUAL PROPERTY

All components of this research are in the pubdimdin.
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APPENDIX C — BBN PRIOR AND CONDITIONAL PROBABILITY
CONSTRUCTION (CHAPTER 11)

A.1 Oxygen
Table 13: Prior probability distribution for oxygen.
Midpoints Range Probability
43 4.00-4.35 0.210
4.4 4.35-4.45 0.145
4.5 4.45-4.55 0.144
46 4.55-4.65 0.074
47 4.65-4.75 0.035
48 4.75-4.85 0.140
49 4.85-4.95 0.144
5 4.95-5.50 0.108
Table 14: Conditional probability table for bug density given oxygen.
Density Density e Oxygen
Cut-off  Values (v) 4.3 4.4 4.5 4.6 4.7 4.8 4.9 5
-0.5 -0.5 0.607 | 0.0269 0.2441 0.3332 0.1306 0.0019 0 0 0
0 -0.25 0.779 | 0.8867 0.7483 0.6655 0.8506 0.2546 0.1167 00.0043
0.5 0.25 1.284 | 0.0864 0.0076 0.0013 0.0188 0.6875 0.8201 0.0916 0.4638
1 0.75 2117 0 0 0 0 0.0560 0.0632 0.7925 0.5491
1.5 1.25 3.490 0 0 0 0 0 0 0.1159  0.0098
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A.2 SST(5 Day)

Table 15: Prior probability distribution for SST.

Midpoints  Range

Probability

20
22
24
26
28
30
32

18-21
21-23
23-25
25-27
27-29
29-31
31-34

0.041
0.149
0.213
0.041
0.046
0.306
0.204

Table 16: Conditional probability table for bug density given SST.

Density Density

-

€

SST (Degrees)

Cut-off  Values (v) 20 22 24 26 28 30 32
-0.5 -0.5 0.607 0 0 0.0002 0 0 0 0
0 -0.25 0.779 | 0.1279 0.1699 0.1554 0.0118 0.0009 0 0
0.5 0.25 1.284 | 0.6625 0.7478 0.7732 0.5895 0.7901 0.3523 0
1 0.75 2117 | 0.2066 0.0823 0.0712 0.3959 0.2090 0.6464 0.4752
1.5 1.25 3.490 | 0.0030 0 0 0.0028 0 0.0013 0.5248
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A.3 Wind Speed

Table 17: Prior probability distribution for Wind Speed.
Midpoints Range Probability

3 2-3.5 0.209
4 3.5-4.5 0.481
5 4.5-55 0.175
6 5.5-6.5 0.099
7 6.5-8 0.036

Table 18: Conditional probability table for bug density given Wind Speed.

Density Density e~ Wind Speed
Cut-off Values (v) 3 4 5 6 7
-0.5 -0.5 0.607 0 0 0 0 0.0032
0 -0.25 0.779 | 0.7577 0.1419 0.9798 0.4426 0.4508
0.5 0.25 1.284 | 0.2423 0.8581 0.0202 0.5574 0.5397
1 0.75 2.117 0 0 0 0 0.0063
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A.4 Nitrate

Table 19: Prior probability distribution for Nitrate.

Midpoints Range Probability
0.15 0.1-0.175 0.268
0.20 0.175-0.225 0.258
0.25 0.225-0.275 0.428
0.30 0.275-0.350 0.045

Table 20: Conditional probability table for bug density given Nitrate.

Density Density e " Wind Speed
Cut-off  Values (v) 0.15 0.20 0.25 0.30
-0.5 -0.5 0.607 | 0.0135 0 0 0
-0.25 -0.275 0.760 | 0.3949 0.0015 00.0148
0 -0.125 0.882 | 0.5513 0.4658 0.0012 0.0510
0.25 0.125 1.133 | 0.0403 0.5303 0.7503 0.1339
0.5 0.275 1.317 | 00.0024 0.2485 0.2297
1 0.75 2.117 0 0 0 0.4458
1.5 1.25 3.490 0 0 0 0.1182
2 1.75 5.755 0 0 0 0.0066
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A5 Mud

Table 21: Prior probability distribution for mud.

Midpoints Range Probability
10 0-15 0.208
20 15-25 0.282
30 25-35 0.164
40 35-45 0.094
50 45-55 0.091
60 55-65 0.045
70 65-75 0.060
80 75-100 0.055

Table 22: Conditional probability table for bug density given mud.

205

Density  Density eV Mud
Cut-off  Values (v) 10 20 30 40 50 60 70 80
-1 -1 0.368 0 0 0 0 0 0 0 0.0156
-0.5 -0.75 0.472 0 0 0 00.0132 0.0493 0.0645 0.9760
-0.25 -0.275  0.760 0 0 0 0 0.8387 0.8532 0.8495 0.0084
0 -0.125  0.882 | 0.3825 00.0475 0.0650 0.1481 0.0975 0.0860 0
0.25 0.125 1.133 | 0.6175 0.3426 0.9507 0.9205 0 0 0 0
0.5 0.375 1.455 0 0.6574 0.0018 0.0145 0 0 0 0
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Optimal Management Action
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Optimal Management Action
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