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Using a management strategy evaluation approach, we compare a range of new and established management procedures (MPs) for setting
catch-limits in fisheries. Performance is evaluated with respect to fish life history type, level of stock depletion, data quality, and autocorrelation
in recruitment strength. We quantify the robustness of each MP with respect to the various observation processes. Methods using observations of
absolute biomass or stock depletion offer the best overall performance and this is consistent across life history types, data qualities, and stock de-
pletion levels. Simple MPs can outperform conventional data-limited methods and data-rich assessments that use time-series of catch and effort
data. MP performance is most sensitive to biases in catch data. Our results indicate that often tuning MPs for specific stocks is important, though
this may not be viable in data-poor assessment scenarios because of insufficient data and analysis resources.

Keywords: data-limited, data-poor, fisheries management, harvest strategy, management procedure, management strategy evaluation, simulation,

stock assessment.

Introduction

Management advice for the most economically important fish stocks,
and increasingly also for bycatch species, is based on stock assessment.
Under the stock assessment paradigm, models of stock dynamics are
fitted to detailed fishery-dependent and -independent data and then
used to assess historical stock status, derive reference points, and, in
some cases, predict the likely impact of alternative management
options (e.g. total allowable catches and measures to change the rela-
tive mortalityamong age classes). Stock assessments are updated peri-
odically to include new data and to assess whether management
recommendations require revision according to changes in estimates
of exploitation level, stock status, and productivity. The assumptions

of the stock assessment may be updated regularly by scientists, in
some cases yearly (Hilborn, 2003).

Management strategy evaluation (MSE, Cochrane et al., 1998;
Butterworth and Punt, 1999; Butterworth, 2007) is an alternative
fisheries management paradigm, which focuses on the relative per-
formance of alternative management procedures (MPs, also known
as, harvest strategies) to meet specified management objectives. It
differs from the assessment approach in that detailed fishery data
are used to condition multiple operating models (OMs), simulation
models that represent alternative plausible hypotheses about fishery
and population dynamics, rather than selecting a “best assessment”
and conducting sensitivity tests as the basis for management advice.
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These simulations are then used to tune, evaluate, and select an MP
to be used as the basis for providing management recommenda-
tions. Commonly, the data, “assessment model”, and decision
rules that constitute the MP are much simpler than a conventional
stock assessment (Punt and Donovan, 2007). Referred to in this
studyas simple MPs, these rely only on recent information regarding
size composition, trends in abundance, and catch data. Instead of
using stock assessment as the primary source of management
advice, simple MPs may be used to generate routine management
advice while the operating model is updated to accommodate new
data atlonger time intervals (e.g. CCSBT, 2011). There is increasing
evidence that simple MPs can perform as least as well as convention-
al stock assessments in providing reliable management advice
(Geromont and Butterworth, 2015a).

MSE typically adds stability to the management decision process
by identifying realistic management objectives through stakeholder
participation, followed by a thorough evaluation of trade-offs
arising under alternative MPs, where the evaluation encompasses
a range of plausible past and future scenarios and sources of uncer-
tainty (e.g. Rockmann et al., 2012). MSE can also be used to guide
the scientific process by identifying where the reduction of scientific
uncertainty is most critical so as to provide the best research, mon-
itoring, and enforcement (Fromentin et al., 2014).

In most of the management settings where simple MPs have been
developed, the data have also been sufficient to support convention-
al stock assessments (e.g. Namibian Hake—Butterworth and
Geromont, 2001; South African Hake—Rademeyer et al., 2008;
Southern Bluefin Tuna—CCSBT, 2011; US west coast flatfish and
rockfish—Wetzel and Punt, 2011; Australian fisheries—Smith
etal.,2013). However, there has been an increasing interest in quan-
titative methods to support management decision-making in
data-limited fisheries. [We define ‘data-rich’ as situations where
sufficient data are available to conduct a conventional stock assess-
ment (Punt ef al., 2011). This includes simple stock assessment
methods that typically require > 15 years of relative abundance or
fishing effort data in addition to catch data. We define all other
data situations under the heading ‘data-limited’, which includes
‘data-moderate’ and ‘data-poor’. Data-moderate situations have
some form of current information about stock levels that may be
observations of absolute biomass, relative abundance, or stock de-
pletion. Data-poor refers here to situations where only historical
catches and some catch composition data (e.g. length data) or life
history information are available.] Approaches, such as depletion-
corrected average catch (DCAC—MacCall, 2009), depletion-based
stock reduction analysis (DB-SRA—Dick and MacCall, 2011),
and fishing at a fixed fraction of natural mortality rate (Fratio—
Walters and Martell, 2002), are currently used as components of
MPs for managing data-limited fisheries and have been subject to
simulation testing (Carruthers et al., 2014). Many of these are
closely related to stock assessments; they are based on comparable
biological models and rely on many of the same assumptions (e.g.
DB-SRA). However, recent research has sought to develop and
test new data-limited MPs that require fewer assumptions about
underlying population dynamics and make management recom-
mendations using only recent time-series data such as catches and
catch-per-unit-effort data (e.g. Maunder, 2014; Geromont and
Butterworth, 2015b).

In this study, we compare the performance of a suite of MPs that
have been described in the primary and grey literature. The MPs
were chosen to span a range of assumptions and data require-
ments. We also include new approaches that operate on alternative
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fishery information. A number of the MPs of this study have been
parameterized according to simulations specific to a particular
management scenario. We refer to these as “tuned” MPs.
Examples include MPs applied in the management of Southern
Bluefin Tuna (CCSBT, 2011) and the index slope and target MPs
described by Geromont and Butterworth (2015a). We also test
“generic” MPs that are intended to operate over a wider range of
scenarios by attempting account for broad information about
stock life history or sustainable exploitation rate (for example,
fishing at a fixed fraction of the natural mortality rate). Many of
the generic MPs tested in this study are new approaches that
have higher data demands than the tuned MPs and rely on
recent observations of absolute biomass, i.e. indices that are
treated as measures of absolute biomass that were obtained from
a fishery-independent survey (e.g. an acoustic trawl or pelagic
egg survey).

We describe a reference set of OMs and identify arbitrary, general
performance metrics (i.e. summary statistics). The aims of this study
are to reveal the performance trade-offs among MPs, identify the
core sensitivities of the MPs to their data inputs and the parameters
of the OMs, and identify important interactions between MPs and
life history/data quality. We evaluate the performance of the MPs
in relation to stock dynamics, in particular longevity, temporal vari-
ability in productivity, and stock depletion. We also investigate
whether generic MPs could provide comparable or better perform-
ance to approaches that are currently applied in both data-rich and
data-limited settings.

Methods
Generic MPs

In this study, a number of new MPs are described that aim to use
recent observations of absolute biomass B, and total annual
catches C, to infer surplus production S, and therefore stock level
relative to a productive stock size (i.e. Maunder, 2014 and Figure 1).
These MPs are appropriate in data-rich situations where a conven-
tional assessment has been used to provide an estimate of the con-
stant of proportionality, q (that scales a relative abundance index
to predicted absolute biomass), or alternatively data-moderate set-
tings where a fishery-independent survey could provide an index
of abundance that could be treated as a measure of absolute
biomass, though with unknown bias.

Seven generic MPs described in this study (Rcontrol, Rcontrol2,
Geontrol, SPmod, SPslope, Fadapt, and DynF) rely on the same cal-
culation of surplus production S:

S, =B, — B, + C,. (1)

The derivative of surplus production with respect to biomass G (i.e.
dS/dB) may be used to move the stock towards a more productive
stock size where G ~ 0 (Figure 1). Negative G values imply that
stock levels are above the most productive stock size; positive G
values imply that the stock is below that size, whereas G values
close to zero suggest that the stock is close to that size. This
concept does not rely on the assumption of a fixed position of the
most productive stock size relative to the unfished level and may
be able to adapt to temporal shifts in productivity. The degree to
which this is possible will depend heavily on the frequency and dur-
ation of productivity shifts and time-lags caused by specific life
history characteristics such as age-at-maturity, as well as on the
quality and frequency of observations of B.
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Figure 1. The theoretical model of derivative (G) in surplus production (S) with respect to stock depletion (D, biomass relative to the unfished
level) according to the Schaefer production model (a). The vertical dashed line represents the simulated level of biomass at the most productive
stock size. Observations of catch and biomass (B) may be used to infer surplus production (S):S, = B,— B, + C,—(b).In theory, the derivative of
surplus production with respect to biomass can be used to modify management recommendations to move stock levels towards more productive
stock sizes where G is close to zero (horizontal dashed line). In (b), estimates of G (grey lines) for four simulated periods are illustrared.

Ten additional generic rules are included that were proposed
by Geromont and Butterworth (2015b; CC1, CC4, LstepCCl,
LstepCC4, Ltargetl, Ltarget4, Islopel, Islope4, Itargetl, and
Ttarget4) for use in data-limited fisheries for which annual catch
data are available together with either a relative abundance index
(e.g. catch-per-unit-effort data or survey) or catch composition
data (e.g. length data). Since their data requirements are modest,
these MPs may be particularly appropriate for data-limited settings.
We tested slightly modified versions of the Itarget1 and Itarget4 MPs
inwhich the target cpue index varied over time rather being fixed ata
historical average cpue.

All the generic MPs have parameters that may be tuned to specific
case-studies, such as the sensitivity of management updates to
changes in G and the number of years of data used to calculate
G. However, in this application, we adopt rules with fixed para-
meter levels that are intended to operate over a range of population
and fishing scenarios. In situations where multiple parameteriza-
tions have been proposed, we chose to evaluate two versions that
span a range of biological precaution. For example, Geromont
and Butterworth (2015b) describe four constant catch MPs: CCl1,
CC2, CC3, and CC4, which set total annual catches (TACs) accord-
ing to a declining fraction of average historical catches. In this case,
we evaluate the most extreme versions, CC1 and CC4 (100 and 70%
of average historical catches, respectively). Table 1 contains a
summary of all MPs tested in this study; the equations of the
generic MPs are presented in Table 2.

Tuned MPs

In many MSE applications, MPs are tuned through simulation
testing to achieve the prespecified management objectives. The
tuning is carried out over a range of OMs or a reference OM
(CCSBT, 2011). In this simulation evaluation, we chose not to
re-tune these MPs to new simulated data. Rather we tested the
methods with their published parameter values. The tuned MPs

of our analysis come from two sources: the MSE for Southern
Bluefin Tuna (CCSBT, 2011) and a recent study by Geromont and
Butterworth (2015a) who identified MPs for data-rich fisheries.

In this study, we evaluate a simplified version of the second
Southern Bluefin Tuna MP (SBT2) that modifies the TAC to reach
a predefined target catch level. The published rule derives target
catches from an equation with parameters tuned to the specific
SBT simulations, and involves filtering of the two MP input
indices via a two-stage relative abundance population model
which has both trend and target characteristics (CCSBT, 2011). To
make the rule operate in this simulation framework, we assumed
that the target catch was MSY. To simulate imperfect knowledge
in MSY as the target catch level, we added bias to the true simulated
MSY level. In this way, we evaluated a more general version of the
SBT2 MP.

Reference methods

To frame the performance of the generic and tuned MPs, we
included a series of reference MPs that represent conventional
stock assessments or methods currently used in the management
of data-limited stocks. To represent a data-rich assessment that
uses a time-series of catch and effort data, we included a delay-
difference assessment model (Deriso, 1980; Schnute, 1985). More
complex stock assessments, such as statistical catch-at-age models,
were too computationally intensive to be included in this MSE
framework. Additionally, it may be argued that detailed stock assess-
ments involve many subjective decisions regarding data processing
and model assumptions that cannot be properly replicated in an
automated simulation evaluation. The purpose of including the
delay-difference assessment approach was not to mimic an inte-
grated age-structured assessment but rather to evaluate the per-
formance of approaches that rely on a long time-series of relative
abundance data that are assumed to represent the exploitation
history of the stock. We also test a variant of the delay-difference
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Table 1. Overview of the MPs and their data requirements.

T. R. Carruthers et al.

Type Name Description Data requirements/inputs References
Generic Gceontrol  The derivative of surplus production with respect to Recent catch, recent time-series of stock
MPs biomass is used to update the TAC biomass
Rcontrol  Similar to Geontrol MP that includes an estimate for ~ Recent catch, recent time-series of stock
intrinsic rate of increase to better characterize biomass, growth model, stock depletion,
surplus production recruitment compensation, natural
Recontrol2  Similar to Rcontrol but assumes a quadratic mortality rate
relationship between surplus production and
biomass
SPslope  Historical trend in biomass is used to update the TAC ~ Recent catch, recent time-series of stock Maunder (2014)
recommendation using recent inferred surplus biomass
production as a reference point
SPmod Similar to SPslope but uses only 1 year of biomass and
catch to update the TAC
DynF The TAC is set according to fishing rate which varies Recent catch, recent absolute biomass, natural
according to the derivative of surplus production mortality rate, ratio of Fysy to natural
with respect to biomass mortality rate
Fadapt The TAC is set according to the variable rate that is
modified according to the derivative of surplus
production with respect to biomass
CC1 The TAC is recent catch levels Recent catch Geromont and
CC4 The TAC is 70% of recent catch levels Butterworth
(2015a)
LstepCC1  Incremental changes are made to the TAC in relation ~ Recent catch, recent catch-at-length
to recent changes in mean length in catches observations
LstepCC4  As LstepCC1 but starting at a lower initial catch level
Ltarget1  Incremental changes are made to the TAC toreacha  Recent catch, recent catch-at-length
target mean length in catches observations
Ltarget4  As Ltarget1 but reference catch level is lower and
target mean length in catches is longer
Islope1 Similar to GB_slope: incremental changes in TACare ~ Recent catch, recent relative abundance index
made to maintain a constant relative abundance
index
Islope4 As Islope1 but starting catch level is lower and changes
to the TAC are made less rapidly in response to
trajectory in relative abundance
Itarget1 Similar to GB_target: the TAC is set according to a Recent catch, recent relative abundance index
reference catch level that is modified to reach a
target catch rate
Itarget4  As ltarget1 but reference catch level is lower and
target catch rate is higher
Tuned MPs  SBT1 Simple MP for Southern Bluefin Tuna using a target Recent catch, recent relative abundance index CCSBT (2011)
catch level (simulated MSY)
SBT2 Adaptive MP for Southern Bluefin Tuna that uses Recent catch, recent recruitment strength,
target biomass and catch levels (simulated Bysy and MSY
MSY, respectively)
GB_CC The TAC is constant catch at MSY levels Recent catch, MSY Geromont and
GB_slope Incremental changes in TAC are made to maintain a Recent catch, recent relative abundance index Butterworth
constant relative abundance index (2015b)
GB_target Incremental changes in TAC are made to reach a Recent catch, recent catch rate data, MSY,
target catch rate (relative abundance level) target catch rate
Reference DD A delay-difference stock assessment Historical catch, historical relative abundance, Carruthers et al.
methods DD_4010 As DD but with a 40-10 harvest control rule growth model, natural mortality rate (2014)
superimposed
DCAC Depletion-corrected average catch. The TAC is average Historical catch, current depletion, Bjsy MacCall (2009)
catches that are downwards adjusted to account for  relative to unfished biomass, natural
the “windfall catch” that drove the stock down mortality rate, ratio of Fysy to natural
from unfished levels to biomass at MSY mortality rate
Fratio The TAC is a fixed ratio of natural mortality rate Current biomass, natural mortality rate, ratio ~ Walters and

multiplied by an estimate of current absolute stock
biomass

of Fysy to natural mortality rate

Martell (2002)
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Table 2. The equations of the generic MPs.
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MP

name Parameter values TAC calculation

Geontrol  gY=05
g=2

Rcontrol

Rcontrol2

SPslope

SPmod

DynF F- = Fpsy/2

FY= 2Fpsy
Fmsy = M(FMSY/
M)

Fadapt

cCc1 x=1

CC4 x=07

LstepCC1 x =1
LstepCC4 x = 0.7

Ltargetl x=1
v=105

Ltarget4 x=0.8
v=115

TACY gt <TACY <gV
TAC, = ch'iy TACY < g* . TACY =$,(1—-2G)),
g'C, g <TACY

Gy is the slope in surplus production, S with biomass over the last 10 years
Sy - B}i_ Byj1 + Cy71
where B and C are the biomass and catch predicted by a first-degree Loess smoother with smoothing parameter
alpha = 0.75, fitted to observations of absolute biomass and catch over the last 10 years

As Geontrol except: G,=r(1—2D,)
where r is the demographically derived prior for the intrinsic rate of increase (McAllister et al,, 2001) and D is stock
depletion (B, /B,)

As Reontrol except:

Gy = (X8 = 1) (20,0 B) (2L, B

[1— By« — By)/B, ]G A® <9/10
TAC, =1 (9/10)S,- A% > 11/10
TAC,_, 9/10 < A® < 11/10

AP = By/By—4,Sy =B, —By—1 + (1, gre=1/4 Zi:y% G
TAC, =(,

4G, /5 AP <45
TAC, = { 65,1/5 A% >6/5 ,
TAC,., 4/5<A°<e/5

AP = y/By—h
S=B,—B,1+ (G

TAC, =C
FY F<FY<F
o 4 . )
TAC, = F,By, F, = { F F;ry <F ) F;ry =F_qe 26,
U V< Y
As Geontrol, G, is the derivative of S with respect to biomass over the last 7 years. B, is calculated as in Geontrol.
TACy = I_:yEy, F—y =F+ |0git_‘(Wy _ Gy)(FU _ FL)
|0git(l:;“/e — FL/FU _ FL) FL < F;We < fY
L
Wy = -2 F;Vé < F
2 FU < Fave
y

As Geontrol, G, is the derivative of S with respect to biomass over the last 7 years. Fj*“is the average harvest rate (C/B)
over the last 7 years.

TAC,11 =xC), C,=1/5% 0 .G

t=yx—4

TAC, 4 1/20C . 1.05 < Ly*e/L3
TAC, 0.98 < LF/L2® < 1.05

TAC, —1/20C . 0.96 < Lj*/L3** < 0.98
TAC, —1/10C . L/L3* < 0.96

TACy+1 =
TAC, =xC, G, =1/53"7,, G

TAG,, /2[1 + (L€ — /L% — 10)] L€ > 1° 09 e

, L=
TAG,,./2[L/L°T Liec < 10 107

rec __ Y ne obs ave

L= =1/5 Zt:y—4 Z,‘=1 L5 /e L
_ Yy Mt obs targ __ jave
=1/10 Zt:H Do L L =L

n, is the number of length observations at time t

TACy+1 =

Continued
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Table 2. Continued

T. R. Carruthers et al.

MP
name Parameter values TAC calculation

Islope1 x=08 TAC,, =xC,, G, =1/5)%"

G TAG41 = TAG,(1 + As),

where s is the derivative of log cpue with respect to time over the last 5 years

t=y*x—4
A=04
Islope4  x=06
A=02
TAC,./2[1+ (I — /178 — 9] e > 1°
ltargetl  x=1 TAC, 1 = rec 11012
v=15 TAC,./2[l/1I°]

yx

t=y*x—4 o

— — 1
ltarget4 x=0.7 TAC. =xC, . C, = VS;Z

rec 0’
Iy </

e =1/ 3, ol P =1/10 570, ol [0 = 4/5E", [0 =y e

TAC, a total allowable catch recommendation; C, a total annual catch observation; B, an observation of absolute biomass; D, an estimate of current stock
depletion (biomass relative to unfished); Bo, unfished biomass; I, an annual relative abundance index or catch rate observation; M and Fysy/M are imperfectly
known simulated values of natural mortality rate and fishing rate at maximum sustainable yield relative to the natural mortality rate. y* refers to the first year in
which the MP was implemented, n, is the number of length observations in a particular year t, L° is the observed length of a fish caught and MSY is maximum

sustainable yield (although this is not known perfectly).

model thatis combined with the “40-10” harvest control rule. Under
this rule, the stock is not fished when stock size is below 10% unf-
ished biomass and fished at F);sy above 40% of unfished biomass.
Between 10 and 40% unfished levels, exploitation rate follows a
linear increase from 0 to 100% Fysy-

DCAC s the first of two data-limited methods we included in the
performance evaluation (MacCall, 2009). The DCAC provides an
estimate of “sustainable catch” based on an estimate of average
annual catch and four inputs: depletion (B, /Bo), the ratio of
Frsy/M, M and Bysy/By. This method aims to calculate a sustain-
able catch which takes account of the removal of the “windfall
harvest” of less productive biomass that may have occurred as the
stock became depleted (the equations are included in Supplementary
Appendix A). DCAC is currently used by the Pacific Fishery
Management Council to set catch-limits for some data-limited
stocks (PFMC, 2010).

The second data-limited method, Fratio, simply aims to fish at a
constant exploitation rate that is a fixed fraction of the natural mortal-
ity rate (Gulland, 1971; Walters and Martell, 2002). The North Pacific
Fishery Management Council uses an Fratio method for managing
stock complexes in situations where stock assessments are not avail-
able (NPEMC, 2012, 2013). Under the Fratio method, a catch limit
is simply the product of the estimate of natural mortality rate M, the
ratio of Fysy/M, and a current observation of absolute biomass.
Since absolute biomass indices are also required for some of the
generic MPs, the simpler Fratio MP provides an useful comparison.

Operating model structure and simulation design
Simulation testing was carried out in the R statistical environment (R
Core Team, 2015) using the R-package Data-Limited Methods toolkit
(DLMtoolv1.35; Carruthers, 2015). The package is freely available and
includes all the operating models and MPs evaluated in this study
(computer code for reproducing our methods is available online at
https: //github.com/tcarruth/Carruthers-et-at-2015-MP-MSE).

The operating model of DLMtool (v1.35) is an age-structured,
spatial population dynamics model of identical structure to that
of Carruthers et al. (2014) (a full description of the operating
model is given in Supplementary Appendix A). A simple two-area
spatial structure is assumed that generates a movement model
according to two parameters that are user-defined: the probability

of individuals staying in area 1 between model time-steps and
the fraction of the population inhabiting area 1 under unfished con-
ditions (i.e. the fraction of habitat in area 1). This structure provides
for simple simulation of phenomenon such as spatial fishing restric-
tions and fishery targeting. However, in this application, values for
spatial parameters are consistent with a fully mixed stock and the
simulated spatial dynamics of our operating models provided the
same results as a single-area operating model.

We constructed operating models using a factorial design
encompassing 36 sets of operating model assumptions. The four
factors were (i) life history with three levels, (ii) temporal autocor-
relation in recruitment with two levels, (iii) starting stock depletion
with two levels, and (iv) data quality with three levels (Table 3). For
each of the 36 combinations, we carried out 500 simulations for
each MP. Each simulation was then projected forward for 40 years
adopting the TAC recommendations of each MP. We did not simu-
late implementation error and assumed that prescribed catches
would be taken exactly up to a maximum instantaneous fishing
mortality rate of 90%. The MPs were rerun and the TAC updated
every 3 years to approximate an assessment cycle.

Three population life history types of varying longevity were
simulated based on the outputs of data-rich stock assessments for
Pacific herring (DFO, 2012), the eastern stock of Atlantic bluefin
tuna (ICCAT, 2012), and Pacific canary rockfish (Wallace and
Cope, 2011). The depletion for each stock was not set to the value
from the assessment, because the intention was to characterize
broad life history types rather than the status of particular stocks.

Previous simulation evaluations have indicated that most of the
variability in the performance of MPs occurs in the range of stock
depleted below Bysy (Carruthers et al., 2014), which is arguably
the most important population level for evaluating performance,
at least from a general policy perspective. We simulated two
ranges of initial depletion: a rebuilding scenario in which the spawn-
ing stock is between 2.5 and 15% of unfished levels (less than Bysy/
2) and an overexploited scenario in which spawning biomass is
between 15 and 35% of unfished levels (between Bysy/2 and Bysy)-

Autocorrelation in recruitment was simulated to evaluate the
performance of the MPs in situations where stock productivity
varies over time [an AR1 process, Appendix Equation (B2)]. This
may not fully reflect step-changes in recruitment that have been
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Table 3. Overview of simulation design.
MSE attribute Symbol Case 1 Case 2 Case 3
Life history Herring Bluefin tuna Rockfish
Maximum age ng 10 32 64
Natural mortality rate (y ') M 0.28-0.38 0.2-0.28 0.04-0.08
Recruitment compensation (steepness) 0.4-0.6 0.6-0.9 0.35-0.72
Recruitment deviations lognormal SD [ 0.2-04 0.1-03 02-05
Initial stock depletion Rebuilding Overexploited
Biomiass relative to unfished 2.5-15% 15-35%
Non-stationarity in recruitment Low High
Autocorrelation 0-30% 60-90%
Data quality Perfect info Data-rich Data-poor
Data inputs
Bias in biomass relative to unfished (lognormal SD) Yo None 0.2 0.5
Bias in annual catches (lognormal SD) Yc None 0.2 0.5
Observation error in annual catches (lognormal SD) oc None 02-04 0.3-06
Observation error in relative abundance index (lognormal SD) a; None 0.1-03 02-06
Observation error in recruitment (lognormal SD) Ok, None 0.05-0.1 0.1-03
Hyperstablity/hyperdepletion in index B None 2/3-3/2 1/3-3
Bias in absolute biomass Yz None 1/3-3 1/5-5
Observation error in absolute biomass (lognormal SD) o3 None 0.1-05 05-1
Bias in natural mortality rate (lognormal SD) Yu None 0.25 0.5
Bias in von Bertalanffy k parameter (lognormal SD) Y, None 0.05 0.1
Bias in Bysy relative to unfished (lognormal SD) Y, None 0.1 0.2
Bias in age at maturity (lognormal SD) Yam None 0.1 0.2
Number of annual age/length observations Ncaa 10 000 - 15 000 200-500 50-100
Other control rule inputs
Bias in ratio of Fysy to M (lognormal SD) Ye,o M None 0.25 0.5
Bias in target cpue (Bysy) (lognormal SD) Yopue None 0.3 1
Bias in target catch (MSY) (lognormal SD) Yusy None 0.2 03

Parameter ranges represent the lower and upper bounds of a uniform random variable. SD refers to the standard deviation. For biases, the SD defines a range of
potential multiplicative biases that may be sampled among simulations with mean of 1 (no bias on average). For example, given an SD of 20% three sampled
biases could be 0.84, 1.05, and 1.34, representing a consistent moderate negative bias for all observations of simulation 1, small positive bias for simulation 2, and

a stronger positive bias for simulation 3.

observed in some fishery settings (Vert-pre et al, 2013).
However, simulating recruitment autocorrelation does not invalidate
the derivation and subsequent use of MSY reference points which
are basic as inputs to several MPs and also in assessing performance
of the MPs.

Bias and imprecision in the knowledge of the simulated system
were generated for all the inputs to the MPs (e.g. natural mortality
rate and observations of absolute biomass; see Appendix Table Al
thatincludes a summary of the observation error model). We simu-
lated three data quality levels corresponding to perfect information,
data-rich, and data-limited scenarios. The perfect information
simulations assume no error in knowledge of inputs to MPs, essen-
tially removing the observation model and revealing performance
with respect to operating model parameters, such as age-at-maturity
and recruitment compensation, and the specific levels of process
error (recruitment variance in this case). Data-rich simulations
assume that inputs to MPs are known imperfectly, and may be
subject to moderate bias and imprecision. Among simulations, con-
sistent bias in annual catch observations is sampled from a log-
normal distribution with mean 1 and a standard deviation, Y, of
20% (Table 3). For example, a value of 0.82 could be drawn for
the first simulation and be used as consistent 18% downwards
bias for all observed catches in that time-series. In addition to this
bias, we superimpose imprecision that is lognormal error in
annual catch observations per simulation o, allowing us to separate
the effect on performance of both bias and imprecision in inputs.
The data-limited simulations included higher levels of bias and

imprecision in the inputs to the MPs to simulate the poorer
quality of data. Biases were generated from lognormal distributions
for all inputs except observations of absolute biomass that were
assumed to be log-uniform. This was intended to reflect the
greater probability of more extreme biases in these data. Note that
biases are also considered for the target cpue and biomass (both
intended to reflect MSY levels); this is because these quantities are
inputs to some of the control rules (Itargetl, Itarget4, and
GB_target—see Tables 2 and 4).

Performance criteria
Performance was summarized by five metrics: yield, average annual
variability in yield (AAVY), fishing mortality rate, spawning-stock
biomass (SSB), and SSB over the long term. For each of these
metrics, a reference level was defined in addition to an acceptable
rate of obtaining the reference level (Table 5). For example for
fishing mortality rate, a statistic Fwas identified that reflects the frac-
tion of simulation years in which fishing mortality rate was less than
areference level of 125% F),sy. An acceptable score for F was consid-
ered to be 60%: performance was considered acceptable if an MP
had greater than a 60% probability of fishing at a rate under 125%
Fusy These performance criteria were established on an ad hoc
basis and were intended to represent the performance of a hypothet-
ical MSE.

In most fisheries, it is not desirable for catch-limits to fluctuate
strongly between years. To address this, we include the performance
metric AAVY. AAVY is the mean difference in the yield of adjacent
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Table 4. The equations of the tuned MPs.

T. R. Carruthers et al.

MP name TAC calculation

1+2%/3 X, <0

SBT1 TAC, = TAG,; - { 113X X0

where X, is the derivative of log cpue with respect to time over the last 10 years

A4 A<
A4 A>T

R;ve =1/5 Z{:y*lo Robsu R];iSt =1/10 Z{:}’*9 RObS‘

4C7 /5 MSY < 4C2/5
GB_CC  TAC, = { C¥ 40 /5 < MSY < 6C¢/5
6C2 /5 6C2e/5 < MSY

SBT2 TAC, = 1/2TAC,_ + 8usy, 8 = {

where C*'¢ is the mean historical annual catch

40 /5 TACY < 4C¢/5

A= Rave/Rhist

GB_slope TAC, = { TACY  4C*/5 < TACY < 6C™/5 | TAC)Y = C*(1+G))

6C/5  6C¢/5 < TACH

where C*'® is the mean historical annual catch and G is the derivative of log cpue with respect to time over the last 5 years.

4C¢ /5 TACY < 4C*¢/5
GB_target TAC, = § TAC)Y  4C*/5 <TAC)Y < 6C*/5
6C¢/5 6C™/5 < TAC)Y

MSY(1/2 + I — 072128 — [0))  [° < Jree
MSY /2317 /I°)°

TACY = <

T P =155

1<
t=yx—4 le, ’;ec =1/4 Z{:yf3 I ,;ec = Z le
t=y—3

I" is the abundance index that corresponds to the true simulated Bysy, expressed relative to unfished biomass for which the value is not

known perfectly

TAGC, a total annual catch recommendation; C, a total annual catch observation; B, an observation of absolute biomass; I, an annual relative abundance index or
catch rate (cpue) observation; Robs, an estimate of recruitment strength; MSY, maximum sustainable yield (though this is not known perfectly).

Table 5. Performance metrics of this simulation evaluation.

Performance metric Reference level Target (%)

SSB SSB is above 50% MSY levels >60
evaluated over all projected years

Long-term SSB SSB is above 50% MSY levels >60

evaluated over the last 10
projected years

Fishing mortality Exploitation rate is lower than 125% >60

rate (F) Frmsy
evaluated over all projected years
Yield Mean catches are greater than 50% >60
MSY
evaluated over all projected years
AAVY AAVY is <30% >70

Targets are probabilities of achieving a reference level. Note that MP
performance is considered acceptable if all targets are met in combination.

projected years (starting from the last historical year) divided by the
mean yield over the same period.

Y=t
np+n,
p Zy:nh C}’

B (np + 1) Zn71+’1p71 |Cy+1 _ Cy| (2)

where 7, is the number of projected years, 1, is the number of his-
torical years, and C, is the true simulated catch in year y.
Individually, the performance metric targets are not overly strin-
gent. However, theyare intended to be interpreted in combination: a
suitable MP is one that can satisfy the acceptable rate for all metrics

combined (i.e. greater than a 60% chance of obtaining SSB over 50%
MSY levels and yields greater than 50% MSY levels etc., Table 5).

In specific management contexts, a set of performance metrics
for an MP might include constraints that are more limiting than
those selected for our analysis (Table 5). For instance, acceptability
criteria recommended as best practice for Australian Fisheries
Management Authority specify a 95% or greater probability of
keeping SSB above the limit reference points in simulations over a
20-year period (Sainsbury, 2008).

Evaluating MP robustness and quantifying the value

of information

As described above in Section 2.4, 500 simulations were undertaken
for each MP in which a range of operating model parameters were
sampled and output performance metrics were calculated. In the
simulation, each independent variable (e.g. natural mortality rate
M and observation error in catches oc) was sampled from a range
of values that were considered to be credible a priori (Table 3 and
Supplementary Table Al). To evaluate the robustness of the MPs
to the quality of their various inputs, the input ranges were
divided into a reference region and two contingency regions that re-
present more extreme values and are not contiguous with the refer-
ence region (Table 6). For biases (e.g. bias in estimates of natural
mortality rate), the reference region was selected that represents
relatively unbiased inputs and contingency regions represented
high and low biases in inputs. For parameters controlling impreci-
sion (e.g. the standard deviation of observation error in annual
catches), the reference region represents intermediate precision
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Table 6. Specification of robustness tests.
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Ranges for observation error level/bias

Parameter controlling data quality Symbol Reference Low/— High/+
Bias in biomass relative to unfished (lognormal SD) D 3/4-4/3 1/3-1/2 2-3
Bias in annual catches (lognormal SD) Yc 3/4-4/3 1/2-2/3 3/2-2
Observation error in annual catches (lognormal SD) oc 0.35-0.45 02-03 0.5-0.6
Observation error in relative abundance index (lognormal SD) a; 0.35-0.45 02-03 0.5-0.6
Hyperstability/hyperdepletion in index B 3/4-4/3 1/2-2/3 3/2-2
Bias in target cpue (Bysy) (lognormal SD) Yepue 3/4-4/3 1/2-2/3 3/2-2
Bias in target catch (MSY) (lognormal SD) Yusy 3/4-4/3 1/2-2/3 3/2-2
Bias in absolute biomass Y3 3/4-4/3 1/4-1/2 2-4
Observation error in absolute biomass (lognormal SD) g 0.6-0.7 0.5-0.6 0.7-09
Bias in ratio of Fysy to M (lognormal SD) Ye,0 M 3/4-4/3 1/2-2/3 3/2-2
Bias in natural mortality rate (lognormal SD) Y 3/4-4/3 3/4-4/3 3/2-2

Reference regions represent a range of simulations where data were unbiased or of intermediate precision. Two contingency regions were identified that
represent simulations of negative (—) and positive (4) bias or low and high precision. The robustness of MPs was evaluated by comparing their performance

among these simulated regions.

and contingency regions represent simulations of low and high pre-
cision. To evaluate robustness, we compared mean yield and stock
depletion at the end of the time-series across the reference and con-
tingency regions. The sensitivity of yield was used as a basis for quan-
tifying the value of less biased and more precise data. (The
performance metrics are assessed for combinations of all these
bias and precision factors together. Some metrics may be affected
in different directions by lower and higher biases, so that composite
results may include some cancellation effects. A more detailed ana-
lysis of this is, however, beyond the scope of this investigation.)

Results

Rebuilding scenario

For simulations starting below 50% Bysy levels, the probability of
recovering to Bysy levels differed widely among the MPs and was
lowest over a 40-year projection for the rockfish life history
(Figures 2—4). In general, the choice of MP and life history type
more strongly determined rebuilding than data quality or autocor-
relation in recruitment. Despite living longer than herring (31 years
in contrast to 10 years), the bluefin tuna life history type generally
recovered faster due to the higher simulated recruitment compensa-
tion (steepness values in the range of 0.6—0.9 in contrast to 0.3—0.6
for herring).

The MPs CC1, DCAC, GB_CC, GB_slope, GB_target, Rcontrol2,
SBT1, SBT2, SPmod, and SPslope were unlikely to rebuild stocks for
the herring, bluefin tuna, and rockfish life histories (Figures 2—4). In
contrast, the MPs DD, DD4010, DynF, Islopel, Islope4, Itargetl,
Itarget4, LstepCC4, and Ltarget4 were the most likely to lead to
stock rebuilding for these life history types. Usually, simulating
better quality data quality improved the probability of reaching
Byssy- Exceptions include the Fadapt and CCI rules. For Fadapt,
less precise data generated negatively biased estimates of surplus
production and therefore reduced the TAC recommendation of
this MP and increased the probability of rebuilding. The CCl rule,
which sets the TAC to mean historical catches, generally led to a
low probability of rebuilding. Often rebuilding was similar
between ‘perfect information” and ‘data-rich’ data qualities with a
much larger difference in rebuilding performance when ‘data-poor’
quality was simulated. For example in the herring and bluefin tuna
simulations, the delay-difference MPs, DD and DD4010, were
~40% less likely to rebuild over 15 years given poor quality data.

Figure 5 illustrates the trade-off between the probability of
achieving more than half MSY catches over the last 10 projected
years against the probability of rebuilding SSB to above the MSY
level. The MPs that achieved the greatest probability of rebuilding
did so by underexploitation. At the other extreme, MPs that led to
overexploitation led to stock declines and therefore both low prob-
ability of rebuilding and low yield over the final 10 projected years
(since the simulated stocks had not recovered, e.g. SPmod and
SBT2). A handful of MPs offered a balance of trade-offs in which
TACs were high enough to allow for both rebuilding and long-term
yields (e.g. Fadapt, DynF, DD, DD4010, and Fratio). These results
suggest that over the course of a 40-year rebuilding window, only
relatively modest yields can be expected: the best-performing MPs
could only deliver between 60 and 80% probability of returning
yields more than half MSY (Figure 5) and these rebuilt stocks are
achieved in <70% of simulations (Figures 2—4).

Overexploited scenario

When starting from a stock depletion of between 50 and 100% Bjsys
many MPs satisfied the SSB and fishing mortality rate performance
targets but failed to meet the yield target, for example CC4,
LstepCC4, Islope4, and Itarget4 (Figures 6—8). The MPs, Islopel,
DynF, Fratio, and DCAC on the other hand, satisfied all targets for
most of the operating models. Perhaps not surprisingly, the trade-
off which was most apparent was between the yield and fishing mor-
tality rate performance metrics, with only a handful of methods able
to satisfy both simultaneously (e.g. DD, DCAC, Islopel, and Fratio).
Some MPs which performed among the best in the overexploited
scenario, such as DCAC, performed among the worst in the rebuild-
ing scenario, which underlines the critical influence of starting de-
pletion on the choice of MP.

For any given MP, the general pattern among performance
metrics (e.g. yield vs. SSB) was similar regardless of life history
type (Figures 6—8). However, the magnitude in performance dif-
fered enough among life history types to affect the choice of MP.
For example, the Islopel MP met the SSB and F performance
targets for most operating models for herring and bluefin tuna
(Figures 6 and 7, respectively) but not for rockfish (Figure 8).
DCAC, on the other hand, performed well for rockfish and
bluefin tuna but less well for herring (though note that DCAC was
not developed with the intention that it be applied to short-lived
species). Similarly, the Fadapt MP failed the F performance criterion
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Figure 2. Duration of recovery of spawning biomass to MSY levels for the herring life history. The thickness of the horizontal bars represents the
cumulative frequency of simulations that have recovered to Bysy levels. The bars are shaded white until 50% of simulations have recovered to Bjsy
levels, then shaded grey until 75% of simulations have recovered to Bysy levels, after which they are shaded dark grey. The top three bars in each
panel represent high autocorrelation in recruitment, and the bottom three bars represent low autocorrelation in recruitment.

by a much larger margin for a greater number of operating models
for the rockfish life history. In almost all instances, the simple MPs
achieved the AAVY target (greater than a 60% chance of AAVY
<30%), making this the least discriminatory performance metric.
This result lends support to the findings of Geromont and
Butterworth (2015a) that MPs can be better at stabilizing TAC com-
pared with stock assessments (for example, all simple MPs outper-
formed the DD and DD4010 MPs for the bluefin tuna life history). It
is possible, however, that a potential benefit of achieving less variable
yields under MPs turns out to be a trade-off of lower yields (or of
higher biological risks) compared with management under trad-
itional stock assessment paradigm.

Value of information and sensitivity analysis

For most MPs, long-term yield (average yield over the final 10 years of
the projection) was most strongly affected by bias in the observation
of annual catches. When observed catches were between half and

two-thirds of true values, long-term yields were reduced between
50 and 90% for MPs that require these data (e.g. Geontrol, Itargetl,
Ttarget4, Ltarget 1, and Ltarget4). These reductions in yield occurred
due to underexploitation. Positive bias in catches of between 50 and
100% led to similar declines in yield for most MPs (between 50 and
95%). However, unlike negative bias in catches, these reductions in
yield occurred due to chronic overexploitation and stock declines.
When catches were inflated to between 1.5 and 2 times their true
value, stock biomass was on average between 50 and 95% lower at
the end of the projection for all MPs using these data.

The generic MPs were sensitive to other observation model vari-
ables that impact calculations of surplus production. For example,
DynF and Fadapt were most sensitive to overestimation of
biomass and provided on average 42 and 55% less yield, respectively.
Although higher levels of bias were simulated for observations of ab-
solute biomass (Table 6), methods using these data such as DynF
and Fadapt provided less pronounced stock declines (additional

9T0Z ‘9 Afenuer Uo saleigl IWRIA Jo AlseAlun 3y e /Blo'seulnolployxoswaoly/:dny woiy papeoumoq


http://icesjms.oxfordjournals.org/

Performance review of simple management procedures

Page 11 of 19

Cc1 CC4 DCAC

DD4010 DynF

Perfect =
Rich =

—<:-—=—i:-$

Poor =

Perfect =
Rich =

Il

[ —— |

1

Poor =

— | ——— || <
——-— —— | ——— =

Fadapt Fratio GB_CC

GB_target Gcontrol

Perfect =

Rich =

Poor —

Perfect =
Rich =

—— .
| —=

i

il

Poor =

—

LstepCC1 LstepCC4

Islope1 | Islope4 Itarget1
Perfect = ——Tm ||
Rich - ———— s
Poor - ————_—
Perfect = ———"—"7""| |
Rich 4 ——— | |

Poor 1 —

Data quality

= |
= |

u

Ltarget1 Rcontrol

| Rcontrol2 SBT1 SBT2

Perfect =

Rich =

Perfect =

Rich =

—

e ————
—

|y ——————
—————————
| ——

——
—_— | |
Poor = ——TD ||
—_—
—————
—_—

Poor =

SPmod SPslope

Perfect =
Rich =
Poor =

Perfect =
Rich =
Poor =

T T T T 17 T T T 1
0 10 20 30 400 10 20 30 40

Figure 3. As Figure 2 but for the bluefin tuna life history.

stock declines between 50 and 80%). In previous simulation evalua-
tions, imprecision in catches and abundance indices was indicated
to have only a relatively small impact on the performance of data-
limited assessment methods (Carruthers et al., 2014). However,
the generic MPs were sensitive to high imprecision in catches and
the relative abundance index arising from the calculation of
surplus production Equation (1). For example, Fadapt and DynF
provided 22 and 36% more yield on average given imprecise catch
observations. This is because these MPs led to underexploitation
in most simulations. Increasing imprecision in catches led to the oc-
casional simulation of strongly positively biased catches which
countered the tendency for underexploitation.

Discussion

The simulations indicate that the absolute performance of MPs can
vary widely among life history types. Performance rankings,
however, were relatively constant and the five best- and worst-
performing MPs remained largely the same across life history
types. This apparent the lack of interaction between MP and life
history type suggests that future analyses could focus on a much

Year

smaller subset of MPs. The relative performance of MPs was strongly
affected by the initial level of stock depletion. For example, while
DCAC performed very well for stocks starting above 50% Bysys
the same MP was unlikely to rebuild stocks starting from below
50% Bjsy- This requirement for accurate information regarding de-
pletion is problematic for data-limited scenarios since formally such
information is not available by definition.

We found no evidence of a substantial effect of autocorrelation in
recruitment on the absolute performance of the MPs. This is
perhaps surprising since those MPs rely to varying degrees on
assumptions of stationary stock productivity. For example, station-
ary productivity assumptions are central to reference MPs such as
the delay-difference assessments DD and DD_4010. It is likely,
however, that the AR1 process used here, even with high autocorrel-
ation, is not appropriate for mimicking regime shifts that are char-
acterized by abrupt then lasting shifts in productivity (e.g. Vert-pre
etal.,2013). In future research, this could be addressed by using em-
pirical recruitment data to test MPs.

The best-performing data-limited MPs were generic (e.g. DynF
and Fadapt) or reference MPs (e.g. Fratio) that require inputs for
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Figure 4. As Figure 2 but for the rockfish life history.

absolute biomass or stock depletion. This result confirms the find-
ings of other simulation evaluations (e.g. Carruthers et al., 2014)
that these data are particularly valuable. The relative success of
MPs using these inputs is perhaps surprising since reasonably
large biases were simulated for indices of absolute biomass and
stock depletion (in the data-limited biases as extreme as 1/5 or 5
times that of the true values were simulated). This result suggests
that simple MPs may offer a relatively inexpensive approach for
managing stocks based solely on fishery-independent survey data
and historical catches. One example of this is the International
Whaling Commission’s Revised MP, which is based on historical
catches and 5-yearly sighting survey observations of numbers alone
(perhaps describable as a data-moderate situation), and is able to
achieve reasonable performance only because the range of biases con-
sidered plausible for those inputs is not too large (IWC, 1992).
Generic MPs, which use the derivative of surplus production with
respect to biomass [ G, Equation (1)] to update the TAC, generally per-
formed poorly (Geontrol, Rcontrol, Rcontrol2, SPslope, SPmod, and
Fadapt). The simulations reveal that these methods often fail due to
bias in observations of current biomass. Since observed biomass is

Year

often an order of magnitude larger than the observed catches, even
very small positive biases produce G values that are overly stable
and fail to respond to true simulated biomass levels. Conversely,
small negative biases in observed biomass lead to G values that are
too responsive, leading to MPs that over-correct for changes in true
simulated biomass. The DynF MP, which uses G to modify an implicit
fishing mortality rate constrained within bounds, offered better per-
formance. However, fishing at a fixed ratio of natural mortality rate
(Fratio) often delivered higher yields with lower probability of drop-
ping to low stock levels.

The simulations indicate that generic MPs can provide com-
parable or better performance to (i) data-rich approaches using
time-series of catch and effort data and (ii) approaches that are
currently used in data-limited assessment settings. In terms of
data-rich settings, this conclusion is driven by the relatively good
performance of the data-moderate Fratio reference MP that is
applied in setting catch-limits for data-limited stock complexes
in Alaska (e.g. sculpins; NPFMC, 2012). The Fratio MP often out-
performed the delay-difference assessment over a range of data qual-
ities, depletion levels, and life history types. This suggests that an
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Figure 5. The trade-off between the probability of rebuilding to Bysy levels and the probability of meeting a yield target of 50% MSY. Plotted are
the results of the data-rich simulations with low autocorrelation in recruitment. Colored shading reflects the probability of rebuilding the stock
to above SSB after 40 years. Dark grey regions correspond to less than a 50% probability of rebuilding, and light grey regions less than a 75%
probability of rebuilding. Each panel includes a dashed horizontal line at 60% probability of achieving a yield of greater than 50% MSY, which

corresponds to the target.

index of current absolute biomass is particularly valuable. If such
data can be obtained from a fishery-independent survey, or alterna-
tively a relative abundance index can be scaled to absolute biomass
by stock assessment, acceptable performance may be obtained from
fishing at a fixed fraction of natural mortality rate, which is simple
and transparent. However, the simulation tests of Deroba et al.
(2015) suggest that although stock assessment methods capture
relative trends in biomass reasonably well, they provide less reliable
estimates of absolute biomass.

In relation to data-limited assessment settings, we compared the
MPs with DCAC which is currently used by the Pacific Fishery
Management Council to set catch-limits for data-poor stocks
(PFMC, 2010). As has been found previously (Carruthers et al.,
2014), DCAC can lead to chronic overfishing at the very low stock
sizes of the rebuilding scenario (below 15% unfished levels in
this analysis). In these circumstances, Islope4 and LstepCCl MPs
often outperformed DCAC by a substantial margin. At more
modest levels of stock depletion, MPs such as Islopel provided
comparable performance to DCAC, indicating that simple MPs
could be applied more widely (where an index of relative abundance
isavailable), particularly as interim approaches while additional data
become available. However, it should be noted that, in some respects,
our simulations constitute an unfair evaluation of DCAC which was
designed primarily as an interim approach to setting catch-limits for
relatively long-lived stocks (natural mortality rates <20%).

It is necessary to underline the importance of operating model
and observation model specifications in determining the relative per-
formance of the MPs. The accuracy and bias in simulated data were
specified using expert judgement and were consistent with values
used for previous analyses (Carruthers et al., 2014). Perhaps, the
quality of certain data is overstated, therefore favouring certain
classes of MP. This remains a central weakness of simulation

evaluations such as ours. It is, however, possible to identify those ob-
servation processes that are most important in determining perform-
ance for each MP and therefore to highlight those observation
processes that are most likely to produce an unfair comparison.

Robustness tests revealed that both positive and negative biases in
catch observations can lead to the largest declines in yield among all
the observation processes that were simulated. Additionally, virtually
all the MPs tested are likely to lead to chronic stock declines if annual
catch data are positively biased by >50%. This suggests that when
reconstructing of historical time-series (e.g. Zeller et al., 2007, 2015)
of catches, caution should be exercised to avoid bias in general and
in particular not to overestimate these data.

An ongoing problem in the development, testing, and adoption
of MPs is that they are typically established using specific simula-
tions that are often difficult to reproduce. In a new fisheries manage-
ment setting, it is therefore difficult to evaluate a wide range of MPs
comparatively and to select an appropriate MP. In an attempt to
address this issue, we identified a reference set of simulations
using software and code that are freely available. New MPs may be
tested within the same framework, and results could be published
that are directly comparable to our results. An additional benefit
is that our analysis may be modified to suit particular requirements.
For example in a data-limited setting in which new data are to be col-
lected, managers may seek MPs for use over a shorter interim period,
and evaluate performance over fewer projected years. Since the
simulation data are reproducible exactly, readers could also frame
the results using performance metrics appropriate to their particu-
lar management framework.

While reference MPs, such as Fratio, appear relatively unaffected
by stock status, this cannot be said for tuned MPs that were generally
more sensitive to particular depletion levels and life history types.
For example, the SBT2 rule that otherwise performed relatively
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Figure 6. Choice plots (Kell, 2015) summarizing the performance of MPs given the herring life history. Each point represents performance of the
MP for a given operating model (data quality and level of recruitment autocorrelation). The score is the frequency of simulations for which a
performance goal was achieved. For example an SSB point at 0.91 indicates that 91% of simulations succeeded in keeping SSB above the target level
of 50% of MSY levels. White areas represent regions that exceed the target performance level. White and grey points represent simulations with low
and high recruitment autocorrelation, respectively.
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Figure 7. As Figure 6 but for the bluefin tuna life history.

poorly could perform reasonably well for the rockfish life history
and the overexploited scenario (between 15 and 35% unfished).
The trajectory in fishing effort was an important determinant of
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the performance of the tuned MPs, further confirming the need to
re-tune such MPs to status and exploitation history on a

stock-by-stock basis.
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Figure 8. As Figure 6 but for the rockfish life history.

In a data-rich setting, it is clear that tuning an MP to simulations
may have large benefits in terms of performance as demonstrated by
the variable performance of MPs, such as SBT2, across life history

types and depletion levels. Another important advantage of
tuning is to standardize, to some degree, the broad management
objective-level performance of a suite of candidate MPs. For
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example, the SBT MP as adopted (CCSBT, 2011; a more complex
combination of SBT1 and SBT2 from this study) was one of a
suite of candidates—biomass dynamic, empirical, and model-
based—and all were tuned to meet the rebuilding objectives for
the CCSBT s reference set of OMs. First, this ensures a base-level per-
formance measure: any MP must achieve the objectives for the most
probable scenarios. Second, because all the MPs have the same ref-
erence performance benchmark, “fair” comparisons for alternative
robustness scenarios can be performed.

In data-poor settings, it may not be clear how to specify a suitable
operating model since formally, depletion is unknown in these cases.
It may be necessary to simulate a wide range of current stock deple-
tion and provide suitable diagnostics of sensitivity in performance.
Additionally, it might make more sense in data-poor scenarios to be
broader in scope for both the nature of the tuning and the perform-
ance criteria. For example in data-poor settings, MSY may be hard to
quantify although it is a policy objective. Simpler criteria may be
more appropriate, such as requiring MPs for (suspected to be
depleted) stocks to be able to increase stock biomass (on average)
without unduly decreasing catches; or focusing more on status
quo scenarios where, for example, the simpler MP is a temporary
management measure until better data are collected to allow
future, more detailed MP or assessment work.

In this simulation evaluation, all the MPs provide management
recommendations that are assumed to be implemented perfectly
up to a maximum instantaneous fishing mortality rate of 90%.
Clearly, scientific TAC recommendations are rarely followed
exactly due to a range of management considerations and fishery dy-
namics. For example, managers may deliberately apply a degree of
TAC inertia to prevent sudden declines in catch-limits, TACs may
not be fully taken at low stock sizes because it is no longer profitable
to fish, or alternatively there may be TAC overages due to insufficient
enforcement. Considerations such as these may strongly affect the
trade-offs presented in this study, and it must be emphasized that
future simulation evaluations attempt to tackle these issues. Some
hypotheses can be proposed. Reduction of fishing effort as catch
rates decline is likely to reduce the frequency of large reductions
in biomass leading to more comparable performance among MPs.
Enforcement is likely to vary for alternative management regimes
such as catch-limits, size-limits, gear restrictions, effort controls,
and spatial closures. Constructing credible enforcement models
may be challenging (Coelho et al., 2013), but could strongly alter
MP selection if, for example, there was a higher propensity for vio-
lation of catch-limits than gear restrictions.

Catch-limits have relatively high information requirements and
are therefore most appropriate in data-rich settings. However, many
national fishery management organizations are now expected to
provide catch-limits for all fisheries in a fishery management plan
except some short-lived stocks (e.g. United States, Australia, and
New Zealand). For this reason, we have focused in this study on
MPs that provide catch-limits. However, input controls, such as
gear restrictions and fishing effort, may be expected to provide su-
perior performance to output controls such as catch-limits in a
wide range of fishery scenarios (Walters and Martell, 2004) and
may be particularly appropriate in data-limited settings. Future
simulation testing should be extended to include MPs that generate
input recommendations.

Supplementary data
Supplementary material is available at the ICESJMS online version
of the manuscript.
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Table A1. Summary of the bias/error parameters and related distributions that control the accuracy and precision of knowledge of the

simulated system that is subsequently used by the data-limited methods and harvest control rules.

Variable Symbol

Related functions

The standard deviation of the lognormally distributed bias in natural mortality rate M (upm Yu
varies among simulations)

The standard deviation of the lognormally distributed bias in von Bertalanffy growth rate Y«
parameter K (i varies among simulations)

The standard deviation of the lognormally distributed bias in biomass at maximum sustainble Yg,,
yield Bysy (s, varies among simulations)

The standard deviation of the lognormally distributed bias in biomass at maximum Y,
sustainable yield relative to unfished Bpeax (Bmsy/Bo, Mg varies among simulations)

The standard deviation of the lognormally distributed bias in the ratio of maximum Yevsr-m
sustainable fishing mortality rate to natural mortality rate Fysy_M (g, .,y varies among
simulations)

The standard deviation of the lognormally distributed bias in MSY(uysy varies among Yusy
simulations)
The standard deviation of the lognormally distributed bias in the age at first maturity Am Yam

(am varies among simulations)

Uniformly distributed observation error in recruitment (R, varies among years and ORyy,
simulations, oy ,. varies among simulations)

obs
The standard deviation of the lognormally distributed bias in the current level of stock Yo
depletion D (B/B0; Dps and jp, vary among projected years and simulations; up, and op
vary among simulations)

Uniformly distributed observation error in current stock depletion pp, for projected years op

The standard deviation of the lognormally distributed bias in catches C (Cops and Y vary Yc
among projected years and simulations; . and o¢ vary among simulations)

Uniformly distributed observation error in catches oC

Standard deviation in lognormal error in the relative abundance index for projected years (I
and Y, vary among years and simulations, ¢; varies among simulations)

The beta parameter controlling hyperstability/hyperdepletion in the abundance index (8 B
varies among simulations)

S

Log-uniform bias in current biomass (B,ps and jp vary among years and simulations, ug and ming
o vary among simulations) maxg
The maximum standard deviation for lognormal error in current biomass for projected years o3

Mobs =M x Mm

um~ lognormal(w = 1,Y))
Kobs =K x Mk

i~ lognormal(u = 1,Yy)
Bmsy,, = Bmsy X Mg,

Mg, ~ lognormal(u = 1, Yp,,,)
Bpeakyy, = Bpeak X fhg,,,,

Mg, ~ lognormal(w =1, Yg,,)
Fmsy Mobs = Fimsy-M X te, o

My, ~ lognormal(p = 1, Y, m)

MSY s = MSY X sy
Mmsy~ lognormal(u = 1, Yjysy)
Amobs = Am X Mam
Mam™~ lognormal(p = 1,Ya.)
Robs = lognormal(uw = R, oy,,,)
ORge ~ ULy, > Ury,)
Dobs =D x jD
Jjp~ lognormal(up,0p)
up~ lognormal(u = 1,Yp)
ap~ U(Lp,Up)
Cobs =C X Y¢
Y~ lognormal(ucoc)
e~ lognormal(w = 1,Y¢)
g~ U(LagUo)
1=8fx Y,
Y,~ lognormal(1, o)
o~ U(L,U)
LN(B)N U(LN(Bmin)lLN(,Bmax))
Bobs = B X j, jg~ lognormal(us,os)
log(ug) ~ U(mingmaxg)
o3, ~ U(Ls, Up)

obs

cur

The lognormal distribution described in the table below where ~lognormal(u,o) is the exponent of the normal distribution with mean w and standard

deviation o, parameters: dnorm( — 0.5 log(1 + 02 /u?), /log(1 + 02/ p2)).

Handling editor: Ernesto Jardim
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