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Abstract

Harmful algalKarenia brevis bloons, known as “red tide"areresponsible for majagpisodic
fish kills in thesGulf of Mexicoln response to management concewesgonducted

management strategy evaluation (MSEg¢tamine whethedecisionmaking reactivity to event
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occurrencer precautionargatchlimit reductiors couldaid in achievng fishery objectives.
Simulated ®ock dynamicavererepresentative of Gulf of Mexico Red Groujginephelus

morio, and assessment of simulated data involved estimation ci/anyeng natural mortality.

We found that both reactive decision-making and unresponsive yet precautionarynaiggch li
could improve,achievement bsheryobjectives, although practical impediments to reactive
strategies aboundlVherecatch limit reductionsvereintroduced to buffer against scientific
uncertainty, atradeff was evident that requiregcognizing constraints stock assessment
reliability (given'the complexities of estimating timarying natural mortalityand balancing
these constraintsgainst desirability for high catch rates. Our study provides a narrative on the
ways in whichPmanagement guidance can be structured to address uncertainty about future

occurrences of episodic natural mortality events.

Keywords:Karenia brevis, management strategy evaluat{(MiSE), management procedure,
harvest stratgy, ecosystenased fishery management

| ntr oduetion

Occasional dieoffs of fishes and invertebrates are well knawrcoastal communitiesnd
often follow hurricanes, harmful algal blooms, or extreme fluctuations in environmental
conditions!(Lewitus et al. 2012)ost tourism and fishing opportunitiésve been associated
with die-offsefiAmerican LobsteHomarus americanus, Red AbalondHaliotis rufescens, and
Red GroupeEpinephelus morio (Pearce and Balcom 2005; Rogers-Bennett et al. 2012; Driggers
et al. 2016)Freshwater ecosystems are also susceptible to fishffdigncluding thosaffecting
MuskellungeEsox masquinongy andFreshwater Drund\plodinotus grunniens of the Laurentian
Great LakegCCWHC 2005; Casselman 201While episodic natural mortalitgventsmay
oftenbedifficult'to anticipate, thie occurrence remairan on-goingesource management
concern

In the Gulf of Mexico, fish diesffs attributed toharmful algal blooms remain one of the
mostobviousecologicalissuesaffectingnot onlyfisheries bu also human health and tourism
(Backer 2009). fe “red tide” dinoflagellat&arenia brevis may cause fish mortalitthrough

acuteexposure or bioaccumulation of the neurotoxin brevetoxiraésathrough asphyxiation
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from associate@reas ohypoxic water (Landsberg et al. 200Barmful dgal blooms aré&nown
to have occurred in the Gulf of Mexico for hundreflgears, and severe events pose fish
mortality threats that can substantially exceed avemageal mortality rategSteidinger 2009).
A severe red tide eveimt 2005was estimated to have killedver 11,000nt of Red Gouper,
reflectinga 34eld increaseverthe averag@atural mortalityrate(SEDAR 2015).

Theredtide 'of 2005 spurradcreasegawareness affectsof episodic natural mortality
eventson Gulf'of Mexicofisheries andeffects of red tidevents have been recognizediack
assessmestand decision-makirgjncethat time Stock assessmenttor Gag Grouper
Mycteroperca microlepis and Red Grouper finalized in 2006 and 2007 recognizedides only
in the contextrefesearch recommendatiof@EDAR 2006a, 2006bT.he first attempt to
guantify red‘'tide severitior use in stock assessments Wwased orstatisticalmodeling using
satellite datgWalter et al. 2013)This modelwaslaterused to delineate spatial and temporal
overlapbetweermnred tidepresenceind Red Grouper abundance (Sagarese et al. 20144y M
speciesnodeling approaches were also considered, with the goal of understanding not only
effects ofreditide mortality on @upersbut also orspecieghatinteract with Goupers via
trophic conneetions (Griss et al. 201&)e%e reseaah efforts were effective iestablishing the
magnitudes,of red tidenortality on Groupersandimproving fits to abundancedices within
recentstoekassessmer(SEDAR 2014, 2015). &, research was ndirectedtowarcs
informing managemendecisiongo faceunpredictabldutureoccurrences afiatural mortality
increases-adeficiencythatbecame appareat the outset of another red tide event in 2014
(Driggers et"aly2016). Lacking information on whetéstablishednanagement approaches
were sufficient'to buffer the stock against these episodic mortality eteatSulf of Mexico
Fishery Management Coun¢@GMFMC) temporarilypostponediecisions on catch limits for
Gag Gouper in 2014 to wit for additionalscientific analysi§GMFMC 2015).

In response.tthese management concertiie GMFMC passed a motiom June 2014 to
“...evaluate theeurrent Red @uper harvest control rule to determine if it is robust to possible
future changes in intensity and frequency of episodic events distong mortality.”(GMFMC
2014).0urstudy was conductdd response to this requeander theadviceof theGMFMC
Scientific and Statistical Committee (SSC) dinel auspices of NOAA'Sulf of Mexico
Integraed Ecosystem Assessment Programichsupports efforts to transfer scientific
knowledge fronecosysterbased assessmentsmanagementWe usednanagement strategy
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evaluation(MSE) to exploredecisionmaking responses to prevailing episodic natural mortality
eventso achievepre-agreed management objectives. Specifically, we addressed two questions
about how decisiomakerscouldbe equipped to face future episodic natural mortality events
(e.g., red tides)l) Does the existing GMFMC management approach need to be modified to
achieve management objectives due to effects of episodic natural mortality evéhts? 2)
modifications areonsidered, what atbeir effects andradeoffs on maintaining sustainable
fisheries? Toanswehese questiontheinterconnectiondetweerenvironmental conditions,

fish stock“dishery, and ananagement strategy were specified in a simulation madel
focusedon two types of harvest control rul@$CRs). 1) one based onythamic decisiormaking
frequencydn responge occurrencgof severe red tide eventand 2) thether based ostatic
decision-making intervals coupled with precautionary catch redgcByrvarying theseaspects
of decisionmaking, we sought to provide a narrativestnuctuing management guidanaethe

faceof uncertain futures about episodic natural mortaditgnts

Methods

A management strategygually consists of a monitoring program to collect data, a stock
assessment.to analyze data, management reference anth&s1CR. MSE is the process of
simulatingthe workings of a fisheries system to test management strasegietetermine
whether theitikely effects on a fishery andfish stockwill achieve preagreed management
objectives (Butterworth and Punt 1999; Smith et al. 1999; Sainsbury et al. 2000). Within our
simulation.efardefinednanagement strategy, the HCR functions as @tated set of criteria for
implementing-regulatory changes to fishing, typically throtegtrictions ortotal catchesCatch
restrictions determined by the H@Re implemented for sonshort peiod of time(e.g.., 1-5
years) anaccordinglyaffecs the fishing mortality level imposed on thienulated stockThe
fish stockconcurrentlyundergoes its own population processes (e.g., growth, births, and natural
deaths)Whenthe next management decision point ocdines HCRIs again used to revaluate
total catch restrictions based opdated information providdaly a stock assessmefig. 1).
This cyclecan,be specified to contin@ any duration of time. Simulatinganagement
strategesdiffers from what is sometimes termed as stock assessment projections. Stock
assessment projections do not take into account management responses to nafanform

while MSE examinedhow amanagement stratggerform inresponding to changing
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circumstances, like environmental events that are othedafgailt to anticipate relative to pre
agreed management objecti@sint et al. 2016).
Simulated stock dynamics

Stock dynamics used in our simulatiomsre an agstructured representation Gulf of
Mexico Red.Gouper (Table 1; SEDAR 2015). Within each annual time step, growth occurred
first, followed by reproduction, and then by total mortality (i.e., natural mortality fighing
mortality)."Fish'gowth followed a von Bertalanffy function and fork lengths in mm were
convertedto'whole weight in kg according to an exponential function. Maturity was an
asymptotic function of ag@ge at 50% maturity was 2.8 yeama)d we alsgpecified
proportional transitiofrom female to male as a function of age, as Red Grouper is a
protogynous hermaphrodite. Numbatsage were modeled as a single,ssxd hermaphroditism
was addressediin the calculation of fecunditpge. Recruitment of agefish was calculated
according to th&evertonHolt stockrecruitment functiomwith steepness of 0.8, which is
consistentwith expectations for demersal fistfehie Gulf of Mexico (Shertzer and Conn 2012;
SEDAR 2015)xReproductive output (egus-femalg wasa power function of ag&imulated
fishery selectivity was specified ksife-edge at age 5 yeamthough actual selectivity patterns
differ considerably among commercial and recreational se@&BAR 2015) Average age-
specific patural mortalitydefined ashe timeinvariant rate expected in the absence of episodic
natural mortality fluctuationsvasexpressed a&n inverse function of length and scale@to
longevity-basedifetime natural mortality of 0.14ea™ (Then et al. 2015).

Episodiecnatural mortality events were generated using a log-normal distribotisistent
with the recordedhistorical patterrmof red tide eventsccurring on th&Vest Florida ShelfFig.
2). Episodicevents vere specified asultipliers of average natural mortality rai@sage with
log-normal variance chosen to generatbstribution of natural mortality multipliethat
approximatgl.mirrored historical red tide intensitieend a resultingpg-normal mean of one.
Thespedfied. distribution ofhistorical red tidemtensities was derived fromunitessindex
based orstatistical modeling@f satellite imageryWalter et al. 2013)in our simulated sampling
distributionathreefold natural mortality multiplier occurred at t9&" percentileand the
maximum multiplier valuavasbound at approximately six. Our approach recognizethtiee

fold increase in natural mortalipsthe maximum recorded evesttengthestimatedor Red
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151  Grouper while alsorecognizinghe possibilitythatmore severe event®uld arisgwith low
152  probability)as part othe lognormal sampling distribution (SEDAR 2015).
153 Episodic natural mortalitynultipliers were translated &n observableed tide index

154  according to the function:
155 env, =log(®,)/c (1)

156  whered, is the episodic natural mortality multipligr yeart, env is the corresponding value of

157 the red tide,index, antlis a scaling constanAccordingly, btal natural mortalibatage was

158 M Total ,aget . M Ave,age eXp(C -eny, ) ’ (2)

159  whereM IS the specified average natural mortaiiyage.Our assumption that red tide

Ave,age
160 events affectedll age classes was consistent with the reamrmwhich red tide mortality has

161  beenincludedsin stock assessments (SEDAR 2015). Equatisig@®@shatchangesn red tide

162  concentrationsancause both increases and decreases in natural mortality @mwandrage

163  natural mortality rat@tage. Thus, our use aflongevitybased estimate to specify average

164  natural mortalityat-age reflects the assumptitmat annual exposure to higher-trearerageor

165 lower-tharraverage natural mortality fluctuatioissreflected irthe average observed lifespan on

166  which the“longevitypased average natural mortality estimate is based.

167  Management strategy design

168 Our simulatedHCRs eachadheredo aspects oNational Standard 1 Guidelines produced by
169  the US National Marine Fisheries ServitésG 2016). These guidelines specify an overfishing
170  limit (OFL)-assthe catch above vt the capacity for longerm yields is jeopardizeahd

171  acceptablerbiological catch (ABC) as equal to or less than the OFL to account for scientific
172 uncertainty. Arannual catch limit (ACL) isetequal toor less tharthe ABC to account for

173  additional ecological, social and economic fagtarel uncertainty in management

174  implementationArguably,catch reductiosithatare introduced teeflect managemeirecaution

175  about futurenatural mortalityfluctuations could be made through adjustmensBGs orACLS.

176  We maintainedhe existingABC control rule forRed Gouperas distinct from management

177  precaution relatetb episodic natural mortalitgvents, andptedto evaluategrecautionary catch
178  reductions throughdjustmentso ACLs. Central to our choice of adjusting ACLs was being able
179  to disentangle the GMFMC's existing management approach used in ABC calculation from the
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180  evaluation of precautionary catch reductions aimed at buffering against futura nadrality
181  eventsDuring the most recent Red Grouper stock assessme@MR&1C’s ABC control rule
182  determined that ABC = 0.98 x OFWhich was based on criteria related to stock assessment
183  complexity, characterization efstimationuncertainty in thetatistical estimate of OFL, and
184  inclusion of.environmental covariates in the assessment (GMFMC.2Zl}i€ge considetians
185  wereformalized within an approach known as(Prager and Shier 2010) We adopted this
186  approach'andpecifiedABC asbeing 98% of the OFL in all management strategy variants we
187  evaluated

188 We simulated eor in the observation ofsghery catckper-unit-effort (CPUE) with dog-

189  normal standard deviation of O&stimated age composition of the catches multinomial

190  process with effective sample size of 100, and assuateties (kg) were known without error.
191  Data sources available for 28 years, spanning 1986 to 2@18,used in the modbkfore the
192  first assessment of the simulated sta@s generatedbservation of a red tide index, used in
193  stock assessment festimating timevarying natural mortality, wasimulated vith a Gaussian
194  error structurausing a coefficient of variation of 0.3. Observatioraoéd tide indexvas not

195 generategbriorto 1998, which refledactualavailability of satellite imagery.

196 The simulated stock was assessed using an integrated statistisauatigred population
197 model knewn as Stock Synthesis, version 3.3 (Methot and Wetzel. Z&xI8yth, average

198 natural mortalityatage, and the standard deviation of anmeeatuitment were specified to be
199  known without eror. The steepness parameter of the Bevedolh stock recruitment

200 relationshipyunfished recruitmerRy), annual recruitment deviations, instantaneous fishing
201  mortality inreach year, and tiparameters of an asymptosielectivityfunction forthe fishey

202  were estimatedAn informative Gaussian prior for tisteepness parameter wagained from
203 the metaanalysis conducted by Shertzer and Conn (28&h&8yvas bound between 0.2 and 1.0.
204  Time-varying.hatural mortality was estimated through a linkagfeveerthe observed red tide
205 index and each natal mortality-atage parametethis relationship was of the same functional
206 form as Equation (2)yhere scaling parametgiCc: one for each agelass)wereestimatedunder
207 theconstraimef beingnonnegative valueslime-varying natural mortality was not estimated
208  prior to 1998 because observations of the red tide index were unavailable prior to this date. The
209 fish stock was assessad a single sex with protogynous hermaphroditism addressed in the
210  specifcation of fecundityatage.
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Stock synthesis was also used to estimate management benchwiécksvere based on
maximum sustainable yield (MSYJhese calculations used average natural mortality fieges
life history parameters specified for 1986, the first year of the time sé3&s)d orestimates of
fishing martality producing MSYRusy), fishery selectivity, and stock size in thstyear of the
assessmentinodel, Stock Synthesistvas used to provide OFL projectiotistwere
subsequently used in the HCRs we evaluated.

EachHCRweexamined confronted uncertainty about episodic natural mortality through
eitherl) the'degree to which AClwsere reducedor 2) the temporal pattern in which ACL
decisionsnvere madefixed intervals every 5 years, ory®gar reactive interval# reactive
interval consisted of an interruption to &ar decision interval in any year following a severe
episodic natural mortality event (Fig.. 3) thissituation a stock assessment would be maade
newly-calculated ACLs would be implemented. If no othereseevent occurred, the next
decision would occur ifive years If another severe event occurred before the fifth year, new
ACLs would becalculated and the five year decision clock would be r&¢etlefineda severe
eventas anobserved value in the upper 10% of the index distribution. Thus, in any simulation
run, 10% more’stock assessments would be triggered, on averageabtivee HCRhan by a 5-
year fixeduinterval HCROur choice of 5 years for fixed decision interwatss based on the
actual frequency of Gag Groupend Red Grouper stock assessments, which have taken place
every 3 to 6 years.

ForeachOFL projectionprovided by astock assessmenhe corresponding annual AB&Zas
specified as"98% of this value. For fixed interval HCR simulatibasincluded a subsequent
ACL reductieny each annual ABC was reduced Bpecified percentagén all simulationsthe
fishery harvested the entirgCL every yeareven duringed tideevents This ability of the
fishery to achieyéheir ACL during a red tide eveidg based on documented fishery performance
during a severe red tide event2005(SEDAR 2015)

Simulated evaluation of management strategies

Simulated’stock dynamics and desigmanagement strategiegre combined into a MSE
Stock dynamies were initialized for 1986 assumingr#ti® of existing spawning biomass to
unfished spawning biomasss0.3, which was consistent widnactual estimate of stock status
(SEDAR 2015) Changes in stock sizeetween 1986 and 201&re simulated usinthe relative
total fishing effort trend obtainefitom the actual stock assessm@EDAR 2015)Simulated
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242  annual tochastic recruitment deviations occurckding the historical time period (1986-2013)
243  as well agduring the subsequeb year forecast time period. Simulated annual episodic

244  natural mortality events occurred during 1986-1%&Tual historicalaluesof thered tide index
245  were applied between 1998-2013, and simulated events again occurreditri@bg/ear

246  forecasted time perio€onsequentlytemporal patterns in stock size weenerallyconsistent

247  with actualstoek assessmeidfuring this period, although each simulation run prodaced

248  somewhatdifferent historical reconstructidure to stochsticannualrecruitmentand due to

249  natural mortality fluctuationduringthe early part of the time serig§l stochastic events were
250 generated and saved aheddimulation runs. This enabled eanhnagement strateqy be

251 evaluated against the same sequences of eieatsure that performance was not influenced by
252  chance differences inherent in a sample of random diRwg et al. 2016).

253 A total of 500 25yearsimulations wererun undereach of sl HCRs:a reactive decision

254  interval with no additional ACL reduion, and five HCRs consisting of a fixed decision interval
255  with precautionary ACL reductions of 0% (i.e., no reduction), 10%, 20%, 30%, and 40%. For
256  comparativeypurposes, we also simulated a fixed decision intervad3%i&kCL reduction, but

257  whichalsoassumethe stock assessmemas made without errofhis allowed us tseparat

258  effects of'stock assessmemtorson performance outcomé&em effectsof episodic mortality

259  eventsoceurringafter specification of mukyearACLs.

260 In evaluating HCR perfonance, we calculated tipeopensity for overfishing as well as the
261  propensity.for the stock to become overfishesithese considerations are codified in US

262  National Standard 1 Guidelines (NSG 201).overfishedmetricwas calculated as the

263  percentagesef:$imulation runs whemawning biomass in the 2§ear was below the simulated
264  targetthreshold of 1/Busy. Overfishing was calculated as the percentdgemulation runs

265 where ACLs specified via the management strategy exceeded simalgetDFLs in at least

266  50% of years.over a 25-year duration. Thus, the overfishing metric determined theggeroént
267  simulation tuns, for a given management strategy gkageded maximum overfishing

268  allowance.undeNational Standard 1 Guidelines. Two additional performamegicswere

269 calculatedfrthe 2%' year of each simulation tflect food production and recreational benefits
270  on the basis of MSMhe ratio of catches to true simulated M&d the ratio of spawning

271  biomass tBuysy. These metrics are instructive when compared to stock stahesIiiyear of

272 the simulations to evaluate whetlzegivenmanagement strateggnerally works to guide the
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stock towards achievement of management objectioesistent with the fishery management
plan for Guf of Mexico Reef Fish Resourcé€SMFMC 1984).

Results

The HCR.consisting of a fixed decision interval and no ACL redugtesimeant to
representhe_current management appro&eiiRed Grouper in the Gulf of MexicBelative to
the first'yearof'simulation runs, this management strategy stabilizeligtaty improved,
sustainabilityon the basis on MS¥Yianagemet objectives (Fig. 4Median performance across
all simulation runsndicatedthat spawning biomass stabilizaboveBysy, while catchesvere
stabiized neara median value of OMSY. Under this management stratetfye maximum
allowableoverfishing probability of 0.5, as codified in National Standard 1 Guidekves,
exceededn 36%.of simulation runs (Table 2J.his means thaB6 of 100simulations would
produceACLs thatexceededimulatedtargetOFLsin more than 12 out cfach25-year
simulation:Our resultsalso suggestetthat20 out of 100 simulations would result in an
overfishedstockafter 25 years

To examine’how othananagement approachegght modify management outcomes
resultingfrem the current approaete first considered thesactive decision intervahat
consistedf-additional stock assessments and updated ACL calculatioesponse tgevere
red tide events (i.e., the largest 10% of event magnitubl&}.suggested such an approach
could reducéhe occurrace of overfishing, relative to our representation of the current
managementiapproach (Table Bhis occurred because more frequent decisiaking intervals
performed-better at keeping the stock and its fishery on track towards achiskigny fi
objectives.

Precautionary ACL reductions, in whichyBar fixed decision intervals were maintained in
combinations with 10%, 20%, 30%, or 40% ACL reductions, weredbesidered as an
alternative to decisiomaking reactivity. A 10% ACL reductioncreasd spawning biomass,
but decreasemhedian longeermcatches (Table 2A1l ACL reductions we examined lowertte
occurrence"abyverfishing and, thus, the chances of the stock becoming overfished at the end of
the 25year simulation periadACL reductionsof 20%, 30% and 40% exhibited a trend of
decreasing overfishing and increasing stock biomass at the expense of redu¢ediong-
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catches. These MSE results provide guidance in selecting the most appropriate management
strategy to employ in order to achieve pre-agreed management objectives.

Finally, simulating the performance of various management strategies was alsaruseful
identifying effects ofdifferentmanagement strategpmponents on performance outcomes. By
evaluating a-HCR with perfect information about stock status and managereescefpoints,
we were able to separate effects of stock assesgmergfrom natural mortality fluctuations
due to redtides (Table 2). Evaluating this perfect information managensaggtwhichwas
similar tothe"eurrent management approdicé.,in terms ofa fixed decision interval with no
ACL reduction)/suggested that stock@ssment reliability contribigsubstantially @ the
occurrence: ofseverfishing.hlis, stock assessmeatiability should be given special
consideration iMmanagement strategy design, especialgn dealing witlkestimation of time

varyingnatural mortality fluctuations.

Discussion

We feel our results have answered both questions we @o$bd outsedf our study We
now revisit these two questions.
1) Does the existing GMFMC management approach neleel moodified to achieve
managéement-objectives due to effects of episodic natural mortality events?

Under the HCR thatkeflected aspects of tlreirrentmanagement approacbnsisting of a
fixed decisionfinterval and no ACL reduction, our simulations had an occurrence of overfishing
of 36% of/simulation runs and of the stock becoming overfigh@8-years of 20% of
simulation runs. Such a performance omesuggests that this approach may commonly result
in the implementation of rebuilding plans and other costly policy adjustments)thay
requirefurtherexamination by fishery decisianakers Stock assessment was also made
considerably more comphtedby the presence of episodic natural mortality eventsetiainty
related tostock statusletermination an@FL projectionghat arise fronestimation otime-
varyingmatural mortalitparametersnay not be adequateiddressed within the GMFMC'’s
existing ABC control rule. Howeverpmplications in stock assessments related to estimation of
time-varying natural mortality are only beginning to be explored (Johnson et al. 2019)kend,
the inclusion of other sources of environmental variation, decisions made in condigiting s

assessments will affect the reliability of estimagtmtk status anchanagement reference points
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(Sagarese et al. 2014b; Punt et al. 20A4)we haveshown in this studyif stock assessments
estimateime-varying natural modlity, management strategies built around these assessments
may require bufferg setting catch limitas a consequence of considerabieertainty.

2) If modifications are considered, what are their effects and-tfislen maintaining

sustainable fisheries?

Our simulationslemonstrated the effects and tradis on maintaining sustainable fisheries
that arelikely'to occur under various management strategy modifications. We tiatibdth
precautionarACL reductions andecision reactivitcanimproveachievement ofishery
objectives. This conclusias supported elsewhere, both in the use of buffers to account for
uncertaintyin setting catch limitand in the frequency of decisionaking as aneans to avoid
undesirable’stock depletigRunt et al. 2012; Li et al. 2018)he terms reactive or reactionary
are often associated widd hoc decisionmaking in fisheries management; however, we used
these terms to mean an established decision process designed to respond to an event that has
unpredictable timing. As an alternative to reactivity, precautionary harvesepdaitempt to
avoid uindesirable situations altogether and under as many circumstances as possible (Restrepo
and Powers 1999Precautionary buffers also offer a simple means of addressing the effects of
natural variability on fish stock dynamiasthout requiring theseventsto be predictable.
Because.buffering catchesrks to maintain higher average biomass levels, natural fluctuations
in stock size are expected to have lower probabiliidalling below management thresholds.
This conclusion is borne out by our stud\so, given that practical limitations in stock
assessmentreliability will continue to persist, especially for complex assessments that estimate
time-varying-natural mortality, buffers appear suitable for maintaining highergevéramass
levels. Howeve selection of buffer sizes is not straightforwamddwill require a balance
between maintaining low probabilities of falling below biomass thresholds arelacgiihe
highest possible catch rates.

The viability ofreactive HCRs asanagement options will depend on bitieliness of
event detection and wheth@asonablgudgements about evesgveritycan be useds a trigger
for management intervention. Limitations in fundimdj affect data collection and analyses
well astheability to conductstock assessmentsa.the Gulf of Mexicomorethan 35stocks
requireestablishmendf ACLs under the Magnuson-Stevens Fishery Conservation and
Management ACfNOAA 2007) Severafamilies of fish are susceptible to red tide events, with
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365 members of the family Serranidaed., larger Groupers like Red Grouper and Gag Grouper)

366 appeaing to be particularly vulnerablSagarese et al. 2017)he variety of fish stocks

367 potentially affected by red tide events poses additional consaesabout whether reactivity

368  wouldtriggermultiple stock assessments, how these assessments would be prioritized, and
369  whether nomaffected stocks wouldis a consequence, dgsessed less frequenilne level of

370  anxiety of stakeholders and managers $e\eere natural mortalitgvent may be reduced by

371  more steadynanagemendctions like catch limit buffersThe temporary postponemenit

372  setting Gag'Grouper catch limits2014suggests that some levelrnhnagemerintervention to

373  changes in environmental conditiaesneededGMFMC 2015).

374 A centralsstatement of the GMFMC’s 2014 motion to evaluate the current Red Grouper
375 harvest control‘'rule emphasizeetter knowledge of future changes in intensity and frequency of
376  episodic eventdlVe evaluated management strategy performance in respohistaiacal

377  patterns in intensity and frequency of red tide events, assuming these would continue into the
378 foreseeable futurédowever observations indicate that the intensity and frequency of these

379  events aralready changin@n coastal regionéGlibert and Burford 2017). Evaluatifgrsher

380 environmentalkconditionwill involve simulatingscenarios that convey different levels of

381  mortality'nisk associated with red tide events and highlighting the correspomdisgquiences of
382  alternativefisherymanagement actionshe most appropriate management strategy might be the
383 one that best ensuresnimum performance standards camtet across a variety of conditions,
384  or at leastacross the most severe of plausible conditions. This approach would require consensus
385 onthe suiterofiscenarios or ‘states of natumrader whichmanagement strategiesuld be

386 judged, but:dees not necessarily require any one scenario to be favored over(&hitnend

387  Shelton 2010)In doing s@ specific guidance owhether a precautiona®CL reduction should

388 be considered at all, and to what extent an ACL buffer may be needed, can be more thoroughly
389  explored and.explained decisionmakers and stakeholders.

390 Our studyreflects the growing emphasis on accountifgg natural variability inthe design of

391  singlespecies management strateg@perationally, singlspecieHCRscan advance 1$.

392  policy towards,ecosystetvased fisheries managem@BBFM; NOAA 2016) Because EBFM is
393  supported by a wide spectrum of assessment and denisiking tools, singlspecies

394 approaches that addrekg effects okcological variabilityon management decisiohave the

395 potential toalterthinking abouthe design oflecisionmakingframeworks(Link and Browman
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2014). Furthermore, expanding existimgnagement approachisaccount foecological and
environmental conditions, including anthropogenic climate change, woald ipeportant shift
towards ‘climateready’ fisheries managemenind an important step towards EBFM

implementation(Pinsky and Mantua 2014)
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Figure captions.
Figure 1. Management strategy evaluation conducted by simulating interconnections lzetwee

fish stock, its fishery, and a management strategy (where a management strategydatdudes

collection, stock assessmeand a harvest control rule).
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Figure 2. Distribution of (A) historicalccurrences of red tide evertigsed orsatellite imagery
and (B) corresponding natural mortality fluctuations of Gulf of Mexico Red Grdaper

multipliers of average natural mortality rate).

Figure 3. Example ad concurrent simulation of episodic natural mortality events (upper panel),
Gulf of MexicoRed Grouper stock abundance (middle panel; i.e., abundance changes resulting
from growth;"births, and deaths), aadharvest control ruldHCR) that depicts reactive decision

making following sever@pisodic increases matural mortality (lower panel).

Figure 4. Median performance outcomes based on 500 25-year simulation aunammdgement
strategy similarto theurrent approacfor Gulf of Mexico Red GroupeKA) B/Buysy is

spawning biomass dke fractionof biomass producing maximum sustainable yield (MSY). (B)
C/MSY is catch weight relative to MSYashed lines amnmedianhistorical trends prior to
implementing the management stratemyd solid lines armedian trends during simulations of
the management strategy. Filled dots are median performance values (numericadadtis)

verticallines are intequartile range of simulation outcomes.
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Table 1. Life history information used in simulating Gulf of Mexico Red Grouper stock

dynamics (SEDAR 2015). In equations, t is annual time step, and age is annual age-class.

Processes Equations and parameters

Age-0 recruitment (R) 0.8R,hB 2
R= (0230(1 )+ (- oz)aJeXp( Noma{ 07°)-

R is the number of age-0 recruits;i8spawning biomass;is
unfished number of recruits of 1.6X16 is steepness of 0.8,

ando is log-scale recruitment variation of 0.96

Spawning.biomass (B) B=) Nage Mat 50 Female 4qe Fecundity,g,
age

N is abundance; Mat is proportion mature; Female is propol

female; Fecundity is eggs-per-female

Abundance Naget—l, w1 Nage lEXF(_F Sel age M age)t
Sel is fishery selectivity, F is fishing mortality, M is natural

mortality including episodic M fluctuations

Proportion'mature Mat,ge= exr(— expé—(— 2.55 1.05ag$))

Proportion female Femalgge= ex@ e>{p( 2.4 O.Sk&g@))

Fecundity (eggs-per-female) Fecundity,,= 3.878agé*

von Bertalanffy growth Lage=Los (1_ exF(—K (age- b)))
(mm fork length)
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L., is asymptotic length of 827.2 mm fork length; K is Brody
growth coefficient of 0.12 yedrto is -0.89

' i 9,3.18
Whole weight conversion (kg Wage:5-46>< 10 Lage

Average natural mortality Ages 0 to red grouper maximum agfe29 years

(yeard) (0.584, 0.395, 0.308, 0.258, 0.226, 0.204, 0.187, 0.175, 0.165, 0.158, 0
0.146, 0.142, 0.139, 0.136, 0.133, 0.131, 0.129, 0.128, 0.126, 0.125, 0.
0.123,0.122, 0.122, 0.121, 0.121, 0.12020,.0.119)

Table 2. Rerformance metrics calculated from 500 25-year simulations for each harvest control
rule examined.when Gulf of Mexico Red Grouper are faced with episodic natural mortality

fluctuations.C.is catches in kg, MSY is maximum sustainable yield, B is spawning biomass, and
Busy Is the'spawning biomass that produced MSY. Numbers in parentheses are centered 50%

credibility ‘envelope.

Harvest control rule Overfishing Overfished Median Median
occurrence occurrence C/MSY B/ Busy
in 25"year  in 25" year in 25" year

Stock assessment conductt

Fixed decision interval

0% AClLsreduction 36% 20% 0.79 (0.51-1.10) 1.13 (0.60-1.76)

10% ACL reduction 23% 14% 0.75 (0.51-1.02) 1.18 (0.71-1.98)

20% ACL reduction 12% 12% 0.71 (0.51-0.99) 1.37 (0.80-2.11)

30% ACL reduction 4% 9% 0.70 (0.50-0.91) 1.51 (0.90-2.27)

40% ACL reduction 1% 7% 0.63 (0.46-0.83) 1.65 (1.02-2.49)
Reactive decision interval

0% ACL reduction 38% 18% 0.94 (0.59-1.40) 1.13 (0.66-1.81)

Perfect stock assessment
Fixed decision interval
0% ACL reduction 5% 16% 1.00 (0.66-1.51) 1.04 (0.64-1.59)

This article is protected by copyright. All rights reserved



Author Manuscript

This article is protected by copyright. All rights reserved



fsh_10131_f1.pdf

l ’ Data

Fish stock .
collection
Management
Strategy
Evaluation
Stock
Fishin
g assessment
Harvest
control rule

This article is protected by copyright. All rights reserved



(A)

0.6 —----  Satellite-derived index
— Simulated index

0.5

Density

2 e 0 1 2 3 4
Standardized log-scale distributions
of red tide indices

(B)

Distribution of natural mortality multiplier

fsh_10131_f2.tiff

This article is protected by copyright. All rights reserved



Annual'time step

This article is protected by copyright. All rights reserved

=
$—
== <N
S = \ Severe -
S &5 et event 1/ \4
o
2 E \ -
p . -
[8a)
(D]
Q
&
[a~]
<
5
% -
(& -
W / ———
2 H H H
=
< C C
m n
8 R . R
8 - y
A W < rd



B/ BMSY

C/MSY

1.5

0.5

1.5

0.5

(A)

e  1.13

1980 1990 2000 2010 2020 2030 2040

Year
(B)
1.01
0.79
[ I I I | I |

1980 1990 2000 2010 2020 2030 2040

Year

fsh_10131_f4.tiff

This article is protected by copyright. All rights reserved



