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INTRODUCTION

Artificial reefs are structures intentionally deployed on
the seafloor to influence biological or physical processes,
and are widely acknowledged as habitat for fish

(Seaman 2000). Because of the association of high fish
abundance with offshore artificial reefs, their construc-
tion has been used as compensatory restoration for dam-
ages to natural resources (e.g. Duffy 1985, Hueckel et al.
1989, Ambrose 1994). However, whether artificial reefs
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4 plausible scenarios: attraction, enhancement, enhancement with fishing, and attraction with fishing.
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lations (fish density by size class, length-frequency distributions, diets, behaviors, age-specific growth
and mortality rates) were obtained from syntheses of findings from artificial reef studies conducted
in coastal waters of the southeastern USA and from species life-history profiles. Year-round reef
inhabitants were separated into 2 groups: those whose recruitment appears to be limited by available
reef habitat (only 2 taxa) and those not augmented in recruitment but potentially enhanced in realized
production by provision of refuges and reef-associated prey (15 taxa). Estimates of enhanced produc-
tion in this latter group were discounted by an index of reef exclusivity in diet to give production credit
in proportion to consumption of reef-associated prey. Estimates of annual production enhancement per
10 m2 of artificial reef ranged from 0 kg under the attraction scenario to 6.45 kg wet weight under the
assumption of enhancement plus protection from fishing. Application of fishing reduced the enhance-
ment estimate by 32% to 4.44 kg 10 m–2 yr–1. A 4th scenario of attraction with fishing may yield a net
decline in production of a similar magnitude. In contrast to many natural structural habitats (seagrass
meadows, oyster reefs, salt marshes, mangroves) that have dramatically decreased over past decades
and are clearly important nursery grounds, evidence is weak that habitat provided by artificial reefs on
the shallow continental shelf of the southeastern USA is currently limiting to fish production. Until con-
vincing empirical evidence appears, high scientific uncertainty limits confidence in using artificial
reefs as compensatory mitigation. Furthermore, even if augmented production were achieved,
managing fishing impacts would be critical to achieving the expected production benefit.
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actually enhance fish production (i.e. biomass/unit
area/time interval) or simply attract fish, and thereby act
mostly to facilitate exploitation rates by fishermen (Bohn-
sack 1989, Bohnsack et al. 1994, Grossman et al. 1997,
Lindberg 1997), is still very much in debate. Further
complicating resolution of the production/attraction is-
sue is the possibility that artificial reefs function as fish
habitat at temporally or spatially variable intermediate
states between attraction and enhancement. If artificial
reefs are installed in the marine environment with the
expectation of compensating for loss of fish production,
then the implications of the different answers to the at-
traction– enhancement question must be addressed. 

Because of the high mobility of most fishes and the
large spatial scale at which most fish populations are
distributed, empirical tests of whether the creation of
artificial reefs results in additional production of fish are
problematic (Grossman et al. 1997). Peterson et al. (2003
in this Theme Section) provide the conceptual basis for
computing estimates of enhancement of fish production
resulting from the creation and/or restoration of marine
habitats. First, one considers whether the recruitment of
any species of fish is limited by the amount of a particular
habitat. If addition of habitat area relaxes a survival
bottleneck in the early pre-recruitment life history of a
species, then the creation or restoration of additional
habitat would be expected to result in a numerical
enhancement of recruitment in that species. The second
process described in Peterson et al. (2003), by which the
addition of habitat may enhance fish production is
through providing refuges from predation (e.g. Hixon
1998) and increasing the production of, or access to, ad-
ditional reef-associated prey resources, which then pro-
mote more rapid growth of individual fish. This response
affects fish production not by adding new fish to the sys-
tem, but rather by enhancing growth of and protecting
individuals already present, and thereby producing gains
in fish biomass. These 2 fundamental responses are in-
cluded in most models of how artificial reefs may impact
populations of reef fish, often incorporated through vary-
ing the intensities of density-dependent larval settlement
and post-settlement growth (Osenberg et al. 2002). 

Current scientific opinion on the question of whether
installation of artificial reefs on the shallow continental
shelf enhances fish production can be separated into
4 plausible scenarios. Under the first scenario, high
abundance associated with artificial reefs is interpreted
as the sole consequence of aggregating existing fish in
the system (Grossman et al. 1997). In this scenario, the
production of fish does not increase as a function of
additional habitat because the availability of habitat
and the food resources that the habitat provides are as-
sumed not to be limiting. Under the second scenario,
the addition of reef structure (habitat area) results in
increased fish production by enhancing recruitment

currently limited by habitat area, or by enhancing
growth currently limited by reef refuges and associated
prey resources (Peterson et al. 2003). The third scenario
assumes that addition of artificial reef habitat on the
shallow continental shelf enhances fish recruitment
and/or realized growth, but that mortality is increased
by fishermen who target their effort on the new concen-
trations of fish (Polovina 1991, Friedlander et al. 1994,
McGlennon & Branden 1994). A 4th scenario combines
this elevation of fishing mortality with the assumption
that fish are merely attracted to artificial reefs. Given
the wide variation in the ecology of fishes on reefs, the
response of individual species to the addition of reef
habitat almost certainly varies with life history and
susceptibility to fishing. Consequently, estimation of
expected enhancement in fish production from con-
structing offshore artificial reefs should assess the
implications of all scenarios at the level of species.

Because of the lack of consensus on how the addition
of artificial reef habitat influences key population
processes in reef fish, we develop estimates of fish pro-
duction that correspond to the first 3 plausible scenar-
ios and thereby quantify the implications of the biolog-
ical uncertainties. For the 4th scenario, we assume that
the quantitative reduction in net fish production is a
constant independent of whether reefs enhance
recruitment and growth or simply attract fish. We then
evaluate the assumptions that serve as the basis for
each scenario. Assessing the processes by which off-
shore artificial reefs may affect fish production de-
mands not only the review of applicable theory on fish
population dynamics and bioenergetics, but also syn-
thesis of available empirical data, reorganized in ways
that allow insight into population dynamics, behavior,
diet, and growth. We calculate our estimates of fish
productivity gains expected from offshore reef con-
struction in the southeast USA, specifically focused on
the Tampa Bay region of southwest Florida. The shal-
low continental shelf of the southeast USA is fre-
quently targeted for construction of artificial reefs, so
quantifying the uncertainty in their impacts on fish
production may guide future fishery management and
restoration efforts. This specific locale was chosen to
evaluate the potential for compensatory restoration
(see NOAA 1997 for the use of habitat equivalency
analysis in environmental mitigation) for losses that
resulted from an acidic-process water spill in the Alafia
River, a tributary of Tampa Bay.

MATERIALS AND METHODS

Synthesis of data. We first conducted a search of
both published and gray literature on offshore artificial
reefs in the southeastern USA. Several studies docu-
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mented fish occupation of artificial reefs; however,
because of inferior construction materials and designs
or poor quantification of fish densities, only a few are of
use in estimating production of reef-associated fishes.
No study design was adequate to demonstrate un-
equivocally whether production was actually increased
by artificial reefs, or alternatively whether fish were
merely aggregated on them. Nevertheless, using a few
reasonable assumptions (see Peterson et al. 2003), cal-
culations can be made from available field data in
the applicable studies to quantify the enhancement
of production under different plausible scenarios, and
thereby bracket the range of expected changes in pro-
duction. We utilized 2 studies conducted on the shal-
low shelf offshore of Tampa Bay, Florida (Smith et al.
1979, Lindberg 1996), to identify those species likely to
occur on an artificial reef constructed in this area.
Smith et al. (1979) performed diver surveys and collec-
tions with rotenone to document fish abundance on
both natural (Dunedin Reef) and artificial (Clearwater
Artificial Reefs) reefs from 1975 to 1976. Study reefs
were located at 7 to 9 m depth, approximately 7 km off-
shore along the west coast of central Florida. Lindberg
(1996) conducted a 5 yr study (1990 to 1995) examining
fish utilization of multiple reefs in the Suwannee
Regional Reef System, Florida. This system consists of
22 reefs, each spaced 2 km apart along the 13 m depth-
contour and located 24 to 29 km offshore from the
mouth of the Suwannee River. This study, designed
to examine how physical attributes of reefs (i.e. reef
patch size and spacing) relate to fish utilization and
development of prey resources, represents the most
detailed study of artificial reefs in the region. 

We used 4 other studies to fulfill specific data needs
for estimating production enhancement of fish result-
ing from installation of an offshore artificial reef. Bohn-
sack & Harper (1988) provide length-frequency distri-
butions, as well as parameters for length-weight
conversions for reef fish in southern Florida waters.
Bohnsack et al. (1994) compare fish occupation of a
south Florida offshore area before and after construc-
tion of an artificial reef. The results allow us to address
important assumptions related to estimation of density
enhancement by artificial reefs, and provide necessary
information on life history characteristics for several of
the fish species. Lindquist et al. (1985) reported infor-
mation on the gut contents of fishes from offshore reefs
of North Carolina. In the absence of complete informa-
tion on feeding habits of reef fish from southwest
Florida, we use feeding behavior data from Lindquist
et al. (1985) to assign the reef fish of southwest Florida
into 5 broad categories of relative reliance on reef-
associated prey. This approach assumes that feeding
behaviors documented in North Carolina reefs apply
also to those of southwest Florida, an assumption sup-

ported by Bohnsack et al.’s (1994) assignments of
Florida reef fish to various trophic guilds. Finally, Lind-
berg & Loftin’s (1998) study examines the effects of
habitat and fishing mortality on residency, growth and
movement of gag grouper. This data set was central to
our ability to estimate production gains under sce-
narios that include effects of elevated fishing pressure. 

Density estimates. The first step in estimating en-
hancement of fish production by construction or
restoration of a habitat is to gather data on fish abun-
dance in that habitat. We used the work of Lindberg
(1996) to derive estimates of density per unit reef area
for each of 25 abundant species or species groups
(listed in Table 1). We restricted our analyses to these
25 taxa because they account for the vast majority
(>95%) of fish abundance and biomass on offshore
reefs in this geographic region. As an estimate of the
steady-state fish community, we computed an average
density of each taxon calculated over the 3rd, 4th, and
5th yr after installation of the reefs, because total fish
biomass stabilized by Year 3. We used the area of the
seabed occupied by the reef structure, and over which
fish were tallied, to convert visual abundance to den-
sity per unit bottom area. Although vertical relief and
overall volume of the reef structure can be important
determinants of fish utilization, we assume that artifi-
cial reefs would be designed to provide sufficient ver-
tical relief (see Sheng 2000). Although the structural
attributes, including materials and shapes, doubtless
influence fish utilization of artificial reefs, we do not
attempt to use these variables to explain variation
among reefs, but instead base our fish density esti-
mates upon artificial reefs made of concrete modules
of varying sizes (Lindberg 1996). This construction
method is the one most widely used currently to con-
struct offshore artificial reefs. Lindberg (1996) used
diver surveys to document abundance of fishes on or
in close proximity to artificial reefs that were closed
to fishing. In clear waters, visual censuses provide
relatively reliable estimates of total numbers of reef-
associated fishes (see Bohnsack et al. 1994) that can
then be related to the area occupied by reef structure.
While this technique samples resident fishes with
accuracy, densities of the highly mobile and transient
pelagic species like king mackerel and albacore may
be underestimated. In principle, enhancement of fish
density from construction of a reef is estimated by com-
paring average densities on reefs to corresponding
densities over the unstructured and unmodified sea
floor (Peterson et al. 2003). In the case of nearshore
shelf habitat, fish density on the unstructured bottom is
so low (<1% of that on artificial reefs: Bohnsack et al.
1994) that computing enhancement on artificial reefs
does not require adjustment for the small fraction of
fish that would be present in the absence of the reef.
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We next separated the 25 spe-
cies or species groups into 2 cate-
gories, corresponding to: (1) spe-
cies whose recruitment (ecologi-
cally defined, as in Keough &
Downes 1982, Doherty & Williams
1988) appears limited by the area
of reef habitat; and (2) those
whose recruitment does not ap-
pear limited by reef habitat, but
that experience enhanced growth
from provision of additional reef-
associated prey resources. Our
criteria for deciding whether a
species was limited in recruit-
ment by artificial reef habitat
were based upon empirical abun-
dance data and life history pro-
files. Reef-limited recruitment
was indicated by high occupation
of the reef by 0 year-class indi-
viduals (based on interpretation
of length-frequency information
in Bohnsack & Harper 1988). Fur-
thermore, to be considered as
limited in recruitment by reef
habitat, we required each species
to possess a life history of reef
habitat dependency of settlers
(based on published life history
pro-files: Table 1). Application of
these 2 criteria may result in over-
estimation of the production
credit for species that are judged
as limited in recruitment by reef
area, if a species is actually limited
by abundance of larvae reaching
suitable settlement habitat. 

To estimate enhancement of
fish abundance, we had to decide
how to treat seasonal variation
in abundance. Lindberg (1996)
sampled fish in winter and sum-
mer for 5 yr, from which we com-
puted seasonal means. For those
species whose recruitment was
judged limited by the amount of
reef habitat, we chose the season
with the largest average number
of recruits (consistently summer)
as our density estimate because
that season reflects peak recruit-
ment. For those species whose
recruitment was judged not lim-
ited by reef habitat, we used the
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numbers of individuals remaining on the reefs at the
lower seasonal (summer vs winter) density as a con-
servative estimate of numbers of fish that depend on
the reef for prey resources that sustain growth. 

Because fish abundances in Lindberg (1996) are ag-
gregated across multiple age classes, we partitioned the
total abundance (N ) by age class i for each species. For
those species whose recruitment was deemed limited by
reef habitat, we generated an expected abundance curve
that followed a stable age-distribution using published
mortality rates (Table 2) and distributed the observed
total density of fish into age classes accordingly (Table 3).
Assumption of a stable age-distribution has the con-
sequence of eliminating year-to-year variance in the
subsequent estimation of production impacts. For those
species whose recruitment was not judged to be limited
by reef habitat, reef occupation generally began as late
stage juveniles or adults, so assuming a stable age distri-
bution starting from recruitment and continuing until
death would not accurately reflect the true age distribu-
tion on the offshore reefs. To compute age distributions,
and ultimately to credit the artificial reef for production
of those life stages that do use the reef, we applied
published age-length relationships (Table 2) to empirical
fish-size distributions in Bohnsack & Harper (1988). 

Because the size-frequency data come from fished
reefs, and we wished to partition observed abundance
by age on unfished reefs (from Lindberg 1996), we had
to compute what these age distributions would be in
the absence of fishing. We converted the age distribu-
tions to analogous distributions expected on reefs
closed to fishing by using published estimates of age-
specific fishing mortality, F (Table 2), to remove effects
of fishing on each susceptible species. First, we com-
puted modified relative age frequencies by dividing
each age frequency in the fished distribution by e–F × i,
where i is number of years that an age class has expe-
rienced fishing mortality (F ). This procedure assumes
a species whose immigration onto the reef occurs only
at a single age. For those species that immigrate over
multiple year-classes (e.g. gag grouper), this proce-
dure may overestimate the degree to which fishing has
reduced abundance of older fish, because fishing mor-
tality is assumed to have been applied for some num-
ber of years before their appearance on the reef. To
determine the magnitude of error associated with this
method, we used sheepshead as a model, because its
immigration resulted in the highest percentages of
older age-classes and recalculated the production by a
more complex procedure, which actually estimated the
proportions of new immigrants to survivors of previous
immigrations for each age class. This complex method
then allowed application of the correction for fishing
mortality for only those years when the fish were pre-
sent on the reef. Comparison of results of this method

and the procedure that we used for all our calculations
showed a relatively trivial 1.4% overestimate for pro-
duction of sheepshead, despite its high rates of ca.
40% of immigration in each older age class. Conse-
quently, we used the simpler method to adjust age-
frequency distributions for fishing effects. 

Next, we took the modified relative frequency of the
oldest age class observed by Bohnsack & Harper
(1988) and used published estimates of natural mortal-
ity (Table 2) to compute the exponential decay in
abundance over the remainder of the published life
span. We then normalized these modified frequencies
so that they totaled 1. This correction has the effect of
extending the age distribution expected on unfished
reefs to include several older age classes, while retain-
ing total abundance at the level on unfished reefs
observed by Lindberg (1996). For those 7 species
(identified in Table 2) whose recruitment was not
judged to be limited by reef habitat and were not
reported in Bohnsack & Harper (1988), we assumed a
stable age-distribution based on published (Table 2)
natural mortality rates, with an age of first occupation
of the reef based upon life-history profiles (Table 2). 

Production calculations. The 25 most abundant
species or species groups expected to occur on an arti-
ficial reef constructed offshore of Tampa Bay, Florida
(Table 1), were reduced to 17 (Table 2) by pooling the
2 species of blennies and removing 7 species that were
not present during 1 of the 2 seasons (sand diver,
greater amberjack, whitespotted soapfish, reef croaker,
slippery dick, Spanish mackerel, and blue runner).
After we computed for each taxon the on-reef density
of each age class (N i), we calculated expected produc-
tion using the methodology in Peterson et al. (2003).
Specifically, for annual species (blennies), we esti-
mated annual production by multiplying the average
weight attained by an individual that survives its full
natural life span by the summer density. This computa-
tion fails to include production achieved by fish that
settled but died before censusing; however, compensa-
tion for this underestimation is achieved by assuming
that all individuals alive in summer grow to reach
maximum size before dying. 

For all other species (those that live for more than 1
yr), we determined the average weight at age i (Wi)
using the exponential weight-length relationship:

Wi = a × L i
b (1)

in which a and b are species-specific constants
(Table 2) and L i is calculated using the von Bertalanffy
growth equation:

L i = L∞ × [1 – e–K × (i – t0)] (2)

The parameters L∞ (the asymptotic maximum length),
K (the Brody growth coefficient), and t0 (a constant
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representing the age at 0 length) of this latter equation
are derived from literature values for each particular
species (Table 2). The change in weight between suc-
cessive age classes is equal to the annual production
(P ) of an individual surviving through age class i:

Pi = W i – W(i –1) (3)

To estimate production for each age class, we multi-
plied the incremental weight gain of a fish surviving
the entire age interval (Pi) by the numbers of fish pre-
sent in that age class (Ni). Our Ni numbers are derived
from counts made months before the end of the year,
so use of Ni to compute total production of this age
class fails to include contributions from fish that had
been present earlier but died earlier in that year before
censusing. However, use of this approximately mid-
year fish density overestimates the numbers that will
ultimately survive until the end of the year. In the
absence of explicit information on seasonal mortality
and growth rates, this approximation achieves the best
possible estimate of annual production in each age
class, assuming a balance between the underestimate
from ignoring those that died young and the overesti-
mate from assuming no additional deaths among those
that survived to mid year. The production by species is
then computed by summing Pi × N i over all age classes
present on the reef. 

Because species differ in affinity to reef habitat and
use of reef resources, we weighted the production of
each species or species group by the degree to which
its growth is attributable to prey resources produced
on the reef. Thus, we adjusted the production compu-
tation of each group by an index of reef exclusivity
(IRE: Peterson et al. 2003) in diet. In some cases, this
index was constructed from gut-content information.
For species without quantitative information on gut
contents at a level of taxonomic discrimination that
allowed reef-dependent prey to be identified, we used
life-history profiles and observed feeding behaviors
(sources listed in Table 1) to assign a value to the
index. The IRE ranged over 5 broad categories from
0.10 to 1.0 (Table 3). We used 0.10 as a minimum to
reflect the assumption that survival may have been
enhanced among reef-associated fishes, even if no
reef-dependent prey were consumed. Values of
1.0 reflect a very strong association of the species with
the reef and its resources. Applying the IRE, annual
production of a species for year (AP) attributed to the
presence of a standard area of 10 m2 of artificial reef
was calculated by:

AP = IRE × ∑ (Pi × N i) (4)

beginning with i = 1, reflecting the convention of
accounting for production at the completion of each
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Table 3. Estimated augmented fish density and production for the 17 species or species groups (2 blenny and multiple herring
species are grouped because the species within each group exhibit similar life histories) that are most densely populated on arti-
ficial reef habitat in southwest Florida. The index of reef exclusivity (IRE) is an estimate of species utilization of resources associ-
ated with artificial reef habitat compared to resources from adjacent non-reef habitat. The IRE is based on diet information when
available and/or life-history profiles of each species or species group. Grouping is assigned for enhanced production estimates:
R = species whose recruitment is limited by the amount of reef habitat; G = species whose recruitment is not limited by reef
habitat area, but may experience enhanced growth because of the presence of reef refuges and reef-associated prey. 

Scenario 1 = Attraction, Scenario 2 = Enhancement, and Scenario 3 = Enhancement with intense fishing

Species or Average increase IRE Grouping Annual increase in fish production 
species group of fish density (kg 10 m–2 yr–1)

(ind. 10 m–2) Scenario 1 Scenario 2 Scenario 3

Herring 1362.28 0.10 G 0.000 0.170 0.175
Round scad 1.50 0.10 G 0.000 0.010 0.024
Tomtate 29.00 0.25 G 0.000 0.505 1.284
Blennies 4.90 – R 0.000 0.049 0.054
Leopard toadfish 0.64 – R 0.000 0.017 0.019
Sheepshead 0.17 1.00 G 0.000 0.028 0.009
Black seabass 2.20 0.75 G 0.000 0.151 0.025
Cubbyu 8.93 0.75 G 0.000 0.433 1.844
Gag grouper 4.70 0.75 G 0.000 4.321 0.691
Gray snapper 0.07 0.75 G 0.000 0.004 0.002
Gray triggerfish 0.25 0.75 G 0.000 0.023 0.007
Pigfish 2.20 0.75 G 0.000 0.174 0.002
Spadefish 1.30 0.75 G 0.000 0.094 0.032
Spottail pinfish 1.30 0.75 G 0.000 0.071 0.034
White grunt 5.70 0.75 G 0.000 0.350 0.165
Belted sandfish 1.40 0.50 G 0.000 0.045 0.061
Sand perch 0.17 0.50 G 0.000 0.007 0.010

Total annual increase in fish production: 0.000 6.452 4.438
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year of life. Finally, total annual enhancement of fish
production per 10 m2 of reef is the sum of AP across all
17 species or species groups. Effects of reef-associated
refuges from predation are incorporated into these
calculations of production, because the natural mor-
tality rates (Table 2) that are applied come from the
synthesis of data on fishes inhabiting reef habitat.

Adjusting production for fishing and discounting
over time. We compute the quantitative estimate of
enhancement of fish production reflecting each of 3
plausible alternative scenarios (attraction, enhance-
ment, and enhancement with fishing) that may result
from installation of an artificial reef. The first scenario,
attraction, specifies the enhanced fish production,
under the assumption that fish associated with a new
artificial reef could have survived and grown as well
on another artificial reef, natural hard bottom, or alter-
native habitat elsewhere, without any penalty from
competition. The second scenario, enhancement, as-
sumes that reef habitat and associated prey resources
regulate fish survival and growth and that no fishing
occurs. Under this scenario, all production estimated
from Eq. (4) is credited to the reef. The third scenario,
enhancement with fishing, also assumes that reef habi-
tat regulates fish survival and growth but incorporates
recent information (Lindberg & Loftin 1998) to quantify
impacts of fishing on artificial reefs. Under this third
scenario, the enhancement estimate for each reef

species is adjusted by multiplying by a species-specific
index of fishing pressure (IFP) to account for direct
effects of fishing mortality and indirect effects of
reduced predation and/or competition. IFP estimates
the percentage biomass change after application of
fishing by comparing the actual biomass caught on
fished reefs to the expected amount if these reefs were
not open to fishing. The IFP was computed by dividing
observed fish biomass on fished reefs by the biomass
expected in the absence of fishing, based on data from
Lindberg & Loftin (1998). We used the magnitude of
the interaction between year and treatment (fishing for
a year vs unfished) in results from Lindberg & Loftin
(1998) to compute expected biomass for 5 species; for
7 species we used biomass in the year prior to fishing
(Table 4). For the remaining 5 species for which spe-
cies-specific changes with fishing are not provided in
Lindberg & Loftin (1998), we assigned an IFP equal to
the best ecological analogue (Table 4). Thus, the third
scenario accounts for the very likely possibility of
increased fishing pressure by appropriately adjusting
the expected values under the second scenario (en-
hancement). 

Because the fish and prey community on newly con-
structed artificial reefs may require several years to
develop fully, we had to determine whether the esti-
mated annual production for existing reefs required
some reduction in the initial years after construction to
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Table 4. Derivation of the Index of Fishing Pressure (IFP) used in the scenario of enhancement with fishing. Based on data pre-
sented in Lindberg & Loftin (1998), the IFP, the proportional change in biomass (kg) as a consequence of fishing, was calculated
by dividing the biomass (kg wet wt per reef) of each fish species measured on reefs open to fishing for 1 year (1996 to 1997) by
the expected biomass in the absence of fishing. The expected biomass was calculated by adjusting biomass measured in 1996
before the application of the fishing treatment by the percent gain or loss in biomass on reefs closed to fishing from 1996 to 1997
(control reefs). For those species for which density data on control (unfished) reefs in 1997 were not available (NA), the IFP was
calculated by dividing the observed biomass in 1997 by the initial biomass in 1996. For the 5 species (round scad, blenny, black
sea bass, spotail pinfish, and sand perch) for which taxon-specific information on the effect of fishing was not available, we chose
to use the most ecologically similar species for which information was presented in Lindberg & Loftin (1998): tomtate, leopard 

toadfish, gag grouper, white grunt, and belted sandfish, respectively

Species Fish biomass on reefs in Expected change Expected biomass Observed biomass IFP
1996 that would be in biomass on open on reefs 

opened to fishing in 1997 on reefs opened to reefs in 1997 opened to 
(kg reef–1) fishing if fishing (kg reef–1) fishing

did not occur (%) if fishing in 1997 
did not occur (kg reef–1)

Gag grouper 233.8 41 329.700 54.0 0.16
Sheepshead 4.6 –22 3.6 1.2 0.33
Gray triggerfish 5.6 53 8.7 2.6 0.30
White grunt 1.8 148 4.5 2.1 0.47
Hogfish 1.2 –56 0.5 0.0 0.01
Herring 186.7 NA NA 192.2 1.03
Tomtate 36.6 NA NA 93.1 2.54
Leopard toadfish 14.5 NA NA 16.1 1.11
Cubbyu 3.0 NA NA 12.8 4.26
Gray snapper 7.7 NA NA 5.3 0.69
Spadefish 55.9 NA NA 19.2 0.34
Belted sandfish 1.4 NA NA 1.9 1.36
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account for community development during succes-
sion. To address this question, we used the changing
total fish biomass figures in Lindberg (1996) to adjust
the production estimates in those first years of reef life.
These data supported a 35% reduction from full pro-
duction in Year 1 and a 25% reduction in Year 2 from
the asymptote reached by Year 3. Each succeeding
year achieves full production, as estimated by Eq. (4).
Because a reef continues to produce enhancements in
secondary production for the duration of its lifetime,
calculating the quantitative compensation in fish pro-
duction to mitigate for losses or to enhance fisheries
requires integration of the annual contributions of the
artificial reef over its full lifetime. Estimating the life-
time of an artificial reef is difficult, so we provide these
calculations for a range of feasible lifetimes. Finally, to
reflect the influence of time, we discount future pro-
duction estimates by the standard 3% annual discount
rate (NOAA 1997) to adjust for the time lags between
the injury warranting restoration and when the com-
pensating production enhancement is achieved. 

RESULTS

The 25 species or species groups included in our esti-
mates of enhanced production (Table 1) account for
over 95% of the biomass of all fishes found on artificial
reefs in the offshore area of the west coast of Florida.
We provide production estimates (Table 3) for 17 taxa
because 7 of the original 25 were absent from reefs in
either winter or summer, and 2 blennies (crested and
seaweed) were pooled. Of the 17 remaining species or
species groups, only 2 were judged to be limited in
recruitment by reef habitat: blennies and leopard
toadfish (Table 3). We inferred recruitment limitation
by reef habitat from the data showing occupation
of the reef by new recruits and from knowledge of the
life history, suggesting saturation of available reef
habitat by recruits of these 2 species. The remaining
15 taxa were expected to exhibit enhanced growth at
older life stages as a result of the installation of the
reef. The IRE values (Table 3) for these
species ranged from 0.10 for pelagic
forage fishes (herring and scad) to
1.0 for sheepshead, which feed almost
exclusively on reef-dependent prey
(e.g. barnacles, mussels). The plankti-
vore tomtate is the only species that
was assigned an IRE of 0.25, reflecting
its feeding in the water column rather
than on the reef, but also its virtually
exclusive occurrence on reefs. IRE
values for demersal fishes that use the
reef for shelter and to a large extent for

foraging, but also consuming resources off the reef,
ranged from 0.50 to 0.75 (Table 3).

Estimates corresponding to the 3 likely alternative
scenarios resulting from the creation of an offshore
artificial reef ranged from 0, under the attraction
scenario (Scenario 1), to 6.45 kg wet wt 10 m–2 yr–1

under the conditions of enhancement and no fishing
(Scenario 2). The addition of fishing pressure, typical
of artificial reefs, reduced the latter estimate of en-
hancement by 32% to 4.44 kg 10 m–2 yr–1 (Scenario 3,
Table 3). Gag grouper contributed the highest percent-
age of any single species (67% of the total) to the pro-
duction estimates under the enhancement scenario;
however, after inclusion of direct and indirect impacts
of fishing, the gag contribution fell to 16% and cubbyu,
at 42%, contributed most to enhanced production. Gag
grouper are intensely targeted by fishermen, whereas
the smaller demersal cubbyu are not. Although numer-
ically dominant, the 2 pelagic taxa, herring and tom-
tate, accounted for only 10% of total production under
the no-fishing Scenario 2, and 33% under Scenario 3
where fishing impacts are included (Table 3). 
The large range in production estimates among the
3 scenarios is also reflected in the cumulative produc-
tion over the lifetime of the artificial reef. A reef lasting
30 yr would be expected to augment fish production by
a cumulative amount of 123 kg wet wt 10 m–2 under
Scenario 2, and 84 kg 10 m–2 under Scenario 3 dis-
counted to present-day value (Table 5). Cumulative
production (Fig. 1) approaches an asymptote after
90 yr for Scenario 2 (~200 kg 10 m–2) or 3 (~140 kg
10 m–2) as a result of depreciating enhancement esti-
mates by an annual discount rate of 3%. Thus, the ratio
of these 2 enhanced cumulative production scenarios
that vary fishing mortality approaches is 1.43.

DISCUSSION

The 3 alternative scenarios for which we quantify
expected enhancement of fish production after instal-
lation of an artificial reef offshore of southwest Florida
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Table 5. Long-term projection of enhanced fish production from reefs, discounted
to account for annual depreciation of resources. Total augmented fish production
of offshore reefs was reduced by 35% in Year 1 and 25% in Year 2 to account for
succession on reefs (Lindberg 1996). All production estimates were discounted 

at an annual rate of 3%

Scenario Cumulative production 
(kg wet wt 10 m–2) for given project lifespan

1 yr 2 yr 10 yr 20 yr 30 yr

1. Attraction 0.00 0.00 0.00 0.00 0.00
2. Enhancement 4.07 8.66 51.32 92.28 122.75
3. Enhancement with fishing 2.80 5.94 35.30 63.47 84.43



Mar Ecol Prog Ser 264: 265–277, 2003

characterize the large degree of uncertainty associated
with using artificial reefs as mitigation or compen-
satory restoration for natural resources losses (Fig. 1).
Furthermore, each of these estimates is itself based
upon sets of assumptions that inject further uncertainty
in the quantitative estimates of enhanced fish produc-
tion. Perhaps most importantly, our method of estimat-
ing enhancement of fish production for the 2 scenarios
that represent enhancement assumes that prey re-
sources and/or opportunities to exploit those prey re-
sources through provision of refuges from predation
are limited by the areal extent of reef habitat in this
environment. Thus, our estimates for the enhancement
scenarios are maxima because they assume that re-
cruitment of species deemed limited by reef habitat
and the full realized growth of immigrant fishes on the
newly constructed reef would not have taken place in
the absence of the addition of reef area. Many of these
species associated with the new reef could conceivably
have recruited, survived, and grown elsewhere on
other artificial reefs, natural hard bottoms or on an
entirely different habitat. A definitive experimental
test of impacts of addition of new artificial reefs could
possibly be designed to resolve this set of critical ques-
tions (Osenberg et al. 2002), but it would need to be
done on a broad spatial scale appropriate to the mobil-
ity of the key species (Seaman 2000). In addition, the
answer may well vary geographically. Shelf areas with

extensive natural hard-bottom habitat may not exhibit
substantially enhanced fish production with addition of
artificial reef habitat, whereas shelf areas with little
natural hard bottom may show larger responses. Reefs
that serve to anchor kelps and other large macroalgae,
like those in southern California (e.g. Ambrose 1994),
may differ in their effects on fish production from those
that serve as substrata for suspension-feeding inverte-
brates (see Miller & Falace 2000). 

Given the present uncertainty about the fundamen-
tal assumption of habitat limitation, and the wide
range among plausible scenarios in our quantitative
estimates of enhanced fish production (0 to 123 kg
10 m–2 of reef over the first 30 yr of reef life), confi-
dence in using this form of mitigation or compensation
for injury to fish resources is low. The range among
production estimates for the 3 scenarios that we quan-
tify provides one means of quantifying the consequen-
ces of underlying biological uncertainty. The range in
outcomes is even greater than is depicted in Fig. 1,
when a 4th scenario is added that includes the combi-
nation of the attraction process with the addition of
fishing mortality. This 4th scenario implies a net reduc-
tion in fish production after installation of a new artifi-
cial reef, arising from the increased ability of fisher-
men to catch  fishes which have become aggregated on
the new reef (Bohnsack 1989). A first-order estimate of
the net reduction suggests a magnitude identical to the
difference between Scenarios 2 and 3, or a decline in
ca. 40 kg of wet wt fish production per 10 m2 of reef
over 30 yr. However, Bohnsack’s analysis of the effects
of the increasing fishing effort under the attraction sce-
nario suggests high temporal variability, rendering the
computation of cumulative declines, like those that we
developed for Scenarios 1 to 3, extremely risky (Fig. 1).
This temporal instability, and our concern about accu-
rately modeling the behavior of fishermen as reef fish
abundances decline, inhibit us from quantifying this
4th scenario.

Assessing which of our 4 scenarios is most likely
helps resolve the uncertainty. This requires careful
evaluation and synthesis of both the empirical studies
as well as the conceptual literature. Our first (attrac-
tion) scenario expresses the enhanced fish production
under the assumption that fish associated with a new
artificial reef could recruit, survive and grow just as
well on another artificial reef, natural hard bottom, or
alternative habitat elsewhere, without suffering any
abundance or growth penalty from competition for
limited refuges or habitat-associated resources. This
estimate thus assumes that reef habitat for offshore fish
is not limiting, which has substantial support in the
literature relative to at least the southwest Florida shelf
(Bohnsack 1989, Bohnsack et al. 1994, Grossman et al.
1997). For example, Bohnsack et al. (1994) found that
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Fig. 1. Long-term projection of cumulative fish production per
10 m2 of artificial reef habitat. Cumulative values were dis-
counted at an annual discount rate of 3%. In Scenario 1
(attraction), it is assumed that sufficient habitat is already
available for reef fish (i.e. zero over all years; parallel with
x-axis), so that all biomass observed on the artificial reef is
derived from immigrants leaving neighboring hard struc-
tures. Scenario 2 (enhancement) assumes no fishing, and that
fish on the artificial reef would not have found adequate habi-
tat if the new reef were unavailable. Scenario 3 (enhancement
with fishing) also assumes that fish are dependent on artificial
reef for habitat, but introduces empirically derived impacts (di-
rect and indirect) of fishing on the 17 species or species groups
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fish did not colonize artificial reefs as early recruits but,
instead, at larger sizes and older ages, implying that
immigration from other reefs or habitats is the major
mechanism by which artificial reefs become occupied
by fishes. Similar processes can be inferred from the
data sets in Bohnsack & Harper (1988) and Lindberg
(1996). Thus, a synthesis of the best available evidence
suggests that fish aggregating around a new reef first
recruited elsewhere, supporting our assumption that
newly installed reefs do not enhance recruitment,
except for certain exceptional species. Furthermore,
this synthesis shows that these recruits were growing
and surviving elsewhere up to the time of migration to
the new reef. That may imply that subsequent produc-
tion that they achieve on the new reef would have
occurred elsewhere, but whether enhanced avail-
ability of reef-associated prey resources would have
increased realized growth and production is not clear.
Furthermore, some demersal fishes associated with
artificial reefs benefit from using the reef as a refuge
from which to forage more effectively on off-reef prey
buried in surrounding soft sediments (Lindquist et al.
1994). 

Both the amount of reef habitat currently available in
a region, as well as the possibility that many reef fish
may be recruitment limited (but not by artificial reef
area), offer further conceptual support for the attrac-
tion scenario that reef habitat is not limiting fish pro-
duction in the coastal shelf of southwest Florida. Artifi-
cial reefs have been installed in large numbers over
the past 2 decades, with over half of the artificial reefs
in the USA located in Florida waters (Seaman 2000). In
addition, naturally occurring hard-bottom habitats
exist over large areas of the shelf in the southeastern
USA, especially in southwestern Florida (Smith et al.
1979). Because overfishing has reduced populations
of many marine fishes that are associated with hard-
bottom and artificial reef habitats on the shelf, there is
a high probability that low levels of available recruits
may currently limit many of these fish populations
(Sala et al. 2001). Consequently, there is little likeli-
hood that the current cumulative area of artificial reef
and hard bottom habitats limits recruitment for fishes
on the shelf (Bohnsack 1989, Bohnsack et al. 1994,
Grossman et al. 1997).

Under both enhancement scenarios (Scenarios 2
and 3), the increase in production is achieved largely
by realizing faster individual growth rates, as a conse-
quence of greater foraging opportunity provided by
addition of artificial reef habitat. Larger sizes at age
also imply better condition, greater fecundity and
enhanced spawning stock biomass. Thus, for species
whose recruitment is limited by low spawning-stock
biomass, the enhanced growth on artificial reefs under
our enhancement scenarios may have an added bene-

fit of increasing regional recruitment. We did not
attempt to compute a production credit to reflect this
possibility because of the absence of reliable spawner-
recruit relationships for the resident fishes. How-
ever, under conditions of protection from fishing
(Scenario 2), this benefit of installing artificial reefs
could be significant and could contribute to a regional
system of marine reserves (Roberts 1997). Without
regulating fishing pressure (Scenario 3), this potential
benefit would dissipate, as fishing not only reduces
targeted fish populations but also selectively removes
the largest, most fecund fish in the populations (Bohn-
sack 1992). Furthermore, the establishment of marine
reserves to promote recovery of overfished stocks of
recruitment-limited fishes does not require the con-
struction of new reefs on the shallow continental shelf;
rather, it requires the management of existing reefs as
reserves in an effective design (Lubchenco et al. 2003). 

A comparison of our second and third scenarios
reveals the potential importance of management of
habitats, following creation and/or restoration, if
increasing fish production in the system is the ultimate
goal. The possibility that any gain in production from
creation of an artificial reef may be offset by intense
fishing pressure, especially by recreational fishermen,
has been recognized for some time (Bohnsack et al.
1997). Lindberg & Loftin (1998) provide a test of this
hypothesis in their study of gag grouper and other reef
fishes. They found that opening an artificial reef to
fishing reduced the gag biomass by 77% in the first
8 mo, compared to simultaneous changes on analogous
reefs that were not fished. Furthermore, while other
intensely fished species declined after a year of fish-
ing, some unexploited species like tomtate greatly
increased, presumably from the indirect effects of
removing targeted species (Table 4). Consequently,
we used this information to modify the estimates of
enhanced production accordingly. Thus, Scenario 3
accounts for the very likely possibility of increased
fishing pressure by adjusting the expected values
under Scenario 2 based on the empirical fishing mor-
tality data of Lindberg & Loftin (1998). The decision of
whether to control fishing on offshore artificial reefs,
and the ability to enforce any closure, play a large role
in determining levels of fish production that are real-
ized from installation of an artificial reef in this system.
More efficient fishing on more highly aggregated fish
may diminish or even negate the contributions of in-
creasing the area of even limited habitat to net produc-
tion of key fish stocks. Furthermore, depending on the
nature of the reef and the fishing practices in the area,
management may be necessary to insure that destruc-
tive harvest practices (e.g. oyster dredging, Lenihan &
Peterson 1998, Lenihan & Micheli 2000, and bottom
trawling, Jennings & Kaiser 1998) do not alter the qual-
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ity or lifespan of restored habitats, thereby reducing
the fish production.

Substantial uncertainties exist in estimating the level
of enhanced fish production from the creation or re-
storation of any marine habitat (Peterson et al. 2003).
Such uncertainties result from the lack of empirical
tests of many of the assumptions required to quantify
the linkages between recruitment, survival and growth
of fish and habitat availability and quality (Zedler
2000, Madon et al. 2001). A wide variety of reasons can
motivate habitat creation (Hackney 2000), particularly
for offshore artificial reefs (see Seaman 2000 for a full
discussion). If the primary goal of habitat creation/
restoration is the addition of new fish production, then
the likelihood of enhancement must be carefully eval-
uated. For natural habitats that have dramatically
decreased over recent decades and are clearly impor-
tant nursery grounds for fish postlarvae (i.e. seagrass
meadows, salt marshes and oyster reefs), the assump-
tion that habitat is currently limiting is probably
reasonable and agrees with the current scientific
consensus (Peterson et al. 2003). However, for artificial
reefs no such consensus has been reached; if there is
emerging consensus, it points to a process of habitat
selection, rather than release from habitat or resource
limitation, as the most compelling explanation for high
aggregations of fish around newly created offshore
artificial reefs. Further, the probability that any en-
hancement in fish production resulting from artificial
reefs would vary both spatially and temporally, and
by species, increases the large uncertainty that the
construction of artificial reefs could meet quantitative
mitigation goals. Until uncertainty is resolved and
actual enhancement of fish production is demon-
strated, only habitats in which the current scientific
consensus supports the assumption of habitat limita-
tion represent good candidates for compensatory
restoration. Our calculations of the range of outcomes
in enhancement of fish production associated with the
construction of a new artificial reef habitat serves to
show the extreme sensitivity to the untested assump-
tions about key underlying biological processes.

Acknowledgements. The paper benefited from the comments
of J. Bohnsack, M. Carr, E. Estevez, M. Hixon and P. Levin in
developing the conceptual approach used in this synthesis.
D. French checked and rechecked all of our production and
scaling calculations. L. Dipinto, B. Julius, and T. Penn pro-
vided guidance. The NOAA Center of Damage Assessment
provided funding for this synthesis.

LITERATURE CITED

Ambrose RF (1994) Mitigating the effects of a coastal power
plant on a kelp forest community: rationale and require-
ments for an artificial reef. Bull Mar Sci 55:694–708

Bohnsack JA (1989) Are high densities of fishes at artificial
reefs the result of habitat limitation or behavioral prefer-
ence? Bull Mar Sci 44:631–645

Bohnsack JA (1992) Reef resource habitat protection: the
forgotten factor. In: Stroud RH (ed) Stemming the tide of
coastal fish habitat loss. Mar Recreational Fish 14:117–129 

Bohnsack JA, Harper DE (1988) Length-weight relationship
of selected marine reef fishes from the southeastern
United States and the Caribbean. Tech Memm NMFS-
SEFC-215, NOAA, Miami, FL

Bohnsack JA, Harper DE, McClellan DB, Hulsbeck M (1994)
Effects of reef size on colonization and assemblage struc-
ture of fishes at artificial reefs off southeastern Florida,
USA. Bull Mar Sci 55:796–823

Bohnsack JA, Ecklund AM, Szmant AM (1997) Artificial reef
research: is there more than the attraction-production
issue? Fisheries 22:14–16

Brown BE, Browder JA, Powers J, Goodyear CD (1990) Bio-
mass, yield models, and management strategies for the
Gulf of Mexico ecosystem. Southeast Fisheries Science
Center, National Marine Fisheries Service, NOAA, Miami,
FL

Condrey RE, Adkins G, Wascom MW (1985) Yield-per-recruit
of spotted seatrout. Gulf Res Rep 8:64–67

Doherty PJ, Williams DMcB (1988) The replenishment of coral
reef fish populations. Oceanogr Mar Biol Annu Rev 26:
487–551

Duffy JM (1985) Artificial reefs and mitigation: a small scale
case history. Bull Mar Sci 37:397

French DP, Rines H, Keller A, French FW III, Gifford D,
Pavignano S (1997) The CERCLA type A natural resource
damage assessment model for coastal and marine environ-
ments. Tech Doc Vol. IV, Biological Database Part 1. Office
of Environmental Policy and Compliance, US Dept of the
Interior, Washington, DC

Friedlander A, Beets J, Tobias W (1994) Effects of fish-
aggregating device design and location of fishing success
in the US Virgin Islands. Bull Mar Sci 55:592–601

Goodyear CP (1988) Spawning stock biomass and yield per
recruit for several reef fish species of the Gulf of Mexico.
Southeast Fisheries Science Center, NOAA, Miami, FL

Goodyear CP, Schirripa MJ (1991) A biological profile for
vermilion snapper with a description of the fishery in the
Gulf of Mexico. Southeast Fisheries Science Center,
NOAA, Miami, FL

Grossman GD, Jones GP, Seaman WJ Jr (1997) Do artificial
reefs increase regional fish production? A review of exist-
ing data. Fish Manag 22:17–23

Hackney CT (2000) Restoration of coastal habitats: expecta-
tion and reality. Ecol Eng 15:165–170

Hixon MA (1998) Population dynamics of coral-reef fishes:
controversial concepts and hypotheses. Aust J Ecol 23:
192–201

Hood PB, Schlieder RE (1992) Age, growth, and reproduction
of gag, Mycteroperca microlepis (Pisces: Serranidae), in
the eastern Gulf of Mexico. Bull Mar Sci 51:337–352

Hueckel GJ, Buckley RM, Benson BL (1989) Mitigating rocky
habitat loss through artificial reefs. Bull Mar Sci 44:
913–922

Jennings S, Kaiser MJ (1998) The effects of fishing on marine
ecosystems. Adv Mar Biol 34:201–352

Keough MJ, Downes BJ (1982) Recruitment of marine
invertebrates: the role of active larval choices and early
mortality. Oecologia 54:348–352

Lenihan HS, Micheli F (2000) Biological effects of shellfish
harvesting on oyster reefs: resolving a fishery conflict by
ecological experimentation. Fish Bull 98:86–95

276



Powers et al.: Estimating fish production in artificial reefs

Lenihan HS, Peterson CH (1998) How habitat degradation
through fishery disturbance enhances impacts of hypoxia
on oyster reefs. Ecol Appl 8:128–140

Lindberg WJ (1996) Fundamental design parameters for arti-
ficial reefs: interaction of patch reef spacing and size. Final
Project Report, MARFIN Grant Number C-6729. Univer-
sity of Florida, Gainesville, FL

Lindberg WJ (1997) Can science resolve the attraction-
production issue? Fish Manage 22:10–13

Lindberg WJ, Loftin JL (1998) Effects of habitat and fishing
mortality on the movements, growth and relative weights
of juvenile-to-adult gag (Mycteroperca microlepis). Final
Project Report, MARFIN Grant Number NA57FF0288.
University of Florida, Gainesville, FL

Lindquist DG, Ogburn MV, Stanley WB, Troutman HL,
Pereira SM (1985) Fish utilization patterns on temperate
rubble-mound jetties in North Carolina. Bull Mar Sci 37:
244–251

Lindquist DG, Cahoon LB, Clavijo IE, Posey MH, Bolden SK,
Pike LA, Burk SW, Cardullo PA (1994) Reef fish stomach
contents and prey abundance on reef and sand substrata
associated with adjacent artificial and natural reefs in
Onslow Bay, North Carolina. Bull Mar Sci 55:308–318

Lubchenco J, Palumbi SR, Gaines SD, Andelman S (2003)
Plugging a hole in the ocean: the emerging science of
marine reserves. Ecol Appl 13:S3–S7

Madon SP, Williams GD, West JM, Zedler JB (2001) The
importance of marsh access to growth of the California
killifish, Fundulus parvipinnis, evaluated through bio-
energetic modeling. Ecol Model 135:149–165 

Manooch CS, Haimovici M (1978) Age and growth of the gag,
Mycteroperca microlepis, and size-age composition of the
recreational catch off the southeastern United States.
Trans Am Fish Soc 107:234–240

Manooch CS, Mason DL (1984) Age, growth, and mortality of
Lane Snapper from Southern Florida. Northeast Gulf Sci 7:
109–115

McGlennon D, Branden KL (1994) Comparison of catch and
recreational anglers fishing on artificial reefs and natural
seabed in Gulf St. Vincent, South Australia. Bull Mar Sci
55:510–523

Miller MW, Falace A (2000) Evaluation methods for trophic
resource factors—nutrients, primary production, and
associated assemblages. In: Seaman WS (ed) Artificial reef
evaluation with application to natural marine habitats.
CRC Press, Boca Raton, FL, p 95–126

NOAA (National Oceanographic and Atmospheric Adminis-
tration) (1997) Habitat equivalency analysis: an overview.

Policy and Technical Paper Series, NO-95-1. Damage As-
sessment and Restoration Program, NOAA, Silver Spring,
MD

Osenberg CW, St. Mary CM, Wilson JA, Lindberg WJ (2002)
A quantitative framework to evaluate the attraction-
production controversy. ICES J Mar Sci 59:S214–S221

Peterson CH, Grabowski JH, Powers SP (2003) Estimated
enhancement of fish production resulting from restoring
oyster reef habitat: quantitative valuation. Mar Ecol Prog
Ser 264:249–264 (in this Theme Section)

Polovina JJ (1991) Fisheries applications and biological
impacts of artificial habitats. In: Seaman WS, Sprague LM
(eds) Artificial habitats for marine and freshwater fish-
eries. Academic Press, New York, p 154–176

Roberts CM (1997) Connectivity and management of Carib-
bean coral reefs. Science 278:1454–1457

Sala E, Ballesteros E, Starr RM (2001) Rapid decline of Nassau
grouper spawning aggregations in Belize: fishery man-
agement and conservation needs. Fisheries 26:23–30

Seaman WS Jr (2000) Artificial reef evaluation with ap-
plication to natural marine habitats. CRC Press, Boca
Raton, FL

Serafy JE, Hopkins TE, Walsh PJ (1997) Field studies on the
ureogenic gulf toadfish in a subtropical bay. I. Patterns of
abundance, size composition and growth. J Fish Biol 50:
1258–1270

Sheng YP (2000) Physical characteristics and engineering at
reef sites. In: Seaman WS (ed) Artificial reef evaluation
with application to natural marine habitats. CRC Press,
Boca Raton, FL, p 51–94

Smith GB, Hensley DA, Mathews HH (1979) Comparative
efficacy of artificial and natural Gulf of Mexico reefs as
fish attractants. Florida Marine Research Publications 35,
Florida Department of Natural Resources, St Petersburg,
FL

South Atlantic Fishery Management Council (1983) Fishery
management plan, regulatory impact review, and final
environmental impact statement for the snapper-grouper
fishery of the south Atlantic region. South Atlantic Fishery
Management Council, NMFS, Charleston, SC

Wakeman JM, Ramsey PR (1985) A survey of population char-
acteristics for red drum and spotted seatrout in Louisiana.
Gulf Res Rept 8:1–8

Wilson CA, Dean JM, Radtke R (1982) Age, growth rate and
feeding habits of the oyster toadfish, Opsanus tau (Lin-
naeus) in South Carolina. J Exp Mar Biol Ecol 62:251–259

Zedler JB (2000) Progress in wetland restoration ecology.
Trends Ecol Evol 15:402–407

277

Editorial responsibility: Ronald Kneib, 
Sapelo Island, Georgia, USA

Submitted: June 13, 2003; Accepted: October 31, 2003
Proofs received from author(s): November 27, 2003


