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Abstract.-A baseline assessment 
of 35 economically a_nd ecologically im-
portant Florida Keys reef fish stocks is 
provided by using a systems approach 
that integrates sampling, statistics, 
and mathematical modeling. Quantita-
tive fishery-independent data from reef 
fish visual surveys conducted by 
SCUBA divers from 1979 to 1996 were 
used to develop estimates of population 
abundance, assemblage composition. 
and stock structures in relation to key 
physical and habitat factors. Exploita-
tion effects were assessed with a new 
length-based algorithm that calculates 
total mortality rates from estimates of 
"average length of fish in the exploit-
able phase of the stock." These esti-
mates were highly correlated for two 
statistically independent data sources 
on reef fish: fishery-independent diver 
observations and fishery-dependent 
head boat catches. We developed a reef 
fish equilibrium exploitation fishery 
simulation (REEFS> model and used es-
timates of fishing mortality to assess 
yield-per-recruit in relation to fishing 
intensity and gear selectivity and to 
assess spawning potential ratio (SPRl 
in relation to U.S. federal "overfishing" 
standards. Our analyses show that 13 
of 16 groupers (Epinephelinae ), 7 of 13 
snappers (Lutjanidael, one wrasse 
(Labridael, and 2 of5 grunts IHaemuli-
dael are below the 30% SPR overfish-
ing minimum. Some stocks appear to 
have been chronically overfished since 
the late 1970s. The Florida Keys reef 
fishery exhibits classic ''serial overfish-
ing" in which the largest, most desir-
able, and vulnerable species are de-
pleted by fishing. Rapid growth of the 
barracuda population (Sphyraenidael 
during the same period suggests that 
fishing has contributed to substantial 
changes in community structure and 
dynamics. 
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The Florida Keys support a rich 
tropical marine ecosystem, a pro-
ductive multispecies coral reef fish-
ery, and a billion dollar tourist 
economy. The Florida Keys are also 
considered an "ecosystem-at-risk" 
as one of the nation's most signifi-
cant yet most stressed marine re-
sources under management of the 
National Oceanic and Atmospheric 
Administration (NMFS, 1996). Con-
cern about habitat degradation and 
escalating resource uses from a rap-
idly growing human population in 
southern Florida resulted in the es-
tablishment of the Florida Keys Na-
tional Marine Sanctuary (FKNMS l in 
1990. Because they are one of the 
most complex ecosystems on earth, 
coral reefs are a particular concern. 
The diverse fish community of these 
coral reefs is influenced by compli-
cated biological and physical inter-
actions (Sale, 1991; Lee et al., 1992; 
Polunin and Roberts, 1996). Reef 
fisheries can target a number of eco-
nomically and ecologically impor-
tant species (e.g. groupers, snap-

pers, lobsters, conch, sponges, and 
corals). Over the past several de-
cades, public use of and conflicts 
over fishery resources have increased 
sharply ,  while some fishery catches 
from historically productive snapper 
and grouper stocks have declined 
<Bohnsack et al., 1994). Concomi-
tantly, the status and biological dy-
namics of these reef fishery re-
sources are not well understood, 
and important stock assessment 
data are not available. 

Another concern regarding reef 
fishery resources is the restoration 
of the Everglades north of the 
Florida Keys. Hydrological projects 
of historic proportions are expected 
to make a substantial change in the 
timing, volume, and location of fresh-
water outflows into the coastal ma-
rine environment (Harwell et al., 
1996). These changes could affect the 
survivorship of juvenile reef fishes 
in critical shallow nursery areas of 
Florida Bay and Biscayne Bay and 
ultimately affect the productivity of 
the entire coral reef ecosystem. 
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The condition of most reef fish stocks is unknown 
because of the large number of species in the fishery, 
a lack of fishery-effort and landings data, and the 
quantity of population dynamics data needed to do 
traditional stock assessments. The goal of this pa-
per is to develop a technically sound quantitative 
method for multispecies management assessments. 
For this purpose, we present an integrated baseline 
assessment to reference the status of the multispecies 
fishery so that the effects of management changes 
in the FKNMS may be accurately evaluated in the 
future (U.S. Dep. Commerce, 1996). Using fishery-
independent data, we conducted an 18-year retro-
spective, analytical yield assessment of economically 
important Florida Keys reef fish stocks to elucidate 
the effects of fishing and to help define an effective 
fishery management strategy. 

Hypothesis 

A key to our ability to assess reef fish stocks was the 
use of"average size" (in length) offish in the exploit-
able phase of the population ( L )  as an indicator of 
stock status. Average size of fish was derived from 
visual survey data or headboat landings data. 
Headboats are party boats that carry more than 15 
anglers per fishing trip (Dixon and Huntsman1 ). The 
use of L in stock assessment has deep roots intra-
ditional fisheries management <Beverton and Holt, 
1956, 1957; Ricker, 1975). The statistic provides a 
population level metric that integrates individual 
metabolic variables such as interdependent growth, 
mortality, and reproductive processes. The L statis-
tic also is an important index of fishing effects be-
cause persistent heavy fishing reduces the average 
size of the population over time, making the stock 
younger through a process known as "juvenescence'' 
which successively eliminates older, more fecund size 
classes (Ricker, 1963). This is extremely important 
in the context of stock and recruitment because the 
fecundity potential of individuals increases exponen-
tially with size. In general, the average length of fish 
in the exploitable phase (i.e. between the size at first 
capture, L ', and the maximum size, L). ) is highly corre-
lated with average population size and thus reflects 
the rate of fishing mortality operating in the fishery. 

Theoretically, the average size of fish landed for 
any given species should be equal to the average size 
in the exploited phase of the remaining population 

1 Dixon, R. L., and G. R. Huntsman. 1992. Estimating catches 
and fishing effort of the southeast United States headboat fleet, 
1972-1982. Beaufort Laboratory, Southeast Fisheries Science 
Center, Natl. Mar. Fish. Serv .. NOAA, Beaufort, NC 28516. Draft 
report. 
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just after fishing. In other words, we hy p othesize that 
fishery-independent survey estimates of average 
length derived from visual data reported by divers 
should equal fishery-dependent estimates derived 
from catch data reported by headboat anglers. The 
greater the correlation between the two independent 
estimates of L ,  the more robust "average length" 
should be as an indicator of stock status subject to 
exploitation. 

Methods and materials 

Study area 

The Florida Keys coral reef ecosystem is a unique 
tropical coastal marine environment stretching about 
370 km from Key Biscayne southwest to the Dry 
Tortugas (Fig. 1 l. Situated parallel to the Florida 
current and Florida Bay, the coastal ecosystem en-
compasses many varied habitats comprising fresh-
to saltwater marshes, estuaries, lagoons, mangrove 
stands, coral islands, sea grass beds, and coral reefs. 
Florida Bay and adjacent coastal estuaries serve as 
nursery areas for spiny lobster and many juvenile 
fishes that occupy reefs as adults. The clear water 
and high diversity of reef fish in the Florida Keys 
coral reef tract provide a unique environment to as-
sess multispecies fisheries. Here we use a "systems 
approach" to facilitate effective decision making and 
to improve fishery management performance (Ault 
and Fox, 1989; Rothschild et al., 1996). 

Reef fish surveys 

Fishery-independent visual estimates of the abun-
dance and size distributions ofmultispecies reef fish 
populations were taken along the Florida Keys reef 
track continuously from 1979 to 1996 l Table 1) by 12 
highly trained and experienced divers using the sta-
tionary visual survey method of Bohnsack and 
Bannerot (1986). This nondestructive method pro-
vides reliable quantitative estimates of species abun-
dance, frequency-of-occurrence. and size structure for 
the reef fish community. Divers recorded the abun-
dance as well as the minimum. mean, and maximum 
lengths of each species seen during 5 minutes within 
randomly selected 7 .5-m radius circular quadrats. 
Underwater visual estimates of reef fish size and 
abundance have frequently been made (Bellwood and 
Alcala, 1988; Harvey and Shortis, 1996); however, 
accurate and precise visual estimates of fish length 
require well-trained and experienced observers be-
cause objects in water appear magnified and closer 
than their actual range (Bell et al., 1985; Harvey and 
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Map of the Florida Keys coastal marine ecosystem showing the coral reef tract <light grayl running offshore from Key Biscayne 
southwest to the Dry Tortugas. and the spatial relationships of Florida Bay. Key West. and the Miami urban center. Numbered 
darkened circles show the 89 reefs where 4,571 visual survey samples of the reef fish community were taken from 1979 to 1996. 
Open circles around numbers indicate sanctuary preservation areas {SPAs). 

Table 1 
Visual survey sampling effort (number of point samples) by habitat areas and depth intervals conducted from 1979 to 1996 in the 
Florida Keys reef tract. The offshore zone is exposed to the Florida Current. 

Reef zone habitat type 

Artificial Coral Hard Sand 
Depth reef reef bottom bottom Totals 

Feet Meters Inshore Inshore Offshore Inshore Offshore Inshore Total Percent 

0-10 0-3.05 0 848 171 26 8 13 1,066 23.32 
10-20 3.05-6.10 5 726 816 14 207 38 1,806 39.51 
20-30 6.10-9.14 85 403 561 4 146 0 1,199 26.23 
30-40 9.14-12.19 28 31 92 0 40 0 191 4.18 
40-50 12.19-15.24 9 9 81 0 48 0 147 3.22 
50--60 15.24-18.29 0 15 65 0 47 0 127 2.78 
60-70 18.29-21.34 0 1 34 0 0 0 35 0.77 
Total 127 2,033 1,820 44 496 51 4,571 
Percent 2.78 44.48 39.82 0.96 10.85 1.12 100.00 

Shortis, 1996). To improve accuracy, divers continu-
ously calibrated their length estimates with a 30-cm 
ruler attached perpendicular to the far end of a 

meterstick. Divers without calibration sticks have 
been shown to obtain a mean accuracy of 86% for 
length estimates (St. John et al., 1990). 
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Maximum use of the visual survey data required 
statistical intercalibration of the sampling efficiency 
of each diver. We used multiple regression analysis 
(Neter et al., 1996) to estimate relative sampling ef-
ficiency by adapting the ''fishing power" model of 
Robson (1966) 

C(d, t ) = F(d,tJN( t ) ld,t) = qld)f(d, t )N (t ) ld,t l

Cld, t ) = <d)N(d. t ) 
f<d, t l q ' ( 1 )  

where C(d, t) = the fish count of diverd at reef date t: 
N(t) = the average population size at reef 

date t; 
q( d) = the coefficient of sampling efficiency 

for diver d; 
f(d, t) = the nominal survey effort of diver d 

at reef date t, and 
/;(d,t) = a log normally distributed error 

variable. 

To account for any sampling bias that may have been 
introduced by differences among divers, a simple log-
linear transformation of Equation 1 makes it pos-
sible to obtain minimum variance estimates of rela-
tive sampling efficiency, given fish counts by species, 
by diver, and by reef date. Data used for model de-
velopment were derived from a series of controlled 
experiments conducted during a 9-day sampling ex-
pedition to the Dry Tortugas during June 1994. A 
matrix of estimated efficiency coefficients for divers 
by species was used to adjust an individual diver's 
results in relation to a standard-normal diver, here 
the most experienced diver in the group. After stan-
dardization, all the individual visual "catch-per-unit-
of-effort" measurements were comparable over time 
and space (Ault et al.21. Spatial and temporal pat-
terns in abundance and correlative linkages to habi-
tat types were qualitatively analyzed with 3-D visu-
alization software (IDL, 1995 l by reef site through-
out the Florida Keys for various survey years. Mul-
tivariate statistical analysis (Johnson and Wichern, 
1992; Venables and Ripley, 1994) was used to assess 
variance-covariance and correlation structures be-
tween reef fish density and selected environmental 
and fish community auxiliary covariates. 

We also used the 1981-95 NMFS headboat catch-
and-effort data !Bohnsack et al., 1994: Dixon and 
Huntsman, 1992) to provide fishery-dependent popu-
lation estimates comparable to those from the visual 

2 Ault. J .  S .. J .  A. Bohnsack, and G. Meester. 1998. The rela-
tive fishing power of divers in tropical reef fish visual 
surveys. Unpubl. manuscript. 
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survey. Headboat data provide total numbers of in-
dividuals in the catch as well as total weight in the 
catch by species by year. 

Stock assessment indicator variable 

A stock assessment indicator variable is a quantita-
tive measure that reflects the status of a population 
subjected to fishing or other environmental changes. 
Because reef fishes integrate aspects of the coastal 
ocean environment over their lifetime, a robust mea-
sure of population "health" or status can provide a 
sensitive indicator of direct and indirect stress on 
the stock, and perhaps on the regional marine eco-
system (Fausch et al., 1990). Population health for 
reef fish communities can best be described with the 
metabolic-based pool variable "average length in the 
exploitable phase of the stock." Therefore, to assess 
the health of each of the s stocks in the reef fish com-
munity over the past two decades, the statistic ''av-
erage length in the exploitable phase of the stock," 
L (t l, was found for each stock by integrating between
the population age limits from t' ( minimum age at first 
capture l to t A (oldest age in the stock), written as 

t, 

F<t if N<a, t lLla,t)da 
L{t) = - � t "  _ _ _ _ _  _ 1 ,  

F<t > f N(a,t)da 
(2) 

t' 

where Nfo, t) = abundance for age class a at time t: 
L(a,t) = length for class a at time t; and 
F(t) = the instantaneous fishing mortality 

rate at time t. 

Estimates of the mean, variance, and 95% confidence 
interval of the mean were computed by the methods 
of Sokal and Rohlf 11969). 

To estimate the annual total instantaneous mor-
tality rate Z(t) for each fish stock in each year t from 
population size structure and abundance statistics, 
we used a length-based method <Ault and Ehrhardt, 
1991; Ehrhardt and Ault, 1992) particularly appli-
cable to reef fish population dynamics 

where, LA = maximum size; 
L' = the length at first capture; 

L (t) = the average size in the exploitable 
phase in year t; and 
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