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Ecosystem models require the specification of initial conditions, and these initial conditions
have some level of uncertainty. It is important to allow for uncertainty when presenting
model results, because it reduces the risk of fluke or non-representative results. It is
crucial that model results are presented as an envelope of what is likely, rather than
presenting only one instance. We perturbed the initial conditions of the Chatham Rise
Atlantis model. We found the model dynamics were not chaotic, as it generally converged,
but some species groups were more sensitive to initial conditions that others. We fitted
Generalised Linear Models to the sensitivity of species groups to initial conditions, offering
a range of possible explanatory variables. We found trophic level explained much of the
contrast, with lower trophic level species groups generally more sensitive. We recommend
that in any set of scenarios explored using this model that associated uncertainty analysis
include perturbations of the initial conditions, with greater changes applied to species
groups that were least well informed in model development.
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Abstract14

Ecosystem models require the specification of initial conditions, and these initial conditions15

have some level of uncertainty. It is important to allow for uncertainty when presenting model16

results, because it reduces the risk of fluke or non-representative results. It is crucial that17

model results are presented as an envelope of what is likely, rather than presenting only one18

instance. We perturbed the initial conditions of the Chatham Rise Atlantis model. We found19

the model dynamics were not chaotic, as it generally converged, but some species groups were20

more sensitive to initial conditions that others. We fitted Generalised Linear Models to the21

sensitivity of species groups to initial conditions, offering a range of possible explanatory vari-22

ables. We found trophic level explained much of the contrast, with lower trophic level species23

groups generally more sensitive. We recommend that in any set of scenarios explored using this24

model that associated uncertainty analysis include perturbations of the initial conditions, with25

greater changes applied to species groups that were least well informed in model development.26

27

28

Keywords: Chatham Rise; Initial conditions; Chaos; Stability; Atlantis; Ecosystem model;29

Deep sea; Fisheries; Validation; End-to-end30

1 Introduction31

The Chatham Rise is perhaps New Zealand’s most productive fishing ground, and fishing of32

many fish species and some invertebrate species began from the mid-1970s (Ministry for Pri-33

mary Industries, 2017). These activities, and the notoriety of deep marine systems as sensitive34

or vulnerable to disturbance (Norse et al., 2012) makes the area an interesting one in terms of35

defining effective ecosystem based management. To assist this, an end-to-end ecosystem model36

has been developed—the Chatham Rise Atlantis Model (McGregor et al., 2019). One of the37

challenges in developing an end-to-end ecosystem model is specifying the initial conditions. In38

the Chatham Rise Atlantis Model (McGregor et al., 2019), the initial conditions were specified39

to reflect the ecosystem in it’s unfished, or virgin state. We have varying levels of understanding40

of the components of this ecosystem in its unfished state, and as such, there are varying levels41

of confidence around the estimates for the initial conditions, with all components having some42

level of error. Hence, an important step towards understanding the dynamics and implications43

of this model is to explore its sensitivity to changes in the initial conditions. If we change the44

initial conditions slightly, does the model produce very different results - ie, is it chaotic? Or,45

if it is not chaotic, are some aspects of the model more stable than others?46

47

The effects of uncertainty in the initial conditions seems to have received little attention48

in the development of end-to-end ecosystem models to date. In a review paper, Payne et al.49

(2015) found generally marine ecosystem models have not explicitly addressed uncertainty of50
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initialisation, and more recentely, ? noted it is not something that has been done for Atlantis51

models. Payne et al. (2015) speculated as to the likely effects of initialisation uncertainty in52

end-to-end models such as Atlantis, noting long-lived species might dampen effects, and short-53

lived species may amplify them.54

55

Stability, chaos, and the importance of initial conditions do, however, feature within eco-56

logical theory. There have been studies looking at what characteristics of an ecosystem are57

linked with stability, both from a theoretical perspective, and from observation. May (1972)58

showed mathematically, that large complex systems with high levels of diversity are unsta-59

ble. However, there seem to be exceptions to this rule, as later studies have shown. Roberts60

(1974) argued that most systems in practice appear to be more stable with more connections61

—contrary to the mathematical analysis of May (1972). Roberts (1974) showed if only feasible62

solutions are included in the analyses, such that no species may have a negative population,63

larger systems are actually more stable. ? examined non-linear difference equations with re-64

spect to chaotic, cylclic and stable biological dynamics. Other aspects subsequently shown65

to increase stability of ecosystems include negative pairwise correlations (Tang and Allesina,66

2014), species dispersal (Allesina and Tang, 2012), modularity (subsets of closely connected67

components) (Grilli et al., 2016), predator-prey relationships (Tregonning and Roberts, 1979),68

a high proportion of weak interactions (Olsen et al., 2016), and spatial structure (Fulton, 2001).69

70

The Chatham Rise Atlantis model (McGregor et al., 2019) is spatially defined, although at71

a fairly coarse scale, using 24 dynamic polygons, and 5 water column depth layers. Species are72

modelled using 55 species functional groups, which include species of bacteria, detritus, phyto-73

plankton, invertebrates, fish, sharks, cetaceans and birds. Some species groups were modelled74

as biomass pools, and some with age-structure, using numbers-at-age and mean weight-at-age.75

For many of the species, we have estimates of biomass, growth rates, age of maturity, natural76

mortality, spatial distributions, and diets, although some species have more knowledge gaps77

than others. McGregor et al. (2019) characterised the species functional groups by keystone-78

ness, responsiveness, and informance, and these attributes may relate to stability. Keystoneness79

and responsiveness were quantified using model simulations perturbing a single species func-80

tional group at a time, and analysing the flow-on effects to the rest of the system. Keystoneness81

measures the effect changes in biomass of a species group has on the rest of the system; re-82

sponsiveness measures how responsive a species group is to changes in biomass of other species83

groups within the system. Informance was a qualitative measure used to reflect both how well84

informed each species group was, and how well it performed in the model —were key dynamics85

such as growth, mortality rates, diets, and responses to fishing, all realistic based on what we86

‘know’? While these analyses were carried out to provide insight into the model’s strengths87

and weaknesses, and highlight which gaps are likely to be most influential in model results,88

they are also useful for further analyses such as carried out in this study —for perturbing initial89
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conditions in a meaningful way based on likely uncertainties, and to add further context when90

analysing the results.91

92

This study goes beyond the question of whether the Chatham Rise Atlantis model is unsta-93

ble, and analyses what features of the Chatham Rise ecosystem, and how we have modelled it,94

affect this answer. We discuss the likely impacts of our findings for future use of this ecosystem95

model. We highlight areas of potential future research with respect to model development,96

and to support decisions relating to the sustainable use of the Chatham Rise marine ecosystem97

resources.98

99

2 Methods100

The analyses presented here were carried out in three main sections: 1.) the initial conditions101

were perturbed, and the resulting model simulations were compared; 2.) components of the102

modelled system were characterised with respect to attributes that may affect stability; 3.)103

correlations between component attributes and responses to perturbations of the initial condi-104

tions were analysed, thus linking the first two sections.105

106

2.1 Varying initial conditions107

We varied the initial conditions for the number-at-age variables of age-structured species groups,108

and the biomass of biomass-pool species groups. For the biomass-pool species groups, biomass109

is the only option to perturb; Age-strurctured species groups could have errors in the speci-110

fication of numbers-at-age and/or size-at-age, both of which affect the biomass-at-age. In a111

stock assessment model, size-at-age (or growth rates) are generally the same with respect to112

time, whereas there is likely a difference in numbers with respect to time (especially before fish-113

ing compared to after fishing). Hence, a different virgin biomass in a stock assessment model114

would generally be made up of a different number of fish, rather than the same number of fish115

but a different size. To align with this, we perturbed numbers rather than size for the age-116

strutctured species groups. The resulting number of variables to perturb was 361, of which 341117

were numbers-at-age, 18 were the nitrogen content of biomass-pool species groups, and 2 were118

the silicate content of biomass-pool species (diatoms and microphytobenthos). The numbers-119

at-age of all age-classes for a given species group were scaled by the same amount for each120

simulation, such that the proportions-at-age were preserved, thus preserving M (instantaneous121

natural mortality) in the initial conditions. Our intention was to explore the model’s sensitivity122

to its initial conditions, not uncertainty around estimated parameters. Age-structured species123

groups were modelled with between 2 and 10 age-classes, and were perturbed by applying one124

scalar for all age-classes of a given species group. This significantly reduced the number of125
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scalars required to 57, of which 37 were for scaling numbers-at-age for age-structured species126

groups.127

128

Initially, we perturbed all initial conditions using the same scalar for all variables within129

each model run. The scalars we used were 0.5, 0.8, 0.9, 0.95, 1.05, 1.1, 1.2, 1.5. These scalars130

were chosen to cover a range from slight (+/- 5%) to extreme (+/- 50%) errors in the initial131

conditions.132

133

As shifting all initial conditions by the same amount may not give an indication as to how134

robust or sensitive the model is to mis-specification of the initial conditions where changes135

could vary in direction and magnitude, we next simulated multiple model runs, with the initial136

conditions scaled with some random variability. We scaled the initial conditions of each vari-137

able, sampling the scalar for each from a normal distribution, N(0, σ) with σ chosen based on138

how large we assumed a plausible change could be.139

140

In total, we ran three sets of simulations, and repeated each set with and without fishing.141

Set 1: All up or down. All initial conditions were scaled (numbers for age-structured, biomass142

for biomass-pool) with the same scalar for each run;143

scalars ∈ {0.5, 0.8, 0.9, 0.95, 1.05, 1.1, 1.2, 1.5}144

145

Set 2: High uncertainty. All initial conditions were scaled (numbers for age-structured,146

biomass for biomass-pool), with the scalars sampled from normal distributions with µ = 0147

and σ set based on the informance ratings defined in McGregor et al. (2019) (Figure 1).148

Biomass-pool species groups were assumed poorly specified as these were not ranked in149

McGregor et al. (2019), but would likely come out as poorly specified if they had been150

assessed more formally.151

152

Set 3: High keystone species. These runs only scaled the initial conditions of species groups153

likely to be most influential on the system. The species groups that ranked in the top154

10 for keystoneness in McGregor et al. (2019), and all biomass pool species groups were155

scaled using normally distributed scalars sampled with µ = 0 and σ = 0.25, giving 95%156

confidence intervals of ≈ +/− 0.5. All other species groups were unchanged (Figure ??).157

Figure 1: Figure separate. Set 2 scalars used to perturb initial conditions, with scalars sampled

from Normal distributions with µ = 0 and σ ∈ (0.025, 0.05, 0.1, 0.25) based on informance levels

1–4 respectively where 1: ‘Poorly specified’ (gold); 2: ‘Some data gaps and/or poor performance’

(magenta); 3: ‘Slight data gaps and/or poor performance’ (blue); 4: ‘No data gaps, performed well,

abundance index available’ (green) (defined in McGregor et al. (2019)).

5
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Figure 2: Figure separate. Set 1 scalars used to perturb initial conditions for high keystone and

biomass-pool species groups, with scalars sampled from the Normal distribution with µ = 0 and

σ = 0.25.
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2.2 Characterising the system and its components158

We calculated a subset of the ecosystem indicators analysed for the base model in ? (Table159

1) at each timestep for all model simulations. Mean trophic level, diversity and the ratio of160

pelagic to total biomass were chosen as they responded to fishing scenarios for the Chatham161

Rise Atlantis model (?), but didn’t require catch for the calculation (so we could apply them to162

model runs here with or without fishing included). We analysed the results for consistencies or163

discrepancies in shifts of the ecosystem reflected through these indicators, with particular fo-164

cus on the response of the system when heavy fishing became established during the mid-1970s.165

166

Table 1: Key ecosystem indicators evaluated for responses to perturbing

the initial conditions.

Indicator References

Mean trophic level Pauly and Watson (2005); Shin et al. (2018)

Diversity (modified Kempton’s Q) Ainsworth and Pitcher (2006)

Biomass of pelagic fishes/biomass total Link (2005)

If certain species groups appear to be more stable than others, we wanted to be in167

a position to investigate whether the more stable species groups have shared charac-168

teristics —for example, are there links between sensitivities to changes in the initial169

conditions and how connected each species group is in the system, how abundant they170

are, or how long they live, or some combination of these.171

172

To do this, we characterised species groups by keystoneness, trophic level, biomass,173

animal size, lifespan, background mortality, number of trophic connections, and pro-174

portion of most dominant (‘top’) prey. All but the final three of these indices were175

available from McGregor et al. (2019). The proportion of diet made up by most domi-176

nant prey, number of trophic connections, and the proportion of natural mortality that177

was made up of additional mortality were calculated for this study using R version 3.4.3.178

179

2.2.1 Proportion of top prey180

For each species group, we calculated the proportion of its diet that was made up by its181

top prey species group based on biomass consumed. This was to classify the extent to182

which each species group was eating as a specialist or generalist as they are modelled.183

It is possible for a predator to perform in the model as more of a specialist due to184

aggregation of species into groups —they could predate on several prey species that are185

modelled in the same species group. For each species group, we summed the prey eaten186
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over the entire model region and all modelled years 1900–2015, then selected the largest187

proportion.188

189

2.2.2 Number of trophic connections190

The number of primary connections ranged from 1 through to 30, and with fairly even191

spread in between (Figure 8). Most species groups were almost fully connected by the192

third level, and all species groups had at least 43 tertiary connections, of the 55 available193

species groups. Many of the species groups had more than 20 secondary connections,194

and those with fewer secondary connections generally had fewer primary connections.195

The number of secondary and tertiary connections are unlikely to be informative for196

stability between runs as there is little contrast.197

198

Figure 3: Image separate. Number of trophic level connections by species group for the Chatham

Rise Atlantis model (base) 1900–2015 model outputs. A: Number of groups (frequency counts)

by primary connections (green bars), secondary connections (blue bars), and tertiary connections

(orange bars); B: Number of primary connections by species group (green bars), and number of

secondary connections by species group (blue asterisks, and using right-hand axis).

2.2.3 Additional natural mortality199

There is the option in Atlantis to apply additional natural mortality either as a quadratic200

term, which is density dependent, or as a linear term (Audzijonyte et al., 2017). The bal-201

ance between additional natural mortality and mortality coming from dynamics within202

the model may affect the model’s stability. Higher levels of additional mortality reduce203

the strength of connections in the model, with 100% additional mortality effectively204

resulting in parallel single species models. Additional mortality was required for some205

species groups in the Chatham Rise Atlantis model that did not suffer sufficient natu-206

ral mortality through predation, starvation or disease in the model to match estimates207

of mortality from the literature. For all age-structured species groups in this model,208

linear rather than quadratic mortality was applied as this is a close approximation to209

instantaneous natural mortality (M). When M is small, as it is when applied at small210

time-steps, e−M can be approximated by 1 − x using the first two terms of its Taylor211

series expansion. Hence, if we take Nt to be the number of individuals at timestep t212

and Nt+δ to be the number at timestep t+ δ where δ is small we get213

214
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Nt+δ = Nte
−Mδ

≈ Nt(1−Mδ) (1)

As linear mortality, mL, is applied at every timestep (12 hours for this model), we215

can use Mδ to approximate mL. This is, however, complicated by a temperature effect216

which is applied to mL in Atlantis. Additional mortality in Atlantis are assumed related217

to metabolic rates, and hence are temperature dependent. The temperature effect is218

applied as a scalar (Tcorr) calculated as a function of the current water temperature (T )219

(in a given cell at a given time) relative to a base temperature, set at 15 oC (Equation 2).220

221

Tcorr = 2(T−15)/10 (2)

As temperature varies spatially and temporally, so does the scaled mL. We cal-222

culated the additional applied mortality for each species group based on their spatial223

distribution, mL values, and temperature corrections, using the median, upper and lower224

quartile, and 95% confidence intervals for the applied additional mortality to reflect the225

variability of temperature spatially and temporally. These were calculated for both ju-226

veniles and adults as mL and spatial distributions were defined separately for these life227

stages.228

229

Total realised mortality rates were estimated from the model by fitting an exponen-230

tial decay curve to the proportions-at-age. By running the model with no fishing, the231

realised mortality consisted entirely of natural mortality, including sources within the232

model such as predation, as well as additional mortality from mL. We then compared233

the total realised natural mortality with the range of additional mortality to estimate234

what proportion of natural mortality was coming from dynamics within the model, and235

what proportion was forced. We produced a weighted average for each species group236

that combined the proportions for adults and juveniles, weighted by the numbers of237

adults and juveniles respectively.238

239

2.3 Modelling stability240

We analysed the effects of perturbing the initial conditions by fitting a GLM (Gener-241

alised Linear Model) to the coefficient of variation (CV) for the biomass of each species242

group across model runs. We used Atlantis model outputs following a 35-year burn-in243

period, to match the burn-in used in McGregor et al. (2019). Variables from character-244

ising the species groups (Table 2) were offered as possible explanatory variables, using245

9
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a step-wise selection algorithm, with each iteration selecting the variable (or pair of246

interaction variables) that explained the largest proportion of the null deviance. This247

process was repeated until the additional deviance explained was less than 10%. This248

cut-off value was selected to limit the number of explanatory variables selected, while249

retaining most of the explained null deviance. We initially explored untransformed, and250

log (base 10) and cubed root transformations of the response variable (CV), with all251

modelled using the Gaussian distribution. The analyses presented here used the cubed252

root transformation as we found this produced greater homogeneity of residuals with253

respect to the fitted values.254

255

We could not model the biomass-pool species group CVs with respect to all at-256

tributes, as some attributes had not been analysed for biomass-pool groups (e.g. Key-257

stone and Response), and some attributes relate to individuals, such as maximum size258

and instantaneous mortality. Hence, we fitted three versions of the GLM: 1.) limited259

the species groups included in the analyses to species with age-structure in order to260

consider the full list of explanatory variables; 2.) retained all species groups, but lim-261

ited the explanatory variables offered; 3.) limited the species groups to biomass-pool262

species groups, with the limited the explanatory variables offered. Table 2 gives the263

full list of explanatory variables offered for biomass-pool (BP), age-structured (AS),264

and all-species (ALL) versions of the model. All possible paired interaction terms were265

also offered. PropByTopPrey was dropped from BP models as nearly half (8/17) of266

the biomass-pool species groups were not predators, and this variable only applies to267

predators.268

269

We fitted the GLM to model outputs for each year (1900–2015) to test for temporal270

shifts in the effects (a separate GLM was fitted at each year). To allow for influence271

from the method of perturbing the initial conditions (all up or down, based on keystone-272

ness, or based on uncertainty), we included this (‘ChaosAlt’) as a potential explanatory273

variable. We also explored splitting out the fished model runs from the unfished, or274

including this within ChaosAlt (Table 3).275

276

We fitted a summary GLM for each version (ALL, AS, BP species; with/without277

fishing included), using a subset of the years simulated by the models, where the ex-278

planatory variables selected for models fitted at each timestep were roughly consistent.279

We used these summary models to explore the effects of the selected explanatory vari-280

ables on between-run CVs. We analysed the residuals to check for trends or biases in281
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the model fits, and present these as well as the effects of selected explanatory variables.282

283

Table 2: Explanatory variables offered to explain effects of perturbing

the initial conditions, and whether these were defined for age-structured

species groups or biomass-pool species groups, or all species groups.

BP= biomass-pool species groups; ALL= all species groups; AS = age-

structured species groups.

Variable Model BP Model ALL Model AS

1. Informance

2. TL

3. Keystone

4. Response

5. NumL1cons

6. Lifespan

7. propAdM

8. propJuvM

9. B0

10. PropByTopPrey

11. Linf

12. ChaosAlt
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Table 3: ChaosAlt definitions for perturbing the initial conditions, and

including fishing in the model or not. ChaosAlt was offered as an ex-

planatory variable to the GLMs.

ChaosAlt Description Included fishing

A All up or down

B All up or down

C Based on uncertainty

D Based on uncertainty

E Based on keystoneness

F Based on keystoneness

3 Results284

3.1 Variability from initial conditions285

Some species groups diverged while others converged, with biomass-pool groups more286

likely to have persistent high CVs between model runs (Figure 4). Fishing sometimes287

reduced the between-model CVs for age-structured species groups, such as for hoki, but288

the effects of fishing were not apparent in any biomass-pool species groups—in biomass289

trajectories or CVs between model runs (Figure 5 for two examples; Appendix A for290

the full set of figures.). Responses of age-structured species groups to fishing were gen-291

erally consistent across model runs. This included direct effects of fishing on a species292

(such as hoki, hake, orange roughy and ling), and predation-release responses (such as293

cephalopods and pelagic fish). Exceptions were invert comm herb (primarily paua and294

kina), invert comm scav (primarily scampi), dem fish pisc (primarily giant stargazer),295

and seaperch, which all gave varied responses with fishing included in the model.296

297

Figure 4: Figure separate. Median (solid lines), and upper and lower quartiles (dot-dashed lines) for

CVs of age-structured species groups (A) and biomass-pool species groups (B) from fished model

runs (blue) and unfished model runs (orange).

Figure 5: Figure separate.Biomass trajectories from models with fishing included (blue lines) and

no fishing (orange lines) for Ref Det (refractory detritus) (A) and hoki (B), with CVs from across

the model runs by time from fished models (aqua asterisks) and unfished models (cerise asterisks)

overlaid and using the right-hand axis.
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3.2 Characterisation298

3.2.1 Ecological indicators299

Ecological indicators demonstrated variability from the perturbed initial conditions that300

generally neither converged nor diverged throughout the model simulations. However,301

the responses to heavy fishing from the mid-1970’s were consistent across runs, with a302

decline in mean trophic level, a slight increase in diversity, and an increase in the ratio303

of pelagic biomass over total biomass (Figure 6). There was a slight decline in mean304

trophic level from 1900–2015 in some of the unfished models, although the decline was305

approximately 0.02 of a trophic level over 100 years, so rather small.306

Figure 6: Figure separate.Ecological indicators, mean trophic level of age-structured species groups

(A), Kempton’s Q (B), and biomass ratio of pelagic fishes/all age-structured species groups (C)

calculated from model simulations with fishing included (blue lines), and no fishing included (orange

lines) from model years 1865–2015, which includes the burn-in period of 1865–1900.

307

3.2.2 Proportion of top prey308

Some diets consisted almost entirely of one species group, but many others did not have309

a dominant species with the ‘top’ prey making up less than 50% of the diet, and there310

was quite an even spread in between, with top prey making up around 50–70% of many311

diets (Figure 7). Not all species groups predate, which is why some species groups (such312

as sediment bacteria, macroalgae) do not have a highest proportion of prey.313

Figure 7: Figure separate. Proportion of diet made up by top prey from the Chatham Rise Atlantis

model (base) 1900–2015 model outputs.

314

3.2.3 Number of trophic connections315

The number of primary connections ranged from 1 through to 30, and with fairly even316

spread in between (Figure 8). Most species groups were almost fully connected by the317

third level, and all species groups had at least 43 tertiary connections, of the 55 available318

species groups. Many of the species groups had more than 20 secondary connections,319

and those with fewer secondary connections generally had fewer primary connections.320

The number of secondary and tertiary connections are unlikely to be informative for321
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stability between runs as there is little contrast.322

323

Figure 8: Figure separate. Number of trophic level connections by species group for the Chatham

Rise Atlantis model (base) 1900–2015 model outputs. A: Number of groups (frequency counts)

by primary connections (green bars), secondary connections (blue bars), and tertiary connections

(orange bars); B: Number of primary connections by species group (green bars), and number of

secondary connections by species group (blue asterisks, and using right-hand axis).

3.3 Additional natural mortality324

The proportion of natural mortality forced with additional mortality through the mL325

term ranged from just over 0.8 for spiny dogfish down to zero for several species (Figure326

9). While baleen whales, cetacean other, pinnipeds and seabirds all have zero additional327

mortality through mL, this does not mean their populations are entirely constrained328

due to mortality within the model, as these groups all migrate out of the model and329

their populations are restrained on re-entry into the model domain. Pelagic fish small330

(primarily myctophids), arrow squid, cephalopods other, and invert comm scav (pri-331

marily scampi) have all their natural mortality from sources such as predation within332

the model. Just over half (19/37) of the age-structured species groups had more than333

80% of natural mortality forced as adults. Most age-structured species groups (31/37)334

had less than 50% of natural mortality forced for juveniles.335

336

Figure 9: Figure separate. Proportion of natural mortality (M) forced as additional mortality by

species group from the Chatham Rise Atlantis model (base) 1900–2015 model outputs.

3.4 Modelling stability337

3.4.1 GLMs fitted at each timestep338

The models fitted at each timestep (year) with all species groups combined (ALL)339

selected the interaction term ChaosAlt (the way in which the initial conditions were340

perturbed) and trophic level, and explained just under 50% of the null deviance (Fig-341

ure 10). The ChaosAlt:trophic level interaction term was also the most important342

explanatory variable for biomass-pool (BP) only species group models (Figure 11), and343

age-structured (AS) only species group models (Figure 12). BP models consistently se-344

lected a second term; the interaction of the number of primary trophic connections and345
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virgin biomass (B0) and explained between 50% and 60% of the null deviance (Figure346

11). The AS models had different explanatory variables selected at different timesteps,347

and these were also influenced by whether fishing was included in the models. The348

interaction between ChaosAlt and the number of primary trophic connections was the349

most consistently selected second explanatory variable for AS models (Figure 12). The350

BP and AS models seemed to have a shift at around 1910. Explanatory variables se-351

lected prior to 1910 did not include ChaosAlt, but trophic level was important as an352

interaction with virgin biomass and the number of primary trophic connections for BP353

models, and trophic level and informance for AS models (Figures 11 and 12).354

355

Figure 10: Figure separate. R2 for GLMs fitted at each timestep to biomass CVs of all species

groups that resulted from perturbing the initial conditions, using all model runs (A), only model

runs with fishing (B), and only models without fishing (C), with bars coloured by explanatory

variable.

Figure 11: Figure separate. R2 for GLMs fitted at each timestep to biomass CVs of biomass-pool

(BP) species groups that resulted from perturbing the initial conditions, using all model runs (A),

only model runs with fishing (B), and only models without fishing (C), with bars coloured by

explanatory variable.

Figure 12: Figure separate. R2 for GLMs fitted at each timestep to biomass CVs of age-structured

(AS) species groups that resulted from perturbing the initial conditions, using all model runs (A),

only model runs with fishing (B), and only models without fishing (C), with bars coloured by

explanatory variable.

3.4.2 Final GLMs356

The GLMs fitted to all data from 1910–2015 selected similar explanatory variables to357

the GLMs fitted at each timestep (Table 4). The interaction term ChaosAlt:TL was se-358

lected first for all models, and was the only term selected for the ALL model (all-species,359

with fishing and non-fishing runs included). The BP (biomass-pool) only species model360

also selected the interaction term NumL1cons:B0. The AS (age-structured) species only361

model selected interaction ChaosAlt:NumL1cons whether fishing was included or not,362

and a third term, interaction NumL1cons:Informance was selected for the unfished AS363

model.364

365
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The Pearson’s residuals generally showed no concerning patterns against fitted val-366

ues or explanatory variables for the final GLMs (Figures 13–17). One exception was the367

residuals with respect to B0 for the BP model, which suggested decreasing errors with368

increasing B0, and a possible outlier (Figure 14).369

370

Table 4: Explanatory variables selected and corresponding r2 values for

GLMs fitted to ALL (all species groups) model CVs, BP (biomass-pool

species groups) only model CVs, and AS (age-structured species groups)

only model CVs, using model outputs from 1900–2015, with fished and

unfished versions for AS. ChaosAlt=the set of runs, grouped by method

for perturbing initial conditions and whether fishing was included or not;

TL=trophic level; PrimCons=number of primary trophic connections;

B0=virgin biomass; Inf=informance;

Model ChaosAlt:TL PrimCons:B0 ChaosAlt:PrimCons PrimCons:Inf Total r2

ALL 0.47 0.47

BP 0.38 0.53 0.53

AS 0.32 0.44 0.44

AS (fished) 0.33 0.45 0.45

AS (unfished) 0.31 0.44 0.54 0.54

Figure 13: Figure separate. Pearson’s residuals for models fitted at each timestep to biomass CVs

of all (ALL) species groups that resulted from perturbing the initial conditions, using all model

runs, plotted against fitted values (A), TL (trophic level) (B), and ChaosAlt (C).

Figure 14: Figure separate. Pearson’s residuals for models fitted at each timestep to biomass CVs

of biomass-pool (BP) species groups that resulted from perturbing the initial conditions, using all

model runs, plotted against fitted values (A), TL (trophic level) (B), ChaosAlt (C), Number of

primary trophic connections (D), and B0 (virgin biomass) (E).

Figure 15: Figure separate. Pearson’s residuals for models fitted at each timestep to biomass CVs

of age-structured (AS) species groups that resulted from perturbing the initial conditions, using all

model runs, plotted against fitted values (A), TL (trophic level) (B), ChaosAlt (C), and Number

of primary trophic connections (D).

Higher trophic level was found to be associated with lower biomass CVs for all models371

and ChaosAlts (Figure 18). CVs were generally lower for ChaosAlt ‘A’ and ‘B’, which372

were the model runs with all initial conditions shifted up or down and by the same scalar373

within each run. ChaosAlt ‘C’ and ‘D’, with initial conditions perturbed based on species374
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Figure 16: Figure separate. Pearson’s residuals for models fitted at each timestep to biomass CVs of

age-structured (AS) species groups that resulted from perturbing the initial conditions, using fished

model runs, plotted against fitted values (A), TL (trophic level) (B), ChaosAlt (C), and Number

of primary trophic connections (D).

Figure 17: Figure separate. Pearson’s residuals for models fitted at each timestep to biomass CVs

of age-structured (AS) species groups that resulted from perturbing the initial conditions, using

unfished model runs, plotted against fitted values (A), TL (trophic level) (B), ChaosAlt (C), and

Number of primary trophic connections (D), and informance (E). Informance levels 1–4 where 1:

‘Poorly specified’ (gold); 2: ‘Some data gaps and/or poor performance’ (magenta); 3: ‘Slight data

gaps and/or poor performance’ (blue); 4: ‘No data gaps, performed well, abundance index available’

(green) (defined in McGregor et al. (2019)). Informance level ‘1’ did not feature in the results as

these data were dropped due to ‘NA’ values for other explanatory variables.

group uncertainty, generally had slightly higher CVs across trophic levels (Figure 18).375

This effect was also apparent in the interaction with primary connections in the AS376

model (Figure 19). Biomass CVs were found to decrease with increased B0 and with377

increasing number of primary connections for biomass pool species group (Figure 19).378

The number of primary connections had the opposite effect for age-structured species379

groups, with more primary connections correlated with larger biomass CVs, although380

these CV effects were smaller (max. 11%) than for biomass pool species groups (max.381

18%) (Figure 19).382

Figure 18: Figure separate. GLM effects for interaction term ChaosAlt:TL for ALL species groups

(A), BP only species groups (B), and AS only species groups (C). ChaosAlt ‘A’ and ‘B’ perturbed all

initial conditions by the same scalar for each run; ChaosAlt ‘C’ and ‘D’ perturbed initial conditions

by uncertainty; ChaosAlt ‘E’ and ‘F’ perturbed initial conditions by keystoneness; ChaosAlt ‘A’,

‘C’, ‘E’ did not include fishing; ChaosAlt ‘B’, ‘D’, ‘F’ included fishing. Shading indicates the

additional CV expected for each value of the interaction, with the darkest shading in each plot

corresponding to the Max. CV (%) given in the top-right corner of the plot.
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Figure 19: Figure separate. GLM effects for interaction term PrimCons:B0 for BP only species

groups (A), ChaosAlt:PrimCons for AS only species groups (B). ChaosAlt ‘A’ and ‘B’ perturbed all

initial conditions by the same scalar for each run; ChaosAlt ‘C’ and ‘D’ perturbed initial conditions

by uncertainty; ChaosAlt ‘E’ and ‘F’ perturbed initial conditions by keystoneness; ChaosAlt ‘A’,

‘C’, ‘E’ did not include fishing; ChaosAlt ‘B’, ‘D’, ‘F’ included fishing. Shading indicates the

additional CV expected for each value of the interaction, with the darkest shading in each plot

corresponding to the Max. CV (%) given in the top-right corner of the plot.

18

PeerJ reviewing PDF | (2019:09:40962:0:1:NEW 17 Sep 2019)

Manuscript to be reviewed



4 Discussion383

Analysing sensitivities to initial conditions is an important part of developing complex384

models (Rabier et al., 1996; Rosati et al., 1997; Payne et al., 2015; Cheung et al., 2016).385

If small perturbations to the initial conditions produce vastly different results, this may386

make interpreting results from the model challenging. Accounting for model uncertainty387

provides an envelope of model results, which tells us about the range of plausible out-388

comes rather than one possible instance. It is when the envelope is so wide that no389

result can be ascertained that it can be frustratingly un-useful, and it is important we390

are aware when this is the case. For example, if scenarios exploring reduced fishing391

effort improved the general state of the ecosystem in some model runs, and deteriorated392

it in others, with all runs equally plausible, then we would be left none the wiser. It393

would be misleading to present results of only a subset or even a singular model run394

that does not adequately reflect the range of plausible outcomes.395

396

We found the Chatham Rise Atlantis model was not chaotic, in that we could perturb397

the initial conditions by small, and even quite large (up to 50%) changes, and the model398

produced very similar results with respect to biomass trends and ecosystem indicators.399

While the values of ecosystem indicators did not converge over the model time series,400

the response to fishing was consistent across model runs, suggesting system dynamics401

were consistent under perturbed initial conditions. This puts us in a position to simulate402

scenarios using the Chatham Rise Atlantis model, including uncertainty of the initial403

conditions, and obtain an envelope of results with which to analyse and understand the404

likely responses of the Chatham Rise ecosystem.405

406

While the system as a whole generally agreed within the range of results produced,407

the biomasses of some species groups varied between model runs more than others. The408

dynamics of some species groups appeared hyperstable as they promptly converged,409

while others retained variability between the runs, and for some the variability in-410

creased. We found the species groups that were more likely to have high biomass CVs411

(coefficient of variations) were those of lower trophic levels. In nature, we expect to412

see more variability in the abundances of lower trophic level species, but most relevant413

field experts would likely suggest those patterns derive from variability within the envi-414

ronment (Dippner et al., 2000, 2001; Molinero et al., 2008), which we am not applying415

in this study. If we combined varying the initial conditions with bootstrapping of the416

oceanographic variables, as carried out in McGregor et al. (2019), we would likely see417

even greater variability in the lower trophic levels.418
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419

Another aspect of the trophic level effect on variability is the way in which we have420

modelled the species groups in the Chatham Rise Atlantis model. First, we have the421

difference between species modelled as biomass-pools and those modelled with age-422

structure. Biomass-pool representations are more dynamic as there is little/no delay423

structure built in—growth is pooled across its many forms (reproductive, somatic and424

otherwise), so can effectively occur instantaneously, unlike in age-structured groups425

where maturity may take years and specific events like spawning are restrained. Given426

biomass-pool groups are also generally lower trophic level (with naturally higher levels427

of productivity and turnover), the GLM fitted to CVs of all species groups could pick428

up trophic level as an explanatory variable that also accounts for this group structure.429

Within the age-structured species groups, trophic level could also be confounded with430

the proportion of additional mortality. The additional forced mortality would likely be431

a stabilising attribute, and the proportions applied were greater for the higher trophic432

level species, as these were the ones with less predation mortality in the system. That433

the stabilising aspect filters down through the trophic levels, with the lower trophic lev-434

els retaining variability, could suggest the extent to which this is a top-down controlled435

system.436

437

The method used to perturb the initial conditions was found to be important in438

explaining the CVs. The runs based on keystoneness did not result in the highest CVs,439

even though these runs perturbed the initial conditions of the species groups expected440

to have the greatest impact on the rest of the system. While ? suggested keystone441

species have a stabilising effect on a system, it was more recently suggested to be more442

complicated than that (?). In this study, the possible stabilising effect of keystoneness443

could be due to additional mortality applied to some of the high keystone species, and444

hence exerting a stabilising effect on the system. The runs perturbed based on uncer-445

tainty produced the greatest CVs. The effects of other explanatory variables, such as446

higher CVs for lower trophic levels, were consistent regardless of the method used to447

perturb the initial conditions. Hence, the method was not influential in how the sys-448

tem responded, only in how strongly it responded. It is possible the latter difference449

would diminish with a greater number of runs simulated for each set. In future simu-450

lations, perturbing the initial conditions based on uncertainty would seem appropriate,451

and should encompass the variability we would expect to see from other methods of452

perturbation.453

454
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One of the age-structured species groups that was most sensitive to initial conditions455

was the invert comm scav group (primarily scampi). When we account for uncertainty456

from initial conditions, the response of this group to heavy fishing is inconclusive. The457

heavy fishing on the system from the mid-1970s (Ministry for Primary Industries, 2017),458

some of which was targeted on scampi (Tuck, 2016), could easily be positive or negative459

for scampi based on these model results, and CVs for this species group remained high460

at just over 20%. In the base Chatham Rise Atlantis model (McGregor et al., 2019),461

scampi were shown to respond to fishing in a very similar way to the fisheries stock462

assessment estimated biomass. The results here illustrate that the base model result463

for this species group, while convincing as it matched the fisheries models so well, was464

actually only one of many plausible results using this ecosystem model.465

466

In the quest to provide meaningful and realistic results to simulations explored using467

complex ecosystem models, with high levels of uncertainty, we need to produce result468

envelopes, not single trajectories. It is important we move in the direction of simulat-469

ing many instances of the model that account for its uncertainties, to understand how470

likely a given response is, and avoid presenting what may be fluke or non-representative471

results. We know there is uncertainty in defining initial conditions of ecosystem models,472

so varying the initial conditions to reflect this uncertainty in model results is crucial. It473

is not the only area of uncertainty; there are many. Given the complexity of these mod-474

els, exploring all possible uncertainties explicitly is unlikely to be tractable. It may be475

possible, however, to address subsets of uncertainty that encompass the broader range476

of the uncertainty of the model by targeting its key dynamics. The key dynamics of477

an ecosystem model generally consist of growth, recruitment, mortality, trophic connec-478

tions, environmental effects, and initial state. Three of these (growth, mortality and479

trophic connections) relate directly to predation and consumption, and we could vary the480

feeding response function to explore the effects of uncertainties in these dynamics. Ini-481

tial conditions were the topic of this study, and uncertainty from environmental effects482

were explored through bootstrapping the oceanographic variables in McGregor et al.483

(2019). This leaves recruitment/productivity, for which we could vary the spawning484

stock recruitment parameters. The specifics of varying these will vary between models485

and systems, but accounting for uncertainty with respect to four main categories: 1.)486

initial conditions; 2.) environmental; 3.) feeding functional response; 4.) productiv-487

ity/recruitment, is likely to cover the broad range for most systems and models.488

489
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Appendix A: Biomass trajectories550
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Figure 1
Set 2 scalars used to perturb initial conditions, with scalars sampled from Normal
distributions.
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Figure 2
Set 1 scalars used to perturb initial conditions for high keystone and biomass-pool
species groups, with scalars sampled from the Normal distribution.
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Figure 3
Number of trophic level connections by species group for the Chatham Rise Atlantis
model.
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Figure 4
Median, and upper and lower quartiles for CVs of age-structured species groups and
biomass-pool species groups from fished model runs and un-fished model runs.
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Figure 5
Biomass trajectories from models with fishing included (blue lines) and no fishing
(orange lines) for Ref Det (refractory detritus) (A) and hoki (B), with CVs from across the
model runs by time from fished models (aqua asterisks) and unfished models (ceri
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Figure 6
Ecological indicators, mean trophic level of age-structured species groups (A),
Kempton's Q (B), and biomass ratio of pelagic fishes/all age-structured species groups
(C) calculated from model simulations with fishing included (blue lines), and no fishing
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Figure 7
Proportion of diet made up by top prey from the Chatham Rise Atlantis model.
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Figure 8
Number of trophic level connections by species group for the Chatham Rise Atlantis
model (base) 1900\textendash 2015 model outputs. A: Number of groups (frequency
counts) by primary connections (green bars), secondary connections (blue bars), and
tertiary
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Figure 9
Proportion of natural mortality ($M$) forced as additional mortality by species group
from the Chatham Rise Atlantis model (base) 1900\textendash 2015 model outputs.
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Figure 10
R^2 for GLMs fitted at each timestep to biomass CVs of all species groups that resulted
from perturbing the initial conditions, using all model runs (A), only model runs with
fishing (B), and only models without fishing (C), with bars coloured by explanat
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Figure 11
R^2 for GLMs fitted at each timestep to biomass CVs of biomass-pool (BP) species
groups that resulted from perturbing the initial conditions, using all model runs (A), only
model runs with fishing (B), and only models without fishing (C), with bars colour
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Figure 12
R^2 for GLMs fitted at each timestep to biomass CVs of age-structured (AS) species
groups that resulted from perturbing the initial conditions, using all model runs (A), only
model runs with fishing (B), and only models without fishing (C), with bars colo
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Figure 13
Pearson's residuals for models fitted at each timestep to biomass CVs of all (ALL)
species groups that resulted from perturbing the initial conditions.
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Figure 14
Pearson's residuals for models fitted at each timestep to biomass CVs of biomass-pool
(BP) species groups that resulted from perturbing the initial conditions.
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Figure 15
Pearson's residuals for models fitted at each timestep to biomass CVs of age-structured
(AS) species groups that resulted from perturbing the initial conditions.
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Figure 16
Pearson's residuals for models fitted at each timestep to biomass CVs of age-structured
(AS) species groups that resulted from perturbing the initial conditions.
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Figure 17
Pearson's residuals for models fitted at each timestep to biomass CVs of age-structured
(AS) species groups that resulted from perturbing the initial conditions, using un-fished
model runs, plotted against fitted values (A), TL (trophic level) (B), ChaosA
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Figure 18
GLM effects for interaction term ChaosAlt:TL for ALL species groups (A), BP only species
groups (B), and AS only species groups (C).
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Figure 19
GLM effects for interaction term PrimCons:$B_0$ for BP only species groups (A),
ChaosAlt:PrimCons for AS only species groups (B).
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Figure 20(on next page)

Biomass trajectories from models with fishing included (blue lines) and no fishing
(orange lines) for each species group, with CVs from across the model runs by time from
fished models (aqua asterisks) and unfished models (cerise asterisks) overlaid and u
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Figure 21(on next page)

Biomass trajectories from models with fishing included (blue lines) and no fishing
(orange lines) for each species group, with CVs from across the model runs by time from
fished models (aqua asterisks) and unfished models (cerise asterisks) overlaid and u
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