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Abstract
Management strategy evaluation (MSE) involves using simulation to compare the

relative effectiveness for achieving management objectives of different combinations

of data collection schemes, methods of analysis and subsequent processes leading

to management actions. MSE can be used to identify a ‘best’ management strategy

among a set of candidate strategies, or to determine how well an existing strategy

performs. The ability of MSE to facilitate fisheries management achieving its aims

depends on how well uncertainty is represented, and how effectively the results of

simulations are summarized and presented to the decision-makers. Key challenges

for effective use of MSE therefore include characterizing objectives and uncertainty,

assigning plausibility ranks to the trials considered, and working with decision-

makers to interpret and implement the results of the MSE. This paper explores

how MSEs are conducted and characterizes current ‘best practice’ guidelines, while

also indicating whether and how these best practices were applied to two case-

studies: the Bering–Chukchi–Beaufort Seas bowhead whales (Balaena mysticetus;

Balaenidae) and the northern subpopulation of Pacific sardine (Sardinops sagax

caerulea; Clupeidae).
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Introduction

Management strategies (also referred to as man-

agement procedures; Butterworth 2007, 2008a,b)

are combinations of data collection schemes, the

specific analyses applied to those data and the har-

vest control rules used to determine management

actions based on the results of those analyses.

Management strategy evaluation (MSE),1 the eval-

uation of management strategies using simulation,

is widely considered to be the most appropriate

way to evaluate the trade-offs achieved by alterna-

tive management strategies and to assess the con-

sequences of uncertainty for achieving

management goals. Butterworth et al. (2010a) list

three primary uses for MSE:

1. development of the management strategy for a

particular fishery;

2. evaluation of generic management strategies;

and

3. identification of management strategies that

will not work and should therefore be elimi-

nated from further consideration.

One specific use for MSE, particularly in the Uni-

ted States where the forms of the harvest control

rules for federal fisheries management are con-

strained by the Magnusson–Stevens Act (MSA), is

to quantify the impacts of uncertainty associated

with management strategies adopted at present,

and to identify the ‘realizable’ performance which

can be achieved given the quality of the data

available and the types of uncertainties which are

inherent in the system being managed.

Butterworth (2007) contrasts MSE with the tra-

ditional approach to providing management

advice, which involves conducting a ‘best assess-

ment’ of the resource, evaluating uncertainty

using confidence intervals and sensitivity tests,

and providing a recommendation for a manage-

ment action based on applying some harvest con-

trol rule or by conducting constant catch or

constant fishing mortality projections. That paper

explains how MSE overcomes many of the con-

cerns with the traditional approach, including that

the full range of uncertainty can be taken into

account and that decision-makers consider longer

term trade-offs among the management objectives,

instead of focusing on short-term considerations

only.

For the purposes of this paper, a MSE must

address the fact that the data and models on

which management strategies are based are sub-

ject to uncertainty. Consequently, analyses in

which fishing mortality can be set and imple-

mented exactly (e.g. Punt and Butterworth 1991)

are not considered to be MSEs, even though such

analyses may be useful in terms of understanding

the dynamical properties of exploited ecosystems.

Management strategy evaluation has been used

extensively to understand the expected behaviour

of management strategies, but is increasingly

being implemented to select management strate-

gies for implementation in actual fisheries. The

earliest use of MSE for such selection occurred in

South Africa, where the control rules used to set

total allowable catches (TACs) for the anchovy

Engraulis encrasicolus, Engraulidae, and later the

sardine Sardinops sagax, Clupeidae, fisheries were

selected using what has since become known as

MSE (Bergh and Butterworth 1987; Geromont

et al. 1999; De Oliveira and Butterworth 2004).

MSE has also been used in South Africa to select

management strategies for the Cape hake Merluc-

cius paradoxus and M. capensis, Merlucciidae (Rade-

meyer et al. 2008), rock lobster Jasus lalandii and

Palinurus gilchristi, Palinuridae (Johnston and But-

terworth 2005; Johnston et al. 2008) and most

recently horse mackerel, Trachurus trachurus capen-

sis, Carangidae (Furman and Butterworth 2012)

fisheries. The use of management strategies that

have been tested using simulation has been rou-

tine for the major fisheries in South Africa for

some 20 years.

Management strategy evaluation has been used

extensively by the International Whaling Commis-

sion (IWC) since the late 1980s to select manage-

ment strategies to calculate potential catch limits

for commercial whaling and determine actual

strike limits for aboriginal subsistence whaling

1A term introduced into the fisheries lexicon by Smith (1994).
To the extent possible, the nomenclature for MSE outlined by
Rademeyer et al. (2007) is followed throughout.
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(Punt and Donovan 2007). The use of MSE accel-

erated internationally following a 1998 ICES Sym-

posium on Confronting Uncertainty in the

Evaluation and Implementation of Fisheries-Man-

agement Systems, which included several papers

illustrating the methods underlying MSE and then

current applications (Butterworth and Punt 1999;

Cooke 1999; Smith et al. 1999).

Management strategy evaluation has been used

by the Commission for the Conservation of South-

ern Bluefin Tuna (CCSBT) to select a management

strategy for southern bluefin tuna Thunnus mac-

coyii, Scombridae (Kurota et al. 2010; Anonymous

2011). The Potential Biological Removals method,

used to determine upper limits on anthropogenic

removals of marine mammals in the USA, was

also developed using MSE (Wade 1998). Similarly,

MSE was used to evaluate a by-catch management

control rule for seabirds (Tuck 2011). Outside of

South Africa and the IWC, MSE has been applied

most extensively in Australia where it has been

used to compare and select management strategies

for the Southern and Eastern Scalefish and Shark

Fishery, SESSF (Punt et al. 2002; Wayte and Klaer

2010; Little et al. 2011), the Queensland spanner

crab Ranina ranina, Raninidae fishery (Dichmont

and Brown 2010), the Northern Prawn Fishery

(Dichmont et al. 2008, 2013), the fishery for

southern rock lobster Jasus edwardsii, Palinuridae

off South Australia (Punt et al. 2012a) and the

Tasmanian abalone fishery (Haddon and Helidoni-

otis 2013). The management strategies used to

recommend catch limits for southern rock lobster

off New Zealand have also been selected using

MSE (Starr et al. 1997; Breen and Kim 2006).

Management strategy evaluation has been

applied extensively to European fisheries to explore

the performance of management strategies theoret-

ically (Kell et al. 2005a,b, 2006), but few applica-

tions have resulted in strategies being formally

implemented. The International Council for the

Exploration of the Seas (ICES) provides a list of 18

management plans for North East Atlantic stocks

that have been evaluated using MSE approaches

since 2008 (ICES 2013). As an advisory body to

the governments of ICES member countries and

the European Commission, ICES bases its advice

on these management plans if advice recipients

have agreed that they can be used as a basis for

that advice and provided the MSEs have shown

them to fulfil ICES’ precautionary criteria (ICES

2012). If this does not apply, ICES reverts to its

own MSY framework, and if there is no basis for

giving MSY-related advice, takes account of pre-

cautionary considerations (ICES 2012). The Euro-

pean Commission has its own advisory body, the

Scientific, Technical and Economic Committee for

Fisheries (STECF, established to advise on matters

pertaining to the conservation and management

of living aquatic resources) that performs impact

assessments of proposed management plans, and

may make use of MSEs for this purpose (STECF

2011a).

In North America, MSE has been applied to

evaluate management strategies for the fishery for

the northern subpopulation of Pacific sardine Sar-

dinops sagax caerulea, Clupeidae, and the control

rule used for this fishery from 1998 until 2012

was based on a MSE (PFMC 1998), as was the

2014 revision to this control rule (Hurtado-Ferro

and Punt 2014). A revision to the management

strategy adopted became necessary when the esti-

mated relationship between recruitment success

and environmental factors changed given new

information. MSE has also been used to establish a

management strategy for sablefish Anoplopoma fim-

bria, Anoplopomatidae off British Columbia (Cox

and Kronlund 2008), for West Greenland halibut

Reinhardtius hippoglossoides, Pleuronectidae (Butter-

worth and Rademeyer 2010; NAFO 2010) and for

pollock Pollachius virens, Gadidae off eastern Can-

ada (Rademeyer and Butterworth 2011).

Management strategy evaluation has recently

been used to evaluate alternate management strat-

egies for Tristan rock lobster (Jasus tristani) for

three of the islands that form the Tristan da

Cunha group of islands (Johnston and Butterworth

2013, 2014; Butterworth and Johnston 2014).

The focus for most previous MSEs has been sin-

gle-species systems. However, MSE has also been

used to evaluate management strategies to achieve

multispecies or ecosystem objectives (Sainsbury

et al. 2000; Fulton et al. 2007; Dichmont et al.

2008, 2013; Plag�anyi et al. 2013).

Management strategy evaluation is at the inter-

face between science and policy. While it would be

desirable to keep science and policy separate, there

is a link. Decision-makers need to identify the

desirable outcomes that any management strategy

adopted should aim to achieve, while scientific

analyses (the MSE) can inform the decision-makers

on the feasible ranges of trade-offs. A well-struc-

tured MSE will utilize the links between policy and

science, but ensure that a ‘wall of science’ remains

© 2014 John Wiley & Sons Ltd, F I SH and F I SHER IES 3
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whereby decision-makers do not decide scientific

issues and scientists do not make policy decisions

(Field et al. 2006).

While MSE is widely acknowledged to be the

most appropriate way to compare management

strategies, and the basic approach has been sum-

marized in many publications, actual uses can dif-

fer markedly with regard to the likelihood that the

resulting management strategy actually provides

the best trade-off amongst the management objec-

tives and is robust to uncertainty. Furthermore, it

is well recognized that poorly conducted MSEs are

likely to be less useful for management purposes

than using the traditional best assessment

approach coupled to essentially ad hoc advice

(Rochet and Rice 2009; Butterworth et al. 2010b;

Kraak et al. 2011). This paper therefore outlines

the process of conducting MSEs and identifies a set

of ‘best practice’ guidelines (Table 1). These pro-

posed best practices for MSEs should assist in facil-

itating that MSEs are conducted in the most

appropriate manner so that the resulting manage-

ment strategies are best able to achieve their goals.

The focus of the paper is on single-species applica-

tions of MSE, although applications that consider

multispecies and ecosystem aspects are also con-

sidered. The extent to which these guidelines have

been followed in practice is illustrated for two

case-studies: the management strategy for the

northern subpopulation of Pacific sardine and that

for bowhead whales, Balaena mysticetus Balaeni-

dae, in the Bering Sea, Chukchi Sea and Beaufort

Sea.

MSE – the basics

The basic steps that need to be followed when con-

ducting a MSE (Fig. 1) are as follows:

1. identification of the management objectives in

concept and representation of these using

quantitative performance statistics;

2. identification of a broad range of uncertainties

(related to biology, the environment, the fish-

ery and the management system) to which the

management strategy should be robust;

3. development of a set of models (often referred

to as ‘operating models’) which provide a

mathematical representation of the system to

be managed; an operating model must repre-

sent the biological components of the system

to be managed, the fishery which operates on

the modelled population, how data are col-

lected from the managed system and how they

relate to the modelled population (including

the effect of measurement ‘noise’); in addition,

an implementation model is required that

reflects how management regulations are

applied in practice; note that more than a sin-

gle operating model is nearly always required

because of the need to cover the range of the

ever-present uncertainties, which include the

imprecision of the values of parameters esti-

mated from fits to data, as well as structural

uncertainties such as how many reproduc-

tively separate stocks of a species are present

in the region considered;

4. selection of the parameters of the operating

model(s) and quantifying parameter uncer-

tainty (ideally by fitting or ‘conditioning’ the

operating model(s) to data from the actual sys-

tem under consideration);

5. identification of candidate management strate-

gies which could realistically be implemented

for the system;

6. simulation of the application of each manage-

ment strategy for each operating model; and

7. summary and interpretation of the perfor-

mance statistics; this may lead to refinement

of the relative weighting of the management

objectives as the simulation process develops

and continues to provide more refined results

to inform the quantitative trade-offs among

competing goals.

The feedback loop between the management

strategy and the operating model(s) is a funda-

mental aspect of MSE and is the particular feature,

which distinguishes it from simple risk assessment

where the implications of unchanging manage-

ment regulations (e.g. constant TAC) are evalu-

ated by use of projections. Simple risk assessment

overestimates risk through failing to take account

of management reactions to the information pro-

vided by future data.

Management strategy evaluation is not the

same as conducting projections from a stock

assessment, although a stock assessment may form

the basis for the operating model(s) which are core

to a MSE. Specifically, MSE takes feedback control

into account, that is it takes account of the collec-

tion and use of future data on the status of the

managed system. In addition, stock assessments

usually involve selecting a single model structure

and estimating the parameters of the model.

4 © 2014 John Wiley & Sons Ltd, F ISH and F ISHER IES
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Although an aim of a stock assessment is to quan-

tify uncertainty, it is rarely possible to capture all

the key sources of uncertainty within the confines

of a stock assessment, in particular ‘outcome

uncertainty’ (see below), and to carry uncertainty

forward fully into the provision of management

advice. MSE can also be used when it is not possi-

ble to apply standard methods of stock assessment,

as is common in data-poor situations.

Although not the focus of the present paper,

Marasco et al. (2007) observe that the results from

a MSE may be used not only to choose amongst

the candidate management strategies, but also to

identify future research and monitoring goals. In

addition, the results of a MSE can be used to eval-

uate how well existing monitoring and data analy-

sis methods are able to reflect the true status of

the system with reasonable accuracy (see e.g. Ful-

Table 1 Summary of the best practice guidelines.

Selection of objectives and performance metrics

• Involve decision-makers and stakeholders (e.g. using workshops) throughout the process to ensure the performance statistics
capture the management objectives and are understandable.

• At a minimum, report statistics related to average catches, variation in catches and the impact on stock size.

Selection of uncertainties

• Consider a range of uncertainties, which is sufficiently broad that new information collected after the management strategy is
implemented should generally reduce rather than increase this range.

• Include trials for each potential source of uncertainty (unless there is clear evidence that the source does not apply) and for the
factors considered in Table 3.

• Consider the need for spatial structure, multiple stocks, predator-prey interactions and environmental drivers on system
dynamics; modelling the last by imposing trends on the parameters of the operating model is often sufficient to understand its
implications.

• Include predation effects using minimum realistic models and examine the potential for technical interactions amongst major
fished species, especially in multispecies fisheries.

• Divide the trials into ‘reference’ and ‘robustness’ sets.

• Use Bayesian posterior distributions to capture the parameter uncertainty for each trial if possible.

Identification of candidate management strategies

• This should be the primary responsibility of the stakeholders/decision–makers, but with guidance from the analysts given the
limitations of the management strategy evaluation (MSE). Care needs to be taken that the management strategy can be
implemented in practice.

• Evaluate the entire management strategy. In cases in which the management strategy is complex, this may be impossible
computationally, in which case a simplification of the assessment method is needed – the nature of the simplification should be
based on simulation analyses.

Simulation of the application of the management strategy

• Check that operating model and management strategy are consistent with reality; projections into the future should generate
quantities, such as past assessment errors and levels of variability in biomass and recruitment, on the same scales as those
estimated to have occurred in the past.

• Conduct tests of the software, for example using ‘perfect’ data before conducting actual analyses.

• Base recommendations for management actions in management strategies only on data which would (with near certainty)
actually be available.

• Document any assumptions regarding parameters assumed known when applying the management strategy.

Presentation of results and selection of a management strategy

• Develop a process, so that the decision-makers understand the results of the MSE and the range of trade-offs which are
available to them.

• Use effective graphical summaries which are developed collaboratively with the stakeholders.

• Identify whether there are ‘performance standards’ which must be satisfied to eliminate some possible management strategies
immediately and hence simplify the final decision process.

• Select a method for assigning a plausibility rank to each trial and take these ranks into account when making a final selection
among candidate management strategies.

Other

• Include ‘Exceptional Circumstances’ provisions which specify the situations under which a management strategy’s
recommendations may be over-ridden.

• Include a schedule for when formal reviews of the implemented management strategy will take place.

© 2014 John Wiley & Sons Ltd, F I SH and F I SHER IES 5
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ton et al. 2004; for an evaluation of ecosystem

indicators). Marasco et al. (2007) also emphasize

the need to continue to monitor the system follow-

ing the implementation of a management strategy.

Consistent with practice in, for example, the IWC

and South Africa (Butterworth 2007; Punt and

Donovan 2007), they stress the need to review

and revise the MSE periodically, as consolidated

outcomes from future monitoring and research

become available.

Overview of the case-studies

Bering–Chukchi–Beaufort Seas bowhead whales

Bowhead whales in the Bering, Chukchi and Beau-

fort Seas are considered to be a single stock, sepa-

rate from the stocks in the Okhotsk Sea, the Davis

Strait and Hudson Bay, and off Spitsbergen. This

stock, often referred to as the Bering–Chukchi–

Beaufort (or BCB) Seas stock of bowhead whales,

has been subject to hunting by aboriginal peoples

off Alaska (USA) and Russia for centuries. In com-

mon with other stocks of bowhead whales, it was

severely depleted by commercial whaling, which

occurred between 1848 and 1914 in the case of

the BCB stock. Commercial whaling on the BCB

bowhead stock ceased once whaling there became

economically non-viable, but aboriginal whaling

continues at low levels.

Management of bowhead whales is challenging

because individuals can live beyond 100 years

(George et al. 1999). In addition, the location of

the population and the fishery makes monitoring

difficult (it involves ice platform sighting surveys

of bowhead whales as they migrate through leads

which open as the ice thaws). The aboriginal hunt

of bowhead whales off Alaska and Russia is man-

aged under the IWC. Management for aboriginal

whaling is based on strike limits, which are the

number of strikes of whales permitted within a

season. Management advice is based on the num-

ber of strikes rather than numbers of whales

landed because of the need to account for mortal-

ity when animals are struck but subsequently not

landed (‘lost’).

Each country wishing to take whales for aborig-

inal subsistence purposes must provide the IWC

with a ‘Need Statement’ which documents the

number of annual strikes needed to satisfy the

requirements of aboriginal peoples in terms of

nutrition and culture. Management advice in the

context of the BCB bowhead whales relates to

whether the need requested can be satisfied with-

out impacting the ability to achieve conservation-

related management goals; this contrasts with

commercial whaling, where the aim is to maxi-

mize the catch subject to the same constraint. The

development of a management strategy for aborig-

inal subsistence whaling, and in particular for the

BCB bowhead whales, commenced in 1995 after a

management strategy for commercial whaling was

adopted in 1994 (IWC 1994). A ‘Strike Limit

Algorithm’ (SLA) was later adopted as the man-

agement strategy for the BCB bowhead whales in

2003 (IWC 2003). Prior to the use of the SLA,

evaluation of whether the need requested was con-

sistent with the IWC’s conservation-related objec-

tive involved comparing the proposed need in

terms of strikes with an estimate of a lower per-

centile (usually the lower 5th percentile) of a dis-

tribution for the replacement yield (the number of

animals removed from the population each year

which will keep the population at its current level;

Givens et al. 1995).

The development of the SLA involved the IWC

identifying management objectives for aboriginal

subsistence whaling, obtaining a ‘need envelope’

from hunters and their scientific representatives

(the range of possible maximum need levels by

year over the next 100 years), developing operat-

ing models tailored to the dynamics of the BCB

bowhead whale population, and simulating the

application of candidate SLAs (equivalent to man-

agement strategies). The operating models for the

BCB bowheads were case-specific, rather than gen-

eric as was the case for commercial whaling,

Operating model

Biological and 
fishery model

Data 
generation

Management strategy

Harvest control 
rule

Estimation
method

Management
regulations

Monitoring
data

Performance statistics Agree and specify the
Conceptual objectives

Implementation 
model

Figure 1 Conceptual overview of the management

strategy evaluation modelling process.
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because this was considered likely to lead to an

improved ability to satisfy the management goals

and because there are only a few aboriginal whal-

ing fisheries. The development process was com-

petitive, with several sets of ‘developers’

‘competing’ to best satisfy the management goals.

However, as it happened, the final selected SLA

was none of these individual SLAs, but rather an

average of the best two.

Northern subpopulation of Pacific sardine

The northern subpopulation of Pacific sardine is

harvested off Mexico, the USA (including Alaska)

and Canada. The population dynamics of Pacific

sardine, in common with those of many small

pelagic fish species, are characterized by large

changes in abundance, driven primarily by envi-

ronmental conditions. The long-term nature of

these fluctuations has been confirmed for Pacific

sardine using samples of fish scales from sediment

cores in the Santa Barbara basin (Soutar and

Isaacs 1969, 1974; Baumgartner et al. 1992).

Sardine populations in the Santa Barbara basin

are estimated to have peaked at intervals of

approximately sixty years. The biomass and catch

of Pacific sardine increased rapidly during the

1930s until the mid-1940s, and declined thereaf-

ter. The decline was likely due to a combination of

environmental conditions leading to poor recruit-

ments and very high fishing mortality rates.

The biomass of Pacific sardine began to rebuild

during the 1980s, and by 1991 a directed fishery

was re-established. The Pacific sardine fishery was

managed by the State of California until 2000

when management authority was transferred to

the Pacific Fishery Management Council (PFMC;

Hill et al. 2011). Harvest Guidelines for Pacific sar-

dine between 1998 and 2012 were set using a

harvest control rule of the form (PFMC 1998):

HG ¼ ðBIOMASS� CUT-OFFÞ � FRACTION
� DISTRIBUTION

where: HG (Harvest Guideline) is the allowable

catch for each management year; BIOMASS is the

estimate of the biomass of Pacific sardine aged 1

and older obtained from an age-structured stock

assessment model; CUT-OFF is 150 000 mt and is

the escapement threshold below which fishing is

prohibited; FRACTION is a temperature-dependent

exploitation fraction which ranges from 5 to 15%;

and DISTRIBUTION is the average proportion of

the coastwide biomass in USA waters, estimated at

0.87. In addition, there is a maximum allowable

catch regardless of biomass such that HG ≤ MAX-

CAT, where MAXCAT is 200 000 mt. The pur-

pose of CUT-OFF is to protect the stock when

biomass is low. The purpose of FRACTION is to

specify how much of the stock is available to the

fishery when BIOMASS exceeds CUT-OFF. The DIS-

TRIBUTION term recognizes that the stock ranges

beyond USA waters and is therefore subject to for-

eign fisheries. In PFMC (1998), FRACTION was

determined on the basis of a 3-year running aver-

age of the temperature at Scripps Pier, La Jolla,

USA.

The overarching management plan for all

coastal pelagic species (CPS) managed by the

PFMC was modified in 2011 to be consistent with

the 2006 reauthorization of the MSA. This

involved formally introducing how the overfishing

limit (OFL, the annual catch amount consistent

with an estimate of the annual fishing mortality

that corresponds to maximum sustainable yield) is

calculated, as well as the acceptable biological

catch (ABC, a harvest limit set below the OFL that

incorporates a buffer against overfishing to take

account of scientific uncertainty).

The specifications of the harvest control rule

adopted in 1998 were determined using simula-

tions in which the population dynamics were rep-

resented by a production model where

productivity was related to an environmental vari-

able (PFMC 1998). Results of assessments con-

ducted after 1998 were analysed during a

workshop in February 2013 (PFMC 2013) which

suggested that the temperature at Scripps Pier no

longer exhibited the same trends as most other

measures of temperature for the offshore waters to

the west of North America (McClatchie et al.

2010). Rather, the relationship between recruit-

ment, spawning biomass and temperature was

strongest when temperature was based on sea sur-

face temperature obtained from CalCOFI samples

(PFMC 2013).

The results from the February 2013 workshop

formed the basis for developing a set of operating

models for the northern subpopulation of Pacific

sardine, as well as an initial set of candidate man-

agement strategies (PFMC 2013). The process of

selecting the operating models and the candidate

management strategies was iterative, involving

presentations by the analysts to the PFMC as well

as its Scientific and Statistical Committee, Coastal

© 2014 John Wiley & Sons Ltd, F I SH and F I SHER IES 7
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Pelagic Species Advisory Panel and Coastal Pelagic

Species Management Team. The PFMC took advice

from these advisory bodies as well as from mem-

bers of the public, including industry and environ-

mental non-governmental organizations (ENGOs),

and then directed the analysts. Hurtado-Ferro and

Punt (2014) summarize the most recent MSE

results, along with the specifications for the oper-

ating models and candidate management strate-

gies.

Best practices for MSE

Establishing objectives and performance statistics

One of the main strengths of MSE is that the deci-

sion-makers clarify their objectives. Objectives for

fisheries management can be categorized as either

‘conceptual’ (‘strategic’) or ‘operational’ (‘tactical’).

Conceptual objectives are generic, high-level policy

goals. For example, the conceptual objectives for

CPS off the USA west coast (i) promote efficiency

and profitability in the fishery, including stability

of the catch; (ii) achieve ‘Optimum Yield’ (OY);

(iii) encourage cooperative international and inter-

state management of CPS; (iv) accommodate exist-

ing fishery sectors; (v) avoid discards; (vi) provide

adequate forage for dependent species; (vii) prevent

overfishing; (viii) acquire biological information

and develop a long-term research programme; (ix)

foster effective monitoring and enforcement; (x)

use resources spent on management of CPS effi-

ciently; and (xi) minimize gear conflicts (PFMC

2011). These goals are largely self-consistent, but

this need not always be the case. For example, the

conceptual objectives for aboriginal subsistence

whaling (i) ensure that risks of extinction are not

seriously increased by whaling; (ii) enable native

people to hunt whales at levels appropriate to their

cultural and nutritional requirements (i.e. satisfy

their ‘need’); and (iii) move populations towards

and then maintain them at healthy levels. Objec-

tive (ii) may be in conflict with objectives (i) and

(iii) for some populations.

To be included in a MSE, the conceptual objec-

tives need to be converted into operational objec-

tives (expressed in terms of the values of

performance measures or performance statistics).

This usually involves translating each conceptual

objective into one or more operational objective(s)

and performance statistic(s). For example, the con-

ceptual objective of ‘avoid overfishing’ could be

represented operationally as ‘the annual probabil-

ity that the stock drops below 20% of the unfished

level should not exceed 5%’. However, some con-

ceptual objectives may link to multiple operational

objectives. For example, the conceptual objective

‘achieve OY’ could be quantified by the opera-

tional objectives ‘maximize catch in biomass’,

‘minimize the interannual variation in catch’ and

‘maximize the economic rent to the fishing indus-

try’, amongst others.

The operating model(s) should be developed so

that performance statistics can be calculated. For

example, when there are explicit ecosystem and

economic objectives, the operating model(s) may

need to include a fleet dynamics model (Ulrich

et al. 2007) or models of how fishing impacts eco-

system components other than the target species

(Schweder et al. 1998), as well as related perfor-

mance statistics.

It is inevitable that some of the objectives will

be in conflict to some extent, and one aim of MSE

is to highlight trade-offs among the objectives as

quantified using performance statistics. For exam-

ple, increased monitoring efforts may allow higher

catches for the same level of risk (see Fig. 2), but

the increased monitoring will come at a financial

cost. The more common trade-offs are between

risk to the resource and benefits to the fishery,

and between average catch and variation in catch

(the less variability in catch permitted, the lower

the average catch needs to be able to accommo-

date catch reductions needed at times the resource

might be at a low abundance). It is critical to

ensure that the decision-makers are aware of these

trade-offs. One way to achieve this is to use a util-

ity function which balances the various factors in

providing a single number. However, efforts to

base MSEs on utility functions have generally been

unsuccessful because decision-makers (and stake-

holder groups) wish to see how well each candi-

date management strategy achieves each objective

and how they trade off.

The difficulties associated with conflicting objec-

tives become more challenging when management

strategies are developed for fisheries which target

multiple species, or when there are multiple stake-

holder groups which fish using different gears or

may have markedly different objectives (e.g. com-

mercial and recreational sectors within a fishery).

This is because what is seen as the ‘optimal’

state of the system will differ among stakehold-

ers. Few management strategies that have been
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implemented have addressed the issue of between-

species trade-offs. One notable exception is the

South African fishery for anchovy and sardine.

Here, there is a trade-off between anchovy and

sardine catches because of an unavoidable by-

catch of juvenile sardine with anchovy, which

decreases the TAC possible for the more valuable

adult sardine. This multiple species allocation

problem was addressed over one period by allow-

ing each company with rights to each of the two

species to choose its preferred trade-off. First, the

TACs that would follow under each company’s

desired trade-off were calculated; next quotas were

allocated to that company which were computed

by multiplying the TACs related to its trade-off by

the proportional right to the combined (sardine

and anchovy) fishery as a whole that it had been

awarded; finally, the TACs themselves were

calculated by summing the quotas awarded to

each company for each species (De Oliveira 2003;

Butterworth et al. 2012).

Best practice in terms of specifying objectives,

particularly operational objectives, is through the

use of inclusive workshops (Cox and Kronlund

2008; Mapstone et al. 2008; PFMC 2013). Work-

shop participants need to be representative of the

decision-makers and other stakeholders, and efforts

should be made to ensure that the decision-makers

are fully aware of which decisions are theirs

(weighting objectives, and selecting management

strategies to be tested) and which decisions are pri-

marily technical. Progress in such workshops may

be facilitated by providing draft specifications that

can be criticized, expanded upon or rejected out-

right.

The statistics used to evaluate the performance

of alternative candidate management strategies

should be chosen, so that they are easy for deci-

sion-makers and stakeholders to interpret (Francis

and Shotton 1997; Peterman 2004). Butterworth

and Punt (1999) comment that standard devia-

tions or coefficients of variation of catch limits are

difficult for many stakeholders to understand.

Experience suggests that stakeholders find it much

easier to relate to statistics such as the fraction of

years in which the catch is less than some desir-

able level. Care should be taken to avoid having

too many performance statistics. While it may

seem desirable to have, for example, a number of

performance statistics to quantify catch variation

(IWC 1992), the final decision process is made

considerably easier if the number of performance

statistics is small, so that they can easily be sum-

marized graphically. In any case, experience sug-

gests that such catch variation statistics are often

highly correlated with each other.

It is common to include performance statistics

such as the probability of dropping below some

threshold level [such as the minimum stock size

threshold (MSST) defined in the USA MSA, or 20%

of the estimated unfished biomass, B0]. However,

while dropping below MSST has implications in

the USA (leading to the requirement for a rebuild-

ing plan), the use of a metric such as the probabil-

ity of dropping below a fixed fraction of B0 can be

criticized both because any such level is somewhat

arbitrary, and because there is seldom evidence for

threshold or depensatory effects. Nevertheless, in

relation to answering questions of direct interest

to decision-makers, such policy-related perfor-

mance statistics may need to be included in the

set reported. ICES (2013) notes that there are

three ways to define the probability of dropping

Figure 2 Relationship between risk and reward for

South African anchovy (‘collapse’ is defined here as the

spawning biomass falling below 10% of its average

unexploited level, and risk reports the probability of that

happening at least once during a 20-year period). Each

line indicates a different level of survey precision (1:

current precision; ½: double the survey effort; 0: perfect

information; reproduced from Bergh and Butterworth

1987).
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below a threshold: (i) the average probability (over

simulations and years) of being below the thresh-

old; (ii) the probability (over simulations) of drop-

ping below the threshold at least once during each

projection; and (iii) the maximum annual proba-

bility (over simulations) of being below the thresh-

old over the projection period. Other ways to

summarize these probabilities exist, including, for

example, the probability in a given year. de Moor

et al. (2011) comment that the probability of drop-

ping below a threshold depends on the extent of

process error, and define a performance statistic

that evaluates risk in terms of the extent to which

this probability increases with fishing, relative to

its value in the absence of fishing.

A complicating factor with performance statistics

that pertain to population size relative to B0 or the

MSY level is how these are to be defined in a chang-

ing environment and when there is time-varying pre-

dation (A’mar et al. 2009a,b, 2010). Usually, this

problem has been resolved by replacing carrying

capacity in these statistics by the population size

which would have occurred had there been no

catches (IWC 2003). However, for multispecies oper-

ating models, this can lead to counter-intuitive results

where the unfished level is actually lower than the

fished population size (Mori and Butterworth 2006).

Although most operational objectives relate to

the fishery and the conservation of the species on

which it depends, increasingly these objectives

include ones pertaining to ecosystem impacts of

fishing (Dichmont et al. 2008) and economic

objectives (Dichmont et al. 2008; Anderson et al.

2010). Performance statistics can also relate to

the management system itself. For example, in a

MSE to evaluate management strategies for over-

fished USA west coast groundfish stocks, Punt and

Ralston (2007) considered performance statistics

such as when rebuilding was estimated to have

occurred compared to how long this had been

anticipated to take when the rebuilding plan was

developed, and how often a rebuilding plan failed.

This was because these were issues of interest to

the decision-makers, which also related to the con-

fidence stakeholders and the public have in the

management system.

In the context of BCB bowheads, the conceptual

objectives were selected by the IWC (i.e. the Com-

missioners). The operational objectives (and

related performance statistics) were selected by the

Scientific Committee of the IWC to reflect the

intent of the conceptual objectives. These included

statistics related to (i) the proportion of the nutri-

tional and cultural need requested by aboriginal

communities which could be satisfied, (ii) the

delay in rebuilding to the population size corre-

sponding to MSY caused by the mortality permit-

ted and (iii) measures of the variation in the

number of strikes permitted. No performance sta-

tistics specifically related to extinction risk were

considered because none of the management strat-

egies explored led to an appreciable risk of extinc-

tion – indeed the probability of extinction was zero

for all management strategies and (plausible) sim-

ulations. The performance statistics related to the

delay in rebuilding were hard to interpret, so that

the final conservation-related statistics were based

on simpler concepts such as the lowest ratio of

population size to carrying capacity and the ratio

of population size to carrying capacity after

100 years of simulated management.

The performance statistics for the Pacific sardine

MSE were initially proposed during a workshop with

stakeholders (PFMC 2013); these statistics were then

refined based on input from the PFMC and its advi-

sory bodies. The final set of performance statistics

included conventional statistics related, for example,

to average catches and variation in catches. How-

ever, the performance statistics also included quanti-

ties such as the proportion of times that the fishery

was closed or its catch was <50 000 t, the average

number of consecutive years the fishery was pre-

dicted to be closed, and the proportion of years that

the biomass of animals aged 1 and older was

<400 000 t. The last statistic was a proxy for indica-

tions of whether the biomass is sufficiently low that

predators may be impacted.

Selection of uncertainties to consider and selection

of operating model parameter values

Ideally, the range of uncertainties considered in a

MSE should be sufficiently broad that new infor-

mation collected after the management strategy is

implemented should reduce rather than increase

the range (Punt and Donovan 2007; IWC 2012a).

However, in practice, it is seldom the case that it

is possible to come close to incorporating all the

pertinent uncertainties fully for any given situa-

tion, and choices are needed as to which uncer-

tainties are the most consequential and reflect

more plausible alternative hypotheses. Several

attempts (Francis and Shotton 1997; Haddon

2011a) have been made to characterize sources of
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uncertainty. For the purposes of this paper, five

sources of uncertainty are distinguished.

1. Process uncertainty: variation (usually

assumed to be random, though sometimes

incorporating autocorrelation) in parameters

often considered fixed in stock assessments

such as natural mortality, future recruitment

about a stock–recruitment relationship and

selectivity.

2. Parameter uncertainty: many operating mod-

els are fit to the data available, but the values

estimated for the parameters of those operat-

ing models (e.g. fishery selectivity-at-age, the

parameters of the stock–recruitment relation-

ship and historical deviations in recruitment

about the stock–recruitment relationship) are

subject to error.

3. Model uncertainty: the form of relationships

within an operating model will always be sub-

ject to uncertainty. The simplest type of model

uncertainty involves, for example, whether the

stock–recruitment relationship is Beverton–

Holt or Ricker, whether a fixed value for a

model parameter is correct, or whether fishery

selectivity is asymptotic or dome-shaped. How-

ever, there are other more complicated types

of model structure uncertainty such as how

many stocks are present in the area modelled,

the error structure of the data used for assess-

ment purposes, the impact of future climate

change on biological relationships such as the

stock–recruitment function, and ecosystem

impacts on biological and fishery processes.

4. Errors when conducting assessments, which

inform the catch control rule that is being

evaluated using the MSE: management advice

for any system is based on uncertain data.

Consequently, the data that inform catch con-

trol rules need to be generated in a manner

which is as realistic as possible. Uncertainty

arises when the model used for conducting

assessments and providing management

advice differs from the operating model, or the

data are too noisy to estimate all key parame-

ters reliably.

5. Outcome (or ‘implementation’) uncertainty:

the impact of fishers and other players in the

management system on the performance of

management strategies has long been recog-

nized (Rosenberg and Brault 1993; Rosenberg

and Restrepo 1994). The most obvious form of

this type of uncertainty is when catches are

not the same as the TACs – typically more is

taken or the decision-makers do not imple-

ment the TACs suggested by the management

strategy. However, there are many other

sources of outcome uncertainty, such as that

associated with catch limits set for recreational

fisheries and regulating discards. In some

cases, this source of uncertainty has been

found to dominate all the others (Dichmont

et al. 2008; Fulton et al. 2011a).

In general, the evaluation of management strat-

egies proceeds by first identifying the set of factors

which are perceived to contribute the most to the

uncertainty for the case in question. There will

usually be factors for each of the five sources of

uncertainty listed above. For example, factors

could be ‘the extent to which carrying capacity

changes into the future’, or ‘the variation in real-

ized catches about those intended’. Each factor will

have a number of levels: for example, different

rates of change in carrying capacity or variations

in realized catch about the intended catch. Trials

would then be constructed by selecting a level for

each factor and thereby represent the range of

uncertainty about a hypothesis to be considered in

the evaluation. Best practice for a specific case

involves explicitly addressing each of these uncer-

tainties, or at least indicating how the uncertain-

ties reflected were selected. Minimally, a MSE

should consider (i) process uncertainty, in particu-

lar, variation in recruitment about the stock–

recruitment relationship; (ii) parameter uncer-

tainty relating to (a) productivity and (b) the

overall size of the resource; and (iii) observation

error in the data used when applying the manage-

ment strategy. Which uncertainty is most impor-

tant will be case-specific. For example, process

uncertainty is unlikely to be very important for

the management of large whale populations,

whereas this uncertainty could be very consequen-

tial for a short-lived species such as Pacific sar-

dine; the uncertainty factors considered in the

MSEs for the two case-studies unsurprisingly dif-

fered markedly (Table 2).

Best practice is to divide MSE trials into a ‘refer-

ence’ (or ‘base case’) set of trials and a ‘robust-

ness’ set of trials (Rademeyer et al. 2007). The

reference trials are considered to reflect the most

plausible hypotheses (see below for further com-

ments on assigning plausibility to trials) and hence
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form the primary basis for identifying the ‘best’

management strategy, while the robustness trials

are used to determine whether the management

strategy behaves as intended in scenarios that are

fairly unlikely, even though they are still plausible.

While it is clearly desirable to conduct trials for all

combinations for the levels for each factor (Kurota

et al. 2010), this is often computationally impossi-

ble except when the management strategies being

evaluated are fairly simple (Carruthers et al.

2014), and even then, conducting a MSE could be

very computer-intensive depending on how many

trials are run. Although partial factorial designs

can be used to address this difficulty (Schweder

et al. 1998), it is more common to select ‘base’

levels for each factor (in some cases multiple ‘base

levels’), and then to develop trials which involve

varying each ‘base’ level in turn, perhaps also

adding a few trials in which multiple factors are

changed from their ‘base’ levels.

Kraak et al. (2011) assert that the choice of

sources of uncertainty included in MSE simula-

tions often is quite arbitrary, and the uncertainties

chosen do not necessarily reflect the key sources

of uncertainty. They note that some MSEs con-

ducted in Europe ignore spatial structure and

whether egg production rather than spawning bio-

mass drives recruitment. If these were indeed key

uncertainties for the resources concerned, the sci-

entists conducting those MSEs would clearly have

been in error in ignoring them.

Best practice would involve trials based on at

least a standard set of factors (Cooke 1999), so

that the simulations extend over the set of uncer-

tainties found to have had a large impact on the

performance of management strategies for other

systems (a list is given in Table 3). Most early

operating models considered a single stock,

ignored climate drivers of recruitment, growth and

natural mortality, and treated the area being man-

aged as a single homogeneous region. Each of

these limitations can be overcome, particularly

given the availability of sufficient computing

resources. For example, although Butterworth and

Punt (1999) commented that there were very few

operating models which accounted for spatial

structure when they conducted their review in

1998, subsequently Punt et al. (2005), IWC

(2008a,b, 2009, 2014), Punt and Hobday (2009)

and Carruthers et al. (2011) have all developed

operating models which can, to some extent,

account for spatial structure.

Climate and environmental variation is increas-

ingly recognized as factors which often need to be

included when evaluating management strategies.

Two basic approaches have been adopted. The first

is to include these factors in end-to-end models

which represent entire ecosystems from physical

processes to high trophic levels and fisheries, such

as Atlantis (Fulton et al. 2011b) and Ecopath-

with-Ecosim (Gaichas et al. 2012). The second is

to relate environmental change to values of

parameters empirically (Punt et al. 2014). Under

the latter approach, environmental change can be

Table 2 Factors related to uncertainties considered in

the simulation trials developed to test the management

strategies for the Bering–Chukchi–Beaufort (BCB) Seas

bowhead whales and the northern subpopulation of

Pacific sardine.

BCB bowhead whales Pacific sardine

Population dynamics

• Inherent productivity Extent of variation in
recruitment

• Shape of the production
function

Time-varying natural mortality

• Process error in calving
rate

Time-varying productivity1

• Time trends in carrying
capacity

Changes in selectivity
spatially

• Time trends in productivity Time-varying selectivity

• Occasional catastrophic
mortality or recruitment
events

Time-varying weight-at-age

• Time lags in the density
dependence function

• Alternative stock structure
hypotheses2

Data related

• Survey frequency Extent of auto-correlation in
biomass estimates

• Average bias of survey
estimates

Extent of variation in biomass
estimates

• Trends in bias of survey
estimates

Biomass estimates non-
linearly related to true
abundance

• Survey CV

• Bias in reported catches
Implementation related

• Survey conducted to
maximize strike limits

Only the USA follows the
control rules

1All trials allowed for some variation in productivity due to envi-
ronmental effects, but the manner in which productivity was
related to the environment was varied in these trials.
2Conducted during the 2007 Implementation Review (Interna-
tional Whaling Commission 2008a,b, 2009, 2014).
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modelled by linking environmental variables to

the parameters that determine the dynamics of the

population represented in the operating model

(A’mar et al. 2009a; Ianelli et al. 2011; Punt

2011), or regime shift changes in parameters can

be modelled (A’mar et al. 2009b; Wayte 2011;

Szuwalski and Punt 2013). Most studies in which

biological parameters are driven by environmental

effects are conducted in circumstances where the

relationships between the environment and the

population dynamics are largely unknown (Hurta-

do-Ferro and Punt 2014). Most previous MSEs

have allowed only one parameter of the operating

model to exhibit time trends. However, it is possi-

ble to force a number of operating model parame-

ters to do so. For example, Kell and Fromentin

(2010) explored the performance of a VPA-based

management strategy where both recruitment and

migration varied as a function of the environment,

while Punt et al. (2013) investigated the robust-

ness of a management strategy for rock lobsters

off Victoria, Australia, to time trends in natural

mortality, catchability and growth.

Ecosystem effects, in particular biological and

technological interactions, can be addressed within

the context of end-to-end models such as Atlantis

and Ecosim. However, most current investigations

of the impacts of ecosystem effects on the perfor-

mance of management strategies have been based

on models of intermediate complexity for ecosys-

tems (MICE; Punt and Butterworth 1995; Schwe-

der et al. 1998; Plag�anyi 2007; A’mar et al. 2010;

Howell et al. 2013), primarily because it is possible

to parameterize these types of models by fitting

them to monitoring data, although this renders

the conclusions case-specific (Plag�anyi et al.

2014).

Technical interactions are probably easier to

include in operating models given that there are

usually direct data on catches and by-catches by

fleet. Such interactions have been included in the

MSEs conducted by De Oliveira and Butterworth

(2004) for South African sardine and anchovy, by

Dichmont et al. (2006a) for two prawn species off

northern Australia, by Punt et al. (2005) for two

shark species of southern Australia and by Kraak

et al. (2008) for the flatfish complex in the North

Sea. Dichmont et al. (2006a) and Kraak et al.

(2008) model effort allocation based on economic

incentives that lead to technical interactions

among species.

How realistically the data are generated will

directly impact the performance of any assessment

method, and therefore also of any management

Table 3 List of factors, whose uncertainty commonly has a large impact on management strategy performance, which

should be considered for inclusion in any management strategy evaluation.

Productivity

• Form and parameters of the stock–recruitment relationship.

• Presence of depensation.

• Extent of variation and correlations in recruitment about the
stock–recruitment relationship.

• Occasional catastrophic mortality or recruitment events.

Data-related issues

• CVs and effective samples sizes of data.

• Changes in the relationship between catchability and
abundance.

• Changes in survey bias (fishery-independent data).

• Survey and sampling frequency.

• Ageing error.

• Historical catch inaccuracy (bias).

Non-stationarity

• Changes in the stock–recruitment relationship.

• Time-varying natural mortality (potentially a multispecies
operating model).

• Time-varying carrying capacity (regime shift; linked to
environmental variables or multispecies effects).

• Time-varying growth and selectivity.

Outcome (Implementation) uncertainty

• Decision-makers adjust or ignore management advice.

• Realized catches differ from total allowable catches due to mis-
reporting, black market catches, discards, etc.

Other factors

• Spatial and stock structure.

• Technical interactions.

• Time-varying selectivity, movement and growth.

• Initial stock size (unless it is estimated reliably when
conditioning the operating model).
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strategies which depend on the results of the

assessment. For example, most simulation studies

generate age/length composition data from the

survey or fishery catch in a way that matches the

distributions assumed when fitting the assessment

model (Bence et al. 1993; Sampson and Yin 1998;

Radomski et al. 2005). However, this means that

even very small sample sizes can appear to be

extremely informative. In contrast, the residual

patterns for actual stock assessments are often

suggestive of both overdispersion and model mis-

specification. It is important to ensure that a num-

ber of plausible relationships between indices and

true abundance are considered when assessments

rely on fishery-dependent index data.

Best practice for parameter uncertainty for a

given model structure is to sample parameters val-

ues from a Bayesian posterior distribution, or less

ideally to use bootstrap samples or to sample

parameter vectors from the asymptotic variance–

covariance matrix for the parameters. Construct-

ing Bayesian posterior distributions or developing

bootstrap distributions for parameters can, how-

ever, be very intensive computationally.

Although the ideal is to evaluate management

strategies using a trial structure which has been

developed for a given stock or system, this may be

impossible to achieve for data-poor situations. Nev-

ertheless, it remains important to evaluate man-

agement strategies for data-poor situations,

especially when the management strategies use

proxies for measures of biomass; consequently,

extensive testing of management strategies for

data-poor situations has been undertaken, particu-

larly in Australia (Haddon 2011b; Little et al.

2011; Plag�anyi et al. 2013, in press) and New

Zealand (Bentley and Stokes 2009a,b). In these

cases, there is a value in developing management

strategies which can be applied generically. Natu-

rally, generic management strategies would not be

expected to perform as well as a management

strategy that has been developed for a specific case

(Butterworth and Punt 1999). When an evalua-

tion of generic management strategies is to be

undertaken, it is necessary to ensure that a broad

range of species life histories are explored, along

with a broad range of hypotheses regarding the

quality of past and future data, and the state of

the stock when the management strategy is first

applied (Wiedenmann et al. 2013; Carruthers et al.

2014; Geromont and Butterworth in press-a). The

values for the operating model parameters in this

case would be selected based on generic consider-

ations, and values for species which are character-

istic of those to which the management strategy is

to be applied.

Finally, it would be naive to believe that it is

possible to identify all key uncertainties correctly,

and it should not come as a surprise that some

potential uncertainties not taken into account dur-

ing the development of a management strategy

turn out to be consequential. Kolody et al. (2008)

drew attention to a key uncertainty (underestima-

tion of historical catches) that was not initially

considered during the development of a manage-

ment strategy for southern bluefin tuna (T. mac-

coyii). They also questioned whether analyses of

historical data, for example, as part of the process

of conditioning the operating model(s) to data will

capture the full extent of uncertainties. This prob-

lem should not imply that it is not worthwhile to

conduct a MSE, but rather emphasizes that the

earlier view that management strategies can be

developed to run on ‘autopilot’ for a large number

of years is likely flawed. Thus, the value of man-

agement strategies including ‘Exceptional Circum-

stances’ provisions and conducting regular

Implementation Reviews (see final section) is high

and justified, even if it entails additional work.

Butterworth (2008a) emphasizes that the operat-

ing models considered in MSE analyses should

remain ‘broadly comparable’ with the data. In

practice, this means that use of, for example, strict

model selection criteria to weight trials should be

considered very carefully; in particular, use of, for

example, AIC-weighting or the analytic hierarchy

process (Merritt and Quinn 2000) should only be

considered when there is confidence that the likeli-

hood function is reliable (which is often not the

case because the data inputs are not completely

independent, as is usually assumed). Best practice

in cases when the data used to parameterize the

operating model are in conflict, for example when

the various indices of abundance exhibit different

trends, is to develop alternative operating models

which represent each data set (Butterworth and

Geromont 2001).

Identification of candidate management strategies

which could realistically be considered for

implementation

Ultimately, the management strategy chosen

should reflect the policies developed by the
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decision-makers. Management strategies can be

divided roughly into those that are model-based

and those that are empirical, although some man-

agement strategies could be considered to be a

mixture of the two types of strategies (Starr et al.

1997). Broadly, model-based management strate-

gies usually involve two stages (see below),

although some management strategies such as the

IWC’s Revised Management Procedure (IWC

1994) integrate the two stages to the point that it

is impossible to distinguish them. For southern

bluefin tuna, the model-based part of the manage-

ment strategy is in effect a biologically plausible

smoother of the two abundance indices used, with

the actual harvest control rule having more in

common with empirical harvest control rules than

the more traditional model-based versions (Anony-

mous 2011).

The first stage in a model-based management

strategy involves applying a stock assessment

method (which may be much simpler than the

methods used to develop the operating models that

provide the basis for the MSE simulation testing

process), and the second involves taking the

results from that stock assessment model as the

input for a harvest control rule. Several jurisdic-

tions, including the USA and Australia, apply

complex model-based management strategies, at

least for their ‘data rich’ stocks. Despite the pro-

cess being very intensive computationally, these

types of management strategies have been evalu-

ated using simulation (Dichmont et al. 2006b;

A’mar et al. 2008, 2009a,b, 2010; Anonymous

2011; Fay et al. 2011; Punt et al. 2013). Model-

based management strategies tend to lead to lower

variation in terms of, for example, TACs than

empirical approaches that do not constrain the

estimated dynamics using population models (But-

terworth and Punt 1999; Anonymous 2011),

although this effect may be alleviated by imposing

constraints on the extent of interannual change

permitted in catch limits (see below).

In contrast to model-based management strate-

gies, empirical management strategies do not uti-

lize a population model to estimate biomass,

fishing mortality or related quantities for use in

harvest control rules. Rather, they set regulations

such as TACs directly from monitoring data, usu-

ally after some data summary methods have been

applied (e.g. CPUE standardization for catch and

effort data). For example, the empirical harvest

control rule used to recommend annual catch lim-

its for the South African sardine involves setting

catch limits as a constant proportion of the

resource abundance estimated from the most

recent hydro-acoustic survey. This rule is then

subject to a number of constraints, or meta-rules,

such as a maximum TAC and a maximum

amount by which the TAC can decrease interan-

nually. By removing this latter constraint during

years of high TACs, the rule was designed to be

flexible enough to allow the industry to take

advantage of the occasional ‘booms’ that are a fea-

ture of this highly variable resource, without

increasing the risk of the resource dropping to an

undesirably low level (de Moor et al. 2011).

Rademeyer et al. (2007) remark that empirical

management strategies are easier to test and are

often easier to explain to decision-makers, but

have the disadvantage that there might not be a

clear basis for determining the target at which

the resource will eventually equilibrate (Little

et al. 2011). Examples of management strategies

implemented which are empirical are those for

hake, rock lobster, horse mackerel, anchovy and

sardine off South Africa, for rock lobsters off

South Australia and Tristan da Cunha, for West

Greenland halibut and for pollock off eastern

Canada. Most empirical management strategies

base management decisions on trends in an index

of abundance. However, there is a move towards

‘target’-based rules, where TAC changes depend

on the difference between the most recent level

and the target for some abundance-related index

(Little et al. 2011; Rademeyer and Butterworth

2011; Geromont and Butterworth in press-b),

because the resultant catch limits tend to show

less variability without impacting performance on

other statistics such as average catch and risk to

the resource. An example of an empirical ‘target’-

based rule is that used to recommend annual

catch limits for the South African south coast

rock lobster: the annual TAC is adjusted up or

down from that recommended for the previous

year according to whether the most recent mea-

sure of standardized CPUE is above or below a

target value, with the extent of TAC adjustment

proportional to the magnitude of the difference

between the recent CPUE and the target value

(Johnston et al. 2014). Management strategies

can also be based on changes in metrics defined

from age and size compositions (Butterworth

et al. 2010b; Wayte and Klaer 2010; Fay et al.

2011).
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Many management strategies impose constraints

on how much catch limits can vary from 1 year

to the next. For example, the management strate-

gies for Australia’s SESSF include 10 and 50%

rules, which state that no change in TAC up or

down will be larger than 50% of the current TAC;

similarly, if a predicted change is <10% of the cur-

rent TAC, then no change is made. In South

Africa, both the hake and rock lobster manage-

ment strategies include maximum TAC changes of

either 5 or 10%, although these are over-ridden if

appreciable declines in abundance become evident

from the indices monitoring resource abundance.

These minimum change rules have the advantage

of smoothing out what might be noise from the

management strategy output arising from noise in

its data inputs.

Most of the management strategies considered

in MSEs have been based on the conventional data

used for stock assessments (e.g. catches, indices of

abundance, age/length composition information).

However, it is possible to develop management

strategies, particularly for data-poor situations,

using non-conventional data. For example, McGil-

liard et al. (2010) and Babcock and MacCall

(2011) developed management strategies that use

the ratio of the density inside and outside of mar-

ine protected areas to adjust limits on catch and

effort in fished areas. Wilson et al. (2010)

extended these approaches to use data on the pro-

portion of old fish in the population. Christensen

(1997) defined (and evaluated) a management

strategy in which limits on effort are a function of

the economic rent from the fishery, while Pomare-

de et al. (2010) evaluated one based on estimates

of total mortality. The management control in

most management strategies changes based on the

data collected (feedback strategies), although some

management strategies for data-poor situations are

effectively non-feedback, setting management con-

trols based, for example, on historical catch only.

The performance of non-feedback strategies is,

however, generally poor (Carruthers et al. 2014).

While the candidate management strategies

which could be adopted should be identified by the

decision-makers (or their advisers), best practice

for MSE is also to evaluate additional management

strategies to better understand the behaviour of

the strategies identified by the stakeholders and

decision-makers. In particular, it is a valuable

exercise to apply variants of a management strat-

egy in which the state of the stock is known

exactly by the management strategy because this

provides an upper limit to the ‘value of informa-

tion’. In addition, having results for ‘reference’

strategies, such as the strategy which maximizes

average catch, can be useful for determining

whether or not differences in performance statis-

tics among management strategies are meaning-

ful.

Most management strategies involve changes in

the values of traditional management instruments

such as catch limits, the total amount of effort or

the length of the fishing season. However, MSE

can also be used to evaluate novel management

strategies such as that of Kai and Shirakihara

(2005) that involves changing the size of a closed

area based on the results of monitoring data.

It is essential that the management strategies

being tested or compared are fully specified and

can be implemented both for the operating models

and in reality. Best practice is to simulate the

management strategy exactly as it would be

applied in reality, and this is commonly done

when the management strategy is empirical (De

Oliveira and Butterworth 2004; Little et al. 2011;

Punt et al. 2012a; Carruthers et al. 2014), or the

assessment method is not very demanding compu-

tationally (Kell and Fromentin 2009). It is becom-

ing easier to evaluate complex management

strategies given the increased availability of, for

example, distributed computing including cloud

computing. However, simulating very complicated

management strategies such as those that involve

fitting a statistical catch-at-age model can still

require considerable computation (e.g. a single set

of 100 simulations of 45 years to evaluate the

actual management strategy for Gulf of Alaska

walleye pollock took over 3 weeks on a fast desk-

top computer) and run the risk that fully auto-

mated fitting procedures may not find the global

minimum that would be detected in the compre-

hensive searches typical of ‘best assessment’

approaches. Consequently, it is common to

approximate application of a management strat-

egy, for example by assuming that the estimates of

biomass are log-normally distributed about the

true biomass, perhaps with autocorrelated errors

(DiNardo and Wetherall 1999; Hilborn et al.

2002; Anderson et al. 2010; Punt et al. 2012b).

However, ICES (2013) comments that it is gen-

erally not sufficient to simply add random noise

to quantities derived from the operating model,

and express concern that only 4 of the 18 MSEs
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which they reviewed had simulation tested the

actual assessment. Failing to simulate application

of the actual assessment method allows a broader

set of hypotheses to be explored quickly, but the

risk is that the actual error distribution associated

with assessments does not match that assumed,

and hence the values of the performance statistics

are incorrect. In the extreme, the resultant rela-

tive ranking of management strategies may

become incorrect. The justification for using an

approximation to a management strategy may be

examined by running a few simulations for the

actual management strategy and the approxima-

tion, and comparing the results to ascertain

whether the approximation is adequate. For

example, ICES (2008) compared a ‘full’ and

‘shortcut’ MSE and found that the ranking of the

performance of the harvest control rules evalu-

ated changed when conducting a shortcut MSE

compared to a full MSE (i.e. the best performing

harvest control rule was different for the two

evaluations).

The management strategy adopted for the BCB

bowhead whales is based on averaging the strike

limits from two SLAs (IWC 2003): (i) an empirical

relationship between the strike limit and estimates

of carrying capacity, the replacement yield pre-

dicted for the year for which a strike limit is

needed, and the current stock size (Johnston and

Butterworth 2000; Givens 2003); and (ii) a con-

trol rule based on the concept of adaptive Kalman

filtering (a combination of Kalman filtering and

Bayesian methodology; Dereksd�ottir and Magn�us-

son 2003). Both SLAs included ways to restrict in-

terannual variation in strike limits, a factor

considered very important during the selection

process for a SLA. In particular, the component

SLAs included a ‘snap to need’ feature which sets

the strike limit equal to the need if the strike limit

indicated by the algorithm is very close to the

need.

The management strategy used for Pacific sar-

dine is based on a set of control rules (Fig. 3)

that are applied to an estimate of age 1+ bio-

mass from a stock assessment model. The value

for the FRACTION parameter may depend on

the value of an environmental variable. The

MSE for Pacific sardine (Hurtado-Ferro and Punt

2014) did not simulate application of the actual

stock assessment process, but instead generated

estimates of biomass directly from the operating

model. Nevertheless, the extent of the errors

associated with the biomass estimates for Pacific

sardine was selected using a simulation evalua-

tion of the actual stock assessment method (Hur-

tado-Ferro et al. 2014) in an attempt to ensure

realism.

Simulation of application of each management

strategy for each operating model

The actual process of linking the data generation

phase of the operating model with the manage-

ment strategy is generally straightforward, even if

the process of conducting the simulations and

summarizing the results can be very time-consum-

ing. The difficult issues with MSE at this stage are

primarily related to software development. There

are several ways to minimize the chances of errors

due to software coding, and use of these methods

is best practice for MSE.

1. Base the operating model(s) and the manage-

ment strategy on software that has been devel-

oped for broad application and has been tested

extensively, such as Stock Synthesis (Methot

and Wetzel 2013; Anderson et al. 2014;

Maunder 2014), or use tools specifically devel-

oped to evaluate management strategies (Kell

et al. 2007; Hillary 2009). However, in many

instances, it is necessary to develop software

for a specific case given the nature of the man-

agement strategy being evaluated and the

hypotheses considered plausible – capturing

the full range of uncertainty and of potentially

Figure 3 Harvest control rules applied to the northern

subpopulation of Pacific sardine. The OFL is the

overfishing level, which is based on the fishing mortality

corresponding to maximum sustainable yield. The ABC is

the acceptable biological catch, computed as the

overfishing limit (OFL) reduced to account for scientific

uncertainty. CUT-OFF determines the 1+ biomass at

which the harvest guideline (HG) is zero, and MAXCAT

is the maximum catch possible under the control rule.
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appropriate candidate management strategies

should take priority over using available soft-

ware.

2. Conduct simulations in which the system

dynamics are deterministic, the operating

model matches the estimation component of

the management strategy, and the data are

generated without error. In this situation, it

should be possible for an analyst to heuristi-

cally predict the state of the system in the

future fairly accurately (e.g. the stock should

equilibrate at BMSY if a strategy is based on a

target fishing mortality of FMSY, while if a

strategy has a target level based on CPUE the

stock should equilibrate at this level unless

there are response-delay factors that induce

oscillations) and compare this with where the

MSE predicts the system will be. This provides

a basic test to ensure that the coding of the

operating model and of the management strat-

egy is correct.

3. Conduct simulations in which the system

dynamics are deterministic, the assessment

model underlying the management strategy (if

required) matches the operating model, and

the data are generated with random error.

Again, this provides a case where it is rela-

tively straightforward to predict the results of

the analyses.

The second and third of these steps also provide

a way to eliminate poor management strategies

from further consideration; it is virtually certain

that a management strategy will not perform ade-

quately in complex trials if it performs poorly

when the data are not subject to error or there is

no process error in the system.

The number of simulations for each trial

(10 000 in the case of Pacific sardine and 100 in

the case of the BCB bowheads) should be selected

to ensure that the percentiles of the distributions

on which performance statistics are based can be

calculated with the precision required for the deci-

sions to follow. The number to achieve a particu-

lar precision for probability-based statistics can be

calculated taking into account that the simula-

tions are independent (ICES 2013), and probability

measures based on counts are therefore binomially

distributed. Note that a very (perhaps prohibi-

tively) large number of simulations may be needed

if the decision-makers wish to draw conclusions

based on very precise estimates of the lower fifth

or first percentile of the distribution for some out-

put from the operating model(s).

The number of years for which the operating

model is projected will depend on the life history

of the species under consideration. The number

should be chosen, so that it is possible that the

management strategy can impact the dynamics of

the system and should cover 1–2 generations at

minimum to allow for transients arising from

response delays linked, for example, to the age at

maturity. For example, the number of years for

short-lived species such as sardine can be quite

low while this number will be much higher for

species such as bowhead whales.

It is essential, and hence best practice, that the

management strategy bases recommendations for

management actions only on data which would

actually be available, and any assumptions regard-

ing parameters assumed known when applying

the management strategy need to be clearly docu-

mented (e.g. that natural mortality is assumed to

be known exactly). One way to achieve this goal

is to have separate segments of software for the

operating model and for the management strategy,

and to pass information (and management recom-

mendations) between the operating model and

management strategy using input and output files

or their software equivalent.

The same set of random numbers should be

used for all simulations for each trial, so that dif-

ferences between candidate management strategies

reflect the differences between the strategies them-

selves and not the consequences of different sets of

observation and process errors.

Most management strategies assume that the

data needed to apply them are always available

(e.g. surveys are conducted at the expected fre-

quency). However, this assumption might not be

met in practice (e.g. a survey may not take place

because of mechanical problems), and Butterworth

(2008b) highlights that a management strategy

should ideally also include specifications for how

to provide management advice in circumstances in

which anticipated data are not available. A related

aspect is that the management strategy should

ideally reward the provision of extra data and

penalize the reverse situation. For example, the

IWC’s Revised Management Procedure reduces

whale fishery catch limits to zero if new survey

estimates do not become available within a speci-

fied time period (IWC 2012b).
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Presentation of results and selection of a

management strategy

Ultimately, the selection of a management strategy

is not a scientific enterprise, but involves address-

ing trade-offs. This task lies primarily within the

purview of decision-makers and policy. In princi-

ple, the selection of a management strategy could

be automatic if a utility function was selected,

which reflects the desired trade-offs amongst the

objectives, and probabilities could be assigned to

each alternative operating model configuration.

However, this is rarely possible, and the authors

know of no examples where a management strat-

egy which has actually been implemented was

selected this way.

There are almost always trade-offs among the

management objectives. Consequently, it is desir-

able to provide results for a number of candidate

strategies. Evaluation by the decision-makers of the

trade-offs amongst the management objectives

achieved by each candidate strategy may lead to a

better understanding of what is possible, and even

to changes to the relative ranking of management

objectives. However, the results of management

strategy simulations can be extensive and compli-

cated, and the entire MSE process may be difficult

for non-experts to comprehend. In South Africa,

the details of the assumptions and sources of

uncertainty were communicated, but statistics

such as probability distributions were found hard

to interpret (Cochrane et al. 1998). A better under-

standing of some of the trade-offs, particularly that

between catch and catch variation, can be

achieved by ‘real-time gaming’ of the MSE, which

involves the decision-makers managing simulated

populations where they are provided with the data

which would actually be available on an annual

basis. Walters (1994) provides an overview of the

use of gaming to compare management options,

including some best practices. Gaming has been

used successfully in the South African fisheries

(Butterworth et al. 1993). However, many MSE

analyses are very computationally intensive, mak-

ing real-time gaming impractical.

Stakeholders need to be involved in the decision

process. However, more than that, they also need

to be integrated within the entire MSE develop-

ment process, including problem formulation, and

even perhaps selecting the assumptions on which

projections are based. This is, however, seldom

easy and can be very time-consuming. Pastoors

et al. (2007) describe an instance where stake-

holders evaluated a MSE based on the extent to

which hindcasts of the operating model could

reproduce the observed dynamics of how TACs

were set and whether the trends in stocks and

catches proceeded ‘logically’. Their advice was to

present results relative to reference levels rather

than in absolute terms, so as to reduce some of

the concerns which stakeholders expressed.

As emphasized by Rademeyer et al. (2007), the

basis for selecting a management strategy has to

be clear to all stakeholders and should be made as

simple as can be justified. Although much of the

literature has focused on trade-offs among the

objectives, some systems have fixed constraints.

For example, the USA MSA effectively prohibits

fishing mortality exceeding FMSY for long periods,

while adoption of a management strategy that

would lead to high probabilities of decline of BCB

bowhead whales would be considered unaccept-

able. Miller and Shelton (2010) identify an

approach to selecting a management strategy

based on ‘satisficing’, in which there are certain

minimum standards for any candidate strategy,

and only those candidates who satisfy these stan-

dards can be considered for possible adoption. Care

should be taken not to require management strat-

egies to meet performance statistic targets defined

in terms of extreme tail probabilities, for example

implementing a standard such as ‘the probability

of overfishing on an annual basis should not

exceed 0.1%’, because such probabilities are likely

to be very poorly determined (Rochet and Rice

2009; Kraak et al. 2011). In cases in which the

decision-makers require high certainty about a

particular outcome, it is imperative that the ana-

lysts convey the likely level of precision possible

from a MSE and that the major strength of a MSE

lies in comparing the relative performance of alter-

native management strategies.

The first step in the process of selecting a man-

agement strategy should be explaining all of the

options to the decision-makers, and placing the

management strategies evaluated in the context of

current management arrangements (Dowling et al.

2008). The value of effective graphical summaries

cannot be over-emphasized. Some simple rules for

constructing graphical summaries of results (see

Figs 4 and 5 for examples) are to define ‘best’ per-

formance for all operational objectives to be a high

value for the associated performance statistics, and

not to display too many performance statistics or
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management strategies on a single plot (contrast

Figs 4 and 5 in this regard).

Perhaps most importantly, graphical approaches

to summarizing performance statistics should be

selected in collaboration with the decision-makers

who need to understand and use them. For exam-

ple, the axes in Fig. 5 were defined to report on

the major areas of concern for stakeholders. 34

performance measures were identified by fishers,

processors and local community, as well as given

legislated fisheries and conservation objectives to

across social, economic and ecological aspects

(Fulton et al. 2014). For transparency, all of these

measures were reported on, but it was not until

the outcomes were aggregated and summarized

around the major topic areas (using Fig 5 and

other similar plots) that the relative performance

and trade-offs between the objectives were clear.

The axes represent natural groupings of the per-

formance measures, but also highlight key con-

cerns of the various stakeholders. Note that the

industry and management efficiency axes used

inverted performance scores, so that a larger score

reflected better performance for all axes.

A key step in selecting a management strategy

is dealing with the fact that not all of the trials

reflect equally plausible hypotheses. This is par-

tially addressed by assigning some trials to a refer-

ence set and the remaining trials to a robustness

set (see above). However, other approaches are

possible. For example, the IWC has adopted a set

of guidelines for interpreting the results of trials to

evaluate management strategies for commercial

whaling. Specifically, trials are assigned to one of

three categories (‘high plausibility’, ‘medium plau-

sibility’ or ‘low plausibility’) by the Scientific Com-

mittee of the IWC (2012a). The required

conservation performance of acceptable manage-

ment strategies, expressed in terms of the values

for performance statistics, is pre-specified for each
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Figure 4 Biological, economic and ecosystem performance measures for a variety of management strategies for

Australia’s Northern Prawn Fishery (reproduced from Dichmont et al. 2008). The symbols indicate distribution

medians, and the bars cover 95% of the simulation distributions. The performance statistics relate to spawning biomass

relative to that at which MSY and maximum economic yield are achieved for four species (first two columns) and profit

and its variability (third column). The right-most column shows the total effort in 2014, the proportion of grids fished

for more than 1 day in 2014, the total benthic biomass relative to unfished levels, and the biomass of gastropods in

2014 relative to unfished levels. The management strategies differ in terms of the target biomass, the extent of

precaution, and whether assessments for only two of the species form the basis for changes to effort limits.
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category, which essentially (though not entirely –

see IWC 2012a, for details) automates the process

of selecting a ‘best’ management strategy. The

assignment of plausibility for a trial is based on

assigning a plausibility ranking to the level for

each factor on which the trial is based (‘high’,

‘medium’, ‘low’ or ‘no agreement’), with levels for

which there is no agreement being treated as

‘medium’. The ranking of a trial reflects the lowest

rank assigned to each level of the factors on which

it is based (thus to be categorized as a ‘high’ plau-

sibility trial, the levels of all the factors included in

the trial need to be considered to be of ‘high’ plau-

sibility). Any trials considered to be ‘low’ plausibil-

ity are assigned a ‘low’ rank and ignored. This

approach has been applied to select management

strategies for the western North Pacific minke

whales (IWC 2014), the western North Pacific

Bryde’s whales (IWC 2010) and the North Atlan-

tic fin whales (IWC 2009).

In an effort to provide an improvement to sim-

ply selecting plausibility ranks based on expert

judgement, Butterworth et al. (1996) proposed

four sets of criteria with which plausibility ranks

might be assessed:

1. how strong is the basis for the hypothesis in

the data for the species or region under con-

sideration?

2. how strong is the basis for the hypothesis in

the data for a similar species or another region?

3. how strong is the basis for the hypothesis for

any species? and

4. how strong or appropriate is the theoretical

basis for the hypothesis?

Although this approach was presented to the

Scientific Committee of the IWC, it was never

adopted, and in general weights are almost always

assigned based on expert judgement.

An alternative approach to addressing plausibil-

ity in selecting a management strategy is to assign

weights to each trial and to compute integrated

values for the performance statistics. However, this

involves selection of quantitative weights upon

which it is likely to be even more difficult to reach

agreement than on assigning trials to categories of

plausibility. Moreover, integrated performance sta-

tistics may obscure low plausibility trials for which

performance is very poor (Rademeyer et al. 2007).

Those authors also comment that stakeholders

may benefit from being shown results of individual

catch and population trajectories, as these tend to

give a better impression of variation than statistics

such as CVs and variances, which may be difficult

for some stakeholders to understand.

Assignment of quantitative weights for plausibil-

ity becomes necessary if decision-makers wish to

draw conclusions based on some percentile of the

distribution of a performance statistic and the MSE

is being conducted over a reference set of operat-

ing models. This was the case in the CCSBT,

Figure 5 Example of plots which qualitatively compare four management strategies across six general areas of mean

performance for a large multisector, multispecies fishery in southeastern Australia (E. Fulton, CSIRO, personal

communication). A better result for a performance statistic is indicated by a vertex which is further from the centre of

each hexagon.
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where the use of this set, rather than working

only with a single reference case operation model,

rendered consensus much more easily achieved in

the Scientific Committee. Subsequently, the Com-

mission requested its Scientific Committee to report

results for reaching a target recovery level of 20%

of the estimate unfished abundance by 2035 with

70% probability [see final agreed management

strategy specifications reflected in CCSBT (2011)].

To provide such results, integration across the ref-

erence set became necessary.

While providing percentile results for a single

operating model is a relatively objective process, as

the statistical basis to take account of the associ-

ated stochastic effects is well established, extending

to a reference set creates some difficulties. This is

because the results will depend on the choice of

which models are included in the set and how

they are weighted, which is much less straightfor-

ward. Given that balance (between more optimistic

and more pessimistic scenarios) is usually seen as

a desired feature of a reference set of operating

models, estimates of the medians of performance

statistics would be expected to remain relatively

robust and reliable. However, care should be taken

in the interpretation of high and low percentiles of

distributions for a reference set, as these will not

be as firmly established as in the case of a single

reference case operating model.

In the BCB bowhead case, the Chair of the

group tasked with developing and testing alterna-

tive SLAs briefed the IWC as well as representa-

tives of the hunting communities. In particular, as

a key objective of the SLA was to satisfy the nutri-

tional and cultural needs of aboriginal communi-

ties rather than to maximize catch, an important

input to the analyses was the ‘Need Envelope’.

This function was obtained through discussion

with the hunters and their scientific representa-

tives, and formed the basis for specifying perfor-

mance statistics such as the fraction of total need

over 100 years which could be satisfied.

In contrast to the bowhead case-study, the MSE

for Pacific sardine was developed in the context of

a USA Regional Fishery Management Council pro-

cess. This allows for input by stakeholders, state

and federal analysts, and the public during the

development of management decisions. The struc-

ture of the MSE was initially developed during a

workshop (PFMC 2013) which included biologists

familiar with Pacific sardine and its relationship

with the environment, modellers (including assess-

ment biologists and ecosystem modellers), repre-

sentatives of the advisory bodies of the PFMC, and

stakeholders (conservation and industry). The MSE

structure was then subjected to peer review

through the PFMC’s Scientific and Statistical Com-

mittee on several occasions. Input from stake-

holder groups included interpretation of the results

of the simulations in the context of the objectives

which each such group considered most important

(Parrish 2014).

Did the case-studies follow ‘best practice’?

The two case-studies highlighted in this paper fol-

lowed best practice to different extents. Both case-

studies involved stakeholders and decision-makers

at various points in the development and selection

process, and included default performance statis-

tics. The range of uncertainties was wider in the

bowhead case-study, and there are some uncer-

tainties which are likely important for Pacific sar-

dine which were not explored (such as that the

USA fishery operates at some times on the south-

ern as well as the northern subpopulation). Such

omissions were due to limited time being made

available to conduct the MSE. In actual develop-

ment and implementation, limited time frames are

common and constitute a constraint on achieving

best practice.

Neither of the case-studies explicitly considered

predator-prey interactions as these were not seen

as likely to have large impacts; the sardine case-

study did however explore environmental impacts

on recruitment, and both case-studies accounted

for spatial structure to some extent. The bowhead

case-study represented parameter uncertainty by

sampling parameter vectors from a posterior distri-

bution, whereas the sardine case-study explored

this uncertainty through sensitivity testing.

The candidate management strategies for Pacific

sardine were selected by the stakeholders and the

decision-makers, whereas these were identified by

the competing teams of ‘developers’ in the bow-

head case. In contrast to the bowhead SLA, the

actual management strategy for sardine was not

simulated exactly because it was not the assess-

ment itself (which is based on a statistical catch-

at-age analysis) that was simulated. Rather, this

assessment was approximated by true biomass

from the operating model plus autocorrelated log-

normal error. However, an attempt was made to

assess the likely level of assessment error.
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Both case-studies applied standard programming

techniques to attempt to ensure that the code

implementing the operating model(s) and manage-

ment strategies was correct, but only in the sar-

dine case were deterministic analyses undertaken.

The code implementing the operating models for

the bowhead case was developed by a member of

the staff of the IWC and independently checked by

one of us (AEP). Neither case-study conducted a

thorough comparison of whether the operating

model and management strategy produced results

of projections consistent with reality through, for

example, comparing variability in assessment out-

comes with historical results, although some

checks were carried out for sardine. Neither of the

management strategies adopted included ‘Excep-

tional Circumstances’ provisions, although Imple-

mentation Reviews are mandated and have been

conducted for the bowheads. The SLA for the BCB

bowheads was subject to an Implementation Review

in 2007 (IWC 2008a,b, 2009, 2014) and 2013

(IWC 2013). The 2007 Implementation Review

focused on the possibility that the BCB stock may

actually consist of two stocks as well as that differ-

ent age and sex classes migrate differently. How-

ever, it did not lead to a change to the SLA

developed for the BCB stock because the perfor-

mance of this SLA was not markedly impacted by

the multi-stock scenarios examined.

Both case-studies relied on graphical and tabu-

lar summaries, and both involved trying to edu-

cate the decision-makers on how to interpret the

results from the MSE. Performance standards were

adopted for interpreting the results of the trials for

bowheads (IWC 2003), but the comparison of

alternatives for Pacific sardine was based primarily

on finding an acceptable trade-off among the per-

formance statistics. The trials for the bowhead

case were divided into ‘reference’ and ‘robustness’

trials, with most focus during selection given to

the ‘reference’ set.

In summary, the application of MSE for bow-

heads followed the proposed best practice guide-

lines to the largest extent possible, while that for

sardine took several short cuts, owing primarily to

the need to complete the analyses in time for man-

agement decision-making.

Final comments

Management strategy evaluation arose from the

desires to deal more systematically with the issue

of uncertainties and to identify management strat-

egies that are adaptive given the collection of new

data. Although the benefits of active adaptive

management strategies, that is management strat-

egies which select management actions to increase

‘contrast’ and hence improve the information con-

tent of the available data, have long been known

(Walters 1986), few jurisdictions have been able

or willing to implement such strategies (Sainsbury

et al. 1997 being a noteworthy exception,

although in that case the ‘experimental unit’ was

primarily a foreign fishery off Australia’s north-

west shelf). Consequently, MSE has in practice

generally involved evaluation of passive adaptive

management options, that is learning about the

system dynamics through ongoing monitoring but

without attempting to deliberately manipulate the

system to learn more about it, although the strat-

egy developed for the mid-water fishery for horse

mackerel in South Africa is an exception to this

(Furman and Butterworth 2012).

Management strategy evaluation has been

applied most widely in relation to fisheries and

cetacean conservation and management. However,

it has also been applied to explore the performance

of ballast-water management options (Dunstan

and Bax 2008), and recently there have been calls

for MSE to be applied to terrestrial systems, includ-

ing in the development of conservation plans for

threatened species (Milner-Gulland et al. 2010;

Bunnefeld et al. 2011; Moore et al. 2013). Most

fisheries applications have focused on single-spe-

cies cases. However, MSE can be applied to identify

management strategies to achieve ecosystem and

multiuse objectives. The applications in this area

remain few, in particular because of the computa-

tional requirements associated with fitting and

projecting models such as Atlantis. However, one

would expect that the number of these applica-

tions will increase rapidly as computational con-

straints become less of an issue.

Management strategy evaluation has generally

been used to evaluate management strategies in

terms of their ability to satisfy management goals,

either generically or for a specific situation, with a

view to possible formal adoption and implementa-

tion. However, an additional key reason for con-

ducting a MSE is to identify when management

strategies are likely to fail, and either to identify

new data collection schemes to detect when failure

might occur or to revise an existing management

strategy appropriately. Finally, evaluation of the
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management strategies on which a fishery is based

is part of several eco-certification systems, includ-

ing that of the Marine Stewardship Council (MSC).

In the case of Tristan da Cunha rock lobster, the

MSE was conducted specifically to satisfy one of

the performance indicators for MSC certification.

Smith et al. (1999) outline the roles for the vari-

ous participants in the MSE development process,

including those of decision-makers, industry, con-

servation agencies and groups, fishery scientists

and MSE analysts. As noted above, the involve-

ment of as many of these groups as possible

enhances the likelihood that the results of the MSE

will be considered credible and hence the strategy

actually implemented throughout the period for

which it is intended to apply. Although inclusion

of stakeholders in the development of management

strategies is emphasized by Smith et al. (1999)

and in many other publications, the actual num-

ber of MSEs for which there is direct evidence that

stakeholders were involved throughout the entire

process is rare. ICES (2013) outlines the roles of

stakeholders (and decision-makers) in the MSE

process as it is typically applied in Europe. The

MSE developed for Australia’s SESSF was guided

by a steering committee of stakeholders from all

sectors of the fishing industry, an ENGO, decision-

makers and representatives of two key funding

agencies (Smith et al. 2007). In South Africa, the

process is taken forward in the species-specific sci-

entific working groups of the Fisheries Branch of

the Government Department responsible; these

groups include observers from both industry and

ENGOs who participate actively.

The establishment of a management strategy is

a critical part of effective management. However,

it is only one part. There still needs to be a formal

process for reviewing the appropriateness of a

management strategy given information collected

following adoption. In Europe, apart from perform-

ing impact assessments of proposed management

plans, the European Commission’s advisory body,

STECF, also evaluates the performance of existing

management plans in relation to their original

objectives (STECF 2011b; Kraak et al. 2013). In

South Africa, reviews of management strategies

are planned for every 4 years, while reviews of the

CCSBT management strategy are planned for every

9 years, with the latter commonly adjusting TACs

only every 3 years (Butterworth 2008b). The IWC

has established a formal process for the regular

(usually 5-year) review of the basis for specific

management strategies, termed Implementation

Reviews (IWC 2012a, 2013; Punt and Donovan

2007).

A management strategy is tested for the set of

hypotheses considered plausible when it was first

developed. However, subsequent research could

indicate that those hypotheses did not include the

entire plausible range. Consequently, rules have

been developed (IWC 2013) for when it is neces-

sary to temporarily stop applying the management

strategy and rely on ad hoc adjustments to man-

agement regulations or to initiate an Implementa-

tion Review before one is due. The management

strategies for South African fish stocks include

some formal ‘Exceptional Circumstances’ provi-

sions (Butterworth 2008b), as do those for south-

ern bluefin tuna, west Greenland halibut and east

Canadian pollock, but most other management

strategies do not. ‘Exceptional Circumstances’ are

generally defined to apply when the future data

fall outside of the range indicated for the projec-

tions considered in the MSE. The inclusion of such

provisions should be considered a standard compo-

nent of best practice.

We have identified ‘best practices’ for conduct-

ing MSE (Table 1). The ‘best practices’ should be

followed as closely as possible, particularly when

the intent is to use the MSE to develop a manage-

ment strategy for a particular fishery. However, as

we illustrate for the two case-studies, a MSE can

be useful even if not all of the best practices are

followed strictly. This is particularly the case when

the aim of the MSE is to evaluate generic manage-

ment strategies rather than to propose a manage-

ment strategy for implementation to a specific

stock. Most critical perhaps is that the primary

aim of a MSE is to identify which uncertainties are

most important in terms of achieving management

objectives. What is the minimum that can be done

for the process still to be considered as a MSE? We

would propose this to be that a MSE considers all

sources of influential uncertainty, even if they are

not all represented in the operating models, consid-

ers all the management objectives, even if they

cannot all be reflected in the operating models,

and minimally allows for uncertainty in the infor-

mation on which management advice is based.

Finally, the practice of MSE continues to develop,

and so, just as management strategies should be

adapted under changing circumstances, MSE best

practice is expected to continue to become further

articulated as more experience is gained.
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