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Abstract 23 

 24 

Harmful algal Karenia brevis blooms, known as “red tide”, are responsible for major episodic 25 

fish kills in the Gulf of Mexico. In response to management concerns, we conducted 26 

management strategy evaluation (MSE) to examine whether decision-making reactivity to event 27 
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occurrence or precautionary catch limit reductions could aid in achieving fishery objectives. 28 

Simulated stock dynamics were representative of Gulf of Mexico Red Grouper Epinephelus 29 

morio, and assessment of simulated data involved estimation of time-varying natural mortality. 30 

We found that both reactive decision-making and unresponsive yet precautionary catch limits 31 

could improve achievement of fishery objectives, although practical impediments to reactive 32 

strategies abound. Where catch limit reductions were introduced to buffer against scientific 33 

uncertainty, a trade-off was evident that required recognizing constraints in stock assessment 34 

reliability (given the complexities of estimating time-varying natural mortality) and balancing 35 

these constraints against desirability for high catch rates. Our study provides a narrative on the 36 

ways in which management guidance can be structured to address uncertainty about future 37 

occurrences of episodic natural mortality events. 38 

 39 

Keywords: Karenia brevis, management strategy evaluation (MSE), management procedure, 40 

harvest strategy, ecosystem-based fishery management 41 

 42 

 43 

Introduction 44 

Occasional die-offs of fishes and invertebrates are well known to coastal communities and 45 

often follow hurricanes, harmful algal blooms, or extreme fluctuations in environmental 46 

conditions (Lewitus et al. 2012). Lost tourism and fishing opportunities have been associated 47 

with die-offs of American Lobster Homarus americanus, Red Abalone Haliotis rufescens, and 48 

Red Grouper Epinephelus morio (Pearce and Balcom 2005; Rogers-Bennett et al. 2012; Driggers 49 

et al. 2016). Freshwater ecosystems are also susceptible to fish die-offs, including those affecting 50 

Muskellunge Esox masquinongy and Freshwater Drum Aplodinotus grunniens of the Laurentian 51 

Great Lakes (CCWHC 2005; Casselman 2011). While episodic natural mortality events may 52 

often be difficult to anticipate, their occurrence remains an on-going resource management 53 

concern.  54 

In the Gulf of Mexico, fish die-offs attributed to harmful algal blooms remain one of the 55 

most obvious ecological issues, affecting not only fisheries, but also human health and tourism 56 

(Backer 2009). The “red tide” dinoflagellate Karenia brevis may cause fish mortality through 57 

acute exposure or bioaccumulation of the neurotoxin brevetoxin and also through asphyxiation 58 
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from associated areas of hypoxic water (Landsberg et al. 2009). Harmful algal blooms are known 59 

to have occurred in the Gulf of Mexico for hundreds of years, and severe events pose fish 60 

mortality threats that can substantially exceed average natural mortality rates (Steidinger 2009). 61 

A severe red tide event in 2005 was estimated to have killed over 11,000 mt of Red Grouper, 62 

reflecting a 3-fold increase over the average natural mortality rate (SEDAR 2015). 63 

The red tide of 2005 spurred increased awareness of effects of episodic natural mortality 64 

events on Gulf of Mexico fisheries, and effects of red tide events have been recognized in stock 65 

assessments and decision-making since that time. Stock assessments for Gag Grouper 66 

Mycteroperca microlepis and Red Grouper finalized in 2006 and 2007 recognized red tides only 67 

in the context of research recommendations (SEDAR 2006a, 2006b). The first attempt to 68 

quantify red tide severity for use in stock assessments was based on statistical modeling using 69 

satellite data (Walter et al. 2013). This model was later used to delineate spatial and temporal 70 

overlap between red tide presence and Red Grouper abundance (Sagarese et al. 2014a). Multi-71 

species modeling approaches were also considered, with the goal of understanding not only 72 

effects of red tide mortality on Groupers but also on species that interact with Groupers via 73 

trophic connections (Grüss et al. 2016). These research efforts were effective in establishing the 74 

magnitudes of red tide mortality on Groupers and improving fits to abundance indices within 75 

recent stock assessments (SEDAR 2014, 2015). Yet, research was not directed towards 76 

informing management decisions to face unpredictable future occurrences of natural mortality 77 

increases – a deficiency that became apparent at the outset of another red tide event in 2014 78 

(Driggers et al. 2016). Lacking information on whether established management approaches 79 

were sufficient to buffer the stock against these episodic mortality events, the Gulf of Mexico 80 

Fishery Management Council (GMFMC) temporarily postponed decisions on catch limits for 81 

Gag Grouper in 2014 to wait for additional scientific analysis (GMFMC 2015).   82 

In response to these management concerns, the GMFMC passed a motion in June 2014 to 83 

“…evaluate the current Red Grouper harvest control rule to determine if it is robust to possible 84 

future changes in intensity and frequency of episodic events of non-fishing mortality.” (GMFMC 85 

2014). Our study was conducted in response to this request, under the advice of the GMFMC 86 

Scientific and Statistical Committee (SSC) and the auspices of NOAA’s Gulf of Mexico 87 

Integrated Ecosystem Assessment Program, which supports efforts to transfer scientific 88 

knowledge from ecosystem-based assessments to management. We used management strategy 89 
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evaluation (MSE) to explore decision-making responses to prevailing episodic natural mortality 90 

events to achieve pre-agreed management objectives. Specifically, we addressed two questions 91 

about how decision-makers could be equipped to face future episodic natural mortality events 92 

(e.g., red tides): 1) Does the existing GMFMC management approach need to be modified to 93 

achieve management objectives due to effects of episodic natural mortality events? 2) If 94 

modifications are considered, what are their effects and trade-offs on maintaining sustainable 95 

fisheries? To answer these questions, the interconnections between environmental conditions, a 96 

fish stock, a fishery, and a management strategy were specified in a simulation model. We 97 

focused on two types of harvest control rules (HCRs): 1) one based on dynamic decision-making 98 

frequency in response to occurrences of severe red tide events, and 2) the other based on static 99 

decision-making intervals coupled with precautionary catch reductions. By varying these aspects 100 

of decision-making, we sought to provide a narrative on structuring management guidance in the 101 

face of uncertain futures about episodic natural mortality events. 102 

 103 

Methods 104 

A management strategy usually consists of a monitoring program to collect data, a stock 105 

assessment to analyze data, management reference points, and a HCR. MSE is the process of 106 

simulating the workings of a fisheries system to test management strategies and determine 107 

whether their likely effects on a fishery and a fish stock will achieve pre-agreed management 108 

objectives (Butterworth and Punt 1999; Smith et al. 1999; Sainsbury et al. 2000). Within our 109 

simulation of a defined management strategy, the HCR functions as a pre-stated set of criteria for 110 

implementing regulatory changes to fishing, typically through restrictions on total catches. Catch 111 

restrictions determined by the HCR are implemented for some short period of time (e.g.., 1-5 112 

years) and accordingly affects the fishing mortality level imposed on the simulated stock. The 113 

fish stock concurrently undergoes its own population processes (e.g., growth, births, and natural 114 

deaths). When the next management decision point occurs, the HCR is again used to re-evaluate 115 

total catch restrictions based on updated information provided by a stock assessment (Fig. 1). 116 

This cycle can be specified to continue for any duration of time. Simulating management 117 

strategies differs from what is sometimes termed as stock assessment projections. Stock 118 

assessment projections do not take into account management responses to new information, 119 

while MSE examines how a management strategy perform in responding to changing 120 
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circumstances, like environmental events that are otherwise difficult to anticipate, relative to pre-121 

agreed management objectives (Punt et al. 2016).  122 

Simulated stock dynamics 123 

Stock dynamics used in our simulations were an age-structured representation of Gulf of 124 

Mexico Red Grouper (Table 1; SEDAR 2015). Within each annual time step, growth occurred 125 

first, followed by reproduction, and then by total mortality (i.e., natural mortality plus fishing 126 

mortality). Fish growth followed a von Bertalanffy function and fork lengths in mm were 127 

converted to whole weight in kg according to an exponential function. Maturity was an 128 

asymptotic function of age (age at 50% maturity was 2.8 years), and we also specified 129 

proportional transition from female to male as a function of age, as Red Grouper is a 130 

protogynous hermaphrodite. Numbers-at-age were modeled as a single sex, and hermaphroditism 131 

was addressed in the calculation of fecundity-at-age. Recruitment of age-0 fish was calculated 132 

according to the Beverton-Holt stock-recruitment function with steepness of 0.8, which is 133 

consistent with expectations for demersal fishes of the Gulf of Mexico (Shertzer and Conn 2012; 134 

SEDAR 2015). Reproductive output (eggs-per-female) was a power function of age. Simulated 135 

fishery selectivity was specified as knife-edge at age 5 years, although actual selectivity patterns 136 

differ considerably among commercial and recreational sectors (SEDAR 2015). Average age-137 

specific natural mortality, defined as the time-invariant rate expected in the absence of episodic 138 

natural mortality fluctuations, was expressed as an inverse function of length and scaled to a 139 

longevity-based lifetime natural mortality of 0.14 year-1

Episodic natural mortality events were generated using a log-normal distribution consistent 141 

with the recorded historical pattern of red tide events occurring on the West Florida Shelf (Fig. 142 

2). Episodic events were specified as multipliers of average natural mortality rates-at-age, with 143 

log-normal variance chosen to generate a distribution of natural mortality multipliers that 144 

approximately mirrored historical red tide intensities, and a resulting log-normal mean of one. 145 

The specified distribution of historical red tides intensities was derived from a unitless index 146 

based on statistical modeling of satellite imagery (Walter et al. 2013). In our simulated sampling 147 

distribution, a three-fold natural mortality multiplier occurred at the 97

 (Then et al. 2015). 140 

th percentile and the 148 

maximum multiplier value was bound at approximately six. Our approach recognized the three-149 

fold increase in natural mortality as the maximum recorded event strength estimated for Red 150 
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Grouper, while also recognizing the possibility that more severe events could arise (with low 151 

probability) as part of the log-normal sampling distribution (SEDAR 2015). 152 

Episodic natural mortality multipliers were translated to an observable red tide index 153 

according to the function: 154 

( )log /t tenv cθ=   (1) 155 

where tθ  is the episodic natural mortality multiplier in year t, env is the corresponding value of 156 

the red tide index, and c is a scaling constant. Accordingly, total natural mortality-at-age was: 157 

( ), , , exp ,Total age t Ave age tM M c env= ⋅ ⋅   (2) 158 

where ,Ave ageM  is the specified average natural mortality-at-age. Our assumption that red tide 159 

events affected all age classes was consistent with the manner in which red tide mortality has 160 

been included in stock assessments (SEDAR 2015). Equation (2) states that changes in red tide 161 

concentrations can cause both increases and decreases in natural mortality around an average 162 

natural mortality rate-at-age. Thus, our use of a longevity-based estimate to specify average 163 

natural mortality-at-age reflects the assumption that annual exposure to higher-than-average or 164 

lower-than-average natural mortality fluctuations is reflected in the average observed lifespan on 165 

which the longevity-based average natural mortality estimate is based. 166 

Management strategy design 167 

Our simulated HCRs each adhered to aspects of National Standard 1 Guidelines produced by 168 

the US National Marine Fisheries Service (NSG 2016). These guidelines specify an overfishing 169 

limit (OFL) as the catch above which the capacity for long-term yields is jeopardized and 170 

acceptable biological catch (ABC) as equal to or less than the OFL to account for scientific 171 

uncertainty. An annual catch limit (ACL) is set equal to or less than the ABC to account for 172 

additional ecological, social and economic factors, and uncertainty in management 173 

implementation. Arguably, catch reductions that are introduced to reflect management precaution 174 

about future natural mortality fluctuations could be made through adjustments to ABCs or ACLs. 175 

We maintained the existing ABC control rule for Red Grouper as distinct from management 176 

precaution related to episodic natural mortality events, and opted to evaluate precautionary catch 177 

reductions through adjustments to ACLs. Central to our choice of adjusting ACLs was being able 178 

to disentangle the GMFMC’s existing management approach used in ABC calculation from the 179 
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evaluation of precautionary catch reductions aimed at buffering against future natural mortality 180 

events. During the most recent Red Grouper stock assessment, the GMFMC’s ABC control rule 181 

determined that ABC = 0.98 x OFL, which was based on criteria related to stock assessment 182 

complexity, characterization of estimation uncertainty in the statistical estimate of OFL, and 183 

inclusion of environmental covariates in the assessment (GMFMC 2016). These considerations 184 

were formalized within an approach known as P* (Prager and Shertzer 2010). We adopted this 185 

approach and specified ABC as being 98% of the OFL in all management strategy variants we 186 

evaluated. 187 

We simulated error in the observation of fishery catch-per-unit-effort (CPUE) with a log-188 

normal standard deviation of 0.3, estimated age composition of the catches as a multinomial 189 

process with effective sample size of 100, and assumed catches (kg) were known without error. 190 

Data sources available for 28 years, spanning 1986 to 2013, were used in the model before the 191 

first assessment of the simulated stock was generated. Observation of a red tide index, used in 192 

stock assessment for estimating time-varying natural mortality, was simulated with a Gaussian 193 

error structure using a coefficient of variation of 0.3. Observation of a red tide index was not 194 

generated prior to 1998, which reflects actual availability of satellite imagery.  195 

The simulated stock was assessed using an integrated statistical age-structured population 196 

model known as Stock Synthesis, version 3.3 (Methot and Wetzel 2013). Growth, average 197 

natural mortality-at-age, and the standard deviation of annual recruitment were specified to be 198 

known without error. The steepness parameter of the Beverton-Holt stock recruitment 199 

relationship, unfished recruitment (R0), annual recruitment deviations, instantaneous fishing 200 

mortality in each year, and the parameters of an asymptotic selectivity function for the fishery 201 

were estimated. An informative Gaussian prior for the steepness parameter was obtained from 202 

the meta-analysis conducted by Shertzer and Conn (2012) and was bound between 0.2 and 1.0. 203 

Time-varying natural mortality was estimated through a linkage between the observed red tide 204 

index and each natural mortality-at-age parameter. This relationship was of the same functional 205 

form as Equation (2), where scaling parameters (c: one for each age-class) were estimated under 206 

the constraint of being non-negative values. Time-varying natural mortality was not estimated 207 

prior to 1998 because observations of the red tide index were unavailable prior to this date. The 208 

fish stock was assessed as a single sex with protogynous hermaphroditism addressed in the 209 

specification of fecundity-at-age. 210 
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Stock synthesis was also used to estimate management benchmarks, which were based on 211 

maximum sustainable yield (MSY). These calculations used average natural mortality rates (i.e., 212 

life history parameters specified for 1986, the first year of the time series). Based on estimates of 213 

fishing mortality producing MSY (FMSY

Each HCR we examined confronted uncertainty about episodic natural mortality through 217 

either 1) the degree to which ACLs were reduced, or 2) the temporal pattern in which ACL 218 

decisions were made: fixed intervals every 5 years, or 5-year reactive intervals. A reactive 219 

interval consisted of an interruption to a 5-year decision interval in any year following a severe 220 

episodic natural mortality event (Fig. 3). In this situation, a stock assessment would be made and 221 

newly-calculated ACLs would be implemented. If no other severe event occurred, the next 222 

decision would occur in five years. If another severe event occurred before the fifth year, new 223 

ACLs would be calculated and the five year decision clock would be reset. We defined a severe 224 

event as an observed value in the upper 10% of the index distribution. Thus, in any simulation 225 

run, 10% more stock assessments would be triggered, on average, by a reactive HCR than by a 5-226 

year fixed interval HCR. Our choice of 5 years for fixed decision intervals was based on the 227 

actual frequency of Gag Grouper and Red Grouper stock assessments, which have taken place 228 

every 3 to 6 years.  229 

), fishery selectivity, and stock size in the last year of the 214 

assessment model, Stock Synthesis was then used to provide OFL projections that were 215 

subsequently used in the HCRs we evaluated.  216 

For each OFL projection provided by a stock assessment, the corresponding annual ABC was 230 

specified as 98% of this value. For fixed interval HCR simulations that included a subsequent 231 

ACL reduction, each annual ABC was reduced by a specified percentage. In all simulations, the 232 

fishery harvested the entire ACL every year, even during red tide events. This ability of the 233 

fishery to achieve their ACL during a red tide event is based on documented fishery performance 234 

during a severe red tide event in 2005 (SEDAR 2015).  235 

Simulated evaluation of management strategies 236 

Simulated stock dynamics and designed management strategies were combined into a MSE. 237 

Stock dynamics were initialized for 1986 assuming the ratio of existing spawning biomass to 238 

unfished spawning biomass was 0.3, which was consistent with an actual estimate of stock status 239 

(SEDAR 2015). Changes in stock size between 1986 and 2013 were simulated using the relative 240 

total fishing effort trend obtained from the actual stock assessment (SEDAR 2015). Simulated 241 
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annual stochastic recruitment deviations occurred during the historical time period (1986-2013) 242 

as well as during the subsequent 25 year forecasted time period. Simulated annual episodic 243 

natural mortality events occurred during 1986-1997, actual historical values of the red tide index 244 

were applied between 1998-2013, and simulated events again occurred during the 25 year 245 

forecasted time period. Consequently, temporal patterns in stock size were generally consistent 246 

with actual stock assessments during this period, although each simulation run produced a 247 

somewhat different historical reconstruction due to stochastic annual recruitment and due to 248 

natural mortality fluctuations during the early part of the time series. All  stochastic events were 249 

generated and saved ahead of simulation runs. This enabled each management strategy to be 250 

evaluated against the same sequences of events to ensure that performance was not influenced by 251 

chance differences inherent in a sample of random draws (Punt et al. 2016). 252 

A total of 500 25-year simulations were run under each of six HCRs: a reactive decision 253 

interval with no additional ACL reduction, and five HCRs consisting of a fixed decision interval 254 

with precautionary ACL reductions of 0% (i.e., no reduction), 10%, 20%, 30%, and 40%. For 255 

comparative purposes, we also simulated a fixed decision interval with 0% ACL reduction, but 256 

which also assumed the stock assessment was made without error. This allowed us to separate 257 

effects of stock assessment errors on performance outcomes from effects of episodic mortality 258 

events occurring after specification of multi-year ACLs.  259 

In evaluating HCR performance, we calculated the propensity for overfishing as well as the 260 

propensity for the stock to become overfished, as these considerations are codified in US 261 

National Standard 1 Guidelines (NSG 2016). An overfished metric was calculated as the 262 

percentage of simulation runs where spawning biomass in the 25th year was below the simulated 263 

target threshold of 1/2BMSY. Overfishing was calculated as the percentage of simulation runs 264 

where ACLs specified via the management strategy exceeded simulated target OFLs in at least 265 

50% of years over a 25-year duration. Thus, the overfishing metric determined the percentage of 266 

simulation runs, for a given management strategy, that exceeded a maximum overfishing 267 

allowance under National Standard 1 Guidelines. Two additional performance metrics were 268 

calculated in the 25th year of each simulation to reflect food production and recreational benefits 269 

on the basis of MSY: the ratio of catches to true simulated MSY and the ratio of spawning 270 

biomass to BMSY. These metrics are instructive when compared to stock status in the 1st year of 271 

the simulations to evaluate whether a given management strategy generally works to guide the 272 
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stock towards achievement of management objectives consistent with the fishery management 273 

plan for Gulf of Mexico Reef Fish Resources (GMFMC 1984). 274 

 275 

Results 276 

The HCR consisting of a fixed decision interval and no ACL reduction was meant to 277 

represent the current management approach to Red Grouper in the Gulf of Mexico. Relative to 278 

the first year of simulation runs, this management strategy stabilized, or slightly improved, 279 

sustainability on the basis on MSY management objectives (Fig. 4). Median performance across 280 

all simulation runs indicated that spawning biomass stabilized above BMSY

To examine how other management approaches might modify management outcomes 288 

resulting from the current approach, we first considered the reactive decision interval that 289 

consisted of additional stock assessments and updated ACL calculations in response to severe 290 

red tide events (i.e., the largest 10% of event magnitudes). MSE suggested such an approach 291 

could reduce the occurrence of overfishing, relative to our representation of the current 292 

management approach (Table 2). This occurred because more frequent decision-making intervals 293 

performed better at keeping the stock and its fishery on track towards achieving fishery 294 

objectives.  295 

, while catches were 281 

stabilized near a median value of 0.79MSY. Under this management strategy, the maximum 282 

allowable overfishing probability of 0.5, as codified in National Standard 1 Guidelines, was 283 

exceeded in 36% of simulation runs (Table 2). This means that 36 of 100 simulations would 284 

produce ACLs that exceeded simulated target OFLs in more than 12 out of each 25-year 285 

simulation. Our results also suggested that 20 out of 100 simulations would result in an 286 

overfished stock after 25 years. 287 

Precautionary ACL reductions, in which 5-year fixed decision intervals were maintained in 296 

combinations with 10%, 20%, 30%, or 40% ACL reductions, were then considered as an 297 

alternative to decision-making reactivity. A 10% ACL reduction increased spawning biomass, 298 

but decreased median long-term catches (Table 2). All ACL reductions we examined lowered the 299 

occurrence of overfishing and, thus, the chances of the stock becoming overfished at the end of 300 

the 25-year simulation period. ACL reductions of 20%, 30% and 40% exhibited a trend of 301 

decreasing overfishing and increasing stock biomass at the expense of reduced long-term 302 
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catches. These MSE results provide guidance in selecting the most appropriate management 303 

strategy to employ in order to achieve pre-agreed management objectives. 304 

Finally, simulating the performance of various management strategies was also useful in 305 

identifying effects of different management strategy components on performance outcomes. By 306 

evaluating a HCR with perfect information about stock status and management reference points, 307 

we were able to separate effects of stock assessment errors from natural mortality fluctuations 308 

due to red tides (Table 2). Evaluating this perfect information management strategy, which was 309 

similar to the current management approach (i.e., in terms of a fixed decision interval with no 310 

ACL reduction) suggested that stock assessment reliability contributes substantially to the 311 

occurrence of overfishing. Thus, stock assessment reliability should be given special 312 

consideration in management strategy design, especially when dealing with estimation of time-313 

varying natural mortality fluctuations. 314 

 315 

Discussion 316 

We feel our results have answered both questions we posed at the outset of our study. We 317 

now revisit these two questions. 318 

1) Does the existing GMFMC management approach need to be modified to achieve 319 

management objectives due to effects of episodic natural mortality events? 320 

Under the HCR that reflected aspects of the current management approach consisting of a 321 

fixed decision interval and no ACL reduction, our simulations had an occurrence of overfishing 322 

of 36% of simulation runs and of the stock becoming overfished in 25-years of 20% of 323 

simulation runs. Such a performance outcome suggests that this approach may commonly result 324 

in the implementation of rebuilding plans and other costly policy adjustments, and thus may 325 

require further examination by fishery decision-makers. Stock assessment was also made 326 

considerably more complicated by the presence of episodic natural mortality events. Uncertainty 327 

related to stock status determination and OFL projections that arise from estimation of time-328 

varying natural mortality parameters may not be adequately addressed within the GMFMC’s 329 

existing ABC control rule. However, complications in stock assessments related to estimation of 330 

time-varying natural mortality are only beginning to be explored (Johnson et al. 2015), and, like 331 

the inclusion of other sources of environmental variation, decisions made in conducting stock 332 

assessments will affect the reliability of estimated stock status and management reference points 333 
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(Sagarese et al. 2014b; Punt et al. 2014). As we have shown in this study, if  stock assessments 334 

estimate time-varying natural mortality, management strategies built around these assessments 335 

may require buffers in setting catch limits as a consequence of considerable uncertainty.  336 

2) If modifications are considered, what are their effects and trade-offs on maintaining 337 

sustainable fisheries? 338 

Our simulations demonstrated the effects and trade-offs on maintaining sustainable fisheries 339 

that are likely to occur under various management strategy modifications. We found that both 340 

precautionary ACL reductions and decision reactivity can improve achievement of fishery 341 

objectives. This conclusion is supported elsewhere, both in the use of buffers to account for 342 

uncertainty in setting catch limits and in the frequency of decision-making as a means to avoid 343 

undesirable stock depletion (Punt et al. 2012; Li et al. 2016). The terms reactive or reactionary 344 

are often associated with ad hoc decision-making in fisheries management; however, we used 345 

these terms to mean an established decision process designed to respond to an event that has 346 

unpredictable timing. As an alternative to reactivity, precautionary harvest policies attempt to 347 

avoid undesirable situations altogether and under as many circumstances as possible (Restrepo 348 

and Powers 1999). Precautionary buffers also offer a simple means of addressing the effects of 349 

natural variability on fish stock dynamics without requiring these events to be predictable. 350 

Because buffering catches works to maintain higher average biomass levels, natural fluctuations 351 

in stock size are expected to have lower probabilities of falling below management thresholds. 352 

This conclusion is borne out by our study. Also, given that practical limitations in stock 353 

assessment reliability will continue to persist, especially for complex assessments that estimate 354 

time-varying natural mortality, buffers appear suitable for maintaining higher average biomass 355 

levels. However, selection of buffer sizes is not straightforward, and will require a balance 356 

between maintaining low probabilities of falling below biomass thresholds and achieving the 357 

highest possible catch rates. 358 

The viability of reactive HCRs as management options will depend on both timeliness of 359 

event detection and whether reasonable judgements about event severity can be used as a trigger 360 

for management intervention. Limitations in funding will affect data collection and analysis, as 361 

well as the ability to conduct stock assessments. In the Gulf of Mexico, more than 35 stocks 362 

require establishment of ACLs under the Magnuson-Stevens Fishery Conservation and 363 

Management Act (NOAA 2007). Several families of fish are susceptible to red tide events, with 364 
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members of the family Serranidae (e.g., larger Groupers like Red Grouper and Gag Grouper) 365 

appearing to be particularly vulnerable (Sagarese et al. 2017). The variety of fish stocks 366 

potentially affected by red tide events poses additional considerations about whether reactivity 367 

would trigger multiple stock assessments, how these assessments would be prioritized, and 368 

whether non-affected stocks would, as a consequence, be assessed less frequently. The level of 369 

anxiety of stakeholders and managers to a severe natural mortality event may be reduced by 370 

more steady management actions, like catch limit buffers. The temporary postponement of 371 

setting Gag Grouper catch limits in 2014 suggests that some level of management intervention to 372 

changes in environmental conditions is needed (GMFMC 2015). 373 

 A central statement of the GMFMC’s 2014 motion to evaluate the current Red Grouper 374 

harvest control rule emphasized better knowledge of future changes in intensity and frequency of 375 

episodic events. We evaluated management strategy performance in response to historical 376 

patterns in intensity and frequency of red tide events, assuming these would continue into the 377 

foreseeable future. However, observations indicate that the intensity and frequency of these 378 

events are already changing in coastal regions (Glibert and Burford 2017). Evaluating harsher 379 

environmental conditions will involve simulating scenarios that convey different levels of 380 

mortality risk associated with red tide events and highlighting the corresponding consequences of 381 

alternative fishery management actions. The most appropriate management strategy might be the 382 

one that best ensures minimum performance standards can be met across a variety of conditions, 383 

or at least across the most severe of plausible conditions. This approach would require consensus 384 

on the suite of scenarios or ‘states of nature’ under which management strategies would be 385 

judged, but does not necessarily require any one scenario to be favored over another (Miller and 386 

Shelton 2010). In doing so, specific guidance on whether a precautionary ACL reduction should 387 

be considered at all, and to what extent an ACL buffer may be needed, can be more thoroughly 388 

explored and explained to decision-makers and stakeholders. 389 

Our study reflects the growing emphasis on accounting for natural variability in the design of 390 

single-species management strategies. Operationally, single-species HCRs can advance U.S. 391 

policy towards ecosystem-based fisheries management (EBFM; NOAA 2016). Because EBFM is 392 

supported by a wide spectrum of assessment and decision-making tools, single-species 393 

approaches that address the effects of ecological variability on management decisions have the 394 

potential to alter thinking about the design of decision-making frameworks (Link and Browman 395 
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2014). Furthermore, expanding existing management approaches to account for ecological and 396 

environmental conditions, including anthropogenic climate change, would be an important shift 397 

towards ‘climate-ready’ fisheries management, and an important step towards EBFM 398 

implementation (Pinsky and Mantua 2014).  399 
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 537 

 538 

Figure captions. 539 

 540 

Figure 1. Management strategy evaluation conducted by simulating interconnections between a 541 

fish stock, its fishery, and a management strategy (where a management strategy includes data 542 

collection, stock assessment, and a harvest control rule). 543 
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Figure 2. Distribution of (A) historical occurrences of red tide events based on satellite imagery 545 

and (B) corresponding natural mortality fluctuations of Gulf of Mexico Red Grouper (as 546 

multipliers of average natural mortality rate). 547 

 548 

Figure 3. Example of a concurrent simulation of episodic natural mortality events (upper panel), 549 

Gulf of Mexico Red Grouper stock abundance (middle panel; i.e., abundance changes resulting 550 

from growth, births, and deaths), and a harvest control rule (HCR) that depicts reactive decision-551 

making following severe episodic increases in natural mortality (lower panel).  552 

 553 

Figure 4. Median performance outcomes based on 500 25-year simulation runs of a management 554 

strategy similar to the current approach for Gulf of Mexico Red Grouper. (A) B/BMSY is 555 

spawning biomass as the fraction of biomass producing maximum sustainable yield (MSY). (B) 556 

C/MSY is catch weight relative to MSY. Dashed lines are median historical trends prior to 557 

implementing the management strategy, and solid lines are median trends during simulations of 558 

the management strategy. Filled dots are median performance values (numeric labels), and thin 559 

vertical lines are inter-quartile range of simulation outcomes.  560 
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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) 

      220

0

0.8
exp Normal 0, 20.2 1 0.2

t
t

t

R hB
R

B h h B
          

 Rt is the number of age-0 recruits; Bt is spawning biomass; R0 is 

unfished number of recruits of 1.6x107, h is steepness of 0.8, 

and σ is log-scale recruitment variation of 0.96 

  

Spawning biomass (B) 

 

, , , ,Mat Female Fecundityt age t age t age t age t
age

B N  

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

female; Fecundity is eggs-per-female 

  

Abundance  1, 1 , ,expage t age t t age age tN N F Sel M       

 Sel is fishery selectivity, F is fishing mortality, M is natural 

mortality including episodic M fluctuations 

  

Proportion mature    Mat exp exp 2.55 1.05age age       

Proportion female    Female exp exp 2.14 0.16age age      

Fecundity (eggs-per-female) 2.12Fecundity 3.878age age    

von Bertalanffy growth  

(mm fork length) 
   01 expageL L K age t       
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 L∞ is asymptotic length of 827.2 mm fork length; K is Brody 

growth coefficient of 0.12 year-1; t0 is -0.89 

Whole weight conversion (kg) 9 3.185.46 10age ageW L    

Average natural mortality 

(year-1) 

Ages 0 to red grouper maximum age of 29 years:  

(0.584, 0.395, 0.308, 0.258, 0.226, 0.204, 0.187, 0.175, 0.165, 0.158, 0.151, 

0.146, 0.142, 0.139, 0.136, 0.133, 0.131, 0.129, 0.128, 0.126, 0.125, 0.124, 

0.123, 0.122, 0.122, 0.121, 0.121, 0.120, 0.120, 0.119) 

 

 

Table 2. Performance 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 

BMSY is the spawning biomass that produced MSY. Numbers in parentheses are centered 50% 

credibility envelope. 

Harvest control rule Overfishing 

occurrence 

Overfished 

occurrence 

in 25th year 

Median  

C / MSY 

in 25th year 

Median  

B / BMSY  

in 25th year 

Stock assessment conducted     

Fixed decision interval     

     0% ACL reduction 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) 
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