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Abstract

Maximum sustainable yiel@MSY) based reference points are often prescriiyedational and
international lawss the basis faratch limits(e.g., the Magnuson Stevens Act in the United
States) However, MSY is highly dependent on the assumed selectivity pattern and catch
allocationof.the fisheries The addition of bycatch fleets wrortality from discarding further
complicatedVSY calculations and no prescribed approach has been agreed upon for including
complex fleet'dynamics in dynamic pool models. Using the Gulf of MdxextSnapper fishery
as an examplave demonstrat¢he various ways that MSY can be computed when multiple
fleets and bycatch fisheriegist andllustrate the tradeffs that occur betweeyield and
spawning-stoek biomass. Presentingftilearray of alterntive MSY proxies, howevegcan

lead to subjective decision making tinady diminish the value of scientific advice by
encouraging the maximization of yield at the expense of maintaining stocks \aihin s
biological limits. Wepropose that the spawnipgtential ratio (SPRassociated wittthe global
(theoretical maximumMSY can be utilized as a reasonaptexy inmostfisheryapplications

The yield streameequiredto achieveSPRysy can then be calculatenditional on extant
selectivity patterns anolycatch levels.Our approachitilizesthe inherently sustainable SSB
associatedwwitthe globalMSY as a rebuilding target, while limiting disruption to the fishery by
accountingrfor current fleet dynamics and avoiding unsustainable proxies that mawhesul
bycatchor discardrates are high.

K eywor dsgsMaximum Sustainable Yield (MSY), Biological Reference Points (B RR),
SnapperYield=perRecruit (YPR), Spawning Potential Ra{®PR), Bycatch

<A>Introduction
Fisheriesmanagement is predicated on the dichotomous balance of optimizing resource
usage (in terms of yield or other socioeconomic factors) and maintaining populzé®mwihin
safe biologieal limitfMace1994; Punt et al. 2014Maximum sustainable yield (MSY, see
Table 1 for‘a complete description of acronyms) has often been prescribed by national and
international laws as the basis for catch limits (e.g., the Magnuson Stevens Act in the United
States) but the MSY approactan beproblematic (Larkin 1977 Becausequilibrium
calculations faito account for a dynamic environmeexfracting a fixedMSY oftencause

This article is protected by copyright. All rights reserved



61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91

stock collapsewhen populations naturally fluctuated (Mace 2001; Punt and Smith 2801ge
the epitaph for MSY was written (Larkin 1977), countlabsrnatebiological reference points
(BRPs)have been developed (Gabriel and Mace 1999). The focus of many BRi2ehias
eitherachieve gortionof MSY (e.g.,yield-per+ecruit, YPR proxies)or to prevent recruitment
overfishing.(ize.1o avoidharvesting at a rate that reduces the biomass to a level where
recruitment becomes substantially impaired) through spaperaecruit analysivased on the
spawning‘potential ratio (SPR; i.e., the fraction ofuingin spawningstockbiomass-perecruit;
Sissenwineand Sheplket987; Goodyear 1993 PR and SPR approaches are often
theoretically appealing because they do not require an implicit or explicitstanéing of the
productionsfunetion (unlike MSY analysis). However, YPR proxies focus solely on yield and do
not accountforrecruitment overfishing, whereas SPR proxies do not accountdor yiel
optimizing metric{Gabriel and Mace 1999).

A number of unifying theories among dynamic pool models (i.e., MSY, YPR, and SPR
analysesyvere developed in the 1980s and 1990s, which, through the inclusion of aesiook-
curvein SPRranalysis, allowed explicit definition of SPR limitgteventrecruitment
overfishing*(Shepherd 1982; Sissenwine and Shepherd 1987; Mace 1994). Essentially, these
methods suggested that the fishing mortghtyatched to an associated limit SP&responding
to the slope”of the stodlecruit curve at the origin represented the harvest rate aldoebk the
stock could no longer replace itself and fishing would no longsubinableife., recruitment
overfishing would occyiMace and Sissenwine 1993lowever, aritical limitationwasthe
need to knewhe stockrecruit relationshigGabriel and Mace 1999). Given the potential for
weak compensation @llee effects(i.e., depensatiom recruitment)at low spawning population
abundance (Frank and Brickman 2000; Keith and Hutchings 2012), detertmminBRPs that
identify the transition zone wherecruitment overfishings likely to occuns important for
maintaining,sustainable fisheriRosenberg et al. 1994Based on estimates of fishing
mortality atreplacement, a variety of studies including metahgses, empirical applications,
and theoretical explorations have concluded that SPR values below 20% represenehiggd pot
for recruitment overfishing (Mace ai®issenwine 1993; Goodyear 19®bsenberg et al. 1994;
Gabriel and Mace 1999 However, SPR thresholds corresponding to recruitment overfishing
may be higher for less productive populatioBk(k 2002; Forest et al. 2010) or when
depensation exists in the ste@cruit relationship (Thompson 1993).
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When considering proxies for MSY in the presence of unknown stock-recruit dynamics,
Clarke (1991, 1993) suggestaaninmax approach to maximize the minimum yield across
potential stockrecruit relationships and parameters. He demonstrateevibathigher SPR
values (3545%)_are warranted tchieve yields on par with MSY (i.e., > 75% MSY; Quinn et
al. 1990;Clark1991, 1993; Horbowy and Luzenczyk 2012; Punt et al. R0THAe approach has
been widely utilized across an array of species (e.g., Pacific rockfish and crab stocks; Clarke
2002; Siddeek2003; Siddeek et al. 2004) and is often cited as the basis for SPR proxies
worldwider "Although the approach is extremely useful when steckiit uncertainty limits the
ability to calculate MSY, the results are still context dependent and should novbeesalty
applied without,case-specific applications (Clarke 2002). Additionally, thieotelogy can be
difficult to apply when bycatch or discardsean important factor in a given fishery and rates
are volatilefromyyear to year, because disceaites will influence the yield required to achieve
the rebuilding target and the full analysis would need to be rerun yearly to extsuitding.

Under the precautionary approach to fisheries managemMé&m-based reference points
continue terbewtilized worldwide, albeit under a more refmethodology (e.g., harvesting at
the fishing'mortality that achieves MSY instead of at a constant;ddede 2001; Cadrin 2012;
Punt et'alw2014). In the Uniteda$s, federally managed fisheries are regulated under the
MagnusonStevensReauthorizatiomct (MSRA), which includes provisions that explicitly
require federal fishery management plans to provide for rebuilding stocks to a |esisterun
with producingthe maximum sustainable yig(ll1SRA 2007). Although the MSRA is
straightforward,about managing stocks such that they can produce MSY, a number of
complicatingsfactors exigor calculating MSY(e.g., knowinghe stockrecruit relationshipjhat
lead toa variety of proxies beingtilized todefinefishing mortality and biomass targétadrin
2012). A brief metaanalysis of National Oceanic and Atmospheric Administratd@AA)
stock assessment repoass collated in the National Marine Fisheries SErWNMFS) Species
Information System (SISittps://www.st.nmfs.noaa.gov/sisPortal®monstrated theariety of
BRP approaches currentlytilized for federally managed species across the regional fishery
management,councils in the United States (Figure 1). The most commonly us&PRere
proxies (consisting of 50% of the BRPs for the 116 stock assessments analyzed) followed by
direct MSY-based BRP£27%),but methods were highly variable across regiombe SPR

approach has been widely adopted, despite the many criticisms that exist (e.g., thel fostenti
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lack of proportionality between a cohort’s spawning biomass and resultingmesmtif density
dependence occurs during juvenile or adult life stages; Rochet 2000; Hilborn 2002).

Perhaps the most troublesome aspect of the MSRA guideline about managing a
population to achieve MSY is the fact that MSY itself is not a-definedconcept particularly
when multiple.fleets and fishing sectors exSbodyear 1996; Maunder 2002; Powers 2005
Strictly speaking, the theoretical glolfal optimum/ultimateMSY is achieved by fully
harvesting®asingle‘critical’ age where gains jpopulation growth arbalanced by losses due
to natural'mortality (Beverton and Holt 1957; Ricker 1,936tz 1980; Reed 1980However, in
realworld applications there is no practical way to achieve the global MSXdRIi®75),
because fisheries canrmtoid fishing on younger animals completely, and the realized long-
term yieldis‘often considerably less th#re globalMSY (Beverton and Holt 1957; Goodyear
1996). The situation is further complicated when multiple fisheries compete for different
compaments (e.g., size classes) of the same resource and where the target species may be
discarded abycatch of another fishery, in which case the long-term yield and the spawning
stock that willssupport it depends on the desired sector allocations (Maunder 20825 P005;
Guillen et al. 2013). The resulting MSY can vary substantially depending on the fleet
composition, the relative effort, and the mixture of selectivity patterns adgiBaeerton and
Holt 1957;Maunder 2002).

Limited guidance has been provided on best practices for calculating MSY whenemultipl
fishing sectors exist or how to objectively choose amongst the vaviSiysmethods available.
The MSRAraddresses the issues of multiple fleets and discards by sintiply stat MSY
should beattained while simultaneously reducing bycatch to the extent praciedlaehieving
an equitable allocation amongst fishery sectors (MSRA 2007). Balancing thetcgmpe
objectives.of bycatch reduction and fair allocation can be challenging when a aeudtitusers,
including various fisheries and other stakeholders, with disparate intexest{sand is further
exacerbated when there is uncertainty about thetlenmy productivity of a stock. Goodyear
(1996) notesthat simplxpounding MSY as a management target (as is done in the MSRA) is
insufficient'to,provide management advice without further guidandkextesired longerm
fleet allocations or resource age compositiBtawers (2005) suggests that it is the job of

manag@rs to determine the ‘optimal’ mix of fisheries desired and that the method utilized for
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calculating MSYshould depend on the context of how bycatch has arisen and whether it can be
effectively reducedMaunder (2002) summarizes the problem well:

“...the question becomes how do we define MSY with respect to the effort

allocation among the fishing methods...? Is MSY defined as that achieved by

the.current proportional effort allocation, by the fishing method that produces

the highest MSY, or something els&2ve force effort to change to levels at

MSY it is unlikely that the proportional effort allocation will stay the same.

If'effort is restricted to the fishing method that produces the highest MSY, it

Mmay not be practical to increase effort to levedd thould produce MSY.”

We attempt to address these questions by demonstrating the various methode dwvailabl
calculate MSYswhen multiple directed and bycatch fisheries harvest a resource through a case
study with Gulfiof Mexico Red Snapperufjanus campechanus) for which isheries
management has been particularly contentious due to the high dimensionality df¢held&x
groups invelved. Theulti-fleet MSY investigationf previous authors (i.e., Goodyear 1996;
Schirripa 1999; Powers 2008)e extendedy including the full complexity of fleet dynamics
for Red Snapper and compariting suiteof methodsavailableto calculate MSY The various
MSY-based, overfishing proxies that managers must consider when multiple fisheries harvest a
resourcearedescribedand the biological implications associated with each decasm®n
illustrated Finally, a methodology is developed based on global MSY theory that can be utilized
for cases Where the production function is uncertain to identify bounsisstainable SPR
targets The@approach is similar to the Clarke (1991, 1993) maxmethod, but directly
addresses‘issues of tirmarying bycatch and rebuilding targets/e believe that the framework
can provide a useful tool for determining sustainable SPR proxies that confornM8R#e
guidelines.and can be applied when MSY is polyvalent or is not strictly deterenijeadp),

uncertainty.exists in the stockcruit relationship).

<A>Methods
The'longterm performance of potential MSY proxies was examthealigh thause of
projections based on thesultsfrom the most recent stock assessmiemtGulf of MexicoRed

Snapper$EDAR 2015). The results presented hdeeg., reference points and resulting yield

This article is protected by copyright. All rights reserved



183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213

streams) are not meant for use as final management tdygefsovide a useful demonstration

of how these methods could be applied.

Red Shapper Background.—Red Snapper is one tife most prized reef fish in the Gulf of

Mexico (referred to as the ‘Gulf’), and, not surprisingly, it was one of the firstespto
experience,overfishing in the region. By the 1980s it is estimated that total eggtiprofituc

Gulf of Mexico'Red Snapper had been reduced by more than 95% (Porch 2007; SEDAR 2015).
Several management measures were implemented in the late 1980s to rebuild Red Snapper
including catch limits, minimum size restrictions, and requirements for shrimping vessels to
install byatchreduction devices in their trawl nets to reduce discards of juvenile Red Snapper
(Hood et al¥2007). These measures appear to have led to modest increases in tienpafpulat
Red Snapper, but substantial gains were not evident until after 2006 eguations reduced
recreational and commercial catch limits by nearly half, and offshore shrimp trawling was
reduced by.about 75% due to regulatory and economic factors. Since then, the number of Red
Snapper hasrincreased rapidly and is now several hiighsr than most anglers have

experienced in‘their lifetimes (SEDAR 2015). As a result, more anglers are entering the fishery
and the recreational fishing season for Red Snapper has become progressively shorter to ensure
the recreational allocation is nexceeded.

A critical limitation for assessing and managing Red Snapper has been the inability to
accurately.determine the productivity of the stock. Productivity depends, in part, on the
relationship"between egg production (spawrn®rand subsequengcruitment R), which in the
case of Gulf.:ef'Mexico Red Snapper is not well estimated though productivity is known to be
high (SEDAR 2015). When an asymptotic Beverttwit relationship is assumed in the stock
assessment madel, the estimates of stes@regypically near the mathematical limit of 1.0,
because the estimates of recruitment tend to increase after 1980 despite decreases in the
corresponding.estimates of spawners. However, it is possible that the lower level of recruitment
estimated prioto the 1980s is largely an artifact of the relative dearth of information bleila
comparedto the recent period (Porch 2007). Regardless of the cause or veracity of the apparent
change in productivity, recent scientific advice has been predicatedemadts that assume
recruitment levels in the near future will be similar to the average of the levels estimated for the
more recent time period (Cordue 2005; SEDAR 2015). The long term recruitmentgdgienti
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spawneirecruit steepness) is regardechagh butthe exact level is indeterminatgue to

difficulty in independently estimating the various stoekruit parametersjnaking it impossible
to calculate MSY or its associated reference poingsy(land Bysy) explicitly. The usual
approach irthis situation is to employ MSY proxies that do not require knowledge of the long
term recruitment potential, but are assumed to produce stock levels that carctynsigpport
MSY (e.g.»SPR proxies).

TheGulf'of Mexico Fishery Management Council’si@aific and Statistical Committee
recognizedthe“difficulty in specifying the MSY for Red Snapper and has recommended
maintaining the spawning potential of the stock at 26% of the unfished level as a privey for t
level that would produce MSY based on analysis using a conditional MSY approach (i.e.,
MSY|linked‘seethe MSY Reference &ints section below; GMFMC 2007). However, there
remains considerable interest in alternative proxies with lower spawategtial thresholds,
such as the maximum yiefaerrecruit (MYPR) from the directed fishery after allowing for the
incidental mortality from shrimp trawland closed season discarding. Porch (2007) showed that
this proxy would likely drive the Red Snapper stock down to only a few percent of the unfished
level unless the level of bycatch and closed season discarding were greatly réduced.
confounding, fator in allowinglow SPR values for Red Snappethiat target SPR proxies are
set for thesGuHwide stock and variablegionalharvest can leatd differentialSPRby region
(often causing the eastern stock component to be considerably lower than thielgi8PR
target SEDAR 2015).Accordingly, it is crucial texplore proxies for MSY that are robust to
uncertainties‘regarding recruitment, and also accommodate the dynamic mix of fisheries that

exploit RedsSnapper.

Modeling Eramework.—Thedeterministic projectiomodels were implemented using stock
synthesis 3.(SS3, V3.24U; Methot and Wetzel 2013) based on the model structure of the most
recent stock.assessment model for Gulf of Mexico Red Snapper and udiergrinal year

stock assessment outptrsnitialize projection run§SEDAR 2015). SS3 is a forward

projecting generalized statistical cai@bage modeling platform for use in fisheries stock
assessment and catch projections (Methot and Wetzel 2013). It can be utilized as both an
estimation and simulation model and is highly scalable to fit a variety of populgtiamdts

and data availability scenarios. For the current application, various updateshandeawisions
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weremade to the final accepted SS3 assessment msdédlas the basis of managenfenGulf

of Mexico Red SnappefTo mimic the complex population and fleet dynamics of the most

recent assessment, particularly discard and retention assumptions, it was necessary to utilize the
SS3 framevork for the projections and maintain the general model structure. The projections
assumd that.thereveretwo distinct populations east and west of Migsissippi River outfall

area that seldom intermfgllowing settlement to the adult habitautwere assumed toave

identical life*history parametergd., time-invariant growth, natural mortality, fecundjtgnd
weight{ength conversions; sdable2 andSupplementary Material Tablg.1The fisheries on

the two papulations, howeveweremodeled separately with unique fleet dynamatirt levels

and selectionspatterns.

MS¥for'the various methods implementgds calculated ianiterative fashion by
projecting a series of constantal fishing mortality rate (F) for 100 years and selecting the
fishing mortalitythat produced the highest average yield (retained catch only, not including
discards)uring the last 10 years of the projections (by which time the projections had sthbiliz
into approximate equilibrium)Different method for assigning the overall fishing mortality to
individual fleetswere utilized depending on which MSY value was being calculated,
maintaining,a constant proportion among fleets or fixing fpeteificfishing mortalitiesat a
particularwvalue; seEleetDynamics and Reference Poinessons below for more details).
Although the two populationseremodeled separately with distinct fisheries and different
abundance levels, the metrics used for the proxies such agelomgield and spawning
potentialwerecalculated GuHwide (i.e., for both populations combined) to reflect current

management-practice.

Recruitment assumptions.—Following the most recent assessmehe annual Gulfwide
recruitmentof age-0 Red Snappaasmodeled by a Beverton-Holt function of Gwide
spawning potential (total egg productiamhere the recruits that contributed to each population
were allocated based on the assessment terminal yee2(.8),apportionment fact¢rable 2)

To explorethow assumptions regarding the reliance of recruitment on spawning potentia
impactedthe vaious reference pointthe Beverton-Holt model was applied assunstegpness
valuesof 0.7 (moderate densitgependent compensation), 0.85 (high density-dependent
compensation), and 1.0 (constant recruitment independent of spawning pot&wtiaach
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recruitment parametrizatiothe entire assessment model was rerurafirghrameters were
reestimated with the nefixed steepness value to rescale the SS3 models and maintain
consistency across projections. The parameter estimatefigielyeconsistent across steepness
runs except for values of the virgin recruitmefRd;(see Table 2 foR, values), which wadue to

the high levels of correlation among recruitment parameters (i.e., between steepness and virgin
recruitment). The base assessment model (steepness = 1.0) provided the bekttét to

Alternate runs'demonstrated slightlggraded diagnostics, but generally performed well and

were deemed sufficient for the current analys&l$hough steepness valuether than the
assessment estimate of &i@ completely hypothetical, they represent a plausible range for
similar, relatively productive reef fisStsEDAR 2009.

Fleet dynamics.——Themost recent assessment explicitly models seigimctfleets in each
region (i.e., eastern or western Gulf, denoted by E or W, respectively, following¢he fl
abbreviation): foudirected aRed Snappercpmmerciahandine (HL_E, HL_W), commercial
longline (LikmEwlLL_W), recreational headbogtdBT_E, HBT_W) and recreational
private/harter(MRIP_E, MRIP_W] andthree that generally discaRked Snappeicommercial
vesselsvithout individual fishing quota (C_No_IFQ_E, C_No_IFQ_\Wé¢reationafishing
during thesRed Snappelosed seasofR_Closed_E, R_Closed_W), and shritrgwl bycatch
(SHR_E, SHR_W]. For each of the directed fleets, open season discards wersalsted
through the use of sizeasedetention functions with associated inpligcard mortality rates
which allowedrincorporation of discards due to regulatory measures (i.e., mirsineiend bag
limits; see SEDAR 2015 for a complete description of the retention functions \&&dtivity,
retention and discardingractices for eacfieetwere assumed to continue as they had in the
terminal year of the assessmérd., terminal year was 2013; see Figuifer2selectivity curves
and SEDAR.(2015) for retention curyes

It is impartant to note that thearious types ofliscardng (openseasonc¢losed season
and nocommercial IFQ) and bycatdrise from different fishery dynamics. Each projection
(except the'global MSY calculations) hdidected fisheryopen seasodiscards (based on
retention functions defining the fraction of fish retained), whveheincludedbecause thegre
an inherent result of a fishery with a minimum size limit. MeanwHikgards owing to

recreational closed seasoandcommercialfishing with nolFQ weredue to restrictive quotas,
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which resuleédin discards of legal size fiqsee Disced Selectivity Panel in Figure #om
fleets that would have otherwisetainedthese fisthad more quota been available (or closed
seasons not been in effect). The SS3 projections treat these fleets as independent sources of
discardswith their own selectivity patterns, because these discards do not occur froat norm
directed fishing operatis on Red Bapper (i.e., thegnayresult from the same directed fleets,
but at times of the y& when thewerenot targeting Red Snapper). Treating discards as unique
fleetshas been‘utilized in a handful of SS3 models (&.8.west coastrrowtooth flounder and
China rockfish;"Sampson et al. 2017; Dick et al. 2015) anddsssaryo adequately model
discards of legal size fish that would have otherwise been retained (instead of discards of sub
legal size fish):On the other hand, discards from the shrimp fishegyhe result of bycatch due
to shrimp trawling. Juvenile (ages 0-2) Red Snapper are caught incidentally in shvitspand
assumed to bediscarded dedtherefore, discards from the commercial and recreational
fisheries, especially from lack of IFQ and closed seasvasnuch different from those that
arise due to_shrimp bycatch, particularly in terms of age composition of theddiscar

An assumption about the relative distribution of ovearddl fishing mortalitywas
necessary to partition flegpecificfishing mortalitiesfor each projection run. The method
utilized was,dependent on the MSY value being calcul@eeMSY Reference Pointestion
below). Eleetspecific fishing mortalitis could be maintained in a constant proportion or fixed
at a specific value for the duration of the projection, but, either way, the reledperfpons or
fixed values were obtained based on the ternaisséssment year estingtd fishing mortality
by fleet (sedFigure 2bottom left panel).In addition, the total catch within a sector (recreational
or commereial) was constrained by the cuillgeptescribed catch allocation of 48.5%
commercial and 51.5% recreational (SEDAR 2015). Although fisimogality by fleetwas
scaledproportionatelyto achieve th/1SY, the scaling was also constrained by the catch
allocation by sector. Therefore, the approach utilized to scale the fishing mortality was

essentially.the same as scaling the catch directly.

MSY referenee points.—Maximum longterm yields(retained catch onlygnd associated SPR
valueswere calculated for six methodemmonly used to define MSY. The global MSY
represents théheoreticaimaximum possible harvesthile the five other methodsgere
calculatedconditional on comparatively suboptimal selection patterns. As mentioned prgyiousl
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each MSYmethod utilized a unique approach to apportion the fistahg mortalityto each

fleet Depending on the MSY methatie fishing mortality rates farertain fleets (bycatch and
discard)werefixed (based on 2013 values; Figure 2, bottom left pareher tharscaledwith

total fishing mortality(i.e., MSY was achieved contingent on fixéhfng mortalityrates of
certain fleets)., The fleetpecific fishing mortalities for the remaining fleets that were not fixed
were then calculated byultiplying the 2013Jishing mortalitiesby a common scaling factar,
which was adjusted up or down until tieéal fishing mortalitywas obtained that maximized
equilibriumyield. Obtaining MSY was thus constrained such that the 2013 relatteffibrt
allocations Figure 2, bottom right panel, dependent on which fleets used fixed aatesgctor
catch allocationsvere maintained throughout the projection.

A description of each MSY method is given including a breakdown of both the fixed and
scaled components &f,sy. Because the entire Gulf of Mexico is managed as a single
population, aggulf-wide Rysy and SPR are calculated. The eastE&rmand westernjV,
components of each fishery are treated similarly, but the resgpiecdic values are included in
each calculation of frsy.

1) MSYiglobal iscalculatedby fully harvesting aingle‘optimal ageclassand

searching oveeach potential age of entry to the fishery to determine wageh
providesthe greatest equilibrium yield (no fleet structure existsygg Bimply
corresponds to thieshing mortalitythat removes all fish at the age where growth and
mortality are balanced)

2) MS¥Y|opendiscard assumes the four directed fleettl continue to operat@vith

open season discardings they did in eactegionwith the totaldirectedeffort scaled
up ordown as necessary to maximize leslegm landings, but discards owing to

shrimp bycatch¢losed seasonand lack of IFQ have beeliminated

— HL HL LL LL HBT HBT
FMSY,a =x (FTOT_Dir,E,a + FTOT_Dir,W,a + FTOT_Dir,E,a + FTOT_DL'T,W,a + FTOT_Dir,E,a + FTOT_DiT,W,a +

F16t pir.a T FIOT Dirw,a) -

3) _MSY/fixed_nondirectdiscardsassumeshefour directed fleets wiltontinue to
operatgwith open season discardirgg they did in eactegionwith the total
directedeffort scaled up or down as necessary to maximize-terrg landings
contingent orclosed seasoand lack of IFQdiscardghat arefixed at 2013 levels, but

with no shrimp bycatch
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— FC_No_IFQ + FC_No_IFQ + FR_Closed + FR_Closed

HL HL
FMSY,G. Byc,E,a Byc,W,a Byc,E,a Byc,W,a +x (FTOT_Dir,E,a + F

TOT_Dir,W,a +

LL LL HBT HBT MRIP MRIP
FTOT_Dir,E,a + FTOT_Dir,W,a + FTOT_Dir,E,a + FTOT_Dir,W,a + FTOT_Dir,E,a + FTOT_Dir,W,a) .

4) MSY [fixed_shrimp bycatch assumes the four directed fleei continue to operate
(with open season discarding) as they did in each regibrthe total effort scaled up
or-down as necessary to maximize lgagn landings contingent on shrimp bycatch
ratesthat arefixed at 2013 levels, butcreational closed seasand lack of IFQ

discards have been eliminated

— rSHR SHR HL HL LL LL
FMSY,a - FByc,E,a + FByC,W,a"'oc (FTOT_Dir,E,a + FTOT_Dir,W,a + FTOT_Dir,E,a + FTOT_Dir,W,a +

HBT HBT MRIP MRIP
FTOT_Dir,E,a + FTOT_Dir,W,a + FTOT_Dir,E,a + FTOT_Dir,W,a

5) MS3Yifixed_discards assumes all fleets will continue to opéwétk directedfleet
open season discardings they did in eactegionwith the total effort of the directed
fleetsiscaled up or down as necessary to maximizetnglandings, but with the
effort of the nondirected fleets (i.e., closed season and lack of IFQ discards along
with_shrimp bycatch) held constant at 2013 levels (the current managemigjysira

_ pC_No_IFQ C_No_IFQ R_Closed R_Closed SHR SHR HL
Fysva = F + K + F + Fpyewa + Faycra + Foyew,at< (Ffr pirga +

Byc,E,a Byc,W,a Byc,E,a
HL LL LL HBT HBT MRIP MRIP
FTOT_Dir,W,a + FTOT_Dir,E,a + FTOT_Dir,W,a + FTOT_Dir,E,a + FTOT_DL'r,W,a + FTOT_Dir,E,a + FTOT_Dir,W,a .

6)=MSY/|linked assumes all fleets will continue to ope(atith directed fleet open
season discarding) as they did in each region with the total effort scaled up or down
as necessary to maximize loetegmlandings (i.e., the directed and ndinected fleets
all experience the same proportional change in effort):

_ C_No_IFQ C_No_IFQ R_Closed R_Closed SHR SHR HL
Fitsy.o = (F, + K + F + Feyewa T Fsycra * Foyewa + Frorpirpa +

Byc,E,a Byc,W,a Byc,E,a
HL LL LL HBT HBT MRIP MRIP
FTOT_Dir,W,a + FTOT_Dir,E,a + FTOT_Dir,W,a + FTOT_Dir,E,a + FTOT_Dir,W,a + FTOT_Dir,E,a + FTOT_Dir,W,a) .

Not all of these options for calculating MSY are viable in+walld applications. For instance,
MSY/|global is impossible to implement, while many (e.g., MSY|open_discards,
MSY/|fixed_nondirect_discards, and MSY/|fixed_shrimp_bycatch) require permanenedbsur
important fishery sectors. Similarly, MSY|linked would require managememédcsolely on
the target species and could suggest increasing bycatch to high rates (if a positive scalar is
necessary) that would oppose the MSRA requirement to reducielbyodhe extent practicable.

All of the scenarios are included for comparative and illustrative purposes, batiicglr
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399 application it is likely that only MSY/|fixed_discards could be implemented in aeviabl

400 management regime.

401 Also, in the speciatase where steepness is near the mathematical limit Gfel,0

402  recruitment is constant regardless of the level of spawning pojetitefishing mortality rates
403  that achieve.the global and conditional MS¥¥e the same as those that achieve the géotzhl
404  conditionalmaximum yield per recruit (€.gudv|giobal = FmypRiglobah FMsYifixed_discards

405  FumypRyiived discards €tC)

406

407  SPRusy|global as a BRP.—Eachof the above sy reference pointbas acorresponding

408  spawning potential ratithatcould beregarded as a management target. A similar process is
409 implementedor SPR analysisvhen thestockrecruit relationships indeterminate In such

410 instancesa designhate@PR leveis chosen that is expected to achieve a predetermined

411  biological goal (i.e., prevent recruitment overfishing) and possibly linkedyteld-basedmetric
412  (e.g., a percentagg MSY). Once the SPR target is chos#reequilibriumyield that will

413  achievetherdesignated SPR then calculatefinstead of using yield as the target metric as in
414  MSY analysis)*Althougha number of fixed SPR proxies have been suggested 4a.8FPR >
415  20-30% to-prevent recruitment overfishing, Mace and Sissenwine (1993)Sé&Rar 3545%
416  to attain >75% MSYClark (1991, 1993)], they can be arbitrary (Quinn et al. 1€3@rin

417 2012 and may not necessarily be appropriate for highly productive stocks.

418 Based on the tenets of modern MSY theory, &SRjlobal (i.e., the SSBat results

419  from MSY|global) should, over the lorigrm, be an inherently sustainable level of biomass
420 given that'itrepresents the point at which growth and mortality are balanced (agedver

421  Therefore, we suggest that the associated SPRysyRI®obd, could be used as an objective
422  target reference point proxy when the stoe&ruit relationship is welllefined. Despite

423  MSY/|global being unattainablecause it isot possible to avoidatchingfish older or younger
424  than the optimal ag@mong other issuedhe SPR level associated with Mfgbbal

425  (SPRusy|gleba) can be attained regardless of how the fisheries operate provided the level of
426 effort can be scaled appropriatelyn additionwe believe thatising SPRisy|global as a target
427  biomass reference point would adhere to the MSRA guidelines by rebuilding the stoekdb a |
428  consistent with providing the MSY (MSRA 2007).
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In many instances, thgarameters of thetockrecruit relationshiarenot welldefined
(particularly steepnessnd hence the need to deve®PR or similar proxiesWhen the
BevertonHolt stockrecruit function can be reasonably assumed for a species but steepness is
not well estimatedthe SPR corresponding to the MYPR|global, @fR|global, could be used
as aower bound for potential biomadsasedeference poinproxies. Given that YPR analysis
assumes the highest possible productivity of a population (i.e., a steepness ofi@<ihatpl
there is"no'relationship between spawners and recruits, an assumption that muatlgvent
breakdown atlow population sizes), the correspondingysFHfylobal represents a lower bound
on biomass levels that could still achieve MSY. If auxiliary information idaaito
determine.a lower bound @teepnesge.g., through life history analysis metaanalysis of
similar speecies), thean associate8PRysy|global can beleterminedusingthis steepnessalue
to provide an upper limit oreasonabl&PRproxies. For Bevertohtolt stockrecruit functions,
SPR valuesvithin this rangearelikely to maintain the populaticst a size where recruitment
overfishing,would not be a risk (since the death rate is unlikely to exceed fothjrand a
large mrtiomefMSY|globalwould be achievablig optimal resource utilization was possible.
Although, 1t should be noted that for less productive species a lower SPR bound corresponding to
a steepness of 1.0 may be toa, and if information exists to bound steepness at a value less
than 1.0,.then calculations based on this steepnesscaaiu®e utilizedo define the lower bound
on SPR.

Additionally, when uncertainty exists in the sta@cruit relationship itselbr recrutment
dynamics do'net conform to the Bevertidoit stockrecruit function thesearch processould
need to beexpanded. With uncertainty in the functional form of the stock-recruit function, it
would be necessary to perform an extensive seanassbah stockrecruit functional forms
and steepness values to determine appropriate Eovdenpper SPR bounds. On the other hand,
if the functional form is known, but is not a Bevertdok stockrecruit function, then it would
be necessary.to search over fitausible extent of steepness values to determine both the upper
and lower bounds of SPR (e.g., when Ricteckrecruitfunctions are assumed, the lower SPR
bound would no longer be expected to occur where steepness = 1.0).

Once the range of SPR values has been established, the desired relative mix of fleets
along with the extant bycatch or discard rates can be utilized to calculate therlongeld
required to achieve the SPR bound@ssentially, MSY|fixed_discards can be calculated for the
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460 rangeof steepness valug¢associated with the SPR bounday the total fishing mortality that

461  achieves the desiré&8PR level can be determined. The lower bound of the SPR values (e.g.,
462  SPRyver|global for BevertorHolt stockrecruit functions) provides a limit below which the

463  population would not be expected to be able to produce MSY|global. The upper bound

464  (associated,with the highest steepness value for Bevedtirstockrecruit functions) provides a
465  cutoff above which rebuilding targets would be overly conservative given that the population
466  should be"more productive than indicated by this steepness vakimple risk analysis based
467  on the degreeof biologicahcertainty (in the estimated stedcruit parameters and functional
468  form) andiaccounting for any important socioeconomic factors could then be implemented to
469  determineherdesired SPR target and allowedieh from the range provided by the SPR

470  bounds (see Figure 3 for a flow diagram describing theysH&obal method) We illustrate

471 how the method can be applied by comparing SPR bounds (and associated retained catch) for a
472 plausible range of steepness values {0170) for Red Snapper.

473

474  Senditivity Run==To provide a more in depth comparison among the two MSY methods most
475  commonly‘utilized when there are multiple fleets and bycat@Y |fixed_discardsand

476  MSY/|linked(Powers 2005; SEDAR 2015), a sensitivity run was implemented with increased
477  bycatch and disord rates. The purpose of this run w@slemonstrate that, despite previous

478  analysis which implied that MSY/|linked was greater than MSY|fixed_dis¢augls Powers

479  2005), therelationship among these MSY methods is context dependaetitisfatea situation
480 where MSY|linked became greater than MSY/|fixed_discards, the two MSY methads we

481  calculatednsassensitivity rurwith a 15-fold increase innitial bycatch and discaraates. The

482  sensitivity runlevels ofbycatch and discasdverenot meant to represent any real world scenario
483  for Red Snappethey were simply chosen to illustrate the relative properties of the two MSY
484  methods.

485

486  Metrics—The'results of theix MSY methods for each value of steepnessecompared based
487  on equilibrium,yield and resulting SPRnalyzing results across MSY methods and stock

488  productivity levels (i.e.steepness values) demonstrdtexitradeoffs and biological implications
489 inherent in each assumption for calculating Mi8&6ed biological refenee points. The same
490  metricswerethen providedor SPRysy|global whereyield wascalculated assuming current
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491  bycatchand discardevels(i.e., from the MSY/|fixed_discards yield curve) to demonstrate how
492  using our propose8PRysy|global framework comparegith current MSY methods

493

494  <A>Results

495 MSY]global for the base model (steepness = 1.0) occurred at an SPR of 24% when fish
496  were harvested at age 10 (Table &% the steepness values decreased, the age of optimal
497  harvestiandresulting SPR increatadVISY|global(Table 3, Figurel). Similarly, MSY/|global
498  consistently"produced the highest yialtl often the highest SRiRmpared to conditional MSY
499  methods assuming the same steeplea®sd (Table 3, Figure 5 and Supplementary Material

500 Figures 12). Hoewever, with steepness values less thantieOSPR associated with MSY|linked
501  washigherthan’SPRisy|global, but MSY]|linkedlways resulted in the lowest yie{dot

502 including the sensitivity run, see below). Although MSY|open_discards,

503 MSY]fixed_nondirect_discards, MSY/|fixed_shrimp_bycatch, and MSY/|fixed_discards

504 demonstratedimilar SPRevelsacross steepness values, resultant yield was higher for

505 MSY|opengdiscardandMSY |fixed _nondirect_discard3able3, Figure 5). Theeffectof

506 decreasing'steepnesss similar for allthe conditionaMSY reference pointsSPRincreased

507  with declining steepness all caseswhile the foregone yield (compared to what could be

508 achieved.at'MSY/|globafftenbecameanore ponouncedTable3, Figure 5 and Supplementary
509 Material Figures 22). Additionally, in the absence ofralationship between spawners and

510 recruits(i.e., asteepnessf 1.0), therewvaslittle risk of recruitment overfishing and therefore

511 little consequenc® fishing the stock dowto low SPRlevels. Therefore, the equilibrium yield
512  curves associated with a steepnesk.@becane highly skewed towards lower SPR (Figure 5),
513  whereas those associated wiatver steepness values (Supplementdaterial Figures 1-2did

514  not have this propertyindeed, as steepness values declined, SPR values associated with each of
515 the conditional MSY methods rapidly converged towardsyzRRlobal.

516 Utilizing/SPRysv|globalas a biomass target where theld streamsequired to achieve
517 it were calculated using current discartt bycatclpractices (i.e.cetermined based on the

518 MSY]|fixed discardyield curve) resulted in limited foregone yield compared to using

519  MSY]|fixed_discardslirectly (Table 3, Figure 6). In fact, the fraction of MSY|global obtained
520 for each steepness value was nearly identical between the two approaches despite the greatly
521 increased SPR values associated BRR,sy|global (particularly at high steepnessues) For
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the current case study, the yield curve tended to be relatively flavi$4fixed_discards,
which allowed the yield associated with obtaining §Rfglobal (assuming current discards and
bycatch) to be similar thSY/|fixed_discards

The relationship among MSY |linked and MSY/|fixed_discards was variable degemd
the assumed.levels of discards (Supplementary Mategate 3). An interesting facet of
comparing.the base model to the sensitivity run was the demonstration that M&¥Hectomes
more conservative (i.e., favors higher SPR values) as bycatch and discards,imdréase

MSY |fixed" discardseads tadeclining SPR values under these circumstances.

<A>Discussion

When multiple fleets exist and bycatch or discardsrapertant factors in the total catch
attempting to uniquely define MSY is not possible (Goodyear 1996). A variety of methods can
be utilized to determine the maximum long-term yield conditional on the atacattithe
resource among fishing fleets and between directed and non-directed sectors (Maunder 2002)
Assumptionsrabout the relative mix of fleets can have important implicatiotisefoesulting
MSY (Beverton and Holt 1957). However, less acknowledged is the impact of MSY method on
resulting reference points (Powers 2005). Our results demonstrate tbatthi@ation of stock
productivity; fleet allocation, and MSY method are all important factors méing resulting
yield streams and rebuilding targe®esults presented here support Powers (2005) and Porch
(2007) thatviSY |fixed_discardsandrive a population to low equilibrium abundance as discard
or bycatchdevelincreaseandmaylead to population collapsesteepness values are
overestimatedThus,it maynot provide a sustainable target reference point (Supplementary
Material Figure 3 MSY/|fixed_discardessentially treats bycatch and discards as independent
sources of mortality, which the directeddts must compete with to maximize yiéle., in the
same manner.that yield maximization must balance death due to natural mortdigygfore,
when bycatch ar discard rates are fixed at high levels, directed fishing mortality rates must also
be increasedto maximize yield (to avoid losing potential landingedd discardshich can
lead tocritically. low resulting SSB

Despite the dangerthere is often suppoir the MSY |fixed_discardspproach, because
it is an MSY-based targdahatallowsincreased harvests compared to alternative MSY methods
(e.g., MSY/|linked) when high bycatch and discarding is occurring (Porch 2007). The results
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553  presented here clearly illustrdtet, for the highly contentious and complex case of Red

554  Snappersimply cdculating the suite of MSY methods (when multiple fisheries exist with

555  relatively high levels of bycatch and discards) may result incomservativeSPRtargets if

556  managers. freely choose among MSY values without fully understanding the biological

557 implicatons,ef.each. In addition, ignorance of complex biological dynamics (e.g., spatial

558  processes).in the models used to calculate MSY can exacerbate such decisions and lead to
559  extremély’lowbiomastargets (SEDAR 2015)

560 On'the'other hand, MSY |linkedsultedn biomass levels thatereoften similar to those
561 associated with MSY/|globalContrary to MSY|fixed_discardSPRtargetsbased on

562 MSY]|linkedbeeome more conservative lagcatch or discards increase (see Supplementary

563  Material Figure'3)because ils assumeé that discards or bycatch will proportionatelyange

564  with directed fishing effort. Althougtlirected fisheryiscards may be expected to scale with

565 directed effort, the same is not true for bycatch or closed season discard$oréhtre

566 MSY]|linked approach suffers from foregone yield, wheM&¥ |fixed_discards may be

567 unsustainableGiven the deficiencies in these two common forms of calculating MSY with

568 bycatch and discards, alternate methods are warranted.

569

570 <B>The.SPRisy|global Approach

571 SPR proxies are widelysed in the United States and worldwide where the desired level
572  of SPR is'usually chosen to retain the stock within safe biological limits based on life history
573  characteristicssand meganalysis (Cadrin and Pastoors 2008). However, the choice of SPR can
574  be subjective«{Quinn et al. 1990; Cadrin 2Q0H2)d, unless a value is chosepriorito viewing

575 assessment results, it can leapgdst hoadecisions by stakeholders and managers that are overly
576  dependent on resultant yield and ignore the biological basis of the SPR af@disigpa 1999).
577  Clark (1991,.1993) proposednain-max approach to optimize catch when faced with uncertainty
578 in recruitment dynamics, whidilms becomene of the most often cited methods for defining

579  SPR proxies:“He demonstrated that, for a wide array of life history, stock pragyetnd

580 recruitmentwariability combinations, SPR values ranging 26m 45% would usually provide
581 atleast 75% of MS¥Yand maintain populations within safe biological limitdowever, \ithout a

582  predefined and fixed MSY value against which to compare life history or stock praeuctiv

583 uncertainty, the mimax approackan bedifficult to implement For instance, the SRRrget
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will differ significantly depending on whether MSY|linked\8Y |fixed_discardss used as the
yield metric to be optimized, while yeto-year variations in bycatch or discards could lead to
fluctuations in SPR targets as the analisierun in sibsequent years of the rebuilding plan.
One approach to avoid ‘moving targets’ for stock rebuilding plans is to assume thah bbgitedc
will remain_censtant over the course of the rebuilding plan, thereby maintainomgtzat
rebuilding target when using MSY/|fixed_discaadsthe basis of the mimax approach (e.ghe
approach ‘utilized for various speciescodibin the North Pacific U.SSiddeek 2003; Siddeek et
al. 2004, Siddeek and Zheng 200&owever, when bycatch rates are volatile and differ
substantially from year to year, assuming constant bycatch lsaddo projectegield streams
that may net support stock rebuilding.

We suggest that an alternate approach may be better suitamhrplexfleet dynamics
including variable rates of discarding and bycatch (e.g., Red Snapper) and proposeitigabai
rebuild to the inherently sustainable level of SSB associated with MSY |gldle an
objective biomass target in such circumstanasthough MSY/|global is not obtainable, the
associated*SPR will usually be achievable in the tengr given the correct management (i.e.,
yield streams)sregardless of fleet dynami@ven that MSY|global is independent of selectivity,
discardsorbycatch and relies only on life history factors, we believe that usingssRfobal
as an SPRetargerovides a more stable and conservateference pointompared to using the
biomass associated with any of tenditional MSYvalues. Additionally, when the yield
streams required to achieve SR|global arecalculated based on extant fleet allocations,
selectivity patterns, discard levels, and bycatch ratesf(om,the MSY|fixed_discards yield
curve), thesframework can be employed without disruption to the various fisherigitualions
where bycatch and discard levels are moderate or low, it is likely to leadttxlimregone
yield compared.to MSY/|fixed_discardBaple 3. If bycatch oriscard rates vary throughout the
rebuilding periodparticularly discards due to closed seasamigmited IFQ, both of which
mightbe expected to decline, in most cases, as the stock repupdsted MSY |fixeddiscards
yield curvesscame computed to adjust projected catdmasaintain the rebuilding schedule.
However, SPR targets would not chamagecatches are updated

We believe that this framework providasinique method to choose an SPR pioxsed
onthe inherently sustainable scientific basisv8Y|global analysis (i.e., choosing an SPR value
corresponding to the point on the MSY/|global curve where growth and mortality are dalance
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615 Interestingly, our analysis suggested that, regardless of tleelyind recruitment dynamics

616 tested(i.e., steepness valudsy Red SnappelSPRysy|globalvalues (2438%) were within the

617  range of values suggested ®lark (1991, 1993) as both sustainable and likely to provide a large
618 fraction of MSY. Given that the application was for a highly productive species, we would
619  expect that.the resulting SPR valaesieved hergiould be towards the lower boundlculated
620 for mostotherspecies.

621 Similarly, given thathe base model with steepness = 1.0 represents therodsttive

622 and resilienpopulation dynamics possibee., constant recruitmenyhen a Bevertotolt

623  stockrecruit function is assumedie suggest tha®PRuypr|globalcan be effectively utilized as
624  alower bound+for SPR proxiefn the case of BevertaHolt stock-recruit functions,

625  SPRuver|globalis always lower than SRR/|global associated with lower steepness values.
626  Thus, where SRigyv|global is unknown because steepness is poorly determined, one can be
627 reasonably assured that it is greater than\gRgglobal. Additionally, if the functional form of
628  recruitment.is also uncertain, we suggest that the lowesi§RRobal over a range of both

629 plausible steepness values and st@ckuit functional forms should be used as the lower bound
630 for an MSY:proxy (Figure 3).

631 Aswith any analysis based on dynamic pool models, the proposed framework has a
632 number ofscaveats and limitations. Foremost, it is expected that the results (e.g., associated
633 levels of foregone yield and tivalue of SPR targets) will daghly context dependent. We only
634 applied the method to a single species and life history. Although the results may hiotdldor s
635 reef fish species, it is unknown how the results may differ for species with vastly different life
636 history or recruitmeindynamics. In addition, the projections assup@@meter stationarian

637 inherentassumption of most dynamic pool models; Forest et al.)28idthe yields necessary to
638 achieve the longerm SPR target may differ as estimatesedéctivity, recruitmet, bycatch, and
639 discarding.are updated in subsequent years. However, because the SPR targeindentef

640 these factors, it will not change unless fundamental life history characteristics are aitéchd,
641 is one of thestrongest qualitiesf using SPRsy|global as a biomass reference point

642

643 <B>National Standard 1 and the use of SiPéXies

644 National Standard 1 (NS1) of the MagnusstevensReauthorizatiomct (MSRA 2007

645  states that conservation and management measures shall praréishing while achieving, on
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a continuing basis, the optimum yi€l@Y) from each United Statdishery. The Act defines
"optimum®, with respect to the yield from a fishery, as the amount of fish which (A) will provide
the greatest overall benefit teetNation, particularly with respect to food production and
recreational opportunities, and taking into account the protection of marinetecusy®) is
prescribed.as,such on the basis of the maximum sustainable yield from the fishery, as reduced by
anyrelevant economic, social, or ecological factor; and (C) in the case of an overfished fishery,
provides forrebuilding to a level consistent with producing the maximum saiskaiyield in
such fishery:As'we interpret the MSRA rpvision Cimplies thatregardless of how OY is
reduced in comparison to MSY, the target stock size should not fall below théhkweould
produce the MSY.

In this paper we have shown that settig equal to one of the conditional MSY
metrics as has been proposed for Gulf Red Snapper, would tend to drive the stock below the
spawning-stock biomass level that would support MSY/|glolmalhe opinion of the authors,
would seemmore consistent with the intent of the Acttaintain thespawning stock air
above thedevel that will produce the glob#bY. In practice, however, the level of spawning
stock that willssupport thglobalMSY is often uncertain becautee relationship between
spawningsstock and subsequent recruitneepborly estimatear undeterminedIn such cases it
is comnonasto useSPRproxies that are thought to correspond closely to the MSY. Given the
various limitations of MSYproxies and the high degree of uncertainty in the steckiit
dynamics for most species, we recomm8miR,ypr|globalasalower boundfor SPRbased
reference poimtwhen Beverton-Holt stodkecruit functions are assumeth these caseshe
SPRproxy selected should lggeaterthanSPRyvpr|globalwith the selection procesgiided by
a simple risk analysis where tbpper bounds defined by the SP{y|global corresponding to

the lowest plausible steepness value (Figure 3).

<B>Implications for Red Snapper

The Gulf of Mexico Fishery Management Council’'s Scientific and Statistical Committee
has recommended that Red Snapper be managed using an SPR target of 26%, based on previous
MSY/|linked analyses and the recognition that MSY targets were not well defined (GMFMC
2007). The current SPR targ#tlls within the range of SRiRy|globalvalues(0.24 - 0.38) given
plausible steepnessvelsfor the populatiorgi.e., 0.7— 1.0). The current analysis indicates that
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there is likely limited foregone yield with a reluing target of SPR 26% compared to fishing at
the rate that achievédSY/|fixed_discards.Yet, the conservation benefits are likely to be
substantial as thiarget SPR of 26% is twice that of MSY |fixed_discards. Additionally, because
target SPR values are set for the entire Gulf of Mexico Red Snapper resowerdarget values
risk allowing.regional (eastern or western Gulf) SPR to fall well below thev@d# target. For
instance, when'regiospecific SPR was calculated for Red Snappenvi§¥|fixed_discards
approachledto' SPR values for the eastern stock region below 5% (SEDAR 2015). At such low
regional SPRthe potential for recruitment failures may be greatly enhancedoeadnghly
productive species such as Red Snappée current Gulf-wide SPR target is likely to avoid
such severe regional depletion.

As mentioned earliethere area number otaveatdor this analysis mainly due to
various factorgshatwere not included or explored in the projections. For the Red Snapper
applicaton specifically, gven the importance of discards and, in particular, shrimp bycatch, an
assumptiohatwarrantsfurtherconsiderations the impacof density-dependent juvenile
mortality onsprejected yield Because shrimp bycatch mainly selects agdifh, there is a high
degree of interaction between bycatch fishing mortality and juvenile natural mqiGsditgy et
al. 2008;Gallaway et al. 2017). When density-dependent natural mortality durindguifeni
stages is.not accounted for in the assessment and resultant projgé&iptie current approach),
there is a possibility of overestimating MSY and rebuilding potential by assigniegilgv
naturalmortality to other mortality sources (e.g., shrimp bycatch; Forrest et al. 2013).
Incorporation“ef density-dependent juvenile mortality would likely alter the resfubtsr
analysisand«future work is warranted to investigate the specific impacts that it would have on
reference points and associaygeld streams.

The results of the current studgnerally support those similar Red Snappebased
MSY studies by, Schirripa (1999) and Powers (2005). For MSY|fixed_disghedsiethod used
by Schirripa.andPowers’Method Il) both studies demonstrated that as the bycatch increased, the
resulting SSB"at MSY declined. Whereas, when MSY|linkeevers’ Method I) was utilized,
higher bycatch rates were associated with lower directed fishing mortality (due to the
proportionality constraint) and resulted in higher SBRth results are suppoddy our

analysis (Supplementary Material Fig@eandlower SPR values were associated with
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MSY/|fixed_discardeompared tdMSY |linkedfor the same initial directed ambn-directed
fishing mortality rates (similar to Powers 2005)

Our calculation that MSY|fixed_discards exceeds MSY/|linked (in the base rddtésh
from the simulations conducted by Powers (2005), which suggested the opposite. Hdwever, t
opposite conelusion was reached in the sensitivity run when these metrics were recalculated with
a fifteenfold inerease in initial bycatch and discard fishing mortalities (Supplementary Material
Figure 3)."Therefore, our results demonstrate that the relationship amofjtinksl and
MSY! |fixed"dis€cards is context dependent, but strongly influenced by initiavesfeghing
mortalities and the scaling required to achieve MSY. Powers (2005) illastralie one of the
possible relationshipgmong these two MSY methods, whereas we have generalized those
results in our sensitivity runBased on first principles (assuming the same initial and relative
fishing mortalities among methods), when all directed anddi@tied fleets are scaled
proportionately (MSY/|linked) the resulting MSY will be higher than the correspgndi
MSY! |fixed.discards (where only the directed fleets are linked) if achieyigg fequires
decreasingrtherinitial fishing mortalities (i.e., if the scataffom Equation 1 is less than 1.0).
On the other'hand, if achieving:&y requires increasing the initial fishing mortalities (i.e., the
scalar is'greater than 1.0), then MSY/|fixed_discards could be, but is not necessarily, greater than
MSY|linked: The reason for the reversal in relative MSY values is that when the scalar is less
than 1.0 the equilibrium bycatch/discard fishing mortality must be lower for M&¥lithan for
MSY |fixed.discards, because bycatch/discard fishing mortality is fixed iattke method and
reduced (below,the initial values) in the former. Thus, MSY/|linked would kill fewbrdige to
bycatch and.discards and, because some of these fish are able to survive and be landed by the
directed fishery, yield must be greater for MSY/|linked. Wihenl0 the situation reverses and
bycatch and discard mortality are increased for MSY|linked. However, in thasiait the
relationship.between MSY/|linked and MSY/|fixed_discards depends on thegkstic
selectivity, relative fishing mortalities, and skerecruit relationship. Additionally, these results
are based.en"MSY being defined by retained yield and not total catch.

<B>Summary

Attempting to limit bycatclor discardsan be extremely difficulfDiamond2004). In
such instanced; is imperative that projections of biological reference points angliéhe
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738  required to attain them account for these sources oflimentedincidental catch. tlis often

739  most realistic to assume that bycatethdiscardsaregoing to remain at some @age or recent

740 rate and perfornMSY|fixed_discardsanalysis. HoweveMSY |fixed_discards can lead to

741  detrimentally low SPR values, because bycatch and dsasrdssentially treated as an

742 additional seurce of mortality against which directed fisheriast compete to maximize yield.

743 Inresponse.to.the question posed by Maunder (2002) of “...how do we define MSY with respect
744  to the effortallocation among the fishing methods.w@’suggest that, perhaps, this is the

745  wrong queéstion'to be asking. Instead we propose that the goal should be to define sustainable
746  biomass targets based on the only invariant (assuming stable life history parameters) version of
747  MSY, MSYglebal.Using SRysy|global as a biomagsoxy with associated yield taken from

748 the MSY/|fixedrdiscards yieldurveprovidesan objective alternative for determinipgoxies

749  that conform tdhe MSRANational Standard guidelinesyhile accounting for the current

750  effort alocation among fleets (i.e., the allocation that results in the leasiption to fishery

751  practices)..The resultpresented here may notcessarilyhold for all life history patterns or

752  bycatchandwdiscard scenariosutit is expect that the general framework could be useful for

753  defining SPRproxies for almost any fishefjhe Red Snappdishery in the Gulf of Mexico

754  represents.one of the most complex assessment and management scenarios in the United States
755  given the.many stakeholders and competing sectors (e.g., commercial, recreaitbsiatirap

756  bycatch) vying for a portion of the resou(&zhirripal999). Based on our analyses udreyl

757  Snappers.a casetsdy, we believe thaisingSPRysy|global as an SPR proxgn be a feasible

758  method forobjectively determining reference points when complex fleet dysmamist, global

759  MSY cannot:be achieved in practice, and there is a lack of agreement on appropribtes&PR

760  reference(points.

761
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927 <A>Tables

928 Tablel: List of common acronyms used throughouttd.

Acronym

Definition

Meaning

MSRA
NS1

BRP

MSY

Fusy

SSBysy
MSY/|global
(0)4

YPR

MYPR

SPR

MSY/|open discards

MSY |fixed_nondirect_discards

MSY/|fixed_shrimp_bycatch

MSY |fixed_ discards

MSY|linked

Landingsfrom MSY/|fixed_discards

MagnusorStevens Reauthorization Act

National Standard 1

Biological Reference Point

Maximum Sustainable Yield

Fishing Mortality the Achieves MSY
Spawning-StocBiomass Resulting from Fishing afy

Global MSY
Optimum Yield

Yield-per-Recruit

Maximum YPR

Spawning Potential Ratio

MSY without Bycatch oClosed Season/IFQiscards

MSY with Fixed Closed Season and IFQ Discards

MSY with Fixed Shrimp Bycatch

MSY with Fixed Closed Season and IFQ Discards an

Shrimp Bycatch

MSY with Effort of All Fleets Proportionally Linked

SPR Associated wittGlobal MSY or MYPR Achieved

This article is protected by copyright. All rights reserved

Law governing marine fisheries management in United States federal.waters
Component of MSRA defining the use of MSY as the basis of management advice
A target or limit biomass level or fishing mortality rate against which current stock statu:
be measured
Maximum sustainable yield that can be obtained given the life history characteristics o
species and the fleet dynamics of the fishery, which accounts forrsmeht dynamics
The level of fishing mortality that when fished over the loeign will achieve the MSY
The level of spawning stock biomass that results whgr 5 fished in the longerm.
Theoretical maximum sustainable letegm yield achieved by harvesting a single age cla:
where growth and death are balanced
MSY as reduced by any relevant economic, social, or ecological factors
Long-term yield that can be achieved at a given fishing level assuming there is no relationship
between spawners anecruits.
The maximum longerm yield that can be achieved assuming there is no relationship bet
spawners and recruits (equivalent to associated MSY if steepness = 1.0)
Measure of depletion comparingsultantspawning biomasper+ecruitto the virgin level of
spawning biomasper-recruit.
MSY calculated with only directed fleets (including open season discards), but assumir
closed season or lack of IFQ discards and no bycatch
MSY calculated with directed fleets (including open season discards) assuming fixed c
season and lack of IFQ discards, but no shrimp bycatch
MSY calculated with directed fleefscluding open season discards) assuming fixed shrimp
bycatch, but no closed season or lack of IFQ discards
MSY calculated with directed fleefscluding open season discards) assuming fixed shrit
bycatch along with closed season and lack of IFQ discards
MSY calculated assuming that all directed (including open season discara®)redicected
(i.e., shrimp bycatch, recreational closed season, and lack of IFQ) fleets are proportionally
scaled based on a desired relative effort scheme
Yield streams prescribed by the MSY/|fixed_discafidid curve that achieve tH&PR



yield curve at SPRsy|global with CurrentFleet Dynamics associated with global MSY

Commercial directed fishing fleet (includes both landings and open season discards d

HL Handline Fleet o o
minimum size limits)
) Commercial directed fishing fleet (includes both landings and open season discards due to
LL Longline Fleet L o
minimum sizdimits).
Recreational directed fishing fleet (includes both landings and open season discards ¢
HBT Headboat Fleet . ) o
minimum size and bag limits)
) ) Recreational directed fishing fleet (includes both landingsoped season discards due to
MRIP Recreational Private/Charter Fleet . ) o
minimum size and bag limits)
C_No IFQ Commercial Discard Fleet without IFQ Commercial nofdirected discard fleet resulting from lack of individual fishing quota (IFG
. . Recreational nowlirected discard fleet resulting from ndivected fishing effort during Red
R”Closed Recreational Discard Fleetuing Closed Seasons
Snapper closed seasons
SHR Shrimp Bycatch Fleet Non-directed shrimp trawl bycatch fleet primarily discarding ageRed Snapper
SS3 Stock Synthesis 3 Integrated stock assessment program used for the current analysis

929 Table2: sModeled population dynamics for the MSY projections inclugiaginent prameteraluesand equations? is recruit
930 apportionment to each regidmis steepnes$® is virgin recruitment, an83By is the virgin spawning stock biomagdsotethe new
931 Ry andSSB,for alternate recruitment parametrizatigakhough all parameters were reestimated when the steepness was changed,
932 parameter estimategere similar to the base modeh)= 0.85,Ry = 231 million fish,andSSB(,=6.69E+15 eggs; and for= 0.70,Ry =
933 291 million fish andSSBy=8.41e+15 eggs.
934
935
Derived quantity Equation Parameter values
Recruitment ) R =P hRoS5Byear Peas = 038 Pues =0.621= 1.0
Regvear = TAT€A SSBy (1 — h) + SSByeqr(5h — 1) Ro = 169 millionfish
Growth Curve L(t) = Lo [1 — e F(=t0)] L, = 85.64cmk = 0.19yf", to = -0.39
Weight-Length
. . Weight = al? a=17E5b=3
Relationship
Fecundityat-Age (Fec) Input SeeSupplementary Materidlable1
Selectivity (S Input See Figur@ and SEDAR (2015)
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Retention Ret)
Discard Mortality DM)
Natural Mortality (M)
Directed Fishing Mortality
(Fpir) by Fleet
Directed Discard:=Fishing
Mortality (Fpis)-by-Fleet
Total Directed Fishing
Mortality (Fro_pir).DY
Fleet
BycatcliClosed"Season
DiscardFishing'™Mortality
(Fgyc) by Fleet
Total Fishing Mortality
(Frot)
Total Mortality=@)
Abundanceat-Age«(N)

Spawning Stock Biomass
(S8)

Retained CatclatAge,(C)
by Fleet

RetainedYield\(Y).by

Fleet

Spawning BtentialRatio
(SPR)

Input
Input
Input
FFleet —
Dir,Reg,AgeYear —
Fleet _ pFleet _ Fleet Fleet
Disc,Reg,Age,Year — Dir_Mult,Reg,year(1 RetDir,Reg,Age) DMDir
— pFleet Fleet
- FDir,Reg,Age,Year + FDisc,Reg,Age,YeaT

FFleet
Tot_Dir,Reg,Age,Year

FFleet — SFleet FFleet
Byc,Reg,Age,Year — “Byc,Reg,Age’ Byc_Mult,Reg,year

Fleet Fleet

+ FByc,Reg,Age,Year

FTot,Reg,Age,Year = FTot_Dir,Reg,Age,Year
Fleet
ZReg,Age,Year = FTot,Reg,Age,Year + MAge
ZReg,Age,Year

NReg,Age+1,Year+1 = NReg,Age,Yeare

20
— -0.5Z,
SSBYear = Z (FeCAgeNReg,Age,Yeare Reg,Age,Year)
Reg Age=0
FF}eet
Fleet _ o —ZReg Agey Dir,Reg,Age,Year
CDir,Reg,Age,Year - NReg.Age,Year(1 e eg-A9¢ ear) 7 -
Reg,Age,Year
20
Fleet _ 11/ Fleet ~Fleet
YDir,Reg,Year - Z M/Age CDir,Reg,Age,Year
Age=0
SSB
R
SPR =
SSB,
Ro

See SEDAR (2015)
See SEDAR (2015)
SeeSupplementary Materidlable1

Directed Fleets are HL, LL, HBT, and MRIP
Fishing mortality due to open season disca

for adirected fleet

Total fishing mortality for a directed fleet

Bycatchand Closed SeasdiscardFleets are
C_No IFQ, R_Closed, and SHR

Total Fishing Mortality Summed Across All
Fleets

Note thatMortality is Discounted foMidyear
Spawning

Retained Catch for a Directed Fleet

See SS3 Manual (Meth@a015 for a
Complete Description of the Length
Integrated FleeSpecific Weightat-Age (W)

SSBy = 4.91E+15 eggs
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936 Table3: Maximum sustainable yield (MS¥Ynd resulting SPR values feach recruitment

937  parametrization and yield maximization method (ordered by decrestsgness and decreasing
938  SPR within eaclsteepness scenayiolhe retained yield that achievB®Rysy|global given

939  current fleet dynamics and bycatch/discaatks (i.e., from th®ISY|fixed_discardyield curve)
940 is also provided Harvest rate (retainetimber#otal abundance) is provideabs afishing

941  mortality metric. For MSY/|global the age of optimal harvest is provided in parenthesis.

942
o Yield Relativeto PR SPR Relativeto Harvest
M SY [global SPRy sy |global rate
Steepness = 1.0 (Base M odel)
MSY |global (Age 10) 1.00 0.24 1.00 0.0097
LandingsfremsMSY |fixed_discardgield
curve atlSPRey[global 0.38 0.24 1.00 0.05@
MSY |linked 0.33 0.23 0.98 0.0669
MSY/fixed_nondirect_discards 0.46 0.14 0.56 0.0182
MSY|open_discards 0.45 0.13 0.45 0.0184
MSY|fixed_ shrimp_bycatch 0.41 0.13 0.54 0.0546
MSY|fixed_discards 0.40 0.12 0.50 0.0555
Steepness = 0.85
MSY linked 0.30 0.33 1.13 0.0552
MSY|global (Age 11) 1.00 0.29 1.00 0.0088
Landingsfrom MSY |fixed_discardygield
clirve at SPRey[global 0.34 0.29 1.00 0.0500
MSY/|fixed_nondirect_discards 0.40 0.27 0.92 0.0146
MSY|open_discards 0.39 0.25 0.87 0.0152
MSY|fixed_shrimp_bycatch 0.35 0.25 0.86 0.0513
MSY fixed_discards 0.34 0.24 0.83 0.0520
Steepness = 0.70
MSY |linked 0.28 0.42 1.10 0.0455
MSY/global (Age 13) 1.00 0.38 1.00 0.0073
Landingsfrom MSY |[fixed_discardgield
cule'at. SPRe, [global 0.30 0.38 1.00 0.0487
MSY fixed_nondirect_discards 0.36 0.37 0.97 0.0123
MSY |open_discards 0.35 0.35 0.93 0.0128
MSY |fixed_shrimp_bycatch 0.31 0.35 0.92 0.0497
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MSY |fixed_discards 0.30 0.34 0.89 0.0503

943

944  <A>Figures

945  Figure 1. Summary of the variousiological reference point modalsedio manage federal

946 fisheries in the United States. Methods are presented by region and given as aopéreent

947  total number of'stock assessments included in the analysis for that region (sample sizes are
948 provided aboveseach bar). The percent composition of each metiosd alt regions is

949  provided inyparenthesis next to the corresponding method in the legend. Datdlistzmeta
950 analysis of stock assessment reports from the National Marine Fisheries Service (NMFS) Species
951 Information System (SI$ttps://www.st.nmfs.noaa.gov/sisPortal/). Abbreviations are: Catch
952 (catchbased BRP targets); MSY (maximum sustainable yield); OTH (otherspexified BRP);
953  SPR (spawneperrecruit);andYPR (yield-perrecruit).

954

n=26 n=47 n=23 n=7 n=34

100 4

BRP
Method

Catch (16%)
MSY (27%)

OTH (3%)

B sPR(50%)
B vPrR@%)

Percent

955
956 Figure2: Projectedecruitmentalong withassumedelectivityandrelativefishing mortality

957 rates among fleets for the base model (steepness.=Th@)bottom left panel provides the
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958
959
960
961
962
963
964
965
966

starting fishing mortality rates for each projection (assessment estimates from the terminal year,
2013). For runs withhycatch or discard rates fixed at recent values (e.g., MSY/|fixed_digcards
the fleet specifidéishing mortalitieghat are fixed are taken from this pldthe solid line in the

bottom right panel provides the portion qfdy assigned to each fleet wheath the directed

and nondirectedfleets are scaled proportionately (i.e., MSY]|linked). On the other fand,

MSY methodswhere only the directgshing mortalitiesare maintained in a constant
proportion;the'dashed line provides the fraction of the directed portiopsefaributed to

each directedfleet (theon-directedfishing mortalitiesare taken from the bottom left panel

when they are nonzerolleet abbreviations are provided in Table 1.
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Figure 3: Flow chart describing the use of SiaR|global as a SPR proxy depending on the
level of recruitment uncertaintyDecision points are in bold/Vhen steepness is indeterminate

but the stock-recruit functional form can be reasonably surmised to be of a Beéveltton-
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972  functional form SPRyypr|global can be implemented asoaver bound on potential SPR
973  proxies. When uncertainty in the functional form of the stedkuit relationship exists, the
974  search for SPR bounds should be extended to multiple functional forms (e.g., Ricker and

975  BevertonHolt) and steepness valuesidentify appropriate bounds on SR& |global.

976
Increasing Recruitment Uncertainty
Is Stock-Recruit
Functional Form
Well-Defined?
No
Yes

Search Across a Range of

Are Stock-Recruit Plausible Functional Forms

5 and Steepness Values and

Pal‘ameters WE"'DEfII"IEd? Use the Lowest SPRysy|global
as a Lower SPR Bound and the
Yes No Highest SPRysy|global
as an Upper SPR Bound
Use SPR, Igi al as a Target = =
sy Is Stock Recruit Functional
Form Beverton-Holt? No
Calculate Catch SPR Calculate Range of Catch Corresponding to
Target from cards ¢ Yes SPR Bounds from MSY|fixed_discards Yield
Curve Using Current Fleet Dynamics
Use SPRyym|global as a and Associated Recruitment Parameters,
Lower SPR Bound then Perform Risk Analysis Based on
Biological Uncertainty in Recruitment
+ Parameters and Accounting for
Socioeconomic Factors to Determine SPR
Use Metanalysis to Determine Target and Catch to Achieve it
a Steepness Value (e.g., Lowest
Plausible) Corresponding to an
Upper SPR Bound Based on
Associated SPRysy|global
977

978  Figure4: Comparison of MSY|global and associated @&Rylobal for steepness values = 1.0,
979  0.85,and0.7. Relative yield is provided as a percentage of the MSY]|global for the given
980 steepness.value.

981
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By Decreasing SPR
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982
983

984 Figure5: Relativeretained yieldpercentage of MSY|globabersus spawning potential ratio
985 (SPR) acrosMSY methods for the base case (Bevetttoit stockrecruit function with

986  steepness £.0sandvirgin recruitment= 169 millionfish). Therelativeretained yield that

987 achievesSPRusy|global given current fleet dynamics and bycAtidtardrates isllustrated with
988  a point on theMSY|fixed_discardyield curve.

989
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990
991

992  Figure 6: Relative etained yield (percentage of MSY/|global for the given steepness value)
993  versus spawning potential ratio (SPR) K&8Y |fixed_discardsvith steepness values of 0.7, 0.85,
994 and 1.0.Therelative retained yield that achiev@BRysy|globalgiven current fleet dynamics

995 andbycatch/discardates is illustrated with a point on the associd&Y |fixed_discards yield

996  curve.

997
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Acronym Definition Meaning
MSRA Magnuson-Stevens Reauthorization Act Law governing marine fisheries management in United States federal waters.
NS1 National Standard 1 Component of MSRA defining the use of MSY as the basis of management advice
) ) ) A target or limit biomass level or fishing mortality rate against which current stock status
BRP Biological Reference Point
be measured.
) ) ) Maximum sustainable yield that can be obtained given the life history characteristics o
MSY Maximum Sustainable Yield . . ) ] )
species and the fleet dynamics of the fishery, which accounts for stock-recruit dynam
Fusy Fishing Mortality the Achieves MSY The level of fishing mortality that when fished over the long-term will achieve the MSY
SSBysy Spawning-Stock Biomass Resulting from Fishingaf/F The level of spawning stock biomass that results whgn i§ fished in the long-term.
Theoretical maximum sustainable long-term yield achieved by harvesting a single age
MSY/global Global MSY
where growth and death are balanced.
(0)% Optimum Yield MSY as reduced by any relevant economic, social, or ecological factors.
) ) Long-term yield that can be achieved at a given fishing level assuming there is no relatic
YPR Yield-per-Recruit )
between spawners and recruits.
. The maximum long-term yield that can be achieved assuming there is no relationship be
MYPR Maximum YPR ) ) ) )
spawners and recruits (equivalent to associated MSY if steepness = 1.0).
. . . Measure of depletion comparing resultant spawning biomass-per-recruit to the virgin le'
SPR Spawning Potential Ratio

MSY{open_discards

MSY |fixed_nondirect_discards

MSY/|fixed_shrimp_bycatch

MSY|fixed_discards

MSYllinked

Landings frem MSY |fixed_discards
yield clifve aSPR,sy|global

HL

spawning biomass-per-recruit.
) ) MSY calculated with only directed fleets (including open season discards), but assumir
MSY without Bycatch or Closed Season/IFQ Discards )
closed season or lack of IFQ discards and no bycatch.
o . MSY calculated with directed fleets (including open season discards) assuming fixed c
MSY with Fixed Closed Season and IFQ Discards ) )
season and lack of IFQ discards, but no shrimp bycatch.
o ) MSY calculated with directed fleets (including open season discards) assuming fixed si
MSY with Fixed Shrimp Bycatch )
bycatch, but no closed season or lack of IFQ discard
MSY with Fixed Closed Season and IFQ Discards ant  MSY calculated with directed fleets (including open season discards) assuming fixed sl
Shrimp Bycatch bycatch along with closed season and lack of IFQ discard
MSY calculated assuming that all directed (including open season discara®)redicected
MSY with Effort of All Fleets Proportionally Linked (i.e., shrimp bycatch, recreational closed season, and lack of IFQ) fleets are proportiol
scaled based on a desired relative effort scheme.
SPR Associated with Global M MYPR Achieved Yield streams prescribed by the MSY/|fixed_discards yield curve that achieSefhe
with Current Fleet Dynamics associated with global MSY.
Commercial directed fishing fleet (includes both landings and open season discards d

Handline Fleet . R
minimum size limits).
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LL

HBT

MRIP
C No_IFQ
R_Closed

SHR
SS3

Longline Fleet

HeadboaFleet

Recreational Private/Charter Fleet
Commercial Discard Fleet without IFQ
Recreational Discard Fleet During Closed Seasons

Shrimp Bycatch Fleet
Stock Synthesis 3

Commercial directed fishing fleet (includes both landings and open season discards d
minimum size limits).
Recreational directed fishing fleet (includes both landings and open season discards ¢
minimum size and bag limits).
Recreational directed fishing fleet (includes both landings and open season discards ¢
minimum size and bag limits).

Commercial non-directed discard fleet resulting from lack of individual fishing quota (IF
Recreationahon-directed discard fleet resulting from non-directed fishing effort during R
Snapper closed seasons.

Non-directed shrimp trawl bycatch fleet primarily discarding age 0-2 Red Snapper
Integrated stock assessment program used for the current analysis.
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Derived quantity

Equation

Parameter values

Recruitment (R)

Growth Curve
Weight-Length
Relationship
FecundityatAge"(Fec)
Selectivity (S)
Retention Ref)
Discard Mortality DM)
Natural Mortality (M)
Directed Fishing Mortality
(Fpir) by Fleet
Directed Discard,Fishing
Mortality (Fpisc) by Fleet
Total Directed"Fishing
Mortality (Frot_pir) by-Fleet
Bycatch/Closed Season
Discard Fishing,Mortality
(Fgyc) by Fleet
Total Fishing Mortality
(Fro)
Total Mortality=(2)
AbundanceatAge (N)

Spawning Stock Biomass
(SSB)

Retained CatclatAge (C)
by Fleet

CFleet

R _p 4hRySSByeqar
Regyear = TArea gop (1 — h) + SSByeqr(5h — 1)

L(t) = L1 — e~ *(t-t0)]

Weight = al?
Input
Input
Input
Input
Input
FFleet _ cFleet FFleet RetFleet
Dir,Reg,AgeYear — “Dir,Reg,Age’ Dir_Mult,Reg,year Dir,Reg,Age
Fleet _ pFleet Fleet Fleet
FDisc,Reg,Age,Year - FDir_Mult,Reg,year(l - REtDir,Reg,Age) DMDiT'

FFleet _ FFleet + FFleet
Tot_Dir,Reg,AgeYear — "' Dir,Reg,AgeYear Disc,Reg,AgeYear

FFleet — SFleet FFleet
Byc,Reg,Age,Year — “Byc,Reg,Age’ Byc_Mult,Reg,year

FFleet + FFleet

FTot,Reg,Age,YeaT = Tot_Dir,Reg,Age,Year Byc,Reg,Age,Year

Fleet

ZReg,Age,Year = FTot,Reg,Age,Year + MAge

— -Z
NReg,Age+1,Year+1 - NReg,Age,Yeare RegAgeYear

20

— -0.5Z,
SSBYear - Z Z (FeCAgeNReg,Age,Yeare Reg'Age'yem)
Reg Age=0
Fleet
_ZReg,Age,Year)

Dir,Reg,Age,Year — NReg,Age,}’ear(1 —e€ 7
Reg,Age,Year
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FDir,Reg,Age,Year

PEast: 0-381 I%\Iest: 0-62, h= 1.0,
Ry= 169 million fish
L., = 85.64cmk = 0.19yr", t,=-0.39

a =17E-5,b=3

See Supplementary Material Table 1
See Figure 2 and SEDAR (2015)
See SEDAR (2015)
See SEDAR (2015)
See Supplementary Material Table 1

Directed Fleets are HL, LL, HBT, and MRIF

Fishing mortality due to open season disca

for a directed fleet
Total fishing mortality for a directed fleet
Bycatch and Closed Season Discard Fleets
C_No_IFQ, R_Closed, and SHR

Total Fishing Mortality Summed Across All
Fleets

Note that Mortality is Discounted for Midyee
Spawning

Retained Catch for a Directed Fleet



. . 20 See SS3 Manual (Methot 2015) for a
Retained Yield (V) by yFleet _ [y FIeet o Fleet Comblete Descrintion of the Lenath
Fleet Dir,Reg,Year ‘Age “Dir,Reg,AgeYear omplete Descriptuon or the Leng
4ge=0 Integrated Fleet-Specific Weight-Age (W)
. . . SSB
Spawning Potential'Ratio PR R SSB = 4.91E415
= <op = 4.91E+15 eggs
(SPR) szfo a9
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Yield Relativeto SPR Relativeto Harvest

Scenario SPR

M SY |global SPRysy|global rate
Steepness = 1.0 (Base M odel)
MSY/|global (Age 10) 1.00 0.24 1.00 0.0097
La”d'”gijrrf’/g"a'\t"ggg;elgﬁﬂzfards yield 0.38 0.24 1.00 0.0502
MSY!linked 0.33 0.23 0.98 0.0669
MSY/fixed_nondirect_discards 0.46 0.14 0.56 0.0182
MSY|open_discards 0.45 0.13 0.45 0.0184
MSY|fixed_shrimp_bycatch 0.41 0.13 0.54 0.0546
MSY/|fixed_discards 0.40 0.12 0.50 0.05%65
Steepness = 0.85
MSY |linked 0.30 0.33 1.13 0.0552
MSY/|global (Age 11) 1.00 0.29 1.00 0.0088
La”d'”git‘:rrf’/g‘a'\t"ggggjg@%;fards yield 0.34 0.29 1.00 0.0500
MSY|fixed_nondirect_discards 0.40 0.27 0.92 0.0146
MSY |open_discards 0.39 0.25 0.87 0.0152
MSY |fixed_shrimp_bycatch 0.35 0.25 0.86 0.0513
MSY/fixed_discards 0.34 0.24 0.83 0.0520
Steepness = 0.70

MSY |linked 0.28 0.42 1.10 0.0455
MSY]global (Age 13) 1.00 0.38 1.00 0.0073
Landings fram MSY |fixed_discards yield 0.30 0.38 1.00 0.0487

curvesat SPRsy|global
MSYi{fixedz nondirect_discards 0.36 0.37 0.97 0.0123
MSY|open_discards 0.35 0.35 0.93 0.0128
MSY{fixed_shrimp_bycatch 0.31 0.35 0.92 0.0497
MSY/fixed_discards 0.30 0.34 0.89 0.0503
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