GREAT AUSTRALIAN BIGHT
RESEARCH PROGRAM

RESEARCH REPORT SERIES

Knowledge integration of socio-ecological systems of
the Great Australian Bight: Ecosystem Modelling

Final Modelling Report GABRP Project 7.1

E.A. Fulton, S.D. Goldsworthy, C.M. Bulman. H.R. Pethybridge
and P.J. Rogers

GABRP Research Report Series Number 29
October 2017

THE UNIVERSITY

SADELAIDE  Flinders




DISCLAIMER

The partners of the Great Australian Bight Research Program advises that the information contained in this publication
comprises general statements based on scientific research. The reader is advised that no reliance or actions should

be made on the information provided in this report without seeking prior expert professional, scientific and technical
advice. To the extent permitted by law, the partners of the Great Australian Bight Research Program (including its
employees and consultants) excludes all liability to any person for any consequences, including but not limited to all
losses, damages, costs, expenses and any other compensation, arising directly or indirectly from using this publication
(in part or in whole) and any information or material contained in it.

The GABRP Research Report Series is an Administrative Report Series which has not been reviewed outside the Great
Australian Bight Research Program and is not considered peer-reviewed literature. Material presented may later be
published in formal peer-reviewed scientific literature.

COPYRIGHT

©2017

THIS PUBLICATION MAY BE CITED AS:

Fulton, E.A., Goldsworthy, S., Bulman, C.M., Pethybridge, H.R. and Rogers P.J. (2017). Knowledge integration of socio-
ecological systems of the Great Australian Bight: Ecosystem Modelling. Final Modelling Report GABRP Project 7.1. Great
Australian Bight Research Program, GABRP Research Report Series Number 29, 184pp.

CONTACTS

Dr Elizabeth Fulton
CSIRO
e: Beth.Fulton@csiro.au

Prof Simon Goldsworthy
SARDI
e: simon.goldsworthy@sa.gov.au

FOR FURTHER INFORMATION

www.misa.net.au/GAB

GREAT AUSTRALIAN BIGHT RESEARCH PROGRAM

The Great Australian Bight Research Program is a collaboration between BP, CSIRO, the South Australian Research and
Development Institute (SARDI), the University of Adelaide, and Flinders University. The Program aims to provide a whole-
of-system understanding of the environmental, economic and social values of the region; providing an information
source for all to use.



CONTENTS

Iy o T U USSR iv
[ o) B = o] =TT PRSP POPPRRNt Vii
1 EXECUTIVE SUMIMATY ceeiiiiiiiiiiiiiie ettt e ettt e e e e ettt e e e e e e bbbt e eee e s e s asbeseeeeeeeaansneeeeeeesaannneneeeeessannnnnes 1
1.1 ACKNOWIEAZEMENTS ...ueiiie ittt s sb e e st e e sbbe e e s sbbeeesanbbeeesnaaeeeean 2
J A 1} o Yo [ ot o o TSRSt 3
2.1 L YT T 3
2.2 (0] T =Tt 1YL T OO PURURRRUUPPN 4
3 An Ecopath with Ecosim ecosystem model of the Great Australian Bight: development and
o110 (=1 H=1 4 - L o o PSP TP TP TR 6
3.1 Tal oo [T o1 o] o NP PR 6
3.2 1V ToYo [=] IoloT o 1y f ¥ ot f o] o WU 6
3.2.1 T o1 Ve £ - (SRR PUPRUROt 11
3.2.2 CommONWEAITh FISRHEIIES ..eeeiiieeceee e e 12
3.23 ViICTOrian fISHEIIES coviei e et e e et e e e e e e e abaaaeeas 13
3.24 South Australian fISNEIIES ...eici i 15
3.25 Western Australian fiSherieS........ccuvviiiii i 15
33 Description of data sources, methods and assumptions in parameter estimation.............. 17
331 (1] = ol =T o 3Nt 17
33.2 T o o110 T=Te KU PUPRROt 20
333 YT o1 [ o USRS 24
334 [ T 1] o] = [ a1 o U UPSUROt 29
335 B =1 =T o1 AP PUPRNE 34
3.3.6 TN e =] o] = =S USPRRt 45
3.3.7 T g T A o T o Yo [¥ ol =Y oSSR UPPRRROt 57
31 2] F= Y Tol=Yo Iy g o T 1Y USSP 61
3.2 Model fitting to time SEries (ECOSIM) . .uuiiiiiiiiiiiiiiee ettt e eertrrr e e e e e e eearaaeeee s 65
33 Temporal changes in GAB ECOSYSTEM .....iiiiiiiiiiiiie ettt site et sreesbeesiee s siae e sabeesbeeseeeens 68
331 Trends in DIOMasS-SEALUS QUO ......cccccuuuieieeeeeeecciiee e e e et e e e e e st ee e e e e e esnaraneeeeeeenanes 68
331 Trends in CAtCh-StAtUS QUO ......eeeeeeeeeeee et e e e e rar e e e e e e eanes 71
3.3.2 (070 ool (U Lo Yo TSR 73
4  An Atlantis Ecosystem model for the Great Australian Bight: Development and Parameterisation
74
4.1 Atlantis INTrOAUCTION c...viiiiiiiee e e e e e e s aae e e e eabeee e eeareas 74
4.2 V1T o T Yo PSRRI PRRRt 75
42.1 ALIaNtis FramMEWOTK ... e e e e 75
4272 Geography, model extent and desigN.......ccuuveeiie i 75
42.3 o 01V Tor=Y g 0T Yo =Y SR UPUUROt 76
424 BIiOlOGICAl MOEL.....uiiiieiiei e e 79
4.2.5 TrOPhiC CONNECTIONS ..ttt s e e st e e s s bee e e e 80
4.2.6 Non-trophic interactions, dependencies and ProCeSSes ......c.ueevvvuveeerriiveeeriieeesnirieeenns 81




4.2.7 FISHING MOE] ...ttt e st e e ba e e sabe e sbeeenaaee e 81

4.2.1 Model Calibration ..........eoieiiiiie e 82
4.3 Status QUO ALIANTIS FUN c..eiiiiiieie ettt sttt 82
Y oT=T o T o LSS PP PR PPPR -91-
5.1 INEFOAUCTION et ssre e sb e snee e -91-
5.2 NYo=TaF: [ e To e [T ol T o] A o] o USRS -92-
5.3 [0=] oTo] A o ¥ =S PP P PP PPPPPROPPPPPI 103
53.1 1Y oTe [=] I I | =Tor o] =T PR UPRRPPPRPIN 103
5.3.2 olo][o]=4Tor=] M 1T [Tor-) o] 53T TPPRUPPRRRN 103
5.3.3 SEATISTICS 1ttt 103
5.4 RESUIES .ttt ettt b e bt h e h e nae e nae ettt et s 103
54.1 Scenario-based shifts in ecosystem iNdicators ........ccccveveieei i, 127
5.5 DISCUSSION ...ttt ettt e st e e s sb et e e s amne e e e sne e e e s sne e e e sanrneeesnee 129
5.5.1 SCENATIO COMPATISONS ..tiiiieieeieiiiite et e e e e ettt e e e e e ettt e e e e e e e aaibb bt e e e e e sesanbbeeeeeeeeeannnnneeas 130
5.5.2 Future work to address gaps in KNOWIEAZE ......coovuuiiiiriiiiiiiiiieecee e 134
5.5.3 (00T ol [0 [T = I Vo U ={ o | £ TSRS 135
REFEIEINCES ...ttt ettt e b e bt b e e bt e bt e s bt e sbe e saeesheesane e ea 137
VY Y o 1= o o ot T3PPSR 163
7.1 Diet matrix of functional groups used in the initial parameterisation of the EWE GAB
ool T VA (=T 0 1 4 o T 1= R SERR 164
7.2 Time series applied to the EWE GAB Ecosystem model........cccoeviiivieiniienniininieeniee e 171
FAN W T 0 A AV o] o J=T g Uo [ ot T3 PSSP 172
8.1 List and group compositions of functional groups in the GAB Atlantis model................... 172

8.2 Initial weight (ug N) and growth rates for vertebrate functional groups in the GAB Atlantis
model 176

83 Trophic links for the groups in the GAB-Atlantis model. .......cccccoviieeeiiiiiiiiieee e, 176
8.4 Predicted prey-predator relationships for (A) Australian sardine and (B) Southern bluefin

tuna over the entire GAB model domain for the Status QUO SCENANIO. ......cccveeeeeciiieeeiiieeceieeeea, 182
8.5 Relative changes in biomass of functional groups for Atlantis scenarios..........ccccceevuveenn. 183




LIST OF FIGURES

Figure 3.1 Area of Great Australian Bight (GAB) used to define the GAB ecosystem model domain
(shaded blue). Atlantis model polygons with the domain area are indicated as are the 200 m and

P10 [0 [0 o W olo] 0} o] U1 NPT PPPPPRPPPNt 7
Figure 3.2. a) Eastern GAB (eGAB) chlorophyll profiles from fluorescence data, b) Central GAB (cGAB)
chlorophyll profiles from flUOresCeNCe data. .......cccveiiieiiiii it aree e 58

Figure 3.3. Flow diagram expression of the trophic flows between functional groups in the GAB
ecosystem. Trophic levels are on the y axis, the x-axis groups are arranged to allow the best visual
representation of the foodweb. Functional groups are represented by a circle; the size of the circle is
proportional to its biomass and the colour of circles is unrelated to any parameter..........cccceevuvee.. 64
Figure 3.4. Example of time series fits of the GAB ecosystem model (thin line) to observed biomass
(CPUE) and catch (dots and dashed trend line) data for six key commercial groups between 2005 and
2005). ettt ettt ettt et et et et et e e et et et e e e et e et et e et et e e et et e et et et et e e et et et ee e e eeee et et seeaeeareseeeenaeees 67
Fig 3.5. Relative changes (%) in biomass of a) vertebrates and b) invertebrates - the Status Quo
01T 0 I= 1 o Lo TP PP ORI OPPPPPPPPON 69
Figure 3.6. Changes in Status Quo scenario biomasses (t.km-2) of all functional groups and species
(excluding plankton, detritus and aquaculture groups) from 2006 to end of projection period 2055.
Status Quo scenario: actual exploitation rates were used until 2016 beyond which the 2016 rate was
fixed for the rest of the projection. The plot is ordered from the greatest overall biomass (benthic
detritivores) to the smallest (gannets) (L.KM-=2). c.coviei e et 70
Figure 3.7 Relative changes (%) in catches for fleets calculated over the period 2006-2016 (Status

(0 10 Yol =T o =T o ) PSSP 71
Figure 3.8. Changes in EwE Status Quo scenario catches (t.km-2) of all species across all fleets from
2006 to end of projection period 2055. Status Quo scenario: actual exploitation rates were used until
2016 beyond which the 2016 rate was fixed for the rest of the projection. The plot is ordered from
the greatest overall negative change (rock lobster) through to the greatest positive change overall
(abalone) reading legend from left to right across CoOlUMNS. ........c..oeieiiiiiiiiiii e 72
Figure 4.1 Schematic of the Atlantis modelling framework including the hydrodynamic forcing and
the biophysical and exploitation SUB-MOdEIS. .......c.cuviiiiiiiiiie e 75
Figure 4.2. Map area of the model domain covering 1,329,953 km2. Purple boxes are boundary
condition boxes, while others are dynamic boxes with different maximum depths. .........ccccvveeeenn. 76
Figure 4.3. (A) Temperature (in °C) map and static depth profile, and (B) time-series for coastal box 5
(coastal) and slope box 30 (slope/open ocean), based on BlueLink hydrodynamic model output.
Layer 1 is the surface layer. Bottom and sediment layers may have the same temperature.............. 77
Figure 4.4. (A) Salinity (in g/kg) map and static depth profile, and (B) time-series for coastal box 5
(coastal) and slope box 30 (slope/open ocean), based on by the BlueLink model output. Layer 1 is the
surface layer. Bottom and sediment layers may have the same salinity. ......cccccceevieeiiiiieeinciec e, 78
Figure 4.5. Trajectories of relative biomass of the dominant invertebrate functional groups, excluding
the detritus and bacteria, (a) in the pelagos and (b) benthos and their average community
composition (inserts) over the final 5 years of the Status Quo simulation under constant forcing - 85 -
Figure 4.6. Example relative total biomass and age-class distribution for fish functional groups in the
Y LU T O [N To N g o Yo [T N E T o PO PSP -88-




Figure 4.7. Example relative total biomass and age-class distribution for sharks and age-structured
invertebrates in in the Status QUO MOdEl FUN. .......oiiiiiiiiii e -89-
Figure 4.8. Example relative total biomass and age-class distribution of marine mammals and
seabirds in the Status QUO MOl FUN. ..oouiiiiiiiieecee ettt sbe e e sanes -89-
Figure 5.1. The production anomaly series derived from climate model projections that were
implemented as forcing functions (FF) for a) the control (Status Quo) scenario comparing central
GAB (FF 1) and central GAB (FF3); b) the RCP8.5 scenario comparing central (FF2) and central GAB
(FF4) and c) the Gulfs projections comparing the Control (FF5) and RCP 8.5 (FF6) projections. .....- 95 -
Figure 5.2 Maps of (A) the Commonwealth Marine Reserves Networks operating in the GAB model
domain, and (B) the GAB Trawl FiShery ClOSUIES. .......ccccieieiiiiee et -97 -
Figure 5.3. Probabilities of exposure to oil from oil spill scenarios at two different locations in (A)
Lo TV T VA T e I (= I L 12U -102 -
Figure 5.4. Relative changes (%) in the total biomass of (a) vertebrates and (b) invertebrate
functional groups under the ocean warming scenarios in Atlantis — calculated relative to the Status

(O 0o Iy 1011 P o] o FO U U 104
Figure 5.5. Relative changes (%) in the total biomasses of (a) vertebrates and (b) invertebrate
functional groups under the ocean warming RCP 8.5 scenario in EWE — calculated relative to the
Status QUO SIMUIATION. ....eiiiiiiiee e e e e e et e e st e e e e stbeeessnsaeeeestaeeessseeeens 106
Figure 5.6. EWE relative changes (%) in the total catches of (a) vertebrates and (b) invertebrate
functional groups under the ocean warming RCP 8.5 scenario— calculated relative to the Status Quo
314101 =14 o o VAU PPUUR 107
Figure 5.7. Relative changes (%) in the total biomass of (a) vertebrates and (b) invertebrate
functional groups under the fishing scenarios in Atlantis — calculated relative to the Status Quo. Note
that the biomass change axis is to a different scale to the fishing and shipping related scenarios... 109
Figure 5.8. Relative changes (%) in the total catch of (a) vertebrates and (b) invertebrate functional
groups under the fishing scenarios in Atlantis — calculated relative to the Status Quo simulation...110
Figure 5.9. Relative changes (%) in the biomasses of (a) vertebrates and (b) invertebrate functional
groups under the fishing scenarios in EwE — calculated relative to the Status Quo scenario............ 111
Figure 5.10. EwE relative changes (%) in the catches of (a) vertebrates and (b) invertebrate functional
groups under the fishing scenarios in EwE — calculated relative to the Status Quo scenario............ 112
Figure 5.11. Relative changes (%) in the total biomass of (a) vertebrates and (b) invertebrate
functional groups under the spatial management scenarios — calculated relative to the Status Quo.

Figure 5.12. Relative changes (%) in total fishing catches of (a) vertebrates, and (b) invertebrates
under the spatial management scenarios — calculated in comparison to the Status Quo scenario..116
Figure 5.13. Biomass of sardine per age-class through time, showing the response and recovery of
the sardine population to the mass mortality event imposed at year 10 of the projection period. The
dotted line shows the overall population biomass for the pathogen run, the overall biomass of the
Status Quo projection is given for reference (solid iNe). .....ccccuveeiiiieiieciie e, 117
Figure 5.14. EwE relative changes (%) in the total biomasses of a) vertebrate and b) invertebrates -
calculated in comparison to the Status QUO SCENANIO. ....ccoeuuriieeeeeeeiireeee e eecereee e eeeeirreeeeeeeenannns 118
Figure 5.15. EwWE relative changes (%) in catches of a) vertebrate and b) invertebrates - calculated in
comparison to the Status QUO SCENATIO. ....uiiiiiiiiiiciiiiiee e e crerree e e e s srrrr e e e e e s seartre e e e e e s ssavenaeeeeeeennnnes 119




Figure 5.16. Relative changes (%) in the total biomass of (a) vertebrates and (b) invertebrates under
the sardine pathogen scenario and the Bluefin tuna scenarios — calculated relative to the Status Quo.

Figure 5.17. Biomass of Southern Bluefin Tuna (SBT) per age-class through time, showing the
response of Southern Bluefin to a very high recruitment event. The black dotted line gives the total
biomass of SBT in the model domain with the recruitment event and a constant F fishing scenario,
while the grey dashed line is when there is a constant catch scenario instead and the solid black line

is the Status Quo scenario (given for referenCe). ..o cee e 122
Figure 5.18. EwWE relative changes (%) in biomasses of) vertebrates relative to Status Quo scenario.
............................................................................................................................................................ 122
Figure 5.19. EwWE relative changes in catches of vertebrates relative to the Status Quo scenario.
Changes in catch of Invertebrates were all less than a few per cent and are not shown.................. 123

Figure 5.20. Relative changes (%) in total biomass of (a) vertebrates and (b) invertebrates functional
groups under the shipping scenario — calculated in comparison to the Status Quo scenario. Note the
scale of the y-axis is much smaller than for the other scenarios reported in this chapter. ............... 125
Figure 5.21 Relative changes (%) in total biomass of (a) vertebrates and (b) invertebrates functional
groups under the ship collision and oil spill scenario(s) — calculated in comparison to the Status Quo
scenario. Note the scale of the y-axis is much smaller than for the other scenarios reported in this

(ol 0 =T o) =T U URRTR 126
Figure 5.22. Relative changes in the ecosystem performance indicators for (a) ocean warming
scenarios, (b) fishing scenarios, (c) spatial management scenarios, (d) sardine and SBT scenarios, (e)
spill scenarios and (f) shipping scenario. All calculated compared to Status QUO. .......c.cccceeuveeeennneen. 128
Figure 5.23. Plot of the large-scale clusters formed by the scenarios in the principal components
analysis (first two principal components only. The rough axes caused by gradients of ocean warming
and fishing drawn oNn for refErENCE. ........uuiiiiii e e e e e e e rbrre e e e e e e e arnnes 129
Figure 5.16. A simplified schematic of the GAB system showing the interactions between some of the
activities in the region and a stylised representation of the ocean flows (wavy arrows form deep
water symbolising upwelling) and the foodweb that is also present in the region (black silhouettes)
and interacts with these activities (indicated by the silhouettes by the activities). Note the fishery
footprint drops with depth and distance offshore, but that the climate foot is all encompassing. ..136

Vi



LIST OF TABLES

Table 3.1 Summary and description of the functional groups (FG) used in the EWE GAB ecosystem
model and their associated mapping to the Atlantis model functional groups. ......ccccccevvvveeeiieircnnnneen.. 8
Table 3.2 Fishing fleets included in the EWE GAB ecosystem model. The fisheries are either managed
by the Commonwealth (C); Victoria (Vic); South Australian (SA) or West Australian (WA)

(Lo VLT g a0 =] oL TSP PPPPPPRPPNt 11
Table 3.3 Commonwealth fishing fleets and gear codes assigned to EwE fishery fleets ..................... 13
Table 3.4 Details of mapping of Victorian state fisheries and gear types into EwE fisheries............... 14
Table 3.5 Western Australian fisheries and gear tyPes .....cvevivciieeiiiiiee e 16
Table 3.6. Summary of species in Group 32 - Shelf demersal invertivores small. ...........cccceeeierennnen. 39
Table 3.7. Summary of taxa in Group 48. Benthic detritivores .......cccccceeeeciiieeee e, 46
Table 3.8. Summary of taxa in Group 49. Benthic Carnivores. .....cccccceveeeieeeiniiee e 47
Table 3.9. Summary of the key taxa in the filter feeders group 51. .....cooovviieiiiiiei i 48
Table 3.10. Summary of taxa in the shelf macrozoobenthos group 53.......ccccceeeeeciiiiieeee e, 50

Table 3.11. Estimates of total water column phytoplankton biomass at each station on the central
and eastern GAB transects and apportioned into small and large fractions according to fluorescence

Lo = - P RERNS 59
Table 3.12 Final balanced GAB model parameters. Where parameters were changed, initial values
are in parentheses. Model—estimated values are in red. .........c.coocvveeieiiie e 61

Table 4.1. List and initial biomasses of functional groups in the GAB Atlantis model. For details of
groups compositions see Appendix 1. Biomass values in tkm™ are provided for reference - so that

values can be compared with the GAB EwWE model parameterisation .........ccccceeeeiciiieeee e, 79
Table 4.2. Summary of annual fishing mortality rates per ear .......cccceeeecciieeee e 83
Table 5.1. The scenarios that were implemented and which models were used to run them........ -92-

Table 5.2: List of species potentially affected by oil spill and magnitude of that effect. Only mortality

impacts have been included in this scenario. Growth, reproduction and other chronic affects may be

INCIUAE IN FULUIE WOTK..iiitiiiiiiiite ettt et ettt st e sabe e sbaeesabeesabeesaees -100 -
Table 8.3.1 Trophic links for the primary producers included in the GAB-Atlantis model................. 176
Table 8.3.2 Trophic links for the secondary trophic order invertebrates in the GAB-Atlantis model. A

grey box indicates a potential trophic link between predator (rows) and prey (columns)................ 177
Appendix Table 8.3.3 Trophic links in the GAB Atlantis model. A grey box indicates a potential trophic
link between predator (rows) and prey (COIUMNS). ......ccccuiiiiiiiii e e e 179
Appendix Table 8.3.4 Trophic links for the top predator vertebrate groups in the GAB-Atlantis model.
A grey box indicates a potential trophic link between predator (rows) and prey (columns)............. 181

Vii



1. EXECUTIVE SUMMARY

The Great Australian Bight (GAB) is the dominant geographic feature of Australia’s southern
coastline. It encompasses a diverse variety of habitats including coastal and gulf, benthic and neritic
shelves and slopes, pelagic oceanic and deep abyssal habitats. The GAB supports valuable
Commonwealth (e.g. southern bluefin tuna) and State (e.g. southern rock lobster, abalone, and
sardine) fisheries operating in coastal waters and over the continental shelf and slope. Aquaculture
leases occur in southern Spencer Gulf and along the coast of the western Eyre Peninsula between
Coffin Bay and Ceduna. Large marine parks have been established and the region supports important
ecotourism ventures. The GAB is also a resource frontier with high prospectivity for oil/gas
production. In natural resource management, conservation planning and marine and socioecological
science more generally, modelling has been found to be an effective way of combining information
in a consistent way, providing a synthesis of current understanding and how it is interconnected.

The GAB Research Program (GABRP) generated extensive new knowledge of the key physical,
chemical and biological drivers of ecosystem structure (Themes 1 and 2); the vulnerability of key
habitats/assemblages (Themes 3 and 4), trophic pathways and species to potential ecosystem
stressors and their combined effects (Theme 7, this report); and the socio-economic and ecological
trade-offs associated with multiple use (Theme 6). Integration of this new information with data
from existing regional data was achieved through the development of an Ecopath with Ecosim (EwE)
model and a spatially explicit Atlantis whole-of-system ecosystem model to represent system
dynamics in coastal and oceanic regions.

The GAB-Atlantis model was forced using time-series data from a hydrodynamic model and
parameterised using growth, life-history and diet information derived from the literature. The EwE
model was forced using time series projection data from a different regional oceanographic model,
and parameterised with data on the biology, biomass and diets from the GABRP Themes project
results or the literature. Parameterisation of the Atlantis fishing model and the EwE model were
based on catch and effort data and time series from Commonwealth and three State fisheries, and
recent stock assessments.

The results of a small exemplar set of scenarios are described here. These scenarios provide
illustrative examples of what can be done with the models and provide a basis for future use of the
models. Specifically, we examined the ecological consequences, i.e. changes in trophic linkages and
biomass flow, of changes in sea temperature, fishing pressure, stock abundances, and spatial
management or in the event of shipping oil spills.

Scenarios of high fishing had the greatest negative impact on relative biomasses of individual
functional groups, while scenarios of ocean warming saw largest impacts on the indicators of
ecosystem structure and integrity. Scenarios of spatial management found that closures were
insufficient in isolation as pressures and processes in the system were patchy. Scenarios of oil spills
caused by potential off-shore shipping accidents impacted groups in the immediate vicinity of the
collision and spill but had very little long-term impact on the system. However, these results only
reflect acute (direct contact and mortality) outcomes as chronic effects mediated by uptake and
transmission through the food web are not represented.

As they stand the models represent a synthesis of the best available information. As such they
represent the best available means of using that information to inform strategic thinking of the
region —to explore potential outcomes of shifts in the system, whether environmentally driven or as
a consequence of shifts in human use. This does not mean that there is no uncertainty. The sheer




size of the GAB means that new information will continue to come to light and the models would
need refining accordingly. Future model improvements would include any new information from
areas beyond the scope of the GABRP, particularly to the west. Representation of the dynamic
nature of fisheries in the region would benefit from the use of spatially-resolved State fisheries catch
and effort data currently unavailable due to confidentiality issues; the current fishing mortality
based representations of fisheries are sufficient for exploring scenarios, but a more dynamic
representation would allow for a more sophisticated exploration of the potential fisheries response
and outcomes of any potential accidents, extreme events or environmentally driven broad scale
shifts in the region. Explicit handling of economics and compliance decisions, exploration of
cumulative impacts and modelling the bioaccumulation effects of potential oil spills would also
improve model representativeness and the application and relevance of model outputs for
management, and should be a priority of future work for the oil and gas industry.
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2. INTRODUCTION

2.1 Overview

The Great Australian Bight (GAB) is the dominant geographic feature of Australia’s southern
coastline, the longest south facing coastline in the world (Kirkman 1989, Rogers et al. 2013b). The
region is large and remote and encompasses a diverse variety of habitats including coastal and gulf,
benthic and neritic shelves and slopes, pelagic oceanic and deep abyssal habitats. It is a region of
high conservation significance and supports a wide range of anthropogenic activities. Coastal waters
are significant for the region’s indigenous communities and support iconic recreational fisheries.
Valuable Commonwealth (e.g. southern bluefin tuna) and State (e.g. southern rock lobster, abalone,
and sardine) fisheries operate in coastal waters and over the continental shelf and slope.
Aqguaculture leases are spread along the coast. Large marine parks have been established and the
region supports important ecotourism ventures.

The GAB is also a resource frontier with high prospects for oil/gas production. In January 2011, BP
was awarded four exploration permits about 300 km south-west of Ceduna and committed to a
work program that includes drilling four exploration wells. In 2011, Bight Petroleum was also
awarded two leases west of Kangaroo Island and south of the Eyre Peninsula. In 2013, Statoil
acquired a 30% share in BP’s exploration program; Chevron was awarded two permits east of the
BP/Statoil leases; and Santos/Murphy was awarded a lease further west. In 2016, BP abandoned
their intention to drill for oil in the Bight. In 2017, in a deal with BP, Statoil acquired 100% equity in
two of four BP leases and took over the two exploration permits from BP. Their intention is to drill by
the end of 2019 subject to National Offshore Petroleum Safety and Environmental Management
Authority (NOPSEMA) approvals.

Future management of the GAB should be based on a sound knowledge of the ecological, economic
and social values of the GAB and the interactions among human activities and their impacts on the
ecosystem. In natural resource management, conservation planning and marine and socioecological
science more generally, modelling has been found to be an effective way of combining information
in a consistent way, providing a synthesis of current understanding and how it is interconnected.
This provides a basis for exploring system structure and function, but also as a test-bed for
investigating indicators, monitoring, potential responses to perturbation and the like. Without using
a common language and framework (e.g. as provided by models) it can be difficult to present
information in a consistent way, leading to unintentional mismatches of scale, inconsistent
assumptions and other flaws that can ultimately undermine the learning that can come from trying
to understand the dynamics of a system of the size and complexity of the GAB.

Best practice for system modelling in support of ecosystem-based management (EBM) requires
multi-model inference. That is to apply at least two models when considering an EBM question to
ensure that any underlying analytical biases, assumptions, and calculations are not skewing model
outputs and resulting conclusions. If multiple models based on differing premises or methods
provide similar responses, the confidence in the robustness of the general result is heightened. This
approach is analogous to ensemble modelling commonly used to address uncertainty in atmospheric
and climate sciences (Tebaldi and Knutti 2007). Moreover, different kinds of models can take on
complementary roles in EBM, each with their own specific function, but also building a larger
common understanding. This multi-model approach allows for considerable flexibility in addressing




specific questions as they arise during project development while simultaneously providing a basis
for teaching those interested in the system about the problems that arise when trying to manage
complex nonlinear systems (something few people have an intuitive feel for; Boschetti et al. 2010).
In terms of modelling the GAB the three stage modelling approach outlined below provides a sound
basis for the system assessment:

Conceptual models, which summarise system understanding and focus on the main drivers of a
system and highlight what needs to be incorporated in the other models. These are represented
diagrammatically and descriptively; and are often developed in conjunction with stakeholders and
topic experts. These conceptual models are summarised in Ward et al. (2017).

Shuttle models, which incorporate the minimum number of processes that capture all the crucial
components for a basic understanding of the ecosystem. These models provide a means of
communication between stakeholders and modellers, and allow further training building upon
experience gained with the conceptual models (i.e. increasing trust, understanding and
democratisation of knowledge). They also provide further understanding on key mechanics that can
be shuttled into the full system model. Ecopath with Ecosim (EwE) functions in this role, focusing on
trophodynamics and a selective set of the drivers of the system.

Full-system models, such as the Atlantis modelling platform, synthesise all the information collected
on the system, include some representation of all the major parts of the system (physical, ecological,
economic and social) and can address stakeholder concerns and trial alternative management
options under cumulative stressors.

This multi-model approach not only provides information and tools in direct support of decision-
making, but also addresses system uncertainty (perhaps the biggest concern in ecosystem
modelling).

The GAB Research Program generated extensive new knowledge about the GAB, which needed to be
integrated to improve our understanding of how the GAB ecosystem functions. We have new
knowledge of the key physical, chemical and biological drivers of ecosystem structure (Themes 1 and
2); the vulnerability of key habitats/assemblages (Themes 3 and 4), trophic pathways and species to
potential ecosystem stressors and their combined effects (Theme 7, this report); and the socio-
economic and ecological trade-offs associated with multiple use (Theme 6). The integration of
existing and new information was achieved through the three model types described above,
summarising current knowledge of the system and implications for future research, monitoring and
management. The EwE and Atlantis models and the results of a small exemplar set of scenarios are
described here. These scenarios provide illustrative examples of what can be done with the models
and provide a basis for future use of the models.

2.2 Objectives

The original objectives for the ecological modelling components of Theme 7 were to:

1. Establish and test trophodynamic (Ecopath with Ecosim) and whole-of-system (Atlantis)
models of the structure and function of the socio-ecological systems of the GAB.

a. Examine the sensitivity of key species, trophic pathways, habitats and assemblages to
potential ecosystem stressors, including climate variability and change scenarios, fisheries,
aquaculture and oil/gas activities to inform future monitoring, management and research.




b. Explore the synergistic, cumulative and potential impacts of multiple stressors and
identify socio-economic and ecological trade-offs associated with multiple use of the GAB.

As with most large research programs, the evolution of the field programs in the GABRP necessitated
a reshaping of the broader program of research. This meant that some of the research projects on
the human dimensions were reduced in size or omitted, reducing available information for use in the
synthesis. Moreover, the time frame of availability of the field data meant the available period for
synthesis was curtailed. Despite the best efforts of all involved this meant the objectives for the
ecosystem modelling had to be simplified. Ultimately it was agreed that the new objectives for the
ecological modelling in Theme 7 were (i) to synthesise the new and historical understanding of the
ecosystem by developing the ecosystem models to a point where they were scenario ready, and (ii)
to provide a demonstration of the models’ capacity via example scenarios, which demonstrate the
kinds of questions the models could address, even without further development.

To deliver on these objectives this report is divided into three main sections: sections 3 and 4
provide technical detail on the development of the EwE (Section 3) and Atlantis models (Section 4).
The final section provides details on the development and outputs of the various demonstration
scenarios examined (Section 5).




3. AN ECOPATH WITH ECOSIM ECOSYSTEM MODEL OF THE GREAT AUSTRALIAN
BIGHT: DEVELOPMENT AND PARAMETERISATION

3.1 Introduction

Ecopath with Ecosim (EwE) is the predominant ecological modelling software that has been used to
describe a diverse range of aquatic ecosystems world-wide for over 30 years. It was developed by
Polovina (1984) based on a simple steady-state trophic box model, and further developed by
Christensen and Pauly (1992a) and Walters et al. (1997).The software comprises three modules: the
Ecopath module enables description of the static state energy flow of an ecosystem at a particular
point in time; the Ecosim module enables dynamic simulations based on the basic Ecopath
parameterisation that allow the forecasting of ecosystem responses to environmental perturbations;
and finally the Ecospace module enables two-dimensional spatial representation of the ecosystem.
The ecological theory and mathematical equations that underpin the functions of EwE are
extensively detailed elsewhere (e.g. Christensen & Pauly 1992, Walters et al. 1999, Christensen &
Walters 2004, Steenbeek et al. 2013).

The EwE software has been applied across a breadth of topics to investigate impacts and questions
focused around improving the management of aquatic ecosystems. Some recent examples of the
breadth of topics include: climate change (Alva-Basurto & Arias-Gonzalez 2014, Christensen et al.
2015, Cornwall & Eddy 2015, Ruzicka et al. 2016, Suprenand & Ainsworth 2017); regime shifts
(Heymans & Tomczak 2016, Ofir et al. 2016); hypoxia (de Mutsert et al. 2016); fishing impacts (Geers
et al. 2016, Eddy et al. 2017b); single and multi-species fisheries management (Cornwall & Eddy
2015, Eddy et al. 2017a); ecosystem-based management (Lercari & Arreguin-Sanchez 2009, Jiang et
al. 2017); ecosystem-based fisheries management (Alva-Basurto & Arias-Gonzalez 2014, Bourdaud et
al. 2016, Jacobsen et al. 2016, Musinguzi et al. 2017, Sagarese et al. 2017), invasive species (Corrales
et al. 2017, Haak et al. 2017, McGill et al. 2017); marine protected areas (Abdou et al. 2016);
environmental impact assessment (Fretzer 2016); ecological indicators for evaluating the changing
status and health of marine ecosystems (Coll et al. 2016, Gonzalez et al. 2016, Coll & Steenbeek
2017); nutrient and biological iron cycling impacts on primary productivity (Chaalali et al. 2015,
Maldonado et al. 2016); impacts of decommissioning of power plants (Vasslides et al. 2017); oil spill
restoration (Okey et al. 1999, Okey & Wright 2004, Sagarese et al. 2017) and contaminant tracing in
marine ecosystems (Larsen et al. 2016).

In this chapter we provide the technical details on the synthesis and integration of both existing data
and new knowledge acquired through the GAB Research Program (especially Themes 1, 2, 3, and 4)
into a trophodynamic model using the EwE software (www.ecopath.org, Version 6.5). We describe
the key ecological assemblages, species and trophic pathways that underpin the model and briefly
describe the scenarios that we implemented complementary to the Atlantis ecosystem scenarios.
The comparison of the two model outcomes are reported in Chapter 5, following the Atlantis model
description in Chapter 4.

3.2 Model construction

The Ecopath model was constructed for the initial year of 2006, to coincide with initial year of the
hydrodynamic models and the time from which a lot of biological data were collected. Time series of
various data types such fishery data were compiled for the 10-year period (2006-2015) to calibrate
or tune the Ecosim model. It was also the period over which the Atlantis model was constructed and
calibrated and therefore facilitates direct comparison between model outputs.




The model domain extends from Cape Otway (Victoria) in the east to near Albany (Western
Australia) in the west, encompassing an area of 1,578,450 km? (Figure 3.1). The east to west distance
of the model domain is approximately 2,150 km, extending offshore variable distances from ~470km
in the western margins of the domain area, to ~1,000 km in the central GAB and to approximately
680 km in the eastern margins of the domain area. The region encompasses about 19% shelf and
gulfs (<200 m), 7% slope (200 — 2,000 m) and 74% open ocean (>2,000 m, Figure 3.1).
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Figure 3.1 Area of Great Australian Bight (GAB) used to define the GAB ecosystem model domain (shaded blue). Atlantis
model polygons with the domain area are indicated as are the 200 m and 2000 m contour.

A number of functional or trophic groups were used in the GAB ecosystem model, based on species
similarity in terms of diet, habitat, foraging behaviour, size, consumption and rates of production
(Table 3.1, Section 3.3). The GAB ecosystem model structure was built around 75 functional groups
including: mammals (7), birds (8), chondrichthyans (6), teleosts (24), farmed finfish and shellfish (2),
cephalopods (3), other invertebrates (17), bacteria and microbes (2), autotrophs (4), detritus (1) and
discards (1). Some commercial fish and iconic species were modelled as separate groups to aid
scenario testing and modelling, and facilitate the assessment of impacts and drivers. The groups
were also structured to allow as direct a comparison with the Atlantis model structure as possible
(Table 3.1). Each trophic group operates as a single biomass pool, despite groups often being
composed of multiple species. However, by matching species for size, habitat and diet, dynamic
parameters such as consumption and production rates are generally quite similar, and so reduces
errors and uncertainty due to aggregation.

Central to EwE is the diet matrix. To populate this matrix, dietary information for trophic groups was
sourced widely, with data with provenance to the GAB used in preference to data collected
elsewhere. Core datasets were those developed for previous EWE models within the GAB region,
including: the eastern GAB (Goldsworthy et al. 2011, 2013b); Spencer Gulf (Gillanders et al. 2015);
and Gulf St Vincent (GSV) ecosystem models (Goldsworthy et al. 2017a). Data from other regional
studies were used where appropriate, including the Eastern Bass Strait model (Bulman et al. 2006),
and data from other south eastern Australian regional studies such as the Southern Program off the




east Tasmania (Bulman & Blaber 1986, Young & Blaber 1986, Blaber & Bulman 1987, May & Blaber
1989), the South east Fishery program (Bax & Williams 2000), the southeast Australian Orange
Roughy program (Bulman & Koslow 1992, Bulman et al. 1994, Koslow et al. 1994a) and the Southern
Hills (Seamount) program off Tasmania (Koslow et al. 1997, Williams et al. 2001, Bulman et al. 2002,
Butler et al. 2002). Details of sources are provided for each trophic group in Section 3.3.

In addition to dietary information, Ecopath requires the values for four key parameters for each
trophic group, in order to balance the model. These include biomass (B), consumption per unit of
biomass (Q/B), production per unit of biomass (P/B) which under the steady-state assumption of the
model this is equivalent to the instantaneous rate of total mortality Z used by fisheries biologists,
and ecotrophic efficiency (EE). This last parameter represents the fraction of the production that is
used in the system, or that is explicitly moved out of the system (e.g. by migration), and varies
between 0 and 1 (approaching 1 for groups with considerable predation pressure). Values for three
of these four parameters are required to be entered into the mode thereby creating a set of
simultaneous equations which are solved to provide estimates of the final (fourth) parameter
(typically EE). Where possible, the biomasses (t km) of functional groups were estimated either
from field surveys or stock assessments. A detailed description of the functional groups and how
estimates of biomass, P/B and Q/B were derived are provided in Section 3.3.

Table 3.1 Summary and description of the functional groups (FG) used in the EWE GAB ecosystem model and
their associated mapping to the Atlantis model functional groups.

Pelagic invertebrates & flora

Large phytoplankton PL >5 um diatoms, most nanophytoplankton

Small phytoplankton PS <5 um pico- and small nanophytoplankton, autotrophic
nanoflagellates

Nanophytoplankton PS <5 um Heterotrophic nanoflagellates

Microzooplankton ZS 5-200 um Heterotrophic flagellates

Small (meso) zooplankton M 0.2-2cm Copepods, pteropods and ostracods, tunicates,
chaetognaths (in water column)

Large zooplankton ZL 2-20cm Euphausiids (krill), mysids, copepods and amphipods (in
water column)

Gelatinous zooplankton ZG Jellyfish, pyrosomes, medusa, salps and ctenophores, pelagic
tunicates

Detritus DL Detritus in water column and sediment that is turned over in
weeks

Pelagic bacteria PB Pelagic bacteria

Squid and cuttlefish (shelf CEP Southern calamari, Australian giant cuttlefish

and deep/offshore)

Benthic invertebrates & flora

Macroalgae MA Kelps

Seagrass SG Seagrass

Rock Lobster BRL Rock lobster

Western King Prawn PWN Western king prawn

Meiobenthos BO small benthic organisms that live in sediments <1lmm e.g.
foraminiferans, nematodes, benthic ostracods, harpacticoid
copepods

Benthic detritivores BD Infaunal detritivores: e.g. polychaetes, sipunculids, burrowing

bivalves, percarid crustacea (isopods, amphipods, cumaceans,
tanaids), holothurians (sea cucumbers), gastropods (sedentary)

Benthic carnivores BC Infaunal carnivores/scavengers: e.g. echinoderms (sea stars),
gastropods, predatory polychaetes, slugs (fixed/sedentary), sea
spiders




Benthic grazers BG Herbivorous echinoderms (sea-urchins), large gastropods, chitons
BGU
Abalone (Benthic grazer) BGA Greenlip/blacklip abalone
Deep filter feeders BFD Sessile megafauna > shelf break i.e. ~250 m e.g. bivalves, sponges,
hydroids, seapens, seafans and deep-sea corals, anemones,
crinoids, bryozoan, brachiopods, ascidians (benthic tunicates)
Shallow filter feeders BFS Sessile megafauna on the shelf e.g. bivalves (scallops, cockles,
mussels, oysters), sponges, bryozoans, barnacles, seapens,
crinoids, brachiopods
Commercial crabs BMC Blue, sand crabs, Balmain bug, other crabs, giant crab
Macrozoobenthos (shelf and BMS Large, active, primarily carnivorous megafauna e.g. gastropods,
deep) decapod crustaceans (crabs, non-commercial prawns, large
mysids), stomatopods, cephalopods- squids and octopus (Maori
octopus, southern keeled octopus, southern sand octopus, and
the southern hammer octopus)
not in EwE model DR Detritus slow turnover
Microphytobenthos BB Benthic bacteria and microflora
Aquaculture species
Farmed finfish AQT Farmed SBT & Yellowtail kingfish
Farmed molluscs AQM Farmed oysters mussels
Fin-fish
Sardines FPS Sardinops sagax
Anchovy FPA Engraulis australis and others sprats and small planktivores
Mackerels FPJ Trachurus declivis, T. murphyi & Scomber australasicus, T.
novaezelandiae
Southern Garfish FSG Garfish
Redbait FPB Emmelichthys nitidus
King George Whiting FKG Sillaginodes punctatus
Deepwater flathead FFH Platycephalus conatus
Pink snapper FSN Chrysophrys auratus
Bight Redfish FRD Centroberyx gerrardi
Shelf demersal piscivores FVS Demersal(small): stargazers, red cod, small tooth flounder, Perch,
Small butterfly fish, boarfish, cobblerfish, red mullet and goatfishes,
Large silverbelly Med/Large: silver trevally, john dory, trumpeter,
stargazers, john dory
Shelf pelagic piscivore large Pelagic(med/large): Australian salmon, herring, barracouta, long-
fin pike, tommy rough, tailor, snook, mackerel tuna, teraglin,
dolphinfish, mulloway, yellowtail kingfish
Offshore pelagic piscivore Offshore pelagic: Ray's bream, southern Ray's bream, moonfish,
(large) oilfish, short sunfish, trevallas, rudderfish
SBT FVB Southern bluefin tuna Thunnus maccoyii
Tuna and billfish FVT frigate mackerel or tuna, skipjack tuna, albacore tuna, yellowfin
tuna, bonito, bigeye tuna, billfish, striped marlin, black marlin,
blue marlin, swordfish
Mesopelagics FMM Diel vertical migrating mesopelagic fishes largely from
Myctophidae
Non-migratory mesopelagics FMN Bathypelagic and non-migratory fishes
Deep demersal fishes FDD Piscivores: e.g. southern roughy, sandpaper fish, Zeidae, Cyttidae ,
Small invertivores gemfish, ling,
Small piscivores Invertivores: e.g. oreos dories, pink ling, Piscivores: gemfish, blue
Large invertivores grenadier, hapuku, cucumber fish, painted gurnard, long-finned
Large piscivores gemfish, silverside, whiptails, imperador, redfish, cardinalfish,
ribaldo
Offshore pelagic invertivores Offshore pelagic: blue warehou, silver warehou, blue-eye trevalla,
(large) butterfish
Shallow demersal fishes FDS Invertivores (small): e.g. deep velvet fish, scarlet cardinal, smooth

Small invertivores

cardinal fish, southern crested weed fish, old wife, four-spine




Large invertivores

leather jacket, smoothspine leather jacket, pygmy leatherjacket,
gulf gurnard perch, little gurnard perch, rainbow cale, sculptured
seamoth, common bullseye, slender bullseye, spotted grubfish,
wavy grubfish, Derwent flounder, spotted flounder, barber perch,
many banded sole, orange barred puffer fish, prickly toadfish
smooth toadfish, soldier fish, latchet, southern shortfin gurnard,
spiny gurnard, southern school whiting (silver whiting), toothbrush
leatherjacket, striped perch, ornate cowfish, Shaws cowfish, rough
bullseye, leatherjackets (bridled, mosaic, velvet, Gunn’s, Degens,
rough), crested flounder, squareback butterflyfish, goblin fish,
syngnathids_ocean perch, latchet

Invertivores (large): blue morwong, grey morwong, short boarfish,
Small tooth flounder, nannygai, gurnard perch, rock ling, southern
tongue sole, spikey globefish, common stink fish, spotted stinkfish,
beaked salmon, senator wrasse, fringed stargazer, southern
gobbleguts, and Chinaman leather jacket, jackass morwong, black
bream, purple throated and blue wrasse

Shallow demersal FDH Herbivores: (silver) drummer, rock blackfish, luderick, dusky
invertivores (included above) morwong, marblefish, fantail mullet, sea mullet, sand mullet,
herring cale
Chondrichthyans
Demersal sharks (shelf and SHD Whiskery shark, broadnose shark, Port Jackson shark, carpet,
deep) wobbegong, saw shark, cat shark
SHG Gummy shark Mustelus antarcticus
SDG deepwater dogfish, gulper sharks
School shark
Demersal piscivorous shark SHS
Pelagic sharks (coastal and SHP White, bronze & dusky whaler sharks, smooth hammerhead shark,
offshore) Shortfin mako, blue shark
Skates and rays SSK Melbourne skate , southern fiddler ray, southern shovelnose ray,
smooth stingray , coastal stingaree, sparsely-spotted stingaree,
western shovelnose stingaree, white spotted skate
Top predators
Gulls SBG Pacific and silver gulls
Small Petrels SBA Shearwaters, albatross, petrels
Gannets and terns SBD Australian gannet, terns,
Shags and Cormorants Cormorants and shags
Little Penguin SBP Eudyptula minor
Australian fur seal SFA Arctocephalus pusillus doriferus
Long-nosed fur seal SFL Arctocephalus forsteri
Australian sea lion SL Neophoca cinerea
Baleen whales WHB Pygmy blue, humpback, southern right whale
Toothed whales WHT Sperm, beaked, pilot, killer
Bottlenosed Dolphins DOB Tursiops truncatus
Common dolphin DOC Delphinus delphis
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3.2.1 Fishery data

Fishery data on landings, discards and effort were obtained for the GAB ecosystem region and
allocated into 34 fishing fleets based around gear-type and target species (Table 3.2). The region
includes areas where the fisheries are managed by the Australian Government (Commonwealth
managed fisheries) usually between 3-200 nm offshore, as well State managed fisheries (Victoria,
South Australia and Western Australia), usually within 3 nm of the coast. The main exception to
these jurisdictional arrangement is off South Australia where the two main gulfs (Spencer Gulf, Gulf
St Vincent) and the Investigator Strait are managed as State waters. Within the GAB ecosystem
model, Commonwealth managed fisheries were separated into 8 fleets, Victorian managed fisheries
into 6 fleets; South Australian managed fisheries into 13 fleets; and Western Australian managed
fisheries into 6 fleets (Table 3.2).

Annual fishery landings and effort data were obtained (under appropriate licence agreements) for
both state and federal jurisdictions that fell within the model domain for a 10-year period from 2006
to 2015 inclusive (or later). Information on both the landings and discards is required to estimate
total catch but since discards were not always recorded or collected in state fishery logbooks,
estimates often had to be made. Discard rates for several gear types derived from independent
surveys conducted in South Australia (Currie et al. 2009, Fowler et al. 2009, Roberts & Steer 2010,
Goldsworthy et al. 2011, Goldsworthy et al. 2013b, Gillanders et al. 2015, Goldsworthy et al. 2017a)
were applied to other the state fisheries catch data where discard data were similarly lacking.

Table 3.2 Fishing fleets included in the EWE GAB ecosystem model. The fisheries are either managed by the
Commonwealth (C); Victoria (Vic); South Australian (SA) or West Australian (WA) Governments.

1 CTuna Southern bluefin tuna

2 C Dem trawl Deepwater trawl, blue-eye trevalla, bight redfish, blue grenadier
3 C Small pelagic Jack mackerel, blue mackerel, Redbait

4 C Gillnet Gummy, school, whiskery, and saw sharks
5 C Shark line Gummy and school shark, snapper

6 C Scalefish line Blue-eye trevalla, ling, hapuku, gummy shark
7 C Danish seine Deepwater flathead

8 C Squid Squid

9 Vic Rock lobster Rock lobster

10 Vic Scalefish line Wrasse, snapper, barracouta

11 Vic Scalefish net King George whiting, barracouta

12 Vic Shark line Gummy and school shark

13 Vic Pots Snapper, octopus

14 Vic Abalone Abalone

15 SA Sardine Australian sardine

16 SA Lobster Rock lobster

17 SA Prawn Western King prawn

18 SA Pipi Pipis

19 SA Abalone Abalone

20 SA Haul Garfish, Australian salmon, whiting

21 SA crab Blue swimmer crab, Giant crab

22 SA Handline Snapper, King George whiting

23 SA Longline Snapper, whalers, snook
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24 SA lig Squid

25 SA Charter King George whiting, redfish, snapper
26 SA pots Blue swimmer, sand, giant crab

27 SA Coorong School and whaler shark, mulloway
28 WA Salmon Western Australian Salmon

29 WA Gillnet Gummy, whaler, hammerhead sharks,
30 WA Purse seine Sardine

31 WA Abalone Abalone

32 WA Lobster Rock lobster

33 WA Scalefish Line Yellow-eye redfish, blue eye trevalla
34 SA Recreational Striped trumpeter, blue mackerel

3.2.2 Commonwealth fisheries

Fishery records were extracted from the Commonwealth fisheries database held at CSIRO for the
GAB model domain (i.e. from broadly within longitudes 120°W to 143.5°W and latitudes 31.4°S to
43.7°S) using the GIS shapefiles for the model domain for the period 2005 -2016. The data were
stored in an Access database for ease of storage and processing. The data were initially extracted
and processed by Atlantis model polygon to input into the Atlantis model, and then re-grouped and
processed for EWE model purposes. All fishery species were coded with both Atlantis and EwE
functional group categories (Table 3.1). The relevant fishery operation and catch composition data
were extracted from the database by functional group, polygon, fishery and gear code as
appropriate.

There were 11 fisheries in the Commonwealth sector each containing from one to six gear codes
resulting in a total of 27 fishery-gear code (sub-fishery) combinations. These 27 were aggregated
into both Atlantis and EwE model fisheries (see Table 3.3). Some fisheries or gear codes were
excluded from the analyses as they were either dubious records or so few as to not warrant a new
“sub-fishery” type. While the VIT trawl and Danish seiners occur in Commonwealth waters they are
in fact state fisheries (despite missing from the state records) and so were included in the state
fisheries here.

Catch

For EwE, annual catches were calculated for each sub-fishery and functional group from which catch
rates for the whole model domain were derived. Similarly, annual discards and discard rates were
calculated directly from the fishery data where available. However, the discard information was very
patchy particularly in the first half of the time period, therefore it was often necessary to estimate
discard rates by one of the two following methods. Where operations were thought not to have
changed significantly and the 2011-2016 data were more explicit, we applied the 2011-2016 discard
rate to the earlier data. Where there were no relevant data from either period, discard rates were
estimated from the Integrated Scientific Monitoring Program (ISMP) reports (Knuckey 2006, Tuck et
al. 2013, Sporcic & Haddon 2016, Thomson & Upston 2016, Upston & Thomson 2016) or other
reviews and applied instead. Only species, for which catches were >500 kg were included in the
analysis/model implementation. Similarly, species caught only in one year, were ignored.

The 2006 catch and discard data were required to initialise the model and for the fisheries’
dynamics. Therefore, when certain functional groups were not recorded in the initial input year, i.e.
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2006, but were important later on, they needed to be “seeded” with a very small catch that could be
scaled by the effort over subsequent years which would result in actual levels of catch reported in
those years. For the Danish seine fishery in particular, the onset of the GAB Danish seine fishery in
2011 resulted in a very large change in catch and effort. For species that were not caught in 2006,
values were thus seeded with 1/90 of the 2011 catches. This method assumes that species were
caught and discarded but not recorded.

Table 3.3 Commonwealth fishing fleets and gear codes assigned to EwE fishery fleets

1 Tuna SBT PS
WST PS
WTB LLP, PL
WTF TR
2 Demersal trawl SET TDO, TW
GAB OTT, TDO, TW, PTB
VIT TW
3 Small pelagic SPF PS, TMO, TDO
4 Gillnet GHT GN
5 Shark line GHT BL HL
6 Scalefish line GHT AL, DL, TL
HSN AL, DI
7 Danish Seine SET DS
GAB DS
VIT DS
8 Squid sQJ J
Unassigned GHT RR
SBT RR
Effort

Ecosim uses either fishery effort or individual fishing mortality (F) rates (i.e. catch / biomass) to
impose fishing pressure on the base Ecopath model, i.e. annual effort time series are required to
“drive” the fishery dynamics. The amalgamation of different gear types with different effort
measures across the sub-fisheries necessitated the determination of a common effort metric. We
found that shots (operations) for each sub-fishery would best reflect corresponding annual catches
in most cases. While this method is a coarse approach and won’t capture the nuances of each
fishery’s behaviour, it was sufficient for driving the dynamics of this version of the GAB EwE model.

3.2.3 Victorian fisheries

Aggregated Victorian fishery data were provided by the Department of Economic Development,
Jobs, Transport and Resources (DEDJTR) for the model area (i.e. from broadly within longitudes
120°W to 143.5°W) that occurred within the Victorian jurisdiction. The data were stored and
partially analysed in an Access database held at CSIRO. These data were further aggregated into
broader “EwE fisheries” by fishery and gear code (Table 3.4).
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Table 3.4 Details of mapping of Victorian state fisheries and gear types into EwE fisheries.

Pot BF CcT Crab Trap/Pot
DF CcT Crab & Fish trap
OF FT Fish Trap
OF oP Octopus Trap/Pot
Scalefish line OF DL Drop Line
OF HJ Hand Squid Jig
OF HL Hand Line
OF SJ Squid Jig
OF SN Snapper Long Line
OF TR Troll Line
ow DL Drop Line
ow HL Hand Line
Rock lobster GC RL Lobster Pots
GC unknown unknown
RL RL Lobster Pots
RL unknown unknown
Scalefish net OF H3 Haul Seine (Medium Mesh 30-59mm)
OF H4 Haul Seine (Large Mesh 60-100mm)
OF H5 Garfish Seine (Floating 25-29mm)
OF H6 Ringing Seine (Bottom Set 25-45mm)
OF M1 Multifilament Mesh < 60mm
OF M2 Multifilament Mesh 60-74mm
OF M3 Multifilament Mesh 75-94mm
OF M4 Multifilament Mesh 95-124mm
OF M5 Multifilament Mesh 125-130mm
OF M6 Multifilament Mesh > 130mm
OF N1 Non-shark Monofilament Mesh < 60mm
OF N2 Non-shark Monofilament Mesh 60-74mm
OF N3 Non-shark Monofilament Mesh 75-94mm
OF N4 Non-shark Monofilament Mesh 95-124mm
OF N5 Non-shark Monofilament Mesh 125-130mm
OF N6 Non-shark Monofilament Mesh > 130mm
OF oT Otter Trawl (? Perhaps miscoded )
OF XX Other Gear
oP PS Purse Seine
Shark line OF SL Shark Long Line
Victorian state trawl TR FR Fish Trawl (sweeps attached)
TR PT Prawn Trawl (no sweeps attached)

Catch and effort

All captured species were categorised into EWE functional group categories. The catch composition
data were aggregated by EwE functional groups per year. The annual landing and discard or
estimated discard data were converted into a landing and discard rates for the whole model domain
(t.km™) and the 2006 annual landing and discard data were input into the model. The annual
corresponding time series of catch from (2006-2016) were used to calibrate the Ecosim model.

To obtain the relative effort time series to drive the Ecosim model, operations data were assigned to
an EwE model fishery according to Table 3.4 and efforts were calculated as the sum, across all fishing
boats, of the numbers of days fished per year per boat.

The effort in the bait fishery and prawn trawl were low and infrequent so these fisheries were
excluded. Effort in the State trawl was also very low but some of the effort attributed to State trawl
in the records were probably incorrect —i.e. records pertaining to pipi capture were attributed to
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III

“otter trawl!” but we assumed these to be incorrect and re-assigned them to the “Scalefish” net
fishery. This left the state trawl with very low and inconsistent effort and so it was also excluded.

3.2.4 South Australian fisheries

Targeted species catch and effort data for South Australian fisheries were obtained from PIRSA, and
had been pre-processed into annual total catch, total effort and total catch per unit effort (CPUE) for
each target species within the relevant fishery. The data were not complete due to confidentiality
reasons.

Catch and effort

We allocated the target species into functional groups, and summed across species within a
functional group to obtain annual catch per functional group. Some fishery methods were
eliminated if there were too few data to be useful: in the Marine Scalefish Fishery cockle rake for
vongole and fish trap for ocean jacket.

Discard data were not available therefore discard rates for South Australian fleets were estimated by
applying relevant discard rates derived for bycatch/byproduct from fishery independent surveys
(Currie et al. 2009, Fowler et al. 2009, Roberts & Steer 2010, Goldsworthy et al. 2011, 2013b,
Gillanders et al. 2015, Goldsworthy et al. 2017a) to the catch data. We allocated discarded or
estimated discarded species into functional groups and then summed across species within a
functional group to obtain annual discard per functional group.

Annual effort per gear method or fishery was usually provided already, but in some cases, we
summed effort if methods and effort measures were the same. We did not try to extrapolate for
missing data as we were unable to judge how much and where the gaps occurred.

3.2.5 Western Australian fisheries

Catch and effort data for Western Australian fisheries in the South Coast region were obtained from
the WA Department of Primary Industries and Regional Development. The fisheries which operated
in the South Coast Bioregion within the model domain and for which we obtained data were:
Abalone; Joint Authority Southern Demersal Gillnet and Demersal Longline Managed Fishery; South
Coast Crustacean Managed Fishery; South Coast Purse-Seine Managed Fishery; South Coast Salmon
Managed Fishery; South Coast Estuarine Managed Fishery; and Open Access in the South Coast
Bioregion. These data were also incomplete due to confidentiality. Data were provided in various
aggregated formats. Catch data per species was aggregated by year, month, method and block.
Effort measured in days of fishing were aggregated by block and fishery.

These fisheries account for 19 gear types and map (more or less directly) into 6 broader fisheries for
the EwWE model “WA abalone, WA gillnet (includes estuarine/managed), WA rock lobster, WA purse
seine, WA salmon and WA wetline (Table 3.5).

Catch and effort

Rather than discarding much of the information due to incompleteness, we made some assumptions
in order to fill gaps. We usually had total annual catch data for individual species but often not their
specific contribution to specific gear/fishery type. For those gaps, we subtracted the sum of the
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known catches per species per gear type from the annual species total, and distributed the
remainder across the gears assuming a distribution according to its usual proportion of catch if
known or just equally if unknown. Overall these allocations were quite arbitrary but we considered
that to discard large amounts of catches was even less desirable. Once again, catches were
aggregated per functional group. There were no discard data so discard rates from SA estimated
discard rates were applied to obtain annual discards (t.km™).

Effort (days fished) were combined across block and fishery, but about half of the data were missing;
~80% of data in the fisheries for salmon purse-seine and salmon managed (primarily beach seine),
~60% in the estuarine, crustacean and open access (primarily wet-line) and ~20 and 30% in the
abalone and gillnet and longline fisheries respectively. For the first two (salmon fisheries), we
estimated an annual effort time series using the salmon catches as a scalar of effort data. The annual
effort time series for the other fisheries were not adjusted and while the missing data make the time
series highly uncertain, the gaps in the data were fewer and mostly spread throughout the years (i.e.
the numbers of blocks for which data were available were reasonably consistent from year to year).

Table 3.5 Western Australian fisheries and gear types

Abalone Diving X

Gillnet Gillnet X X X X
Longline X

Rock Potting X

Lobster
Octopus Pot X
Crab Trap X

Purse Purse Seine X

seine

Salmon Beach Seine X X
Haul Net / X X X
Ring Net
Trap Net X

Wet line Dropline X
Electric X
Gunwhale
Mounted Reel
Gunwhale X
Mounted
Hand
Operated Reel
Handheld Reel X X
Handline X
Hydraulic X
Gunwhale
Mounted Reel
Squid Jigging X
Trolling X
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3.3 Description of data sources, methods and assumptions in parameter estimation

3.3.1 Cetaceans

A total of 35 cetacean species have been recorded in the GAB, including 11 baleen (mystecete)
whales and 24 toothed (odontocete) whale species (Theme 4 Project 4.1 Report, Gill et al. 2011).
The most significant large cetacean species in the GAB includes the pygmy blue whale (Balaenoptera
musculus brevicauda), sperm whales (Physeter macrocephalus) and southern right whales
(Eubalaena australis). Pygmy blue whales are seasonal visitors to shelf and slope waters of the GAB,
with major feeding aggregations associated with upwelling occurring between Cape Otway (Victoria)
and south and west of the lower Eyre Peninsula (South Australia) between November and May
(Theme 4 Project 4.1 Report, Gill et al. 2011). Continental slope waters of the central and eastern
GAB, and off Albany in Western Australia have been identified as important areas for sperm whales
where foraging is known to occur (Department of the Environment 2015). The largest breeding
aggregation of southern right whales in Australia is located at the Head of Bight in the GAB. Southern
right whales migrate from higher latitude foraging areas (between 40°S and 65°S) to the GAB arriving
from May, where females spend 2-3 months nursing their calves before migrating offshore.
Humpback whales (Megaptera novaeangliae) are also common visitors, but neither southern right
whales nor humpback whales are thought to forage significantly in shelf and slope waters of the
GAB. Slope waters of the GAB are home to a high biodiversity of smaller odontocete whales,
especially beaked whales and pilot whales. For most of these species, information on occurrence in
the GAB is limited to strandings or opportunistic sightings data. Shelf and coastal waters are
dominated by the short-beaked common dolphin (Delphis delphis) and members of the bottlenose
dolphin genus (Tursiops spp.). At least two species have potentially been documented from the
region, the coastal Indo-Pacific bottlenose dolphin (T. aduncus) and common bottlenose dolphins (T.
truncatus), the latter of which are predominantly distributed in shelf and oceanic waters further
offshore than the former (Kemper & Ling 1991, Kemper 2004, Gibbs et al. 2011). More recently, a
third species (the Southern Australian bottlenose dolphin) has been described from coastal regions
of Victoria, South Australia and Tasmania (Moller et al. 2008, Charlton-Robb et al. 2011). There may
also be hybridisation between species (Kemper 2004). Marked population structure has been found
between coastal Tursiops spp. in Spencer Gulf and those in the GAB that may be associated with the
oceanography of the Gulf region (Bilgmann et al. 2007).

1. Baleen whales

The predominant foraging baleen whale that occurs in the GAB is the pygmy blue whale. The total
number of blue whales that forage in GAB waters is unknown, but based on estimates of sightability
from aerial surveys; they may number 150 and are thought to remain in the upwelling system for
approximately 6 months of the year (P. Gill pers. comm.). Estimates of the mass of pygmy blue
whales range between 60 t and 150 t. We have used a conservative estimate of 80 t per whale to
account for subadults (P. Gill pers. comm.). This gives a biomass estimate of 12,000 t within the GAB
ecosystem.

Prey consumption was estimated using the methods presented by Barlow et al. (2008) for cetaceans
feeding in the California Current ecosystem. They used models of the average daily ration (R in kg
wet wt) and average daily metabolic requirements (ADMR in kJ d!) as follows:
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R ADMR
~ {0.8[3900Z + 5450(1 — 2)¥

where:
ADMR = ((293.1M°%75),

and 3900 and 5450 are the energy densities of crustaceans and fish, respectively (kJkg! wet weight),
Z is the fraction of crustaceans in the diet, 0.8 is the assimilation efficiency (Leaper & Lavigne 2007)

and B = 2.5 (Kenney et al. 1997, Hooker et al. 2002, Laidre et al. 2004). These models were based on
the Kleiber (1975) function for basal metabolic rate (BMR) related to the mass (M) of homeotherms:

BMR = 293.1M°75,

and food consumptions models developed by Lavigne (1996) and Leaper and Levigne (2007). Total
annual prey consumption was estimated as the product of the mean daily ration (365 x R) and the
pygmy blue whale abundance (Barlow et al. 2008). Following this, we estimated the annual prey
consumption of a pygmy blue whale weighing 80 t to be 408 t, and the total annual consumption of
150 whales to be 61,165 t. This provides a Q/B estimate of 5.097.

We have assumed that half (50%) of pygmy blue whale annual intake occurs in the summer/autumn
feeding areas of the GAB ecosystem. As such dietary import is estimated to be 0.50. Baleen whale
habitat area is estimated to represent 0.995 of the GAB ecosystem. As such the pygmy blue whale
biomass in the habitat area is estimated to be 0.00764 t.km™.

Trites et al. (1999) estimated the P/B ratio of whales to be half the maximum population growth rate
(rmax), Which has been estimated at 4% (Reily & Barlow 1986). Hence, we used a P/B of 0.02.

Diet information was based on estimates for the eastern GAB (Goldsworthy et al. 2011, Page et al.
2011, Goldsworthy et al. 2013b), using information from Jarman et al. (2002) and Morrice and Gill
(unpublished data).

2. Toothed whales

The predominate foraging and biomass species of odontocete whale occurring in the GAB was
considered to be the sperm whale. In addition, there may be 20 or more smaller odontocetes,
mainly composed of beaked whale and pilot species. The total number of individuals of each of
these three groups in the GAB region is unknown, however, it is estimated that the mature sperm
population off Albany, Western Australia, was reduced by 74% between 1955 and 1978 as a
consequence of commercial whaling, where between 3000 to 5000 individuals were caught per year
(Bannister 1974, Carroll et al. 2014). We nominally estimated the number of sperm whales, beaked
whales (Ziphiidae, multiple species) and pilot whales (two species) that make up the bulk of the
odontocete biomass and consumption in the GAB to be 10,000, 10,000 and 5,000, respectively.
Estimates of mass were: 18,519 kg for sperm whale (based on mean male and female mass, Trites &
Pauly 1998); 808 kg for beaked whales (based on the mean of male and female masses for 19 species
of beaked whales, Trites & Pauly 1998); and 850 kg for pilot whales (Kenney et al. 1997). This gives a
toothed whale biomass estimate of 197,518 t within the GAB ecosystem. Prey consumption was
estimated to be 1,115,066 t per year, calculated for the three odontocete groups following the
methods detailed above for baleen whales, providing an overall estimate for Q/B of 5.645.

We have assumed that all odontocetes in the model foraged in the region throughout the year (i.e.
no import). The area of habitat was calculated as the entire slope plus upper shelf/slope areas of the
GAB representing 0.983 of the GAB ecosystem. Habitat area fraction was used to weight the
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estimated biomass of each odontocete group to give the estimated toothed whale biomass in the
habitat area as 0.1353 t.km™. An estimate of P/B of 0.02 was used following Trites et al. (1999).

Diet of sperm whales was based on a study of the stomach contents of 36 stranded whales, mostly
from the west and north-west coast of Tasmania (Evans & Hindell 2004). The diet of beaked whales
was based on a synthesis of global dietary studies on 12 species presented in Pauley et al. (1998),
while the diet of pilot whales was based on the stomach contents of 2 stranded whales in Tasmania
(Gales et al. 1992).

3. Bottlenose dolphins

Biomass and consumption: Bottlenose Dolphin abundance was based on the mean density of
dolphins (0.0325 km2) from aerial surveys conducted by Kemper et al. (2006) in South Australia,
assuming that bottlenose dolphins made up ~40% of those dolphins surveyed (C. Kemper, pers.
comm.). The mean mass of Tursiops was estimated to be 109 kg (Barlow et al. 2008), giving an
overall estimate of biomass of 5,594 t or 0.01419 t km2assuming a habitat fraction of 0.250 (as these
animals only inhabit shelf and slope areas). Estimates of Q/B followed the same approach as for
common dolphins, providing an estimate of Q/B = 18.985. P/B was estimated at 0.08 based on
Barlow and Boveng (1991).

The diets of bottlenose dolphins were assessed from stomach contents and stable isotope analyses
of individuals that were found dead in southern Australia (Kemper & Gibbs 2001, Gibbs et al. 2011),
and summaries compiled by Page et al. (2011).

4. Common dolphin

Biomass and consumption: Aerial survey data for common dolphins are available for Spencer, Gulf St
Vincent and the Investigator Straight for the summer and winter of 2011 (L. Moller, G. Parra and K.
Bilgmann, Flinders University, unpublished data), and the western Eyre Peninsula between Ceduna
and Coffin Bay for winter 2013 (Theme 4, Project 4.1). These data formed the basis of estimates for
common dolphin biomass and densities within the GAB ecosystem model area. Across the studies
the mean common dolphin density was 0.550 dolphins per km(range 0.315 to 0.997). The mean
mass of Delphinus was estimated to be 79 kg (C. Kemper pers. comm.) giving overall estimates of
biomass of 3,140 t or 0.04343 t km% assuming a habitat area fraction of 0.199 (i.e. shelf areas).

Prey consumption was estimated using the methods detailed above for cetacean species. Following
this, we estimated a Q/B at 20.578; P/B was estimated at 0.09 for Common Dolphins based on
Barlow and Boveng (1991).
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The diets of common dolphins were assessed from stomach contents and stable isotope analyses of
individuals that were found dead in southern Australia (Gibbs et al. 2011) and summaries compiled
by Page et al. (2011). Common dolphins principally forage on pelagic fish such as sardines, anchovy
and jack mackerel.

3.3.2 Pinnipeds

5. Long-nosed fur seal

Long-nosed fur seals (LNFS) are an abundant marine predator distributed throughout the GAB region
with an overall annual pup abundance estimated to be 24,063 based on surveys undertaken
between 2011 and 2014 (Goldsworthy et al. 2017b). Around 97% of the total Australia pup
abundance is estimated to occur within the GAB region, based on a total estimated pup abundance
in Australia of 24,821, with 758 pups (~3%) occurring outside of the GAB region (Goldsworthy et al.
2017b). The total estimated abundance of LNFS in the GAB is 114,540 (97,999 in SA; 15,941 in WA
and 600 in western Bass Strait) (Goldsworthy et al. 2017b).

In SA, there has been about a 3.7-fold increase in pup production between 1989/90 and 2013/14
breeding seasons, equivalent to an annual growth rate of around 5.5% per year (Shaughnessy et al.
2014), although growth rates dropped to around 3.4% per year between 2005 and 2015. Pup
production at a number of major breeding sites has stabilised and appears to have reached carrying
capacity (Shaughnessy et al. 2014). A similar conclusion has been reached for populations off the
south coast of WA (Campbell et al. 2014). The stabilisation of some populations is likely related to
density dependent factors relating to space, with most of the available suitable breeding substrate
now filled (Shaughnessy et al. 2014). The strong growth in LNFS populations over the last 30+ years
has been attributed to recovery of the population from overharvesting by early Europeans from the
early 19 century, which has been aided by protection of the species, especially since the mid-1970s
(Kirkwood and Goldsworthy 2014, Shaughnessy et al. 2014).

Weaned pups and yearlings forage in oceanic waters (B. Page, A. Baylis and S. Goldsworthy
unpublished data, Page et al. 2006) ,while adult males (once they reach reproductive age (first male
tenure average 9 years, McKenzie et al. 2007b) forage in continental slope waters (Page et al. 2006).
In contrast, satellite tracking studies of juvenile and subadult males tracked from southern Spencer
Gulf and off the north coast of Kangaroo Island indicate that most of their foraging occurs within the
Gulf and inner shelf regions, although animals tracked ranged extensively westward to the Nuyts
Archipelago and eastward to Gulf St Vincent, south of Tasmania and into Bass Strait (B. Page and S.
Goldsworthy unpublished data). Adult female fur seals forage in mid to outer shelf waters during the
first 3-4 months of lactation, before directing their foraging effort towards oceanic areas of the sub-
tropical front between 400 and 1,100 km to the south of breeding colonies (Baylis et al. 2008, Baylis
et al. 2012). It is therefore possible that some adult females just forage beyond the southern margin
of the GAB ecosystem model domain, although for the purpose of this study, individual fur seals
from the GAB populations were considered to forage entirely within the model domain.

Biomass and consumption: The estimated pup production of long-nosed fur seals in the GAB region
for the 2005/06 breeding season was 19,023 (Campbell et al. 2014, Goldsworthy et al. 2015). Life-
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tables and age-mass relationships were used to estimate the size and biomass of the GAB population
(Goldsworthy et al. 2003a, McKenzie 2006, Goldsworthy & Page 2007, McKenzie et al. 2007c). Age-
specific survival relationships used were:

Female S = 0.627-0.073a + 0.003a°-(5.91 x 10°)a®
Male S = 0.627-0.097a + 0.006a°-(0.140 x 10%)?

where S is survival and a is age in years. Maximum ages were 23.4 and 16.7 for females and males,
respectively (McKenzie 2006, McKenzie et al. 2007a). Based on these relationships the total
population size in the GAB in 2005/06 was estimated to be 86,456, and its biomass 2,351.1t, or
0.00235 t km™ assuming a habitat area fraction of 0.633.

A mass-based regression equation of field metabolic rate (FMR) based on seven otariid species
(Goldsworthy et al. 2003a) was used to estimate daily energy requirement (ER):

ERgp—seq = 2.234M0-665,

where ERyt.sea is MJdt and M is the mean mass of each age-class/sex. The average daily energy
requirement of otariid seals is a function of the proportion of time spent at sea and on-shore (Costa
& Gales 2000, Winship et al. 2002), with daily energy requirements at-sea being about 1.8 times
greater than those on-shore (ERon-shore) (Costa & Gentry 1986). As such the ER of each age-class/sex
was estimated following Mecenero et al. (2006) as:

ER = (ERat—seapat—sea + ERon—shorepon—shore)/0-93:

Where the proportion of time spent at sea and on-shore is pgt.sea, Pon-shore, respectively. Estimates of
Pat-sea, Pon-shore, Were based on those in Goldsworthy et al. (2007), Goldsworthy and Page (2007) and
Kirkwood et al. (2006). The estimated mean prey assimilation efficiency is 0.93 (Winship et al. 2002,
Mecenero et al. 2006) and an average prey energy density of 4.985 MJ/kg (Goldsworthy et al. 2003a)
was used to estimate the total annual prey consumption (Q t y!) of age/sex classes as:

Q= [(%) 365] /1000

Using these methods, prey consumption by long-nosed fur seals within GAB ecosystem area was
estimated to be 111,738 t yr'; with Q/B = 47.525. Production per Biomass estimates (P/B = 1.184)
was estimated for the entire population as: ((current biomass live + dead)/(previous year annual
biomass alive)).

Diet data for the long-nosed fur seal were based on a recent synthesis and analysis of all dietary data
available for South Australian populations — compiled as part of FRDC Project 2013/011 Assessment
of the impacts of seal populations on the seafood industry in South Australia (SARDI unpublished
data). This consisted of both faecal hard-part and faecal prey DNA analyses of over 3,400 samples
collected across multiple sites, age-classes and years (SADRI unpublished data). A small amount of
long-nosed fur seal diet was composed of fresh-water and estuarine species taken in the Coorong
and Lower Lakes region of the Murray River, and was considered as import to the model. Based on
the biomass and consumption models detailed above, age and sex based assessments of diet dietary
data were weighed according to the estimated proportional consumption attributed to juveniles
(0.263), subadult males (0.146), adult males (0.156) and adult females (0.435).
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6. Australian fur seal

The Australian fur seal (Arctocephalus pusillus doriferus) is endemic to south-eastern Australian
waters and is found from the coast of New South Wales (NSW), Tasmania to Victoria, and across to
SA with the centre of their distribution in Bass Strait (Kirkwood et al. 2010). They have not been
recorded in WA. There are 21 known breeding sites in Australia, eight of which have established in
the past 10 to 15 years including North Casuarina Island, Williams Island and Baudin Rocks in South
Australia (Kirkwood et al. 2010, Shaughnessy et al. 2010, McIntosh et al. 2014, Shaughnessy et al.
2014). The historical range of the species prior to colonial sealing (pre-1800s) is unknown. In the GAB
region, there are five known breeding sites for the species, Lady Julia Percy Island and Cape
Bridgewater in western Bass Strait (Victoria), and North Casuarina Island (off Kangaroo Island),
Williams Island and Baudin Rocks (SA) (Goldsworthy et al. 2017b). There is a further breeding site in
western Bass Strait at Reid Rocks, south-east of King Island, but it lies outside of the GAB ecosystem
modelling domain, and is not including in this assessment (Goldsworthy et al. 2017b).

The largest population in the GAB region is at Lady Julia Percy Island in western Bass Strait. Surveys
across all known breeding sites have been conducted in 2007 (Kirkwood et al. 2010) and 2013 were
used to estimate pup abundance in 2006. These surveys suggested that the total pup abundance in
the GAB region in 2006 was 6,238, with most (97%) in western Bass Strait. Pup production estimates
of Australian fur seals have included a 15% pup mortality adjustment to account for pups that have
died prior to surveys (Kirkwood et al. 2010). Application of this adjustments produces a total pup
production estimate of 6,450 in the GAB region in 2007 (Goldsworthy et al. 2017b). Estimates of
pup abundance and production in 2013 for the GAB region based on estimates by Mclntosh et al.
(Mclntosh et al. 2014) were 2,862 and 3,291, respectively. The estimated exponential rate of change
(r) based on these two estimates is -0.112, and was used to reconstruct a time-series of change in
annual pup production between 2006 and 2015. Based on this approach, pup production in the
GAB region in 2006 and 2015 was estimated to be 7,174 and 2,595, respectively.

Although the small emerging population in SA appears to be growing rapidly (Shaughnessy et al.
2014), the status of the main population centre in Bass Strait is unclear. The population at Lady Julia
Percy Island was once the largest fur seal colony in Australia, producing 5,899 pups in the 2002/03
breeding season. By 2013/14, pup production had more than halved to 2,659 pups, suggesting ~7%
decline per year over the 11-year period between the two surveys (Mclntosh et al. 2014). It is not
clear if the apparent decline between the 2007/08 and 2013/14 surveys is real or due to a poor
pupping season in 2013/14, as there is no colony that is monitored on an annual basis (Mclntosh et
al. 2014).

Biomass and consumption: Life-tables for Australian furs seals were based on those developed by
Goldsworthy et al. (2003b): females S = 0.627-0.070a + 0.003a?-(5.10 x 10°)a3; males S = 0.627-
0.081a + 0.004a%-(8.27 x 10°)a®, where S is survival and a is age in years, with maximum ages set at
21 and 19 years for females and males, respectively (Warneke 1995). Age-mass relationships for
females and males followed those developed for the species by Arnould and Warneke (2002), with
parameter values of A, K and t of 85.400, 0.360 and -1.860 for females (von Bertalanffy equation),
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and 228.500, 0.520 and 5.120 from males (Logistic equation), respectively. These were used to
estimate a population biomass of 2,396 tonnes, and biomass density within the GAB of 0.08003 t km~
2, assuming a habitat fraction of 0.019, and a total pup production in the GAB region in of 7,174 pups
in 2006.

Using the method of estimating pinniped prey consumption detailed above, consumption by
Australian fur seals in the GAB region was estimated to be 65,450 t/yr; Q/B = 34.931 and P/B =
1.157.

Diet data for the Australian fur seal in the GAB region were based on the study of Page et al. (2005)
and a recent faecal prey DNA analyses compiled as part of FRDC Project 2013/011 Assessment of the
impacts of seal populations on the seafood industry in South Australia (SARDI unpublished data). All
foraging by GAB populations was considered to occur within the model domain, as foraging by this
species is almost entirely restricted to continental shelf waters (Kirkwood & Goldsworthy 2013).

7. Australian sea lion

Australian sea lions (Neophoca cinerea) are endemic to Australia and restricted to South and
Western Australia. The most comprehensive assessment of the species status and trends in
abundance in the GAB region is provided by Goldsworthy et al. (Goldsworthy et al. 2017b). In South
Australian there are 42 breeding sites with total pup abundance in 2014/15 estimated to be 2,500; in
the GAB region off the south coast of WA, there are 16 known breeding sites with a total estimated
pup abundance of 301, giving a total GAB region estimate of 2,801 pups from 58 sites (Goldsworthy
et al. 2017b). Pup abundance is presently declining by 2.9% per year in South Australia, and 2.1% off
the south coast of Western Australia. Based on these values, total pup abundance in the GAB region
was estimate to be 3,509 in 2007 and 2,721 in 2016.

Biomass and consumption: Following the methods detailed above for other pinnipeds, age-specific
survival and pup production data were used to estimate the numbers of animals alive at each age
stage. Life tables were based on those developed by McIntosh (2007) and modified to achieve stable
growth by Goldsworthy et al. (2010), with maximum ages set at 24 and 21.5 years for females and
males (Mclntosh 2007). As Australian sea lions breed about every 18 months (Shaughnessy et al.
2006), survival was calculated for every 1.5 years. Age-mass relationships for females and males
followed those developed for the species by Mclntosh (2007), with parameter values of A, K and t of
86.437, 0.475 and -2.7252 for females (Logistic equation), and 271.008, 0.148 and -4.220 from males
(von Bertalanffy equation), respectively. Total biomass in 2006 was thus estimated to be 1,032 t, or
0.00417 t km2assuming a habitat fraction of 0.157.

Using this approach prey consumption for the Australian Sea Lion population in the GAB region was
estimated to be 30,381 t per yr; with Q/B = 29.445 and P/B = 0.792. Production (P) per Biomass
estimates (P/B) were estimated as: ((current biomass live + dead)/(previous year annual biomass
alive)).

Diet data for the Australian sea lion were based on a recent synthesis and analysis of all dietary data
available for South Australian populations being compiled as part of FRDC Project 2013/011
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Assessment of the impacts of seal populations on the seafood industry in South Australia (SARDI
unpublished data). This consisted of both faecal hard-part and faecal prey DNA analyses of over 270
samples collected across multiple sites, age-classes and years (SADRI unpublished data, Mclntosh et
al. 2006, Fragnito 2013, Peters et al. 2014, Peters et al. 2015, Peters 2017). Information from a DNA
metabarcoding study of sample of scats collected from the south coast of WA (Berry et al. 2017)
were also incorporated.

3.3.3 Seabirds
8. Albatross

Biomass and consumption: The three most common albatross species in the GAB region include: one
endemic breeder in Australia, the shy albatross (Thalassarche cauta) which breeds on three islands
off Tasmania; and two non-resident species, the black-browed albatross (Thalassarche melanophrys)
and Indian yellow-nosed albatross (Thalassarche carteri) which are present over shelf waters in most
months but most frequently in May — October (Copley 1996).

The global population sizes of these species has been estimated to be: shy albatross ~65,000
(BirdLife International 2016b); black-browed albatross ~2,100,000 (BirdLife International 2016c) and
Indian yellow-nosed albatross ~160,000 (BirdLife International 2017). We assumed that
approximately 30%, 1% and 5% of the global populations of each species occurs within GAB region
throughout the year, representing a total of approximately 48,500 individual birds, with biomass of
173.9 t (B = 0.000108 t km2assuming a habitat fraction of 9.985), and consumption of 12,263 t
(assuming an average mass of 3.38 kg, FMR of 2390 kJd, assimilation efficiency of 0.69 and mean
prey energy density of 5 MJkg?). Based on these values, P/B was estimated to be 70.5, and P/B was
estimated to be 1.00 based on Sakshaug (1997).

Dietary data for this group was based on diet studies of the shy albatross in western Bass Strait and
in the eastern GAB Ecopath model (Hedd et al. 2001, Page et al. 2011, Goldsworthy et al. 2013b).

9. Shearwaters

Biomass and consumption: Numerically, the dominant petrel species in the GAB region are the
abundant short-tailed shearwater (Puffinus tenuirostris), which breed across many of the islands in
the GAB region especially in western Bass Strait and on islands off South Australia (Copley 1996); and
the flesh-footed shearwater (Ardenna carneipes) which has major breeding colonies on islands off
the south coast of WA and at two known sites in South Australia (Lewis and Smith Islands in lower
Spencer Gulf) (Copley 1996, Goldsworthy et al. 2013a, Lavers 2014, Goldsworthy et al. 2017b);.
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Of these species, data on the breeding ecology, diet and at-sea distributions are only available for
the short-tailed shearwater, and only for areas south of South Australia. Short-tailed shearwaters
undergo major migrations, overwintering in the North Pacific Ocean and Bering Sea, arriving in
south-eastern Australia in September/October and leaving again in March/April (Weimerskirch &
Cherel 1998). The return rate of fledged chicks at four years of age is estimated at 0.437 and adult
annual survival at 0.92 (Wooller et al. 1990, Hunter et al. 2000). With the mean age of first breeding
at ~7 years (Hunter et al. 2000), a simplified life-table based on these parameters suggests juveniles
make up 47% of the population, while breeding pairs (adults) make up 53%. Using an estimate of the
number of breeding pairs in the GAB region for short-tailed (1,277,800) and flesh-foot (33,854)
shearwaters (Burbidge et al. 1996, Copley 1996, Norman et al. 1996, Lavers 2014, Goldsworthy et al.
2017b), the total number of shearwaters which utilise the GAB was estimated to be 5,010,518.
Assuming a mean mass of 0.7 and 0.6 kg per bird, for short-tailed and flesh-foot shearwaters,
respectively, the total biomass of shearwaters is estimated to be 3,494 t, or B= 0.00218 t km™
assuming a habitat fraction of 0.985.

The active (965.9 kJ d!) and resting (296.9 kJ d) metabolic rates for short-tailed shearwaters were
estimated from regression equations in Warham (1996). Breeding pairs were assumed to spend 206
days in non-breeding foraging grounds, 14 days pre-incubation in waters adjacent to the GAB
ecosystem, 55 days incubating the egg (incubation shared equally between the sexes) and 90 days
rearing chicks (Weimerskirch & Cherel 1998, Einoder & Goldsworthy 2005, Einoder 2010). In South
Australia, short-tailed shearwaters undertake on average 28 short foraging trips over shelf waters
and 12 long trips into the Southern Ocean during the 90 day chick-rearing period (Einoder 2010).
Assuming individual birds spend about 5 hours ashore in between foraging trips; birds were
estimated to spend 10.2% of their time ashore and 89.8% at sea. The prey consumption equation of
Daunt et al. (2008) was used, assuming an assimilation efficiency of 0.69, and based on information
of dietary breakdown, prey energy density and 4.5 kg of prey being fed to the chick by each breeding
pair (Einoder 2010). Annual total prey consumption (Q) of both shearwater species was estimated to
be 527,506 t, but with 70% of foraging time during chick rearing spent on long trips into the
Southern Ocean (about half of which would be spent outside of the GAB region) and 206 days spent
undertaking the annual migration into the Northern Hemisphere. Consequently, it was assumed that
most (~70%) prey consumption is imported (derived from outside the GAB region), assuming similar
behaviour for flesh-footed shearwaters. Q/B is estimated to be 151.0. P/B was estimated to be 1.0
and was derived from an estimate for Antarctic seabirds (Cornejo-Donoso & Antezana 2008).

Diet data were based on dietary studies of short-tailed shearwaters undertaken in South Australia by
Einoder (2010) and summarised by Page et al. (2011) and Goldsworthy et al. (2013b).

10. Small petrels

Biomass and consumption: The dominant small petrel species in the GAB region is the widespread
white-faced storm petrel (Pelagodroma marina) (Copley 1996, BirdLife International 2016a).
However, little is known of its abundance and ecology. The estimate of 274,870 breeding pairs of
white-faced storm petrels was based on estimates for South and Western Australia (Burbidge et al.
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1996, Copley 1996). Assuming breeding pairs make up 2/3 of the population, the total estimate of
the GAB region population was 832,939. White-faced storm petrels are estimated to be present in
southern Australia between October and March which includes a 45 day incubation and 51 day chick
rearing period (Marchant & Higgins 1990b). Assuming a mean mass of 55 g (Marchant & Higgins
1990b), adults spending 82% of their time at sea, and at-sea and onshore metabolic rates of 223.7 kJ
d'and 50.3 kJ d}, respectively (estimated from equations in Warham 1996), an assimilation
efficiency of 0.69, a prey energy density of 5 MJ kg, and a mean meal mass fed to chicks of 6.4 g
(0.5 meals per night) (Marchant & Higgins 1990b); prey consumption per annum is estimated to be
29,318 t (using equations in Daunt et al. 2008). The overall estimate of biomass was 45.8 t, or
0.000029 t km assuming a habitat fraction of 0.985. Based on the above estimates, Q/B was
estimated to be 640.0 and P/B was estimated to be 1.0, based on Sakshaug (1997).

The diet of white-faced storm petrels was based on that detailed for the species by Imber (1981).
Import of prey consumption from outside the GAB ecosystem was estimated to be 41.9%, assuming
birds are only present in the GAB region from mid-August to mid-March (58.1% of the year)
(Marchant & Higgins 1990a).

11. Australasian gannet

=

Biomass and consumption: Australasian gannets (Morus serrator) breed at seven sites in Australia,
three of which occur in the GAB region; Lawrence Rocks (3,100 pairs) and Point Danger (600 pairs) in
Victoria, and Margaret Brock Reef (~300 pairs) off Cape Jaffa in South Australia (Bunce et al. 2002,
Lighthouses of Australia Inc 2004). The largest colony of the species in Australia occurs adjacent to
the GAB region at Black Pyramid (12,339) in western Bass Strait, with the remaining three breeding
sites occurring in Port Phillip Bay (507 pairs), and on Pedra Branca (3,013 pairs) and Eddystone Rock
(189 pairs) off the south coast of Tasmania (Bunce et al. 2002). Assuming breeding pairs make up 2/3

of the population, the total estimate of the number of Australian gannets in Australia is 60,752.
Assuming that birds in the Lawrence Rocks, Point Danger Margaret and Brock Reef populations are
present in the GAB region 80%, those at Black Pyramid for 60% of the time. With individual gannets
weighing approximately 2.5 kg (Daunt et al. 2008), the total GAB region Australasian gannet biomass
is estimated to be 81.8 t, or 0.0000098 t km2, assuming at habitat area fraction of 0.189. Estimates
of the energy needs of breeding and non-breeding birds (4,561 KJ d?), plus the energy costs of egg
(201,100 KJ) and chick production (145,000 KJ) were derived from Bunce (2001). Assuming 0.63
chicks per pair, 0.75 assimilation efficiency and a mean prey energy density of 6.7 kJ g* (Bunce
2001), prey consumption was estimated using the formula of Daunt et al. (2008) to be 11,367 t.
Based on these estimates, Q/B is 139.0 and P/B was estimated to be 1.0, based on Sakshaug (1997).

Dietary data were based on (Bunce 2001), as used in the eastern GAB model (Goldsworthy et al.
2011, Page et al. 2011, Goldsworthy et al. 2013b).
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12. Terns

Biomass and consumption: The three most abundant resident (breeding) tern species that occur in
the GAB region include the crested tern (Sterna bergii), Caspian tern (Hydroprogne caspia), and fairy
tern (Sternula nereis nereis). As the crested tern breeds in large colonies, its biomass overwhelms
the other species, for which there is limited information on their population size and ecology. The
total population of crested terns in the GAB was estimated to be approximately 49,000 breeding
pairs (taking the mid-estimate of 39,000 pairs for surveyed sites and up to 59,000 pairs based
including unsurveyed sites, Goldsworthy et al. 2017b), or 148,485 individuals (assuming breeding
pairs make up 2/3 of the population) and 51.97t biomass based on an average individual mass of
0.35 kg. The estimated number of breeding pairs (1,280), individuals (3,879) and biomass (2.64 t,
assuming individual mean mass of 0.68 kg) of Caspian terns in the GAB region were based on
estimates of abundance in Burbidge et al. (1996), Copley (1996) and Norman(1996). The estimated
number of breeding pairs (1,050), individuals (3,182) and biomass (0.22 t, assuming individual mean
mass of 0.07 kg) of fairy terns in the GAB region were based on estimates of abundance in Burbidge
et al. (1996) and Copley (1996). Total biomass of terns in the GAB region was estimated to be 54.8 t,
or 0.00000658 t km2 assuming a habitat fraction of 0.189 for these shelf foragers. From estimates of
daily energy needs of adults and chicks (406.3 kJ d}), breeding pairs each raising one chick over a 40-
day period, an assimilation efficiency of 0.75 and mean prey density of 6.7 kJ g (Chiaradia et al.
2002, Daunt et al. 2008), total prey consumption was estimated at 4,757 t yr'’. Based on these
estimates, Q/B is 86.8 and a P/B estimate of 1.0 was used based on Sakshaug (1997).

Dietary data were based on studies undertaken in South Australia by McLeay et al. (2009) and
summarised in Page et al. (2011) and Goldsworthy et al. (Goldsworthy et al. 2013b).

13. Shags and Cormorants

Biomass and consumption: There are two main cormorant species that forage in marine ecosystems
of the GAB region, the black-faced shag (Phalacrocorax fuscescens) and the pied cormorant
(Phalacrocorax varius). Both species are winter breeding and nest in colonies. Abundance of each
species in the GAB region was based on estimates of abundance for Western Australia, South
Australian and Victoria in Burbidge et al. (1996), Copley (1996) and Norman (1996), respectively.
These provided estimates of 15,379 individual black-faced shags and 57,045 pied cormorants.
Assuming a mean mass of 1.6 kg (Riordan & Johnston 2013), the estimated biomass is 115.9t, or B =
0.0000139 t km™, assuming a habitat area fraction of 0.189. Estimates of daily food consumption of
0.65 kg d! (outside chick-rearing period) and 0.836 kg d (chick rearing x 90 days), assuming a prey
calorific value of 5.03 kJ g and an assimilation efficiency of 0.8 (Gomez-Laich et al. 2013), provides
an annual prey consumption estimate of 8,969.4 t, and a Q/B estimate of 77.4. A P/B estimate of 1.0
was used based on Sakshaug (1997).
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There are no published data on the diets of black-faced shags or pied cormorants from the GAB
region. Information was taken instead from limited data available for black-faced shags (samples
from SA and Victoria, Marchant & Higgins 1990b) and Pied Cormorants (samples from WA and
Queensland, Blaber & Wassenberg 1989, Humphries et al. 1992). The proportions of prey taxa were
weighted for each species by their estimated biomass. All consumption was considered to occur in
the GAB region (i.e. no dietary import).

14. Gulls

Biomass and consumption: There are two species of gull that occur in the GAB region, the silver gull
(Chroicocephalus novaehollandiae) and the Pacific gull (Larus pacificus). In many parts of Australia,
silver gull numbers have increased substantially with increases in human populations. Estimates of
the size of gull populations in the GAB region were based on estimates of abundance for Western
Australia, South Australian and Victoria in Burbidge et al. (1996), Copley (1996) and Norman (1996),
respectively. These provided estimates of 448,333 individual silver gulls and 1,667 Pacific gulls in the
Gulf St Vincent region, assuming that adults make up 40% of the population (Coulson et al. 1982).
With a mean estimated mass of 0.3 kg for silver gulls and 1.04 kg for Pacific gulls (Lindsay &
Meathrel 2008) the combined biomass estimate was 219.6 t (or 0.0000192 t km™, assuming a
habitat area fraction of 0.139. An estimated daily energy requirement of 400 kJ d!, was used for
silver gulls whereas those summarised by Lindsay and Meathrel (2008) (393 kJ d* non-breeding
adults; 600 kJ d* breeding adults; 120 kJ d* young chicks; kJ d* 325 kJ d* fledglings) were used for
Pacific gulls. Based on these values, an assimilation efficiency of 0.75, a mean prey density of 4.985
k) g1 (Goldsworthy et al. 2003a), and the seabird consumptions models of Daunt et al. (2008), total
prey consumption was estimated to be 17,644 t yrl. Based on these estimates, Q/B was 80.4 and a
P/B estimate of 1.0 was used based on Sakshaug (1997).

The diet of silver gulls was based on data obtained from 108 samples for southern Spencer Gulf
detailed in Harrison (2009), interpreted by (Page et al. 2011) and Goldsworthy et al. (2013b). No
dietary information is available for Pacific gulls in South Australia, so data from Lindsay and Meathrel
(2008) were used to infer the diet in the GAB region. Proportion of prey taxa was weighted for each
gull species by estimated biomass. All consumption was considered to occur in the GAB region (i.e.
no dietary import).

28



15. Little penguin

Biomass and consumption: There has not been a systematic survey of Little Penguins (Eudyptula
minor) across the GAB region. Estimates used here were based on a synthesis of available
summaries and estimates compiled in Goldsworthy et al. (Goldsworthy et al. 2017b). These provided
a minimum estimate of 36,300 pairs, with an upper estimated range of 46,300 accounting for the
many un-surveyed sites. Survival in little penguins is estimated to be 17%, 71% and 78% in each of
the first three years, respectively, and 83% per year subsequently (P. Dann, pers. comm.). 50% of
birds are mature and breed when they are two years of age, with the remaining birds breeding for
the first time at three years (Dann & Cullen 1990). A simplified life-table based on these parameters
and maximum longevity of ~26 years (Dann et al. 2005) suggests juveniles make up 27% of the
population, while breeding pairs (adults) make up 73%. Using the estimate of 41,300 breeding pairs,
the total population of little penguins in the GAB region was estimated to be 113,903. Assuming a
mean mass of 1.2 kg per bird, the total biomass in the habitat area of the population is estimated to
be 136.7 t, or B = 0.0000866 t km2, assuming a habitat fraction of 0.123. Non-breeding (juvenile)
little penguins were estimated to consume 73.1 kg per year, based on prey consumption of 167 g kg
1 D1 (Costa et al. 1986), while breeding little penguins are estimated to consume 114.0 kg of prey
each year (including the food requirements for 0.85 chicks per year, 1.7 per pair) (Bethge et al.
1997). This provides an estimate of total annual prey consumption (Q) in the GAB region of 11,706 t
and a Q/B of 85.6. A P/B estimate of 1.29 was derived from an estimate for Antarctic penguins
(Cornejo-Donoso & Antezana 2008).

Dietary information for little penguins was based on that detailed for the South Australian
population by Weibkin (2011a). These included 493 samples of stomach contents collected over
seven sites in all seasons between 2003 and 2005 (Wiebkin 2011b). All consumption was considered
to occur in the GAB region (i.e. no dietary import).

3.3.4 Elasmobranchs

16. Shelf pelagic sharks

The GAB encompasses habitats of several listed, threatened, endangered and protected pelagic
shark species including white shark Carcharodon carcharias, bronze whaler Carcharhinus brachyurus,
dusky shark C. obscurus, common thresher Alopias vulpinus, and smooth hammerhead Sphyrna
zygaena. Catch and effort data were sourced from the SA State managed Marine Scalefish (SARDI
databases), and Commonwealth managed Gillnet Hook and Trap fisheries. There were no species-
specific discard data available for this group.

A biomass estimate of 0.021 t.km? in the habitat area (pers. comm. P. Rogers, SARDI) across all 5
species was made. The P/B values were therefore set equal to the total mortality rates Z= F + M,
where F is the mean fishing mortality and M is the rate of natural mortality, following Allen (1971)
(detailed in Huveneers and Goldsworthy unpublished data; summarised in Goldsworthy et al. 2011).
Non-commercial species were considered to have an F = 0. The instantaneous natural mortality rate
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(M) was preferably taken from direct estimation. However, only a few direct estimates of
instantaneous natural mortality rate have been calculated for chondrichthyans (e.g. Gruber et al.
2001, Heupel & Simpfendorfer 2002). Instead, indirect estimates of mortality were obtained through
methods based on predictive equations of life history traits. Natural mortality was derived from the
empirical model of Pauly (1980). Q/B was calculated according to the empirical regression of
Christensen and Pauly (1992b). The von Bertalanffy growth parameters were taken from the most
recent studies in Australia or New Zealand (detailed in Huveneers and Goldsworthy unpublished
data; summarised in Goldsworthy et al. 2011). When no studies from these areas were available, the
arithmetic mean of the most recent studies from other locations was used. When available, growth
parameters for combined sexes were used. Otherwise, the arithmetic mean between male and
female growth parameters was used. An ecotrophic efficiency estimate of 0.95 was used. The
average of P/B and Q/B estimates across all species was estimated to be 0.13 and 2.61, respectively.

White shark

The white shark has a cosmopolitan distribution in Australia (Last and Stevens 2009) and is mostly
found in offshore gulf and continental shelf waters of the modelled area. Juvenile and adult white
sharks from <2 to 5 m total length are known to occur in all coastal and shelf areas between Head of
the Bight and Bass St, Victoria. For this species, P/B was assumed equivalent to M and calculated
using the empirical equation of Pauly (1980). The von Bertalanffy growth parameters were used to
estimate M (Cailliet et al. 1985, Wintner & Cliff 1999). Q/B was estimated using Christensen and
Pauly’s (1992b) equation with W.. estimated by the L-W regressions for combined sexes from
Australia (Malcolm et al. 2001).

Dietary information for white sharks was sourced from South Africa from Hussey et al. (2012). The
largest size class (> 2.85 m) was selected for the analysis as most sharks observed in SA waters are
>3m, TL (P. Rogers, pers. comm.), and adjusting for local equivalent prey species, e.g. to account for
consumption of rays (P. Rogers and C. Huveneers, unpublished data). Undifferentiated
elasmobranch diet components were spread proportionally across know elasmobranch taxa.

Bronze whaler

Based on catch and effort data, the bronze whaler is predicted to be the most abundant coastal
pelagic shark in the study region. P/B was assumed equivalent to M and calculated using the
empirical equation of Pauly (1980). Von Bertalanffy growth parameters for combined sexes were
taken from a study in South Africa by Walter and Ebert (1991) and a study in Western Australia by
Simpfendorfer et al. (2002). Q/B was estimated using Christensen and Pauly’s (1992b) equation with
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W.. estimated from the length-weight (L-W) regression of Cliff and Dudley (1992) for Western
Australia (J. Chidlow, pers. comm.). P/B was set at 0.095 and Q/B at 2.61, with estimates averaged
across species and sexes.

Dietary data for bronze whaler and dusky shark were sourced from recent PhD studies of M. Drew
(SARDI, FUSA) and Rogers et al. (2012) based on samples collected in the Spencer Gulf, Gulf St
Vincent and the GAB, between 2007 and 2015.

Smooth hammerhead

The smooth hammerhead is distributed throughout gulf, continental shelf and shelf slope waters of
the modelled area. P/B was assumed equivalent to M and calculated using Pauly’s (1980) empirical
equation. Von Bertalanffy growth parameters for each sex were taken from a study in Mexico by
Garza (unpublished data). Q/B was estimated using Christensen and Pauly’s (1992b) equation with
W.. estimated by the length-weight regression from Western Australia (McAuley & Simpfendorfer
2003). P/Bis set to 0.21 and Q/B is 3.15, with estimates averaged across sexes.

Dietary data were based on analyses of 39 stomachs examined from samples collected from
commercial catches in the Great Australian Bight and Spencer Gulf (Rogers et al. 2012).

Common thresher

The common thresher is also found in gulf, continental shelf and shelf slope waters. Von Bertalanffy

growth parameters for each sex were taken from the most recent age and growth study (Smith et al.
2008). Q/B was estimated using Christensen and Pauly’s (1992b) equation with W.. estimated by the
length-weight regression from the Northwest Atlantic (Kohler et al. 1996). P/B is set at 0.2 and Q/B is
2.78, with estimates averaged across sexes.

A total of 27 stomachs (63% containing prey items) were examined from samples in the GAB
between 2007 and 2009. Dietary information was taken from the study of Rogers et al. (2012).

Group 17. Offshore pelagic sharks
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Offshore or oceanic pelagic sharks found in the study area include shortfin mako, blue shark,
porbeagle (Last & Stevens 2009, Rogers et al. 2015). Commercial fishery data were available from
AFMA for the Commonwealth managed fisheries. The species are non-target bycatch. Species
included in the model for which some data were available included the shortfin mako and the blue
shark. Parameters were sourced from a previous summary of the literature (Huveneers and
Goldsworthy unpublished data; summarised in Goldsworthy et al. 2011). Estimates of P/B of 0.20
and Q/B of 1.2 were used.

Diet data for shortfin mako were sourced from Rogers et al. (2012), and other species were sourced
from the literature (detailed in Huveneers and Goldsworthy unpublished data; summarised in
Goldsworthy et al. 2011).

Group 18. Shelf demersal sharks

Demersal sharks are among the most heavily exploited of the large marine fauna that inhabits
southern Australian shelf waters. Shelf demersal sharks were represented by Gummy Shark
(Mustelus antarcticus), Port Jackson Shark (Heterodontus portusjacksoni), Wobbegongs or Carpet
Sharks (Orectolobidae), Catsharks (Scyliorhinidae and Parascylliidae), Angel Sharks (Squatinidae),
Spurdogs and Dogfish (Squalidae), Elephant Fish (Callorhinchus milii), Cobbler Carpet Shark
(Sutorectus tentaculatus), Piked Dogfish (Squalus megalops), Southern Sawshark (Pristiophorus
nudipinnis) and Common Sawshark (Pristiophorus cirratus), Chimaeridae, whiskery shark (Furgaleus
macki) and broadnose sevengill shark (Notorynchus cepedianus).

Commonwealth fisheries taking this group include the Gillnet Hook and Trap (GHAT) Fishery. Time
series data from logbooks for annual catch and effort were included in the model. The main gear
types were demersal gillnet, long-line and drop-line. The State managed (< 3 nm from shore)
component of the catch was taken in the Marine Scalefish fishery using long-lines and hand-lines.
There was limited discard information for State or Commonwealth fisheries, with the exception of
the period between 2006 and 2008 in the shark gillnet component of GHAT fishery and for 2007 in
the MSF fishery (Fowler et al. 2009). Biomass estimates were based on trawl surveys in Spencer Gulf
(Currie et al. 2009, Currie & Sorokin 2010), and from Koslow et al. (2001). Estimates of P/B (0.55) and
Q/B (2.6) were based on estimates of F (0.3) and M (0.25) (Froese & Pauly 2017) for gummy shark.

There is limited diet information of these species. Dietary information for gummy shark was based
on Currie et al. (2010) and SARDI unpublished data.

Group 19. Shelf demersal piscivorous sharks
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The school shark (Galeorhinus galeus) is a long-lived, highly mobile species with a low reproductive
productivity (Olsen 1954, Hurst et al. 1999, Walker et al. 2005). Fisheries that take the species as
bycatch in Australian fisheries management jurisdictions are managed via a stock rebuilding
strategy. The stock is considered to be overfished (Punt et al. 2005, SAFS 2017). Ongoing declines in
the abundance of mature individuals and environmental degradation in nursery areas are key
management issues (Walker 1998). School shark is taken under bycatch quota allowances and the
stock is considered over-fished (SAFS 2017). Nursery areas are thought to be limited to the south-
eastern Australian range (Stevens & West 1997), with a paucity of information on the presence or
distribution of neonates in other southern Australian regions (Rogers et al. 2017). Mature females
migrate from inshore to offshore shelf waters of the central and eastern GAB (Rogers et al. 2017).
School shark (biomass estimates were based on mean annual catch per species and an estimated
fishing mortality (F) for school shark was 0.7, giving a biomass of 0.00071 t km™. Estimates of P/B set
itat0.17 and Q/B is set to 1.32 (Froese & Pauly 2017).

There is limited diet information for these species. Diet information was based on Currie et al. (2010)
(n=1) and P. Rogers (pers. comm.). School sharks are known to prey on pelagic fishes (e.g.
Barracouta and Jack mackerel) and cephalopods (Olsen 1954).

Group 20. Deep demersal sharks

The deep-water demersal shark group found mostly on the slope was not directly sampled during
this project. Therefore, values from the literature were used to determine the likely composition of
this group. Based on surveys of the south-eastern Australian mid-slope (800-1200m) documented in
Koslow et al. (1994b), the species of sharks were primarily from the family Squalidae and were the
second most abundant family in the eastern GAB. The species most commonly caught at these
depths >20% occurrences were Centroscymnus crepidater, C. owstoni, Deania calcea, Etmopterus
baxteri, and Apristurus sp., Hydrolagus sp., and Rhinochimeara pacifica (from other families). For the
deep demersal shark group, the estimate of P/B was 0.16 and Q/B was 3.3 — averaged over the eight
species using data from FishBase (Froese & Pauly 2017).

Group 21. Skates and rays

Skates and rays found in the study region include members of the families Dasyatidae and
Urolophidae. Some of the species included Melbourne Skate (Spiniraja whitleyi), Southern Fiddler
Ray (Trygonorrhina dumerilii), Southern Shovelnose Ray (Aptychotrema vincentiana), Smooth
Stingray (Dasyatis brevicaudata), Coastal Stingaree (Urolophus orarius), Sparsely-Spotted Stingaree
(Urolophus paucimaculatus), Western Shovelnose stingaree (Trygonoptera mucosa), and White
Spotted Skate (Dipturus cerva). Biomass estimates were based on standardised surveys in the Gulf St
Vincent (Goldsworthy et al. 2017a) and Spencer Prawn fishery areas using calculations of Currie et al.
(2009) and Burnell et al. (2015). For the skates and rays group, P/B was set to 0.4 and Q/B was 1.8
based on Currie and Sorokin 2010. The main gear types that take these taxa as bycatch were
demersal gillnet, bottom trawl, and long-line. The State managed component was mostly taken in
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the MSF fishery. Most skates and rays tend to be discarded with the exception of the southern eagle
ray (Myliobatis australis), which is occasionally retained. There was limited discard information
available for State fisheries that take this model group as bycatch, with the exception of 2007, when
a dedicated bycatch program was implemented in State waters (Fowler et al. 2009).

Dietary data were based on the analysis of (Currie & Sorokin 2010).

3.3.5 Teleosts
Group 22. Southern bluefin tuna

Southern Bluefin Tuna (SBT) (Thunnus maccoyii) is a highly migratory species managed under
International quota setting arrangements by the Commission for the Conservation of Southern
Bluefin Tuna (CCSBT) (CCSBT 2017). Juvenile SBT aggregate in the GAB study region during each
summer and autumn (Young et al. 1996, Gunn & Young 1999), and adults are mostly present from
autumn until spring (Ward et al. 2006). Most of the Australian component of the International catch
is taken in the GAB region (Wilson et al. 2009), with the remainder taken off south-eastern Australia.
Time series catch and effort data were accessed from Australian Fishery Management Authority
(AFMA) databases managed by CSIRO. Australia’s part of the TACC is mostly taken using pelagic
purse seine nets and the catches are towed back to moored, floating pontoons in southern Spencer
Gulf where they are maintained via feeding with local and imported baitfish (mostly sardine) for
several months before being harvested for Japanese markets. PIRSA Fisheries and Aquaculture
provided data for the grow-out component of the industry. There was limited discard information
available for SBT.

Biomass data were available from Theme 4 and a biomass estimate for the resident population was
estimated assuming the whole domain area and for 2000-5. A of P/B of 0.485 was estimated of
natural and fishing mortalities per age class over age classes 1-4 from modelled output from the
2014 stock assessment (pers. comm. P. Eveson, CSIRO). The Q/B used in Bulman et al. (2006) was
originally estimated in FishBase (Bulman et al. 2006, Froese & Pauly 2017) for 4+year olds based on
Young et al. (1997), and was therefore modified to 3.65 to account for younger age classes. Diet data
were sourced from Caines (2005), Ward et al.(2006) and Page et al. (2011).

Group 23. Tunas and billfish

S I

Tunas (other than SBT) and billfish include albacore (T. alalunga), bigeye tuna (T. obesus), Australian
bonito (Sarda australis), skipjack (Katsuwonus pelamis) and broadbill swordfish (Xiphias gladius).
Purse-seiners are reported to periodically take schools of skipjack tuna (Ward et al. 2003). The main
gear types used were pole, long-line and purse-seine. We assumed that the biomass of this group
was likely to be more than the largely juvenile dominated SBT and a biomass of 0.05 t.km was
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arbitrarily chosen in lieu of data. P/B and Q/B estimates of 0.6 and 6.2, respectively were taken from
the EBS model. Diet data were sourced from Caines (2005) and Ward et al. (2006).

Group 24. Offshore pelagic piscivores

The offshore pelagic piscivores group was represented by species such as Rays bream Brama brama,
southern Rays bream Brama australis, opah Lampris guttatus, southern moonfish Lampris
immaculatus, oilfish Ruvettus pretiosus, short sunfish Mola ramsayi, rudderfish Centrolophus niger,
shortnose lancetfish Alepisaurus brevirostris which were expected to be in the GAB based on
distributions cited in Fishes of Australia (http://fishesofaustralia.net.au/ accessed 2017), Atlas of
Living Australia (http://www.ala.org.au accessed 2017) or Codes for Australian Aquatic Biota (Rees
2017). Values of P/B and Q/B estimates were estimated from FishBase (Froese & Pauly 2017)) for
each species and averaged across all species - 0.18 and 2.33 respectively. Diet data were sourced
from Caines (2005), Ward et al. (2006) and Blaber and Bulman (1987).

Group 25. Offshore pelagic invertivore large

The offshore pelagic invertivore large group was represented by silver, blue and white warehou
Seriolella punctata, Seriolella brama and Seriolella caerulea, blue eye trevalla Hyperoglyphe
antarctica and ocean blue-eye trevalla Schedophilus labyrinthicus, southern ribbonfish Trachipterus
arawatae, and oarfish Regalecus glesne. There were no biomass data for these species so we
allowed the model to estimate it.

The values of P/B and Q/B for each species were derived from FishBase (Froese and Pauly 2017) and
averaged across all species - 0.205 and 2.03 respectively. Diet data for the first three species were
obtained from Bulman et al. (2006).
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Group 26. Shelf pelagic piscivores large

Representative species in the offshore pelagic piscivores group include the yellowtail kingfish Seriola
lalandi, S. hippos, tailor Pomatomus saltatrix, barracouta Thyrsites atun, snook Sphyraena
novaehollandiae and Australian Salmon Arripis truttaceus.

Biomass estimates were only available for barracouta and snook, based on standardised surveys
undertaken in the Spencer Gulf and Gulf St Vincent Prawn fisheries, using upper standard error
estimate and the calculation followed the methods of Currie et al. (2009) and Burnell et al. (2015).
However, this value was apparently too low to be representative of the whole group, so we allowed
this parameter to be estimated by the model.

Values of P/B for each species were derived from FishBase (Bulman et al. 2006, Froese & Pauly 2017)
and averaged to obtain a value of 0.27. Q/B estimates for barracouta, snook and Western Australian
salmon of 6.64, 3.51 and 4.7 respectively were available (Currie and Sorokin, 2010) and for the
remaining species we used estimates (Bulman et al. 2006, Froese & Pauly 2017). The average Q/B
was 3.34. Barracouta, snook and Western Australian salmon diet data were sourced from Caines
(2005) and Page et al. (2011).

Group 27. Sardine

The sardine Sardinops sagax is an abundant small pelagic fish in gulf and shelf waters. The
commercial catch is taken at night using purse seine nets and the South Australian Sardine Fishery is
based out of Port Lincoln. Spawning biomass is estimated using the Daily Egg Production Method
(DEPM), which is a fishery independent method that estimates the spawning stock biomass across
the extent of the expected spawning area, which is the central and southern gulf and shelf waters
(Ward et al. 2015). Annual DEPM based estimates available for the period between 1995 and 2016
(inclusive) have ranged from between 37,000 t (following a mortality event in 1995) to 243,925 t in
2014 (95% Cl = 72,208-105,933 t) (Ward et al. 2015, Ward et al. 2016) so the biomass used here was
1.717 t km™. The P/B and Q/B estimates were 1.6 and 5.04, respectively (Currie & Sorokin 2010,
Froese & Pauly 2017). Diet was based on analyses of 218 stomach samples collected in South
Australia (Daly 2007, Page et al. 2011).
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The inshore small planktivores group included Australian anchovy Engraulis australis, blue sprat
Spratelloides robustus, sandy sprat Hyperlophus vitattus and maray Etrumeus teres. Australian
anchovy is an abundant small pelagic species. Spawning biomass in the SA Gulfs during the 2000
season was estimated at 25,374 t (survey area of 9561 km™) or 0.26535 t km™ (upper 95% CL)
(Dimmlich et al. 2009). However, this value was too low and the value of 1.27 t km? from the eGAB
model (Goldsworthy et al. 2011) was used instead. This value was estimated from DEPM surveys in
SA gulfs and shelf waters (Dimmlich et al. 2009).

The averaged P/B and Q/B estimates of all four species were 1.56 and 11.25, respectively (Currie &
Sorokin 2010, Froese & Pauly 2017). Diet data were sourced from (Daly 2007, Page et al. 2011). The
two sprat species are common in the gulf regions of the study area (Rogers et al. 2003, Rogers &
Ward 2007) but no biomass data were available for these species. Diet information for the blue sprat
was available based on the analyses of 17 stomach samples from South Australia (Daly 2007, Page et
al. 2011).

Group 29. Mackerel

Jack mackerel Trachurus declivis, yellowtail scad Trachurus novaezelandiae, and blue mackerel
Scomber australasicus are common pelagic fish in the model area. Biomass of Jack and Yellowtail
Mackerel had been estimated from data standardised surveys undertaken in the Gulf St Vincent
Prawn fishery (Currie et al. 2009, Burnell et al. 2015). Blue mackerel biomass estimates based on
DEPM estimates of spawning biomass 56,228 t within the EGAB region (Ward et al. 2007) were also
available. However, the combined estimate of 0.465 t.km was too low for even initial
parameterisation of the model. Compared with trawl surveys in eastern Bass Strait from which
estimates of jack mackerel alone of ~ 6 t.km™ were made (Bulman et al. 2006), we decided to let the
model estimate this parameter.

The average of P/B and Q/B estimates for the three species were 0.42 and 3.18 respectively (Currie
& Sorokin 2010, Froese & Pauly 2017). Diet information for jack and blue mackerel were based on
the analyses of 41 and 17 stomach samples collected off South Australia (Daly 2007, Page et al. 2011,
Goldsworthy et al. 2017a).
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Group 30. Redbait

Redbait (Emmelichthys nitidus) is a pelagic species found in shelf waters at 20-200 m. They form pelagic
schools according to size and by depth, with smaller fish being captured in shallower water
(Emmelichthys nitidus in Fishes of Australia, accessed 10 Sep 2017,
http://fishesofaustralia.net.au/home/species/2429 ). The species is taken in the Commonwealth SPF
and trawl fishery as a bycatch. The estimates of P/B and Q/B were 0.36 and 3.9 (Bulman et al. 2006,
Froese & Pauly 2017). Diet was based on the analysis of 55 stomach samples collected off South
Australia (Daly 2007, Page et al. 2011, Goldsworthy et al. 2017a). Diets from southeastern Australia
(Bulman et al. 2001, McLeod et al. 2012) were also used for reference.

Group 31. Shelf demersal piscivores small

Representative species of this group were Silver sweep Scorpis lineolatus, barber perch Caesioperca
rasor, mado Atypichthys strigatus, butterfly gurnard Lepidotrigla vanessa, eastern orange perch
Lepidoperca pulchella, spiny gurnard Lepidotrigla papilio, and frogfishes ( Antennariidae,
Tetrabrachiidae, Lophichthyidae) (Fishes of Australia). Many of these species occur also in south
eastern Australia and data were taken from the eastern Bass Strait model (Bulman et al. 2006)
where applicable.

The average values of P/B and Q/B estimates for the first five species for were estimated to be
0.55 and 4.6,respectively (Bulman et al. 2006, Froese & Pauly 2017). Dietary data for those species
was obtained from the eastern Bass Strait area Bulman (Bulman et al. 2001)

Group 32. Shelf demersal invertivores small

The demersal invertivores found on the shelf is extensive and a list of species included in this group
is provided in Table 3.5. Many of the species in this group are bycaught when deepwater flathead
and other scalefish were targeted on the shelf, and western king prawn are targeted in State waters.
Biomass based on surveys for the Spencer Gulf was estimated to be 1.58 t.km-2 (Currie et al. 2009)
but this estimate was considered unlikely to be representative of this whole group. When we were
unable to balance the model with this value we allowed the model to estimate the biomass of the

group.
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Values of P/B and Q/B were estimated for velvet leatherjacket Meuschenia scaber, leatherjacket
Paramonacanthus filicauda, bigscale bullseye Pempheris multiradiata, rosy wrasse Pseudolabrus
psittaculus, Australian burrfish Allomycterus pilatus, cocky gurnard Lepidotrigla modesta,
roundsnout gurnard Lepidotrigla mulhalli, common bellowsfish Macroramphosus scolopax, silverside
Parequula melbournensis, common stinkfish Foetorepus calauropomus, banded fin flounder
Azygopus pinnifasciatus, white ear Parma microlepis and eastern school whiting Sillago flindersi.
Individual values for P/B ranged from 0.4 to 1.09, and Q/B ranged from 3.1 to 6.4 (Bulman et al.
2006, Currie & Sorokin 2010, Froese & Pauly 2017). The average estimates of P/B and Q/B were 0.66
and 5.70.

Diet for this group was based on diets from the southeastern Australia (Bulman et al. 2001) and the
summarised diet for a similar group in the Eastern Bass Strait model (Bulman et al. 2006).

Table 3.6. Summary of species in Group 32 - Shelf demersal invertivores small.

Velvet Leatherjacket

Meuschenia scaber

Silverbelly

Parequula melbournensis

Common Bullseye

Pempheris multiradiatus

Eastern School Whiting Sillago flindersi

Bridled leatherjacket Acanthaluteres spilomelanurus
Australian burrfish Allomycterus pilatus

Ornate cowfish Aracana ornata

Silversides Atherinidae

Bandedfin flounder

Azygopus pinnifasciatus

Western Pigfish

Bodianus vulpinus

Flounder Bothidae, Psettodidae & Pleuronectidae
Soles Cynoglossidae, Soleidae
Globefish Diodon nicthemerus

Messmate Fish

Echiodon rendahli

Slingjaw Wrasse

Epibulus insidiator

Common Stinkfish

Foetorepus calauropomus

Silver biddies Gerreidae - undifferentiated
Goby Gobiidae
Soldier fish Gymnapistes marmoratus

Blue weed whiting

Haletta semifaciata

Shortfin Seabat

Halieutaea brevicauda

Sea horse Hippocampus spp.

Cocky gurnard Lepidotrigla modesta
Roundsnout gurnard Lepidotrigla mulhalli
Brushtail pipefish Leptoichthys fistularius
Common bellowsfish Macroramphosus scolopax
Scorpionfish Maxillicosta

Whiting Merlangius sp

Common Veilfin Metavelifer multiradiatus
Goatfishes Mullidae

Gurnards Neosebastes spp.

Thetis Fish Neosebastes thetidis
Weed whiting Odacidae

Slender bullseye Parapriacanthus elongatus
Silverbelly Parequula melbournensis
White ear Parma microlepis

Sculpted seamoth

Pegasus lancifer

Western striped trumpeter

Pelates octolineatus

Bigscale Bullseye

Pempheris multiradiata

Temperate basses & rockcods

Percichthyidae, Serranidae
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Common Seadragon

Phyllopteryx taeniolatus

Righteye flounders

Pleuronectidae

Rosy wrasse

Pseudolabrus psittaculus

Parrotfishes

Scaridae

Shortfin Worm Eel

Scolecenchelys australis

Rough Leatherjacket

Scolinichthys granulatus

Banded Sweep

Scorpis georgiana

Striped Scat

Selenotoca multifasciata

Southern School Whiting

Sillago bassensis

Sand Whiting

Sillago ciliata

Yellowfin Whiting

Sillago schomburgkii

Wood's siphon fish

Siphaemia cephalotes

Pipefish Syngnathidae

Striped Grunters Terapontidae
Toadfishes Tetraodontidae
Degens leatherjacket Thamnaconus degeni
Moonlighter Tilodon sexfasciatus
Weeping Toado Torquigener pleurogramma
Roughy Trachichthys australis
Blue-striped Goatfish Upeneichthys lineatus
Goatfish Upeneichthys sp.

Red Mullet Upeneichthys viamingii
Cardinal fish Vincentia sp.

Bluetooth Tuskfish Xiphocheilus typus

Blackspot Boarfish

Zanclistius elevatus

Velvet Leatherjacket

Meuschenia scaber

Silverbelly

Parequula melbournensis

Common Bullseye

Pempheris multiradiatus

Eastern School Whiting Sillago flindersi

Bridled leatherjacket Acanthaluteres spilomelanurus
Australian burrfish Allomycterus pilatus

Ornate cowfish Aracana ornata

Silversides Atherinidiae

Bandedfin flounder

Azygopus pinnifasciatus

Group 33. Shelf demersal piscivores large

The shelf demersal piscivores group consists of medium to large sized species that primarily
consume fish. This group included small tooth flounder Pseudorhombus jenynsii, common stargazer
Kathetostoma laeve, tiger flathead Platycephalus richardsoni, red cod Pseudophycis bachus, tasselled
anglerfish Rhycherus filamentosus, flathead species Platycephalus sp including the longhead flathead
Leviprora inops, sergeant baker Aulopus purpurissatus, mulloway Argyrosomus japonicus, striped
trumpeter Latris lineata, skipjack trevally Pseudocaranx wrighti, and silver trevally P. dentex. These
species were grouped due to dietary similarities identified by Currie and Sorokin (2010). Biomass
estimates and diets were based on Currie and Sorokin (2010). The average of P/B and Q/B estimates
across all species were 0.33 and 3.1 (Bulman et al. 2006, Froese & Pauly 2017). The diet data in
Currie and Sorokin (2010) is based on samples collected from Spencer Gulf.
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Group 34. Shelf demersal invertivores large

The “shelf demersal invertivores large” group consists of Gurnard perch Neosebastidae, Estuary
catfish Cnidoglanis microcephalus, Globefish Diodon nicthemerus, Magpie Perch Cheilodactylus
nigripes, Beaked salmon Gonorynchus greyi, Senator Wrasse Pictilabrus laticlavius, Blue throat
wrasse Notolabrus tetricus, other Wrasses, Sweep Scorpis aequipinnis, Blue morwong Nemadactylus
douglasi, Short Boarfish Parazanclistius hutchinsi, Butterfly Perch Caesioperca lepidoptera, and the
Ocean jacket Nelusetta ayraudi. Biomass data were sourced from Currie et al. (2009). The P/B and
Q/B estimates were 0.39 and 3.57, respectively (Fulton & Smith 2004, Currie & Sorokin 2010). Diet
data were limited and sourced from Currie and Sorokin (2010).

Group 35. King George Whiting

King George Whiting Sillaginodes punctatus is an important commercially and recreationally caught
species in South Australia. Estimates of biomass, exploitation rate and recruitment are available for
this species as part of a dynamic, spatial age-length structure model (WhiteEst), developed to
facilitate management of this fishery (McGarvey & Fowler 2002, Fowler et al. 2014). Legal-size
population biomass was used as a starting estimate for overall biomass for the GAB region —
estimated to be 0.063 t km™ (Fowler et al. 2014). P/B and Q/B estimates were 0.55 and 2.29,
respectively (Fulton & Smith 2004, Currie & Sorokin 2010). The species is carnivorous and feeds on
invertebrates, shrimps, prawns and polychaetes. Diet data were limited and was based on samples
collected in Spencer Gulf (Currie & Sorokin 2010).

Group 36. Southern sea garfish

Southern sea garfish Hyporhamphus melanochir is an important commercially and recreationally
caught species in South Australia. Estimates of biomass are available from age-length structure
model (GarEst) developed to facilitate management of fisheries that target this species (McGarvey et
al. 2007, Steer et al. 2012). P/B and Q/B estimates were 0.33 and 4.73, respectively (Fulton & Smith
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2004, Currie & Sorokin 2010). Diet data were based on a study that examined samples from Gulf St
Vincent (Earl et al. 2011).

Group 37. Snapper

Snapper Chrysophrys auratus is an abundant demersal fish species that occurs throughout
temperate and sub-tropical waters of the Indo-Pacific region (Paulin 1990, Kailola et al. 1993).
Snapper is the most valuable species of fish in the Marine Scalefish Fishery in South Australia (Knight
& Tsolos 2009), yet there have been recent declines in catches. This fishery is a multi-gear, multi-
species fishery that operates throughout all coastal waters of the State. Snapper is mostly targeted
using long lines and handline in the waters of both SA gulfs. Estimates of biomass, exploitation rate
and recruitment are available for this species as part of dynamic, spatial age-length structure models
developed to facilitate management of this fishery (Fowler et al. 2013); biomass was estimated to be
0.2083 t km™. P/B and Q/B estimates were 0.15 and 2.9, respectively (Fulton & Smith 2004, Froese &
Pauly 2017). Diet data were sourced from samples collected from commercial catches during a
recent Honours study (Lloyd 2010).

Group 38. Deepwater flathead

Deepwater flathead Neoplatycephalus conatus is a demersal species that lives on the continental
shelf and slope of southern Australia from western Bass Strait to southern WA at depths of 70-510
m (Platycephalus conatus in Fishes of Australia, accessed 11 Sep 2017,
http://fishesofaustralia.net.au/home/species/3358 ). The main gear types used are fish bottom trawl
and Danish Seine in the Commonwealth managed GAB trawl fishery (managed via the TACC). P/B
and Q/B estimates were 0.2 and 2.8, respectively (Bulman et al. 2006, Froese & Pauly 2017). The diet
of deepwater flathead was based on that of tiger flathead Platycephalus richardsoni (Bulman et al.
2001, 2006) and Fishes of Australia.
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Group 39. Bight redfish

Bight redfish Centroberyx gerrardi is endemic to southern Australian waters between Lancelin,
Western Australia and Jervis Bay (NSW) (Gomon & Bray 2017). It occurs either solitary or in pairs on
deeper rocky reefs and pinnacles on the continental shelf and upper slope in water depths of 10 to
260 m (Gomon & Bray 2017)). It is commonly confused with the main commercial species yelloweye
redfish Centroberyx australis which occurs in the GAB and around to North West Cape (WA) (Bray
2017). This species is caught in the Bight with bottom trawl and Danish Seine in the Commonwealth
managed GAB trawl fishery (managed via the TACC) (AFMA 2017). The P/B and Q/B estimates were
0.31 and 3.4, respectively (Bulman et al. 2006, Froese & Pauly 2017). Diet is based on that for
Centroberyx affinis off southeastern Australia (Bulman et al. 2001, 2006).

Groups 40 and 41. Migratory mesopelagics and Non-migratory mesopelagics

Mesopelagic fishes typically occur along the shelf break and upper slope in high abundance (May &
Blaber 1987) and collectively make up one of the components of the Deep Scattering Layer. Over 60
species were identified from Theme 2 surveys: some of the species for which we estimated P/B and
Q/B were Hector’s lanternfish Lampanyctodes hectoris, Blackring waryfish Scopelosaurus meadi,
Dana lanternfish Diaphus danae, pennant pearlside Maurolicus australis, Silver lighthouse fish
Phosichthys argenteus, big-scaled neoscopelid Neosopelus macrolepidotus, common black
dragonfish Idiacanthus fasciola, Hansen’s lanternfish Hygophum hanseni, Fangtooth dragonfish
Melanostomias niger, and Belted lanternfish Electrona paucirastra. These species occur across a
range of depths from 100m to more than 1600 m. They were divided into two groups: those that
vertically migrate from ~400-600m to near surface on a daily basis—typically the Myctophidae—
(group 40); and those that occurred at often deeper depths and/or do not migrate (group 41).

Lantern fish species are not targeted by commercial fisheries in the study region, but are found in
the diets of some of the predator groups (e.g. fur seals). There were scant data available on the
distribution, abundance or biomass of these species in the study region. The biomass was estimated
from Theme 2 data but was unlikely to be a realistic estimate due to the limited sampling and gear
used. We allowed the model to estimate the biomass of these two groups. Estimates of abundance
from studies of the same or similar species in southern Australia vary from oceanic acoustic 2-6 t.km"
2 (Kloser et al. 2009) to upper and mid-slope trawl estimates of 224 t.km™ on the upper slope of
eastern Tasmania (May & Blaber 1989) and a total of 101 t.km™ off southern Tasmania (29 shallow
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migrators, 40 t.km2deep migrators and 32 t.km2 non-migrators (Koslow et al. 1997). The model-
estimated biomass for the balanced model was low compared to the slope studies and comparable
to the oceanic acoustic estimates.

For the limited range of species above, which were found to be the most dominant species in other
regions, and we used the estimates calculated for the Tasmanian Seamount model for the average
P/B and Q/B to be 0.68 and 6.0, respectively for group 40 and 1.005 and 6.673 respectively for
group 41 (Bulman et al. 2006, Froese & Pauly 2017). An average diet was estimated from diets from
studies from the upper slope off eastern Tasmania ((Young & Blaber 1986) and upper and midslope
off southern Tasmania (Williams et al. 2001).

Group 42. Slope small demersal invertivores

Representative species from this group were identified from the surveys of the slope off south
eastern Australia (May & Blaber 1989, Koslow et al. 1994a), and from Fishes of Australia and CAAB:
Grey whiptail Coelorinchus fasciatus, white deepsea cardinal fish Epigonus denticulatus, robust
deepsea cardinalfish Epigonus robustus, big-eye cardinalfish Epigonus lenimen, three-spined
cardinalfish Apogonops anomalus, blacktip cucumberfish Paraulopus nigripinnis, roughies
Trachichthyidae, rosy dory Cyttopsis rosea, bigeye ocean perch Helicolenus barathri, butterfly
gurnard Lepidotrigla spp., bigspine boarfish Pentaceros decacanthus. No biomass information was
available for these species in the GAB and was model estimated.

The average P/B and Q/B were estimated for the first five species: 0.57 and 4.275 respectively
(Froese and Pauly 2017). An average diet for most of these species was estimated from diets of the
same species off southeastern Australia (Bulman et al. 2002).

Group 43. Slope small demersal piscivores

The representative species that represented this group were identified from the surveys of the
slope off south eastern Australia (May & Blaber 1989, Koslow et al. 1994a), and Fishes of Australia
and CAAB : they were gargoyle fish Coelorinchus mirus, falseband whiptail Coelorinchus
maurofasciatus, deepsea scorpionfish Trachyscorpia carnomagula, splendid perch Callanthias
australis, longfin pikes Dinolestidae. No reliable biomass information was available for these species
in the GAB and was model estimated.

The average P/B and Q/B were estimated for the first two species: 0.42 and 3.5 respectively (Froese
and Pauly 2017). An average diet for most of these species was estimated from diets of the same
species off southeastern Australia (Blaber and Bulman 1987), Bulman et al. 2002).

Group 44. Slope large demersal invertivores

The representative species that represented this group were identified from the surveys of the
slope off south eastern Australia (May & Blaber 1989, Koslow et al. 1994a), and Fishes of Australia
and CAAB: they were Basketwork eels Bassanago species, toothed whiptail Lepidorhynchus
denticulatus, banded whiptail Coelorinchus parvifasciatus, southern whiptail Coelorinchus australis,
spikey oreo Neocyttus rhomboidalis, Darwin's roughy Gephyroberyx darwini, cosmopolitan rubyfish
Plagiogeneion rubiginosum, knifejaw Oplegnathus woodwardli, pelagic armourhead
Pseudopentaceros richardsoni, deepsea cardinalfish Epigonus telescopus.

44



The average P/B and Q/B were estimated to be 0.34 and 3.55 respectively (Froese and Pauly 2017).
An average diet for most of these species was estimated from diets of the same species off
southeastern Australia (Blaber and Bulman 1987, Bulman et al. 2002).

Group 45. Slope large demersal piscivores

Representative species in this group were identified from the surveys of the slope off south eastern
Australia (May and Blaber 1989, Koslow et al. 1994), and Fishes of Australia and CAAB. They included
hapuku Polyprion oxygeneios, dealfish Trachipterus jacksonensis, southern frostfish Lepidopus
caudatus, speckled stargazer Kathetostoma canaster, orange roughy Hoplostethus atlanticus,
common mora Mora moro, silver dory Cyttus australis, king dory Cyttus traversi, New Zealand dory
Cyttus novaezelandiae, blue grenadier Macruronus novaezelandiae, blue eye trevalla Hyperoglyphe
antarctica, pink ling Genypterus blacodes, tusk Dannevigia tusca, imperador Beryx decadactylus,
alfonsino Beryx splendens, oxeye oreo Oreosoma atlanticum, smooth oreodory Pseudocyttus
maculatus, black oreodory Allocyttus niger, rough oreodory Neocyttus psilorhynchus, ghost flatheads
Hoplichthyidae, deepsea flathead Hoplichthys haswelli, bass groper Polyprion americanus, speckled
stargazer Kathetostoma canaster, frostfish Lepidopus caudatus.

The average P/B and Q/B for the first fifteen species were estimated to be 0.234 and 2.54
respectively (Froese and Pauly 2017). Diet data for most of these species off southeastern Australia
were taken from Bulman and Blaber (1986), Bulman et al. (2002) and Blaber and Bulman (1987).

3.3.6 Invertebrates

Group 46. Benthic grazers

The GAB study region is characterised by diverse herbivorous and carnivorous megabenthos
communities. The group contains members of the Echinodermata, Sea urchin (Amblypneusts
pallidus), Longspine sea urchin (Centrostephanus rodgerii), thorny sea urchin (Goniocidaris tubaria),
flexible chiton (Cryptoplax striata), gastropods, pheasant shell (Phasianella australis), Sea slug/snail
(Philinoidea), moon snails (Naticidae), top snail (Callistoma armillatum), bubble snails (Bulla sp.),
Nassarius snail (Nassariidae), Turbolarians, Gastropoda, and the chiton (Ischnochiton contractus).
From data from the benthic surveys (GABRP Theme 3 Report) we estimated a biomass of 0.04549
t.km for urchins initially. This value was too low to balance. The value of 0.1 t.km from the
Southern Hills Seamount model was used (Bulman et al. 2002). Values for P/B for the benthic
grazers group of 0.39 and a P/Q value of 0.30 were taken from the North Sea model (Mackinson &
Daskalov 2007).
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Group 47. Abalone

Five species of abalone occur in the GAB region. The greenlip (Haliotis laevigata) and blacklip
abalone (H. rubra) are the two main commercially targeted species. No fishery independent biomass
estimates were available for this group. A biomass estimate of 0.023 t km2was first input but Fulton
and Smith (2004) used 0.699 t km.

P/B and Q/B values of 0.73 and 12.41, respectively were taken from a Port Philip Bay model (Fulton
& Smith 2004). Greenlip abalone are estimated to consume 70% red algae, 11% brown algae, 15%
seagrass and 4% detritus and browsed organic matter, based on diet studies at Tiparra Reef, Spencer
Gulf (Shepherd 1972). Blacklip abalone are estimated to consume 55% red algae, 7% brown algae,
34% seagrass and 5% detritus and browsed organic matter, based on diet studies at Tiparra Reef,
Spencer Gulf (Shepherd 1972). An average of the two species diets was used.

Group 48. Benthic detritivores

The infaunal macrobenthos or detritivore group consists of polychaete worms, shrimps, isopods, and
other infaunal invertebrates. The benthic detritivores included in the model are summarized in Table
3.7. Biomass was estimated from GABRP Theme 3 sample values for epifauna and infauna of the
appropriate types. Estimates of 5 and 32 for P/B and Q/B, respectively, come from (Bulman et al.
2006). Diet data were sourced from (Bundy 2001, Bulman et al. 2006).

Table 3.7. Summary of taxa in Group 48. Benthic detritivores

Comma shrimp Cumacea

Small shrimp Tanaidacea Tanaidacea
Astacillidae Isopoda Isopoda
Isopod Isopoda Cerceis sp.
Isopod (1037 & 1051 )* Isopoda Cymodoce sp.
Isopod Isopoda Cirolanidae
Isopod Isopoda Chitonopsis sp.
Isopod Isopoda Serolidae
Valviferan isopod Isopoda
Astacillidae Isopoda Astacillidae
Crustacea Isopoda Haswellia sp.
Ghost shrimp Amphipoda Caprella acanthogaster
Ghost shrimp Amphipoda Caprellidae
Gammaridea Amphipoda Gammaridea
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Gammaridea
Gammaridea
Photidae Amphipods
Copepod

Handsome Sea Cucumber
Leptostraca
Nebaliacea

Peanut worms
Spoon worms

Worm

Trumpet worms

Rag worms

spaghetti worms
Polychaetes - DDF
Polychaetes - DDF
Polychaeta (other)
Oligochaeta
Horse-shoe worms
Acorn worms
Beak-thrower worms

Group 49. Benthic carnivore

Amphipoda
Amphipoda

Maxillopoda

Leptostraca
Nebaliacea
Sipuncula sp.
Echiuroidea
Polychaeta
Polychaeta
Polychaeta
Polychaeta
Polychaeta
Polychaeta
Polychaeta
Oligochaeta
Phoronid
Hemichordata
Polychaeta

Lysinassidae
Phoxocephalidae
Photidae

Maxillopoda
Holothuria hartmeyeri

Nebalia

Echiuroidea
Polychaeta (other)
Pectinariidae
Nereidae
Terebellidae
Capitellidae
Cirratilidae
Polychaeta

Phoronidae

Glyceriidae

The benthic carnivores comprised over 140 taxa identified from Theme 3 data. The species identified
were from the polychaete families including the Aphroditidae, Eunicidae, Euphrosinidae,
Lumbrineridae, Nereididae, Paralacydoniidae, Phyllodocidae, Polynoidae, Sigalionidae, from
molluscan families including Epimeniidae, Hipponicidae, Velutinidae, and gammarid and caprellid

copepods.

Biomass of 5.76 t.km2 was estimated from GABRP Theme 3 sample values for epifauna and infauna
of the appropriate types from the shelf stations. The benthic carnivores included in the model are
summarised in Table 3.8. Estimates of P/B and Q/B were 2 and 22, respectively, came from Jurien
Bay model (Loneragan et al. 2010). Diet was also based on Loneragan et al. (2010).

Table 3.8. Summary of taxa in Group 49. Benthic carnivores.

Echinoderm
Echinoderm

Sea urchin
Southern Sand Star
Brittle Star

Sea slug

Sea lice

Asteroidea
Ophiuroidea

Temnopleuridae

Ophiuroidea

Luidia australiae
Ophiuroidea
Philine angasi

Natatolana spp.
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Bobbit Polychaeta Eunicidae
Sea mice Polychaeta Aphroditidae
Pycnogonida

Beaked sea-spider Hymenosomatidae Halicarcinus rostratus

Group 50. Mieobenthos

Meiobenthic organisms comprise the invertebrates of < 1mm size classes - including harpacticoid
copepods, turbellarians, ostracods, nematodes, polychaetes, mites, gastropods and bivalves, ciliates
and foraminiferans.

Biomass of meiobenthos was calculated from Theme 3 data. Estimates of P/B and Q/B of 35 and 125,
respectively, were used as model input data based on Spencer Gulf Model (Goldsworthy et al. 2016).
Diet data were scant for this group.

Group 51. Filter feeders

The benthic filter feeders group comprised a range of species groups from the sand and zoobenthos,
sessile epifauna. The group was mostly comprised of many species of bivalves and other molluscs,
i.e. the cockles, oysters, mussels, barnacles and bryozoans summarized in Table 3.9. Estimates of P/B
and Q/B of 1.6 and 6, respectively, were used as model input data based on Bulman et al. (2006).
Biomass data were sourced from epifaunal and infaunal information collected as part of GABRP
Theme 3 for shelf depths.

Table 3.9. Summary of the key taxa in the filter feeders group 51.

Cockle Donacidae Plebidonax deltoides
Cockle Tawera lagopus
Bivalve cockle Solemya australis
Mollusca Bivalvia Donax sp.

Mud cockle Bivalvia Katelysia sp.

Venus clam Bivalvia Veneridae
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Mollusca
Mollusca

Lima Lima (Bivalve)
Southern Hammer Oyster
Mud oyster
Razorfish

Corbula clam
feather duster worms
Hairy Mussel
Mussel

Pacific Oyster
Barnacles
Brachiopoda
Bryozoa

Bryozoa

Bryozoa

Bryozoa

Bryozoa
Entoprocta
Goose barnacle
Crinoidea
Ascidiacea
Didemnidae
Tunicate

Cnidaria

Cnidaria

Cnidaria

Porifera
Doughboy scallop
Nuculana crassa
Queen scallop

Commercial scallop

Group 52. Deep filter feeders

Mollusca

Mollusca

Bivalvia

Polychaeta

Cirripedia
Brachiopoda
Bryozoa
Bryozoa
Bryozoa
Bryozoa

Bryozoa (other)

Pedunculata

Ascidiacea

Didemnidae

Gorgonacea
Hydroida

Calcarea

Bivalvia

Bivalvia

Bivalvia

Placamen flindersi
Phasionella australis
Lima vulgaris
Malleus meridian us
Ostrea angasi

Pinna bicolor
Corbula coxi
Sabellidae
Trichomya hirsuta
Mytilus edulis

C. gigas

Cirripedia
Brachiopoda
Amathia sp.

Other

Bugularia sp.

Orthoscuticella sp.

Ibla quadrivalvis

Ascidian

Polycarpa pedunculata
Gorgonacea
Hydroida

Anthozoa

Mimachlamys asperrima
Nuculana crassa
Equichlamys bifrons

Pecten fumatus

The deep filter feeders included crinoids, bryozoans, ascidians, and fewer sponges. Estimates of P/B
and Q/B of 2.8 and 5, respectively, were used as model input data based on Bulman et al. (2006).




Biomass is estimates were calculated for filter feeders from deep sites sampled in GABRP Benthic
Theme 3.

Group 53. Shelf macrozoobenthos

The shelf macrozoobenthos group consisted of a highly diverse array of species, such as crabs,
lobsters, and other mobile crustaceans. Examples include the Red Swimmer crab, spider crab,
strawberry prawn and mantis shrimp. The full selection of species and species groups included in the
model is described in Table 3.10.

Biomass is estimates for filter feeders from deep sites sampled in GABRP Benthic Theme 3.

Estimates of P/B and Q/B of 11.1 and 14, respectively, were used as model input data based on
Theme 3.

Table 3.10. Summary of taxa in the shelf macrozoobenthos group 53.

Red Swimmer crab Portunidae Nectocarcinus integrifrons
Mud crab Brachyura Xanthidae

Pebble crab Crustacea Ebalia intermedia

Large Pebble Crab Decapoda Bellidilia undecimspinosa
Great spider crab Crustacea Leptomithrax gaimardii
Spider crab Crustacea Naxia aurita

Spider crab Crustacea Naxia sp.

Spider Crab (CJ-CP 4)* Crustacea Prismatopus spatulifer
Spider Crab (CJ)* Crustacea Schizophrys rufescens
Sponge crab Crustacea Austrodromidia octodentata
Squat lobsters Crustacea Galatheidae

Squat lobsters Crustacea Munida sp.

Hairy Crab Pilumnidae Pilumnus tomentosus
Facetted crab Crustacea Actea calculosa

Common hermit crab Crustacea Paguristes frontalis

Nut crab Decapoda Ebalia sp.

Hairy Crab Pilumnidae

Crabs Crustacea Brachyura (undefined)
Brachyura Majidae

Strawberry prawn Metapenaeopsis sp.
Pandalid prawn Pandalidae Pandalidae

Southern velvet shrimp Penaeidae Metapenaeopsis palmensis
Velvet shrimps Crustacea Metapenaeopsis spp.
Mysidacea Mysidacea

Decapod Decapoda Decapoda

Crustacean - other Crustacea Crustacean

Caridean shrimp Caridea Ogyrides delli

Caridean shrimp Decapoda Caridea

Red tail ghost shrimp Axioidea Axiopsis werribee

Mantis shrimp Stomatopoda Erugosquilla grahami
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Mantis shrimp Stomatopoda Squillidae
Snapping shrimps Alpheidae Alpheus villosus

Group 54. Squid and cuttlefish shelf

The squid and cuttlefish group comprised Southern calamari (Sepioteuthis australis), Giant cuttlefish
(Sepia apama), Nova cuttlefish (Sepia novaehollandiae), Southern dumpling squid (Euprymna
tasmanica), and Jewel squid (Histioteuthis sp). Southern Calamari and Giant Cuttlefish are both
targeted in the SA State managed MSF fishery. Southern calamari is a common and commercially
harvested cephalopod in gulf waters and embayments. Other squids included the Nova Cuttlefish
(Sepia novaehollandiae), Southern Bottletail Squid (Sepiadarium austrinum), Striped Pyjama Squid
(Sepioloidea lineolata) and Braggi’s Cuttlefish (Sepia braggi).

Biomass estimates for these species were based on standardised surveys undertaken in the Gulf St
Vincent Prawn fishery, with biomass data for all species summed to 0.07 tkm™, following the
methods of Currie et al. (2009) and Burnell et al. (2015). P/B and Q/B estimates used in the model
were 1.825 and 18.25, respectively , taken from the East Bass Strait model (Bulman et al. 2006,
Froese & Pauly 2017) . Other estimates of P/B and Q/B estimates were 2.37 and 5.80, respectively
(Loneragan et al. 2010).

Diet was based on 85 stomachs examined by both macro and molecular analyses (Roberts 2005, in
Page et al. 2011). Diet data were also sourced from Braley et al. (2010), Bulman et al. (2006),
Grubert et al. (1999). Little is known about the diet of giant Australian cuttlefish. Literature suggests
diets consist of crustaceans > fish > molluscs and we used a ratio of 7:2:1 (M. Steer, pers. comm.).

Group 55. Octopus shelf

i

The octopus group consists of several species including Maori octopus (Octopus maorum), southern
keeled octopus (Octopus berrima), southern sand octopus (Octopus kaurna) and pale octopus
(Octopus pallidus).

Biomass estimates for these species were based on standardised surveys in the Gulf St Vincent
Prawn Fishery (0.02 t km) following the methods of Currie et al. (2009) and Burnell et al. (2015).
P/B and Q/B estimates were 2.37 and 7.90, respectively (Loneragan et al. 2010). Diet was based on
Grubert et al. (1999), and studies therein. Biomass estimate of 0.003 t km was based on
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standardised surveys for the Spencer Gulf Prawn fishery, for O. australis and O. berrima (Currie et
al. 2009, Currie & Sorokin 2010).

Group 56. Rock lobster

There is a significant recreational rock lobster fishery in the eastern GAB. The South Australian
commercial fishery for the southern rock lobster (Jasus edwardsii) developed in late 1940-50.
Currently 90% of the catch is exported live to overseas markets (Linnane et al. 2014). There is an
important recreational fishery for lobsters and fishers use drop-nets, pots or SCUBA to take the
species during November—May. The Northern Zone Rock Lobster Fishery (NZRLF) targets southern
rock lobster in the central and eastern GAB. Lobsters are taken by recreational fishers using
registered pots, diving and snorkelling, and by drop/hoop nets. Historically, the fishery has been
managed through input or effort controls — commercial fishers supply catch and effort information
through daily logbooks that are returned to SARDI Aquatic Sciences monthly.

We used estimates of 0.73 and 12.41 for P/B and Q/B, respectively (Fulton & Smith 2004). Starting
biomass was estimated from the catch within the GAB (378.9 t) and assuming fishing mortality of 0.3
(0.087 t km2) (Fulton & Smith 2004). Diet was based on the study of Hoare (2008).

Group 57 Western king prawn

Three commercial western king prawn fisheries operate in South Australian State managed fishery
jurisdictions, including the Spencer Gulf Prawn Fishery, the Gulf St Vincent Prawn Fishery, and the
West Coast Prawn Fishery. Small juveniles recruit into shallow inshore areas and mostly in intertidal
sand and mud-flats between shallow subtidal and intertidal seagrass beds and mangroves (Kangas &
Jackson 1998, Tanner & Deakin 2001), whereas the adults are targeted in the central gulfs, and
mostly in waters >15 m over sand and other soft substrates. Prawns are harvested at night using
twin rigged, demersal otter-trawls that have bycatch reduction devices to reduce blue crab mega-
fauna by-catch. Mechanised grading systems on-board sort the catch by size, process it on-board
and return the by-catch overboard.

Biomass for this group was estimated from trawl surveys in Spencer Gulf to be 0.57055 t km™ (Currie
et al. 2009, Currie & Sorokin 2010) and assumed to be similar for the area over which the fishery
operates outside Spencer Gulf. We used estimates of 7.57 and 37.90 for P/B and Q/B, respectively
(Ayers et al. 2013). Minimal published information is available on the diet of these species, but King
(1977) observed western king prawns feeding on algae and on the surfaces of seagrass and shells.
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We also considered them to be opportunistic scavengers on small dead animals, and to take live
annelids.

Group 58. Commercial crab species

The commercial crab group includes blue swimmer crabs (Pelagicus armatus), sand crabs (Ovalipes
australiensis) and giant crabs. The giant crab (Pseudocarcinus gigas) is endemic to southern
Australia. It has been taken as bycatch by the NZRLF for > 80 years (Ward and Loiterton 2000). The
South Australian Giant Crab Fishery also operates in the modelled area. The giant crab fishery was
controlled by the Commonwealth Government prior to 1992. Management was transferred to State
Governments in 1997. The fishery is managed by input and output controls including a TAC. The
export of giant crab is controlled by under the Commonwealth Environment Protection and
Biodiversity Conservation Act 1999. There are currently no recreational bag or boat limits for this
species and berried females must be returned to the water. The fishery comprises Miscellaneous
Fishery licence holders, Rock Lobster licence holders with Giant Crab quota (RL-quota), and
remaining Rock Lobster licence holders entitled to catch Giant Crab as a by-product (McLeay 2016).
In 2014, the TACC was 22.1t and has remained unchanged since 2000. The distribution of catch
among sectors in 2014 was 68% (11.8t) in the Miscellaneous Fishery sector, 30.2% (5.2t) in the RL-
quota sector and 1.8% (0.3t) harvested as by-product by Rock Lobster fishers (McLeay 2016).

Blue swimmer crabs are one of the dominant crab species in Spencer Gulf and Gulf St Vincent and
the eastern GAB bays. Biomass estimates were based on standardised surveys undertaken in the
Spencer Gulf Prawn fishery using the upper SE estimate (0.68529 t km?) after calculations following
the methods of Currie et al. (2009) and Burnell et al. (2015). Biomass estimates of sand crabs were
based on standardised surveys in the Spencer Gulf Prawn fishery (0.0006 t km) following the
methods of Currie et al. (2009) and Burnell et al. (2015) (Gillanders et al. 2015). The overall biomass
of crabs of 0.69 t km™ was assumed to be the total of sand and blue swimmer crabs. P/B and Q/B
estimates of 2.80 and 8.50, respectively, were taken from the Jurien Bay model (Loneragan et al.
2010).

Blue swimmer crabs have a predatory/scavenging lifestyle, feeding mainly on molluscs, crustaceans
and polychaetes. The diet was based on the study by Edgar (1990) and descriptions in Bryars and
Svane (2008). Little is known of the diet of sand crabs and was considered to have similar feeding
behaviour and diet to the blue swimmer crabs, with bivalves being a main prey item (Bryars & Svane
2008). Overall diet was based on the blue swimmer crab diet (Edgar1990, Bryars and Svane (2008).

Group 59. Deep macrozoobenthos
The deep macrozoobenthos model group consisted of large, active, primarily carnivorous megafauna
e.g. gastropods, decapod crustaceans (crabs, non-commercial prawns, large mysids) and
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stomatopods. These were identified from epifaunal and infaunal species collected in GABRP Theme
3 data and collated.

Biomass of this group in the deep stations was estimated to be 16.96 t km™. Model input estimates
of P/B and Q/B of 4.57 and 16.16, were averaged across four groups of mobile epifanuna in the
Jurien Bay model (Loneragan et al. 2010, Lozano-Montes et al. 2011). Diet was also based on the
Jurien Bay model diets (Loneragan et al. 2010, Lozano-Montes et al. 2011).

Group 60. Deep offshore squid

The deep offshore squid group is assumed to be made up of the pelagic (flying) squids (Nototodarus
gouldi, and Todarodes spp.), which were historically fished across the shelf, outer shelf break and
slope of western Bass Strait, Eastern GAB and the Bonney Upwelling by Japanese fleets (Smith 1983).
An Australian commercial domestic jigging fleet targets arrow squid and catch data were available
for Commonwealth waters for the Squid Jig, SET and GABT fisheries.

We estimated biomass for this group from two sources: from GABRP Theme 2 surveys, the
maximum of the night and day averages of micronekton squid collected from the slope and offshore
stations was estimated to be 0.15 t km “2and from Theme 3 benthic surveys, benthic squid were
estimated to be 0.0965 t km 2. Since these estimates were different parts of the water column the
two estimates were summed to give a total of 0.2465 t km 2. P/B of 2.75 and Q/B of 8 were taken
from (Bulman et al. 2010). P/B and Q/B estimates used were 1.8 and 10, respectively (Bulman et al.
2006, Froese & Pauly 2017). Diet data were sourced from Braley et al. (2010), Bulman et al. (2006),
Grubert et al. (1999) and Page et al. (2011).

Group 61. Gelatinous zooplankton

The gelatinous zooplankton group consisted of jellyfishes, salps and ctenophores. The biomass
estimate used in the model (0.44 tkm™2) was based on the maximum of the night and day average
across all stations of micronekton gelatinous zooplankton sampled by GABRP Theme 2. The P/B and
Q/B were 64.9 and 218.5, respectively, were the averages for salps, siphonophores, ctenophora,
hydromedusae, apendicularians in used in an enclosed sea model in the Chilean North Patagonian
ecosystem which was particularly focussed on representing microbial loop dynamics Paves et al.
(2013). Gelatinous zooplankton in the North Sea model had a P/B of 2.86 and Q/B of 0.10. Diet was
based on Mackinson and Daskalov (2007).
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Group 62. Large zooplankton

The large zooplankton group consisted of Antarctic krill (Nyctiphanes australis), amphipods and
isopods. The biomass estimate used in the model (0.79 tkm™) was the maximum of the averages
across the micronekton stations sampled in GABRP Theme 2. Estimates of P/B and Q/B were 5.37
and 17.58 and were based on Euphausiacea in an enclosed sea model in the Chilean North
Patagonian ecosystem which was particularly focussed on representing microbial loop dynamics
Pavés et al. (2013). Similar estimates of P/B of 4 and Q/B of 12.5 were obtained by Mackinson and
Daskalov (2007) in a North Sea ecosystem model and 7.3 and 15 by (Tomczak et al. 2012) in the
Baltic Sea. Diet was based on those in Tomczak et al. (2012) and Mackinson and Daskalov (2007).

Group 63. Small zooplankton (meso)

The small (meso) zooplankton group comprised organisms of between 0.2 and 20 mm from the
copepods, pteropods, claodecerans, tunicates, chaetognaths and ostracods. A biomass of

0.093 tkm™ was estimated from the average total depth integrated mesozooplankton values from
GABRP Theme 2. Data for mesozooplankton was also provided from GABRP Theme 3 from which we
estimated a biomass of this group of 3.307 tkm?. A total of 3.4 tkm2was input initially but was
increased during balancing. The P/B and Q/B of 28.84 and 82 used in this model were the values for
calanoid copepods in an enclosed sea model in the Chilean North Patagonian ecosystem which
particularly focussed on representing microbial loop dynamics (Pavés et al. (2013). Values from the
North Sea of P/B of 9.2 and Q/B of 30 (Mackinson & Daskalov 2007) and the Baltic Sea model for 4
mesozooplankton groups of between 8- 30 and Q/B 27-100 were also considered. Diet was based on
those in Mackinson and Daskalov (2007) and Tomczak et al. (2012).

Group 64. Microzooplankton

The microzooplankton group comprised organisms of between 20 and 200 um from the protozoa,
rotifers, foraminiferans, tintinnids, ciliates and copepod nauplii. Biomass was derived from GABRP
Theme 2 using dinoflagellate count data, average volume/cell, and wet weight conversion from C
content per cell. Depth integrated values were estimated and averaged across eight stations on the
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Central and Eastern GAB transects-shelf, upper slope, mid slope, offshore. We used estimates of P/B
and Q/B of 46.03 and 131.37 for copepod nauplii in an enclosed sea in the Chilean North Patagonian
ecosystem (Pavés et al. 2013). In the Baltic Sea, Tomczak et al. (2012) used P/B of 110 and Q/B of
275. Diet of microzooplankton was based on Tomczak et al. (2012).

Group 65. Nanozooplankton

The biomass estimates for the nanozooplankton group (which represents largely heterotrophic
nanaoflagellates) were calculated based on information from GABRP Theme 2 dinoflagellate count
data which were integrated through the water column depth and averaged across all eight stations
in the central and eastern GAB shelf, upper slope, mid slope and offshore. The biomass was
estimated to be 0.88 t.km™.

The P/B and Q/B values of 658 and 1441 for microflagellates were based on Pavés et al. (2013).
They also had estimates for heterotrophic nanoflagellates of 710 & 1597. In the North Sea,
Mackinson and Daskalov (2007) combined bacterioplankton and heterotrophic nanoflagellates into a
planktonic microflora group with a P/B of 571 and Q/B of 1142. Diet was based on Tomczak et al.
(2012).

Group 66. Pelagic bacteria

Estimated biomass of pelagic bacteria was calculated using data collected in GABRP Theme 2. The
calculations used average volume per cell and wet weight conversion from C content per cell, which
were depth integrated and averaged across 8 stations. AN enclosed sea model in the Chilean North
Patagonian ecosystem was particularly focussed on representing microbial loop dynamics, Pavés et
al. (2013) used a P/B of 794 and a Q/B pf 1249. Similarly, Mackinson and Daskalov (2007)
represented microbial loop dynamics in the North Sea model and used a P/B of 571 and a Q/B of
1142. We found that the values for the North Sea model were less out of balance initially. We
assumed that pelagic bacteria consumed only detritus.

Group 67. Farmed finfish

Southern bluefin tuna (SBT) farming began in 1991. Farmed SBT are mostly fed locally caught (in the
SASF) or imported baitfish (e.g. from California, Chile or Peru), with 60,000 t distributed per annum
(Harrison 2009). Aquaculture of SBT and finfish contributed well over half of the value of
aquaculture production and about half of all seafood production in 2014/2015 (Econsearch 2016).
Habitat area was estimated as the total area of the SBT licenced sites, which was 19 km™. Biomass
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estimates and time series of SBT input into cages, and production out were provided by PIRSA
Fisheries and Aquaculture and EconSearch reports online. The P/B was estimated as fished
quota/harvest; Q/B was estimated as feed/fished quota less 1.3% feed lost to birds (Harrison 2009),
and 1% lost to water column (Aguado et al. 2004, Forrestal et al. 2012).

Juvenile yellowtail kingfish (YTK) fingerlings are also dispatched into sea cages on farms to grow out
to two different products of 1.5 and 4 kg independently (K. Rodda per comm.). Habitat area for
these farms was estimated as the areas of sites used in YTK aquaculture (5 km™). Production figures
were available from PIRSA Fisheries and Aquaculture. P/B was estimated as harvest/stock; Q/B as
feed/catch.

The final combined biomass of 400.7 tonnes or was derived by bringing together the biomasses of
farmed SBT and YTK with the habitat area assumed to be the combined total area of the SBT and YTK
licenses used for production i.e. 0.000015 of the total GAB model domain. Biomass of fish farm feed
was estimated as the total annual SBT feed for 2001 of 1.91 t km, and P/B and Q/B were averaged
across the two species resulting in 1.18 and 7.835 respectively.

Group 68. Shellfish aquaculture

The shellfish aquaculture group consisted of the moored [mussels, pacific oysters] and land land-
based industries [abalone]. It occurs in a relatively minor portion of the GAB ecosystem i.e. only in
0.09% of the area. Together they contribute ~10% to the value of the total aquaculture in South
Australia (Econsearch 2016). Mussels and abalone production is expected are to grow around 10%
per year while that of oysters is neutral (Econsearch 2016).

3.3.7 Primary producers

Phytoplankton biomass estimates for EWE and Atlantis models

In the eastern GAB, coastal upwelling processes that occur during summer enhance primary
production and lead to higher phytoplankton biomasses (Section 4.1.1, GABRP Theme 2.2 Report).
This process is enabled by the ability of large phytoplankton to effectively utilise the nutrient
enrichment resulting from upwelling processes and to outcompete small phytoplankton. In other
words, in the eastern GAB, the classical food web pathway via diatoms and zooplankton, dominates
during these periods. In contrast, the central GAB is not subject to upwellings and instead is
predominated by year-round downwelling conditions. The central GAB communities are dominated
by small phytoplankton, bacteria and viruses, leading to a slightly longer energy pathway known as
the microbial loop.

Overall, monthly and climatological means indicated that periodically primary productivity in the
eastern GAB may be much higher than that in the central GAB, where it is sporadic and more
variable, more moderate but constant (Section 4.2.3, GABRP Theme 2.2).

The data we used to estimate phytoplankton biomasses in the GAB were collected during
hydrographic surveys in the eastern and central areas of the GAB during the 2015 RV Investigator
voyage between November 30 and December 15. The eastern GAB transect was sampled during
November 30 - December 4 and the central GAB was sampled during December 10 -15. On each
transect 4 stations were occupied: on the shelf (~¥90-100 m), upper slope (~400 m), mid-slope (~800
m) and offshore (3000-5000 m). The water column was sampled to 800 m in depths greater than 800
m or to near the bottom in shallower depths. Vertical profiles of temperature, salinity, fluorescence
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and dissolved oxygen were taken at each station and seawater samples were collected at 3 depths
for pigments, phytoplankton, zooplankton, and dissolved nutrients.

To estimate the standing biomasses of phytoplankton, we first converted the fluorescence profiles at
each station to biomass using a fluorescence: chlorophyll, conversion determined for each profile
and then integrated the values (for each m) to the depth at which fluorescence became negative; we
then transformed these into phytoplankton biomass using chlorophyll,: C ratio of 65 and a C: wet
weight of phytoplankton (mg) of 20, i.e.:

B phytoplankton g/m2= Sum (fluorescence * profile conversion — offset) * 65 * 20 / 1000

Aggregate chlorophyll, profiles for different regions in the GAB are given in Figure 3.2 for reference
purposes.

(a) (b)
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Figure 3.2. a) Eastern GAB (eGAB) chlorophyll profiles from fluorescence data, b) Central GAB (cGAB) chlorophyll profiles
from fluorescence data.

We also compared an estimate from the in situ chlorophyll data to these calculated values to check
for plausibility. These in situ chlorophyll values were taken at 3 depths of the vertical profile of each
station. For each station, the total chlorophyll was estimated by assuming the value at the middle
depth was the peak, and summing the integration of two triangles, one from the surface to the peak
depth and one from the peak depth to the maximum depth sampled. This crude estimate of total
water column chlorophyll was converted to phytoplankton biomass using chlorophyll,: C ratio of 65
and a C: wet weight of phytoplankton (mg) conversion ratio of 20. The resulting estimates were
largely consistent with those obtained by fluorescence except for the eastern GAB upper slope
value, which was significantly higher using this method. Neither method was flawless, but the
fluorescence curves were considered to be a more accurate representation of the water column
chlorophyll; distribution.

The total phytoplankton determined by the fluorescence method at each of the 8 stations was then
apportioned to small and large sizes using the in situ chlorophyll, datai.e. < or >5 um. The large
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phytoplankton component from the central GAB shelf station was far greater than at any other site
on either transect. The proportion of small to large phytoplankton was about 1:2 compared to a
range of 3:1 to 1:0 at the other stations, i.e., large phytoplankton were never observed to be the
dominant component of the phytoplankton except at the shelf central GAB station. Furthermore,
annual primary productivity by size fraction shows that the vast majority of productivity, 100-300 mg
C m2d?, occurred in the < 5 um autotrophic fraction (small phytoplankton) from shelf to offshore,
whereas the only significant contribution from the > 5 um autotrophic fraction (large phytoplankton)
of ~100 mg C m2d ™ occurred on the shelf in the central GAB (Figure 4.2-4, GABRP Theme 2.2). The
current hypothesis for the anomalous central GAB shelf is that it is a result of a “hybrid” foodweb in
action where recycled nitrogen from an unknown origin but could be atmospheric, on the central
GAB shelf is contributing to a higher productivity in the diatoms (GABRP Theme 2.2). The average of
small phytoplankton biomasses at each station, except the shelf central GAB value, was 25.08 t.km?
and that of large phytoplankton was 3.20 t.km™ (Table 3.11). If the central GAB shelf phytoplankton
is included in the calculation, the results are 25.21 and 8.03 t.km™ for small and large phytoplankton
biomass respectively (Table 3.11).

Table 3.11. Estimates of total water column phytoplankton biomass at each station on the central and eastern
GAB transects and apportioned into small and large fractions according to fluorescence data.

Central GAB Shelf 67.96 26.12 41.84
Upper slope 18.27 17.65 0.62
Mid slope 30.09 22.81 7.27
Offshore 20.71 20.10 0.60

Eastern GAB Shelf 24.50 24.50 0
Upper slope 45.37 44.88 0.48
Mid slope 28.66 21.21 7.45
Offshore 30.37 24.40 5.97
Average (excluding CGAB shelf) 28.28 25.08 3.20
Average of all stations 33.24 25.21 8.03

Group 69. Large phytoplankton

The estimate of large phytoplankton biomass in the GAB ecosystem across all stations was 8.02 or
3.2 tkm?2if the anomalous central GAB shelf station was excluded (Table 3.10). A P/B of large
phytoplankton production was calculated from the average daily integral primary productivities in
the Great Australian Bight in the euphotic zone across all stations from the shelf to offshore stations
(Figure 4.2-4 in Theme 2 report) of ~25 mg C m?2 dL. The annual production was estimated to be
182.5 g/m™. Therefore, the P/B was estimated to be 57.04 assuming an average biomass of 3.2 or
22.7 assuming biomass of 8.02 tkm=.

Group 70. Small phytoplankton
Small phytoplankton comprised the fraction of phytoplankton <5 um and included autotrophic

picophytoplankton and small nanophytoplantkon. An estimate of the small phytoplankton biomass
was made from the data collected during surveys in early summer of 2015 (GABRP Theme 2.2
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Report). The estimate from across all stations occupied of 25.21 tkm was little different from 25.08
tkm™ the value if the anomalous central GAB shelf station was excluded (Table 3.10). Total
production was estimated from the average daily integral primary productivities in the Great
Australian Bight in the euphotic zone across all stations from the shelf to offshore stations (Figure
4.2-4 in Theme 2 report) of 226 mg C m2y-1. Using an average of the biomass estimates, P/B was
therefore estimated to be 65.61.

Group 71. Microphytobenthos

Microphytobenthos comprised benthic bacteria and benthic heterotrophic microflagellates.
Estimates of 0.5 t km™ were used from the Spencer Gulf EWE Model M. Doubell (SARDI). Biomass
was estimated only in the gulf areas which accounted for 1% of the total GAB model domain. We
used the P/B estimates of 706.5 for microphytobenthos from the Jurien Bay model of Lozano et al.
(2011). Other estimates of P/B and Q/B estimates were 541 and 700 from an enclosed sea model in
the Chilean North Patagonian ecosystem (Pavés et al. 2013) and 9470 and 18940 in the North Sea
model of Mackinson and Daskalov (2007). The latter considered that a growth efficiency around 50%
and respiration around 30% was reasonable. Diet was based on that of benthic microflora in the
North Sea model of Mackinson and Daskalov (2007): their diet was 20% cannibalistic i.e.
microflagellates that consume bacteria and 80% from particulate or dissolved organic matter (POM,
DOM) Mackinson and Daskalov (2007) included POM and DOM in the water column detritus and
sediment detritus groups respectively. In GAB model, we had only one detrital functional group and
considered DOM and POM to be included implicitly, therefore this group was deemed to consume
detritus rather than explicitly POM and DOM.

Group 72. Seagrass

Seagrass communities in the study area are comprised of members of the families Zosteraceae,
Posidoniaceae, Hydrocharitaceae, and Magnoliophyta and dominated by Posidonia species (Kirkman
1997). Estimated biomass of seagrass per unit of habitat area was 12,749 t km?, and production per
unit was 31,000 t km2 yr! (Gillanders et al. 2015) therefore P/B was estimated to be 2.43.

Group 73. Macroalgae

Biomass and productivity estimates for macroalgae were derived from studies of Ecklonia radiata, a
habitat-forming macrophyte in Spencer Gulf (Gillanders et al. 2015). Using the mean depth of
surveyed macroalgae habitat (10 m), a density of ~13 E. radiata m was assumed based on
Kirkman’s (1989) depth-density relationship. The mean dry weight of a single plant is 99 g (Larkum
1986), leading to an estimated biomass of 1.29 kg dry wt m2 (or 1 290 t dry wt km). A review of
productivity estimates for E. radiata provided an average value of 3.58 kg dry wt m™ (or 3 586 t dry
wt km2) (Novaczek 1984, Larkum 1986, Kirkman 1989). Using these estimates of biomass density
and productivity for seagrass and macroalgae, and assuming that dry weight for these groups
equates to 10 % of wet weight (Duarte & Kirkman 2001), total biomass for seagrasses and
macroalgae within Spencer Gulf was estimated to be 12915.13 t km-2 . A ratio of annual productivity
to biomass was derived for both groups to inform the ecosystem modelling. Production was
assumed to be 35,862 t km?2 yr?, and therefore P/B was calculated to be 2.78.
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Group 74. Discards

This group accounts for discarded fish from fisheries in the model area. Fate of the discarded
components of landings varies between fisheries. The total of discards across all fisheries calculated
from the fisheries catch statistics and estimates was 0.4 t km™.

Group 75. Detritus

No biomass estimates of detritus were available for the GAB and so a nominal value of 200 t km™
was used based on 100 tkm™ in the East Bass Strait model (Bulman et al. 2006), 390 t km2 in the
West Florida Shelf (Okey & Mahmoudi 2002) and a similar value off Newfoundland (Bundy 2001).

3.1 Balanced model

The basic parameters used to inform the 75 functional groups within the Ecopath model are
presented in Table 3.12. Balancing the model required adjustment to parameters or diets of groups
where ecotrophic efficiencies (EE) were initially >1. EE is the proportion of production that is used in
the system i.e. either passed up the food web via predation, used for biomass accumulation,
migration or exported (Christensen and Walters 2004). Ecotrophic efficiency varies between 0 and 1.
It will approach 1 for groups with high predation pressure and 0 for groups with no predation, fishing
pressure or migration. If it exceeds 1 for one or more groups, the model is unbalanced because
more production is leaving the system than is being produced. To balance the GAB model, many
iterative adjustments were made: most were slight changes to dietary proportions, while others
were changes to biomass (B), production (P/B) or consumption rates (Q/B) and are indicated in Table
3.12. Some changes particularly to biomass estimates were quite large but given that few of the
biomass estimates were targeted for this model domain, it was considered justifiable if within
reasonable bounds for current knowledge of this or similar ecosystems.

Table 3.12 Final balanced GAB model parameters. Where parameters were changed, initial values are in
parentheses. Model—estimated values are in red.

Baleen whales 4.28 0.99 0.0076 0.0076 0.020 5.10 0.00 0.00
Toothed whales 5.42 0.98 0.1353 0.1331 0.020 5.65 0.00 0.00
Bottlenose dolphins 5.01 0.25 0.0142 0.0035 0.080 18.99 0.47 0.00
Common dolphins 5.05 0.20 0.0434 0.0087 0.090 20.58 0.56 0.00
Long-nosed fur seal 4.83 0.63 0.0023 0.0015 1.184 47.53 0.14 0.02
Australian fur seal 4.77 0.02 0.0800 0.0015 1.157 34.93 0.01 0.03
Australian sea lion 4.88 0.16 0.0042 0.00065 (0.79) 0.892 29.44 0.23 0.03
Albatross 5.25 1.00 0.00011 0.00011 1.000 70.54 0.07 0.01
Shearwaters 4.91 1.00 0.00218 0.00218 1.000 150.96 0.02 0.01
Small petrels 4.37 1.00 0.00003 0.00003 1.000 639.97 0.34 0.00
Gannets 5.05 0.19 0.000010 0.000002 1.000 138.95 0.68 0.01
Terns 4.84 0.19 0.000007 0.000001 0.050 86.75 0.97 0.00
Shags and cormorants 4.34 0.19 0.000014 0.000003 1.000 77.40 0.07 0.01
Gulls 4.00 0.14 0.000014 0.000002 1.000 80.36 0.56 0.01
Little Penguins 4.93 0.12 0.00009 0.00001 1.290 85.64 0.96 0.02
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Shelf pelagic sharks 5.32 0.40 0.021 0.0084 0.130 2.61 0.99 0.05
Offshore pelagic sharks 5.58 0.80 0.003 0.0024 0.200 1.20 0.05 0.17
Shelf demersal piscivorous shark 5.27 0.20 0.3508 0.0702 0.470 2.60 0.11 0.18
Shelf demersal sharks 4.14 0.30 0.024 0.0072 (0.17) 0.188 1.32 0.15 0.14
Deep demersal sharks 5.19 0.80 0.78 0.624 0.160 3.30 0.00 0.05
Skates and rays 3.69 0.30 0.2196 0.0659 0.418 1.76 0.06 0.24
Southern Bluefin Tuna 5.03 0.70 0.012 0.0084 0.485 3.65 0.93 0.13
Tunas and billfish 5.59 0.60 0.05 0.03 0.600 6.20 0.40 0.10
Offshore pelagic piscivores 5.15 0.80 1.098 0.878 0.184 2.33 0.90 0.08
Offshore pelagic invertivore large 4.97 0.80 0.545 0.436 0.205 2.03 0.90 0.10
Shelf large pelagic piscivores 4.64 0.30 0.29 0.087 0.271 3.10 0.98 0.09
Sardine 3.63 0.20 1.717 0.343 1.6 5.04 0.87 0.32
Shelf pelagic planktivore small 4.15 0.20 1.67 0.334 (1.01) 1.560 (7.3) 10.50 0.82 0.15
Mackerels 4.08 0.30 9.239 2.772 (0.33)0.420  (3.10)3.18 0.95 0.13
Redbait 3.82 0.30 1.957 0.587 0.360 3.90 0.95 0.09
Shelf small demersal piscivores 3.39 0.30 1.017 0.305 0.552 4.46 0.95 0.12
Shelf small demersal omnivores 3.43 0.30 9.3 2.79 0.662 5.72 0.95 0.12
Shelf large demersal piscivores 4.33 0.30 2.564 0.769 0.325 3.11 0.95 0.10
Shelf large demersal omnivores 3.09 0.30 0.803 0.241 0.389 3.57 0.95 0.11
King George whiting 3.81 0.20 0.073 0.015 0.548 2.29 0.92 0.24
Garfish 2.70 0.20 0.343 0.069 0.329 4.73 0.98 0.07
Snapper 3.84 0.30 0.208 0.063 0.150 2.90 0.29 0.05
Deepwater flathead 4.46 0.30 0.277 0.083 0.200 2.80 0.95 0.07
Bight redfish 4.20 0.30 0.617 0.186 0.370 2.90 0.95 0.13
Migratory mesopelagics 3.82 0.80 11.150 8.920 (0.68) 1.65 6.00 0.98 0.28
Non-migrating mesopelagics 4.66 0.70 2.331 1.631 (1.01) 1.65 6.67 0.99 0.25
Slope small demersal invertivores 3.84 0.80 1.827 1.462 0.570 4.28 0.95 0.13
Slope small demersal piscivores 4.41 0.80 0.370 0.296 0.420 3.50 0.95 0.12
Slope large demersal piscivores 5.07 0.80 0.687 0.55 0.242 2.54 0.95 0.10
Slope large demersal invertivores 4.66 0.80 0.342 0.273 0.340 3.55 0.95 0.10
Benthic grazers 2.18 0.30 2.82 0.846 (6.0) 0.39 (4)1.3 0.98 0.30
Abalone 2.00 0.04 0.125 0.005 0.73 (12.41) 2.5 0.89 0.29
Benthic detritivore 2.66 1.00 35.086 35.086 (5.00) 0.9 (32)3 0.95 0.30
Benthic carnivores 3.01 1.00 6.281 6.281 (2.00) 1.0 (22) 3 0.97 0.33
Meiobenthos 2.00 1.00 6.137 6.137 35 125 0.19 0.28
Shelf filter feeders 2.00 0.20 112.836 22.567 (1.6) 0.260 (6) 1.50 0.95 0.17
Deep filter feeders 2.00 0.80 5.931 4.745 (2.8) 0.260 (5) 1.50 0.05 0.17
Shelf macrozoobenthos 3.00 0.20 161.0 32.20 (2.8) 0.400 (14) 2.67 1.00 0.15
Squid & cuttlefish shelf 4.55 0.20 0.387 0.0774 1.825 18.25 0.99 0.10
Octopus shelf 4.06 0.20 0.199 0.0398 2.370 7.90 0.96 0.30
Rock lobster 2.93 0.10 0.0872 0.0087 0.730 12.41 0.31 0.06
Western king prawn 2.38 0.20 0.5706 0.1141 7.570 37.90 0.58 0.20
Crabs & bugs 2.88 0.20 0.686 0.137 2.800 8.50 0.42 0.33
Deep macrozoobenthos 2.92 0.80 16.955 13.564 2.800 8.50 0.40 0.33
Deep squid 4.78 0.80 0.967 0.773 (1.8) 2.240 (10) 8.00 0.98 0.28
Gelatinous zooplankton 3.40 1.00 1.5 15 (64.9) 4.858 (218.5)13.88  0.89 0.35
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Large zooplankton 3.28 1.00 9.948 9.948 (5.37)6.5  (17.58)17.00  0.98 0.38
Mesozooplankton 2.58 1.00 4.386 4.386 28.840 82.00 0.72 0.35
Microzooplankton 2.49 1.00 21.346 21.346 46.030  (131.37)121.3 0.25 0.38
Nanozooplankton 2.60 1.00 0.881 0.881 (658) 570 1441.00 0.85 0.40
Pelagic bacteria 2.00 1.00 2.42 2.42 (570) 600  (1142) 975 0.98 0.62
Microphytobenthos 2.11 0.01 0.5 0.005 (541) 706 1412 0.98 0.50
Farmed finfish 1.00 0.00 400.7 0.006] (1.61)1.18  (11.74)7.84 0.00 0.15
Farmed oysters 2.16 0.00 0.01] 0.00001 0.650 6.00 0.00 0.11
Large phytoplankton 1.00 1.00 3.2 (3.2)6.4 (570) 124 0.40
Small phytoplankton 1.00 1.00 25.08 25.08 73.000 0.96
Seagrass 1.00 0.01 12748.82 165.735 2.430 0.00
Macroalgae 1.00 0.00 12915.13 7.75 2.780 0.14
Discards 1.00 0.40 0.4 0.160 0.00
Detritus 1.00 1.00 200 200 1.00

The foodweb of the GAB ecosystem model showing trophic flows between the functional groups and
the trophic levels as estimated by Ecopath is depicted in Figure 3.3. The GAB ecosystem supports
many iconic and high trophic level species such as sharks, marine mammals and birds, and whales. It
is also home to a range of commercially important species ranging throughout the trophic levels
such as a proportion of the global SBT population and other tunas and billfishes at the highest level;
deepwater flathead, orange roughy and oreo dories, bight redfish, and mackerels at trophic level 4;
King George whiting, snapper, small pelagics such as sardines and redbait at trophic level 3; rock
lobster, prawns and abalone at trophic level 2. The GAB ecosystem also contains the two gulfs which
largely support aquaculture and the inshore fisheries targeting some of the species previously
mentioned. The gulfs are dominated in terms of biomass by macroalgae and seagrass and which
account for the large overall biomasses in the model. However, these producers are not the
dominant drivers in the system: small and large phytoplankton tend to drive the dynamics of this
system.
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Figure 3.3. Flow diagram expression of the trophic flows between functional groups in the GAB ecosystem. Trophic levels are on the y axis, the x-axis groups are arranged to allow the best
visual representation of the foodweb. Functional groups are represented by a circle; the size of the circle is proportional to its biomass and the colour of circles is unrelated to any parameter.
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3.2 Model fitting to time series (Ecosim)

Time series of annual catch and catch per unit-effort (CPUE) derived from fishery logbook data were
calculated for commercially fished groups, and estimates of biomass (stock assessments or modelled
fishable biomass) and/or fishing mortality (F) were also included where available. The only non-
fishery related times series included were for three pinniped species where trends in pup production
were used to estimate change in population biomass within the GAB region over time. Further
details on the time series used in the GAB ecosystem model are presented in Appendix 7.

Time-series of biomasses and catches were loaded into Ecosim and an optimisation (fitting
procedure) was run to modify the Ecosim predator vulnerability parameters to achieve the best
model fit possible (based on model sum of squares (SS)). The vulnerability parameters change the
degree to which a predator in the model can impact its prey by setting the exchange rate of between
vulnerable and invulnerable proportions of the prey population. This concept is based on the
foraging arena theory (Walters et al. 1997) and represents the “trophic control” of the predator-prey
dynamics. For example, if an increase in biomass of a predator has a large influence on the predation
mortality of its prey then it is considered to be “top-down” controlling and the vulnerability
parameter would be high. On the other hand, if predator abundance increases had little influence on
predation mortality of its prey, and in fact prey abundance has greater influence on the predator,
then control is “bottom —up” and the vulnerability parameter on the prey would be low (<1).
Vulnerabilities are one of the key parameters to determine based on observed data. Sensitivities
were searched for groups with time series only and optimised, resulting in vulnerabilities that
resulted in a better fit of the model predictions to the observed data. Following this procedure,
some of the default Ecosim parameters were also adjusted to further improve model fit (decreasing
the model SS).

In this version of the model, we adjusted the relative feeding time of marine mammals to 0.5 (0 for
all other groups), to account for modifications to their search feeding times in response to changes
in prey availability (Christensen et al. 2008). There are other factors such as density-dependent
predator-prey switching power of the dolphin and seal groups in response to changes in prey
availability and density-dependent changes in catchability for pelagic schooling fish such as sardines
(Christensen et al. 2008, Piroddi et al. 2010) which we were unable to explore fully.

Examples of the final model fits are provided in Figure 3.4. While the model was unable to fit to
some of the short timescale variability in CPUE or biomass, e.g. for the commercial species such as
bight redfish, deepwater flathead and snapper, it usually reproduced the general trends in the
catches well. While the model could be forced to fit some of the environmental stochasticity more
closely via the use of forcing time series (similar to fitting recruitment time series in stock
assessments) this would not greatly benefit its use for exploring broad scale scenarios where those
forcing time series are unknown. In terms of the use of the model as a basis for scenario exploration,
some components of the model would benefit from calibration to longer time series for the reasons
discussed immediately below. Nevertheless, even without further calibration, the model’s capacity
to reproduce observed time series for the majority of species where such information is available
means it is fit for purpose —i.e. it is appropriate to use it as a basis for exploring broad scenarios.

The three species for which some explanation of the fit is required are snapper, bight redfish and
deepwater flathead. In each case the failure is due to the short time series used to calibrate the
model, along with the variability and uncertainty in the time series. For snapper, the biomass time
series was derived as an aggregate of a complicated suite of estimates from stock assessment
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models across several stocks (Fowler et al. 2016). The stock assessment-derived series of increasing
biomasses were in direct contrast to the declining trend in the empirical data e.g. Spencer Gulf/West
coast, while the trends for stocks reliant on recruitment from Port Philip Bay, e.g. South East coast
and the Gulf St Vincent stocks, were sustainable but recently declining (Fowler et al. 2016).
Therefore, the lack of fit of the EWE model biomass estimates to the time series was considered
misleading. Furthermore, the model-predicted catches fitted the empirical catch data quite well (Fig
3.4) suggesting that the predicted slight decline in biomass of snapper, might be a better overall
representation of the stock.

The difficulty of the model to capture bight redfish dynamics is less obvious until the history of the
stock depletion since the late 1980s is taken into account. Around the mid-2000s the fishery peaked
with 10 vessels operating and nearly 1000 t per year taken, but by the start of the model period this
had declined quite quickly to about one-third of the peak effort and catch (Haddon 2015). Not
accounting for higher initial biomasses by fore-shortening the time series hampered the ability of
the model to fit to the declining trend.

Similarly, for deepwater flathead the historical period of the fishery — from the late 1980s and
through its peak in the 2000s — is not being accounted for in the model fitting and dynamics with
only the input of the short time series from the Fishery Independent Surveys (FIS) (Knuckey et al.
2015). The FIS trend showed a large decline (Fig 3.4) but the EWE model predicted a small increase
in biomass. However, Haddon (2016) compared the FIS time series with standardised CPUE data
from Sporcic and Haddon (2016) and found that the initial FIS estimate for 2006 was greater than
the CPUE-predicted spawning biomass while the final FIS estimate (interspersed with missing data)
was highly uncertain and much lower. In fact, the CPUE predicted female spawning biomass for the
time period of our model parameterisation rose slightly from 2006 to a peak at 2012 before a slight
decline (Haddon 2016). While EWE model doesn’t exactly capture the shape of Haddon’s trend
either, the overall trend of a slight increase is the best statistical fit and results in a fairly good fit for
catch time series.
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Figure 3.4. Example of time series fits of the GAB ecosystem model (thin line) to observed biomass (CPUE) and catch (dots
and dashed trend line) data for six key commercial groups between 2005 and 2015).
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3.3 Temporal changes in GAB ecosystem

3.3.1 Trends in biomass-Status Quo

The Status Quo scenario was the base or key run where the simulation for the first ten years was
driven by actual effort in the fisheries followed by 40 years of projection at the constant exploitation
rate (as of 2016). This Status Quo scenario was the simulation against which we could compare
outcomes of the various scenarios undertaken in Section 5. The relative change in functional group
biomasses between 2006 and 2015, estimated by the GAB ecosystem Ecosim model, are presented
in Figure 3.5. The greatest changes were a near doubling of SBT, and increases of between 60% and
30% of two slope demersal groups, demersal sharks and abalone (Fig 3.5a). There were more large
declines, i.e. >30%, observed than increases: on the shelf large pelagic piscivores, demersal sharks,
garfish, snapper, rock lobster and gannets declined, and in the deeper habitats, offshore pelagic
sharks and large demersal piscivores declined. Amongst the invertebrates, abalone increased the
most (Fig 3.5b).

The overall trends in absolute biomass of the entire system were somewhat variable, but resulted in
an overall but small decline. But more than half of the biomass of the system is invested in lower
trophic groups, e.g. plankton, detritus, so by excluding those groups and the aquaculture species and
discards, there was a very small overall increase of the remaining species (~5%)(Fig 3.6). There is
relatively little change and low overall variability.

Absolute biomasses of species were often very small, and consequently small changes at an
ecosystem-level perspective appeared large from the species-level perspective. Variations in catch
follow the variation in biomass as expected given a constant fishery effort.
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3.3.1 Trends in catch-Status Quo

The Status Quo scenario was driven by actual effort in the fisheries initially, followed by 40 years of
projection at the constant exploitation rate (as of 2016). The fleets whose catches declined the most
were the rock lobster fleets followed by nearly all other fleets (Fig 3.7). The fleets that had the
biggest increased catches by the end of the 50-year scenario assuming a constant effort into the
future were the Commonwealth Danish seine, Victorian scalefish and Victorian pot fisheries (Fig 3.7),
but, all had very small values of catch in 2006 and so very little extra catch by weight would appear

as a large relative change.
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Figure 3.7 Relative changes (%) in catches for fleets calculated over the period 2006-2016 (Status Quo scenario).

Consequently, the catches per functional group or species also reflected these fleet changes. Overall,
there was a decline of about 16% in catches across all species over the whole projection period, but
most of that decline occurred during the first decade for which we used the historical fishery effort,
with only a few per cent difference by the end of the fore-cast period (Fig 3.8). In other words, given
this scenario’s assumption of constant fishing efforts in the forecast period, the decline in catches
must be as a result of changes in biomasses of species.

Catches of species groups from rock lobster through crabs and bugs (depicted in Fig 3.8 as the 27
groups on the bottom of the graph and top of legend), declined by more than 20% over the entire
simulation period. Decreases of 95% were predicted for rock lobster catches while catches of other
species targeted by the majority of the fleets decreased overall by 26% to 82%. Most of these
decreases occurred during the first decade of the model simulation when actual fleet efforts were
being used and the catches were as observed (Fig 3.8). During the forecast period, however, rock
lobster, catches remained stable for another decade before declining to a low level at the end of the
projection period, and appears to be a result of fishing mortality rather than a consequence of
predation or other food-web interaction effects.
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At the time where rock lobster catch began to decline, crabs and bugs catches began to increase and
their catches fluctuated more noticeably than any other groups throughout the whole period, but
resulting in an overall 20% increase.

Catches of several of the most important commercial species such as sardine and SBT did not vary
greatly, only 4% increase and 4% decrease respectively. Catches of King George whiting and western
king prawns were also only a few percent different. While the relative change in catch of some of
these species might be small, the absolute catches of sardine and tuna are quite large and represent
a significant proportion of the commercial catch in the GAB. However, interpretation of these trends
need to be viewed cautiously. Sardine is dependent on seasonal primary productivity of the region
although the species can recover from severe setbacks quickly as exhibited by its recovery from the
viral pathogen outbreaks (and see Scenarios in Section 5). SBT is entirely dependent on reproduction
and recruitment processes, and adult mortality occurring outside the model domain. Our focus was
not fully account for SBT stock dynamics external to the model domain and therefore Status Quo
scenario results for SBT should be viewed with caution. However, in the scenarios we investigate
later in Section 5, we address and incorporate potential effects of variability due to climate-induced
changes in seasonality (directly on phytoplankton), sardine response to pathogen and changes in
stock recruitment of SBT through forcing functions that approximate hypothetical responses of the
relevant species.

3.3.2 Conclusion

While the Status Quo scenario projection of constant 2016 fishing effort, is relatively stable for most
species, there are some obvious species whose dynamics are highly uncertain e.g. for rock lobster
and other invertebrate groups. To some extent, this uncertainty can be attributed to lack of
complete data sets, however, the difficulty of representing spatial attributes of the species such as
stock structure and cross-jurisdictional differences across common stocks in this version of the
model is also likely contributing to the patterns seen.

Nevertheless, our objective was not to exactly match the nuances of each commercial stock and its
management, but to build a model that would provide an overall ecosystem—level perspective of the
possible broad-scale consequences of fishing activity, climate changes, and threats to ecosystem
function via pathogen or oil exploratory activities in the GAB. This was to be done as faithfully as
possible to the standard EwWE implementation procedures so as to provide a robust contrasting view
to that provided by the Atlantis ecosystem model. Comparison of scenario outcomes across a variety
of model platforms as a way of cross-checking information that ultimately might be used to inform
management decision-making (in a strategic broad scale sense not in a tactical annual quota-setting
sense), is becoming more common in natural resource management and planning (e.g. Smith et al.
2011, Tittensor et al. 2017).
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4. AN ATLANTIS ECOSYSTEM MODEL FOR THE GREAT AUSTRALIAN BIGHT:
DEVELOPMENT AND PARAMETERISATION

4.1 Atlantis Introduction

Whole-of-system, or end-to-end, ecosystem models such as Atlantis incorporate both higher and
lower trophic levels as well as biological parameters, hydrodynamic features and fisheries and
socioeconomic components (Fulton 2010). They typically include environmental drivers, habitats, the
food web, and major human uses. Because of this they can allow more comprehensive investigations
into the functioning of marine ecosystems under various environmental conditions or resource
management regimes. They also provide insight into the linkages and processes that occur in both
natural and perturbed marine systems, beyond that which can be gained from studying a single
species or impact.

Atlantis is a whole-of-system model commonly developed by marine scientists to increase
understanding of system dynamics and strategically inform resource managers (Fulton et al. 2011). It
has been recognised as one of the best whole-of-system models in the world (by the UN FAO) for
considering the ecosystem implications of exploitation of marine resources. This recognition is
largely because it is spatially explicit, age and size structured and comprised of sub-models that
explicitly simulate biogeochemical cycling at one end or the ecosystem and human impacts and
management at the other. At the time of its initial development it was one of very few models with
this degree of ecosystem process coverage. It has been used to model more than 30 systems round
the world, spanning polar, temperate and tropical and from small estuaries to large ocean regions
(Weijerman et al. 2016b, Audzijonyte et al. 2017). While Atlantis should not be used for tactical
short-term advice, such as setting quotas, it is well suited to consideration of broader scale strategic
and exploratory analyses. That is, “what if” scenarios, general evaluation of management strategies,
and other questions that draw on its ability to simulate multiple interactions between environmental
factors, different marine species and humans (Fulton et al. 2011).

The Atlantis modelling approach has provided important insights for managers when making natural
resource management decisions particularly in context of ecosystem-based management (EBM). In
Australia, the Atlantis modelling framework has been used to explore ecosystem complexity (Fulton
et al. 2007b), fisheries management (Smith et al. 2011), nutrient loading in catchment areas (Savina
et al. 2008) and multiple use issues for commercial harbours (Fulton et al. 2017). Atlantis continues
to be used to complete system level Management Strategy Evaluation (MSE) for the Australian
Commonwealth Fisheries (e.g. the Small Pelagic Fishery and the Southern and Eastern Scalefish and
Shark Fishery); where it has helped consider trade-offs inherent in alternative management
scenarios (Fulton et al. 2007b, Fulton et al. 2014, Smith et al. 2017) and the efficacy of tiered harvest
control rules (Fulton et al. 2016, Dichmont et al. 2017). More recently the modelling framework has
been used to examine the sustainable multiple use of coastal systems (e.g. Gladstone Harbour) —
including the effects of coastal development, nutrient and contaminant loading and
bioaccumulation, shipping, dredging, port development and coastal land use (Fulton et al. 2017).
More broadly, Atlantis has also been used to help consider the ecological impacts of climate change
(Fulton & Gorton 2014, Weijerman et al. 2015) and evaluate socio-economic responses to
alternative management strategies (Weijerman et al. 2016a).

In this study, we developed an Atlantis model for the Great Australian Bight (GAB), including coastal
and open ocean regions. As a demonstration of the utility of the model (which is available now for
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use by planners and other people interested in the management and use of the GAB and its
resources), we used the model to explore the ecological consequences (changes in trophic linkages
and biomass flow) of increased fishing pressure, shipping, ocean warming, and spatial reserves. In
the process we aimed to provide strategic insight into the importance and function of specific
trophic groups in the ecosystems in the GAB and which groups would be most impacted by a series
of natural and human-induced changes.

4.2 Methods
4.2.1 Atlantis framework

Atlantis is a deterministic biogeochemical whole-of-system modelling framework that is spatially-
resolved in three dimensions (Fulton et al. 2004). It includes several sub-models to track nutrient
flows through the main biological and detritus groups within marine ecosystems. The primary
ecological processes considered in Atlantis are consumption, production, migration, recruitment,
waste production, habitat dependency, predation and other (natural and fishing) mortality. The
outputs of the model consist of deterministic spatial time series for each biological and human
dimension in the modelled ecosystem.

Details of the ecological theory, operational aspects, and the mathematical equations that underpin
the key functions of Atlantis have been extensively detailed elsewhere (Fulton et al. 2007b, Link et
al. 2010, Kaplan et al. 2012, Audzijonyte et al. 2017). A schematic of the model’s content is given in
Figure 4.1.
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Figure 4.1 Schematic of the Atlantis modelling framework including the hydrodynamic forcing and the biophysical and
exploitation sub-models.

4.2.2 Geography, model extent and design

The GAB model domain covers a region of about 1,329,953 km? (including boundary boxes),
extending from the Head of Bight, South Australia to Portland, Victoria between 132.0° and 139.7° E
longitude (Figure 4.2). The model area is spatially defined both vertically and horizontally and divided
into 47 irregular polygons. Within each box there are up to 7 depth layers, depending on the total
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depth of the box — shallower boxes have fewer layers with the nominal potential layer depth shown
in Figure 4.2. In the open ocean boxes the maximum depth represented was 3000 m; waters below
this depth were omitted and the bottom explicit layer was treated as having an open boundary with
regard to exchanges.

This Atlantis model domain was created based on bioregionalisation and information used to create
previous South East Australian (SE) Atlantis models (Johnson et al. 2011). This meant that the boxes
are defined based on depth, geological features and ecological community boundaries. In
comparison to the earlier Atlantis models in the region, this GAB focused model includes greater
spatial resolution of oceanic boundary boxes and in the Spencer Gulf.

| B

1 02000

. [ 7o0- 1000
I 1 250700
- \ ; g

3000 {open water bottom boundary)

e EPIBENTHOS
i SEDIMENTS
L

Figure 4.2. Map area of the model domain covering 1,329,953 km2. Purple boxes are boundary condition boxes, while
others are dynamic boxes with different maximum depths.

4.2.3 Physical model

Atlantis uses hydrodynamic forcing files to represent the physical environment and oceanic
transports. These files were created using data derived from two hydrodynamic models developed in
GABRP Theme 1. Both of these models provided physical inputs for temperature, salinity and
physical horizontal and vertical exchange (i.e. advection-diffusion water movement). The
oceanographic conditions provided by the GABRP Theme 1 models were only for a limited time
period and so were recycled through the course of any individual Atlantis run to create longer time
periods. This meant that the physical forcing captured strong seasonal patterns, rather than
interannual variability. Static maps and example time series for temperature and salinity are given in
Figure 4.3 and 4.4.

As it is well established that pelagic primary productivity in the region is highly influenced by seasonal
coastal upwelling, particularly in the eastern GAB (Ward et al. 2006), mean monthly upwelling
anomalies were also used as a physical driver in the model.

Each spatial cell of the model (i.e. one depth layer of one spatial box) is considered uniform in its
environmental variables and hydrodynamic processes. The conditions of these variables can change
at each time step (usually every 12 h) depending on the water fluxes between cells.
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Figure 4.3. (A) Temperature (in °C) map and static depth profile, and (B) time-series for coastal box 5 (coastal) and slope box 30 (slope/open ocean), based on BlueLink hydrodynamic model
output. Layer 1 is the surface layer. Bottom and sediment layers may have the same temperature.
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Figure 4.4. (A) Salinity (in g/kg) map and static depth profile, and (B) time-series for coastal box 5 (coastal) and slope box 30 (slope/open ocean), based on by the BlueLink model output. Layer
1 is the surface layer. Bottom and sediment layers may have the same salinity.
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4.2.4 Biological model

The GAB Atlantis tracks nitrogen and silica through the food web (with the base currency being
mg N m3, with the exception of epibenthic groups which are tracked in terms of mg N m.

The biological groups included in the GAB Atlantis model consisted of 64 functional groups in which
species were aggregated based on similar size, diets, habitat preferences, migratory patterns,
metabolic rates, and life history strategies (Table 4.1, Appendix 8.1). The biological components
provide a representation of the entire food web, inshore and offshore, pelagic and demersal and
from bacteria and phytoplankton up to top predators. Aquaculture groups representing juvenile
southern bluefin tuna and (bivalve) molluscs were included separately. The list of groups and species
broadly matches the list identified for the GAB EwWE model discussed in Section 3.

Primary producers included phytoplankton, macroalgae, and seagrass, and two bacteria groups
(pelagic and sediment). Nineteen invertebrate groups were included in the model, most of which
were treated as aggregate biomass pools. Rock lobster, urchins and abalone were treated as linked
represented using a fully age and size-structured model, similar to the one employed for
vertebrates, which tracks average size, condition, growth and mortality of each age class in each
spatial cell.

All 34 vertebrate groups in the model were modelled using an age and size structured model — with
typically 7-10 age classes (with each age class representing 1-8 years depending on the species?).
This representation tracks the abundance and weight-at-age (based on structural and reserve
nitrogen) for each cohort of each group in each spatial cell. Of the vertebrate groups, 16 were
teleosts, 6 chondrichythans, 7 marine mammals and 4 seabirds.

Parameters for initial abundance estimates of all groups in the model were obtained from published
sources or were model-derived (i.e. what biomass could be supported by the system in a stable
state) where published data were unavailable (Table 4.1). Data for other biological parameters —
such as seasonal distribution, reproduction, growth and habitat preference — were obtained from a
variety of sources (e.g. other GABRP themes and regional experts), the literature used for the
corresponding groups in the GAB EwWE model discussed above, FISHBASE (www.fishbase.org) and
SEALIFEBASE, or re-parameterised from ecosystem models that encompassed the study domain
(Fulton et al. 2007a, 2007b).

Table 4.1. List and initial biomasses of functional groups in the GAB Atlantis model. For details of groups
compositions see Appendix 1. Biomass values in tkm are provided for reference - so that values can be
compared with the GAB EwWE model parameterisation

AQT  Aquaculture tuna 508 0.000 Fulton and Gorton 2014
AQM  Aquaculture mollusc 563 0.000 Fulton and Gorton 2014

FKG King George whiting 4,996 0.004 Fowler et al. 2014

FPM  Mackerel 12,493 0.010 Bulman et al. 2006

FPA Anchovy 22,273 0.018 Bulman et al. 2006

FPS  Sardine 31,853 0.026 Bulman et al. 2006

FPB Redbait 26,926 0.022 Bulman et al. 2006

FVS Piscivorous shallow fish 5,072 0.004 Edgar & Barrett 1999, Bulman et al. 2006
FVT Tuna and Billfish 31,664 0.026 Young et al. 1996, Bulman et al. 2006
FVB Southern Bluefin tuna 63,258 0.051 Everson et al. 2014

1 Note that for the purposes of reproduction and aging annual age cohorts are tracked so that interannual variability in
cohort strength is explicitly incorporated, but for all other ecological processes (e.g. feeding, growth, movement etc.) the
aggregated age classes are used.
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FFH Flathead 21,318 0.017 Klaer 2013
FMM  Mesopelagic migratory fish 669,297 0.544 Bulman et al. 2006
FMN  Mesopelagic non-migratory fish 348,433 0.283 Bulman et al. 2006
FDD Deep-demersal fish 19,882 0.016
FDH Herbivorous demersal fish 71,222 0.058 Edgar & Barrett 1999
FDS  Shallow demersal fish 82,053 0.067 Edgar & Barrett 1999
FSG Garfish 2,882 0.002
FRD Redfish 23,437 0.019
FSN Pink snapper 107,197 0.087
SDG  Green eye dogfish 939 0.001 Daley et al. 2015
SHD  Shark demersal 109,867 0.089 Fulton et al. 2007a
SHP Shark pelagic 279,024 0.227
SHS School Shark 17,786 0.014
SHG Gummy shark 29,291 0.024
SSK  Skates and rays 141,560 0.115 Fulton et al. 2007
SBG  Gulls 1,309 0.001 Reid et al. 2002
SBA  Petrels 3,314 0.003
SBP Penguin 40 0.000
SBD Diving seabirds (petrels) 68 0.000
SFA Australian fur seal 4,388 0.004 Goldsworthy et al. 2003
SFL Longnose fur seal 4,104 0.003 Goldsworthy et al. 2003
SL Australian sea lion 1,369 0.001 Goldsworthy et al. 2003
WHB  Baleen whale 4,468 0.004 Fulton et al. 2007a
DOB  Bottlenose dolphin 8,228 0.007 Fulton et al. 2007a
DOC  Common dolphin 2,674 0.002 Fulton et al. 2007a
WHT  Whale tooth 93,002 0.076 Fulton et al. 2007a
BRL  Lobster 22,197 0.018 Fulton et al. 2007a
BGA Abalone 222,178 0.181 Fulton et al. 2007a
BGU Urchins 96,418 0.078 Edgar & Barrett 1999, Bax & Williams 2000
CEP Squid 346,280 0.282 O'Sullivan & Cullen 1983, Gales et al. 1993,
Lynch 2004
BFS  Filter-feeders (shallow) 54,630 0.044 Edgar & Barrett 1999, Bax & Williams 2000
BFD  Filter-feeders (deep) 2,605,116 2.118 Bax & Williams 2000
BG Benthic grazer 1,363,898 1.109 Edgar & Barrett 1999, Bax & Williams 2000
BMS  Macrobenthos 2,998,760 2.438 Edgar & Barrett 1999, Barrett et al. 2007
BMC  Commercial crustacea 179,994 0.146 Edgar & Barrett 1999
PWN Prawn 70,130 0.057 Fulton et al. 2007a
BD Deposit feeders 277,917,293  225.958 Bax & Williams 2000
BC Benthic carnivores 37,760,502 30.701 Bax & Williams 2000
MA Macroalgae 272,856 0.222 Barrett et al. 2001
SG Seagrass 198,140 0.161 Barrett et al. 2001
2G Gelatinous zooplankton 44,611,950 36.271 Bulman et al. 2006
PL Diatoms 3,203,913 2.605 Harris et al. 1987, Bax & Williams 2001
PS Pico-phytoplankton 20,456,137 16.632 Harris et al. 1987, Dandonneau et al. 2004
ZL Carnivorous zooplankton 74,923,955 60.916 Young et al. 1996
M mesozooplankton 86,622,961 70.428 Young et al. 1996
ZS Microzooplankton 187,688,338 152.598 Model derived
PB Pelagic bacteria 5,331,585 4.335 Model derived
BB Sediment bacteria 75,521,004 61.402 Model derived
BO Meiobenthos 15,104,201 12.280 Fulton et al. 2007a
DL Labile detritus 120,833,606 98.242 Model derived
DR Refractory detritus 302,084,014 245.606 Model derived

4.,2,5 Trophic connections

The potential trophic connections between groups are given in Appendix 8.2. This diet matrix in
Atlantis represents the potential availability of a prey item to a predator should all else be in the
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predator’s favour; this is unlike the EwE diet matrix, which represents proportional diet composition.
Whether predation actually occurs depends on whether the predator and prey coincide temporally
and spatially (given mobility, habitat preferences and habitat state), relative habitat dependency and
the state of habitat refugia, the total amount of forage available (summing across prey groups) and
whether the prey is of an appropriate size to be caught and consumed by the predator. Size and age
structured groups have their diets split into juvenile and adult interaction matrices to represent the
strength and rapidity of ontogenetic diet shifts that occur in these groups. Data on prey-predator
interactions were taken from regional studies where possible (e.g. the data sources referred to in
the description of the GAB EwE model) or from other published sources — refer to Fulton et al.
(2007), Fulton and Gorton (2014) and Smith et al. (2015) for further details. The final values used
were the result of estimates from these sources modified through model calibration so that the
realised diet composition and biomass trajectories matched the available data.

4.2.6 Non-trophic interactions, dependencies and processes

Within boxes spatial heterogeneity is also represented, with a fixed proportion of 3 sediment types —
soft (muds and silts), reef (emergent reef or rocky ground), and flat (sands and pavements) — defined
per box; the sum of which must be 1.0. Layered over this geology are canyon areas (which can
enhance productivity locally) and living habitat types — specifically seagrass, macroalgae, shallow
filter feeder and deep filter feeders. Each habitat dependent group indicates which of these
geological and living habits it prefers (or avoids). These preferences act to restrict the spatial domain
of groups that are associated only with particular habitat types. This representation also allows for
non-trophic interactions (e.g. competition for space and habitat use).

Other non-trophic processes include movement. Migration patterns that took species outside the
(Smith et al. 2015)model domain on a seasonal or annual basis were incorporated in the model for 3
functional groups: diving seabirds (petrels), southern bluefin tuna, and baleen whales. Within domain
horizontal movement also occurred seasonally or based on the distribution of prey fields. The model
also includes vertical movement (i.e. diel vertical migration). By incorporating vertical stratification of
physical properties and vertical migrations of certain biological components the interactions of
hydrodynamic and biological processes that vary with depth were represented with sufficient detail
to reproduce the gross properties of vertical profiles.

4.2.7 Fishing model

The GAB region supports some of Australia’s most valuable fisheries, including four main
Commonwealth and five main South Australian (State) managed fisheries (Wilson et al. 2009, Knight
& Tsolos 2010). Annual fisheries landings and discard data from 2005 to 2016 were obtained from
various sources (Table 3.2) and broken down into 11 fisheries (fleets) operating within the GAB
ecosystem listed in Table 4.2. Commonwealth fishing data were obtained from the Australian
Fisheries Management Authority. Fisheries data were also obtained from State fisheries
departments for fisheries managed by each of three States encompassed in the GAB-Atlantis model.
Recreational fishing (which is based on the dynamically changing human population in the area) was
also included based on state and national surveys (Henry & Lyle 2003, Currie et al. 2006, Jones 2009,
Giri & Hall 2015).

While Atlantis has the capacity to incorporate dynamic fishing fleets, there was insufficient time
available to implement the full socio-economic representation of fleet dynamics in Atlantis and this
study is a strategic investigation of a series of anthropogenic pressures, therefore a fishing mortality
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based representation of fishing pressure was used instead. This is similar in concept to how fisheries
are represented in EWE. Compared to the more dynamic effort-based models, this simple
representation has the potential effect of increasing the proportion of the population that is landed
(as it is less responsive to realised catch rates and other behavioural drivers such as profitability,
market price, social connections, etc.) and it removes some of the noise associated with variations in
fishers’ behaviour that a dynamic fishing model can impose. Fishing mortality (F) per fishery was
estimated for each fished group by setting F to the proportion of the total population of each group
that was taken as catch by that fishery. Fishing pressure was imposed based on estimates of the
current rates of fishing by both federal and state fleets (see above). The final values used were
modified to a small degree in the calibration process, in order to allow for a stable biomass (i.e. no
evidence of numerical instability) under constant conditions and for biomass trajectories that
matched observed trajectories in the system over the past 10 years given observed catches.

4.2.1 Model calibration

We parameterised the model to obtain a stable system state with long run biomasses within
approximately 20% of the initial biomass values (Table 4.1). Where available, time-series trajectories
of both biomass and abundance of groups, taken from the stock assessments, technical reports and
published literature were also used to calibrate the model. As were catch time series. A key
difference to EwE was that spatial patterns, habitat coverage, physical forcing, vertical and
horizontal spatial distributions, initial abundances (numbers), weights in nitrogen, and vertical and
horizontal migration were also checked through the calibration process to ensure that the model
was as good as possible.

4.3 Status Quo Atlantis run

The GAB-Atlantis model produced realistic ecosystem structure and function, with biomasses of the
correct order of magnitude and plausible dynamics. During the entire projection period under the
Status Quo simulation invertebrates dominate the biomass, as they do in the real system, and show
relative stability throughout the projection period. The trophic groups that accounted for the highest
proportion of total system biomass were those associated with the microbial loop or detritus fuelled
pathways - including micro-zooplankton (23%), deposit feeders (19%), and gelatinous zooplankton
(11%). Total biomass of invertebrate groups over the projection period are shown in Figure 4.5.
There is a strong seasonal cycle displayed for many of the planktonic groups including pico-
phytoplankton, diatoms and micro-zooplankton.
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Table 4.2. Summary of annual fishing mortality rates per gear

Aquaculture 1% 0 0 0 0 0 0 0 0 0
tuna

Aquaculture 1% 0 0 0 0 0 0 0 0 0
molluscs

Sardines 0 0 0.08 0 0 0 0

Anchovy 0 0 0.002 0 0 0 0 0

King George 0 0 0 0 0 0.15 0 0.0001 0

Whiting

Mackerel 0 0.01 0 0 0 0 0 7.3E-08 0 0
Shallow 0 0.09 0 0.005 0 0.03 0 0.03 0

piscivores

Tuna and 0 0 0 0 0 0.001 0 0 0 0
billfish

Southern 0 0 0 0 0 0.067 0 0 0 0
bluefin tuna

Myctophids 0 2.6E-06 0 0 0 0 0 0 0 0
Flatheads 0 0.06 0 0 0 0 0 0.28 0 0
Pink snapper 0 0 0 0 0 0.001 0 9.3E-05 0 0
Redfish 0 0.003 0 0 0 0 0 0 0 0
Deep demersal 0 0.07 0 0 0 0 0 0 0 0
fish

Shallow 0 0.008 0 0.0002 0 0.02 0 0 0 0
demersal fish

Garfish 0 0 0 0 0 0.10 0 0 7.3E-06*

Shallow 0 9.34E-05 0 0 7.3E-06*
demersal

herbivores

Demersal 0 2.1E-05 0 0.002 0 0 0 0 0 0
sharks

Gummy shark 0 0 0 0.22 0 0 0 6.6E-05 7.3E-06* 0
School sharks 0 0 0 0.04 0 0 0 4.5E-05 7.3E-06* 0
Pelagic sharks 0 0 0 0.0001 0 0 0 1.7E-05 7.3E-06* 0
Green-eye 0 1.8E-06 0 0.0007 0 0 0 0 0 0
dogfish

Skates and rays 0 0.0008 0 5.2E-05 0 0 0 0.0003 7.3E-06* 0
Urchins 0 0 0 0 0.002 0 0 0 7.3E-06* 0
Abalone 0 0 0 0 0.001 0 0 0.0002 7.3E-06* 0
Rock lobster 0 0 0 0 0.034 0 0 0.002 7.3E-06* 0
Deep benthic 0 0.0002 0 0 0 1.67E-05 0 0 0 0
filter feeders

Shallow benthic 0 0 0 0 0 0.0008 0 0 7.3E-06* 0
filter feeders

Deposit feeders 0 5.1E-08 0 0 0 5.1E-06 0 0 7.3E-06*

Benthic 0 1.7E-10 0 0 0 0 0 0 0

carnivores

Benthic grazers 0 0 0 9.5E-06 0 0 0 7.3E-06*
Commercial 0 1.6E-05 0 0 0 0.0016 0 6.3E-11 0

crustacea

Macrozoobenth 0 2.9E-06 0 0 0 8.54E-07 0 0 7.3E-06* 0
os

Squid 0 0.0006 0 0 0.0007 0.007 0 7.3E-08 0 0
Prawns 0 0 0 0 0 0 0.017 0 0 0
Petrels 0 0 0 7.3E-08 0 0 0 0 0 7.9E-08
Penguins 0 0 0 0 0 0 0 0 7.3E-06* 7.3E-08
Gulls 0 0 0 0 0 0 0 0 7.3E-06* 8.1E-08
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Australian fur 0 7.3E-08 0 0 0 0 0 0 7.3E-06 7.3E-08
seals

Longnose fur 0 7.3E-08 0 0 0 0 0 0 7.3E-06 7.3E-08
seals

Sea lions 0 7.3E-08 0 0 0 0 0 0 7.3E-06 7.3E-08
Baleen whales 0 0 0 0 0 0 0 0 7.3E-06 0
Orcas 0 0 0 0 0 0 0 0 7.3E-06 0
Bottlenose 0 7.3E-08 0 0 0 0 0 0 7.3E-06 0
dolphins

Common 0 7.3E-08 0 0 0 0 0 0 7.3E-06 0
dolphins

1 Only at time of harvest. * Mortality was only imposed for the shipping traffic scenario, it was 0 for all other

scenarios including the Status Quo.
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Examples of the relative total biomass and age-class structure for the age-structured
(mainly vertebrate) functional groups are given in Figures 4.6, 4.7 and 4.8. Of all the
vertebrate groups the mesopelagic fishes had the highest biomass (0.2% of total system
biomass). The biomass of the majority of the vertebrate functional groups remained stable
through the projection period of the Status Quo model run (there is still annual or multi-
year variation, but it is within a stable band of biomasses). Some of the top-predator
groups increased in total biomass through the simulation as there is little predatory
control on them through time, this may reflect the lack of sufficient density dependent
behavioural controls. Instabilities in age structure (and thus biomass trajectories) were
shown for shallow piscivores and herbivorous fishes and non-migratory mesopelagic
fishes, likely due to interactions between their relative sizes, prey and predator fields.
Analysis of output on finer temporal scales than shown here indicates that migratory
patterns of the baleen whales, southern bluefin tuna and petrels are as desired.

Importance of classic food web and microbial loop production

Box by box inspection of the plankton community composition indicated that the Atlantis
model predicted that diatoms played a larger role than is seen in reality GAB-wide, mainly
by: periodically contributing to a subsurface maximum in the central GAB (inshore and
offshore); and by being the main primary producer in the upwelling events in the east. The
smaller phytoplankton was a significant source of primary production in the west, offshore
in the central GAB and periodically over the shelf areas of the central GAB (alternating to
some degree with the larger phytoplankton and often being closer to the surface); and
while present in the eastern GAB were not as dominant as the diatoms. The zooplankton
structure followed the classic pattern in the east, with larger bodied zooplankton feeding
on the diatoms and other size classes only at lower levels. In the western and central GAB
the smallest zooplankton classes constituted significant proportions of the entire
zooplankton biomass and often dominated (though sporadic blooms of diatoms on the
shelf and shelf break can support larger zooplankton seasonally).

While informed by the Theme 1 GABRP data, the model is only loosely constrained by
those initial conditions and tuning parameters. Consequently, the persistence of the
plankton community patterns through the course of the simulations and across scenarios
suggests it is likely an emergent property of the oceanographic and food web conditions in
the GAB. There is not an exact match for what was observed, but the rough divisions seen
in reality between classical webs (based on diatoms and large zooplankton; in the west),
the microbial loop dominating in the central GAB and the hybrid community on the shelf in
the central GAB seem to all be present. That same general functioning appeared to be
maintained regardless of the scenario, even if absolute biomasses varied (e.g. with climate
change — where smaller bodied plankton grew in abundance across the entire domain).
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Catches

Catches of all fisheries showed temporal trends that mirrored temporal trends in the
biomass of the dominant target species (Figure 4.9). Abalone and rock lobster where
caught in high relative proportions in the Invertebrate and Recreational fisheries while
catches of shallow piscivores, sardine, King George whiting, and gummy sharks dominated
the Commonwealth Trawl fishery, Coastal fisheries, and the Shark fishery, respectively.
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Figure 4.9. Plots of the fisheries catches for key functional groups in each fishery during
the projection period of the Status Quo run.
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5. SCENARIOS

5.1 Introduction

The principal objective of the final form of the project was to build the ecosystem models
to a point where they were scenario-ready, and provide some demonstration examples of
the kinds of scenarios that the models could be used to examine. Originally, we proposed
that the models would be used to explore the potential effects of climate variability and
change, changes in fishing effort, aquaculture and incidents related to oil/gas activities or
other changes to the level and mix of industries in the region. The reshaping of the GABRP
(especially Theme 6) through the course of the project meant that there was insufficient
information available to deliver fully dynamic representations of the human dimensions or
very detailed scenarios of change beyond fisheries, aquaculture shipping and oil/gas
activities (i.e. much less of the on-land activities could be represented than originally
intended).

In addition, the revised timeline for the final synthesis stages of the project meant that the
scenarios could not be elicited from the stakeholders in the way initially intended. Instead
it was decided by the Management Committee (MC) that the project team in collaboration
with the MC and GABRP theme leaders and other key researchers would identify the final
set of stressors and scenarios to test in order to demonstrate the capacity of the models.
The details of each were checked with relevant experts — for example, those pertaining to
shipping and oil/gas activities were checked with the Australian Maritime Safety Authority
(AMSA), BP and Statoil.

The final set of stressors and scenarios approved by the MC included:

e Ocean warming: several levels of ocean warming based on IPCC projections;

e Fishing: a range of increased and decreased fishing effort that span plausible
historical ranges and are in line with those used nationally and internationally (e.g.
by the EU INDISEAS initiative) to check ecosystem dynamics;

e Spatial management: the effects of marine parks and coastal and offshore fishing
closures;

e Sardine pathogen: a pathogenic outbreak on sardine stock similar to those seen in
the region in the past;

e SBT: various mechanisms for increased SBT biomass; and

e Shipping: increased vessel activity and an accidental oil /fuel spill from a vessel
collision (this last event is AMSA’s highest rate risk for the region).

Wherever possible, we ran complementary scenarios in each model, but given the
different structures of the model the implementation of the scenarios differed in some
details from model to model and not all scenarios and all variations could be replicated in
each model. For example, scenarios relating to spatial management (of marine parks) and
oil spills could only be simulated in Atlantis. In Atlantis, 6 stressors were examined, some
with several variations, giving a total of 17 scenarios. In EwWE, 4 stressors were examined
for a total of 10 scenarios.

-91 -



5.2 Scenario descriptions

The range of scenarios were developed to explore the impacts on the surrounding
ecosystem in addition to the impacts on specific fished stocks (Table 5.1). In each of the
scenarios, only those parameters or forcing functions required to represent the specific
model conditions applied to represent the scenario were altered, all other parameters and
forcing files were held identical to those in the Status Quo simulations. For Atlantis
simulations, all scenarios ran for the first 20 years without change from the Status Quo
conditions to allow for consistent model ‘burn-in’, this is consistent with Atlantis best
practice (with the period of burn-in selected empirically based on the results of the
calibration to ensure there was no persistent transient effects of the initial conditions in
the system, and that by the start of the projection period the model state is stable and
follows historical trajectories where known). The scenarios specific imposed perturbations,
were then applied for a further 30 years (called the projection period), a total run time of
50 years. The burn-in period is discarded and not included in the analysis of model results.
A 30-year time frame was used so that short-medium term outcomes of the scenarios
could be considered. While a longer time period could be considered if long term change is
the focus of the study, this was not the case here. Instead the 30-year time span was used
as this is the typical time span of most interest to regional planners and others with a
strategic view of a system.

For EwE, standard model procedures are a little different. As the time dynamic scenarios
are initialised from a mass balance (equilibrium) point and there is no age structure or
explicit nutrient cycling, the model trajectories do not have the same sensitivity to initial
conditions and so no burn-in is required. Instead, the first ten years of simulations used
the observed data (i.e. the values used to tune the model) to reproduced the short-term
historical trajectories before implementing the scenario conditions for the final 40-year
projection period.

Seasonal model output was obtained for all scenario simulations from both models. For
evaluation of each scenario the biomasses, fisheries catches and ecological indicators were
normalised relative to the Status Quo scenario.

Table 5.1. The scenarios that were implemented and which models were used to run them

Status Quo Status Quo Atlantis, EWE
Ocean warming IPCC low (+0.2°C) Atlantis Biological sub-
model
IPPC med (+0.5°C) Atlantis “
IPPC high(+1.0°C) Atlantis “
IPPC very high (+2.0°C) Atlantis “
Primary production forcing EwE
(=+2.0°C)
Fishing No Fishing Atlantis, EwE Run file (turn
fisheries off)
FXO0.1 Atlantis, EWE Harvest sub-model
FX0.5 Atlantis, EWE “
FX2 Atlantis, EWE “
FX10 Atlantis, EWE “
Spatial Management No Marine Reserves Atlantis “
Restricted fishing - coast Atlantis “
Restricted fishing - offshore Atlantis “
Sardine pathogen Mortality - 70% juv. sardines Atlantis, EWE Forcing file
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Southern bluefin High recruitment year (static F) Atlantis “

tuna
High recruitment year (static Atlantis Forcing file and
catch) Harvest sub-model
Biomass accumulation 5% + EwE
Immigration
Biomass accumulation 10% EwE
Starting biomass x 2 EwE

Shipping Accidental oil spill Atlantis Spatially explicit

forcing file

Shipping levels increase Atlantis Harvest sub-model

Scenario 1: Ocean warming

Ocean warming has been shown to impact the community composition and abundance of
primary producers (Hays et al. 2005, Sommer & Lengfellner 2008), including seagrass and
microalgae (Beer & Koch 1996, Diaz-Pulido et al. 2007). Ocean warming and related
changes to the physical and chemical properties of the ocean have also been shown to
impact the physiology, life-history and distributions of secondary (Richardson 2008) and
tertiary species (Doney et al. 2011). Such population-level changes in abundance have
flow-on impacts (bottom-up and top-down) through the whole food web (Edwards &
Richardson 2004, Winder & Schindler 2004). These dependencies and affects are
parameterised into Atlantis explicitly.

The climate scenarios were based on the temperature projections output from the Climate
Model Intercomparison Project (CMIP5, Kirtman et al. (2013). In that project, global
climate models simulated Intergovernmental Panel on Climate Change (IPCC)
Representative Carbon Pathways (RCP) scenarios. The resulting temperature projections
suggest that the mean annual sea surface temperatures will increase by more than 2.0°C
by the mid-century and by >4.0°C by 2100, although total increase is dependent on how
the global community addresses (or not) levels of emissions. Given the uncertainty around
the RCP projections we simulated four scenarios of ocean warming (at all depth layers)
which spanned the range of temperatures seen in the ensemble of RCP mid-century
projections — specifically temperature increase of 0.2, 0.5, 1.0, and 2.0°C per decade. The
mechanism of change then is via direct effects on metabolic processes and species
distributions (which are based on tolerated thermal ranges). We examined resultant
impacts on productivity, forage fish and dependent top predators as well as fisheries. As
regional downscaling was not available for all RCP scenarios (only the most extreme
temperature ranges) we decided not to confound the analysis by using different spatial
current patterns in each simulation. Consequently, we assumed current patterns did not
shift, only the temperatures. This means there is uncertainty about spatial distributions
versus what may be observed in the future as it there is the potential for currents and any
upwelling/downwelling to shift in location and magnitude.

In EWE, representing climate change is a more indirect process, with a forcing function
applied to the production rates of primary producer groups to reflect shifts in primary
productivity that result from the changed conditions. We followed the approach adopted
for the Fisheries and Marine Ecosystem Model Intercomparison Project (FISH-MIP) project,
a collaboration of global ecosystem modellers which is examining the implications of
climate change for fisheries globally as input to the next round of IPCC updates
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(https://www.isimip.org/gettingstarted/marine-ecosystems-fisheries/). The FISH-MIP
method required calculating a primary production anomaly derived from biogeochemical
models driven with physical forcing from general circulation models (i.e. global ocean-

atmosphere models). However, the outputs from the global models do not represent the
Australian region very accurately, but fortunately we were able to obtain output from a
downscaled regionally-based model that did (Feng et al. 2016, Zhang et al. 2016, 2017).
Outputs from a control (Status Quo) and RCP 8.5 scenario run with the regional
downscaled model were used to derive time series of anomalies for primary production
specific to the GAB that were used as forcing functions for EWE. The regional climate
model considered phytoplankton as a single grouping whereas we modelled two size
classes, small and large. Furthermore, we were attempting to account for the two or three
food-web dynamics, classical in the east, microbial in the central and the “hybrid” model,
as discussed in Section 3.3.7. Therefore, rather than use the same production anomaly for
both small and large phytoplankton, we made a very broad assumption about the rates
derived for the two regions. We assumed that the production anomaly for the central GAB
was predominantly influenced by the small phytoplankton and reflective of small
phytoplankton production in general. We also assumed that in the eastern GAB the large
phytoplankton were more influential for the production rates because they were more
abundant and present throughout the year, frequently driven by upwellings but very
quickly grazed. Therefore, on average, production rates from the climate model for the
eastern GAB region would be more reflective of large phytoplankton production. This is
conjecture, but does match the mix of species groups seen in satellite estimates of relative
phytoplankton productivity per group for the region (e.g. as used in Rosenberg et al.
2014).

We calculated the forcing function anomalies for both the eastern GAB and the central
GAB regions, centred on the eight locations at which primary production observations
were taken during the field surveys of Theme 2. An area was defined around each of those
locations, for which the data were extracted from the regional model output and
averaged. These averages were then used in calculating the production anomaly series
(Figure 5.1 a, b). In addition to those two locations, we derived another production
anomaly for the Spencer Gulf area to represent climate effects specifically on the
seagrasses and macroalgae occurring in the gulfs and coastal areas of the GAB (Figure
5.1c).

In summary, we derived six sets of forcing functions i.e. Status Quo and RCP 8.5 series for
each of the eastern GAB, the central GAB and the coastal/gulf regions. The anomalies
were consistently larger (~¥10%) in amplitude for the central GAB control series than for
the eastern GAB (Figure 5.1a), which we considered consistent with our hypothesis of a
higher production rate for small phytoplankton compared to large phytoplankton.
Interestingly, for the RCP8.5 series, the situation reversed with eastern GAB series more
often resulting in higher maximums than the central GAB projections (as the downscaled
model suggests shifting intensity of upwelling events), but both were more variable and on
average lower than the control (Figure 5.1b).
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Figure 5.1. The production anomaly series derived from climate model projections that were implemented as
forcing functions (FF) for a) the control (Status Quo) scenario comparing central GAB (FF 1) and central GAB
(FF3); b) the RCP8.5 scenario comparing central (FF2) and central GAB (FF4) and c) the Gulfs projections
comparing the Control (FF5) and RCP 8.5 (FF6) projections.
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The six production anomaly series were applied as forcing functions on the large
phytoplankton (eGAB (FF3 & 4) small phytoplankton (cGAB 1& 2), and seagrasses and
macroalgae (FF5 &6) functional groups according to the appropriate scenario (Status Quo
or RCP 8.5).

Scenario 2: Variation in fishing

The fishing scenarios use an ecosystem modelling convention regarding scenarios
designed to gauge effects of fairly coarse variations in fishing effort; from no fishing, and
from low to high fishing rates. This selection is in line with the magnitude of fishing
pressure seen historically and with the gross levels of change typically needed to explore
effects of fishing on ecosystems around the world.

The global trend in world fisheries is that we are fishing both down (Pauly et al. 1998), and
through (Essington et al. 2006) the food web. While Australian fisheries are considered
fairly well managed, through output controls such as quota management of species and
stocks, overfishing has occurred in the past as a result of intensive and selective fishing
(Flood et al. 2016) and continues for a small fraction of species due to the multispecies
nature of a number of fishing gears. Consequently, the scenarios focusing on the variation
in fishing pressure were particularly interested in exploring how increased and decreased
fishing pressure on all fished groups could influence the GAB ecosystem.

Both ecosystem models used fishing mortality (F, exploitation) rates to represent the
fisheries and so used time series of relative fishing pressure to represent the fishing
scenarios. Five fishing scenarios were considered: no fishing (and no shipping) to look at
how large the current anthropogenic footprint is on the GAB; as well as Fx0.1, Fx0.5, Fx2
and Fx10 where F is the 2016 fishing mortality rates (i.e. the F applied in the Status Quo
simulations). These fairly gross changes in F were chosen so that gross responses could be
considered. Much more nuanced scenarios — with different changes in F per fishing gear or
stock could be implemented, but at present there was no guidance on what that mix
should be so the simple gross changes in F were used as an illustrative example here.

Scenario 3: Spatial management

The spatial management scenarios looked at the broad ecological effects of zoning areas
where no commercial activities occur, such as Marine Protected Areas (MPAs) and fishing
closures. In the GAB there are several zones recognised in the Australia’s Marine Reserve
Network (Beeton et al. 2015, Buxton & Cochrane 2015) in addition to a number of state
and federal fisheries closures, such as those imposed by AFMA for trawling and gillnetting
(http://www.afma.gov.au/sustainability-environment/fishing-closures/closure-direction-
maps/). Such spatial closures provide refuge for species and their habitat. They assist in
the conservation of protected species, retaining biodiversity, and reducing the potential
for species to become overfished (Claudet et al. 2008).

As this is a spatial scenario, explicit representation of this scenario was only implemented
in Atlantis. To do this the proportions of each model box closed to fishing activities were
estimated by overlaying authority-derived maps (Figure 5.2) on the shape file of the GAB
model domain using QGIS. The nuanced zoning present in 2016 were implemented in the
Status Quo scenario, which represented the pattern of zones by closing the estimated
proportion of each box within a zone but only for those fisheries or activities affected by
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the regulations. In the spatial management scenarios we then set up contrasting scenarios
to explore the implications of a removal of spatial management or its extension to greater
areas, specifically:

A case with no fisheries or other closures, i.e. 100% full access to all commercial

activities over the whole model domain.

Cases with large-scale spatial closures of fisheries managed either by the states

(70% of all coastal boxes were closed) or the Commonwealth (70% of all shelf and

oceanic boxes were closed).

[ ] sanctuary Zone (IUCN Ia)
[ Marine National Park Zone (IUCN I1)
[ ] Recreational Use Zones (IUCN Il and IV)

[F77] Habitat Protection Zone (Coral Sea) (IUCN IV)

[ special Purpose Zones (IUCN VI)

Special Purpose Zone (Qil and Gas Exclusion) (IUCN V1)
[ ] Multiple Use Zone (IUCN VI)

[ General Use Zone (IUCN VI)

[ ] Habitat Protection and Conservation Park Zones (IUCN V)
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Figure 5.2 Maps of (A) the Commonwealth Marine Reserves Networks operating in the GAB model domain, and
(B) the GAB Trawl Fishery closures.

Scenario 4: Sardine pathogen outbreak

The pathogen scenario was based on the mass mortality event that afflicted the spawning
biomass of sardine in South Australian waters in the 1990s (Ward et al. 2001). The
widespread mortality was shown to be unrelated to physical or biological oceanographic
factors (Griffin et al. 1997), but was due to an introduced pathogen. The historical
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mortality event lasted for several months and occurred in two separate years. The
ecological implications of this event remain largely unknown.

The Australian sardine (Sardinops sagax) is the dominant small pelagic fish species in the
GAB (Rogers et al. 2013a), where it is harvested to feed southern bluefin tuna in sea-cages
near Port Lincoln. While small pelagic fishes have a significant trophic role worldwide,
playing a pivotal ecological role in transferring nutrients from lower to higher order
predators in marine upwelling ecosystems (Cury et al. 2000, Palomera et al. 2007), the
situation is a little different in Australia. Previous modelling studies suggest that at large
scales forage fish are not as central to the functioning of marine ecosystems in south east
Australia as they are in other ecosystems around the world (Smith et al. 2015), as the
forage species are a small part of total ecosystem biomass and predators switch to other
prey species. Although observational data suggests that forage fish can form a sizeable
part of the diet of seabirds and other iconic species, at least in some locations and seasons
and for some species more than others (Expert Panel on a Declared Fishing Activity 2015).
As the Smith et al. (2015) model covered a much larger area 4 million km? from the
Western Australian border, around the southern and eastern coasts of Australia to the
Lord Howe Rise) it was judged that a scenario looking specifically at the GAB region and
the trophic dependency on forage fish would be insightful.

To replicate the widespread mortality in Atlantis we imposed a one-off mortality event
where the linear mortality on juvenile sardines (<2 years old) was increased during the
whole spawning period over the entire model domain in a single year at the beginning of
the projection period (all other conditions were as for Status Quo). This event caused the
mortality of approximately 70% of juvenile sardines.

In the EWE model, the mortality effect on sardine was mimicked by spiking fishing
mortality (x4) over 8 months from October 2020 to May 2021, this timing matched the
months and duration of the mortality event in 1999. Since the sardine population was not
age-structured in EWE, mortality was attributed across the whole fishable population.
While this means the scenario has the potential to have quite different consequences in
EwE and Atlantis (as one reflects age specific mortality factors and one does not) both
models were reflecting the event as faithfully as possible given their different structural
configurations (which is the whole idea of a multi-model comparison).

Scenario 5: Southern bluefin tuna recovery

Southern bluefin tuna (SBT) (Thunnus maccoyii) is an extremely valuable fish species but is
classified as Critically Endangered by the IUNC Red List of Threatened Species and is listed
as Conservation Dependent under the EPBC Act. In the GAB, juvenile SBT are mainly
caught by purse seine fishing where they are then transferred to inshore floating pontoons
and raised for several months until they are big enough to be sold (Ellis & Kiessling 2015).
SBT are highly migratory, with mostly juveniles coming into the GAB during the summer
months (November to May)(Patterson et al. 2008).

The scenarios focusing on SBT were interested in examining the separate ecological and
commercial implications of a high recruitment event; specifically, is a single event
sufficient for supporting recovery or is a longer term increase required? And are the
results different if management agencies hold F or catch constant (i.e. decreasing F with
increasing biomass)?
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In Atlantis the recruitment event was represented by forcing an increasing recruitment by
approximately 30% in the first year of the projection period (all other conditions were as
for Status Quo). Two management scenarios were then run with this recruitment forcing
(i) with F as of Status Quo (i.e. F held constant) and (ii) where catch was held constant (the
F time series needed to achieve this was calculated iteratively).

In EWE, a recruitment event was not directly modelled because the SBT population was
not represented as an age-class structured group. Instead, we modelled a higher biomass
of SBT via several methods: (i) a biomass accumulation of 10%; (ii) an immigration rate of
5% and a biomass accumulation of 5%; and (iii) a doubled SBT starting biomass. Biomass
accumulation essentially “protects” biomass from unexplained mortality, predation or
fishing mortality and that proportion of biomass is added to the population growth. The
biomass accumulation term employed was to proxy both improved recruitment rates and
lower mortality occurring outside the model domain in the Commonwealth and
international fisheries. The first scenario meant that for each year an extra 10% of the
biomass was added to the population growth. In the second scenario, we applied a lower
accumulation rate of 5% but included an immigration rate of 5% to proxy both the
recruitment and the external mortality, respectively. The last scenario was to proxy an
event that resulted in a doubled biomass but wasn’t sustained, more akin to the Atlantis
scenario.

Once again the different model configurations meant that the event had to be represented
using different mechanisms in the two models — biomass accumulation in EwE (effectively
a constant increase in “recruitment” over the course of the projection) and a one-off
recruitment event in Atlantis. Consequently, the results are likely to be different in
outcome across the two models and represent alternative hypotheses about what might
occur and what this means for SBT recovery patterns.

Scenario 6: Shipping spills and increased shipping traffic

Shipping has been identified as one of the main non-fisheries, non-aquaculture activities
influencing the GAB system (Gillanders et al. 2016). Australia is the fifth largest user of
shipping in the world with levels projected to increase substantially in the GAB. Thus, we
included a shipping scenario to allow us to look at the ecological effects of a substantial
increase in shipping (up to 1-2 orders of magnitude more compared to current shipping
levels), with most traffic assumed to be in and directly adjacent to the Spencer Gulf (in
Atlantis model boxes 7, 8, 18, 31 and 38). In the GAB Atlantis model, shipping impacted
specific functional groups through assumed mortality from sediment resuspension, noise
and strike (collision) interactions with cetaceans. In particular, the increased introduction
of loud and complex noise sources into a range of habitats is of growing concern (Codarin
et al. 2009, Nowacek et al. 2015). As shown in a number of studies (e.g. Codarin et al.
2009, O’Brien 2009, Todd et al. 2014), the main functional groups affected by increased
shipping traffic included marine mammals, seabirds and soft-bottom benthic invertebrates
such as filter feeders and benthic grazers (see Table 5.2). Macroalgae and seagrass have
also shown to be impacted (Erftemeijer & Lewis 2006) and early work is suggesting that it
may also influence fish behaviour (Rob Williams Oceans Initiative and Oceans Research
and Conservation Association Canada pers com.).

A side-effect of increased shipping (whether that stems from increased development
onshore or via offshore energy developments) is an increased risk of an accidental spill
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due to ship collision (Det Norske Veritas 2011). Shipping is a major source of oil spills, both
from normal operations and from accidental incidents, worldwide. The Australia Maritime
Safety Authority has rated a spill due to a ship collision as one of the highest risk events in
the GAB region — the high traffic along the shipping lanes making it much more likely than
any other spill event in the region. Consequently, a collision associated shipping spill
scenario was explored in scenarios considering the effects of a spill of 1,000 tonnes of
heavy fuel oil in the GAB domain — one in mid shelf and one at the mouth of Spencer Gulf
(Figure 5.2).

Historically, there has been only two major oil spill (>1,000 tonnes) incidents within
Australian waters since 1970, the Oceanic Grandeur and the Kirki (SoE 1996). However,
bulk carriers are increasingly common in the GAB (Flinders Ports Chief Engineer, Mr Doug
Dow, pers. comm. 13/7/2017) and exhibit a spill risk that is much larger relative to other
ship and accident types in Australia (Det Norske Veritas 2011). While most oil spills result
from accidents during fuelling of vessels, AMSA is particularly concerned by a collision at
sea between vessels on increasingly congested shipping lanes (compared to the extent of
the ocean shipping lanes are quite constrained), especially as the fuel oil released in such
an event is likely to release much heavier grade oil (i.e. more persistent and toxic) than the
lighter grades of oil extracted in Australian waters. To cover the potential extent of spills in
different seasons, January and July event dates were explored.

QOil spills have been shown to have large impacts on seabirds, marine mammals, and
pelagic fish and plankton species including physical disturbance, behavioural changes,
fouling, and ingestion with additional physiological effects of bioaccumulation (Ellis et al.
2013, Fraser 2014, Duke 2016). The acute effects on the modelled biological groups were
represented via a forcing file of spatially imposed mortality on all functional groups known
to be effected by oil toxicity (Table 5.2). Relative changes in the biomass and ecosystem
structure were then observed.

Table 5.2: List of species potentially affected by oil spill and magnitude of that effect. Only mortality
impacts have been included in this scenario. Growth, reproduction and other chronic affects may
be included in future work.

Aquaculture tuna Low (as physical protective boundaries assumed to be deployed)

Aquaculture mollusc Low (as physical protective boundaries assumed to be deployed)

All finfish groups Age dependent LC50 required, larvae assumed to be highly sensitive,
while sensitivity of small fish is moderate and large fish is low (as defined
in French-McCay 2004; Young et al.2011) except for SBT where
sensitivity is high (Young et a/.2011)

Shark groups Low (as most effects are thought to happen through consumption of
contaminated prey; Young et al. 2011)

Seabirds High but nonlinear sensitivity (e.g. due to oiling of feathers by direct high
concentration contamination)

Seals Moderate to high sensitivity (as for North American species)

Cetaceans Low sensitivity

Lobster Moderate sensitivity

Abalone and urchins Moderate to high sensitivity (Suchanek 1993)

Bivalves Moderate sensitivity

Other epifauna Moderate sensitivity

Infauna High sensitivity

Zooplankton Low sensitivity

Phytoplankton No additional mortality due to exposure, as end point studies typically
focus on growth for cold water species (Olsen et al.2013)

Macroalgae & seagrass Smothering only (as of French-McCay 2004)
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Modelling oil spills is a complicated process due to processes such as evaporation,
weathering and dispersion, and this degree of complexity was not captured here.
However, an existing particle tracking model applied in the BRAN modelling framework
was used to simulate basic dispersal dynamics of the spills (Figure 5.3). The spill footprints
and likelihood of contact with oil was estimated using the Australian Connectivity Interface
(CONNIE; Condie et al. 2005) forced by the currents from the BRAN2.1 model data (which
captures the gross behaviour of the models from GABRP Theme 1 but is not identical; in
particular it does not include wave dynamics). The CONNIE model tracked the location of
particles on a daily basis, which were aggregated up to a 0.5 degree grid. For each location
there were two separate releases (1 January and 1 July) and particles were tracked for 60
days in the surface waters (>5 m depth). Each model run released 1400 particles. Particles
had an exponential decay rate of 9 days and were exposed to 3% wind. This was repeated
for the same date every year for the 14 years available in the BRAN repository and then
the cumulative probabilities were averaged over the 14 years to provide the final
footprint. This was done to attempt to account for uncertainty associated with inter-
annual variation in dispersal conditions (e.g. specific current directions and strengths etc)
between years. This CONNIE output was then translated into an exposure metric for the
GAB Atlantis boxes by summing probabilities across grid cells falling into each Atlantis
model box. Given the size of Atlantis boxes the end result of this mapping process
produces end point distributions quite similar to those that the Theme 1 GABRP models
would produce when mapped to the same boxes (particularly given multiple seasons and
years were considered — so while wave dynamics can lead to different directions of
onshore flow to dynamics based on wind, across the 4 footprints considered the bulk the
GAB coastline comes under one footprint or another so any specific spatial differences are
already covered, at least in a gross form).

The exposure metric per box was then used to scale spatially-explicit increases in mortality
on the potentially impacted functional groups. Base rates of mortality and LC50 (lethal
concentration required to kill 50% of the population) were taken from the literature,
largely associated with laboratory studies or the Deepwater Horizon and Exxon Valdez
spills (Suchanek 1993, French-McCay and Jennings 2002, French-McCay 2004, Shigenaka
2011, Young et al. 2011, Eliis et al. 2013, Olsen et al.2013, Kang et al. 2014). LC50 rates
were further modified for the exposure time per location and ambient temperature using
the methods from (De qi et al. 2000; Gin et al. 2001, McCay et al. 2004).

Note that these scenarios should be considered a simple demonstration of potential rather
than definitive statements of spills in the region.
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Site 1 Site 2

Figure 5.3. Probabilities of exposure to oil from oil spill scenarios at two different locations in (A) January, and
(B) July.
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5.3 Reporting
5.3.1 Model Trajectories

Change in relative biomass and catch is the main diagnostic used with model output (EwE and
Atlantis). The change for variable x (Ay) is calculated as:

Xr
A= 100- (_ - 1)
xSQ

where X7 is the average value over the final 5 years of the scenario (treatment) projection period
and X is the average value over the final 5 years of the Status Quo simulation.

5.3.2 Ecological Indicators

A number of integrative ecological indicators were also evaluated from the Atlantis simulations to
ascertain ecosystem health in the alternative scenarios (Fulton et al. 2005). Diversity (Kempton Q)
and proportional habitat cover were considered along with the size and compositional indicators
recommended by INDISEAS (Shin et al. 2010). Biomass ratios of pelagic and demersal groups,
piscivores and planktivores, and infauna and epifauna were also assessed as indices of food web
structure and integrity.

5.3.3 Statistics

To help simplify interpretation, a multivariate cluster analysis and principal components analysis was
performed (using R version 3.2.2) on the relative biomasses and indicator values.

5.4 Results

Variable responses in the relative biomass of individual functional groups were observed for each of
the scenarios. We have detailed the impacts of each scenario on the relative biomass and catch of
functional groups, before describing scenario driven outcomes in terms of the ecosystem
performance indicators. In each case, the biomasses (catches and ecosystem indicators) under the
scenario were compared to those of the Status Quo simulation to assess the potential influence of
the drivers in the scenario on the GAB ecosystem. Note these results only reflect the outcome of a
single parameterisation of the model and so do not reflect the degree of uncertainty that exists
around the outcomes.

Scenario 1: Ocean warming

The four Atlantis scenarios representing different degrees of warming in the GAB show variable
impacts on functional groups (Figure 5.4), but universally indicate that ocean warming has the
potential to impact the GAB ecosystem. For many of the teleost groups increasing temperature
caused biomass to increase (though often with spatial redistribution), whereas approximately half
the invertebrates increase and half decrease. For many of the iconic species (sharks, mammals and
birds) there is an increase under the lower temperature rises (due to rising feed levels and enhanced
physiological rates), but as the temperature rises further then the populations begin to decline as
either forage or individual thermal tolerance is exceeded. Whether an increase or decrease, the
hottest climate scenarios (an increase of 1.0 and 2.0°C per decade) had the greatest ecological
consequences, particularly on coastal and pelagic groups. Groups that benefited from increasing
temperature (or its influence on competitors, predators or prey), with highest increases in relative
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Figure 5.4. Relative changes (%) in the total biomass of (a) vertebrates and (b) invertebrate functional groups under the

ocean warming scenarios in Atlantis — calculated relative to the Status Quo simulation.
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biomass, were small phytoplankton, aquaculture molluscs, penguins and mesopelagic fishes. The
groups most negatively impacted (either directly or via food web or habitat interactions) included
macroalgae, abalone, herbivorous fish, commercial crustaceans, seabirds, pelagic sharks (e.g. white
sharks) and long-nosed fur seals. Although it should be noted that if algae robust to climate change
can become established then grazers on that food source (like abalone) may still tolerate the
changes in some spatial locations (potentially at greater density than now). However, this is very
uncertain and the results presented should be considered with caution, as the model does not
capture explicit evolutionary change or very fine scale dynamics that may be important for some
species (e.g. aquaculture molluscs). As the fishery is based on fishing mortality (F), with no changes
in the fisheries management rules, the catches reflect the changes in biomass.

The only EWE scenario explored was that for the RCP8.5 scenario equivalent to the most extreme
Atlantis scenario of 2.0°C per decade. The peak of the production anomalies under this scenario are
lower than under the Status Quo, with relative biomasses of oceanic primary producers (except
small phytoplankton) dropping by about 10 - 20%, as did coastal macroalgae and seagrasses (Figure
5.5). Consequently, it is unsurprising that biomasses of the majority of groups, either vertebrate or
invertebrate, declined; although trophic interactions meant there were some significant exceptions.
As predators, particularly top predators declined some of their prey increased — for instance, large
pelagic piscivore biomass (representing barracouta, Australian salmon, tailor, gemfish and yellowtail
kingfish) more than doubled, snapper increased by over 20% and rock lobster almost doubled.
Gannets also increased by nearly half (Figure 5.5). However, in general changes were of lower
magnitude and overall, about half of all changes (either positive or negative) were less than 10%.
The changes in catches reflected biomass trends, with catches for large pelagic piscivores, snapper
and demersal piscivorous sharks and rock lobster increasing by more than 10% (Figure 5.6).

Across the two models 42% of the groups agree in the direction of change under climate forcing
(comparing EwE results to the Atlantis scenario with a of 2.0°C increase per decade) —including
cultured species, mackerels, red bait, tuna and billfish, shallow demersal fish, garfish, the shark
groups, gulls, petrels, Australian fur seals, bottlenose dolphins, squid, prawns and commercial
crustaceans, infauna (deposit feeders and benthic carnivores), seagrass, gelatinous zooplankton and
mesozooplankton. However, even when direction matches the magnitude typically does not. Only
approximately 10% of groups changed in the same way to the same magnitude across models —
specifically pink snapper, school sharks, Australian fur seals and gelatinous zooplankton. In most
cases the magnitude of change in EwE is much larger than in Atlantis (from 1.5-80x higher). This
relative sensitivity of EWE in comparison to Atlantis is well known (Fulton and Smith 2004) and is not
unexpected given the fundamental difference in the structure of the models (Johnson et al. 2011,
Smith et al. 2011). Typically, EwE tends to be more reactive than Atlantis, as EWE has little or no size-
/age structuring in functional groups or diet interactions and so has little delay processes that buffer
change. It is noteworthy that in this case inshore and forage species Atlantis were as reactive as EwE,
suggesting the system (or at least key parts of it) is structurally sensitive to drivers through both
trophic interactions and the nutrient cycle, and habitat dependencies.

105



|
1
- -
% -
¥ [
[ ]
|
[
]
|
|
[
]
—
|
-
L]
-
_
I
u
|
-
|
]
]
.I
-
-
|
8 8§ 8§ 8§ 8 8 & & ¢
S 8 8 8 8 8 ° 8§ §

SSELIOIG U 33UBYD 3AIIE|3. 5

(b)

-60.0%

sN3ag

HERH |

aeE|EoUIBLY

sseIFEag
soLjuagorsydolsgy
uopuejdoiiyd jjews
uopuejdoyiyd a81e7
5431540 polliey

151Ul paLIey

eliajoen ol8eag
uopue|doozo. ey
uopyue doozolapy

uox uejdoazosagy
uop|uejdooz =8ie
uopuejdac? snoue|Es
pinbs daag
SOIURGO02oIIRW doag
s3nq g sqeld

umead Jupy wiagsany
-235q0] pay

J12ys sndojap

JI3ys ysya|nna 5 pinbs
SOLIUYO0L0DEW J|2YS
siapasj.an|jdasg
slapaaj.ayi}yays
EGIITELEET]

(EUNELUI 52000 LB 2130 8]
M CAINIIAR MU EE
0|y

saazedd ziyjuag

Functional group/specias

Figure 5.5. Relative changes (%) in the total biomasses of (a) vertebrates and (b) invertebrate functional groups under the

ocean warming RCP 8.5 scenario in EWE — calculated relative to the Status Quo simulation.

106



SEDATH BRI | BSIawap adie ado)g
salonzsid |2s.awEp adie| ado|g
salanasid |esiawap || Ews ado|g
SSIOA BN [eS1aW ap | Bws sdo|s
ysiypaliLgig

peaLiey 1aiemdazg

Jaddeus

YsiHED

Fuya sF1oa0 Fury

SRI0M U0 EsIaLWEp ad1E| Jays
sajonzsid |2s.awsp S8ie| gays

52IOAULLIA [BEIALIAM ||PLS |31S

120.0% 1

(a)

anbs caag
sasonzsid |2SISWSP (|BWS JRYs
wi
WEQpaY m 501U aga0zaI0ew dasg
EEIEERIE &
..e..._M 530 g sqedn
||lews E1oar ued a3 ad Jays 2
) -
aupies = uwvesd 84y JEsem
| =
satonzsid adejad afie Jaus m 195461 390y
=
afie aiosuanl) NEe|ad aoysyo I
als snd o)
sauonzsid ae|ad aloysyo #24 0
Hsijiiq pUE SEUnL H3us Lslpajens 5 pinbs
EUNY Ulan|g uiey-nos oo (ol
SARI pUE 581BYS .
PIEYS |BSIELIRP d3ag 5.2p39 1413 434S
A1RYS SNCIOASIH [BSIDUBP J3US {euneyLl) s210MILIED ZIYUE]
SRS |BSIALIRN J|3YS
I ONIEI 3 g
syleysaidejad suoysyo
sydeys oifejac jays 30|y
uc|| eas Lej|easny 522618040050
ERE) |
|B&S Ny LRIEIISNY
g2t Iy pesou-uen syleysae|ad aloysyo
. 2 . » 5 . = =
%. m...m m m Q Q [=] M Q m m =] wm Wn, =} % M. Wm W
g =} = c o g o =} =} S B o o c =] =] o 9o g
=1 o« o =t =] L =+ o R = 3] L = ™~ ™~ =+ o
42183 Ul 3FUE3 IR % Yoze2 Ul 2Fueys asne|al %

(b)

Functional group/spccics
Figure 5.6. EWE relative changes (%) in the total catches of (a) vertebrates and (b) invertebrate functional groups under the
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ocean warming RCP 8.5 scenario— calculated relative to the Status Quo simulation.
relative biomass of functional groups, and on the overall ecosystem structure and integrity, was the

Amongst the Atlantis fishing scenarios, the scenario with the greatest negative impact on the

Scenario 2: Variations to fishing levels




high fishing scenario (where levels of fishing pressure where ten times the Status Quo). Indeed, the
ten-fold increase in F scenario had the biggest impact on all of the fished groups in Atlantis, driving
many to extirpation.

Most functional groups targeted by fishing in Atlantis were sensitive to the level of change in fishing
regimes (Figure 5.7). No, or reduced, fishing saw the relative biomass increase substantially (>50%)
for King George whiting, piscivorous fish, garfish, flathead, demersal fishes (deep and shallow) and
gummy and school sharks. The same teleosts showed major declines (of >50% relative biomass or
more) when fishing was increased by a factor of 10, as did sardines, prawns, benthic grazers and rock
lobsters. Sharks followed a similar pattern to the fish, but did not decline by as much with increased
fishing pressure.

Flow-on effects of changes in fishing pressure were also observed in the un-fished groups in Atlantis,
but were small. For example, small (<2%) increases in relative biomass were observed in small and
large phytoplankton under a drop in fishing pressure, whereas similarly small decreases in biomass
occurred at high levels of fishing pressure. Shifts in the levels of competition or predation pressure
also saw shifts in the biomasses of the unfished mesopelagic fish groups.

Projected catches in Atlantis typically rose with increasing fishing pressure and dropped with
decreasing pressure (Figure 5.8). Some stocks were so depressed, however, that total catch actually
fell under the tenfold increase in fishing mortality rates (e.g. shallow piscivorous fish, King George
whiting, flathead, garfish, school shark and prawns).

Similar to Atlantis results, the EWE scenario with the greatest negative impact on the biomass of
fished species was the ten-fold increase in fishing pressure. A total of 25 functional groups decreased
in biomass by more than 20%. The most notable decreases (>50%) occurred in rock lobster, snapper,
shark groups, SBT, garfish, shelf pelagic piscivores, deepwater flathead, bight redfish (all fished
groups) (Figure 5.9). Indeed, rock lobster declined by 100% i.e. it was extirpated, while the rest were
close to a 90% decrease. Not all groups decreased however, with seven functional groups increasing
in biomass by 20%. Most notable increases occurred in the large demersal invertivores on both the
shelf and the slope and the crabs and bugs, all increased >200%, followed by bight redfish (82%) and
cormorants (92%). These responses were the direct result of the removal of predation pressure on
the invertebrates, with knock-on benefits to some of their predators (e.g. cormorants). In the case of
bight redfish the increased fishing pressure was not sufficient to overwhelm the benefits of the
removal of predation pressure as predators such as demersal sharks were removed.

With reduced fishing pressures (e.g. no fishing), rock lobster and SBT biomasses improved the most
in EWE: by as much as 800% and 400%, respectively. On the other hand, benthic grazers, crabs and
bugs and bight redfish declined at the lower fishing pressures (as their predators increased in
biomass).

As expected for these scenarios, EWE catches varied in accordance with the imposed fishing effort
(Figure 5.10), with the exception of exceptionally large increases (>3000%) in the catches of large
demersal insectivores on the shelf, large demersal piscivores on the slope and crabs and bugs under
a ten-fold increase in fishing pressure. This is because of very large increases in the biomass of these
groups under heavy fishing pressure (due to a release of predation and competition pressure as
predators and competitors are being removed by the fishery) as well as increased direct fishing
pressure (with these highly productive groups easily able to absorb that additional pressure given
the biomass increases). While these changes are relatively large, they are being compared to very
low initial values.
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Figure 5.9. Relative changes (%) in the biomasses of (a) vertebrates and (b) invertebrate functional groups under the fishing

scenarios in EWE — calculated relative to the Status Quo scenario.
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Figure 5.10. EWE relative changes (%) in the catches of (a) vertebrates and (b) invertebrate functional groups under the

fishing scenarios in EWE — calculated relative to the Status Quo scenario.
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Despite the direction of change differing for half the groups in the models, both models have 70-75%
of groups with change of less than 20% versus Status Quo. Again this is not unusual when comparing
the output of Atlantis and EwE for similar scenarios (e.g. in an analysis of fishing effects of lower
trophic levels both models had the majority of effects at <20% but the specific direction of change
for individual groups could be in opposite directions (Smith et al. 2011). These behavioural
differences were also compounded by the different way in which the warming was implemented in
the two models — with the EwWE scenario taking into account regional down-scaled projections,
whereas this was not possible for Atlantis, which had to be based on global climate model
projections instead. Global projections do not yet represent coastal processes at all well and this
may account for at least some of the differences noted in the response of primary producers
between the models (primary production drops for EWE but increases slightly for Atlantis), which in
turn affects higher trophic levels. As suitable regional down-scaled physical forcing has now become
available future Atlantis projections could use this for RCP 8.5, which might lead to more convergent
projections.

Extremes of fishing pressure such as we have modelled here were expected to perturb the system
significantly and were chosen to demonstrate precisely that. Atlantis effects were often much
greater in magnitude than for EWE model, this has been observed in other inter-model comparisons
(Fulton and Smith 2004) and is partly due to the age-structured representations in Atlantis (which
prevent the rapid responses of EWE which can buffer fishing effects) as well as the explicit spatial
representations and habitat dependency — species requiring biogenic habitats in Atlantis are not only
directly affected by fishing, but also by any impacts on the habitat forming groups. Nonetheless,
comparing across the models they were in agreement regarding the direction of change for the
majority 70-80% of groups when fishing pressure was lowered (Fx0, Fx0.1, Fx0.5) or under a doubling
of fishing pressure, but the projected direction of change only agreed for 50% of groups if fishing
pressure increased by tenfold. The greatest disagreement was around the direction of change of
primary producers and their grazers — with Atlantis projecting small decreases whereas EwWE saw
moderate increases. The two models also disagreed over the effects on top predators, with Atlantis
projecting relatively small changes, while EwE predicted quite strong falls.

Scenario 3: Spatial management

Changes to the current spatial management regime (as defined in the Status Quo scenario) saw
relative biomasses change by as much as 50% or more (Figure 5.11). Removing all current State and
Commonwealth Marine Reserves and fishery closures saw substantial reduction in the biomass of
coastal fishes — such as King George whiting, garfish and demersal herbivorous fish — as well as
forage species such as small pelagics (anchovy and sardines), prawns, benthic grazers, urchins,
abalone and macroalgae. There were also declines amongst penguins and the smaller sharks — such
as school and gummy shark. The mammals (at one extreme) and the plankton (at the other) showed
no real change, as did many of the seabirds — although this may be because the potential levels of
bycatch might be under represented, as the parameterisation currently depends on a period where
the rates were lower than at other points in the past.

Closing 70% of all coastal boxes to commercial activities increased the biomass of most coastal fish
groups that were fished (e.g. King George whiting, garfish and demersal shelf fishes), though many
invertebrates dropped as their predators increase. For a similar (70%) closure of all offshore boxes
(Commonwealth fisheries), the groups that showed the greatest benefit (with >10-20% relative
biomass) were the target of the offshore fisheries — such as deep demersal fish, gummy and school
sharks. More moderate increases were observed in flatheads and sardines, as well as some of the

113



coastal fishes that benefited incidentally. Zone closures also saw the relative biomass of other
groups, such as non-migratory mesopelagic fishes, herbivorous fishes, pink snapper and many of the
invertebrate groups decrease.

All fishing fleets were impacted by changes in spatial management. A reduction in closures almost
universally led to an increase in catch, whereas the imposition of 70% closure on coastal or offshore
boxes saw a drop in catch (Figure 5.12), in many cases quite substantial drops in catch that were far
beyond what might have been expected based solely on shifts in biomass.
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Figure 5.11. Relative changes (%) in the total biomass of (a) vertebrates and (b) invertebrate functional groups under the

spatial management scenarios — calculated relative to the Status Quo.
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Scenario 4: Sardine pathogen outbreak

The imposed mass mortality on juvenile sardine saw the total biomass of the stock drop by as much
as 40% in the short term, but returned to about Status Quo levels within a decade (Figure 5.13).
Ultimately the stock recovered to within 1% of the Status Quo by the end of the projection period.

During the period of stock depression, the ecological consequences of the mass mortality event
were evident in the main predators of sardine (including SBT, seabirds and marine mammals),
though their biomass varied by < 5%. The major exception was penguins, which declined 20% in
abundance, though they rebuilt as sardines did; eventually (rather unexpectedly) ending at higher
biomasses than under Status Quo. This is the result of interactions mediated by zooplankton, which
had an increase and then mild oscillations even after the sardines recovered (due to subtle changes
introduced into benthic food webs via interactions mediated by filter feeders and gulls).

1.2

=—Status quo -~ Pathogen
m]l W2 m3 m4 m5 m6 w7 8§ 9 >10

Relative Biomass

0 5 10 15 20 25 30
Year
Figure 5.13. Biomass of sardine per age-class through time, showing the response and recovery of the sardine population to

the mass mortality event imposed at year 10 of the projection period. The dotted line shows the overall population biomass
for the pathogen run, the overall biomass of the Status Quo projection is given for reference (solid line).

As with Atlantis, the EWE scenario for a pathogen attack on the sardine population (represented as a
once off event lasting 8 months) had no major long-term effects — i.e. there were no substantial
changes in biomass at the end of the simulation (Figure 5.14). The greatest differences, either
positive or negative, were all less than 8%: rock lobster declined about 5%, while crabs and bugs
increased by 8%. Catches were similarly unaffected: rock lobster catches declined 5% and crabs and
bugs catches increased by 4% (Figure 5.15).
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Figure 5.14. EWE relative changes (%) in the total biomasses of a) vertebrate and b) invertebrates - calculated in comparison

to the Status Quo scenario.
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Figure 5.15. EwE relative changes (%) in catches of a) vertebrate and b) invertebrates - calculated in comparison to the

Status Quo scenario.
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Scenario 5: Southern bluefin tuna

The imposed high recruitment saw the total biomass of the stock increase by as much as five-fold,
with the largest effect taking place within five years after the imposed event (Figure 5.16). The stock
dropped again relatively quickly, within a decade, though it remained at about twice the Status Quo
biomasses for the rest of the simulation (regardless of the fishing rules employed). During the period
of peak biomass of SBT, the ecological consequences of this event were evident in the main prey of
SBT with large decreases (>20% or more) in the relative biomass of redbait, sardine, anchovy,
mackerel and migratory mesopelagic fishes. Although, the majority had returned to close to Status
Quo levels by the end of the projection period, though mackerel remained at levels 10-20% lower
(Figure 5.17). As with the sardine event, this one also caused short term changes in predatory
pressures that then evolved into ongoing changes in the benthic food webs, which had flow on
effects on plankton groups, macroalgae, demersal fish, benthic grazers and seabirds. Catches
reflected the biomass changes — even the constant catch case did see lower catches for SBT than the
constant F, but this had little material effect on the overall simulation.

Imposing a 10% biomass accumulation rate in EWE (to mimic a long-term recovery trajectory in SBT)
resulted in a nearly 50% increase in biomass of SBT and an 18% increase in catch. The EwE scenario
using a 5% accumulation rate (to proxy the recruitment) and an immigration rate of 5% (to proxy
lower external mortality) also saw substantial increase in SBT biomass and a 16% increase in catch.
Doubling the starting biomass had a smaller effect on biomass, leading to a 15% increase in final
biomasses (Figure 5.18). The negative net effect on SBT catches (Figure 5.19), which declined more
than 30% was caused by the effective halving of the fishing mortality when the starting biomass was
doubled. There were no other knock-on effects on the rest of the ecosystem, with any other
changes less than 1% in magnitude.

In this instance, it wasn’t possible to compare across models as they tackled the SBT scenario in
different ways. However, it is safe to say from Atlantis that a single recruitment pulse is insufficient
to recover the stock and that longer term shifts in recruitment (or survival outside the model
domain) would be required for substantial long-term shifts in the biomass of SBT and the GAB
system. This is backed up by the pattern of results produced by the re-parametrisation of EwE. The
transient effects within Atlantis suggest, however, that effects of a recovery on the rest of the
system might be larger than suggested by EwE.
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Scenario 6: Shipping traffic and oil spills

Relative changes of biomass caused by increased shipping traffic relative to the Status Quo were not
really seen across the whole ecosystem (Figure 5.20). The most negative direct impacts (still <5%)
were observed for the benthic inshore filter feeders (directly affected by more activity in the gulfs).
The majority of the other effects were not significant (in terms of relative biomass or catch), except
for (i) gummy shark, where loss of access by that fishery (displaced by the vessel traffic) saw that
stock increase by nearly 10% as a result (though this was insufficient to have broad scale significant
cascading effects on the majority of its prey) and (ii) mesopelagic fish (<5% change, due to trophic
interactions with its predators, particularly sharks).

QOil spills led to short term drops (of <2-3%) in the biomass or abundance of all impacted groups in
the immediate vicinity of the collision and spill (i.e. in the box where the spill occurred). Qil spills
from ship collisions had very little long-term impact on the system (Figure 5.21), with offshore winter
spills (where ambient conditions drive the material onshore and along the coast) having the greatest
potential to cause damage to the system (primarily amongst the shelf or coastal invertebrates).
However, even then the maximum declines were <5% and the confidence intervals overlap with the
“no change” zero line indicating that impacts are likely only to be short term and local. Note that
these results only reflect acute (direct contact and mortality) outcomes as chronic effects mediated
by uptake and transmission through the food web are not represented.

124



¥ increased shipping traffic

(a)

ey 0oL
ulydiop UL
uiydiop asousiog
SI[tym LdIfEY
uoijeas

[eas iny asoufuoy
[eas iny uBlEASNY
spageas Sung
umiuag

sy

SIng

Aps pue smeys
LS Awing
Weys j0oy5
spieys Beag
speys [esawag
ysifop akguann

Jaddeus yuig

Group

ysypay

ysipen

Sl [ESIAUIDP MOJIEUS

5 DICAIGIDY [ESIDUR]
sy [esiawap daag

sy AoreBiu-vou yBejapdosapy
sy Aoaesfi afejadosaw
peayery

BUNY UYAN|G WAIN0S
YSiIG pue seuny

45 BICAPSId MO|[RYS
negpay

s

Anoyouy

REpeN

Buyym adioad Huiy

eun) aunymoenby

x—l. oozaINW
g ooz
o
£
[}
W [, | [ uopUEdo0 NUIEY
5
.m —_— uopuedoydadly
£
.
—_— wojeg
...-|. uopuEdooz SNOUNE|aD
' ssesfeag
[ aefjponey
—— SAUONUIED NyiUag
1 spaay ysodag
:
(0]
—_— . ey
. I EAEISNUD [EAMLLIOD
.|_|. soyaqoIEN
N =5 Jaresd yywag
siapaay sy daag
SIapagy say mojjeys
pinbs
SURRIN
auoeqy
sson
E=] (=] ﬁ_- (=] (=]
] 2 2 2

[3¢) afueys ssewog

(b)

Figure 5.20. Relative changes (%) in total biomass of (a) vertebrates and (b) invertebrates functional groups under the
shipping scenario — calculated in comparison to the Status Quo scenario. Note the scale of the y-axis is much smaller than

for the other scenarios reported in this chapter.
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Figure 5.21 Relative changes (%) in total biomass of (a) vertebrates and (b) invertebrates functional groups under the ship
collision and oil spill scenario(s) — calculated in comparison to the Status Quo scenario. Note the scale of the y-axis is much

smaller than for the other scenarios reported in this chapter.
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5.4.1 Scenario-based shifts in ecosystem indicators

Interpreting many of the individual ecosystem indicators is complicated, for example (counter-
intuitively) any adjustment to spatial management leads to a decline in overall habitats (Figure
5.22c) due to fishing when there is no spatial management, but due to predation when there is
increased spatial management. The nonlinear influence of climate means biomass ratios such as
pelagic:demersal biomass show no clear trend, where the pelagic:demersal biomass ratio declines
under intensive fishing pressure (the opposite to the response seen in other systems under
pressure). The large fish index proves to be effectively insensitive to the scenarios; while diversity
(being a complex mixture of richness and evenness) also shows nonlinear responses to many of the
scenarios.

Clearer signals can be seen in the aggregate performance of the system — how it is expressed in
multi-dimensional space as captured by the principal components analysis (Figure 5.23), in that
higher space gradients in fishing and climate pressure see the system drawn away from its current
state, with greater pressure leading to more change. Also, in comparison to the no fishing scenario
(which also lacked a climate signal), the current state of the system shows a clear anthropogenic
signal (clustering away from the no fishing run). Imposition of greater spatial management can move
the system more towards the un-impacted state in one dimension, but not both and so is not
enough by itself to mitigate the effects of human activities. The increased shipping scenario sits a
little apart from current conditions, suggesting greater impacts than perhaps suggested by the
individual biomasses, catches and ecological indicators. All the other scenarios (the spills, and
mortality or recruitment events) cluster around the current state of the system, showing how little
influence they have on the system overall.
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Figure 5.22. Relative changes in the ecosystem performance indicators for (a) ocean warming scenarios, (b) fishing
scenarios, (c) spatial management scenarios, (d) sardine and SBT scenarios, (e) spill scenarios and (f) shipping scenario. All
calculated compared to Status Quo.
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5.5 Discussion

The GAB ecosystem as modelled comprised mostly oceanic and abyssal habitat, with about a third
being shelf and continental slope. It also contained the two gulfs, which largely, but not wholly,
support aquaculture and the inshore fisheries targeting many highly valuable species such as
sardine, rock lobster and abalone. The gulfs are dominated in terms of biomass by macroalgae and
seagrasses that also accounted for some of the largest biomasses in the whole ecosystem in both
ecosystem models. However, they were not the dominant drivers across the whole ecosystem; small
and large phytoplankton tend to drive the dynamics of the broader system (given it is predominantly
over deeper shelf, slope and open ocean waters). Three types of food webs have been hypothesised
for the broader GAB ecosystem, two were known prior to this study and a third “hybrid” food web
arose from the results of Theme 2 investigations (see Theme 2 Final Report). The dynamics of the
different hypothesised food webs were seen in a gross form in the Atlantis model, but could not be
exactly simulated in the EWE model; instead in that model we attempted to account for differing
rates of productivity between the two groups based on information from Theme 2 as to the likely
composition of the phytoplankton biomass regionally.

129



5.5.1 Scenario comparisons

The scenarios we investigated are intended as a demonstration of how the ecosystem models could
be employed, both to synthesise information on the system and to provide insight into how the
system might respond to specific events or changes in broad scale drivers of the system. Therefore,
the chosen and approved scenarios were from a few broad categories of concern such as climate
change, and exploitation of natural and physical resources. The climate, fisheries and spatial
management scenarios are quite typical of the kinds of scenarios run with ecosystem models. The
extreme events scenarios are less common, but are beginning to be explored more regularly. Very
detailed scenario investigations often require very specific re-configuration of the models and sub-
models, a situation that would also require consultation with relevant stakeholders, subject matter
experts and relevant data, and potentially further development.

General results of the comparisons across all scenarios

Both models indicated that climate shifts have the potential to reshape GAB ecosystems. While
Atlantis suggested mixed outcomes for the current GAB species, with many teleosts predicted to
benefit physiologically from the warmer conditions, while invertebrates were differentially impacted
(with some increasing and some decreasing) and many iconic species (sharks, mammals and birds)
increasing under the lower temperature rises (due to improved feed and physiological conditions),
but suffering declines as temperature rose further (again due to direct and indirect drivers). The
results of the climate simulations from EwE differ as the model was driven by productivity rather
than temperature — and the downscaled model projected decreasing productivity rates overall,
which in turn affected higher trophic levels — with the worst climate impacts on par with doubling or
more of fishing pressure.

Increased fishing pressures had by far the greatest effect —in both EwE and Atlantis. The higher
levels of fishing caused the highest number of decreases in biomass of functional groups or species.
Under the highest levels of fishing pressure about a third of all groups in both models declined in
biomass by more than 20%, and half of those declined by more than 50%. Increasing fishing pressure
had significant impacts on target finfish, chondrichthyans, and target invertebrate species such as
abalone and crustaceans such as prawns and rock lobster.

Lobsters are currently experiencing declining populations (Linnane et al. 2010a). This observed
decline may be due to either environmental drivers or overfishing, as was demonstrated in the
model simulations presented here, but no firm conclusions have been drawn as yet. Combining both
the increased fishing pressure and warming climate scenarios could result in greater impact (i.e.
depletion) on rock lobster. Indeed, Linnane et al. (2010b) suggested that highly conservative
management through total allowable commercial catches (TACCs), thereby reducing fishing pressure
was needed to help manage the declining stocks particularly since settlement and recruitment
dynamics dependent on oceanographic conditions were not well understood. In our scenarios,
reducing fishing pressure, resulted in a very positive effect on rock lobster, and on SBT, though in
EwE the benefits were smaller for other commercial species (Atlantis projected benefits for many
groups unlike EwWE).

Many of the scenarios did not substantially perturb the system, with the principal components
analysis (PCA) of the Atlantis results showing little variation from current conditions and the EwE
scenarios showing changes in biomass of less than 20% — except for SBT in the scenarios where tuna
biomass increase was forced.
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Comparison of Atlantis and EwE models are informative about potential system sensitivities and the
relative need to refine understanding of ecosystem structure and function. For example, in a
comparison of Atlantis and EwE models for New South Wales, Forrest et al. (2015) found that while
the models differed in the magnitude of effect, the general direction of change was similar.
Whereas, in a multi-system, multi-model comparison of the implications of fishing forage fish, EwE
and Atlantis predicted a similar degree of system sensitivity in terms of the proportion of groups
effected to differing degrees; however, specific details of whether individual species would increase
or decrease showed less agreement (Smith et al. 2011). Both of these patterns of model behaviour
were seen in the comparison of Atlantis and EwE scenario results for the GAB. While the models
showed qualitative agreement in terms of the direction of change of the majority of groups under
different fishing scenarios, the models showed greater divergence when considering the effects of
climate change — while the magnitude of change was typically <20% for most species the direction of
change varied across the models.

In terms of the GAB ecosystem, these differences between the results of the Atlantis and EwWE
models are largely due to differences in the structure of the models. Firstly, Atlantis includes age-
structuring, whereas EwE does not. This means that EwE has less temporal buffering as there are no
delays for maturation or growth and any biomass changes are instantaneously transmitted to
predators, prey and competitors regardless of life history. Atlantis’ use of age/size structure also has
implications for ontogenetic, or condition dependent, shifts in predator-prey interactions, due to the
use of gap limitation for vertebrate predation. This cannot be mirrored by EwWE unless life history
(age) stanzas are defined for the group or species. This version of the GAB EwE model does not
contain such age-structuring.

Secondly, unlike Atlantis’ 3D structure, EwWE is not spatially explicit. Instead EwE implicitly represents
spatial structures such as by depth (shelf or slope) or habitat affinities (oceanic, demersal). Ecospace
models address this more explicitly but still lack the depth-layering resolution of Atlantis. This means
EwE often expresses more mixing and direct interactions than Atlantis, where spatial mismatches
and limitations are more common.

Thirdly, Atlantis explicitly includes habitat dependencies and sub-grid spatial structuring of benthic
habitats and the species that depend upon them. If a habitat is lost or degraded, then this can
influence predation success and productivity of competing habitat types. These interactions are not
typically included in EwE (and were not in this case), although the latest versions of the EwWE
software are beginning to allow for such dependencies.

A final substantial difference between the models as they currently stand is explicit nutrient cycling —
which Atlantis includes, but EWE does not. This means that plankton dynamics and the microbial
loop are explicit and relatively resolved both taxonomically and by process, in Atlantis. In EwWE, the
plankton web is often not as resolved (though it is resolved here more than in many EWE models)
and production is simplistically represented with less of the limitations seen in more
biogeochemically oriented models.

Climate change

In the last 5 years, climate change scenarios have become one of the most common types of
simulations run using ecosystem models. Australian ecosystems were amongst the first to be
explored in this way (Fulton 2011).That early work included both EwE and Atlantis models and in SE
Australia these models projected likely decreases in plankton biomass, top predators and the
biomass of pelagos, while indicating that declines were more likely for benthos and demersal fish.
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The representation of climate drivers (and global change more broadly) in ecosystem models has
become more refined over the last five years, as information on metabolic responses to shifts in
temperature and properties such as oxygen and aragonite saturation have become more readily
available (e.g. Fulton and Gorton 2014, Cheung et al. 2016, Tittensor et al. in press). The species
distribution based approach of Cheung et al. (2016) predicts a general increase in fish and fishable
biomass over the next 50 years under climate scenarios; while Fulton and Gorton (2014) found a
greater sensitivity to human decisions regarding exploitation and management patterns, but
generally more mixed ecological outcomes and a good deal of robustness in ecosystem structure so
long as the highest emission scenarios were avoided. While a good deal of uncertainty remains
about the details of climate related species shifts and productivity changes, all models universally
indicate that south eastern Australian ecosystems (including the GAB) are fairly responsive to
changing environmental drivers — as sensitive as any other location globally, which is important
given the hotspot status of some of the waters (Hobday & Pecl 2014). The ecosystem models
considered here indicate that the GAB is responsive, though perhaps not quite as responsive as
other areas in south eastern Australia. However, a good deal of uncertainty remains about the form
of that responsiveness and whether it will be moderated by trophic interactions or habitat
dependencies. In reality, the ability of species to adapt to the changing environmental drivers will
also be important for the ultimate outcomes; although more information would be required to
reliably include such a dynamic in either of the models considered here.

Fisheries

One of the most common uses of ecosystem models has been the exploration of the effects of
fishing and alternative fisheries scenarios. A web of science search on “ecosystem AND model AND
fisher* AND scenario” returns close to 500 results and the information available on the 454
published models available from the EwE http.//ecobase.ecopath.org/ website indicates that the
majority have been used to look at fisheries effects in one way or another (Colleter et al. 2015). In
the main these models indicate that fishing effects ecosystems and that excessive fishing pressure

can cause large scale and detrimental impairment of ecosystem structure and function (Jackson et
al. 2001, Coll et al. 2008, Arreguin-Sanchez 2011, Smith et al. 2011, Christensen et al. 2015). This is in
agreement with what was observed for both the GAB ecosystem models under the various fishing
scenarios. From an ecological perspective debate continues on what is the most appropriate means
of exploiting marine ecosystems from the perspective of individual species of the entire ecosystem
(Garcia et al. 2013, Garcia et al. 2015). For a human perspective, decisions on what is an appropriate
degree of change needs to be made in conjunction with those interested in the system — as has been
examined for Spencer Gulf (Gillanders et al. 2016). While Theme 6 did look at the value of fisheries
to the region, the reshaping of the GABRP and the inability to access spatially explicit catch and
effort data for the state fisheries of South Australia meant it was not possible to dynamically link this
work with the ecosystem models as yet. With or without such refinements, more sophisticated
fisheries scenarios could be developed in combination with stakeholders to look at more fisheries
options.

Spatial management

The efficacy of spatial management is of particular interest to fisheries and conservation managers.
This has made it a topic of interest to many ecosystem modellers, though the non-spatial nature of
many of the EWE models means it has not received the same degree of coverage as simple fisheries
scenarios. The outcomes of the studies of spatial management are also contingent on the system
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structure, the levels of various stressors and the degree of on and off reserve management (Kaplan
& Botsford 2005, Dichmont et al. 2013, Savina et al. 20133, Savina et al. 2013b, Fulton & Gorton
2014, Pitcher et al. 2016).

In this instance, current fisheries management aims to achieve a truly sustainable balance between
harvest and conservation. This is reflected in the way in which shifts might influence the system.
Removal of spatial management sees the system degrade, with drops in biomass — particularly
amongst groups, such as habitat forming benthos, that are offered little protection by any other of
the fisheries management levers —while expanding closures across the shelf or offshore had
significant industry consequences (with the catch of many groups dropping by 20% and as much as
70%), without there necessarily being a universal uptake in the status of all the groups in the
ecosystem (even the habitat forming groups which also happen to be prey items). The mixed
outcome is in part due to trophic interactions, but also reflects the differential pressure felt across
groups and life histories — chondrichthyans are not as robust to fishing pressure as many of the
teleosts, for instance. Similarly, in an evaluation of spatial management options for the Northern
Prawn Fishery using an Ecospace model, Dichmont et al. (2013) found that outcomes of those
options were dependent on the objectives, and finding the right balance of those objectives. An
Ecospace model simulation of rock lobster in the Jurien Bay Marine Park demonstrated that closing
areas without appropriate management actions to control external fishing pressure does not
necessarily result in anticipated improvements in fish stocks (Lozano-Montes et al. 2012).

Southern bluefin tuna recovery

While ecosystem models have more typically been used to reconstruct the history of an exploited
system (e.g. Christensen 1998, Cox et al. 2002, Cheng et al. 2009), they can be equally applied to
looking forward to anticipate how the recovery of a stock might influence other species in the
system. For example, this has been identified as an issue of interest in places such as North America
where recovering populations of marine mammals are influencing ecosystem function (e.g. sea
otters mediating the urchin-kelp interaction; Estes (1974) or where they are preying upon other
protected species (e.g. endangered fish species; Ward et al. 2012). In south-eastern Australia , the
broad ecosystem effects of the recovery of fur seal stocks in the Bass Strait were explored by Bulman
et al. (2006). The recovery of southern bluefin tuna as represented in the models here had no long
term effects — in Atlantis because of the transient nature of the recruitment pulse and in EwE
because the stock was recovering from a low biomass and so the trophic footprint was not as great
as one might anticipate. However, this might not hold true if the stock continues to grow in
abundance.

One off events (e.q. Sardine pathogen and Shipping collision oil spill)

Ecosystem models have not been used as commonly to explore one off extreme or catastrophic
events; although, as the capacity to include such events is realised in the models the uptake is
beginning e.g. port development in Vancouver (Port Metro Vancouver 2015); the influence of the
establishment of renewable energy infrastructure (Alexander et al. 2016) or the damming of the
Amazon (Angelini et al. 2010) ; the impact of red tides on groupers (Gruss et al. 2016); or the
potential footprint of outflows from the Sellafield nuclear reactor (Tierney et al. 2017). The
exploration of pathogen events is joining the analysis of the implications of the entry of range-
extending or invading species (e.g. Alva-Basurto & Arias-Gonzalez 2014, Corrales et al. 2017). Unlike
the fairly consistent responses to persistent pressures such as gross levels of fishing pressure, the

133



outcome from more spatially or temporally limited events is mixed and fairly context and system
specific and do not always have an all-pervasive outcome (as was the case for the spill as a result of a
ship collision).

5.5.2  Future work to address gaps in knowledge

The results presented here should be considered with caution, as there is uncertainty (i) in the
biomasses of many groups (e.g. mesopelagics and benthic invertebrates); (ii) across much of the
model domain (as existing data is densest along the coasts, shipping routes or in the areas surveyed
as part of the GABRP; (iii) the model does not capture explicit evolutionary change or very fine scale
dynamics that may be important for some species (e.g. aquaculture molluscs); and (iv) there were
insufficient resources to allow for multiple parameterisations of the models (which is typically
modelling best practice). Comparison across the models helps robustness and test the interpretation
of the results, as they are built on differing model frameworks and philosophies. Where the models
agree — e.g. around fisheries and environmental drivers having similar capacity to reshape the GAB
ecosystem (with fisheries being far more manageable than climate shifts) — then some confidence
can be put into the model based conclusions. Where the models disagree (e.g. around specific
responses such as the direction of change of some of the basal groups and their predators) then the
models are flagging both the need for additional research to constrain the uncertainty, but also that
decision makers acting under that uncertainty should do so with caution and in an adaptive
framework so decisions can be updated as more information becomes available.

While enormous advances were made in the knowledge of the GAB ecosystem due to the GABRP,
for some components of the broader GAB ecosystem (e.g. benthic invertebrates and the shelf edge
ecosystem and mesopelagic components), more biological data and a broader spatial coverage
would be beneficial (e.g. there were almost no data pertaining to the western GAB area apart from
relatively coastal fisheries data). These species components are under-represented in terms of
available data compared to more readily sampled groups (e.g. plankton groups which can be
sampled remotely or via the continuous plankton recorder, or iconic species which either come to
land or attract a good deal of public interest). In addition, it would be of benefit to have access to
more refined spatial fisheries data. Instead much simpler gross mortality representations had to be
used. This means that the resulting models are sufficient for considering simple scenarios of gross
pressure or management types (such as spatial management) but are not able to look at more
detailed management questions in the same way as done for Australia’s Commonwealth fisheries in
the region (e.g. Fulton et al. 2014; 2016; Dichmont et al 2016).

Despite these constraints the fit to data that has been achieved means the models are scenario
ready and can be used to look at the relative performance of alternative scenarios against objectives
specified for the ecosystem. Refining the models will help reduce uncertainty, but the broad
agreement between the models does indicate the models have sufficient information content
between them to provide useful insight around potential system responses. While the identification
of multiple plausible parameterisations would be strongly recommended, just to make sure the true
magnitude of uncertainty is appreciated, the models represent the best available synthesis of the
information on the system and are scenario ready. It is important to realise that structural
uncertainty is by far the most important uncertainty associated with ecosystem models and the use
of the two models together already addresses this.

Future comparisons between the models would be further facilitated by:
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i)  the development of a spatial EWE model —i.e. an Ecospace model (especially one using the
new habitat representation options (Port Metro Vancouver 2015, Lewis et al. 2016);

i) the inclusion of age-structure for key groups (e.g. the main fished species and species of
conservation concern) in the EWE model by replacing the existing bulk biomass pools with
multi-stanza representations; and

iii)  further resolution of the components of the lower trophic levels and the microbial loop.

Another way in which the models could be refined is by a more refined representation of the
influence of terrestrial activities. The simplest way of doing this is via scenarios of flows into the
system (e.g. from rivers, outfalls, aquifer releases) and impact-response representations of some of
the activities in the region (fisheries, aquaculture, shipping, coastal development and foreshore use,
and oil and gas exploration activities). A more dynamic representation is also possible in Atlantis if
the model is coupled with the multi-sector economic model used in Theme 6 or if the Atlantis sector
models are parameterised — as has been done for Gladstone Harbour on the Queensland coast
(Fulton et al. 2017). Either of these means of including terrestrial influences means the modelling
platforms, particularly Atlantis, can be used to assess some potential cumulative impacts — allowing
for the interacting and nonlinear nature of such effects and going beyond what is possible in
qualitative or additive assessments.

5.5.3 Concluding Thoughts

The GABRP has helped fill knowledge gaps and the models built from that (and other existing
knowledge of the region) allow for a characterisation of the system:

e sensitive species groups in the system include plankton, pelagic species, seabirds and
commercially fished invertebrates such as rock lobster;

e the PCA analysis shows that the system has an anthropogenic signature, it is not ‘untouched’
(the current system state does not overlap with the “no fishing, no shipping” results in
Figure 5.15);

e climate and fisheries pressure have some of the greatest potentials to influence the entire
ecosystem, although in different ways (the fisheries effects tend to decrease with distance
from shore; while climate has a footprint that encompasses the entire region, effecting
species in a variety of ways and with differing outcomes for some species compared to
others);

e forsingle extreme events the system recovers within a decade, however if such events were

I”

to become the “new normal” then the system may undergo a “regime change” (as shown by
the magnitude of the transient responses during the period of the one-off events in both
models) ;

e in terms of management options, spatial management helps, but is insufficient in isolation
(as pressures and processes in the system are patchy)

e the system is sufficiently interlinked that cumulative nonlinear outcomes can occur.

The GAB ecosystem is complex, with a lot of activity (natural and anthropogenic) currently
concentrated in a confined area within the gulfs and along the shoreline and decreasing further
offshore (see the schematic in Figure 5.16). The quantitative models presented in this report and the
qualitative models summarised in the GABRP synthesis report (Ward et al. 2017) represent strong
legacy products of the GABRP, which are available for use in risk assessments and to help all those
interested in the GAB to navigate through the complexity.
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Figure 5.16. A simplified schematic of the GAB system showing the interactions between some of the activities in the region
and a stylised representation of the ocean flows (wavy arrows form deep water symbolising upwelling) and the foodweb
that is also present in the region (black silhouettes) and interacts with these activities (indicated by the silhouettes by the
activities). Note the fishery footprint drops with depth and distance offshore, but that the climate foot is all encompassing.
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7.1 Diet matrix of functional groups used in the initial parameterisation of the EwE GAB Ecosystem model.

No. Prey\ predator 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
1 Baleenwhales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 Toothed whales 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3 Bottlenose dolphins 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0061 0 0 0 0 0 0
4 Common dolphins 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0125 0.0565 0 0 0 0 0
5 Long-nosed furseal 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0102 0 0 0 0 0 0
6 Australian furseal 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0000 0 0 0 0 0 0
7 Australiansea lion 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0032 0 0 0 0 0 0
8 Albatross 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0004 0 0 0 0 0 0
9 Shearwaters 0 0 0 0 0.0005 0 0.0001 0 0 0 0 0 0 0 0 0.0004 0 0 0 0 0 0
10 Small petrels 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0120 0 0.0004 0 0 0 0 0 0
11 Gannets 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0001 0 0 0 0 0 0
12 Terns 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0004 0 0 0 0 0 0 0 0
13 Shags and cormorants 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0000 0 0 0 0 0 0
14 Gulls 0 0 0 0 0 0 0.0000 0 0 0 0 0 0 0 0 0.0000 0 0 0 0 0 0
15 Little Penguins 0 0 0 0 0.0002 0 0.0000 0 0 0 0 0 0 0 0 0.0001 0 0 0 0 0 0
16 Shelfpelagic sharks 0 0 0 0 0.0001 0 0 0 0 0 0 0 0 0 0 0.0449 0 0 0 0 0 0
17 Offshore pelagic sharks 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
18 Shelfdemersal sharks 0 0 0 0 0.0000 0.0237 0.0043 0 0 0 0 0.0009 0 0 0 0.0351 0 0 0 0 0 0
19 Shelf demersal piscivorous shark 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0005 0 0 0 0 0 0
20 Deepdemersal sharks 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0001 0 0 0 0 0 0
21 Skates and rays 0 0 0 0 0.0002 0 0.0089 0 0 0 0 0 0 0 0 0.0336 0 0 0 0 0 0
22 Southern Bluefin Tuna 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0023 0 0 0 0 0 0
23 Tunas and billfish 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0029 0.0015 0 0 0 0 0
24 Offshore pelagic piscivores 0 0 0 0 0.0017 0 0.0067 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
25 Offshore pelagic invertivore large 0 0 0 0 0.0002 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
26 Shelflarge pelagic piscivores 0 0 0.0013 0.0170 0.0078 0 0.0095 0.0800 0.0017 0 0.3975 0.0821 0 0 0 0.0991 0.2018 0 0 0 0 0.0092
27 Sardine 0 0.0600 0.0209 0.2082 0.0078 0 0.0004 0 0.0013 0 0.1600 0.2297 0 0.0351 0.0632 0.0702 0 0 0 0 0 0.4585
28 Shelf pelagic planktivore small 0 0 0 0.4291 0.0074 0 0.0005 0 0.0239 0 0.0975 0.3974 0.0188 0.0018 0.7038 0.1827 0 0.1194 0 0 0 0.2998
29 Mackerels 0 0.0012 0.0157 0.1169 0.0184 0.0945 0.0005 0.4680 0.0296 0 0.1100 0.0059 0 0 0.0161 0.0445 0.1067 0.2089 0 0 0 0.0473
30 Redbait 0 0.0500 0 0.0100 0.4631 0.4624 0.0007 0.0290 0.0054 0 0 0 0 0 0.0441 0.0018 0 0.0042 0 0 0 0
31 Shelfsmall demersal piscivores 0 0.0140 0.0009 0 0 0 0 0.0660 0 0 0 0 0 0 0 0 0 0.0062 0 0 0 0
32 Shelfsmall demersal omnivores 0 0 0.2955 0.0227 0.1464 0.2983 0.3865 0 0 0 0.0500 0.2248 0.5820 0.3150 0.0311 0.0154 0 0.0200 0.1252 0 0 0
33 Shelflarge demersal piscivores 0 0 0.0127 0.0705 0.0121 0.0613 0.0702 0 0 0 0.0075 0.0005 0 0.0197 0.0005 0.0407 0.0055 0 0 0 0 0
34 Shelflarge demersal omnivores 0 0 0.0257 0.0139 0.0001 0.0158 0.0219 0 0 0 0.0375 0.0011 0.2755 0.1541 0 0.0048 0 0 0 0 0 0
35 King George whiting 0 0.0050 0.0065 0 0.0000 0 0.0022 0 0 0 0 0 0.0780 0 0 0 0 0 0 0 0 0
36 Garfish 0 0 0 0.0095 0.0086 0.0079 0.0021 0 0.0003 0 0.1000 0.0489 0.0431 0.0066 0.1083 0.0053 0 0 0 0 0 0
37 Snapper 0 0.0010 0 0.0019 0.0003 0 0.0002 0 0 0 0 0 0 0 0 0.0377 0 0 0 0 0 0
38 Deepwater flathead 0 0.0200 0 0 0.0000 0 0.0013 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
39 Bight redfish 0 0.0600 0.0013 0 0.0048 0.0095 0.0024 0 0 0 0 0 0 0 0 0.0042 0 0.1000 0 0 0 0.0013
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No. Prey\ predator 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
40 Migratory mesopelagics 0 0.0108 0 0 0.2367 0.0005 0 0 0.0184 0.0892 0 0 0 0 0 0 0 0.0021 0 0.3167 0 0
41 Non-migrating mesopelagics 0 0.0240 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.3645 0 0
42 Slope small demersal invertivores 0 0.0200 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0042 0 0.2330 0 0
43 Slope small demersal piscivores 0 0.0200 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0846 0 0 0 0
44 Slope large demersal piscivores 0 0.0026 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.1954 0 0.0253 0 0
45 Slope large demersal invertivores 0 0.0226 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
46 Benthicgrazers 0 0 0 0 0 0 0.0001 0 0 0 0 0 0.0024 0.0348 0 0 0 0 0 0 0 0
47 Abalone 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
48 Benthic detritivore 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0025 0 0.0015 0.1765 0 0.8735 0
49 Benthic carnivores (infauna) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0025 0.0014 0 0 0
50 Meiobenthos 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0005 0 0 0.0018 0
51 Shelffilter feeders 0 0 0 0 0 0 0.0001 0 0 0 0 0 0 0.0537 0 0.0001 0 0 0.0183 0 0 0
52 Deepfilter feeders 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
53 Shelf macrozoobenthos 0 0.0669 0 0 0.0005 0 0.0135 0 0.0001 0 0 0.0000 0.0002 0.0116 0.0054 0.0003 0 0.0415 0.1919 0.0014 0.1219 0
54 Squid & cuttlefish shelf 0 0.0463 0.3341 0.0851 0.0774 0.0089 0.1866 0.2670 0 0 0.0200 0.0038 0 0.0221 0.0273 0.1930 0.0443 0.0505 0.1762 0 0 0.0006
55 Octopus shelf 0 0 0.2849 0.0029 0.0037 0.0015 0.2607 0.0040 0 0 0 0 0 0.0046 0 0.0259 0.0443 0.1525 0 0 0 0
56 Rocklobster 0 0 0 0 0 0 0.0030 0 0 0 0 0 0 0 0 0.0002 0 0 0 0 0 0
57 Western king prawn 0 0 0 0 0.0000 0 0.0013 0 0 0 0 0.0029 0 0 0.0001 0.0040 0 0 0.0326 0 0 0
58 Crabs & bugs 0 0 0 0 0.0017 0.0158 0.0161 0 0 0 0 0 0 0.0039 0 0.0041 0 0 0.2462 0 0 0
59 Deep macrozoobenthos 0 0.0015 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
60 Deep squid 0 0.5733 0.0004 0.0124 0 0 0 0.0810 0.0149 0 0.0200 0.0021 0 0.0019 0 0.0409 0.1895 0 0 0.0375 0 0.1833
61 Gelatinous zooplankton 0 0 0 0 0 0 0 0.0040 0 0 0 0 0 0 0 0 0 0.0050 0 0.0170 0 0
62 Large zooplankton 1.0000 0.0007 0 0 0 0 0 0.0010 0.0354 0.4916 0 0 0 0 0 0 0 0.0005 0 0.0046 0 0
63 Mesozooplankton 0 0 0 0 0 0 0 0 0.0002 0 0 0 0 0 0 0 0 0.0005 0 0 0 0
64 Microzooplankton 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
65 Nanozooplankton 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
66 Pelagic bacteria 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
67 Farmed finfish 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
68 Farmed oysters 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
69 Large phytoplankton 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
70 Small phytoplankton 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
71 Microphytobenthos 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
72 Seagrass 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0867 0 0 0 0 0.0270 0 0.0028 0
73 Macroalgae 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0048 0 0 0
74 Discards 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
75 Detritus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
76 Import 0 0 0 0 0.0004 0 0 0 0.8690 0.4192 0 0 0 0.2360 0 0.0700 0.3500 0 0 0 0 0

Sum 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
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No. Prey\ predator 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44
40 Migratory mesopelagics 0.0280 0.4003 0.0500 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0001 0.7496 0 0.5500 0.1540
41 Non-migrating mesopelagics 0.0200 0.0033 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0080 0 0 0.0100 0.3990
42 Slope small demersal invertivores 0.0100 0.0050 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.1300
43 Slope small demersal piscivores 0.0020 0.0003 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0550
44 Slope large demersal piscivores 0.0120 0.0167 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
45 Slope large demersal invertivores 0.0100 0.0333 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
46 Benthicgrazers 0 0 0 0 0 0 0 0.0271 0 0.0055 0 0.0352 0 0 0.0159 0.0500 0.1000 0 0 0 0 0
47 Abalone 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0045 0 0 0 0 0 0 0
48 Benthic detritivore 0 0.0084 0 0.0646 0 0 0.1101 0.0833 0.2633 0.1955 0.0297 0.0200 0.4941 0.4182 0.0100 0.0500 0 0 0.0040 0.4770 0.1300 0.1000
49 Benthic carnivores (infauna) 0 0 0 0.0297 0 0 0 0 0.1165 0.3652 0.0154 0.0612 0.3416 0 0.0032 0 0 0 0 0 0 0
50 Meiobenthos 0 0 0 0.0306 0.0988 0 0 0 0.0606 0.0261 0.0025 0.0007 0 0.0110 0 0 0 0 0.0008 0 0 0
51 Shelffilter feeders 0 0 0 0 0 0 0 0 0.4428 0.0200 0.0223 0.1913 0.0222 0 0.0366 0 0.1000 0 0 0 0 0
52 Deep filter feeders 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0036 0 0.0200 0
53 Shelf macrozoobenthos 0 0.0188 0 0.0681 0 0 0 0 0.0646 0.1198 0.1883 0.0484 0.1384 0 0.1093 0.2000 0.2000 0 0 0 0 0
54 Squid & cuttlefish shelf 0 0 0 0.0303 0 0 0 0 0 0 0.0036 0 0 0 0.0207 0 0 0 0 0 0 0
55 Octopus shelf 0 0 0 0 0 0 0 0 0 0.0000 0 0.0331 0 0 0.0144 0 0 0 0 0 0 0
56 Rocklobster 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
57 Western king prawn 0 0 0 0 0 0 0 0 0.0357 0.0016 0.0746 0.2635 0.0037 0 0.0118 0 0 0 0 0 0 0
58 Crabs & bugs 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.5007 0 0 0 0 0 0 0
59 Deep macrozoobenthos 0.0790 0.0015 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0540 0.2500 0.1300 0.0800
60 Deep squid 0.3000 0.1871 0.4000 0.0453 0 0 0 0 0 0 0.0180 0 0 0 0.0044 0.1000 0 0 0 0 0 0.0750
61 Gelatinous zooplankton 0 0.0010 0.5000 0 0.1420 0.3720 0.3828 0.0532 0 0 0 0 0 0 0 0 0 0.0055 0.0050 0.0030 0.0100 0
62 Large zooplankton 0.0040 0.0297 0.0500 0.0000 0.3554 0.3774 0.3038 0.4955 0 0.0307 0 0.0026 0 0 0 0 0 0.4549 0.1800 0.1900 0.1000 0
63 Mesozooplankton 0 0.0003 0 0 0.2387 0.2507 0.1803 0.2477 0 0 0 0 0 0 0 0 0 0.4679 0.0030 0.0800 0.0500 0
64 Microzooplankton 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
65 Nanozooplankton 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
66 Pelagic bacteria 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
67 Farmed finfish 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
68 Farmed oysters 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
69 Large phytoplankton 0 0 0 0 0.1651 0 0.0230 0.0933 0 0 0 0 0 0 0 0 0 0.0636 0 0 0 0
70 Small phytoplankton 0 0 0 0 0 0 0 0 0 0.2023 0.0006 0.2273 0 0 0 0 0 0 0 0 0 0
71 Microphytobenthos 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
72 Seagrass 0 0 0 0 0 0 0 0 0 0.0179 0.0001 0.0525 0 0.5708 0.1094 0 0 0 0 0 0 0
73 Macroalgae 0 0 0 0 0 0 0 0 0 0.0141 0 0.0094 0 0 0.0001 0 0 0 0 0 0 0
74 Discards 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
75 Detritus 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
76 Import 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Sum 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
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Appendix 7.1 cont.

No. Prey\ predator 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66
40 Migratory mesopelagics 0.0250 0 0 0 0 0 0 0 0 0.1300 0 0 0 0 0 0.6000 0 0 0 0 0 0
41 Non-migrating mesopelagics 0.0250 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.1400 0 0 0 0 0 0
42 Slope small demersal invertivores 0.0100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0150 0 0 0 0 0 0
43 Slope small demersal piscivores 0.0100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
44 Slope large demersal piscivores 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
45 Slope large demersal invertivores 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
46 Benthicgrazers 0 0 0 0 0 0 0 0 0 0 0 0.3742 0 0.0296 0 0 0 0 0 0 0 0
47 Abalone 0 0 0 0 0 0 0 0 0 0 0 0.0123 0 0 0 0 0 0 0 0 0 0
48 Benthic detritivore 0 0.0500 0 0.0500 0.5500 0 0 0 0 0.0446 0 0 0.1000 0.2474 0.0150 0 0.1670 0 0 0 0 0
49 Benthic carnivores (infauna) 0 0.0100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
50 Meiobenthos 0 0.0200 0 0.2000 0 0 0 0 0 0 0 0 0.1000 0 0 0 0 0.1070 0 0 0 0
51 Shelffilter feeders 0 0 0 0 0 0 0 0 0.0480 0.0162 0.1000 0 0 0.1684 0 0 0 0 0 0 0 0
52 Deepfilter feeders 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
53 Shelf macrozoobenthos 0 0 0 0 0.0500 0 0 0 0.1000 0.0836 0.6500 0.2393 0 0.1347 0 0 0 0 0 0 0 0
54 Squid & cuttlefish shelf 0 0 0 0 0 0 0 0 0 0.0030 0.0500 0 0 0 0 0 0 0 0 0 0 0
55 Octopus shelf 0 0 0 0 0 0 0 0 0 0.0042 0 0 0 0 0 0 0 0 0 0 0 0
56 Rocklobster 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
57 Western king prawn 0 0 0 0 0 0 0 0 0 0.0155 0 0 0 0 0 0 0 0 0 0 0 0
58 Crabs & bugs 0 0 0 0 0 0 0 0 0 0.0464 0 0 0 0 0 0 0 0 0 0 0 0
59 Deep macrozoobenthos 0.1500 0 0 0 0 0 0 0 0 0 0 0 0 0 0.1000 0.1900 0 0 0 0 0 0
60 Deep squid 0.2000 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
61 Gelatinous zooplankton 0.5800 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
62 Large zooplankton 0 0 0 0 0 0 0 0 0.1000 0.1234 0 0 0 0 0.1350 0 0.2570 0 0 0 0 0
63 Mesozooplankton 0 0 0 0 0 0 0 0 0.3270 0 0 0 0 0 0.2500 0 0.2570 0 0 0 0 0
64 Microzooplankton 0 0 0 0.2500 0 0 0 0 0 0 0 0 0 0 0 0 0 0.7890 0.2500 0 0 0
65 Nanozooplankton 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.1000 0.1500 0 0
66 Pelagic bacteria 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.1290 0 0.0500 0.1200 0.6000 0
67 Farmed finfish 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
68 Farmed oysters 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
69 Large phytoplankton 0 0 0 0 0 0 0 0 0.2500 0 0 0 0 0 0.4000 0 0.0700 0.1040 0.2750 0.0500 0 0
70 Small phytoplankton 0 0.0500 0 0 0 0 1.0000 1.0000 0 0 0 0 0 0 0 0 0.1200 0 0.1250 0.4800 0.4000 0
71 Microphytobenthos 0 0.0500 0 0.0025 0.0020 0.0020 0 0 0.0050 0 0 0 0.1000 0.0010 0 0 0 0 0 0 0 0
72 Seagrass 0 0.2000 0.2122 0 0 0 0 0 0 0 0 0 0 0.0286 0 0 0 0 0 0 0 0
73 Macroalgae 0 0.4200 0.7444 0 0 0 0 0 0 0 0 0.3742 0.5000 0.0903 0 0 0 0 0 0 0 0
74 Discards 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
75 Detritus 0 0.2000 0.0435 0.4975 0.3980 0.9980 0 0 0.1700 0 0 0 0.2000 0.3000 0.1000 0 0 0 0.2000 0.2000 0 1.0000
76 Import 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Sum 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
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Appendix 7.1 cont.
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7.2 Time series applied to the EWE GAB Ecosystem model

1 CTuna Effort by gear 45 B snapper Relative biomass
2 C Demersal trawl Effort by gear 46 Y Shelf pelagic sharks Yield
3 C Small Pelagic Effort by gear 47 Y Offshore pelagic sharks Yield
4 C Gillnet Effort by gear 48 Y Shelf demersal sharks Yield
5 C Shark line Effort by gear 49 Y Shelf demersal piscivorous shark Yield
6 C Scalefish line Effort by gear 50 Y Deep demersal sharks Yield
7 C Danish Seine Effort by gear 51 Y Skates and rays Yield
8 C Squid Effort by gear 52 YSBT Yield
9 V Lobster Effort by gear 53 Y Tunas and billfish Yield
10  V Scalefish line Effort by gear 54 Y Offshore pelagic piscivores Yield
11 V Scalefish net Effort by gear 55 Y Offshore pelagic invertivores large  Yield
12V SharkLine Effort by gear 56 Y Shelf pelagic piscivores large Yield
13 Vpots Effort by gear 57 Y Australian sardine Yield
14  V Abalone Effort by gear 58 Y Anchovy and other small pelagics Yield
15  SASardine Effort by gear 59 Y Mackerels Yield
16  SA Lobster Effort by gear 60 Y Redbait Yield
17 SA Prawn Effort by gear 61 Y Shelf small demersal piscivores Yield
18  SAPipi Effort by gear 62 Y Shelf small demersal omnivores Yield
19  SA Abalone Effort by gear 63 Y Shelf large demersal piscivores Yield
20 SAHaul net Effort by gear 64 Y Shelf large demersal omnivores Yield
21  SAcrab Effort by gear 65 Y King George whiting Yield
22  SAHandline Effort by gear 66 Y Garfish Yield
23 SALongline Effort by gear 67 Y Snapper Yield
24 SAlig Effort by gear 68 Y Deepwater flathead Yield
25  SA Charter Effort by gear 69 Y Bight redfish Yield
26  SApots Effort by gear 70 Y Slope small demersal invertivores  Yield
27  SA Coorong Effort by gear 71 Y Slope small demersal piscivores Yield
28 WA Salmon Effort by gear 72 Y Slope large demersal invertivores Yield
29 WAGillnet Effort by gear 73 Y Slope large demersal piscivores Yield
30 WA purse seine Effort by gear 74 Y Benthic grazers Yield
31 WA Abalone Effort by gear 75 Y Abalone Yield
32  WArock lobster Effort by gear 76 Y Benthic deposit feeders Yield
33  WAline Effort by gear 77 Y Carnivorous macro-infauna Yield
34  SArec Estimated Effort by gear 78 Y Shelf filter feeders Yield
35  BLN furseal Absolute biomass 79 Y Shelf macrozoobenthos Yield
36 B Australian fur seal Absolute biomass 80 Y Squid & cuttlefish shelf Yield
37 B Australian sea lion Absolute biomass 81 Y Octopus shelf Yield
38 B Farmed finfish Absolute biomass 82 Y Rock lobster Yield
39  ASLcatchin CGillnet Yield 83 Y Western king prawn Yield
40 B Sardine spawning Relative biomass 84 Y Crabs & bugs Yield
41 B Deepwater flathead Relative biomass 85 Y Deep macrozoobenthos Yield
42  CPUE Redfish Relative biomass 86 Y Deep squid Yield
43  CPUE Western Deepwater sharks  Relative biomass 87  Farmed finfish Yield
44  CPUE King George Whiting Relative biomass

C = Commonwealth; V; SA = South Australia; WA = Western Australia; B = Biomass; CPUE = catch per unit effort; ASL = Australian sea lion;
LN = long nosed (fur seal); Y = yield; SBT = southern bluefin tuna.
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8. ATLANTIS APPENDICES

8.1 List and group compositions of functional groups in the GAB Atlantis model.

Pelagic invertebrates & flora

Large phytoplankton PL Diatoms

Small phytoplankton PS Pico- and nano-phytoplankton

Microzooplankton ZS Heterotrophic flagellates

Mesozooplankton M Copepods, pteropods and ostracods (in water column)

Large zooplankton ZL Krill (Nyctiphanes), copepods and amphipods (in water
column)

Gelatinous zooplankton G Jellies, salps and ctenophores

Detritus -DOM DL

Pelagic bacteria PB

Squid CEP Southern calamari, Australian giant cuttlefish

Benthic invertebrates & flora

Kelp MA Macroalgae (kelp)

Seagrass SG Seagrass

Lobster BRL Rock lobster

Prawn PWN Western king prawn

Meiobenthos BO small benthic organisms that live in sediments <Imm e.g.
foraminiferans, Nematoda, benthic ostracods,
harpacticoid copepods

Benthic deposit feeders BD Infaunal detritivores: e.g. polychaetes, sipunculids,
burrowing bivalves, percarid crustacea( isopods,
amphipods, cumaceans, tanaids), holothurians (sea
cucumbers), gastropods (sedentary)

Benthic carnivores BC Infaunal carnivores/scavengers: e.g. echinoderms (sea
stars), gastropods, predatory polychaetes, slugs
(fixed/sedentary)

Benthic grazers (herbivores) BG Echinoderms (sea-urchins), large gastropods, chitons

Urchins (Benthic grazer) BGU Sea urchins

Abalone (Benthic grazer) BGA Greenlip/blacklip abalone

Deep filter feeders BFD Sessile megafauna e.g. bivalves, sponges, hydroids,
seapens, seafans and deep-sea corals, anemones,
crinoids, bryozoan, brachiopods, ascidians (benthic
tunicates)

Shallow filter feeders BFS Sessile megafauna e.g. bivalves (Scallops, cockles,
mussels, oysters) sponges, bryozoans, barnacles, seapens,
crinoids, brachiopods

Commercial crustacea BMC Blue, sand crabs, Balmain bug, other crabs, Giant crab

Macrozoobenthos BMS Large, active, primarily carnivorous megafauna e.g.
Gastropods, decapod crustaceans (reptantia and
natantia), stomatopods, cephalopods( Maori octopus,
southern keeled octopus, southern sand octopus, and the
southern hammer octopus)

Detritus POM DR Detritus in the sediments

Benthic bacteria BB

Aquaculture species

Tuna AQT Farmed SBT & Yellowtail kingfish

Molluscs AQM Farmed oysters mussels

Fin-fish

Sardines FPS Sardinops sagax

Anchovy FPA Engraulis australis and others sprats

Jack Mackerel FPJ Trachurus declivis Scomber australasicus

Southern Garfish FSG Garfish

Red bait FPB Emmelichthys nitidus
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Shallow (shelf) piscivores

FVS

Pelagic(med/large):l Australian salmon, herring,

barracouta, long-fin pike, Tommy rough, Tailor, Snook,
Mackerel tuna, Teraglin, Dolphinfish, Mulloway, Yellowtail
kingfish

Demersal(med/small): stargazers, red cod, small tooth
flounder, Perch, butterfly fish, boarfish, cobblerfish, red
mullet and goatfishes, silverbelly, silver trevally, john
dory, trumpeter, stargazers, john dory

SBT

FVB

Southern Bluefin tuna Thunnus maccoyii

Tuna and billfish

FVT

Frigate mackerel or tuna, skipjack tuna, Albacore tuna,
Yellowfin tuna, Bonito, Bigeye, tuna, billfish, striped
marlin, black marlin, blue marlin, swordfish

Myctophids

FMM

Various species of Myctophidae including: Hector’s
lanternfish Lampanyctodes hectoris, Blackring waryfish
Scopelosaurus meadi, Dana lanternfish Diaphus danae,
pennant pearlside Maurolicus australis

Non-migratory mesopelagics

FMN

Bathypelagic and non-migratory fishes including Silver
lighthouse fish Phosichthys argenteus, big-scaled
neoscopelid Neosopelus macrolepidotus, common black
dragonfish Idiacanthus fasciola,

Deep demersal fish

FDD

Piscivores: Roughy (Southern Roughy), Sandpaper Fish,
Zeidae, Cyttidae , gemfish, ling,

Invertivores: Dories, pink ling, gemfish, blue grenadier,
hapuku, cucumber fish, painted gurnard, long-finned
gemfish, silverside, whiptails, Centroberyx, Beryx,
cardinalfish, ribaldo, oreos

Shallow demersal fish

FDS

Omnivores (small):: Deep Velvet fish, Scarlet Cardinal fish,
Smooth Cardinal fish, Southern Crested Weed Fish, Old
Wife, Four-spine Leather Jacket, Smoothspine Leather
Jacket, Pygmy Leatherjacket, Gulf Gurnard Perch, Little
Gurnard Perch Rainbow Cale, Sculptured Seamoth,
Common Bullseye, Slender Bullseye, Spotted Grubfish,
Wavy Grubfish, Derwent Flounder, Spotted Flounder,
Barber Perch, Many Banded Sole, Orange barred Puffer
fish, Prickly Toadfish Smooth Toadfish, Soldier Fish,
Latchet, Southern Shortfin Gurnard, Spiny Gurnard
Southern School Whiting (silver whiting), Toothbrush
Leatherjacket, Striped Perch, Ornate Cowfish, Shaws
Cowfish, Rough bullseye, leatherjackets (Bridled, Mosaic,
Velvet, Gunn’s, Degens, Rough), Crested Flounder,
Squareback Butterflyfish, Goblin Fish, Syngnathids_ocean
perch, latchet,

Omnivores (med): Blue morwong, grey morwong, short
boarfish, Small tooth flounder, nannygai, gurnard perch,
rock ling, southern tongue sole, Spikey globefish, common
stink fish, spotted stinkfish, beaked salmon, senator
wrasse, fringed stargazer, southern gobbleguts, and
Chinaman leather jacket, jackass morwong, black bream,
Purple throated and Blue Wrasse

King George Whiting

FKG

Sillaginodes punctatus

Shallow demersal herbivores

FDH

(silver) Drummer, rock blackfish, luderick, dusky
morwong, marblefish, fantail mullet, sea mullet, sand
mullet, herring cale

Flatheads

FFH

Platycephalus conatus

Pink snapper

FSN

Chrysophrys auratus

Redfish

FRD

Centroberyx gerrardi

Sharks

Demersal sharks

SHD

whiskery shark, broadnose shark, Port Jackson shark,
carpet , wobbegong, saw shark, cat shark
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Pelagic sharks SHP White, bronze & dusky whaler sharks, smooth
hammerhead shark, Shortfin mako, blue shark

Green-eye dogfish SDG Deepwater Dogfish, gulper sharks

Gummy shark SHG Mustelus antarcticus

School shark SHS Galeorhinus galeus

Skates and rays SSK Various species including:

Top predators

Gulls SBG Seagulls

Petrels SBA Shearwaters, albatross, petrels

Diving seabirds SBD Australian gannet, terns

Little Penguin SBP Eudyptula minor

Australian fur seal SFA Arctocephalus pusillus doriferus

Long-nosed fur seal SFL Arctocephalus forsteri

Australian sea lion SL Neophoca cinerea

Baleen whales WHB Pygmy blue, humpback, SRW

Toothed whales WHT Sperm, beaked, pilot, killer

Bottle nosed Dolphins DOB Tursiops truncatus

Common dolphin DOC Delphinus delphis
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8.2
model

Initial weight (ug N) and growth rates for vertebrate functional groups in the GAB Atlantis
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8.3 Trophic links for the groups in the GAB-Atlantis model.

Table 8.3.1 Trophic links for the primary producers included in the GAB-Atlantis model

Macro-  Sea- Pico- Pelagic Sediment Labile Refractory

algae grass Diatom phytoplankton Bacteria Bacteria Detritus Detritus Carrion
Aquaculture 0.0000
Mollusc 0 0 0.085 0.00023 0.00023 0.00004 3E-06 3
Mackerel 0 0 0.02 0 0 1E-06 1E-08 0
Sardine 0 0 0.19 0 0 0 0.05 0.0007 0
Anchovy 0 o 03 03 0 0 0 0 0
Redbait 0 0 0.18 0 0 0 0 0 0
Flatheads 0 0 0 0 0 0 0.0005 0.00005 0
Myctophids 0 0 0.01 0 0 0 0 0 0
Deep Dem fish 0 0 0 0 0 0 0 0
Dem Herbie fish 0.1 0 0 0 0 0 0.0005 0
Garfish 0.02 0 0 0 0 0
Redfish 0 0 0 0 0 0 0.0001 0 0.005
Pink snapper 0 0 0.03 0.005 0 0 0 0 0

0.0000
School shark 0 0 0 0 0 0 0.00001 0 1
Gulls [ 03] 0 0 0 0 0 0.1 0.001 0.1
Petrels 0 0 0 0 0 0 0 0
Terns 0 0 0 0 0 0 0 0 0.1
Sea lion 0 0 0 0 0 0 0 0
0.0000

Baleen whales 0 0 1 0.0001 1E-06 0 0 0 0
Abalone 0.016 0 0 0 0 0 0 0
Urchins 0 0 0 0 0.08 0.0001 0
Shallow filter feed 0 0 0.085 0.00023 0.00023 0.04 0.0003 0.003
Deep filter feeder 0 0 0.08 0.085 0.00023 0.00023 0.04 0.0003 0.003
Benthic grazers 0.15 0.09 0 0 0 0 0 0 0

0.0000 0.0000
Commercial crust 5 0.001 1 0.00001 0.0001 0 0.00005 0.00003 0.005
Prawns 0.05 0.005 0 0 0 0 0.00005 0.00003 0.005
Deposit feeders 0 0 0 0 0 1E-09 0.0001 0.0001 1E-06
Benthic Carnivores 0 0 0 0 0 1E-09 0.0001 0.0001 1E-06
Gelatinous
zooplankton 0 0 0.1568 4E-06 0 0 1E-06 5E-08
Large zooplankton 0 0 0 0 0 0 0 0
Mesozooplankton 0 0 0.015 0 0 0 0 0
Microzooplankton 0 0 0.007 0.015 0.0001 0 0.001 5E-06 0
Meiobenthos 0 0 0 0 0 0 0.0002 3E-06 0

A grey box indicates a potential trophic link between predator (rows) and prey (columns) with darker grey indicative of a greater linkage.
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Table 8.3.2 Trophic links for the secondary trophic order invertebrates in the GAB-Atlantis model. A grey box indicates a potential trophic link between predator (rows) and prey
(columns).

Shallow Deep

Rock filter  filter  Benthic Shallow Comm Deposit Benthic Gelatinous Large Meso- Micro- Meio-

lobster Abalone Urchins Squid feeders feeders Grazers Macrobenthos crust Prawns feeders Carnivore zooplankton zooplankton zooplankton zooplankton benthos
Aquacult Mollusc 0 0 0 0 0 0 0 0 0 0 0 0 0.00378 0 0.00014 1E-06 0
KG Whiting 0 0 00001 0  0.0001 0.0001 0.0001 0.005 0 00001 03 0.01 0.0005 0.0005 0.005 0 [ 04 |
Mackerel 0 0 0 0.05 0 0 0 0 0 0005 0.005 0 004 o o1 0.005 0
sardine 0 0 0 0 0 0 0 0 0.035 0.1 0.1275 0.01 0
Anchovy 0 0 0 0 0 0 0 0 0.1 0.05 0
Redbait 0 0 0 0.0294 0.16 0.0009 O 0.042 0.003 0.09 0
Shallow piscivore 0 0 0 0 0 0.009 0 0 0.0056 0.17 0 0 0
SBT 0 0 0 0 0 0.02 0 0 0.0056 0 0 0 0
Tuna & billfish 0 0 0 0 0 0.02 0 0 0.0056 0 0 0 0
Flatheads 0  0.00051 0.0015 0003  [W6125W 0.00079 0.0004 0.0672 0.07 0.08 0.04 0 0.00085
Myctophids 0 0 0 0 0 23E05 O o | 02 04 04 0.1 0
Non-migratory
mesopelagics 0 0 0 0 0 0 0 0 00225 O 0 0.0056 0.04 0.00036 0 0
Deep demersals 0.00346 0.00051 0 o PEEEN o 0.08748 0 0.00113 0.007780%760 o0.0112 [NEEST  0.0036 0 0
Herbivorous fish 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Shallow demersals  |0.00346 0.00051 0.00252 0 0 0 0 0.13997 0 0 o [o%E7Eel 0 0 0 0 0.0085
Garfish 0 0 0 0 0 0 0 0 0 0 0 0.05 0.005 0.01 0.01 0.01 0.05
Redfish 0 0 o [o00o02 o 0 0 0.2 02 005 015 0.05 0.01 0.01 0
Pink Snapper 0 0005 0 0002 0002 005 0.08 0.2 0.005 003 0.1 0.05 0.0135 0.0001 0.0008
Dogfish 0.01728 25605 o [H099Y o [eEEN o 0  0.00788 0.00518 0.00252 0 0 0 0
Dem sharks 0.03456 0.00017 0.0015 0.00874 0.005 0.16  0.005 0.05832  0.0001 0.00011 0.02592 0 0 0 0 0
Pelagic sharks 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Gummy sharks 0 0 0 0 0 0.0045 - 0041 0.009 0.0015 0.0036 0 0 0 0 0
School sharks 0.08 0.05 0.065 0.03 0099 0.045 0.041 0.009 0.0015 0.0042 0 0 0 0 0
Skates & rays [16:3456) 0.00505 0.009 0 0 0.16 0 0.027 0  1.96-05 0.02592 0476 0 0 0 0 0.0085
Gulls 0 0.01  0.03 0.15 0.01 0.01 0135 001 01 0.07 0.007 0 0 0 1E-07
Petrels 0 0 0 0 0 0 0 00001 O 0 0 0 0 0 0
Penguins 0 0 0 0 0 0 0 00001 O 0 0 0 0 0
Terns 0  0.001 0.0003 0.006  0.00001 0.0001  0.0195 0.0001 0.0001 0.00007 0.007 0.0001 1E-06 0 0
Aust. fur seal 0.1728 0.00051 0 0 0 0.00324 0 000023 O 0 0 0 0 0 0
Longnose furseal  0.00173 5.1E-05 O 0 0 3.2E-05 0 |23E06 O 0 0 0 0 0 0
Sea lion [Tolsenoss 012 0 0 0 0 0 0 0 0 0
Baleen whales 0 0 0 0.05 0 0 0 0.00001 0o 00001 o 0 0.0889 GBI o075 0.0001 0
Bottlenose dolphin [0S 0.00025 o0 0 0 0 0 0 000056 O 0 0 0 0 0 0
Common dolphin 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Orca 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Rock lobster 0 [000253 © 0 0 0 0o o016 [oE7e 0 0 0 0 0.0085
squid 35605 0 0 0 0 0 0.10216  0.00002 2.3E-05 0 0 0.0002 0.0002 0.0002 0 0
Shallow filter feed 0 0 0 0 0 0 0 0 0 0 0 0 0.00378 0.00002 0.0003 3E-06 0
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Shallow Deep

Rock filter  filter  Benthic Shallow Comm Deposit Benthic Gelatinous Large Meso- Micro- Meio-
lobster Abalone Urchins Squid feeders feeders Grazers Macrobenthos crust Prawns feeders Carnivore zooplankton zooplankton zooplankton zooplankton benthos

Deep filter feeders 0 0 0 0 0 0 0 0 0 0 0 0 0.00013 0.00002 2.3E-05 5E-07 0
Shallow
macrobenthos 0 0 0 0 0.001 0 0 0 0 0 0 0 0 0 0 0 0
Comm. crustacea 0 0.00001 0 0 0.002 0.01 0 0.05 0 0.0015 0.006 0.01 0.0005 0.001 0.0005 0.005 0.005
Prawns 0 0 0 0 0.05 0.5 0 0 o 380700250 o0.17 4.2E-05 0.00001 0 0 0.15
Deposit feeders 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.03
Benthic carnivore 0 0 0 0 0 0 0 0 0 0 0.0009 0 0 0 0 0 0.03
Gelat. zooplankton 0 0 0 0 0.00001 O 0 0 0 0  0.00001 0 0 0.05216 0.032 0.0225 0
Large zooplankton 0 0 0 0 0 0 0 0 0 0 0 0 0.0005 0.012 0.00045 0.0005 0
Meso-zooplankton 0 0 0 0 0 0 0 0 0 0 0 0 0.0003 0.00006 4.5E-05 0.00018 0
Microzooplankton 0 0 0 0 0 0 0 0 0 0 0 0 2.1E-05 0 0 1.5E-05 0
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Appendix Table 8.3.3 Trophic links in the GAB Atlantis model. A grey box indicates a potential trophic link between predator (rows) and prey (columns).
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Appendix Table 8.3.4 Trophic links for the top predator vertebrate groups in the GAB-Atlantis model. A grey box indicates a potential trophic link between predator (rows) and
prey (columns).
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8.4 Predicted prey-predator relationships for (A) Australian sardine and (B) Southern
bluefin tuna over the entire GAB model domain for the Status Quo scenario.
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Percentaace hiomass chanae

8.5 Relative changes in biomass of functional groups for Atlantis scenarios
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