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PLAIN LANGUAGE SUMMARY

We studied the implications of managing fish stocks in New Zealand by considering the wider ecosystem,
instead of only focusing on individual fish species. We examined snapper and gurnard fisheries in the
Tasman Bay Golden Bay areas to see what happens when fishing targets are set higher than traditional
levels. Using computer simulations, we tested different management approaches that would leave more
fish in the ocean than current practices typically require.

We found that keeping fish populations at higher levels led to more and bigger fish. However, this
approach also meant fishers could catch 20 to 45% fewer fish, potentially reducing economic returns.
Whether higher fish population targets made economic sense depended strongly on fishing
costs—expensive operations benefited because they needed less effort to catch quotas, whereas cheaper
operations lost money due to smaller catches.

We showed that snapper and gurnard fisheries are closely connected, with over half of snapper catches
happening when boats were declaring gurnard target fishing. Managing one species differently affects the
other, showing that it is important to consider multiple species together.

Our study suggested that while keeping more fish in the ocean helps marine ecosystems stay productive
and diverse, managers need to carefully balance environmental benefits against economic impacts on
fishing communities.



EXECUTIVE SUMMARY

Neubauer, P.1; Kim, K.1; Hill-Moana, T.1; Langley, A.2 (2025). Considering ecosystem aspects when
setting management targets for New Zealand’s fisheries: Insights from simulations and application
to snapper and gurnard in FMA 7

New Zealand Fisheries Assessment Report 2025/40. 62 p.

Fisheries management in Aotearoa/New Zealand has historically focused on single-species models,
supplemented by considerations about changes in the ecosystem affecting stocks, as well as bycatch and
habitat impact considerations. The present project explored the incorporation of ecosystem considerations
into fisheries management for single species in New Zealan’s fisheries, with a case-study focusing on
snapper (SNA; Pagrus auratus) and gurnard (GUR; Cheliodonichthys kumu) in the Tasman Bay Golden
Bay region (Fisheries Management area (FMA) 7). Using simulation models and empirical analyses, we
evaluated implications of setting management targets above traditional Maximum Sustainable Yield
(SSBMSY ) proxies, and utilising dynamic reference points to account for ecosystem dynamics. For
dynamic reference points, we explored the utility of varying target reference points, while maintaining
fixed limit reference points.

Two simulation models were developed: a single-species framework evaluating management at or above
default targets (40%, 55%, and 70% of unfished spawning stock biomass, SSB0) and a multispecies case
study for FMA 7 focusing on higher catch limits for snapper (SNA 7) and the indirect effects of setting
higher snapper catch limits for gurnard fishery performance. Key performance metrics across simulations
included catch, catch-per-unit-effort (CPUE), stock status, economic value (Net Present Value), and
age/length composition of stocks. Fishing mortality-based harvest control rules were applied in all
scenarios.

Simulations showed significant trade-offs in managing stocks above traditional SSBMSY targets. Higher
targets (e.g., 55% and 70% of SSB0) resulted in improved CPUE and increased numbers of larger and
older fish, reflecting potential ecosystem and conservation benefits. However, catches decreased by 20%
to 45% at these higher targets, potentially impacting economic returns. The economic performance of
higher targets depended on operational costs, with high-cost scenarios benefiting from higher biomass
levels requiring lower levels of effort to catch the available quota, whereas relatively low-cost fisheries
had diminished profitability due to the lower catches associated with higher biomass targets.

While dynamic target reference points allowed for additional responsiveness to environmental changes
(e.g., recruitment shifts) over the application of a static harvest control rule, our simulations showed little
actual benefit in adopting dynamic targets while maintaining static limit reference points in view of
regime shifts. For stocks with declining productivity, under static limit reference points, a higher average
catch than under static target reference points was balanced by periodic reductions in catch due to
breaching limit reference points, necessitating more frequent reductions in catch to balance higher average
catches. In contrast, for stocks with increasing productivity, dynamic and fixed targets resulted in
comparable outcomes, as the simulated harvest control rule effectively adjusted fishing mortality to reflect
higher stock biomass regardless of the dynamic nature of the target reference point.

The FMA 7 multispecies case study revealed that recent high recruitment for snapper and gurnard has
moved biomass above SSBMSY . Projecting stock dynamics under higher targets highlighted notable
differences in response times and length compositions, with snapper showing more substantial increases
in larger fish numbers at higher targets. Economic outcomes for both species reflected broader trends,
with low-cost fisheries benefiting from lower biomass targets, while fisheries with higher costs benefit
from increased CPUE under higher biomass targets.

1Dragonfly Data Science, Wellington, New Zealand.
2Trophia Ltd., Nelson, New Zealand.
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Balancing ecological and economic outcomes requires nuanced approaches. Higher biomass targets
enhance ecosystem resilience and conservation outcomes but reduce short-term catch volumes. In a
multispecies management context, management decisions for any single species will impact on associated
fisheries. Our multispecies characterisation focused on the spatial and seasonal overlap of species in
Tasman Bay Golden Bay, with a focus on overlap of snapper and gurnard. Snapper was found more
frequently in shallower waters during summer, while gurnard was more evenly distributed year-round.
Nevertheless, the multispecies characterisation identified significant overlaps in snapper and gurnard
fisheries. Approximately 58% of snapper catch has been associated with gurnard-targeted tows in recent
years, highlighting the interdependence of these stocks. Managing snapper at higher targets would likely
reduce gurnard catches, but increase CPUE and biomass for both species.

Incorporating ecosystem considerations into management targets can offer tangible benefits for stock
sustainability and biodiversity conservation (e.g., maintaining a more diverse age structure, and lower
effort leading to reduced indirect impacts), but requires careful trade-off analyses in terms of its potential
socio-economic impacts on the fisheries sector. Given the difficulty of predicting, quantitatively, the
outcome of these single-species management decisions in a multispecies context, multispecies
characterisations such as provided for this project can help establish scenarios based on current fishing
practice, which then can be discussed with stakeholders, and used to guide management decisions in an
ecosystem context.
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1. INTRODUCTION

Considering ecosystem effects when managing fisheries is an increasingly important focus for fisheries
managers worldwide. It is well-known that fisheries have a non-negligible impact on marine ecosystems
(e.g., Jennings & Kaiser 1998). Conversely, fisheries are embedded in ecosystems that change
continuously, often determing regime-like behaviours that can lead to new states of productivity in fish
species (e.g., King et al. 2015). Fisheries affect ecosystems, and ecosystems affect fisheries.
Consideration of the complex interplay between fisheries and ecosystems in fisheries management has
been slow, in part due to the complexity of explicitly describing multispecies and ecosystem dynamics
with models that are deemed suitable for tactical management.

Arguments have been put forward to use multispecies and ecosystem models for tactical fisheries
management (e.g., Craig & Link 2023), and to use multispecies reference points to reflect ecological
interactions (Fogarty 2014, Moffitt et al. 2016). New Zealand has, to date, opted for an approach that
combines single-species fisheries management with management of bycatch, habitat impacts, and other
ecosystem effects as considerations when applying single-species management (Cryer et al. 2016).

Extending beyond the present system of qualitative incorporation of ecosystem effects into fisheries
management in New Zealand would require an explicit acknowledgement of these effects in the
management objectives and targets. An explicit application of ecosystem considerations in fisheries
management will, therefore, require a quantitative understanding of trade-offs for single- and multispecies
fisheries, possibly supported by operationalised multispecies models (e.g., Plagányi et al. 2014,
Townsend et al. 2019, Craig & Link 2023). To maximise multispecies yield in an ecosystem context, for
example, typically involves reducing fishing pressure on key components of the ecosystem (e.g., keystone
species such as key prey species) to maintain production of other species in the ecosystem (Walters et al.
2005). In contrast, aiming to maintain all species at or above target reference points in a multispecies
context may forgo overall ecosystem-level yield (Hilborn 2011), and reduce achievable yields for species
of economic interest.

Challenges with changing abundance in multispecies fisheries are expected to increase as changing
climate and weather lead to changes in productivity of certain components of fisheries, possibly at the
expense of the productivity of other stocks. For example, recent increases in both snapper (Pagrus
auratus) and gurnard (Cheliodonichthys kumu) abundance in Tasman Bay Golden Bay in New Zealand
have led to difficulties for fishers trying to avoid catching snapper; the allowable catch of this species
constrained overall effort in the fishery. In this context, managing snapper at a higher relative biomass
level than required may lead to implied higher targets for other species, and constrain overall take and
economic performance of the multispecies trawl fishery operating in Tasman Bay Golden Bay.

To provide guidance on some of the trade-offs to consider when incorporating ecosystem effects into
fisheries management targets in New Zealand, the present study aimed to evaluate the performance of
alternative fishery management targets. Specifically, we evaluated the trade-offs associated with i)
managing a specific stock at a level above BMSY in the context of single-species management and
multispecies constraints and, ii) applying dynamic reference points that reflect a dynamic environment.
While necessarily incomplete, the simulations developed within this project, and applications to the
Tasman Bay Golden Bay inshore fisheries for snapper and gurnard, provide a starting point for
considerations for particular stocks or ecosystems.

Fisheries New Zealand Considering ecosystem aspects when setting management targets for New Zealand's fisheries • 3



2. METHODS

The project was structured into two main components, using simulations and also empirical data to
evaluate trade-offs in single-stock and multispecies fisheries management in the context of applying
ecosystem considerations in single-species management targets.

First, idealised simulations were set up to evaluate single-stock aspects of managing stocks at or above the
default MSY-proxy target biomass (i.e., 40% of SSB0), and managing stock to dynamic target reference
points (i.e. using dynamic SSB0). These simulations were then evaluated in terms of catch,
catch-per-unit-effort (CPUE), length and age compositions, and net-present value (i.e., an integrated
measure of economic trade-offs).

Second, a case study was developed to highlight multispecies aspects of managing species to a higher
target in FMA 7. To this end, we first developed a multispecies characterisation to inform management
trade-offs in multispecies fisheries. A case study on snapper and gurnard in Fisheries Management Area
(FMA) 7 was then set up to evaluate trade-offs between stocks when managing one stock (i.e., SNA 7)
above the current default biomass limit, combining aspects of the simulations with rationale from the
multispecies characterisation.

2.1 Simulation framework

A basic age-structured simulation model was developed (Appendix A) to illustrate potential trade-offs
across a range of fisheries performance indicators under alternative targets and under dynamic versus
static reference points. The model incorporated recruitment variability (σR = 0.4) and autocorrelation (ρ =
0.6). Randomness in the simulations was introduced by using Monte-Carlo draws from the distribution of
recruitment variability, leading to 500 individual stock trajectories per scenario.

Initial depletion was set to the target spawning stock biomass (40% of SSB0) for each scenario. The
population was initialised in this state, assuming a population at equilibrium with the corresponding
fishing mortality. To allow recruitment variability to influence simulations and performance indicators
from the first year of the simulations, the simulations were then run for Amat (age-at-maturity) years with
fixed fishing mortality but variable recruitment before alternative management targets were implemented.

Two life history strategies were simulated: A moderately long-lived (Moderate; Amax = 20, h = 0.90, M =
0.20, where Amax is maximum age, h is the steepness of the stock-recruit relationship andM is natural
mortality), and a long-lived (Long; Amax = 60, h = 0.85,M = 0.075) species. We ran the model for 20 or 70
years for moderate and long-lived species, respectively, to evaluate the long-term performance of any
target or other fishing policy. Selectivity was assumed to be knife-edge at the age of maturity.

2.1.1 Defining alternative targets and management settings

The management targets were defined as a proportion of the unfished spawning stock biomass (SSB0),
with the default target set at 40% of SSB0. We evaluated the performance of alternative targets, including
55% and 70% of SSB0. For stocks to be maintained at this level, we applied a harvest control rule that
adjusted fishing mortality based on the current stock status relative to the target biomass level (e.g., target
biomass, soft limit, and hard limit; Figure 1). The target-20-10 rule reduces fishing mortality linearly
between the target and 20% of unfished biomass, and a second linear reduction between 20 and 10%,
where the intercept at 10% of SSB0 is set to zero. The fishing mortality at 20% of SSB0 is a parameter that
can be set to provide for increased fishing opportunity above the soft limit, while restricting fishing more
severely between the soft and hard limit. For the purpose of the simulations herein, this parameter was set
to 2/3 of the fishing mortality at the target biomass level.
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Figure 1: Harvest control rules used to manage fishing mortality levels in simulations; in terms of fishing
mortality F relative to Ftarget, the fishing mortality leading to the target stock status, as a function of biomass
relative to static (blue; Org. target and threshold) or dynamic biomass reference points (green and red lines
for higher and lower targets, respectively). (Note, that the soft and hard limit reference points were set to
remain static, i.e., referencing static SSB0.)

2.1.2 Evaluating performance of dynamic target reference points

Recent changes in snapper and gurnard recruitment in FMA 7 (amongst other stocks) have led to
discussions about the appropriateness of static target reference points for these fisheries. With dynamic
targets, the target biomass level (SSB0; treated as a dynamic quantity) was implemented using dynamic B0
defined as

SSBF=0(t) =
∑
a>=1

Rt−ae−
∑a

y M
L∑
l=1

φLa fLwL,

where Rt−a is the recruitment of the age a cohort in year t− a, M is the natural mortality rate, φLa is length
at age a, fL is the proportion of the population at age L that is mature, and wL is the weight at age L
(Bessell-Browne et al. 2022). The target biomass level is then defined as a proportion of the dynamic
SSBF=0(t) , with the default target set at 40% of SSBF=0(t).

To explore differences in performance between static and dynamic targets, we applied a common harvest
control rule where only the target changed dynamically, but the soft and hard limits remained static.

We simulated three sets of stock trajectories to explore the utility of dynamic target reference points.
Stocks were projected with either a 50% increase (or decrease) of recruitment in log-space, leading to a
smooth but steady increase (decline) in SSBF=0(t) to reflect the increase (decrease) in recruitment.

We simulated three strategies for management for this set of simulations (Figure 2):
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1. Reference points were treated as static,

2. SSBF=0(t) was calculated on an ongoing basis, or

3. SSBF=0(t) was used as reference point only when recruitment increased over a ten-year period,
otherwise it remained fixed at the previous value.

Figure 2: Simulated recruitment trend (dashed line) and reference point (SSBF=0(t); median and 95%
variability across 500 simulation replicates) for stocks with declining (left column), stable (middle column),
and increasing (right column) recruitment. Rows correspond to fixed reference points (top), dynamic
reference points (middle) and dynamic reference points for positive recruitment trends only (bottom row).
(Note, the reference point in the top row does not change as recruitment is assumed to be average for the
purpose of defining the reference point.)

6 • Considering ecosystem aspects when setting management targets for New Zealand's fisheries Fisheries New Zealand



2.1.3 Performance metrics

We evaluated alternative management targets based on several performance metrics:

• Catch, CPUE and fishing mortality.

• Risk of falling below 10% of SSB0.

• Ratio of old (or large) fish at alternative reference points, where large fish were defined as being
larger than 80% of L∞.

• Net present value (NPV ) of the fishery during the rebuilding period, including the components of
NPV expressed as relative costs and profit over time.

Net present value is an (idealised) way to integrate over time, and illustrate economic trade-offs. For this
study, a simple version of NPV was used: Following Clark (1973), we assumed a (potentially non-linear)
relationship between yield (Y) per unit effort (E) and available biomass:

Y(t)/E(t) = qβBavail;

with a fixed cost k per unit of effort, so that the total cost C(t) = k · E(t). The non-linearity in CPUE is
determined by the exponent β of the catchability(q), with β < 1 leading to hyper-stable CPUE, and β > 1
resulting in hyper-depleted CPUE (CPUE declines faster than abundance). Setting catch to a single unit
and rearranging gives the cost per unit yield as a function of available biomass, with costs varying with
biomass levels and non-linearity between CPUE and biomass (Figure 3).

C(t) =
k

qβBavail
.

We used a net present value framework to assess the economic performance of different rebuilding
strategies:

NPV =

T∑
t=0

Yt(P− C(t)
(1+ δ)t

,

where P is the price per unit yield, Yt is the yield at time t, and δ is the discount rate. Substituting the
above equation for cost gives the net present value as a function of available biomass:

NPV =
T∑
t=0

Yt(P− k
qβBavail )

(1+ δ)t
.

We considered various scenarios with different cost structures and discount rates:

• CPUE hyperstability parameter (β): 0.5, 1.0, 1.5.

• Unit effort cost (k): 0.05, 0.1, 0.2.

• Discount rates: Constant (3%, 6%) and declining (20% to 3%).

Fisheries New Zealand Considering ecosystem aspects when setting management targets for New Zealand's fisheries • 7
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Figure 3: Relative catch-per-unit-effort (CPUE) and cost per unit yield at different levels of available biomass
and levels of hyperstability (β).

A declining discount rate aimed to reflect high initial costs of rebuilding policies (e.g., the socio-economic
costs of reduced catch or fishery closures), while maintaining a long-term, inter-generational view (Arrow
et al. 2013, Abelson & Dalton 2024).

2.2 Consequences of alternative management targets in a multispecies fishery: FMA 7
inshore bottom trawl case study

2.2.1 Snapper and gurnard in FMA 7: projecting trade-offs for managing individual stocks
above SSBMSY

Both recent SNA 7 and GUR 7 stock assessments found high recruitment in recent years, leading to
increases in biomass above SSBMSY . To explore trade-offs for managing individual stocks above BMSY , we
projected both recent stock assessments for SNA 7 (Langley 2024) and GUR 7 (Langley 2022) at fishing
mortalities corresponding to long-term biomass of 0.55× (0.70×) SSB0.

8 • Considering ecosystem aspects when setting management targets for New Zealand's fisheries Fisheries New Zealand



Recruitment was random but assumed to be at the long-term average level from the start of the projections
(however, using recent recruitment instead led to similar outcomes). We then evaluated performance of
the fisheries using the same indicators as for the simulations above. Both stocks were projected for 50
years, but snapper in particular was slow to revert from dynamics determined by recent good recruitment;
we, therefore, evaluated performance from 2050 to 2074 for snapper in SNA 7, and from 2035 for gurnard
in GUR 7.

2.2.2 Multispecies characterisation to inform management tradeoffs in multispecies
fisheries

A multispecies characterisation was set up for trawl-caught species for Golden Bay Tasman Bay in
FMA 7 (Statistical Areas 037 and 038). The characterisation dataset was defined as all trips with the
primary method bottom trawl (or precision bottom trawl; PRB) in Statistical Areas 037 and 038 since
2008 (Trawl Catch Effort Return forms) to ensure that spatial data would be available for characterisation.

The characterisation concentrated on catches of species that made up at least 5% of recent (last 5 years)
catch. All other catches were grouped into a group named “other” (OTH) to make patterns for species that
dominate recent catches more obvious. Catches were then plotted by year across different strata, such as
statistical area, target species, depth, season and spatially, with the aim of identifying areas of spatial
overlap and differentiation in catch between stocks by season, depth, or other strata. It was expected that
this analysis could provide the baseline methodology for multispecies characterisations more generally to
identify potential consequences of management decisions in multispecies fisheries.

2.2.3 Snapper and gurnard in FMA 7: using models to evaluate tradeoffs for gurnard when
setting higher targets for snapper

To extend past empirical identification of potential tradeoffs of management decisions in a multispecies
fishery, we explored the consequence for gurnard fisheries of managing snapper in FMA 7 (SNA 7) at a
target above SSBMSY ; we chose a target of 55% as an arbitrary reference in alignment with the more
abstract simulations.

For gurnard, we first calculated the proportion of gurnard target catch that is associated with snapper
catch. We found that nearly all gurnard catch (97%) was associated with some snapper bycatch, while
58% of total snapper catch came from gurnard target tows over the past 5 years. Assuming no change in
catch rates for both species and no further possibility of avoidance, the product of these proportions (0.56)
represents the impact of any reduction in snapper catch on gurnard: for a 56% overlap, a 10% reduction in
snapper allowance would (approximately) equate to a 5.6% reduction in harvest rates for gurnard.

In reality, snapper catch rates may increase proportionally more than gurnard catch rates under a higher
target, which would effectively lead to a further decrease in fishing effort required to catch snapper
allowances (beyond that required by the reduced catch allowance at a higher target alone), leading to a
larger reduction in gurnard catch compared with the 56% reduction relative to snapper (i.e., gurnard catch
may need to decrease by more due to effort restrictions). We arbitrarily chose a gurnard reduction of 70%
of snapper reductions to reflect such a scenario. We did not include a scenario in which gurnard catch is
less affected due to potential avoidance or selectivity tweaks that may allow fishers to lower the
proportion of gurnard bycatch under a higher snapper target.

Fisheries New Zealand Considering ecosystem aspects when setting management targets for New Zealand's fisheries • 9



3. RESULTS

3.1 Simulations

3.1.1 Examining the pros and cons of managing fish stocks above SSBMSY

Although the applied harvest control rule managed to maintain the simulated stocks near the spawning
stock targets (Figures 4 and 5), fishing mortality fluctuated due to the five-year timespan between
assessments, and catch and status were, therefore, variable. Notably, for lower targets, the risk of the stock
falling below the soft limit was higher for the stock with moderately long-lived life history—but the risk
remained below 5% for the 40% target, and below 1% for higher targets (Figure 6).

For higher targets, we found a near 2:1 ratio of increase in CPUE relative to decreases in catch at higher
targets (Figure 7). For example, for a 40% increase in CPUE at a target of 55% of SSB0 relative to a target
of 40% of SSB0, catch declined by nearly 20% for both life histories.

Numbers at age and length were higher for older and larger fish (Figures 8 and 9), with up to 5× (10×)
the number of fish at the asymptotic size for a target of 55% (70%) of SSB0 relative to the default target.
However, as numbers at these ages and lengths are small overall, the abundance of large fish above 80%
of asymptotic size increased by 25% (50%) for the long life history, and 54% (100%) for the moderate life
history at a target of 55% (70%) of SSB0, making up ≥10% of the population at higher targets, compared
with 7% at 40% of SSB0 (Table 1).

Economically (considering commercial target fisheries only), managing fisheries at higher targets depends
strongly on cost (Figure 10). At low cost, the benefit of higher catch outweighs the improvements in
CPUE and per-unit-yield profit that can be made at higher biomass (Figure 11). Nevertheless, at higher
cost, a higher target allows for a higher total profit. The economic utility of higher targets (not factoring in
risk) is, therefore, directly related to the cost of fishing operations.
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Figure 4: Stock status, fishing mortality (F) and catch over time for a moderately long-lived stock managed to
three separate targets according to a target-20-10 control rule that aims to maintain the stock near the
respective target. The harvest control rule was assumed to be applied every five years.
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Figure 5: Stock status, fishing mortality (F) and catch over time for a long-lived stock managed to three
separate targets according to a target-20-10 control rule that aims to maintain the stock near the respective
target. The harvest control rule was assumed to be applied every five years.
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Figure 6: Probability of stocks of moderate (top) and long-lived (bottom) life histories falling below the soft
limit (SL; defined as 20% of spawning stock biomass SSB0).

Table 1: Numbers (N) for small and large fish (defined as ≥ 0.8L∞) at alternative management targets
(spawning stock biomass SSB0) for alternative simulated life histories (Species).

Species Size Target Mean N Ratio

Long Large 40% SSB0 33 253.40
Long Large 55% SSB0 41 576.66 1.250298
Long Large 70% SSB0 49 597.96 1.491516
Long Small 40% SSB0 440 669.81
Long Small 55% SSB0 453 602.87 1.029349
Long Small 70% SSB0 461 440.72 1.047135
Moderate Large 40% SSB0 39 523.87
Moderate Large 55% SSB0 61 147.50 1.547103
Moderate Large 70% SSB0 82 875.31 2.096842
Moderate Small 40% SSB0 598 188.77
Moderate Small 55% SSB0 616 965.66 1.031390
Moderate Small 70% SSB0 628 411.76 1.050524
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applying a target-20-10 control rule) relative to fishing at the BMSY proxy according to a 40-20-10 control rule.
Horizontal dotted lines show 25% increments.

14 • Considering ecosystem aspects when setting management targets for New Zealand's fisheries Fisheries New Zealand



Long Moderate

30 40 50 60 5 10 15 20

0e+00

3e+05

6e+05

9e+05

0e+00

1e+05

2e+05

3e+05

Age

N
um

be
rs

 a
t a

ge

Target

40% SSB0
55% SSB0
70% SSB0

Long Moderate

70 75 35 40 45 50

0e+00

3e+05

6e+05

9e+05

0e+00

1e+05

2e+05

3e+05

Length (cm)

N
um

be
rs

 a
t l

en
gt

h

Target

40% SSB0
55% SSB0
70% SSB0
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long-lived (right column) stocks managed to three separate targets according to a target-20-10 control rule
that aims to maintain the stock near the respective target. The harvest control rule was assumed to be applied
every five years.
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Figure 11: Cost per unit yield, total cost, income and profit over time at base per-unit-effort cost (0.1; top) and
high per-unit-effort cost (0.2; bottom) for moderately long-lived stocks managed to three alternative targets
(achieved by applying a target-20-10 control rule). The harvest control rule was assumed to be applied every
five years.
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3.1.2 Implications of using dynamic SSB0 reference points

Allowing target reference points to vary led to transient changes in assigned stock status for population
regime shifts (Figure 12, and Appendix B). After a transition period where the stock would be declared
over- (under-) fished with respect to the target, stocks with negative (positive) regime shifts approached
the new target under the application of the simulated harvest control rule. However, these differences in
status were largely linked to the development of the underlying reference point (see Figure 2), and not of
the spawning biomass itself (Figure 13).

The main difference between stocks managed using a dynamic target reference point and stocks managed
with a fixed target reference point using an F-based control rule could be found with a declining
productivity: the control rule will allow for a higher fishing mortality than under fixed reference points;
however, given that the limit reference points were not dynamic, the stock often breached limit reference
points, and the control rule reduced fishing mortality accordingly (Figure 14). Consequently, catch under
this scenario was more variable, allowing at once for higher catch (Figures 15 and 16), but also periodic
reductions in catch to rebuild the biomass above limit reference points. With fixed reference points, the
stock cannot be rebuilt to the target despite lower F (the previous target becomes unattainable), and the
stock remains over-fished despite low fishing mortality.

With increasing productivity, there was little difference between the different definitions of the target
reference point in catch, CPUE, and age/size composition (Figure 17): under the simulated control rule,
the same F is applied when the stock is at or above the target biomass. As the F directly references the
available biomass, there is little benefit of a dynamic target over using fishing-mortality based
management, as a control rule based on F already addresses changing productivity, and the potential
economic benefits of dynamic reference points (allowing higher catch) with declining stocks are cancelled
by a slightly lower economic value for stocks with increasing productivity (Figure 18).
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Figure 12: Stock status (median and 95% of simulated outcomes) for the long-lived simulated life history over
time for stocks referenced against fixed, dynamic and positive only dynamic reference points (rows), for
declining (-1), stable (0), and increasing (1) recruitment trends (columns).
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Figure 13: Spawning stock biomass (SSB; median and 95% of simulated outcomes) for the long-lived
simulated life history over time for stocks referenced against fixed, dynamic and positive only dynamic
reference points (rows), for declining (-1), stable (0), and increasing (1) recruitment trends (columns).
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Figure 14: Fishing mortality (median and 95% of simulated outcomes) for the long-lived simulated life history
over time for stocks referenced against fixed, dynamic and positive only dynamic reference points (rows), for
declining (-1), stable (0), and increasing (1) recruitment trends (columns).
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Figure 15: Catch (median and 95% of simulated outcomes) for the long-lived simulated life history over time
for stocks referenced against fixed, dynamic and positive only dynamic reference points (rows), for declining
(-1), stable (0), and increasing (1) recruitment trends (columns).
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Figure 16: Catch and catch-per-unit-effort (CPUE) for simulated life-histories for stocks referenced against
dynamic and positive only dynamic reference points, relative to management using fixed target reference
points for declining (-1), stable (0), and increasing (1) recruitment trends (rows).
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Figure 17: Relative numbers at length, for moderate and long-lived stocks for stocks referenced against
dynamic and positive only dynamic reference points, relative to management using fixed target reference
points for declining (-1), stable (0), and increasing (1) recruitment trends (rows).
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Figure 18: Relative numbers at length, for moderate and long-lived stocks for stocks referenced against
dynamic and positive only dynamic reference points, relative to management using fixed target reference
points for declining (-1), stable (0), and increasing (1) recruitment trends (rows).
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3.2 FMA 7 case study

3.2.1 Single species considerations: managing SNA 7 and/or GUR 7 above SSBMSY

Both the GUR 7 and SNA 7 stock projections were initially dominated by recent recruitment (Figure 19).
For snapper, the transient dynamics persisted for about 25 years, the time that recent recruits become
sufficiently low in abundance as to not contribute substantially to the spawning biomass.

Catch for snapper and gurnard was about 20% (45%) lower at a higher 55% (70%) SSB0 target, while
CPUE reflected the increased spawning biomass in both fisheries, albeit with a more substantial increase
for gurnard (Figure 20). Although numbers at age and length appeared more responsive to changes in
targets for snapper (Figure 21), the relative numbers at age (compared with a 40% target) showed a
stronger response at large sizes and old ages for gurnard (Figure 22): the snapper length composition is
more right-skewed even at a lower target, meaning more larger fish are present, whereas the gurnard
distribution shows distinct modes at intermediate sizes. For gurnard, the largest differences are, therefore,
in a part of the length distribution that represents few fish, whereas for snapper, the change affects a
considerably larger number of fish, with up to 2× (3×) the number of large fish at a target of 55% (70%).
As shown for simulations, the economic value of each target is closely linked to the cost structure of the
fishery, with lower cost (or more hyper-stable CPUE) leading to better economic outcomes under the
default target of 40% and vice versa (Figure 23).

Fisheries New Zealand Considering ecosystem aspects when setting management targets for New Zealand's fisheries • 27



GUR SNA

1975 2000 2025 2050 1975 2000 2025 2050

0.0

0.5

1.0

1.5

S
to

ck
 s

ta
tu

s

GUR SNA

1975 2000 2025 2050 1975 2000 2025 2050

0

5

10

15

20

R
el

at
iv

e 
F

GUR SNA

1975 2000 2025 2050 1975 2000 2025 2050

0

1000

2000

3000

4000

C
at

ch
 (

t)

Target

40% SSB[0]
55% SSB[0]
70% SSB[0]

Figure 19: Trajectories (posterior median and 95% credible interval) for gurnard (GUR) and snapper (SNA)
stock status, relative fishing mortality, and catch in FMA 7 under alternative target biomass levels, achieved
by applying annual target fishing mortality levels corresponding to each biomass target.
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Figure 20: Ratio of catch-per-unit-effort (CPUE) and catch for management targets for GUR 7 and SNA 7
above SSBMSY , achieved by applying annual target fishing mortality levels corresponding to each biomass
target.
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Figure 21: Average numbers at age (top row) and length (bottom row) for GUR 7 and SNA 7 stocks managed
to targets at or above SSBMSY , achieved by applying annual target fishing mortality levels corresponding to
each biomass target.
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Figure 22: Relative numbers at age (top row) and length (bottom row), for for GUR 7 and SNA 7 stocks
managed to targets above SSBMSY , achieved by applying annual target fishing mortality levels corresponding
to each biomass target.
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Figure 23: Relative difference in net present value (NPV ) at base per-unit-effort cost, low and high
per-unit-effort costs (columns) for GUR 7 and SNA 7 stocks managed to targets above SSBMSY , relative to
fishing at the SSBMSY proxy (vertical dashed line).
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3.2.2 Multispecies characterisation in FMA 7

The species composition in the Tasman Bay Golden Bay trawl fisheries has changed substantially over
time, with recent catch and targeting dominated by gurnard (Figures 24 and 25, and see Appendix C,
Figure C-1), and increasing snapper catch, but with markedly lower catch proportions and targeting of
flatfish. While most of the catch and temporal patterns were determined by trends in Statistical Area 038,
with about 7× the amount of bottom trawl effort in Statistical Area 037, patterns evident in Statistical
Area 038 are also evident in Statistical Area 037 (Figure 26).
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Figure 24: Catch and proportion of catch for species representing at least 5% of total catch in the last five
years, plus flatfish-species mixture group (FLA-mix); gurnard (GUR), john dory (JDO), snapper (SNA),
spiny dogfish (SPD), rig (SPO).
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Figure 25: Annual total (left) and proportion (right) of estimated catch by the four main target fisheries of
interest in FMA 7; gurnard (GUR), john dory (JDO), snapper (SNA), and flatfish-species mixture group
(FLA-mix).
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Figure 26: Annual total (left) and proportion (right) of estimated catch by the main species reported in
FMA 7; gurnard (GUR), john dory (JDO), snapper (SNA), spiny dogfish (SPD), rig (SPO), and
flatfish-species mixture group (FLA-mix). The total effort (number of events) is shown in the top right corner
in the annual total catch plots.

Although the overall proportion and catch of flatfish has declined markedly, flatfish target trawls now land
a high proportion of snapper (Figure 27). Although snapper target effort mostly nets snapper, the majority
of snapper catch comes from gurnard target fishing, although gurnard and snapper appear in reasonable
proportions in all target fisheries (Figure 27).

The main separation between species compositions in the trawl fishery is seasonally and by depth (Figures
28 to 30, and Appendix C, Figures C-2 to C-8), with snapper occurring in shallow water in the summer
months, but being mostly absent from the fishery in winter. Other species, such as gurnard, are found year
around, with gurnard catch occurring between zero and 75 metres depth, although gurnard targeting has
been deeper, with a peak at 50 metres (Figure 30).

Spatially, the target effort and catch distribution mirrors the depth range of each species, with flatfish and
snapper target effort and catch occurring in shallower water in Tasman Bay Golden Bay (Figure 31), and
gurnard, john dory, and other targets occurring deeper along the south-east of Tasman Bay and north of
Abel Tasman National Park. The species composition spatially matches the target effort for most species,
reflecting a wider distribution of the overall species mix (Figure 32). Nevertheless, catch distributions
varied over time with changes in abundance (Figures 33 and 34), with more variation and less clear areas
for gurnard in years prior to 2020, and a more clearly-delineated distribution in recent years reflecting
increased catches.

34 • Considering ecosystem aspects when setting management targets for New Zealand's fisheries Fisheries New Zealand



N =  290,140

N =  128,789

N =  27,878

N =  32,456

N =  84,801

2010 2015 2020 2025

0

250

500

750

1000

1250

0

300

600

900

0

100

200

300

0

25

50

75

100

125

0

500

1000

1500

Fishing year

E
st

im
at

ed
 c

at
ch

 (
t)

F
LA

−
m

ix

Target

G
U

R

Target

JD
O

Target

S
N

A

Target

O
T

H

Target

2010 2015 2020 2025

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

Fishing year

P
ro

po
rt

io
n 

of
 e

st
im

at
ed

 c
at

ch Reported
species

FLA−mix

GUR

JDO

SNA

SPD

SPO

OTH

Figure 27: Annual total (left) and proportion (right) of estimated catch by the main target fisheries with
species-level distinction in catches; gurnard (GUR), john dory (JDO), snapper (SNA), spiny dogfish (SPD), rig
(SPO), and flatfish-species mixture group (FLA-mix). The total effort (number of events) is shown in the top
right corner in the annual total catch plots.

Fisheries New Zealand Considering ecosystem aspects when setting management targets for New Zealand's fisheries • 35



N =  104,842

N =  117,660

N =  160,358

N =  181,204

2010 2015 2020 2025

0

250

500

750

1000

0

200

400

600

0

300

600

900

0

200

400

600

Fishing year

E
st

im
at

ed
 c

at
ch

 (
t)

S
um

m
er

A
utum

n
W

inter
S

pring

2010 2015 2020 2025

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

0.00

0.25

0.50

0.75

1.00

Fishing year

P
ro

po
rt

io
n 

of
 e

st
im

at
ed

 c
at

ch Reported
species

FLA−mix

GUR

JDO

SNA

SPD

SPO

OTH

Figure 28: Seasonal patterns in the annual total (left) and proportion (right) of estimated catch with
species-level distinction in catches; gurnard (GUR), john dory (JDO), snapper (SNA), spiny dogfish (SPD), rig
(SPO), and flatfish-species mixture group (FLA-mix). The total effort (number of events) is shown in the top
right corner in the annual total catch plots.
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Figure 29: Operational (bottom fishing depth) patterns in the annual total (left) and proportion (right) of
estimated catch from Statistical Area 038; with species-level distinction in catches; gurnard (GUR), john dory
(JDO), snapper (SNA), spiny dogfish (SPD), rig (SPO), and flatfish-species mixture group (FLA-mix). The
total effort (number of events) is shown in the top right corner in the annual total catch plots.
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Figure 30: Operational (bottom fishing depth) patterns in the annual total (left) and proportion (right) of
estimated catch from Statistical Area 038 by the main target fisheries; with species-level distinction in
catches; gurnard (GUR), john dory (JDO), snapper (SNA), spiny dogfish (SPD), rig (SPO), and
flatfish-species mixture group (FLA-mix). The total effort (number of events) is shown in the top right corner
in the annual total catch plots.
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Figure 31: Spatial distribution of catch and effort by the main target fisheries for trawl fisheries in Tasman
Bay Golden Bay. Targets: flatfish-species mixture group (FLA-mix), gurnard (GUR), john dory (JDO),
snapper (SNA), other (OTH).
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Figure 32: Spatial distribution of species catch (rows) against target effort (columns) by target fisheries for
trawl fisheries in Tasman Bay Golden Bay. Targets: flatfish-species mixture group (FLA-mix), gurnard
(GUR), john dory (JDO), snapper (SNA), spiny dogfish (SPD), rig (SPO), other (OTH).
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Figure 33: Spatial distribution of catch and effort over time periods by target fisheries for trawl fisheries in
Tasman Bay Golden Bay. Targets: snapper (SNA), gurnard (GUR), john dory (JDO), flatfish-species mixture
group (FLA-mix).

40 • Considering ecosystem aspects when setting management targets for New Zealand's fisheries Fisheries New Zealand



Figure 34: Spatial distribution of catch and effort by season and target fisheries for trawl fisheries in Tasman
Bay Golden Bay. Targets: snapper (SNA), gurnard (GUR), john dory (JDO), flatfish-species mixture group
(FLA-mix).
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3.2.3 Impacts on GUR 7 fisheries when managing SNA 7 above SSBMSY

Reducing gurnard fishing mortality in GUR 7 by an equivalent of 0.56 times the reduction required to
achieve a 55% target for snapper led to a higher stock status of ∼0.48%; assuming a 70% reduction
relative to the reduction in snapper catch led to an increase in gurnard status to ∼0.50% (Figure 35). This
increase in biomass led to an increase in CPUE of 20% (25%) at the expense of a 10% (14%) reduction in
catch for gurnard (Figure 36).
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Figure 35: Trajectories (posterior median and 95% credible interval) for gurnard (GUR) and snapper (SNA)
stock status, relative fishing mortality, and catch in FMA 7 under alternative scenarios for gurnard: the
default 40% SSB0 target, the impact of reducing gurnard effort by 56% of snapper catch reductions under a
55% SSB0 SNA 7 target, and a reduction of gurnard effort by 70% of snapper catch reductions, reflecting a
scenario of higher snapper biomass under a higher snapper target, leading to reduced opportunities to fish
for GUR 7 relative to the current 56% overlap.

42 • Considering ecosystem aspects when setting management targets for New Zealand's fisheries Fisheries New Zealand



G
U

R

Catch CPUE

0.8

1.0

1.2

1.4

R
at

io

Type

Incr. SNA prop. (x0.7)
Status quo (x0.56)

Figure 36: Ratio of catch-per-unit-effort (CPUE) and catch for management targets for GUR 7 and SNA 7
above SSBMSY (achieved by applying a target-20-10 control rule) relative to fishing at the SSBMSY proxy
according to a 40-20-10 control rule. Horizontal dotted lines show 25% increments.

4. DISCUSSION

The findings of this study illustrate some of the complexities of incorporating ecosystem considerations
into fisheries management, particularly through exploring alternative management targets and dynamic
reference points. By using both idealised simulations and an empirical case study in New Zealand’s
FMA 7, the research illustrates trade-offs in single and multispecies fisheries management.

Higher targets led to predictable outcomes of lower catch and higher CPUE. While the proportional
increase of CPUE was usually higher than the corresponding decline in catch, the overall economic
performance of higher targets was greatly dependent on the cost structure of fishing operations. At low
operational costs relative to the price per unit yield, the benefits of higher catch volumes outweighed
potential improvements in CPUE and per-unit-yield profits. Conversely, at higher operational costs,
managing fisheries at elevated targets could generate higher total profits by saving on operating costs such
as fuel. Fisheries managed at a higher target are also potentially less prone to reductions in catch when
managed according to a harvest control rule, as the risk of declining below limit reference points in years
of poor recruitment is lower. Stable catch is often an objective in fisheries management (Punt 2017), and
provides the necessary confidence for investments. In addition, multispecies simulations often show that
in mixed fisheries, exploiting individual species at their MSY leads to the inevitable collapse of less
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productive stocks, but that overall reductions of harvest rates greatly reduce the likelihood of collapse of
secondary species (Walters et al. 2005, Worm et al. 2009).

Simulations also illustrated that dynamic target reference points do not produce substantial benefits over
static targets when harvest control rules based on fishing mortality are applied. As our simulations used
static limit reference points, the main difference was in the amount of yield that could be obtained during
an environmentally-driven decline of a stock: moving the target reference point allows for higher
maximum yield during this period, but also increases the risk of breaching the static limit reference points,
with ensuing substantial declines in catch. In contrast, with an increase in productivity, an F-based
strategy leads to comparable catch. In all cases, the main difference was in the declared stock status, rather
than in the actual biomass or catch between scenarios of static and dynamic target reference points. These
results align with other simulations that found limited (and largely declarative) benefits to using dynamic
reference points with F-based harvest control rules (Berger 2019).

The reason for similarities between static and dynamic targets is that under the assumption of un-biased
stock assessment results, the fishing mortality applied for a stock at or above the target reference point is
the same (at least under default harvest strategies in place in the New Zealand Harvest Strategy Standard
(Ministry of Fisheries 2008), and also in the 40-10 harvest control rules employed for United States West
Coast groundfish (Wetzel & Punt 2016), for example). As abundance increases in a scenario of strong
recruitment, this fishing mortality will track increasing abundance, leading to increased catch regardless
of the declared stock status. When productivity declines, a lower fishing mortality is continuously applied
to rebuild the stock under a static target; however, this target becomes unachievable, and the stock remains
“overfished” despite lower fishing mortality rates. While this state is clearly undesirable, the practice of
maintaining static limit reference points with dynamic target reference points may introduce unacceptable
levels of risk of large catch reductions; at the same time, moving these reference points may lead to
increased risk of population collapse. A compromise in that case may be to use dynamic target reference
points, but to manage to a higher dynamic target status (i.e., a lower target F) that reduces risk of
breaching static limit reference points even under reduced productivity. This trade-off between risk,
fishing opportunity and adequate control rules could be further investigated using the simulation tools
used in the present study.

Reference points, static or dynamic, are difficult to accurately estimate with limited time-series data (e.g.,
less than 50 years; Haltuch et al. 2009, Neubauer et al. 2023), and may be more biased than absolute
biomass estimates (Marsh et al. 2024). Our simulations did not include any error or systematic bias in the
estimation of recent recruitment and, therefore, biased dynamic reference points that would lead to an
inappropriate management response. For example, there is potential for assessment models to estimate
recent markedly strong or weak year classes that will overly influence the dynamic target; however, it is
only after those year classes have been in the fishery for an extended period of time that they are well
estimated. Complexities around the designation of environmental factors of stock productivity, and the
case dependence of the performance of dynamic reference points have been suggested to be partly
responsible for a lack of general adoption of dynamic reference points (Eddy et al. 2023). A key
requirement for dynamic management is a dynamic science and management system that can respond to
climate-driven changes in stocks in a timely manner (Link et al. 2021). Such a process, coupled with
control rules such as the F-based control rules tested here, may be sufficient to account for bottom-up
influences of the ecosystem on fisheries productivity.

Although single-species considerations of environmental influences represent one aspect of an ecosystem
approach to fisheries, many fisheries are part of complex foodwebs with a range of species that are either
targeted or caught as bycatch. Our FMA 7 case study illustrates the complexity of translating
single-species considerations into a multispecies context. In Tasman Bay Golden Bay, species are
generally caught together in trawl fisheries, and only snapper are absent from the fishery during winter.
Avoiding a particular species and lowering catch while maintaining catch of other species is, therefore, a
difficult undertaking. The considerable overlap of snapper and gurnard catch in the area, for example,

44 • Considering ecosystem aspects when setting management targets for New Zealand's fisheries Fisheries New Zealand



meant that a catch reduction in snapper may restrict gurnard effort by at least 50% of the snapper
reduction unless gear changes or other fishing practices can substantially alter the catch composition
(limitations imposed by snapper quotas in the area have already led to increasingly strong effort for
gurnard; Langley 2024). Managing snapper at a higher target may, therefore, translate to a higher target
for other species also by restricting overall effort. In contrast, target switching may occur in favour of
other species that have lower overlap with snapper, or for areas with low snapper bycatch, and lead to
higher exploitation of species that are less associated with snapper. The overall extent of these changes in
targeting and selectivity is difficult to predict, and is confounded by the abundance and available annual
catch entitlement of alternative target species. Despite this difficulty in predicting, quantitatively, the
outcome of these single-species management decisions in a multispecies context, multispecies
characterisations such as provided here can help establish scenarios based on current fishing practice that
can be discussed with stakeholders and used to guide management decisions.
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APPENDIX A: SIMULATION MODEL

For the simulation-estimation experiments, we developed a simple age-structured population model. The
operating model to simulate data was developed in R (R Core Team 2021) and Stan (Carpenter et al. 2017)
to allow efficient simulation.

A.1 Parameter definitions

Table A-1: Definitions for the terms used in the age-structured model.

Notation Description

a Index for ages.
A Maximum age.
t Index for years.
T Index for the last year.
Na,t Abundance of fish of age a in year t.
Ht Exploitation rate for year t.
Yt Yield (i.e., catch in weight) in year t.
Ña Abundance of fish of age a at unexploited equilibrium.
R0 Recruitment at unexploited equilibrium.
Rt Recruitment in year t.
σ2R Variance of recruitment deviations.
M Instantaneous rate of natural mortality.
h Steepness parameter.
la Mean length at age a .
L∞, κ, a0 von Bertalanffy parameters.
ζ Brody coefficient (i.e., ζ = e−κ).
SSBt Spawning stock biomass in year t.
SSB0 Spawning stock biomass at unexploited equilibrium.
Wa Mean weight at age a.
ω1,ω2 Length-weight relationship parameters.
Sa Selectivity at age a.
a50, ν Selectivity parameters.
Mata Maturity at age a.
aMat Age at 100% maturity.
VBt Vulnerable biomass in year t.
VB0 Vulnerable biomass at unexploited equilibrium.
φ Proportion of females.
It Abundance index in year t.
q Catchability coefficient.
P̂a|t Model-estimated age-composition proportion of age a in year t.

A.2 Age-structured dynamics

The age-structured dynamics of the population are defined as:

Na,t =


Rt, for a = 1
Na−1,t−1 · (1− Sa−1 · Ht−1) · e−M, for 1 < a < A
Na−1,t−1 · (1− Sa−1 · Ht−1) · e−M + Na,t−1 · (1− Sa · Ht−1) · e−M, for a = A

(A-1)

,
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where Na,t is the abundance of fish of age a at the beginning of year t, Rt is the recruitment at age 1 in year
t, Sa is the time-invariant age-dependent selectivity, Ht is the exploitation rate (0 ≤ Ht ≤ 1) in year t, A is
the maximum age which is the plus group, andM is the instantaneous rate of natural mortality.

The initial population (i.e., Na,1) was assumed to be at unexploited equilibrium:

Ña =


R0, for a = 1
Ña−1 · e−M, for 1 < a < A
Ña−1 · e−M

1− e−M
, for a = A

(A-2)

,

where Ña is the abundance of fish of age a at unexploited equilibrium, R0 is the recruitment at age 1 at
unexploited equilibrium,M is the instantaneous rate of natural mortality, and A is the maximum age which
is the plus group.

A.3 Stock-recruitment relationship

The Beverton-Holt stock-recruitment function, reparameterised in terms of the steepness parameter h
(Mace & Doonan 1988), was used to model the annual recruitment at age 1 Rt:

Rt+1 =
4 · h · R0 · SSBt

(1− h) · SSB0 + (5 · h− 1) · SSBt
· eεt+1−0.5·σ2R (A-3)

,

where SSBt is the spawning stock biomass in year t, SSB0 is the spawning stock biomass at unexploited
equilibrium, εt are the annual recruitment deviations, which are normally distributed with mean 0 and
variance σ2R, R0 is the recruitment at age 1 at unexploited equilibrium, and the subtracted term −0.5 · σ2R is
the bias correction term.

A.4 Length-at-age distribution of the catch

For simplicity, the length-at-age distribution of the catch Gj|a was assumed to be the same as the
length-at-age distribution of the population (i.e., there is no length-dependent selectivity):

Gj|a =


∫ L̄j+r/2
0 f(L|la, σ2a)dL, for j = 1∫ L̄j+r/2
L̄i−r/2 f(L|la, σ

2
a)dL, for 1 < j < J

1−
∫ L̄j−r/2
0 f(L|la, σ2a)dL, for j = J

(A-4)

where r is the length bin width, L̄j is the midpoint of the length bin j, la is the mean length-at-age, σa is the
standard deviation of the length-at-age distribution, f(L|la, σ2a) is the normal density of the random
variable L with mean la and variance σ2a, and J is the last length bin.

The mean length-at-age, la, was modelled with the von Bertalanffy function:

la = L∞ · [1− e−κ·(a−a0)], (A-5)
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where L∞ is the asymptotic length, κ is the growth rate, and a0 is the theoretical age at length 0.

The standard deviation of the length-at-age distribution σa was modelled with the function, which was
adopted from the MULTIFAN-CL model (Fournier et al. 1990, Fournier et al. 1998):

σa = λ1 · e
λ2·

−1+2·

1− ζa−1

1− ζA−1


, (A-6)

where λ1 determines the scale of the standard deviations, λ2 determines the length-dependent increase in
the standard deviations, and ζ is the Brody growth coefficient (i.e., ζ = e−κ).

A.5 Length-weight relationship

The mean weight-at-age,Wa, was modelled with the length-weight relationship function:

Wa = ω1 · μω2
a , (A-7)

where ω1 and ω2 are the two parameters which determine the allometric curve.

A.6 Maturity

The sexual maturity-at-age Mata was assumed to follow a knife-edged function (Punt et al. 1995):

Mata =

{
0 if a < aMat
1 if a ≥ aMat

(A-8)

,

where aMat is the age at 100% maturity.

A.7 Selectivity

Selectivity was assumed to be knife-edge at the age of maturity.

A.8 Biomass quantities

The spawning stock biomass SSBt and its unexploited value at equilibrium SSB0 are:

SSBt = φ ·
A∑
a=1

Na,t ·Wa ·Mata; SSB0 = φ ·
A∑
a=1

Ña ·Wa ·Mata, (A-9)

where φ is the proportion of females in the stock.
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Similarly, the vulnerable (or exploitable) biomass VBt and its unexploited equilibrium value VB0 are:

VBt =
A∑
a=1

Na,t ·Wa · Sa; VB0 =
A∑
a=1

Ña ·Wa · Sa. (A-10)

A.9 Exploitation rate

We assumed the catch data Yt had no error, thus treating the exploitation rates Ht as derived quantities:

Ht = Yt/VBt. (A-11)

A.10 Catch-at-age

Based on the exploitation rate Ht, population abundance Na,t, and age-dependent selectivity Sa, the model
estimated catch-at-age Ĉa,t as:

Ĉa,t = Na,t · Sa · Ht.
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APPENDIX B: SIMULATIONS

B.1 Implications of using dynamic reference points
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Figure B-1: Stock status (median and 95% of simulated outcomes) for the intermediate simulated life history
over time for stocks referenced against fixed, dynamic and positive only dynamic reference points (rows), for
declining (-1), stable (0), and increasing (1) recruitment trends (columns).
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Figure B-2: Spawning stock biomass (SSB; median and 95% of simulated outcomes) for the intermediate
simulated life history over time for stocks referenced against fixed, dynamic and positive only dynamic
reference points (rows), for declining (-1), stable (0), and increasing (1) recruitment trends (columns).
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Figure B-3: Fishing mortality (F; median and 95% of simulated outcomes) for the intermediate simulated life
history over time for stocks referenced against fixed, dynamic and positive only dynamic reference points
(rows), for declining (-1), stable (0), and increasing (1) recruitment trends (columns).
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Figure B-4: Catch (median and 95% of simulated outcomes) for the intermediate simulated life history over
time for stocks referenced against fixed, dynamic and positive only dynamic reference points (rows), for
declining (-1), stable (0), and increasing (1) recruitment trends (columns).
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APPENDIX C: FMA 7 CASE STUDY

C.1 Multispecies characterisation in FMA 7

Figure C-1: Catch and proportion of catch for species representing at least 5% of total catch in any one year,
plus flatfish-species mixture group (FLA-mix); barracouta (BAR), carpet shark (CAR), (GUR), john dory
(JDO), leatherjacket (LEA), red cod (RCO), rough skate (RSK), snapper (SNA), spiny dogfish (SPD), rig
(SPO).

Figure C-2: Seasonal catch and proportion of catch in the snapper target fishery in Tasman Bay Golden Bay
(Statistical Area 038) for species representing at least 5% of total catch in the most recent 5 years in the area,
plus flatfish-species mixture group (FLA-mix); gurnard (GUR), john dory (JDO), snapper (SNA), spiny
dogfish (SPD), rig (SPO). The total effort (number of events) is shown in the top right corner in the annual
total catch plots.
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Figure C-3: Seasonal catch and proportion of catch in the gurnard target fishery in Tasman Bay Golden Bay
(Statistical Area 038) for species representing at least 5% of total catch in the most recent 5 years in the area,
plus flatfish-species mixture group (FLA-mix); gurnard (GUR), john dory (JDO), snapper (SNA), spiny
dogfish (SPD), rig (SPO). The total effort (number of events) is shown in the top right corner in the annual
total catch plots.
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Figure C-4: Monthly catch and proportion of catch in Tasman Bay Golden Bay (Statistical Area 038) for
species representing at least 5% of total catch in the most recent 5 years in the area, plus flatfish-species
mixture group (FLA-mix); gurnard (GUR), john dory (JDO), snapper (SNA), spiny dogfish (SPD), rig (SPO).
The total effort (number of events) is shown in the top right corner in the annual total catch plots.
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Figure C-5: Monthly catch and proportion of catch in the snapper target fishery in Tasman Bay Golden Bay
(Statistical Area 038) for species representing at least 5% of total catch in the most recent 5 years in the area,
plus flatfish-species mixture group (FLA-mix); gurnard (GUR), john dory (JDO), snapper (SNA), spiny
dogfish (SPD), rig (SPO). The total effort (number of events) is shown in the top right corner in the annual
total catch plots.
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Figure C-6: Monthly catch and proportion of the catch in the gurnard target fishery in Tasman Bay Golden
Bay (Statistical Area 038) for species representing at least 5% of total catch in the most recent 5 years in the
area, plus flatfish-species mixture group (FLA-mix); gurnard (GUR), john dory (JDO), snapper (SNA), spiny
dogfish (SPD), rig (SPO). The total effort (number of events) is shown in the top right corner in the annual
total catch plots.
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Figure C-7: Seasonal catch and proportion of the catch by depth stratum in Tasman Bay Golden Bay
(Statistical Area 038) for species representing at least 5% of total catch in the most recent 5 years in the area,
plus flatfish-species mixture group (FLA-mix); gurnard (GUR), john dory (JDO), snapper (SNA), spiny
dogfish (SPD), rig (SPO). The total effort (number of events) is shown in the top right corner in the annual
total catch plots.
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Figure C-8: Catch and proportion of the catch by depth stratum over 3-year blocks in Tasman Bay Golden
Bay (Statistical Area 038) for species representing at least 5% of total catch in the most recent 5 years in the
area, plus flatfish-species mixture group (FLA-mix); gurnard (GUR), john dory (JDO), snapper (SNA), spiny
dogfish (SPD), rig (SPO). The total effort (number of events) is shown in the top right corner in the annual
total catch plots.
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