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Abstract. Many exploited reef fish are vulnerable to overfishing because they concentrate
over hard-bottom patchy habitats. How mobile reef fish use patchy habitat, and the potential
consequences on demographic parameters, must be known for spatially explicit population
dynamics modeling, for discriminating essential fish habitat (EFH), and for effectively
planning conservation measures (e.g., marine protected areas, stock enhancement, and
artificial reefs). Gag, Mycteroperca microlepis, is an ecologically and economically important
warm-temperate grouper in the southeastern United States, with behavioral and life history
traits conducive to large-scale field experiments. The Suwannee Regional Reef System (SRRS)
was built of standard habitat units (SHUs) in 1991–1993 to manipulate and control habitat
patchiness and intrinsic habitat quality, and thereby test predictions from habitat selection
theory. Colonization of the SRRS by gag over the first six years showed significant
interactions of SHU size, spacing, and reef age; with trajectories modeled using a quadratic
function for closely spaced SHUs (25 m) and a linear model for widely spaced SHUs (225 m),
with larger SHUs (16 standardized cubes) accumulating significantly more gag faster than
smaller 4-cube SHUs (mean¼72.5 gag/16-cube SHU at 225-m spacing by year 6, compared to
24.2 gag/4-cube SHU for same spacing and reef age). Residency times (mean ¼ 9.8 mo),
indicative of choice and measured by ultrasonic telemetry (1995–1998), showed significant
interaction of SHU size and spacing consistent with colonization trajectories. Average relative
weight (Wr) and incremental growth were greater on smaller than larger SHUs (mean Wr ¼
104.2 vs. 97.7; incremental growth differed by 15%), contrary to patterns of abundance and
residency. Experimental manipulation of shelter on a subset of SRRS sites (2000–2001)
confirmed our hypothesis that shelter limits local densities of gag, which, in turn, regulates
their growth and condition. Density-dependent habitat selection for shelter and individual
growth dynamics were therefore interdependent ecological processes that help to explain how
patchy reef habitat sustains gag production. Moreover, gag selected shelter at the expense of
maximizing their growth. Thus, mobile reef fishes could experience density-dependent effects
on growth, survival, and/or reproduction (i.e., demographic parameters) despite reduced stock
sizes as a consequence of fishing.
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INTRODUCTION

Density-dependent habitat selection (DDHS; Rosen-

zweig 1981, 1985), along with the ideal-free distribution

(IFD; Fretwell and Lucas 1970, Fretwell 1972) and

some mating system models (e.g., Verner 1964, Orians

1969), are based on similar reasoning (see MacCall

1990) with roots in optimal foraging theory (Rosen-

zweig and Abramsky 1997). The general concept is that

mobile animals that occupy patchy habitats and exploit

patchy resources are expected to choose their location

based on the intrinsic quality of habitat patches (i.e.,

resource quality and abundance) and the density of

competitors for those resources. The chosen location is

expected to yield greater individual fitness than the

immediate alternatives, and proxies for fitness (e.g.,

growth or fecundity) are generally measured for

empirical tests (Morris 1989). As a process, DDHS

involves behavioral mechanisms associated with move-

ment (e.g., immigration, emigration, residency, home

range, orientation/search, dispersal, etc.) and resource

use (i.e., food, shelter, or mates; preferences; and

competition).
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The existence of DDHS, which is expressed at the

individual level, has important consequences for pop-

ulation and community dynamics. For example, DDHS

can be an important process affecting the coexistence of

competing species (Rosenzweig and Abramsky 1997),

perhaps including tropical (Robertson 1996) and tem-

perate adult reef fishes (Hixon 1980, Larson 1980,

Schmitt and Holbrook 1990, Holbrook and Schmitt

1995). Furthermore, spatially structured populations

may be regulated (sensu Osenberg and Mittelbach 1996),

in part, by DDHS. If so, then field studies of DDHS are

essential to spatially explicit population modeling efforts

(Conroy et al. 1995, Dunning et al. 1995, Wennergren et

al. 1995).

So far, however, the capacity for DDHS has been

mostly demonstrated in terrestrial systems, for example,

selection of nesting sites by birds (Pleszcynska 1978,

Petit and Petit 1996), habitat types by mammals (Morris

1987), and mating/oviposition sites by insects (Parker

1970, 1974). Milinski’s (1979, 1984, 1986) laboratory

experiments using freshwater fish and contrasting rates

of prey inputs clearly showed that fish can choose

feeding locations consistent with theory. To date, the

capacity for DDHS has been inferred for only a few

marine reef fishes, and most have been in the special

contexts of settlement (e.g., Sweatman 1983, 1985,

Stimson 1990, Schmitt and Holbrook 1996) and mating

systems (e.g., Warner and Hoffman 1980a, b). More-

over, research on DDHS for reef fishes has been

restricted to small, highly site-attached fishes that

occupy lower trophic levels of coral reef systems (but

see Fishelson et al. 1987). MacCall (1990) and Kramer

et al. (1997) reviewed the applicable theory and

examples of DDHS (or frequency-dependent habitat

selection) by free ranging fishes, but there were few

documented marine examples (e.g., juvenile cod, Gadus

morhua and G. ogac, Laurel et al. 2004, but see also

Shepherd and Litvak 2004), and none among large,

mobile, reef fishes.

Nevertheless, DDHS is an ecological process with

profound fisheries management implications, especially

for reef fish. Large, mobile, reef fishes are vulnerable to

overfishing as they concentrate over specific types of

benthic habitat. Not only does this characteristic of their

behavior focus fishing effort, it can also make traditional

fishery statistics misleading (e.g., Rose and Kulka 1999).

Knowledge of how reef fish use patchy reef habitat and

the potential consequences on demographic parameters

is needed to understand and predict their population

and community dynamics. Furthermore, how and why

motile reef fish distribute themselves among habitat

patches is of the utmost importance for identifying

essential fish habitat (EFH).

Much is known about patterns of fish–habitat

associations, but much less is known about the under-

lying mechanisms. While density-independent processes

are no doubt important to the distribution and

abundance of reef fishes (Doherty and Williams 1988,

Doherty 1991; but see Williams 1991), our current

understanding of reef fish ecology also incorporates

density-dependent processes and pluralistic causation

(Warner and Hughes 1988, Doherty 2002, Forrester et

al. 2002, Hixon and Webster 2002, Osenberg et al. 2002,

Shima and Osenberg 2003). Studies of density-depen-

dent postsettlement mortality with small, site-attached,

reef fish have contributed much to our current thinking

about population regulation, yet other density-depen-

dent processes are also important (Levin et al. 2000).

Terrestrial ecologists (e.g., Wiens 1984, 1989, Wiens et

al. 1993) have emphasized that ecological relationships

among habitat types are important, and in marine

ecology, trophic coupling between benthic habitat types

is well recognized (Ogden et al. 1973, Parrish 1989,

Ambrose and Anderson 1990; see review by Graf 1992).

However, to the best of our knowledge, trophic coupling

and habitat-selection processes have not been examined

together in the same experimental marine system. In

general, tests of DDHS have dealt with one resource at a

time, typically food or shelter. When food is manipu-

lated, the space between habitat patches is often

regarded as an empty impediment to movement. When

shelter is manipulated, foraging away from shelter sites

may be acknowledged (e.g., Petit and Petit 1996), but is

generally not part of the study design. We are building

on earlier work (Lindberg et al. 1990, Frazer and

Lindberg 1994) to integrate trophic coupling (i.e.,

among hard-bottom, soft-bottom, and pelagic habitats)

with habitat selection for a better understanding of

mechanisms regulating reef fish populations.

Here, we test components of DDHS using an

experimental reef system in the Gulf of Mexico, and

indicate how the interplay between sheltering and

feeding habitats (e.g., Werner and Gilliam 1984)

mediates individual growth dynamics of gag, Mycter-

operca microlepis. We selected gag as our study species

because of its economic and ecological importance

(Turner et al. 2001, Levin and Grimes 2002), its

dominance in our study region, and its life history

characteristics, behavior, and ecology, which simplified

testing habitat-related processes of general consequence

for reef fisheries management. Our results support a

consistent and strong argument for the importance of

DDHS in explaining how reef habitat affects fisheries

production and how management actions might affect

that relationship.

Predictions and hypotheses

If gag are capable of density-dependent habitat

selection (DDHS), then residency times, and therefore

gag abundances, should be greatest on reefs that offer

the greatest net individual benefits (e.g., greater con-

dition, growth, and/or survival). We first tested effects of

habitat patchiness on gag colonization and residency

times by manipulating patchiness while controlling

habitat complexity, with the expectation that coloniza-

tion patterns and residency times should be functions of
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reef habitat patchiness (size and distance between reefs).

Second, we tested whether gag growth and condition are
greater on more preferred than less preferred reefs by

sampling a subset of reef arrays without replacement. If
gag are cueing on food as the basis for DDHS, then gag

relative weights and growth rates should either equili-
brate among reef types or be greatest on those reef types
with the greatest residency times. Alternatively, if this

correspondence is not observed, then it can be inferred
that gag are cueing on shelter as the primary basis for

DDHS.
The results from the first set of experiments generated

the general hypothesis that gag growth and condition
are density-dependent as a function of shelter avail-

ability. To test whether reef habitat, specifically avail-
able shelter, limits local densities of gag, and thereby

regulates their growth and condition on the shallow
continental shelf, we manipulated shelter in otherwise

equivalent reef units, and sampled nondestructively.
Thus, with reef size held constant, (1) gag densities

should decline when shelter volume is reduced, and (2)
gag growth and condition should increase when gag

densities decline. We also tested, and validated, an
assumption that our manipulation of gag shelter did not

alter their prey base.

MATERIALS AND METHODS

Study organism

Gag are protogynous hermaphrodites that spawn
during late January to early March in deep-water

aggregations along the shelf edge break in the north-
eastern Gulf of Mexico (Coleman et al. 1996, Koenig et

al. 2000, see also Brule et al. 2003). Males primarily exist
at deep-water sites and transitional males are not

generally found inshore (C. Koenig, personal communi-
cation). Larval gag settle in shallow seagrass beds

(Koenig and Coleman 1998, Koenig and Colin 1999)
and other structural habitats nearshore (Keener et al.

1988, Levin and Hay 2003) during late spring to early
summer. They grow rapidly (up to 18.6 cm total length
[TL]) until emigrating from nursery habitats during the

fall of their first year (Ross and Moser 1995). Older and
larger juveniles typically reside across a broad shelf area

(Bullock and Smith 1991).
On the shallow shelf, gag home ranges around

structures are variable (approximately 350 m maximum
width [Kiel 2004]). Small groups of gag (2–10 individ-

uals/group) typically meander together (W. Lindberg,
personal observation), and move closer to rocky shelters

with increasing disturbance (e.g., divers or potential
predators). With moderate disturbance or threat, gag

typically keep structure between themselves and the
source, moving through cover and staying close to it. A

few may individually move away from reef structure,
blanch cryptically, and lie motionless in shallow sand

depressions distant from the reef. With intense disturb-
ance or threat, gag pack cavities (Fig. 1) that are

otherwise rarely occupied.

Gag switch to piscivory with increasing size (Weaver

1996). In all but the coldest months, schooling pelagic

planktivores (e.g., Spanish sardine, Sardinella aurita;

scaled sardine, Harengula jaguana; tomtate, Haemulon

aurolineatum; round scad,Decapterus punctatus) are their

primary prey (in one study, 67.2–94.8% gross energy

consumption; D. Murie, unpublished data). On flat, low-

FIG. 1. Numerous gag (A) closely associating with reef
structure, (B) emerging from shelter after disturbance, and (C)
densely packed within a standard habitat unit (SHU) in
response to intense disturbance. Photo credits: (A) J. Hale, (B
and C) L. Kellogg.
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relief, hard-bottom habitat, small groups of gag mean-

der, spatially associated only with schools of pelagic

planktivores rather than small hard-bottom features (L.

Kellogg, unpublished data). Hobson (1968) described

similar prey-tracking behavior for Mycteroperca rosacea

in the Gulf of California. Gag in the study area also prey

on demersal fishes and epibenthic or pelagic macro-

invertebrates that dwell in open habitat (e.g., sand perch,

Diplectrum formosum; pinfish, Lagodon rhomboides;

Portunus crabs; and Loligo squid), and to a much lesser

extent on reef associated fishes (e.g., black seabass,

Centropristis striata; white grunt, Haemulon plumieri;

belted sandfish, Serranus subligarius; and pigfish, Ortho-

pristis chrysoptera), none of which utilize the cavities

manipulated for the shelter experiment (see Shelter

manipulation experiment) reported here (W. Lindberg,

personal observation; D. Murie, unpublished data).

Experimental system

The Suwannee Regional Reef System (SRRS) in the

northeastern Gulf of Mexico (Fig. 2A) manipulates reef

habitat patchiness, and thus the densities experienced by

gag with respect to both sheltering habitat and their

surrounding foraging areas (Lloyd 1967, Antonovics and

Levin 1980, Lindberg et al. 1990, Walters and Martell

2004). The SRRS consists of 22 hexagonal arrays of

standard habitat units (SHUs) (Fig. 2B) located along

the 13-m depth contour. The concrete SHUs are either 4-

cube or 16-cube squares with aligned central cavities (61

cm diameter) and corner holes (10 cm diameter). Within

an array, SHUs are all the same size and spaced at 25, 75,

or 225 m. Core areas of gag home ranges (i.e., circular

50% kernels, average radius ¼ 38.3 m, n ¼ 9; B. Kiel,

unpublished data) do not overlap between SHUs spaced

at 225 m, but should overlap broadly among SHUs

spaced at 25 m (Fig. 2C). Thus, arrays are the replicates

for testing effects of reef patchiness, and total gag

abundance per array is a composite measure for the

densities experienced due to SHU size and spacing.

Twelve SRRS arrays were built during 1990–1991,

giving two initial replicates for each combination of

SHU size and spacing. Ten arrays were built during

1992–1993, giving two additional replicates of the 25-m

and 225-m treatments for both SHU sizes, plus an

additional 4-cube 3 25-m array and 16-cube 3 25-m

array. Reef treatments were interspersed geographically

by randomizing locations within four strata along the

line of reef arrays (north, north-central, south-central,

and south).

The SRRS is not a part of the gag nursery habitat

inshore where settlement and postsettlement processes

occur, but rather it is on the shallow shelf where older

and larger juveniles typically reside (Bullock and Smith

1991). Prereproductive females (20–90 cm TL, smaller

gag rare) occupy the SRRS and natural hard-bottom

habitat across a broad shelf area. Gag large enough to

be sexually mature (.60 cm TL; Hood and Schlieder

1992) occupy the SRRS, however, developed gonads

have not been found in gag sampled from these sites (n¼
81) during November and December. Fishery returns of

ultrasonic tags validated an assumption that maturing

gag move naturally through the SRRS.

FIG. 2. The Suwannee Regional Reef System (SRRS). (A)
Locations of 22 experimental reef arrays offshore from Cedar
Key, Florida, USA, along Florida’s north-central Gulf coast
(inset). (B) Hexagonal arrays of SHUs at each location have
equal-sized SHUs, either four or 16 prefabricated concrete
cubes, and 25-m, 75-m, or 225-m spacing. (C) Average 50%
kernel core areas of gag drawn to scale on 225-m and 25-m
arrays (dots represent SHUs; circles represent core area); total
core area/array equals 27 687 m2 and 15 190 m2, respectively.
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Percentage of hard bottom was estimated by point–

intercept sampling along a 75-m transect line deployed

from each SHU in an array; i.e., transect bearings north

SHU 08, northeast SHU 608, southeast SHU 1208, south

SHU 1808, southwest SHU 2408, and northwest SHU

3008. Bottom type was classified as sand or rock at 0.5-m

intervals along each transect. The criterion for sand was

a depth of at least 5 cm, as determined by metal probe,

whereas rock was classified as areas with sand ,5 cm

deep to rock profiles .10 cm. In summary, the seabed at

SRRS reef arrays is typically sand, sand/shell mix, and

low-relief limestone, mostly covered with a thin sand

veneer. The percentage of cover of hard bottom varies

among arrays, but is fairly consistent within any given

array.

A localized fish kill in the summer of 1995 affected the

five southernmost SRRS sites and reefs were not

sampled in winter 1996. In November 1996, the

locations of nine SRRS reef arrays were published for

access by recreational fishers as part of another experi-

ment on fishing effects.

SRRS experiment

Colonization is density dependent and a function of

habitat patchiness.—From June 1991–August 1996, fish

were censused on the SRRS once each summer (mid-

June through August) and winter (January through

March). Trained SCUBA divers searched methodically

around and then within each SHU for 20 min and

visually counted all fish species. The minimum, max-

imum, and average total length (cm TL) of each fish was

estimated using meter sticks or scaled T-bars (Bohnsack

and Bannerot 1986). Through winter 1994, only the

initially constructed 25-m and 225-m replicates for both

SHU sizes were sampled; the 75 m treatments were not

sampled because of logistic constraints. Beginning in

summer 1994, all 22 reef arrays were sampled, however,

the 75-m treatments were not analyzed to retain a

balanced experimental design. All reef arrays were

surveyed in 1995 and 1996, but the data from arrays

affected by the 1995 fish kill were not included in

statistical analyses reported here.

For this paper, only summer data from replicates of

the 4-cube325-m, 16-cube325-m, 4-cube3225-m, and

16-cube 3 225-m treatment combinations were used to

test the colonization trajectories for gag. Physically, each

treatment had four replicates, but differences in con-

struction dates and the fish kill resulted in unequal

sample sizes across the six summers.

A mixed-effects general linear model was used for

colonization analyses. SHU-specific gag counts were

summed across all SHUs on a reef array and then

square-root transformed to produce a reef-specific gag

density response. This was combined with a measure of

average percentage of hard bottom within 75 m of SHUs

in an array. Because measurements over time were taken

on the same reefs, temporal correlation in within-reef

residuals was assumed and a pooled estimate of the

autocorrelation in temporal residuals was used. A linear

time trend was estimated and interactions with SHU size

and spacing effects were tested using F tests based on

restricted maximum likelihood estimates (Littell et. al

1996, Verbeke and Molenberghs 2000). The need for a

quadratic time trend was tested and accepted, while

more complex model forms, such as those having

different slopes for different reef sizes or spacings, were

not supported by the data. The assumption of a

compound symmetry temporal residual structure fit

poorer than the autoregressive structure. Normality of

the model residuals was examined graphically with

probability plots and formally with a Shapiro-Wilks

test. We checked the model test by fitting a generalized

linear mixed model for Poisson counts using the

GLIMMIX macro (GLMM800.sas; SAS Institute

2003). Test P values were very close to the normal

mixed-model fits. We used results from the normal

mixed model for predictions because of its greater

simplicity of form. All computations were performed

using procedures in SAS Version 9 (SAS Institute 2003).

Only the final significant model results are reported.

Residency is density dependent and a function of habitat

patchiness.—Between June 1995 and June 1996, a total

of 81 gag (40–75 cm TL) were surgically implanted with

uniquely coded ultrasonic tags (20 Sonotronics model

CT-82-2, 48 kHz, 14 mo battery life; and 61 Sonotronics

model CT-82-3, 75 kHz, 48 mo battery life [Sonotronics,

Inc., Tucson, Arizona, USA]). The 48- and 75-kHz tags

were interspersed across reef treatments, and labeled to

facilitate fishery returns. Five fish per reef array (six on

one 16-cube 3 225-m array), each from different SHUs,

were captured by hook and line or fish traps, tagged

under aesthesia (MS-222), allowed to recover in aerated

ambient seawater, and then returned immediately by

divers to their original SHU.

At each SRRS array, the presence or absence of

tagged fish was determined monthly from July 1995 to

August 1997, and then every two months until May

1998, using a Sonotronics ultrasonic receiver and

directional hydrophone from the boat. If present, the

fish’s location was determined specific to SHU location,

except for fish on 25-m arrays.

To examine shorter term SHU-to-SHU movements,

20 tagged gag were relocated precisely for three

consecutive days over two time periods, 11–13 Septem-

ber and 23–25 September 1996, on arrays with 25-m (n¼
7 fish), 75-m (n ¼ 6 fish), and 225-m (n ¼ 7 fish) SHU

spacing. Locations of tagged fish were determined using

the surface hydrophone from the boat, except on the 25-

m site where a diver, positioned centrally in the array,

used an underwater ultrasonic receiver (Datasonics

DPL-275; Benthos Undersea Systems, Inc. Falmouth,

Massachusetts, USA).

Residence time was defined as number of days from

tagging to last relocation. Mean residence times of five

fish per array and coefficients of variation (CV) per array

were used as replicates in two-way ANOVAs, testing
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effects of reef type (two sizes3 three distances; n¼ 2 and

3). Coefficients of variation adjusted for small sample

sizes (Sokal and Rohlf 1995) gave the same results as

unadjusted values, so we report unadjusted results. One

fish still present at the end of telemetry sampling was

assigned a departure date of 31 May 1998, to factor

conservatively into these averages. Our estimates of

residence time are also conservative because gag were

resident for an unknown period before they were tagged,

measured residence times for 20 fish could not exceed the

14-mo battery life of their tags, and the 48-mo tags had a

failure rate higher than expected (e.g., five out of six tags

initially returned by fishermen had failed within 29 mo).

Known tag failures were distributed equally across all

reefs arrays.

Gag growth and condition correspondence with reef

preference.—Gag performance was contrasted among

reef treatments as average relative weight (i.e., fish

weight adjusted for length) and as recent growth

estimated from otolith marginal increments. In Novem-

ber 1996, at the onset of directed fishing on a subset of

SRRS sites, five to 19 fish per reef array (N ¼ 80) were

collected from six arrays (three 4-cube and three 16-

cube). Gag were collected with hook and line or fish

traps tended daily. In addition, 54 gag from unspecified

natural hard-bottom habitats in the vicinity of the SRRS

were obtained from a commercial fisher. Maximum total

length and weight was recorded for each fish, with the

sagittal otoliths collected and stored dry.

Relative weights, Wr, were calculated as described by

Wege and Anderson (1978), using the weight–length

relationship reported by Schirripa and Goodyear (1994)

for gag in the Gulf of Mexico as the standard. The mean

Wr and CV for each array were used as replicates (n¼ 3)

in t tests to compare 4-cube and 16-cube treatments.

Gag size distributions did not differ between treatments

(P ¼ 0.311), so the alternative test for Wr proposed by

Brenden et al. (2003) was not necessary.

Opaque bands visible in sagittal otoliths are an

accurate measure of gag age (Hood and Schlieder

1992). Incremental growth was measured from 0.5-mm

transverse sections of otoliths using Image-1 video

analysis computer software (Universal Imaging, Inc.,

Westchester, Pennsylvania, USA). Each otolith was

measured along an axis on the proximal (internal)

medial surface, from the focus to the distal edge of each

opaque growth ring. Incremental growth of each fish (in

mm TL) since last annulus formation was then

determined by back calculating from the size of fish at

capture, as a ratio of otolith marginal increment to axis

length. Mean incremental growth per array was

compared between 4-cube and 16-cube treatments (n ¼
3) using a t test.

Shelter manipulation experiment

Available shelter was manipulated on four unpub-

lished arrays with 4-cube SHUs spaced at 75 m and 225

m. In late August and early September 2000, screens (2.5

3 5.1 cm vinyl-coated wire mesh) were secured over the

large central cavities of SHUs to create three treatments

(Fig. 3): full closure, half closure, and no closure. Eight

SHUs of each treatment (n ¼ 8) were blocked equally

among the four arrays (N¼ 24; Fig. 3). Treatments were

distributed symmetrically within arrays, rather than

randomly, to control for minor spatial autocorrelation

of gag abundance among SHUs prior to manipulation

(K. Portier, unpublished analysis).

Shelter volume limits gag density.—All 24 SHUs were

censused for fish in May 2000 (premanipulation) and

within seven discrete two-week sampling periods in

September, October, and December of 2000, and

January, April, May, and August of 2001. Sampling

was not done when underwater visibility was less than 5

m. A trained SCUBA diver used the census protocol

previously described, except fish size estimates were

made in 10-cm TL increments. Abundances were

tabulated for gag .50 cm TL (large gag) and gag ,50

cm (small gag), corresponding to the approximate size at

sexual maturity and legal harvest at the time of study.

Gag growth and condition are regulated by local gag

density.—Gag from a subset of replicates of each

treatment were sampled with replacement (using fish

traps) to obtain measurements for calculating Wr. Total

length (cm) and weight (g) were recorded on site for all

grouper captured and released (34 gag . 50 cm TL from

eight SHUs, and 45 gag , 50 cm TL from 10 SHUs, for

a total of 79 gag from 11 SHUs on two SRRS arrays).

Gag weight was a calibrated average of 300 readings

recorded over a 90-s period using an Ohaus I-10

industrial balance (Ohaus Corporation, Pine Brook,

New Jersey, USA) connected to a laptop computer. Gag

growth was not estimated from otoliths, owing to the

nondestructive sampling with replacement necessary to

avoid altering local densities.

Raw census data were square-root transformed

(
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x þ 0:5
p

) to achieve normality and homogeneity of

variances. Repeated-measures mixed-effects linear mod-

els (GLMM800.sas; SAS Institute 2003) were used to

test for effects of shelter treatments on large gag and

small gag for the period of experimental closure. Only

data from the seven postmanipulation sampling periods

were analyzed. The shelter manipulation was analyzed

assuming a split-plot design with array as the main plot

and SHU as the split plot. The treatments were factorial,

with the main-plot factor being the spacing of SHUs

within arrays and the split-plot factor being the closure

treatment. An a priori power analysis (K. Portier,

unpublished data) concluded that sufficient power would

be attained by this design to detect large treatment

differences (i.e., residual SD¼ effect SD), but, because of

high variance estimates and limits on replication,

detecting small effects (e.g., residual SD ¼ 2 3 effect SD)

would be unlikely. In the analysis, the treatment effect

was split into an array effect and an array-within-

spacing effect. Percentage of cover of hard bottom per

SHU was included as a fixed-effect covariate. Time was
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treated as a repeated measure and all estimable second-

and higher-order interactions were included in the

model. Follow-up analysis on residual assumptions

included graphical (probability and scatter plots) and

formal testing (Kolmogov-Smirinov test with P . 0.15)

methods. Higher-order interactions were examined with

profile plots.

Uncoupling shelter from food experimentally.—On

comparable arrays (i.e., 4-cube SHUs spaced at 225 m)

that were not part of this shelter experiment, gag (n¼99)

consumed (1) pelagic planktivorous fishes (82% numer-

ical abundance, 84% occurrence, 58% gross energy

consumption); (2) SHU-dwelling demersal fishes (2%

numerical abundance, 12% occurrence, 29% gross

energy consumption); and (3) demersal fish and inver-

tebrates from surrounding benthic habitats (16% nu-

merical abundance, 26% occurrence, 12% gross energy

consumption) (D. Murie, unpublished data). On SHUs in

this experiment, we compared abundances of major prey

types among treatments for (1) and (2) but not (3), as

species dwelling away from SHUs could not be affected

directly by cavity screening.

Specifically, we measured pelagic prey fish abundance

on two of the four reef arrays in mid July, early August,

late August, and early October of 2002. The transducer

of a Simrad EY500 120 KHz echosounder (Puget Sound

Instrument Company, Inc., Tacoma, Washington, USA)

was mounted on a 1-m tow body and towed alongside

the research vessel at a depth of approximately 1 m at

approximately 2.5 m/s. Acoustic transects traversed each

SHU along random headings at least five times to ensure

full ensonification of schools present. Equipment per-

formance was monitored using an oscilloscope and

digital echogram recorder. Raw digitized acoustic

signals were time-marked and geocoded using differ-

ential GPS (DGPS) with submeter accuracy. Routine

calibrations were performed using a tungsten carbide

reference sphere (Foote 1990).

Estimates of total pelagic fish abundance were

determined for each transect (five transects per SHU)
and combined to estimate abundance for each SHU.

Raw acoustical data were processed using Echoview
software (Sonardata, Hobart, Australia) to estimate fish

school volume, relative fish density within the school,
and relative total biomass. Fish schools were identified
and delimited into two-dimensional regions, with each

region comprised of several (4–157) 2-m horizontal bins.
Each two-dimensional bin within a school was con-

verted to a three-dimensional volume by assuming a
spherical geometric shape; total volume of the school

was determined by summing across bin volumes
(Coetzee 2000). Relative fish density was determined

by echo-squared integration (Powell and Stanton 1983,
Thorne 1983) on the identified school. Relative total

biomass was determined by multiplying relative biomass
density by school volume. Relative biomass estimates

were log10 transformed and used in a repeated-measures
analysis of variance (SAS Institute 2003) to test for

differences in relative abundance between shelter treat-
ments.

We tested SHU-dwelling demersal prey with tomtate
(H. aurolineatum) and white grunt, using square root-

transformed (
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x þ 0:5
p

) census data from December
2000 and January 2001, and analyzed the data with
repeated measures, treatment by blocks ANOVA (SAS

Institute 2003). We also censused and analyzed black
seabass and belted sandfish abundances for direct and

indirect effects from differences in gag abundance (Hart
2002), and those results are in another manuscript. Here,

we note that black seabass were most abundant on full-
closure treatments where gag numbers were significantly

reduced, and belted sandfish showed treatment effects
positively correlated with gag only when black seabass,

the intermediate predator, was episodically present in
January 2001.

Thus, we validated an assumption that closures of
large cavities within SHUs would not directly affect

major prey types. While indirect community responses
might affect minor prey species, any cascading effects

due to changes in gag abundance would not violate our
assumption. However, without a thorough community

analysis comparing these treatments, we cannot con-
clusively uncouple shelter availability from prey avail-

ability.

RESULTS

SRRS experiment

Colonization is density dependent and a function of
habitat patchiness.—Gag colonized the reef arrays of

contrasting habitat patchiness in a manner consistent
with DDHS and an interplay between sheltering habitat

and the surrounding foraging area. SHU size, spacing,
and age (i.e., colonization period) interacted signifi-

cantly to affect gag abundance (Table 1), and the nature
of those interactions confirmed density-dependent colo-

nization by this motile reef fish. Larger SHUs accumu-

FIG. 3. The shelter experiment had replicate 4-cube SHUs
of each treatment uniformly distributed among four SRRS
arrays. Screens installed on large central cavities restricted
access for large fish without blocking water flow or access for
small species.

April 2006 737FISH HABITAT SELECTION AND PERFORMANCE



lated gag much faster than smaller SHUs, yet the large,

closely spaced, SHUs saturated by year 3 (Fig. 4). The

colonization trajectories of closely spaced SHUs were

quadratic for both SHU sizes (Table 1). In contrast, the

trajectories through time for widely spaced SHUs were

linear (Table 1), with indications of saturation beginning

between years 5 and 6 (Fig. 4). The appendix explains

how to predict abundance from Table 1.

Residency is density dependent and a function of habitat

patchiness.—Gag showed high site fidelity and prefer-

TABLE 1. Mixed-model ANOVA results for summer gag counts (square-root transformed) from the Suwannee Regional Reef
System, testing the effects of reef size (4-cube and 16-cube standard habitat units [SHUs]), spacing (25 m and 225 m), and reef age
(1–6 yr) on colonization shown in Fig. 4.

Numerator Denominator
Chi-square F ratio

Effect Type df df v2 P F P

Size 3 spacing 3 age linear 4 40 38.34 ,0.0001 9.59 ,0.0001
Size 3 spacing 3 age quadratic 4 40 9.90 0.0422 2.47 0.0597
Average hard bottom 1 12 3.31 0.0690 3.31 0.0940

Fixed effect Type Size Spacing Estimate SE df t P

Intercept 9.9028 0.9694 12 10.22 ,0.0001
Size 3 spacing 3 age linear 4 25 4.6017 3.4963 40 1.32 0.1956
Size 3 spacing 3 age quadratic 4 25 �4.5736 2.1645 40 �2.11 0.0409
Size 3 spacing 3 age linear 4 225 7.9796 3.0010 40 2.66 0.0112
Size 3 spacing 3 age quadratic 4 225 �0.7596 1.9732 40 �0.38 0.7023
Size 3 spacing 3 age linear 16 25 5.3981 3.3640 40 1.60 0.1164
Size 3 spacing 3 age quadratic 16 25 �5.5026 2.3797 40 �2.31 0.0260
Size 3 spacing 3 age linear 16 225 16.0614 3.0754 40 5.22 ,0.0001
Size 3 spacing 3 age quadratic 16 225 �0.1229 2.1144 40 �0.06 0.9539
Average hard bottom 5.4587 3.0018 12 1.82 0.0940

FIG. 4. Colonization trajectories of SRRS treatment combinations based on (A) gag total abundance per array (mean 6 SD)
and (B) gag density per array (mean 6 SD, total abundance/m2 total core area; see Fig. 2C). Key: 43 25, 4-cube SHUs spaced at 25
m; 16 3 225, 16-cube SHUs spaced at 225 m, etc. The means at each reef age have been offset so error bars are distinguishable.
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ences among reef arrays of contrasting habitat patchi-

ness (Fig. 5). Average residency time was 298 d (n ¼ 81

fish; residency ¼ 83.6 - 0.19t þ 0.000117 t2, where t is

time in days; r2 ¼ 0.994). However, SHU size and

spacing interacted significantly to affect residency times

(P , 0.001, Fig. 5). Residency times were greater on 16-

cube SHUs than 4-cube SHUs, except at the 25-m

spacing where gag moved freely among SHUs. For the

16-cube SHUs, residency times increased significantly

with SHU spacing (P , 0.05), while for the 4-cube

SHUs, the opposite was true (P , 0.05). Residency time

coefficients of variation for replicate reef arrays were not

affected by SHU size and spacing (P ¼ 0.234).

Frequency of movement between SHUs in an array

was significantly affected by SHU spacing (P ¼ 0.019

using daily telemetry data), with greater movement

among SHUs that were more closely spaced. Over two

three-day periods, fish movement did not differ signifi-

cantly between the 25-m and 75-m treatments (median

2.0 vs. 1.5 movements/d), but the 225-m treatment had

no recorded movements of gag among SHUs. In

addition, from monthly telemetry data, more than five

times as many gag moved among SHUs within an array

at 75 m than at 225 m (averages of 40.4 % and 7.9%,

respectively; P , 0.001), with no significant effect of

SHU size (P ¼ 0.966).

Among the 81 gag originally implanted with ultrasonic

tags and monitored monthly for residency times, there

were 31 cases involving 29 individuals where the fish left

and subsequently returned. The average time absent was

101 d (range ¼ 26–397 d), with error in that estimate

acknowledged due to coarse sampling intervals. The

return frequencies were dependent on reef treatments (v2

¼ 5.266, df¼ 2, P ’ 0.076). For 16-cube reefs, the 25-m

treatment had fewer returns than expected, while the 75-

m and 225-m treatments had more than expected. For 4-

cube reefs, the 225-m treatment had fewer returns than

expected, while the other two treatments had more. This

qualitative pattern of gag returns was consistent with the

interaction of SHU size and spacing that affected

residency times (Fig. 5). No ultrasonically tagged gag

were recorded as moving from one array to another.

Although not intended as a mark–recapture study, 23

of the original 81 ultrasonically tagged gag were reported

from the fishery. Of these, seven were caught on the

SRRS after some arrays were opened to public fishing in

November 1996. The remainder had emigrated mostly to

the west or northwest of their release points (Fig. 6),

consistent with maturing gag transiting the shallow shelf

over time. Two were recaptured in the western Gulf, and

these reports were confirmed with direct telephone calls

by the senior author to the reporting fishers.

Gag growth and condition are lower on preferred

habitats.—We assumed that an average residence time

of 298 d for gag at SHUs was long enough for

measurable performance factors, such as growth and

condition, to be attributable to reef treatments.

Gag condition, as measured by average relative

weights (Wr) was significantly affected by reef type (P¼
0.025, Fig. 7A). Gag from the 4-cube SHUs were

significantly heavier for their lengths than were those

from 16-cube SHUs (104.2% vs. 97.7%). Follow-up

comparisons involving the 54 commercially caught fish

from natural hard-bottom habitat could not be statisti-
cally tested because fishing sites had been pooled in the

catch. However, average relative weights of these fish

were indistinguishable from fish from the 16-cube SHUs

(Fig. 7A). Relative weights were significantly more

variable on 4-cube than 16-cube SHUs (mean CV ¼
7.18% and 4.72%, respectively, P¼ 0.028), which is to be

expected if colonization was from a common pool and

assimilation was greater on 4-cube SHUs, despite the

shorter mean residency times. Gag average incremental

growth from otoliths was also greater on 4-cube SHUs

FIG. 5. Residency times (mean þ SE) of 81 ultrasonically
tagged gag on SRRS reef treatments, showing significant
interaction (P , 0.001) of standard habitat unit (SHU) size
and spacing.

FIG. 6. Geographic distribution of 23 tag returns from the
fishery for 81 gag implanted with ultrasonic transmitters and
released on the SRRS. Open circles represent seven fish
recaptured on the SRRS and indicate the general release points.
Solid circles are recapture locations for gag that emigrated. The
two open squares are locations of known gag spawning
aggregations closed to fishing by the Gulf of Mexico Fishery
Management Council.
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than on 16-cube SHUs (P¼0.059, 1 – b¼0.450, Fig. 7B).

For these data, gag from the SRRS had been previously

exposed to little or no fishing pressure (i.e., density

reductions), whereas the fishing history of the natural

hard-bottom was unknown, but presumed exploited.

Shelter manipulation experiment

Shelter volume limits gag density.—Abundance of gag

.50 cm TL showed a significant response to the closure

treatments (Table 2). Abundance shifted as expected,

with highest abundances at no-closure sites and lowest

at full-closure sites (Fig. 8A). By the first postmanipu-

lation sampling periods, i.e., September and October

2000, large gag had redistributed and by December 2000

and January 2001, large gag showed a pronounced

response to treatment. In April and May 2001,

abundance had dropped significantly and the treatment

effect was weak. A significant interaction between

percentage of hard bottom and treatment suggests that

the strength of the treatment response was, at least

partially, a function of the surrounding habitat (Table

2). To further examine this interaction, data were

partitioned between arrays with higher and lower

percentages of nearby hard bottom (Fig. 9A and B,

FIG. 7. Performance of gag as (A) relative weights (meanþ SE) and (B) incremental growth in total length (meanþ SE) for SRRS
arrays (n¼ 3) with small vs. large SHUs, and compared to natural reefs of the region (15 gag/SRRS array; 54 gag in one sample
from natural habitat).

TABLE 2. Analysis of covariance results from the shelter
closure experiment for gag . 50 mm total length (TL).

Effect df F P

Spacing 1 1.32 0.3699
Array (spacing) 2 0.74 0.2307
Treatment 2 5.12 0.0294*
Spacing 3 treatment 2 1.12 0.3626
Hard bottom 1 1.85 0.1766
Spacing 3 hard bottom 1 3.93 0.0504
Treatment 3 hard bottom 2 4.85 0.0099*
Spacing 3 treatment 3 hard bottom 2 2.12 0.1253
SHU (array (spacing) 3 treatment) 10 1.18 0.1186
Time 6 4.69 0.0111*
Time 3 spacing 6 0.87 0.5468
Time 3 array (spacing) 12 1.37 0.0853
Time 3 treatment 12 1.23 0.2731
Time 3 spacing 3 treatment 12 0.68 0.7702
Error 96

* P � 0.05, MSE ¼ 0.4922.

FIG. 8. Abundances of gag per SHU per sampling period
(mean 6 SE) for three treatments: no cavities closed, half of the
large cavities closed, and all such cavities closed for (A) gag
.50 cm TL and (B) gag ,50 cm TL. May 2000 was
pretreatment, and cavities were closed in late August 2000.
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respectively). This revealed a strong response to shelter

treatments for large gag (.50 cm TL) on SHUs with

little nearby hard bottom. Small gag abundance did not

respond to shelter manipulations, but in October 2000

and August 2001 abundance peaked, suggesting periodic

movement onto these reefs (Fig. 8B).

Gag growth and condition are regulated by local

density.—Condition, calculated as Wr, was affected as

predicted for large gag (.50 cm TL, P¼0.0418, with full

closure ’ half closure � no closure; Fig. 10), but no

differences were found for small gag (,50 cm TL, P ¼
0.4583), or for all gag combined (P¼ 0.0710). However,

in pairwise comparisons for all gag combined, the full-

closure treatment was significantly greater than the no-

closure treatment (P ¼ 0.0260, Fig. 10).

Prey abundance is not altered by experimental shelter

manipulation.—Relative abundance of pelagic prey

fishes did not differ across the three closure treatments

(Fig. 11), nor did shelter closures affect the winter

abundance of white grunt (P¼ 0.920) or tomtate .8 cm

TL (schooling tomtate ,8 cm were included in the

pelagic prey analysis). The larger tomtate occurred on

too few replicates to test statistically, but were similarly

distributed among closure treatments. Thus, prey fish

abundance could not account for differences in gag

abundance and condition between treatments.

DISCUSSION

While it is generally recognized that density-depend-

ent ecological processes play an important role in fish

population dynamics, and, in turn, have important

implications for fisheries management, density-depend-

ent habitat selection has not been adequately consid-

ered in the ecology of mobile reef fishes that support

economically important fisheries. Investigating whether

gag, an ecologically important and valued commercial

and recreation fish, exhibit DDHS and how reef

habitat and gag density interact to affect fish growth

and condition has important management implications.

As habitat management becomes increasingly inte-

grated with fisheries management (e.g., Magnuson-

Stevens Fishery Management and Conservation Act

FIG. 9. Abundances per sampling period (mean 6 SE) for
large gag (. 50 cm TL) on SHUs with no large central cavities
closed, half of the large central cavities closed, and all such
cavities closed from (A) two SRRS arrays with average
percentage of surrounding natural hard bottom of 33% and
35% (n ¼ 6/array) and (B) two SRRS arrays with average
percentage of surrounding natural hard bottom of 6% each (n¼
6/array). May 2000 was pretreatment, and cavities were closed
in late August 2000.

FIG. 10. Relative weights of large (.50 cm TL), small (,50
cm TL), and all gag from the three reef cavity treatments (grand
mean þ SE). Different letters above the histograms indicate
pairwise comparisons that differ significantly (P , 0.05) within
that size class.

FIG. 11. Log-transformed relative abundance of pelagic
prey fishes with respect to reef closure treatment for summer
2001 (dot, mean; horizontal line, median; bottom box, 25%
quartile; upper box, 75% quartile; and vertical bar, range).
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mandating essential fish habitat [EFH] and NMFS

guidelines for EFH [available online]),10 the predict-

ability of habitat effects on rates of growth, survival,

reproduction, and production will become increasingly

important. In particular, spatial and temporal variation

in these rates will be determined by changes in

population size (MacCall 1990) and independent

factors such as intrinsic habitat quality (sensu Kramer

et al. 1997). Important independent factors to be

considered will be those characteristics of habitat that

are exploited by mobile fishes through various adapta-

tions, including the behavioral and ecological compo-

nents of DDHS that we tested.

Our study found that gag are capable of DDHS since

patterns in residency times among reef types indeed

matched patterns of abundance, as expected (Turchin

1998), and density-dependent colonization depended on

habitat patchiness. However, the greatest relative

weights and growth increments did not correspond to

the reef types with the greatest residency times and

abundances. Instead, these measures of production were

greatest on the smaller, more widely scattered SHUs.

In fishes, differences in condition and growth pre-

sumably affect demographic rates (e.g., Lambert and

Dutil 2000, Marteinsdottir and Begg 2002, but see also

McIntyre and Hutchings 2003, Koops et al. 2004), and

are sometimes used as proxies for fitness (e.g., Hughes

and Grand 2000, Munday 2001). Since gag growth and

condition were lowest on preferred reefs, we can infer

that gag are cueing on something other than food for

DDHS. If gag are selecting habitat initially on the basis

of shelter rather than food, and if growth and condition

are negatively density dependent, then, importantly,

subsequent reproductive success may involve significant

trade-offs between the shelter requirements and feeding

ecology of prereproductive gag (e.g., Werner and

Gilliam 1984, Grand and Dill 1997, Sih 1997, Walters

and Korman 1999, Dahlgren and Eggleston 2000,

Walters 2000).

The results from our shelter-closure experiment

supported the hypotheses that reef habitat, specifically

available shelter, can limit local densities of gag, and

thereby regulate their growth and condition in shallow

continental shelf habitats. Our results are even more

compelling because of the low power of this relatively

large-scale experiment, determined a priori. Only major,

not subtle, differences could be detected, and all of the

observed differences among treatments were in the

expected directions. Furthermore, these differences were

not likely due to unrecognized treatment effects on prey

abundance because we accounted for prey species

comprising most of the consumption by gag in this

system.

At the most basic level, our findings that gag select

habitat in a density-dependent manner, combined with

the likelihood of cryptic density dependence among reef

fishes (Shima and Osenberg 2003, Overholtzer-McLeod

2004), argues against relying on observational sampling

and mapping alone for the identification of EFH.

Results from our shelter experiment also reinforce that

differences in fish densities expected among habitats can

vary over time (see Osenberg et al. 2002), and with the

context of surrounding habitat. This challenges the

incipient field of marine landscape ecology to move

quickly past spatial correlations for mapping habitat

associations and abundance patterns, and toward an

integration of spatial processes into practical fisheries

models of population and community dynamics (e.g.,

Mason and Brandt 1999).

Moreover, any assessment of EFH or potential

marine protected areas for prereproductive gag must

take into account the spatial distribution of suitably

sized shelter, as that might constitute a demographic

bottleneck (e.g., Beck 1995, 1997) mediated through

energetic processes (Jones and McCormick 2002) rather

than numeric responses (e.g., St. Mary et al. 2000,

Halpern 2004). Many others have noted the importance

of shelter to reef fishes (e.g., Shulman 1985, Hixon and

Beets 1993, Frazer and Lindberg 1994, Jones and

McCormick 2002), and here we connected shelter to

density and density to condition and growth.

Gag population dynamics are spatially stage struc-

tured with highly variable reproductive parameters

(Collins et al. 1998, Turner et al. 2001). Our tag returns

from the fishery confirm an export of SRRS gag to the

broader stock, consistent with maturing females transit-

ing the continental shelf (Bullock and Smith 1991, Hood

and Schlieder 1992). Female size and age at first

reproduction are highly variable (570–980 mm TL

[Collins et al. 1998]; 3–6 yr [Hood and Schlieder

1992]), and batch fecundity estimates (BFE) are most

strongly related to total length (BFE¼1.7733103(TL) –

1.119 3 106, r2 ¼ 0.60, size range ¼ 690-1065 mm TL

[Collins et al. 1998]). The number of batches per year

increases with age, but varies interannually (Collins et al.

1998). We found differences of 6% in condition and 15%

in growth for prereproductive females from contrasting

reef treatments (Fig. 7). All other things being equal,

and given the equation just cited, a 15% difference in TL

would yield a 58% difference in fecundity at the upper

end of the size range for first reproduction; fecundity

differences would be even more substantial toward the

lower end of the size range. However, this is overly

simplistic. For example, it is not yet known whether

higher growth rates experienced at any given location

are finite gains offset by subsequent use of less favorable

habitat, or if they help to set individual growth

trajectories (see Armsworth and Roughgarden 2005)

with reproduction and management consequences (see

Alonzo and Mangel 2004, 2005). We infer that habitat-

related differences in growth and condition of gag

incurred during their prereproductive transition across

the shelf may contribute to variation in the age of first

10hhttp://www.nmfs.noaa.gov/habitat/habitatprotection/
efh/efh_guidelines.htmi
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reproduction and batch fecundity, but not to the

interannual variation in batches per year reported by

Collins et al. (1998). The latter is more likely related to

interannual variation in condition experienced by

reproductively active females further offshore. Efforts

to estimate the distribution of reef habitat quality across

the shelf and to model these spatial dynamics within the

gag population are now underway.

The existence of DDHS and interaction between the

size and spacing of reef habitats also has important

implications for artificial reef applications. The dimin-

ishing return of gag abundance and performance with

increasing SHU size and decreasing SHU spacing

suggests that, if reefs are built ostensibly to enhance

gag stocks rather than enhancing fishing success (Lind-

berg and Relini 2000), then they ought to be small,

widely scattered patch reefs with appropriately sized

cavities. Such reefs can enhance the biological produc-

tion of gag locally, while the individuals are in residence.

Our results also suggest that the attraction–production

issue pertaining to artificial reefs is a false dichotomy

(Lindberg 1997), in that high densities of fish like gag

result from processes such as DDHS rather than

behavioral artifacts (Bohnsack 1989). Whether or not

artificial reefs are ecological traps (sensu Schlaepfer et al.

2002) depends on associated fishing mortality. To

evaluate their potential contributions to regional stocks

(e.g., Grossman et al. 1997), the relationships between

numeric and energetic processes must be much better

known (Persson et al. 1997, Jones and McCormick

2002). Whether or not enhanced local production on

smaller reefs actually translates into numerically en-

hanced regional stocks has not yet been tested.

Concluding remarks

The internal consistency of our results from a decade

of field experiments confirms DDHS as an important

process in the ecology of gag. However, it is important

to make the distinction between ecological pattern and

process when applying DDHS to marine fisheries. Here,

we tested DDHS as a process without implying an ideal

free distribution (IFD), which is a pattern expected from

DDHS given certain assumptions (Fretwell 1972,

McCall 1990). Recently, Shepherd and Litvak (2004)

critiqued the application of IFD theory to marine

fisheries, and questioned the existence of DDHS in

marine fishes. While we generally agree with their

critique, especially the need for appropriate nulls when

inferring process from pattern, we also note they

frequently used IFD and DDHS synonymously. For

gag, we do not necessarily expect the equilibrium of an

IFD to be manifested at the geographic scale of the

stock. In another study, experimentally displaced gag

returned to resident reefs from 3 km away, well beyond

the core of their home range (Kiel 2004), so at least gag

have the potential to compare habitat patches and make

choices accordingly. However, the assumptions of IFD

theory are clearly not met at broader geographic scales

(Lima and Zollner 1996, Kennedy and Gray 1997).

Instead, we suggest gag exercise DDHS in their

residency-emigration decisions, which, given the trade-

offs between sheltering and feeding, could have pro-

found effects on spatial dynamics within the population.
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APPENDIX

Procedures for using the fitted linear model (Table 1) to predict mean gag abundances (Ecological Archives A016-029-A1).
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