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Over 84 reef fish species are commercially exploited by U.S. fisheries in waters

surrounding Florida and require management actions that promote sustainable re-

sources. The Florida reef ecosystem supports lucrative commercial and recreational

industries that provide the state with billions of dollars annually. The goal of this

study was to analyze the available demographic, fishery, and economic data for reef

fishes, develop an age-structured bioeconomic production model, and assess the eco-

nomic consequences of fisheries management relative to the commercial sector.

Key demographics data are required for the most basic assessment methodology,

but just over half of these species had full parameter sets suitable for stock assess-

ment, and less than a quarter had reliably estimated sets. Six species almost entirely

landed in Florida of significant commercial value were analyzed: gag grouper, red

grouper, black grouper, yellowtail snapper, mutton snapper, and gray snapper. Two

of these species, gag grouper and yellowtail snapper, were used to test model robust-

ness through multiple points of contrast: grouper vs. snapper, primarily recreational

vs. commercial, and multiple vs. single gear fisheries. Total mortality rates estimated

from the average length of the commercial catch were combined with demographics

models to assess the populations within numerical cohort models. Both species’ pop-



ulations were estimated to be overfished with fishing mortality rates, F , over double

their natural mortality rates for all stocks in 2016. Yellowtail snapper spawning po-

tential ratio was estimated at 26.94%, and Gulf of Mexico gag grouper was 12.25%.

Economic models were built linking commercial catch to revenues and nominal ef-

fort to costs. Ex-vessel prices were modeled for all six species within inverse demand

functions that explained 53.1%–86.4% of the variability, where catch biomass was

the primary explanatory variable. Fleets were defined for gag grouper and yellowtail

snapper specified primarily by fishing area and gear. Revenues from ‘jointly-caught’

species were estimated for each ‘fleet,’ using fishing effort as the primary explanatory

variable. Variable costs including fuel, bait, ice, tackle, groceries, and miscellaneous

expenses displayed different functional forms within ‘fleets.’ Total monthly expen-

ditures were predicted using average trip duration and vessel length. Functions es-

timating the variable costs explained 55.3%–75.1% of the variation in hook-and-line

fleets, 26.5% in longline fleets, and 19.0%–35.9% in spearfishing fleets.

Numerical cohort model outputs served as inputs to economic models, creating

a dynamic bioeconomic production model that was validated with observed revenue

and cost data. Four management strategies were simulated in this model: (1) a

baseline simulation of no change since 1998; (2) actual management regulations; (3)

maximizing revenue under actual F and adjusting age at first capture, ac; and (4)

maximizing net revenue adjusting F and ac. Across all simulations, the strategies

designed to optimize economic profitability were also the most sustainable, allowing

populations to rebuild and resulting in the highest SPR. Management measures that

maximize commercial economic productivity would increase net benefits to the region

while providing a more resilient ecosystem through healthier fish populations.
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This work is dedicated to those who examine each question

in terms of what is ethically and aesthetically right,

as well as what is economically expedient.

(attrib. Aldo Leopold, 1949)
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CHAPTER 1

Introduction

Fishing in Florida has been a prominent aspect of life for millennia, and histori-

cal documentation details dramatic decreases of valuable reef fish resources in recent

years (Walker, 1992; Roberts, 2007). In the first half of the 20th century, diaries and

photographs documented a reef teeming with life and catches far exceeding anything

observed today in terms of numbers and sizes, particularly in higher trophic level

species rarely seen anymore (Beebe, 1928; Haas, 1952; Roberts, 2007; McClenacan,

2009). Following World War II, technological advances infiltrated the fishing indus-

try, reduced search times and costs, and facilitated the capture of more fish in a

shorter period of time (Hanna et al. , 2000; Olsen, 2008). New technologies such as

depth sounding machines and GPS were especially effective in locating aggregations

of transient spawners, a reproductive strategy observed in many grouper and snap-

per species where dense spawning aggregations are formed in the same locations year

after year (Domeier & Colin, 1997; Farmer et al. , 2017). Predictable aggregation

behavior made these species easy to locate and catch while also inhibiting repro-

ductive success. By the late 1980s, documented Nassau grouper, Goliath grouper,

and mutton snapper spawning aggregations were fished out of existence (GMFMC,

1
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1993; Sadovy & Eklund, 1999). In addition to aggregate spawning, most groupers

also display protogynous hermaphroditism, where all species begin as immature fe-

males, mature as females, then transition to males. Intense exploitation causes the

population’s length structure to truncate, resulting in heavily skewed sex ratios for

hermaphroditic species. Gag grouper are protogynous hermaphrodites, and in the

Gulf of Mexico their population decreased from 17% male in the 1970s to a mere

1% in the early 1990s, which likely further inhibited reproductive success (Collins

et al. , 1987; Hood & Schlieder, 1992; Coleman et al. , 1996). The decimation of reef

fish populations was fueled by their vulnerability to technological advances, and expo-

nentially increasing human populations has resulted in continually rising demands for

tourism and seafood, an overcapitalized commercial industry, and increased threats

to reef fishes year after year (Ault et al. , 2009; FAO, 2016; BEBR, 2017).

Reef fish regulation in the United States began just four decades ago and encom-

passes dozens of teleost fish species landed for consumption in Florida (MSA, 1976).

Groupers and snappers are the primary targets in this complex and therefore have

the best available documentation of catch and demography. Due to the vast diver-

sity on reef ecosystems, many species of reef fishes do not have key demographics

data described, but these data are fundamental components of population dynamics

assessment models (Ault et al. , 1998, 2014; Arnold & Heppell, 2015; Maunder &

Piner, 2015). Ideally, data collection to describe lifetime growth takes place prior

to exploitation, but that situation is very rare in most fisheries around the world.

Under heavy exploitation, size distributions of fish truncate, as documented for gag

grouper, and size at maturity can even decrease as fish are forced to put energy into

reproduction instead of growth (Coleman et al. , 1996; Ault et al. , 1998; Harris et al.
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, 2002; Ault et al. , 2008; McBride & Richardson, 2007). This phenomenon is par-

ticularly dangerous from a fisheries standpoint, because for any given age, a fish will

be smaller, have less consumable biomass, and far fewer eggs to contribute to future

cohorts due to the exponential relationship of weight with length (Richardson et al. ,

2008). When sampling occurs after these effects have taken place, estimated parame-

ters may not be representative of the true population dynamics. Even under the best

conditions, sampling the entire range of a population requires time; often, estimates

of maximum age increase the longer a fish is studied, as observed in black grouper

and mutton snapper, where maximum age estimates more than doubled and quadru-

pled, respectively, since the 1980’s (Claro, 1981; Mason & Manooch, 1985; Manooch

& Mason, 1987; Crabtree & Bullock, 1998; Burton, 2002; SEDAR, 2008). Maximum

age is considered the most reliable way to estimate natural mortality rates and trans-

lates directly to sustainable fishing mortality rates (Hoenig, 1983; Alagaraja, 1984;

Ault et al. , 1998; Nadon & Ault, 2016). Doubling maximum age estimates results

in halving natural mortality rate estimates and calls for halving fishing mortality

rates. Overexploited stocks are more likely to result in the overestimation of natural

mortality rates due to their truncated size/age distributions, which in turn results in

recommendations of unsustainable fishing mortality rates. The implications of this

scenario are wide-reaching, as overexploited stocks are more likely to unwittingly be

further subjected to unsustainable levels of fishing mortality and less likely to recover.

Diminishing catch rates and substantial foreign fleets fishing in U.S. waters prompted

Congress to pass the ‘Fishery Conservation and Management Act of 1976,’ subse-

quently known as the ‘Magnuson-Stevens Act’ (MSA, 1976). The MSA extended fed-

eral waters to 200 nautical miles offshore, known as Exclusive Economic Zones, and es-
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tablished eight Regional Fishery Management Councils (FMCs) to prepare, monitor,

and define Fishery Management Plans (FMPs) (MSA, 1976). Federal waters encom-

passing coral reef habitat surrounding Florida (and extending southeast) are managed

by the Gulf of Mexico (GMFMC), South Atlantic (SAFMC), and Caribbean (CFMC)

Fishery Management Councils (GMFMC, 1981; SAFMC, 1983; CFMC, 1985). In

1981, GMFMC established the Reef Fish FMP that was “designed to rebuild declin-

ing reef fish stocks” (GMFMC, 1981). In 1983, SAFMC created the Snapper-Grouper

FMP where it was recognized that out of the 69 species in the snapper-grouper com-

plex, biological data was only available for 17 species, and 13 of these were “likely in a

range of growth overfishing” (SAFMC, 1983). In 1985, CFMC formed the Caribbean

Reef Fish FMP “to reverse the declining trend of the resource” and “reduce conflicts

among users” (CFMC, 1985). Catch rates are indicative of population sizes, and if

fishermen noticed reduced catch rates, it is likely the reef fish populations suffered a

dramatic decrease during this time (Methot & Wetzel, 2013; Newman et al. , 2015).

In 1989, Florida Marine Research Institute (later Florida Fish and Wildlife Conser-

vation Commission, FWC) implemented recreational fishing licenses and commercial

saltwater products licenses within state waters, extending 9 miles into the Gulf and

3 miles into the Atlantic, generating funding for resource managers but not limiting

access (McRae, 2010). Florida represents a particularly complex region for marine

resource management because many fish stocks are influenced by the regulations of

two federal agencies, SAFMC and GMFMC, as well as the state agency, FWC.

SAFMC enacted the first regulatory actions to manage reef fish stocks in 1983,

enforcing a 12 inch minimum size limit for black grouper, red grouper, yellowtail

snapper, and red snapper (48FR39463; Figure 1.1). Minimum size limits reduce mor-
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tality rates on the population below the size limit, and these regulations were set

with the goal of optimizing yield per recruit but lacked accurate life history infor-

mation (SAFMC, 1983). In 1992, SAFMC increased/introduced a 20” size limit for

most groupers, included more snappers in the 12” size limit, increased red snapper

size limit to 20”, introduced recreational bag limits, and prohibited the landing of

Goliath and Nassau groupers (56FR29922). These groupers were nearly fished to

extinction and listed as “Endangered” under the Endangered Species Act because of

their susceptibility to overexploitation from previously noted spawning behavior and

long life spans; both remain under moratorium today. In 1995, SAFMC increased

mutton snapper minimum size limit to 16” and implemented a 12” minimum size

limit for hogfish, and both remained unchanged for two decades despite scientists

recommending stricter regulations throughout this time frame as updated life history

data became available (Ault et al. , 1998; SEDAR, 2004). To prevent further over-

capitalization of commercial reef fish fleets, the South Atlantic closed access to new

entrants in 1998. This same year, FWC initiated an increase in the minimum size

limit of gag and black groupers from 20 to 24 inches, decreased the recreational bag

limit, and effectively closed the commercial fishery in Atlantic state waters during the

spawning season, March–April, in an effort to rebuild the resource. Because the bulk

of the South Atlantic grouper catch is landed in Florida, SAFMC enforced these reg-

ulations in federal waters as well. In 2010, the seasonal closure duration was doubled,

extending from January–April to provide more protection for the spawning stock.

In 1990, GMFMC implemented size limits of 20” for most groupers, 12” for most

snappers, recreational bag limits, and annual commercial grouper quotas (GMFMC,

1989). When the commercial quota was reached in 1990 resulting in a short closure
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of the fishery, GMFMC increased the shallow-water grouper commercial quota in

1992 by 1.6 million pounds to “prevent a closure during the fishing year, allowing a

continuous supply of filets to the market,” ignoring the biological intention of catch

quotas (GMFMC, 1991). Under commercial catch quotas, the industry was forced

to race to fish before the quota was filled, creating an unsafe work environment and

suboptimal market conditions for the industry. While preventing these conditions is

an important goal of fisheries management, the decision to increase the quota came

at the cost of the biological sustainability of the resource. The ruling cited negligible

biological impacts on dominant red grouper catch, but did not consider the impacts

on black and gag groupers, rarer and more valuable species compared to red grouper.

The commercial reef fishery in the Gulf of Mexico closed access to new entrants in

1992 (through a series of moratoriums on issuing new commercial permits, made

permanent in 2005) to limit exploitation and protect the livelihoods of fishermen who

depend on this resource (GMFMC Amendments 4,9,11,17,24). In an effort to protect

reproductive success of reef fishes, GMFMC prohibited fishing during the spawning

season of May–June at Riley’s Hump in the Dry Tortugas, the only known spawning

aggregation of mutton snapper in 1994 in U.S. Gulf waters (GMFMC, 1993). Riley’s

Hump was closed to fishing activity year-round by the National Park Service in 2001,

and due to these measures, this aggregation still exists today. Complying with FWC

regulations, grouper minimum size limits were increased to 24 inches in 2000, and the

commercial sale of gag and black groupers was prohibited from February 15–March

15 (GMFMC, 1999). The commercial grouper closure was enforced until 2010, when

the fishery opened year-round and shifted to privilege-based fishing.
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Figure 1.1: Timeline of regulations enacted by SAFMC (red), GMFMC (blue), and FWC

(green) included minimum size limits, seasonal closures, bag limits, and clearly defined

fishing privileges. Size limits are reported in inches (in) for grouper (G) and snapper (S)

species. Major impacts to the commercial (com) and recreational (rec) fishery are noted.

The Gulf of Mexico implemented Individual Fishing Quotas (IFQs), a privilege-

based regulatory strategy that allocates a set portion of the quota to individual fish-

ermen, for red snapper in 2007 and grouper & tilefish in 2010. Management strategies

that appropriately define property rights, e.g. IFQs, promote sustainability and in-

crease economic benefits (Kellner et al. , 2011; Sanchirico & Springborn, 2011; Solis

et al. , 2014; Cunningham et al. , 2016). Globally, it has been estimated that fisheries

management reforms could increase annual global benefits by $53 billion (Costello

et al. , 2016). Natural resources without appropriate management controls or defined

property rights, e.g. open access resources, often result in overcapitalized resources

and dissipated rent (Hoshino et al. , 2018). Currently, the Florida finfish fishery gen-

erates over $75 million in annual dockside value, and reef fishes constitute over half

of that total. This complex of species contributes to economic production, creation
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of jobs, provision of food, and maintenance of a healthy ecosystem, which has many

biological, aesthetic, and cultural values. The fishes sold within the seafood mar-

ket create jobs and revenue at the dealer level, which then feed into the restaurant

and tourism industries. Historically, U.S. reef fish management has focused on main-

taining current catch levels to not disrupt the industries built around this natural

resource. Given the exploitation history and overcapitalization of this fishery, it is

hypothesized that stricter regulations would be beneficial for the industry rather than

detrimental.

Two decades ago, Ault et al. (1998) estimated 22 out of 35 species in the snapper-

grouper complex to be overfished in south Florida and recommended drastic rebuild-

ing policies. With maintenance of healthy reef fish stocks, the entire reef ecosystem is

more resilient to threats including climate change, invasive species, and pollution, cre-

ating a more reliable source of income to the state. Furthermore, sustainably managed

fish stocks foster a more stable job environment for fishermen through increased long-

term profits and reduction of fishery collapse risk. Despite these proposed benefits,

short-term economic benefits to society are often chosen over longer-term investments

in natural resources, resulting in depleted fish stocks and degraded reef habitats from

intense fishing pressures, coastal development, and climate changes (Jackson et al.

, 2001; Ault et al. , 1999, 2014; Seitz et al. , 2014; McCauley et al. , 2015). The

“open-access” nature of the reef ecosystem in Florida has resulted in undervalua-

tion of conservation when making decisions for management (Brander et al. , 2007).

Conservation of marine resources is typically viewed in direct conflict with economic

goals, but it is hypothesized the underlying strategies that would optimize these val-

ues are inherently intertwined. Florida has a multi-billion dollar tourism industry,
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much of which is centered around ocean adventures and seafood (Johns et al. , 2001,

2014; Andrews et al. , 2005; Ault et al. , 2005b). Out of all recreational activities on

Florida’s reefs, fishing comprised over half the person-days in southeast Florida, sur-

passing scuba diving and snorkeling (Johns et al. , 2001). Regulation of recreational

and commercial reef fishing practices directly affects the health of the reef ecosystem

and all surrounding industries through gear impacts and reef fish population health

(Bohnsack & Ault, 1996). Early monitoring of the U.S. fishing industry focused

on commercial catch and profitability, but economic data has been notably absent

within the SouthEast Division of Assessment and Review (SEDAR) framework, the

current standard for monitoring and regulating reef fishes since 2002 (Radcliffe, 1919;

SEDAR, 2002).

The goal of this study was to analyze the available demographic, fishery, and eco-

nomic data for reef fishes, develop an age-structured bioeconomic production model,

and assess the economic consequences of fisheries management relative to sustainabil-

ity of the commercial sector. The “data-limited” situation in Florida was elevated by

investigating the availability and validity of life history parameters to guide efforts to

assess the sustainability of all exploited reef fishes (Chapter 2). Commercial fishery

and economic data were assimilated, and functions were built estimating revenue and

cost from catch and effort, respectively, for commercial reef fish fleets (Chapter 3).

Average length of the exploited phase was utilized alongside life history functions

to estimate mortality rates of reef fishes in Florida. These biological and economic

models parameterized a bioeconomic numerical cohort model that was validated with

observed catch, revenue, and cost data (Chapter 4). Using this model, management

strategies that strove to optimize bioeconomic sustainability were identified then sim-
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ulated with implementation beginning in 1998 (Chapter 5). These analyses defined

economically favorable management strategies, outlined their associated biological

characteristics, and estimated net present value of each strategy throughout the du-

ration of the simulations (1998-2016). Managing Florida commercial reef fisheries

considering biological sustainability and economic productivity promotes increasing

ecosystem health and net benefits to the region.



CHAPTER 2

Data Assimilation: Demographics and
Fisheries

Demographics and fisheries data parameterize population dynamics models, and

available sources were assimilated for assessment (Figure 2.1).

Figure 2.1: Demographics data defining lifetime growth are used to parameterize population

dynamics assessment models, and fisheries data are used to estimate the current status of

the resource. The data sources listed above were assimilated to facilitate a bioeconomic

assessment of commercially important reef fishes.

11
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2.1 Methods

2.1.1 Florida Reef Fisheries Data Assimilation

Commercial fishery data in Florida were collected through three major programs:

Trip Interview Program (TIP), Marine Fisheries Trip Ticket (MFTT), and Florida

Logbook System (FLS). The TIP is a dockside intercept statistical survey of the

commercial fleet that began in the 1980s and was used to estimate mortality rates.

The MFTT are bills of sale between fishermen and dealers and were used to estimate

revenue. The FLS was filled out by the captain, where a subset was sampled for

variable costs, allowing for cost estimation at the trip level. In conjunction, these

datasets were used to estimate bioeconomic sustainability of Florida reef fishes, but

an individual trip could not be identified across all three datasets. Therefore, when

processing these datasets, care was taken to ensure that the same representative subset

of vessels was being defined across all three programs (Table 2.1). The recreational

landings of these species were calculated using the Marine Recreational Information

Program (MRIP), formerly Marine Recreational Fisheries Statistics Survey (MRFSS).

Market conditions were defined using data from the Bureau of Economic and Business

Research and the U.S. Bureau of Economic Analysis.

The MFTT collected data on landings, ex-vessel price, effort, revenue, gear, and

area within United States waters since 1984. The program has undergone sampling

redesigns throughout this time frame, with the most recent in 1995. Vessel charac-

teristics, which influence costs, were recorded by the Atlantic Coastal Cooperative

Statistics Program (ACCSP) and were linked to the MFTT starting in 2007, when

unique vessel identifications were available in the MFTT. The FLS was implemented
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in 1990 and included information on catch, effort, gear, area, etc. A subset of the

FLS was sampled for variable costs including bait, ice, fuel, groceries, and tackle since

2001, and underwent its last major sampling design change in 2014. The FLS had

unique vessel identification information throughout the years used in these analyses,

2007–2016.

‘Commercially exploited’ reef fish species were identified through species-specific

length composition data from the TIP. These data were evaluated for the time period

1984 − 2016 for two geographical regions, Florida and the U.S. Caribbean (Puerto

Rico and the U.S. Virgin Islands). Reef fishes were refined to ‘principal’ Florida reef

fishes, distinguished by high value and high Florida landings volume relative to U.S.

landings (NOAA’s National Marine Fisheries Service Annual Commercial Landings

Statistics). Reef fishes whose distributions centered around Florida and contributed

to a bulk of the commercial landings represented cohesive units that could be used

to estimate biological and economic dynamics of the commercial reef fisheries with

Florida datasets.

2.1.2 Exploited Reef Fish Demographics Synthesis

The following life history synthesis was designed to obtain reliable demographic

parameters for ‘commercially exploited’ reef fishes describing lifetime growth, sur-

vivorship, and reproductive maturity required for size-age cohort-structured stock

assessments (Table 2.2; c.f., Ault et al. 1998; Quinn & Deriso 1999).
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Lifetime growth described by von Bertalanffy length dependent on age L(a) growth

function,

L(a) = L∞ · [1− e−K·(a−a0)] (2.1)

where L∞ is asymptotic length, K is the Brody growth coefficient, and a0 is theoretical

age at length zero. Observed maximum age aλ was used to estimate the mean length

at oldest age Lλ from Equation (2.1). The allometric weight (W ) dependent on length

relationship,

W (a) = α · L(a)β (2.2)

has model-fitting parameters α and β. Equations (2.1) and (2.2) are used in conjunc-

tion to model lifetime growth of an individual fish in terms of average weight at age.

Length at reproductive maturity Lm was described using the logistic function,

p(L) =
eβ0+β1·L

1 + eβ0+β1·L
(2.3)

where p(L) is the proportion of fish mature at length L, and β0 and β0 are model-

fitting parameters (Roa et al. , 1999; Kutner et al. , 2004). The parameter Lm was

defined as the associated length at p(L) = 0.5, i.e., the length at which 50% of

individuals have attained sexual maturity. The corresponding age at 50% maturity,

am, was computed from Lm using the von Bertalanffy growth function (Equation 2.1)

rearranged to compute age as a function of length.

a =

−ln
[
1−

(
L(a)

L∞

)]
K

+ a0 (2.4)

An extensive literature review was conducted for the list of commercially-exploited

reef fish species in Florida and the U.S. Caribbean to assess life history parameter
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Table 2.2: Target life history parameters and additional parameters compiled for exploited
reef fishes in this Chapter.

Parameter Definition Units Equation

a Age years 2.1
aλ Maximum observed age years 2.1
L(a) Length at age a mm FL 2.1
K Brody’s growth coefficient per year 2.1
a0 Theoretical age at length 0 years 2.1
L∞ Asymptotic length mm FL 2.1
Lλ Length at maximum age mm FL 2.1
Lmin Minimum length sampled mm FL
Lmax Maximum length sampled mm FL
W (a) Weight at age a kg 2.2
α Weight-length scalar kg·mm−β 2.2
β Weight-length power unitless 2.2
Lm Length at 50% maturity mm FL 2.3
am Age at 50% maturity years 2.4
Ld Desired length units mm 2.6
Wd Desired weight units kg 2.7
L1 Original length units cm, in, etc. 2.6
W1 Original weight units g, lb, etc. 2.7
u Length conversion factor for α Ld/L1 2.6
v Weight conversion factor for α Wd/W1 2.7
α1 Original weight-length scalar (W1)·(L1)

−β 2.8
L99 99th percentile of commercial lengths mm FL
Lc Length at first capture mm FL
n Sample size numbers of fish
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availability and reliability. The review encompassed peer-reviewed publications, dis-

sertations and theses, conference proceedings, published and unpublished technical

reports, etc. Detailed information for the various life history parameters from each

literature reference were compiled into a synthesis database (Table 2.3). This infor-

mation included aspects of the study design (location, time frame, sampling gear),

age- and length-range of sampled individual fish, sample size, biological and statistical

methods, etc. These study characteristics were used to develop hierarchical selection

criteria for identifying the best available literature references and associated param-

eters for length-age, weight-length, and maturity for each species (Figure 2.2). For

example, studies conducted in the tropical Western Atlantic region were preferred

over studies conducted in the temperate Western Atlantic (hierarchy level 1). For

multiple studies within the tropical region reporting von Bertalanffy parameters for

the same species, preference was given to length-age models (Equation 2.1) devel-

oped from sectioned otoliths for individual fish and fit with nonlinear regression over

other biological and statistical methods (hierarchy level 2). Likewise, for maturity

preference was given to studies that employed histological examination of gonads and

logistic regression (Equation 2.3). For competing weight-length functions (Equation

2.2), preference was given to studies using model-fitting procedures that resulted in

homogeneous variance of residual errors for weight along the range of lengths (i.e.,

the property of homoscedasticity; Kutner et al. 2004). If competing studies were

similar with respect to level 2 criteria, then level 3 criteria were considered, and so

forth.
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Figure 2.2: Hierarchical selection criteria for determining a best set of life history parameters

from the available scientific literature.

The TIP length observations were used to estimate the expected maximum length

for each species and represented a final criteria of reliability for length-age studies.

Although obvious outliers were removed during the analysis process, it was usually

not possible to determine whether extremely large length observations were errors in

the database or were true values. Furthermore, the concept of expected maximum

length is an average value with some variation of observations above and below. The

following criteria were developed to calculate the 99th percentile of length observations

(L99) as a measure for expected maximum length for three different ranges of sample

sizes:
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L99 =



99.95th percentile if n > 10, 000

99.90th percentile if 10, 000 > n > 2000

99.50th percentile if n < 2000

(2.5)

In each case, the defined L99 represents the upper end of the TIP length distri-

bution while guarding against potential outliers. The criteria of Equation (2.5) were

used to estimate L99 for all commercially exploited species.

For this life history synthesis, units of length and weight for demographic functions

and parameters were millimeters fork length (FL) and kilograms wet weight (W),

respectively. Unit of measure conversions for length (e.g., inches to millimeters) and

weight (e.g., pounds to kilograms) were carried out using

Ld = u · L1 (2.6)

Wd = v ·W1 (2.7)

where subscript d denotes the desired unit of measure, subscript 1 denotes the original

unit of measure, u is the length conversion factor, and v is the weight conversion factor.

Equation (2.6) was applied to L∞ to convert length-age functions to millimeters;

parameters a0 and K are independent of the unit of measure for length. Length

parameters Lλ and Lm were also converted to millimeters using Equation (2.6). For

the allometric weight-length model, parameter β is independent of the unit of measure

for length, but parameter α is dependent on the unit of measure for both length and

weight. Conversions of parameter α to millimeters and kilograms were carried out

using the general formula

α = v · u−β · α1 (2.8)
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Table 2.3: Tables and variables comprising the life history parameter synthesis database for
reef fishes in Florida and U.S. Caribbean.

Data Table Variable
Reference Short reference
Details Publication type

Full reference

Reference Data Common family
Inventory Common name

Genus
Species
Short reference
Publication type
Data type

LengthAge
WeightLength
Maturity
LengthLength

Study design Publication year
variables for Short reference
parameter Common family
data tables Common name

Scientific name
Sampling location
Sampling timeframe
Sampling frequency
Sampling gear
Sample size
Sex

LengthAge Number aged
L∞ and SE L∞
K and SE K
a0 and SE a0
Fitting method
r2

Age range
Length units
Length type
Length range
Aging method
Type of hard part
Whole/sectioned
Age validation

Data Table Variable
LengthAge Back-calculation (BC) method
continued BC sample size

BC age range
BC length range
BC equation form
BC equation units
BC model parameters
BC r2

WeightLength Equation form
a and SE a
b and SE b
r2

Length units
Length type
Weight units
Weight type
Length range
Weight range

Maturity a50 and SE a50
L50 and SE L50

am reported
Lm reported
L100 reported
Length units
Length type
Length range
Mean length mature
Mature length range
Age range
Mature age range
Sex change
Sex determination method
Months w/ ripe females

LengthLength Equation form
Length units
b0 and SE b0
b1 and SE b1
r2

Length range
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using the definitions from Equations (2.6) and (2.7). If either length or weight was

already in the desired unit of measure, the respective conversion factor was set to 1

in Equation (2.8).

For life history parameters where length type was different from fork length (e.g.,

total length, standard length), length-length conversion equations were included as

part of the literature search and parameter synthesis database (Tables 2.2 and 2.3).

For length-age, L∞ was reported in the original length type, and a length-length

conversion equation was provided where possible. In contrast to unit of measure

conversions, parameters a0 and K of the length-age function are not independent of

length type. The same procedure was applied for parameter α for weight-length func-

tions. For modeling purposes, the length-length equations can be used in conjunction

with length-at-age or weight-length functions to provide the respective curves in fork

length. Values for point estimates of length, Lλ and Lm, were converted to fork length

using a length-length equation where possible.

2.1.3 Florida Commercial Reef Fishery Fleets

NMFS Southeast Regional Office recorded federal permitting information, includ-

ing renewal and expiration dates, for vessels licensed to target reef fishes. Florida

reef fishes have been managed within closed-access commercial fisheries since 1992

in the Gulf of Mexico and since 1998 in the South Atlantic. Closed-access fisheries

do not allow new entrants into the fishery without one or more current participants

exiting the fishery. Gulf of Mexico (GM) Reef Fish FMP originally operated on a

quota system then transitioned to an Individual Fishing Quota (IFQ) system for Red

Snapper in 2007 and Grouper & Tilefish in 2010. South Atlantic Snapper-Grouper
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FMP licensed the commercial fishery with either an Unlimited Trip Limit (SA1) or

225lb Trip Limit (SA2). Federal permitting information (GM, SA1, SA2) was linked

to FLS and MFTT datasets using unique vessel identification numbers.

A vessel that paid to renew these permits in a given year, landed the principal

species, and fished using a primary reef fish gear was included in further analyses,

and unique combinations of these attributes defined fishing ‘fleets.’ Including all

trips operated by vessels within each fleet allowed for estimation of total revenue and

cost incurred by the fleets while also accounting for trips where the vessels targeted a

‘principal’ species, but did not land the ‘principal’ species. Florida commercial fishery

datasets (MFTT, FLS) were subsetted based on these fleet definitions to analyze the

bioeconomic dynamics of commercial reef fisheries. Fleet validation statistics were

utilized to validate equivalent ‘fleet’ subsets between MFTT and FLS data for the

time periods 2007–2016 and 2014–2016. Validation statistics included gear-specific

catch compositions, vessel length distributions, proportion of ‘principal’ species to

total landings, and proportion of trips successfully landing the ‘principal’ species for

each fleet.

2.1.4 Commercial Reef Fish Market Conditions

Market conditions hypothesized to influence prices and costs of the commercial

reef fish fleets were compiled. Disposable income and Florida human population size

data were obtained from the Bureau of Economic Analysis and University of Florida’s

Bureau of Economic & Business Research, respectively, to investigate potential influ-

ences on ex-vessel prices fishermen receive at the dock. As the U.S. disposable income

increases, the population has more money to spend resulting in increased consump-
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tion. Demand could increase with the number of Florida residents, driving prices up.

Imports often influence demand in the U.S. because they represent substitute goods

to domestic products. Grouper and snapper imports into Miami and Tampa have

been summarized by U.S. Customs District since approximately July 1990 and were

obtained via the National Marine Fisheries Service. Import country of origin, species

type (grouper/snapper), catch volume, and price were compiled monthly. Contribu-

tion of snapper and grouper imports to the total available biomass in the Florida

market was calculated from 1995-2016, and top importing countries throughout the

time period were identified.

All temporal price data were intertwined with economic processes and influenced

by inflation, requiring standardization to compare monetary values through time.

All price data were standardized using the gross domestic product (GDP) implicit

price deflator, the current standard for National Marine Fisheries Service (NMFS)

economists. The GDP deflator is a measure of the level of prices of all new, domes-

tically produced, final goods and services in an economy. Prices from any month t,

Pt, were standardized by creating a ratio between the GDP deflator in the current

month, GDPt, and the GDP deflator from the most recent month, GDPt=2016,

Pt=2016 = Pt ·
(
GDPt=2016

GDPt

)
(2.9)

converting all price data to 2016 dollars, Pt=2016, which allowed for direct comparison

of all monetary data through time. Prices could have been standardized to any year,

but all price data presented here were converted to 2016 dollars.
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2.2 Results

2.2.1 Reef Fish Lifetime Growth Parameterization

For the period 1984-2016, the Trip Interview Program sampled commercial catches

during all seasons covering the entire respective coastlines of Florida and the U.S.

Caribbean each year. The subset of commercially exploited reef fishes was defined

by a frequency of 300 or more TIP length samples for a given species from either

Florida or the U.S. Caribbean, or a minimum of approximately 10 samples per year

on average (Table 2.4). Sample size exceptions were made for three historically im-

portant groupers (Table 2.4), two of which have been under fishing moratoria since

the early 1990’s (Goliath, Nassau; Warsaw). The final list was comprised of 84 reef-

fish species from 12 families: groupers (Epinephelidae), snappers (Lutjanidae), grunts

(Haemulidae), porgies (Sparidae), triggerfishes (Balistidae), wrasses and parrotfishes

(Labridae), barracudas (Sphyraenidae), surgeonfishes (Acanthuridae), squirrelfishes

(Holocentridae), goatfishes (Mullidae), boxfishes (Ostraciidae), and bigeyes (Priacan-

thidae).

Table 2.4: Commercially exploited Florida and U.S. Caribbean reef fishes, with sample
sizes (n) of lengths collected by the commercial Trip Interview Program, 1984–2016. The
99th percentile of length distributions, L99, was calculated for sample sizes ≥ 300, i.e., a
minimum of approximately 10 samples per year on average. Sample size exceptions were
made for three important grouper species (Goliath, Nassau, Warsaw).

Common Scientific Florida Caribbean
Name Name n L99 n L99

Grouper Epinephelidae
Atlantic Creolefish Paranthias furcifer 469 378 36 –
Black Grouper Mycteroperca bonaci 7,545 1390 231 –
Coney Cephalopholis fulva 51 – 34,175 639
Gag Grouper Mycteroperca microlepis 91,980 1268 4 –
Goliath Grouper Epinephelus itajara 2 1733 78 2007

continued on next page
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Common Scientific Florida Caribbean
Name Name n L99 n L99

Graysby Cephalopholis cruentata 536 425 2,404 550
Misty Grouper Hyporthodus mystacinus 115 1208 294 1370
Mutton Hamlet Alphestes afer – – 309 440
Nassau Grouper Epinephelus striatus 36 893 1,548 798
Red Grouper Epinephelus morio 230,948 890 191 –
Red Hind Epinephelus guttatus 369 698 41,819 778
Rock Hind Epinephelus adscensionis 749 485 629 725
Scamp Mycteroperca phenax 65,225 858 – –
Snowy Grouper Hyporthodus niveatus 19,081 1178 – –
Speckled Hind Epinephelus drummondhayi 12,870 1023 – –
Tiger Grouper Mycteroperca tigris 8 – 3,391 890
Warsaw Grouper Hyporthodus nigritus 1,246 1940 – –
Yellowedge Grouper Hyporthodus flavolimbatus 40,520 1080 5 –
Yellowfin Grouper Mycteroperca venenosa 463 973 1,134 920
Yellowmouth Grouper Mycteroperca interstitialis 364 846 92 –
Snapper Lutjanidae
Black Snapper Apsilus dentatus 13 – 492 610
Blackfin Snapper Lutjanus buccanella 2,549 778 10,668 640
Cardinal Snapper Pristipomoides macropthalmus 97 – 4,178 608
Cubera Snapper Lutjanus cyanopterus 394 1223 821 1200
Dog Snapper Lutjanus jocu 270 – 2,186 1192
Gray Snapper Lutjanus griseus 41,252 790 1,195 780
Lane Snapper Lutjanus synagris 12,337 686 50,185 560
Mahogany Snapper Lutjanus mahogoni 14 – 2,224 722
Mutton Snapper Lutjanus analis 20,761 889 10,141 914
Queen Snapper Etelis oculatus 1,917 950 13,389 910
Red Snapper Lutjanus campechanus 140,989 920 7 –
Schoolmaster Lutjanus apodus 87 – 8,964 666
Silk Snapper Lutjanus vivanus 4,820 853 37,121 721
Vermilion Snapper Rhomboplites aurorubens 140,855 554 15,524 560
Wenchman Pristipomoides aquilonaris 308 540 2,295 673
Yellowtail Snapper Ocyurus chrysurus 107,147 633 117,290 701
Grunt Haemulidae
Barred Grunt Conodon nobilis – – 372 401
Black Margate Anisotremus surinamensis 639 700 333 565
Bluestriped Grunt Haemulon sciurus 168 – 11,558 450
Burro Grunt Pomadasys crocro – – 978 296
Caesar Grunt Haemulon carbonarium 111 – 2,675 320
Cottonwick Haemulon melanurum 89 – 1,161 393

continued on next page
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Common Scientific Florida Caribbean
Name Name n L99 n L99

French Grunt Haemulon flavolineatum 29 – 8,734 320
Margate Haemulon album 721 790 737 640
Pigfish Orthopristis chrysoptera 337 430 4 –
Porkfish Anisotremus virginicus 431 331 1,879 352
Sailor’s Choice Haemulon parra 520 364 792 410
Tomtate Haemulon aurolineatum 675 306 693 338
White Grunt Haemulon plumieri 12,610 635 78,956 422
Porgy Sparidae
Grass Porgy Calamus arctifrons 377 303 – –
Jolthead Porgy Calamus bajonado 4,206 783 4,784 485
Knobbed Porgy Calamus nodosus 1,632 460 – –
Littlehead Porgy Calamus proridens 2,423 458 33 –
Pluma Porgy Calamus pennatula 1 – 10,694 446
Red Porgy Pagrus pagrus 29,643 584 1 –
Saucereye Porgy Calamus calamus 194 – 2,974 435
Sheepshead Archosargus probatocephalus 9,042 628 1 –
Sheepshead Porgy Calamus penna 72 – 412 395
Whitebone Porgy Calamus leucosteus 895 690 – –
Triggerfish Balistidae
Gray Triggerfish Balistes capriscus 22,619 646 146 –
Ocean Triggerfish Canthidermis sufflamen 528 590 317 621
Queen Triggerfish Balistes vetula 522 573 27,650 596
Wrasse & Parrotfish Labridae
Hogfish Lachnolaimus maximus 4,154 803 6,729 765
Princess Parrotfish Scarus taeniopterus 1 – 5,277 377
Queen Parrotfish Scarus vetula 2 – 2,094 420
Redband Parrotfish Sparisoma aurofrenatum – – 9,467 335
Redtail Parrotfish Sparisoma chrysopterum 98 – 54,474 500
Spanish Hogfish Bodianus rufus 2 – 600 445
Stoplight Parrotfish Sparisoma viride 20 – 47,121 505
Yellowtail Parrotfish Sparisoma rubripinne 6 – 2,987 394
Barracuda Sphyraenidae
Great Barracuda Sphyraena barracuda 752 1290 596 1245
Surgeonfish Acanthuridae
Blue Tang Acanthurus coeruleus 15 – 36,696 325
Doctorfish Acanthurus chirurgus 19 – 13,772 378
Ocean Surgeonfish Acanthurus bahianus – – 5,232 345
Squirrelfish Holocentridae
Longspine Squirrelfish Holocentrus rufus 21 – 4,796 305

continued on next page
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Common Scientific Florida Caribbean
Name Name n L99 n L99

Squirrelfish Holocentrus adscensionis 385 387 5,385 485
Goatfish Mullidae
Spotted Goatfish Pseudupeneus maculatus 6 – 14,853 350
Yellow Goatfish Mulloidichthys martinicus 42 – 8,025 418
Boxfish Ostraciidae
Honeycomb Cowfish Acanthostracion polygonius – – 12,537 610
Scrawled Cowfish Acanthostracion quadricornis 1 – 6,514 545
Smooth Trunkfish Lactophrys triqueter – – 2,644 397
Spotted Trunkfish Lactophrys bicaudalis – – 2,361 480
Trunkfish Lactophrys trigonus 6 – 2,089 505
Bigeye Priacanthidae
Bigeye Priacanthus arenatus 1,170 498 243 –

The TIP length observations used to estimate the expected maximum length for

each species were an empirical analog to the parameter Lλ, the mean length at max-

imum observed age. Potential definitions are illustrated in Figure 2.3 using length

frequencies for three species with contrasting sample sizes: red grouper (n=230,948;

Fig. 2.3a), black grouper (n=7,545; Fig. 2.3b), and warsaw grouper (n=1,246; Fig.

2.3c). For each species, vertical lines denote the maximum length observation (i.e.,

100th percentile or L100), and the 99.95, 99.90, and 99.50 percentile length observa-

tions.
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(a)

(b)

(c)

Figure 2.3: Florida TIP length distributions for (a) red, (b) black, and (c) warsaw groupers
with sample size (n). Vertical lines from right to left show the maximum length observation
(dashed), and the respective 99.95, 99.90, and 99.50 percentiles. Bolded and labeled vertical
lines indicate the L99 based on sample size criteria defined in Equation 2.5; x is the number
of lengths above L99.
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The literature synthesis of life history parameters identified over 300 references

for the species listed in Table 2.4. The full list of citations is provided in Appendix A

(available upon request). Examples of the completed data tables and variables for the

synthesis database (Table 2.3) are provided in Appendix B (available upon request)

for five species: black grouper, coney, dog snapper, mutton snapper, and hogfish.

Application of the hierarchical process for selecting the best available life history

parameters (Figure 2.2) is illustrated in Table 2.5 for length-age for two example

species, mutton snapper and coney. Nine different sets of length-age parameters were

obtained for mutton snapper, and seven sets were obtained for coney. Information

pertaining to hierarchy level 1 (region), level 2 (biological and statistical methodol-

ogy), and so forth was summarized for each parameter set. Proceeding left to right

from region (level 1) to sample size (n, level 4) criteria, parentheses denote the point

in the selection process at which a parameter set was excluded from further consid-

eration. For example, mutton snapper length-age parameters reported in Palazon

& Gonzalez (1986) were excluded on the basis of region (temperate vs. tropical),

whereas the parameters reported in SEDAR (2008) were excluded on the basis of

sample size.
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For the example species in Table 2.5, there were many length-age studies available

for consideration. In both cases, the studies selected as having the best available

length-age parameters were conducted in the preferred region (tropical; Figure 2.2,

criterion level 1a) and utilized the most robust biological and statistical methodologies

(sectioned otoliths and nonlinear regression, respectively; Figure 2.2, criterion level

2a). For some species, length-age parameters were only available from a single study;

accordingly, these parameters were selected as the best available, even though the

study may not have been conducted in the preferred region or employed the most

preferable biological and statistical methods.

A further consideration of the robustness and reliability of length-age parameters,

beyond biological and statistical methods, was the range of age and length observa-

tions in a particular growth study (hierarchy level 3, Figure 2.2 and Table 2.5). Of

particular concern was how well the oldest and largest fishes in a length-age study

corresponded with the maximum age (e.g., aλ) and length (e.g., Lλ, TIP L99) for a

species, in light of the potential for truncated age and length distributions due to

exploitation. For length, the largest length in a study (Lmax) was compared with

the L99 estimated from the TIP data (Figure 2.4). As illustrated in Figure 2.4 for

mutton snapper, the Lmax (906 mm) reported by O’Hop et al. (2015) corresponded

well with the TIP L99 from Florida (889 mm; Table 2.4) and the U.S. Caribbean (914

mm). There was no comparable sampling program for age composition (e.g., TIP)

that might provide an independent estimate of maximum age; thus, the maximum

observed age aλ for a species was obtained from among the same set of length-age

studies that provided the parameters of the von Bertalanffy growth function. For

mutton snapper, as was typical for most species, the study reporting the oldest age
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Figure 2.4: Comparison of length ranges from length-age studies (Lmin to Lmax, horizontal
solid line) with the maximum expected length (L99) from TIP sampling (open squares and
triangles). Lengths were standardized to the TIP L99 (Table 2.4) from Florida (square), or
to the U.S. Caribbean (triangle) if Florida data were not available. Sample sizes of length-
age observations are given in parentheses for each species. Length-age parameter reliability
was assessed based on whether or not a study’s Lmax exceeded 90% of the TIP L99. Vertical
dotted lines notated 10% above and below the TIP L99.



33

Figure 2.5: Maximum age estimates for mutton snapper (Claro, 1981; Mason & Manooch,
1985; Burton, 2002; SEDAR, 2008), black grouper (Manooch & Mason, 1987; Crabtree &
Bullock, 1998), hogfish (Claro et al. , 1989; McBride, 2001), and coney (Potts & Manooch,
1999; Burton et al. , 2015) have all increased through time.

(O’Hop et al. , 2015) was also the study reporting the largest length and the high-

est sample size of aged fish. An interesting finding for mutton snapper and other

species was that as the geographic extent and sample sizes for length-age studies

have increased over the past several decades, estimates of maximum age aλ have also

increased, doubling or even quadrupling in some cases (Figure 2.5).

Evaluating length- and age-range criteria for parameter selection was less straight-

forward for coney (Table 2.5). The studies by de Araujo & Martins (2006); Trott

(2006) conducted in temperate regions sampled older fish (25-28 yrs) compared to

the tropical study of Burton et al. (2015; 19 yrs), but the Lmax in the temperate
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studies (384-428 mm) was similar to or smaller than the tropical study Lmax (430

mm). Likewise, the minimum age of sampled fish was younger but the minimum

length was larger in the tropical study compared to the temperate studies. This in-

dicated that growth was generally slower in the cooler temperate environments and

faster in the warmer tropical environment. The coney length-age parameters from

Burton et al. (2015) were considered to be the most representative for the target

region (tropical) of this synthesis.

There were some exceptions to the region criterion (hierarchy level 1). An example

case was dog snapper. Length-age curves are shown in Figure 2.6 for the tropical

study (Cuba) by Claro et al. (1999) and the temperate study (Brazil) by Previero

et al. (2011). Claro et al. (1999) developed sex-specific growth functions, which

showed that the average length-at-age of males was larger than females at older ages

(> 10 − 15 yrs). The pooled-sex growth model of Previero et al. (2011) predicted

mean length-at-age between the respective male and female curves at older ages.

While it is possible to account for sex-specific growth in stock assessments, more

data are required (e.g., sex-specific catch composition) than are typically available.

Weighing practical considerations over increased biological realism, the length-age

parameters of Previero et al. (2011) were selected as the best available set.

The sampling sub-region within the tropics was given lower priority in the hier-

archical selection process (Figure 2.2, hierarchy level 5). This was based in part on

the information shown in Figure 2.4. There were 19 species meeting the following

conditions: (i) the range of lengths was reported for the length-age study selected

as having the best available parameter set; and (ii) the TIP L99 was estimated for

both the Florida and Caribbean sub-regions. For comparison purposes, the TIP L99
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Figure 2.6: Comparison of Dog Snapper sex-specific growth curves for the tropical study
(Cuba) of Claro et al. (1999) with the pooled sex growth curve for the temperate study
(Brazil) of Previero et al. (2011).

was standardized to the Florida value (i.e., Florida L99=100%). The Caribbean L99

was within 10% of the Florida value for 10 of the 18 species, was greater than 10%

of the Florida value for 5 species, and was lower than 10% of the Florida value for 4

species. Thus, there was no discernible trend in maximum expected length between

the Florida and Caribbean sub-regions.

After selection of the best available parameters for length-age, weight-length, and

maturity, a species-level score (LH) was assigned to distinguish the completeness and

reliability of the parameter set as a whole (Table 2.6). An initial score was given

based on the completeness of the parameter sets (LH=0 for incomplete, LH=1 for

complete). Complete sets were further distinguished with respect to the robustness

of the biological and statistical methodologies used to develop the length-age and

maturity parameters. A score of LH=2 was given if animals were aged from sec-
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Table 2.6: Criteria for a reliability score, LH, for the complete set of length-age, weight-
length, and maturity life history parameters for a given species.

LH Criteria

0 Missing life history information for length-age, weight-length, or maturity

1
Complete set of life history parameters: length-age, weight-length, and
maturity

2
Conditions for LH=1, and parameters for both length-age and maturity
developed from the most robust biological and statistical methodologies
(Figure 2.2, hierarchy level 2a)

3
Conditions for LH=2, and Lmax of length-age study >90% of TIP L99

(Figure 2.4)

tioned otoliths or spines, maturity was based on histological examination of gonads,

length-age functions (Equation 2.1) were fit using nonlinear regression, and maturity

functions (Equation 2.3) were fit using logistic regression. For species meeting the

criteria for LH=2, the highest score (LH=3) was given if the Lmax of the length-age

study was greater than 90% of the expected maximum length (TIP L99; Figure 2.4).

For species that were commercially exploited in both Florida and the U.S. Caribbean,

the Lmax condition was required to be met for L99 values from both sub-regions. A

pre-condition of the LH=3 score was that the length range was reported for the

length-age study; this was not always the case.

Length parameters are provided in units of millimeters, and weight parameters

are provided in units of kilograms, converted from the original units where necessary

using Equations (2.6-2.8). Parameters for the length-age growth function (L∞, K, a0)

and weight-length function (α, β) are given in the original length type. If length type

differed from fork length, length-length conversion equations are provided in Table

2.7 where possible. The length type for parameters Lλ and Lm were converted to
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fork length if necessary. The life history parameters selected as the best available are

provided in Table 2.8 for 84 species. The associated references for length-age, weight-

length, and maturity parameters are listed in Table 2.9. In some cases the maximum

observed age aλ was obtained from a reference that was different from the study that

provided the parameters of the length-age growth function. For these species, two

length-age references are listed in Table 2.9 with the second citation providing the

source for aλ. Of the 84 species in Table 2.8, 46 had a complete set of life history

parameters (LH≥ 1). Of these, 18 species were given a reliability score of LH=2 and

14 species met the criteria for the highest score of LH=3.

Table 2.7: Length-length conversions utilized to standardize all lengths from standard length
(SL), total length (TL), or maximum total length (TLm) to fork length (FL) mm.

Species Conversion Units Reference

Black Grouper TL = -1.40 + 1.028 FL mm SEDAR (2010)
Speckled Hind FL = -1.88 + 0.982 TL mm Ziskin (2008)
Yellowedge Grouper FL = 15.87 + 0.935 TL mm SEDAR (2011)
Yellowfin Grouper FL = 18.63 + 0.93 TL mm Burton et al. (2015)

Blackfin Snapper FL = 3.38 + 0.91 TL mm Burton et al. (2016)
Gray Snapper TL = 8.35 + 1.048 FL mm Fischer et al. (2005)
Mutton Snapper TL = 10.02 + 1.065 FL mm SEDAR (2008)
Queen Snapper FL = -1.003 + 0.837 TL cm Gobert et al. (2005)
Red Snapper TLm = 0.39 + 1.06 FL in SEDAR (2013a)
Yellowtail Snapper FL = 25.85 + 0.75 TL mm O’Hop et al. (2012)

Tomtate TL = -1.82 + 1.154 FL mm Manooch & Barans (1982)
White Grunt TL = 1.15 FL cm Gaut & Munro (1974)

Knobbed Porgy See whitebone
Red Porgy TL = 6.07 + 1.14 FL mm SEDAR (2006)
Whitebone Porgy FL = -2.0 + 0.86 TL mm Waltz et al. (1982)

Redband Parrotfish SL = 0.418 + 0.788 TL cm Molina-Urena & Ault (2007)
Redtail Parrotfish SL = -0.293 + 0.792 TL cm Molina-Urena & Ault (2007)
Stoplight Parrotfish SL = 0.83 FL mm Choat et al. (2003)
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2.2.2 Description of Florida Commercial Reef Fisheries

Florida commercial reef fish landings and value were dominated by grouper and

snapper species. ‘Principal’ species were defined as red grouper, gag grouper, black

grouper, yellowtail snapper, gray snapper, and mutton snapper and were assumed

to represent the dynamics of the Florida commercial reef fisheries. Over 90% of

these species’ nationwide landings were from Florida, and they were within the top

15 reef fish landings over the last two decades (Table 2.10). Yellowtail snapper and

red grouper commercial landings exceeded recreational landings; gag grouper, gray

snapper, and mutton snapper landings were primarily recreational; and black grouper

landings were approximately equally distributed between the commercial and recre-

ational sectors (Figure 2.7)

Florida grouper landings were dominated by red grouper, followed by gag grouper,

then black grouper (Figure 2.8). The ‘other’ category of groupers included 16 species

identified in the MFTT database. Dominant snapper landings in Florida were split

between yellowtail snapper, red snapper, and vermilion snapper, but the majority of

the landings for the latter two were not in Florida (Figure 2.9, Table 2.10). Gray

snapper commercial landings exceeded mutton snapper, and the ‘other’ snapper cat-

egory represented 12 species identified in the MFTT database. There were three

primary gears that landed over 90% of commercial catch biomass 1995-2016 for the

subset of snappers and groupers covered here: hook-and-line (HL), longline (LL), and

spearfishing (SP) gears (Table 2.11). HL was the primary gear for gag grouper, black

grouper, gray snapper, mutton snapper, and yellowtail snapper; LL was the primary

gear for red grouper landings. Yellowtail and gray snappers were almost never landed
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Table 2.10: Total commercial reef fish landings in Florida and all of the United States
from 1992-2011, sorted in descending Florida biomass. Species chosen for this analysis were
abundant in total Florida landings, representative of their respective stocks from Florida
commercial fishery data, and annotated in bold font.

Species Florida (lbs) USA (lbs) FL/USA %
Red grouper 128,404,033 133,671,786 96.06%
Gag grouper (Gulf) 42,869,394 53,493,783 98.64%
Yellowtail snapper 36,638,757 36,655,774 99.95%
Vermilion snapper 31,711,613 69,698,918 45.50%
Greater amberjack 27,831,392 32,976,928 84.40%
Red snapper 18,923,201 90,184,888 20.98%
Yellowedge grouper 14,303,342 20,289,509 70.50%
Golden tilefish 13,331,118 17,547,595 75.97%
Grunts 11,760,261 14,177,486 82.95%
Black grouper 8,095,198 8,321,942 97.28%
Scups/Porgies 7,860,254 8,444,791 93.08%
Gray snapper 7,762,116 8,559,452 90.68%
Black sea bass 6,149,884 22,741,713 27.04%
Scamp 6,050,602 12,628,971 47.91%
Mutton snapper 5,508,212 5,585,245 98.62%
Snowy grouper 5,394,385 9,492,956 56.83%
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(a) (b)

(c) (d)

(e) (f)

Figure 2.7: Commercial, recreational, and total catch biomass of commercially important
groupers (left) and snappers (right) from 1995-2016 with catch biomass in millions of pounds
(unequal y-axis ranges).
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Table 2.11: Percentage of ‘principal’ reef fish commercial landings by hook-and-line (HL),
longline (LL), spearfishing (SP), other (OT), and unknown (UN) gears from 1995-2016
in the MFTT database. Gag grouper and yellowtail snapper (bolded) were selected as
‘analysis’ species.

Species HL LL OT SP UN

Red Grouper 33.2% 58.7% 7.2% 0.4% 0.5%
Gag Grouper 67.1% 26.5% 0.7% 5.2% 0.4%
Black Grouper 48.8% 38.4% 3.4% 8.4% 0.9%
Gray Snapper 86.1% 3.7% 1.7% 7.8% 0.7%
Mutton Snapper 50.2% 39.5% 7.2% 2.4% 0.7%
Yellowtail Snapper 98.3% 0.3% 0.6% 0.1% 0.8%

on LL gear, but approximately one-third of gag grouper, black grouper, and mutton

snapper landings were caught on LL gear.

From the subset of ‘principal’ species, gag grouper and yellowtail snapper were

identified as ‘analysis’ species due to their many contrasting points: grouper vs.

snapper, primarily recreational vs. commercial landings, multiple vs. single gear

fisheries, and complex vs. simple regulatory histories. Gag grouper regulatory history

was summarized in Table 2.12. Yellowtail snapper minimum size limit has remained

12” since 1983 with no major changes in commercial or recreational regulations, aside

from a commercial closure November-December 2015 when the annual catch limit was

reached.
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Figure 2.8: Florida commercial grouper landings from top species 1995-2016.

Figure 2.9: Florida commercial snapper landings from top species 1995-2016.
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2.2.3 Florida Commercial Fleet Validations

Yellowtail snapper and gag grouper required identical federal commercial permits,

but their distributions and regulations varied significantly. The federal boundary

between the Gulf of Mexico and South Atlantic Fishery Management Councils was

ecologically obsolete for yellowtail snapper because it split the stock down the middle.

On the other hand, gag grouper was distributed in more temperate waters separated

by the tropical waters of south Florida, and the jurisdictional boundary between

the Gulf of Mexico and South Atlantic made ecological sense (Figure 2.10). From

1992-2011, 98.6% of the gag grouper Gulf of Mexico commercial catch was landed

in Florida, while only 31.0% of the South Atlantic commercial catch was landed in

Florida. Furthermore, regulations including size limits, quotas, closed seasons, and

definitions of fishing privileges have differed between management jurisdictions (Table

2.12). Yellowtail snapper regulations, on the other hand, have remained consistent

across jurisdictions throughout the simulation time frame. Considering all of these

points, yellowtail snapper was modeled as a single stock, and gag grouper was modeled

as two separate stocks.

Each fleet was comprised of a set of vessels that had landed the ‘analysis’ species in

a given year and had a unique combination of permit type (GM, SA1, SA2) and gear

(HL, LL, SP). Fleets were defined for each species individually to ensure the vessels

were operating in the ‘analysis’ species’ habitat (Figure 2.10). The MFTT dataset

did not have vessel identifying information for approximately half of the vessels that

had landed reef fishes, meaning if permit type was utilized (which required vessel

information to link to MFTT), data would be lost. Because gag grouper GM/SA
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Figure 2.10: Yellowtail snapper and gag grouper catch distribution. Areas along the x-axis
run west to east around the state of Florida. Area 10 was the northwestern most part of
Florida, Key West was area 1, and area 722 was the northeastern most part of Florida. The
Gulf of Mexico (GM) jurisdiction included all areas northwest of the Dry Tortugas (areas
2–10), and the South Atlantic (SA) included all areas northeast of Key West (areas 1–722).
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stocks were caught well within their respective jurisdictional boundaries, fishing area

was used to infer permit type (i.e. a fish caught in the Gulf of Mexico required a

GM permit). Yellowtail snapper were primarily caught where federal jurisdictions

overlapped in south Florida, and required the identification of permit type to ap-

propriately define these fleets. Total revenue of yellowtail snapper that could be

attributed to a permit type was shown relative to the total statewide revenue (Fig-

ure 2.11). Four fleets were identified for yellowtail snapper, all with Hook-and-Line

gear: South Atlantic Snapper-Grouper Unlimited Trip Limit (YT/HL/SA1), South

Atlantic Snapper-Grouper 225lb Trip Limit (YT/HL/SA2), Gulf of Mexico Reef Fish

(YT/HL/GM), and South Atlantic Unlimited Trip in combination with Gulf of Mex-

ico Reef Fish (YT/HL/GMSA1). Six fleets were identified for gag grouper: Gulf

of Mexico Reef Fish Hook-and-Line (GAG/HL/GM), Longline (GAG/LL/GM), and

Spear (GAG/SP/GM); South Atlantic Snapper-Grouper Hook-and-Line (GAG/HL/SA),

Longline (GAG/LL/SA), and Spear (GAG/SP/SA) (Figure 2.12). Data were not suf-

ficient in the FLS database to build a cost function for LL/SA, but was substantial

enough in the MFTT to require a fleet definition. LL data was investigated and dis-

played adequately similar characteristics that all LL data was combined to build a

cost function that was applied to the gag grouper Gulf of Mexico and South Atlantic

fleets.
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Figure 2.11: Total revenue generated by yellowtail snapper where total landings by active

permitted vessels was considered valid in 2007 (dashed lines), and the primary gear was

defined from cost samples beginning in 2014 (dotted lines). Nearly all of the yellowtail

catch was landed with vertical hook-and-line gear.
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(a) Florida

(b) Gulf of Mexico (c) South Atlantic

Figure 2.12: Gag grouper commercial revenue was dominated by the Gulf of Mexico (a).

Across both jurisdictions, hook-and-line was the primary gear targeting gag grouper (b-c).

Commercial fleets were defined for the ‘analysis’ species yellowtail snapper and gag

grouper, and the subsets of vessels and associated trips that comprised these fleets

were validated across the MFTT and FLS databases to ensure representative fleet

definitions for 2014-2016 (variable costs sampling range) and 2007-2016 (variable costs
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Table 2.13: Gag grouper and yellowtail snapper fleet compositions of catch and trip within
time periods (2014-2016, 2007-2016), and across datasets (FLS, MFTT). This was created
to check for equality between FLS and MFTT trip statistics for the fleets defined within
each time period, ensuring representative subsets.

Yellowtail Snapper

FLS 2014-2016 MFTT 2014-2016 FLS 2007-2016 MFTT 2007-2016

Gear Catch Trips Catch Trips Catch Trips Catch Trips

HL 99.9% 97.3% 99.9% 99.4% 99.8% 98.2% 99.7% 99.4%
LL 0.0% 1.3% 0.0% 0.0% 0.1% 0.7% 0.0% 0.0%
OT 0.0% 0.7% 0.1% 0.1% 0.0% 0.6% 0.1% 0.1%
SP 0.0% 0.7% 0.1% 0.5% 0.0% 0.5% 0.2% 0.4%
UN 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.1% 0.0%

Gag Grouper

FLS 2014-2016 MFTT 2014-2016 FLS 2007-2016 MFTT 2007-2016

Gear Catch Trips Catch Trips Catch Trips Catch Trips

HL 51.6% 70.5% 50.8% 68.6% 59.0% 72.2% 61.9% 73.8%
LL 40.0% 17.0% 38.6% 16.6% 32.8% 16.5% 28.3% 13.8%
OT 0.1% 0.4% 0.1% 0.2% 0.4% 1.1% 0.1% 0.3%
SP 8.3% 12.1% 10.5% 14.6% 7.8% 10.3% 9.8% 12.4%
UN 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.1% 0.3%

applied). For all time periods and datasets, over 99% of yellowtail snapper landings

were attributed to HL gear (Table 2.13). Gag grouper catch was more dispersed

between gears, but the distributions were approximately equal within defined time

frames for each dataset. An emerging trend was an increase in SP and LL catch

relative to the total, resulting in a decrease in the percentage of gag catch attributed

to HL gear.

Vessel length was hypothesized to influence costs to fish, therefore, vessel length

distributions between the FLS 2014-2016 and MFTT 2007-2016 were analyzed to

ensure representative subsets of fleets from both databases. Yellowtail snapper subsets

displayed a larger number of vessels within each length class for the longer time
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interval, but approximately equal ranges and medians for each fleet (Figure 2.13).

Vessel lengths within fleets defined for yellowtail snapper and gag grouper were nearly

identical between FLS 2014-2016 and MFTT 2007-2016.

(a) 2014-2016 Florida Logbook System Vessels, n = 192

(b) 2007-2016 Marine Fisheries Trip Ticket Vessels, n = 635

Figure 2.13: Yellowtail snapper vessel length distributions for the hook-and-line fleets in
the Florida Logbook System 2014-2016 were approximately equal to the Marine Fisheries
Trip Ticket 2007-2016.
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Trip characteristics were also compared between fleet subsets within the two

datasets. Variables compared included average vessel length, average number of days

per trip, proportion of trips, and proportion of vessels within each fleet. These char-

acteristics were nearly identical across all metrics for the yellowtail snapper fleets

(Table 2.14). Gag grouper trip characteristics were similar, but some fleets, including

LL gear, were insufficiently sampled and many vessels did not include any information

on length. Overall, the fleet definitions applied to FLS and MFTT represented the

same subsets of vessels targeting yellowtail snapper and gag grouper, allowing for the

construction of bioeconomic functions using cost data in FLS and catch/revenue data

in MFTT.

2.2.4 Florida Reef Fish Market Description

Regional ex-vessel prices for snappers and groupers were driven by statewide do-

mestic production. For domestic Florida grouper production, the regional prices had

the highest correlation with the region with the highest landings (Table 2.15). For

example, high gag grouper landings in west Florida were the driving force for gag

grouper prices in all regions around the state. Similar patterns were observed in

black and red groupers. All grouper species produced better results when the Florida

market was considered one unit (Table 2.16). Gag and black grouper prices were

driven by their own landings, while red grouper, a less desirable species, had more

substitute goods in the form of other groupers, so was driven by total domestic land-

ings around the state. For domestic snapper production, adding a regional component

reversed the direction of the supply-demand relationship in some instances. When

treating the state as a single market, the relationship between domestic landings and
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Table 2.14: Comparison of fleet characteristics used to define the cost function for the fleets
(FLS 2014-2016), and the fleets this function was applied to (MFTT 2007-2016). Vessel
Length and Days/Trip were the averages of vessel lengths and days per trip, respectively,
weighted by number of trips. Proportion of trips ran by each fleet type and proportion of
vessels within each fleet were also reported.

Fleet FLS (2014-16)
n = 8, 158 Vessel Length Days/Trip p(Trips) p(Vessels)

YT/HL/SA2 25.24 1.02 0.13 0.13
YT/HL/SA1 26.74 1.35 0.66 0.58
YT/HL/GM 30.81 3.54 0.10 0.20
YT/HL/GMSA1 30.97 1.63 0.10 0.09

Fleet MFTT (2007-16)
n = 50, 654 Vessel Length Days/Trip p(Trips) p(Vessels)

YT/HL/SA2 25.48 1.05 0.14 0.11
YT/HL/SA1 27.57 1.35 0.67 0.58
YT/HL/GM 30.43 2.81 0.07 0.21
YT/HL/GMSA1 31.60 1.77 0.11 0.10

Fleet FLS (2014-16)
n = 4, 457 Vessel Length Days/Trip p(Trips) p(Vessels)

GAG/HL/GM 32.4 4.83 0.61 0.54
GAG/LL/GM 37.0 11.1 0.14 0.11
GAG/SP/GM 31.2 1.53 0.07 0.09
GAG/HL/SA 29.9 2.85 0.11 0.19
GAG/SP/SA 26.4 1.06 0.06 0.07

Fleet MFTT (2007-16)
n = 86, 676 Vessel Length Days/Trip p(Trips) p(Vessels)

GAG/HL/GM 36.8 3.91 0.41 0.43
GAG/LL/GM 45.2 7.68 0.11 0.12
GAG/SP/GM 30.9 1.83 0.03 0.07
GAG/HL/SA 29.8 1.60 0.38 0.25
GAG/SP/SA 26.9 1.71 0.08 0.13
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Table 2.15: Regional grouper price correlations were shown with the top two correlations
among all regions and types of landings. Top landings in a given region drove the prices for
all other regions.

Gag Gag (lbs, W) Groupers (lbs, W)
Price (W) -0.72079 -0.65688
Price (S) -0.49058 -0.5695
Price (E) -0.63824 -0.61614
Red Red (lbs, S) Groupers (lbs, S)
Price (W) -0.52576 -0.50728
Price (S) -0.57604 -0.5438
Price (E) -0.4439 -0.45658
Black Black (lbs, S) Groupers (lbs, S)
Price (W) -0.55855 -0.65661
Price (S) -0.67389 -0.64144
Price (E) -0.6281 -0.56196

Table 2.16: Statewide estimates of price were improved by removing regionality and con-
sidering Florida as a single market.

Gag (lbs) Groupers (lbs)
Gag price -0.73068 -0.58391

Red (lbs) Groupers (lbs)
Red price -0.39156 -0.55355

Black (lbs) Groupers (lbs)
Black price -0.7021 -0.57323

price cleaned up significantly. This finding makes intuitive sense due to Florida’s

narrow shape and ease with which product can be shipped between the west and east

coasts. Therefore, Florida was modeled as a single market influencing ex-vessel prices

of grouper and snapper domestic production.

Seafood imports into Tampa and Miami comprised a over half of the available

snapper and grouper biomass in the state from 1995-2016. Total available biomass

was defined here as commercial landings and imports into Florida; no information

was obtained on the domestic transport of seafood. Approximately half of the total

grouper biomass in Florida was imported (Figure 2.14). By 2016, snapper imports
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Figure 2.14: Total grouper imports (dark purple) into Florida and domestic grouper landings
(light purple) from 1995-2016 with gag, black, and red grouper ex-vessel prices standardized
to 2016 dollars shown.

represented 90% of the total available snapper biomass in Florida (Figure 2.15). Snap-

per imports in Florida exceeded grouper imports by a factor of over 2.5 throughout

the 22 year period (Table 2.17). The top 4 importers into Florida of both snappers

and groupers were Mexico, followed by Panama, then Brazil and Nicaragua. Grouper

imports have remained fairly low and stable through time, while snapper imports

have dominated the Florida seafood market.
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Figure 2.15: Total imports (dark purple) into Florida and domestic landings (light purple)
from 1995-2016 with standardized yellowtail, gray, and mutton snapper prices shown.

Table 2.17: Top countries importing snappers and groupers into Florida sorted in descending
order. All imports from countries throughout 1995-2016 were reported, and totals repre-
sented all imports of snappers and groupers into Florida from 1995-2016 from all countries,
even those not listed here. Total snapper imports into Florida exceeded grouper imports
by a factor of over 2.5.

Country Groupers (lbs) Country Snappers (lbs)

Mexico 133,771,864 Mexico 102,167,128
Panama 26,305,876 Panama 93,911,805
Brazil 6,513,210 Brazil 81,296,388
Nicaragua 2,843,649 Nicaragua 75,313,148
India 2,651,082 Suriname 50,238,629
Trinidad & Tobago 2,418,730 Honduras 22,319,037
Ecuador 2,396,153 Trinidad & Tobago 18,406,890
Colombia 2,216,210 Costa Rica 17,967,117
Costa Rica 1,577,950 Guyana 12,701,133
Honduras 1,314,439 Indonesia 9,765,803

TOTAL 188,520,515 TOTAL 507,847,872



CHAPTER 3

Biological and Economic Parameterization

Demographics and fisheries data assimilated in the previous Chapter were used to

parameterize biological and economic models (Figure 3.1).

Figure 3.1: In this Chapter, mortality rates, variable costs, ex-vessel prices, jointly-caught

revenue, and net revenue were estimated under the current management regime.

66
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3.1 Methods

3.1.1 Demand Functions for Snappers and Groupers

Demand functions estimate willingness to pay for a good given the quantity avail-

able in the market. Within fisheries markets, inverse demand functions are utilized to

estimate fish price variations as a function of the variations in its landings (Barten &

Bettendorf, 1989). The quantity of available snappers and groupers in the market was

approximately set and assumed to drive ex-vessel prices (as opposed to prices driving

the quantity produced) because these natural resources have a set carrying capacity

constrained by life history parameters. The MFTT database recorded landings and

associated ex-vessel prices that fishermen received at the dock for every trip, allow-

ing for an accurate representation of total monthly landings entering the market and

average ex-vessel prices for all ‘principal’ species. Ex-vessel price, p(t) was estimated

within each monthly time step, t, using j explanatory variables,

p(t) = β0 +
∑

j
βj · xj(t) + ε(t) (3.1)

where β0 was the estimated intercept, xj(t) were explanatory variables with coeffi-

cients βj, and ε(t) was the error associated with the model.

The best model for each species was built by progressively adding explanatory

variables to the model that explained the most variation in a stepwise fashion un-

til the variables no longer significantly contributed to the model. This method

was validated using a stepwise selection procedure in SAS, PROC GLMSELECT.

Potential j explanatory variables tested for groupers included monthly landings of

the species being analyzed, total monthly domestic landings of all groupers, total

monthly grouper imports into Florida, monthly average price of grouper imports,
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U.S. disposable income, Florida population size, and management interventions as

dichotomous variables. Management interventions tested for groupers included ma-

jor regulatory changes such as the implementation of the privilege-based IFQ program

for the shallow-water grouper fishery in the Gulf of Mexico in 2010, quota closures

of the shallow-water grouper fishery from October-December 2000 and November-

December 2005 in the Gulf of Mexico, and seasonal closures January-April 2010-2016

in the South Atlantic. Deepwater grouper closures were not tested for its effect on the

ex-vessel prices of shallow water groupers due to their comparatively minimal land-

ings. Potential j explanatory variables tested for snappers included monthly landings

of the species being analyzed, total monthly domestic landings of all snappers, total

monthly snapper imports into Florida, monthly average price of snapper imports,

U.S. disposable income, Florida population size, and management interventions as

dichotomous variables. The only management intervention tested for snappers was

the closure of the mutton snapper fishery May-June in the South Atlantic since 2006

(commercial fishermen were still allowed to land the recreational bag limit, 10 snap-

pers, the entire time period). Commercial closures of one month or less within any

jurisdiction for any species were not considered.

Ex-vessel prices, p(t), have been documented to respond to changes in predictor

variables with an unknown lag. In other words, predictor variables such as Florida

commercial landings or imported products received at the processor’s level may have

a delayed effect on current market conditions for fishermen. This was investigated by

calculating the cross-covariance between monthly ex-vessel price, p(t), individually

with j explanatory variables, xj(t). Covariances, sp,xj , were calculated between pre-

dictor variables xj and ex-vessel price where lags of kj months up to nt total months
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were examined against the price in the current month, p(t+ kj).

sp,xj(kj) =
1

nt
·
nt−kj∑
t=1

[p(t+ kj)− p̄] · [xj(t)− x̄j] (3.2)

For ease of interpretation, the cross-covariances, sp,xj(kj), were converted to cross-

correlations, rp,xj(kj), using the variance of the response variable p and explanatory

variable xj with no lags, sp,p(0) and sxj ,xj(0), respectively.

rp,xj(kj) =
sp,xj(kj)√

sxj ,xj(0) · sp,p(0)
(3.3)

Lags, kj, were confirmed if there was a single, significant peak of higher correlation not

equivalent to zero, kj 6= 0. If significant lags were found that made biological/intuitive

sense, then they were applied to the regression Equation 3.1, resulting in the general

form.

p(t) = β0 +
∑

j
βj · xj(t+ kj) + ε(t) (3.4)

When there was high correlation among explanatory variables, as seen in many

economic indicators, remedial measures were taken. The explanatory variables were

regressed upon each other to remove the correlation among them, then the final inverse

demand function was fit with the residuals of the regression between explanatory

variables. The effect of this procedure was to include all of the variation from the

second explanatory variable except that which was already explained by the first

explanatory variable. In the case where the second significant explanatory variable

was correlated with the first significant explanatory variable, the regression took the

form

x1(t) = b0 + b1 · x2(t) + φ2(t) (3.5)

where x1(t) was the explanatory variable that accounted for most of the standalone
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variation in the ex-vessel price estimation model, x2(t) was the next most significant,

albeit correlated, explanatory variable. Therefore, the residuals, defined here as φ2(t),

were incorporated in the final regression model instead of x2(t). The residuals, φ2(t),

incorporated the same variability as x2(t), minus the portion that was correlated

and already explained by x1(t). When this method was applied, the estimate of the

coefficient for the correlated variable did not change, but precision of the estimates for

coefficients of the variables already in the model was increased. Correlations between

explanatory variables were removed and incorporated into Equation 3.4, and the final

inverse demand model was defined generally by the form

p(t) = β0 +
∑

j
βj · xj(t+ kj) + β(j+1) · φ(j+1)(t) + ε(t) (3.6)

with (j+1) total explanatory variables. No correlated variables displayed a significant

lag, therefore the general form with the lag of kj on month t was not applied to the

model residuals, φ(j+1)(t), from Equation 3.5. These methods were applied to build

inverse demand functions for gag grouper, black grouper, red grouper, yellowtail

snapper, mutton snapper, and gray snapper.

Quantity of landings was assumed to be a primary explanatory variable of ex-vessel

price demanded, and ex-vessel price elasticity was estimated relative to the changes

in the quantity (in weight) of landings. Sensitivity of ex-vessel prices demanded

throughout the time frame, p̄, was measured with respect to associated changes in

the quantity of landings, x̄q through elasticity (Wessels & Anderson, 1992). Elasticity,

µq, of ex-vessel price was estimated with respect to changes in the quantity of landings

as

µq = βq ·
x̄q
p̄

(3.7)
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where βq was the parameter associated with the quantity of significant landings esti-

mated in Equation 3.6, x̄q was the average landings 1995-2016, and p̄ was the average

ex-vessel price.

3.1.2 Mortality Rate Estimation

Length-based assessment methods require samples of length composition and de-

mographics information to estimate population exploitation rates (Ehrhardt & Ault,

1992; Gedamke & Hoenig, 2006; Ault et al. , 2008; Nadon et al. , 2015). With

representative sampling of populations throughout the assessment region, statistical

catch-at-age and length-based models have been proven to yield the same estimates

(Ault et al. , 2014).

Oldest age aλ was an input parameter for lifespan estimators of the instantaneous

rate of natural mortality M (Alagaraja, 1984; Hewitt & Hoenig, 2005). The parame-

ters L∞, K, and Lλ are inputs for length-based estimators of the instantaneous rate

of total mortality Z (Beverton & Holt, 1957; Ehrhardt & Ault, 1992).

Mortality rates of the two ‘analysis’ species, gag grouper and yellowtail snapper,

were estimated annually using the average length of the population above the size at

first capture. Total mortality rates estimated through average length in the exploited

phase of fish populations has firm groundings in modern fisheries science (Beverton

& Holt, 1957; Ehrhardt & Ault, 1992; Ault et al. , 2008; Nadon et al. , 2015). Av-

erage length in the exploited phase was calculated following methodology defined by

Ehrhardt & Ault (1992), an adaptation of Beverton & Holt (1957), using length com-

position from the TIP database and accounting for biases associated with an infinite

maximum age.
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Average length during year y, L̄(y), was defined as

L̄(y) =
Z(y) ·

∫ aλ
ac(y)

N(a, y) · L(a, y)da

Z(y) ·
∫ aλ
ac(y)

N(a, y)da
(3.8)

where a and y referred to age and year, respectively; ac(y) was the age at first capture

during year y, aλ was the maximum age, Z(y) was the total mortality rate, N(a, y)

was the abundance of age a fish during year y at length L(a, y) (Ault et al. , 2008). To

solve Equation 3.8, L(a, y) was substituted with the annual von Bertalanffy growth

equation (Equation 2.1), and N(a, y) was substituted with the exponential mortality

model

N(a+ ∆a, y + ∆y) = N(a, y) · e−Z(y) (3.9)

where N(a+ ∆a, y+ ∆y) represented the progression of fish to the next age class for

every time step. Integration between age at first capture ac(y) and maximum age aλ

resulted in the model(
L∞ − Lλ
L∞ − Lc(y)

)Z(y)/K
=
Z(y) · [Lc(y)− L̄(y)] +K · [L∞ − L̄(y)]

Z(y) · [Lλ − L̄(y)] +K · [L∞ − L̄(y)]
(3.10)

which cannot be analytically solved, so the difference was minimized via an iterative

numeric algorithm to estimate Z(y), the total instantaneous mortality rate of the

population in the exploited phase.

All lengths below the annual legal length at first capture (Lc) were deleted to re-

move the biases associated with sampling before full selection to the gear and method-

ology. The TIP length compositions were assumed to be representative of the entire

Florida commercial reef fishery and ecosystem in which they operated. The length

structure in year y was dependent on the current mortality rate and the length struc-

ture in previous years. Therefore, 3- and 5-year moving averages of lengths in the
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exploited phase were calculated to account for inter-annual dependency of these sam-

ples while retaining observable trends. The reported year y referred to the most recent

year in the moving average and was most representative of that year’s mortality rate

(i.e. 3-year moving average for 1986 included data 1984-1986). The exploited phase

was defined as fish measuring greater than the length at first capture, Lc. The average

length of the exploited phase was calculated by first computing the sum of lengths of

exploited phase fish, N(y)L(y), and the abundance of exploited phase fish, N(y),

N(y) · L(y) =

f(y)∑
η=1

L(η) N(y) =

f(y)∑
η=1

N(η) (3.11)

where f(y) was the total number of η trips in year y (where y encompassed years

[y − 2 : y] or [y − 4 : y] for 3- and 5-year moving averages, respectively), L(η) were

the individual lengths of fish on trip η (where L(η) ≥ Lc), and N(η) was the number

of fish sampled on trip η. The ratio of the sum of lengths of exploited phase fish over

the density of exploited phase fish results in the statewide estimate of average length,

L̄(y),

L̄(y) =
N(y) · L(y)

N(y)
(3.12)

Sample variances of average length in year y, s2[L̄(y)], were defined as

s2[L̄(y)] =

(
N(y) · L(y)−N(y) · L̄(y)

)2

N(y)− 1
(3.13)

where N(y) were the total number of fish sampled in year y (where y encompassed

years [y − 2 : y] or [y − 4 : y] for 3- and 5-year moving averages, respectively). The

sample variance was used to calculate the variance of average length within each year,

var[L̄(y)],

var[L̄(y)] =
s2[L̄(y)]

[N̄(y)]2 · f(y)
(3.14)
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where f(y) was the total number of trips and N̄(y) was the average number of fish

sampled per trip in year y (where y encompassed years [y − 2 : y] or [y − 4 : y] for

3- and 5-year moving averages, respectively). Number of trips was used to estimate

variance as opposed to number of fish because fish caught on a single trip were not

considered independent units. Finally, variance of average length of the exploited

phase was converted to standard error.

SE[L̄(y)] =
√
var[L̄(y)] (3.15)

The estimates of average length and standard error were used to estimate 95% con-

fidence intervals

(
L̄(y)− 1.96 · SE[L̄(y)], L̄(y) + 1.96 · SE[L̄(y)]

)
.

Natural mortality rate, M , was defined with 5% survivorship to the maximum age

in months, aλ,

M =
−ln(0.05)

aλ
(3.16)

and assumed a constant rate of decline through all age classes for all years (Alagaraja,

1984; Ault et al. , 1998; Nadon & Ault, 2016). Fishing mortality rate, F (y), was

calculated through the fundamental principle

F (y) = Z(y)−M (3.17)

where Z(y) was the total mortality rate and M was the natural mortality rate.

3.1.3 Jointly-Caught Revenue

Jointly-caught revenue was defined as revenue generated from any species other

than the ‘analysis’ species and contributed to the aggregate revenue for the defined

‘fleets.’ Jointly-caught revenue, Rgψ, was calculated for five species categories requir-

ing federal permits, ψ = Reef Fish, Cobia & King/Spanish Mackerel, Dolphin/Wahoo,
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Tuna/Shark/Swordfish, and Other Nontarget. Monthly jointly-caught revenues were

represented by Rgψ(t) where actual prices p were multiplied by the jointly-caught

yield Yψ on each trip η for fleet g that fished fg(t) total trips in month t.

Rgψ(t) =

fg(t)∑
ηg=1

pgψ(η) · Ygψ(η) (3.18)

The total jointly-caught revenue calculated in Equation 3.18 was estimated using the

time each fleet spent at sea over the entire month. Days fished per month, dg(t), was

calculated by summing the days fished on each trip η by fleet g over month t.

R̂gψ(t) = βg0 + βg1 ·
fg(t)∑
ηg=1

dgη(t) (3.19)

R̂gψ(t) was the predicted jointly-caught revenue in month t, βg0 and βg1 were the

estimated intercepts and coefficients, and there were dg(t) total days fished in month

t across all trips fg(t). Transformations were utilized to linearize functions and nor-

malize error, meeting the assumptions of linear regression.

3.1.4 Variable Cost Index

Variable costs to fish were influenced by fleet specific components analogous to

vessel characteristics and effort. The FLS dataset included 53 variables comprising

total variable costs, but many were sparsely or never recorded by fishermen. Fol-

lowing exploratory analyses, trip-level non-labor variable costs most reliably recorded

included fuel, bait, ice, tackle, groceries, and miscellaneous expenses. Trips with miss-

ing fuel costs were excluded from analyses, because fuel was assumed a mandatory

expense to operate a fishing vessel. Any other missing cost variable was assumed to

be no cost for that trip. Average amount spent on each cost category was calculated
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and compared between fleets. Total variable costs for fleet g, cg, were defined per trip

η as

cg(η) =
6∑
l=1

ygl(η) (3.20)

where ygl were the fleet specific explanatory variables l = fuel, bait, ice, tackle, gro-

ceries, and miscellaneous expenses, where fuel cost > 0, and cg(η) was total variable

cost per trip. Given the high variability in trip costs and revenue within and between

fleets, these co-variances were analyzed further.

An index was explored to characterize the differences in fleets’ decisions to continue

investing in fishing on a single trip. Because the FLS data did not include reliable

information on revenue, and the MFTT data did not include cost information, weekly

totals of revenue and cost were calculated for each fleet from 2014-2016 via the MFTT

and FLS, respectively. The total revenue for each fleet g in week w, Rg(w), was divided

by the total costs in that same week, cg(w), correcting for discrepancies in total days

fished per week, dg(w), reported on MFTT and FLS datasets, resulting in ιg(w), a

weekly cost index.

ιg(w) =
Rg(w)/dg,MFTT (w)

cg(w)/dg,FLS(w)
(3.21)

The weekly cost index, ιg(w), represented the anticipated daily revenue per unit cost

throughout each week w. Weekly averages of costs per trip, c̄gη(w), were calculated

by dividing costs, cg(w), by total number trips, fg(w), for each week (where individual

trips ηg ∈ fg).

c̄gη(w) =
cg(w)

fg(w)
(3.22)

These variables were transformed to attain linearity then regressed to investigate if

total average costs spent on a trip, c̄gη(w), were influenced by the anticipated daily
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revenue in that week, ιg(w).

c̄gη(w) = βg0 + βg1 · ιg(w) + ε(w) (3.23)

The goal of this cost index analysis was to investigate differences in relationships

between anticipated revenue and willingness to spend among fleets. The slopes and

intercepts of transformed costs on indices were compared between fleets using an

ANalysis of COVAariance (ANCOVA), and significance levels were reported.

3.1.5 Variable Cost Function

Variable costs to target reef fishes was the amount of money spent running indi-

vidual trips and did not include fixed costs (e.g. annual permit fees, insurance, slip

fees, etc.) or opportunity costs. Variable costs were sampled on a subset of vessels in

the FLS database and needed to be related to variables also available in the MFTT

database. Vessel characteristics available in both datasets included vessel length, hull

material, and year built. Effort data was recorded on both datasets, but MFTT effort

had to be converted from hours to days to match the FLS format. MFTT hours were

converted to days via fleet specific averages of hours per trip less than 24 hours. Total

costs per trip, ĉg(η), were estimated using the FLS data for each fleet g under the

form

ĉg(η) = βg0 +
∑

r
βgr · ϕgr(η) (3.24)

where ϕgr(η) were r significant trip-level explanatory variables out of those tested

including vessel length, hull material, year built, and days fished per trip; and ap-

propriate transformations were made on the independent and dependent variables to

attain linearity for regression. Linear transformations required to fit the FLS data
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within Equation 3.24 were assumed representative of the functional forms and were

applied to estimate trip-level costs using the MFTT, Ĉg(η),

Ĉg(η) = βg0 +
∑

r
βgr · Φgr(η) (3.25)

where βg0 and βgr were parameters estimated in Equation 3.24 and Φgr(η) were the

identical r significant explanatory variables available in the MFTT database. Total

monthly variable costs, Ĉg(t), were calculated by summing up all η ∈ fg trips in

month t for each function.

Ĉg(t) =

fg(t)∑
η=1

Ĉg(η) (3.26)

These were the total variable costs expended to attain revenue from both the‘analysis’

and jointly-caught species.

3.1.6 Net Revenue of Commercial Reef Fisheries

Net revenue for the Florida commercial reef fishery was defined here as the aggre-

gate revenue generated from a trip minus the variable costs to fish. Aggregate rev-

enue, Rg(t), included revenue from the ‘analysis’ species s and jointly-caught species

ψ. These revenues were calculated by multiplying the yield in weight of ‘analy-

sis’ species, Ygs(η), and jointly-caught species, Ygψ(η), with their respective ex-vessel

prices, pgs(η) and pgψ(η), for each trip η ∈ f(t).

Rg(t) =

fg(t)∑
ηg=1

pgs(η) · Ygs(η) +

fg(t)∑
ηg=1

5∑
ψ=1

pgψ(η) · Ygψ(η) (3.27)

The aggregate revenue, Rg(t), by fleet g in month t was generated from the variable

costs, Cg(t), estimated in Equation 3.26. Net revenue, Πg(t), was calculated as the

difference of these values for each fleet g.

Πg(t) = Rg(t)− Cg(t) (3.28)
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Net revenue, Πg(t), of the permitted vessels targeting the species of interest with the

primary gears was allocated to the federal jurisdiction of the associated permits: Gulf

of Mexico or South Atlantic. Parameters within Equations 3.1–3.28 are defined in

Table 3.1.

Table 3.1: Variables parameterizing the biological and economic models fit within this
Chapter were compiled and defined.

Variable Definition Units Equation

y Year years
t Month months
w Week weeks
a Age years/months
g Fishing fleet index
η Trip
β0 Intercepts
β Coefficients
p(t) Ex-vessel price at time t 2016$ 3.1
xj(t) Explanatory ex-vessel price variables 3.1
sp,xj Covariance between p(t) and xj(t) 3.2
kj Lags between p(t) and xj(t) months 3.2
sp,xj(kj) Cross-covariance of p(t) and xj(t) 3.2
rp,xj(kj) Cross-correlation of p(t) and xj(t) 3.3
φj+1(t) Residuals of x(j+1) xj at time t 3.5
x̄q Average quantity of landings pounds 3.7
p̄ Average ex-vessel price 2016$ 3.7
µ Ex-vessel price elasticity 3.7
N(y) Abundance in year y fish 3.11
L(y) Length of fish in year y mm FL 3.11
f(y) Total number of trips in year y trips 3.11
N(η) Number sampled on trip η fish 3.11
L(η) Length of fish sampled on trip η mm FL 3.11
Lc(y) Length at first capture in year y mm FL
ac(y) Age at first capture in year y years

continued on next page
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continued from previous page

Variable Definition Units Equation

L̄(y) Average length of the exploited phase mm FL 3.12
s2[L̄(y)] Sample variance of L̄(y) mm FL 3.13
var[L̄(y)] Annual variance of L̄(y) mm FL 3.14
SE[L̄(y)] Standard error of L̄(y) mm FL 3.15
N(a, y) Abundance of age a fish in year y fish 3.8
L(a, y) Length of fish age a in year y mm FL 3.8
Z(y) Total mortality rate in year y 3.8
M Natural mortality rate 3.16
F (y) Fishing mortality rate in year y 3.17
fg(t) Total trips by fleet g in month t 3.18
Ygψ(η) Yield from jointly-caught species ψ pounds 3.18
pgψ(η) Ex-vessel prices of jointly-caught species 2016$ 3.18
Rgψ(η) Jointly-caught species ψ trip revenue 2016$ 3.18
Rgψ(t) Jointly-caught species ψ monthly revenue 2016$ 3.18
dg(t) Days fished in month t days 3.19

R̂gψ(t) Estimated Monthly revenue from species ψ 2016$ 3.19
cg(η) Total costs on trip η (FLS) 2016$ 3.20
ygl(η) Variable costs 2016$ 3.20
Rg(w) Revenue per week 2016$ 3.21
cg(w) Cost per week 2016$ 3.21
ι(w) Cost index 3.21
dg(w) Days fished in week w days 3.21
fg(w) Trips per week 2016$ 3.22
c̄gη Money spent per trip η 2016$ 3.23
ĉg(η) Estimated costs on trip η (FLS) 2016$ 3.24
ϕgr(η) r trip-level explanatory cost variables (FLS) 3.24

Ĉg(η) Estimated costs on trip η (MFTT) 2016$ 3.25
Φgr(η) r trip-level explanatory cost variables (MFTT) 3.25

Ĉg(t) Estimated costs of fleet g in month t 2016$ 3.26
Πg(t) Net revenue of fleet g in month t 2016$ 3.28
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3.2 Results

3.2.1 Final Inverse Demand Functions

Demand models estimating willingness to pay followed similar functional forms

and explanatory variables within grouper and snapper species (Table 3.2). The vari-

able that explained the highest amount of variation for all species was their species-

specific landings, except red grouper which was driven by total domestic grouper

landings. Regression coefficients and R2 are provided in Table 3.3. Ex-vessel prices

of grouper species (black, gag, and red) all displayed a lagged response with monthly

landings, but were most highly correlated with the import price in the current month

(Figure 3.2). In other words, the domestic grouper landings led the market conditions

affecting ex-vessel prices. Yellowtail snapper, the snapper species with the highest

ex-vessel price, was also significantly correlated with lagged landings (kj = −1), in-

dicating it could be a market driver for snappers.

Table 3.2: Explanatory variables in the inverse demand function estimating ex-vessel prices.
Significant lags, k, were noted, as well as when residuals of a correlated variable, φ, were
used instead of the variable itself.

Species β0 β1 β2 β3 β4

Gag Grouper Int Gag (lbs, k=-1) Imp price (φ) IFQ –
Black Grouper Int Black (lbs, k=-1) Imp price (φ) IFQ –
Red Grouper Int Grouper (lbs, k=-1) Imp price IFQ Disp inc (φ)
Yellowtail Snapper Int Yellowtail (lbs, k=-1) Imp price – Disp inc (φ)
Mutton Snapper Int Mutton (lbs) Imp price – Disp inc (φ)
Gray Snapper Int Gray (lbs) Imp price – Disp inc (φ)
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(a) Gag grouper landings, lag kj = −1 (b) Import prices, lag kj = 0

Figure 3.2: Cross-correlograms for gag grouper ex-vessel price with (a) gag grouper landings
and (b) grouper import prices. A lag of kj = −1 for gag grouper landings means the ex-
vessel price this month is driven by landings from last month. No lag means the import
price of groupers is in sync with the price of gag grouper in Florida. Red and black groupers
displayed these trends as well.

Import prices of substitute goods accounted for the next most variation in all

inverse demand functions (Table 3.2). Substitute goods here refers to grouper import

prices for all grouper species and snapper import prices for all snapper species. Import

price of groupers was highly correlated with lagged gag and black grouper landings;

therefore, the residuals of import price on lagged landings was included in these mod-

els instead of import price to avoid autocorrelation in the models. These two highly

valuable species’ ex-vessel prices were also the only models that were not significantly

affected by disposable income. High correlation of their ex-vessel prices with grouper

import prices and no correlation with disposable income could be indicators for these

species as market drivers unaffected by typical economic influences.

Implementation of privilege-based fishing regulations increased the ex-vessel prices

of groupers between 5-10%. In 2010 when the IFQ system was implemented, gag

grouper prices jumped $0.495, black grouper prices jumped $0.307, and red grouper
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prices jumped $0.195 (Table 3.3). No other regulatory changes were influential on

Florida ex-vessel prices. The final inverse demand models explained between 86% of

the variation in ex-vessel price for gag grouper and 53% of the variation in mutton

snapper ex-vessel price.

Table 3.3: Inverse demand function coefficients for all species where explanatory variables
were defined in Table 3.2.

Species β0 β1 β2 β3 β4 R2

Gag Grouper 4.682 -3.52E-06 0.299 0.495 0 0.8636
Black Grouper 4.523 -1.96E-05 0.39 0.307 0 0.8272
Red Grouper 2.885 -5.21E-07 0.252 0.195 -1.50E-04 0.7000
Yellowtail Snapper 2.298 -5.48E-06 0.694 0 -1.08E-04 0.6762
Mutton Snapper 2.709 -1.56E-05 0.201 0 -1.18E-04 0.5312
Gray Snapper 2.655 -7.55E-06 0.166 0 -8.32E-05 0.6295

These species’ ex-vessel prices were relatively inelastic, but overall, species with

higher value tended to have more elastic prices (with the exception of yellowtail

snapper, which had the highest elasticity). The higher elasticity of yellowtail snapper

ex-vessel price could be due to its restricted range in southern Florida, creating a

more local market, combined with the relatively large proportion of snapper landings

in all of Florida (Figure 2.9), allowing smaller percent changes in landings to have a

larger impact on the percent change in price.

3.2.2 Species Mortality Rates

Average lengths of the exploited phase from the TIP database were used to esti-

mate annual mortality rates of yellowtail snapper, Gulf of Mexico (GM) gag grouper,

and South Atlantic (SA) gag grouper from 1995-2016. TIP length data were available

from 1984, but data quality did not improve until the early 1990’s, when annual sam-



84

Table 3.4: Principal Florida grouper and snapper species were sorted in descending order
of mean ex-vessel price from 1995-2016. The significance of elasticities was estimated using
the delta method and p-values were reported, where all were highly significant estimates.

Species Ex-Vessel Price ($) Elasticity p-value

Gag Grouper 4.386 -0.113 1.11E-27
Black Grouper 4.205 -0.107 4.36E-10
Red Grouper 3.338 -0.105 2.15E-04
Yellowtail Snapper 3.287 -0.221 7.89E-19
Mutton Snapper 2.933 -0.093 4.40E-15
Gray Snapper 2.874 -0.067 6.75E-27

ple sizes more than quadrupled (Figure 3.3). Average length was calculated 1995–2016

when catch data was considered more reliable.

Annual average length of the exploited phase was dependent on both previous

size structures and current mortality rates. Yellowtail snapper fit the trends observed

in the catch data using a 3-year running average to estimate mortality rates (Figure

3.4), while gag grouper fit the catch data best with a 5-year running average (Figure

3.5). The longer running average required for gag could be explained by the longer

lifespan and time to reach equilibrium or the greater variability in regulations, par-

ticularly size limits. The standard error of the average length estimate for yellowtail

snapper was consistently low for the entire dataset, and estimates of fishing mortality

rates exceeded natural mortality rates (Table 3.5). Gulf of Mexico gag grouper L̄(y)

precision increased through time, and the estimated total mortality rate indicated

that fishing mortality rate was always at least twice the rate of natural mortality

(Table 3.6). South Atlantic gag grouper had the lowest number of samples in the

TIP database (Figure 3.3), which resulted in the highest standard errors throughout

1995-2016 (Table 3.7). The fishing mortality rate estimates were initially less than



85

Figure 3.3: Trip Interview Program (TIP) samples sizes (i.e. number of trips) for yellowtail
snapper, gag grouper in the Gulf of Mexico (GM), and gag grouper in the South Atlantic
(SA). Reliable catch and effort data from the Marine Fisheries Trip Ticket (MFTT) was
available in Florida since 1995, which was marked with a dashed line.

natural mortality at the start of the dataset but exceeded natural mortality rates

within the first 5 years of the dataset.

3.2.3 Jointly-Caught Revenue

Jointly-caught revenue was dependent on fishing mortality rates (more specifically,

fishing effort) attributed to each fleet type. Financial dependence of commercial reef

fisheries on jointly-caught revenue varied by fleet type and fishing region. Over half of

the South Atlantic yellowtail snapper fleets’ aggregate revenue was due to yellowtail

snapper alone over the 2007–2016 time period (Figure 3.6). Yellowtail snapper fleets’

jointly-caught species composition was more diverse in the South Atlantic compared

to the Gulf of Mexico. The South Atlantic yellowtail snapper fleets primarily rely on

other reef fishes, cobia, and king & spanish mackerels. The Gulf of Mexico yellowtail
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Figure 3.4: Average length of the exploited phase of yellowtail snapper with a 95% con-
fidence interval shown for each 3 year running average from 1986-2016. With increasing
sample sizes, precision of the estimates increased markedly.

Figure 3.5: Average length of the exploited phase of gag grouper in the Gulf of Mexico and
South Atlantic with a 95% confidence interval shown for each 5 year running average from
1986-2016. Overall, mortality rates were lower in the South Atlantic, resulting in larger
annual average lengths in this region.
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Table 3.5: Yellowtail snapper moving average length of the exploited phase, L̄(y), within
the TIP database (L ≥ Lc) was used to estimate the total mortality rate, Z(y). Natural
mortality rate, M , assumed 5% survivorship to the maximum age and was subtracted from
Z(y) to estimate fishing mortality rate, F (y).

Yellowtail Snapper

Year (y) TIP L̄(y) SE[L̄(y)] Lc(y) Z(y) M F (y)

1995 316.77 1.61 260 0.404 0.130 0.274
1996 314.23 1.65 260 0.429 0.130 0.299
1997 311.99 1.56 260 0.454 0.130 0.323
1998 313.30 1.47 260 0.439 0.130 0.309
1999 314.94 1.35 260 0.422 0.130 0.292
2000 315.66 1.31 260 0.415 0.130 0.284
2001 316.07 1.24 260 0.411 0.130 0.280
2002 317.12 1.19 260 0.401 0.130 0.270
2003 317.86 1.27 260 0.394 0.130 0.263
2004 320.70 1.54 260 0.369 0.130 0.239
2005 323.66 1.79 260 0.345 0.130 0.215
2006 324.04 1.84 260 0.342 0.130 0.212
2007 324.31 1.83 260 0.340 0.130 0.210
2008 322.43 1.88 260 0.355 0.130 0.225
2009 322.48 1.70 260 0.354 0.130 0.224
2010 323.22 1.76 260 0.349 0.130 0.218
2011 322.87 1.71 260 0.351 0.130 0.221
2012 320.77 1.66 260 0.368 0.130 0.238
2013 319.89 1.44 260 0.376 0.130 0.245
2014 318.00 1.28 260 0.392 0.130 0.262
2015 317.08 1.17 260 0.401 0.130 0.271
2016 316.60 1.26 260 0.406 0.130 0.275
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Table 3.6: Gulf of Mexico Gag Grouper moving average length of the exploited phase,
L̄(y), within the TIP database (L ≥ Lc) was used to estimate the total mortality rate,
Z(y). Natural mortality rate, M , assumed 5% survivorship to the maximum age and was
subtracted from Z(y) to estimate fishing mortality rate, F (y).

Gulf of Mexico Gag Grouper

Year (y) TIP L̄(y) SE[L̄(y)] Lc(y) Z(y) M F (y)

1995 766.1 4.90 508.0 0.266 0.097 0.169
1996 747.1 4.29 508.0 0.298 0.097 0.201
1997 726.6 3.94 508.0 0.338 0.097 0.242
1998 722.9 3.27 508.0 0.347 0.097 0.250
1999 732.5 3.19 508.0 0.326 0.097 0.229
2000 744.5 3.25 609.6 0.531 0.097 0.434
2001 758.2 3.09 609.6 0.590 0.097 0.494
2002 775.8 2.86 609.6 0.669 0.097 0.572
2003 800.2 2.78 609.6 0.512 0.097 0.415
2004 816.9 2.21 609.6 0.436 0.097 0.339
2005 820.3 2.11 609.6 0.423 0.097 0.326
2006 830.1 1.96 609.6 0.387 0.097 0.291
2007 834.1 2.10 609.6 0.374 0.097 0.278
2008 830.9 2.25 609.6 0.385 0.097 0.288
2009 831.1 2.22 609.6 0.384 0.097 0.287
2010 825.0 2.16 609.6 0.405 0.097 0.309
2011 812.0 2.18 609.6 0.457 0.097 0.360
2012 783.3 2.54 558.8 0.295 0.097 0.199
2013 767.8 2.53 558.8 0.327 0.097 0.231
2014 761.5 2.49 558.8 0.342 0.097 0.245
2015 764.3 2.49 558.8 0.335 0.097 0.239
2016 765.1 2.37 558.8 0.334 0.097 0.237
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Table 3.7: South Atlantic Gag Grouper moving average length of the exploited phase,
L̄(y), within the TIP database (L ≥ Lc) was used to estimate the total mortality rate,
Z(y). Natural mortality rate, M , assumed 5% survivorship to the maximum age and was
subtracted from Z(y) to estimate fishing mortality rate, F (y).

South Atlantic Gag Grouper

Year (y) TIP L̄(y) SE[L̄(y)] Lc(y) Z(y) M F (y)

1995 843.9 5.11 508.0 0.170 0.097 0.073
1996 846.7 4.88 508.0 0.167 0.097 0.071
1997 855.3 4.76 508.0 0.159 0.097 0.063
1998 855.8 5.60 508.0 0.159 0.097 0.062
1999 850.6 5.79 609.6 0.237 0.097 0.140
2000 835.9 4.83 609.6 0.261 0.097 0.165
2001 834.7 4.43 609.6 0.264 0.097 0.167
2002 834.2 4.44 609.6 0.265 0.097 0.168
2003 840.6 4.37 609.6 0.253 0.097 0.157
2004 845.7 4.17 609.6 0.245 0.097 0.148
2005 852.0 4.67 609.6 0.235 0.097 0.138
2006 856.9 4.96 609.6 0.227 0.097 0.130
2007 858.3 5.21 609.6 0.225 0.097 0.128
2008 860.0 5.47 609.6 0.222 0.097 0.126
2009 869.6 5.85 609.6 0.209 0.097 0.112
2010 868.2 7.72 609.6 0.211 0.097 0.114
2011 852.5 10.68 609.6 0.234 0.097 0.137
2012 837.7 13.48 609.6 0.258 0.097 0.162
2013 846.8 10.88 609.6 0.243 0.097 0.146
2014 819.0 10.90 609.6 0.294 0.097 0.197
2015 817.5 9.63 609.6 0.297 0.097 0.200
2016 816.1 9.69 609.6 0.300 0.097 0.203
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snapper fleets were always heavily reliant upon other reef fishes covered under their

federal Reef Fish permit.

Gag grouper fleets relied almost exclusively upon jointly-caught revenue sources.

Due to closed seasons, groupers have been unavailable for capture for a portion of

the year since 1999 in the South Atlantic and from 2000-2009 in the Gulf of Mexico.

The majority of year-round revenue sources from gag grouper commercial fleets were

jointly-caught reef fishes (Figure 3.6). As seen in yellowtail snapper fleets, South

Atlantic gag grouper fleets were characterized by more diverse revenue sources. The

majority of both fleets relied upon reef fishes as their primary revenue sources.

The yellowtail snapper fleets’ total revenue from reef fishes 2007–2016 was dom-

inated by yellowtail snapper, with greater amberjack and gray snapper trailing far

behind in the South Atlantic, and red grouper and red snapper also significant con-

tributors in the Gulf of Mexico (Figure 3.7). In the South Atlantic, vermilion snapper

generated more revenue than gag grouper, and in the Gulf of Mexico, red grouper,

red snapper, and vermilion snapper generated more revenue than gag grouper (Figure

3.7). The Gulf of Mexico gag grouper fisheries generated the most reef fish revenue by

far, with red grouper landings alone exceeding $150 million over this 10 year period.

Jointly-caught revenue sources were estimated relative to total number of days

fished per month for each fleet. These data were distinct for each fleet, and pat-

terns were particularly discernible for jointly-caught reef fishes between regions and

gear types (Figure 3.8). Appropriate transformations were made to linearize data,

and estimated coefficients for jointly-caught revenue from ψ = Reef Fishes (REEF),

Cobia & King/Spanish Mackerel (CKSM), and Other (OTHR) were reported for all

yellowtail snapper fleets and all gag grouper fleets in Tables 3.8 & 3.9. Regressions
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Figure 3.6: Annual revenue from jointly-caught species were grouped into categories
based on required federal commercial permits: Cobia/King/Spanish (Coastal Migratory
Pelagic, King Mackerel), Dolphin/Wahoo (Atlantic Dolphin-Wahoo), Reef (Reef Fish and
Snapper-Grouper), Tuna/Shark/Swordfish (Highly Migratory Species, Swordfish, and At-
lantic Tuna), and Other.
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(a) Yellowtail Snapper, South Atlantic (b) Yellowtail Snapper, Gulf of Mexico

(c) Gag Grouper, South Atlantic (d) Gag Grouper, Gulf of Mexico

Figure 3.7: Species composition of total reef fish revenue sources from 2007–2016. Top row:
Yellowtail snapper fleets’ revenue was dominated by yellowtail snapper in both the South
Atlantic and the Gulf of Mexico. Bottom row: Gag grouper fleets relied much more heavily
upon other reef fishes within the South Atlantic and Gulf of Mexico, namely red grouper,
red snapper, and vermilion snapper.
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Table 3.8: Yellowtail snapper jointly-caught revenue coefficients were estimated by fleet for
each species group ψ = Reef Fishes (REEF), Cobia & King/Spanish Mackerel (CKSM),
and Other Nontarget (OTHR). In these regressions, Dolphin/Wahoo and Tuna/Shark were
included in the OTHR category. Goodness of fit, R2 was reported, and transformations
required to attain linearity and normality were reported for the nontarget revenue, ψ, and
the number of days fished d.

Yellowtail Snapper

Fleet β0 β1 R2 ψ d

R
E

E
F

HL/SA1 7.45 0.17 0.609 Log Sqrt
HL/GM -43.88 29.76 0.861 Sqrt Sqrt
HL/GMSA1 4.87 0.39 0.555 Log Sqrt
HL/SA2 4.34 0.42 0.458 Log Sqrt

C
K

S
M

HL/SA1 6.47 0.21 0.500 Log Sqrt
HL/GM 3.98 0.49 0.188 Log Sqrt
HL/GMSA1 2.82 0.62 0.228 Log Sqrt
HL/SA2 5.68 0.45 0.587 Log Sqrt

O
T

H
R HL/SA1 7.25 0.11 0.390 Log Sqrt

HL/GM 3.29 0.40 0.247 Log Sqrt
HL/GMSA1 3.39 0.49 0.533 Log Sqrt
HL/SA2 5.03 0.29 0.291 Log Sqrt

estimating jointly-caught reef fish revenue were plotted with the transformed data in

Figure 3.9.

3.2.4 Variable Costs of Fleets Targeting Reef Fishes

Daily revenue earned per unit cost spent was investigated with its effect on total

costs per trip, and for all fleets, there was a diminishing return to continue fishing on a

single trip. In other words, if a fisherman decided to spend money to continue fishing

on a single trip, the approximated daily profitability index decreased. The daily

anticipated revenue/cost indices were transformed to attain linearity for parametric

ANCOVA. Yellowtail snapper indices were significant for all fleets in estimating total

cost per trip and displayed significant interactions between fleet and total cost for all
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(a) Yellowtail Snapper Fleets

(b) Gag Grouper Fleets

Figure 3.8: Yellowtail snapper and gag grouper fleets’ jointly-caught reef fish revenue was
clustered by region and gear type over days fished, indicating different catch rates.
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(a) Yellowtail Snapper, log transform (b) Yellowtail Snapper, square root transform

(c) Gag Grouper, log transform (d) Gag Grouper, square root transform

Figure 3.9: Jointly-caught reef fish revenue was predicted by days fished. The linearly
transformed data were shown with the linear regression.
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Table 3.9: Gag grouper jointly-caught revenue coefficients were estimated by fleet for each
species group ψ = Reef Fishes (REEF), Cobia & King/Spanish Mackerel (CKSM), and
Other Nontarget (OTHR). In these regressions, Dolphin/Wahoo and Tuna/Shark were in-
cluded in the OTHR category. Goodness of fit, R2 was reported, and transformations
required to attain linearity and normality were reported for the nontarget revenue, ψ, and
the number of days fished d.

Gag Grouper

Fleet β0 β1 R2 ψ d

R
E

E
F

HL/GM 269.81 25.46 0.463 Sqrt Sqrt
LL/GM 6.89 1.09 0.431 Log Log
SP/GM -6.68 26.03 0.778 Sqrt Sqrt
HL/SA 8.45 0.58 0.280 Log Log
LL/SA 7.27 0.90 0.113 Log Log
SP/SA 53.21 7.47 0.379 Sqrt Sqrt

C
K

S
M

HL/GM 4.42 0.73 0.010 Log Log
LL/GM -4.32 1.82 0.240 Log Log
SP/GM 4.28 0.07 -0.016 Log Log
HL/SA -603.86 143.08 0.439 Sqrt Log
LL/SA 4.35 0.18 -0.001 Log Log
SP/SA 27.32 0.89 0.031 Sqrt Sqrt

O
T

H
R

HL/GM 1.70 1.01 0.171 Log Log
LL/GM 4.54 0.84 0.015 Log Log
SP/GM 4.66 0.37 0.153 Log Sqrt
HL/SA 7.60 0.09 0.392 Log Sqrt
LL/SA 52.09 17.74 0.155 Sqrt Sqrt
SP/SA 7.32 0.24 0.526 Log Sqrt
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fleets except HL/SA2, which was nearly significant (Figure 3.10). Yellowtail snapper

Gulf of Mexico fleets had a higher daily revenue/cost index compared to the South

Atlantic, and the dual license holders displayed trends characteristic of both regions.

Gag grouper indices were all highly significant in estimating total cost per trip and did

not display any interaction among fleets and total costs (Figure 3.11). Gag grouper

fleets clustered by gear type as well, with longline gears appearing the most profitable

per unit of cost. hook-and-line gears across yellowtail snapper and gag grouper fleets

were also analyzed, with significance of the index and interaction with cost influencing

some of the fleets (Figure 3.12). The only fleet with a cost index not significantly

different from the Gulf of Mexico gag reef fish hook-and-line fleet was the Gulf of

Mexico yellowtail snapper hook-and-line fleet. This was likely due to the overlap in

vessels targeting gag grouper and yellowtail snapper with hook-and-line gear in the

Gulf of Mexico. Fleets from the same jurisdiction, despite targeting different species,

displayed similar trends. All fleets appear to be appropriately defined allowing for

identification of differences in expected profits and total costs to target the species of

interest.

3.2.5 Final Variable Cost Functions

Commercial reef fishery fleets were defined by region, license type, and gear. These

fleets spent, on average, different amounts towards each of the six variable costs sam-

pled on FLS: bait, ice, miscellaneous, tackle, grocery, and fuel (Table 3.10). Yellowtail

snapper fleets were all operating hook-and-line gear, but financial expenditures to-

wards each category still varied between fleets based on trip characteristics. Fleets

with longer trips required more funds towards groceries and fuel, and the HL/SA2
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Fleet Yellowtail

Int (HL/GM) 7.059***
HL/GMSA1 -2.820***
HL/SA1 -3.190***
HL/SA2 -3.244***
Cost -0.221***
HL/GMSA1·Cost 0.117***
HL/SA1·Cost 0.125***
HL/SA2·Cost 0.067•

Figure 3.10: ANCOVA results for yellowtail hook-and-line gears showing the significant
interactions between fleets’ total trip cost and the index, daily revenue/cost, explained
61.16% of the variation in the model and significance levels were noted (p < 0.0001***
, p < 0.001** , p < 0.05* , p < 0.10•). These lines were plotted against the linearly
transformed data. Int and Cost refer to the HL/GM fleet’s intercept and slope, respectively,
and all other fleets’ estimates are added to these values to obtain their intercepts and slopes,
respectively.

Fleet Gag

Int (HL/GM) 6.134***
LL/GM 1.518***
SP/GM -1.350***
HL/SA -1.239***
LL/SA -2.279***
Cost -0.119***

Figure 3.11: ANCOVA results for gag fleets’ total trip cost and the index daily revenue/cost
where significance levels (p < 0.0001*** ) were shown (R2 = 0.8530). These lines were plot-
ted against the linearly transformed data. Int and Cost refer to the HL/GM fleet’s intercept
and slope, respectively, and all other fleets’ intercepts were obtained by adding their value to
the reported intercept. The interaction between fleet and cost was not significant; therefore,
all gag fleet slopes were identical.
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Fleet hook-and-line

Int (GAG/GM) 6.855***
GAG/SA -1.721***
YT/GM 0.204
YT/GMSA1 -2.616***
YT/SA1 -2.987***
YT/SA2 -3.040***
Cost -0.164***
(GAG/SA)·Cost 0.0230
(YT/GM)·Cost -0.0567•

(YT/GMSA1)·Cost 0.0603***
(YT/SA1)·Cost 0.0686***
(YT/SA2)·Cost 0.0102

Figure 3.12: ANCOVA results for hook-and-line fleets showing the significant interactions
between fleets’ total trip cost and the index of daily revenue/cost where significance levels
(p < 0.001***, p < 0.01**, p < 0.05*, p < 0.10•) were shown (R2 = 0.7403).

fleet with a trip catch limit had the lowest spending in all categories. Gag grouper

fleets were primarily segregated by gears, and spearfishing fleets spent less than $20

on bait, while longline fleets spent over $1000 on bait (Table 3.10).

Costs to target each species of interest were defined based on fleet characteris-

tics available in both the FLS and MFTT databases. Significant predictors of cost

included vessel length and days per trip. Transformations required to linearize the

cost functions per fleet were defined in Table 3.11, and the estimated coefficients from

Equation 3.24 were compiled in Table 3.12. Most functions obtained a good fit, with

R2 values ranging from 0.653-0.693, but the HL/SA2 fleet had a poor fit, with only

4.1% of the variation explained by the model. Days fished was not significant in

predicting cost for the HL/SA2 fleet because this variable had little to no contrast

for this fleet, as most of their trips were only 1-2 days. The models for gag grouper

fleets ranged from explaining 19.0%-75.1% of the variation in costs to fish, with HL
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Table 3.10: Average variable costs per trip for each fleet. These six economic variables
(ygl(η)) were summed up for each trip η in Equation 3.20 to represent total cost, where all
values are in 2016 dollars.

Fleet Bait Ice Misc Tackle Grocery Fuel Total

YT/HL/SA2 24.21 10.51 3.28 0.02 12.17 36.28 86.47
YT/HL/SA1 135.94 19.36 19.17 1.34 21.48 93.14 290.44
YT/HL/GM 192.27 63.80 51.15 0.00 167.45 370.62 845.29
YT/HL/GMSA1 238.75 55.79 57.73 0.89 47.35 195.95 596.46

GAG/HL/GM 259.37 112.14 141.00 2.00 233.00 479.75 1227.68
GAG/LL/GM 1315.38 457.83 809.00 9.00 988.00 1444.87 5023.30
GAG/SP/GM 14.05 26.92 70.00 1.00 49.00 251.60 412.53
GAG/HL/SA 141.93 64.30 70.00 1.00 112.00 299.97 689.41
GAG/SP/SA 17.67 20.65 59.00 4.00 26.00 142.86 270.88

gears obtaining the best fits. Vessel length was not a significant predictor of cost to

fish for LL fleets because length was rarely available in the FLS LL fleet.

3.2.6 Net Revenue of Commercial Reef Fisheries

Commercial annual revenue from yellowtail snapper exceeded $7,000,000 in 2016,

but just over half of this revenue was allocated to a vessel allowing for modeling here

due to incomplete vessel information within MFTT (Figure 2.11). The only licenses

that were held in conjunction of any significance were the Gulf of Mexico Reef Fish

permit (GM) and the South Atlantic Snapper Grouper Unlimited Trip Limit permit

(SA1). For these trips, the revenue and cost were added to the jurisdiction where the

trip occurred (Figure 3.13). Net revenue in the South Atlantic exceeded the Gulf of

Mexico, until recently when Gulf of Mexico fleets likely began reaping the benefits of

the Dry Tortugas reserve (Figure 3.15).

Commercial annual revenue from gag grouper peaked at nearly $12,000,000 in

2001, but has decreased to as low as just over $2,000,000 in 2011 (Figure 2.12).
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Table 3.11: Transformed variables for predicting variable costs for the various single gear
fleets where Days refers to days per trip, and Length refers to vessel length.

Fleet y β0 β1 β2

YT/HL/SA2 sqrt(cost) Int – ln(Length)
YT/HL/SA1 sqrt(cost) Int ln(Days) Length
YT/HL/GM sqrt(cost) Int ln(Days) Length
YT/HL/GMSA1 sqrt(cost) Int ln(Days) –

GAG/HL/GM sqrt(cost) Int ln(Days) Length
GAG/LL/GM log(cost) Int sqrt(Days) –
GAG/SP/GM sqrt(cost) Int ln(Days) Length
GAG/SA/HL sqrt(cost) Int sqrt(Days) Length
GAG/SA/SP sqrt(cost) Int – Length

Table 3.12: Estimated coefficients for predicting variable costs for the various single gear
fleets. Required transformations for these functions were reported in Table 3.11

Fleet β0 β1 β2 R2

YT/HL/SA2 24.7 0 -4.89 0.042
YT/HL/SA1 0.857 14.7 0.419 0.656
YT/HL/GM 7.66 8.46 0.386 0.653
YT/HL/GMSA1 18.4 15.9 0 0.693

GAG/HL/GM 7.80 6.91 0.34 0.553
GAG/LL/GM 6.96 0.44 0 0.265
GAG/SP/GM 9.57 4.00 0.26 0.190
GAG/HL/SA -12.93 14.04 0.42 0.751
GAG/SP/SA -12.34 0 1.08 0.359
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(a) South Atlantic (b) Gulf of Mexico

Figure 3.13: Yellowtail snapper aggregate revenue and costs from actively permitted vessels
in the South Atlantic and Gulf of Mexico for single gear hook-and-line line trips by vessels
that landed at least one yellowtail snapper in the time frame.

Monthly revenue and costs in the Gulf of Mexico exceeded that observed in the

South Atlantic throughout the entire time period (Figure 3.14). Net revenue from

gag grouper fleets in the Gulf of Mexico reached over $4,000,000 in some months

(Figure 3.16). The parameter estimates from this Chapter were used as inputs within

an age-structured bioeconomic simulation model and validated using observed data

in the following Chapter.
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(a) South Atlantic (b) Gulf of Mexico

Figure 3.14: Gag grouper aggregate revenue and costs from actively permitted vessels in the
South Atlantic and Gulf of Mexico for all single gear trips fishing hook-and-line, longline,
or spearfishing gears.

Figure 3.15: Net revenue generated by yellowtail snapper from vertical hook-and-line gears
in South Atlantic and Gulf of Mexico from all species landed on directed trips.



104

Figure 3.16: Net revenue generated by gag grouper fleets in South Atlantic and Gulf of
Mexico from all species landed on directed trips.



CHAPTER 4

Bioeconomic Simulation of Florida’s
Commercial Reef Fish Fleets

Biological and economic functions defined in the previous Chapter were integrated

and validated, resulting in a dynamic model with the flexibility to simulate regulations

and observe bioeconomic impacts (Figure 4.1).

Figure 4.1: Demographics and mortality rates were used as inputs in a numerical cohort

model. Italicized text represents what was estimated or simulated in this model, and text

preceded by an arrow shows what was produced and validated using observed data.

105
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4.1 Methods

4.1.1 Assessment of Current Status of Reef Fishes

Age-structured production models were parameterized by species-specific demo-

graphics information described in Chapter 2 and used as inputs into Equations 2.1–2.2

to define growth. Annual mortality rate estimates reported in Tables 3.5–3.7 were

converted to monthly rates and used to describe exponential population decline. Mor-

tality rates in months t within year y were assumed constant for fish in the exploited

phase, Z(a, t) ≡ Z(a, t)|a(t) ≥ ac(t), t ∈ y, allowing for annual changes in fishing mor-

tality rates and minimum size limits. Error structure of these estimates were incorpo-

rated in the simulation models through uncertainty in average length, L̄(y), estimated

in Equation 3.8 and subsequently total mortality rates, Z(y), where Z(y) = M+F (y),

the sum of natural and fishing mortality rates. The error was modeled by randomly

sampling from the normal distribution L̄(y) ∼ N(L̄(y), 1.96 ·SE[L̄(y)]) (following the

notation X ∼ N(µ, σ)) which was used to estimate total mortality, Z(y), and a 95%

confidence interval around all estimates by running the model described below in its

entirety 1000 times.

Population abundances, N(a, t), were defined for each species, monthly time step

t, and incoming monthly cohort a. Recruitment, N(0, t), was assumed to be constant

for each incoming monthly cohort. The initial population structure, N(a, 0) was first

defined under no fishing mortality, F (a, 0) = 0, where

N(a+ ∆a, 0) = N(a, 0) · e−M(a) (4.1)

represented the initial cohort decline, and age steps ∆a were one month. This was

defined in order to simulate population decline from an unfished state through to the
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population structure that would produce the average catch for each species in the

first month t of available data by adjusting recruitment, N(0, t). Population declines

were adapted from the exponential mortality model introduced in Equation 3.9 to

parse out natural and fishing mortality rates

N(a+ ∆a, t+ ∆t) =


N(a, t) · e−M(a) if a(t) < ac(t)

N(a, t) · e−[F (a,t)+M(a)] if a(t) > ac(t)

(4.2)

where fishing mortality rate at time t was only imposed on species that were above

the age at first capture, and time steps ∆t were one month. The minimum ages

at first capture, ac(t), were synced to minimum size limits, converted to millimeters

fork length, and matched actual fishing regulations through time. The simulated

population was run to equilibrium levels that matched those realized under the first

month of data, t. The equilibrium population structure then replaced N(a, t) in

Equation 4.2 for future simulations under actual conditions. Average population

sizes throughout monthly intervals for each age class were calculated as

N̄(a, t) =
N(a, t)

Z(a, t)
· (1− e−Z(a,t)) (4.3)

which estimated abundance at the midpoint of the interval. Age-structured popula-

tion abundance was converted to biomass utilizing age-specific weights, W̄ (a), from

Equation 2.2.

B̄(a, t) = N̄(a, t) · W̄ (a) (4.4)

Total yield in numbers, YN(a, t), was estimated by applying the instantaneous

fishing mortality rate, F (a, t), on the population abundance susceptible to exploita-
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tion.

YN(a, t) = F (a, t) · N̄(a, t) if a(t) > ac(t) (4.5)

The estimate of total yield in numbers (of recreational and commercial fisheries) was

then related to yield in weight, YW (a, t).

YW (a, t) = F (a, t) · B̄(a, t) if a(t) > ac(t) (4.6)

The simulated yield in weight, YW (a, t), was summed across age classes above the age

at first capture, ac(t), to represent total yield.

ŶW (t) =

aλ·12∑
a=ac(t)

YW (a, t) (4.7)

The difference between the simulated yield in weight, ŶW (t), and observed yield in

weight, YW (t), was minimized by iteratively adjusting recruitment, N(0, t), which was

assumed to be constant throughout the simulation period. The model was validated

by comparing time series of simulated catch to total reported catch and simulated

average length to average length calculated using the TIP data.

4.1.2 Sustainability Benchmarks

Sustainability benchmarks have been developed to allow for comparison of popu-

lation status estimates for any species relative to a pre-defined threshold. Spawning

potential ratio (SPR), a common biological benchmark, was an indicator of the stock’s

ability to reproduce and replenish the population. SPR was defined as the ratio of

the current spawning stock biomass (SSB) to the SSB of an unfished stock. SSB

was calculated as the total population biomass above the age at 50% maturity, am,
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defined in Chapter 2.

SSB(t) =

aλ∑
a=am

B̄(a, t) (4.8)

The age-structured population model built in Section 4.1.1 was run with no fishing

mortality, F (a, t) = 0, to estimate the unfished biomass, B̄0, which was then plugged

into Equation 4.8 to calculate the unfished spawning stock biomass, SSB0. The ratio

of current to unfished SSB,

SPR(t) =
SSB(t)

SSB0

(4.9)

defined SPR, which should be above approximately 40% to maximize yields, and was

considered overfished if it dropped below 30%.

Fishing rates that promoted long-term sustainability were equal to the natural

mortality rates of the populations, F ≈ M . In a surplus production model, this

rate produces the maximum sustainable yield, MSY. The fishing mortality rate pro-

ducing MSY, FMSY , and associated population biomass, BMSY , were often used as

benchmarks to determine if a population was undergoing overfishing or was currently

overfished, respectively. The age-structured model described in Equations 4.2–4.7 was

run with FMSY = M under identical initial conditions to determine the associated

population biomass, B̄MSY , and estimate overfishing and overfished status through-

out the model time frame. Overfishing was defined as F (t)/FMSY > 1, and overfished

populations were defined as B̄(t)/B̄MSY < 1.

4.1.3 Validating Age-Structured Bioeconomic Models

Age-structured bioeconomic models were created by linking the numerical cohort

models developed in Section 4.1.1 with the functions defining commercial fleet revenue

and cost relative to catch and effort, respectively, in Chapter 3. Outputs from the age-
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structured biological production models were used as inputs to the economic models

then plotted with raw fisheries economics data to observe the bioeconomic models’

ability to track reality. First, the population-wide assessment had to be translated

to commercial productivity. The commercial yield, Yc(t), was estimated through the

proportion of commercial yield to the total yield in weight, YW (t).

Yc(t)

YW (t)
= τc(t) (4.10)

The proportion of commercial landings, τc(t), was then used to estimate the propor-

tion of fishing mortality rate attributed to the commercial fleets. Equations 4.2-4.7

were combined into an expanded form with the inclusion of proportionality constants

τc(t) and νc(t),

τc(t) · ŶW (a, t) = νc(t) · F (a, t) · N(a, t) ·W (a)

[νc(t) · F (a, t) +M ]
· [1− e−[νc(t)·F (a,t)+M ]] (4.11)

where νc(t) was defined as the proportion of instantaneous fishing mortality rate

F (a, t) allocated to the commercial fleet. Due to the nonlinear nature of age-structured

production models, it was impossible to analytically solve for the proportion of the

fishing mortality rate due to the primary fleets, so the difference between the left-

and right-sides of this equation were minimized by iteratively solving for νc. The

simulated monthly commercial catch biomass by age, Ŷc(a, t), was defined as

Ŷc(a, t) = νc(t) · F (a, t) · B̄(a, t) if a(t) > ac(t) (4.12)

then summed over age classes to estimate total monthly commercial catch biomass,

Ŷc(t),

Ŷc(t) =

aλ∑
a=ac(t)

Ŷc(a, t) (4.13)
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where length at first capture throughout the simulation time frame, Lc(t), was com-

piled in Table 2.12 and converted to age at first capture, ac(t). These simulated

landings were used as inputs in the demand function defined in Equation 3.6 to esti-

mate ex-vessel prices.

Variation in ex-vessel price was primarily explained by commercial landings, so

ex-vessel price was estimated with the simulated landings assuming all other inputs

remained unchanged (import prices of substitute goods, implementation of the IFQ

program, and disposable income). The simulated commercial landings were lagged

one month (k = −1) per results in Table 3.3 to estimate ex-vessel price, p[t, Ŷc(t+k)],

and input into Equation 3.6. The predicted ex-vessel prices were multiplied by the

simulated commercial landings in month t, Ŷc(t), which resulted in estimation of total

monthly commercial revenue from the ‘analysis’ species.

R̂cs(t) = p[t, Ŷc(t+ k)] · Ŷc(t) (4.14)

Total commercial revenue from the ‘analysis’ species was allocated to the primary

fleets based on proportions of yield generated through time. Revenue generated by

the target species for each primary fleet, R̂gs(t), was defined as

R̂gs(t) = τgs(t) · R̂cs(t) (4.15)

where τgs(t) was the monthly proportion of commercial yield attributed to permitted

vessels operating the primary gears targeting each species by fleet. To define financial

benefits to the South Atlantic and Gulf of Mexico exclusively, revenue was allocated

to the permit-issuing region, and revenue generated by vessels with permits in both

regions (e.g. YT/HL.GMSA1), was allocated by applying the average proportion of

revenue attained from South Atlantic and Gulf of Mexico waters 2012-2016.
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Commercial fleets incurred variable costs at different rates, requiring identification

of fishing effort by fleet in the simulation model to more accurately estimate costs

(Table 3.10, Figures 3.10–3.12). The annual mortality rate estimated in Equation 3.17

was allocated to the individual fleets based on the proportion of each fleets’ landings

to the total yield following Equation 4.11. The proportion of yield attributed to the

primary fleets, Tg(t), was defined as

Tg(t) = τc(t) · τg(t) (4.16)

where τc was the proportion of total landings that were commercial and τg was the

proportion of commercial landings to each primary fleet. The proportion of total yield

landed by each fleet, Tg(t), was used to estimate the proportion of fishing mortality

rate attributed to each fleet, νg(t),

Tg(t) · Ŷ (a, t) = νg(t) · F (a, t) · N(a, t) ·W (a)

[νg(t) · F (a, t) +M ]
· [1− e−[νg(t)·F (a,t)+M ]] (4.17)

where νg(t) was defined as the proportion of instantaneous fishing mortality rate

F (a, t) allocated to each g fleet. This allowed for the estimation of the fishing mor-

tality rate attributed to each fleet g, Fg(a, t).

Fg(a, t) = νg(t) · F (a, t) (4.18)

Fishing mortality rates from the commercial fleets, Fg(a, t), were converted to

number of trips per month of these fleets, fg(t), through estimation of the catchability

coefficient, qg.

qg =
Fg
fg

(4.19)

Fg and fg were monthly averages from 2012-2016 and were considered representative

of the dataset. Catchability, qg, was assumed to be constant over the time period,
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1995–2016, and was validated for each fleet by independently estimating population

biomass through the fundamental equation

B̄g(t) =
Yg(t)

qg · fg(t)
(4.20)

where Yg(t) and fg(t) were yield and number of trips, respectively, attributed to

each fleet g throughout the simulation time frame. Once validated, the catchability

coefficient qg was used to estimate the fishing effort required by each fleet to attain the

estimated landings via Fg(t). With the rearrangement of Equation 4.19, the number

of trips per month for each fleet, f̂g(t), was estimated from the simulated fishing

mortality rate, Fg(t).

f̂g(t) =
Fg(t)

qg
(4.21)

Jointly-caught revenue was revenue generated by any species other than the single

target species on all trips f̂g(t) by vessels in each fleet g. This revenue was divided into

ψ = 3 categories based on federal permit delineations and results shown in Tables 3.8

& 3.9: (1) Reef fish ; (2) Cobia, King & Spanish Mackerel ; and (3) Other. Monthly

jointly-caught revenue for each fleet, R̂gψ(t), was estimated as

R̂gψ(t) =
3∑

ψg=1

[βg0 + βg1 · f̂g(t) · dg(t)] (4.22)

where f̂g(t) was the estimated number of trips per month t by each fleet g and dg(t)

was the average number of days per trips by fleet g in month t. Coefficient estimates

and required transformations of data were reported in Tables 3.8 & 3.9. Shifts in

production possibility frontiers, or the tendency of fishermen to shift target species

under different management or environmental conditions, were explored but ignored

here. In other words, it was assumed that fishermen would land jointly-caught species

at the same rates observed under the current management regime.
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Trip-level costs for each fleet were fit in Equation 3.25 using explanatory variables

r = days fished and vessel length. Monthly averages of these trip-level fleet char-

acteristics, Φgr(t), were input into Equation 3.25, transformed into real space, then

multiplied by the estimated number of trips.

Ĉg(t) = [βg0 + βgr · Φgr(t)]
2 · f̂g(t) (4.23a)

Ĉg(t) = exp[βg0 + βgr · Φgr(t)] · f̂g(t) (4.23b)

Transformations were applied based on the reversal of those required to obtain linear-

ity defined in Table 3.11. Costs for vessels with permits in both the South Atlantic

and Gulf of Mexico (GMSA1) were divided using the proportion of trips these permit

holders operated in each respective region 2012–2016.

Monthly variable costs were subtracted from the revenue generated by target and

nontarget species for fleet g. Net revenue, Π̂g(t), was estimated monthly as

Π̂g(t) = R̂gs(t) + R̂gψ(t)− Ĉg(t) (4.24)

where R̂gs(t) was revenue from the ‘analysis’ species s estimated in Equation 4.15,

R̂gψ(t) was revenue from jointly-caught species ψ estimated in Equation 4.22, and

Ĉg(t) was the cost to operate these trips estimated in Equation 4.23. All results

in this section were compared to actual catch, ex-vessel prices, revenue, number of

trips, costs, and net revenue to validate the models under actual conditions before

proceeding with simulations of different management strategies.
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Table 4.1: Biological and economic variables for functions parameterizing age-structured
bioeconomic simulation models.

Variable Definition Units Equation

a Age months
t Time months
Z(a, t) Total mortality rate
F (a, t) Fishing mortality rate
N(a, 0) Initial, unfished population structure count 4.1
N(0, t) Number of recruits to the population count
ac(t) Age at first capture months 4.2
N(a, t) Abundance count 4.2
N̄(a, t) Average abundance count 4.3
B̄(a, t) Average biomass pounds 4.4

ŶN(a, t) Simulated yield in numbers count 4.5

ŶW (a, t) Simulated yield in weight of age a fish pounds 4.6

ŶW (t) Simulated yield in weight pounds 4.7
YW (t) Observed yield in weight pounds
B̄0 Average biomass of unfished population pounds
SSB(t) Spawning Stock Biomass pounds 4.8
SSB0 Spawning Stock Biomass (F = 0) pounds
SPR(t) Spawning Potential Ratio 4.9
FMSY Fishing mortality rate at MSY
BMSY Population biomass at MSY pounds
τr(t) Proportion of yield to recreational fleet r 4.11
νr(t) Proportion of F to recreational fleet r 4.11

Ŷc(a, t) Commercial yield of age a fish pounds 4.12

Ŷc(t) Commercial yield pounds 4.13

p[t, Ŷc(t+ k)] Ex-vessel price 2016$ 4.15
kj Lag between p(t) and x(t) months 4.15

R̂cs(t) Revenue of the target species 2016$ 4.15
τg(t) Proportion of commercial yield to fleet g 4.15

R̂gs(t) Simulated revenue of target species s 2016$ 4.15
Tg(t) Proportion of total yield to fleet g 4.16
νg(t) Proportion of F to fleet g 4.17
Fg(a, t) F attributed to fleet g 4.18
qg Catchability of fleet g 4.19

continued on next page
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continued from previous page

Variable Definition Units Equation

f̂g(t) Simulated number of trips trips 4.21

R̂gψ(t) Simulated revenue from jointly-caught species ψ 2016$ 4.22
dg(t) Number of days fished by fleet g in month t days 4.22

Ĉg(t) Total costs of fleet g in month t 2016$ 4.23
Φgr(η) r trip-level explanatory cost variables 4.23
Πg(t) Net revenue of fleet g in month t 2016$ 4.24

4.2 Results

4.2.1 Total Mortality Rates and Assessment Results

The bioeconomic model simulations began in 1995 because catch data reliability

improved, allowing for validation of the simulated catch from the numerical cohort

model. The yellowtail snapper model was run to equilibrium under 1995 conditions

using average lengths from 1993-1995, scaled with constant recruitment to match

observed commercial and recreational catches, N(0, t) = 249, 500. The simulated

catch tracked the same space as the observed catch, with only slight divergences,

and the simulated average length of the exploited phase approximately matched the

calculated average length from the TIP database (Figure 4.2). From 2012-2016, there

was a decrease in the average size of the TIP catch composition, indicating an increase

in fishing mortality rate, that resulted in an increased observed catch in recent years.

The yellowtail snapper simulation model captured the dynamics of catch through the

numerical cohort model.

Detailed population length structures of gag grouper were shown at the start of

the simulation in 1995 with the unfished population structure to illustrate population

truncation under increasing mortality rates (Figure 4.3). In 1995, Gulf of Mexico
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(a) Catch (b) Average Length

Figure 4.2: (a) Simulated yellowtail snapper catch (blue line) with the 95% confidence
interval (CI) shaded compared to the actual catch (black dots). (b) Average length of the
simulated population (blue line) compared to the average length of the TIP data (black
dots with 95% CI error bars).

gag grouper were experiencing a total mortality rate of Z95 = 0.266, while South

Atlantic gag grouper Z95 = 0.170. The lower mortality rate in the South Atlantic was

synonymous with a larger average size in the exploited phase. The average length of

the unfished population was largest because it was only subjected to natural mortality,

Z = 0.097. As fishing rates increased, the population was truncated more severely,

resulting in a decreased average length of the exploited phase.

The gag grouper models were run to equilibrium under 1995 conditions using

average lengths 1991-1995, scaled with constant recruitment by region to match the

observed total catches in the Gulf of Mexico (N(0, t) = 43, 000) and South Atlantic

(N(0, t) = 4, 200). The difference in recruitment between stocks was likely because

the South Atlantic model was only capturing Florida landings, approximately one-

third of the catch that was landed throughout the South Atlantic, while nearly all

of the catch from the Gulf of Mexico stock was landed in Florida. Gag grouper
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Figure 4.3: Length structure of gag grouper abundance in 1995 in the Gulf of Mexico,
NGM , and South Atlantic, NSA. These were truncated from the unfished population, N0,
through their relative fishing mortality rates, FGM = 0.169 and FSA = 0.073, imposed on
the population above the minimum size limit, Lc. The average length of the exploited phase
between the age at first capture and the maximum age, ac ≤ a ≤ aλ, was larger for NSA

than NGM due to the lower fishing mortality rate.

simulation results did not track the observed data as well as yellowtail snapper results.

Yellowtail snapper has had the same minimum size limit in place since 1983, no closed

seasons, and limited closures due to quotas. The gag grouper population experienced

multiple regulatory changes throughout the simulation time frame including different

minimum size limits and seasonal closures between regions and sectors, muddling the

results from the average length mortality estimator. The simulation model captured

the general trends of catch in both the Gulf of Mexico and South Atlantic, but the

increased minimum size limit in the year 2000 (508mm FL to 610mm FL) appeared to

not be enforced immediately, resulting in lagged responses in the actual data (Figure

4.4). The Gulf of Mexico reduced the commercial minimum size limit to 559mm FL

in 2012, likely in a response to reduced catch rates (size limit changes reflect 20in,

24in, 22in TL). The simulated average length of the exploited phase matched the
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calculated TIP average length for both regions, but the simulation model was faster

to reach equilibrium than the actual data, which appeared to have lagged transitions

in average length following changes in size limit regulations (Figure 4.5). Overall,

the simulation model appeared to capture the dynamics of the Florida gag grouper

populations in the Gulf of Mexico and South Atlantic.

(a) Gulf of Mexico (b) South Atlantic

Figure 4.4: Simulated gag grouper catch in the (a) Gulf of Mexico and (b) South Atlantic
with 95% confidence intervals shaded.

(a) Gulf of Mexico (b) South Atlantic

Figure 4.5: Gag grouper average length from the simulation (solid lines) compared to the
calculated average length from the TIP data (black dots) in the (a) Gulf of Mexico and (b)
South Atlantic. The length at first capture Lc was shown for each region with dashed lines.
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4.2.2 Current Sustainability Status

The SPR of yellowtail snapper was 25.06% in 1995, increased to a peak of 29.31%

in 2011, then decreased to 26.94% in 2016 (Table 4.2). This agreed with the indica-

tors measuring overfishing and overfished status, F/FMSY and B/BMSY , respectively,

which followed a path towards sustainability then back towards more overfished in

recent years (Figure 4.6). Yellowtail snapper ended the simulation approximately

where it started despite rebuilding efforts in the mid-late 2000s: F/FMSY = 2.11 and

B/BMSY = 0.66. Gag grouper in the Gulf of Mexico experienced its highest SPR at

the beginning of the simulation time frame, when SPR was only 20.86%. The SPR

dropped to a low of 7.01% in 2004 and has slowly increased to 12.25% in 2016 (Table

4.2). GM gag had been reducing fishing mortality rates but was still experiencing

overfishing rates and severe overfished status at the end of the simulation timeframe,

F/FMSY = 2.45 and B/BMSY = 0.38 (Figure 4.6). Gag grouper SPR in the South

Atlantic peaked in 1998 at 45.60%, then dropped to a low of 27.93% in 2008, and has

stabilized around 32.24% in 2016 (Table 4.2). SA gag grouper began the simulation

not overfished and overfishing not occurring, but fishing mortality rate has steadily

increased resulting in F/FMSY = 2.10 and B/BMSY = 0.74 in 2016 (Figure 4.6).
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Table 4.2: Sustainability benchmarks were calculated annually for all populations modeled
throughout the simulation period. Gulf of Mexico gag grouper experienced the highest
fishing mortality rates throughout all simulations, which resulted in the lowest spawning
potential ratio (SPR) out of any population modeled here. By the end of the simulation
time frame, all stocks were undergoing overfishing and in an overfished state.

Yellowtail Snapper GM Gag Grouper SA Gag Grouper

Year
F

FMSY

B

BMSY

SPR
F

FMSY

B

BMSY

SPR
F

FMSY

B

BMSY

SPR

1995 2.10 0.62 25.0% 1.75 0.60 20.9% 0.76 1.22 44.7%
1996 2.30 0.61 24.8% 2.08 0.59 20.5% 0.73 1.22 44.8%
1997 2.48 0.60 24.1% 2.50 0.56 19.5% 0.65 1.23 45.1%
1998 2.37 0.59 23.6% 2.59 0.53 18.2% 0.64 1.24 45.6%
1999 2.24 0.58 23.4% 2.37 0.50 17.2% 1.45 1.21 44.3%
2000 2.18 0.59 23.6% 4.49 0.45 15.0% 1.70 1.12 41.0%
2001 2.15 0.59 23.8% 5.11 0.36 11.6% 1.73 1.03 37.5%
2002 2.08 0.60 24.1% 5.92 0.28 8.7% 1.74 0.95 34.4%
2003 2.02 0.61 24.4% 4.30 0.24 7.2% 1.62 0.89 32.0%
2004 1.83 0.62 25.1% 3.51 0.24 7.0% 1.53 0.85 30.3%
2005 1.65 0.64 26.0% 3.37 0.25 7.3% 1.43 0.82 29.2%
2006 1.63 0.66 27.1% 3.01 0.26 7.8% 1.35 0.80 28.5%
2007 1.61 0.68 27.9% 2.87 0.28 8.4% 1.33 0.79 28.1%
2008 1.72 0.69 28.5% 2.98 0.29 8.9% 1.30 0.78 27.9%
2009 1.72 0.70 28.8% 2.97 0.30 9.4% 1.16 0.79 28.0%
2010 1.68 0.70 29.0% 3.19 0.31 9.6% 1.18 0.80 29.3%
2011 1.70 0.71 29.3% 3.72 0.30 9.4% 1.42 0.81 30.5%
2012 1.83 0.70 29.2% 2.06 0.31 9.8% 1.67 0.80 31.3%
2013 1.88 0.70 28.9% 2.39 0.34 10.7% 1.51 0.80 32.6%
2014 2.01 0.69 28.3% 2.54 0.35 11.3% 2.04 0.79 33.1%
2015 2.08 0.67 27.6% 2.47 0.37 11.8% 2.07 0.77 33.0%
2016 2.11 0.66 26.9% 2.45 0.38 12.2% 2.10 0.74 32.2%
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Figure 4.6: Fishery reference points for yellowtail snapper (circle), Gulf of Mexico (GM) gag
grouper (square), and South Atlantic (SA) gag grouper (triangle) from 1995-2016. The yel-
lowtail snapper stock approached sustainability, then the annual catch limits were increased
allowing for further overexploitation. SA gag grouper steadily approached overfished status
throughout the years, and GM gag grouper increased then decreased fishing mortality rates,
but remained in severe overfished status 1995-2016.
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4.2.3 Validation of Age-Structured Bioeconomic Model

The simulated catch and fishing mortality rates were validated in the previous

section and used as inputs to economic functions fit in Chapter 3, resulting in the

bioeconomic simulation model sought to be validated here. Commercial fishing mor-

tality rates were estimated using the proportionality constant, τc, to simulate com-

mercial yields (Equation 4.11, Table 4.3). The yellowtail snapper commercial sector

represented a majority of the fishing mortality rate, while Gulf of Mexico gag grouper

and South Atlantic gag grouper were overall dominated by the recreational sector.

Simulated commercial yield was used to estimate ex-vessel price and tracked the data

well, but did not entirely capture the seasonality displayed from the inverse demand

function using real data as an input (Figure 4.7). The simulated ex-vessel price was

multiplied by the simulated landings to generate revenue for the commercial fish-

ery. Revenue was allocated to each fleet based on historical distribution of revenue

between fleets then distributed to the Gulf of Mexico and South Atlantic based on

permit type jurisdiction (Table 4.4). For vessels with a permit in both regions, the

YT/HL/GMSA1 fleet, 42.0% of the trips were operated in the Gulf of Mexico, but

80.2% of their revenue was generated from this region, and the costs and revenue

simulated for this fleet were allocated accordingly (Figure 4.8). The relatively high

percentage of catch from the Gulf of Mexico despite the lower percentage of trips

operating in this region could be explained by the Dry Tortugas, which was highly

productive and distant, yielding higher catches but requiring longer run times per

trip to reach.
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Table 4.3: Proportion of the fishing mortality rate attributed to the commercial fleet, νc,
was estimated in Equation 4.11. Yellowtail snapper fishing mortality rates were primarily
commercial, and both Gulf of Mexico and South Atlantic gag grouper mortality rates were
mostly recreational.

Year Yellowtail Snapper GM Gag Grouper SA Gag Grouper

1995 0.75 0.11 0.45
1996 0.78 0.37 0.53
1997 0.76 0.28 0.49
1998 0.75 0.30 0.55
1999 0.76 0.22 0.17
2000 0.80 0.11 0.19
2001 0.82 0.31 0.12
2002 0.83 0.27 0.20
2003 0.81 0.31 0.10
2004 0.75 0.19 0.15
2005 0.72 0.25 0.26
2006 0.70 0.24 0.26
2007 0.66 0.24 0.36
2008 0.58 0.17 0.12
2009 0.58 0.28 0.31
2010 0.66 0.15 0.64
2011 0.75 0.30 0.63
2012 0.80 0.48 0.76
2013 0.78 0.46 0.73
2014 0.75 0.49 0.59
2015 0.72 0.54 0.68
2016 0.71 0.57 0.57
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Table 4.4: Proportion of the catch biomass each fleet landed, τg, was shown throughout the
simulation time frame. All catch from yellowtail snapper and gag grouper was primarily
landed with hook-and-line gear, and yellowtail snapper hook-and-line catch was dominated
by the Snapper Grouper Unlimited Trip Limit (SA1) fleet. Both the South Atlantic and
the Gulf of Mexico gag grouper spearfishing gears became more prevalent throughout the
simulation time frame. These annual proportions were utilized to allocate simulated revenue
and estimate the proportion of fishing mortality rate attributed to each fleet.

Yellowtail Snapper, HL Gag Grouper, GM Gag Grouper, SA
Year SA2 SA1 GM GMSA1 HL LL SP HL LL SP

1995 0.04 0.63 0.03 0.30 0.82 0.18 0.00 0.75 0.08 0.17
1996 0.04 0.63 0.03 0.30 0.79 0.20 0.01 0.71 0.05 0.24
1997 0.04 0.63 0.03 0.30 0.77 0.21 0.02 0.65 0.07 0.28
1998 0.04 0.63 0.03 0.30 0.79 0.20 0.01 0.66 0.07 0.27
1999 0.04 0.63 0.03 0.30 0.76 0.23 0.01 0.61 0.07 0.32
2000 0.04 0.63 0.03 0.30 0.77 0.22 0.02 0.76 0.06 0.18
2001 0.04 0.63 0.03 0.30 0.70 0.29 0.01 0.64 0.08 0.28
2002 0.04 0.63 0.03 0.30 0.65 0.34 0.01 0.64 0.04 0.32
2003 0.04 0.63 0.03 0.30 0.60 0.38 0.01 0.55 0.03 0.42
2004 0.04 0.62 0.03 0.30 0.65 0.34 0.01 0.77 0.03 0.20
2005 0.04 0.62 0.03 0.30 0.65 0.34 0.02 0.68 0.06 0.25
2006 0.04 0.65 0.03 0.28 0.60 0.38 0.02 0.55 0.02 0.44
2007 0.05 0.59 0.03 0.33 0.61 0.38 0.02 0.52 0.00 0.48
2008 0.04 0.67 0.03 0.27 0.71 0.26 0.02 0.41 0.00 0.59
2009 0.02 0.69 0.03 0.26 0.74 0.22 0.04 0.48 0.00 0.52
2010 0.02 0.78 0.09 0.12 0.71 0.23 0.05 0.34 0.00 0.65
2011 0.01 0.72 0.13 0.13 0.67 0.25 0.09 0.54 0.01 0.45
2012 0.02 0.81 0.10 0.11 0.69 0.23 0.08 0.59 0.00 0.41
2013 0.01 0.73 0.11 0.17 0.64 0.32 0.05 0.67 0.00 0.33
2014 0.02 0.55 0.18 0.24 0.55 0.36 0.09 0.60 0.02 0.38
2015 0.02 0.54 0.14 0.31 0.43 0.48 0.09 0.56 0.02 0.42
2016 0.01 0.69 0.07 0.23 0.53 0.42 0.05 0.54 0.00 0.46
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Figure 4.7: Actual ex-vessel price (black dots) were used as a reference to compare esti-
mated prices and simulated prices. Estimated prices (black lines) were modeled using actual
landings in the inverse demand function, while simulated prices (purple lines) were modeled
using simulated landings in the inverse demand function.

(a) South Atlantic (b) Gulf of Mexico

Figure 4.8: Simulated revenue of yellowtail snapper was estimated by multiplying the land-
ings from the age-structured production model with the simulated ex-vessel price, then
compared to actual revenue from each management jurisdiction.
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Number of trips per month by each fleet was simulated from the proportion of fish-

ing mortality rate attributed to each fleet annually divided by a constant catchability

coefficient estimated in Equation 4.19. Out of the yellowtail hook-and-line fleets, the

South Atlantic Snapper Grouper Unlimited Trip Limit (SA1) fleet had the highest

number of trips per month, fg (Table 4.5). Vessels with both the Gulf of Mexico Reef

Fish and South Atlantic Unlimited (GMSA1) had the highest catchability, qg, out of

any other yellowtail snapper hook-and-line fleet, despite the fact that the GM fleet

ran longer trips. This could be explained by the assumed experience of fishermen

in the industry long enough to obtain permits for both federal jurisdictions. An-

other explanation could be that vessels with GMSA1 permits were almost exclusively

operating out of Monroe county, the center of the yellowtail snapper distribution.

Hook-and-line gear comprised the majority of the trips targeting gag grouper in both

the Gulf of Mexico and the South Atlantic. Out of the Gulf of Mexico gag grouper

fleets, longline gear had the highest catchability and the longest trips by far, giving

them more time to catch more gag grouper on any given trip, resulting in a higher

catchability. The South Atlantic gag grouper gear with the highest catchability was

spearfishing. Overall, the Gulf of Mexico longline fleet had the largest vessels and

fished the longest trips, while the South Atlantic Snapper Grouper 225lb Trip Limit

(SA2) fleet was characterized by the smallest vessels and shortest fishing trips.

Jointly-caught species were accumulated at different rates for each fleet, primarily

due to interactions between gears and habitats. The revenue from ψ jointly-caught

species was estimated individually for each g fleet, resulting in 30 regressions fitted

for all combinations of the 4 yellowtail fleets and 6 gag grouper fleets with 3 defined

categories of jointly-caught species, ψ (Tables 3.8 & 3.9). Simulated jointly-caught
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Table 4.5: Fleet characteristics required for estimation of costs and jointly-caught revenue
included average vessel length (feet), average days per trip, average trips per month, and
estimated catchability.

Stock Fleet Length Days/Trip Tg Fg fg qg

Yellowtail SA2 25.4 1.06 0.01 0.000125 52.9 2.36E-06
Yellowtail SA1 27.7 1.44 0.22 0.004679 268.3 1.74E-05
Yellowtail GM 30.6 3.05 0.04 0.000844 37.8 2.24E-05
Yellowtail GMSA1 32.2 1.82 0.09 0.001844 52.6 3.51E-05

Gag, GM HL 36.8 3.91 0.16 0.003646 295.8 1.23E-05
Gag, GM LL 45.8 8.98 0.14 0.003036 63.0 4.82E-05
Gag, GM SP 30.9 1.83 0.02 0.000511 18.1 2.83E-05

Gag, SA HL 29.8 1.60 0.24 0.002320 274.7 8.45E-06
Gag, SA LL 42.2 1.90 0.01 0.000061 15.3 3.98E-06
Gag, SA SP 26.9 1.71 0.18 0.001675 56.7 2.96E-05

reef fish revenue captured the trends observed in the actual data throughout the

timeframe, as shown in Gulf of Mexico gag grouper spearfishing fleets (Figure 4.9).

Following this example, the simulated number of trips was plugged into the remaining

29 jointly-caught revenue functions and summed up across fleets, with appropriate

transformations applied. The fleet-wide jointly-caught revenue was added to the

‘analysis’ species revenue by fleet and summed across jurisdictions, resulting in the

simulated aggregate revenue for ‘analysis’ species in the South Atlantic and Gulf of

Mexico (Figure 4.10).
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Figure 4.9: Simulated jointly-caught reef fish revenue for the Gulf of Mexico gag grouper
spearfishing fleet (blue line) tracked the actual revenue from this source (black dots) and
was counted towards the Gulf of Mexico gag grouper aggregate revenue.

(a) South Atlantic (b) Gulf of Mexico

Figure 4.10: Aggregate revenue for the yellowtail snapper fleets was estimated by summing
up ‘analysis’ and jointly caught revenue monthly. These were then compiled by management
jurisdiction and compared here.
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(a) South Atlantic (b) Gulf of Mexico

Figure 4.11: Simulated gag grouper costs (lines) were calculated individually for each permit
type then aggregated by federal jurisdiction: South Atlantic and Gulf of Mexico. The
simulated costs followed the patterns observed in the actual cost data (black dots).

The simulated number of trips per fleet was translated to fishing costs through

Equation 4.23, incorporating fleet-specific parameters including monthly averages of

vessel lengths and days per trip. Costs were allocated to the jurisdiction where the

permits were distributed and validated with observed costs (Figure 4.11). Finally,

costs were subtracted from the aggregate revenues to obtain estimates of net revenue

for each fleet and management jurisdiction (Figure 4.12).

In conclusion, these functions fit the observed data well, especially considering

the model was built around an annual mortality estimator. Florida’s primary source

of yellowtail snapper revenue came from the South Atlantic (Figure 4.8), while the

primary source of revenue from gag grouper came from the Gulf of Mexico (Figure

4.13). From 2012–2016, the Gulf of Mexico gag grouper model appeared to have

conflicting signals in revenue sources. The simulated GM gag grouper revenue was

greater than what was observed in the actual data (Figure 4.13), while the simulated

jointly caught revenue was much lower than what was observed for this time frame

(Figure 4.14). In 2012, the Gulf of Mexico reduced the minimum size limit, which



131

(a) South Atlantic (b) Gulf of Mexico

Figure 4.12: Simulated yellowtail snapper net revenue was estimated by subtracting the
fleet costs from the sum of target and jointly caught revenue for each month. Fleets were
allocated to their respective management jurisdiction accordingly.

could have influenced the ability of the average length estimator to predict mortality

rates, resulting in observations conflicting predictions. On the other hand, if these

trends were accurate, it could be indicative of a reduction in gag grouper recruits, a

shift from gag grouper towards another target species, or both.

The bioeconomic model built in this Chapter sufficiently mapped the reality of

actual biological and economic aspects of the Florida commercial reef fisheries. The

actual management regimes were inputs to this model, and the results matched the

conditions observed under these regulations. Therefore, regulations can be adjusted

to simulate different management strategies to quantify bioeconomic impacts.
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(a) South Atlantic (b) Gulf of Mexico

Figure 4.13: Revenue was simulated by multiplying landings from the age-structured pro-
duction model with the estimated ex-vessel price monthly. There have been closed seasons
in the South Atlantic since 1999. The Gulf of Mexico implemented closed seasons for partial
months 2000–2009, but never had closed the fishery for an entire month.

(a) South Atlantic (b) Gulf of Mexico

Figure 4.14: Gag grouper jointly caught revenue was estimated for each fleet by species
categories ψ= Reef, Cobia & King/Spanish Mackerel, and Other. All of these estimates
were summed up then plotted with observed data here.



CHAPTER 5

Retrospective Bioeconomic Assessment of
Florida’s Commercial Reef Fisheries

The dynamic age-structured bioeconomic model developed and validated in the

previous Chapters was utilized to evaluate management strategies relative to sustain-

ability and profitability goals (Figure 5.1).

Figure 5.1: Biological and economic production of commercial fisheries are intertwined, and

following (1) the estimation of parameters, (2) a bioeconomic risk analysis was simulated

to identify optimal management strategies and characterize transitions to these optima.

133
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5.1 Methods

5.1.1 Defining Optimal Management Strategies

The age-structured bioeconomic model validated in Chapter 4 was utilized to

investigate biological and economic outcomes under any combination of fishing mor-

tality rate, F , and minimum age at first capture, ac. The time vector t was expanded

to a matrix with dimensions [i, j] where i was the vector of fishing mortality rates

and j was the vector of ages of first capture. This translated the matrix [a, t] with a

set mortality rate and age at first capture to an array of dimension [a, i, j] under all

possible F ∈ i and ac ∈ j. Fishing mortality rate was allocated to the recreational

and commercial fleets using the proportionality constant, τc, estimated in Equation

4.11, averaged 2014-2016.

F (a, i, j) = τc · F (a, i, j) + (1− τc) · F (a, i, j) (5.1)

Total mortality rate, Z(a, i, j), was estimated as the sum of natural and fishing mortal-

ity rates. The fishing mortality rate i was only applied to ages a above the simulated

age at first capture j.

Z(a, i, j) =


M(a, i, j) if j < ac

M(a, i, j) + F (a, i, j) if j > ac

(5.2)

These conditions resulted in a matrix of dimension [i, j] of management strategies

pairing all combinations of fishing mortality rates and ages at first capture. This

matrix of management strategies was extended into a third ‘population dimension’ of

height aλ, the maximum age in months. Population biomass was estimated for each
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age class a in the population under every combination of F ∈ i and ac ∈ j,

B̄(a, i, j) =
N(a, i, j)

Z(a, i, j)
· (1− e−Z(a,i,j)) ·W (a) (5.3)

where W (a) parameters were defined in Table 2.8 and applied in Equation 2.2. Sus-

tainability status was estimated by calculating the Spawning Potential Ratio (SPR)

for all management simulations.

SPR(i, j) =

∑aλ
a=am

B̄(a, i, j)∑aλ
a=am

B̄(a, 0, j)
(5.4)

The numerator represents the spawning stock biomass (SSB) under every manage-

ment strategy, and the denominator defines SSB with no fishing mortality, i = 0.

Total yield was estimated for each [i, j] management strategy.

Ŷ (i, j) =

aλ∑
a=1

F (a, i, j) · B̄(a, i, j) (5.5)

Catch biomass was allocated to the commercial sector by multiplying the fishing

mortality rate by the estimated proportion of fishing mortality due to the commercial

fleets, τc.

Ŷc(i, j) =

aλ∑
a=1

τc · F (a, i, j) · B̄(a, i, j) (5.6)

Estimated commercial yield, Ŷc(i, j), was used as an input into the inverse demand

functions defined in Equation 3.6 to estimate ex-vessel price, which was multiplied

by commercial yield to estimate ‘analysis’ species revenue, Rs(i, j),

R̂s(i, j) = Ŷc(i, j) ·
[
β0 + β1 · [Ŷc(i, j)] + β2 · x2 + β3 · x3 + β4 · x4

]
(5.7)

where coefficients β were reported in Tables 3.2–3.3, and the explanatory x variables

that included import prices of substitute goods, implementation of the IFQ program,
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and disposable income were averages of variables 2014–2016. Number of trips by

each fleet were estimated via Equation 4.21 for every combination of management

strategies,

f̂g(i) =
F (i) · νg

qg
(5.8)

where νg was the proportion of fishing mortality rate attributed to each fleet estimated

in Equation 4.17 and qg was the catchability of each fleet estimated in Equation 4.19.

Coefficients for the trip-level cost functions in Equation 3.25 were reported in Table

3.12. Explanatory variables for these functions included days per trip and vessel

length, and 2014–2016 monthly averages for each fleet, Φgr, were used as inputs to

the trip-level cost functions, transformed into real space (Table 3.11), then multiplied

by the estimated number of trips per fleet for each management simulation, f̂g(i).

Ĉg(i) = [βg0 + βgr · Φgr]
2 · f̂g(i) (5.9a)

Ĉg(i) = exp[βg0 + βgr · Φgr] · f̂g(i) (5.9b)

‘Analysis’ species Net revenue, Π̂s, was defined under all management simulations,

resulting in a matrix of [i, j] estimates of net revenue from the ‘analysis’ species only

(i.e. not accounting for revenue from jointly-caught species).

Π̂s(i, j) = R̂s(i, j)−
∑

g
Ĉg(i) (5.10)

Finally, this matrix of management strategies was investigated relative to sustain-

ability and profitability goals. The simulated surfaces were used to locate potentially

optimal management strategies to be implemented in 1998 and compare their effec-

tiveness relative to the actual management regime. Four management scenarios were

identified: (1) a baseline management regime in 1998, [i = F1998 , j = ac,1998] ; (2)
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regulations currently in place, [i = F2016 , j = ac,2016] ; (3) maximizing revenue under

current fishing mortality rates by adjusting age at first capture, max(R̂s[i = F1998 ,

j]) ; (4) optimizing target species net revenue by adjusting mortality rate and age at

first capture, max(Π̂s[i, j]).

5.1.2 Simulating Transitions to Optimal Management Con-

ditions

Four management strategies identified in Section 5.1.1 were simulated in the bioe-

conomic model defined in Section 4.1.3 beginning implementation in 1998: (1) 1998

baseline [1998], (2) current regulations [2016], (3) maximizing revenue [MR], and (4)

maximizing net revenue [MNR]. Management strategies were implemented in 1998

to investigate where the resource could have been today if immediate action was

taken 20 years ago when the resource was estimated to be overcapitalized (Ault et al.

, 1998). Effectiveness of the actual management regime was examined relative to

a baseline scenario of no change since 1998 and the two strategies that sought to

optimize economic goals.

Time series of biological and economic metrics were simulated including popula-

tion size, total catch, commercial catch, ex-vessel price, ‘analysis’ species revenue,

jointly-caught revenue, cost, and net revenue through models outlined in Chapters 3

& 4. A discount rate of 3% was applied to all cost and revenue projections beginning

in 1998 to estimate the Net Present Value (NPV) of each scenario.

R̂d
g(t) =

R̂g(t)

(1 + 0.03)t
Ĉd
g (t) =

Ĉg(t)

(1 + 0.03)t
(5.11)
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5.1.3 Evaluating Biological and Economic Benchmarks

Biological and economic benchmarks were calculated for all management scenarios

to evaluate which strategies could have resulted in the most sustainable population

sizes, the greatest economic benefits for the industry, and potential trade-offs be-

tween simulations. The fishing mortality rate that attains maximum sustainable

yield, FMSY , and associated population biomass, BMSY , were used as benchmarks

to determine if a population was undergoing overfishing or was currently overfished,

respectively. Overfishing was defined as F (t)/FMSY > 1, and overfished populations

were defined as B̄(t)/B̄MSY < 1.

Economic viability was assessed through estimation of NPV and welfare loss or

gain relative to the baseline simulation. Net present value was used to assess how

valuable the resource would be today under each management strategy considering

other potential investments. NPV was estimated for the total costs and the revenue

generated by the ‘analysis’ species s alone because it incorporated biological realism

relevant to population growth.

NPVms =
∑

t

∑
g

(
R̂d
gs(t)− Ĉd

g (t)

)
(5.12)

NPV was also estimated for the sum of aggregate revenue minus cost because it

represented a more realistic range of NPV of the commercial fisheries’ net revenue.

NPVm =
∑

t

∑
g

(
R̂d
gs(t) + R̂d

gψ(t)− Ĉd
g (t)

)
(5.13)

The percent deviation from the baseline 1998 strategy was calculated and yielded wel-

fare loss or gain compared to other management strategies considering the ‘analysis’
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species only, WLms, and considering total net revenue WLm.

WLms =
[NPVms −NPV1998,s]

NPV1998,s
WLm =

[NPVm −NPV1998]
NPV1998

(5.14)

In these definitions, NPV1998,s referred to the baseline strategy of NPV considering

the ‘analysis’ species only, and NPV1998 referred to the overall NPV of the baseline

strategy.

Table 5.1: Variables required for the retrospective bioeconomic simulation model were com-
piled and defined here.

Variable Definition Units Equation

a Population age vector months
t Time vector months
i Fishing mortality rate vector
j Age at first capture vector months
[i, j] Management strategy matrix
F (a, i, j) Fishing mortality rate 5.1
Z(a, i, j) Total mortality rate 5.2
B̄(i, j) Average population biomass pounds 5.3
SPR(i, j) Spawning Potential Ratio 5.4

Ŷ (i, j) Yield pounds 5.5

Ŷc(i, j) Commercial yield pounds 5.6

R̂(i, j) Target species revenue 2016$ 5.7

f̂g(i) Fleet fishing effort trips 5.8

Ĉg(i) Fleet costs 2016$ 5.9

Π̂s(i, j) Target net revenue 2016$ 5.10

R̂d
g(t) Discounted revenue of fleet g at time t 2016$ 5.11

Ĉd
g (t) Discounted cost of fleet g at time t 2016$ 5.11

FMSY Fishing mortality rate at MSY
BMSY Population biomass at MSY pounds
NPVms NPV of species s only for strategy m 2016$ 5.12
NPVm NPV of strategy m 2016$ 5.13
NPV1998,s NPV of species s only for baseline strategy 2016$
NPV1998 NPV for baseline strategy 2016$

continued on next page
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continued from previous page

Variable Definition Units Equation

WLms Welfare loss or gain of strategy m (species s only) 5.14
WLm Welfare loss or gain of strategy m 5.14

5.2 Results

5.2.1 Optimal Management Simulations

Optimal management strategies were identified within a matrix of [i, j] possible

combinations of F ∈ i ranging from no fishing mortality up to five times natural

mortality rates and ac ∈ j from age at first capture of 1 month up to maximum

age, aλ. Four management strategies defined in Section 5.1.1 were simulated in the

bioeconomic model defined in Section 4.1.3 for yellowtail snapper and Gulf of Mexico

gag grouper: (1) 1998 baseline [1998], (2) current regulations [2016], (3) maximum

revenue [MR], and (4) maximum net revenue [MNR].

Yellowtail snapper 1998 baseline conditions were F = 0.312, ac = 2.50, which

resulted in the smallest population size, smallest SPR, and lowest net revenue out

of all simulations (Table 5.2). Current 2016 conditions were F = 0.264, ac = 2.50

and improved all metrics, but raising the minimum size limit to ac = 4.50 improved

these metrics further, and resulted in an increase from $6.40 million to $6.70 million

annual revenue. The management strategy that maximized net revenue (MNR) for

yellowtail snapper was associated with the lowest costs, leading to the highest net

target revenue (Figure 5.2). The strategies designed to optimize economic benefits

also resulted in the best population metrics; SPR increased from the baseline 22% up

to 36.9% under MR and up to 47.5% under MNR (Table 5.2).
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Table 5.2: Annual fishing mortality rate F and age at first capture ac were the primary
constraints for the four management strategy simulations. Revenue, cost, and net revenue
were reported in millions of dollars per year, and standing population biomass, B̄, was
reported in millions of pounds. The best management strategy was bolded for every metric:
highest revenue, lowest cost, highest net revenue, largest population, and highest spawning
potential ratio.

Yellowtail Snapper, M=0.130 Gulf Gag Grouper, M=0.097
1998 2016 MR MNR 1998 2016 MR MNR

ac (years) 2.58 2.58 4.50 3.00 3.04 3.63 8.75 7.00
Lc 12” 12” 15” 13” 20” 22” 60” 32”
F 0.312 0.264 0.264 0.12 0.240 0.228 0.228 0.108

Revenue $6.41 $6.40 $6.70 $5.62 $7.14 $7.89 $10.25 $8.78
Cost $4.89 $4.14 $4.14 $1.88 $5.59 $5.31 $5.31 $2.51
Net Revenue $1.52 $2.27 $2.57 $3.74 $1.55 $2.59 $4.94 $6.26

B̄ (pounds) 9.6 10.7 14.9 18.6 15.7 19.1 42.6 51.8
SPR 22.0% 25.3% 36.9% 47.5% 13.2% 16.4% 39.2% 48.2%

(a) Revenue ($Millions) (b) Net Revenue ($Millions)

Figure 5.2: (a) Yellowtail snapper age at first capture was increased under F2016 to maximize
revenue (MR). (b) The strategy that maximized net revenue (MNR) required a reduction
in effort which reduced costs. Contour lines represent millions of dollars annually.
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(a) Revenue ($Millions) (b) Net Revenue ($Millions)

Figure 5.3: (a) Gag grouper age at first capture was increased under F2016 to maximize
revenue (MR). (b) The strategy that maximized net revenue (MNR) required a reduction
in effort which reduced costs. Contour lines represented millions of dollars annually.

Gag grouper 1998 baseline conditions were F = 0.240, ac = 3.04 and represented

the lowest revenue, highest cost, lowest net revenue, and smallest population metrics

of any simulated management strategy (Table 5.2). Under 2016 conditions, the min-

imum size limit was raised and effort was reduced, improving all of these metrics. To

maximize revenue under F2016, age at first capture had to be increased by nearly 6

years and resulted in $3.11 million more than the baseline strategy per year (Figure

5.3). Maximizing net revenue of the commercial fleet would require cutting fishing

effort in half to reduce costs and increasing the age at first capture by 4 years over

the baseline strategy. The MNR strategy resulted in $6.26 million per year in net

revenue, a more than 300% increase over the baseline strategy. Gulf of Mexico gag

grouper management simulations followed the same trends in sustainability displayed

in yellowtail snapper. The two strategies designed to maximize profitability were also

characterized by the highest SPR (Figure 5.4).
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(a) Yellowtail Snapper (b) Gag Grouper

Figure 5.4: Spawning potential ratio was calculated for every combination of simulated age
at first capture and fishing mortality rate. Management strategies designed to optimize
economic benefits, MNR and MR, yielded the highest spawning potential for both (a)
yellowtail snapper and (b) gag grouper.

5.2.2 Retrospective Bioeconomic Evaluation of Management

Optimal management strategies identified in Table 5.2 were implemented begin-

ning in 1998 within the bioeconomic simulation model (Chapter 4). The values in

Table 5.2 were calculated under equilibrium conditions, while metrics presented in

this section represented how the 1998 population would have responded, given its

exploitation history, and where these metrics would have been by 2016 for each man-

agement strategy.

All simulated management strategies resulted in larger populations compared to

the baseline for yellowtail snapper, while gag grouper’s actual management regula-

tions 1998-2016 were the only conditions that performed worse than the baseline

(Figure 5.5). This showed that in some cases, preventing an effort increase was a

management strategy in itself, making the baseline strategy somewhat misleading.
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(a) Yellowtail Snapper (b) Gag Grouper

Figure 5.5: Population size for each management simulation was standardized to the base-
line 1998 strategy in the most recent year, 2016. Maximum Net Revenue (MNR) and
Max Revenue (MR) resulted in the largest population sizes for yellowtail snapper and gag
grouper.

Management strategies designed to optimize economic benefits resulted in the largest

population sizes for both yellowtail snapper and gag grouper, where MNR population

had more than tripled the baseline case by 2016.

During rebuilding phases of the MR and MNR strategies that allowed the popula-

tions to more than double the baseline, catches were initially reduced, then surpassed

the baseline 1998 catch by the end of the simulation time frame (Figure 5.6). Prices

for these strategies spiked with the decrease in landings (increase in demand), then

decreased once landings increased. ‘Analysis’ species’ revenues were calculated by

multiplying these two metrics, which followed a pattern similar to that observed in

commercial yield (Figure 5.7). All economic data were discounted from 1998 to esti-

mate net present value of each management strategy. Estimated variable costs were

identical for 2016 and MR strategies because, by definition, the fishing mortality

rates were equal for these simulations. Variable costs of the MNR strategy plum-

meted and remained low throughout the simulation time frame. Because of these
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(a) Commercial Yield (b) Ex-Vessel Price

Figure 5.6: Gag grouper commercial yields were standardized to the baseline 1998 strategy
in the most recent year of the simulation. When catches for MR and MNR strategies were
reduced, prices increased. By the end of the simulation, populations were rebuilt, catches
were back to the baseline level, and ex-vessel prices decreased accordingly.

extremely low costs, discounted net revenue from the ‘analysis’ species immediately

began to climb when this strategy was implemented, particularly when the popula-

tion was sufficiently rebuilt allowing catch to increase. The gag grouper fleet relies

heavily upon jointly-caught species as a source of revenue, therefore most simulated

strategies resulted in a negative discounted net revenue because the revenue from gag

grouper was not sufficient to cover the deficit of variable costs (Figure 5.7). Yellowtail

snapper strategies followed similar patterns as gag grouper, except due to the yellow-

tail snapper fleets’ high dependence on the ‘analysis’ species itself, the yellowtail-only

discounted net revenues never dropped below zero (Figure 5.8).
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(a) Gag Grouper Revenue (b) Gag Grouper Fleet Variable Costs

(c) Net Revenue from Gag Grouper Only

Figure 5.7: Gag grouper revenue, variable cost, and gag-only net revenue were discounted
3% from 1998, when the management simulations began, to estimate the net present value
of each management strategy. The MNR strategy included an immediate drop in costs and
temporary decrease in revenue, which resulted in the highest discounted net revenue for
nearly every point in these simulations.
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(a) Yellowtail Snapper Revenue (b) Yellowtail Snapper Fleet Variable Costs

(c) Net Revenue from Yellowtail Snapper Only

Figure 5.8: Yellowtail snapper revenue, variable cost, and yellowtail-only net revenue were
discounted 3% from 1998, when the management simulations began, to estimate the net
present value of each management strategy. The MNR strategy included an immediate drop
in costs and temporary decrease in revenue, which resulted in the highest discounted net
revenue by approximately 2003.
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5.2.3 Biological and Economic Benchmarks

Biological and economic benchmarks were calculated for all management strategies

to assess their bioeconomic performance of each stock assessed here. Net present

value for each management strategy was calculated for ‘analysis’ species only revenue

(NPVms), which represented a more realistic indicator of the best strategy related

to management of the ‘analysis’ species, and for aggregate revenue (NPVm), which

represented a more realistic estimate of the magnitude of total net present value of

each strategy (Table 5.3). Total net present value was not utilized to determine the

best management strategy because it does not incorporate demographics and nearly

always favors increasing effort to attain more revenue from jointly-caught species.

Conversely, it was shown in the simulated strategies, if effort was relaxed, the stock

grew and allowed for a higher catch-per-unit-effort (i.e. larger revenue for lower

costs). This is impossible to model for jointly caught species without incorporating

demographics information.

Gag grouper maximum net revenue strategy attained the largest ‘analysis’ species

only NPV at $24.51 million, and total NPVm ranged $198.68–$390.03 million. Yellow-

tail snapper also attained the highest NPVms for the maximum net revenue simulation

at $24.54 million, and NPVm was valued between $82.68–$140.27 million NPV. Both

the gag grouper and yellowtail snapper recommended strategies were associated with

the lowest aggregate NPVm due to the reduction of fishing effort. Therefore, these

may be on the lower end of NPVm strategies, but, depending on the demographics

of the jointly-caught species, a similar increase may be observed.
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Table 5.3: Simulated net present value for the ‘analysis’ species only (NPVms) and for the
aggregate net revenue (NPVm) for each simulated management strategy. These values have
been discounted by 3% monthly since 1998, and summed 1998–2016. The NPVm trends
(considering aggregate revenue) may not be biologically accurate because there was no
penalty for infinitely increasing effort and were reported to represent the ranges of possible
net present value of the fisheries.

Gag Grouper Yellowtail Snapper
Strategy NPVms NPVm NPVms NPVm

1998 -$3.54 $348.33 $23.22 $121.10
2016 -$22.86 $385.89 $19.18 $117.06
MR -$18.72 $390.03 $21.04 $140.27
MNR $24.51 $198.68 $24.54 $82.68

Welfare loss or gain was estimated using NPVms relative to the baseline simulation

summed over 1998-2016. For Gulf of Mexico gag grouper, all strategies were an

improvement over the baseline strategy (Figure 5.9). MNR strategy resulted in a

welfare gain of 793% over the baseline simulation. For yellowtail snapper, the welfare

gain was highest for the MNR strategy as well, with an increase of 19% in the South

Atlantic and 16% in the Gulf of Mexico (Figure 5.9). For the MR strategy where size

limit was increased but fishing mortality remained the same as actual levels, increases

in catches weren’t enough to make up for short-term losses during the rebuilding phase

compared to the 2016 strategy, despite this strategy yielding the second highest net

revenue in 2016.
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(a) Gag Grouper (b) Yellowtail Snapper

Figure 5.9: Gag grouper realized a huge welfare gain over the baseline across all simulations,
with the largest gain realized under MNR. Yellowtail snapper also attained the largest
welfare gain under MNR, but the MR strategy resulted in a welfare loss due to the short-
term losses in the first 10 years following implementation.

Yellowtail snapper remained in an overfished state undergoing overfishing for

all management strategies by the end of the simulation time frame (Figure 5.10).

The strategies designed to optimize economic performance were the most sustainable

strategies as defined by biological benchmarks. Gag grouper management strategies

designed to optimize economic performance were the only two not in an overfished

state by the end of the simulation. Across all target species simulated here, the man-

agement strategies designed to optimize revenue or net target revenue also performed

the best biologically.
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(a) Gag Grouper

(b) Yellowtail Snapper

Figure 5.10: 1995 marked the start point for the population simulations. Management
strategies were implemented in 1998, where the simulations diverged and ended at 2016.
Management strategies designed to optimize commercial economic benefits resulted in the
most sustainable populations, as defined here, across every simulation.



CHAPTER 6

Conclusions

Fisheries management often has seemingly conflicting goals, but the disparity be-

tween biological sustainability and economic profitability is not one of them. In

this study, strategies designed to optimize economic benefits were also the most

sustainable across all species and regions, as defined by Spawning Potential Ratio

(SPR). This finding aligns with the theoretical definition of Maximum Economic

Yield (MEY), which is found at a lower rate of fishing effort–and larger population

biomass–compared to that of Maximum Sustainable Yield (MSY), the peak yield of

the surplus production model. MEY is theoretically achieved where the distance be-

tween the linear cost function and parabolic revenue function is maximized, but does

not consider age structure of the population or other users of the resource (Clark, 1975;

Hoshino et al. , 2018). Fisheries scientists have been modeling age-structured pop-

ulations that incorporate minimum size limits for decades, a common management

strategy used to protect spawning stock biomass and maximize yield (Pope, 1972;

Methot, 1986; Methot & Wetzel, 2013). The bioeconomic analyses conducted here

incorporated age-structured populations and partitioned the fishing mortality rates

between recreational and commercial sectors, as well as among commercial fleets,

152
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which were characterized by varying catchabilities and cost functions. Recreational

effort contributed to approximately 25% of the yellowtail snapper catch and 70% of

the gag grouper catch on average throughout the simulation time frame. Despite

these recreational constraints varying by nearly a factor of 3, all simulations of opti-

mal commercial economic output resulted in the largest populations, achieved through

various combinations of increased minimum size limits and effort reductions. Opti-

mal economic productivity is dependent on biological sustainability, but the emerging

picture of Florida reef fish sustainability has become increasingly dire as species’ life

histories are better studied and maximum age estimates continue to increase.

Commercial fishery data collected since the 1980s consistently sampled larger–and

likely older–fish than were represented in the scientific literature, suggesting that pa-

rameter estimates derived from life history studies may not accurately characterize

population dynamics. Maximum age uncertainty can only extend in one direction,

as the species’ true maximum age can only be greater than or equal to the currently

observed maximum age (Ault et al. , 2018). Translating this to population dynamics

implications, current estimates of natural mortality rates, M , are maximum estimates,

and fishing mortality rates recommended with the intention of achieving maximum

sustainable yield, F ≈ M , could be creating a situation where a higher F is rec-

ommended than would be sustainable under the true M (Hoenig, 1983; Alagaraja,

1984; Ault et al. , 1998, 2018). Assessment models are always constrained by the

best available data at the time, and in 2001, gag grouper were estimated to not be

overfished or undergoing overfishing (Turner et al. , 2001). At that time, gag grouper

maximum age was believed to be approximately 20 years old, which resulted in a

higher estimated natural mortality rate and associated sustainable fishing mortality
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rate when compared to the estimated maximum age of 31 today. Furthermore, size-

at-age data from 1992-2000 (SEFSC Panama City Lab) was used in that assessment,

but by 1993 the gag grouper size distribution was already truncated, and the sex ratio

was skewed down to 1% male from 17% male documented in the 1970s (Collins et al.

, 1987; Hood & Schlieder, 1992; Coleman et al. , 1996). The confounding effects of

mischaracterized demographics data on population dynamics models require conser-

vative management strategies to allow reef fish populations to rebuild. If the species

assessed here are at risk of overfishing, most species in the reef fish complex are also

at risk due to historically high exploitation and low natural mortality rates. Often,

when catch rates fall below an economically sustainable level, fisheries move from one

species to another within the same ecosystem. In the reef ecosystem, the overall effect

is continued pressure on an overexploited species as well as increased targeting on a

less valuable species which may have otherwise been considered bycatch.

Management strategies have been to maintain historical catches, not rebuild re-

sources, and it is likely we have been maintaining depleted resources rather than allow-

ing populations to rebound. Based on the case studies investigated here, Florida reef

fishes were even more severely depleted in 2016 than in 1998. A primary cause of this

was increasing global population, which was exacerbated in Florida due its desirable

climate and waters, with 85.1% of the state’s population increase between 2010-2017

due to net migration rather than natural increase (BEBR, 2017). Increasing resi-

dential and tourist populations ultimately resulted in heavier exploitation rates on

already over-exploited resources, despite attempts to manage these stocks primarily

through Annual Catch Limits, size limits, seasonal closures, and spatial closures (US-

DOC, 2007). Effort controls are in place in the form of bag limits and closed seasons
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but have not sufficiently reduced the mortality imposed on these stocks. Catch rates

are so low, recreational bag limits are often never hit, despite groupers and snappers

being a primary target, rendering this effort control obsolete. Under current mini-

mum size limits, a large portion of the population is subjected to unsustainably high

fishing mortality rates, and economic benefits to the commercial fleet have dissipated.

Simulations conducted in this dissertation showed that when the minimum size lim-

its were increased, sufficient portions of stock biomass were protected, even without

reducing effort, resulting in increased long-term economic benefits for the commercial

fleets while rebuilding the populations to more sustainable levels. Under the threat of

a rapidly growing population and seemingly infinitely increasing demands for seafood

and recreational fishing effort, this was a surprising and positive finding. Unfortu-

nately, without effort reduction across the commercial and recreational sectors, initial

declines in commercial economic productivity could be detrimental to this industry,

as this simulated strategy resulted in a welfare loss for yellowtail snapper compared

to the baseline simulation, despite its long-term gains.

One consistent result across all simulations was that strategies with higher net

revenue was always associated with the larger population sizes, despite original popu-

lation status or magnitude of recreational component. Under equilibrium conditions,

all economically optimal (as defined here) management strategies were associated

with an SPR close to 50%. Typically, SPR targets are set at 30%, but Ault et al.

(2018) found that SPR at MSY for snappers and groupers in this region was approxi-

mately 40%, and the work here suggests an economically optimal benchmark for SPR

may be closer to 50%. This aligns with the theory surrounding MEY, where a fishing

mortality rate less than MSY optimizes profits. During transitional years towards
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optima, there were initial declines in economic productivity of the commercial fleets

while populations rebuilt. Yellowtail snapper and gag grouper initial SPR and rates

of recovery varied, but there was a 19–793% increase in welfare from the economically

optimal strategies throughout the simulation time frame (1998–2016). Because of the

Gulf of Mexico gag grouper’s initially overexploited status, its population increased

by more than a factor of 3 by the end of the simulations under the strategy designed

to maximize net revenue. Despite differing regions, initial population status, recre-

ational components, and life history characteristics, the conclusion that economically

favorable management strategies resulted in healthier populations was robust across

all simulations.

Fishery Management Councils were formed in the early 1980s to prevent the open-

access nature of the fisheries that led to reduced catches and overexploited natural

resources (GMFMC, 1981; SAFMC, 1983; CFMC, 1985). While the FMCs effectively

excluded foreign fleets from accessing U.S. waters, the primary regulatory strategy

for U.S. fleets was through quotas or annual catch limits that maintained suboptimal

catches. The commercial reef fishery has been closed-access since 1992 in the Gulf of

Mexico and since 1998 in the South Atlantic, but by this time, resources were already

depleted. Open-access resources have resulted in overexploitation and overcapital-

ization of fisheries throughout history where commercial fleets essentially break even

(Hoshino et al. , 2018). Rights- and privilege-based fishing is an effective way to more

strictly define access to natural resources, a strategy that encourages investment and

provides incentives to fish sustainably (Ostrom et al. , 1999; Sanchirico & Springborn,

2011; Solis et al. , 2014). Implementing the Individual Fishing Quota system in the

Gulf of Mexico increased ex-vessel price by allowing fishermen to take advantage of
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favorable market conditions, rather than race to fish, and resulted in a $0.50 increase

in ex-vessel price for gag grouper (Chapter 3). The Gulf of Mexico IFQ system also

increased the technical efficiency and reduced costs for the reef fish fleets operating

two primary gears modeled here, hook-and-line and longline (Solis et al. , 2014).

Defining fishing privileges within the commercial sector promoted sustainable fishing

practices, but the recreational sector in Florida remains essentially open-access. A

recreational saltwater fishing license is required to fish in Florida, with tags required

to land certain species, but there is currently no limit to the number of licenses sold

annually.

In tropical marine ecosystems, diversity of commercial catches can prove over-

whelming to properly manage every species. Eighty-four commercially important

reef fishes were identified in U.S. waters surrounding Florida and the U.S. Caribbean

Islands. Of these, just over half had demographics data to allow for parameteriza-

tion of stock assessment models. Statistical methodologies have been developed to

estimate life history parameters where no species-specific data are available. Nadon

& Ault (2016) built regressions between parameters within familial groups which al-

lowed for stochastic estimation of a full set of life history parameters from an initial

estimate of maximum length. Thorson et al. (2017) developed another Bayesian

estimation methodology, which requires knowledge of three life history variables to

estimate the remaining set within any family. The literature synthesis conducted here

promotes both methodologies and highlights potential pitfalls, such as weak param-

eter estimates or insufficient estimates of maximum growth potential. This synthesis

also helps direct biological efforts to define demographics information for reef fishes

where parameters are missing or unreliable. Federal reef fish assessments have been
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hindered by a lack of data and resources, but there has been substantial expansion

of demographics information and progress within the data-limited assessment frame-

work (Ault et al. , 2005a; Carruthers et al. , 2015; Nadon et al. , 2015; Sagarese

et al. , 2018). While the Florida commercial reef fish fishery lands a diverse array of

species, and the state imports the majority of the its available snappers and groupers,

a few local species dominate the catch and drive the Florida seafood market. Within

the commercial reef fish landings, 19 groupers and 17 snappers were identified to the

species level, but 2 groupers (gag, red) and 3 snappers (yellowtail, red, vermilion)

accounted for over approximately 85% of their respective Family’s (Epinephelinae,

Lutjanidae) total landings. Despite the strong multi-species component within this

fishery, a few species drive the profitability of the industry. This finding supports a

management strategy of controlling effort through constraints defined by these pri-

mary species, and setting minimum size limits for the rest of the complex above their

respective length at maturity, allowing for reproduction and contribution to future

generations.

In the valuable reef ecosystem, the health of all component parts are inherently

intertwined due to the vast diversity of the system. If all species in the complex are

determined to require management intervention, then a system-wide strategy would

be beneficial to allow concerted population rebuilding. Simplistically, adaptive man-

agement supports implementing marine protected areas, which have the economic

benefit of just not fishing in a certain area to reduce costs of fishing and potential

catch and release mortality (Bohnsack, 1998). Another management strategy could

be to adapt fishing gears and areas to effectively target larger fishes that allow for

the growth, maturation, and reproduction of a species before allowing the fish to be
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susceptible to fishing mortality. Managing reef fish stocks by promoting maximum

commercial economic productivity and sustainability could strengthen the Florida reef

ecosystem to outside stressors including climate change and reef degradation while

also strengthening an industry. The recreational and charter fisheries contribute sub-

stantially to the economic productivity of the reef ecosystem, and their utilities could

be applied within this bioeconomic framework as well. Incorporating the utility of

all stakeholders and balancing regulations to optimize net benefits allows for a more

holistic evaluation of management strategies. From this work, management regula-

tions producing bioeconomic optima can be identified for any region and fishery where

data are available. Quantification of transitional years provides guidance for popula-

tion rebuilding years and input to support long-term economic gains, while protecting

against harming an industry. In conclusion, sustainable regulation of exploited fishes

creates a stronger fishing industry, increases net benefits to the region, and maintains

a healthier ecosystem.
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