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Abstract—A review of studies examining stage-specific distribution and movement
of various life stages of red snapper, Lutjanus campechanus, in U.S. waters of the
Gulf of Mexico (GOM) was conducted to draw inference about population structure.
Hydrodynamic modeling of neither egg nor larval transport has been conducted for
GOM red snapper; thus, the potential for planktonic dispersal among regions is cur-
rently unknown. However, recent studies of other reef fishes have demonstrated that
larval fishes may not act as passive particles. Postsettlement movement, or the lack
thereof, may be just as important for describing population connectivity and structure
as planktonic transport. Red snapper juveniles display thigmotaxis and have been
shown to undergo an ontogentic shift in which the dimension and complexity of their
habitat increases with fish size. Tagging data demonstrate that while a substantial
percentage of tagged fish were recaptured near their release sites, movement on the
scale of hundreds of km also has been reported. Direct estimates of movement and
population mixing from ultrasonic tagging, conventional tagging, and otolith chem-
istry studies indicate movement of some individuals may be sufficient to promote
genetic exchange among regions, but overall movement is likely insufficient to af-
fect population demographic differences observed among regions. Therefore, GOM
red snapper meet criteria for consideration as a metapopulation: subpopulations are
distinct, dispersal mechanisms exist among subpopulations, and asynchrony in popu-
lation demographics is apparent among subpopulations.

Introduction

Red snapper, Lutjanus campechanus,
have been intensively managed in U.S. wa-
ters of the Gulf of Mexico (GOM) since the
late 1980s when they were first estimated
to be overfished and undergoing overfish-
ing (Goodyear 1988; reviewed in Hood et
al. 2007, this volume). Despite increasingly
stringent harvest regulations placed on the di-

rected fishery since the early 1990s, the stock
has failed to recover, or even show significant
signs of moving toward recovery (Hood et al.
2007, this volume; Porch 2007, this volume).
Goodyear (1995) estimated shrimp trawl by-
catch was the most significant source of mor-
tality for GOM red snapper, the implications
of which were the directed fishery would have
to be either severely curtailed or closed in or-
der to recover the stock if bycatch could not
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be minimized. Although more restrictive size
and daily catch limits were put in place, other
management options also have been explored in
hopes of lessening the impact of regulations on
the directed fisheries. Bycatch reduction devices
(BRDs) were required in 1998 for shrimp trawl-
ers operarting west of Cape San Blas, Florida,
and in the entire U.S. GOM in 2004 (Hood et al.
2007, this volume). Stock enhancement also has
been suggested as a means to recover red snap-
per without restricting the directed fishery (Pa-
panikos et al. 2003; Ogle and Lotz 2006). Last,
marine protected areas (MPAs) have been rec-
ommended as another alternative to increase red
snapper biomass, although MPAs may provide
additional conservation benefits that extend well
beyond the fishery (Holland and Brazee 1993;
Trexler and Travis 2000; Baskett et al. 2005).

Nearly all of the significant conservation
questions concerning GOM red snapper have at
their core the issues of population structure and
the stage-specific distribution and movement of
individuals. Clearly, red snapper are not unique
inthatrespect as the importance of understanding
population structure and connectivity has been
stressed since early in the 20" century (Hjort
1914; Secor 2002, 2006). In reef fishes, eggs
and larvae traditionally have been viewed as the
most likely life history stages during which pop-
ulation mixing may occur given the potential for
long-distance dispersal of planktonic early life
stages and the often sedentary nature of adults
(Jones et al. 1999; Swearer et al. 2002). Follow-
ing that logic, several authors invoked plank-
tonic transport of red snapper early life stages to
explain the lack of genetic divergence reported
among northern GOM regions (Goodyear 1995;
Gold et al. 1997, 2001; Saillant and Gold 2006).
Recent studies of other reef fishes, however, have
indicated larvae may not act as passive particles
in the sea and that self-recruitment mechanisms
are prevalent (Cowen and Castro 1994; Jones et
al. 1999, 2005; Swearer et al. 2002; Cowen et
al. 2006; Almany et al. 2007). As a corollary,
postsettlement movement may be more impor-
tant than previously realized in facilitating pop-
ulation mixing in reef fishes, especially in large
reef fishes, such as snappers and groupers, that
may at times move great distances (Patterson et
al. 2001; Lindberg et al. 2006).
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The objective of this paper was to review
the literature on GOM red snapper movement
in order to draw inference about the implica-
tions observed movement has for red snap-
per population structure. Little is known about
oceanographic transport of red snapper eggs and
larvae, but what has been described about the
occurrence of these life stages and their distribu-
tions is discussed briefly. The bulk of the paper
reviews studies of postsettlement habitat, site
fidelity, and movement of red snapper. Much re-
search effort has been expended in recent years
describing ontogentic shifts in red snapper habi-
tat-specific distribution, as well as the potential
for postsettlement movement to affect popula-
tion connectivity, or the lack of movement, to
shape localized population demographics. Over-
all, this review is aimed at facilitating a better
understanding of GOM red snapper population
structure and connectivity.

Methods

A literature search was conducted for GOM
red snapper within Cambridge Scientific Ab-
stracts’ Natural Sciences Database (www.csa.
com). Separate searches were conducted for
“Lutjanus campechanus” or “red snapper” ap-
pearing anywhere within citations published be-
tween 1980 and 2006. Unique citations of peer-
reviewed publications were placed into one of
ten categories: age and growth, bycatch, culture,
diet/bioenergetics, fisheries management, ge-
netics, habitat, movement, MPAs, reproduction
and early life history, and miscellaneous. Papers
were evaluated in the context of red snapper
movement, population connectivity, and popu-
lation structure. Additional papers reviewed in-
clude technical documents presented at the 2004
Southeast Data Assessment and Review (SE-
DAR) workshops for GOM red snapper (SE-
DAR?7), technical reports featuring red snapper
movement that were cited in other studies, and
peer-reviewed publications published prior to
1980 and cited in subsequent papers.

Results and Discussion

The literature search within Cambridge
Scientific Abstracts’ Natural Sciences Database
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yielded 149 GOM red snapper papers that ap-
peared in the literature between 1980 and 2006.
More papers were published in the genetics (N =
23) category than any other. Nine of those man-
uscripts detailed studies examining molecular
markers in red snapper fillets in order to distin-
guish them from mislabeled species in the mar-
ketplace (e.g., Marko et al. 2004), but the sub-
ject of the majority of the genetics papers (N =
13) was estimating genetic population structure
in GOM red snapper (e.g., Pruett et al. 2005;
Saillant and Gold 2006). Papers examining red
snapper fisheries management (n = 15) ranged
from examining the effect of regulatory discards
in the directed fisheries to estimating the value
of the recreational fishery to an assessment of
implementing an individual transferable quota
system in the commercial fishery. Several papers
(n = 19) described red snapper habitat affinity
and ontogentic shifts in habitat utilization, with
papers split among juvenile habitat studies (n =
9), natural hardbottom habitat of adults (n =1,
but 2 others in the MPA category), and artificial
reefs (N = 9). Diet and bioenergetics studies (n
=7) also tended to emphasize ontogentic shifts
and habitat-specific differences in diet. Age and
growth papers were prevalent (n = 16), but only
in one were differences in red snapper size at
age tested among GOM regions (Fischer et al.
2004). Movement studies (n = 13) examined
life stage specific site fidelity and movement,
as well as the residency of adult red snapper at
artificial reef sites. Twenty-one percent (N = 32)
of the studies examined alternative management
strategies for rebuilding red snapper, including
stock enhancement (culture; n = 15), bycatch
reduction (n = 11), and the efficacy of MPAs for
rebuilding red snapper spawning stock biomass
(n = 6). Relatively few studies were directed at
reproductive biology (n = 4) or early life stages
(n =4), the latter result highlighting the paucity
of information available on red snapper eggs
and larvae in the wild.

Dispersal of Early Life Stages

Authors of early studies of GOM red snap-
per reproductive biology concluded that fish
began reaching sexual maturity at small size
(<300 mm total length TL) and had protracted
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spawning seasons extending throughout sum-
mer months (Bradley and Bryan 1975; Futch
and Bruger 1976; Moseley 1966). Collins et al.
(1996) were the first to estimate batch fecundity
in red snapper and to establish that the spawning
season extended from April through October in
both the eastern and western GOM. The protract-
ed spawning season for red snapper, combined
with a larval stage duration of approximately
20 d (Szedlmayer and Conti 1999; Drass et al.
2000; Rooker et al. 2004), provides the potential
for significant planktonic dispersal, and several
authors have hypothesized that oceanographic
transport of eggs and larvae is at least partially
responsible for the lack of significant differenc-
es reported in selectively neutral genetic mark-
ers among GOM regions (Goodyear 1995; Gold
et al. 1997; Saillant and Gold 2006). Despite the
lack of significant genetic differences, Jackson
et al. (this volume) reported maturity schedules
and size-specific fecundity were significantly
different between red snapper populations east
and west of the mouth of the Mississippi River.
They suggested early maturity at smaller size in
the eastern GOM may be a genotypic response
to high fishing mortality having selectively re-
moved later maturing genotypes, a response that
would not be apparent in selectively neutral ge-
netic markers such as mitochondrial DNA (mtD-
NA) or nuclear DNA microsatellites (Pruett et
al. 2005; Saillant and Gold 2006). Regardless
of the causative factor of differences in repro-
ductive biology parameters between the eastern
and western GOM, the fact that regional popu-
lation demographic differences exist implies
some degree of isolation between the eastern
and western GOM. Regional differences in size
at age reported by Fischer et al. (2004) further
support that population structure exists in GOM
red snapper, which has not been revealed by tra-
ditional fisheries genetics applications (Pruett et
al. 2005; Gold and Saillant 2007, this volume).
Relatively little was known until recently
about the distribution of red snapper eggs and
larvae in the GOM, and the extent to which in-
terregional mixing may occur in the plankton
remains unresolved (Hanisko et al. 2007, this
volume; Lyczkowski-Shultz and Hanisko 2007,
this volume). Collins et al. (1980) described
morphometric and meristic characteristics of
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larvae and Potthoff et al. (1988) described their
osteological development. Drass et al. (2000)
were the first to describe characters that distin-
guished larval red snapper as small as 3.5 mm
(mid-flexion) from potentially co-occurring
congeners and confamilials. Based on those
characters, Lyczkowski-Shultz and Hanisko
(this volume) reported a total of 1,692 red snap-
per larvae were identified in >14,000 bongo
and neuston net samples collected on National
Marine Fisheries Service (NMFS) research sur-
veys between 1982 and 2003. Those data were
used to compute fishery-independent indices of
spawning stock biomass (Hanisko et al. 2007,
this volume), but as yet no modeling exercise
has been conducted to estimate the effect of
oceanographic processes on the distribution and
potential dispersal of larvae (e.g., Hanisko and
Lyczkowski-Shultz 2003; Fitzhugh et al. 2005;
Cowen et al. 20006).

Several authors hypothesized that oceano-
graphic transport of eggs and larvae may be
sufficient to facilitate population mixing despite
the lack of hydrodynamic modeling of egg or
larval transport in the northern GOM. Gold et al.
(1997) reported mtDNA haplotype frequencies
were not significantly different among northern
GOM regions; thus, the authors failed to reject
the null hypothesis that GOM red snapper con-
stitute a single panmictic stock. They suggested
genetic mixing among regions, or populations,
may occur during planktonic egg and larval
stages due to the preponderance of evidence, at
that time, that red snapper adults were sedentary.
However, the authors also suggested, based on
intrapopulational mtDNA diversity differences,
that GOM red snapper might include recently
derived, but as yet not genetically distinct, pop-
ulation subunits. Pruett et al. (2005) conducted
nested clade analysis of mtDNA haplotypes
and concluded the genetic history of GOM red
snapper was complex, as mtDNA frequencies
suggested periods of both range expansion and
ones of restricted flow resulting from isolation
by distance. They hypothesized that apparently
restricted gene flow among contemporary red
snapper populations may yield metapopula-
tion structure, but that hypothesis likely is not
testable with selectively neutral genetic mark-
ers. Nevertheless, Pruett et al. (2005) suggested
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asynchrony observed in red snapper population
demographics among northern GOM regions
(Fischer et al. 2004; Jackson et al. 2007, this vol-
ume) was evidence that metapopulation struc-
ture may exist within GOM red snapper, despite
the lack of divergence in selectively neutral ge-
netic markers. Last, the authors concluded that
precise estimates of exchange (i.e., movement)
among regions was required to further examine
the existence of metapopulation structure.

Discussions of interregional or interpopu-
lational connectivity in GOM red snapper, as
presented above, typically have centered on hy-
pothesized, but as yet untested, oceanographic
transport of eggs and larvae. Recent studies of
other reef fishes, however, have indicated that
larvae may not behave as passive particles in
the sea and that self-recruitment mechanisms,
including ones promoting endemism, are preva-
lent (Cowen and Castro 1994; Jones et al. 1999,
2005; Swearer et al. 2002; Cowen et al. 2006;
Almany et al. 2007). Cowen et al. (2000) report-
ed hydrographic model simulations of larval fish
transport within the Caribbean Basin tended to
overestimate dispersal when simple advection
was assumed, thus demonstrating the impor-
tance of local retention in maintaining popula-
tion structure. Other authors have demonstrated
retention mechanisms in meroplanktonic inver-
tebrates that metamorphose into sessile adults
(e.g., Ayre and Hughes 2000; Johnson and
Black 2006; Gilg and Hilbish 2003), as well as
in reef fishes that display limited postsettlement
home ranges (e.g., Doherty et al. 1995; James
et al. 2002; Almany et al. 2007). However, the
potential for interpopulational mixing clearly is
greater, postsettlement, for reef-associated fish-
es that do not demonstrate high long-term site
fidelity (Ingram and Patterson 2001; Patterson
et al. 2001; Meyer et al. 2007) or that display
ontogentic habitat shifts that occur over signifi-
cant distances (Bryant et al. 1989; Lindberg et
al. 2006).

Ontogenetic Shifts in Red Snapper Habitat

Postsettlement movement in GOM red snap-
per has been investigated with several different
approaches to address various questions about
red snapper population ecology. Several authors
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have examined ontogenetic habitat shifts (e.g.,
Bradley and Bryan 1975; Szedlmayer and Howe
1997; Szedlmayer and Conti 1999; Rooker et al.
2004), with recent studies aimed at defining es-
sential fish habitat (EFH) of juveniles in order
to mitigate shrimp trawl bycatch (e.g., Patterson
et al. 2005; Wells 2007). When results of habi-
tat studies are considered in totality, some con-
sistent themes begin to emerge relative to red
snapper habitat requirements and how they shift
ontogenetically. First, like most reef fishes, ju-
venile red snapper display a strong thigmotaxis,
thus seek structured environments (Workman et
al. 1994; Szedlmayer and Howe 1997; Bailey et
al. 2001; Franks et al. 2004). Szedlmayer and
Howe (1997) reported juvenile red snapper se-
lected oyster shell versus sand habitat in tank
trials, while Patterson et al. (2005) reported
highest juvenile red snapper densities in trawl
samples off Alabama and Mississippi came
from high-relief (2-3 m) shell rubble ridge habi-
tats. Seemingly contrary results were presented
by Rooker et al. (2004) and Geary et al. (this
volume) that demonstrated juvenile red snapper
associated with Texas bank systems were found
in high densities in relatively unstructured mud
habitats, and Patterson et al. (2005) reported
moderately high juvenile densities occurred
in sand habitats off Alabama and Mississippi.
However, sampling trawls deployed by Rooker
et al. (2004) and Geary et al. (this volume) con-
tained small-mesh bags that retained recently-
settled juveniles for which biogenic structures
such as worm tubes may provide sufficient
structure in soft sediments (Workman et al.
2002). Furthermore, mud habitats were imme-
diately adjacent to shell rubble habitats and may
have served as foraging areas. Patterson et al.
(2005) reported red snapper juvenile density in
sand habitats was significantly correlated with
sponge biomass. Hence, they concluded spong-
es provided habitat complexity at a scale suf-
ficient for juvenile snapper. Similarly, Workman
and Foster (1994) reported juvenile red snapper
encountered in sand habitats typically were as-
sociated with objects, such as squid egg cases,
woody debris, or discarded drink cans, that fish
used for either refuge or orientation.

Much evidence suggests that as red snap-
per age they recruit to habitats characterized by
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increasing vertical dimension. Patterson et al.
(2005) demonstrated age-0 red snapper were
found in low-relief shell rubble and sand (in-
terspersed with sponge) habitats, but age-1 fish
were found at deeper (40 versus 20 m depth)
sites that had greater vertical relief and com-
plexity. Bailey et al. (2001) conducted tank tri-
als in which they tested the effect of structure
(concrete blocks) and the presence of adult con-
specifics on the location of juvenile red snapper
within tanks. When adults were not present, ju-
veniles oriented to experimental reefs, but when
present, adults displayed agonistic behavior in
excluding juveniles from the preferred habitat.
Wells (2007) reported that age-0 fish off Ala-
bama were abundant in shell rubble habitats, but
larger, older (age-2+) fish were concentrated in
natural reef habitats. Bradley and Bryan (1975)
reported ontogenetic movement of red snap-
per to structured habitats of increasing dimen-
sion occurred as an onshore to offshore migra-
tion throughout the juvenile stage. [It should be
noted that natural hardbottoms and banks that
constitute the most significant natural reef areas
in both the western and eastern GOM are found
predominantly on the outer shelf, while lower-
relief shell rubble ridges and banks are found
in relatively shallow (<20 m) nearshore waters
(Parker et al. 1983; Schroeder et al. 1988; Las-
well et al. 1990; Dufrene et al. 2003; Gledhill
and David 2004; Rooker et al. 2004; Kraus et
al. 2006)]. Mitchell et al. (2004) reported larger
(median TL ranged from 545 to 815 mm among
surveys), older red snapper were captured at
higher rates in outer shelf habitats during ex-
perimental longline surveys in the eastern (off
Alabama-Mississippi) and western (off Texas)
GOM. Fishery-dependent data confirm that
larger, older fish are captured much more fre-
quently in commercial fishery sectors operating
farther from shore (Allman and Fitzhugh 2007,
this volume).

Analysis of natural ontogenetic shifts in red
snapper habitat utilization is complicated due to
the proliferation of artificial reefs deployed in
the north-central GOM and the vast number of
petroleum platforms, which function as artificial
reefs, erected in the northwestern GOM (Wilson
and Nieland 2004). However, examination of the
literature on red snapper recruitment to and resi-
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dency at artificial reefs and platforms reveals the
same pattern of increasing dimension of utilized
habitats with increasing fish size. Szedlmayer
and Lee (2004) reported juvenile red snapper
as small as 18 mm settled in relatively unstruc-
tured open shelf habitats in summer, but by
winter age-0 fish had recruited to experimental
artificial reefs that provided greater habitat com-
plexity and relief. Nieland and Wilson (2003)
randomly sampled red snapper (n = 300) killed
during the explosive removal of an obsolete oil
platform off Louisiana. Otolith-based aging re-
vealed the majority of fish were 2 and 3 year olds
(53% and 37%, respectively), while virtually no
(n =2) age-1 fish were present in their sample.
Similarly, size frequency data from small-scale
(<5 m?) artificial reefs off Alabama and north-
west Florida indicate the majority of red snap-
per present are 2 and 3 year old fish (Strelcheck
et al. 2005; Patterson, unpublished data). The
lack of older red snapper at both platforms and
artificial reef sites may indicate thigmotaxis or
the threat of predation subsides with age and
size; thus, larger, older fish display lower site
fidelity and greater movement (Patterson et al.
2001; Patterson and Cowan 2003; Stelcheck et
al. 2007, this volume). Alternatively, high fish-
ing mortality rates at platforms and artificial
reefs may remove snapper very quickly from the
population once fish recruit to the commercial
or recreational fisheries (Nieland and Wilson
2003).

Direct Estimates of Post Settlement Movement

More important to population connectivity
than the distribution of fish at single points in
space or time is the degree of site fidelity (philop-
atry) individuals display and the spatial scale
over which movement occurs. Some inference
can be drawn about red snapper movement due
to seasonal occurrence of fish in certain habitats
and ontogenetic habitat shifts described above,
but movement on multiple temporal and spa-
tial scales has been estimated directly in several
studies. The two main approaches that have been
applied to estimate red snapper site fidelity and
movement are conventional and, more recently,
ultrasonic tagging. Benefits of conventional tag-
ging include tags being inexpensive and relative-
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ly unobtrusive to fish; individual tagged fish can
be identified; and, nonscientists can be trained to
apply tags (Patterson et al. 2001; Diamond et al.
2007, this volume). However, movement can only
be estimated as straight-line distances between
release and recapture locations, and reporting
rates by fishers often are low in heavily regulated
fisheries (Fable 1990). Tag loss also can be prob-
lematic (Patterson et al. 2001). With ultrasonic
tagging, individuals can be tracked nearly con-
tinuously within the range of receivers. Depend-
ing on the types of tags deployed, individual tags
(fish) can be identified based on their frequency
or ping rate, but the ability to track individuals is
affected by receiver range and tag battery life. If
functionality of tags is compromised, then a fish
present but not detected would be perceived as
having left the study area (Westmeyer et al. 2007,
this volume).

Szedlmayer (1997) conducted the first ultra-
sonic tagging experiment on red snapper at artifi-
cial reef sites off Alabama (Table 1). He conclud-
ed from study results that red snapper displayed
“high” site fidelity to artificial reefs, yet the mean
time fish were detected in his study area was only
150 d for a species with maximum longevity >50
years (Wilson and Nieland 2001). While one
tagged individual was detected for 597 d, several
others (n = 6 of 23) were lost from the study area.
Both “stayers” and “movers” (from Diamond et
al. 2007, this volume) have important implica-
tions for population connectivity and structure
(Dieckmann et al. 1999; Doebeli and Ruxton
1997; Fraser et al. 2001), but movers can no
longer be tracked with ultrasonic receivers once
they move beyond the range of receivers. Hence,
emphasis in red snapper ultrasonic tagging analy-
sis and interpretation has tended to be weighted
toward the stayers. For example, Schroepfer and
Szedlmayer (2006) concluded that ultrasonically
tagged red snapper displayed high site fidelity to
artificial reef sites because 87% (13 of 15) of fish
were detected within 200 m of study sites 99% of
the time they were detected. However, the prob-
ability that fish remained resident at reef sites
after a year was only approximately 50% (i.e.,
50% annual site fidelity). Westmeyer et al. (this
volume) reported even lower probability of de-
tection at petroleum platforms off Louisiana after
one year, but tag battery failure and thermocline
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Table 1. Results from ultrasonic tagging studies of sub-adult and adult red snapper in the northern

Gulf of Mexico.

. Area of Mean TL Mean Days Max Days
Location . Hydrophones ~ Number . .
Study Detection per . at Tagging  Detected in  Detected in
and Habitat per Site Tagged
Hydrophone mm Study Area Study Area
Szedlmayer Alabama:
Y anama, 3.1 km? 1; roving 23 349 150 597
(1997) artificial reefs
SzedImayer
Alabama;
and Schroepfer ! < 2 —4: fi
p artificial reefs <8.0 km 3-4; fixed 54 589 212 595
(2005)
Schroepfer Alab
abama;
' < 2 A fi
and Szedelmayer artificial reefs <8.0km 3-4; fixed 77 542 179 597
(2006)
Westmeyer et al. Louisiana; 7 within a
petroleum 0.02 km? 125 360 64 202
(this volume) 35 km? area
platforms

® Area of detection was estimated based on maximum detection radii from hydrophones reported in each study.

effects on receivers likely negatively affected
their estimates of site fidelity.

Ultrasonic tagging data are useful for ex-
amining short-term movements in resident in-
dividuals (stayers), but understanding popula-
tion connectivity and structure is perhaps more
dependent on estimating dispersion distances
and rates of movers (Doebeli and Ruxton 1997).
Conventional tagging studies are better suited
for that purpose, despite the limitations cited
above, and several large-scale conventional tag-
ging studies have been conducted on GOM red
snapper since the 1960s (Table 2). Among the
various studies, fish were captured at natural
reefs, artificial reefs (including petroleum plat-
forms), or both. However, most of the existing
movement data available from conventional
tagging studies are from studies conducted over
artificial reef sites in the north-central GOM
(e.g., Szedlmayer and Shipp 1994; Patterson
and Cowan 2003; Strelcheck et al. 2007, this
volume). An exception to that are data from the
Schlitz Tagging Program conducted off Florida
in the 1960s by Florida Department of Natu-
ral Resources personnel. Fish in that program
were captured and tagged over natural reef sites,

most of which occurred off northwest Florida
(Beaumariage 1969). Fable (1980) also reported
movement data from fish captured and tagged
over a variety of natural and artificial habitats
off Texas, as did Diamond et al. (this volume).
Several consistent trends exist in the move-
ment data among conventional tagging studies,
although considerable variability also exists
in results among them. Most tagged individu-
als have been small, young fish, with mean TL
between 299 and 363 mm across studies (Table
2). Patterson et al. (2001) reported fish size sig-
nificantly affected the likelihood and distance
of movement away from release sites, and Di-
amond et al. (this volume) reported larger fish
had a higher probability of movement than had
smaller ones. Red snapper can attain sizes of
nearly 1 m TL (Wilson and Nieland 2001); thus,
movement estimates based on a sample of small,
young individuals may be conservative when
applied to larger, older fish in the population.
The scale of observed movement generally
increased with sample size and the temporal
scale of tagging studies. Movement data pre-
sented by Diamond et al. (this volume) from tag
returns of fish tagged off Texas represents one
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departure from that trend. Substantially more
fish were tagged in their study (n = 5,614) than
in any other, yet only modest levels of move-
ment were observed. However, some of their
samples came from deep water (to 100 m); thus,
acute or chronic effects of barotrauma may have
affected their functional sample size (Patterson
et al. 2002; Rummer 2007, this volume) and
overall tag return rate (2.8% versus J6-35%
among other studies). Furthermore, the mean
and maximum times that recaptured fish were
free in their study (564 d) were only about a
third of those reported by others (Table 2).
Perhaps the most striking characteristic
of red snapper movement data that is consis-
tent among tagging studies is that data tend to
be positively skewed and are characterized by
a negative binomial distribution (Patterson et
al. 2001). That consistent pattern results from
a high percentage of zeros in the data (stayers)
and the fact that most movers moved only small
(<10 km) rather than large (>50 km) distances
prior to recapture [e.g., Table 8 in Beaumar-
iage (1969); Figure 5 in Szedlmayer and Shipp
(1994); Figure 5 in Patterson and Cowan (2003)].
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Fraser et al. (2001) reported similar movement
distributions are common across many taxa, and
sought to explain the ecological and evolution-
ary significance of dispersing phenotypes in
populations. They demonstrated movers (their
“dispersers”) within populations of giant rivu-
lus, Rivulus hartii, in Trinidadian streams were
individuals who displayed boldness versus fear-
fulness in traversing open spaces in test tanks
prior to tagging. Once tagged and released back
into the wild, bold individuals not only moved
greater distances in streams, but also had higher
individual growth rates. Diamond et al. (this
volume) also reported tagged red snapper that
moved away from tagging sites off Texas grew
at faster rates than ones that stayed. Fraser et al.
(2001) concluded that bold behavior traits con-
tributed to greater fitness of surviving movers
versus stayers, although the cost of boldness,
hence movement, was greater exposure to pre-
dation risk.

Currently, it is unknown what the cost of
movement away from reef structure is for red
snapper. Observed postsettlement movement
has been lower in juveniles than in sub-adults,

Table 2. Movement and site fidelity estimates from conventional tagging studies of sub-adult and
adult red snapper conducted in the northern Gulf of Mexico.

Mean
Study Locationand  Number — TLat  Number Meggly'\s/lax Mean/Max o Fidelity®
Habitat Tagged Tagging Recaptured Free km Moved
mm
. . 90% recaptured
Bea(lirgggr;age West FI|°”dfa1 1,126 NA 384 2113/ ’;‘A/ within 5 km of
natural reefs 049 79 release site
Texas; natural 112/ 0.3/ 94% recaptured
Fable (1980) reefs and oil 299 286 17 : o recaptu
253 5 at release site
platforms
Szedlmayer . 74% recaptured
and Shipp 'f*f'_at_"'"lma’f 1155 287 146 137/ 4'2’ within 2 km of
(1994) artificial reefs 430 3 release site
Patterson and Cowan Alabama; 404/ 30.9/
2,932 25-27% per year
(2003)° artificial reefs 335 599 1,501 558 o pery!
Strelcheck et al. this Alabama; 401/ 2.1/
4,317 335 629 48-50%
volume artificial reefs 1,587 202 o per year
Diamond et al.
. Texas; artificial 166/ 9.8/ 52.4% recaptured
this volume and natural reefs 5,614 363 130 564 583 at release site
(TTU Tagging) '

®Site fidelity to release site was directly estimated as an annual rate by Patterson and Cowan (2003) and Strelcheck et al. (this volume)
from the decline in recaptures made by researchers at unreported study sites over time.
PData presented in Patterson and Cowan (2003) include data presented in Patterson et al. (2001) plus additional recaptures.
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and the scale of movement generally increased
with size in the adult life stage (Patterson et
al. 2001; Workman et al. 2002; Diamond et
al. 2007, this volume). Lorenzen (2000, 2006)
demonstrated the existence of an allometric re-
lationship between natural mortality (M) and
fish body weight. He demonstrated M declines
with increasing body size, which in turn most
likely results from a concomitant decrease in
predation risk (Sogard 1997; Murakami et al.
2005). Therefore, adult red snapper site fidel-
ity to reefs may decrease, and their movement
distances increase, with increasing size and/or
age due to a relaxation of predation risk as fish
attain larger sizes. But despite the potential for
interpopulational genetic mixing resulting from
extreme (>100 km) movement observed in
some tagged fish (e.g., Beaumariage 1969; Pat-
terson et al. 2002; Strelcheck et al. 2007, this
volume), Pruett et al. (2005) reported evidence
of evolutionarily recent isolation by distance
was apparent in mtDNA haplotype frequencies,
and Saillant and Gold (2006) reported signifi-
cant differences in red snapper genetic effective
population size among northern GOM regions.
Therefore, although some selection pressure
may exist to maintain mover phenotypes in red
snapper populations (Fraser et al. 2001), com-
peting pressures must also exist else selection
likely would have driven red snapper popula-
tions to display even greater movement than
what has been observed (Jonsson and Jonsson
1994; Doebeli and Ruxton 1997). Perhaps selec-
tion pressures for movement versus philopatry
are stage-dependent in red snapper, as has been
demonstrated in other marine and anadromous
species that maintain divergent migratory tac-
tics (reviewed in Secor 1999). For small, young
fish, fitness tradeoffs existing between growth
and defense (Sibly et al. 1985) likely favor high
site fidelity to reef structure (thigmotaxis) as a
refuge from predation (Overholtzer-McLeod
2005), even when high fish density compromis-
es growth (Strelcheck et al. 2005; Lindberg et
al. 2006). Predation pressure likely is lower for
larger, older fish, for which large size alone may
convey fitness, especially in females (Munch
and Conover 2003; Andersen et al. 2007); there-
fore, reef dependency is relaxed (Patterson et al.
2001; McCawley et al. 2007, this volume). It is
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unknown, however, what factors may contrib-
ute to extreme (>100 km) movement observed
in some red snapper. Patterson et al. (2001) re-
ported tagged fish at liberty during hurricanes
moved significantly farther than ones which
were not exposed to storms. However, Beau-
mariage (1969) did not report storm effects and
several fish recently tagged off northwest Flori-
da have moved extreme distances in the absence
of storms (Patterson, unpublished data).

Implications for Population Structure

Postsettlement movement observed in red
snapper has significant implications for popu-
lation structure. Traditionally, population, or
stock, structure in GOM red snapper has been
evaluated with population genetics techniques.
Results of studies designed to examine genetic
population structure consistently have shown
that interregional variability in selectively-
neutral genetics markers, such as mtDNA and
nuclear DNA microsatellites, is low. Thus,
significant differences among regions in hap-
lotype frequencies have not been found (Gold
et al. 1997; Saillant and Gold 2006; Gold and
Saillant 2007, this volume). However, Saillant
and Gold (2006) reported 10-fold differences
in genetic effective population size estimates
among southwest, northwest, and north-central
regions of the U.S. GOM, which they inferred
likely reflected interregional differences in pat-
terns and intensity of migration. Pruett et al.
(2005) reported results of nested clade analysis
performed on region-specific mtDNA haplotype
frequencies were consistent with the hypothesis
that red snapper populations were semi-isolated
within regions, despite the lack of significant
interregional genetic heterogeneity found in se-
lectively neutral markers. Even in the absence
of significant gene flow due to oceanographic
transport of eggs and larvae, it is possible that
extreme (>100 km) movement observed in some
adults is sufficient to facilitate genetic mixing
among regions (Nolan et al. 1991), yet also so
rare as to be inconsequential to the maintenance
of persistent interregional differences in popula-
tion demographics (Policansky and Magnuson
1998). This may be especially true currently as
relatively few large fish that are more likely to
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be movers exist in the truncated age distribution
of the overfished stock (Porch 2007, this vol-
ume).

Previously narrow definitions of genetic
stock structure in marine fishes have been re-
placed in recent years with metapopulation con-
cepts due to issues similar to those raised above
for red snapper (Thorrold et al. 2001; Kritzer and
Sale 2004, 2005). Kritzer and Sale (2005) stated
that in order to invoke metapopulation dynamics,
subpopulations must be distinct, have dispersal
mechanisms among them, and display asynchro-
ny in population dynamics; Levins’ (1969) earlier
emphasis on extinction risk was abandoned. Pru-
ett et al. (2005) concluded that results of nested
clade analysis, in light of asynchronous popula-
tion dynamics parameters among GOM regions,
were consistent with the interpretation that GOM
red snapper constituted a metapopulation. I sub-
mit that red snapper movement data, presented
here in their various forms, also are consistent
with that interpretation. Movement sufficient to
affect mixing of genetic resources among regions
has been demonstrated, but not on scales that
would be likely to diminish regional differences
in population demographics, such as those dem-
onstrated by Fischer et al. (2004) and Jackson et
al. (this volume).

Pruett et al. (2005) indicated precise esti-
mates of movement among regions are required
in order to test whether GOM red snapper con-
stitute a metapopulation. Other authors also have
recognized that estimates of interpopulational
mixing rates on ecological versus evolutionary
time scales are required to assess metapopula-
tion structure in fishes (Secor 1999; reviewed in
Sale et al. 2005). Perhaps the most powerful tool
yet found for that purpose is the use of otolith
chemistry as a natural tag to track movement of
fish among regions (Begg et al. 2005; Campana
2005). Since Thorrold et al.’s (2001) ground-
breaking work employing otolith chemistry as
a natural tag to examine weakfish, Cynoscion
regalis, natal homing and population connec-
tivity, several authors have likewise drawn in-
ferences about population structure in marine
fishes via natural tags based on otolith elemental
signatures (e.g., Geffen et al. 2003; Miller and
Shanks 2004; Hamer et al. 2005; Jonsdottir et
al. 2006).

Patterson

Application of otolith chemistry as a natural
tag also has been applied to examine population
structure in GOM red snapper. Patterson et al.
(1998) reported otolith elemental signatures of
age-0 red snapper were significantly different
among north-central, northwestern, and south-
western regions of the U.S. GOM. Patterson
et al. (in press) reported region-specific otolith
elemental signatures (Ba, Mg, Mn, and Sr con-
centrations) of age-0 fish were significantly dif-
ferent among five successive (1996-2000) year
classes, and that classification success in most
(n =4 of 5) years was sufficient to employ sig-
natures as natural tags (e.g., jackknifed classi-
fication success of liner discriminant function
models approached 80%). Analysis of the core
elemental chemistry of otoliths collected from
members of the 1996-2000 year classes sampled
among study regions in 2001 revealed red snap-
per displayed strong intraregional philopatry in
the first year of life (Cowan et al. 2002). Almost
no mixing was estimated to have occurred be-
tween the north-central and northwestern GOM
as fish aged, which is consistent with data from
conventional tagging studies that have not dem-
onstrated mixing between areas east and west
of the Mississippi River. Mixing between the
northwestern and southwestern regions, how-
ever, was greater, with a net subsidy of recruits
apparently provided to the southwestern region
from the northwestern region.

Overall, postsettlement movement data
presented herein are consistent with the infer-
ence that GOM red snapper constitute a meta-
population. However, as suggested by Pruett
et al. (2005) and despite the resources already
invested in estimating movement in red snap-
per, more precise estimates of movement and
exchange rates are required to assess interpop-
ulational connectivity. For example, conven-
tional tagging studies conducted to date have
been designed to estimate movement away
from tagging sites in a given GOM region, but
not necessarily to estimate connectivity among
regions. Coordination among ongoing tagging
programs would prove beneficial for that pur-
pose. Otolith chemistry has shown great prom-
ise as a tool to examine population structure
and connectivity in GOM red snapper, but
misclassification error (U20%) of age-0 fish is
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problematic. Furthermore, not all regions of
the GOM where red snapper occur have been
studied. Future otolith elemental chemistry
research should examine elemental signatures
from age-0 fish across the entire GOM Basin,
as well as examine the potential for increased
region-specific classification accuracies of
age-0 fish by addition of other elements and
stable isotope values of C and O to otolith sig-
natures.
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