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ABSTRACT: The effects of recreational fishing often go undetected, yet can lead to the collapse of fishery
populations. Fishery managers must understand the dynamics of recreational fishers and their prey to
successfully predict the outcome of management actions. We measured the impact of a 2 d exclusively
recreational fishery on the Caribbean spiny lobster Panulirus argus in the Florida Keys, USA, and used
a theoretical, predator-prey functional response approach to identify whether or not sport diver catch
rates were density-independent or -dependent (Types I, Il or Il functional response), and if catch rates
were saturated (i.e. reached an asymptote) at relatively high lobster densities. Herein, we describe how
this predator-prey framework could be applied to fisheries management for the spiny lobster. Our
approach consisted of SCUBA diver surveys of lobster distribution and abundance patterns immediately
before and after the 2 d recreational ‘'mini-season’ coupled with counts of recreational boats and divers
to assess the aggregative response of divers to lobster density. During the mini-season, the density of
boats along coral patch reefs and patch heads was over 900 x higher than during the regular fishing
season ~3 wk later. Overall, there was a 95 and 79 % decline in mean lobster densities in the patch reef
and patch head habitats, respectively. Fishing effort was 10 x greater on patch heads than on reefs, prob-
ably due to ~100-fold higher lobster densities in patch-head habitats. In both patch reefs and heads, the
proportion of lobsters removed by divers was density-independent (Type I functional response). Diver
catch never reached saturation at natural lobster densities. Thus, recreational divers have a relatively
simple predatory response to spiny lobsters, whereby catch rates increase linearly with lobster density
such that catch is a reliable indicator of abundance. A major concern is that the current levels of lobster
exploitation by sport divers are extremely high (~90%); however, diver predation pressure is not
expected to increase proportionally with a decline in lobster density, which could exacerbate local
extinction. Management actions that reduce diver effort should have a concomitant reduction in catch.
The recreational diver-lobster predator-prey construct in this study provides a useful predictive frame-
work on which to build as the spatiotemporal scales of measurements expand, management actions are
implemented, and the lobster population varies.
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INTRODUCTION differently from commercial fisheries in that economic

incentives to overexploit populations are lacking (Post

There is growing concern about the seemingly insid- et al. 2002), yet recreational fishing can produce strong
ious effects of recreational fishing on fishery pop- direct and indirect effects in aquatic ecosystems (Mag-

ulations. Recreational fisheries are typically viewed nuson 1991, Kitchell 1992, Kitchell & Carpenter 1993,
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Post et al. 2002), and has led to severe declines in
marine fishes such as red drum Scianops ocellatus
(Vaughan & Carmichael 2000) and intense reductions
in local populations of the abalone Haliotis sp. in cen-
tral California, USA (Haaker et al. 1996), and in the
Caribbean spiny lobster Panulirus argus in the Florida
Keys, USA (Eggleston & Dahlgren 2001). Recreational
fishermen are opportunistic, and often use sophisti-
cated equipment and up-to-date information to res-
pond to changes in distribution and abundance pat-
terns of their quarry in a manner similar to natural
predator-prey systems (Carpenter et al. 1994, Johnson
& Carpenter 1994, Post et al. 2002). To prevent the
widespread collapse of recreational fisheries and suc-
cessfully predict the outcome of management actions,
fishery scientists and managers must understand the
dynamics of recreational fishermen-prey interactions,
such as the functional relationship between fishing
effort, prey capture, and prey density.

Spiny lobster biology and fishery

The Caribbean spiny lobster Panulirus argus sup-
ports important commercial fisheries throughout most
of its range, from Bermuda to Brazil. Caribbean spiny
lobsters enter shallow nearshore waters as postlarvae
from the open ocean, and reach a legally harvestable
size of 76 mm carapace length (CL) approximately 2 yr
after settlement (Forcucci et al. 1994, Butler & Herrn-
kind 2000). Caribbean spiny lobsters are highly grega-
rious, aggregating in crevices and beneath sponges
during the day (Eggleston & Lipcius 1992, Eggleston &
Dahlgren 2001), and foraging on gastropods, chitons
and bivalves in nearby seagrass beds and hard-bottom
habitats at night (Cox et al. 1997). Although there is a
general ontogenetic migration of lobsters from inshore
nursery habitats to offshore reefs as they mature (Davis
& Dodrill 1989), the fishery targets lobsters across a
continuum of inshore and offshore areas. The commer-
cial fishery in Florida, USA, targets the gregarious
behavior of spiny lobsters by using traps baited with
sublegal-sized lobsters as attractants (Hunt et al. 1986),
and the recreational fishery targets primarily aggrega-
tions of lobsters in crevices during the day. During
the late 1970s and 1980s, the trap fishery in Florida
increased sharply without a concomitant increase in
landings (Hunt 2000). The size-structure of the trap-
pable population has also shifted toward an increasing
proportion of smaller lobsters (Lyons et al. 1981). Con-
sequently, the commercial fishery relies almost exclu-
sively on new recruitment of legal-sized lobsters in
each fishing year (Powers & Sutherland 1989). Recruit-
ment of postlarval spiny lobster to the Florida Keys
is probably heavily dependent on upstream, pan-

Caribbean sources of larvae, since the mitochondrial
genomes of P. argus collected from 5 locales in the
Caribbean indicated no restrictions to gene flow (Sil-
berman et al. 1994). The spiny lobster fishery in Florida
is overcapitalized (Lyons 1986), and a trap-reduction
program was implemented in August 1993 to reduce
excess effort in the Keys spiny lobster fishery. Lobster
landings are predicted to remain cyclically stable as
the number of traps decrease (Hunt 2000).

The spiny lobster fishing season is closed during the
peak spawning period between March and July. Each
year, approximately 50000 people don SCUBA and
snorkeling gear to catch Caribbean spiny lobster in
Florida during a special 2 d sport season that is open in
July just prior to the opening of the regular lobster sea-
son on August 1 to both recreational and commercial
fishers. In an attempt to relieve the increasing conflict
between commercial and recreational lobster fishers,
the Florida legislature enacted a bill in 1975 that estab-
lished a special 2 d recreational season on spiny lob-
sters that was scheduled 1 wk prior to the opening of
the commercial fishing season (Labisky et al. 1980).
Divers typically use a 'tickle stick’ to coerce lobsters
from their dens into a hand-held fishing net. The daily
limit is 6 lobsters person™'d™! in Monroe County
(Florida Keys), and divers must possess a recreational
salt water fishing license and a special lobster stamp
for the 2 d mini-season. The recreational harvest
accounts for 41% of the total lobster landings in
August each year, and 22 % of the total annual harvest
(Hunt 2000). In 2001, a total of 25% of the annual
recreational fishing effort for spiny lobster was ex-
pended during the 2 d mini-season in Florida (Lee-
worthy 2002). The majority of the overall recreational
fishing effort is concentrated in the Florida Keys
(Monroe County), which accounts for 60% of the
statewide effort (Florida Fish & Wildlife 2002).

The socio-economic impact of the 2 d mini-season in
Monroe County is significant, having contributed ap-
proximately $7 million to the local economy in 2001
(Leeworthy 2002), with 95% of the economic impact
due to visitors to Monroe County (Leeworthy 2002).
During several weeks preceding the mini-season, an
increasing number of boaters can be seen towing
divers in shallow water searching for aggregations of
lobsters and marking the locations of lobsters with GPS
units (D. B. Eggleston pers. obs.). This recreational
diver reconnaissance for lobsters in 2002 was most
apparent over continuous patch reef and patch coral-
head habitats, beneath bridges, and in channels.

On the opening day of the mini-season, a parade of
boats leave shore-based boat ramps, docks and mari-
nas and anchor at lobstering sites before dawn. This
ritual has occurred for decades. Of concern to fishery
managers is the apparently increasing use of recre-
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ational and commercial diving to harvest lobsters at
the same time as mandatory trap reductions are imple-
mented in the commercial sector of the fishery. In-
creasing use of diving makes management difficult,
since the primary way of managing the fishery is
through trap effort (J. Hunt, Florida Fish & Wildlife,
pers. comm.). Moreover, recent data indicate that the
2 d mini-season has a highly significant impact on
spiny lobsters in areas that are both open and closed to
fishing (i.e. marine protected areas), resulting in an
80 % reduction in the local population off Key West,
Florida, in just 2 d (Eggleston & Dahlgren 2001).

The overall goal of this study was to measure the
impact of the recreational 2 d fishing season on the
local population of Caribbean spiny lobsters in the
Great White Heron National Wildlife Refuge (GWH-
NWR), Florida Keys, USA, and to apply predator-prey
theory to understand the behavioral response of divers
to varying lobster densities, and thereby predict the
effects of management on catch.

Application of predator-prey theory

The interactions between fishermen, their prey and
management actions can be complex. The functional
response, which is the relationship between the con-
sumption rate of a predator and the density of its prey,
provides a powerful theoretical framework to predict
the outcome of fishery management actions on the dy-
namic relationship between recreational fishers and
their prey (Hilborn & Walters 1992, Carpenter et al.
1994, Johnson & Carpenter 1994, Post et al. 2002).
Functional responses are generally thought to have
3 basic forms, although this traditional typology may
be inadequate under some natural situations (Abrams
1982). The simplest form is a predator whose pattern of
searching is random and whose rate of searching re-
mains constant at all prey densities, leading to a Type I
functional response, where N, = Ny{1 — exp(-a'-T)}. In
this case, the number of prey encountered (N,) is equal
to the product of the prey density (INy) and the expo-
nent of the product of the instantaneous attack rate (a')
and period of observation (T). In a Type [ functional re-
sponse, the linear increase in consumption rates with
prey density abruptly reaches an asymptote where the
predator becomes saturated; the relationship between
proportional mortality and prey density is density-in-
dependent (Holling 1966). Non-saturating functional
responses have been reported for zooplankton (Hunt-
ley 1981 and references therein) and are considered a
form of Type I functional response. The implication of
an unsaturated Type I functional response to fisheries
management is that a reduction in harvest levels, such
as reductions in the length of the fishing season or in

catch limits, would lead to a linear reduction in catch.
The application of a Type I functional response to fish-
eries management is further expanded in the discus-
sion section of this paper.

A hyperbolic, Type II functional response rises at a
continuously decreasing rate to an upper asymptote
and is inversely density-dependent (Hassell 1978). A
Type III functional response is sigmoid, demonstrating
density-dependent acceleration in feeding rates at low
to moderate prey densities. The key difference be-
tween Types II and III responses is that in a Type II
functional response, proportional mortality rates in-
crease with decreasing prey density (i.e. depensatory
mortality), which is destabilizing to predator-prey
dynamics, whereas in a Type IIl response, proportional
mortality rates decrease with decreasing prey density
(i.e. compensatory mortality), which is stabilizing to
predator-prey dynamics (Hassell 1978, Lipcius & Hines
1986, Murdoch & Bence 1987, Eggleston et al. 1992,
Seitz et al. 2001 and references therein). A Type [ func-
tional response could be considered partially stabiliz-
ing to predator-prey dynamics relative to a Type II
response.

In this paper, we apply the functional response
framework to recreational divers harvesting Carib-
bean spiny lobsters in the Florida Keys during a 2 d,
exclusively recreational fishing season. Our approach
used SCUBA diver surveys of lobster distribution and
abundance patterns before and after the 2 d fishing
season, coupled with counts of recreational diver effort
at each sampling location. Linear and non-linear re-
gression models, ANOVA, and maximum likelihood
approaches were then used to assess the form (i.e.
Types I, 1I, III) of diver-lobster functional responses.
An important feature emerging from our work is that
management actions that reduce diver effort should
result in a proportional decrease in lobster catch rates
due to the non-saturating, linear nature of diver func-
tional responses.

MATERIALS AND METHODS

Study sites. The Great White Heron National Wild-
life Refuge (GWHNWR) is a somewhat rectangular-
shaped area of 784 km? located on the north side of the
lower Florida Keys in the Gulf of Mexico, extending
west of Marathon Key to the western end of Key West
(Fig. 1). The GWHNWR was established in 1938 to pro-
tect migratory birds such as herons and egrets that
were decimated during the plume and meat trade in
the early 1900s. Both commercial and recreational fish-
ing is allowed within the majority of the GWHNWR.
Marine habitats within the GWHNWR include man-
grove, seagrass beds, macroalgal beds, sand flats and
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Fig. 1. Sampling sites between Snipe Keys to the southwest and Content Keys
to the northwest and a line running east/west approx. 5 km north of US Highway
1 (US HWY 1) within Great White Heron National Wildlife Refuge (GWHNWR),
Florida, USA. Alphanumerics PR and PH refer to continuous patch-reef and
patch-head sampling sites, respectively; dark-gray areas: mangrove islands;
light-gray areas: intertidal seagrass flats; contour lines: 5 m water depth

coral reefs. Coral reefs consist of 2 general types: con-
tinuous coral reefs and ledges (hereafter referred to as
patch reefs), and patch-head reefs (hereafter referred
to as patch heads). Patch reefs are generally located
along the northeast by southwest axis of the northern
margin of the GWHNWR between inshore, shallow
flats that are bisected by channels and the Gulf of
Mexico (Fig. 1). Patch-reef habitats consist of a thin
veneer of sand overlying low-relief rock and exposed
rock containing gorgonians, patch coral heads,
sponges, and ledges of 0.5 m to 1 m relief. Patch heads
consist of discrete aggregations of dome-shaped and
circular corals such as Siderastrea siderea, Colpophyl-
lia natans, and Montastraea annularis, which are
located in shallow seagrass beds some distance from
the shoreline. Patch heads generally range from 1 to
3 m in diameter. We quantified the impact of the recre-
ational 2 d mini-season on spiny lobsters in areas con-
taining patch reefs and heads (Fig. 1). According to
local fishing guides, dive operators, and fisheries man-
agers, the areas between Content and Snipe Keys
(Fig. 1) consistently harbor the highest concentration of
legal-sized spiny lobster and receive the greatest fish-
ing pressure from recreational divers in the GWH-
NWR.

Lobster surveys. Visual survey techniques were
used to quantify the distribution, abundance, and size-
structure of spiny lobsters at 5 patch-reef locations and
4 patch-head locations between Snipe Keys to the

southwest and Content Keys to the
northeast (Fig. 1). Lobsters were sur-
veyed at all locations during a 2 d
period immediately before and after the
lobster mini-season. All surveys were
conducted during the day (09:00 to
16:00 h), when water visibility exceeded
6 m. Spiny lobster CL in cm was esti-
mated by comparing a lobster with a
ruler attached perpendicularly to the
far end of a 70 cm rod held out by a
diver (Eggleston & Dahlgren 2001).
This device helped avoid underwater
magnification problems in estimating
lobster sizes and aided in delineating
the width of a transect at patch reefs
(see next paragraph). Lobster CL was
estimated to the nearest 1 cm.

To sample lobsters in patch reefs, we
superimposed a grid system containing
cells measuring 2 x 2 km over the reef
from Content Keys to Snipe Keys
(Fig. 1), and then randomly chose 5 of
10 cells to survey lobsters. At each
patch-reef location, the research boat
was anchored as close as possible to the
middle of a grid cell using a differential GPS, and 4
divers surveyed areas that were 90° in the opposite
direction from each other. Each diver swam in the
same direction before and after the fishing season, so
that observations could be paired for subsequent sta-
tistical analyses (see later subsection). Divers searched
along an almost straight line away from the boat for
10 min, after which they surfaced and visually esti-
mated the distance traveled from the boat. Area
searched averaged 369 m™2 (SE = 50.1, n = 39). In a
related study (Eggleston et al. in press), we assessed
the accuracy of visual estimates of distance traveled
and area searched during 10 min surveys, and found
that although divers tended to overestimate the dis-
tance traveled by an average of 4.5 m, estimates were
not significantly different from known distances as
measured with a differential GPS on a research boat
(Eggleston et al. in press). The response variable for
patch reefs was the density of spiny lobsters (no. m2).

We used a directed approach to survey patch heads
rather than randomly choosing patch-head locations,
due to the clumped and somewhat limited nature of
their distribution. In this case, we used a combination of
nautical charts, local lobster fishing guides, and our
own reconnaissance to identify major clusters of patch
heads located in backreef areas between Content and
Snipe Keys (Fig. 1). We identified 4 locations with patch
heads, each harboring an average of 4 distinct patch
heads that were visible from the boat and located in
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shallow water (2 m). Divers surveyed patch heads for
lobsters as described above for patch reefs; however,
the entire patch head was surveyed rather than using a
transect approach. The mean area searched for each
patch head was 7.33 m? (SE = 2.43, n = 14). Initially, to
express lobster density as a function of patch head vol-
ume, we estimated the volume of each patch-head by
measuring (in cm) the radius (r) and height of each
head with a ruler and multiplying height by mr?. Sub-
sequent statistical analyses indicated no significant
relationship between the volume of a patch head and
the number of lobsters (linear least-squares regression:
F=0.02, df = 1,28, p = 0.88). Therefore, we used the
density of spiny lobster (no. m™2) as a response variable
for patch heads to allow comparisons with patch reefs.
Each patch head was relocated after the mini-season
using differential GPS coordinates.

Recreational diver surveys. To estimate recreational
diver predation-pressure, we counted the number of
dive boats anchored at each of our lobster survey loca-
tions, and estimated the number of divers per boat dur-
ing both days of the 2 d mini-season. To place overall
recreational diver effort during the mini-season into a
broader spatial context, we also counted the number
of dive boats along a band-transect encompassing a
26 km long (east/west axis) by 2 km wide (north/south
axis) tract of continuous patch reef from Content Keys
to Jewfish Channel on each day of the 2 d mini-season.
Jewfish Channel is located 5.5 km southwest of Snipe
Keys (Fig. 1). We also counted the numbers of dive
boats along this same tract on 2 separate occasions
approximately 3 wk after the close of the mini-season
and during the regular lobster-fishing season.

Statistical analyses. The density of legal-sized spiny
lobsters (>7.6 cm CL) was compared between loca-
tions and over time with a 1-way repeated-measures
ANOVA model; time (pre- vs post-fishing season) was
the repeated measure and location was the factor. Two
separate repeated-measures ANOVA models were
analyzed for patch reefs (PR1 to PR5) and patch
heads (PH1 to PH4: Fig. 1). Densities were log(x + 1)
transformed when necessary to meet assumptions of
normality and homogeneity of variance. In one case,
variances remained heteroscedastic despite several
transformations (logarithm and square root). Thus,
hypotheses regarding changes in lobster density were
rejected at alpha values lower than the p-value of the
test for homogeneity of variance (Underwood 1981).
We then examined the relationship between fishing
effort (divers m™2) and the density of lobsters (no. m~2)
1 to 2 d prior to the fishing season with both linear and
non-linear regression models.

Our goal concerning the functional response of
recreational divers to spiny lobsters was to determine if
removal rates (fishing mortality rates) were density-

independent or -dependent and, if density-dependent,
whether the functional response was potentially stabi-
lizing (Type III) or destabilizing (Type II) to lobster pop-
ulation dynamics. We used 2 approaches to determine
the most appropriate mechanistic functional model:
(1) An ANOVA of proportional mortality as a function
of lobster density, and (2) Akaike's information crite-
rion (AIC) to evaluate maximum likelihood results
from fitting mechanistic functional response models to
the lobster removal data. First, we identified the func-
tional response of recreational divers to spiny lobsters
by examining the relationship between the propor-
tional decline in lobster density from before to after
the 2 d mini-season with 1-way ANOVA models, with
lobster density as the independent variable. If the rela-
tionship between proportional decline and lobster
density was not statistically significant, this would indi-
cate density-independent mortality (Type I functional
response: Hassell 1978). In cases where proportional
lobster removal was density-dependent, a significant
reduction in proportional removal at low lobster densi-
ties indicated a Type III functional response, whereas a
significant increase in proportional removal at low lob-
ster densities indicated a Type II functional response
(Lipcius & Hines 1986, Eggleston et al. 1992, Juliano
2001). In the case of patch heads, variances remained
heteroscedastic despite numerous transformations.
Therefore, the null hypothesis of no difference in pro-
portional lobster removal with lobster density was
assessed using an alpha value below the p-value for
rejecting heterogeneous variances (Underwood 1981).

We then fit 3 mechanistic functional response models
(Types I, II, and III) using a maximum-likelihood
approach to describe the relationship between initial
lobster density and the number of lobsters removed
from patch reefs and patch heads separately. Models
with a large number of parameters are more flexible
and will necessarily provide a more accurate descrip-
tion of the data than those with few parameters. In
practice, it is not desirable to always accept the most
complex model from a candidate set, and it is generally
accepted that the best model is one that provides an
adequate predictive capability with the fewest para-
meters (Myung & Pitt 1997). We chose AIC (Akaike
1973) for model selection, a commonly used approach
which provides an objective method for selecting the
most parsimonious model that still provides an ade-
quate fit to the data. Based on the outcome of the initial
ANOVA analysis of proportional lobster removal x
lobster density, and the functional response model
generating the lowest AIC value, we then fit the appro-
priate mechanistic functional response model (Types I,
1T or III) to describe the best estimates of attack rate (a')
and handling time (73) (Holling 1966, Hassell 1978,
Eggleston 1990, Juliano 2001).
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RESULTS
Habitat-specific impact on lobsters

Overall, there was a 95.3% decline in the density of
legal-sized spiny lobsters during the 2 d mini-season
on patch reefs and a 79% decline at patch heads.
When we excluded PH4 (Fig. 1), which was located
near a protected area and received no observable fish-
ing effort, the percent decline in lobster abundance in
patch heads was 90 %. The density of legal-sized spiny
lobsters at patch reefs and patch heads varied signifi-
cantly with time but not with location (repeated-
measures ANOVA; time: both p < 0.01, location: both
p > 0.20). There was no significant time X location
interaction effect for either patch-reef or patch-head
habitats (both p > 0.21). The significant time effect was
due to significantly lower lobster densities after the 2 d
fishing season than before it (Fig. 2).
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Fig. 2. Panulirus argus. Effects of fishing season (before vs

after 2 d fishing season) and sampling location on mean

(+1 SE) lobster (>7 cm CL) density in (A) patch reefs and (B)

patch heads. (Note different ordinate scales on this and on
subsequent figures)

Fishing effort

During the 2 d mini-season, we counted an average
of 501 boats along the 26 km continuous reef tract from
Content Keys to Jewfish Channel. This count equates to
an average density of 9.63 boats km™2 (SE=0.02,n=2),
which was over 900 times greater than the average
density of boats 3 wk after the mini-season during the
regular lobster fishing season (mean = 0.01 boats km2,
SE < 0.01, n = 3). Fishing effort was 10x greater on
patch heads than patch reefs, and was generally
higher during the first than during the second day of
the mini-season (Fig. 3). Higher fishing effort on patch
heads was probably due to the 100-fold higher lobster
densities in patch heads versus patch reefs (Fig. 3). The
1 exception to high effort and fishing mortality on
patch heads was PH4, which was located near Little
Crane Key, an area that is closed to boaters due to high
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Fig. 3. Panulirus argus. Relationship between fishing effort
and density of lobsters (>7 cm CL) immediately prior to the
2 d fishing season in (A) patch-reef and (B) patch-head habi-
tats. Note that although effort was measured on Days 1 and 2
of the mini-season, lobster density was only measured 1to 2 d
prior to the mini-season. The fit of linear and non-linear
regression models to the data was non-significant for both
days combined, as well as effort alone on Day 1
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concentrations of nesting seabirds. There was a posi-
tive increase in fishing effort with legal lobster density
in both patch reefs and patch heads (Fig. 3); however,
the trend was not significant (linear and non-linear
regression: both p > 0.14).

Functional responses of recreational divers
Patch reefs
The relationship between the proportion of spiny lob-
ster removed from continuous patch reefs during the

mini-season and pre-fishing density was not significant
(ANOVA: F = 1.54, df = 4,16, p = 0.25) and therefore
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Fig. 4. Functional response of recreational divers to spiny lob-
sters Panulirua argus (>7 cm CL) in patch reefs. Relationship
between (A) mean proportion (SE) of lobster density removed
(Ne/Np) and pre-fishing density (INy), and (B) mean density of
lobsters removed (IN,) and pre-fishing density (INp). Density-
independent relationship between N,/N; and N, (A) indicates
Type I functional response, and justifies fitting mechanistic
Type I functional response model to relationship between N,
and N, (B). Hatched line in (A) is average percentage of lobsters
removed (n = 5). Two data points in (A) contain zero variance

density-independent (Fig. 4A), which is indicative of
the initial increasing portion of a Type I functional re-
sponse (Hassell 1978). The relationship between pre-
fishing density and the number of lobsters removed
from patch reefs was best described by a mechanistic
Type I functional response (AIC = 2.87, AIC weight =
0.71), compared to Type II (AIC = 4.87, AIC weight =
0.25) and Type III (AIC = 8.87, AIC weight = 0.04).
Although each model produced nearly identical fits to
the data, the Type I functional response described the
relationship with the fewest parameters and was fa-
vored by the AIC. The relative strength of the support
for each functional response was assessed using the
ratio of model AIC weights. The Type I model was
~3 times (0.71/0.25) more likely to be the correct model
than the Type II functional response, and ~20 times
more likely than a Type III functional response. Thus,
within the range of natural densities measured be-
tween Snipe and Content Keys in the GWHNWR,
recreational divers display a Type [ functional response,
and remove a very high and constant proportion
(~95 %) of lobsters.

We estimated the components of diver predation,
attack rates (a') and lobster handling time (T}), using
mechanistic functional response models to make com-
parisons of exploitation rates between habitats (patch
reefs versus heads), and between lobsters and other
recreational fisheries with intense exploitation. By fit-
ting a mechanistic Type I functional response model to
the relationship between the number of lobsters re-
moved by divers and lobster density (Fig. 4B), we esti-
mated that the attack rate in patch reefs was 0.021 lob-
sters m™2 h™!. Given that lobsters are generally not
harvested by divers at night, the true estimates of a'
are probably twice those of model estimates, which are
based on a 48 h diver 'foraging’ period, and are proba-
bly closer to 0.04 than 0.02 lobsters m2h~!. At a harvest
rate of 0.04 lobsters m™2h!, for example, the patch reef
with the highest density (PR2) would, theoretically, be
harvested completely in 1 h. This intense harvest rate
is probably realistic, especially in habitats where
divers were anchored at dawn over areas of high lob-
ster aggregations identified during pre-fishing season
reconnaissance, and where these boats apparently
reached their limit in less than 1 h after entering the
water (as evidenced by their return to shore: pers. obs.).

Patch heads

The relationship between the proportion of lobsters
removed from patch heads and pre-fishing density was
also non-significant and density-independent (ANOVA:
F =398, df = 3,13, p = 0.04; Levene's-test for homo-
geneity of variances: p < 0.01; Fig. 5A). The relation-
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Fig. 5. Panulirus argus. Functional response of recreational
divers to spiny lobsters (>7 cm CL) in patch heads. Further
details as in Fig. 4 legend

ship between pre-fishing density and the number of
lobsters removed from patch heads was best described
by a mechanistic Type I functional response (AIC =
14.92, AIC weight = 0.71) than a Type II (AIC = 16.92,
AIC weight = 0.25) or Type III (AIC =20.92, AIC weight
= 0.04). The Type I model was ~3x (0.71/0.25) more
likely to be the correct model than the Type II func-
tional response and ~20x more likely than a Type III
functional response. A subsequent fit of a mechanistic
Type I functional response model (Holling 1966) to the
relationship between lobsters removed (IN,) and pre-
fish lobster densities (Np) (Fig. 5B) estimated that
attack rates were 0.016 lobsters m2 h™!. Given that
divers only harvest lobsters during the day (as dis-
cussed above) a' was probably closer to 0.03 than to
0.016 lobsters m2 h™!. Handling time was constrained
to 0 to successfully fit the lobster-removed data to a
Type II functional response model, such that the rela-
tionship between N, and N, was linear and essentially
a non-saturated, Type I functional response (Fig. 5B).

DISCUSSION

The intense removal rates of spiny lobsters by recre-
ational divers measured in this study are among the
highest reported rates for marine recreational fishers in
the world. For example, fishing effort by recreational
divers, as measured by the number of boats observed
along the continuous reef tract off the GWHNWR, was
approximately 900-fold higher during the 2 d mini-
season than during the ‘regular’ lobster fishing season.
The 2 d recreational mini-season reduced lobster
(>7 cm CL) density by an average of 86 % across patch-
reef and patch-head habitats in the GWHNWR, with
exploitation rates of ~0.03 to 0.04 lobsters m2h™! in
these habitats. We measured similar rates of exploita-
tion in the nearby Key West National Wildlife Refuge
(KWNWR) during July 2000, where lobster densities
decreased by 80 % in 2 d (Eggleston & Dahlgren 2001).
The percentage decline in lobster density observed
in this and our previous study (Eggleston & Dahlgren
2001) is higher than that observed for Looe Key,
Florida, in 1987, when the abundance of spiny lobster
declined by 55% immediately after the mini-season
(Blonder et al. 1992). Similarly, Davis (1977) observed a
58 % decline in spiny lobster abundance after the entire
8 mo fishing season in the sport harvest area of Fort
Jefferson National Monument, Dry Tortugas, Florida, a
result that prompted the US National Park Service to
halt all fishing in National Parks for spiny lobster in
1974. The relatively high exploitation rates measured in
the GWHNWR were somewhat surprising, given that
this area is located in the 'backcountry’ of the Florida
Keys, where boat navigation is difficult due to a general
lack of navigational aids across numerous shoals, and
given that this area is further away from the large pop-
ulation center of Key West compared to the KWNWR
(where our previous study was conducted). The rela-
tively large decline in spiny lobster abundance ob-
served in the GWHNWR (this study) and the KWNWR
(Eggleston & Dahlgren 2001) is probably due to the
increasing popularity of SCUBA diving and lobster
hunting, and detailed knowledge of lobster distribution
and abundance patterns due to intense mapping work
conducted before the mini-season and the use of tech-
nological aids, such as GPS, which allow accurate relo-
cation of prime lobster habitats. Overall, fishing effort
was higher in patch-head than patch-reef habitats,
probably because patch heads contained 100-fold
higher densities of lobsters than patch reefs.

The only other recreational fishery that we are
aware of with comparable exploitation rates to those of
this and our previous study off Key West (Eggleston &
Dahlgren 2001) is that of fishes in freshwater lakes
and streams (Jones 1987, Johnson & Staggs 1992, Post
et al. 2002). For example, individual cutthroat trout
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Salmo clarcki bouvieri in the Yellowstone River in
Yellowstone National Park, USA, were caught and re-
leased an average of 9.7 times during a 108 d recre-
ational fishing season, with catch rates averaging
>1 fish h™' (Jones 1987). Catch rates of walleye Sti-
zostedion vitreum in Lake Mendota, Wisconsin, aver-
aged 0.061 fish h™! over a 3 yr period (Johnson &
Staggs 1992). Such high catch rates are apparently not
always sustainable. For example, the catch rates for
several Canadian recreational fisheries have declined
from 5.6 to 0.25 fish h™! despite a doubling of fishing
effort, leading to the collapse of many of these fisheries
(Post et al. 2002). Direct comparisons of recreational
catch-rates between fishes and spiny lobsters are diffi-
cult because, once captured, spiny lobsters are not
released as is the case with many species of fishes, and
because our catch rates were in units of density/time
(no. m 2 h™!), whereas fish catch-rates are typically
reported in units of time (fishes h™!). The release of
fishes after capture coupled with stocking, especially
stocked catch-and-release trout fisheries, also help
maintain high catch rates.

Application of predator-prey theory

Given such high exploitation rates of spiny lobsters,
how can knowledge of the functional responses of
recreational divers be applied to management of the
fishery? The most common approach to modeling pre-
dation is to assume that the consumption rate per
predator is proportional to the abundance of the prey.
This linear relationship between predator consumption
rates and increasing prey abundance is based on a
simple random-search model of predation, assuming
that each time a predator detects a prey it instanta-
neously captures it and begins searching again (Type I
functional response). Our data indicated that the num-
ber of lobsters removed by divers was directly propor-
tional to lobster density, and that the divers' functional
responses did not become saturated at natural levels of
lobster density. Thus, in general, recreational divers
appear to follow this simple predator-prey model at the
levels of lobster density measured in our study. The
application of a linear, non-saturated Type I functional
response to fisheries management is that lobsters do
not attain a relative refuge from divers at low lobster
densities, such that removal of lobsters by divers can,
and does, lead to local extinction. However, manage-
ment efforts intended to reduce catch, through
decreases in bag limits or the fishing season, would
result in a concomitant decrease in exploitation
(Fig. 6). Conversely, if lobster densities were relatively
high, such that the proportional densities removed by
divers were above the minimum level of diver satura-
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Fig. 6. Schematic of theoretical implications of Type I func-
tional response of recreational divers to fisheries manage-
ment actions, showing linear relationship (continous line) be-
tween lobster density removed (N,) and prey fishery density
(o) that reaches upper asymptote as fishery becomes satu-
rated between Regions I and II. Management actions that re-
duce the catch by reducing bag limits or fishing season by
half (i.e. @'/2 and T/2, respectively) will have a proportional
reduction (i.e. a/b = 1) in catch (N,) below saturation (i.e.
within Region I), and a decreasing effect (i.e. ¢/d << 1) on
catch rates above saturation (i.e. within Region II). If the fish-
ery were highly saturated (Region III), management actions
that reduced fishing effort would have little, if any, effect

tion (e.g. Region III on Fig. 6), management efforts to
reduce catch rates would have much less of the desired
effect on lobster removal. Also noteworthy was that
the observed diver effort was minimal and correspond-
ing lobster removal relatively low at our PH4 site,
which was located very close to marker buoys denot-
ing a vessel-exclusion surrounding Little Crane Key,
which is protected from boaters due to large colonies
of nesting seabirds. Thus, if management desires to
reduce per capita recreational fishing pressure on
spiny lobsters, establishment of even localized pro-
tected areas in patch heads containing high lobster
densities should be an extremely effective measure.
An important caveat, however, is that our study tar-
geted an area within the GWHNWR that generally
receives relatively high fishing effort. A better under-
standing of the functional responses of recreational
divers' to spiny lobsters over a much broader spatial
domain and with more variability in fishing effort than
measured in this study would provide managers with
more accurate information with which to protect
intensely exploited lobster stocks.

Conclusions

What is desperately needed, but rarely attempted, is
a theory to predict behavioral responses of fishers to
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management actions (Clark 1985, Post et al. 2002).
Recreational fishers are generally considered more
complex in their motivations and behavior than com-
mercial fishermen or the type of predators traditionally
represented in predator-prey models (Carpenter et al.
1994, Johnson & Carpenter 1994, Post et al. 2002). Our
study indicates the opposite: the catch rates of spiny
lobster generally varied linearly with lobster density.
Density-independent removal of spiny lobsters by
recreational divers contrasts with the general pattern
in fisheries, whereby fishing mortality is density-
dependent (i.e. depensatory mortality) (Winters &
Wheeler 1985, Crecco & Overholtz 1990, Hilborn &
Walters 1992). This simple predator-prey response by
recreational divers to lobster density should be impor-
tant to fishery managers because already intense
diver-exploitation rates of lobsters are not expected to
increase disproportionately at low population densi-
ties, which could exacerbate local extinction. More-
over, recreational catch rates should be a reliable indi-
cator of the density of spiny lobster (>7 cm CL) during
the 2 d mini-season, and reductions in fishing effort
should have concomitant reductions in catch. Thus,
catch rates can be used as lobster-abundance esti-
mators. The recreational diver-lobster predator-prey
construct presented in this study provides a useful
theoretical framework upon which to build as the
spatiotemporal scales of measurements are expanded,
management actions are implemented, and the lobster
population fluctuates.
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