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The Tasman and Golden Bays (TBGB) are a semi-enclosed embayment system that
support numerous commercial and recreational activities, and are the focal area for the
national science challenge Sustainable Seas, aimed at developing tools and approaches for
ecosystem based management in New Zealand. We present three ecosystem models of
the TBGB ecosystem: an end-to-end ecosystem model using Atlantis, a size-structured
model, and an Ecopath with Ecosim model. We describe the process of data compilation
through to model validation and analyse the importance of knowledge gaps with respect to
model dynamics and results. We compare responses in all three models to historical
fishing, and analyse similarities and differences in the dynamics of the three models. We
have assessed the Atlantis model's sensitivity to initial conditions, and influence from the
oceanographic variables. We recommend that scenarios relating to ecosystem dynamics of
the TBGB ecosystem incorporate initialisation uncertainty, oceanographic uncertainty, and
compare responses across all three models where it is possible to do so.
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Abstract18

The Tasman and Golden Bays (TBGB) are a semi-enclosed embayment system that sup-19

port numerous commercial and recreational activities, and are the focal area for the national20

science challenge Sustainable Seas, aimed at developing tools and approaches for ecosystem21

based management in New Zealand. We present three ecosystem models of the TBGB ecosys-22

tem: an end-to-end ecosystem model using Atlantis, a size-structured model, and an Ecopath23

with Ecosim model. We describe the process of data compilation through to model validation24

and analyse the importance of knowledge gaps with respect to model dynamics and results.25

We compare responses in all three models to historical fishing, and analyse similarities and26

differences in the dynamics of the three models. We have assessed the Atlantis model’s sen-27

sitivity to initial conditions, and influence from the oceanographic variables. We recommend28

that scenarios relating to ecosystem dynamics of the TBGB ecosystem incorporate initialisation29

uncertainty, oceanographic uncertainty, and compare responses across all three models where30

it is possible to do so.31

32

33

1 Introduction34

The goal of incorporating a holistic approach to understanding the system-wide repercussions35

of how we manage our marine resources is admirable and ambitious (Long et al. 2015, Link and36

Browman 2017). Ecosystem Based Management (EBM) requires a range of tools, often includ-37

ing ecosystem models (Smith et al. 2017, Stecken and Failler 2016). Within ecosystems there38

are many processes at play, and the models developed to support Ecosystem Based Manage-39

ment vary in scope and complexity (Plagányi 2007, Fulton 2010, Collie et al. 2016). End-to-end40

ecosystem models which can deal with bottom-up and top-down system controls have become41

popular for exploring scenarios involving human induced impacts including fishing and climate42

change (Rose, 2012).43

44

The Tasman and Golden Bays (TBGB) is an appropriate focal area for Ecosystem Based45

Management as it supports a diverse range of marine, land and human activities, with economic,46

social and customary value (Sustainable Seas, 2019). The TBGB ecosystem is a relatively shal-47

low semi-enclosed embayment system at the north of South Island, New Zealand (Figure 1).48

Strong ocean currents enter the system from the Tasman sea bringing with them cold, nutrient-49

rich waters, which make the area highly productive (Chiswell et al., 2019). TBGB has large50

sheltered areas which are home to a diverse array of habitats including large seagrass beds,51

rocky reefs and large sandy outcrops, which support a rangewide variety of species, from small52

reef bound species to large migrating pelagic species (Handley, 2006; Stevenson and MacGib-53

bon, 2018).54
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Figure 1: Map of New Zealand with Tasman and Golden Bays marked and shaded orange, including

200 m, 500 m, and 1000 m isobaths (A). Map of Tasman and Golden Bays with fisheries Statistical

Area 038 (blue shaded) and Farewell Spit, Stephens Island and Marlborough Sounds (orange labels)

(B).

TBGB supports numerous commercial fisheries (for finfish and invertebrates), an active56

recreational fishery (Fisheries New Zealand, 2020), and marine farming activities (Handley,57

2006). The area is a popular destination for tourists, for example the Abel Tasman National58

Park is particularly popular for hiking, camping and water sports. Much of the land surround-59

ing the bays has been modified by horticulture, forestry, and residential development.60

61

Studies of the TBGB ecosystem include trawl surveys (MacGibbon and Stevenson, 2013;62

Stevenson and MacGibbon, 2018), fishery characterisations and stock assessments (Starr and63

Kendrick, 2017a,b; Parsons et al., 2018; Langley, 2018; Williams et al., 2014), bioregionalisation64

(Handley et al., 2018), habitat and fishing effects (Handley et al., 2014), oceanography from65

observations and modelling (Chiswell et al., 2019), benthos and anthropegenic effects (Handley,66

2006), sedimentation (van der Linden, 1969), and tidal circulation (Tuckey et al., 2006).67

68

There are key ecological questions around historical shifts in the TBGB ecosystem. The69

bays used to support a large scallop fishery, but scallop recruitment has failed in recent years70

(Williams et al., 2014, 2015; Tuck et al., 2018). In a review of drivers of shellfish production,71

Michael et al. (2015) suggests food (primary production), suspended sediments and turbidity,72

changes to benthic communities and sediment, effects of fishing, and disease are all potential73

key drivers. There is also a large snapper fishery, which has experienced marked variations74
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in productivity over time, and is currently producing relatively high catches (Langley, 2018).75

Snapper are known to be temperature dependent, with high year classes found to be correlated76

with high sea surface temperature (SST), in particular high autumn SST (Francis, 1993).77

78

We have developed three ecosystem models as part of a tool-kit for exploring and under-79

standing the TBGB ecosystem. Each model varies in complexity and scope, model development80

and validation demands, and applicability to different types of questions or scenarios. Each81

model developed has used a different framework: TBGB AM uses Atlantis (Audzijonyte et al.,82

2017, 2019; Pethybridge et al., 2019), TBGB EwE uses Ecopath with Ecosim (EwE) (Chris-83

tensen and Walters, 2004; Christensen et al., 2005), and TBGB SS is a size spectrum ecological84

model using the multispecies implimentation of the R package mizer (Scott et al., 2014; Blan-85

chard et al., 2014).86

87

Atlantis is an end-to-end ecosystem modelling approach that can be used to create an en-88

vironment in which different scenarios can be played out to test for different results and learn89

how a system may be reacting to changes within it. Reviewed as one of the best modelling90

frameworks for exploring ‘what-if’ type questions (Plagányi, 2007), it includes the ability to91

compare social, conservation, and economic outcomes. With sufficient data, this modelling92

approach can be extremely useful for management strategy evaluation (Plagányi, 2007), and93

has been applied to multiple marine systems (from single bays to millions of square kilome-94

tres) in Australia, the United States, Europe, South Africa and New Zealand (Savina et al.95

(2005), Fulton et al. (2007), Link et al. (2010), Ainsworth et al. (2015), Smith et al. (2015),96

Sturludottir et al. (2018), Ortega-Cisneros et al. (2017), McGregor et al. (2019)). Atlantis is a97

deterministic simulation model such that for a given parameter set and model specification, the98

model outputs are identical. Atlantis models are too complex to statistically fit to observations,99

although subsets of key parameters can be estimated using statistical methods outside of the100

model. Analysing and understanding the model dynamics and potential weaknesses is essential101

before the model can be used to learn about the system.102

103

EwE is trophodynamic modelling software which uses a mass-balance approach to describe104

ecosystem based, marine food web interactions (Christensen and Walters, 2004; Christensen105

et al., 2005). EwE works sequentially, where first an Ecopath model is populated and balanced106

at a specified point in time, then Ecosim is used to simulate the model through time (Walters107

et al., 1997). The Ecopath model is balanced by assuming that the energy removed from each108

species group, through fishing or predation, for example, must be balanced with the energy109

consumed by that group (Christensen and Pauly, 1992). Ecosim is then added to dynamically110

simulate ecosystem-based changes over time. Ecosim uses foraging arena theory (Walters and111

Juanes, 1993), which assumes only a portion of the prey biomass is available to the predators.112

This partitioning of prey resources can be used as a proxy for spatial dynamics, and also has113
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a stabilizing effect on ecosystem dynamics through providing refuge to prey groups (Walters114

et al., 1997). EwE models can be used for exploring impacts of fishing in conjunction with envi-115

ronmental shifts or trends, and for exploring optimal fishing policies (Christensen and Walters,116

2004). EwE models have more recently been used to produce time-series predation mortality117

for use in single-species stock assessment (Bentley et al., 2019).118

119

The multi-species size spectrum model specifies individual traits for each species group, and120

also utilizes the size spectrum model for predator-prey interactions. Prey selection is a func-121

tion of predator size, prey size, and the prey-species preference for a given predator. With this122

model, we can predict species’ size distributions, abundance, productivity and predator-prey123

interactions. Hence, it is possible to evaluate trade-offs based on responses in community and124

foodweb structure, population status, diversity, and fisheries yield (Blanchard et al., 2014).125

The possible trade-offs that we can explore with this model are limited to fishing effects such126

as focusing fishing effort on different parts of the system, and basic environmental effects such127

as variations in primary productivity.128

129

In this paper, we describe and evaluate TBGB AM, which is the first end-to-end ecosystem130

model for the Tasman and Golden Bays, New Zealand, as well as the two alternative ecosystem131

models; TBGB EwE and TBGB SS. We present analyses of the models, comparing both state132

and dynamics to each other and to current knowledge, and make recommendations on the133

appropriate use of each model.134

135

2 Methodological Approach136

Model development primarily focused on the Atlantis model for the TBGB ecosystem. The137

alternative models using the Ecopath with Ecosim (EwE) and multi-species size-structured138

model frameworks were developed as simplifications of TBGB AM, and have been assessed139

with respect to TBGB AM where it was possible to do so. TBGB AM has been tested with140

respect to initialisation uncertainty, realised growth and mortality rates, variability from the141

assumed oceanographic variables, and connectivity analysis following the methods of McGregor142

et al. (2019, 2020). All three models and associated R scripts are available on Github McGregor143

(2019).144

145

The process of developing these models was not linear, but rather iterative and incremen-146

tal. There were six main stages to the development, each of which was re-visited until we were147

satisfied with the performance of the models and our understanding of their dynamics. The148

main stages can be summarised as:149

1.) Model design: data and model inputs were collated and defined and the base TBGB AM150

developed.151
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2.) Alternative models: two alternative ecosystem models were developed; one size-structured152

and one Ecopath with Ecosim.153

3.) Calibration: the base historical TBGB AM was calibrated without fishing such that this154

model had stable biomass trajectories over the 1900–2016 model period, realistic diets, growth155

rates, natural mortalities, with these compared to the alternative models where appropriate.156

4.) Sensitivity analyses: TBGB AM was tested for sensitivity to uncertainty in the initial157

conditions and oceanographic variables. Simulations were explored aimed at understanding158

connectivity and influence between the species groups.159

5.) Fishing: historical fishing was included in all three models using forced catch removals.160

6.) Skill assessment: comparisons to abundance indices and biomass estimates were carried161

out for all models, including between-model comparisons.162

163

Sections 3–8 cover each of these six main stages, followed by Section 9: Bringing it together,164

compares the performance and dynamics as they relate to the three models.165

166

3 Model design167

An Atlantis model simulates the ecosystem through time, calculating each new state based on168

the previous state and the events of the current timestep. This section describes the physical,169

biological, ecological, and fishing components of TBGB AM. Further details on Atlantis can170

be found in the Atlantis user manual (Audzijonyte et al., 2017).171

172

3.1 Model area173

The TBGB area comprises waters in Tasman and Golden Bays, at the northern end of South174

Island, New Zealand (Figure 1). The area is bounded in the north by a line connecting the175

eastern tip of Farewell Spit and Stephens Island at the northern extreme of the Marlborough176

Sounds, and by the coastal margin within the bays (but excluding estuaries and Croisilles177

Harbour). It equates to Statistical Area 038, one of many areas used to define the location of178

commercial fish catches in the New Zealand EEZ (Mackay et al., 2005).179

180

An Atlantis model requires the modelled region to be split into polygons and depth layers.181

Each polygon/depth layer is referred to as a cell. The intention of the splits is to capture182

important aspects of the region but at a simplified level such that modelling the region over183

many years becomes possible (i.e. balancing detail with computational efficiency). The mod-184

elled area was divided into 25 polygons (Figure 2, which represent the main physical and185

biochemical structure of the ecosystem (Handley et al., 2018) and the historical footprint of186

fishing activity (Figure 4). There is one additional boundary polygon which flanks the northern187
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boundary and allows for the exchange of water, nutrients and biota from the dynamic model188

domain. All model polygons were further divided into water column depth layers, ranging from189

one layer in some nearshore polygons to five layers for the deepest polygons. The defined depth190

layers are shown in Figure 2. In addition to the water column layers, each polygon contains191

one epibenthic and one sediment layer.192

193
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Figure 2: Polygons as defined for TBGB AM with historical trawl footprint (grey, left) and depth

layer bins (right).

3.2 Time194

The model was run with a 35 year burn-in period (1865–1899) followed by a 115 year modelled195

period (1900–2014). The burn-in period allows for the model to adjust from potentially unstable196

initial conditions due to uncertainty of some of the parameters and age distributions for the197

age resolved groups, to a state that is more stable. A 35 year period was chosen as it covered198

initial fluctuations of most species groups in the model. All results presented here are from199

the modelled period 1900–2014. The model used 12 hour timesteps to allow for changes in200

temperature, light and feeding patterns between night and day.201

3.3 Oceanography202

Salinity, temperature and water exchange between cells were forced in TBGB AM using out-203

puts from a ROMS (Regional Oceanographic Modelling System) model that covered six years204

2008–2013 (inclusive) (Chiswell et al., 2019). Water flows across each cell face cause the move-205

ment of nutrients (such as ammonia and nitrate) available to primary producers. The speed206
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and direction of currents influence the spatial distribution of plankton groups. Water tem-207

peratures influence biological processes such as respiration (Hoegh-Guldberg and Bruno, 2010)208

(for more details, see Appendix A). The base TBGB AM presented here repeated the available209

ROMS variables as a six-year cycle. Averaging the ROMS variables across these years was not210

considered due to the water exchange between cells, as these change every 12-hour timestep211

in strength and direction, and averaging them could easily result in implausible physical dy-212

namics. We ran sensitivities varying the order of ROMS years or repeating one ROMS year to213

help understand the effects of inter-annual oceanographic variability on this model, following214

the methods applied in McGregor et al. (2019).215

216

3.4 Species groups217

TBGB AM uses 51 species groups to model the biological processes. Species groups were de-218

fined based on broadly similar form, habitat, and diet. Of these 51 groups, 12 vertebrates, two219

invertebrates, and one algae comprise single species; all other groups comprised two or more220

species. The single-species groups are either highly abundant (such as barracouta or seagrass),221

very distinctive (like fur seals), or for which there are key ecological questions that may require222

investigation on their own (like snapper and scallops). The main component species of the223

groups are shown in Tables 1 –4. Species group names are intended to be informative but not224

necessarily restrictive. For example, an ‘invertivores’ species group would eat primarily inver-225

tebrates, but may also consume a small proportion of vertebrate prey. All vertebrate groups226

and five invertebrate groups were modelled with age-structure using up to 10 age-classes and227

varying number of years per age-class, depending on the longevity of the primary species in228

the group. Within each age-class, the model simulated numbers of individuals and the average229

weight (mg N) of individuals within each age class. Weights were split into structural (SN )230

and reserve (RN ) components following the definition in Broekhuizen et al. (1994) where re-231

serve weight is the part that can be used during periods of starvation, which includes flesh,232

fat, reproductive components and other soft tissue. Primary producers and remaining inverte-233

brate groups were modelled as biomass pools (mg N m−3) with no age-structure. Weights and234

biomass-pools were tracked in mg N as nitrogen is the currency used to track the transfer of235

energy in Atlantis models (Audzijonyte et al., 2017). Initial conditions for the species groups236

were estimated or inferred depending on data and information available. Details on the species237

groups initial conditions and biological parameters are in Appendix B.238

239
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Table 1: List of vertebrate species groups for TBGB AM. Names in

bold at the start of each multispecies group indicates the most domi-

nant species in that group, and it is the species from which productivity

parameters for that group were derived. Lifespan is the assumed maxi-

mum number of years an individual in that group may live. Ben, benthic;

invert, invertivore; lrg, large; mesopel, mesopelagic; pisc, piscivore; sml,

small.

Species group Main species Lifespan (years)

Barracouta Barracouta 10

Carpet shark Carpet shark 20

Demersal fish Giant stargazer, Ling, Yellow-eyed mullet, Sea perch,

Rattails, Grey mullet, Silver dory, Lookdown dory,

Northern bastard cod, Goatfish, Scaly gurnard, Pigfish,

Spotted stargazer, Two saddle rattail, Oblique banded

rattail, Opalfish, Brown stargazer, Cucumber fish, Swol-

lenhead conger, Giant boarfish, Capro dory, Silverside,

Globefish

20

Elasmobranch invert Rough skate, Skates undefined, Dark ghost shark,

Smooth skate, Other sharks and dogfish, Elephant fish,

Eagle ray, Stingray, Short-tailed black ray

10

Elasmobranch pisc Thresher shark, Electric ray, Seal shark, Seven-gilled

shark, Bronze whaler shark, Blue shark, Mako shark,

Sharks undefined

20

Flatfish Sand flounder, Greenback flounder, Lemon sole, New

Zealand sole, Yellow-belly flounder, Witch, Black floun-

der, Turbot, Brill, Speckled sole

5

Kahawai Kahawai 30

Leatherjacket Leatherjacket 5

Mackerels Jack mackerel (Yellow-tail), Jack mackerel (Green-

back), Jack mackerel (Peruvian), Blue mackerel

20

Mesopel fish invert Blue warehou, Silver warehou, Bluenose 20

Pelagic fish lge Trevally, Albacore, Hoki, Hake, Porcupine fish, King-

fish, Frostfish, Gemfish, Sunfish, Skipjack tuna, Oilfish,

Southern boarfish, Ray’s bream

50

Pelagic fish sml Pilchard, Redbait, Anchovy, Garfish, Sprats, White-

bait, Ahuru

10

Pinniped Fur seals 20

Red gurnard Red gurnard 20

Red cod Red cod 5

Reef fish invert Butterfish, Blue moki, Marblefish, Trumpeter, Banded

wrasse, Scarlet wrasse, Wrasse (undefined), Red moki,

Copper moki, Seahorse, Spotty, Porae, Long-finned

boarfish, Spiny seadragon, Southern bastard cod

10

Reef fish pisc John dory, Blue cod, Conger eel, Hapuku, Hagfish 10

Rig Rig 20

School shark School shark 50

Seabird Seabirds, shorebirds, & black swans 20
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Snapper Snapper 50

Southern spiny dogfish Southern spiny dogfish 30

Tarakihi Tarakihi 40

Table 2: List of invertebrate species groups for TBGB AM. Description

includes main species. Lifespan is the maximum number of years an in-

dividual in that group may live. Those groups with no value for lifespan

are modelled as biomass pools and hence do not have a lifespan defined

as this is only relevant when modelling numbers. Carniv, carivore; Invert

comm, commercial invertebrates; herb, herbivore; scav, scavenger; Mac-

robenth, macrozoobenthos; Meiobenth, meiobenthos; Zoo, zooplankton.

Species group Description Lifespan (years)

Benthic Carniv Some gastropod molluscs, polychaetes & crustaceans

Benthic grazer Benthic animals that consume diatoms and sea grass

Carniv Zoo Planktonic animals (size 2–20 cm)

Cephalopod Arrow squid, Octopus, Broad squid 2

Deposit feeder Detritivores, e.g., some gastropod molluscs, polychaetes,

echinoderms (including holothurians) & crustaceans

Dredge oysters Dredge oyster 4

Filter other Non-commercial benthic filter feeders, e.g., sponges, bry-

ozoans, ascidians, turbellarians, bivalves, hydroids

Gelat Zoo Salps, ctenophores, jellyfish

Invert comm Herb Paua, Kina 6

Invert comm Scav Rock lobster, Paddle crab, Whelks, Sea cucumber 8

Macrobenth other Non-commercial benthic organisms (size >1 mm), e.g.,

polychaetes, echinoderms, sea anemones, crustaceans

Meiobenth Benthic organisms (size 0.1–1 mm), e.g., nematodes,

some small crustaceans

MesoZoo Planktonic animals (size 0.2–20 mm)

MicroZoo Heterotrophic plankton (size 20–200 µm)

Mussels Greenlip mussel, Horse mussel 2

Scallops Scallop 2

Surf clams Cockle, King clam, Pacific oyster, Pipi, Mactra 2

Table 3: List of phytoplankton and algae species groups for TBGB AM.

Species group Description

Diatoms Diatoms (large phytoplankton)

Macroalgae Macroalgae

Microphytobenthos Unicellular benthic algae

Pico-phytoplankton Small phytoplankton

Table 4: List of bacteria and detritus species groups for TBGB AM.

Species groups Description

Carrion Dead and decaying flesh

10
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Labile detritus Organic matter that decomposes at a fast rate

Pelagic bacteria Pelagic bacteria

Refractory detritus Organic matter that decomposes at a slow rate

Sediment bacteria Sediment bacteria

3.5 Predation240

Simulated predation was a four step process which occurred within each cell and at each241

timestep. From the predator’s perspective the steps modelled can be summarised as:242

1.) Am I allowed to eat it? 2.) Is it in the same place at the same time as me? 3.) Does243

it fit in my mouth? 4.) How much can I eat? Full details are in the Atlantis User’s244

Guide (Audzijonyte et al., 2017). In step 4 we applied the Holling Type II functional245

response to all age-structured species groups in this model, thus influencing the amount246

of prey consumed by prey abundance, and the predators search rate and handling time.247

248

Diets of each species group were summarised in categories Algae, Bacteria, Bird,249

Cetacea, Coelenterate, Crustacean, Detritus, Echinoderm, Elasmobranch, Microzoo-250

plankton, Mollusc, Phytoplankton, Polychaete, Teleost, and Tunicate similar to that251

done in the diet study of Stevens et al. (2011) (Figure 3). While this summary misses252

the temporal, spatial, age and size components of the predator-prey interactions, it is253

useful to check overall diets. For example, warehou (mesopel fish Invert) eat mostly254

salps (tunicates) as expected; school shark eat mostly fish as expected; flatfish (mostly255

flounder and sole) eat mostly benthic invertebrates; and invert comm herb (paua and256

kina) eat mostly algae. Trophic levels were calculated for each species based on their257

diets at the prey species group level, summarised over model space, time and species age-258

classes. The resulting trophic levels ranged from 1 for the primary producers through to259

5.49 for elasmobranch piscivores (Figure 4). The trophic levels are generally higher than260

they should be which is due to combining juvenile and adult diets in the trophic level261

calculation. For example, elasmobranch piscivores predate on juvenile barracouta, but262

the contribution of barracouta to the trophic level of elasmobranch piscivore uses the263

trophic level of barracouta averaged over all age-classes, which will be higher than the264

juvenile trophic level. The effect is confounded throughout the foodweb, as barracouta265

adults (to continue with this example) also predate on juvenile pelagic fish large, which266

will artificially increase the trophic level of barracouta.267

268
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Figure 3: Summary of the proportion of prey groups in the diets of species groups (Tables 1 and

2) over model years 1900–2014 from the fished model where the proportion is by mg N consumed.
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Figure 4: Foodweb coloured by trophic level from TBGB AM diets summarised from 1900–2014,

all model polygons and depth layers, and all species’ age-classes.
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4 Alternative models269

The alternative models were developed as simplifications of TBGB AM, although there270

are additional differences due to the structure of the respective frameworks.271

4.1 TBGB SS272

The multi-species size spectrum model was constructed in R (R Core Team, 2020). The273

foundation for the work is the modelling framework mizer version 2.0.3, see (Scott et al.,274

2014). This is available freely as an R package (Delius et al., 2020). For instructions on275

installing mizer and running models, see the mizer vignette (Delius et al., 2020). The276

earliest example of using mizer to model a multi-species system was by Blanchard et al.277

(2014), focusing on twelve common pelagic fish species in the North Sea.278

279

As the first step of setting up the size spectrum model for TBGB, the species list280

was reduced to those for which a consensus was reached that they fed in a size-based281

way, and hence it was appropriate to use the size spectrum modelling framework to282

simulate their life processes. This meant not including the following species from the283

model: fur seals, seabirds, benthic carnivores, benthic grazers, carnivorous zooplankton,284

detritivores, dredge oysters, benthic filter feeders, paua, rock lobster, benthic organisms,285

planktonic animals, heterotrophic plankton, greenlip mussels, scallops and cockles.286

287

Seven parameters are needed as inputs to the size-structured model for each species.288

These include:289

• the von Bertalanffy growth parameter k;290

• the allometric length-weight scaling multiplier a;291

• the allometric length-weight scaling exponent b;292

• the asymptotic body weight winf ;293

• the maturity weight wmat;294

• the preferred predator : prey mass ratio β;295

• the width of the feeding kernel σ.296

The first five of these parameters are available directly from the Atlantis model. For297

the feeding parameters (β and σ) information was taken from the Atlantis model about298

the prey species of both adults and juveniles for each species. For the mass of the299

species doing the feeding, we used asymptotic mass for adults and maturity weight for300

juveniles. We then approximated the weight of the prey as half of the asymptotic mass301
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for the prey of adults, and half of the maturity weight for the prey of juveniles. We302

then calculated the predator : prey mass ratio β by dividing the former by the latter303

and taking the average over both juveniles and adults, and calculated the width of the304

feeding kernel σ by taking the log10 of the standard deviation of all the mass ratios.305

306

Following this, we calculated the species interaction matrix. We used the spatial307

overlap of species from the TBGB AM to estimate the likelihood of interaction be-308

tween three size combinations of predators and preys (adult predators - adult prey,309

adult predators - juvenile prey and juvenile predators - juvenile prey), with the juvenile310

predator - adult prey combination ignored. We then calculated the normalised (0 to311

1) overall interaction for each species predator-prey pair using the average of the three312

predator-prey size combinations.313

314

Using the above parameters and interaction matrix with the software package mizer,315

the following parameters were calculated for each species:316

• hi(w), the maximum intake rate of an individual of species i and weight w;317

• γi, the search volume for species i at 1g weight;318

• ksi, a constant multiplier for metabolic rate.319

Also, an extensive description of the default parameter values (where are challenging320

to calculate empirically) is provided in (Delius et al., 2020). As part of the model set321

up, the carrying capacity of the resource spectrum was reduced to 70% of that of the322

North Sea model (Blanchard et al., 2014), as it was observed that feeding levels (even323

for large individuals) in the TBGB model were too dependent upon the resource rather324

than other species.325

326

The final step for the model was to tune free parameters related to reproduction327

(erepro and Rmax) to fit the unfished (virgin) biomasses of species to those generated in328

the Atlantis model. The decision was taken to fix erepro to 1 for all species, and modify329

Rmax for each species until a good fit was observed for all species biomasses. Pearson’s330

coefficient was used to measure closeness of fit between model biomasses and those of331

the Atlantis model.332

4.2 TBGB EwE333

TBGB EwE was developed in two parts, a mass balanced model (Ecopath) and a simu-334

lation model (Ecosim). TBGB EwE included the same 51 species functional groups used335
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in TBGB AM and were modelled as biomass pools (in t/km2). Diet and prey prefer-336

ences, fishing mortality and initial conditions were all based on those used in TBGB AM.337

338

TBGB EwE used a simpler spatial structure than that used for TBGB AM, where339

all functional groups were assumed to inhabit the entire study area. The vulnerability340

of prey groups to predation and predatory searching rates was used as a proxy for the341

variability of preys and the different levels of interaction between species (predators and342

prey). Diet import was also used as a proxy for spatial dynamics in terms of migration,343

where a proportion of the total diet could be apportioned to being outside the study area.344

345

Realised diets in EwE rely on the assumption that what is consumption for one346

group is mortality for another. Ecotrophic eciency is used as indication of how heavily347

a group is being preyed upon and whether enough individuals are available to die of348

old age. Diet must be input as the proportion of each prey group in a predator’s diet.349

These proportions can be varied to allow for successful mass balance but builds basis350

of consumption rates and system dynamics. The relative proportion of prey groups in351

predator diets was be dierent to those used in TBGB AM, but since the dietary compo-352

nents remained the same, realised diets were comparable. The single biggest difference353

between the two diets related to modelling bacterial groups which affected the diets of354

those groups that consume bacteria.355

356

Although it is possible to model age structure in EwE, this functionality was not used357

for TBGB EwE, since interactions between adults and juveniles are not well simulated.358

For example, if there is less food for juveniles or more mortality (both resulting in less359

juvenile biomass) the adult population remains unaected.360

4.3 Comparison of alternative models361

Neither of the alternative models developed have space explicitly defined. They do,362

however, both use an availability term which acts as a proxy for some spatial dynamics363

such as providing refuge from predators or fishing that might be expected from spatial364

separation. TBGB SS sets an availability term for each pair of species groups that de-365

fines how much they are expected to spatially overlap. These were estimated using the366

spatial overlap from the base TBGB AM, averaged over the model years 1900–2014.367

These availabilities were not age- or size- structured, whereas the spatial distributions368

are in TBGB AM.369

370
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Species groups were another key difference. TBGB EwE modelled the same 51371

species groups used in TBGB AM, although as biomass pools (in t/km2) with no372

age structure. TBGB SS modelled all 21 of the vertebrate species groups defined for373

TBGB AM, as well as cephalopods. For these groups, the size-structured nature of this374

framework allows for variation in growth rates, diet and predation vulnerability through-375

out each groups’ life span, from egg to adult. However, the size-structured model does376

not explicitly define or capture the dynamics of benthic invertebrate functional groups.377

378

Historical catches were forced in all three models, but in slightly different ways due379

to the structure of the models. TBGB AM removed numbers of fish to match historical380

tonnes caught, and these were calculated within TBGB AM based on the weights of381

individuals at each age class, with the total catch removed apportioned to age-classes382

based on selectivities defined by age-class. TBGB EwE removed catches as biomass,383

and there was no age-structure, so no selectivities with respect to age or size were re-384

quired. TBGB SS removed catches using an F time-series for each species group, which385

was based on estimates from TBGB AM. TBGB SS had knife-edge selectivity such that386

fish were only caught at or above the size at maturity.387

388

During model calibration, each of the models focused on different aspects of the389

model. TBGB SS focused mostly on adjusting reproductive outputs for each species,390

and the planktonic primary production to achieve virgin biomasses matching those in391

the TBGB AM model. TBGB AM focused mostly on prey availabilities, and also ad-392

ditional (non predation) mortality for higher trophic levels. TBGB EwE focused on393

balancing energy inputs (production) with outputs (consumption).394

395

5 Calibration396

Calibration of TBGB AM included ensuring stable biomass trajectories when apply-397

ing no fishing; realistic realised diets; realistic growth and mortality (size-at-age and398

proportions-at-age), following the methods and recommendations of Pethybridge et al.399

(2019), and McGregor et al. (2019).400

401

Biomass trajectories should reach a quasi-equilibrium when modelled with constant402

oceanography and no fishing (Kaplan and Marshall, 2016). While oceanography is not403

constant in our non-fishing model as it changes by year (Section 3.3), most of the age-404
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structured groups should maintain their dynamic stability. For the TBGB AM base405

model, all biomass trajectories remained within 20% of their coefficients of variation406

(CVs) over the simulated 1900–2014 model period. Biomass trajectories for all age-407

structured groups from the un-fished model are in Appendix C.408

409

Atlantis simulates growth rates of age-structured groups as a function of consump-410

tion. If growth is too slow, there may be insufficient food available, the feeding search411

rate could be too low or handling time too high, and the reverse of these when growth412

is too fast. In the TBGB SS model growth is also a function of consumed prey, taking413

into account metabolism and movement (Scott et al., 2018). Allocation of consumed414

prey to reproduction is set such that growth approximates the von Bertalanffy curve at415

a constant feeding level (Hartvig et al., 2011). Simulated growth rates of age-structured416

species groups were assessed by comparing the simulated size-at-age with those expected417

based on growth curve estimates from the literature (Table ??), and those resulting418

from the size-spectrum model. The full growth curves are in Appendix D, and sum-419

mary figures of the maximum expected size for each species funcitonal group (L∞) are420

in Figure 5. We used the upper 90th percentile for weight, converted to length using421

the length-to-weight conversion parameters (Table ??), from TBGB AM outputs from422

1900–2014 as L∞, and the maximum size from the base un-fished model at equilib-423

rium for TBGB SS. While many were in line with the literature, both models generally424

produced smaller expected maximum sizes to what the literature suggest for the larger425

species such as elasmobranch piscivores and school sharks, and TBGB AM generally426

produced larger expected maximum sizes for smaller species groups such as pelagic fish427

small, cephalopods and mackerels.428

429

Natural mortality in the model consists of mortality intrinsic within the model from430

predation, starvation, and light, oxygen or nutrient deprivation, and additional forced431

mortality. The latter was applied for modelled species groups that would not otherwise432

suffer sufficient natural mortality within the model, such as those that have little known433

predation. Age-structured simulated natural mortality rates from the stable base model434

were compared to estimates of M from the literature where available (Table ??) by435

comparing the proportions-at-age with the corresponding exponential decay curve. The436

overlaid simulated and ‘observed’437

were generally very similar (Appendix E), although kahawai stood out as having less438

natural mortality in the model than the literature would suggest, as did (although to a439

lesser extent) mesopelagic fish invertivores.440
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441

6 Sensitivity analyses442

A sensitivity analysis of the TBGB AM was carried out to assess the uncertainty of the443

model inputs, the propagation of this uncertainty to the outputs and therefore its effects444

on model performance. This analysis was performed on the following components of the445

TBGB AM446

447

6.1 Initial conditions448

Initial conditions were perturbed for TBGB AM following the methods of McGregor449

et al. (2020). The resulting simulations were then used for assessing responses of450

TBGB AM to historical fishing, thus allowing us to present these results as envelopes of451

plausibility rather than single trajectories. The species groups with the largest between-452

run CVs by the end of the simulation period (2000–2014) were generally lower in the453

foodweb, such as zooplankton, deposit feeders and picophytobenthos (Figure 6). In454

addition to these, scallops and flatfish also featured among those with high CVs, and455

for both of these it was due to an apparently fine line between the stock crashing under456

fishing pressure, or persisting (Figure 7).457

458
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Figure 6: Between-run CVs from 2000–2014 that resulted from perturbing the initial conditions of

TBGB AM.
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6.2 Oceanographic variability459

Oceanographic variables from a ROMS (Regional Oceanographic Modelling System)460

model for years 2008–2013 were used to define temperature, salinity and flux (water ex-461

change). As our model spanned more than these years, we needed to recycle the ROMS462

variables in some way. This section applies the methods defined in McGregor et al.463

(2019), which has two goals: 1.) establishing confidence intervals for our model simu-464

lations with respect to oceanographic variability; 2.) assessing the effect of repeating465

oceanographic variables from any one year, and whether these take the model outside466
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of the established confidence intervals.467

468

To retain realistic within-year dynamics, the ROMS variables from each year were469

kept together as a unit, and the years covered by the ROMS model were considered470

the samples. We ran two sets of simulations: the first sampled ROMS years at random471

with replacement for each model year simulated (bootstrapped the ROMS years) and472

repeated this for 50 model runs; the second repeated one ROMS year for all model473

years simulated and did a separate model run for each of the six ROMS years. In both474

cases, the 2008 ROMS was repeated for a 35-year burn-in period, followed by a 115 year475

simulation. The 2008 ROMS year was chosen for the burn-in period as this year seemed476

to be representative of the means from all ROMS years for sea temperature and salinity477

when averaged over the model area. The full set of figures with temperature and salinity478

from each ROMS year, overlaid with averages from all ROMS years are in Appendix479

A. Figure 8 shows the sum-of-squares between the values for each ROMS year and the480

average for salinity and temperature as well as the Pearson’s correlations. The 2008481

ROMS year had the lowest combined sum-of-squares, although correlation for salinity482

was not as high as the other years. Bootstrapping the ROMS years was used to establish483

confidence intervals with respect to between-year oceanographic variability. Repeating484

each ROMS year in turn was testing the effect of multiple years being different to the485

other years in some consistent way, such as cooler or warmer.486
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(yellow) variables for each ROMS year with respect to the relative averages from all ROMS years.
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The established biomass confidence intervals established from varying the oceano-488

graphic variables were fairly narrow for most species groups, with CVs < 10% (Figure489

9). Of the exceptions, micro-zooplankton had the highest CVs extending up to almost490

250%, followed by deposit feeders, benthic carnivores, meso-zooplankto, dinoflagelettes,491

and pico-phytoplanton. That these groups were found to be most sensitive to oceano-492

graphic variability in the model is a plausible and sensible result. When we compared493

the between-run CVs, we found these varied more than when sampling ROMS years494

randomly (Figure 9), suggesting strong effects from repeating the ROMS variables from495

any one year. Dinoflagelettes, seagrass and meiobenthos all had greater between-run496

CVs from repeating ROMS years than from sampling ROMS years.497
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10%

Figure 9: Between-run CVs for biomass output trajectories for each species group in TBGB AM,

from 50 model runs with ROMS years (2008–2013) sampled at random with replacement for each

model year 1900–2014 (blue boxes) and upper 90% CIs for between-run CVs from repeating each

ROMS year for the 1900–2014 model years (gold crosses).

6.3 Connectivity and influence499

Understanding which species groups are most influential in the model is another test500

for realistic dynamics, and is another way we can compare the dynamics of the models.501

EwE models output several measures of keystoneness, with KS3 recommended to be502

‘best’ by Valls et al. (2015) following analyses of many variations on keystone ranking503

calculations. For TBGB AM, we followed the simulation method applied in McGregor504

et al. (2019), but modified the keystoneness calculation to match that recommended in505

Valls et al. (2015) and applied in EwE (Equation 1). For the TBGB AM simulations,506

we perturbed each species group in turn, then assessed the responses of the other groups507
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in the system. For each age-structured species group, we ran two simulations, one with508

a small additional mortality and one larger; M(per year) + (0.1, 0.005). We assessed509

responses of the groups with respect to the Base Model at the completion of 50-year510

simulations using TBGB AM, then compared the keystone rankings to those produced511

for TBGB EwE.512

513

KSi = log





√

∑

i 6=j

m2

ij × dranki



 (1)

mij is the impact of species i on species j,514

dranki is the rank of species i in descending order or biomass515

516

The top species for keystoneness are not the same for TBGB AM which has mus-517

sels, demersal fish, seabirds, and dredge oysters, and TBGB EwE which has Reef fish518

piscivores, elasmobranch piscivores, pelagic fish large and snapper (Figure 10). The519

Pearson’s correlation between the two sets of rankings is 0.19, suggesting a weak and520

likely insignificant correlation. If we lower the benchmark to within the same third for521

keystone ranking (e.g. top, middle, or bottom third for both models), 11 out of the 30522

age-structured species groups are within the same third; and seven are in the opposite523

third.524

525

7 Fishing526

Catch histories from 1900 to 2013 were estimated for all of the species groups that have527

been commercially exploited. Catches required partitioning to provide catch by species528

group, by month, by fleet, and by cell. The available catch data seldom provided this529

level of detail, so numerous assumptions were necessary to develop catch histories (more530

details in Supplementary Materials). The model operated on a one-day cycle, so catches531

were actually required for this time interval. However, it was considered that an esti-532

mation of catches by month (subsequently split into daily amounts) would be sufficient533

to describe the patterns of seasonal variation in commercial catch apparent for most of534

the species groups.535

536

Catch histories for the commercially exploited bivalve species (scallops, oysters, mus-537

sels and surf clams) were developed using the units tonnes meatweight (rather than538

greenweight (unshucked shellfish)). Meatweight landings of scallops have been recorded,539

23

PeerJ reviewing PDF | (2020:11:55871:0:1:NEW 3 Dec 2020)

Manuscript to be reviewed



●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

0

5

10

15

20

25

30

T
B

G
B

_
E

w
E

 k
e
y
s
to

n
e
 r

a
n
k
in

g

1
 M

u
s
s
e

ls
2

 D
e

m
e

rs
a

l 
fi
s
h

3
 S

e
a

b
ir
d

4
 D

re
d

g
e

 o
y
s
te

rs
5

 R
e

e
f 

fi
s
h

 P
is

c
6

 I
n
ve

rt
 c

o
m

m
 S

c
a
v

7
 I

n
ve

rt
 c

o
m

m
 H

e
rb

8
 E

la
s
m

o
b

ra
n

c
h

 I
n
ve

rt
9

 R
e

e
f 

fi
s
h

 I
n
ve

rt
1

0
 L

e
a

th
e

rj
a

c
k
e

t
1

1
 P

in
n

ip
e

d
1

2
 S

c
h

o
o

l 
s
h

a
rk

1
3

 E
la

s
m

o
b

ra
n

c
h

 P
is

c
1

4
 C

e
p

h
a

lo
p

o
d

1
5

 S
n

a
p

p
e

r
1

6
 R

ig
1

7
 C

a
rp

e
t 

s
h

a
rk

1
8

 M
e

s
o

p
e

l 
fi
s
h

 I
n
ve

rt
1

9
 T

a
ra

k
ih

i
2

0
 F

la
tf

is
h

2
1

 M
a

c
k
e

re
ls

2
2

 S
p

in
y
 d

o
g

fi
s
h

2
3

 P
e

la
g

ic
 f

is
h

 l
g

e
2

4
 R

e
d

 g
u

rn
a

rd
2

5
 S

u
rf

 c
la

m
s

2
6

 B
a

rr
a

c
o

u
ta

2
7

 P
e

la
g

ic
 f

is
h

 s
m

l
2

8
 R

e
d

 c
o

d
2

9
 S

c
a

llo
p

s
3

0
 K

a
h

a
w

a
i

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

●
●

●

●

TBGB_AM keystone ranking

Figure 10: Keystone ranking from TBGB AM (x-axis) and TBGB EwE (y-axis) for all age-

structured species groups, with numbers giving keystoneness ranking (1 is the most influential

using Equation 1). Shading indicates species groups that are at least within the same third of

keystone ranking in both models (e.g. top third, middle third, bottom third) (yellow), and those

that are in opposite thirds (e.g. top third in TBGB AM and bottom third in TBGB EwE or top

third in TBGB EwE and bottom third in TBGB AM) (red).

and the derivation of the catch history for this group is given below. Landings of the540

other three bivalve groups are recorded as greenweight. Catch histories for these were541

derived (in tonnes) for polygon and month as described above for wetfish from the FSU542

and QMS databases. The greenweights were then adjusted to meatweight using the543

following conversion factors: dredge oysters, 0.12; mussels, 0.25; surf clams, 0.18.544

545

The commercial catch history for scallops was developed using data from Williams546

et al. (2014). Data from 1978 onwards were reported by scallop reporting sector (see547

figure 3 of Williams et al. (2014)), and these were allocated to polygon and to month.548

Catch was allocated amongst months in each polygon using the proportions used to de-549

rive figure 10 of Williams et al. (2014). Catches from 1959 to 1977 were not available by550

area, so were allocated to polygons based on the mean distribution of catches after 1977.551

552

Reliable estimates of recreational catch from the TBGB region are sparse; Cole et al.553

(2006) estimated shellfish harvest in 2003–04, Davey et al. (2008) estimated harvest of554

snapper and blue cod in 2005–06, and a National Research Bureau survey estimated555
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catches of all species in 2011–12 (B. Hartill, NIWA, pers. comm.). Other estimates are556

available (see Ministry for Primary Industries (2017)), but they are generally not consid-557

ered reliable (B. Hartill, NIWA, pers. comm.). It is acknowledged that the recreational558

catch in this area is very dynamic, with factors like weather and localised abundance of559

species driving harvest levels.560

561

8 Skill assessment562

A research trawl survey series conducted in 11 years between 1992 and 2013 has sam-563

pled in Tasman and Golden Bays (Stevenson and Hanchet, 2000; Stevens et al., 2017).564

Biomass estimates from strata 17, 18, and 19 (approximating Statistical Area 038 which565

is the TBGB AM model area) were compared to the biomass outputs from TBGB AM.566

Three of the species groups (red gurnard (Starr and Kendrick, 2017a), snapper (Lan-567

gley, 2018) and rig (Starr and Kendrick, 2017b)) have CPUE (catch per unit effort)568

that we have also compared to the corresponding TBGB AM biomass outputs. There569

is a dredge survey for scallops in Tasman and Golden Bays, conducted annually in570

May–June (Williams et al., 2014, 2015) for which the dredge efficiency was revised in571

(Tuck et al., 2018). It is the revised biomass index we have used to compare with572

the TBGB AM scallop biomass. The full set of figures with survey biomass estimates573

overlaid on TBGB AM biomass outputs are in Appendix G. The three species groups574

with corresponding CPUE and survey biomass estimates are presented in Figure 11.575

As a quantitative measure of comparison, we calculated Pearson’s correlations (Table576

5). We used Pearson’s which is one of the metrics used for other Atlantis model skill577

assessments (McGregor et al., 2019; Sturludottir et al., 2018; Olsen et al., 2016). The578

correlations between the model and survey range from 79% for school shark, down to579

-79% for rig. Rig were also negatively correlated with the CPUE index at -37% (Ta-580

ble 5). The rig survey biomass suggests the population was very low from 2000–2011,581

whereas TBGB AM was stable with a slight increase in biomass for these years. The582

CPUE for rig also suggested a decline in the early 2000’s, followed by an increase which583

is not apparent in the survey or TBGB AM. The other negatively correlated species584

were cephalopods (-15%), and tarakihi (-20%), neither of which had an apparent trend585

in the survey biomass or the TBGB AM biomass. Nine out of the 19 speices groups with586

survey biomass estimates had positive correlations of greater than 20%. Only snapper587

was positively correlated with CPUE (66%).588

589
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Table 5: Pearson’s correlation between TBGB AM spawning stock

biomass (SSB) and survey biomass estimates (Survey) and fishery catch

per unit effort (CPUE) (rounded to 2 significant figures). Invert, inverti-

vore; mesopel, mesopelagic.

Species group Survey CPUE

Barracouta -0.05 NA

Carpet shark 0.43 NA

Cephalopod -0.15 NA

Demersal fish 0.48 NA

Elasmobranch Invert 0.16 NA

Elasmobranch Pisc 0.43 NA

Flatfish 0.3 NA

Leatherjacket 0.061 NA

Mackerels -0.067 NA

Mesopel fish Invert 0.55 NA

Red cod 0.41 NA

Red gurnard 0.15 -0.059

Reef fish Pisc -0.084 NA

Rig -0.79 -0.37

Scallops 0.36 NA

School shark 0.79 NA

Snapper 0.13 0.66

Spiny dogfish 0.27 NA

Tarakihi -0.2 NA
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TBGB_AM SSB KAH survey CPUE Catches

Figure 11: TBGB AM estimated spawning stock biomass (SSB) (black solid), survey estimated

biomass (midnight blue pluses), and CPUE (orange crosses) where available for the red gurnard

(A), snapper (B), and rig (C). CPUE and survey biomass estiamtes were rescaled to match the

mean of the TBGB AM estimated SSB. Grey bars are estimated catches that were forced removals

in TBGB AM.

26

PeerJ reviewing PDF | (2020:11:55871:0:1:NEW 3 Dec 2020)

Manuscript to be reviewed



9 Bringing it together: comparing modelled ecosys-590

tem dynamics591

9.1 Realised diets592

We compared realised diets from the three models, using the base un-fished version, at593

equilibrium for TBGB SS, and summarised over 1900–2014 and 1959–2014 for TBGB AM594

and TBGB EwE respectively. The full set of figures showing proportion of weight con-595

sumed prey species group for each of the three models are in Appendix H. We dropped596

plankton diet proportions for TBGB SS as they swamped the diets due to large amounts597

of this being eaten when the animals are very small, as is the nature of a size-spectrum598

model. Having done this, the next smallest prey group (pelagic fish small) then domi-599

nated all diets. They were even the largest prey group for predators that don’t gener-600

ally consume small pelagic fish, such as reef fish invertivores, elasmobranch invertivores,601

carpet sharks and flatfish. As a result, the diets can only be similar between the size-602

structured model and the other two models for predators that eat a lot of small pelagic603

fish. The realised diets from TBGB EwE don’t seem to show any changes from the604

input diets, so these do not reflect anything of the model dynamics, but rather how the605

diets were specified for the model. The TBGB AM realised diets are the most complex,606

and achieving realistic realised diets was one of the goals of model calibration. The607

results presented for the model comparison have been summarised over model space,608

time and species age, which loses a lot of the detail, but is a neccesary abstraction for609

the purpose of comparison. We calculated Spearman’s rank correlation of the diets as610

direction and monoticity between diets seemed more appropriate than to test for a linear611

relationship. We assigned a value of -1 to any compared diets with zero overlap. There612

were five species groups where the size-structured model had zero overlap with the other613

two models due to these predators only eating pelagic fish small in the size-structured614

model, and not eating ‘pelagic fish small’ in the other two models. These were leather-615

jacket, rig, flatfish, reef fish invertivores and pelagic fish small. Between the Atlantis616

and EwE models, the invertebrates were more likely to have negatively correlated diets,617

with the exception being carpet shark, found to be eating more red cod in TBGB AM618

and less demersal fish and invert commercial scavengers than in TBGB EwE.619

620
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Figure 12: Spearman’s rank correlation comparing realised diets from TBGB AM with TBGB EwE

(dark green bars); TBGB AM with TBGB SS (aqua bars) and TBGB EwE with TBGB SS (beige

bars). Diets with zero overlap were assigned a value of -1.

9.2 Trophic level621

We compared trophic levels calculated from realised diets for TBGB AM and TBG EwE.622

We did not calculate trophic levels for TBGB SS due to the differences in diets, the lim-623

ited number of species groups modelled, and the focus of the size-structured model on624

animals progressing through the trophic levels as they grow. While the latter is some-625

what applicable to the Atlantis model as prey preferences are seperately defined for626

juveniles and adults, and spatial, temporal, habitat and gape sizes allow for further627

differences in diet between age-classes, the coarse scale of up to 10 age-classes for each628

species group makes the realised diets and hence trophic levels more comparible with the629

EwE model. Nonetheless, there were some systemic differences in trophic level between630

TBGB AM and TBGB EwE, such as the higher trophic levels generally presenting with631

inflated trophic levels in the Atlantis model. For example, elasmobranch piscivores have632

trophic level 5.5 in TBGB AM and 4.8 in TBGB EwE. The difference seems to be largely633

due to the fairly high presence of macrobenth other in the TBGB EwE diet that is not634

apparent in TBGB AM. School shark also have a higher trophic level in TBGB AM635

at 5.5 compared to 5.1 in TBGB EwE, and this is likely due to larger proportions of636

cephalopods and gelatenous zooplankton in the TBGB EwE diet, and the higher pro-637

portions of barracouta and mackerels in the TBGB AM school shark diet. There is also638

a difference for bacteria as it was categorised as a predator in TBGB EwE, but not639

in TBGB AM in which we have given it a nominal close-to-zero trophic level of 0.01.640
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Bacteria are consumed in TBGB AM, but not in TBGB EwE, so the bacteria trophic641

level affected other trophic levels in TBGB AM but not in TBGB EwE.642

643

●

●

●
●

●

●

●

●

●
●

●

●

●

●
●●

●●

●

●
●

●
●

●

●

●●

●

●

●●

●

●
●
●
●

●
●

●●

●●●●●●●●●

●●

0 1 2 3 4 5

0
1

2
3

4
5

Atlantis trophic level

E
c
o
p
a
th

 w
it
h
 e

c
o
s
im

 t
ro

p
h
ic

 l
e
ve

l

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●●

●●

●

●
●

●

●

●

●

●
●

●

●

●
●

●

●
●
●
●

●

●

●
●

●●●●●●●●●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

Name, Atlantis TL, EwE TL

Elasmobranch Pisc, 5.5, 4.8
School shark, 5.5, 5.1
Barracouta, 5, 4.4
Cephalopod, 4.8, 4.5
Reef fish Pisc, 4.8, 4.1
Pinniped, 4.7, 4.8
Spiny dogfish, 4.7, 4.3
Demersal fish, 4.5, 3.8
Pelagic fish lge, 4.4, 4.3
Kahawai, 4.4, 4.2
Carpet shark, 4.3, 3.9
Mesopel fish Invert, 4.2, 4.3
Pelagic fish sml, 4.2, 3.7
Rig, 4.2, 3.5
Mackerels, 4.2, 3.6
Snapper, 4.1, 3.6
Red cod, 4, 3.9

Seabird, 3.9, 3.9
Elasmobranch Invert, 3.8, 3.7
Red gurnard, 3.5, 3.4
Flatfish, 3.3, 3.5
Carniv Zoo, 3.3, 3.1
Gelat Zoo, 3.2, 3.3
Tarakihi, 3.1, 3.6
Leatherjacket, 3.1, 3.1
Macrobenth Other, 2.8, 2.6
Invert comm Scav, 2.7, 2.5
Benthic Carniv, 2.7, 2.9
Reef fish Invert, 2.7, 3.4
Scallops, 2.4, 2.2
Surf clams, 2.3, 2.2
Zoo, 2.3, 2.5
Deposit Feeder, 2, 2
MicroZoo, 2, 2.1

Invert comm Herb, 2, 2
Meiobenth, 2, 2.1
Filter Other, 1.9, 2.2
Benthic grazer, 1.7, 2
Dredge oysters, 1.6, 2.2
Mussels, 1.6, 2.2
Macroalgae, 1, 1
MicroPB, 1, 1
Seagrass, 1, 1
Diatom, 1, 1
DinoFlag, 1, 1
PicoPhytopl, 1, 1
Lab Det, 1, 1
Ref Det, 1, 1
Carrion, 1, 1
Pelag Bact, 0.01, 2.1
Sed Bact, 0.01, 2.1

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

Name, Atlantis TL, EwE TL

Elasmobranch Pisc, 5.5, 4.8
School shark, 5.5, 5.1
Barracouta, 5, 4.4
Cephalopod, 4.8, 4.5
Reef fish Pisc, 4.8, 4.1
Pinniped, 4.7, 4.8
Spiny dogfish, 4.7, 4.3
Demersal fish, 4.5, 3.8
Pelagic fish lge, 4.4, 4.3
Kahawai, 4.4, 4.2
Carpet shark, 4.3, 3.9
Mesopel fish Invert, 4.2, 4.3
Pelagic fish sml, 4.2, 3.7
Rig, 4.2, 3.5
Mackerels, 4.2, 3.6
Snapper, 4.1, 3.6
Red cod, 4, 3.9

Seabird, 3.9, 3.9
Elasmobranch Invert, 3.8, 3.7
Red gurnard, 3.5, 3.4
Flatfish, 3.3, 3.5
Carniv Zoo, 3.3, 3.1
Gelat Zoo, 3.2, 3.3
Tarakihi, 3.1, 3.6
Leatherjacket, 3.1, 3.1
Macrobenth Other, 2.8, 2.6
Invert comm Scav, 2.7, 2.5
Benthic Carniv, 2.7, 2.9
Reef fish Invert, 2.7, 3.4
Scallops, 2.4, 2.2
Surf clams, 2.3, 2.2
Zoo, 2.3, 2.5
Deposit Feeder, 2, 2
MicroZoo, 2, 2.1

Invert comm Herb, 2, 2
Meiobenth, 2, 2.1
Filter Other, 1.9, 2.2
Benthic grazer, 1.7, 2
Dredge oysters, 1.6, 2.2
Mussels, 1.6, 2.2
Macroalgae, 1, 1
MicroPB, 1, 1
Seagrass, 1, 1
Diatom, 1, 1
DinoFlag, 1, 1
PicoPhytopl, 1, 1
Lab Det, 1, 1
Ref Det, 1, 1
Carrion, 1, 1
Pelag Bact, 0.01, 2.1
Sed Bact, 0.01, 2.1

Figure 13: Trophic levels (TL) calculated from TBGB AM (x-axis) and from TBGB EwE (y-axis).

9.3 Responses to fishing644

We forced historical fishing in all three models, then compared the resulting biomass645

trajectories. The overlaid figures are in Appendix I, and we have summarised the com-646

parisons using Pearson’s correlation (Figure 14). Some of the species groups have very647

high (> 70%) correlation between all three models. These are elasmobranch inverti-648

vores, mackerels, mesopelagic fish invertivores, schools sharks, and spiny dogfish. There649

were no strong negative correlations between TBGB EwE and TBGB SS, but seven of650

the species groups had negative correlations of more than 50% between TBGB AM and651

either TBGB EwE or TBGB SS. These were barracouta, carpet shark, elasmobranch652

piscivores, red gurnard, inert comm herbivores, leatherjacket and tarakihi. The ways653

in which they were different varied. For example, barracouta decreased under fishing654

for both TBGB EwE and TBGB SS, but gave no response for TBGB AM, which could655

be due to migration in the Atlantis model buffering the effects of fishing. Carpet shark656

had fluctuations in biomass from 1980 in TBGB SS that don’t correspond to the time657

of direct fishing, and were not present for TBGB AM or TBGB EwE. There was a sim-658

ilar situation for elasmobranch piscivores, with more variation with respect to time in659

TBGB SS than would be expected as direct fishing effects, and that were not present in660

TBGB AM or TBGB EwE. Red gurnard increased during the period of heaviest fishing661
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in TBGB AM, then declined under lighter fishing that followed, whereas the responses662

in TBGB AM and TBGB SS were more indicative of direct fishing effects as the biomass663

declined under heavy fishing then recovered under light fishing. Invert comm herbivores664

decreased briefly in years with higher catches in TBGB AM, with quick recoveries,665

but gave no response to fishing in TBGB EwE, and were not included in TBGB SS.666

Leatherjacket had a slightly decreasing biomass trend in TBGB SS and TBGB EwE, but667

remained flat for TBGB AM. Tarakihi declined under the heaviest fishing in TBGB SS668

and TBGB EwE and recovered under lighter fishing, while in TBGB AM the biomass669

signal was almost opposite.670

671
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Figure 14: Pearson’s correlation between model simulations in response to forced historical fishing.

9.4 Diversity672

We calculated the modified version of Kempton’s Q diversity index, as available in EwE673

(Christensen, 2009) to all three models. The response to historical fishing at the di-674

versity level was very similar between TBGBG AM and TBGB EwE, but different in675

TBGB SS (Figure 15). All three models signal a decline in diversity under fishing, but676

whereas there is only a decline in TBGB SS, both TBGB AM and TBGB EwE show677
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an initial increase in diversity under fishing which was then followed by a decline from678

the mid–late 1980s.679

680

Figure 15: Diversity index for TBGB AM (black line), TBGB EwE (gold line) and TBGB SS (blue

line), scaled to the same mean (A) and scaling ranges given by TBGB EwE diversity/TBGB AM

diversity (gold) and TBGB SS diversity/TBGB AM diversity (blue) (B).

10 Discussion681

Key to this work, is to what degree the three developed ecosystem models of the TBGB682

ecosystem agree, and to what end they might be useful. Both of the terms ‘agree’ and683

‘useful’ are open to interpretation. Testing for agreement between the models has been684

carried out in this study with respect to dynamics at the species group level, such as685

diets and growth rates, and with respect to dynamics at the system level such as trophic686

level and diversity. We will discuss model usefulness based on limitations due to model687

structure, intended purpose of the respective modelling frameworks, and concerns that688

have arisen through model validation and comparison carried out here.689

690

At the species group level, diets could be compared across all three models, although691

they reflect slightly different aspects of the modelled dynamics. The TBGB EwE diets692

were relatively unchanged from the input diets; although they underwent some adjust-693

ments during calibration, they cannot really be considered an output of the model.694

The size-structured model has far greater emphasis on diets of species when they are695

very small and only eat phyto- or zoo-plankton, or slightly bigger and eating small696

31

PeerJ reviewing PDF | (2020:11:55871:0:1:NEW 3 Dec 2020)

Manuscript to be reviewed



pelagic fishes, and these aspects of life history are not included in the other two models.697

TBGB AM has species recruited to the model as juveniles into the youngest age-class,698

but they could be several years old upon entering the model depending on the lifespan699

of the species, due to the equal sized age-classes. TBGB EwE doesn’t model indi-700

viduals, and has no age-structure, but diets have been defined to assume the species701

group biomass pools resemble those corresponding to adult and juveniles combined in702

the TBGB AM. TBGB AM diets are perhaps the most reflective of model dynamics,703

as they are the result of spatial, temporal, growth, gape-size, life-stage, competition,704

prey availability dynamics as well as prey preferences. The vertebrate species groups705

generally had good diet correlation between TBGB EwE and TBGB AM. Interestingly,706

this doesn’t seem to have helped for the keystone analyses, which we would expect to707

be linked with diets. Some of the vertebrate species groups had almost reverse keystone708

rankings in the two models. Pelagic fish large and elasmobranch invertivores were both709

high in one model and low in the other and both had positively correlated diets, pelagic710

fish large over 50% correlation. Both also had very similar trophic levels.711

712

That the diversity responses to historical fishing pressure were similar in TBGB EwE713

and TBGB AM suggests these models have captured similar system-level dynamics. It714

would be interesting to explore this further by projecting both models into the future715

with varying catch levels, perhaps focused on subsets of the system. This activity might716

also help us understand the difference in diversity under fishing for TBGB SS. The end717

result of reduced diversity was consistent across all three models, but the absence of an718

initial increase in diversity in the size-structured model remains a mystery. Typically,719

size-spectrum indicators relate to size (e.g. mean length, maximum length, proportion720

of large fish) (Shin et al., 2005; Blanchard et al., 2014). There do not appear to be ex-721

amples of calculating a diversity index such as Kempton’s Q from size-spectrum models.722

723

Varying the oceanographic variables through sampling ROMS years or repeating724

a single ROMS year introduced greater variability in the model results than perturb-725

ing the initial conditions. This suggests careful consideration needs to be made into726

the forcing of the oceanographic variables for this Atlantis model. It may be helpful727

to extend the ROMS model so a longer timeseries of forcing oceanographic variables728

can be used. It also raises the question of possible effects from varying temperature729

and perhaps productivity in TBGB EwE to compare responses and flow-on effects. All730

of these aspects will be important to consider for climate change scenarios. Climate731

change scenarios are often driven through the oceanography, and how we apply this732
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is likely to be influential on results. While environmental effects can be simulated in733

TBGB EwE, changes in environmental variables would need to use proxies, such as734

changes in primary productivity (e.g. Niiranen et al. (2013), Hoover et al. (2013)).735

Climate change scenarios are less likely to be explored using TBGB SS due to limited736

scope for including oceanographic changes in this model, and the limited species groups.737

738

As TBGB AM is the most complete representation of the system out of the three739

models developed here, there are unlikely to be scenarios that can be explored in one of740

the alternative models but not in TBGB AM. There may, however, be scenarios where741

it makes more sense to explore in one of the simpler models due to shorter run-times742

and ease of use. Especially if we were to transfer the EwE model to an R version using743

Rpath. We could then load many simulations exploring fishing and climate change into744

the future, and evaluate system-wide responses. We could use these results to define a745

suitable subset of the scenarios to run in Atlantis.746
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Walsh, C., McKenzie, J., Ó Maolagáin, C., Stevens, D., Tracey, D., 1999. Length and1017

age composition of trevally in commercial landings from TRE 1 and TRE 7, 1997–98.1018

NIWA Technical Report 66.1019

41

PeerJ reviewing PDF | (2020:11:55871:0:1:NEW 3 Dec 2020)

Manuscript to be reviewed



Walters, C., Christensen, V., Pauly, D., 1997. Structuring dynamic models of exploited1020

ecosystems from trophic mass-balance assessments. Reviews in fish biology and fish-1021

eries 7 (2), 139–172.1022

Walters, C. J., Juanes, F., 1993. Recruitment limitation as a consequence of natural1023

selection for use of restricted feeding habitats and predation risk taking by juvenile1024

fishes. Canadian Journal of Fisheries and Aquatic Sciences 50 (10), 2058–2070.1025

Williams, J., Hartill, B., Bian, R., Williams, C., 2014. Review of the Southern scallop1026

fishery (SCA 7). NIWA Technical Report 7.1027

Williams, J., Parkinson, D., MacGibbon, D., Olsen, L., Roberts, C., 2015. SCA 7 stock1028

survey, November 2015. New Zealand Fisheries Assessment Report 2015/79.1029

42

PeerJ reviewing PDF | (2020:11:55871:0:1:NEW 3 Dec 2020)

Manuscript to be reviewed


